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PILAC
Technical Summary and

Recent Developments
● an Overview Talk for

I
● PILAC Optics Meeting

● by

● Arch Thiessen

● 12 August, 1991 ,,
.... .,



Contents

Why are we Here ?

- Charge to Workshop

PIIAC Reference Design Summarv.

- Physics

- PllAC Design

- LAMPF in 2001

MOTER

Construction, Measurement and Shimming of EPICS

Summary

- Repeat Charge to Workshop
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Charge to Workshop !

● Review PILAC Optics Calculations !

- Injection Line

- High-Res Dispersed Line and Spectrometer

- General-Purpose Line and MRS

● How Good Are Our Magnet Models ?

- Optics is Only as Good as Field Models

- Analyze 3-D Calculations and Measurements

- Compare Available Codes with Emphasis on Field Models

● Can We Build Quads With Pure n=2 (including ends) ?

● Can We Use Entire Open Region of Quadruples ?

● VVhat Do We Do When The System Is Constructed ?

- Measurement Techniques

- Analysis of Measurements

- Shimming

- Adjustable Elements n ,,....,,..,,.>-;; ;3:,/f$]jfi;,~[~,:;,:....~.~,<’.;:.”;;:. /
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Physics with Pions up to 1.1 GeV
● A-Hypernuclear Physics

- Accessed thru (wK) Reaction at 920 MeV

● A-Nucleon Scattering

- A produced by (JC,K)Reaction at 920 MeV

* A scattered in K production target
● Baryon Resonances

- access to next 12 resonances above A
● Higher Energy Pion-Nucleus Scattering

- longer mean-free-path of pion
- role of JC+and JC-reversed
- single- and double-charge exchange

● Rare Decays - for example:
- precision pion beta decay rate (0.1%)

* improved beam monitoring
● no e or P in PL4C beam !

- q-+pp (CP violation)
* look for polarization of muons

● Of These. (i K) k the Most Demanding
hence Sets the Specifications for WAC

/



● 36

What PM-AC Will Do
for Hypernuclear Physics

‘Zr(n+,K ) at 10°
Cross Section ~latim ‘by John Millener, BNL
Wti Estimate by Arch ‘Jhiessen,Los AJarnos

Im

10

1

0.1

-25 -20

--t

-i5 -lo -5 0 5 10 15

Binding Energy (M#)

Counts in the Weakest State in a 1-Day Run

..,,,,.; , ~ “i , ,1~ ‘,:,
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PM-AC Concept

2 mA ProtonIAMW ‘Buncher
Beam

High
Jtensity

Pion
Source

High
Beam-Gradient ~~hafing

Pion
Linac System

User
‘Facilities
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WAC Conceptual Layout

New
t-tigh-Resd@;an Existing MRS

Spectrometer Spectrometer
/

Ii
Ewefimental —

Area

New l+gh-Resdution
Pim channel

ffic@r-Based ?

,Special-Purpose
Experiment

\

New Pion
Injection Beamline

\ 11-‘u~m~::g”n9

IAMPF
Proton ~ ~
Beam

Proton /

Buncher

Area-A 2/21/91 HAT
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PILAC Specifications
● lnj~on Line

-360 MeV (480 MeV/c) Fixed Energy
- Acceptance - =62mrad x ~3.6mm x =3.5”A

* 225 mmm-mrad
* 15msr
‘ 7% dplp

● Linac
-360-1070 MeV (480-1200 MeV/c) Injection
-225 JCmm-mrad x 7%dp/p input @ 360 MeV
-113x mm-mrad x 1.5% alp/p output@ 920 MeV

“High Resolution Dispersed Line - for VHV Configuration
-360-1070 MeV (460-1200 Me\’/c)
- Acceptance 113 n mm-mrad x &O.75%
-1 C)qMomentum Resolution
-5 mrad angular resolution
-Io>~’isecat920 MeV

● General-Purpose Line - for MRS in HHH Configuration
-200-1200 MeV/c
- Acceptance 225 pi mm-rnrad x &lOA
- Adj Dispersion 2-4 cm/% to match fWtS
-3 MeV fwhm at 920 MeV Including MRS
- Broad Range of Tuning in Achromatic Mode
- 10s x ‘/see at 920 MeV

● Most Difficult Sm ification to Meet is Intensitv Smcificati~



How to Achieve High Yield ?

● Optimize Acceptance of Everything

● Every Eiement as Short as Possible

- to Minimize Decay Losses

● Use Best Available Techology for Everything



Estimate of PILAC Yield

107

,06

,“:,
I ,’

.1, .,.,,:! ,,.-,,,, : :; ..:.,.,. . . .
;,.,.; .,, ..... .’:. .“. , 1:!2:;!

o 5 10 1“5 2;

(a@ Gadent
(kV/m)



PILAC Linac Design

805-MHz PIIAC: 360 to 920 MeV K.E.
OW=q--9Y’lo7o*v )

I
—.—.—-———.—- - 0.13m

~m~ “;

-*
(Beta=C.9759 - KE.~ MEW) ~

k= - hlO”10

Crydaf Wth 5 Cavitk Quad
Dckubkt

H H
! I I

~ nun—munrm Ma tip 8=0.25 T
awac~ ) at 6.9 cm EM5L6

BIT= 12.46hW/m Sltmdrradion=92%

lvsd14q
rwl,TIQ

● Note:
Negligible Beam Loading

7/91

● 360 MeV Injection

0 Fixed Injection Energy

● 45 Cavities

● 83 ps x 7% Acceptanc~

*9.2% Pion Survival
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Scaling Up Comel Technology
● Our Specification is

12.5 MeV/m
QO=5 Xl 09

● Present Limit is Field Emission
● Heat Treatment Dramatically Reduces Field Emission

. . . . . . . . . . . . . . . ,
.

‘n! -
Loose-Fining

~--’- End Cap

;,

\:,>. , ,;,:. ,:::.,.,.?. .... ... ;{,., ;. -...: .. . . ..... .... ... ..-, ..-,

: X---T:%’

. . . . . . . . . . . . . . .

Heat Treatment Apparatus

Single-Cell 1.5 GHz Tests at Cornell

E Clwm PoR5h

o 5 10 15 20 25 30

Cavity Gradient @eV/m)

/



.’~;’. !,1 \,.,,,
Zero-Degree Pion Channel Layout

●

“ 0°

Input/Output Phase Space 225 JCmm-mrad

rim
01 (32 03 (-)4

T=H

t+-++
005 1.0

mews

\

.-b\
\

..- \.-
Scxkqmks . . . 1.“. .-

in . . I
Quadruples , : “

----- . -
i----- ----. ‘... . . -.
,, . . . .
..”.
..”” . .
. . . .
. . . .
. . .’ .. .
,.
.,
,.
. .
,,

/ ‘ OmqxJles

I
// in

// (hadrupoles
\ /

.=-‘._ ———— -

Production -13 cm ATJ Graphite Target

● Acceptance -10 Nlillisteradians x 6.5 % alp/p

● Third-Order Geometric and Chromatic Aberrations

● 82% Transmission into 225 n mm-mrad

● Designed by Barbara Blind
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Possible Simultaneous
# and ~- injection Line

to PILAC

$

Pion /
Production

Target
I

.. .,i, ! . . . .
.,.. . !,. . ~ .,. .. ,

.,.< “1,!,
f?,J,:l”: ,j~’:j::::
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PILAC High Resolution Dispersed
Pion Channel and Spectrometer

aclau u DP*;G’*.*’

010-4 Beam Line and Spectrometer
● Meets 200 keV Resolution Requirement at 1 GeV
● Target Size -40 cm high by 10 cm wide
● Spectrometer Solid Angle 27 msr
0 Scattering angle Resolution -5 mrad fwhm

-20 keV per mrad for (JLK)on Carbon at 12 Degrees
...,...... ,.’,“
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General-Purpose Pion Beam Line

c 1

cJ

● Achromatic Mode for Experiments and Future Energy Upgrade

--1 cm diameter Beam Spot

● Horizontal Dispersed Mode
-2 MeV Resolution with MRS

- & Coincidence Experiments
● Naifeng Mao Responsible for Design

. .,.. ::,, ...‘.,“.”’:i-il:’...,..<,-.,”..



Beam Sharing in PILAC

Kicker
(0.4 T-1a) Matching Section

I I
—

High-Resolution Line

t-’ ~ Achromatic Line
o 5

llnelers

● Kicker-Based Beam-Sharing System

Full-Aperture Slow Laminated-Iron Kicker
* Synchronized with Linac Energ( & Sign Change

● by Rephasing of Cavities
Switching Time 0.01 Sec

Shares Available Beam and Duty
* on -0.1 sec time scale

Compatible with Simultaneous n+

Factor

and X-



LAMPF in 1991

tj -

Area-A
Pkms

,%lJ4MpF 800 MeV Linac *and *
//’” \\ M vans

,/’ ‘/

Ekxm
stop
Neutrinos
Isotope Producticm
Radiation Damage

LANSCE
/
4
Pulsed
Neutrons
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LAMPF in 2001 ?

H-
‘..~..

isL
Radioactive PILAC

1-GeV
Pions

/
/

H-

Radiation Damage
\.

\
Am (Accelerator

a Transmutation
Upgraded PSR

C’ 4
Source IANSCEPulsed Lepton

(Pulsed Muons
and Neutrinos)

‘i
+

Pulsed
Neutrons

of

!,”--;. ,.’1 ... .. ~: ... +:. i,..>.1 ..... - I ,’ ~ !~.,:. ,,,..:,., , ... ;“, .;. : .,------- ,’, .-.
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Possible Area-A Upgrade?

_— —._— — _. —_. _— - —.——

I

I

t

I

1

~

II

i
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Summary: PILAC vs. Competition

● Hiah Eneray (920 MeV)
- Optimizes (n+,K+) Yield

● Hiqh Resolution (-200 keV)
- 10x Better than Today

● Hiah Intensitv (-1 09 Jc+/see)
- 100x Better than Today

● Broad Ranae of Nuclear Phvsics
- Using Same Facility
- in Simultaneous Operation

●

lUXI

Ixl

o

Pion Scattering from C’2

-5 0 5 10 15

ExOlati ErErgy (Mew

● Cost Effective - Minimum Cost Access to (z+,K+)
● PIIAC Is RF Smarator - Pion Beams of Unprecedented Purity
● _ - PIIAC is Possible Only at IAMPF
● Hkih Tectmoloav in All Elements

- Hi~h-Gradient Superconducting Linac
- tige-Aperture Superconducting Quads
- High-Field Superconducting Dipole
- High-Acceptance ~+/JC-Injection Line

. ,:., ....-..’ ../... .,,. .
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MOTER:
Morris Klein’s Optimized Tracing of Enge’s Rays

● RA~RACE with Optimizer

● Very General Demand Definition

- Including Software Corrections

* and Measuring Errors

~ MAPPOLE Element (ray trace from field map)

● Random Pay Generator and Apertures

- Human Cannot Bias Design by Incorrect Ray Pattern

- MOTER is Equivalent to TRANSPORT pius TURTLE

● Adding Cavity Element and Longitudinal Dynamics

- To Include Linac in Calculation
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Limitation on PILAC Acceptance=
Aperture of First Injection Line

Magnet

●

●

●

Entire Magnet

- No Beam

will be in

Pipe !

Vacuum System

Can We Use Entire Open Region?

- Not Just Circular Region !

Warning: We Must Go Outside of

- Circle of Convergence !
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Compare EPICS and PILAC

PIIAC
(ILqCOr-@urata2n

PtlAC Sp3rcmeter
(750 Mev/c)

&

lltAC Hgh Rewlutmn
Dspsed Beam Lme

7-’”? ‘&”-

(TC,x)COnfigurakm
RlACSp2cN0rneter

(1200 Mewc)

.—-. ------------ -------- ---------- ------- ------- ------- ------ ------- ------------- -------- .... ... ..... ..... ... .... ..-------- -----------

EPICS D M D

IL&$5n
M

MDDMIDM EPICS SpxtrorrWer .-b.

(m4CtoW&) ,7!50Mevlc)
l-d toScak
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Recent Results on
Hi-Res Beam Line Optics

● Calculations of Li & Thiessen Used 6-D Ellipsoid

● Changed to 4-D Ellipsoid

- Uniform Distribution for x’& y’

● Re-Optimized Beam Line (without Match Section)

- Required Use of 4ti Order Corrections

- Resolution Worsened -20Y0



Problems
Beam Line and

I 1

of PILAC
Spectrometer

● Spectrometer Dipole Must Go To 24 kiloGauss

- Put in 2-D Calculationof Field with large 4thOrder

* Resolution OK with 4ti Order Software Corrections

● Spectrometer Quads are Very Short
- Effective Length 70 cm
- Aperture Diameter 76 cm
- Distance Between Effective Edges 40 cm

* End Fields are Very Important

● Beam Line Requires 4ti Order Corrections in Multiples I

● Accuracy of Field Representation in Multiples
- using“l+.Enge”Rectangular Multipole Formulae

● Need to Design “Zero-Degree” System
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Estimate of Effect of
n=6 in Quad Fringe Field

Take Results from Napolitano

at r = 30cm

0.1Tesla x 12 cm in each 01

separated by 15 cm

and !-lunter

2 Lumps

Assume Field is pure n =6, m = O,hence

B, mys

Assume ray leaves center of target and arrives at r= 30 cm

Focussing such that ray is bent parallel to axis in 40 cm

Then kick projected back to target is

Ay= 300 mm x
0.1Tesla x 12 cm ~5x0.18x20cm

= 6.75mm
0.8 Tesla x 40 cm 30 cm

There are 4 fringe fields acting coherently

.-.total Ay= 4 x 6.75 = 27mm

il..:“]!:;,fi,!’’”~””‘“~’’”,[f-\~,~1((”),1,111;l{(j!..’<l:..,..
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MAPPOLE

● RectangularGridof Measurementson Midplane

sCon?ainsAMHarmonicPolynomialsin x,y,z upto 5* order

- Each Polynomialis Solutionof Laplace’sEquation

● Can Use as InterpolatingPolynomialor LeastSquaresFit

- Dependingon Numberof Nearest PointsUsed

● Has FunctionTo Cut Off Field

- To SimulateShimon FieldClamp

● Checkedby GeneratingMap Identicalto RAYTRACE

- Wtih Enge%Field Formulaon Midplane

● ExternalVersionUsedThree Planesof Maps

- Near Midplaneand Near Poles

● PIIAC Requires104

- EPICS Was 3x104
!J,,J[-;,:,p ~..,,!.v,:@Jjj’I](y:::.. . .. .



The Disappointments
of MAPPOLE

● Computed Field Is Not Continuous In Plane of Pole Tip

● Cannot Reproduce Obsewed Bump in Field

-1” Grid Not Sufficient for 4“ Gap

* ‘Rapid Mapper” Forced 1” Grid in Z

● Three Plane Version Did Not Help

- Could Not Fit Midplane and Pole Plane Simultaneously

● Cutoff Function Poorly Represented Effect of Shim

- Convergence of Shimming Process was Poor



( History of EPICS ‘
Beam Line Shimming

● Use 1S Dipole in MAPPOLE
- Remaining Magnets as “DIPOLES”

● Shimmed Field Clamps
- Using Maximum Field (15 kG) Map
- Two Iterations on Shims

● Then Work on Shimming from Maps of 2nd Magnet

-.. . and 3P and 4ti Magnet
* Computational Results Not Very Satisfying

- Could Not Estimate Accuracy of Procedure
● Final Trimming with Tuning of Muttipoles

- Using Elastic Scattering
● Shimming Procedure Probably Worked

- Minimum Currents in Multiples at 15 kG
- Achieved Same Ballpark as Design Resolution
- But No Precision Check of Off-Midplane Optics

... ,,..:.,, ,.1’ l’!
/



History of EPICS Spectrometer
Tuneup

● Calculated2ti and 3rdOrderSoftwareCorrections

- Using Available Dipole Man

- Integral Harmonic Data for’Quads

* No Use of FringeField Information

“ Calculated Software Corrections Did Not Work !

- Resolution Not Much Better Than 1st Order

● Determined Experimental Software Corrections

- Using Elastic Scattering, Rods, & Slits, etc.

- Achieved Same Ballpark as Design Resolution

● Problem May Have Been Unknown Chamber Offsets

- Expansion Not Centered on Optic Axis



What Must We Do Better
the Next Time ?

● Use End Fields of Quads ?

● Use 3-D Field Map for 1S Injection Line Quad ?

- and 3-D Calculation for Design Stage ?

● Use a Full 3-D Field Map of Dipoles ?

- and 3-D Calculation for DesignStage ?

,“

-, --> -’ . . . .-. ; :’.-. ,!,.> ., .-



Summary: Charge to Workshop !

● Review PILAC Optics Calculations !

- InjectionLine

- High-Res Dispersed Line and Spectrometer

- General-Purpose Line and MRS

● How Good Are Our Magnet Models ?

- Optics is Only as Good as Field Models

I - Analyze 3-D Calculations and Measurements

- Compare Available Codes with Emphasis on Field Models

● Can We Suild Quads With Pure n=2 (including ends) ?

● Can We Use Entire Open Region of Quadruples ?

● What Do We Do When The System Is Constructed ?

- Measurement Techniques

- Analysis of Measurements

- Shimming

\ - Adjustable Elements “,,jII G,.,‘“_“j:’ , , - ,(1Ilfzsl..



PILAC INJECTION LINE



PILAC INJECTION LINE:

EVOLUTION
AND

PRESENT STATUS

Barbara Blind

Accelerator Technology Division
Los Alamos National Laboratory

Los Alamos, NM 87545

August 12, 1991

l“’



EARLY DECISIONS

● 805 MHz linac

● focusing elements immediately downstream of the target

RECENT DESIGN PARAMETERS
(TO JUNE 1991)

● 225 n-mm-mrad emittance

● z= Y = 4.5 mm, x’ = y’ = 50 mrfd for the input beam

● *3.WC momentum bite

● equivalent drift for the beamline of approximately 11 m

● transport of pions between 380 MeV and 530 MeV

● (j.$m first drift



DEMONSTRATION OF A SUCCESSFUL
#- TJNE

●

● v \
\

\

I
I
I
I
I
I
I
/
/

90° bend

matching



OUTPUT-BEAM PHASE-SPACE
PROJECTIONS

a

.014

014

014

-Oom Omo

Zlzl

-o m Oom

0014

-0014

b

-am Omo

0.014

-0.014

-o.m O.om

c

0“0”~

-0.om o Oio

0“014~

-0014 ~

+Iolo 0070

a) for beamline in linear approximation
b) for beamline without sextuples and octupoles

c ) for beamline with sextuples and octupoles



PERFORMANCE

● with nonlinear correctors, 82.2% of pions are within transverse

acceptance of accelerator

● without nonlinearc orrectors, 56.5??0of pions are

acceptance of accelerator

● beamline is 20.08 m long

. 50??0of 380-MeV pions decay in transit

● thus: with (without) nonlinear elements, 41.1 ~o

pions are captured

within transverse

(28.3?%) of initial

● equivalent drift of beamline is 11.06 m for 380-MeV pions, 5.10 m

for 530-MeV pions



SIMULTANEOUS TRANSPORT OF
m+ AND F

to PILAC

&

7’.

z+
‘ion
iuction

arget

%U-

-.



PERFORMANCE

left bend

. 64.3~0 of pions are within transverse acceptance of accelerator

. beamline is 10.53 m long

. 31~0 of 380-MeV pions decay in transit

● thus: 44.470 of initial pions are captured

● equivalent drift of beamline is 6.74 m for 380-MeV pions

right bend

. 37.7% of pions are within transverse accept ante of accelerator

. beamline is 24.47 m long

● 57910of 380-MeV pions decay in transit

● thus: 16.2~0 of initial pions are captured

● equivalent drift of beamline is -6.93 m for 380-MeV pions



0014

OUTPUT-BEAM PHASE-SPACE
PROJECTIONS

a

,‘9 ;

-0.014~

-OAWO oOm

0.014

.0.014

-o m o ~m

Om

-o w

-o MO ON

b

-0.014 I

0.014

-0.014

-0.070 0.070

-o.um O.om

O.m

-0.m Ow

002

-0.01

c

9

4?i

:~ -\
9

-0.0s

-0.s 03

O.MO

a) for left bel.d in linear approximation
b) for lef’ bend with aberrations
c ) for left bend with aberrations



0014

-0014 -

OUTPUT-BEAM PHASE-SPACE
PROJECTIONS

a

-b
-O,o1o 0070

0014

-0014

-o07U oOm

Ow

-0040
-Ow OMO

0014

-0,014

b
1.1

-1.1

c
l——

‘> -,@,C4

-o.m 0.070 -0.0 ‘3.?

0.014

-0.014

09

9

-0.om 00?0 -0!B %s

-O,OM O!m .1 B 1.6

a) for right bend in linear approximation
b) for right bend with aberrations
c) for right bend with aberrations



PRESENT DESIGN PARAMETERS

● 225 z-mm-mrad emittance

● z= y = 3.63 mm, x’ = y’ = 62 mrad for the input beam

. +3.5?I0 momentum bite

● transport of pions of 360 MeV

● 0.575-m first drift



PERFORMANCE WITH PRESENT
DESIGN PARAMETERS -

left bend

● 49.2% of pions are within transverse accept ante of accelerator

● beamline is 11,62 m long

. 3370 of 360-MeV pions decay in transit

● thus: 33.0% of initial pions are captured

● equivalent drift of beamline is 8.12 m for 360-MeV pions

right bend

●

●

●

●

●

●

19.070 of pions are within transverse acceptance of accelerator

beamline is 25.74 m long

59% of 360-MeV pions decay in transit

thus: 7.8% of initial pions are captured

equivalent drift of beamline is -3.29 m for 360-MeV pions

path-length difference correct for simultaneous acceleration of

360-MeVn+ and 360-MeV fi-



FEATURES OF PRESENT
T+/T– TRANSPORT SYSTEM

many constraintson geometry

● protonbeam transport/dumping

● switching of polarities

● shielding

● n‘-beammatching

leftbend

simple

easytotune.h practise

transverselymatched

equivalentdriftapproximatelyright

piontransmissionasgoodascanbe expectedfora systemwith
theconstraintsimposedon thissystem

rightbend

●

●

●

●

●

●

complex

hardtotune,inpractise

long

transverselymatched

wrongequivalentdrift

verypoorpiontransmission



PROTON-BEAM HANDLING

mm’ ,Ep,
~///////f ////

‘.1 m 3. ) Y
I

///’////L



HOW TO REMEDY THE SITUATION - I

WITH SIMILAR BENDS?

11-+

lr -

advantages

● both lines of similar quality

● no need to switch polarities

● approximately equal equivalent drifts for improved longitudinal

match

● probably more n- captured than with present system

disadvantages

● lines at least 16 m long, each

● probably fewer r+ captured than with present system



PILAC GENERAL-PURPOSE LINE
DESIGN



P.1

PILAC Ge~eral-PUrPo= Beam Line

Naifeng Mao and Henry A. Z’hiessen

LOS Alamos National Laboratory

MP-14, MS-H847

Los Alamos, NM S7545

August 12, 1991
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PURPOSE

PILAC, a pion linac facility is being proposed to
provide 1.07 GeV (1.2P GeV/c) pkns at LAHPF (Los
Alamos Meson ?hysics Facility)

The PILAC general-purpose beam line is being
designed to deliver these pions to experiments that
require either an achromatic beam on target w a
dispersed beam while using the existing MRS (medium
resolution spectrometer)

This beam line vill also serve as a pion injector
for a future linac extmding the energy of PILAC to
1.6 GeV
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ExistingMRS
High-Resolution Spectrometer

Spectrometer< I

i!Experimental
Area

High-Resolution
‘Special-purpose

PlonChannel

1

Experiments

\

Future Pion Lina

Beam+hadng
System ~ Geneal-Purpose

Beam Line

IAMPF
Proton~
Beam

/ LJ Injection
Proton ! Beamline

Buncher IAMPF
Area-A

Ic



LAYOUT p.4

The beam line is downstream of the kicker-based beam
sharing system, and unsymmetrical

It has two output ports: Port A (including Al & A2)
and Port B, to allow setup in one experimental cave
while operating into a second cave

It consists of a matching section (four quadruples),
a main bending and focusing section

(tvo dipoles, four quadruples
and one sextuple),

two post-fousing sections
(four quadruples for each port)

It bends in horizontal plane, bending angles:
90 (5+40+45) deg. for Port A

O (5+40-45) deg. for Port B

The distance (D) from the last quadruple to
Port Al: 1.51n, Port A2: 3.S-4.5m, Port B: 1.5m



T

\

Hedium resolution
spectrometer

I

m
Ii

I

I

I
1

)Port B

!
Post-focusing

section

!

Post-focusing
section

Port Al por

Hain Bending ●nd
focusing section

IHatching section

!Baarn-sharing
system

L From PILAC

t A2

1
II

I

\

Ceneral-puLpose beam line I
I

~. I
o 5 10 m



:1- Port B

I1,

I

I

4
c

.

c
c

I
I

I

I
[

[
I

I

Q24(l.0m,15cm) mw
Q23(l.0m,15cm)

0
$
Ln

L
d

Q22(0.75m,15cm) .
~

Q21(0.75m,15cm) .
+

G
B12(-45’,2.9m, ~

10CE) u {

Port Al Port M

/ 10cm)

/

014(0.75m,10cm)
Q13(0.75m,10cm)

slit

Q12(0.75m,10cm)
Qll(O.75m,10ch)

Sll(O.30m,10cm)

1311(4( F,2.9D,1OCM)

Q04(0.75m,10cm)
F
] Qo3(0.75m,10cm)

] Q02(0.75m,10cm)

lQQl(O.75m,10cm)

Dipole (bending angle,radius,
half-gap)

Ilultipole (length, half-aperture)

General-purpose bea~ line

KICK(5”, 11.46m,7.5cm)

QL2 (0.36m,6,9cm)
OL] (0.36m,6.9cm)

A From PILAC
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TWO MODES OF OPERATION

ACHRO14ATIC HODE

for special-purpose experiments:
small beam spot, Port Al
tuneable beam spot, Port Al
large beam spot with small divergence, Port A2

for serving as a pion injector for a future pion
linac extending pion energy to 1.6 ~eV, Port Al

DISPERSED MODE

for experiments with the existing medium resolution
spectrometer (HHH operation mode), Port B
HHH: Horizontal dispersion

Horizontal scattering
Horizontal analysis



p,8

INPUT BEAH

Cent ral momen turn P=l.20 GeV/c (max.) 0.50 GeV/c (min.)
Homentum spread 6=*0.75 % Q.06 %
Phase space Axo=Ayo=l12.5mmID mrad 225nmm mrad

x-x’ ●

-s Elzl
3

ElI Elll
-mm ● 1- -18 8 lb

112.5xmrumnd 225xtummr8d



p.9

REQUIREHEI’WS FOR OUTPUT BEAH
Achromatic mode, flax.momentum beam

Homent~m selection is needed at a slit to elimi-
nate protons and electrons

Different output beam spots and phase space are
required:

Small beam spot at Port Al: 0.6-0.7 cm radius
by about 20 mrad half angular divergence

Tuneable beam spot at Port Al, spot radius over
a vide range: 1.0, 1.5 and 2.0 cm

Large beam spot at Port AZ, spot radius larger
than 2.0 cm with less than 6 mrad half divergence

For min. momentum beam with double phase space,
spot size by a factor of ~

As a pion injector for a future linac, output
beam with a specified phase space

Area of phase space vill not increase any more
than necessary



p.lo

REWIREIJIENTS FOR O’UTPUT BEA?!
Dispersed mode, ?lax. momentum beam

(for use with the existing HRS)

Horizontal dispersion (R16) varies over a range
of 2-4 cm/% for dispersion matching with MM

Transfer matrix elements R26 and R12 adjustable
for correction of kinematic line broadening

-5 = R26 + 5 mrad/% assumed in design

Narrow monochromatic beam spot: 0.2-O.4cm half
vidth, to provide a beam line resolution of ().2%

For min. momentum beam, by a factor of fl

Half height less than 1.5 cm (field of view of
HRS: 1.57 cm)



p.11

Field at pole tips of quadruples not higher than
7.5 kG (half-aperture of quadruple 10 or 15 cm)

Half gaps of dipoles not larger than 10 cm

Distance from the last quadruple to the target not
less than 1.5 m
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HETHOD AND PROCEDURE

Beam opt ics is calculated with program TRANSPORT
in the first and second order

Design begins vi th the achromatic mode of opera-
tion at Port Al

Vhen changing the beam output port or/and the mode
of operation

the geometry of the beam line is unchangeable
only the field gradients of quadruples in the

beam line can be readjusted

Design also begins vith the maximum momentum beam,
and then the minimum momentum beam with double phase
space considered
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CL

F-

/

014
013

slit
.

{

Q12 M:*34
011

511
R=1,5 %
Momentum

811

8

004

003

0002

r001

Klcu

I QL2
I OLl

From
A)to-Ayo-l12,5mmm mrad
b.hO.75 X

cm/X

selection

R16-O
wt:

843-0
J~=O.64 Cm

~.18.7 mrad
~-O.67 cm
~-22.6 mrad

General-purpose beaa line
Port Al
Achromatic mode
Small beam spot
Double vaist

Run GPL494(2nd order)

Total length 34.37 m

.- -J
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0PL494( 4),ACnRO14ATX C 140Dt, PoRT A1,S14ALL SPOT,2140 ORDER,AUO, 8,91
ROTATED TO ORIGINAL COORDINATE 8XSTZM
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0.0
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0

20

0

.io

● SAM CIIVELOPC x-x Y-o
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slit

012 R16=2.32 cm/%

Momentum selection

R16.O
R26=0
821-0
U43-O
~~- 1.0,
~.11.9,
~., 1.0,
~-11.9,

;:;:
1*5,
7.8,

2.0 cm
5.9 ■rad
2.0 cm
5.9 s

f

Bll

004

@ 003

@
002

ua

QL2
QL1

From LINAC
Axo=Ayo=l12.5mmm mrad
6=&o.75 %

General-purpose beam line
Port Al
Achromatic mods
Tunaable beam spot
Double vaist

Run GPlA95(2nd order)

Total length 34.37 m

J
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R16-O
014 R26-O

013 Specified ellipses
slit J~=4.40 cm

{

012
011

511

Bll

~=3.5 ❑rad

R12=0 ~=3.76 cm

R16m2.32 cm/% ~.3.2 mrad

R=l.5 Z
AX.119WWQ ❑rad

Ilomentumselection Ay-l19xam ❑rad

[1na

m 0L2
c1 QL1

From LINAC
Axo=Ayowl12.5mmM mrad
6-*0.75 %

General-purpose bemm line
Port Al
Achromatic mode
Specified phese space

for injection

Run GPL496(2nd order)

Total length 34.37 m

L 1 I
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GPL496( 4),AC16MOMAT XC MODE, PORT A1,FOR IMJIJCTION,2BD ORDER,AU~. 8,91
PBASC CLLIPIES
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H014
013

alit
>

[

R12=0
Q12 R16=2.32 cm/Z

011 R=l.5 %

S11 Momentum selection

B11

QL2
Qlll

* From LINAc
Axo=Ayo=l12,5mmm mrad
&=~o.75 %

port A2

R16-O

General-purpose bemm line
port A2
Achromaticmode
Large beam spot
Double waigt

R26=0 i
U21-O
843-0

/~=2.05, 2020, 2.33 Cm

~.5.7, 5.4, 5.1 mrd
~-2.05, 2.20, 2.33 cm
~.5.8, S.4, 5.1 ❑ r

Dm3.5, 4.o, 4.5 ❑

Run GPL497(2nd order)

Total length 36.87~0.5 m
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T
Port B

J
024

023

Q22

021

B12

R16.-2.O cm/%
R26=0
U21-O
843-0
R12.O.07 cm/mrad
T122=0
~=0.21 cm (6.0.00%)
~.O.88 cm
R=O.21 %
j~- 1.53 cm (J-zO.75%)
~-54.3 mrad
~. 0.95 cm
~=13.O ❑rad

I
004

003

W2

001

KIa

I 0L2
I QL1

From LINAC
ho-Ayo=l12.5wmm mrad
b=~O.75 %

-4.0 cm/% ● R16 d .2.0 cm/%
-5.0 ■rad/X ● R26 ● 5.0 ■rad/~

General-purpose beam line
Port B
Dispersedmode
Dmblq vaist

Run GPL493(2nd order)

Total len:th33.67 m
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GFNERAL-PURPOSEBEAtl LINE Axo=Ayo=l12.5 xmm mrad
J-to. 75%

Port
(D)

Achroaat ic
tlode

~tl.m
selection
R=l.5X

small
beam spot

tuneable
beam spot

specified
phase space

(for injection)

large beam spot

.4.(3< R16 IS-2.0 Cd%
Dispersed -5.0 fR26 4 5.0 mr/Z

Al
(1.5m)

0.64cm*18.7mr(9
0.67cm*22.6mr(V

1.0,1.5,2.Ocm
1.50cm*7.8mr(E)
1.50cm*7.8u(V)

4.60cm*3.5mr(E)
3.76cn*3.2mr(V)
Ax=l19~u ■r
Ay=llgwn nr

A2
(3.5fn-4.5m)

D-4.09
2.20cm*5.4mr(El)
2.20cm*5.4mr(V)

I

B
(1.5m)

R16=-2.O CM/%
R26. @.O nrl%
R12-O.07cdmr
R=O.21%
1.53cm*54.3mr(H)
0.95cm*13.Omr(V)
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GENERAL-PURPOSE BEAti LINE AxL.Ay~=225=-Drad
~=fl.06%

7
Port Al A2 B
(D) (1.5m) (3.5m-4.5m) (1.5m)

small 1.17c=*21.Chr(H)

beam spot 1.23cm*23.3mr(V)

i

runeable 1.4,2.0,2.5cm

beam spot
Z.(Mkm*12.lmr(B)
2.00cm*12.lmr(V)

Achromatic
Hode

specified
phase space

R16dL26-o
CT21443AJ (for injection)

~tm

selection
R=2.2Z D-4.09

large beam spot 3.llcm*7.9mr(Il)
3.llcm*8.hr(V)

R16=-2.OC~/%
-4.0 <R16 4 -2.0 c./z R26= 0.0 ■r/%

Dispersed -S.0 KU6 4 5.0 r/z R12=0.07 cm/mr
Mode 621-0 R=O.29%

C43-O 2.18cm*76.8mr(tl)
1.35cm*18.8mr(V)
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SWIARY

A general-purpose pion beam line with two output
ports and two operation modes designed

Meet the requirements in the first and second
order

Correction of kinematic line broadening by ajusting
transfer matrix elements R26 and R12 at Port B (for
dispersed mode operation) needs to be studied in detail
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August 6, 1991
RAYTRACE and the Real World

Harald A. Enge

These notes discuss some “loose endsll in kAYTRACE and some
practical hints for the use of the program. A section of the
RAYTRACE manual is included as an introduction. .

1. Fringing field descriptions in MTYP2 dipoles. ——

Figure 7 in the manual and Eq. 19 explains how de determine a
“representative “ distance to the effective field boundary. There
has not been much checking done to justify this particular formula.
The only definite things that can be said for it is that it gives
a) the correct answer for a straight boundary and b) the right
trend for a curved one. Figure 1 of this report shows an example
of iso-B lines calculated by use of the procedure. It illustrates
at the same time the effect of the proximity of the pole corners,
discussed next.

2. Finite width of poles.

The manual defines what we mean with the effective field
boundary (EFB) . Quote: “This problem has been resolved by
redefining the EFB as a mechanical reference boundary - a curve
following the mechanical shapa of the pole piece. The position of
the EFB relative to the pole piece is the position calculated on
the assumption that the boundary is straight~l This statement
actually is not quits complete. We generally modify the EFB as
defined above by curving it around the corners of the polo piece
usinq wan-order S-parameters. Tho order of these parameters
dapends upon the ratio of pole width W to air gap D, that is, a
very narrow pole requires a second-order correction, a wide one
requires an ●ight-order correction. The formulas we are using are,
for Rogowski poles (with R=orbit radius):

n=W/D=2(i+6) where ~=~ntoger, 6<1

s H0.5(1-6)D 2Ra1
21 - R T

s (10.56D 2Ra’”a
alta - ~Tr

Tho width W ~a maam.mad at tho root of tho pol~ piooa.

For a magnet Without polo taparing, changa the factor 0.5 to
0.3.

3. HoW wide should tha PO1OS be?

For magnets operating in the rang. of 1.2 tesla and up the
sides of cha poleIImust ba tapered to avoid saturation. Generally,
a 60-degraa tap-r with a width of one airgap is adoquato (Fig. 2) .

1



HOW close to the edge can the particle move before they experience
a drop in field of a factor 10”4? We are assuming flat poles, i.e.
no I’Rose shims”. For x>O we can express the scalar potential as:

@- -Boy + t Ane’kmKsinlc.Y
n

This satisfies the requirement that the perturbing part of the
scalar potential is zero at the pole surfaces and on the
provided

knD - 2~n with n-integer

The lowest term (n=l) gives

k, = 2~/D

This term decays a factor 10 over a distance

Ax - (D/2~)enlo - 0,367D

At the corner (x=O) the magnitude of the perturbation is
AB/B = 0.2. Assuming this is all from the lowest order
find the distance from the corner to the point where the
been reduced by a factor 2000 (to AB/B = 10”4) given by

klx _ ~n2000 _ 7.6

which gives

X = 7.6 D/2?r= 1.21 D

midplane
—

term, we
term has

This analysis shows that for high-precision magnets without Rose
shims the total widths of pole pieces (measured at the roots)
should be at laast 4.5 airgaps plus the width of the beam.

FLqura 3 shows an ●xample of a profile along tha same idea as
the Rose shim. The purposa of the Rose shim, or the corresponding
bump used in this case, is to ●liminate the lowast-orde~ tarm in
tha expansion. The highar-ordor torm~ decay much faster with
increasing x.

Tho profile in Fig. 3 producas a AB/B lees than 104 in a
region which is approximately one airgap wide. Tho total width of
tha root of the POIQ is 4.58 timas tho airgap.

4, Magnet dipolas with gradients.

In the subroutines MTYP3 and MTYP4 the fringing-field
expresalons aro similar to the ones for MTYP2 ●xcept, of cwrsa,
the n-value and hiqhar-order term~ of AR/R are included. Oltside
the EFk3we are using x instead of AR in these expressions. This is
because outside the pola pieces the field cannot ~lknow about’t the
curvature of the magnet. Both n and tho higher-order qradients

2



should probably decay with increasing distance from the poles.
This has not been written in to these programs.

5. Fitting the fringing-field expression to real data.

we either use measured fringing-field curves or data produced
by POISSON calculations to fit the fringing-field expression (Eqs.
6,7 and 8 in the manual). We use a program called LASLFIT which
also calculates the position of the EFB.

Be aware that the last coefficient in Eq. 7 must be odd and
positive (C03 or C05) otherwise the expression (6) does not have
the correct asymptotic behavior.

Details of the off-median-plane field are very sensitive to
the value ot the coefficients. Not so much so in a “Rogowski”
magnet as in a sharp-cornered magnet. Fortunately, the field
integral along a straight line in the z-direction is not influenced
by these uncertainties.

We have experienced some difficulties with. the corresponding
expressions in quadrupoleo in cases where the x-amplitudes in the
fringing field exceeded the aperture radius. It probably would be
better to fit the field of a quadruple at the aperture radius
rather than the qradient as measured at the axis. LASLFIT is not
sophisticated enough for this, but it should be easy enough to
write a program Lor the purpose.

6. Subroutine POLES.

The subroutine handles quadruples, sextupolas, octupoles,
decapolea, dodacapolee and any combination thereof. There is a
provision for adjusting tho ●ffactiva lcngtha of tho various
multiples r~lativo to tha quadrupolo if tharo in an admixture.
Tha highar-ordar polas may also havo a different rata of falloff of
B VS. z in tha fringing field. The corresponding constants (on the
last llno of tha aubroutina) havo nwor baan determined for any
existing multipol.. Oth@r than this, tha various multipolea are
assumed to ba proportional through the element. In other words,
thara is no prwiaion for putting in a dodocapola, for instance in
the fringing fimlda only.

It is possiblo, of courmo to introducm tha dodecapolos (or
other multipolar) as short (“daltafunction”) ●lomentm bafora and
aftar tho quadrupola with prop-r backtracking to placa tha ●ffacts
in tha appropriate positions. Thas@ ●l@mants should aithor hava no
frinqing fi~ld zonoa or kringing fimld zonas of “ragular” langth,
Vary short fringing field zonam (large coofficientm) are likely to
give trouble.

7. TRANSPORT to RAYTRACEconversion.

W@ practically alwaye run TFUNSPORT firmt on any ion-optical
problem. In a fow inutancarn TRANSPORT doos I)othavo tha required



mechanism. One example comes to mind: a dc accelerator. We ran
the element alone with RAYTRACE, constructed an appropriate matrix
and plugged it ht. the TRANSPORT input. That does not give the
correct answers ~or the magnetic strengths of the elements
following the matrix, but that is easy to adjust afterwards by
multiplying by tha ratio of the momenta.

We generally find very qood agreement between focal strengths
of dipoles in TRANSPORT and RAYTRACE. Of course, TRANSPORT does
not have the zeroth-order shift XCORR which we have to insert. If
the bounciaries have curvatures, we also need to have non-zero
values for DELS (see below). Quadruples are more tricky. This is
because TRANSPORT doos not consider the reduced focusing strengths
of the fringing fields (relative to the field integral).

In general the sum of the focusing stren ths I/f, and l/fY for
9a dipole is proportional to the integral of B along the path. The

same holds approximately for a quadruple ~ (or triplet),
except it ia the squaro of the ~ we are considering. so,
just as for the dipolo, we ‘tlose~f overall focusing power in the
fringing field.

Our method for obtaining a better match between TRANSPORT and
MYTRACE is as follows. Our TRANSPORT input looks like this:

3. -R/2 ; (Drift -R/2)
5.OA R B 2R ; (Quad, length R, half gradient)
5.OA (L-R) B R ; (Quad, length L-R, full gradient)
5.~~.R B 2R ; (Quad, length R, half gradient)
3. -R/2 ; (Drift -R;2)

The fir-t and last ●ntry assures that tho insertion length of the
quadrupola is L met.r=. Tha two ●ntriam pf langtha R havo half
gradient= and zeprasent tha fringing fialda. Th@ raason for
halving tha gradxont by ualng an artificial radius 2R rath~r than
a field B/2 is to mak- it .asi-r to optimiza the strangth by
varying the throo B’s simultanaoumly and ●qually (variablo A as
shown hors).

The quadruple stronqtha calculated by tho aid of TRANSPORT as
described reprasmt tho first approximation for RAYTRACE. In soma
careen w. naed hiqhm accuracy. In one ●xamplo wo rsquired sight
transfer coefficients to hava cartain valuam. Our procodure was:

a. Run TRANSPORT with qudrupoles rapramantod as mhown abova.

b. Run RAYTRACE with tha strangth determined undar a). Racord
‘cha valuam of tho coeff.iciants which war.: x/x, O/x, tl/0, y/y, @/y,
@/o, x/6, and 0/6. (Tha two coafficimtm x/8 and y/@ are not
included ●inca thay can b@ dotarminad from tha others by uso of
Liol”villa’c Theorem).

c, Run TRAJJJPORT varying seven quadrupola strarlgths, BQ~s, and
a drift length, 1, to produca the -am@ coefficients as RAYTRACE.

4



The changes
produce the

ABQ and Al required in the TRANSPORT parameters to
same output as RAYTRACE are recorded.

d. Change the RAYTRACE strengths by -ABQ and -AI; and run
RAYTRACE again. This now produces first-order transfer coefficient
very similar to TRANSPORT, i.e. it produces the desired beam
transfer.

8. Subroutine YULTIPOLE

As written, this subroutine describes an element that can
contain any cominbation of multiples up to dodecapole. In this
respect it is similar to POLES, but the field descritpion as a
function of z is bell-shaped and intended to be short. There are
two variables in the field expression that can be used to fit
measured or calculated values for B(z). Since the element is
intended to be short, the effect on a stiff beam is almost that of
a deltafunction, so an accurate description of B(z) is not
critical. With the values c, = 0.4 and Ce= 0.1, suggested in the
manual, the ‘Ineffective length~lof the multipole is at least in one “
case studied about 1.2%. The relationship of strengths between
the MULTIPOLE and POLES is therefore given by:

1.2B&(W/2)””c,, = BQ~~”n

where n is the order of the desired effect (O for dipole, etc.)
The factor 1.2 should be taken with a grain of salt.

5



RAYTRACE ELEMENTS’

1. DIPO - Sixdipole

2, EDIP - Cylindrical

versions -

electrostatic deflector

3. POLE -

4. MULT -

5. SOLE -

6. VELS -

7. LENS -

8. SHRT -

Quadruple to dodecapole

Multipole correction element

Single-layer solenoid

Ex B velocity selector

Matrix plus spher., chrom. aberr.

Coordinate shifts, rotation

9. DRIF - Straight drift

0. COLL - Rectangular or elliptic apertures

1. ACCE -DC accelerator

2. EINZ - Symmetric einzel lens
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Fringing field of dipole, Median plane

BY = BJ(l +es)

S = COO+CO1S+ C02S?+C03S3+C04S4+C05S5

SD = modified shortest distance to EFB

The EFB described by:

Az/R = -[S02(x/R)2 + ..... +- $08(x/R)8]

AZ

z

x
0 “s

I





4 1 = W/D = 2(i+6) where i = integer, 6<1
sZi= o~5(l_6)(D/R)(2 R~)2i

s2i+2-= 0.56(D/R)(2-R/W)2i+2
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3. -R/2 ; (Dfifi :~i2)
5.OA R B 2R ; (Quad, length R, half gradient)
5.OA (L-R) B R; (Quad, length L-R, full gradient)
5.OA R B 2R ; (Quad,lengthR, half gradient)
3. -R/2 ; (Drift -R/2)
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Themotion of ● particle carryiag a charge Q b governed by the Lorentsforce,

F=qi?+tixq, (s)

wham ~ u the alec~ field aad ~ u the magnetic 6eld. ~ a mctaawl= (z, Y,z) coordinate qwttm, the
quatioaa of mo~ioa along ●ach of the ax- may be written M

d(d)/& = Q(E. + Uvl%- U.B”)

cf(rnti]/d~~(Ew + v,& - u,lZ) (4)
d(ti)/d = Q(E, + u.f3, - U“B,)

LnRAYTRACE, the~natiomofmotiomaresolvd by memx of ● stepby-stepnumericalin~ation
withtimaaatheindepemdenc %able. A fotih-order Ra.ng~Kutta integration routiae ia used. When

deficiently &mallotep suu are taken, the accuracy ia fimited oaly by tho uncarteiatia ia our knowledge of
the ●]- k =d magnetic 6ekJe. Rouad4 arrore are negligible if the standard donble-precision venion of
IUYT&ACE u uead. Verioua t >utti-d-be the 6eld &a*bution in @mm of Afew timple paramaterm
for euh type of ●lement. Mat of the pararnecera are directly rehted to .dirnenaio~ =d -pecificationaon
u ●agiaeeringd.mwiag of th, ●lement. ThGmodalar rmtare of the cods allow ●asy xc- for additionof
mewdevkuormodificationofthe‘6eldsroutinestico~poad tos~i6creeds.

Lnmoat of the elements, the particle typically mova through three distinct regions: the entraace fringing
6eld, the ■uniform’ 6eld aad the exit tliaging field. Fig. 2 thown, u am=-pie, the Isyout for a dipole
magnet. Ike Aiiamnt coordinate eystems are reiatd bys non-real gwmetncd ray ABCD whichu ●straight
I.iaefromA toB,● circular= fromB to C, aad s straight liae from C to D. AU calculatimu ue mde with
reference to the four rectangular coordinate systems WithoriginsatA,B, C aad D. Tha rest of the dipole
puamecm am dimuwd in detail in k ~.

Each ●lement b aa input coordinate ayatem and u output coordinate system ouch M A aad D for the
DIPOLE. The output coordinate system of one elemeat coincidu with the input coordinate system of the
next ●lement. As presently mitten, the coch caa hasdle 200 elemeata aad trace 100 rsys through them.

Theprorm cdculateathePathofoneputicleat● timethroughallel.memtaofkh~ayetem.Ifduired,
ev~ ntepb priated out on ● singlo liae giving the independent variable, time (converted to path lwigth into
tha system), poeition, velocity componanta, 6old componeata and the angles # and # indicating directions
relabive to the yz-plane and tha zs-plane.

Thereue threeoptions for s 6nal -rdinme ayctem in whichthepoaitionxanddirections of the rays
we given:

●) the D-ti system of tha 6nal derncnt
b) x.uu along the projection of ray number 1 oa tho zmplaae, origin at ZD = O
c) J-axia u for c- b bat with origin wham the projections (on the za-plaae) of r-y 1 and ray 2 intmect.

Fig. 3 shows the positioae of~hree “fed ues” systemx relative to the D coordinate systcm for the
final ●lement. Th-poei~ioneofth.ongb fordiffereatenergies form s focal ttiace. For ● spectrometer the
detecto~ Ue placed on or new thie foul mrface. .

A mt of founaea ray~ with tpeci6ed initial anglea d aad 4, and all originating from the tama point (the
ecurce), CM be and to calculale truufar cosficienw dependin~ upem 6 and # only, from tit to 6fth ordar
(e.g., I/@2#). U tha foumen rays UQ rum for 6v9 diflerent energies, the program will calculate the focal
plane ●ngle md chromatic abwration coefficients mch u Z/4243, etc. Another option u to uee a speci6ed
set of 46 rayo to calculate 6mt, second aad tbird order coarncienta for z, d, V, and # ● the exit in term of
I d, y,@ at kha ●ntrance and 6 = Ap/p.
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The units uaecl in RAYTRACE are:

r

Iengtlu: cm
mglee, general: de-
beam dimetion: milliradiuts
●nergy:_ MeV
mlgmoticfields: Tub
OIKtncfioldm: kV/cm

4.
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V. Elament Rout&a

A. IllPCLE. Magnetic Di@a.

The dipole wbrmtine requiru 12 reco’ds in the input dats 61e. A thort description of theee recor&

h given in Appemdix1.Amore detded description of the subroutine u preeented hare. However, it u
aeceee~ tit to diet-in souIo detd the meeaing O!the term “the eff=tive 6eld boundary- (EFB).

Fig. 4 chows ● Mt of pch profil~ with coil CIXMS=tions used in a modern dipole (for 4 spectrometer).
The30°ad 75’eutcproduc- s cndo ●pproximation to ● Rogow~ki profil..S The three examplae thow
~ %egul# profile, a profilo with ‘field Clunpm (mqnetic shofi-circuit), and one with ● removable insert
wed to adjust the poeition of tho-aEflectivo Field Bmndary” (EFB). The dwh-dotmd IiBu indicste the
poeitions of the EFB, de6A u th~ podion of Shup Cutoffof the 6eld with the -una 6dd intogrmlu the
red dimributioawumi.ng tha intogrstion u performd along a straight fine. Two practical questions need
to be discumA:

1,Wh*tu ~h~me-g O(thetemnEffectiveFieldBound~ for Aclwged puticle which movee along
● CUllfOd path?

2, What u the poeition of th Ektive Field Bound~ if the mechanical bounduy hu a curvature?

As far u BAYTIUCE u concenwi, the bet quation CM be diemioeed immediately u tielevant,
The progTam need- t prtiption for cdculati.ng the 6ekf at a given point in the tiging field region, given
some pola pro61e and giv.n some ca.mature of the mechanical pole boundary projected on thozz-plme.

The eecond queetion b more dif6cult to UMWU, ee~ially d tho curwtum CALM for ie not ● sirnplo
:;.wuIM one, concsvc or convex. This problom h~ kn rcsoived by rede6ning the EFB - s mechanical
r~feremcebound~ - ● crne following the mechanical shape of th~ polo piece. Thewi~ionof the EFB,
relative to the pole pieco u the podion cdculatwl on the ueumption thst the bounduy iJ strtight. With
tapued polti ouch u shown in Fig. 4, the taper should preferably b~ .f cuch a depth thst the EFB coincidu
with the contour ●t the root of the pola. Thh mtia the engin~g deeign aad instalhtion much ●~iu
and leas prone to ●n’om.

1)MTYP- 1(Homogenems Fiald): General Description

The DIPOLE mubroutins hu ou options idanti6ed with a pusmetor called MTYP with vduee 1 through
& Th~ da~arecorti ere Verysimihr for all six, ad the puticlc tr~king through the msgnet u oimihr for
d, The difference k in the 6cld deetiptiont, both in the fringing and ‘unifonw’ 6Qlde. Tho following
ge,termldescription sppih to ● homogeneou- field magnet (MTYP- 1) with the drnpleet treatment of the
fringing 6ald. The diflerenca between tht MTYP’o ue then described in subsequent eoctionc.

The gmeral layout of ● mt~m~tic dipolo u ehown m Fig. ‘2, where tho moat impor%ent psrametem ue
de6ned, The input coordumte snd velocity component of ● particle ue given in coordinate system A. The
6nt #t@pu to maka a trbnofonnahon to syttertr B.

ZBO(A-SA)S~tJ - (ZA + XCR1)COCO

(5)

The constant XCR1 tppem In Fig, 2 Its •~tnlflcance is dkuseed l~ter, Tho particle u next ctid alont
● strught Ime to tht begmnmg of ~he entrants frmgmg tield u da6ned by the puameter Z11. Nuts thst th~

1’2
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“object distance’ A can be nero or even neg-tive. The ●image dbtutce’ B of ona element and the ●object
du~ucem A [or the next must, of cow, ~d UP to the PhY~iC~ dhtmce ~tw~n the ekmento. HOW ~his
dist~ce is divided ix dictated by where the u.wr waau to ~ M iatammdiste printout.

Coaeider tit s particla moving k tho rnedkn plme. The p~icle u ctied through the emtr~eo
fringing 6dd son. by UW*4 int.gruion of the equsthm of motion with s magmatie6eld givaa by

&-BR
B“=—

1+,s ‘BR
(6)

in the medi~ plme. & u the uoifonn field (MTYP=l) i.mide the gsp of the magnet, BR is the mymptotic
. constmt field outside the ma~not (~ally O) and S h ● p~urtetar that increuex monotonically with x (in

the B-- cy~tem), [t ix exprud u a powu Mrh in tha psmmeter w

s = coo+ Coh + co24a + co3#3 + CcMS’ + C0546. (7)

For ● ctrtight-1.ine effctiva 6ald bounduy (EFB), wa havo

~ = ~/D (8)

whera D u th~ magm~t&g*p. %utiioa (6) giva tho comet uymptotic bahavior of the 6e1d for # + +m
provided COS u poeitivc. Th* bseic ke~tiion Wcp CU. in tho ontruca” fringiog Eeld u LF1 which u an
input puunet.r (Apptmdix1). Tho -omntended value u LF1= 0.3D or smdlu,

Tho coefficients in Eq. (7) w gmual.ly dttmnined by ● Ieukqusre &t batween the Gold given by Ecp.
(6,7,8) ud either ● mauurod 6dd or ● 6dd cdcttlstd by the ~ of progruru such M POIBSON7. WQ
genorslly 6nd thtt the ●xact -h*pe of tht Eringing 6old curvo u not so im~mt for tho optical proputia
0[ a dipolo, provided the codBcienti ud prodnc~ u dI*tiv+6ald bound~ ●t x -9 aad ●pprox.inmtely
tbc com.ct slops for tha cumo B vw s. For det~ eee Ref. 8.

If the EFB b curved, ● comction As - AJ/D u mad, to Eqi (7) with Ax givm by

Az/R = -[ S02(z/R)2 + S03(z/R)s + + S08(z/R)’] (9)

Here R u th~ layout radius for tho dipola Md tha SOn’muc codicionte deecnbiat cunmturea of 2md and 3rd
ordain, ctc, Thb sirnplccomction (At - As/D) sppliu to MTYP=I only,

U tho cunstu.m Q(the EFB h circulu, on. c-, instod of tha SOn’s, road in ● p~unctu RAP1 (RAP2
for tho .xIt) which u tho iaveme of tho radiw of cmvatu.m in cm-’. Th~ prorun will tlmi convut RAP1
to ● pow.r mrico in (r/R) with ovon ordw tume up to ~ighth ordu. If tho data Lo contti non-mm
pummtt~n 502, o~c., theee will be Aded to thaae calculated from RAP1 (RAP2), RAP I and RAP~ uc
poaitlw for convex boundaria.

Tha pro~am continuously tats whoth~ or not tha particl~ h- P-A the plsno s =-212. Lftha puticlo
h- pti~d th. plmt on s given wp, It Is brou~ht back to thg proviou poiat ~d ctied forwud with t
rcducgd atcp SIIOouch th~~h Iu& ●pproxim-lyonthopluc.Thocoordinate ~0 than trmsfomd to
myatam C ●L tha axit aflactive ~ge,

Z(; - -8J Sia(p - a -B)- zscm(@- a-p) -2 Rsln; mb(: -p)
UC - v-

~C=-8sca(p-a-~)+zncoO(~ -a- B)-2R+04;+)

(u,),,. = -(u, )#oin(@- a- s) - (U, )acoc(p - a - b)

(U, )c - (U”)*

(u, ),: - -(uo)~cog(p -a-~) +( U.)~tin(p-a-j9)

14

( 10)

1()’,



hum l.ubc~i-.wn .~.-m= ●M=----* -- p-- -~ “-- -“”- - -~~-” .*SW1 --u -~bu 4JU = -il. Agun, Lne

progr~ continuously tests whether or not the ~-ido h~ Pueed tlm plane s =cz21, d ● correction u
made ouch that it lands apProxim~lY On tho pl~e, It u then c~~ tbugh the exii hgi.ag field where
the field description u identid to that of the emtmnce fig~g field with the ●ppropriate putiete.rw Mar

th~ particle hu been depcuited sppmxhmtely On the PIU@ * =Z2Z a coordinate transfonation u made to

zcsin/9+ zccML9-XCR2

Uc
Sc cm/9 -zcuin 19-B

(u, )cmilL/1 + (U. )CC09B (11)

(U”)L’

(u. )cco9/l - (U. )caiop

The particle u then tr-lated dong ● atnight h untilitintuwectstho z~plase (SD - O) of that myst.m,

U the path Iongth of a pxmicb insido the dipola u relatively shofi, it may never be in uything close
to s uniform field. Therecomrnondation u than not to reduca the sbolutc vduet of 212 and Z21 but to
let th. two hinging 6ald son- owlap. Th. program then intqrata tho aqustions of motion b~wardn
through the uniform field. Fig. S iUustrstU the effect ofthisprocedure.Thetotalfield integral con espondx
to the area undu the partially dashed CWQ in Fig. S . The rexalt ix eenntially that in tho middlo the
deficienciu for both curva arc added to produce ● total dsficioncy u shown. Thb procedw irnplifiu the
work for tho decignu. H. doa not hwe to wony shout overlap, whoUy or pamially, by the figing field
sonee, one wwing u in oder, thou;h: tha pwticla orbit must int-t the beginning of the tit fringing
6ald aonc ●ithu by moving fo-erd or b~k=uch; otherwti, it will start moving in circla in ● un.ifonn field.
Tbo p~gr- cuts off the intemtiion dw 2@ ●i+e k ●ithu sone ud priau out the m-age: “Exceeded
muimam number of stcpe in clamsac s, xone j“..

For pxnicl~ moving 06 tha modi- plem, tho formula for the component Bv u modihd asd tho
compotients Bs ●nd Bs us k wduakd. Thixu dono by Taylor ●xpmsionx in v through third order for
B. ~d B, -d through fourth ordu for B@. Symmet~ about the median plane insuru that & ●nd B,
cents.io only odd ordtm of v snd L?uonly wm orduw Tha conwponding axpreuions -

& - (v/ Il)~B,/4/ + (i?/31)@Bs/19u’
B, - Bp+ h?/21)d2Bu/~t? + (V4/4t)i94BV/dU4 (12)

& - (v/ll)a&/811 + (v’/31)8’B, /atf3

whcr. the 6al& md their darivstiv- os the right h-d aid. we to he evaluahd St v - 0.

Tha donvatwet tpwuing Lo thw wpatiou - all computed by the u- of MuWeU’s aquations con=
vo~mg dwivwva of tho khd (d’+J Bw/h’W ).-o into the daked forms. Th@derivative of B~ m th~
median plane UQ datmninod m.rnukdly by CLICaMmg (fJw)u-o in a thh..n-point fid. Fig. 6 fihowamuch
● grid, Tbc fid conetsnt DG k aa bpat perenmtu (H Appendix 1) which mhouldb~ given s vduo of tho
order of 0,3D. The ruult.c of tho Taylor ●xpuuions (wwh A - DC) em

[

#2
B“ =Boo-p ~(Blo+B- 1o+Bol+Bo-1-4Bw)- &(&o + B-10 + Boti + h-z - 4800)

1

+$
[
-;(BIO+ B-10 tal)l +Bl)-1 - 4Boo)+ ~(Bao + B-so + Boa + BO-2 - 4Bm)

+ ~(B, ~+ti-,l+Bl-, +B-l-, -2 B,0-2 B-10 2BOI-w-l +4BOO)1 (1s)

10(,
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[
B. =: ;(BIo - B-,11) -

1[
~(%- - B-so) + ~ &o -

- +(BU +l?, -,-l?.,, -B., -, -2 B10+2B-10)
1

[ 1[
B- =: ;(h- %-d- ~(&a -&-a) +$ :(&I -

-;(B1, +B-ll-B, -,-B-,-1-2&1+2&)
1

wher. tbc SUbecripwrefu to tha index number of the pointe ia Fig. 6.

B-lo) - +(&o - B-so)

(14)

5-1) - ;(L?32 - %-2)

(16)

For an MTYP= 1 magnet, the cogficionts dtibiaa the variation of Bwvs. raclid position: n, BET I,
GAMA and DELT (APpendix 1) am mros ff tho dtia ttiOrd for these cOn#tUtO hU non-mro W.hJa, theee
valuu ue ignored.

& the input data thue appeer four more con.etuta that need ●xplanation. The tit two art XCR1 md
XCR2,bothof which ue ldenti6ed u Fig. 2. The layout ray for tht dipole connecting th. Origbuof the four
eoordinti -y-me b s mom-realray consisting of A ttrtight lim, ● circular uc and anothu ttrught lint, No
red p-tclo wiU foUowtbti trmj-tow. Koaq tomcwhat srbitrady, ineiste that ● ray d. fined u the ccntrsl
rsy mhdl foUow th. Isyout circular arc insida tho msgnet - and therefme have ● mhgnetic rigidity of ~ R
- comtions must be med~ ou~ido. Th~ u,on,muetshiftthomagnttrelativetothocenterline of other
optical elcm.n~ by em amount’

XCRI = D211/Rcti2a (16)

where 11 u u i.ntegrd that depa~b upon the thape of the fringing 6c1d, its value variu from II = 0.3 for
a “thort-td” friaging 6eld to ●bout /1 = 0.7 for ● “Long-td’ friaging 6dd. The shift u tho uit u similar
with a rcpleced by $. For s symmetric magnet (a = ~), tho ohifti may not be n~aeary in practice. A
particle moving along the 8A A can h made to At ●long tho Jo 4 by adjustment of the msbnotic
6eld. [twillthen move on an ineide track relativo to the Iayoat uc inside the ma~not. The comec~iom~
diacusd hare ue ● rmueac. for th~ enginmr who b laying out the-oywem and -hould not be A unleu
they ue impotimt. Whether or not they ore ueed, MYTUCB will AIwayoprdict the comoct paltions
●ud ~glw of th. rtyo traced,

Tlio two remtiing dipole parumttm are DELS I and DELS2. These can b. umd to shiftthe poeitiona
of the eflectlve 6cld boundark ●t ~ntramcc =d mit, reepoctivcly. For ia.umce, if ddd mapping iadicstee
that tho EF13●t entrmc~ u OHby en =ount Z,rr into tho magaot from i~ i.cmndtd poeition, UYTUCE
can b. m-run with

DELS1 = Z.,,/D (17)

Ln g~n.ral, Eq, (8) now bwom- (for MTYP= 1)

4 - (~ + A8)/D + DELSI (8)

Of coune, DELS2 -a ● aimk p~ ●t tho ●xitof th. dipola,

In tha put, DEL91 hu km d toconectfor tho poeition of tho ●d~ctlve field bounduy du~ to the
curvstum of tho boundery. Tho dktivo 6old boundery for ● magna with convex curvmcurt h cloeer to the
mqnes thm whas tho bouad~ is straight - ueuming th~ mm. polo pmca pro61e. U tho sun. cooillclcnta
CM-C05 ue u.A to deecAbe the fringing8old for both CM-, DELS cm be umd to correct th~ paoition of
the EFB but, of cotu~, not th, ahsW of th. f3V(J) cuma ,0 In th. cummtt vormon for MTYP=2, WQattempt
to retie the corrocuon du: to :u,mstttra in ● more duect why, applicsblo to k bounduy of My chspa (within
reason) s.nd without the un of DEL9,

17
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A new foaturo hu b-n ddsd to th~ dipolo routinm, MTYP= I.. , .,5. The ticld distribution on the
mwiim plu~ of the ftigmg 6sld CM ho calculstd ~d stotvd in ●n UTAy WiLha distinct DC b,twton
ncighbotig pointo. Wh~n a rsy u trued through tht frinsinc bald sonc, tho 6.ld on tht moditi plMQ [or
a ~ivtn point u dotannmod by intupolsting b.atw~n ncighbouring ~d poin~. U th~ pu-ticlc u not in tha
mdim plus, th~ mtarpola.tiot routi.m must h UA thirt-n tima ~d tht hold compon.ntc cs.lculst~ M

dcscrlb~ oarliar (US. 13-Is).

n, = (W DE+2Zlltana)/DCi +6

n, -(211 -z12)/c)a +6.

18
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Assume 6mt that the short=t d~t~ce from po~t p tO the FIFB h~ ben found. Thk distance, r~
ti Fig. 7, u dividd by 4, and the d~~~ca to row ot~~ POiW 1,2,4, ud 5 ue detemined with the
relationship between the z-coordia- for the poinm being (- Fig. 7):

r~
%+1 =~+—cose~,— 4

(18)

The formula usad to calculate s u

d) = 1.4y87S(~r,”4)-’”.
i-l

(19)

The algorithm for fiding the thotit dbtance u u follows:

s)

b)

c)

d)

e)

f)

u)

The diotuco in tht #direction from point P to the EFB u detemnined m for MTYP= 1.

Thb dio~uca u compued to the dist=ce from point P to the ongia. The shotimt of tb-
two, cd it a, u divided by 5.

Tha quue of the dbt~cc from point P to 11 points on tha EFB u cdculsted, 6VCpoiatz
on ~mchrnidoof point A (Fig. 7) im addition to (Z1 - XA)2. ~tw~n two neighbkg
points, the distanca io the z-direction u Az = a/5,

Th~11distaacea aquti ue compamd ud the smalkt of thae u selected.

Th. z-distuce between tho two points on either aid. of tha selectd shortat dkance is

furthu mubdividecl by 10 to Qz = a/25, ud squuet of distancee u-e calculated betwwt
th~ field point P uad the points on the field Imunduy,

Agti the smalkt of the 11 tquares and its tmallut naighbour MU celected. Cdl tha
dbtuico to the point with th~ Iowost z-vduo rl utd cdl tho othu ra.

Another subdivision u now pwformsd to hnd an even ahofior dietanca, but this time
by th~ use of soma trigonometry (SW Fig. 8), h u sssumed that tho EFB bctweon tho

two points (with Az = a/2S) cut be considargd to b- ● straight Ik. Tkb u IiIMc, th~

Iongth of which u gmsely exaggerstd comp~wi to r, and ra in Fig. 0. Sore. clamontuy
tngonomat~ ●pplied to th~ tnaaalw in Fig. 8 yicldo

ca+r~-r~
z~-zl+ 2CZ (z, - z,) (20)

Thu then dctenninee tha cattml point on tha EFB for the npray of 6VQlime, ~iccussecl sbovc,

Ao txphrmd wlior for MTYP=l when ths puxiclo u OKtht mwiian plane, the 6old Bw in th median
plm. must bc dstmr+~ined 13 timm such th~ tb” ●ppropnata darivati~ee can ba calculated. Tho r~lativ~
●ccuracy of these dttmninstioas of Bu-vduct h~ to bt high, especially if v/DG u much luger than unity
(tee *. 13).

Wt cdl tho repntatlvo dlstancc for tho cmtrtl point JOD. The comesponding VSIUW for di~ othor
twelve pOiIl~ are then dotemdd M

SD ~ aoD + AaD (al)

whmt AsD u givan by (~ Fig. 9)

AJD -soD+ DG(scw6 -jcin J) -(s,, - Sp + Asin4)coc6 (12)

20
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with
A- DG(jcoe J+icin J), (23)

Z1 -zP+Acoa6

and
4- ~~t~(d,/d=) (24)

●t the point P. ThQtwo indicu i asd j idwi,fy tho grid point. They ara tho numbam app~tig in Fig 6.

SincQtheRaag~Katta i.atsgrstion routina looks up ths 6cld componcnta B., Br, and B, four timee for
each inwuation Otaplalto@hm 52 va.ha of s D have to bd dctennincd for ●ach intogtstion etap.

21
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F\@?e 10. Passlbka result of an lndlWlmlnato usa of cho owammws $02, ●tc. cnat dwcrms tn.
Chaos of tno EFB.

‘l’he pro~wn, of cow, d.terminawhctlmr~h.integration point ia iaaide or outsida tho EFB. With aay
re~onablc boundary conapoading to a practnl nmgnet, the compwar should haw no trouble in finding
th- thortast disease. to k boaadw. Ii b, bowavar,~iblo for the ion-optical dtiicaar to confuM tho
cornputu Withindiacrimis- w of high= ordar c.orraaions. Fig. 10 show an exunplo tht sPoahJ for
itadf. It u ganually wiaa @ u ●ighth oder tumta S08 aad S18 to repraeat the Iimitcd width of tha POI*
piacss. For instance, if tha polo widtlt is W aa mcmwd in thexdimction, - aighth-orducorrwtiotttum
S08=SODR7/W’ will push the EFB towards th. coraw of th~POIOpicet by an mount -Az = 0.2D at
z = i#’/z. This is th.right odor # m-tud~.

3) .%4TYPID3. Dipok with Fidd Grdiaat.

MTYP=3 is A for c dipoh with Bottauo wIu. for any of th. puanmm a, BETI, G4MA, or DELT.
This includu otkwisa uaifonmfidd mqsc~ for which oa~ wishu to ~tudy ch. dhct of Iirnitei poh face
width, ThQfowth ordu tam DELT is thn probablyth. moat●ppropn* t~rmto u*. Th. field clotcription
on tht rnodi~ pi-e k the ‘uniform= mgioa for MTYP=3 u

B, - Bo(l - rLAr/R + BE’Tl(Ar/R)a + CAMA(Ar/R)3 + D~LT(Ar/R)4~ (26]

ad tho field off the nwdi~ PIUIOu d.tumiasd by s Taylor expsssion in v using snalytic derivatives,
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B. Dipole (12 records)

FormalRecord Variable

1 DIPOLE

2 LF1 -Entmnce fringing field integration ~tep tize (cm)
LU1 - Uniform field integration etep size (cm)
LF2 - hit fringing field integration step Size (cm)
DG - Differential step eize used in dekrmining

ofi mid-plane component of B ming numerical

differential In_ethoch. Recommended for all four Step

siza: 0.3D (D=Gap) although LU 1 cm be made

larger to save timpuwr time. For MTYP=6, DC
servu Mother function. 5ee %c. V. A.

MTYP - Magnetic dipole option
MTYP=O,l - Uniform field dipole. Fringing field

determined by calculation of the distance to the

eflective field boundary in the z-direction.

MTYP=2 - Uniformfield dipole fiingmg field

determined CMdescribed in Sec. V.A.

MTYP=3 - Non-uniforn field dipole

with n-value ~nd second-, third-, and

fourth-order co, rectioru, Fringing field

determmed u fo; MTYP=2, but including
n-value, ●tc.

MTYP=4 - Non-uniform field dipcle - cylindrical

gmmetry. Similar to MTYP=3 but better
Suited for purel; conical pole pieca.
Thb option u used to dac.ribe magne~
with wedg~ahaped g~p~(“CLAMSHELL”) by

making R large, PHI -mall, and by cetting
BET1=GAMA=DELT=O but n#O, and normally
kge becauae R u utitlcially Iwge,

MTYP=5 - Uniform field dipole, circulat pole option,
MTYP=6 - Pretzel magnet option,

lMAP -Arrsynumber for generating and Identifying fringing field
uray maw [f IMAP=O, mapa Me not generated and the field

componenw ue calcul~tad directly for e~h point, I.e.
fm,u tima for each inkgmtion SUP. Two dlpola with
identical valua of [MAP will share ● common arr~y. IMAP~15,

A

A4

6F1O.5

- Distance (cm) from ortgin of ry-tem A (initial) 5FI0.5
to ayttem B (~itumed ●t ●ntrmce edge EFB of
magnetic element)

50
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Record Variable

B-

D-
R-

BF -

PHI -

Format

DiatuIce (cm) from origlrl :11’system C (situated
at exit edge EFB of maAnelic ●lement) to origin
of output system D
Gap width (cm)
Fbdiu of curvature (cm) used in geometrical
construction of layout “

Nominal valy of the field on the central

radium R (Teds)

Angular extent between the EFB of

Nominally quivalent to the bend angle

ALPHA - Angle between the central trajectory and

BETA

NDX

BEI’I

GAMA

DELT

Zll

Z12

Z21

Z22

the norinal to the efktlve field boundary

(EFB) ●t entrance (degr=)

- Angle between the central trajectory and
the normml to the exrt boundary (degrem). %tb
ALPHA and BETA are paitlve when the normals are
ou~ide the orbit for pmitive transverse plane focusaing,

. ‘n-v~ue’, of field index for non-uniform

field m~ne~ (fimt-order term)
- ‘p-value’, of field Index for non-uniform

field magne~ (sacond-order term).
- ‘~-va,lue’, of field index for non-uniform

field magne~ (third-order term).
- ‘J-value’, of field Indax for non-uniform

field magneu (fourthader term),

- integration limit (cm) deftmng the stut of the
entrwce fringing field sone In coordinate tystam B,
Normally paitive.

- [ntagration limit (cm) defining the termin~tion of
tbe entrance fnnglng field zone m coordinme symtem B.

NormAly negative
- Integration limit (cm) detlning the otart of tha

exit fringing field sone m coordinate cyatem C.
Normally negative

- integration limit (cm) dellmng the termination of
the etit fringing field zone In Coordinate ~y~tem C.
Normally paltive

3FI05

4F105

4F105

]1(,



Record

7

0-

Variable

B. Dipole (12 records) - Continued

coo
coi
C02
C03

C04
C05

Clo

Cll

C12

C13
C14
C15

BR1

BR2

XCR1

XCR2

DELS1

DELS2

Coef6cien~ ueed in the ●xpanaion of the
fringing field fall-off at the entrance
of the magnetic element.

coef%cien~ ud hthe expaneion of the

fringing field falld ●t the exit of the
msgnetic ●lement.

Correction [or presence of constant field
in region of entrmce fringe field (T-la),

Correction for pr-nce of ccmtant field
in region of exit fringe field (Teds). In
the Split-Pole Spectrometer, BR1 Md BR2 dacrlbe

the aeymptdic field in the oplit.

Equivalent to s coordinate cystem shift (cm)
at the entrwce (element SERT) with Azs-XCR1.
Ueed to correct (or dieplhcement of central ray
Caueed by extended fringing field (ace Fig. 2). Uee

ACRI=XCR2=0 unk the wtual hardware element
w)U be oflmt,

Equivalent to ● coordinate system shift (cm)

●t the exit with Az=XCR2. Ueed to
correct for displacement of central ray caueed

by extended fringing tleld.
A corr.ctlon to the location of the eflective
field bounduy, The efhctiw !ldd boundary ●t

Al) by aa amount AJ =DELS1*D-, - -
- A correctionto the Iocatwnof the effective

fieldbounduy The eflectlve field bounduy at
●x.tt u movad towudx tha magnet (for paltive
d;) by an unount A; =fJELS2*D

Format

6F1O.5

6F1O.5

6FIU.5

52
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Record Variable Format

10

11

12

RAP1

RAP2

WDE

WDX

S02
S03
S04
SOS
S06
S07
S08

S12
S13
S14
S16
S16
S17
S18

- lnve~ radius of curvature of entrance boundary
(cm-l), Convex surhces are positive.

- lnverm radiua of curvature of exit boundary
(cm-l). Convex surfacea are poeitivel In the

program, mcept for MTYP=5, cmcl= dmribed by
RAPI and FUP2 are apprommated Withan elghLh-
orderpoweraeria.

- MechanicA width of the entrance pole boundary.

Usedonly when IMAP u non-aero.
- Mechanical Widthof theat pole bounduy. Used

only when IMAP u non-sero.

- fheficien~ used in d-cription of entrance

bounduy curvature. Contribution- of RAP 1 are
added w those 0[ S02, S04, S06, and S08.

- Coc~cienM uaad in description of ●xit
boundary curvature. Contributions of RAP2 ue
Added to tboae of S12, S14, S16, and S18.

2F1O,5

7F12,5

7FI0.5

b3
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Medium Energy Resolution (- 1 MeV at 800 MeV) Identify discrete states

Gwd W@ Angle [- 10 rmr)

Large Momentum acceptance (t 20%)

Polanzecf proton and neutron beams
Net Bend Angfe ( 18°) a.lfows for detection of afl spin projections from (300-800MeV)
Maswe shielding and software traceback for good background suppression

(PSP’)m-
ElasWlnetastic scattering on polanzedkmpolarized light targets

Spm observable in the continuum

Coincidence experiments such as (p,p’n), (p,2p), (p,p’y)

(n@ mode
Third component of spin-isospin excitations (p,p), (P,n), (nlp)

Isovector spin transfer measurements to continuum

Identifiibon of isovector resonances

Los Alamos



Momentum
Central@17 kgauss
lqlrm?oqip

Full Aca@iince
Mcmentum EJte

Rewtion

Sohd Angle

Reduced Acceptance

Mmen?um Bite

Resolution

Solid Angle

1500 MeVJc
1800 MeVlc

t 3%0

0.08% (FWW) @(P

9 msr

i 37 MeV

1.0 MeV
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No vacuum windows
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PULAC opms 0 Awgula$ 199’0

opwn SWMU

“2n ‘,

Y

‘J-
‘In z .

+= q+ q>YpqJ ~)

X2= (X1X)+ + (Xlm, + (X16)6 + (xii’)~’

+ (x/es )0,6 + (x/62)62 +

+ (x /@2)#J~+ Higher order

(Xly’)y:+ (XIYOY, o,
terms

Los Alamos
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PIIMIC Opms 0 Aufgulsfi, 1 ml

F+dlymlmikil qpmmmmm

Set ExperimentalParameters
Magnetsettings - elastics, quasi’s
Position rods, slits ...

Maximize background rejection
Muon rejection ... m

For each “Good Event” write “Ray” to disk file
Includes calculated quantities

x, e,y, ~, &..

Vary magnet parameters

Again write “Rays” to disk file

Append ray files so that system is overdetermined

Solve linear least squares problem

!% CXMKMWMXW%ssokutl(mn p Los Alamos



@fP (0= y (target)= O(target)

-.233 -0.114 -16.3

0.957 x -0.015 x 10.1

0.010 2 -0207 Y -6.47

0.889 E-2 O 0.040 # 0.380 E-2

-0.388 E-4 &’ u.718 E-2 XY -0.467

0.253 E-2 X8 -0.748 E-2 X#J 0.310

C.632 E-5 # -0.826 E-3 x+ 0.459 E-3

-0.440 E-7 X@ 0.152 E-3 x+ O-pi 5 E.2

0.3u8 E-2 Y 0.316 E-2

0.162 E-2 XY -0.404 E-2

-0.292 E-2 # 0.120 E-2

-0.988 E-2 # 0.678 E-2

-0.4W E G xo -0.974 E-2

-0.758 E-5 X@” 0.191 E-3

0 (target)

0.0

Y 0.911 m

4 -0.5 0

Y@

x

Xy

X(t

A?

x(t#
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PROGRAM MOTER
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Early MOTERing Days
I

an historical presentation

to the PILAC Working Group

by

Morris M. Klein

12 August 1991
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Overview

The environment at Los Alamos

- Personnel

- Computer

How MOTER was conceived

What we accomplished

! .0s MMinos ,
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Major Tasks 20 Years Ago
I

● Design a state-of-the-art spectrometer on a

limited budget

● Extend data off axis within the magnets

● Model the fringe fields and their extent

● Develop a universal objective flmction

● Develop an effective optimization package

Los Nlamms
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MOTER’S Main Features

H. Enge

M. Klein

J

and S. Kowalski’s ray-trace pac~ag~

and T. Doyle Levenberg-Marquart
least-squares optimization package

● Monte Carlo sampling of phase space

● Flexibiy defined objective function

!<0s /’!Jkmos .
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H. Enge and S. Kowalski’s
Ray-Trace Progr,am

;
4

● Basic magnet elements with modification

- Dipole, Quadrapole, Sextapole

● Additional elements

- Separator, target simulation, .==

● Optimization-control elements

- Srot, Drift, Hisgrm

- Layout based on central ray or fixed

position
i

Los Ahms ,
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The Flexible Objective Function

The demand D, is defined as

Di=(~ci~J’.(fi))
k=l

Ph denotes a term of the form HcO~pl(loc,)~,omp2(loc*)”””~comD,(loc”)‘

where

example:

x (1 ),Omp OCI is H,X’JJJJ’,1, or J
i

Dt = X6- CIHO+ C2H3H4

n.,0s Akmos



The Levenberg4Vlarquart Algorithm

Minimize @(~)= ~D;(ti)+p2(u: +U;+H~+U:)

k=l

Expand @(fi+ ~) in a Taylor series through second order

and retain first order partial derivatives after setting% =o

Result

Where

D~jZJ +D* k
+ p2f)ijzJ=()

i=l,2, ”””,N

k=],2,=-,M

D
(3Dk(ii)

k,i =
a i

Limiting Solutions

p=o ‘j ‘-[DJN’[D,IJDJ
p>>l

‘J ‘-[D~JDJ’/p2

Normal Equations

Negative Gradient

Los Alamos ,
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u II P .Jmw

The ETA search

One dimensional scaling of Z

o 1 2 3 4
~

!.0s Akannms ,
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Optimization
u- II II , “i-iv

“Booby Traps”

Mathematical

- Vanishing Jacobian defines search region

eg● 9
D] =x*-y

D2=y2-1

@(x,y) = D;

I

+
L

IJI ID—— i,
Physical System

—
— 4xy

- Unrealistic parameter values
- Lost rays

Los Anannw



Starting

Iu

Point Defines

Minimum

4

()-—0’k

pnll.~c>
Solution Region

X’-y =0

Saddle

M3
Minimum

t

=‘+1
;~-l=o

D2 =0

:Y=o

.T

!

I

Y= -1
D2=0

x

I .0s Alarms )



!Vkmte Carlo Sampling of Phase Space

● Adequately sample the target and aperture

● Minimize designer’s biases

● Model measurement precision I I
● Obtain representative reso!=.:,ion function

&
L(CIS/’Nmims )
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Accomplishments

HRS Beam Line—TRANSPORT,

MOTER

MINIM, anc

QDD Spect~ometer—Kowalski and Enge
design using MOTER to define field clamps

EPICS Beam Line—as HRS except for high-

order terms
I

EPICS Spectrometer—fourth-order 19-term

resolution function

\ 1.0sAnamos ,



Conclusion

Twnty years ago our MOTER-based

designs worked and resulted in the world’s

first software-corrected spectrometers.
I

Twenty years from now I can visualize us

meeting to design the successor to

PILAC.

-

‘~ r40s Akwinos /
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DRAFT
..\ugust 12, 1991

USER MANUAL FOR MOTER
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Subroutines in MOTER as of 03/21/91

APcIm _

A.PCKQ
BDIP
BDh@
BDPP
BMPM
BMULT
BWN’DS
BPLS
BPOLES
BPIWIZ
BQUAD
BRECP
CAVITY
DBESIO
DBESII
DECPL
DEFERR
DERN
rmw
DIPOLE
WTPRO
DRIIT
rmlx
KRD
EcsGus
EcwR
ERDEF1
[mAsRcH
FJTMAT
FJMPM

FLAG
FMILNE2
FMIN1
FNMIRK

GATAJJ
GIJ3S
GTAN
HATINT

HISGRM
HPOLY2
HQUA.D
LABRT
LoADRN
MAPPOLE
MAPSET
MATINV
MATRIX
MAXIN’r
MAXR
MLIT’
M(YIR
MULT
ND[P
NDPP
OC’IPL
OPTIMIZ
IVUGRAD
PLIY)U’r
PCWs
PRESET

PRIM
PRNT
PRNT2
PRNT3
QUAD
RANI
RANDOM
IW.NDR4Y
FL4.IWCAT
R4YPRNT
RAYS
RJZADLCM
RECPOL2
REcPoLE
ROTATE
SAVRAN
SDIP
SEmND
SEPA
SEPAR
SHRCY’r
SLIT
Sos
mAcE
VECPROD
VFCSUM
WEIXE
WR‘TELCM
‘ZIm
ZP 1
ZP2



2, RUNNING MOTER
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3. MAG INPUT FILE

N1OTER requiresthreedatafiles,named: MAG, DMD, ~t~d OPT. If
optimization is not requested, then only the MAG file is required.
Each of these_data files is organized into records defining one or niore
parameters, The format of these records is field-free; i.e., leave one
or more blanks between each parameter field, In the following table

the start of each record is marked by 2 bullet (“).

3.1 MAC File Format

~ IMcripticrn of Pawnetec

● NTITLE . Title or other identifier

8 NR - Number of rays to be trrrced (400 maximum).
NP - Number of in[agrrition sIepo before next printing of in[cr-

mediam results. Np=l O(J cnuse~ prin[ing of’ rny coordinntesr rrl

each transition in nn element, NP>20f) suppresses prin[ing,
IEORP - If =1, DELP will be inlorpreled ns AE/E, the pnrticle’s

fractional (in %) devirrtion from [he nominal kinetic energy,
Otherwise, DELP will be [rtken to be Ap/p.

JRAND - [f posilivo, genernta rnndom rays.
ICON . If positive, determlno the C-coo fficion[s nfter cnch trncc,
NRAND - Number of normal rnndom martsuraman~~ [o be gcnerrttctl for

each demrrnd fkngged to receive a mansurement error,
IT(JNE . If =1, genernte new sca[ter rnndom. number SCI for crrch [rncc;

if =0, gcncrnlc only al slnr( of irerrrlicrn cycle,

● JOPTIMIZE . If ■OPT1, optimize If =NOOp, perform only n Irnce, If sISNCi
perform only one itern[io~ of optlmizatiorl . . n [rick III gc[
hislogramo without oplimizirrfi

* IRANDUM . !( ■(), then ~tarting qaed is nrbi[rnrily =]776. If >0, ini!inl ~ccd

is given by IRANSTA. [f <0, reloml stntus of Ihe rnndom
number gonernlor from n file named ‘M C)TIIRRAN’

IRANSTA - SInrtlng seed when IRANDUM > [); oth~rwi~e, ign{lrrd.

e I)rilrnllne [Ienmline elumenl I)nrrrmrlar Iisl, Icrminnlcd by n SIZNTINF. I.
rccl)rd Appropton(a keywords nro: DRIFI, t)[polc, POl,li:I,
Ml)l.’rlpolc u)rre~l(~r, $IIRT, nnd SF,NTinel, OIhcr rlernrnlx nrr

nvAIinlIlo hut lInvfJ nol I)ccn rcvili~nlo~, Scc Sccllon () lot lhIf

ull]}tt)l)tlnle ((lrnlnl.

I ‘,( I



. .. ---- --
Number of independent variables flagged in elements NINDEP1 -

ISET -

● DELTA() _-

‘ LPRIMP()

* JRKSTMX
JHAMMNG

Not e

“ IBMTYPE

NSIGMA

I. SIGMA(i)

.

.

.

.

.

parameter list above,
=1

Step size for optimization derivatives. Must be NINDEP1 vfllues
in same order as independent variables in beamline. If
NINDEP1=O, omit this record from the data stream.

Print out ray data after each element Iistcd in LPRIMP. List 8
locations per line. A line with -1 terminates the reading. If
first location =0, print ray data at start of 1st element.

If >1, use Runge-Kutta in MAPPOLE.
=0; not used.

At this juncture the next record to be supplied depends on
JRAND. If JRAND s O, omit the next four records from the
data stream; otherwise, you must provide them.

If =0, beam comes from a ttirget; if =1, benm comes from an

accelerator.
An integer from 1 to 6 specifying the number of pnrnmeters
defining the beam. This can be nny subset of the standnrd
TIWWPORT beam pwameter set: (X, e, Y, $, 1, b).
Six intorzers (one for each dimension) from O to 3. If =0, the i-.
th term ‘in the beam parameter nt is not defined, If =1,. use
uniform distribution. If =2, use Gnussirin distribution. [f =3,

use user-defirled distribution.

o (SIGMA(i), (RSIGMA(i,j), j=l,6), i=l,6) Six records of 7 numbers cnch.

. SIGMA(i) is the standnrd deviation of the distribution
associrited with the i-th term in the beam porameter set, i,e.,
sqrt( o(i,i) ). RSIGMA(i,j) is the o(i,j) mnlrix ns defined in
TRANSPORT to describe the beam hyperellipsoid.

‘ KRAY . Number of input rrrys to be read in. If KRAY is 0 nnd NR is 20,
then the program computes nberrntion coefficients The R-
mrrtrix and four of the [bird.order nberrntion coefficients nrc
computed (the ones important for telescope dcsignj.

KOU7’ . If =(), do not output generntcd rny dntn,

If ●1, write output to file ‘?

‘ FRA(; . Frnction of pnrticlcs that will he protons; ( I -FRAC’) will hc
pions. For now this option is disnhlcd, I,c., l:RA~ - (1,

1’)1



● (XI(i), VXI(i), YI(i), VYI(i), ZI(i), VZI(i), DELP(i), RMASS(i), i=l,nrnys)

If JRAND s O, supply nrrtys = NR records of 8 numbers ~ach
. . the starting coordintiles of the i-th particle, Otherwise,
supply nrays = KRAY records of starting coordinates. If
KFL4Y = O, skip thr.ss records ns WCI1 as [he offset records

71efined next. For nov{, RMASS(i) will be set to PMASS no
matter what value the user specifies.

“ OFFSET(i) - lncrernent all X10 by the amount OFFSET(1).
Increment all VXI() by the amount OFFSET(2).
Increment all YI() by the amount OFFSET(3).
Increment all VYI() by th~ amount 0FFSET(4).

Nofe If JRAND s O. the input da!a stream is complete nt this point;
the records below may be omitted.

“J !f JsO, terminate reading cf MAG file.
● IRANCMP(J) ~ If J is between 1 and 6, freeze [he J-th input parnme[er,

IRANCMP(J), to I fixed value, RANCMP(J), and read nnother
value for J.

RANCMP(J)

!!9



4. DMD INPUT FILE

The DMD file spells out the demands which as a sum of squares
define the merit function or resolution of the system. Measurement
errors can be_introduced into the demand formulation. This is done
by degrading the ray data through a suitable normal random nttmber
distribution at the time the demands are composed. Unlike multiple
scattering the effect k not propagated to successive elements. The
demands may be in the form of objectives or penalties, which
prevent large high order dipole terms or large deviations from
predetermined values. As in any valid merit function relative
weights on each demand composing it must be defined. The merit
function has been normalized so as to be insensitive to the number of
rays traced or number of penalty functions.

4.1 DMD File Format

● TITLE - Title or other identifier

. IOW - =0, not used,

ICNORM - [f =1, column max scaling of matrix defining coefficients is
desired. (Permits observation of relative contributions of
terms composing demand. )
If =0, scaling is not desired.

~. :n: jr :O:r O: the following
records terminated by one with -1 . and followed by
a Relative Weight record constitute a ‘Demand Clroup, If 1=0,
then one or more Demand Clroupa will follow the Relative

Weight record, The final Demand Group will have 1 = -1 or -2
and will be followed by a Relative Weight record with WT = 0, A
collection of Demand Groups forms the Merit Function,

- [f I = .1, demand definition process is complete; append n
Relative Weight record (defined after this record ) with WT E 0.
Sextupole strengths to be trealed an a group in each order,
[f I = .2, same an above but sextupole strengths [rented
individually,
If 1 = O, Demand Oroup is complete with this record; one or
more Demand Qroups will follow,
If [ = po~itive integer, components of Demnnd Group baing
defined, such definition continuing up to nnd Including ;~ 0, -1,
or .2 record,

1’)1



Restrictions:
- A maximum of 40 coefficients may appear in the definition

of any one Demand Group.
A maximum of 400 I’s may be used to define the set of “all

demands.
- A maxirn’”m of 10 Demand Groups may appear in the

— definition of the merit function.
- Location in magnet system where demand compment is being

defined. LOC=O corresponds to the input side of the system.
LOC=”integer” refers to the output of the magnet element
numbered “integer”, all elements being counted. The magnet
system was defined in the MAG input file.

NCOMP - A number in the range 1-7 designating X, e, Y, $, 1, F, and t,
respectively. PJCOMP=5 permits the introduction of a constant
term (independent of ray data) into the demand definition.

- An integer designating possible ties within a Demand Group.
For example, x at LGC 1 may be tied to 6 at LOC O to form m
(x15) term in the demand. hy number of LOC, NCOMP records
may be tied. A maximum of 40 coefficients may be defined in
any given demand with a total of 400 such coefficients defined
for all demands. Integers used for COTIE should be equal for
components to be paired, uncquul for components not to be
paired, and should foi~ a monotone nondecreasing natural
sequence (no integer skipped).

[SIDE - If =0, coefficient of demand component defined by present
grouping of COTIE records is to be determined by program. If
=1, coefficient defined by present grouping of COTIE records is
preset and frozen; must appear at least once in each demand
definition and appear in the record introducing (through
COTIE) the terms corresponding w this coefficient.

-R - Value of present coefficients; must appear in same record ns
ISIDE=l,

JfUNTIE - Positive integer. Individual components which form terms in
the demand may be tagged to receive a normally distributed
measure error having mean zero and standard deviation SDEV.
All components tagged with identical integers receive an
identical measurement error independent of the demand
grouping in which :k-y reside. Each distinct ray receives
NRAN~ (~A(j fije) rjigtinct measurement errors, This

increases the effective number of r.nys composing the demands
to NR”NRAND rays. The distribution is redefined at the
beginning of each i[eration cycle of the optimization. JRANTIE
=0 indicates no error is desired The int~gers need not nppcnr
in any particular order. However, to promote cfficicrrl use of
computer space, all integorq up to the maximum one should be
defined. If the maximum integer times NRAND ts >100, then
NRAND will be reset 10 the Inrges[ integer such that
MAX(JRANTIEONRAND) S 100.

SDEV - Standnrd deviation nttached to mensuremont error; needs to be
defined only once for cuch integer JRANTIE dcfinw.1.

. .



● wr -

loRD -

u33Dc -

sEazERo -

~,iv~ w~iah~ Record. This record is used to weight a Demand

Group and, after I = -1 or -2, to terminate with WT = O the
demand file; i.e., the defining of the Merit Functicn.

If positive number, it is interpreted at the relative weight for
the precedirig demand; it is not normalized.
If =0, DMD file is compl~:s; no more data follows.
If ~ative number, sextupole strength demand being defined,
with weight equal to ABS(WT).
Lf IORD = 2, 3, 4, 5 then R4.P, CAT, CSVN, CNN tetms are to be
treated as penalty demands, [f previous I = -1, then ignore
LOCSEX, SEXTZRO and use all terms of given order from all
dipoles as a group. If previous I = -2, use only the order term
tagged by LOCSEK If 10RD = O, no penalty is implied.
= FLOC integer. If integer is negative, then pick up order
comDonent from entrance frintze field: if Positive. use
com~onent from exit fringe fiel~. LOCSEX
nothing” signal.
= number. Penalty demand is to be defir
the value set in S~TZERO. SEXTZERO = O
nothing” signal.

3.2 DMD File Examples

=“0 is treated as “do-

1 as a deviation from
is treated as “do-

155



5. OPT INPUT FILE

This input file enables the user of MOTER to tune the optimizer
package for its most efficient operation. The optimizer routines are
based on the Levenberg alg~, ithm for minimizing a sum of squares.
The optimizer Hrst determines a direction of descent lying between
that given by first variational principles and the negative gradient.
Given this direction, its length is then determined by a quadratic
search procedure. The parameters which can be set in this file
control the operational characteristics at the beginning of each pass,
the exit criterion for each pass, and the optimizer print control. The
reading of the OPT file is ;nitiated in the

5.1 OPT File Format

In what follows the underlined numbers

2
3
4

5

6

7

8

9

Para meter

10

11

12

●

2

3

4

NPROBS -

ITERS - -

NPo -

NPRINT1 .

NPRINT2 -

mAscH -

M(xW -

NTABLE -

NPIV -

MxFm -

ICRow -

KR.EAD -

GRDZMHV -

PHIMIN -

ZSQMIN -
APZERO .

~escriDtiOnof Paramete[

L Problemnumber.

subroutine OPTIMIZ.

are the default values.

@ Number of. iterations allowed per pass.

O (1) TO bypasa (include) P=O in the P-table,
O (~ To bypass (print) the P-table,
Q (1) To bypass (print) the q search triplets.

O (~ To omit (include) a Z(P) q search.
O (~ To continue (halt) the P-trble search at the first maxima,

~ Number of P-table entries.
Q (1) When the maximum modified column vector -- the

modified length divided by the original length -- determines
the next pivot.

~ Maximum number of function evaluations permitted in the
search for ETA.
Q (1) Column followed by row maximum sculing not desired

(desired).

Cl (~ OPTP groups will (will not) be defined for succeeding

passes.

1. UE-Z.Q Exit when the inner product of the newly chosen z.
search direction and the negative gradient evri!ua[ed at the
same point in parameter spnue lies between 0.0 nnd GRDZMIN.

~ Exit when the merit func[iun, PHI, is less than the non.
zern PHIMIN,

W-U Exil when Z’ < ZSQMIN,

U&& %wocimnle value for ~OrO u~e~ in the least wunrcs
rnnk determination,



5

6

7
9

2

3

4

5

6

CMIN -

m-

RELPHI -

RELPPHI -

RELDGMX -

mAVREL -

flAHALT -

USQMX -

w-~ Starting value of P~ which is equal [o CMIN(DIAGMAX),

J& End value of P2 which is equal to CMAX(DIAGMAX).

~~ Exitwhen [he relative drop in the merit fun-’ian, PHI,

following an iteration cycle is less than the input value of
RELPHI, Note: the marimum recommended value of REI. PHI is
1.OE-3.
~ Em from the P.lable search

greater than RELPPHI.
~OE-25 Halt the differentiation
the relative change in the matrix
than RELDGMX.

when the relative PHI drop is

and the P-table search when

diagona! maximum is less

1=2 Exi[ from the q search when the parabolic vertex

sequence relative change is 1 M lhan ETA VREL.

k2 Halt the ~ search wheu the relative PHI drop is less th~n
ETAHALT times the relative P-table PHI drop.

1,0E+6 Freeze a bounded variable when its unconstrained
mapping exceeds USQMX in absolute magnitude.

To use the default value of a variable, enter -77 for the correspon-
ding integer in the first record and -77. for the appropriate
floating-point variable in the last two records.

5.2 OPT File Example

The following is an example of an OPT file.

-77 2 0 -77 -77 0 -77 0 -77 -77 1 1

-77. -77, -77. -77. 1. E-5 1.

1.E-23 1. 1.E-20 1.E-25 1.5E-20 -77.

In this ca~e the following variables in the OPT file do not use their
default value:

ITERS 2 CMIN LE-5 RELPHI 1 !5.23
NPO o mw 1. RELPPH1 1.
NITAsci o RELDGMX LE-20
NTABLE o ~AVREL 1 E-25
ICROW 1 ETAHALT 1.5E-20
KREAD 1



6. ELEMENT INPUT PARAMETERS

This section is devoted to a description of the parameters needed to
define each type of element. The elements supported in this version of -
MOTER are given in Table 6.1. The coding for those elements above the
dashed line was impo=ed from the (02/19/89) version of RAYTRACE and
revalidated on selected test cases. The elements below the dashed line are
new or were carried over from an earlier version of MOTER and have not
been validated.

TABLE 6,1

Element TVIJe JQU!2U! ~aram eter$

A.
B.
c
D.
E
F.
..-

G

Drift
Dipole
Multipole
Multipolc Corrector
Shift-Rotate
End-of-System
-------- -------- . . . . .

Cavity
Solenoid
ES Deflector
Velocity Selector
Lens
Collimator
Accelerator
Einzel Lens

DRIF(T)
DIPO(LE)
POLE(S)
M~JLT
SHRT
SENT(INEL)
-------- ----

CAVI(TY)
sow
EDIP
VEIS
LENs
(IX L
Am

1
63
40

23
6
0
----

6

R

30

47

11

5

24

15

6.1 Element Input Format

An effort h~s been made to prescn( (IIC user with as forgiving an
input format as is possible. Each element iti described by (1) tin alphabetic
keyword followed by (2) a list of parnmtiter VHIUCS. The keyword must
:Ippctir by itself on the first line of the elemenl input (although II (San
iippeiir unywhere on the line. ) Only the first four charm:tcr~ of [hc
keyword are used; all Gther characters appearing on the line iIICignored,
A blnnk line preceding the keyword line will be ignored,

The list of parameter vrJl-ss is expected on the second and sulJsc -
quent lines, The format is free-field, i.e., the only spncirig requirement is



that the numbers be separated by one or more blanks. The parameters
can he grouped on the lines to suit the user’s sense of organization, e,g., as
they are grouped in the parameter definitions below. Tney will be read as
a single record and the reading will continue until the proper number of
parameters for a given
that the numbers be in
meant to assist in the

element has been read. The on!y Requirement is
the order specified below. The “Offset” column is
tiering.

6.2 Variable Parameters

In principle any paraneter of an element may be denoted as a variable

quantity that is to be optimized. Thus, following the records defining each
element is a variable (zero or more) number of records, one for each
parameter that is to be varied, up to a maximum of 30, followed by a
terminating record. The format for these records is given below,

Paramete[ Pescr iDtion of Paramete[

.Jl -
J2 -

J3 -

BL -
Hu .

Order number in the parameter list

An integer [o be assigned [o this parameter. The integers should bu
assigned in the natural order (do not skip any). If two pararrsters are
assigned [he same integer, they become tied vhriables, i.e., the change
calculated by the optimizer will be applied to all variables tied
[odether by a particular integer. If J2 is negative, [he change
calculated by the optimizer is subtracted from the associated vnriable;
this feature is used, e,g,, to preserve the length of a drift, ABS(J2)
must be s 30,
Defines the type of bounds 10 be applied to this variable parametar.
J3 = O: unbounded
J3 = ]: bounded from below only
J3 - 2: b~unded from above and below

J3 = 3: bo~nded from above only
Vnluc of the luwer bound

Vnlue rf the upper bound

The specifying of which parameters of an element (if any) are to be varied
is terminated by a record with J1 = J2 = J3 = 0,

6.3 Element Types

The piIges which follow describe the parameters needed to define each
element type.

l’”!



A. Drift

K&D!@: DRIF(T)

E!.ii ~escrlp[l~n
. .

m - Field.free drift kngth (cm).

1 *10



B. Dipole

@!YQd: DIPO(LE)

Pararne ett Qescrlptlon
. .

LF1
LU1
LF2
m

MYTP

[MAP

A

B

D
R

BF

P}ll

ALFA

Entrance fringing-field integration step size (cm).
Uniform field integration step size (cm).
Exit fringing field integration step size (cm).
Differential step size used in determining off mid-plane
components of B using numerical methods. Recommended for all
four step sizes: 0.3D (D=Gap) although LU1 can be made larger to
save computer time. For MTYP=6, DG serves another function -- see
Sec. V. A, in the IUY’HUCE manual.
Magnetic dipole option
MTYP=O,l - Uniform field dipole. Fringing field determined by

calculation of the distance to the effective field
boundary in thu z-direction.

MTYP=2 - Uniform field iiipole. Fringing field determined as
described in Sec. V.A. in the WYTRACE manual.

MTYP=3 - Non-uniform field d;pole with n-value and sc~ond-,
third, and forth-order uui:e~tinn~ Fringing field
determined as for MTYP=2, but including n-value, etc.

M’TYP=4 - Non-uniform field dipole; cylindrical geometry.
Similar to MTYP=3 but bettor suited for purely conical
pole pieces, This option is u~ed to describe magnets
with wedge-shaped gaps (“CLAMSHELL”) by making R
large, PHI small, and by setting BETI=GAMA=DELT=O
but mOO, and normally large because R is artificially
large.

MTYP=5 - Uniform field dipole; circular pole option.
MTYP=6 - Pretzel magnel option.
Array number for generating and identifying fringing field army
maps, If IMAP=O, maps are not generated and the field componen~s
are calculated directly for ench point, i,e., four times for each
integration step, Two dipoles with identical values of IMAP will
share a common array, IMAPS5

Dis[ance (cm) from the origin of system A (initinl) to system B
(situated at the entrance edge EFB of [he magnetic element),

Distance (cm) from origin of systcm C (situated at the exit edge EFB
of Ihe magnetic element) to origin of output system D.
Gnp width (cm),
Radius of curvature (cm) used in geometrical construction of
Imyout,
Nominal vnluc of the field on [he ~cnlrnl radius R (Teslu).

Angular a~[cnt (de~rae~) between the EF13 of system B and thnt of
system C Nominnlly equivalent to the bend nngle,
Angle (cicgrecs) hc[ween the ccntrnl lrnjcctory and the normul 10
the ,cntrnnco (EFB),

Qh4

+0
+1’
+2

+3

+4

+5

+6

+7

+H

+9

+10

+11

+12

1{)1



BETA

NDx

- BET1

GAMA

DELT

Zll

Z12

Z21

Z22

coo
co 1
C(-I2
C03
C04
C05

Clo
(:11
c12
C13
C14
C15

BR1

BR2

XCR 1

XCR2

DEISI

Angle (degrees) between the central trajectory and the normal to
the exit boundary. Both ALFA and BETA are positive when the
normals are outside [he orbit for positive transverse plane
focus sing.

‘n-value’ of field index for non-uniform field magnets (first-order
term).
‘~-value’ of field tiex for non-uniform field magnets (second-
order term).
‘y-value’ of field index for non-uniform field magnets (third-order
term).
‘d-value’ of field index for non-uniform field magnets (forth-order
term).

Integration limit (cm) defining the start of the entrance fringing
field zone in coordinate system B Normally positive
Integration limit (cm) defining the termination of the entrance
fringing field zone in coordinate system B. Normally negative,
Integration limit (cm) defining the start of the exit fringing field
zone in coordinate system C. Normally negative
Integration limit (cm) defining the termination of the exit
fringing field zone in coordinate system C. Normally posi[ive.

Coefficients used in lhe expansion of the fringing field fall-off at
Ihe entrance of the magnetic element,

Coefficients used in [he expansion of the fringing field fall-off nt

the exit of [he mugnetic element.

Correction for presence of constant field in
fringe field (TQsln).
Correction for prenence of constunt field ill
field (Todn), In the Split-Pole Spectrometer,
the asymptotic field in the split.
Equivalent to a coordinate system shift (cm)

region of enlrnnce

region of exit fringe
BR1 and BR2 describe

a[ the cntrnncc
(clement SHRT) with Ax=-XRCI lJwd to wrrerl for displuccmenf of
cenlial ray caused by extended fringing field (see Fig 2 In
RAYTRACE manunl). Use X(’R I= SCR2=0 unle%n Ihc UCIUJII hnrdwtrrc
element will he of fsel.
Equlvnlerrt 10 a coordinate system shifl (cm) rrt the CXII with
AX= XCR2, Used to correct for di~plrrccmcnt 0[ ccntrnl rny cnu~cd hv
exlcndccl fringing field.

A correction 10 the Iocntimr of the cllculive field b~~urrdnry, “rflc

effccllve field boundary HI the cnlrance IS moved [(~wnrds the

mngrret (for positive AY) by nn nmtmnt A/, = DE LSI *D.



DELS2 - A correction to the location of [he effective field bound~ry. The
effective field boundary at the exit is moved towards the magnet
(for positive Az) by an amount Az = DELS2” D,

RAP1 - Inverse radius of curvature of entrance boundary (cm- l). Convex
surfaces are positive.

RAP2 - Inverse radius of curvature of exit boundary (cm-l). Convex
surfaces are positiv~ In the program, except for MTYP=5, circles
described by RAP1 and RAP2 are approximated with an eighth-
order power series,

WE - Mechanical width of the entrance pole boundary. Used only when
IMAP is non-zero

- Mechanical width of the exit pole boundary. Used only when INIAP
is non-zero.

S02 - Coefficients used in description of entrance boundary curva~ure.
S03 Contributimis of M.Pl are added to those of S02, S04, S06 and S08.
S04
SOS
S06
S07
S08

S12 - Coefficients used in description of exit boundary curvature.
S13 Contributions of RAP2 are added to those of S12, S14, S16, and S18,
S14
S15
S16
S17
S18

ZiN - Aperture checking begins at a point ZIN (cm) inside the entranco
fringing field (21 1> ZIN> 212) measured in coordinate system B, It
continues at each integration step through the uniform field z~ne
and on to ZOUT in the exit fringing field (221< ZOUT< 222)measured
in coordinatesystemC.

- Half-aporturocollimation limits (cm) set on a ray pnssing thru the
magnetic element, In the bending plane, the particle’s (x,z)
coordinates are converted to a radius, Rxy, measured from the
center of the bend. If this radius e4ceeds RHO* XMAX, where RHO is
the nominal bending radius, a message is issued, once only,
indicating thal an apartura wns grazed nnd where, A simil;lr
message is ismued if IY18YMAX in the non-bending plnne. A VIIIUO of
XMAX=O suppresses aperture checking

APMX - The apertura conslrnint~ nbove are passive, i.e,, the pnrticle’n 6-
coordinate is not modified if the nperture condition is exceeded.
APMX provides an active constrninl in the bending plnne, A lypicnl
vnlue for APMX mi~ht be 1.1. If Rxy8RHOSAPMX*XMAX, th~n the
fron~ver~cvclwIIy in the bending plnno is MI to zero nnd tho
pnrticle’s rndial poailiort is set to thnt of the constraining npcrlure,
A [attlolnle messnge is insucd , once only in cnch zorto, when Ibis
nction Occurs, A similar constr!iint is npplied in the non- bcrrd
plnne, i,o,, lYl~,4PMX” YMAX. Selting APMX=[I dirinblcs this option,

+39

+40

+41

+42

+43

+44
+45
+46
+47
+48
+49
+50

+51
+52
+53
+54
+55
+56
+57

+58
+59

+60
+(51

+62
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c. Multipole

&&!Qt!i: pOLE

Parameter D~SC@lOQ
. .

%Fl
LU1
LF2

A

B

L
R

m
BH
m
BD
BDD

Z1 1

Z12

z? 1

z:?

COO
co 1
CT)2
C(J3
C(I4

C05

(-]()

ill

(“12
(’II

(’14

(’15

PRH
~-RrJ
FRD
FRDD

Entrance fringing fiel~integra[ion step size (cm).

Uniform field integration step size (cm).
Exit fringing field integration step size (cm).
Recommended for all three step sizes: 0.3R

Distance (cm) from the origin of system A (initinl) to system B
situuted at Ihe EFB of the entrnnce edge of m~gnetic element.
Distance (cm) from origin of system C (situnted nt the EFB of the
magnetic element) to origin of output system D.
Effeciive length (cm) of magnetic element.
Aperture radius (cm) used to calculate field strength,

Quadruple component of the pole tip field at r=R (Tesl~).
Hexnpole component of the pole tip field nt r=R (Teslit).
Octapole component of the pole tip field at r=R (Tesln),
Decapole component of the pole tip field a: r=R (Teslrt).
Dodecapole component of the pole lip field at r=R (Teslri).

Integration limit (cm) defining the start of the entrnnce fringing
field zone in coordinate system B. Normnlly positive
Integration limit (cm) defining the termination of th~ entrnnce
fringing field zone in coordirtnte system B. Normnlly negntivc.
Integration Iimif (cm) defining the stnrr of the exil fringing field
/.On? in coordinate syslem C. Norm~lly neRative
Intcgrn[ton Iimi[ (cm) defining the lc~min~tion of the exll fringing
field zone in coordinate system C. Normally positive.

Coefficients used in the expnnsion of the fringing field frill-off nt
the entrance of the magnetic clement. (These arc the coefficients
of a power series in s = z/2R in nccorcfance with the 1 July lgH7

RAYTWCE mnnuai. Enrlier vewinns of RAYTRACE u~ed z/R.)

Coefficients uwd in the expansion O( the fringing field fnll.t)ff n[
the exit of the magnetic elcmenf (See cOmmcnt ;Ihnve on s s z/~fI),

FrrtcliOnnl rn~ius of multipotes, in terms of qundrupl)lc rndius.
Uwd In cnlculnting fringing field fnll.[}ff, c g., FRl{mo,V m:!kcs tho

hoxnpolo fall off O.~-] Ilmen fnxlcl with distnnuc frt)m the f7FEl Ihiln
[he qundrupolc field, A vnlua of’ (),() gIvon for nrry of lhcsc

pllrnmoter~ in re~cfined tO 1.0,

Q.u@
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+9
+10
+11
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)SH
m
ND
)SDD

:IN
!ouf

tlx
t2Y

- A correction for the cffcctivc length of individual multipolc
elements relative to the quadrupolc. A posi[ivc IX represents a
displacement inward of the EFB at the cntrancc and exit in units
of 2R,

- Apcnurc checking begins at a point ZIN (cm) inside the entrance
fringing field (ZI 1> zIN> Z12) measured in coordinate systcm B. It

- con[inucs at each integration %lep through the uniform flcld zone
and on to ZOUT in the exit fringing field (Z21< ZOUTC 222) measured
in coordinate systcm C.

- Half-aperture collimation limits (cm) set on a ray passing thru the
magnetic clement. If RIX is positive, chc apcnurc is taken to be
elliptical. A negative value for R1X (R2Y is always positive)
specifics a hyperbolic aperture for which the limiting equations
arc: 21XYI = R1X”*2, 1X1 = R2Y and IYI = R2Y. If tie spccificd
aperture condition is cxcecdcd, a message is issued, once only in
each zone, indicating that the aperture was grazed and where. A
value of RI X=O suppresses aperture checking.
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D. Multipole Correcror

KQLYQId:MTJLT

Pa~ilrneter pescrlytloq
. .

LF
D3

A

B

L
w
D
BF

Z1

n

co
c1

C2

a

C4
a

05
c1
a

ZIN
Zcur

XMAY
YMAX

Intcgralion step size (cm).
Differential step size (cm) used in dc[crmii. ~ng off-m idplanc
components of B using a numerical technique, Rccommendcd for
both step sizes: 0.3D.

Distance (cm) from origin of systcm A (initial) to coordinate systcm
situated at center of mul[ipole clcmcnt.
Distance (cm) from coordinate :ystcm situated at center of rnu!tipolc
clcmcnt to origin of output systcm D.
Length of the Mul[ipolc Corrector (cm).
W.d!h (cm) of multipolc clcmcnt.
Gap (cm) of multipolc clement.
Nominal value of field at x = W/2 and z = O, i.e., the value the field ar x
= W/Z will attain if one of the cocfficicnis Cf)-C5 is equal to unity and
the others are zero,

Starting point of integration (cm) mcz~urcd from coordinate system
at center of multipole clcmcnt. Normally negative
Termination point of integration (cm) measured from coordinate
systcm at ccntcr of multipole clcmcnt. Normally positive,

Coefficients describing dipole, quadruple, etc. content of
the field. Notmal range: _-1,0 [o” 1,0, -

Not USCd,

Coefficients used to define how [he field
basically describing a bell-shaped CUNC,
and C8 = 0,1,

vanes wi[h z/L,
Typical values arc C7 = 0,4

Aperture checking beings at a point ZIN (cm), ZIN 2 Zl,
inside [hu element and continues at encl. integration step to ZOUT
(cm), ZOUT ~ Z2. Bmh quan[i[ics urc measured from lhc ccntcr of Ihc
clement, which means !hu[ ZIN is no”mu!ly ncgotivc while ZOUT is
normnlly positive,
Hnlf-npcrture collimntlon Iimils (cm) scl on a ray pass’ng
Ihru [he magnetic element, If 1X1 > XMAX ur IYI > YMAX in (I1c
region being monitored, u mcssuge is issued, once only, illdicnting
[hnl the aperture wus grazed, A viIluc of XMAX-O suprcsscs upcrlurc
checking.

QLkfa
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E. Shift-Rotate

ametes Q!2s=iA2LiQ!l

X0 - Al. following coordinate systems au displ~ccd in the x-direc~ion by
an amount XO (cm) as measured in the preceding system.

Yo - All following coordinate systems are displaced in the y-direction by
an amount YO (cm) as measured in the preceding systcm.

Zo - All following coordinate systems arc displaced in the z-dircclion by
an amount ZO (cm) as measured in the preceding system.

Vx - The rest of the oplical system as a unit

the x-axis of the preceding system.

Vy - The rest of [he optical sys[cm as @unit
the y-axis of [he prcccding systcm.

Vz - The res[ of the optical systcm as a uni[

the z-axis of the preceding systcm,

is ro[atcd Vx (dcgrccs) about

is rota[cd Vy (dcgrccs) aboul

is rotated ~z (dcgrccs) about

Offset

+0

+1

+2

+3

+4

+5



F. End=of=System

KUWQ.@ SENT(INEL)

- Th~ clement is required [o signal Chgmendof the list of elements.
h has no paramclcrs associated with It.
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and the production target was 790 mg~cmz ‘Be.
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On-lineCorrection of .\berrations in Particle Spectrographs

M. Berz, K, Job. J. A. ?Jolcn
Department of Physics and Astronomyand

National Superconducting Cyclotron Laboratory,

B. xl. Sherrill and A. F. Zeller
National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, ivli 49824

Abstract

A new method u pr=nted that allows the reconstruction
of trqectoriae ad the un-line correction of residual aberw

rations that limit the r-lution of particle spectrographs.

Using a computed or fitted high order transfer map that
deecribes the uncorrected aberrations of the sreermgrsph
under consideration, h is poaeible to determme a pseudo
transfer map that allows the computation of the corrected
d~ta of interest ae ~ the reconaccuct@- ~~aje , f!-

%in term of poeitlon measurements m two plan-” ne the

focal plane.

The technique is only limited by tho sccur.scy of the pm

sition measurements and the accuracy of the transfer map.
[n practice the mothotian be as- -~ w,erssn of
● pmrdo trmmfer map snd implementedin the di~eremial

algebrsic fremework. Tha meth~d will be used to correct
reeidual high aberrntiona in the S800 spectrogr~ph whkh
is under construction at the National Supercondticting Cyc-
lotron Labomtory ● t Michigan State rJniveraity.

1 Introd~&ion -

Et?lcient modern high-resolu~~o~~m~ spectrogrsphe ueu-

ally offer rather l~rgc phue tipuo acceptance. One such

spectrograph u the S800 currently under conetructio~ at

hfichigan State Utrilereity’s National Superconducting Cy-
clotron Laboratory [1, ‘1]. Suchlar~e●cceptancehlsh r-

O,ution spectrographs usually require ● careful cortaidcr-
atlon and correction of ●berrmione, But because of the

large phase opaco acceptance, etTecM of rather high orders

contrlbuto. This makm tho correction procaea Of Mn con-

siderably more difhcult ●nd complex, ●nd eometlmee even

prevente a complete corroctlon ot ●berraLione In ~he con-
ventional sense,

It IS ftan poaeiblo io clrcumvenL or at ieUL alleviate
theea problems by umng ●dditional lnformaLlon ●bout Lho

pmLicke [n particular, one often meuurm not only their
final pmtion but also their flnsl augle by mean- of a eec.
ond detector, WiLh thLs ●dd~t~onal Information IL M to

come degree poaeiblo LOr.troacuvely col,struct Lhe whole
.-

“Supported In Pur by Ihc U.S. National 9cimw~ F,~undatlont
Gram Numbar PHY IAt J918

trajectory of the particle. This information can be used

both for the numerical correction of the qu sntitles of ln~er-

eet,but it also reveala additional properties lik~ che inltlal

angle, which is ~ C- of interet in the study of many
nuclear procesea.

In Lhe put such trajectory reconstruction Techniques

were quite involved, often requiring extensive ray tracing

and the storage of large airaya of ray data and extensl~e
interpolation. In thie paper, we pment a rather dlrec L
and eficient met4d+based on ditlerential algebraic ( D.4 )

techniques.

In recent yeara we hava shown thaL maps of particle op.
tical syeteme can be computed to much higher orders than

previously poaeible using DA methods [3, 4, 5, 6]. Further-

more, the tom A allowthe ●ccurateCreaLmenLof
very com~licated fielti that CU) be treated only approxl.

mately otherwiee. Inour puticulat c-, these include Lhe
fringe fields of @e latg~aperture m~eu required for such
particle spectrograph. S&for tho Ilrwt time there is now
the poambility to really compu~o all th~ ●berrations thaL

comprise ● modmn high relution spectrograph without

hsvia~-ly on tediousray tracing.

On the practical eiae thisr&qu~ high order codti for
the computation of highly ucurate maps for reallstic fields.

The new code COSY INFINITY (7, 8, f), 10] ●llows such

computations in ● very powerful Ian#uaSo envlronmenL 11

●lso h~ exton.eiw and gatoral optimisation capabilities,
supports intcractiv- graphics and provides amplo power

for cuetomiaad prolderna, ●nd it pro~idu ●ll the neceamry
tools for efficient trajectory reconstruction.

[n the next section, we will diacrue an importam algo-
rithm forthis t~k, the invomion of transfer maps. Sect Ion

3 cutlintw the use of m~p invermon tochniquea (or the pur-
poaee of trajectory recoMLruction, Section 4 providee an

outlook for ~he prsctical application in connection with the
S800 spectrograph,

2 Inversion of Tkansfer Maps

At the core of the operation that follow 10 the neerl to

invert tranefar mtpa in their DA representation, Though

at firot glanca this appme hk. a very difficult pro b)enl,
we will m that Ir,dwd there ii ● rather eiegant And C1OMLJ



algorithm toperform thti tMk
We begin by splitting the map .4” into its linear and

nonlineu parts:

An = Aln + A2n. (1)

Furthermore, we write the sought for inverse u M..

A-’” = ,ifn (2)

Compoeing the functions, we obtain

Eere “o” st=de for the composition of maps, In the
Iat step use hm been ntsde of the fact that knowin~ JUm.,
dlowa IASw compute Aanoh”,,. The necem.ary computation

of Ar’ is s Iinam matrix iovemion.
Equation (3) CUI no= be - in t_racursive manner to

compute the itf~ order bp ** :=’” :-
. . . .. --J.,, .+-..-.-> .-.

3 ‘Ikajectory,titm&*n
... .. -,? *...- - ,-

Th. rmdt of the compti ~ th “titir map of the
syetern allows ue to relate final quantitia to initial qtmn-
titim ~d parutsctem, [n our ceee, tho relevut qu~titi-
srethe p-itiona in z andYdirectiou u wallu them@-
sura of aiopa p./M, ~/~ md the mmrgy of the partick

under coneiderstion. Usually ths initial a, ~
~ u kept,,smalle~ S~ th. final
paitions and slopu are primbrily determ.iued by tho en=
orgy, -d to highu ordcmalaobytheinitial u ptition ud
the initial olop~.

In tbe full tmnefu m~p we now at zi to TWO and con-

sider tht following submsp:

Thie map relata the quuttiti- which ma be mtuured

in tho two plana to ho quwtitia of inter~~. The map

S is not ● reLwlar trandor map, and in pmtiudu ite iln-
esr put doa not-hsv~ to bo s priori Invmtible, [n ● well
daigned particla opactrogmph, tho Iinaer pa,rthex th fol-

lowing form:

K)=(:!m)‘6)
wham s atu dcnota u ●ntry that is not aero, !jinc~ th~
syottm is ims~in[, clearly (x, -) vsuishee, snd all the other

\ w
%,.,;~. g.

/

‘/
‘/. ,~/ /, / //’,

/ /

Figure 1: The vertical Isyout of the S800 spectrograph

zero terrne vanish becmee of mid~lane symmetry. (x, d) IS

mtimized in spectrograph daign, and (a,a) cannot vanish
in u imaging aystam becau of symplecticity. In fact, to
reduc- the effect of the finite sim entrance slit, (x,x) Is

minimised within the conetmintx, uad eo (B,a) = l/(x,x)
it den maxirnkd.

Becmue of symplecticity, (y,y)(b,b)-(y,b) (b,y) = i, and

so we obtain for tko total detuzninant of S:

ISl= (s, d). (a)a) :40, i6)

buida being normro, the ah of tho determinant is tlso

● good measure of the qmlity of tho spectrograph: che
luger the b~tter.

So cutainly the linear mstrix ix invertible, utd ●ccord-

ing to thelastsection, this ends that the whole nonlinear
map S ix invertible to ubitrary order, aad thus it is poaal.
ble to compute the ittitid quantiti- ofittterut to arbitrsry
order.

A cber inspection of the dgorithrnshows thst in each
iteration, the rmtlt u multiplkd by the inverse of the Ii&
ear matrix S. Since tho determinant of thh inverwe la tbe
inverea of the origin~ determiaat Md u thw quite small,

this retails tlmt the orlginmlly large terms in the nonlinear

put oftheorigittd m~-p are more and more nupprad. So
clearly even with trsjoctory conatrttction, tho original m-
veetment in tbe qu~ity Of the ~pectro~tpb,which iJ deter.

mined by ite dispersion and i~ x demagnifhtioo, directly
influencu the quality of the tr~jectory reconstruction,

4 The Correction of Aberrations
in Spectrographs

The propaed mperconducting msgnetic spectrograph, the

S800 [1] ehown In fig, 1, for the Nstionaf Superconducting
Cyclotron Laboratory will ~llow the ctudy of hesvy io~.

remctioru with m~netic rigiditia of up to 12 GeV/c. [t
WIII have M ●~ergy r~lution of one put in 10000 with a



Drift

Quad
Drift

Quad
Drift

Dipole

Drift

Dipole

Drift

Table 1: The S800 Spectrograph

l=60cm r ●f
I = 40 cm, Gmu = 21 T/m, A’=Mm
l=20cm
I = 40 cm, G~a, = 6.8 T/m,~ : F m
l=50cm
r = 2.6667 m, B~a, = 1.5T, @ = 75 L?g,
(I = O deg, Ca = 30 deg
I = 140 cm

r = 2.6667 m, B~” = 1.5T, $ = 75 deg,
c1 = 30 deg, Cz= Odeg
I = 257.5 cm

large did mgle of ●bout 20 msr and an energy acceptance

of about 10 percent.

The opec?r~graph will be used in connection with the
new K 1200 Superconducting Cyclotron for beams of pr~

tons up to Uranium with energia of 2 to 200 MeV/u It
will provide unique opportunitia for raewch in vsrious

areu, including the utudy of giant resonant-, charge ex-
change, direct reaction studiee and fundamental invcatig-
tlona of nuclear strllcture [1 1].

The S800 COMUMof two superconducting quadrupolee

and two 75 degree dipolcm with y-focusing edge mgk. Ta-
ble 1 Iiste the panmetam of the system. Tha eattinga of the
quadrupolea shown here corrapond to partichm of 193.04
MeV,“mm loOa~d Chqo SO. standard ~ptia notation

ia Used.

After a cueful measurement of the crucial fringe fields of
the dlpolu, we WIII be using COSY to determine the high
order propertl~ of the map of the spectrograph. The com-

pt~”ation of the map S from tho radtins traaefar map can
bc performed directly within the COSY environment, and
so can Lhcinvemiott of th.msp S. Akogcthar, ● correction
map S u found,thenonlinearityof which is determinedby
the nonlinearity of tbo @inaJ map ●nd th~ qualityin th~

spectrograph meaaurwlby (x,d)/(x,x). It u ar.tticipsted
that tho correction map can bo used for an on line deter-
mination of the relevuit dats without having to store the
rsw two plane poaltion meuuremenu.

[n cloaira We would like to note that the method can alao
be employed for spectrographs iLr which no surncient field

meuurementa ●re known To tnls ●nd, one hM to perform
expanmental r-y tracing ●n~ fitthe reeultlng data with

a polynomial type transfer map. Also In this case, the
Invermon can be done m the map plcturt reeultlng In a

rather compact repreeentatlott of the data necaaary for
corractlon,
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SPECTROMETER DESIGN AT
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‘A RAMETER5 OF THE MSU .2 LeV/c SPECTROGRAPH

~~ERGy RESOLUTION:
/- =

<c c-. ‘0-4 WITH

’13R 3EAM

SNERGY RANGE: J~/~ : ‘ox

SOLID ANGLE: 2= :0-20 msr
RESOLVING POWER: 3/M = :1.7

<ADIAL DISPERSION: o = 9 cm/Z
RADIAL MAGNIFICATION: M = 0.78

AXIAL DISPERSION:
ANGULAR RESOLUTION:

FOCAL PLANE SIZE:
FOCAL PI.ANE TILT:
MAGNETIC RIGIDITY:

DIPOLE FIELDS:
DIPOLE GAP:
DiPOLE SIZE:

wEIGHT OF DIpoLEs\

QUAD SIZES:

DETECTOR REQUIREMENTS:

Imm RADIAL C9JECT S’ZE

ANALfSiS S’fS7EM

3J4 = 0.74 mm/mr

A9<2 mr (TOTAL CF BEAM PLuS S?ECTF?CGRA?H

CONTRIBUTIONS)
50 cm (RADIAL) X IS cm (AXIAL)
0°
BP = 4T-m

B = I.ST(P= 2.7 m)

D = 15 cm

3.5 m LONG X 100 cm WIDE (75”BENO) QTV 3F 2
APPROX. 70 TQNS EACH
●I)20 cm ID X 40 cm LONG

‘2) 35 cm X 17 cm X 40 cm
TWO 2-DIMENSIONAL DET. ,lm SE? ARAT; ON
‘1)50 cm X 15 cm
‘2) 62 cm X 16 cm
RESOLUTIONI RADIAL 0,2 mm

AXIAL 0.4 mm
— —

1H7
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Table 1.
‘Ax elements” used in lIJIOTERobtained by trial and error.}

x (momentum)

e6(ex) *
e2 *
62(X2) *
02 *
w *
Y2 *

e~ *
026(e2x) *
ev(xae) ●

e+a *
63(X3,X62) *
*26(+2X) n
e’ *
ea+a

Y’

ewew *

Y (scattering an~le)
gy *

] ‘),!



Table 2
Matrix elements f~om COSY INFINITY

1!?3
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Table 3
S800 spectrograph resolutions ,

No Eradients in dipoles
0=20,6=.1 0=10,8=2.5

AP@ A9 AlC+@
90.49333 0. 6-

Gradients——

0=20,6=.1 Sli10,&2.5
&p Ae AIAO

+?o.49m 0.4 0.51
0.490.53 0.450.50
0.500.62 0.450.63

-4
AP/P=l X1O p Ae= mrt

0.490.51 0.450.50
0.500.61 0.450.64

0= mm, 6= *$

2(10
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Multipole Compoaemts Iategmted horn z = O to “d’

B. C.:* a WIMtant B.C.: 8@/i3z = O

Fit On(r)
Integrated All Ody All only All only Au only.
Quaatity Data T~38 Data ?538 ~ ma Tg8 Dat~ T~38
n-z
(T” m)

0.935 0.935 0.935‘ 0.935 0.940 0.940‘0.940 0.940

0.828 0.828 0.828 0.828 0.832 0,832 0.832 0.832
l?,,3(30cm) 0.653 0.6s3 0.653 0.653 0.656 0.656 0.656 0.656
n_6
(%ofn=2)

Bp,6(43cna) “1.30 -1.24 -1.19 -1.16
B,,a(38 + -0.79 4.78 -0.73 -0.73 -0.72 -0.72 -0.67 -0.67
B,,,(3U tan) -0.28 -0.29 -0.28 -0.28 -0.25 -0.26 -0.26 -0.26
n=10
(%ofn-2)

4,10 8.0S -11.34 0.84 1.50 8.24 -10.1s 0.75 1.4
B,,10(43m) 90.130 0.238 -0.1s6 0.222
B,,10(38-) 0.149 0.140 0.10s 0.075 0.134 0.130 0.006 0.066
B,.*J3Q~) 0.018 0.025 0,015 0.014 0.017 0.023 0.014 0.013

212
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SU=RCQWKST M “ma T&u” GiwwwEs

Gradient (G/cm)
Pole Radius (cm)

‘Good Field” Radius(cm)
PoleTip Field(T)

Magnet EffectiveLength (cm)
CoilCrossSectionArea (cma)
CurrentDensity(A/cma)

Turn8/pole
Operationcurrent
TotalLength (f-t)

Stored Energy(lO”J)
IdedDesignCriteria:

~

605
25
22

1.512
189
9.30

16,178
76

A 2,171
4,000
0.25

Q2/Q3
445
35
30

1.56
210

12.93
16,800

110
1,976
6,100
05e

DeviationinGradient~ 2.0 x 10-s out to warmradius
ErrorinField~ 2.0 x 10-4 outtowarm radius m
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FILE HMSPARAPT2: D/M= 1.2 ; 6.7’5M TO FOCUS ; 215CM Q3
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HMSPARAPT2: D/M= 1.2 ; 6475M TO FOCUS ; 215CId Q3
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‘FILERHSPARAn21 D/11=102; 6.75HTO FOCUS ; 215cH03

WANSFORH I* “Pm”
-3.26268 0.00000 0.00000 o.m oom 3.91522
0.27371 -0.30650 0000000 0.00ooo 0.00ooo 4.12724

0.00W0 O.00000 0.98268 0.00000 0.00000
It%%% ooOOooo -1.01762 0.27135 O.OWOO O.00000
1 ● 45375 -0.12000 0.00000 0.000W 1.00000 -0.16528
0.- o*Owoo o.oOoOo o.00m0 o.00ooo l.m

42NDORDERTRANSFORM*
1 11 6.407E-04
1 12 1.571E-04 1 22 -3.422E-05
1 13 O.WE+OO 1 23 0.000E+OO 1 33 -70285B-05
1 14 0.000B+OO 1 24 O.OWE+OO 1 34 70351C-06 1 44 -1.680E-04
1 15 0.000B+OO 1 25 0.000c+oo 1 35 0.000E+W 1 45 O.OWE+OO
1 16 -2.9688-02 1 26 1.411E-02 1 36 0.000E+OO 1 46 0.000E+OO

2 11 -3.335E-04
2 12 -10335E-O4
2 13 0.000E+OO

2 22 -4. 507E -06
2 23 0.000B+OO 2 33 -5.747C-04

2 14 O.UKM+OO 2 24 0.000B+OO 2 34 -2.890E-04 2 44 -1.102II-O4
2 1s 0000OB+OO 2 25 0.000E+OO 2 35 O.a)oe+oo 2 45 0.000c+w
2 16 -6t512C-02 2 26 1.604b03 2 36 O.WOE+W 2 46 0.000B+OO

3 11
3 12
3 13
3 14
3 15
3 16

4 11
4 12
4 13
4 14
4 15
4 16

0.000C40
0.000u+oo
3.725E-03
9,248E-04
O.me+oo
0000OE+OO

0.000E+OO
o ● Oooz+oo
1.906E-03
1. 081C-03
0.000B+W
o*oooE+m

3 22 0,000E+OO
3 23 -4. 394E-05
3 24 2. 190E-06
3 25 0.000E+OO
3 26 OoOOOE+OO

4 22 O.ms+oo
4 23 -9.865Z-06
4 24 -1.042t-04
4 25 0.000z+oo
4 26 0.00W+OO

3 33
3 34
3 35
3 36

4 33
4 34
4 35
4 36

0.000E+OO
o.OOOe+oo 3 44 Oowoc+m
O.OWE+OO3 45 0.000e+oo
1.6S1E-01 3 46 6,5008-02

0.000E+W
o. Omt+oo 4 44 O.ww+oo
0.000E+W 4 45 O.owboo
1. 129bOl 4 46 4.3838-02

11 -1.090B-02
12 7,9258-04 5 22 -2.0398-04
13 0.000E+OO 5 23 0.000C*OO 5 33 -8 579C-03
14 O.OWE+@ 5 24 0.000B+OO 5 34 -5.709C-03 5 44 -1.370t-03
13 0.000E+OO 5 25 O.WOC+OO5 35 0.000c+oo 5 45 0.000E*OO
16 -1.367E-02 5 26 -4.066E-03 5 36 0.000E+OO 5 46 0.00W+OO

w

1 55 0.000E+OO
1 56 0.000E+OO
1 66 -30801E-02

2 55 0.000E+OO
2 56 O.OWE+OO
2 66 -4 .038E-02

3 55 0.000E+OO
3 56 0.000E+OO
3 66 0.000E+OO

4 55 0.000E+OO
4 56 0,000E+OO
4 66 0000OE+W

5 55 0.000E+OO
5 56 0.000E+OO
5 66 -50749E-03



FILE PAMPT3C: FIVE ENERCY (+-5Z) VERSION OF
FILE PARAPT3B1FROtlPAIUPT3AV/NEV O FRINGES

ENERGY(HEV)
XOR (CM)
YOR (CM)
ZOR (CM)

YE (M)

PHI (NR)
IXHAXI(CPI)
21 YNAXI(CM)

X/TE
T/TB
Y/PE
PIPE

x/TE**2
x/PB**2
‘Y/TB**2
T/PE**2
Y/TE*PE
P/TE*PE

x/TIl**3
x/TB*PE**2
T/rE**3
T/TB*PE**2
Y/PE**3
Y/TE**2*PE
P/PIl**3
PITE**2*PU

x/Te**4
x/TB**2*PE**2
x/PE**4
T/TB**4
T/TB**2*PE**2
T/PE**4
Y/Tn**3*Pe
Y/TB*PE**3
P/T8**3*PE
P/Tu*PE**3

x/T8**5
x/Tll**3*Pll**2
x/Yn*PB**4
T/Tn**3
JC/PB**2(Trunc, )=
XiTR*PU**2(Tr. ).
XtT**2 (Trunc, ).
XiT**3 (Trunc .)_

PSI ●

H m

X/D**N
X/T*WW ‘ :
x/T**2*D**)i .
X/T**J*D**N ,,
X/T**4*W*H m
X/T**VIP*N -

5700.000
-1s.743

Oiooo
-222.717

-21.696
0.000
1.539

27.336

0.000
-0.309

6.631
0.062

-0.318
-0.709
-0.008
-0.094

0.291
-0.063

-10.151
-202.674

0.175
-1.483

-863.564
-138.989

-67.657
-10.703

0.884
44.470

228,554
-0.042

0.015
7.157

-1.989
33.113

2.038
19.464

7.206
42,696

119.642
0.000

-0.598
-202.326

-0,312
-10.102

0s.130

:.915
0.000

5850.000
-8.836

0.000
-112.979

-10.576
0.000
1.632

35.126

0.000
-0.308

8,/,05
0.186

6000.000
-0.001
0.000
0.017

-0.001
0.000
1.746

43.382

.::!%
10.287
0.298

PARAPT3B RT90 .1
; XQ FOR ZORmO ; NEWSTEPS

-0.333 -0.339 - a.341
-1.262 -1.875 —I,bgo
-0.006 -0.W4 -Ooms
-0.105 -0.118 -0.110
0.179 0.028
-0.088 -0.110

-10.866
-209.663

0 ● 086
-2.544

-871.884
-155.346

-63.712
-11.084

-110730
-217.528

0.001
-3.457

-882.712
-172.140

-60.39!3
-11.411

0.622 0.34
52.211 59.98

276.645 315.43
-0.047 -0.05

0.538 1.02
9.470 11,03

-0.882 0.37
34,387 34.55

2 *090 2.10
18,240 16.91

0.216
15,260

-22.365
0.000

-1.128
-209.570

-0.329
-100810

0.381
-35.395
-193,037

0.000
-!.723

-217.863
-0.337

-11.673

d.ql~ 1;.192
-43.388

-2,1488-02 7*576C+O0
-3.744B+01 -1.i16C+02
-1,130C+01 -40309t+m
-10139E+O1 -7.414C+02

6150.000
10.738
0.000

117*557
10.069
0.000
1.878

52.093

-::!%
12.273
0.400

-0.335
-2.532
-0.003
-0.132
-0.158
-0.129

-12.735
-226.167

-0,080
-4.239

-896.925
-189.393

-57.582
-11.686

0.060
67.797

347.187
-0.051

1.464
12.072

1.714
33.5X4

2 s096
15*337

7.620
-111,632
-389.670

O.wo
-2.364

-227,115
-0.334

-12.683

6300.000
23.408
0.000

240.864
19.071
0.000
2.027

61.274

-%
14.369
0.493

-0.322
-3.218
-0.001
-0.146
-0.374
-00144

-13.873
-235.527

-0.157
-4,909

-915.129
-207.148

-55.194
-11.910

-0.220
75,639

373.709
-0.051

1,861
12.720

3.100
31.122

2.061
14,133

5.849
-216.275
-610.506

-!:%’
-237,295

-0.324
-13.833

:,156 5:.163
40,252 -221.899
-1.003E+01 -1.316E+OI

9.026C+01 -4,475E+02
1.048C+02 -1.236E+02
-8.704C+02 -1.017E+02
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E)+MPLE OF RRSXSS

RESOLUTION IN DELTA (RAYT
usERl![JIHNAP.HHs. oPTIcs.REcoNIPARApT 3B.RT.coR.REcoN:l

RACE I

LIIIITS:0.000100.092S0.0500 0.0Z50 0.00000.0500 ~ ?**= SWE

60

40

20

o
‘0.

RMS Resolution= 5.899E-04
I I 1 I r 1 I I J I I I I I r I 1 I [

I

MS N \TrRxii

i

I

2

n

-0.1
3- -nn 1 I 1 I J I

(61x)= 2.564E-01

(61e)= 0.000E*OO
(61y)= 0.000E*OO
(610)- 0.000E*OO

o

(61x2)=-2.927E-01
(61xe)= 3,372E*O0
[61xy1=0,000EoOO
[61x4)9 O,OOOEoOO
(blea)--3.009E-Ol

0.1

(61ey)- 0.000E+OO
(NM)= 0.000E*OO
(61y2)9 O.OOOEoOO
(61y@I)9 0.000E*OO

W?)- 0.000EoOO

0.2

(61xae)--l.286E+Ol

(61xea)= 7,514E*01

(61X3)- 6.884E-01
(de3)--L358Eo02



RESOLUTION INPHI (RAYTRACE)
usERl:(JIMNAP.HHs. oPTIcs.REcoNIPARAPT 3B.RT.coR.REcoN:l

LIMITS: 0.000100.08250.05000.0250 0.00000.0500

RMS Resolution= 5.373E-04
I I I I

I

I I I I
I

I 1 I I

I
I I I I

40L

t- 1

20

10

I mm L I l’?

‘-2 -1
1 1 I 1 1 1 1 l}h, [~d:

o 1 2

@FIEAS-OO(mr)

(uIIx)” 0,000EoOO Mx% 0.000E*OO (uIIey)= O.OOOEo OO

(oIe)= ‘0,000EsOO (otxe)= 0.000E*OO (~le$)= 0.000E*OO

U$ly)m 1,077E-01 ($Ixy)--2.85OE-Ol (U)ly2)- 0.000E*OO
(@l$)=-1.178E-01 ($1X$)- 4.325Eo O0 (@ly@)=0.000EoOO

(ole2)- 0.000E*OO (@)= 0.000E*OO

(gJe2y)--5.108E*O0

(@$)- 1.112E+02

224



RESOLUTION INY (RAY TRACE)
usERl:[JIMNAP.HNs.oPTIcs.REcoNIPARAPT38. RT-cm.REcm;l
LIHITS: O.000100.0825 O.O5OOO.O2SO 0.00000.0500

RMS Resolution= 2.048E-03
[ 1 I I I I I I I I I 1 1 I I I 1 1 I 1 i

50 –
-
-
.

40—

.
30 —

P
20

10

0

I

“.

J

I I d

.

‘Ill 1

I [=1 II 11 — n! 1 1- 1 1 1 1 1 1 1 mrllni [11[ I [ J

-1 -0.5 0 0.5 1

(ylxb 0.000E~OO
(yle)= 0.000EoOO
(y[y)= 2.486E-01
(yld)--9.4l8E*OO

hlEAS-y O ‘cm)

(y IX21= 0.000E*OO [ytey]= 8.550E-02
(ylxe]= C).000E+OO (yte$)= 1,195E*01
(ylxyl- 1.080E”O0 [yly% 0.000E600
(yIx4J9-1.777Eo Ol (ylyo)= 0.000E*OO
(yle%- 0.000EoOO (yI#)- O.OOOEoOO

225



RESOLUTION IN THETA (RAY TRACE)
USERl:[JIHNAP.HMSo ~PTICS.RECONIPARAPT 38. RT.CCIR.RECON:l

LIHIIF- 3.00010 O.Oe. ~ 0.05000.02500.00000.0500

RMS Resolution= 6.514E-04

10k

50 -’ I 1 I I
I

I I I I

1’
I I I

I
1 I I I

1’-:

40—

30 —
7

20 —

(91X)- 3.552E-01
(ete)=-3ti354E*O0
(dy)- 0.000EoOO
(eIu))=0.000EoOO

-1 0 1 2
e~EAS-gOhr)

(etxa]=-4.427E-01

(elxe)~ 4,173E*O0
(elxy)- 0.000E*OO
[elx$)- O.OCOEOOO
(ele2)--6.836E-Ol

(eley)= 0.000E*OO
(eleo)= 0.000EoOO
(elya)- 0.000E*OO
(eiy$)= 0.000E*OO
(e!~a)= 0.000E*OO

(elxae)=-1.220E*Ol

(elxea)- 4,097E*01
(d X3)- 7.976E-01

,, .,
c. G
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FILE PAMF73D: FROMPAIUPT3B W/ N=6 POLESON QUADS, N=4 ON

/’

E 20

u

o
x

-20

-40

40

E
20

u

o
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L
—
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FILE PARAPT3E: FROM PARAP13D ~/MOI’ER VU FOR QUADFIELDS F

t /
L
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—

m

w
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m
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TOSCA CALCULATIONS AT
CEBAF



I LARGEAPERTURE
SUPERCONDUCTINGCRYOSTABLE

I QU.41)RUPOLES
FOR CEBM?’SHIGH

MOMENTUMSPECTROKIETER

I

1

STEVEN R.LASSITER

I

I

I

I
1

I



-.
Qz/Q3 CROW SECTION

—

-—

SUPPORTLINKASSEMBLY

CRYOSTAT VESSEL

Ln SHIELDVESSEL

He VESSEL

C(ID MASS

COLS

VESSEL “

ASSEMBLY

A

COL WINDINGFIXTURE

He VESSELVESSEL

Ln SHIELDVESSEL

- CR}(ISTAT VESSEL

1 r I 1 I 1
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22E3-RS.COND I

@%Jg41 06:33:47 Page 6: O(SP XEYE+l O SIZE-5(I
!_Y 60.0

I

— r.$0.0

I

I

-Y 20.0

I

I

f
-20.0 Zmnll)
-- - 1-

1

I

_Y-20.o
1

1

I
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_Y 100.0

C12GR5.TOSCA13
I

~’AugKll 15:44:05 Page 10: DISP XEYE=O O Y 80.0l—

x-120.o
r f

-100-0 a
. — -— - 1?60.0

?
100.0

— ?
120.0

‘_Y -80.0

I

I-Y-1OO.O
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12GFU.TOSCAB I 1

7/AIK@l 10s:34 %gt? 2: DISP sL?&70 XORG= 10-10 st-tA@l1°

.,
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152417
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f
60.0

—
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Fe ‘.’essd -’

He %ssqe

A- Gbuckbg plate

lrvsdation

cd

Yoke

Close up of QI coil showing
the hdiurn vessel,
anti-buckling plate, ground
insulation, yoke

arid notch in the pole needec
for the anti-buckling plate.

The anti-buckling plate is
needed to support
the coil when the quadrants
are squeezed together.



Summary of TOSCA/OPERA Analysis for Q1

TOSCA Database Fila : Q1-V2.TOSCAE

Effective Length = 189.3 cm
Pole Radius = 26.0 cm

Radius of Fourier Analysis = 2s.0 em ●

(extrapolated form R=22,0cm)

I I I
I Integral [B(N) dz] I % of Integral I

N I (T081*-mater)
I

[8(2) dz] [
—1 I

I I I
2 I 1.4236 I ------ i

~ I I
4 -5.58E-03 I -0.392 I

I I I
6 ~ 1.07E-02 I 0.752 I

1 I
10 I -3,02E-03 I -0.212 I

I I I
14 I -1.70E-02 I -1*194 I

I I I
~ I I

Radius of Fourier Analysis = 22.0 cm

I I r
I Integral [B(N) dz] I Z of Integral I

N I (Tesl~-meter) I [B(2) dz] I

—1 I I
I I I

z I 1.2527 ------ I

I
4 I -3.80E-03 I -0,303 I

I
6 I 6.64E-03 -0,450

I
10 I -9.55E-04 -0.076

I I I
14 I -3,22E-03 -0,257 I

I
I I.——. —

● B(N,25) E FJ(N,22) ● (2s,/22,)-(N-1)



w- __. _.— -.—_

U41N COILS WY NI = 1s0,000. AT/P~
Rmdius of Fouri. r Analysis = 26. o cm

1

I

Int.gr. I [B(N) dz]
N (T.sla-mtOr)

2

4

6

—-

1.4236

-6. 66E+3

1 .cwE-02

% of Intogrml
P(2) dz]

.- —..

-i5.392

0.762

Int.gra I [B(N) dz]
N (Tos I .-m.tOr)

—. ~

2’ 1.4239

4 -6. 18E-02

6 1. O$E-02

% of Int.sro I

[B(2) dx]

-----.

-3.638

o,7aa

Q1 WITH N-6 CORRECTION COIU -D ON

i Znt.gral [B(N) dz]
N

I
(TOS I ●-motor)

2 1.4214

4 -6.6W.-O3

6 8,06E-02

N

2

4

6

% of Integral
[B(2) dz]

------

-0.401

5.688

Q1 WITH k4 N N-6 CU?RECITON COILS l’WKD CMU

I~t.gral [B(N) dz]
(TOsls+. tOr)

1.4220

“s. 1E42

0.--02

% of Int.grm I
[B(2) dz]

------

-s ,C43

6,690



N1 = 150,0b0 A.T./PuLE

b

2–D MAGNETOSTATIC
FORCES

2
I

-1581.0
I

-829.8
I

-6.360
I

-152.303

3 I -347
I

-129.4
I

9.585
I

-105.013

4 I 6214I ‘2444I 5900I ‘21-466
5

I
-251.2

I
624.6

I
-5.961

I
111.911

-— -—

3–D MAGNETOSTATIC
FORCES

REGION

4

5

F(X)
(u)!/in)

632.83

-280.8

F(Y]
(Ibffd

-262.7

641.05



3D COIL FORCES

(Zf)

7

0

(lYf)

22050.0
S70.8

450.0

463.1

1041.2

019.0
516.0

1262

-0163.2

-4692
-301.7

-152.6

13s.6

S1O.7

810.1
1**O

0.0
loe.e
258.7

4e4.7

444.1

171.9

160.-
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● *************** ● **************** ● *************** ● *

IS output created on 7-AUC-91 at 16:26:36

ERA output file used: q2c-r5-pot.har
I.SCA active fi lo used: Q2C-R5.TOSCAB Component: POT

adrupole name Q2 with pole radius 35.0 fit up to r= 32.0

ing fitted values of b0,2(z) find:

Effective length= 212.3 cm (2*106,1 cm)

Fringe parameters m Cm
o -0.0948

-2.0065
: 0.2589

3 -000611

ta Extracted for Quadruple (n=2) Compcnent

tagral [bO dz]= 1.7560 Tesla-m
tegral [B( 32.0 cm) dz]= 1,6037 Tesla-m
teqral [B( 28.3 cm) cIz]= 1.4183 Tesla-m
tegral [B( 22.3 cm) dz]= 1.1200 Tesla-m

tegral [bO dz]= o.1O3E-O1 Tesla-m ( 0.586% of n=2)

tegral [B( 32.0 cm) dz]= 0.920E-02 Tesla-m ( 0.573% of n=2)
tegral [B( ZU.3 cm) dz]= 0,435E-02 Tesla-m ( 0.307Z of n=2)
kegral [B( 22.3 cm) dz]= 0.131E-02 Tesla-m ( 0.117% of n=2)

ta Extracted for n=10 Component
---- - - -- -- - - - - - - - - - - - - - - - - - - - - --

tegral [bO dz]= 0,181E-01 Tes
tegral [B( 32,0 cm) dz]= o.1O2E-O2 Tes
ltegral [B( 28.3 cm) dz]= 0,619E-03 Tes
tegral [B( 22,3 cm) dz]= 0.702E-04 Tes

tm Extracted for n=14 Component
,------- - - - - - - - -- -- - - - - - - - - - - -- -

a-m ( 160319? of n=2)
a-m [ 0.064% of n=2)
a-m ( 0.044% of n=2)
a-m ( 0.006Z of n=2)

Itegral [bO dz] =-o.777E-01 Tes I a-m ( -4 .425% of n=2)
Itcgral [R( 3?,0 cm) dz =-O.965E-03 Tesla-m

1

( -0.060% of n=2)
ltegral [t?( 28.3 cm) dz =-0,374E-03 Tesla-m ( -0.026% of n=2)
Itegral [E3( 22,3 cm) dz]=–0,170E-04 Tesla-m ( -0.002Z of n=2)

.! ’). \



Q2 SPEC SHEET

lWmtWe Length

Radhm R2@

mod Aperture Radius

mud at Pole

Grdwlt

Rdd mms:

d Me Pole

Wmml Apmwe

Physhcal Wdght

myshll m’)$th

= n’u’li

- .Wu’n

= .mm
= %56 Tdsa

= 4.457’ Wsam

= 20.8 Tons

= mm

= I.wv’iImL

= 2.734



nary of TOSCA/OPERA analysis for Quadruple Magnet
***************** ● **************** ● ***************

s output created on 7-AUG-G1 at 16:23:32

?A output file used: q2c-r5-chamf-pot. har
CA active file used: Q2C-R5-CHAMF.TOSCAB Component: POT

jrupole name Q2 with pole radius 35.0 fit up to r= 32.0

~g fitted values of b0,2(z) find:

Effective length= 211.9 cm (2*105,9 cm)

Fringe parameters Cm
: -0.0997

-2.8810
: 0.2757
3 -0,0703

a Extr~cted for Quadruple (n=2) Component
--- . - --- -- - -- - .- - - -- -- --- - _- -- - -- __ - - -- - - _

Iegral bO d: =

/

1 7562 Tesla-m
ogra I B( 32.0 cm) dz = 1,6035 Tesls-m
ogra I

[

B( 28,3 cm) dz =

1

1.4184 Tesla-m
Dgra I B( 22.3 cm) dz = 1,1201 Tes!a-m

a Extracted for n= 6 Component
-- -- - -- - -- - - -- -- - -- --- -- _ - -- - ,.

ogral [bO dz]= 0.49.3E-02 Tesla-m ( 0,281% of n=2)
ogral [B( 32.0 cm) dz]= 0.826E-02 Te~la-m ( 0.515% of n=2)

1

ogral [B( 28,3 cm) dz = 0,350E-02 Tesla-m ( 0,246% of n=2)
ogral [B( 22,3 cm) dz = O,1O9E-O2 Tesla-m ( 0,097% of n=2)

a Extracted for n=10 Component
- - -. - - . - - -- -- - -- - -- --- --- - -- --

[

agral bO dz

1
= 0.267F 01 Tesla-m ( 1,523% of n=2)

ogra I 6( 32,0 cm) dz. = 0,837L 03 Tesla-m ( 0.052% of n=2)

1

agral [B( 28,3 cm) dz = 0,838E-05 Tesla-m ( 0,059% of n=2)
egral [B( 22.3 cm) dz E 0,841E-04 Tesla-m ( 0,008% of n=2)

a Extracted for n=14 Component
- - -- - -- - -- - -- - -- --- - - - - - - -- - ,.-

egral [bO dz

I

=-0,272E-01 Tesla-m ( -1 .549% of n=2)
egral [B( 32,0 cm) dz =-0,387E.-O3 Tesia-m ( -0,024% of n=2)
egral [D( 28,3 cm) dz =-0,348E-03 Tosla-m ( -0.025% of n=2)
egral [14( 22.3 cm) dz =-o. l14E-04 Tesla-m ( -0,00IZ of n=2)

;“10



—. .

=_

—

i

=---- ,~—----

,, “>~ {
-1

““l,;cj---._---
/

.’
,.’ 1

L 1 1 L L
! L m , t I .-i-- =P,

-. 100 150 200

ACTFIL: QZC– R5-CHAMF.TOSCAB COMP:POT

15 ‘

j

10 “

5 –

o –
1 1 I 1 1 1 1 1 1 1 I 1 I 1 I 1 J I 1 1

r
4

Z (cm) from Center Z (cm) from Center



2

.\”

c

-7
L

-2

r
1

r I I

I

I 1 i I

I

I I I 1 I I I i

I

I I

E
10
14

/

1

tr
1-

t

0.5 1 1.5 2
FIELCI AT POLE l? ADIUS (TESLA)



, .- ..,., ,1 -11 . . . -s -.,--- —.. . . . . . . ——.

!.

5
.s

. .
--

2

1

0

-1

-2

i

r I Ir 1 I I I I I I I I I I I I I

II

6
10
14

I ‘T

I 1 I 1 1 I 1 I 1 I 1 1 I I I I 1 I I I
0.5 1 1.5 7L-

FIELD AT POLE RADIUS (TESLA)

,.



I l-l 1 l_ Lllv L I ll_l_u uuul Nu/\l\l

4-P.

215

-

c1
‘.
—

210

205

200

I I-” --- T I 1 I 1 I I I I 1 I r

I I I I
I I

* Q2C CHAMFER DELTA = 8.0 CM

— —

1 1 I I I 1 1 I I 1 1 1 I I 1 I 1 I I I

0.5 1 1.5 2
FIELD AT POLE RAOIUS (TESLAI

.



wX-POISSON HARMONICS

--

r

~

1 [ I 1 1 1

I
1 I 1 I

I
1 I I 1

I
I I

N =6X
i

N =10+

A“”

.
N=14

t-

2

[1’

[:
v

1
0,

nn 1
L A A
1

rF
L

-1

-2 1 I I I 1 ! I I I 1 I I I I 1 1 1 I 1 1
0.5 1 1.5 2

FIELD AT POLE RADIUS (TESLA)



1

.-

Jf3(6)dz - 3.0 %
JE3(2)dz

JB(6)dz - J B(fJ)dl + JB(6)dz

FOR COILT OURANCES WE CAN DO A TAYLOR 6ERE6 EXPANSION

JB(6)dz -’ fB(0)dz + fB(@dz + r JB(6)dz ~

JB(2)di /B(2)dz fB(2)dz ~ /B(2)dz

I I JE

W’kERE sJB(6)dz .s16THEu4~AL ~wrrHnulwMA-
fB(2)dz W TO COIL PMCEMENT ERRORS. TH$ WAG

JE
CALCULATED IN 2+ ANALYGIS.

JB((3)dz - 3.0 % - TOSCA RESULTS + COIL PLACEMENT
fB(2)dz

- .011 +3.68% u 88ht u .005”
Ing

JB(6)dz = 103%
JB(2)dz



SOURCES OF COIL PLACEMYNT ERRORSi

s

con HEmHT 3.U8Wn2

)cOIL - MEDIAN PLANE W 6EPARATiON 3.76W[n’

) COL tt4CKNESS lmwlna

) COIL - Fo GAP SEPARATION t26#dnt

ERROR

182

166

.40

.6S

) FACE ANGLE 1.468%/dq-in ,25

OTAL ,mmiz - .Oll + ?/
*

L62q + 1.66’+ .498+ .66?+ .252)
m

= 2.46s
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QI CONDUCTOR SPEC. SHEET

,138
()

ITS ~

=0 !
7 SUPER CONDUCTING

STRANDS

99.999% PURE AL. STABLIZER d
TURN LENGTH - 4.lm

s Turns/Pole - 25 NI (Total) - 680 KA-Turns (Max)

s Layers/Col = 1 I(op) (6 GeV/c) = 6000 ,~pS

s Turns/Layer - 25 a (op.) - .77

Current (Max) /Turn - 6800 Amps
(Cryostabi[it y)

Super Conducting Filaments : 8 ~m Diameter Nb-Ti Alloy, 2’100 Flaments/Strand

Strand Diameter - 0,0268 *0.0003 in

H Strands/Cable - 23

Strand Twist Pitch = 0.5 n

Cable Twist Pitch - 2.25 h

Strand Short-Sample Current (mid - 420A O 20K0 & 4.2K

Cable Short-Sample Current (mh) - 9660A 0 20K0 & 4.2K

Copper Resistivity Ratio - R(9,5K)/R(273K) = 0,023

AL Resistivity Ratio ● R(4.2K)/R(273K) = 0,001

AL 10 CU to SC. Ratio - 18.27 /1,8/1.0
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S(lmmary of TOSCA/OPERA Analysis for Q1

TOSCA Database File : Q1-V2.TOSCA8

Effective Length = 189.3 cm
Pole Radius = 25.0 Cm

Radius of Fourier ~nalysis = 25.0 cm ● _
(extrapolated form R=22.Ocm)

i Integral [B(N) dz]
N I (Tesla-meter)

—1
I

2 I 1.4236
I

4 I -5.58E-03

I
6 I 1.07E-02

I
o I -3,02E-03

I
4 I -1.70E-02

I

—1

.

% of Integral
[B(2) dz]

------

-0.392

0.752

-0.212

-1.194

Radius of Fourier Analysis = 22.0 cm

N

?

4

6

0

4

—.

Integral [B(N) dz]
(Tesla-meter)

% of Integral
[B(2) dzj

i

1.2527

-3.80E-03

6.64E-03

-9,5sE-04

-3,22E-03

------

-“0.303

-0.450

-0.076

-0,257

I .—

● B(N,~~) e. B(N,22) o (25./22,)-(N-l)



I I I
I I Int.gra i [B(W dz]

I

% of Intogrol
lN~ (loo I●-motor) [B(2) dx]
1.— I
I I I

I 2 I 1.4236
i

------

I

I

4

I

-6.6J3WS

I

-0.392 —

16

I

1. O?E-02 0.762

I —— — I

Q1 WI~ ~4 c~~m COILS IUtED m

i I Intogra I [8(N) dz] I % of IntoQr~l “
IN (TOSI●-motor)

I
[B(2) dx] 1

I I I
121

II
1.4239 ------

4 -6.1=-02

I

-3,630
I

6
I

1. OW-02 0,768
I

Q1 WITH !4=6 CWWE~DN COILS TLR?tED ON

1 I
IN I Integral [B(N) dz] % of Int.srsl

I (70s 1●-motor) [B(2) dz]
I

2 I 1.4214 ------

II 4 -6,69E-03 -0,401

I
e I 8, ObE-02 6.688

—1 1

T
—1

/
I~togral [B(N) dz] % of Integral

N (lam1●-m.t. r) [B(2) dz]

2 1.4220 ------

I

4 -6,lK-02 -3.W3

m n — An w --
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2–D MAGNETOSTATIC
FORCES

2
I

-1581.0
I

-829.8
I

-6.360
I

-152.303

3
I

-34.7 I -129.4
I

9.585
I

-105.013

4 I 621.4
I

-244.4
I

5.900
I

-21.466

5
I

-251.2
I

624.6
I

-5.961
I

tll.911

.- -—

3–D MAGNETOSTATIC
FORCES

=-1-A=
4 I 632.83 I -262.7

5 I -280.8 I 641.05



3D COIL FORCES

-1

(rf) (Kff)

220s0.0

570.8

450.0

4m.1

1041.2

819.0

516.0

120.2

-0163.8

-489.2

-301.7

-1s2.0

135.6

518.7
810.1

1*.6

0.0

Ioe.d

258.7

464.7

444.1

171.9

160.m

w
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He ‘~essel /“
Close up of QI coil showinc
the helium vessel,
anti-buckling plate, gro”und
insulation, yoke
and notch in the pole needc
for the anti-buckling plate:

The anti-buckling plale is
needed to supporl
the coil when Ihe quadrants
are squeezed togelher.



LARCEAPERTURESUPERCONDIICTINCCRYOSTABLEQUADRUPLES
FOR CEBAF’S HIGH MOMENTUM SPECTROMETER

S.R. Lutikr, P.D. Btidcc,W.T. HU!lteT, R.R. Tbo~c,
M.J. Fowler, J.A. Miller

Continuou~ Elrrtron Besm Arrclcmtor Fad.lity
12000 JcfTerson Aveouc

Ne~ort News, VA 23606

+bc present deciga for CEBAF’SEd C EigU_Momcnlom
I ~ ~0 for two Iuge tpalurf qwlrupok ~~Spectrometer “

b-+ng the ●we pbwird c.busctcrkfirc but operating ● dif-
ferent firdd grdienh. A cold. iron, cupcrconducting, lunirmted
yoke magnet bu kn deml+ed u the referemecdesign. Tbc
rauh of lbe two ud three dimensional crmgnrbstdic stdh
will k pr-ted bcrealongtitb came detuls of the aaductor
aad ~mtmt duign.

It i~ our ktenticm k ●t CEBAF to purcbue from io.
ductry, tbr magnets for the Eh!S s~trometm bs.wcl upen
magnelic pmformmce ~pecifiation~. Thio ptpm will present

s reference decign that wc bebe~e ti m=t tbe speaficationc

bled in T*ble I below,

Tbe design of Q2/Q3 vu t.lco con-trtined by other non.
optict.! requirement such u size and weight of tbe magnet,
myostsbibly, kas ~1, ssd bw power lead comumption.

‘rbc m~tilalic UIdymI were performed for the requir-

ementsof tbe luger gradient QZ m~~et,

TABLE 1, Q2/Q3 Optical Requircmcnti
ud hfsgnct Specificbtion~

~ A

Leff - 210cm 210 cm
Flcld Cra&cnt = 4457 G/cm 194G/cm
R(pok) = 35 cm 35 cm
R(pcmd field region) = 30 cm 30 cm
Field O Pok = 1.!15 TeIla .68 Tm]a
Dyntic Fmld raagc - 10.1

Intcgrd h!ultipole Flcld errors
[percent of quarlrupole):

Dodec-pole(*t pole) < 310% < 3!0%

Unknown Multipolet < 0.37( < 0.570
within ●perlure)

~hytictl Le@b - 310m
ron Ltngtb - 1,84 m
)iune~cr of yoke -140m
~ngtb/Bore ri~io - 583
Kagbt of yokt - 15 tons

fkUlsl

Tbc cold iron drsign ofQ2/Q310 bau~dupontbc tonformd
~spping oft -indnw bumreitpolr in~o ● qu-drupol~ ~mnlriry

hit mcihorl WM ~orti in thr wffrrIIrr rlrtlgn of III? cmallrr

oDt tnd qusdrupolc Q] of tht HLf S,O FIFurr I cbowo ● cros~

xtion TkW of tbc Q2/Q3 qum ‘.upolt m~net,

uuIcript rwtimd Scptcrnbcr 24, 1990



We bhw instigated he p~ of oum=d~ rmitroUed

Iucr cutt~ for the yoke/pole Idttions u it relates to cost
effecti~enemt aad atti~g prcaoion. Tbe tolcr~cc control 0[
the pole Ihtpc it of prime aBCWD, u the 6eld quality ic de-
ttined u much by the pole d~pc u it ia by lhc current dio-

tribuiion. Actual lwr mi Iuninations -we made for tbe Q1
gmmctry. Fi~urr 3 gi~n tb~ UKWMY d IbiI td fabrication,
Tbe mscbining Iolerurcc of the ltin~tion~ when modeled in
POISSON were welJ titbin the m%nelostatic Ipecificstionl.

Tbt Q2/Q3 qudrupole conductor it ● multi. tilunent, .023
= dimeler, NbTi.copper, 1 l-ctr~d Rutherford cable. Th,i~
cable io tbcn extruded iolo s b.igb purity mhm.inum stsbibzer
(99,999 Al.) for ~tit~bility. Figure 4 bhowc ● cro~c mctiond
Ww of the anducior.

DIMENSIONS ARE IN INCHES

Fk3~ ) 01 WC, LASELr-CU”lLAMINATION TEST ,

I t-l

*-’

>.414 ‘

SOLE 9RAN2 WTFI Yloo
FwNls m sruNJ

Table 2. Q2/Q3 c~ortsble conductor Parun~wc

ril/polr
# TUrnc/pole
TUKI Ltngth
I/lUrn
lc/lurn
A1/Cu/NbTi
Sle’tly #
Stored Energy
Power Lead Consumption

= 217310 Amp Turm
= 71
= 465 cm
= 3.06] FiAmpc
= 4.62 KAmpo
= 6.4/1.8/1
- .45
- .31 MJ/m (Q2 ●t 1,56Tesls)
= 9,1 Lof btlium/hour



The in.itid magnetostatic solutions were performed wing
tbc code POISSON, to gun u underctutding of tbe sensitivity
of the 2-d.irzm.nsionzl pmblern *O ail ~d iron geometries. T’hc

need to sllrm ior nclquate b~um flCIWp-my chuineh in ~d
mound the coil stwkr =u uced u ● amctrtining pu-eter in
minimizing the unwmted multiplex.

ThIeecttckcof-nductm wuv SMed to uhieve the desired
unp turns tid lowcr tbc operating current. Gapt olong the
mediu pkne for ear~ coil stack wereconstrainedto be qual
in an ●ttempt 10 reduce tbc Dumber of individual puussewsw
tbst could effect fiekd quality. The beightt of swh d ctsck

were individually rnzed to reduct field ervors. Thio rmsltI in m

unequal number of tumt pm cd s!xk u well u tbc ~ad for
u ●ddtimm’ spaca in the fircttwostuka, Tbc turn to turn

insulation consists of 2.2 mm ibic.k C.1O spacers zized such tb~t

●dequate helium flow would result u well u mtimizing tbe
current denzity. Tbe spscing brt=een the stackc of conductor
wu sized such thai tbe width of tbe toils ctickg would be kept

10 ● minimum 7e! protidcd for suf?icicnt helium flow along
thestack baglrtc. Tbe superronducti%rq able is offset within
the aluminum stabihter u Z.O aid in reducing the Unwuted

harmonics. Tbc spacing between the coil stuckand tbe iron
7oke wu also used to ●chieve ● better field qusdity.

The current cafing portions of tbcconductor were mod.
elcd u uniform *tacks in d of the tnagnetost~t]c analysis. Fig.
urc 5 sbo=s tb? ~pproximstion fo lbe current csfiying portions
of the conductor that were znodcl~d in tb~ magnetostatic prob-
lems.

.

L

-. .,..”

U-nmlonnti

FXPK 6 CIRwif CA4WN3moms As
mxLDh KlsxNANITccicA

Ji- B(N)

2 1 .M40E.+04 1.0000
6 6.8937E+O0 0.0444
10 -1 .0264E+OI -0.0776
14 -2.0747E+OI -0.1335

4 x N = muhipolc

Field is given by B = Sum [B(N) O(r/Rp)[N-lJj

The field within the iron yoke W- 1.45 Tesls donp, tbe
median uh and 1,6 Tezla d the pole. Flux leakage outtide tbe
iron was 6.5 GSUSI next to tbe yoke and drops to 4.8 GAUSS 30
cmSWSy d tbt bouad~. Figure 6 chows the 2-dimensiond
solution for ozte-eight of ihe geometry, from POISSON.

Tbc three dimension solution wu done with tbe cod~
TOSCA”. The efiectc of the ch~pc of tbe ●nd coil geom~try und
poh c~turation were looked St since it io tbt integral multipok
content tbmt we mutt catisfy, As ● ctzrting point the magnet
wu modeked with no Sbspkgof the poles ●t tbe ●nd or uoc of

field CI-IJI to conttin the field fdl off, A wdl defined me-b
wu set up in tbc X~ plme Uringquadratic ekmen!c to obttin

-uonable fitc to tbe ~ertor potcntid withii tbe ●pmture of
the magnet, ThiI metb wu then ~truded out along tbc c.uit
titb actph~it placedneu the end of (be magnetyoke md tbt
region wberv tbe cokls tide,

Tbe pozt.procemor OPERA7 and tktc progrum EXTRACT1
● sre~c?dk Mdysic tbe inteKr~ multipo]e content of the msg.

net, The coefficients of ● fourier fit to tht total potential were

integrskd along tbr mtgn~tir tic u s function of tht radiu$
Tbt utd~tic derivati~e of the poterttid wu then takm to d?.
rive the -ffleiento for the Mhgnrtir fitldo, Figurt 7 S}IOWS
the field fzll off along thr mamrtic AXiI for ● rodiut of 30 cm,
T*blt 4 Iicttht results of tbc thr~ d,mcnsiond ctudy.



125

10.0

3 7.5
*
- S.O

2.5

0.0
125G

10’00

?50
{

Soo

250

Z(OWFF04CENTER

~ 7, FF.D FLL GF W MEOW.
G OWS!.FaE TEKW

icclivc Lcnglh = 210 cm

Ir R=35 cm (Pole PAdJUI)

~) 1.545 Tcsls-m
6) S.62L03 Tmla.m 0.364
10) 9.66E-03 Trsls. m 0.625
14) 1.03E-02Tcsla. m 0.6B2

r R=30 cm (Aperture fidius)
?) 1.325 Teslt. m
6) 2,77~03 Tal~.m 0.209
10) 2,21C03 ‘Talu. m 0.167
14) 9,23E-04 Tesla. m 0.070
— ,—.

The -urn ot tbe unknown multiples (.ic. NE1O md 14)
the sperturc of (be mspctic is .2.37Ye of tbc qu~drupolc

d the dodcc~pole u cmfy .364% ol tbc qusdrupole ●t tbe
le. Studleo d mntinuc to brectigitc tbc ficcts of pole
unfenng, field clunpo ud coil ●nd gtometrim In reguda to
rir contribution b tb~ intcgrd cantent.

1.

2.

3.

4.
b.

6.
7.
8.

Esf.mLw
Conceptual De@ Report Buic Ex-pcrimcot~ Equipment
- Ed C. April 13, 1990.
P.D. Brin&a et d,. “CEBAF Superwnducting spectrom.
ekr Deaign”,lEE5 ?kr.mction on Afo9neh, Mag.zS, 1897,
19B9.
L.H.Huwocrd,et d., “A Supermnduciing Iron. Domin~ted
Qumdrupole for CEBAF”, IEEE ?mruacfion on Ma9neb,

Mag-25, 1910, 1989.

POISSONMANUAL
J.A. Miller, et al., “Cry-t~t Duign And M~etoctttic
Andy~Lof tbe 6 Ce? Superconducting Dipole for the High
Mommtmn Spedrometer”, Submiftd to IEEE hnsac.
iicm on Mapwti.
TOSCA, Vccim Ficl& Limikd
OPERA, Vcctm Ficti Lirnitcd
J. NapoiitMIo ~ d.) ‘cnlcuhlions of Higher Mu?tipole
Componetitm in * I.uge Superconducting Qu~drupolc hlag.
❑et”, Submittci to h’uclc~rhckumcntt ●nd hftthod~.



TOSCA CALCULATIONS FOR
PILAC

Presentation not made.



MEASUREMENTS OF EPICS
Quadruples
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QUADRUPLE MEASUREMENTS
AND ANALYSIS
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ANALYSIS OF 3D QUADRUPLE
DATA
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(Analysis of 3D data)
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QUADRUPLE 3D FRINGE FIELDS
THEORETICAL LECTURE
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ANALYSIS OF 3D FIELD DATA
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MAGNETIC FIELD DATA
D. E. Lobb

TRIUMF/University of Victoria

1) Example system

2) Visual assessmentof the
accuracy of the results

s) Self-checkingharmonic analysis

a) Comparison of radial and
azimuthal field coefficients

b) Harmonic analysis at
different radii

4) Discussionof propertiesof
orthogonal functions

5) Introductionto
polynomials

ChebysheV

6) Chebyshev poly:)~ti-’iliits on
the example ~yt=.i:,,~

,dl



COMMENTS ON TOSCA MODELING

A maximum of 50000 nodes MAY be available.

When quadratic shape functions are used,

the number of non-zero elements in the

main matrix in TOSCA

may exceed memory capacity

for as few as 35000 nodes.

TVo dimensional calculations

using PE2D or POISSON:

satisfactoryprecision

using 5000, or 10000,

may be obtained

or 15000 nodes.
.—

●

For a three dimensionalcalculation,

the XY plane mesh is always coarser

than desired.

1’):



PRECISION

In the air gap region,

the field componentsdivided by

some normalization value

can be precise to within 0.001 to 0.0001



THE EXAMPLE SYSTEM ON TOSCA

A boundary value quadruple configuration.

No iron, no coils

The boundary is tangent to a circle,

centered at the origin~

radius 10 cm.

All ncdes lie on or inside

the source surfaces

Total scalar potentialvalues are

available in the region of interest.

(If coils and iron were used

this region would have reduced

scalar potential. )

UNITS: GAUSS, CENTIMETER

.8,,,
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VISUAL CHECKING OF CALCULATED
FIELD RESULTS

Define a function

that would be constant

for a perfect magnet

Plot this function

For a quadruple configuration,

a suitable functionthat tests

the XY plane componentsis

#GRA.D=SQRT((HX*HX+HYWY)/(X*X+Y*Y))

1000 segments per line were used

to eliminateany possibleerror

due to fitting by the plotting routines.
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SELF-CHECKING HARMONIC COEFFICIENTS

The computationalprograms work in

Cartesian c~rdinates.

Convert Cartesian field components

into Cylindricalfield components.
——

Calculatethe harmonic coefficients

for the radial and azimuthal fields

The two sets of coefficientsshould

be the same.

Note that harmonic coefficients are obtained

by integration, which smooths data;

the harmonic coefficients are more precise than

the visual examination of #GRAD results

would Indicate.
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mder
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4

6

8

0
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6

HARMONIC COEFFICIENTS FOR T7Q

100 segments

Calculation radius - Normalization radius = 5 cm

THETAIwO THETA1”90
THETA2-90 THETA2-180

Rad. Azi. Rad. Azi.

496.0 495.4 495.9 495.4

1.784 1.783 1.777 1.763

-.718 -.741 -.773 -.756

0.114 0.128 0.137 0.118

THETA1-180 THETA1=s270
THETA2-270 THETA2-360

Rad. Azi. Rad .

495.7 495*O 495.7

2.027 2.154 1.913

-.791 -.903 -.800

0.174- 0.282 0.195

The coefficients below mainly represent error

0.32 0.021 -.004 0.007 -.001 -.118 -.050

-.011 -.013 -.015 -.032 0.002 0.115 0.015

0.008 0.011 -.018 -.008 -.0C3 -.108 0.011

(’).016 0,007 0,002 -.007 -.0U9 0.1221 -.020

P.zi .

495.2

1.934

-.768

0.211

0.001

0.006

0.032

-.008

We may estimate from above that the field values have

a preclusion of about 3 part$ in 5000 ( 0.06* )



THE MODEL T8QQ (30315 nodes)

The XY geometry defined in first quadrant only

Z - 0 is a symmetry plane

Fine subdivisionin Z direction.

QuadraticXY elements

are used in the central region

Extrusion
plane
z (cm)

o

15

25

35

out to z - 35

Subdivision

8

6

4

7

Interval

1.875

1.667

2,500

5.714
75



Y’
-. 5000

+--5000

.—

v-
-100

qJ- o



T8QQ

25 Gas35

*= -50

3ss3s75

.
p= o
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CALCULATIONOF HARMONIC COEFFICIENTS
AT DIFFERENTIWDII

To be done in a region

variationis

in which the longitudinal

sma11

Along arcs with radius such that

the arc stays at least one grid element

away from any source

The coefficientsexpressed in terms

of the same normalizationradius

should be the same for small variations

in arc radius

(Small:less than, or about,
the size of a a grid element)



— —---

THETA1= Ot THETA2 = 90 deg, 100 segments

Normalization radius - 5

Harmonic r- 4.5 r-5 r- 5.5
order

2

4

6

8

10

12

14

16

Radial Azimuthal

495.5 495.1

1.892 1.846

-0.6664 -0.7253

0.1446 0.0895

-0.0206 -0.0625

The coefficients

-0.0579 -0.0277

-0.0354 0.0185

-0.0140 0.0961

Radial Azimuthal Radial Azimuthal

495.7 495.2 495.9 495.3

1.855 1.877 1.803 1.$63

-0.7263 -0.6909 -0.6850 -0.7144

0.1135 0.1691 0.1847 0.1552

-0.0669 -0.CO04 -0.0049 “-0.0212

below mainly represent error

-0.9311 -0.0037 0.0002 -0.0038

0.0110 -0.0031 -0.0015 0.0021

-0.0048 -0.0134 -0.0069 -0.0003

We may estimate from above that the field values have

a precision of about 1 part in 5000 ( 0.02\ )

for locations near radius - 5

.1,J,/
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For electric and magnetic fields in source-free space,

potential and field functions are continuous

with continuous derivatives to all orders.

(This is a property of Coulomb’s Law and Biot-Savart Law;

actual fields are superpositions of Coulomb and/or

Biot-Savart fields. )

Therefore, We may mite our functions of interest

as expansions in a particular family of

orthogonal functions.
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D.E. Lm, TH= WC

IF Wc P9SW*- :

WLY, Z) = !“ ? f“ amnp Tin(U) Tn(v) Tp(w)
m=O n=o p=o

-l-m”:
Mm Nw n m am”

Bx(xcy,z) - - ~ ~ ~ J Um.l(d Tn(v) TP(w)

m=O n-O p=O a

Hn N,, R n amn
By(x, y,z) - - ~ ~ ~ ~ T~(u) Un ,(V) T (W)

m-O n=O p-o b P

tlW N,, P,, p a
,Bz(x, y,z) = - ~ ~ ~ a T#) Tn(v) UP-l(W)

m-O n-o p-o c ,,,,



M,, N,, P,,

‘* I I I 9~n2[~)UP.l(U)T(V)T(W)B(U
r-o s-o t“o rug Ptxr’vs’wt

Mn Nn Pw

- & ~ ~ I TP(u, ) sina(~) Uv-l(v ) ‘1’ (w ) B (u
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XY,

These formulaecan be reduced

to two dimensionalformulae

for planes

or YZ, or ZX

parallel to

coordinate planes

and to one dimensional formulae

x,

for

or Y,

Unes parallel to

or z coordinateaxes.



we ao not have OPERA source cde ~

we cannot instruct OPERA to

calculate fields at the desired locations

of a “Chebyshevgrid”.

TemporarySolution

We generate

grid, we do

of these

OPERA data on a

local quadratic

finely spaced

interpolation

values to obtain values at

the desired locations.

Another temporaryproblem

We need to use large values of M, N, and P

in the coefficientcalculationsso as to

adequatelysample the field,

but we need to be able to set to zero

(i.e., not calculate,not use)

coefficientsof order higher

than a specifiedorder.

,’),
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---------- ----- ____T8QQ ( 4186 Points)

XY plane at Z-O

X ranges from 0.00 to 9.00 NX = 91 DX = o
Y 0.00 4.50 NY “ 46 DY = o

The fit Was M=20, N-20.

---------- CHEBYSHEV COEFFICIENTS ----------

The BX, BY, PHI coefficients are grouped by values of m and n

n-O n-1 n-2 n-3 n-4

m-O

BX 0. COOOE+OO O. 0000E+OO O. OOOOE+OO 0. 0000E+OO 0. 0000E+O(
BY 0.0000E+OO -.2014E+04 0.6082E-01 0.1192E-01 -.2044E-0]
PHI -.4028E+04 -.20L4E+04 -.1370E-01 0.6335E-01 -.1243E+O(

m-1

BX
BY
PHI

In- 2

BX
BY
PHI

m-3

BX
BY
PHI

m-4

BX
BY
PHI

-.2019E+04 ‘.1OO9E+O4 -.2317E+O0 -.8256E-01 -.9094E-0]
0.0000E+OO -.101OE+O4 -.2535E+O0 -.9469E-01 -.2631E-o]
-.2019E+04 -.1OO9E+O4 -.2738E+O0 0.2245E-01 -.1088E+OC

-.4109E+O1 -.2133E+01 -.5286E-01 -.5978E-01 -.4839E-01
0.0000E+OO -.2133E+01 -.8714E-01 -.4489E-01 -.3379E-0]
-.4153E+01 -.2133E+01 -.1043E+OO -.4728E-01 -.6731E-0]

0.1136E+01 0.7872E+O0 0.2404E+O0 0.7454E-01 0.9264E-0:
0.0000E+OO 0.7823E+O0 0.2804E+O0 0.5022E-01 -.1347E-01
0.1121E+01 0.7639E+O0 0.2613E+O0 0.438(~-01 -.3233E-01

0.2823E+O0 0,1599E+O0 0.32!3E-~1 ,0.2043E-02 0.5468E-02
0.0000E+OO 0.1874E+O0 0.3501E-01 0.1393E-02 -.2168E-01
0.2608E+O0 0.1468E+O0 0.4147E-01 0.4977E-02 -.6741E-02



--------- T8QQ (4186 Points) ------ ----

XY planeat Z-15

X rangesfrom 0.00 to 9.00 NX - 91 Dx - 0.10
Y 0.00 4.50 NY- 46 DY - 0.10

The fit was M-20, N-2!).

------- --- CHEBYSHLV COEFFICIENTS ----- -----

The BX, BY, PHI coefficients grouped by values of m and n.

n-O n-1 n-2 n-3 n-4

m-O

BX 0.0000E+OO 0.000CE+30 0.0000E+OO 0.0000E+OO 0.0000E+OO
BY 0.0000E+OO -.1078E+O4 0.2006E+02 0.7448E+01 0.2193E+01
PSI -.2184E+04 -.1077E+O4 0.2095E+02 0.8257E+01 0.2834E+01

m-1

Bx -.1086E+O4 -.5329E+03 C.1466E+02 0.5760E+01 0.1766E+01
BY 0.0000E+OO -.5325E+03 0.1500Z+02 0.5997E+01 0.1881E+01
PSI ‘. 1085E+O4 -.5315E+03 0.1588E+02 0.6778E+01 0.2495E+01

BX 0.1571Z+02 0.1346E+02 0.8186E+01 0.3529E+01 0.1195E+01
BY 0.0000E+OO 0.1381E+02 0.8583E+01 0.3835E+01 0.1371E+01
PSI 0.1702E+02 0.1474E+02 0.9377E+01 0.4481E+01 0.1872E+01

m-3

BX 0.1326E+02 O.1OO3E+O2 0.4941E+01 0.2082E+01 0.7143E+O0
BY 0.0000E+OO O.1O37E+O2 0.5336E+01 0.2433E+01 0.9301E+O0
PSI 0.1439E+02 0.1115E+02 0.5960E+01 0.2896E+01 0.1277E+01

BX 0.4664E+01 0.3672E+OI 0.2021E+01 0.9505E+O0 0.3918E+O0
BY O.(.JOOOE+OO 0.4026E+01 0.2363E+01 0.1262E+01 0.5913E+O0
PSI 0.5500E+OI 0.4480E+01 0.2732E+01 0.1521E+01 0.7659E+O0



------ ---- TOw_SWAP ( 2257 points) ----------

comparedto all other diagrams and examples,
the coordinate axes have km cyclically permuted:

Ml other diagrams This eXaiTlpl
and examples

Horizontal to the right x Y’
Vertical Y z’

Beam axis z ~1

,11(,



------ ---- T8QQ_SWP ( 2257 points) ----------

Horizontal to the right: Y’, VeR~cal: Z’, Beam axis: XI,
X’Y’ plane at Z’-4.5

X’ ranges from
Y’

------ ----

no

m-O

BX 0,0000E+OO
BY 0.0000E+OO
PHI -.5348E+04

m-1

Bx 0.1944E+04
BY 0.0000E+OO
PHI 0.1906E+04

m. 2

Bx 0.5080E+03
BY 0.0000E+OO
PHI 0.4998E+03

BX -.2606E+03
BY OOOOOOE+OO
PHI -.2488E+03

m-4

BX -.2367E+03
BY 0.0000E+OO
PHI -.2273E+03

5.00 to 20.00 NX = 61 DX =
0.00 9.00 NY - 37 DY =

The fit was M - 20, N - 20.

CHEBYSHEV COEFFICIENTS

n=l nm2 n-3

0.0000E+OO 0.0000E+OO 0.0000E+OO
-.2691E+04 -.1259E+02 0.3219E+01
-,2687E+04 -.8712E+01 0.6452E+01

O.1O29E+O4 0.7521E+02 0.2428E+02
0.9921E+03 0.4458E+02 0.3652E+01
0.9928E+03 0.4521E+02 0.4191E+01

0.2982E+03 0.5140E+02 0.6739E+01
0.2952E+03 0,4993E+02 0.6845E+01
0.2908E+03 0.4602E+02 0.3595E+01

-.1587E+03 -.3735E+02 -,1116E+02
-.1454E+03 -.2649E+02 -.3742E+01
-.1476E+03 -.2833E+02 -.5329E+01

-.1625E+03 -.5604E+02 -.1329E+02
-.1585E+03 -,5391E+02 -,1291E+02
-,1542E+03 -.5036E+02 ‘.1018E+O2

0.25
0.25

------ ----

n-4

0,0000E+OO
-.9844E+O0
0.1415E+01

0.8712E+01
-.1784E+01
-.1390E+01

-.2371E+O0
0.8770E+O0
‘.1518E+01

-.2712E+01
0.1302E+01
0.2475E+O0

-.1491E+01
-.2195E+01
-.1481E+O0

We now raturn to tha usual coord!nata syutaml

Horizontal to the right! X, Vertical: Y, Beam axial Z

\ll’



A Comparison of the

(Mgher order 3D fits

results of an M - N = p - 7 Chebyshev fit

cannot be done until a progrm bug is fixed)

to TOW (8789 Pints)

9.00 NX - 26 DX - 0,36
x ranges fr~ 0.00 to

4.50 m- 13 DY - 0.375

Y
0.00

15.00 ?4Z - 26 DZ - 0.40
z 5.00

against the results of OPERA calculations
at representative locations

(since the Yz and ZX planes are zero equipotential surfaces
- POT(O,Y,Z) )

we ~pect HX(X,O,Z) = HY(O~Y~Z)
= POT(X,)/z)

------- ---

XYZ

0,0 1.5 13.0 OPERA
:,: :.: 13.0 FIT

13.0 t DIFF.

6,0 0.0 12.C OPERA
:.: :.: 12.0 FIT

12.0 * DIFF.

6,0 1.5 13.0 OPEM

6,0 1.5 13.0 FIT

6.0 1,5 13.0 t DIFF.

9,0 4.5 7.0 OPEW
9,0 4.5 7.0 FIT

9.0 4.5 7.o t DIE’F.

3.0 4.5 8,0 OPEM

3.0 4.5 8*O FIT

3.0 4.5 S.O $ DIFF.

0,0 3.0 14.0 Opm
;,; ;.: 14.0 FIT

14.0 t DIFF.. .

9,0 3.0 10.0 OPEM
9.0 3,0 10.0 FIT
9.0 3,0 10.0 t DIFF.

6,0 0.0 7.o OPEM
6,0 0.0 7.0 FIT

6.0 0.0 7.o t DIFF.

0.0 3.0 6,0 OPEM
0,0 3,0 6.0 FIT
0.0 3.0 6,0 t DIFF.

CHEBYSHW COEFFICIENTS

HX

105.098
105.78

-0,11

0.0395
-0.4974

124.185
124,06

-O.10

452.770
456.38

0.80

438.958
439.09

0.03

108.37c
187.80

-0.31

;:: . Ego

-0:75

-0,0006
0,0603

291,303
291,05

-0,11

w

0.0072
-0.4404

493.142
494.770

0.33

456.316
456.65

0.07

902,702
905.71

0.33

291.416
291.75

0.11

0.0045
0,4182

890.786
890,01

-0,98

;:;.;:0

0:07

0.0071
0,0199

------- ---

HZ

-0.0015
0.2451

-0.0024
-0,8034

-79.1127
-79.162

0.06

-5.6201
-4.5854

-18.41

-20.6492
-21.332

3.31

-0,0019
-0,3517

-46.7594
-34,706
-25.78

-0,0003
0,1246

-0,0002
-0,0589

POT

0.0000
3.5049

0.0000
-1.8509

-675,580
-676,69

0.16

-4026.93
-4017,3

-0.24

-1292.7
-1298.2

0.43

0,0000
3,5707

-2613,93
-2605.4

-0.33

0,0000
-5.9809

0.0000
-3,8794
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1,We areinterestedinthestaticmagneticfieldwithina source-free rectangular cube specified
by

x,~x~x~,y]sYsY2

1 where x, y and z are local Cartesian coordinates.

Zlszs+ (1.1)

We arcalso interested in rectangulu UCJS
parallel to the Cartesian coordinate planes and in fields along lines parallel to the Cartesian
coordinate axes,

Under some syrnmemy conditions, data neal to be available only over a certain portion of
this region; his is discussed in Section 10 below. We define

a= (x2- xl)~, b = (y2 - yl)~ , c = (q - Zl)n

i = (X2 + Xl)n, j = (Y2 + y,)n, z = (q + 2,)/2

u = (x - ;)/& V=(y-j)h, w = (z - i)/c

so that
Iul$l, Ivl$l, Iwlsl.

The magnetic field ~(x,y,z) is characteriud by a scalar potential ~(x,y,zj wih

4
Bm-V~

with

B=.-:, By.-:, B1 .-:,

(1.2U)

(1.2bJ

(1.3)

(1,4)

(1.5)

(1 ,6)

i’ “
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DaLa values are available either from a magnetic field calculating program or

from measurement.

In the followlng section WL i~cuss some properties of orthogonal functions,

of orthogonal polynomials, and of Chebyshev polynomials, Ue then show that

various common methods of fitting ❑agnetic field data are formally equivalent

to a Chebyshev fit. An analytlc form 1s postulated for the fitted field

configuration and properties of this representation are presented.

2. Orthogonal functions, orthogonal polynomials and Chabyshov polynomials

Let us write f(u), an arbitrary function of u, as an expansion in a family of

orthogonal functions gn(u)

f(u) ■ ~ a g (u) .
,-0 ‘J

(2.1)

If the g,(u) form a complete set, the RHS has the value

~~m Jf(u”c) + f(u-c)l (2.2)
C+o 2

at all values of u, Since we ● re interacted in -1 s u S +1, w. lntroduao th.

intermediate varlablo c with

u ● 00s c , -1 $ us “1 , Oscsw,

and urlt~ the Fourier cosine eerles

(2.3)

(2,4)

This Implles that f(u) 1s an even function of CI this 1s of no lntnrest in thn

present context ~lnce we are lnteru~tod in O $ c > n And are not Int.nrested in

-w < c < 0. The coefflclqnts aro glvun by

il
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*J= 2/11 jm f(u) COS jc dc .
C=o

(2.5)

The truncated series
J,

f(u) ● ~ dj cOs jc
j-o

(2.6)

has the property that, for a given value of J, the squared error integrated

over (1 s c s n is a minimum compp-ed to the integrated squared error resulting

from any other choice cf coeffici~. nts in the truncated series.

A further truncation ~a:

J,, J
fj(u) = ~ dj co~ jCE ~ dj COS JL - l/2[do + d~ cos Jc]. (2.7)

jml j=l

This form allows the use of a particular Summation orLhogonality relationship

(Eq, 6.8 below) to calculate the values of the coefficients,

General properties of Chebyshev polynomials of the first ●nd second kind are

presented in references 1, and l). Tho Chebyshev polynofnlal of the first

kind, Tn(u), 1s ● n n ‘h order polynomial which 1S even if n 1s ev.n ●nd odd if

u 1s odd ●nd which 1s represented ovor the range -1 S u S +1, O S c 5 w, by

Tn(u) - cos nc ● cos[n(oos-’u)]. (2,8)

It has its (n-l) extreme values of +1 and -1 locatod at

kw
Ck=~ ‘k - Coa (:) k- l,?,. ,,, (n-1) . (2.9)

Values at the ends of the range of intor@st are *1 at u ● +1 mnd (-l)n at

u- -1. The regul~r spacing of the valu@s Ck “ kmln bn(?ome8 a dlstortad

nf)aclng of valur?s cos(kn/n) with points more clonely spAc9d near u ● tl and

m(nrn dlotnntly ?Dflred near u - 0.

Ill
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Cheyshev polynomials of the second kind, Un(u), are obtained by

differentiating Tn(u):

dTn dTn dc
n 2+&.LLnun_l (~)

r=——” d{ du

u*.l(U) =*

We may write powers of u and v as expansions in Chebyshev polynomials:

“H
= ~ a Tin(u)

❑.o m

The Cheby9hev polynomials of the flrat and second kind are related by

Tn(u) - l/?[Un(u) - Un-2(U)]

The coefflclcnts in the inverse rolatlormhlp

n&2

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

do not have a almplo form.

Fornt2andlulSl, lt 18 ronvonlent to oalculato numerloal values using

the recursion relationships

Tk(u) - 2U Tk-l(u) - Tk-2(u)

knd

Uk(u) = ?U Uk.l(u) - uk.2(u) o

(2.16)

(2.17)
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A few Chebyshev polynomials of low order are presented in Table 1, with the

inverse results presented in Table 2.

I’able 1.

n Tn(u) Un(u)

o 1 1

1 u 2U

~ -1 + 2U2 -1 + 41J1

3 -3U + 4UB -41J ● Bus

4 1- 8UZ+ 8u’ 1 -12u2+16u”

Table 2.

v

1 TO u,

u Tl(u) $ u,(u)

u’ ; [T, ● T,(u)] +[U, + u,(u)]

u’ ;[3TI(u) + ‘f,(u)] * [2 U,(U) + u,(u)]
-. ..— .—

u’ L [3T (u) + UT,(U) ‘ T (u)] ~[2u + 3U hJ) +uhdj
8’ b

16 0 9 Q

- #—— -.—. . ——— — .— .. ..

.ill
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3. The One-dimnslonal truncated Taylor series

It 1s very usual to represent the field componenL normal to the median plane

(ZX plane} along a z ■ z, line in the median plane (y=O) by

Substltutlng Eq. 2.12 above, we ❑ay write

by(x) = ~ f
j~O k=O ‘J a’ ‘k(u) - ;!0 ‘k ‘k(u)

(3.1)

(3,2)

so the one-diroenslonal Taylor series representative is formally equivalent to

a Chebyshev expan~ion,

It should be noted that a Taylor series has poor properties for purposes of

numerical flttlng: for j 2 2 the power u’ varies slowly near u = O and rapidly

near u ● tl,

4, ‘fhe two-dimensional trunoated Taylor sorles

A common representation of a componen~ of a two-dimensional field 1s

By(x,y) ■ I ! c J “k
JJOkO ‘k-.

(Uol)

Substltutlng Eqs, 2,12 and 2.13 we may write

(4,2)
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5. TWO- ●nd tmee-dimensional harmonic representations

For a two-dimensional field (functions of x and y with no variation along the

z direction) it is convenient to use the complex independent variable

(=
iex . iy . re (5.1)

with the complex potential

W(K) = A(C) + lY(C) (5.2)

where A and v are the veCtOr and scalar p0tentla19 respectively. Truncated

solutions of the two-dimensional Laplace’s equation may be written in the

form
N N

w(c) ■ ~ Yn (n m ~ 7 [COS ne + i sin ne] (5.3)
n=O n.o n

with the fields given by
N

B + 1 B ● -*=-
dc

~ n Y ‘j’ xm(iy)n-’-m(l)l)
Y x nn-l mrn.o

(5.4)

Substituting Eqs. 2.12 and 2,13 above, we again obtain a Chebyahev series in

the form
NN

By . i Bx m ~ ~ 6pq Tp(u) Tq(V)
p-; q-l

with 6 -Oforp+q>N,
Pq

The form of this result diffyrs frofn tho forfn of the result pr~sented in

Eq . 4,2 in that the latter result allowea ror truncation ●t different orders

of polynomials in u and v.

The harmonic representation of a rndgnetlc fl~ld is practical only for a region

that 19 & circular disc. Values obtained by oxtrapolatlon beyond the disc are
th~,rOne to error since the n order hal’monlc is a?noclated with a radial

‘ “2 for the ~)otontlal nnd (xi + y’)d(~pondqnce of (x’ + y )
(n-l!/2

for the
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Three-dimensional fields within a cylindrical volume may be represented by

harmonic series where coefficients are functions of z (reference ‘)); however,

this is practical only if the variation of the field with z is “slow” compared

to the varlatlon with x or y.

6, Three-dimensional Chebyshev fit

He wish to have a representation in which the x, y and z directions are

treated in the same manner. He also want this representation of a

three-dirnenslonal field in three-dimensional space to reduce easily to forms

appropriate to three-dimensional fields on planes parallel to coordinate

planes and on lines parallel to coordinate axes. lie postulate that the scalar

potential $(x,Y,z) and the field compments (~ ■ -V$) may be represented by

the following truncated Chebyshev series (the ~“ notation Is defined in

Eqt 2.6 above):

*( X,Y, Z) - !“ !“ !“ampTin(u) Tn(v) Tp(u)
m-o n.o p-o

(6.1)

Mm N,,
Bx(x,y,z) _ - ~ ~ j’~Um-l(u)T (v) T(w)

n P
(6.2)

M.O n.o p.o a

Mn N.
BY(x,y,z) - - ~ ~ ;“ ~T (U) Un-,(v)T (w) (6.3)

m=O n=O p=O bm P

Mm Nn
Bz(x,y,z) - - ~ ~ ~“ ~Tm(u)T (V) Up+) (6, LI)

n
m-O n=O p=O c

The orthogonally result

f w m-n=O
+1

J Tin(u) Tn(u) (h’) -o”s

L

~u . q rn-n*O
-1 ;

o mon

;Il 1s not In a convenient form for numerical integration due to the behavior of
(,@-o”5 as u * +1 and u ● -1.
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The orthogonally result

~+’ Urn-l(U) Un-l(u) (hJ’)o”5 du = ; 6mn
m>1

-1 n>l
(6.6)

could be integrated numerically.

More convenient forms for numerical computation are the following summation

orthogonally result,a:
T

and

with

{

o j ●k
M,,
~ (sin’ f) Uj-, (ur) Uk-l(ur) = M .j=k*O or J=kmM (6.8)

p.o
o .j=k=O or J=k=tl

u ■ Cos $ (Osrsrl)
r (6.9)

v ■ COS ~ (OS8SN)
3 (6.1o)

■ C03 ~‘t (osts P). (6.I1)

Eq. 6.7 1s presented in many references (for e~ample, 1, and a)); since

Eq. 6.8 18 not presented in many of the standard works, a proof 1s presented

in Appendix I.

The coefficient a ~vp 1s calculated from input data values of $(ur, v~, Wt) by

8 ‘“ ‘“‘“
a

llvp= m ~ ~ ~ Tv(ur) TV(V~) Tp(wt) $(ur, V3, Wt) (6.12)
r=O s=0 t-O



-1o-

Once these coefficients have been Calculated, Ew. 6.I to 6.4 w be wed to

calculate potential or field values at any desired location.

Since the $, Bx, By and Bz fits of the same field should, in theory, all yield

the same set of coefficients,the lack of correspondence of coefficients

calculated using different components of the same input field data will give a

measure of the lnconalstencY In the input data andlor errors assoc~ateti with

the truncated fit. For example, coefficients calculated using $ data may be

used to calculate Bx, B and B. values at the data points; these results ❑ay
Y-

be compared to the input Bx, By, Bz data values. Coefficients may be obtained

from Input data values of 6 by

a= - --& ~“ ~“ ~’~sina(~) Uu-l(ur) T (v ) Tp(ut) B (u v Wt)
blvp r.o S.O tmo Vs x r’ S’

(6.1s)

a= - =& ~“ ~“ ~“ 7B(ur) ~ln’(~) Uv-l(V~) Tp(wt) By(ur, v,, Wt)
IJvp r.o ~.o t.o

(6.14)

and

a - ~ ~“ ~“ ~“ T (ur) T (v~) slnz[~) UP ,(wt) Bz(ur, Vg, W~) .
I.lvp m p.o ~.o t.o u v .

(6.15)

In Eq. (6.13), O < IJ < M; in ~q. (6.14), O < v ( N; and in Eq. (6.15),

0< p < P. The 10M order coefficients not calculated are those that play no

role in the appropriate field ●xpansion, The high order coefficients not

calculated are those for which all terms in the summation are zero due to data

value~ being located at zeros of the Cheby~hev polynomials of the second kind.
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lt is important to note that, due to the terms sins(f), sin*(~) and

sin2(#), the field components normal to the bounding surface of the

region play no role in Eqs. (6.13) to (6.15). For this reason, it is

prudent to have the region of input data somewhat larger than the region

for which fitted values are desired.

7.

Let

The equations for the three-dimensional field in a plane parallelto a

coordinateplane

us consiter the case in which Bx, By and Ez field data are avajlable over

a rectangular area in zn xy plane at z = z~ (W = UC). If we write

then

P,,
B (WC) - ~ ~ T (WC)

❑ n
p=o

mnp p

Ymn(wc) ■ j’ !3!2P.“p-,(. )
c

p=o c

M,, N,,
*(X,Y,ZC) = I ~ Bmn(uc) Tin(U) Tn(v)

M-O n=O

Bx(x,y,zc) - - !“ !“ ❑ ‘mn(wc) urn-,(u) Tn(v)
m.o n-o A

By(x,y,zc) = - !“ !“ n ‘mn(wc) Tin(u) Un-l(v)
m=O n=O B

BZ(X,V,ZC) - - ~“ ~“ Y (w ) Tin(u) Tn(v)
m-o n.o ‘n c

f7,1)

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

,11°
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The coefficients are obtained from input data values by

4 II,, N,,
BBV(WC) “ — ~ ~ T (ur) T (v~) *(U ,V ,W )

m r=o S=o u v T9C

4A Mm N,,

Buv(uc) = - — ~ ~ slna (~) U#r) Tv(v~J Bx(ur)v~,wp)
Imp r-o s-o ,

4B M,, N,,
B&) - - — ~ ~ T (ur) sina(~) UV-I(V9) By(ur, v~,u )

MNv r=o S=o u c

4 M,, N,,
Y“v(wc) = - — ~ [ T (U ) T (US) BZ(UF, V ,U )

HNr-os=ourv
Sc

(-(.7)

(7.8)

(?.9)

(7.10)

ln Cq. (7.8) O < p < M, and in Eq. (7.9) O < v < N.

Equations for the planes x ■ Xc(u = Uc) and y M yc(v ■ Vc) are obtained by

cyclic permutation of Eqs. (7.1) to (7.10).

8, The equations

parallel to a

for the three-dimensionalfield●long ● line in a plane

ooordlnateaxla

Let ua consider the case in which Bx, By and Bz field data are available along

the llne parallel to the x axis ulth y = yc (v = Vc) and z - Zc (w - UC), If

we write

N P“
6m(v#c) - ~“ T (v ) ~ Tp(wc) amp

ncn~o p-o

Nn n Un-, (vc) Pn
Cm(vc,uc) = [ [ TP(wC) amnp

n=O B p-o

~“ Tn(uc) ~“ = UP-l(W )IIJvc, wc) ■ .
n-o p=o c c

(8.1)

(8.2)

(8.3)
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M“
$(X,YC,ZC) - ~ 6 (VC, WC) T (U)

❑❑.o m

F+, ❑ dm(vc,wc)
Bx(x,yc,zc) = - ~ u

m-O A m-+)

By(x,yc,zc) ■ - ~“ cm(vc, wc) T (U)
m=O ❑

Bz(x,yc,zc) ● - ~“ nJvc, wc) Tin(u)
m=O

The coefficients are obtained from input data values by

2 I’1”
6B(VC,UC) - - ~ T (ur) IJI(UP,VC,WC)

M r.o B

2A f?,,
6B(vc,wc) = - — ~ sins(f) U ~-l(ur) BX+VC,UC)

UH r=o

2 M“
C$ve,wc) = - - ~ TB(ur) By(Ur,VC,WC)

~ r-o

2 M“
np(vc,wc) - - - ~ T (UF) Bz(ur, Vc,Wc)

M r.o B

In Eq. (8.9), u > 0.

(8.4)

(8.5)

(8.6)

(8.7)

(8.8)

(8.9)

(8.10)

(0.11)

Equatlona for the lines z = Zc, x = xc and x = xc, y = y. ● re obt~lned

by cyclic permutation of Eqs. (8.I) to (8.11).

.1’1
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9. A Chebyshev fit for ● two-dimensional magnetic flelcl Clerlvecl from ●

vector potentiml

If we po~tulate Az(x, y) = ~“ ~“ 6mn Tin(u) Tn(u), (9.1)
❑-o n.o

aAz
then Bxm —.

!“ !“ (% TJu; Un-l(V) (9.2)
ay M-O n=O B

aAz
BY.-—.

yn y (- & -

) Urn ,(u) Tu(v) (9.3)
ay ❑-O n=O A

In theory, an expanglon of the functions Un in terms of functions Tm would

allow Eqs, (7.4) d (9.2) for Bx, and Eqs. (7.5) and (9.3) fot By to be

brought to the same form; however, in practice this would not be worth the

e!’fortm

l:.
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10. Symmetry Properties

He shall consider the Consequences of particular functiong being either even

or odd function of u, or v, or w.

10.1 Mldplane Symmetries and Antlsy’mmetr~es

Values of a
‘J

that are conatralned
mnp

to be zero, for L = 0,1 ,2,...

a) Bx even in u odd in u m=2&

b) By even in v odd in v n=2&

c) Bz even in w odd in w p=2i

d) Bx odd in u even in u m- 2L + 1

●) B
Y

odd in v ev8n in v n- 21 + 1

f) Bz odd in w @von in w p.2L● ~
-–
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10.2 Symmetfic “Dipule”

a)

b)

c)

--l
Bx B Bz

Y

ode in u even in u even in u

odd in v even in v odd in v

even in v odd in v even in v

odd in w odd in w ● ven in w

even in u even in w odd in w

even in u odd in u odd in u

10.3 Asymmetric ‘Quadruple”

.—

—-

a)

b)

a)

..—

Bx B
Y

Bz

— I
even in u odd in u odd in u

odd in v even in v odd in v

odd in v even In v odd in v

odd in w odd In w even in w

odd in w odd in w even in w

9ven in u odd in u odd in u

..-. .—— .——.. —

even In u

odd In v

even in v

odd in w

even in w

odd In u

odd in u

odd in v

odd in v

odd in w

odd in w

odd in u

Values of a that are
❑np

Cormtralned to be zero

fork = 0,1,2,...

and L - 0,1,2,...

m=2k*l

n-2&

n=2k+l

p-zt

p=2k+l

m.z~

values of amnD that ar{

constrained to be zero

for k - 0,1,2,..,

●nd i - 0,1,2,...

m-2k

n-21

—

n=2k

p=21
—

p=2k

m.zfi

. ..--—..- ~— - . - -—.-. .
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Io, u ‘Quadruple” Symmetry

In addition to the consLralnta

V(u,v,w) = -$(- U, V,W) (10.1)

and

which results in

*( U,V, W) = -$( U,-V, W) (10.2)

k = 0,1,2,...

a2k,2t,P “ 0 (10.3)
L - 0,1,2,...

He have for A = B the additional constraint

W(u,v,w) ■ *(V,U,U)

which results in

a
mnp - anmp”

(10.4)

(10.5)
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Appendlx 1

A Proof of the Summation Orthogonsllty Relationship

for Chobyshev Polynomials of th. Sooond Kind,

Let us consider:

1 n-1 UT’
-- ~ [codj-k): - cos(j+k)— 1

2 r-o n n

1-
.- Re ‘~l[exp[l(j-k):] - exp[l(j+k)~])

2 rmo n n

1

{

1- exp[l(J-k)w] 1 - exp[l(J+k)T]
=-Re

2 1- exp[l(J-k)#] 1 - exp[l(J+k)#] \

Fop LIle case J-k with both (.j+k) and (j-k) odd, we have

cxp[l(j-k)m] = oxp[l(J+k)w] ● -1

alll
1

{

2 2
s. - Re

~ 1 - exp[l(J-k)#] 1 - exp[l(J*k)#]
1

(1?1)

1

[

-2i[l cxp[-l(j+k)~]] -21(1 ●xp[-l(j+k)~]]
=-Re . —.—— —

9L exp[-l(j-k)::] - Qxp[l(j-k$-] exp[-l(J+k)~] - exp[l(J+k)&] 1

1

{

1 exp[-l(j-k)~] 1 exp[-l(j*k)&]
9 -Re — .-— - —-... . . . 4--—

~ sln[(J-k)~] sin t(J*k);] \
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1

{—-

i cos[(j-k)~] + sln[(j-k)~] 1 cos[(j+k)~] + sln[(j+k)~]
- - Re

2 sin[(.l+k)~] Sin[(j+k )%]
1

● 0. (1.3)

For the case j-k with both (J+k) and (J-k) even, we have

exp[l(J-k)m] - exp[i(j+k)m] = +1

and
1

[—-

1- exp[l(j-k)n] 1 - exp[i(.j+k)m]
s --Re

!

=0.
7& 1- exp[l(.j-k)~] 1 - exp[i(j+k)~]

(1.4)

For j-l-n or j-k-O we have

jnr 1 n-1
S=nj’sina —=-

2j wr
~ [1 - COS—] =~-!Ren~’ ●xp[l( 31

p.o n 2 f..o n 22 r-0 n

o J-k=O or’ J-k=n

(1.7)

(1,8)

i’
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NOU, since the r=O and r=n terms in the sum are both zero, we ❑ay write

tdow, with

and

j ●k

J=k=O or j-k-n

j=k=O or j=k=n

u = Cos :
r

sin j(~) = sin(~) Uj.lturl

(see Eq. (2.11)), the above relationships can b. written

~“ sin’ ~ Uj-l(ur) Uk.ml(ur)
r-o

1

o Jmk~n or J=k-O

(1.9)

(6.9)

(1.10)

(1,11)
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< Fringe Fields ( Dipole ?). ~

\

●

●

●

●

Basic equations.

The importance of being
analytic.

Maps versus particle
tracking.

Questions.



Midplane Symmetric Case=

Scalar potential: # . E_ + Z
‘z &2 &2

(-ly *
~x!B@-p4Y2~+f

●

v–—
1=0

Magnetic field:

This expansion
makes sense only if
the derivatives of
By exist.

● mm

.-



Hamiltonian equations.

H ——+@-m2–~’–~;–Az

Ily=Py-Ay

x=

.

Y
——

.

dH Z7x—=
aPx df+ll 247:47’

i)H n Y—=
aPY Jf:–?nw;-ll;

?=
—=

af ? 4P~–m2–~’–@

.

Px=

.
.

PY=

1

aA

‘n” +
ax

.

+

aAz

ay

We need the vector potentials.



f Vector Potentials. T

m,o,z)=
●

w

just one possible
Of 9W9em

‘z This is

By(x,o,z’)dz’
choice

w Particularly convenient
if no x dependence, but

x
(-lyd~flx ~ ~1y21 it can be used in the

Ax= [2 [)! ‘z p ~ general CaSem

[=0”

w

A x
( ly

Y= 4$Z—$X,0,Z) yzl+l
/4 p 1+1)!

Az= o

. . — .



F‘ The Importance of being analytic.

● No matter what method is used, if one
wants to expand final conditions as a
polynomial of the initial conditions, one
assumes the existence of a series
expansian of the potentials.

● Maxwell equations force analytic solutions
in current-free regiOnSm

● There is no such thing as a “Maxwell
Spline”.

● The only way to interpolate measured data
in away consistent with Maxwell equations
is to use a single analytic fUnCtiOnm

● Analytic functions have the added

i
advantage that one can usually take the
derivatives exactly and program them.

-m. . 6-.- r



Map Methods.

Rather than integrating particles and then deriving
Taylor series coefficients, directly compute the
coefficients.

In simple cases we can derive analytic results, in
general we derive ordinary differential equations
for the Taylor coefficients and then integrate them
numerically.

Faster than integrating particles (?) and possibly
more exact (?).

Not necessarily related to either Lie or Differential
Algebras.

One possible algorithm (GENMAP) computes Lie
A coefficients, but one does not have to use them._- 1



~ Equations for Maps.
The equation of motion for a particle
can be written as.

( Pz= x, x, y, Py, r, f’?)

J ilH Dot denotes derivativewithrespect J=
i= —az to independentvariables.

If we introduce a set of functions
giving the initial coordinates in term of
the final ones:
z~(o) = T~(s,z)

Then the foilowing equations follow:

‘010000’

-100000

000100

00-1000

000001

dlooo-Io~

aH ari

These arePDEs. my can be solved for the.
T Taybr coefficientsof Z Then,afterinversion,——

i=az Jaz wecanobtainthecoefficientsOfthemap.

L This methodk actually used in HOOPLA.



Implementationm

The direct integration method has been up to now used
only for Haibach (permanent ) magnets or Walstrom
(see next talk) magnets but it is generally applicable.

The field models used are analytic formulas derived by
P. Walstromm

The programming has mostly been done by J. van Zeijts.

For very high order one needs to be very careful,’ since
the high order derivatives cscillate very fast.

We tend to prefer self-adjusting, variable step methods.

Alternatively, since the potentials are analytic, we can
use very high order Adams methods, but still use
brute force doubling of the number of steps until the

L.- results stop changing. Exact to 13 digits! Round-off? 1

-*r- -w< . .
.——. . —— . .



Plot of Conductor Center Line
Wldlq tiogtb= O.-O *- CD4 s- ● = z.-

k. d mr9q/k&. 10 wii d n.u~. ozow

woo D= z Cunmt=S3.0317
I

.



~ Application
Beam expanding telescope aberrations. I

List of contrib~tors:

AmDragt, University of Maryland, A. Jason, LANL,

R. Kraus, LANL, C. T. r.lottershead, LAPIL, P Wdstrom,
Grumann/LANL,

J. van Zeijts, University of Maryland.

L -, . ....2



Fifth Order Correction

Thanks to Tlie, it is now possibletofitfifthorder(12-pole

correctors.

Fifth order geometric aberrations are generated by -

~e = AZ6 + %4y2 + CZ2y4 + Dy6

Therefore four duodecapole (m=6) trims are needed to can-

cel these four coefficients

Tlie did it for thin shell REC multiples in alternating 0.5

m sections of Quad A and all of Quad 13:

,
DDA1 DDA2 DDA3 DDB

Field (Tf na5) 2.70 -L8~ 0.516 -0.028
Percent of quad, -5.44% 3,75% -104% -0.032%

Multipole comectors incre~e the next higher geometric aber-

ration in the corrected maps. Th~e agree
statistics in appropriate cases :

●I .

with tracking

RMS kick amplitude at 10 cm
Focused (Cl) octupole9 (C3) Duodecapoles (5)

Order 3 93,94 0.0 0.0
Order 5 0s62 6.71 0.0
Order 7 0.031 0.035 1.283
Order g 0.0036 0,0038 0.1016 *

o Computing to 2 orders higher than correction is required

for =curacy.
AT DtVISIOfi

Ilm AUmiK
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- rosa m Fidd k“dysis

w co YY ediond lw+ipcde~

440

.. .



o High RedUtion spectrometer Pair HRS2

- Two identical 4 GeV/c spectrometers, QQDQ configuration,with---- -. — .—
superconductingmagnets

- Focal pha instrumentation: Vertical drift chamber-, sclntlllatfon

●nd Cerenkov counters,showerdetectors,focalplmw proton—.
plurimeter-— A

o High power solld and cryogenic targets ~ q L c

I

o Beam Iina equipment

- Includlnghigh powerdump and _tim pokwimeter.

,0 Data acquMAocI ●nd counting house equipment

1 DOVG3
11/1
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Table I. Quadruple Requirements

Magnetic Length 1( )m

Useful Aperture (mXm)

Useful Aperture Field (T) -
Quadruple (T/m)

Sextupole (T/m2j

Octupole (T/m3)

Gradient Uniformity AG/G

Distance horn Target (m)

Q1 Q2 Q3

0.8
&22x0.30

13.

8.650

0
0

10-3
2.2

1.8 18
0.50x0.36 0.33;0,55—

-0.88 - -0.82
-3.116 -2.946.
0.123 1.000
1.767 -1.037
10-3 10-3 ‘
4.75 18.96

Table IL Design Parameters ,

IcJ11Q21 .,,,
Field Gradient ‘ 9.0 3.5 T/m

Magnetic Length 0.8 1.8 m

Useful Aperture 0.3 0.6 m

Gradient Uniformity 10-3 10-3

,, ,,

I

IL, . ,,



I
I

—

LJne ofSight
Sliekliu

Tar@

.

-
Ihk”

FbOr Plate!B(3)-

- Cradle ‘ S&iddhlg

‘-Rolk!rsGantry

.,

>
$.

4 GEV SPECTltOMETER/SUPPORT ASSEMBLY



Notes:
.

Conduzmr:

O.,

are in mm

184+ 1-

P&r-t

6

Haxinunoperdhg cwrenk 1850A
Average -rent dmsily: 67.5 A/mm20 1850 A

0.90 -h-t
Acceptance test rnxrent: 2000A

m ‘~

S.C. insert
k =3000 A/mInzt12.5T,4.5K [solder filled)
Jop=lS75.%m2@25 T,4.5K

*

14
C~”te -e hsert: .025 IIUIIKapton tape 4.62

- Cmfigtsatim flattened (Rutherford) cable 2 half wrap laps

-~of*e=18

I

15.1[

.90

- Wire &nwter: 0500 rra (19.7 IAS)

- C*Tl ralia - M. =KteyL#
“Copfxf M3drok

- Arett ZS.6 an 2 2.(34

- Average cured density at operat-mg cwrent: 72.3 A/mm2

- f4a?eriak Oxygen Flee Hgh Conductivity OFt-tO (CDA 102),

1.85 U Conductor of Reference Design
Figure Q. 15 2/4/91
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Why COS(20)

Irondominatedquadruple

. l?ieldshapedby ironpole

design?
-.

faces

Cannot reach gradient specification

Panofsky quadruple

Allows rectangular aperture
Lower Ampturns and stored energy
Complicated end shapes.
Dificult to obtain desired jield quality.

Auziliary multipole windings

dificult to incorporate. . ~~~~~ ~~~~ ~~

COS(20) quadruple

● cylindrical geometry

● simple end shapes

. Easier mechanical design

. Auxiliary multipole windings easily
implemented

. ISR/LliZP proven technology
Higher Amp-turns and stored energy



COS21~Current Distributim

UG@ic %ld h ~ c@kkal geometry

Bo(r,O)= ~q,r‘-tosno

where n “s on

Note that n uives rise tO 2n Doles

~S is a QUADRUPLE with Cm2@

Perfect Cos26 practical Approximations

intey.

cunent distribution

I

.
/

Iy..@’A
e“ .— .—

I I

Departure from perfect Cos2d distribution creates higher harmonics.
However, due to 4-fold symmetry of the geometry, the allowed
harmonics are

n = 2,6,10,14...



Gradient Uniformity vs. # of sectors
loo

1o-1

~()-2

10-3

10-4

IO-5

1 # I I # I # I I 8 I # I

l“’”
I

I

1
[

r

t

I.-- 1 t t I

.
Figure 1. Gradient error u a function of pcrcent~qe of the coil bore for one, two, ~

thr~ sector Cos2# ●pproximation. .
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Table VI. Operating characteristics
=>.—

Q1 Q2

Current density (overall) 8.34 5.63 kA/cm2
Total Amp-turns 0.97 1.4 MA

Ope:ating current 2946 1989 A

Stored Energy 116 592 kJ

Peak coil field 2.10 1.83 T

MaJc.radial force 73 7.8 Ton/m

Max. tangentia! force

-L

10.8 11.6 Ton/m

Max. axial force 11.4 13.1 Ton Im

\6*s

2,~

3500

4

32

4/)

4 i

.
4(I1
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2.3 Harmonic Andysia

The coefficients C.’s were evaluated by Fourier analysis of the TOSCA field n~aps

evaluated at the useful bores in different transverse planes along the axis of the quadruples.

The results of the harmonic analysis is summarized in Table 6 for the central straight

section (z=O) and integrated along the tis of the quadruple. It is evident from the results

that in the central section of the quadruple, contribution to the field from the high order

harmonics are of the order of 1 x10-4 or lower. In fact, the strongest contribution comes

from the n=26. This comes aa no surprise since with a three sector coil the optimization

in the straight section minimizee only the first five harmonics, This situation is somewhat

degraded in the integrated multipole strengths. The coil ends contribute significantly in the

region of 2=70 cm to about z= 120 cm. In particular, the first harmonic, the dodecapole,

exceeds 10-3 level. It might be n~cessary to add a correctional dodecapole element in the

atiary muJtipolaz winclings. Showh in figure 6a is the axial distribution of the quadruple

term; the distribution of the first few multiples along the &s of the quadruple are shown

in Figure 6b.

Table 6

Harmonic Analysis

n Cnica at z = O Jcn/c,

6 1,2704 x10-4 2.5154 x10-S
10 4,1271 x10-g 3.8197 x10-4
14 1.6440 x10-8 1.7551 X1O-4

18 1.0091 X10-7 6.5316 x10-S
22 2,0450 x10-B 4.2F144x10-S
26 1.5062 x10-4 8.2971 x10-’
28 1.1772 x10-D 1.2377 x10-S—

3. Energy and Forces

The field distribution cm the inner surface of the coil WM calculated with TOSCA.

The peak field on the conductor WM dct~rmined tO be 1.S3 T which occurs at Ihe coil

ends. The peak coil field in tl~e straight section of Q2 is 1,5 T, T}i-”,< values are quite

conservative for a cryomagnct Stored energy and magn~tic body forceg Amg the coil

were also ~va.lusted with TOSC!A, ThP magnetic forcm in thp transverse plan? At the

otrnight acction of Q2 are chown ill Figure 7A RIId forcrn nt thr ●nd n~ctiolln nre plotted ill

Figur~ ii), Thk forcrs id these figure- ar~ in n]ctri[ ‘1’oI~m/In,

{1(,(, - (11)
,,.
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Coil Placement Tolerances

5

r“’’’’’’”>;

d-

4
— HRSQ2 (COS20)

3 ——. HMSQ3 (Cold Iron)

0 0.2 0.4 0.6 0.8 1
tSr (mm)

3

2

1

0
0 0.5 1

60 (mr)

Pi .4 ‘
T

1,5 2
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(a) I (b)
I

‘0’ ~

,‘o

~()-1 r

,’-2

-310

,’-4

,’-5

,’-f3
o 8 0 10 12 14 18 18 20

Mulupolo (c)

F!RiIra 5.20 a) Schematic view of multipcde windings. b) Blow up of the muliipole

la~ers; c). Harmonic strengths relative to the quadruple term allowing for a ran-

clot~ mio@ignment of +0.5 mm. The solid(opcn) bars are with(witho~lt) correctional

multiples. Note that n=3,4 are required by opticn.

474 Ab.34



%P’Tw
i 4 I normal

m==
1= skewed

28 ukewed

3“ skewed

5= normal
~. normalro

0

90

45

30

0

0

Table 7-

Multipole Elements

-%+t+-

0.045 I 202

0.01
0.01
0.01
0.01
0.01
0.01

210

210

210

210

210

210

Amperr

Turns

(kA)

183

109

7.7

7.6

10.8

15.5

33.3

50.0

Turns I Coil

per I Radius

-t

pole (cm)

305 38.45

137 38.75

-

39

27

26

33

42

39.65

39.50

39.35

39.20

39.05

coil
Length

(cm)

224

216

F

220

220

220

220

220

Sector

Angle

(deg)

20.0

15.0

3.95

3.92

2.88

2.78

3.51

4.32

.
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Azimuth (deg)

Developed Plane (r= 40.0)

360.

2?0,

180

90.

0.

-— —.- ———
—.-— ——— —

-———— ——4%

-——— ———
.—— — ———
-——— ———

.—— —— ——<=
-——— ———
-——— ———

-———— ——e.

—------ -———

-——— ———

-——— ———

/
-..——— ——<

--..—— --——

-——— --——

.

il

Fi~ur. 10 Schemdic layout of the end sections of the multipole windings. a) Sex-

tupole and octupcde coils. b) All other correctional multipoleo M described in the

text, :

(17) 477
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Table1,BasicFeatures

COIL cos2e ColdIron

Ideal Current: - ‘ COS2L9 Hyperkt.ic

Design Approximation:

Goodness of Approx:

Coil field

Contribution:

End shape:

Coil confinement:

Coil placement

Tolerance:

Current distribution

Constant thickness

3-sector blocks

First five harmonics

are ~

Current dominated

Typically 75%

Constant Perimeter

Simple

Essentially 2D

tigh

Current sheet

Single rectangulsx

block

None of the harmonics

ue eliminated

Equal to iron

Typically 50%

Saddle

Complex 3D

high

lROFJ cos2e Cold Iron

Function: Shield Field shaping

Geometry: Simple cylinder HypcrbcLc Pole
No end shaping Complex end profile-

Field Contribution: 25% 50%

Mtimum Pole-tip Field: None 1.3 Tcsla”

Machining Tolerance: low’ high

2 .

. .



-.

It was suggested by the HMS team that the cold iron HMSQ3 may be a possible

candidate for the two large HRS quadruples. The HMSQ3 has a 76 cm warm bore;

for the HRSusconly66cm of this will be used. One then expects the field quality to

be better over tbs smaller usefd bore. Furthermore, this allows room for placement of

multipolar windings in the unused portion of the bore for HRSneeds.
WehavestudiedtheHMSQ3with3DTOSCAs,ndysig.Thestudyiabynomeans

complete,butalreadydemonstratessomeproblemareasinmeetingHRSrequirements.
GiveninT~ble11aretheparametersoftheHMSQ3withtheHRSgradientrequirement;
the reference cos20 design parameters are also shown for comparison.

Table II HRSQ2 and HMSQ3 ma~netostatics

I (Cos2t9) I (Cold Iron) I

Excitation parunetera

Gradient 3,5 3.5 Tim

Amp-turns 1.4 0.9 MAT

Stored Energy 0.6 0.5 MJ

Coil Forces 13 17 Ton/m

Iron/Coil contribution 24/76 49/51 %

Field Quality (r=30 cm]

BJB2(2 = o) 3.5 X1O-’ 2.5x10-J

JAG/G 1.3 X10-3 7.6 X10-J

AL/L(.3 < G < 3.5T/m) 1.4x10-S 2.1x lo-~

Peak fields

Iron (straight) 1.4 2,1 Tesh

Lron(Ends) 1.2 3s Tesla

Coil(straight) 1.5 1.9 Tesl~

Cod (Ends) 1.8 I ? Tesla

Total 11.8 11.4 Ton

Iron Mus 10.C 8,6 Ton

Cold MUS 1.4 10.0 Ton

Tolerances

Coil Placement &Om25 &om30 mm

Iron Surface +0.50 *oBos mm

.
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UPGRADES TO ‘TRANSPORT’ AND
‘TURTLE’
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OBJECT TRAJECTORY 0 IMAGE

Sx(o)=o
dSX ,

s;(o)= —
dt ,= O=.

‘o

\ b 748A7
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2 0

Bock Leg
Wincling “

b- ao

wgnmen?
Fixture
Locator

Lominotion \ I
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I I
‘e I

-1
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I /

/
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lI14Abb

Fig. 7. Cross •ac~ion of the SLC ● rc magnats. Dimanaions
● ra i.: zulllimmtars.
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h
~ (l-cx)

‘1s = - ‘s #
x

‘is = -rhs
Sox

(Xlxo) = c = Coskxt
x

h
(xIx;) = Sx = ~ sin~xt

x

@h’o) = Cv = Cbskvz. .

(Yl)p m Sy = \ sinkyt

Y

(y’lye) = C’ = - kycoskvt
y d

(v’ly;) = S’ = coskyty

(X’b’o) = c; = - k-xcoskxt

(x’lx;) = s;=Coskxt
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D. Second-Ordez ?em.s

The miaplane-s~mnetric equations of motion

dzx 2 ~
— + \(l-n)+r~(2-n)Jh x = - r

~
~ + h6 + hho(~n-~-])x

ds2 o

u
- + nhh y = 2hh-(B-n)xy + hhony6 + hox’y’~
as

o 0

‘.1(12
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A&

B
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O :, B’ :.—

M)
I

Fig. 1.Illustration of possible Variations cc thefunction A(:)
Ulotlg rhc optic axis, showir]g the meaning of the paramctcfi
ko and J The rectandeBCC’IYin (N ci~csthercctaticul~r
mode!. I%rt (b) shows-a region ofra~idly”vn~ing k@ bct~v~!l

(hemembersofa doublet. l’hc Iincar-ramp model isil]ustr~ted
in ~mt (Cl
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DIPOLE FRINGE FIELDS:

\_ “~.
-4

xl

I

!)#o
Problems:

th Order shift). True R. T. not a simple arc (O

. Power series expansions not well defined

● Need practical definition of fringing fields

(Note: not a problem for higher multlpoies

cause of optical axis, R. T. does not change)

Impulse approximation (sharp cut-off):

. Gives no Oth order shift

. Misses reduction In verticalfocusing

. Leads to Inflnicles In the third order

be-



Approach:

\
\

● Pole face rotation + Extended field s Normal

boundary + Thin lens

. Field extent parametrized by gap size d

dc=--
P

● Assume E < 1, get &j, T~jkr u~jkl aS a lXWU@r

series In e (O(E) here)

● E+O: Impulse approximation (see which V“jhf

causes w In the 3rd order)

‘![)}{
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Mathematical I%mulation: , ,
I
I
1

.#’-
(1) L (t)

+
I

I

I
I

t
‘s

I
I

I

I
I

I
I

I
o

I
t

I
I

I
t
o

1s
I P

4

~ @e faa

drift (Z= O)+g= q)
fringe (8 = 81) = (s = 82)

bend (S = 4 * (z = o)

Field:

h(s) =
H()

h(s~) = o, I@) = 1; h(q)=h(82)= k(q) = )i(82) = o

/
‘“/b(a)&= 8* for ~“ > d

-cm



- RESULTS : total fringe field map

.-

$=pd:’Q’’’)d$’
ho(s) : step-function centered at s = O

. Zeroth Order: R. T. shift

Ax = C2sec2 flI1

Axf = 62sec2 ta n @l

1,= j“’_:%/’&qho(s’)-h(d)]
. First Order:

o(e):

/

+m
I 2= & [1 – I@] h(s)

-=

o(d):

13

I 4

/+= du [1 - h(s)] /“ ‘ da’h2(u’)

?=W* [1 - WI; *“(J)

Note: Integrands go to zero at both limits
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cos-

[
tan~-

P (1+ sin2@)
dz~

COS3p

where

15 =11+14
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- Second

Till

T133

T212

T216

T233

T234

T313

T414

T’23

T436

——

—

—

——

—

—

-—

—

‘/
+00

12

‘+-m
16 =/-m

ds{l

ds[l

– h(s)]h(s)

–h(s)]h2(9)

sec2–p sin~(5 + sin2 p)
—-

2
●12 + 0(E2)

2 COS4 B

tan2p + O(C2) I
-tan@ + 0(~2)
sin @(l + sin2 /3)

2 COS3 B

sin2 @ ‘
-c --&12(5 - COS4 /6) -

COS2p
162] + 0(62)

-tan2/3 - ~12
sin /3(8 +- COS2 ~)

+ 0(62)
COS4p

tan2p - d2
sin P(1 + sin2 /3)

. + 0(E2)—
COS4D

sin P(1 + sin2 p)
- tan2@ + G12-~ + 0(C2)

COS4p
sin P(5 + sin2 /3)

- sec2 p + da A + 0(62)

tarlp - dz
2(1 + sin2@)’

+ o(e2)
COS3 p

= o: sharp cut-off /



Third Order Matrix Elements:

. Six additional integrals:

o Integrands go to zero at both limitso
● Jn’s appear in U’J,#J only when i,~, k, 2 = 3,4

. Divergent term:

U4333
2 (1 + sin2@) J:—— .—
3 +

~os4p ~ ““0

71-3



e. g. , Chromatic Terms:

U11145

U1336

U2126

U2166

U233fj

U2346

U3136

U4146

U4236

U4366

—

——

—

——

Secz /3
~ +612

sin B(5 + sin2 p)
+ o(e2)

COS4p
–~an2~ + 0(C2)

tan @ + 0(G2)

‘2 sin P(1 + sin2 p)
tan2 ~ – ~z + 0(E2)

COS4B —

- tan2 /3+ e12
2sin p(l”+ sin2 ~)

+ 0(62)
COS4B

2sin p(l + sin2 p)
tan2 p -4 + 0(E2)

COS4p

sec2 p -4
2sin /3(5+ sin2@)

+ 0(62)
COS4

f3(1 + sin /3)0
-tanp+dz + 0(C2)

C9S3 /3

●
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& (~,y,z) = O

By (VL 4 ()=BY(O, O,Z)+$ ~ +...
O,o,z

l?z(z, y,z) =
()

~

y * O,o,z
+*. .

~z (w,%) = o

By(~,Y, 4 ()=Bv(o,o,z)– 2 ~z~+ +...
O,o,z
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fringing-fieldeffectsofa homogeneousmagneticsector

(H
Xf 1 .0.[1 o 0

1[)

Xi

af t 1–,..110 o (la=
Yf 00 1 -.. .I~ . ..11 ?/i

bf 00 l+...18t– ...14 /)i

some higherorder effects:

(Z)zz) = -$
(z, zza) = –t3

lt2 (1 + 2t2) + ,* .111(=!=YV) = ~

(%avv) = *+J12

(GVY) = $ + . ● *17

(Y! YYY) = &(l+6t2)+ 9..111

L f(8+llt2~12t4) +. ..17(b, yyy) = ,8s

(b, yyb) = –\(l+t4) +.99111
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fringing–fieldeffectsofa quadruple
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some third-order effects:
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13.2 Element Type-Code Mnemonics
(Fb.nctional Order)

rhe bm.rn-line ●lements and their type code rnnemonlcs, as currently available in MARY Ll~
3.0, are hsted below ●ccording to function along w]th tl]e subsections that describe them in
cletail and/or give examples of their use.

Type Code
drft

nbnd

pbnd

gbnd

prot

gMy

fmg

Ccrn

sol

quad

*

Drift space

dipole bend magnets

a) Normal entry bending magnet,
with or without fringe fields.

b) Parallel faced bending magnet,

with fringe fields and equal
entry and exit angles.

c) General bending magnet.

d) Used for leading and trailing
pole face rotations,

e) Used for the body of a genera]

bencling magnet.

f) Ud for hard.edge dipule
fringe fie~.

g) Combined function bend.

h) Change fringe fields of combined
fumctkan dipob.

sobs

M@ ~rupole.

~~ ktion maguctic quadruple,

REC -pole multiplet.

hf~ic -xtupole.

M~ic OChlpdC.

Ektric cxtupolei

SubSectio~

6.1

6.2

6.3

6.4

6.5

&6

67

6.d

629

6,’)3

6.9

6 ~~

627

6.10

6,’11

fj ]~

40s



Tvue Code K’lamnmt

dc

thlm

cplm

twsm

dism

jmap

mark

dp

qxe

urnr1

usr5

ullr6

US’kl

r●-mm

tilJl~lJk

Short RF cavity.

Axial rotation.

“Thin lens” approximation LOlow
order multip~les.

“Compressed” approximation to low
order multiples.

Linear matrix transformation specified
in terms of twiss parameters

Dispersion matrix.

Map with matrix part. J.

Marker,

Data point.

Space for ●ccounting purposes.

Uw e~ified subroutines

act on ph- space data

Lraer specified subrouti[]es

produceor act on maps.

that

that

RMdom counterpart of the element

with typcode mnemonic ““””.

.’uhsectiou

6.13

6.14

6.16

6.17

6.15

6.22

6.18

625

6,?6

628

6.20

6,21

6.19

1,’,(1



13.4 Simple Command Type-Code Mnemonics
(Functional Order)

<llllP]~~omm~ds and th&rtype code, mnemonics, as currently al”ailable in hl~RYLIE 30,

~1~’listed below according to function along with the subsections that describe them in detail

.Ind,’or give examples of their use

Type Code
●nd

of

d

rt

num

circ

Wcl

rapt

●apt

und -

Wbt

pmlf

ptm

tm.i

t mo

pel
.

ph

rpl

r@
wpo

stm

SQmmid
Halt execution. hlust be last
entry 0[ 4 lattice listing.

Open file~.

Close Iile!l,

Perform a ray trace.

Number lines in a file.

%1 parameters and circulate.

Write contents of a

Aperture the beam

Apture the beam

Window a beam,

loop.

with a recttmgular aperture,

with an ●lliptic aperture.

Write history of beam loss.

Print contents of Nlmter Input Filr (tile 1 1).

Print transfer map.

Input matrix elements ●nd polynomial
coef&ients from M external file,

Ouptut matrix elements and polynomial
cwMtits 40 M external tile,

PwwmeW wl apccificatlonl

bdom parametw set 3]w(]Ilcat ii~ll

Write out paranwtcrs in a l)~r~mrtrr ~ct.

Store the ●xisting trml~fm mmp

‘1111



Type Code
gtm

mask

ftm

Sqr

Spp

iden

inv

rev

rev-f

tran

tpol

dpol

time

cdf

bell

pawB

inf

zer

Cbm

Comti
Gel a transfer map from storage,

M=k off specified portions of existing
transfer map.

Filter the existing transfer map.

Square the existing transfer map.

Symplectify matrix portion of transfer map.

Replace existing transfer map by the

identity map.

Replace existing transfer m~p by its inverse.

Replace existing transfer map by
its reversed map.

Replac~ ●xisting trmsfer n~ap by

reverse factorized form.

Replace ●xisting transfer map by its
“tranopcwe”m

Twisa polynomial.

Dispersion polynomial.

Write out ●x~ution time.

Chnge drop file.

Ring bell at terminal.

Write out value of remit function.

PUM.

C’bange or write out values of il]fillitirs.

Change a write out valurs of zmm.

s!]bsectio~

7,17

7 13

i,~~

7,15

7,14

7.8

7 12

7.10

413



13.6 Advanced Command Type-Code Mnemonics
(Functbal Order)

!dvanced cornrnan& and their type code mnemonics, as currentl~ availabie in MARYL[E

1.0. are listed below according to function along with the subsections that describe the]n in
dvtail ad/or give exampka of their use.

T ype Code
cod

tamzl

tadm

cm

S-

&or

Uni

rum

radm

sia

&a

psnf

pdnf

pnlp

trea

trda

GQuuMud
Compute off-momentum closed orbit data,

Twisa analyze static map.

Twiw analyze dynamic map.

Clmnge tune range.

St~tk mmmlform andlysis.

DyDarnic normal form analysis,

Applyscript N inverse.

Rmance ●nalyz~ static map,

Fkmance ●rmlyzc dynamic map, *

Static invariant analysis.

DpMlic innriant ●nalysis.

Compute power of static normal form,

CompuW power of dynamic Ilormal form.

-* per Of nonlinear part.

~ static A.

‘h- *namic .4,

M&sLiQn
8.1

&~

83

&98

&8

89

8.10

8.11

8.12

s 2’5



dr -——

iii

fadm

pcdd

t bas

exp

gbuf

amap

bgen

tic

smal

padd

pmul

pb

m

PP

Tvne Code QIIUwKl
Fourieranalyzestaticmap.

Fourieranalyzedj’namicmap.

Polar decomposition of a map.

Translate basis.

Compute exponential.

Get buffer contents.

Apply map to a function or moments.

Generatebeam.

Translate initial conditions.

hfultiply a polynomial by a scalar.

Add two polynomials.

Multiply two polynomials.

Poisson braclwt two polynomials.

Compute matrix norm.

pva,l

~
Wsq

csym

Polynomial scalar product.

Evaluate a polynomial.

Select quantitim.

Write selected quantitim

Check symplectic condition.

Sll hsect i9~

S.15

8.16

8.7

8.14

8.17

8.34

8.35

8.1s

8,33

8.32

$J.’23

S.31

417



13.8 Procedures and Fitting and Optimization Commands
(hnctiona.1 Order)

I’rw-edures and fitting and optimization commands and the]r type code mnemonics, M cur-
rently atailably in hfARYLIE 3.0, are listed below according to function along with the
>ul)>ections that describe them in detail and~or give examples of their use,

TYpe Code
bip

bop

tip

top

Urn

Vary

fit

m.rto
U,rtl

m;t5

opt

con 1

comrd

grad

scan

met

@

Cpal

A

b

dapt

Procedure/Command

Begin inner procedure.

Begin outer procedure.

Terminate inner procedure.

Terminate outer procedure.

Specify quantities 10 be fit or
optimized and set target values.

Spify quantiti- to be varlecl.

Carry out fitting operation

hlerit function (least squares).

Merit functions (usm written).

Carry out optimization.

Constructs.

Compute gradient matrix,

Scu puameter spue.

~ lnemt retrim.

Change or write out values of
flags and defaults.

C~pture param~t~rset.

Fm param~ter set.

Compute dynamic apcrtur~,

Shm!2rA
9.1

9.2

9.3

94

3.5

9.6

9.7

9.10

9.11

9.8

9.9

9.15

9.1s7

9.16

9.17

9.12

!’).13

9.14
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‘aPyright :987 Alex J. Dragt
1 rights reserved

Pata ~nput complete; goi~g into #labor.
+:omment

This is an example of a cornple~e third order achromat.
#beam

1.000000000000000
2.860000000000000
1.000000000000000
1.000000000000000

#menu
zer zer
0,0()()()()00000000(/()E+()(l2.0000OOOOOOOOOOOE-08 0,0000OOOOOOOOOOOE+()(I

fileout pmif
1.00000000000000 12.0000000000000 3.00000000000000

c1 thlm
0.0000OOOOOOC’ IOE+OO 0.0000OO~OOOOOOOOE+f)O 0.0000OOOOOOOOOOOE+OO
0.0000OOOOOOOOOOOE+OO 7.63061277477838 0.0000OOOOOOOOOOOE+OO

C2 t hlm
0, 0000OOOOOOOOOOOE+OO0.0000OOOOOOOOOOOE+OOO.OOOOOOOOOOOOOOOE+OO
0,0000OOOOOOOOOOOE+OO -17.3118102946524 ().0000O!IOOOOOOOOOE+OO

C3 thlm
0. 0000OOOOOOOOOOOE+OO 0.0000OOOOOOOCOOOE+OO 0.639630442258911
0,00CCJOOCOOOOOOOOE+OO 13.1778927562859 0.0000OOOOOOOOOOOE+OO

C4 thbn
O. OOOOOOOOOOOOOOOE+OO O. OOOOOOOOOOOOOOOE+OO
0. 0000OOOOOOOOOOOE+fJO -2.31070361422000

C5 thlm
O.OOOOOOOCIOOOOOOOE+OO - O; OOOOOOOOOOOOOOOE+OO

.~OOOOOOOOOOOOOOE+OO 13.9735586196307
thlm

;. 0000OOOOOOOOOOOE+OO O. OOOOOOOOOOOOOOOE+OO
0.0000OOOOOOOOOOOE+OO -15.9155072443971

c1 thlm
0.0000OOOOOOOOOOOE+OO 0.0000OO(IOOOOOO(IOE+()(l”
O.OOOilOOO IOOC)OOObE+OO 3.27606764258812

C8 thLn
0, 0000CGOOOOOOOOOE+OO 0,600000000000000E+O0
0.0000OOOOOOOOOOOE+OO -2.00314873971958

~r~ drft
1.00000000000000

dz,5 drft
0.500000000000000
dr2 drft
0.519011603105030

bend nbnd
:E.uoooooooooooo O. OOOOOOOOOOOOOOOE+OO

0,200000000000000 1.00000000000000
hfq quad

0,300000000000000 0.745388387071964
1.00000000000000

hdq quad
0,300000000000000 -0.842490808214709

1.00000000003000
~mapout ptm

3.00000000000000 3,00000000000000
0.0000OOOOOOOOOOOE+OO 1,00000000000000
]d end

-0.956065374173185
0.00(IOC’(IOOOOOOOOOE+OO

0.208442260336593
0.0000OOOOOOOOOOOE+OO

O. SOOOOOOOOOOOOOOE+OO
().0000Q6~~000~OOE+O0

O. OOOOOOOOOOOOOOOE+OO
().00()OOOOOOOOO(IOOE+OO

0.0000OOOOOOOOOOOE+OO
0.0000OOOOOOOOOOOE+OO

0.500000000000000
1.00000000000000

1.00000000000000

1.00000000000000

o.00ooOOOOO(lOOOCIOE+OO

583



#lines

Whole
l*dr~ ?.*dr2

lthfq 1*C3
l’drl 1*C5
1*C7 l’dr2

cazhro
5*lwhole

$Lumps
Lwhole

l’whole
#Loops
#labor

i*fileout
l*zer
l’cachro
l“cmapout
l*end

:’umplwhole constructedand

1*C1
l*drl
l’hdq
l*&l

stored.( 1)

l,&l 1*C2 &
1*C4 l*bend &
1*c6 l’drl h
1*C8

-.atrixfor map is :

I.000CIC)E-00 -6.20639E-11 0.0000OE+OO 0.0000OE+OO 0.0000OE+OO 3.50600E-12
Z,11028E-12 l,()()OOOE+UG 0.0000OE+DO 0.0000OE+OO 0.0000OZ+OO 2.93529E-12
u.0000OE+OO 0.0000OE+OO 1.0000OE+OO-6.81257E-11 0.0000OE+OO 0.0000OE+OO
0.0000OE+OO 0.0000OE+OO 2.27543E-12 1.0000OE+OO 0.0000OE+OO 0.0000OE+OO

-2.93519E-12 3.50539E-12 (!.COOOOE+OO 0.0000OE+OO loOOOOOE+OO-1.60026E-11
9.0000OE+’300.0000OE+OO 0.0000OE+OO 0.0000OE+OO 0.0000OE+OO 1.0000OE+OO

~.~n:erot ments in generatingpolynomialare :

end of ,MARYLIErun
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[;opjright1987 Alex J. Dragt
‘.1rights reserved

~ara input complete; going into #labor,
#comment
This is an example of a complete third order achrnmat made of thick
eiemencs. For ease of comparison with other codes, all fringe-
field effects have been neglected.
#beam

1.000000000000000
2,860000000000000
i.000000000000000
1.000000000000000

#menu
zer zer
O.oOOOOOOOOOoOOOOE+Oo
fileout pmif
1.00000000000000

cl Cfqci
0.300000000000000
0.000000000000000E+O13

C2 Cfqd
0.300000000000000
0. 0000OOOOUOOOOOOE+OO

C3 Cfqd
0.300000000000000
O.OOOOOOOOOOOOOOOE+OO
C4 Cfqti

LJ.300000LIOOOOOOO0
0.0000OOOOOOOOOOOE+OO
.5 cfqd

J .300000000000000
0. 500000000000000E+C0
C6 <fqd
0.300000000090000
C.0000OOOOOOOOOOOE+CO
~.7 cfqd

C .300000000000000
0, 000200000000000E+O0
C8 cfqd
O.jor’ouoooooooooo
0. 0000GOOO(7000000E+O0

~PJ psl
O, UOfJOOOUOOOOOOOOE+OO
!, 0000OOOOOOOOOOOE+OO

cp2 ps2
0,0000OOOOOOOOOOOE+OO
0.0000OOOOOOOOOOOE+OO
Cp:l ps3
0,’)OOOOOOOOOOOOOOE+OO
‘~,)OOOOOOOOOOOOOOE+OO
:p4 ps4
(),~O~@OOOOOOOOOOOE+OO
(,1,]()(jU~()O~OOOO~~OE+OO
cp5 psb
(~off)()[)()f)()o()oou(loE+oo
;:(;’)(;(;(JOU09000000E+O0

:.ph ps6
f~, Jf)(JoOi)OOOOOOOOOE+OO”
), ()()d()()floooooooooE+oo

‘p ~ ps7
(\, u[)I)()()OOoQOoUc()oE+~o

2.0000OOOOOOOOOOOE-08

12.0000000000000

1,00000000000000

2,00000000’)00000

3.00000000000000

4.00J0OOOOOOOOOO

5.00000000000000

C,oooooooooooooo

7.00000000000000

E1.000oooooooooco

O. 0000000’?OOOOOOOE+OO
25,1707502760476

0. 0000OOOOOOOOOOOE+OO
-26,4409006724282

O.OOOOOOOOOOOOOOOE+OO
13.8784804977115

0. 0000OOOOOOOOOO(JE’00
-7,49095110199962

O. UOOOOOOUOOOOO()()F+(IO
31,53256127.11653

0.00U(IOOOOOOUO()()()E+()O
-45,2.3137OJH61S1O

0, OOOOOOOO(JOOOUOOE+()()

0.0000OOOOOOOOOOOE+OO

3.00000000000000

0.0000OOOOOOOOOOOE+OO

0.0000OOOOOOOOOOOE+OO

0.0000OOOOOOOOOOOE+OO

0.0000OOOOOOOOOOOE+OO

0.0000OOOOOOOOOOOE+OO

0. 0000OOOOOOOOOOOE+OO

0.0000OOOOOOOOOOOE+OO

0. 0000OOOOOOOOOOOE+OO

0. 0000OOOOOOOOOOOE+OO
0.0000OOOOOOOOOOOE+OO

0.0000OOOOOOCOOOOE+OO
O, UOOOOOOOOOOOOOOE+CO

3.24975783016200
0,0000OOOOOOOOOOOE+OO

-4.33263796704460
L),0000OOOOOOOOOOOE+OO

f), 734f12H919gS6963

0.0000O(lOOOOOOOL)(jE+OO

0,000000000000000000
O, ()()()()OOOOOOOO()OOE+OO

0, 0000OOOOOOOOOOOE+OO ‘Illr)

0, 0(,0UO~jOOOL)OOO130E+OO” 30,28F142J5117541 (), (JOOOUOOO()O()OOO()E $()(I



b:OOOOOObOOOOOOOOE+OO O.OOOOOOOOOOOOOOOE+OO O.OOOOOOOOOOOOOOOE+OO
O.OOOOOOOOOOOOO(IOE+OO-20.212136e506963 0, 0000OOOOOOOLLIOOE+OO

dr-.3 drft ‘,
-0.300000000000000
rl drft
1.00000000000000

dr.5 drft
0,s00000000000000

dr2 drft
0.519011603105030

bend nbnd
18.0000OOOOCOOOO 0,0000OOOOGOOOOOOE+OO 0.5000000COOOOOO0
0.200000000000000 o.0000OOOOOOOOOOOE+OO O.OooOOOOOOOOOOOOE+OO

l?fq quad
0,30.900000000000 0.745388387071964 0.0000OOOOOOOOOOOL.00
0.0000OOOOOOOOOOOE+OO

hdq quad
0.300000000000000 -0,8424908082J4@9 O. OOOOOOOOOOOOOOOE+OO
o,~~oooooooooooooE+oo

l*cp4 l’cps &

l*dl-,3 .1*C1 &
l’hfq 1*C3 &
1*C4 l“bend &
l’hdq 1*c6 s
l*dr-,3 i*dr2 &

mapout ptm
3.00000000000000 3.00000000000000 0.0000OOOOOOOOOOOE+OO

0.0000OOOOOOOOOOOE+OO 1.00000000000000
end end

#lines

set

l’cpl l*cp2 l*cp3
l*cp6 l*cp’7 l*cp8

whole
l’set l’drl l*dr2
l“dzl l*dr-.3 1*C2
l*dr-,3 l’drl l*dr-,3
l’drl l*dr-.3 1*C5
l*,dr-,3 l’drl 1*C7
l’drl l*dr-.3 1*c8

:achro
5*lwhole

#lumps
iwhole

l“whoie
#loops
#labor

1 ‘fileout
1 “zer
l“r,~chro
l“mapout
1‘end

lump lwhole constructed and stored. ( 1)

.*.

. .

rnaf~lx for map is :

) ,ofJ()()(_)E+()~ -6.20639E-11 0,0000OE+OO 0.0000OE+OO 0,0000OE+OO 3.505!47E-12
2.11U28E-12 1.000COE+OO 0.0000OE+OO O,@OOOOEtOO 0.0000OE+OO 2,93530E-12
[), UOOOOE+OO” 0,0000OE+OO 1,0000OE+Or’ -6,81257E-11 OIOOOOOE+OO OIOOOOOE’,+OO
O,(!OOOOE+OO 0,0000OE+OO 2,27543E-12 1,0000OE*OO 0.0000OE+OO 0,0000OE+OO

-;!,93L19E-12 3,50579E-12 o.000ooE.lr)() 0,0000OE+OO 1.0000OE+OO -1,60025E-11
(), ,)()00017+()() 0,0000OE+OO° O, O()()O()L+ [)() 0,0000OE+OO” (),()OOOOE+O(I 1 ,Ooooo!ltoo”
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HOW TO REMEDY THE SITUATION -II

FORGET THE RIGHT BEND?

I think we havetohavea goodlookatthisoption!



OPTICS USING DIFFERENTIAL
ALGEBRA
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COSY INFINITY

A B~am Optics and

Accelerator Code

M. Berz

Michigan State University
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SVWCXJTIIW cI=IL. Z. RO1, KC?, K31, R04, •05,E?~,E12.W~CR,NC._Dl
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

rll - .MO1. fl17

IF iFI1. LT. -l. D-Cl THEM

ArR - sgnT1-rlll

KY - c?srAIE. ZJ

5X - SI~IAFX-Zl/A~

EuEIrlrx2. cr.l. D-e) Tllcn

An - 9anTl F171

FI - Exp(hrx=zl

EEX - I .DO/EX

Cx - rFx c rEx)/2. Do

SK - 1~1 - EEX1/2. DO/AiX

Fxt

:1 - I.lm

5x-z

}17 - 1 .3-0

FWIf

lFr FY2. LT. -l. D-C) THCM
AFl - m -r-yl)
CY - COSIAFT=Z)
ST - srmrx4r*z)/Am

ELSE IF IFTI. C2. I.D-01 mm

mr - SORT Ir72J

E? - DPtArT=zl

u? - 1.m/cT

c1 - IEY . mr)/.-. oo

ST - (EY - rutI /2. oo/Mr

EVE

CY -1. m

SY -x
r72 - r.o-o

EnDlr

ccl - c1
Csl - SE
CS4 - CT
Cs> - ST
CSC - Z
mu? . X11.-:4

RRJ - U30. RJ?
rrz - F12

?Tl - CS2

TTJ - CSJ

TT4 - CS3. rFl

175 - Csd
7T6 - CS5
117 - CS5C~~2
170 - CS6
TT9 - CS6. KK2

Ttlo - CS6” HR3
Lll, l) - l~TTZl
L(?.11 - (“1-r J)

1[1,21 - (1TT4)
L(7,21 - f. Tr2r

L(I,3) - I“TT5)

1.44,31 - la TT6)
113.41 - l-nfl

L(4,41 = (cH51
.

lr(wD. EQ. o. AND. MG. LQ. o} GOTO 100
.

L[6,6) - (*1)

L16,71 - (- 0.5DOOO” TTO-O. J5D~OO*TT?, TT101
.

It (K. CQ. Ot GO;O 100
.

L(3,51 - (.11
L[5,71 - {J0.5D*000~O? 0.?5D400-TT9-TTIOl

.

100 IT INOADIK. FQ.1) COTO 1000
.

Csl - CSJ*CI

CSB - Cs). sx

CS9 - CS4” CX

Cslo - CS4. SX

Csll - cz5”eK

CS12 - CS5” SX
CSIJ - CSS” CT
CSA4 - CS5” ST
:s15 - CS6. CX
CS16 - CS6. SX

Csll - CS6. CT
CSJS - CS6. SY

RR4 - RR Z” RJ, -K32

Rr5 - ER3”n31*K32

RK4 - K02. R?7

rrl ● l/l R?/rx2

rr4 - r~l*rx2
fil I - mKc”rr4

TT12 - cs2” RK6*rr4

TTIJ - CSOOKR6

TT14 - CZ3” KR6*rr4

T115 - CSJ” KR6mrF4
TT16 - RK6. }”FJ

TT17 - CS2*KK6Qrr3

7Tl@ - CSO” KK6. ff4

TT19 - CS14” KK6

TT20 - cs!J” KR6”rr4

TT21 - CS14. RU6. FF4

rT22 - cs16”rrz

1171 - cs16. KR7”rr2
1124 . rSl” RR2

?775 . Lsl>
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Differential Algebra

An Algebra(vector space with multiplication) with a

13erivation ~ that satisfies

In particular,

lence classes of

we are using a differential algebra of equiva-

infinitely often differentiable functions. Two

functions are called n-equivalent if their derivatives agree to

order n.

The derivation is very useful for nonlinear dynamics

lerns; allows eflicient computation of flow of differential

tions (= l’ransfer Maps).

prob-

equa-

Any differential algebra with at le,ast two derivations COn-

tains a Lie algebra. (C;encralization of Lie algebra).



IO Mgree hamgen~us S=tor &ough SOth order;
only dependence of final position x on initial

angle M is 8-.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
~~
22
23
24
25
26

coefficient

(Xlckb)
0. OOOOOOE+OO
o c500000
-0 625000E-01
-.312500E-01
-.954961E-02
-.438368E-02
-.175964E-02
-.494470E-03
-.120357E-03
-.303507E-04
-.748015E-05
-.166065E-05
-.340812~-06
-.682165E-07
-.133936E-07
-.252307E-00
-.454204E-09
-.79247OE-1O
-.135272E-1O
-.225391E-11
-.365251E-12
-.576846E-13
-.891832E-14
-.135248E-14
-.2011O6E-15
-.293181E-16

h
o
1
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50

1,1)(1



Implementation of DA on a Computer

There is a DA package that works to arbitrary order and

for ~rbitr~rily many ~~ri~bles.

(ln practice, on ~ VAX 8650 one encounters the following

lix~~itatiunsbecause of space:)

Difficulties that had to be resolved:

- efficientmultiplication

- storage(vectorsareoftenVerysparse)

- functions(atthemoment, we havetrig,hyperbolic,

exp,ln,rootsand alltheirinverses)

- prccompilertothan~eexistingcode



DAFU

Differential Algebra

Precompiled
Version 3

Reference Mmual

M. Ben

Deputment of Physicsand Astronomy
md Nstional Superconducting

Cyclotron Laboratory
Michigan State University
At Lansing, Mi 48824

(,();1



CALL DACSU(ISA 1A , 2s , ZL)
●M s
*DA m Y(I)= Y(l)+ EKI?*(XL*XL-ZL*ZL)

CALL DAHUL( XL , XL ,1s( 1)
CALL DWL(ZL , ZL ,1s( 2) ;
CALL DASUB(IS( 1) ,1s( 2) ,1S( 3) )
ISA 6A = Y (INT(oOOOOOl+O.1OOOOOD+O1))
CALL DACHU(IS( 3) , Em ,1s( 5) )
CALL DAADD(ISA 4A ,1S( 5) ,Y(l))

M #
~~~s ~(2)=1’(2) -2,D0*ER*XL*ZL

ISA 1A ● Y (INr( .000001+ 0.2000001M31))
RS( 2) = 0.200000D+01 * ERR
CALL DACHU( XL ,RS( 2) ,1s( 3) )
CALL DAHUL(IS( 3) , ZL ,1S( 4) )
CALL DASUB(ISA 1A ,1s( 4) ,Y(2))

+l)A ●

GOT02
C--PR3RHAL OCIUPOLE

24 cKx=Em*lD-6
●U . x~x(l).xs

ISA 1A - X (INT( .000001+ o. 1000OOM1))
CALL DACSU(ISA 1A , Xs ,XL)

*DA g
●DA # zL9x(2)-z9

ISA 1A = X (INT(.000001+0.200000D+01))
CALL DACSU(ISA1A ‘s,6! , ZL)

*M ●

+DA s XX=XL*XL
CALL DAMJL( XL , XL ,Xx)

*DA u
FDA w ZZMZL*ZL

CALL DAtfUI,(ZL ,ZL ,22)
~’UA*
“1’A a Y(I)=Y( l)+EKK*XL*(XX-3DO*22)

~’ALL l’)ACtlU(ZZ ,o.3000001-WOl, Is( 1) )
CALL DASUB(XX ,1s( 1) ,18( 2) )
ISA 3A = Y (INT( .000001+ O. 1000 OODW1))
CALL DACH’IJ(XL , em ,1s( 4) )
CALL LIAHUL(lS( 4) ,1s( 2) ,1s( 5) )
CALL L)AADD(ISA 3A ,1s( 5) ,Y(l))

It~A ~

●DA ● Y(2)=Y(2) -EKX*ZL*(3DO*XX-ZZ)
CALL DACtfU(H ,0,300000D+OI,IS(1) )
CALL M8UB(IS( 1) ,Zz ,1S( 2) )
ISA 3A w Y (In( .000001+ 0. 200000 D+01))
(;ALL DACHU(ZL , ERR ,18( 4) )
CALL MMUL(IS( 4) ,1s( 2) ,1S( $) )
CALL DASUB(lSA 3A ,1S( $) ,Y(2))

*DA #

mrm 2
C--N0RHhL MCAPOltE

25 LKIMKK*1D”9
●[IA # X1+X(1)-X8

INA 1A ■ X (INT( .000001+ O, 1OOOOOL’)+OI))
(;AI,I, UACSU(ISA 1A , xl! ,XL)

,!,~A ~

*l!/, 4J xlFx(2)-nl
ISA 1A = X (Im(fmmlol+ 0.200000W01))
(;\$,L I)ACSU(lSA 1A , 2s ,ZL)

l\~ -



Numerical Integration using DA

Suppose motion is described by

d+

ZT
= ~(?, t)

Let h(?, t) be a functiou of phase space. Then we obtain

d d ah
~h(F, t) = ?h ● ~?+ ~-

Oh
= tihj’+K=Lfh

(#
~h(?’, t) = L;h

etc. Thus, by applying Lf enough times, we obtain a high-

order numerical integrator. In case ~-(d)= O,the order is un-
+

limited; otherwise, the order is limited by the order to which

f is known.



COSY INFINITY

● Arbitrary order

● Maps depending on parameters (mass dependence!)

● No approximations in x.~otion or field description

. Large library of elements

● Arbitrary Elements (you specify fields)

● Very flexible input language

● powerful interactive graphics

● Errors: position, tilt, rotation

. Tracking through maps

● Norma] Fern] Methods

● 80 page manual with index



COSYINFINITY
Version 4

User’s G~ide
and

Reference Manual 1

M. Berz

Department of Phyaicg snd Astroncmy
A Naknal Superconducting

CyclotronLabor&tory
MichigaaStateUniversity

tit Laming, Mi 48824

1, ,1,



The guts of COSY

Major parts:

DA package (10,000 lines)

Compiler/Executer for COSY ianguage (4,000 lines)

Optimizers (3,000 lines)

Graphics interfaces (1,000 lines)

Altogetherabout20,000linesofstandardFORTRAN 77.

Compilation/Execution is in one step, no linking.

Incremental compilation possible (Physics routines COSY.FOX

are compiled ouly once)

e

(,()-)



Current COSY Implementations

Currently (July 1991 ) there are about 60 registered users of

the code. Implementations exist at the following institutions:

Argonne National Laboratory

Atomic Energy of Canada Ltd., Chalk River

BESSY, Berlin

Brookhaven National Laboratory

CEBAF, Newport News

CERN, Geneva

California State University, L M Angeles

DESY, Hamburg

Fritz llaber Institut, Berlin

GANIL, Caen

~SI, Darmstadt

KFA, Juelich

Kr~wmojarsk Polyt,echnical institute

Lawrence Berkeley L:d]oratory

01)11



MPI Heidelberg

POSTECH, Korea

Paul Scherrer Institute, Villingen

Soviet Academy of Sciences, Leningrad

Soviet Academy of Sciences, Novosibirsk

Stanford Linear Accelerator Center

TRIUMF

Texas A+M, College Station

Texas Tech

University Laval

University of Beijing

University of Berlin

University of Bochum

University of Bonn

University of Frankfurt

University of Giessen

University of Groningen

University of Saskatchewan

University of Wisconsin

‘Wilson Laboratory, Cornell University

609



Currently processing about 20 more licefim registrations.

The new institutions involved are

Boeing, Seattle

CEA, Saclay

Grumman Aerospace, Princeton

Indiana University Cyclotron Facility

Interatom, Bergisch Gladbach

SSC Laboratory, Dallas

University of California Los Angeles

Varian Associates, Palo Alto

-..



Environments inwhich COSY currently runs

1. Systems

● VAX VMS

● SUN

● HP

● IBM

● IBM

. Cray

Mainframes

PC (Lahey F77)

2. Graphics

Direct Tektronix

Direct PostScript

LTEX picture mode

GKS-based VAX VMS

GKS-based Tektronix

GKS-based PostScript

GKS-based HP7475 plotter

GKS-based HP Paintjet / DEC JL250

. IBM PC VGA with Lahey F77

● Low resolution ASCII

Gll



Elements in COSY

●

●

●

●

●

●

●

●

●

●

●

●

●

Magnetic and electric multiples

Superimposed multiples

Combined function bending

Electrostatic deflectors

Wien filters

Wigglers

Solenoids

Glaser round lens

magnets with edge angles

3 tube electrostatic round lens

Exact fringe fields to all of the above

General electromagnetic element

Gkass lenses, mirrors, prisms with arbitrarv surfacesw

Misalignments: position, angle, rotation

All can be computed to arbitrary order, and the dependence

on any of tl~eir parameters can he computed.

61;!



.Applications of COSY INFINITY

Interactive design of spectrometers

Interactive design of accelerator lattices

High-order analysis

Fringe field analysis

Measured fields

Error analysis, parameter dependence

Closed orbit, lattice parameters, parameter

dependence of these

Normal Form, resonant and non-resonant,

resonance driving terms
w

r,]“!



The COSY Language

. StructuredLanguagewithnestingofprocedures

o Objectoriented;allowsdirectDA andpicturevariables

● Flowcontrolstatementsincludingoptimization

BEGIN ;

VARIABLE;

PROCEDURE; ENDPROCEDURE;

FUNCTION; ENDFUNCTION;

<assignments>

<procedurecalls>

IF ; ENDIF ;

WHILE ; ENDWHILE;

LOOP ; ENDLOflP;

FIT ; ENDFIT ;

END ;

(1.1



PROCEDUREHOBEND ; {NINTH ORDER INHOI!OCEMWWS

HAGM7 WITHAXIS OFFSET,TILT ANDROTATIOM}

0V920; RP .141;

Un;

RA. l;

SA lE-6 O ;

1A .020 ; WRITE 6 ‘ BEGINUIMGWORK ‘ ,

MS 246 .0S .1 .2 .3 .4 .5 ;

WRITE 6 ‘ WRITING W S ;

Pn7; WRITE 6 ‘ DONE ‘ ;

EmPRoawRE ;



MAPS WITH KNOBS

PROCEDUREKNOBS ;

OVS 22; W .l*PARA(l)4 1 ;

UM; WRITE 6 ) BEGIllNING WORK‘

HQ .1 .1* PARA(2) .1 ; WRITE 6 ‘ WRITING HAP s ;

WRITE 6 HAP(1) ;

Pn7; WRITE 6 ‘ DONE ‘ ;

ENDPROCEDURE;



The General Electromagnetic Element

Allows the computation of the map of any given arrange-

ment of fields, especially measured data. Need to supply

● List of s-values (Position along optic axis)

● List of Curvatures

● List of magnetic multipole strengths

● List of electric multipole strengths

lf known, the derivatives of the above quantities with re-

spect to s can also be supplied; allows more coarse spacing /

higher accuracy. Example:

GE1005SH VW;

Ill)



Beamline Definition

PROCEDUREMAGIC.SYSTEMD L S01 S02 S03 ;

DL 3.*D ;

MQ L .08 .05

DLD;

MQ L -.08 .05

DLD;

MO D S01

DL D/2 ;

MO D S02

DL D/2 ;

MO 1)S03

DLD;

.05

.05

.05

MQ L .08 .05 ;

DLD;

MQ L -.08 .05 ;

DL 3.*D ;

ENDPROCEDURE;



Tuning the Magic System

PROCEDURE MAGIC1 ; VARIABLE L 1 ;

OV 120 ;RP.141; L:=.l;

SBO .050.0500;

WHILE L#CI ;

WRITE6 ‘ PLEASE GIVEL (.1 < L < 11 ‘ ;

READ 5 L ;

UM; CR; ER 14141111;

BP ; MAGIC-SYSTEM.05 L O 0 0 ; EP ;

PM 6 ; PC -1 -51 ;

ENDWHILE;

!ZNDPROCEDURE;



DO YOLJ FM
1

1:
2;
3:

4:

6:
6:
7:

8:

9:
10:
6

PLERL5E CH
HIGH ORE)E
HIGH ORDE
fvWPS WITH

GRRPHICS

TUNING TH
TUNING TH
OPT IMIZIN
EWLUATIN
FXT71NG R
REPETITIW

?2 P
-1369119 -2,429142 OOOOOOOE+OO0,0000 1000E+OO OaOOOOOOOE+OO 100C
0,7012683 0,517S819 0,0000OOOE+OO 0,0000OOOE+OO 0,0000OOOE+OO O1OC
CIOOuOOOOt*OO OOOOOOOOE+OO 0,S176019 -2,429142 0,0000OOOE+OO 00IC
0,0000OOOE+OO 0,0000OOOE*OO 0,7012S(!3 “18369119 O,oooooooc+oo ooo~

{,,’()

\

/

\

—



-. -------- ---

LERsf GIVE L
26
0.9514266
0 21 EI13390E-01
O OOOOOOOE+OO
o oOOOOOOE+OO
. ..-.” ------ -

LERSE GIVE L
27
0 54023139
0 1755053
u 0000oOOE+OO”

0,0000OOOE+OQ
. ..”..- ..-..-

‘LERSE GIVE L
265

-----

.

.

.

.

.

‘---=%

*

,

,

.

i

\\\

7
0 7636040 0.7613391 0.0900000E+O0 0,0000OOOC+OO 0.0000OOOE*OO 100000 T
O 9798769E-01 -1.212041 0,0000OOOE+OO 0.0000OOOE+OO OcOOOOOOOE*OO 010000
0,0000OOOE+OO 0,0000OOOE*OO -1,212041 0.7613391 0,0000OOOE+OO 001000 I
0,0000OOOE+OO
. . ..-. ------ .

‘LtI?SE GIVE L

11;!1



. . . . . . . . . . . . .

~LE9SE GIVE L
27
0, 5402359
00 17s5053
0. OOOOOOOE+OO
09 Oooooooc+oo

,------- ------

‘LEASE GIVE L
266

0.7636040
‘o#9790769c-ol
0,0000000E+09
O,ooooooof+oo
- - . - - -. - - .- . .

)LEfi3E GIVE L

2686s
‘0,9997319 0.8003312E-03 0,0000OOOE+OO 0,0000OOOC+OO 0.0000OOOC+OO 100000
0>1230216C-03 -1,000260 O!OOOOOOOE+OO 0.0000OOOE*OO 0,0000OOOE+OO 010000
0,0000OOOE+OO 0,0000OOOC+OO -1.000260 0iO083312E-03 0oOOOOOOOC+30 001000 I
0.0000OOOE+OO 0,

!.-... . . . . . . . .

)LEf)s~ GIvE L

OOOOOOOC+OO-0, 1230216C-03=0, 999731 O$oooooooc+oo 000100 n
I

.

.

.

.

.



Third Order Optimization

PROCEDUREMAGIC3 ;

VARIABLEL 1 ; VARIABLE01 1 ; VARIABLE02 1 ;

VARIABLE03 1 ; VARIABLEOX 1 ; VARIABLEOY 1 ;

OV 3 2 0 ; RP .1 4 1 ; L := .258538902555212;

SBO. OIO. O1OO;

01 := -lE-2 ; 02 := 2E-2 ; 03 := -lE-2 ;

FIT 01 02 03 ;

UM; CR; ER 14141111;

MAGIC-SYSTEM.05L 01 02 03 ;

BP ; EL lE-3 ;EP;

ox := ABS(MA(1,222))+ABS(MA(1,233));

OY := ABS(MA(3,444))+ABS(MA(3,422)) ;

WRITE 6 ‘ OCT. STR. 01, 02, 03: ‘ 01 02 03 ;

WRITE 6 ‘ SUM OF THIRD ORDER ABERRATIONS

(ANGSTROM):‘ (OX+Oy)*lEIO;

PG -1 -51 ;

ENDFITOX+OY lE-12 1000 1 ;

ENDPROCEDURE;



NJM37 cent inue
~, I10689444444E-O1
3,206624444444E -01
).i07377Z22Z22E-01
JM OF THIRD ORDER

16676.1734346
CWPOLE STRENGHTS
D. 1066977S9269E-O1
0. 193606592593E-01
0. 102177796296E-O1
LIM OF THIRD ORDER

22060.7966193
CTUPOLE STRENGHTS
O, 1O61816OO926E-O1
0. 197803569269E -01
0. 102913O6463OE-OI
UM OF THIRD ORDER

19S90,6160110
CTUPOLE STRENGHTS
0, 107346O43179E-OI
0, 201116513467E-Of
0. 10e52273089SE-0:
WI OF THIRD ORDER
~ 19704.2948496

fiBERRRTIONS (RNGSTROM):

1, 02, 03: 9



ICTUPOLE STRENGHTS
0s i31601491722E-O
9,2 S58770398231 O
0, 131667772222 E-O

;UM OF THIRD ORDER
0,656947700874

ICTUPOLE STRENGHTS
0.131602999240E-O
0m263079091067E-O

,0i131666539193E-O
;UM OF THIRD ORDER

1.13764362274
ICTUPOLE STRENGHTS
.0, 131601709B70E-O
0.263876126194E-O

.O.13156S696027E-O
SUM OF Tl+IRD ORDER RBERRRTIONS (RNGSTROM) : i
0.606125313493

)CTLIPOLE STRENGHTS
.0m131601402663E-0:
00263f177006460E-0:

-0. 131567832656E-0:
SUM OF TtiIRD ORDER

,414114231820
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Fifth Order Aberrations

PROCEDURE MAGIC5 ; VARIABLE L 1 ;

VARIABLE 01 1 ; VARIABLE 02 1 ; VARIABLE 03 1 ;

VARIABLE OX 1 ; VARIABLE OY 1 ;

OV 520 ; RP .1 4 1 ; L := .258538902555212 ;

SBO. OIO. O1OO;

01 := -1. 3154806 E-2 ; U2 : = 2. 5379889 E-2 ;

03 := -1. 3154772 E-2 ;

UM; CR; ER 14141111;

MAGIC-SYSTEM .05 L 01 02 03 ;

BP ; DL lE-5 ; EP ;

ox := ABS(MA(1,22222))+ABS(MA(1,22244) )

+ABS(MA(1,24444)) ;

OY := ABS(MA(3,44444))+ABS(MA(3,44422) )

+ABS(MA(1,42222;) ;

WRITE 6 ‘ SUM OF FIFTH ORDER ABERRATIONS

(ANGSTROM): ‘ (OX+OY)*1E1O ; PC -1 -51 ;

REI 5 L ;

ENI’nROCEDURE ;



Lissajoux Figures

PROCEDURE LISSA

VARIABLE ISTOP 1 ;

PROCEDURE FIGURE IU WX WY ;

VARIABLE PICTUFtE 100000 ; VARIABLE T 1 ;

PICTURE := MOVE (1,0,0) ;

LOOP T O 8* ATAN(1) .01 ;

PICTURE : = PICTURE&

DRAW(COS(WX*T) ,SIN(WY*T) ,0) ;

ENDLOOP ;

WRITE IU PICTURE ;

ENDPROCEDURE ;

WRITE 6 ‘ DRAWING LISSAJOUX FIGURES ‘ ;

FIGURE -1 11 12 ; FIGURE -51 12 13 ;

READ 5 ISTOP ;

ENDPROCEDURE ;



COSY k@NTS TO SHOW HOW FLEXIBLE IT IS
ROOUT SOME LISSRJOUX FIGURES FOR R CHfiNGE? I
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Normal Form Theory

Goal: perform a nonlinear change of variables such that the

motion in the new variable pairs is rotationally invariant:

lf the map is symplectic, this means circles. If the map is

damped, we obtain logarithmic spirals,

Advantage: Tune with amplitude is trivial to compute,

si]]ce each iteration of’the nl~lp corresponds to the same w.lgle

da wanCe.

Other Adval]tages: - Provides pseudo invariimts the qual-

ity of which allows conclusiol]s about the map; - sensitive to

rmonanccs, allows cffici(!llt stl!I[l.y01 rescnlances

1, 1.1



HistoryofNormal Form Theory

● Probably first studied by Birkhoff 1917

● Introduced to Accelerator Physics in Lie Algebra Picture

by Dragt and Finn 1979

● Lie implementation to third and fifth order by Neri 1985

● Arbitrary order differential algebraic/Lie algebraic formu-

lation 1938

● Arbitrary order purely differential algebraic formulation

incl~~ding damped systems M.B, 1991



The DA Normal Form Algorithm

Assume linear part of map has been diagonalized by a linear

change of basis:

M=7Z+S
where 7? has on its diagonal the values rj “e*ivJ (pair struC-

ture).

Now attempt to simplify the map by a nonlinear transfor-

mat ion. Choose transformation

uptoorder m,

‘m

= m

= m

d. ‘&+7rn

the invmseisA~l nm E – Tni,andwe obtain

do&fo&

(&+ Tm)o(’R+Sm_l)o (1 _ ~~)

(t+zn)o (7U4m-,)o(t-7m)

72+sm_~+ (Tmo R-720 ~,,)



Removing Terms k the Normal F’orm Step

We can use the commutator C of ~,, and R to remove terms

from S,.. I. We write

7$ = ~ (T;lk:,k;,...,k:, k;) ~(L~{)A’~(U-)’~.. ...(?(U.)k~.)k~

C~j = ~ (c~jlk~,k~,.”., k:, k,;) “(u;)k:(v:)k~”... ”(v:)k$(v;)k:

Because of the sinlple fornl of 72, we obtain

where

So we can remove every term for which C,*(1+, F- ) is nonzero!



Removable Terms in the Symplectic Case

In the symplectic cue, all rj are one (no damping). Then

everything is removable except

~“ (~+ –F)=l*27r&

This can occur in the following cases:

1. fi”n% = 27rl has nontrivial solutions

physics case)

i“v w

(
we are on a resonance;

2. k; = k; V 1 # j, and k! = kj- + 1 (unavoidable; mathe-

matics case)



Removable Terms under Damping

In case there is damping (or blow up), some of the ~j are

not 1. In this case, additional terms can be removed.

Of particular interest is tb.e case of total damping in which

all rj =e less th~ one. Then everything can be removed

except

1. k: = k; = O V 1 # j, and k~ = kj- A.1 (u.navaidable;

ma-~~ematicsc~e)

Butthisis

Thishas

the identity!

importantconsequences:

Damped systemsarenotsusceptibletoresonances

l’hereareno amplitudedependenttuneshiftsindamped

systems
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On-line correction of Aberrations in particle Spectrographs

hi. Berz, K. JM, J. A. Nolen
Department of Physics and Astronomy and

National Superconducting Cyclotron Laboratory,

B. M. Sherrill and A. F. Zeller
National Superconducting Cyclotron Laboratory,

Michigan State University, E=t Lansing, Mi 48824

Abstract

A new method is presented that allows the reconstruction

of trajector;ea and the on-line correction of remdual aber-

ratmrts that limit the resoluhon of particle spectrographs,

Using a computed or fitted high order transfer map that
Ascribes the uncorrected aberrations of the spectrograph

under conslderatlon, It IS possible to determme a pseudo
transfer map that allows the computation of the corrected
data of interest M well M the reconstructed trajectories

in terms of posiLlon meutrements in two planes near the
focal plane.

The technique is only limited by the accuracy of the pm
sition meuurements and the accuracy of the transfer map.

[n practice the method can be expressed .M an invermon of

ptwudo transfer map and implemented in the differential

Igcbralc framework. The method will be used to correct
(esidual high aberrations In the S800 spectrograph which
is under construction at the Natlon&! Superconducting Cy-
clotron Laboratory at \llchlgan State University,

1 Introduction

Efficient modern high-resolution m=s spcctlographs usu-

ally offer rather large phase space acceptances, One mrch

spectrograph IS the WIN curr~ntly under construction at

Mlchlgan State IJnlvcrslty ’s National Supercontluctlng Cy-

clotron Laboratory [1, ‘2] Such Iargc acceptance high res-

olution spectrographs usually rcqulre a careful consider-

ation and corr~ctlon of aberra Lions 13u[ because of the

large phase space acc~ptaucr, rflwt~ or raLller high orderc

crmtrlhute ‘Ilis rnakm ~hr corrccti<}rl process ohr con-

slf.ierab]y nioir dlfflcult and comph!x, ~lrld some Limeo everl

prevents a conlplcte c(]rrcctlon tIr at}crrationo in the con-
vcn Llona] m!nw

It Is o(terl ~)o.ssihlr (0 clrcurllwnt or iIl IrMt allrviate

three probl~ms hy USIIIg addltlunal Iriforrllmtlon h~ouL Lhe
partlclcs [n partlrular, (Inr uftPII rllr:lsurrs not only their

final l~l)sltloll I)U1 RISO(heir Iiuml anglr II) rl)t-nus of n stc-
ond d~trctm \\ ’ItlI IIIIS aLI(;ILI(JII.11 Ill[{)rlllntlollIt IS to

rlir dcgret peasIhl? 10 rrlrofictl~rly ror15trurl llle whole

trajectory of the particle. This information can be used
ooth for he numerical correction of the quantities of inter-

est, but IL also reveals additional properties like the initial
angle, which is of course of mtereat in the study of many

nuclear proc~.

In the paat such trajectory reco;wtruc~ion techniques
were quite involved, often requiring extensive ray tracing

and the storage of large arrayc of ray data and extensive
interpolation. In this paper, we present a rather direct

and efficient method baaedon differential algebralc (DA)
techniques.

In recent years we have chown that maps of parlicle op-

tical systems can be computed to much higher mders than

previously possible using DA methods [3, 4, 5, 6] Further-
more, the techniquu ●lso allow the accurate treatment of
very complicatedfieldsthatCan& treated only approxi-

mately otherwise, [n our particular case, thaw include the

fringe fields of the large aperture magnets required for such

particle spectrographs. So for the first time there IS now
the possibility to really compute all the aberrations that

comprise ● modern high resolution spectrograph without
having to rely on Ledious ray tracing,

On the pract)cal side this requlrea high order codes for
the computation of highly sccurate mapa for realiatlc fields

The new code COSY INFINITY[7,8,9,10]allowssuch
computatlonmIn a verv powerful language environment IL

also haa extensive aIIII general optinilzatlon capabililles,

SUppOrLS interactive graphics and providea anlple powrr

for cuolomlzed problems, and It provides all the necessary

tools for efficient Trajectory reconstruction.

In the next secLion, we will dmcuaa an Important algo-

rlthm (or this tMk, the Invermon of transfer map-, Scctior~

3 ouL]ineo the use of map Inverulon b=rhniques [or the pur-
posen of trajectory reconslructmn. Section 4 provides nn

outlook for the prac Lical appllcaLlm In connectlurr with thr

S800 spectrograph

2 inversion of Transfer Ma])s

AL the core of the operations that follow IS the nmd LO

irlv?r L transfer mnpm In their DA r?presenlatlon ‘1’h!ulgh
at firsL glance thlo mppcars like a vmy difficult prohlcrll,
wr will see that indeed there IS a rather elegant and chmd



atgontnm LO perlorm Lnls t~k

We begin by eplitting the map A“ into i~ linear and

mlirtear par~:

A. = AI. +Aart. (1)

Furthermore, we write the sought for Inveme M M..

Compaing the functions, we obtain

Here “o” etande for the composition of maps. In the
Imt step uee has btmr made of the !act that knowingMm-I
allowsueto compute Aa~oIU.. The neceeury computation
of A7’ u ● linear matrti inversion.

Equation (3) can now be used in a recursive manner to
compute the Mi order by order,

3 ~ajectory Reconstruction

The rault of the computation of tbe tranafer map of the

oyotem allows ua to relate final quantltiee to initial quan-
~ltla and parameters, In our caae, the relevant quantitia

“ the pcmkions in z snd u directlona M well M the ma-

-r- of dopes P8/PO, PY/po ●nd the energy of the particlu
under cczmderatlon. Usually the initlnl z, which u deter,

mmed by the target thicknaa or ● tubcequent clit, u kept

small to provide a mmlmal entrance width. So the final

poeitiona ●nd slopes are primarily determined by the en-
ergy, and LOhigher orders alao by the Initial v pmltion and

the initial slop-,

[n the full tran.efer map we now ad Zi to zero ●nd con-
sider the following submap:

()(1
Z/ a,
a/ = VISb
UI

(4)

b/ Ci

This map relata the quantltiea which can be rneeaured
in the two planes 10 the qimntitim of interest. The map

S is not a regul~ transfer map, ●nd In particular ita lin-
ear part doa not’have to be ● prlorl Invertible. In a well

d~igned particle spectrograph, the llnear part hm the fol-
lowing form:

sre ● star dmotea ●n ●ntry that III 1101z~to Sine@ the

system II Imaging, clearly (x, a) vnnlshm, and all the other

/

Figure 1: The vertical layout of the S800 spectrograph

zero terms vaniah becauae of midplane symmetry (x,d) IS

mmlmized in spactrogrsph daaign, and (a,a) cannot vamfih
in ●n Imaging -y-tern bee-m of symplecticity. In fact, to
reduu the effect of the finite tise entrance slit, (x,x) IS

mmimized within the constraint, and ao (a,a) = l/(x,x)
Mduo maximimd.

Becatw of symplecticity, (y,y)(b,b)-(y,b) (b,y) = 1, and

so we obtain for the total determinant of S:

ISI = (z, tf(a,a) # O, (6)

b-id- being nonzero, the oizo of the determinant is ●lao

● good meaaure of the quality of the spectrograph: the

larger the better.

So certainly the Iineu matrix is invertible, and ●ccmd-

ing to the last wctlon, this entade th~t the whole nonlinear

map S is invertible to arbitrary order, ●nd thus it u pwi.

b~e to compute the initial quantltia of interat toarbitrary

order,

A cloeer inspection of the slgorithrrt shows that in each
itcra~ion, the rault u multiplied by the inverw of the lin-

eal matrix S. Since the determinant of this inveree ia tbe
invcrae of the orlglnal determinant ●nd b thuo quite omall,

this ent-:ls that the origirmlly large terms in the nonllnaar

part of the original map me more and more aupprb, So
clearly even with trajectory construction, the original in-
vestment In tht qusllty ofth spectrograph, which ia deter.

mined by ita dlsperm.m and its x demagniflcatlon, directly
infiuenrlw Ih? quallty of the trajectory reconstruction,

4 The Correction of Aberrations
in Spectrographs

rhc pmpoeed nupmcrmducturg magnetic spectrograph, the

S80tJ [1] shown In flg 1, for the Nstional Superconducting
(~yclotron L.hboratory will allow the mtudy of heavy ion

reactions with magnetic rigidltiu of up to 1,2 GeV/c It

will have ●n energy rea4dutlon of one part in 10000 with
(I4 I



Drift

Quad

Drift
Quad
Drift
Dipole

Drift
Dipole

Drift

Table 1: The S800 Spectrograph

l=60cm
]=qocm, Gmm.=21T/rn, d= .Olm

l=20cm

I = 40 cm, Gin.. = 6,8 T/m, d = .01 m
l=50cm
r = 2.6667 m, B~aB = 1 ST, @ = 75 deg,

(1 = O deg, cz = 30 deg
1= 140 cm
r = 2.6667 m, B~d, = 1.5T, d = 75 deg,
(~ = 30 deg, cz = O deg
I = 2S7,6 cm

large solid angle of about 20 MS: and an energy acceptance

of about 10 percent,

The spectrograph will be used in connection with the
new K 1200 Superconducting Cyclotron for beams of pr~

tons up to Ursnium with energies of 2 to 200 MeV/u, It
will provide unique opportunltm for rezamch in various

arew, including the ctudy uf giant resonances, charge ax.
change, direct reaction mtudiu and fundamental inveztlg-

tiorw of nuclear Olructure [1 1].

The S800 cormsts of two superconducting quadrupolez
and two 75 degree dipoles with y. focueing edge anglaz. Ta-
ble 1 lists the psrametera of the system The settings of the
quadruples shown here mrrcspond tu particles of 193.04

MeV, P s 100 and charge 5U. Standard optics notation

Is used.

After a careful mca.surrment of thrcrucial frin~e !leldc of
the dipoles, WF WIII b~ using COSY to dctermlne the h)gh

order propertlea of tlw n)ap of ttm spectrograph The com-
putation of the map .S rrom lhr reaultlng transfer map can

LP perfurnlpd dlm’lly wl~hln[II?COSY environment, and

m can the Invrromn 01’tlw map S Altogether, R correction
rll~l S 10found, the m)nllncarlty of which is determined by
tllr llonlin~mrlty of the orlglnal ii)ap nnd the qu~]ily in the

sprrtrogrnph memurd by (x, d)/(x ,x) It IS anticipated

that th~ correction IIIFIP cmn IIF uml fur an UN line deter-

mInmlIon of th~ rdrvnnl dnla wllhuut hmvlng 10 olore the

rnw lwo plane pomltion nl~ru4urrll)ents
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A POSSIBLE TEST OF QUAD
OPTICS USING EPICS
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PILAC
Proposal to Test

EPICS Quad Optics

● a Talk for
● PIIAC Optics Meeting

● by
● Arch Thiessen

s 13 August, 1991



● Installed and Operating

● Use Experimental Ray-Tracing Only
● Full 3rd OrderCoefficientsAvailable
●

● Try to ComputeCoefficient
- and SolidAngle
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/ ,/ ;l.l/ ~..,. !

1’ ?“

What I Have in Mind

● Compute3-D FringeFields
- UsingTOSCA
- Take Account of Adjacent Quad

● Measure 3-D Fringe Fields
- Using Proposal of Klaus Halbach
- Measure Bphi vs phi at large r

- Analyze with Bessel Functions
- In Presence of Adjacent Magnet

● Align Chambers, Targets, and Slits
- And Measure Location of Vac Chbr

● Modify RAYTRACE/MOTER

- Use TOSCA & MeasurementInfo
● ComputeCoefficientsand SolidAngle

- ComparewithExperiment



,’

Personnel & Time Scale
● TOSCA

- Barbara Weintraub - next 1-2 months

- Including effects of Adjacent Quad

“Measurement Apparatus

- Mdfy by Xmas

● W~ Advice of Klaus Halhach

● Measure m Place

● Desgned by

● Barbara Weintraub

sSteve Greene

● John Zumbro

● Measurement Logistks

- Measure Before Beam on (May?)

* Barbara Weintraub - MP-8

● Steve Greene - EPICS

‘ John Zumbro - MP-14

● Bessel Furwtion Anal@

- Jeff Arrington - ACU

● MOTER/RAYTRACE Mods

- Zumbro & Thiessen

- U of Pa Student ?

“Comparison of Experiment and Tlwory



Value of Experiment

● A Clear Goal
● Tests Conceptsfor PllAC Design
● GivesEPICS Confidencein SolidAngle



RAPPORTEUR
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PILAC OPTICS WORKSHOP

AUGUST 12, 13, 1991

R.APPORTEUR

K. BROWN

1) PILAC in its present form is a highly optimized design.

Many things have to work right at the same time. In this

respect, PILAC resembles SLC at SLAC. It would be useful

to make improvements to the design that provide a

margin for error,

2) Optics programs are in good shape. With Lie-Algebra and

calculations to very high order, in some cases to tenth

order, This is an important achievement for the field.

Many important problems can now be addressed that

were impossible previously. Many papers can be written.

But some of this work will be meaningless unless the

magnetic field models in the codes are also improved to

models. This workshop gave some clues [~s to how to

begin.



EVALUATION OF ENVIRONMENTALLY SAFE
CLEANING AGENTS FOR

DIAMOND TURNED OPTICS

Lonnie A. Theye, Robert D. Day, Jeffrey Weinrach
b Alms Nanonal L&muory

Los Ak?nos, NM 87545

Rudolf Schubert
Bell Cornmunicaswm Research

Red Bank, NJ 07701

Stephen Seiffert
Benchmark Environmental Corporan”on

Albuquerque, NM 87110

Background and Need:

Precision machining of metal surfaces using diamond turning has incmscd
greatly in popularity at LANL in mcem years. Similar techniques are used
extensively 10manufacture metal minors for use in laser applications. The
diamond turnd surfaces are easily damaged, making [he selection of a cleaning
agent very criticai,

These surfaces have been traditionally c!eaned using Tnchloroethane (TC’A) [o
remove residual oil remaining from the machining process. The TCA was then
rcrnovec!.::i[h an er.tmrrolrinse, leaving a residue free surfiicc. Rccenrly,
howef er, TCA was pronounced cnvironmcn[idly unsiife. Consequently, we are
scarchlng for an cnvironmenhdly safe cleaning agent for [hesc diamond tumd
metal op[ics,

‘lk conccm wi[h using iiltem:itivc solvents is the Po[cntiiil for rcsiduiil surfxc
filIIls [hat prmlucc rcflcctivi[y charigcs related to ii combination of Wiivclcngih,

surface coverage, fdm thickness and dielccrric properties. Ilereforc, we ‘tavc
initiauxi ii program fm mting the effectiveness of a variety of environmentally
SilfC solvcrr[s used [0 clean dialnond turned opticiil surfiices.

our t)iiSiC [cs[ ])lilil consisls 0( COlllpiJI’iIlg ii number of cnvimnmcnudly siifc
!J)IVCI1lS :lgi{ill Sl [tic ‘1’CA/C[tliill(Jl clciming Syslcill. WC tKiVC idcn[ificd [WCIVC

~;illd]dii[~ solvcn[s, bllt hiivc ofl~y bccm :iblc to ~:rforrn ii piulhd ICS[ on OIIC of

[Ilcrll 10 (lii[~, ‘Ilis piipcr discmscs Ilw rcsul[s t)bl;lincd 10dii[c using this
S~)lVClll klloW’11 iiS 1) 1; I 11.



The surfaces [o be [csted were finished using a single-point diamond [001 with a
tool nose radius of approximately 3mm. The machining conditions wem

adjusted so tha~ a I wukv feed was obtained.

A fixture was made [o simulrmeously machine nine Llarrks. Clean mineral oil
was used as a cutting fluid. After removing the blanks from the machine hey
were stored in a mineral oil bath undl they could be clea.mxl. The mineral oil
plus any pardculates generated by the machining prcmss must be cle-arvxi from
the surface.

The cleaning pdUIK+consist~of~u~ing cleaning solvent Onto the oily
surface and then air-drying with pressurized clean air. The fluid coming off of
the surface during the cleaning process was collected for subsequent chemical
analyses.

The following techniques are used to evaluate each solvent’s effectiveness:

A. Bidirectional Refhmance Distribution Function (BRDF) scatter
measurements
Ellipsometxic analysis.

5; Obsemation of the surface using a Nomarski nlicroscope.
D. Miflcially aging for the equivalent of ten years using those solvents

which provide the best surfaces based upn the three techniques listed
above. After aging, an Auger analysis will be performed to determine
surface contamination film Lhickncss.

BRDF Measurements:
The BRDF is a measure of the amount of light scattered by a surface away from
the normal angle of refhxtion. 1[is sensitivr to both particulatcs and surface
films and is a good measure of the surface performance in a rypicid application.
For the purposes of this s[udy, the BRDF rncasurcmenui proviae a functiomd
cri[ericm agains[ which [()c’v;duutc ihc solvents. These measurements ,arc rnaclc
a[ a wavelength of 0,6328 mm und at off ilXiS scattcri[]g angles between ().5°

and 600.” l“hese corrcqxmd 10 u rmgc of surfilcc wavelengths he[wccn ().73 pll]

and 73 ~nl.

Ellipsomctry Mcasuremenis:

Ellipsomctry is iiscusitiw [cchniquc used [0 nmsurc surface film thicknesses
of ICSSthiln cm nlolK)lilyCr, ‘1’hcrcforc il is u very good qUWltitiltiVCmcthcxi for
dctcr[llininy how \vcll a s(}lvcrlt rc[lmvcs surface oils. By usirlg (iiltiiOl)tilirlc(!
fror]l tllc chc[nica] an;llyws pcrf\mIw41[m tll~ colhxtwi rinses illorlg widl u
rlmtl]crnu[iciil In(Klcl, cllipsimwlrir nlcasurcrncnts can lx used to dctcnliinc the

lYpC ilrl(l UlllI)Ullt of SUl”filUc U)rlt:llllir lilrlt. An it(lv:irlttigc of this tuhniqtlc is tllii[

it works in ;Ilr as {JplxwIl 10 Vi\ C\l~llll,



Artificial Aging and Auger Analysis:
long term performance of an optic is of(cn an imponan[ rquircment. Since [hc

clcani ,g solvent affects surface chernisu-y, i[ wm decided [o artificially age [hc
specimens affer cleaning them. The aging is performed in a chamber with an
atmosphere containing high concermariom of corrosi-~e chemicals romnally
present in our environment. For example, a typical corrosive aunospheric
mixture will k 10-ppb hydrogen sulfide, 10-ppb chloride, and 2(M-ppb
nitrogen dioxide with a relative humidityof 7070[31.TheAuger analyses
performed after aging determines the surface contamination thickness as a
function of the solvents used.

Data Analyses Obtained Thus Far:

To date BRDF measurements have been made on three cleaning systems:
1) trichloroethane with an ethanol rinse
2) PF with an ethanol rinse, and
3) PF with no rinse.

Figures 1 through 6 are plots of these data for ETP copper am! 6061aluminum.
(Theresults for the OFHC copper were very similar tu those obtained for the
ET’Pcopper and therefore are not presented.) An examination of these plots
reveals that the amount of scatter produced from the surface cleaned with the
PF/ethanol system was similar to that of the TCA/ethanol system for both
copper and aluminum substrates. The surfaces that were cleaned using PF
without the ethanol rinse produced much more scatter than the surfaces cleaned
wi h the ‘rCA/ethanol system. The peak observed at approximately 40 deg-ms
on the copper data is cawx! by diffraction effscts from the machining marks.

Aging ~nd Auger Analyses Results:

The copper and aluminum were aged for 10 days in an Accelerated Aging
(Mamixr, Auger analyses were performed on etich sample after the tests to
dc[cm~inc [hc elements present in [he contamination layer und to determine tie
contamination layer thickness. Figure 7 shows a typicai Auger Spectrum mken
on onc of the copper samples. Figures 8 through 10 are the depth profiling diitiJ
for (hc IH’P Copper samples wilh a sputtering r;lte of I(KIangstroms pcr
n~inu[c. I;igurcs 11 through 13 are the dcp[h ~)rofiling Uutiifor [hc 6061
Aluminum samples with a spuuer-ing riitc of 2(X)angstroms per minute. lJronl
[hcsc data it has been concluded that there is no -ignificant diffcrcncc:; be[wccn
[hcclc:lnirlg procedures for either material wilt] rcgw-d 10future corrosion.

l!llipsor]lcwic rncilsurcmcrl[s Imw: been dcluycd becuusc of Insmrrncn[ repair.

Sulllmury:
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BRDF Measurements on ETP Copper_— __ —.—
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BRDF Measurements on 6061 Alumhum— —
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Depth Profiles for ETP Copper

Sputtering Rate Is 100 A/Mln
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Depth Profllea for 6061 Alumlnum

Sputtedng Rate Is 200 A/Mln
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PORT.ABLE R.\ Dl.\TIO\-DETECTICl\ l\ STRL’\lE\-iS FOR DISTI>GL”ISHISG SL”CLE. \R

FROYI SOS-SLCLE.AR \lU\ITIO\S

PaL! E. Fehlau
LOS.Wamos Xatlorial Laboraco~, L.s .Wamos, Sew Jlexico S7545

.4 bJ-ll”LIL’[

The cml>slon 01 g~mrnJ ra}i ~ncl fas[ neu[rons bt

nuclear mis[cnols pro~ Ides a Simple means for dl>[ingui>hlng

bc[~iecn rc~l nuclew munl[lons and orher ~ssemblles [bar ~re

non-nuclear. Such JS nuclear-e xplo~lve-llke IeSI a~wmblws

I SEL.+S) .md con~cn[lonal munl[lons,

The presence or ~bsence of ,Igrrifican[ numbers of
neurrons md charac[erls[lc plu[onlum gamma rays we dls[ln-

gulihlng a[tnbures for plu[onlum munr[lons. The presence of

cnergetlc gamma rays frbm ~~~l-.rdaugh[ers. If presen[ In >uf-
ticlent number, IS a drstlngulshing w[ribu[e for highly en-

riched uranium mum[lons, Some portable Instruments ~re
being developed for ~cnf) Ing !har munl[lons we or are no[
nuclear. and olhers are idready commercially ~vallable. The

commercial ones have been evalua[ed for pre-fllgh[ non-

nuclear verrfica[lon of .WELAS In .AIr Force fligh[ tests.

1. LWODUCTION

Rmll~tlon de!ec[ron provides a convenlen[ means [o !es!

one or more mrlbu[es of a nuclear munr[lon to verify [ha[ r[
I> tonsls!enl wt!h expecl~[lons, For example, Ihe em]sslon of

pcce[rallng, charac[errs[ic gamma rays and ncu[rons from

nuclear munl[lons conialnlng Iow-bumup plu[onium can be
u~ed 10 dlstlngursh [hem irom either conventional munltlons
or [e~[ munl[lons [ha[ arc non-nuclear, nuclear- etploslve-llke

~ssemblles (WLASI, SImllarly, mum[lons conrammg highly

enriched uranrum (HEUI I may be dislingulshcd from NELAs

b} mewur,llg penefraling gamma mys, provded [ha[ suffi-

cient amounls of [he IsoIo~ ~3~U and Its ddughlem wc
present In [he HEU, Some form of background may h
prewn[ for any t)f [hesc radlalions, bu[ the backgrounds arc

Ll\uJlly low.

II, XL’CLEAR MATEP.IALS RADIATION

\lmo\[ JII nuclear malerlals m mdmactlve und eml[ nne
III rmlrc I}~s ~Jfr;dlar ~n. Includlng neutron, alpha, and IXIB

IIJrrItilCS Jnd phvl(m km~;[rahlung, x-rays. isnd g~nlma

rfi!, I TIIC radlodcll~c cmls>l(ms penetrwe nuclear or encap

~ul~tlrlg mis[enisls ~lth dlftcrlng degrees i)f cf’fecIIvcness,

Alphd ~nd hICIa piIrIIclc\ ,Ind low .cnergy ph~’ic)tls, for cl -
.Implc, ~rc rcdll> JIIcnuJIcd, n)aklng [hem ,ulmblc 1)111} t(~r

icrlty Ing J nltilcrl~! t)rw, iu~’h J\ tcrlt! ng Ihnl hnre.

Jeple[ed-uranium pms ~re nor hl~hl> ~nnchcd, \euII:I.

~nd :~mma r~)s rrcrm plulonlum we more pcne!rull[lg JI:.I

~re ~~~ll~ble JS J ~enticarlon ~l:rr~ture ~)urildc ~~t .In i..
wmbled nuclex mun:tion,

Low- bumup piuton!um conldln> JIYXII h’; ,)1 !Ilt IJ p~
l~oropc wf emits bo[h Penelra[ln: fJ~I ncu[ron\ .ind In[cn.e,

penetratlr,g. ~h~rac[crls[lc gammu r~}s In [he entrg} rc;l,)n

be[~een 330 Jnd 450 keV, HEL’, Ilowelcr. cmlri :cii

neu[rons, ~nd IIS 185-ke V g~mma r~) \ h~’.e IIIT IIICLI[wne[r~-
[Ion, Other urarrlum IsoIopes [ha[ m~> be prewn[ In HEL JU

have decay chains [hat lead [o cmiislon of pcncrrJ[lng

gamma rays: !or example, ~~~~ J I), ?16~nd 2,b Jl<l” md

:~~L’ aI 766 and 1001 keV. However. for HEL’, Ihe Intcn.l[y

of these higher energy gamma ra}s may be rel~[liel) IOU

imd large de[ec[ors and long coun[lng [Imes mJy be nccdd

[o LIc[ec[ [hem. Ano[her fac[or for [hew r~cll~[lons IS [h.i[

[hey are often presem in na[ural backgrounds, hence. u~lng

[hem for non-nuclear venficallon may give ICM confidence In

[he result [ban would o[her me[hods,

[11, PORTABLE LNSTRL’!klESTS

Pcrrable msmumenls for dis[lngulshlng munlllrmi ..ln he
as basic as a simple alpha de[eclor used 10 memure [he \ur-

face alpha-emrsslon rale of bare urwrlum. munlllon pLIrr~, or

[hey can be as complex as a portable mul[lchacrrcl ~n~l} zer

I MCA) and high-punty germanium (H fflc I dc[ec[or uwd IU
measure high-energy uranium-daugh[er radla[wns from JC Js-

wmbled muzwuon, The middle ground IS i+CIUS>ut porruhle.

hand-held Insmumenrs [hat often arc small, bti[tcry-powcrrd.

and have i,ltcmal radanon demctors for rrzggcdncss Jncl

microprocessor conlml for versalrllly. Thc>c ln>[rumcn[~ cm

km readily spwlallzcd for venfylng [hal plulorrlum I\ cl[hcr
present or absenl In a munl[lon,

llse sp;rallzed Inslrumerm u,< el[he, J nculron-,pl!ic

radlatlon detector tL detect plutonlum ncu[rrms or J gunln]~-

ray dctecr’ : and finnwnre 10 wnp a chwac[crl~(lc plu[onluln

regron-of-lntcrest [RO1) from a brom.f gammu, ris) spec[rum
The w[lwrs !ha[ follow give crumple~ {)! !hc ~I1lluNIIlg

~I ~ neuwon verlficallon Ins[rolnents based (In wlnl,!lulltm or

pmpOtlmral.crsuPier fnslrlculron Jcte~lum, irml I 2, gJIIIIIIJ -

ray $crrficatlon Ins[tumenIs Ihw uw lhc ~ 10- f,) .i~II hr\’

gumma. ray reglcm M J ilgnislure l(~r ‘w prr\CIlkC ,,1

l\lulunlum,



[\’. SEL”TRO\ I? ATRL’\lE>TS

Tkrmill n<u[ron Lle[<c[ors ~re used ro dlscrlmln~[e be-

tween real And wher Inunltlons because [hey can
predomlnanrly measure the neu[rons In a mixed (neutron and
,>amma.rav ) r~di~[lon fvtld. However. the neutrons eml[led=
by plulon[um ~re ttis[ neulrons \G J polyethy]c[ e de[eclor

modero[or IS used [o provide [henmallza[lon,

lk IWO [}pes of thermal neu[ron de[ec[ors In use isre
wlntllla[lcm de[ectors bm.ed on ennched Ii[hium (~Li), and

~He proportional coun[ers. in rhese detectors. [he gamma-ray
response can be suppressed by using pulse-height discrim]na-
!ion. M IS Illus[ra[ed (Fig. I ) by rhe pulse .htight spectra tor

enriched- lirhium scln[illmors. The Imoderated 6Li I(Eu)-scln-

[Illti[or: response ro a ~s~Cf fm.[-neu[ron source in (Fig. la)
has is dis[lnc[ peak region m [he ngh[ fron] [hermal and
cpl[hermal neu[ron in[crac[lons and a low-energy con[inuum

region M [he Iefi from gamma-ray inrerac[ions. The [WO

regions can be separated M [he [hreshold of [he neutron

region by J pulse-height discriminator that will exclude

gamma-ray pulses from environmental sources ~nd o[her
ma[eriols (such M deple[ed uranium) [ha[ may be found in

NEL.As,

The second scin[illa[or in Fig, I is BC 7021, which com-

prises an enriched-li[hium compound mixed wilh a ZnS(Ag)
phosphor isnd encased In tmnsparent plastic, IIS pulse-height

\pecrrum (Fig. lb) is u less in[rusive one [ha[ does not give
spc[ral lnfumla[ion in el[her the gamma-ray or neulron

regions. The spectrum shows only a gamma-my spike at
very low energy and a dlmlnlshlng con[inuum of neutron

pulses over mosf of [he range. A pulse-height discriminator
~e[ IU~I ubove [he gamma-ray spike effectively separules lhe

g~mma.rtiy response from the neutron response, The sl[ua-
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a[ the left. In BC 702

(h), neu[rons give [he
broad continuum, urrd

gamma rays slmf.sly
produce u iplkc M the

cxtrem: Ief[,

Two mw-iufac[urers h~ve commercially produced J ll:md-
held ncurron verification Insrrumen[ originally developed [2]
JI Los Alamos for non-nuclear verification of NEL,As. The
Jomar Syslems~ JHH-22 and [he TS.A Systems~ ?JNV--I70

bo~h use iI moderated bLi I(Eu) ~cinllllmor md pulie-helgh[

dlscrimlna[lon to detect fast neu[rons. The deleclor IS

moderwed by surrounding It with horseshoe-shaped
polyethylene and m acrylic light pipe (Fig, 2). BecJuw
munl[lons may provide some moderation, [he modcro[or is

[bin In the mos[ likely source Jirecrlon. below [he
Ins[rumen[”s base.

Bo[h [he Jomar isnd TSA instruments were (>rlgln~lly
developed m pro[o[ypes for last mlnu[e ter]ficollcm [h~t
NELAs do no[ comain plu[onium. The NNV--l7O WJS
selected for furrher development and now includes features
tha[ address [he human fac[ors involved in preluunch, non-

nuclear verification of NELAs carried by aircmtl. Thew fea-
[ures include a large folding handle, membrane swi[chei. md

display illumination 10 facllita[e using rhe Ins[rumen[ In is

cold, dark en~ironmen[ by a person wearing foul- wemhcr

geur. Figure 3 shows the instrument being used, under less

rigorous circumsmnces, by an operator from Sandia Nmionisl

Laboratories, [he lead laborato~ for implementing roullnc

military use of the instrument, Resides [he munlrion mem-

urement In progress in Fig, 3, borh background memure -

mems and before und afrer radioactive source checks ot [he

Instrument are included in [he verification procedure.

Fig. 2 The moderator and light pipe In the neu[r(m
verlficatitm Instrument surround u fil. Il(Eu) wlntlllmor, wlllch

has un UCII /L volume thnt IS 2,5 cm In dltuncler illd ().2 LIII

[hwk. The pho[omulllplicr IS u Humnnwusu f)pe RIYJ4 [hill

IS 2.5 cm In dlomemr isnd 7..1 cm I(mp,



Fig, 3 Las[ mlnu[e. prerligh[ ~erlticu[ion of ?4ELAs uses

20-. measurements imd requires just a few minu[es overall
when carried out R Irh [he hand-held neu[ron venf[cmlon

im[rumen[.

C, Field E.rpericrrce tii[h rh~ Hund-l{eld Vel([ron

Itl.vrruments

During one year of tield use of [he neutron verlfrca[lon

Im[rumen[s by Swsdia opcmrors, [hrce 20-s mewurcmen[s
were u~ed N each s[ep in [he venficmlon procedure. After

eirch 20-s mctisuremem. [he ms[rumems sound a beepr. dis-

plir> [he resul[. and begin a ncw rrleuurernen[. Reference 3
retlewj the meuuremen[ resul[s ob[alned dunrrg [he year, ln-

uludlng refcrtnce measurement resulls for real rrrurrllions

(Fig. : The rctil-munltlon resulrs wl[h [he NNV-470 ~re
pr[~por-rlon~l [O jlmllar rneasurcmenl results trom rou[lne

icrltlcii[lons turned out wl[h a less p?rmble MCA and

>hleldcd neu[ron.usay prolx (SNAP) detector [4] m [he Pan.

ICT plwrt, The ~pproxlmately four-[ lmes-hlghcr mrrinslc ef-

ticlency t]f [he SNAP de!cc[or, csllmtilcd at 1090 In Ref. 4,
~llow~ the plim[ 10 shorten Ihclr mcnsurcrnent [Imes 10 10 s.

The ~orrc~pondlng mc~surcmen[ results for NELAs during
prcluurwh, nnn-nucleur venfrcmion were uII close [u back=

gr~)und Jncl JI ICMI J f~ctor of 10 below resul!s for [he rcul
lll~illlll~)n,

1

Fig. 4 The \S~-470 field rcsul[s t! -.I\I\, 20->
meirsurements) tor reel munitions show good pr,lporrlon~ll[>
wi[h [he correspondln~ P~n[ex confirm~[lon resul[> (1-,LII~.

10-s mcmuremenlsl. The oull: Ing open- ~)mlwl pon[> ire

tor munl[lons In shlpplng conl~lners or l~unch ielllclc>

702-dc[ec[or Intnnslc efficiency t’or mader~ted st~urces I> .III1
expec[ed [o be son?ewha[ lower [ban the orlgln~l Je[ec[or.

One of [he pro[o[ypc Irrsrrumen[s tippe~rs Idcn[lctil [u Ihe
orlglnal NNV-470. bu[ i> $Ilghtly heavier J[ 1.5 kg The

second prolorypc has a much differcn[ appe~r~nce b-ecauw IIS

dcleclor assembly is mounted ~1 [he end of ~rr e~[endhlc

pole. The exrcndcd dcmc[or provdcs mcwremenr acce~~ to

munulolls [hat, for whatever reason, irre no[ wl[hlrr w-r :iml’~
reach wilh rhe original ins[rumen[.

A much diffcrem prototype wms-conlrol Instrument tt~r

detec[lng ncu[rons from munltlons more thm ~n Jrmi Ieng[h

away is a porrablc. self-con[aincd. !O-kg, kmet’c~se courrllny

sys[cm [hat uses mcderatcd JHc proporilon~l uoun[cr~ t’{lr II\

dcmclor, The S-cm-diam. 25-cM ~c[lve Ieng[h, pruponlunul

coun[cm are mounted In heml-cyllndrlcirl pol~elh) lent

moderators and have a high courr[er. gas prcs’,l~re ( 10 ,$s).

These 4cslgn fearurcs, dcscrrbed iunher In Rrf. 5, pr(~i Idc

good dcrcc[or response 10 both burc ?nd modermed neu[rt~n
sources. Thti bricfcmc uses J ,Mo[orolis hSHC I I

microprocessor. a large LCD. and u 5 1.l-hhyw muss.~lor;lge

RAM card [o permit ii to search for neutron wur~’cs. icirlty

munitions, or monitor ~::{ display IIme-hlsmrles (JI neulmn

Inlenslly.

V GAMMA-RAY [NST!lti\lENTS

A, H~rid-Held G~mmu-R~v \ “crIjI((If II I/I

Inslrlimenfs



B) g~uglng [hc LED pul.c hel:h(. [he ln>rrumen[ can dt[er-

mlnL [he Jmount ,>r g.iln ~dju>[ment [hat may be needed.
This non-rJdlo~c[l\c .Lpprowh 10 .[ablllza[lon makes [he ln-

~[rument rlore rc~dll) [r~n>porrable [ban If J rwdloactlse light

pulwr hac twtrr u~td. Iluring tts[s ot [he first JHH-01 ln-
.[rumen[s, [he LED .!~blllzJ[lon maintained o 662-ke V
(.Jmmti-r~~ puIst w :[hln ZCc or IIS mean pulse hci~h[ o~er a~
[emper.i[ure rmge ot S to -JO ‘C [6], This type of ms[rumerr[

IS now commerci~ll} J>.isllisbk from Jomar wl[h the model

nllmber JHH-31.

The JHH-01 and JHH-3 I Insrrumems use a 330- to 450-

keV plulorrlum RO[ md [wo narrower regions cenrered on

330 md 450 keV for tenfica[lon measurements ( Fig. 5)

The ner peak In[enslry for [he cen[ral region IS obtai.led by

u>lng [he IWO adjacenr narrow regions ro cs[lrnat: the ~moun[
of underl} Ing Comp[on-sca[tered radia[ion iha[ mus[ be sub-

tracted, The Insrrumen[ makes simultaneous 20-s-long mew-
urements in each reglcm. [hen calculates [he net imensity in
[he cen[ral region and displays it. The net in[errsiry for real

munirlons and NELAs can be markedly different; although,
[he differences are no[ always M greisr as wl[h neu[ron derec-

[Ion, Hence, when gamma-ray venfica[ion IS used for

plutonium muni[ions, 1[ IS nor unusual for neutron \erlfica-

-o 10Q 200 mm$m
CMnna4 Nu~

Fig, 5 The 330-10 450keV peak region between the shaded

regions IS charnctenstlc of plu[onlum. The sha,led regions
~re used 10 es[lma[e the underlying Compmn SLJrtered

r:dla~lon. In lhls CMC from a O,S-cm-[hick depleted ur.anlum
}JIWCjhlelulng the plutonium,

B Por[uhlc Gmlmu-Ruy Verification Instruments

wn[atltc >~mple or’ [he re~l [lluni[l L)fl c~n k MtJ\UrO_. ~nd

[he a~erage rr>ul[ I> [hen ~~~]l~blc tor Lie[tmtlnlng declsit)n

[hresholds for XEL.A ventkxlon. TIN Jrms-conlrol JpFllCJ-

[ion mfiv no[ provide [he same degree of m>urancc [hJ[ [he>c

:Jmma ra~s Jre presen[ In real muni[lons.

\lore” porrable, \lC.A-based Ins[rumen[s ~re htlng

dc~eloped for ~erlflca[lon ~ppllcations. One commercljl

proto!y~ IS [he TSA Systems MCA--l65. JUSI now appearing
on the market. AS ye[, [he \lC.A--J65 IS >[111being ?-,alu~ted

imd any problems discovered will have m be corrcc[ea beiore

i[ becomes a useful produc[. The concep[ bchlnd the JlC.4-

465 is a hand-portable, batteq-operfibed MC.+ th~t IJWS
ci[her an in[emal or external N’al(Tl) cfe[ecmr for Iden[lt)lng

gamma-ray emming materials. Besides \ Iewlng >pecrra L)n

an LCD. [he operator can s[ore up [o l-l ipectra for l~[cr
[nmsmission to a PC. Calibra[lng [be detector is done by

using a reference source and [he calibra[e mode [o ob~er~e

and move a selecled gamma-ray peak 10 a deslrcd channel by

means of keyboard input. The nominal conversion gisin IS S

keV/channel, ROIS can lx set by the user. and the counts

falling wi[hln each RCi can & displayed.

Anorher portable MCA Instrument pro[o[ype IS being

developed for trea[y verification ~pplica[lons where [he

opera[or needs very Iit[le Information o[her than a simple yes
or no. The ins[rumenr is [be N.AVI and is described else-
where in these proceedings [7]. 1[s unique fea[ures Include

( I ) Its ability 10 identify el[her of two gamma-ray calibration
sources and use lhree pks from [he spectrum to ~ulomu[-
ically calibmtc [he MCA, and (2) its abil~[y 10 make I[s own

de[errnina[ion of when i[ has sufficient data [o mtike :

decision about whether or not plutcmlum IS present.

VI. CC)NCLUDING REMARKS

Porrable radiation-detection Inslrumenfs can be d uset’ul

und convemem means for distlnpulshing between nuc!ear find

non-nuclear munitions, Their usefulness is hs[ assured

when close approach m the mun~tion is ullowed for veRfrca-
tion and an opporlunlry is provided beforehand [o establish

decision thresholds from mea.w.mnents of representa[lvc real

munitions. Funhemore, easily and effeaively using [hr in-
s[rumenrs resM on [he user king wained In Iheir use tind

lmng given sufficient oppxtunily to malnlam proficiency by

pracllclng the venfi:a[lon procedures. .schcdulcd instrurr,enl

malntenmnce IS nlso .mcesstuy and should include cidlbrullon,

measurements of slmdard sources 10 confirm normul opcr:-

Iion, M a review of accumulated verlfictition rcwlls for

measurement wnwol.
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.4bsrract

We ha~: resred a jingle-c~srid blsmurh-gennanate J.nnulus

In cm]untxmn UJICh J high-puriry gmmnlum detector M a

Compton+uppmsmn spccuomcur, Jnd have measured gamma-

rly merges of up to 6.13 WV

We hake rcstd J jingle-~~s[d BGO dnnulus ( shown tn

Fig, I I In conJunc[lon wltti m @rrec hl:h-punry germanium

I HPGc dcrecror JS J C~mp:on-mqprcssion $pccrromctcr

B--cwse rhe Compmn cress ~ Ion is forward puked JI higher

merges. we have j~ltied~ mnulus wIch mosrotthe mxmul
in rhe tomurd ,c:rrcnng direction ro m~xlmm sensl:lvlry JI

higher eneryes. ,A siri~l~ pho[orubc wu chosen [o enhance

p.mabll Icy, J.lrhougb otfierf (IiIve tound chw several photo[ub

Imprn\e the response[ ; j The energy rcwlutlon memmd wlrh

[hc .mnulus tor bh.~ .ket, y~mma ray5 from I ‘-C.s WJS JkWt

l(]~r

pulsewdth.DauwerecollecmdwithJm~lrlchannelbutt’er
md ~computerreadout. The nmc rmolutmn (It the ~ero clrculr
was hut 60 ns,

In prcvmu work wlrh J BGO-based Compton -juppress[on

system. H,lchngsson et A.[[ ] hxmd ti a very low BGO

rhreshoid was necessary m accommodate muluply -suxrelwd

garnm=. Flgum3jhow~some of the suppres.smn rmms (rhat
Is. the gatcd spmxum divdcd by the ung~[ed spewum ) tiom

Hildlngswn’j work[ I ] ~d the BGO chrcsholds t’cr CJChrmc
We can see W a B~ threshold d IS keV wu nccessap for

the tmt supprcssmn mults, The present ~nulus 1>housed In

J 0.032 -m. -thick Jlumlnum skin. The mlmmum transmissmn

energy for chIs much Jlumlnul,l IS Jround 30 keV Figure 4

$hows the effect or’ BGO rlwcshol~ on the $uppresswn for the

pmcnt dertitor The [op cume corresponds m ~bout zero

threshold{ no Iowcrrhmhold had My efftitj. so wee~pccr rh~t

[his IS rhe Ilml[ Impmcd by [he dumlnum skin
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HATERIALS AND SUPERCONDUCTING ELECTRONICS

James L. Smith
Los Alamos National Laboratory

At Los Alamos we mak~ things out of gold. I don’t know
why the TV has been on all morning. This is an example of what
Keyworth says about consumer products, that it is okay if it is
cold or hot inside, as long as the consumer doesn’t know.

And remember that we must kee~ these things warmed up.
That is why, if you want to save electricity, you unplug it. The
consumer wants it on very fast.

I am not an electronics expert. Reme~r a few years ago
that we all said that the real applications of the high Tc’s will
be those things that we can’t think of yet, and it seems to me that
in electronics, for tha most paxl, that what has been done is
unchanged from the low temperature materials.

In fact, the only difference with the high T= materials
is that you can’t make a tunnel junction.

Bruce Fhxdock had asked me over a year ago about these
materials. I mean, the question is, 1s there some thing that we
can do with high T= material that we can’t do with low T= materials,
and I am going to talk akut a couple of things today that we
haven’t tried. They are just ideas.

It seemed to ■e yesterday that it was very depressing
when Paul Chu showed the roller coaster, with Chuck Byvik talking
about all the gray men, the sort of graying national capability,
and David Chaffee was very quiet at lunch yesterday.

He has ‘Superconductor Week,” and I think he must have
been wondering what kind of job he is goinq to have next. Let’s not
forget some of the glow we all felt a couple of years ago!

I mentioned M. K. Wu at National Tsing Hua University to
David. He has thin gYoup of about 30 people, ard they linked to me
like they were all under 20. So there are other parts of the world
where people are still trying to hu8tle, and I will try to qive you
a feelinq for some of the things that we haven’t done yet that we
might do.

For making thin films for electronics, material.s
compatibility suggested the substrates for high T., Pctrovskite
materials. We hav. been usinq thlnqs like strontium titanace, but

funny thing, these ere plagued by lattice transformations.

You cool the thinq down from tho temperature whf-rm you
❑ake the film, or you cool it down below room temperature, and
thare is a transformation. The thinq twins, and it mmases up your
suparconductinq properties.



Incidentl.y, the connection between t!!e Perovskite-
related high T= materials and the real Perovskites, with all of
their lattice transformations, in fact, tells you a little of the
physics about why these things are superconducting. It is not some
magnetic interaction.

The point is that this is a problem. Our substrates are
no good. We need a cubic Perovskite which is something, in the low
temperature limit, that 1s essentially impossible to find.

This is what I thought about after BnIce asked me what
we could do. The point is, consider what these lattice changes can
do for you, and I will remind you first about piezoelectrics
because the guys who do ultrasonics are always impressive.

I mean, they understand that the oscillations they are
getting in piezoelectrics are really tensor quantities. I mean,
they can do transverse waves, longitudinal waves; they do shear
waves. I don’t even know all of these things that these guys do,
but it is really impressive what you can do with a plezoe.lectric.

And the point is that rather than put a tiny little
piezoelectric onto a big superconductor to check its properties,
%/bynot take a big piezoelectric and put a little superconducting
film on and see what the properties of the film are. What kind of
devices can we make out of this?

The same thing works with ferroelectrics. I mean,
ferroelectrics give you a hysteretic device. I don’t know how fast
you can do these things. I looked up a little bit last week, and
I found one old reference that said you could do a transformation
that goes a half a meter in a microsecond, and that struck me as
too fast. That is much faster than a shock wave. I don’t know
about the speed of these device.

The point is, that thiu being a tensor quantity, there
are all kinds of transformations available with your
piezoeloctrics. But it’s not just piezoalactr~ca, with Perovskitea
you can get tetragonal, orthorhombic, and rhomboid -- that means
it uoes off of 90 degrees -- distort~on~.

And as far au I know, nobody has ❑ade these things yet.

SODO of the atoms In these transformations will move ❑ore
than an angntrom; that much I could find when I looked it up. So
you hava got big changas qoinq on in the substrate, and this is
somethinq that you can’t really do with 1Ow temperature
eupercwductoro. They are not intrinsically tho same cryotal
otructura as theme ●bmtratem.

All of tho high T. superconductors bear a relationship to
the Pmrovskite structural!



Now look at the extensive variables we have got for such
devices. We had a problem with using Perovskites for the substrate
because when you cooled it down it transformed. So the point is
that we can control the temperature as an extensive parameter.

Iri the piezoelectrics you control with voltage. You
control with stress, remember that is how people got the twins out
of the Y-123 single crystals. You just squeeze it, and the things
sweep out.

And in some materials you can make the changes with a
magnetic field. So there is this huge variety of extensjve
variables that we can put on and get any kind of tensor
transformations that we want.

The point is, we already know this works because when the
substrates transform, they mess up th@ superconducting promrties.
The odds are we can, in fact, do critical field, do critical
temperature, do J= modifications by messing with the substrate.

Whatever will happen, there are going to b serious non-
linear effects, and serious non-linear effects are what electrical
engineers have known about since the heterodyne radio. Physicists
have only understood non-linearities in the last ten years.

So the point is, this is where you get devices. I mean,
it is amazing that you can make a circuit with that resistive phase
transition in a JJ instead of ha-wing to have it hysteretic. I
❑ean, I am still impressed by that kind of stuff. And this JJ
stuff doesn’t work as well with high T= superconductors.

So another subject: Remember when we all wanted room
temperature superconductors. That was the point four years ago,
and it seems to me that everybody has fallen asleep. It seems
strange to sea Paul Chu now pushing Buckyballs into niobium tubes
and heating them.

But a lot of people have sea higher temperature
transitions in the Y-123. Therr are certain temperatures that keep
reoccurring. Perhaps it is worth a little thought, and I saw
something recently when I was in Taiwam that reminded me of all of
this.

TWO of the people who already pushed a little harder were
Ken Taylor et the University of NeJw South Wales and J.T. Chen at
Wayne State University.

These are not guys who seek controversy. These are good
solid physicists who are working, who found a phenomenon that was
reasonably reproducible. They fael burned by the community because
nobody would limten to them. The story and the evidence that they
have is a lot better than morn temperature fusion. It is more
reproducible tha~ that.



Amd it seems to me that I can begin to see what might be
going on. Ken Taylor, early in 1987 found that if he kept his
Y-123 ceramic below room temperature in gaseous nitrogen, that he
could, during thermal cycling, get a resistive transition up to 141

Kelvin.’

J.T. Chen found by keeping the sample above room
temperature in oxygen, and thermally cycling it, that he could get
T=’s as high as 240 Kelvin. He started with an off stoichiometric
ceramic, but from x-rays it wxs just made of the 1,2,3 material;
the 2,1,1; and CuO phases.’

It 1s interesting that there 1s a symmetry here. I think
nature might just be telling us something. If you keep it away
from oxygen, below room temperature, or in oxygen above room
temperature, there may be some subtle thing going on.

But perhaps there was something about their two materials
that was different from other People’s.

Chen will still say that, among his graduate students, some
of them can always get to the high T= and some of them can’t, and
that may sound like a lack of reproducibility. But any of us who
have tried to make good Y-123, have noticed that for a few months
it works and for a few months it doesn’t, and eventually we figure
out what we did wrong.

I think that there may be something going on here that
is worth at least as much effort as we are putting into Buckyballs
right now.

So what’s new, Los Alamos has found some spiral qrowt’ns,
screw dislocations, in thin films.] But 1 was looking through old
stuff and I saw that, in fact, Ken Taylor had seen those back in
1987 and published them in 1988, -- he had them in single cqsf:als
on a surface.’

With a scanning electron microscope, he could see the
spirals, and aa far as I could tall, this was the only published
work before what Los Alamos and IBH did this spring on thirilfilms.

But Chen has this new result! He has single crystals of
Y-123 with thin platelets with the C-axis perpendicular to the thin

direction, and he finds that on one side, 10 percent of the

material 1s qoing superconducting at 240 Kelvin.

He says that under n ❑icroscope he can tell which side
it is. Optically it is a little diffe~’ent, but these spiral thinqs
are optically flat, in casn I forgut to tell you aqa~n. The photo
I will show you io optically flat material.

And anyway, they don’t have good materials sc~ence at
Wayne state, and Chen sent it to one of his friends at Bell Labe
who took a look with a TEM. He thinned it, keeping track of which



surface had the high T=, Incidently, it wouldn’t be superconducting
at 240 K after you thinned it and put it in a vacuum SYStem.

What it looked like were these layers. It looked like
what the side view of a spiral thing should look like.

And I explained this to him, and let me show you what the
spirals look like (Figure 1). This is a scanning tunneling
microscope picture from Marilyn Hawley. This was stuff that Los
Alamos submitted six weeks before IBM submitted theirs to NATURE,
but our work from Los Alamos was published one day later because
NATURE publishes on Thursday and SCIENCE on Friday.

Under the scanning-tunneling microscope, it appears four
microns across and these steps are 12 angstroms high, so you have
got about 1,000 times the magnification vetiically as YOU do
horizontally.

That is why Ken Taylor had t=ouble seeing with a scanning
electron microscope, and why you tend not to notice what is going
on with the surface of these things.

This is about a 2,000 angstrom film, but they all start
growing this way.

It is easy to guess what might be going on to make a 240
Kelvin superconductor, and this is important. I ❑e’n, some of us
have walked around in our winter coats at about 240 .<elvin. It’s
not that cold.

If the material is sensitive to the oxygen around room
temperature and when you have spirals sweeping by each other -- the
neighboring ones have the same sense -- you have all possibie
variations of two-layered structures coming together -- then it is
easy LO imagine that this modifies the mobility of oxygen or
nitrogen wlth~n the substrate -- then you need a proximity effect
that can, give you enough of the material to see 10% of it
superconducting.

At Wayne State it looks like with magnetic measurements
on a polycrystal that you have got close to 50 percent of the
material superconducting.

But why does the community reject this work? That is
sort of the poi,~t. It may not work in thin films becausa of the
epitaxial constraint of the substrates. I haven’t tried any of
these thihlgs. I haven’t tried any of the stuff I’ve been talking
about, but we will get on this.

so anyway, what I have talked about is, why don’t we put
some films down on some substrates and take advantage of what had
bean the problem with the substrates and, by the way, that might
give us some new physics.



If we can, in an interesting way, modify the properties
of these things, and I am unaware of anybody trying that, we might
get a feeling of why the things are superconducting.

And it is also true: why don’t we look a little harder
for higher temperature superconductors instead of just picking on
these two guys? Thank you.

DR. BIRNBACH: Can you explain what kind of Perovskites
would do this for you?

DR. SMITH : They are all cubic at high enough
temperatures. I can show you a generalized phase diaqram ‘, and the
piezoelectrics are a ve~ predictable material withir~ this general
class.

DR. GIIMORE: How is Chen making his materials xor his
processing?

DR. SXITH: The stuff he gets -- he mixes up the powder -
- the two oxides and the barium carbonate -- and does the heat
treatment at 900 to 950c, not doing anything special.

But the fact that he has got extra phases tells you that
the phase separation will tend to grow large grains. It is not
unlike the way you grow single crystals.

My guess is that what he has done is that he has found
a composition that tends to yield the spiral structure. He will
have his friends do STM -- scanning tunneling microscopy -- start
getting stuff looked at to see if this feature is present even in
the polyc~stal.

DR GILMORE: I was thinking about your spiral. They look
like the soti of thing you get from vapor.

DR. SMITH: That is what we get, at Los Alamos, with
heated substrates. That is a standard growth defect, and the point
is that because of what Ken Taylor saw when he grew crystals, you
can also get it out of a liquid tranapoxt.

So the point is that we already know that the f:inqle
crystals will. also have the ~ame kind of growth structure. That
is probably what Chen has with his off stoichiometric composition.

DR. GILMORE: I have a question about the microqraph that
you showed.

DR. sMITH : That is a scanning tunneling microscope
photo . That is off-axis sputtered, 2,000 angatroms thick onto a
heatad substrata. We will alwayn see this. On films tha% we make
that are c-axin vert;,cal,we always see these structures on heated
subotratee. If you put the thinq down and heat it later, it gives
a different morphology.
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DR. FLUSS: I have a question about those pictures. That
is an STH picture which is telling us about electronic topology,
tunneling topology. Has that been confirmed with the force
microscope and do you see the same topology or can you actually
distinguish insulating and conducting regions in the spirals?

DR. SMITH: Okay, the scanning tunneling microscope gives
you the product of the electronic density of states and the
morphology so that you are not necessarily seeing atoms.

You confirm the structure by also looking at atomic force
microscopy which actually measures only the topology but has lower
resolution. We have confirmed it with the atomic force microscope.

DR. BIRNBACH: Have you looked at a-axis films to see if
you find khe sane kind of spirals?

DR. S?41TH: a-axis: they look like little sau=ers up on
end, just like you might think. That is recent work. It is all
unpublished, but depending on the direction, it looks like little
dishes sticking up on the surface.

PARTICIPANT: Have you looked at this done by other
techniques? Do they have spiral structures?

DR. SHXTH: I think that is what we get from the laser
deposition but on a lot of our laser ablation films, we did a post
heat treatment and then we get little lumps on it, but I am fairly
sure that everything we do on a heated substrate will show this
growth pattern. 1 am not 100 percent sure about the pulse laser.
There is a different kind of sputtering to it.
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Absuact

We discuss the interplay between direct capture, valence capture, and
compound-nuclear captureinattemptingcoexplainthevastamountof
capture&ta forlight-massnuclei

Information that has been accumulated in a vast range of nuclidcs on the radiative
transitions that follow slow-neutron capture has been one of the main sources of
knowledge on ths detailed nuclear level structure of these nuclides. Most of this
knowledge comes from y-ray energies and level placements, the relative yields, branching
ratios of secondary transitions between low-lying states, and angular correlations among
successive secondary transitions. Spwtroscopic information may aiso be contained in the
cross sections of the primary transitions originating from the capturing state, and this
fact is demonstrated by the success of “direct” thccn%s of neutron capture for many
nuclides, especially those of light and near closed-shell character.

Although low+ncr~ neutroncapturecan be rcgasdcdas the classical compound-
nuclcarprwcss (the original experimentalevidence for large neutroncapturecross sections
motivated Bohr in the creation of the compound-nucleus concept), ithasalsobeenknmvn
for a long time [1] that far away from resonances a direct ,jbrm of radiative capIwe not
involving the compound nucleuscan exist. h this process,the neutron-targetinteractionis
represented in zero orderby a potential well, and the neutron that is initially in ans orbit
sinply falls into a p-wave orbit in the final nucleus resulting in tic emission of a pnmuy
El transition. The rkxctical analysis of this process requires a lmowkdgc of the coherent
scattering Icng”thand (d, p) spectroscopic factors.

This frmn of neutron c~pture is amenable to calculation because the major
contribution to the radial factor of the El matrix element arises from a region outside the
potential, well where the wave functions are known, These wave functionsdependonly on
the scattering,,length (for the initial state) and the binding energy plus single-panicle



spectroscopic factor (for the final state). Indeed, many partial E 1 cross sections can be
reproduced by a formalism that treats the potential with a sharp cutoff at the well radius and
ignores all internal cnnrnbutions to the matrix element. This version is known as chantlel
capture (see Fig. ? of Ref. [2]).

The cha.nnel<apmre formula [1,3] is simple:

/[ 1
1

~ y+3
x— +2 ReR,

Y’(Y+ 1)(Y+ ~)

[1

+ Ia,ly’ ~ 2 7u,,, e;,
y+l (y+l)’ y+l ‘

where

kf - target mass, m - neutron mass,g,- statisticalweightfactor,PO- penetration factor
for s-wave neutrons, ~, “- ruluccd ~ function, 7U - spin coupling factor, t); - specuo-
scopic factor, E, - binding energy of the ftrtal state, and ad - scattering length. This
simple analytical fommla has been found to be very successful in estimating the cross
sections of primaryEl transitions in many nuclidcs [3].

In the more detailed version of capture theory [4-8], called potential capture, the
wave functions are computed numerically from a realistic optical model (such as Woods-
Saxon) and the internal contributions are included The optical-model parameters (well
depth, diffuseness, and imaginary potential amplitude) ar~ varied +ithin physically
reasonable limits to reproduce the measuredscatteringlength (which may be affectai by
local compound-nuclear states), The depths of the real potential are then varied to
reproduce the binding energies of final bound states of largely single-panicle character.
This is the specialized opdcal-model [S] procedure. This model works well even when
(as in 9Bc) the scattering length (7,0 fm) is large compared to the potential radius (3,0 fro),
resulting in large cancellations in the El rnatzix elements [5]

[t CM be argued that forced adjustment of the optical-model parameters is not the

bestway to proceed to explain themal-neutron cross sections. Also, occasionally, cc~in
optical-model parameters get pushed to values that are at the limits of physical acceptability.
To circumvent this problem, the direct-capture amplitude cm be written as a sum of two
terms-a potential-captureamplitude (bad on a global [G] potential such as Moldaucr’s)
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and a valence [Vl correction due to the wave funcfion of local resonance levels projected on
the single-panicle motion. The valence comcction can be assessed from the difference
between the calculated (from the optical model) potential scattering length and the measured
scattering length of the target nucleus. We call this the global optical mo&l + valence
correction [G+~ procedure.

From the global optical-model calculations, a complex capture amplirude is
obtained. The real part is the potential capture and the imaginary part gives a cross section
that is the average of a resonance-resonance interference te2m (not a crc ;s section averaged
over resonances in the Hauser-Feshbach sense), From this, the valence radiation strength
functioncan be obtained and hence the valence correction. Tle direct-capture cross section
is given by

where R,b is the conrnbution from local levels to the reduced R function

( )Rfi~= aw -a, ,

rAtii+,)(*, is the average valency radiation w~dth,and rb is the neutron width derived
fkomthe neutron strengthfunctioncalculatedfim the optical-modelscattering. In general,
wc fmd that the [G+~ and [Sl methods give very similar results [6].

2.D. ~
,.

Differences between experimental and calculated cross sections arc attributed to a
compound-nuclear radiative amplitude due to the tails of nearby resonances. Compound
nucleus (CN) is a generic term for mechanisms involving more general features of the wave
functions chartthe simplepictureofneutron motion in the M.! of tic unexcited core of the

target. It is uncomelatcd with the single-particle content of the initial or final state. The
experimental L70sssection a,(X) is

TheextracwlCN cross section can be convetid toaradiationwidthifitisassumedthat
thediscrepancybetweenthepotentialandmeasuredScaucringlengthsisduetoa single
capturingresonanceIcvcl.Thus



his radiation width can be compared with the camero~f estimate

r ,.y,m (in eV) = 0,33x 104 E~(in MeV)A2’3D,(in eV) ,

which usually underestimates the average strength of high-energy (- 5 McV) mansitions.
Alternatively, the compound-nuclear radiation width can k derived from the B)ink’s model

of the damped giant resonance built on each final state, but it has been established that this
model overestimates the widtis for transitions in the 2 to 3 MeV mnge.

In general, tie r~y ~ E’ EA deduced from experiment agrees (within an order

( ‘ ~ ()’ IE:)IDJ ‘Ycompting ‘em ‘e cm ‘“~~estof magnitude) with Camerons ~AY,m

which bound or unbound level might be responsible for the CN contributions [9].

For some nuclides the discrepancies between theory and experiment are not only
greater than would be expected from the Cameron estimate, but also appear to be
systematic. The sofmess of Q4Ca allows virtual excitation of quadruple collective
vibrations with sufficient amplitude to interfere with the dirmt-capture amplitude. The
potential field that such a nucleus presents to an incoming neutron contains higher mulapole
terms that couple tie initial configuration (target nucleus @ single-panicle motion within
the spherical potential) to other configurations (target excited collwtive state @ single-
panicle motion). The higher multipolc terms have a similar mixing effect on the final
states. This generalized valence caprure model [9] leads to a systematic reduction (by a
factor of 2) in the captuze cross sections of transitions to the group of low-lying statesin
45Ca from the values computed in the direct< apturetheor,y,thereby improving agreement
with experiment. [There will also be a systeinatic enhancement for transitions to some
higher-lying states but time have notbeenmeasured.]

2.F.

‘TM total (n,y) capture cross soctiont discussed above are small (< 1 b) indicating
that the influence of resonance wings is small, In some case~, nearby resonances clearly
have a major influence and more complex capture mechanisms, such as the va/ence
mechanism, have to be considered. We base our calculations on the Atatrix theol y of
nuclear reactions and the assumption of a real potential. The fmctionation of the medeled

single-particle wate into the actual resonance is known from ihe ex@mentally determined
neutron width of the resonance. II is therefore unnecessary, in this approach, to model the
expu ted average fractionation by the formulation of the rmaginary part of the optical
model. The valence-capture amplitude, while being closely tclattxl tn the potential-capture

amplitude, is now more sensitive to the components of the wave function in the internal
region because the initiahstate wave function hasan antinoderatherthana nodecloseto the
potcntia.1radius. This also allows significant valence captureby p-wave resonances(see
Fig, 5 of Ref,,[2]). ,
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The valence conrnbution is proportional to r~~~~~~ ,dJ /(E~ - E). The valence y

width for resonance Ahas the important prope~ of rl~r AJ = ~~~j. The valence term in

the capture amplitude is constructive or desuuctivc with respect to the potential-capture

amplitude depending on whether the resonance level EA is above or below the thermal

neutron energy E, respectively. In the case of 4%a (whose thermal capture cross section of

6.2 b is an order of magnitude greater than the &rut capture cross swtion), the resonance

influence is clearly dominant but not overwhelming. (Ow- analysis is approximate because

the total scattering cross section and the parameters of the 1.48-keV resonance am poorly

known.) Even though the resonance valence radiation width is small (-O. 13 eV out of 1.9

cV), constructive interference yields an estimate of 3.7 b (a substantial fraction of the 6.2 b)

for the d.i.nxt component, indicating that even in this quasicompound nuclear situation,

tit capture plays an irnpomtnt role.

At shown in the following table, direct-capture theory, atfwst sight, fails badly in
*C case of the 14N(n,y) reaction with thermal neutrons [10]. ?lw deduced CN component
is of similar magnitude to the direct component

FinalStatC - Uy & (th~v) ay(exp.) UY(CN)

Ef (ke~ Ey (keV) ‘ (rob) (mbj (rob)

o 10829 330 10 220 or 450

6324 4509 1 14 5 or 25

But a resonance at -24 keV is known from the ldC(p,y ) reaction and we use its pray
spectrum and our calculated valence widths to deduce tie compound-nuclear contributions.
We hen combine everything to estimate

Final StatC - Cy (theory) Uy(exp. )
E! (kcV) Ey (ke’\r) (rob) (rob)

o 10829 8 10

6324 4509 16 14

9152 1681 3 1

The agreement between theay snd experknent is now satisfactory, The concept implicit in
valence capture, namely that the neutron valence radiative width is of similar magnitude to
the compound-nuclear radiative width, is shown explicitly here for the first time in a
resonance formed by a non-neutron reaction.
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We have applied the valence-capture theory to calculate (see table below) the
expectd total radiation width of the 153-keV resonance in 13C[ 11]. The resulting width
of -0.2 e;’ disagrees strongly with the previous measured value of 2.4 f 0.9 eV.

if lpY2 r =0.16 eV
7+6.1 r = 0.06 eV

7+6.7

if 2pW = 0.14 eV = 0.03 ev

The ptial radiation widths of the 6.1- and 6.7-MeV transitions have been remeasured at
the Tokyo hStitUtCof Technology [11].

r y46,7 = o.030~:::

These results offer a suiking confirmation of the valence-capture theory. (Scattered-
neutron sensitivity was probably underestimated previously. ) Of the two possible
scenarios for nucleosynthesis— rd-giant He burning and nonstandard Big Bang-the new
result has little significance for the former, but affects the latter in terms of a sign~lcant
rduction in the production of A 214 isotopes [11].

Some tendency for the strong M 1 transitions to be associated with high spec-
troscopic factors suggests the operation of a direct mechanism quite analogous to that for
El transitions. In this case, the chances of arriving at a successful theory are slimmer for
two reasons: (1) h the El case the matrix elements involve fhc elcmrostatic dipole momen~
whereas in the Ml case, the operator depends on currents that may (IC described much
more poorly by the wave functions of a simple direct-capture model. (2) The radial
component of theE 1 matrix element is more strongly weighted to thechannel rcgion-
wherc the wave f~nctions arc well established by the energies of the initial and final
states-than is the radial Ml ekmcnt. In fac~ in the Al1case, it is often stated that there
can be nodirect captureanalogousto El because the radial wave functions arc necessarily
orthogonal in a simple potential well. However, because of the complexity of the nucleus,
we usually fmd it necessary to generate the radial wave functions of the initial md final
scatcswith rather different mutual potentials (just as we usually do for El capture) and M 1
transitions become possible. The Ml operator has the form [ 12]

From this expression the mduccd matrix element for the spin factorcan be computed, while
the radialmalrix clement is simply the integralof the product of dw projection of the radial

wave function of the initial state onto the entrancechannel and the radial wave function of
the single-pa@cle component of the final state. B~ausc tl erc is no orbital contribution in
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tie above M 1 operator, the single-panicle components of the initial and final states have
zero orbital angular momentum in slow-neutron direct Ml capture.

In very light nuclei, direst Ml capture (with he Ml operator substituted in place of
the El opemor) appears to play a qualitatively important role.

Target

Ey oy(theo~) Uy (Cxp.)

(keV) (rob) (rob)

%e 6265 547 37 x 0; 14

12C 3089 1857 25 X 8; 6

13C 6094 2080 24X 0; 34

13C 6900 1274 68x 0; 67

In 20F, the direct-capture M 1 model underestimates the cross sections to the two
strongest sl~ states (at 3.488 and 3.526 MeV) by a factor of -4 and to the state at 1.057
McV by three orders of magnitude. In 21Nc, the calculated cross section of the primary
Ml transition to the 2.794-McV state is an order of magnitude greater than experiment. In
23Nc, the calculatd and mcasurd cross sections to the state at 1.02 McV nearly agree (0.6
mb and 0,9 mb, respectively). In this region, the simpledirect pracess has a substantial
but not predominantrole to play.

We have recently analyzed the 7Li(n,y) data in the 0-400 kcV region [12!. Wc

have (1) deduced the direct-capture cross section for thermal-ncuuon El capture as 39 mb,
(2) analyxd the total cross sectionand angulardistributions of scattcrd neutrons to deduce
%matri% parameters, (3) sho wed that the potential-capture cross section behaves as l/v,
and (4) calculated the valence Ml radiation width for the 255-keV resonance as 0,094 cV.
The measured thermal-neutron capture cross section is 45.4 k 3.0 mb. The capture data
obtained at Lockheed (Palo Alto) arc consistent with l/v, whereas those obtained at
Karhruhc arc noL Lfwe normalize the Karlsruhc data to thermal (and l/v), wc infer a
radiation width of 0.09 ~ 0.02 CV (average Of Lockheed and xcnormalizcd Karlsmhc data)
which is now in agreement witi theory. The Karlsruhc conclusion that the 7Li(n, y )
reaction is not the predominant link to the primordial r process is notsupported.

The nuclidcsthatwe have investigatedtiU now arc listedin the following taNe [ 13],
After more than half a century of study, wc still do not have a fully quanci~dvc or
universally applicable theory of neutron radiative capture, What we have is a number of
modelsthatarc applicablein different massor energy regions and a certain amount of basic
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theory dtat explains, in principle, why some of these mmkls work in cenain situations.
Fortunately, highqua.lity data continue to & pduc~ in his ~ea ~d [his 1s ~~dk! [O

continued quantitative development and application of capture models.

Mechanism of (my) reaction at low neutron energies

Mechanism Explainsa

El transitions

Potential + valence correction+ compound 7Li, 9Be, 12C, 13C, 19F,
7dMg,zsMg, zGMg,

2ESi,29Si, 30Si,

32s, 33s, 34s,

40c~ 42ca,*a, 4gCa

Potential + genaa.lized valence correcaon + compound

Valence + potential+ compound

Compound + valence+ potential

vak-ncc

43&

14N

13C (153 kev)

Ml transitions

Potential 9BC, 12c, 13c

compound 14N

Vdamx 7Li(255 kev)

~ermal-ncumn captureunlessstatedotheti.
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Calculations of Long-Lived Isomer Production in Neutron Reactions

M.B. Chadwick and P,G. Young

Thwwtial Division, L+MAlamos National hbomto~, La Alamos, NeuJMtico 87545

We preamt theoretkal calculations for the production of the long-lived isomers
l“”’Re (8+, 16S d), lw”’Re (8+, 2 X ldl-Ho (7-, 1~ w),Ioimsn (11/2-, 55 W) t

yr), I’kHf (16+, 31 yr), l%Hf (25/2-, 25 d) ‘etik (9+, 241 v), all which p~ pO-
tentkal radlatlon activation problems in nuclear fusion reactora IfproducedIn 14-MeV
neutron-inducdreactions.We conoidermainly (n, 2n) production modes, but also
(n, n’) and (n, T) where n~, and compare our renulta both with experimental
data (where avatlde) and @mnatlca. We abo lnv~lgate the dependence of the
leomertc cram sect!on ratio on Incident neutron energy for the Isornem under consid-
eration. The statistical HauwNdhch plus preequlllbrium code GNASH vw used
for the cakulationa. Where discrete state experimental information waa lacklng, ro-

tational band membero above the tsomeric state, which can be juntlhd theoretically
but have not been experi.nm@ly rauheci, were reconatmctd.

1.INTRODUCTION

FMon systems operating on the deuteriurn-tritium reaction give rise to intense
neutron flux= that cause structural component.a to be activated. The first wall, in

particular, is subjected to neutron damage that, in dedgna envisaged at prment, could
require itareplacement every few yearJ. D@oaal or reuse of the material would be

facilitate if the activation could be kept to low limits, and therefore there is a march
for materials that will give rise to the minimum actintion. The neutron fluxeu in
f-union IYyu%rna are expectd to be so high that multiple rwwtions will be pomible in
which a given nucleus interacti with a succession of neutrone. h a result, it 1s often

importnt to have actintion cr- sections for unstable ae well M stable nuclidm.
Ao there is often a lack of experimental data on activation croea aectiona of Intermt,
It is Important to be able to ~ th~e craw sectioru theoretically. Ir, this paper
we shall pr~ent calculations of activation crom eectiona for a number of IongUved

isorneric stat- which are considered important for fusion r-tor deuign.
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The kmeric state production cro= sections that we have considered were calcu-
lated at the request of the United Kingdom and United States fusion programs, which
=e in the pro= of establishing nuclear data Iibrari= and inventory code packages
to enable actintion in virtually any material to be estimated. In a recent paper
[1] we presented theoretical calculations of the production cross sections of hafniurn
isomers in 14 MeV reactions, using the GNASH [2] code. These calculation were
performed prior to the release of experimental measurernenta [3] of the cross sections

for hafnium isomer production, and agreement to within a factor of 2-3 was found.
Because the crom mctions under consideration were rather small and the isomer spins
verylarge,theagreementobtained was encouraging, and suggested that our theoret-
ical approach can be extended for use in other isomer-production calculations. We
have, therefore, now determined production cross sections for long-lived isomers in
Sn, Ir, Ho and Re at 14 MeV. In addition, we have determined the variation of the
production cross section with incident neutron ener~, since neutron energi= below
14 MeV are produced in fusion reactom in inelmtic collision. As the energy variation
of the ha.fniurn isomer production was not shown in Ref. 1 we eumrnar ize our previous
results for hafnium and give thie variation.

The systematic of neutron-induced komeric crom wxtion ratios at 14.5 MeV
have been been studied by Kow and Gruppelaar [4]. They used a simplitid
version of the GNASH code to determine the ratio of the cross section to the isomeric
state and ground stata in (n, n’), (n, p), (n, t), (n, a), and (n, 2n) reactions, replacing
the realistic nuclear level structure by two discrete stat- (the ground state and the

isomeric state) plus a continuum of statktically describd stake. Their, approach k,
thereforq condderably simpler than our calculations and so we have compared our
remdte with the Kopec@ svatematice. We shall show that while such syeternatics are
very useful, in many cases a full calculation (with a reahstic description of the nuclear
structure) k important in accurately deterrrdrdngkmner raticm Also, Kopecky and
Gruppelaar point out that their calculation ie particularly eeneitive to the simple
model parameters that they adopt for the (n, 2n) reaction. Oux inv=tlgatiom into
an analogous simple model con6rm We, end indicate that for certain reactiona one
should be wary about U@ simple sytematic predctione. Ftnally, our calculations
also include isorneric ratiaforstat=formedin(n, ~) reactione, which are ptiicularly
resistant to simple systemati~based d~riptionai

In Section 11we give a brief damiption of the theoretical modele that we use to

dmcribe the nuclear nnctions,and in section 111we show our r-ulta, and compare
them with the Kop~ eystematice and experimental data whero availabIe. We shall
use the hafnlum tsomer cxdctdatione M a detaild example of our approach, and then
indicate the isomer ratios, and their energy dependenc~, that we obtain for other
nuclei. ‘.rfe give some concluaione concerning our general approach in Swtion IV,



II. DESCRIPTION OF THE CALCULATIONS

A. General Description

The GNASH nuclear theory code [2] is b~ed on the Hauser-Feshbach statistical
theory with full angular momentum corisemtion, and with width fluctuation correc-
tions obtained from the COMNUC code [5] using the Moldauer appro~h. Preequi-
libriurn emission proc~es, which are important for incident energies above about 10
MeV, are calculated using the exciton model of Kalbach [6]. Transmission coefficients
for neutrons and charged particlea are calculated using an optical model, and ga&ma-
ray transmission coefficient are obteined horn giant dipole resonance approximations
[7,8],making use of detailed balance. The level structure for each residual nucleus in a

calculation is divided into discrete and continuum regions, with the former obtained

from ~perimental complilatione and the latter from phenomenological level density

repramntations.

B. Optical Model

Both the Hmuwr-Feahbach theory and the exciton model require optical potential
to calculate trarumimion coefficients -d inverse reaction croa secticns. The coupled
c.hannela code ECIS [91was used for deformed nuclei, and the code SCAT2 [10] for
spherical nuclei, Before using an optical potential to generate trmmisaion coefficients
and reaction crmmsections, the potentials were chdred by comparing their predictions
of elastic and total crm ecxtions with experimental dat~ where available.

c. GamrwRay Thn8mlnulon Coef5clenta

Transmission coeflicienta for garnma-ray emisuion coeflkients were obtained using
detailed balance, exploiting the inverse photoabeorption procesu. Tha Brink-Axel
hypothesis ia used, permitting the croao section foi photoabaorption by an excited

state to be equated with that of the ground state. The g~ my tramsmksion

coedicients were obtaind from the expression

T*C(C7)= 27rfx4eJey’ , (1)

where CTdenot- gamma-ray energy, Xe indicatm the multipolarity of the ganm
ray, and ~xf la the energydependent gamma-ray strength function, The strength

functions for El decay were calculated either from otam!a.rd Lorentzian expression
[7], given by

(2)

or from the generalized Lurentzian of Kopecky and Uhl (8]



where

r(%)
C2 + 47r2T2

=r~ 49 (4)

{
T= ‘n-c’,

a
(5)

End ~El = 8.68 x 10-emb-* MeV-a (nominally) but was usually determined empir-

ically by matching the theoretical gamma—ray strength function for s-wave neutrons

to experimental valuea compiled by Mughabghab [11]. The quantitia B. and a are
the neutron binding energy and Fermi gas level density parameter, respectively. The
Lorentzian parameters of the giant-dipole resmance, E and r, are takn trom the
tables of Dietrich and Berman [12].

In adcUtion to El radiation, Ml and E2 components are also included. For Ml, a
standard Lorentzian mpr-on was used for the garnmwray strength function. When
the Kopecky-Uhl formulation waa employed, a giant resonance formulation waa also
used to calculate the E2 strength function [8];otherwise, a Weisskopfexpression (jn
= constant)w incorporated.

D.Nuclear Stmture and Level Dem\tl=

The level density model of Gilbert and Cameron [13] was used in the Hauser-
F~hbach calculations. At high energim the Fermi gas modd is used along with a
constant temperature form for lower energies. A gausaian distribution of spin stat=
is taken to d~ribe the angular momenta of levels at a certain excitation energy

(6)

where U = E-A (Aisthe pairing energy) and U2 is the spin cut+ff parameter which
is determined via U2= 0,146@A ~ for the Fermi g~ region. Ths spin cut-off factor

is a&o determined from the spin distribution of otxwti low lying diecrete levels and
in the comtant temperature region Uz & heady interpolated between this vaiue and

the value of U2 where the Fermi gas region begins. In the high enero region the
Fermi gas expression for P(U) La

(7)

tmd Ilt lower energk the comt~t temperature form is given by



(E - E.)
p(E) = ~exp ~ (8)

The pairing ener~ used to determine U is obtained horn the
and the Ieve] density parameters were calculated fm~m the

Cook parameter set [1’1]
slow neutron resorumce

parametersof Mughabghab. The constant temperature p(E) is chosen to match

(both in value and in first derivative) the Fermi gas P(U) at an energy E*A and to
fit the known discrete levels at the lowest excitation energies. The parameters Eo, T
ald Ewd are varied to achieve this.

The production cross section of a certain isomeric state is often particularly sen-
sitive to the discrete nuclear level structure, since the gamma cascade of discrete
statea into the isomeric state will enhance its production. In many cases, the iso-
meric state of interest is a band-head, with a rotational band built upon it, though
often the rotational bud members have not been qerimentally resolved and lie
in a high+xcitation energy regic n. Accordingly, the energies of the rotational levels
were asscswd theoretically (obtaining the moment of inertia horn observal rotational
bands at lower excitation energies) and GNASH was modi.kd b allow thew discrete
levels to be embedded within the continuum of statistically described levels. In the
case of our calculation of iif isomers[1],thisprocedurewaaparticularlyimportant;
we foundthat over 40% of the production of the lnHf( 16i-) in an (n, 2n) reaction
came from the decay of the 14- level and the inferred discrete rotational band states

above the 14- and 16+ levels. [n Fig. 1 we show schematically the combination of
discrete and statistical levels for the case of the ‘mHf nucleus.
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Fig. 1. A schematicrepresentationofthecombinationofdiscrete,statisticaland
discretelevelsembedded inthestatisticalcontinnumregionusaitodescribethe
nuclearstructureof17sHf. .

III. RESULTS

A, The Hafnium Isomers: A Detailed Example

By way of example, in this subsection we shall give details of the caiculationa for
the production of hai%ium isomers. Full details can be found in Ref. [1]

The possibility of including small amount.o of tungsten and tantalum in the first-
wall material hae been suggested, and after a few reactione on these m ,clei hafnium

could be produced. The pr-nce of hafnium in a fusion reactor could poee serious
activation problems due to the poesible build-up of the bomeric state lT8Hf (JW =

16+) with a 31-yr half life. This state, if produced in sulllcient quantity, could lead
to the first wall being active for a very long time after its rernoti from the reactor,

and the high excitation energy of the state (2,447 MeV) ramlta m hwn.i%l gamma
radiation on ita dway,

The lmHf(n, 2n) and 170Hf(n, n’) reactions both give the l“”Hf( 16+) isomer, with
the (n,2n) reaction expected to be the dominant production mode. There Is, however,

also a isomeric state in lnHf(J* = !# -) with a 2$day hmlf life that is sufficiently
long-lived for mhequent neutron-induced reactions to occur. Once tlds 17* Hf(&-)

isomer is produced, it would be expected that subsequent (n, 2n) reactiom could take
place with a relatively large cross section lead~mg tn “a’’’Hf( 16+) ~ the spin difference
between theee isomers is small. ‘1’humwe calcdde the 17tiHf(~ -} (n, 2n)*7amIIf( 16+)

f)



reaction as well as
the pathways that

those for the production of the 17%Hf( ~ -) state. Fig. 2 indicates
have been investigated.

178mHf (16+) <6 170~Hf(25/2-)

,,K/#’’%,\
17*Hf (gs) lmHf (gs) lWHf (gs)

Fig. 2. Reaction pathways investigated fo the hafnium isomers. Pathways 2, 5 and 6
are (n, 2n) reactiona;pathways 1 and 4 are (n, n’) reactions, and pathway 3 is a (n, ~)

reaction.

Both the 16+ state and the ~– state are rotational band heads, t bough none of
the other members of the rotational banda have been detected. In addition, there is
a 14- band head state above the 16+ state that decays into the latter. Since a siz-
able fraction of the production cross section of th~ high-spin stat= comes from the
ga.mrrm decay of higher-energy states, the rotational states were included explicitly
into the calculation, thek energies being estimated by determining the moment of
inertia from low-lying rotational bands, These rotational levels were then embedded
into the continuum of statistically described statea (see Fig. 1 for a schematic illustrw
tion). Because the hafniurn isotopea are highly deformed, the coupled channels code
ECIS [9] was used to evaluate the transmission coefficenta and the direct scattering
cross sections to low-lying states. The optical potential that we used [15] described
the total elastic and total crow sections fairly well.

In Table I below we show our theoretical results, along with experimented mea-

surements where available. The experimental numbers of Patrick et of. [3] h.aw been
extracted from data amu.mingthat the ratios of our theoretical resultu for production
of the came isomeric qtate though different reactiona are correct. In the experimental
numbers that are quoted, the natural abundanc~ of Hf have been taken into account,
Reactions 1 through 6 are of importmce for the detetination of the production of
the 17~Hf( 16+) state in tiion reactom, and are numbered according to the pathways
in Fig, 2. Reactiona 7,8 and 9 are also shown to allow further comparison of’ our

calculations with data.
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TABLE I
Theoretical Cross Sections for the Production of Isomeric States in Hafnium

Compared with Data Where Amilable”

1.9omerProduction Reaction Theoretical @wrimental
Croes Seccion (rob) Cross Section” (rob)

1. 17aHf(n,n’)ll bHf(16+, 31 y;) 4,8 X 10-2

2. 17gHf(n, 2n)17‘Hf(16+, 31 yr) 2.9 5.91 ● 0.64

3. 17BHf(n,T)1*Hf(25/>, 25 days) 1.9 x 10-s

4. lm Hf(n, n’)l- Hf(25/2-, 25 days) 5.7 12,8 * 1.5

5. lWHf(n, 2n)1* Hf(25/%, 25 days) 7.4 16.7 +1.9

6. 1- Hf(n, 2n)1“’’I-M(16+, 31 W) 158

7. lwHf(n, 2n)17*Hf(l/2-, 18.7 s) 220 598 (Sothrss)
690 (Rursrz)
570 (Prasad)

8. lWHf(n, n’)l- Hf(&, 5.5 h) 19 12.4 (H1.Uman)

9. ln Hf(n, 2n)17%M(a, 4 s) 1200 1452 A 116 (Salaita)

+ ~7sHf(n, n’)*7tiHf(8-, 4 e) 749 +75 (Sothrsa)
4

“I%e reactions are numbercxi according to the pathways shown in Fig. 2.
“All Experimental Data are taken from the Brookhaven National Laboratory S~SRS
file, except those of Patrick et al. [3][?].

B. The (n,2n) Isomerlc Cross Section htim

We have concentrated on the (n, 2n) reaction mechanism for isomer production

Since, at 14 MeV, this ie the dominant process through which most of the reaction
flux goes, The following isomeric states, in addition to the hafnium states, have been

l~l’%n (11/2-, 55 Yr) , I-HO (7-, 1200 yr)~considered in detail: l*Re (8+, 165
d), 1*% (8+, 2 x 10s yr), and ‘e*Ir (9+, 241 yr). In all cases the experimentally
measured discrete statea havebeen examined and a matching point above which ex-
perimental data is missing has been determined. Rotational banda above the isomers
were determined thcxmetically and included in the cmculation, as discussed above.

Optical potentials were found end chded against elastic and total scattering data,
where available. In Table II below we show our results for the isomeric crws section
ratio (the ratio of cross section to the isomeric state to the sum of the cross sections
to ground state and isomeric state), for neutron energies between 8 and 14 MeV.

8



TABLE IIa
lsomeric Cross Section Ratios in (n,2n) Reactions—

~ ‘eu’”nl%!lf~~) ‘2J:i:~ ‘::~::~) ‘;~:$:)Energy (MeV)
I 8 0. 0.52 0. 0.

9 0.61 0.42 3.8 X 10-6 5.1 x 10-e
10 0.61 0.41 1,2 x 10-4 1.6 X 10-4
11 0.67 0.43 3.0 x 10-’4 5.3 x 10-4
12 0.68 0.45 5.7 x 10-4 1.1 x 10-3
13 0.70 0.47 8.9 X 104 2.4 X 10-3

14 0.72 0.49 1.4 x 10-3 3.6 x 10-3

TABLE IIb
Isomeric Cross Smtion Ratios in (n,2n) Reactions

Neut;on l“Re (n,2n) 1e7Re (n,2n) 1
‘Lr (n,2n)

Energy (MeV) l~rn~ (8+) lmRe (8+) 19*11 (9+)

8 0.06 0.13 0.016
9 0.15 0.19 0.11
10 0.20 0.22 0.19
11 0.24 0.25 0.24
12 0.28 0.28 0.28

13 — 0.31 0.31 0.3’.
14 0.33 0.33 0.31

The isomer ratios obove can be compared with the Kopecky systematic for (n, 27a)
reactions. Kopecky and Gruppelaar [4] showed that a simplified version of GNASH
prdicted 14- MeV isomer cross-section ratios that have a parabolic dependence on
the isomer spin, with a peak at isomer spins between 3 and 5. Their calculated iso-
meric ratio described the library of qerimental ratioe reasonably well, tnough they
commented that for the case of the (n, 27a) calculation their results were particularly
sensitive to the model parameters describing the simpl.@d nuclesx structure. In Fig.
3a, we show the 14 MeV isomer ratios horn Tablea IIa and IIb, compared with the
Kopecky systematic. The differences between the line (the Kopecky prediction) and

our theoretical results (trknglea) can be understood M a measure of the need to per-
form full GNASH calculations with realistic nuclear structure and optical models. In
the case of the hafnium isomers (25/2- and 16+) we have shown the experimental
isomer ratio, from Patrick et al, Ln most cases the Kopecky syatematics yield isomer
ratios that are close to our detailed GNASH calculations. Our GNASH calculations
for the isomer production cross section ratios of the 25/2- and 16+ levels in hal%iurn
=e seen to lie below the experimental numbers by about a factor of 2, The Kopecky
syternatics overestimate the isomeric ratio for the 25/2- by about a factor of 4-5, and
interpolating their curve to an isomer spin of 16 suggeets that their systematic agree



with the experimental measurement reasonably well.

I
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(n,2n) reactions
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— Kcmecky et31system atlcs A
17&nHf ,
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, , m , m. . . . . . . . ---- ---
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Fig. 3. The (n, 2n) isomeric moss section ratio se a function of isomer spin, for 14

MeV incident neutrons. The Kopecky systernatics calculation is compared with our
GNASH calculations, and a comparison with data is nuie for the /2- and 16+

hafnium isomers.
As well as (n, 2n)isomeric croea section ratios for 14 MeV incident neutron ener-

gies, Table II contains the ratios for lower neutron energies, down to the threahola
of about 8 MeV for (n, 2n) reactions. The energy dependence of the isomeric ratio

is of importance when assessing activation in a reactor induced by neutrons with de
graded energies, after inelastic scattering procewa have occurred. In Fig. 4, we show
th? variation of the isomer ratio with isomer spin for tb.m different incident neutron
energies: 14, 11 and 8 MeV.
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(n,2n) Energy Dependence
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Fig.4. The(n,2n) isomeric croasmxtion ratio asafunction ofisomerspk, forthre
different incident aeutronenergiea. The lines comect GNASH calculations for the

same isomers that areshown in Fig. 3.
It is sem that, for a given incident neutron energy, the (n, 2n) isomer ratio de-

creases with increasing immer spin (at least for kmer spins above 4). This feature,
which is also seen in experimental data and in the Kopecky calculations [4], can be
simply understood in the foUowing way. In (n, 2n) reactions both outgoing neutrons
generally have low energi= and are dominated by ~wave tr-itions. However, in
order to produce a high-spin isomer, the intermediate nuclear statea also have to be
of high spin, and since the trmwn.isslon coefficients at 14 MeV decreaw with increas-
ing 1 for large 1, it would be expected that the isomer ratio would decrease strongly
with incr~ing isomer spin. This same explanation accounts for another feature of
our results. It is clear from our GNASH calculations that the variation of the isomer
ratio with isomer spin is much stronger for lower incident neutron energies. At lower
encrgiea the decrense of the transmission coefficient with increasing 1 is even greater,
rermlting in a drastically reduced population of high-spin isomers in (n, 2n) reactions.

11



C. The (n, n’) Isomeric Crow Section Wtios

The ground states of 17aHfand 179Hfare stable and are naturally occuring m
hafniurn, snd natural niobium is monoisotopic in ‘3Nb. Therefore we have considered

the (n, n’) reactions to the isomeric stat- for these nuclei. In addition we have also
calculated the (n, n’) reaction on ‘WHO to the isomeric state, the ground state of
l~Ho having a 1, i day lifetime. We have determined the isomeric cross section ratio

as a function of incident neutron energk betwn 1 and 14 MeV, and our results are
shown in Thble III.

TABLE IIJ
Isomeric Cross Section Ratios in (n, n’) Reactions

Neutron %b (n, n’) t‘Ho (n, n’) iW-If(n, n’) 1I% (n, n’)
Energy (MeV) mrn~ (1/>) 1*Ho (7-) ‘mmHf (16+) l-Hf (25/>)

1 9.7-’ x 10-~ 8.3 X 10-s 0.0 0.0
2 8.9-2 x 10-2 2.8 X 10-”2 0.0 4.5 x 10-5
3 8,5-a X 10-2 5.5 x 10-a 2.2 x 10-15 3.8 X 104
4 8.8 x 10-2 8.7 X 10-2 4.4 x 10-11 1.1 x 10-~
5 8.9 x 10-2 0.12 1.5 x 10-9 2.8 X 10-3
6 8.8 x 10-2 0.15 1.5 x 10+ 4.3 x 10-~
7 8.7 X 10-2 0.19 8.6 x 10+ 7.1 x 10-’
8 8.6 x 10-2 0.24 3.9 x 10-7 1.7 x 10-~
9 8.6 x 10-2 0.28 2,3 X 10- 3.2 x-lo-z
10 8.6 X 10-2 0.30 1.2 x 10+ 3.5 x 10-a
11 8.6 x 10-a 0.32 3.3 x 10-s 3.4 x 10-a
12 8.6 x 10-2 0.34 7.2 X 10-5 3.9 x 10-2
13 8.7 X 10-2 0.34 1.4 x 104 3.7 x 10-a
14 8.8 x 10-a 0,36 2.8 X 10-4

For th~ high-spin ‘kumwra (all except ‘~Nb (1/2-)), the isomer ratio ia seen to be
a strongly-chxreasing function of incident energy, and the higher isomer epim have

the stronger the energy dependence. This is because the angular momentum brought
in by the projdile neutron decreases with decreasing energy, and therefore remdts
in a reduction in the high-spinioomer population, It is Intmsting to note that the
energy dependence of the (n, n’) isomer cross-section ratioh weakerthanthat of the
(n, 2n) reaction, If the two ratios are compared over the ener~ range 14-8 MeV, it is
clear from Tabl~ II and III that the isomer croue section ratio decreaaea & rapidly
for the (n, n’) reaction. This can be undemtood ae follows: for an (n, n’) reaction to
occur at these energies, rather thin an (n, 2n) renction, the primary-emitted neutron

haa to be emitted with a relatively high energy, so that gamma decay then occurs, A
high-enerw emitted neutron la able to carry off a large angu!ar momentum, and hence
can result in the population of high-spin rmidual nucleun states. (n, 2n) processes, on
the other hand, will be dominated by low-energy equilibrium-emlasion neutrons with

12



small angular moment% with a small probability C!-. -citing the high-spin state. In the
c= of the (n, n’) reaction on ‘Nb, the fact that the long-lived isomer is of low spin

results in an isomeric cross section ratio which is approximately energy-independent.
The Kopw&Gruppelaar systematic calculatio~ for the (n, n’) isomeric cross

section ratio again show a peak at an isomer spin Jm = 3-5, and are compared
in Fig. 3 with our calculations at 14 MeV. As well as showing our results from
Table III in this figure, we include isomeric ratios at 14 MeV for the production of
the 17a~Hf(8-), l* Hf(l/2-) and 1* Hf(8-) statw which we have also determined.
In general the Kopecky-Gruppekmr systematic agree fairly well with our detailed

GNASH calculations (to within a factor of 2-3). One notable exception is the isomer
crom section ratio for the production of the l* Hf(25/2-), for which our calculation
exceeds the syatematica by more than an order of magnitude (and the experimental
result of Patrick et al exceeds the systematic by an even greater f~tor). This

is probably due to the fact that Kopecky et aJ adopt a ground-state spin of 0.5 in
their model calculation, whereaa in this case the ground-state spin is 4.5. Hence
they overeatirnatc the spin change in the reaction and consequently underestimate
the immeric cross wxtion ratio.

(n, n’) reactions
I

I

c

(3C

1

17

A Chadw ICK ?. w’wng \
■ ExDerment

— KoDeckv et2 jystematics
A Hf179(!/~-)

A Hf! 7B(fj-)

coo I
I
1 1 r 1 r 1 1 1 1 1 1 1 v v I 1 n
01 23 .I ‘J h 7 8 g ll)l1121J 1.41’Jlfjl/

J-isomer

Fig. 5.The (n, n’) bomeric crom-section ratio as a function of Isomer sptn for 14-MeV
incident neutrons, The Kopecky systematic for onestep reactiona are compared with
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GNASH calculation and with experimental data.



D. Isomer]c Crusa Section Ratios for (n, y) Reactions

A limited amount of cross-section data for tots! (n, ~) radiative capture reactions
is available at neutron energies in the MeV region, and simple systematic behavior
with atomic number A has been noted for 14-MeV neutrons [16], In the case of
(n, ~) reaction to isomeric states, however, ~perimental data are much more limited
and consist mostly of data for thermal incident neutrons. Thermal (n, y) isomer
ratios for an assortment of heavy nuclei are plotted vensus the spins of the isomeric

states in Fig. 6. Clearly, simple systematic behavior ie much less evident for thermal
neutron capture data than for 14-MeV particle-production cross sertions, especially
for isomeric states with spine greater than 5. This situation, coupled with the almost
complete lack of ex~rimental data at higher energies, remdta in a pressing need for
reliable theoretical eatimatm of (n, y) isomer ratioe.

Expwtmontal (n,@ Isonw R- W 0.0253 ●V lncMont Neutrons
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~ig. 6, Experimental isomer ratlu for (n, ~) reactions with thermal neutrons, plotted

w a function of epin of the izomeric etatm
The GNASH code was USMItocalculate (n, ~) croa sections loading to ioomerlc

1’aHf(16+, 31 y; 8-, 4 s), ‘iPHf (25/2-, 251 d; 1/2-,l~Ho(7-, 1200 Y),stateu In
18,7 s), ‘“Re (8+, 2 x
generallzd Lorentzten

l(i”y), cmd’‘~Re (6--, ]8.6 m). Except & nokl below, the
form wan utillzed for the gamnwray ntrengtb functiom, ‘t’he
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calculations were performed down to an incident energy of at least 1 keV in each
case, at which energy the neutron transmission coefficients are completely dominated

by s-wavea, and it is possible to make a crude comparison with the thermal neu:ron
experimental data. A selection of the isomeric ratios [relative to the total (n, V) cross

section] that results from the calculations for ‘03Ho(n, 7)1*H0, ‘77Hf(n, y) ‘7B’’’Hf,
and ‘u7Re(7a, ~) ‘“”’Re reactions are shown in Fig, 7. The calculated isomer ratios

are given cxpl!citly in Table IV.
A feature of isomer ratios of Fig. 7 isa general trend of increasing ratio with

increasing neutron ener~. This behavior reflects the fact that more angular mo-

mentum is brought into the reactions as the neutron energ is increaml thus in-
creasing the population of higher spin stntes. For both the lahHo(n, ~) ‘*Ho, and
187Re n ~)l%Re reactions, an anomaly is seen in the calculated isomer ratios near(?
300 keV that interrupts this general trend of incrwuing isomer ratios with neutron
energy. This effect is thought to result from the fact that thresholds for one or more
high spin statea in the target nucleus opens in this ener~ region. The presence
of these open channels to higher spin states permite neutron decays to occur more
readily from higher spin states in the compound nucleus, thus reducing the high-spin
population available for cascading to the isomeric state. As the incident neutron en-
ergy is further increased, more and more channela of all spins are opened, and the
anomalous effect is overwhelmed by the increasing angular momentum brought into
the reaction.
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Fig. 7. Calculated isomer ratios for lGsHo(~, ~)lG6~Ho, 177Hf(n, ~)17s~]I(, ilr~(~

‘87Re(n, y)1Mm Re reactions from 0.1 keV to 20 MeV. Experimental data from Lhcrrrl;11
neut,ron measurements are incl~ded for comparison.

The agreement (or lack of agreement) between our calculated isGmer ratios ;II
lower energies and the thenrml neutron measurem~mts depends ,’~on the extent to

which the average properties (widths) embodied in our statistical model coincide \vith
the very few channels involved in the thermal neutron measurements. Clearly, largr

differences between the calculations at * 1 keV and the thermal measurements ;m:
possible, and such are wxn in the case of the 177Hf((n, ~) lm”’Hf isomer ratios (-
factor of 20 differenms). In the cases of the lmHo(n, ~)16G’”Ho and 1a7Re(n, -y)lwmllr
react ions, however, the differences bet ween the calculated ratios near 1 keV and th(>
thermal experimental values are much smaller, of the order of 30%.

To investigate the behavior of isomer ratios with neutron energy and with isomer
spin, a simple parametric study was perfonrmd using the laTRe(n, T) l~”’Re reaction
as a base case. In this study various values of spin between O and 16 were assumed
[or the isomenc state in l“Re at f?= = 172 keV, and the isomer ratio was calc~~latcd
M a function of incident neutron energy for each isomer spin, The ‘e7Re(n, -Y)‘M”’Rc
reaction was chosen because the real isomer (J” = 6-, f3= = 172 keV) is not fed by

any of the known discrete states, so all the isomer’s excitation comes from decays from
Lhe continuum. Additionally, the calculated isomeric state branching ratio for the real
isomer is consistent (within 30Yo) at the lowest energy of the calculation (0,1 kcV) with

the measured ratio for thermal neutrons, The results of these calculations, pcrformr( I
using a standard Lorentzian, are shown in Fig. 8 for incident neutron encrgjes ()!’

0.001, 1, and 14 MeV. The calculated isomer ratios show strong dependence on bo[,}l
incident neutron energy and on isomer spin. The calculations for the higher .spirl
states are thought to depend strongly on details of the gamma-ray strength functions
M well as on the level density in the compound nucleus, since populating the isomcri::

stat~w occurs almoet exclusively through multiple ~-rby cascadm in the compolln(l
r]uclcus,

Bas.d en



Fig, 8. Calculatecl isomer ratios as functions of incident neutron energy and isomer
spin for the 1u7Re(n, ~)l~’”Re reacticn, The calculations were performed by replacing

the spin of the actual isomer ~n l“Re(jm = 6-,lZ= = 172 keV) by values from O to 20,

While it is attractive to consider using calculations such as those illustrated in
Fig. 8 to search for systematic relationships that might be useful in making simp-
le predictions of isomer ratios, we found that the calculated results for the various
cases were strongly dependent on the properties of the nuclei in question. The (n, y)

reaction is specifically excluded from the “on-step reaction” systematic identified
by Gruppelaar et al. [16], because the validity of those systernatics was primarily
established for (n, n’), (n, p), and (n, a) reactions and was doubtful for (n, ~), How-
ever, it was necessary for those authors to use the one-step reaction systematic for
(n, -y) reactiona in the REAC-ECN-3 library, due to the lack of other alternatives.
A comparison between the one-step reaction systematic of Cruppelaar it et al. and
our calculated (n, -y) isomer ratios at & = 14 MeV is given in Fig. 9. The calcu-
lated ratios are seen to dtier signi6cantly from the systematic, thus conhming the
conclusion of Gruppelaar et al. that the on-step reaction systernatics might not be

valid for (n, y) reactions. This further highlights the need for careful nuclear theory
calculations for important reactions.



TABLE IVa
Isomeric Cross Section Ratioa in (n, ~) Reactions

Neutron 1‘Ho (n,~) 17aHf (n, ~) 17BHf(n, ~)
EnerW (MeV) ltiHo (7-) 17smHf(&) lnmHf’ (16+)

O.(M31 0.069 0.069 2,3 X 10-11
0.01 0.078 0.071 2,0 x 10-10
0.1 0.11 0.081 8,2 X 10-9
0.2 C.13 0.092 1.1 x 10-7
0.4 0.11 0,086 6.9 X 10-7
0.6 0.14 0.087 1.3 x 10-e
0.8 0.17 ‘ 0.10 4.5 x 10+
1.0 0.19 0.11 7,1 x lo-
2,0 0.25 0.17 1.1 x 10-4
4.0 0.32 0.21 6.3 X 10-4
6.0 0.38 0.23 1.7 x 10-3
8,0 0.43 0.2’3 3.9 x 10-3
10.0 0.48 0.26 5.9 x 10-3
12.0 0.57 0.28 1.1 x 10-a
14.0 0.66 0.30 2.5 x 10-a

TABLE lVb
Isomeric Cr~ SaXion Ratioa in (n, ~) Fbctions

r
FJoutron 1‘Hf (n, y) 1‘Rm (n, ~) 1‘7Re (n, ~)

Energy (MeV) lwf (25/2) l*Hf (8+) l*Re (&)

0.001 1.9 x lo-1~ 2.1 x 10-3 oJ34r

0.01 2.7 X 10-lZ 2.5 x 10-3 o.05i

0.1 1.4 x 1O-”J 8.1 X 10-3 0.088

0,2 1.5 x 10-9 0.014 0.114

0.4 5.4 x 10-S 0,016 0099

0.6 2.8 X 10-s 0.018 0.12

0.8 7.6 X 10- 0.022 0.14

1.0 1,6 X 10-7 0)027 oi17

2.0 3.3 x 10+ 0.061 0,24

4.0 9.8 x 10-~ 0.13 0,33

0.0 3.2 x 10-4 0.18 0.40

8.0 1,8 X 10-3 0.24 0.47

10.0 4.0 x 10-3 0.20 0.52

1210 9.3 x 10-~ -0.36 0.59
——

14.0
—.— .

2.2 x F 0845 0.69. .— -——
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Fig. 9. The (n, T) isomeric cross-section ratio as a function of isomer spin
for 14-MeV incident neutrons. The Kopdy systematic for one-step reactions are
compared with GNASH calculations.

IV’.CONCLUDING REMARKS

We present calculations of the ener~ dependence of isomer ratios for longlived
metastable states in’3 Nb, l~lsn, l~Ho, 1~~, l~fi, l~Hf, 1791-If,and 1021r,populated

by means of (n, n’), (n, 2n), and (n, ~) reactions. The calculated ratios for (n, 2n) re-
actionsgeneral.lysupport predictions from systematlcs at 14 MeV exceptfor isomer
spinsabove * 12. The agnwmentwith systematic isnot asgood for (n, n’) reactions
as is the w for (n, 2n), but the ayetematim obviously are good enough to still be
useful in dcwloping large activntlon libraries, In the caseof (n, T) reactions, the the.
orctical values csnnot be mmpared dh-ectly with the thcrrnal neutron rneumrernents
but are roughly consistent at the lower energy range of the calculatlorm
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Because of the limited smount of experimental data available on isomer ratios,
nucleax th~ry codes such as GNASH provide a useful complement to the data base.

The calculations are particularly important for (n, y) reactions, as experimental data

are extremely limited and systematic provide little guidauce, as well as for determin-
ing the energy dependence of (n, n’) and (n, 2n) isomer ratics, for which there is little
experimental information. In general, we recommend that evaluations of important
long-lived isomers be based on detailed theoretical analysea matched to the available
experimental data. The use of ~sternatics should be Limited to providing daia for
leas important reactions. In casea where syetematics are used, particular care should
be exercised with (n, y) isomericratioe, and the procedure, which is sometimes usai,
of setting the isomer ratio to 1/2 of the total (n, y) cross sections should never be
used at low energies, ae it can lead to errors of many ordem of magnitude.

A detailed description of the present work will be presented at the upcoming IAEA
Reeearch Coordination Meeting on “Actimticm Cross sections for the Generation of
Lang-Lived Radionuclidea of Importance in tiion Reactor I’ethnology,” in Vienna,
11-12 November 1991,
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Scare tle~itieswith linearmomentum and theirz.pplicatiouro

preequilibriumand photoabsorption reactions

l[. B. Chadwick

r!reorvttcaf Dicls~on. LOSI.-llamog .Vational Labomtory. Los Alamos, .VeIC .\leIIco Y7.5$5

P. Obloiinskj

fnstitute oj Physic~, S1OWA Academy oj .Science~, dj2 28 Bmtdavu, C:echodoraku

Lye discuss the concept of state densiti~ with Linear momentum and dacribe

their application to preequil. ibrium reaction theory u well M nuclear photoabsorp-

tion via the qu~ideuteron m~hanism. .\n ●xciton model is pr-ented for particle

~mission in nucleon-induced reactions in which linear momentum conservation is in-

~“!uded. The nucleon emission contributions from che fim~ two preequilibrium s~agu

~re calculated by determining exact particle-hole state densitieg with a sptcific ●nergy

.ind linear w.omentum in a Fermi-gw model of the nucleus. .+ngular distributio~

arme naturally from our treatment and do not have to be added in an ad hoc way.

The angular distrlbucions that we obtain from the first two prquilibrium stagw are

identical to those found using the Kikuchi-Kawai quasifrm scattering kernel, Since

many prequilibriurn ●nalya are bxed upon an quidistant single-particle model

of r he nucleus, we also detehne che state densities with linear momentum (and

!~~nc? ~nqular distrlbucions) in such a model. A no-parameter qu~ideuteron Cnodei

l)t’phoroabsorption is prmmlted in which the Levinger parameter and Paul.i-blockinq

Viricrlon are detemind theoretic~ly. tlslng state densities with lin~ar moment llm,

~‘)mpari~ona wlch data are shown, and the r-rnperatur? dep?ndencm of the phocoab-

.,~rpf,lon crwa wx?ion IS calculated,
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I. IXTROD[-C’T’[OS

“:,’fjre[:(-ai ~lescriptions of nuclear reactions in r~Le,-~n[inuum region ~lld~t~\:!
.: <.:,,.~,>;.-, iL ,issumptlons cor.cerninq the complex mulrlstep reaccion prccms. [n order

.) ,-J:c~;lJ[e (-rcxs sec~ions for preequilibri’lm emission one +implitifi ~he complicated
:.a:u:e ot’ ‘be (iifFerent ysslble scattering procms- by introducing averagd matrix el-

‘Ie .ariolls possible transitions and state densiti= for the different particle-+m,l?p.!su: ‘ [
!l,~ie preequ. ilibrium configurations. Exprasions for the state densities represent an

inteqal pare of any th-retical calculation. and a number of different approaches

for obtaining suchdensitiesha~ebeendevelopei.Freqlen[lyan equidistantsingle-
parric!e-state model is adopted. allowing a simple evaluation of the particle-hole state
iensity. [f [here are no restrictions on the particl~hole excitations the formu!ae O(
Erlcson ~1~and \\-illiams (2] result. Including finit.c well-depth restrictions leads COche

+liqh!ly more complicate expressions in [:3]. Partial state densiti= withiri an equidis-
‘ant single ~article model have b-n deve!op.d to describe the angular momentum
:2~, pari[y ~1~. and isospin ~.5]structure of the stat-.Lvehaver~entlyextendedsuch
ideas co obtain the linear-momentum structure of such particle-hole state densiti=
:?,61.

The linear momentum stnxture of a state density is a useful concept since. for
reaonably high excitation energie. a sernicl~sical d~cription of the cucleus ( where

one pictures the individual nuckm states as eigenstates of linear momentum) b=om-
more realistic. By considering the mriation of the accewible residual nucleus state
der.:it}- with nucl.mn emission angle; it is pasibie to obtain angular distributions O(
Fin-,;cted pa[ticies in a consistent manner. W’e also dmcribe how state densiti~ wir h
linear momentum can be used in a quasideuteron model of photoabaorption. \\”e
ij’lnd sllch clensltia -sential for a realistic d-cription of the correlatd nature 0[

nellcron-proton e~s5ion in photoabsorption processes above the giant resonance and

;)PLOWtile plon rhreshold.

[n ●ec:lon [1 we discuss state densiti~ with linear momentum. and how they can
11Pt’alrulatd both for a Ferrni-gaa and an quidistant single particle-state model.

[n jm:rlt]n [11 ~ve describe two different applications of state densiti- with linear

m,>mentum. Section [[~,+ d~cik bowan~~lar distributions can be obtaind in an
,l<,-~r,)n mfl~je~ of prmul~l~rlurn :eactions, and an account of this work is to appear

I n r he >“uv~rnber 19!31 issue of Physical Review ~; - Rapid Com.muaicatlons. %ctlon

[[~ [1 YIVV+a dmc:lptlon of out quiuldeuteron photoabwrptlon model ( full details (an
‘Ir, :“l)lln(j ,r, Ref.~?~) and we give jonle conclusions In g~tlon IV,



[1 5T.\TE DEX51TLE5 t\”ITH L!YE.\R \iOMEXT [-\!

\f-P .;:J.:! pow’ :b~ow how state densities with linear momentum are caicll[~ted.
‘,!?. , :,:.$’ - ;:!? ~.u~~evs ~emicltisically. and ~~;ijh to determine the number ,)t’ p — h

--.1:!?5 ‘,’.’:’?,An energy in che range E - E + dE and a total momentum i~ the ranqe

K–K- i:K. This problem was first invmtigated b:- J[adler and Relf ?; w-!,)

::se(i a ~~’~rri:!(>n-flln~:tionapproach. L-cfort unately. their method is raiid only [or

!J:w numbers of excit~ particlfi and hoi=, and for most applications in nuclear
u~action theories it is the simple particle-hole excitations that are most important,
In addition. their approach suffers from some computational difficultia in making
<addle-point approximations. \[addler and Relf’s appr~ch h= been extended by

[,vam~co ~?] for use in heavy-ion calculations. Our approach, on the otherhand. is

exact ad leads to simple anaiytic expressions for the simpl~t p - h state densities.

The more complicated p-h densities baorne harder to solve using our method due to
r.he high-dimensionality of the integrations, though for many applications (including
[hose shown in this paper) it is only densities for simple p - h excitation that are

r,eeded.
[n order to make ~ur approach more transparent. we fimi indicate how state de,lsi.

ties without linear momentum can be deterrninai. The state density of a pparticle h-
hole system can be obtained by convoluting single-particle and -hole densities with an
energ-ccnser~-ing delta-function. kVhen linear momentum effects are not accountd

for, this can be expressd M

~vhere t labels the particl~ attd j the hole. The theta functions are unity if their

,~rqllm~nt IS qreater than zero and zero otherwise. accounting for Pauli-bl~king, The

~lensitlm O( single-partlcl~ and -hol~ in energy space are reprmented by p( lp, c, )
,ln,l ~~[h,..,l, with the energi~ c,., measured relative *O the bqttom of th~ nuclear

~~-!! [he ‘factorials p! and h! account for the indistinguishability of the particlm
,Lrlll helm [f an quidistant single-particle model of the nucleus is us.d, r,he above
,“xprrw~lon would yield the Ericson state density ●xpr~sion. corrected to Include finlt~
, i, ~~~ar,,vell (~epthr~trlctlon~(?I.[naFerrnl.q~model~fthenucl~wthe sin~l~-

~).lr’ilie ~nri hole densitiu in energy ~pace are given by p( lp, e,) = :\.i&/zc~J an, !

‘l,,,,, ‘~2 where A IS the nuclear mas~ number.)\ , = 1,4~’7Wr .

\\,I rl,,w ~~n+~rail~e the abov? •xpr~~lonto allow state (len~itl~ with a jpwIh(.

‘.~,ir mom~nrllm to b~ d~termlned. Tbe convollltlon of the qlngle-particle and hole,..
.’.~.)~ 14 now p~rt’orrnd In momentum space, and a Iinearmornentllrr, conservlnx
!,,~~,l ill[l,~lon IS In(l!l(lwi In !hr Intqration,



!vhere k, and k, are the single-particle and -hole linear momenta. anti k. is the Fermi
momentum. The densit}” of single-particle and -hole stat= in momentum space ace
pI lp. k,) and p( lh. kJ ) resp=tively.

Neither Eq. ( I ) nor Eq. (2) include the possibility that some of the excitrxl par-

~iclfi! holes can Pauli-block other particlm/ho[=. though for the simple particle-hole
(configurations that we consider this effect can be safely ignord. As expected from
sj-mmetry. the density of states withlinearmomentum.p(p,h,E.K),isindependent
O(thedirectionofthetotalmomentum K and depends only upon its magnitude. The
dimensions of the state densiti= with linear momentum are Me V-’ (Me\”/c )-3, and
thev obev the relation

This equation aiso al!owsa useful check on analytic exprasions that are deril’~ for
state densitia with iinear momenta. If theyareintegrated over all ~alua of total
momenta they mut yield the ‘conventional” state densitia, which areonly a function
ot’ energy.

.4, The Fermi-p model

[n the Fr=rmi-q~ model the single-particle and -hc[e stat= are eigenstates of linear
n~omenturn. the density of such stat- in momentum-space being a constant which
reproduces the number of nuckms,

[1)

B-low we give some analytic results for state densiti~ witt, linear momentum for
;) – A (ontiqurat; ons which are important.in preequilibrium reactions and will be IISd

;ri rii~ .lext gtxtion, lVe shall consider particle ~mission from only the tirst two pr~-
(llllllbril:~, ytaq~ since thee dominate the prequil ibrlum spectrum for mat nuc [eon-

:1(1’I(d rpacr, ions. Thus we must evaluate the ~!ate densities for lplh, 2plh. 2p.2h

.~r~(l {p~h *’K(”llatlons. The P( lp. 1A. E, K) IIrnslty r~ulres the solution of a SIX
:::l,,lisl,)nal lrltrqrat,l~}n, which tan IWyo[~wj ana[vtif-allv Ilglng ttl~ tm’hni(~um sho~vn

:1 1{?’( 7:, ql~lflg
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The high-d imensionality of the integrations for the e~aluation of the more com-
plex state densities can be reduced bv breaking up the integrals. making use of an-
ai}”ric solutions for simpler configurations. For instance. the p(?p. 2h. E. K) requires

a twwlve-dir tensional integration, though it can be expr~swl ~ a convolution of two

i pl h state densities, each of which is known analytically, so ttat

p(2p.2h, E.K) = + H p(lp, lh, E1. K1)p(lp, lh, E- E1, K-Kl) d3K1 cfE1,
----

(s)

which. by symmetry. can be rduced to a three-dimensional integral and can be solved
numerically without any difficulties. \Ve chmk~ that when the state demici~ witl:

!inear momentum are integratai over all total momenta [using Eq. (2)] they yield the
F~rml-g~ state clensiti~ without linear momentum of Eq. ( 1).

[n Fig, *&he \ariation of the rmidual nucleus lplh and 2p2/t state densities
Eqs. 1,3) and (S)1with emission angle is shown for the reaction ‘“W’(n. n’) for an

Inclcient energy of 26 \le\’ and emission energim of 14.,5 and 1S..5 \[eV. 4 Fermi
energy of J.5 Jlek’ was adopted. These densitia are strongly forward-peaked due to
rhe ~“ariatlon of the state density with the linear momentum depoaitecl in the r=idual
nucleus. This forward peaking d~rezu~ with incre~iug exciton number as the linear
rnornentllrrl brought in by the proj~tile k sharedamong moteparticl~and lIolm and

‘he memory of the Incident dirstion is lint. Since the angular distribution of emitted
;lar~ icles come from the variation of the r~idual-nucleus ph~e space with emission
,1:.z!t=. no pr~uilibrium emission from [he n = 3 stage can occur for angle9 grear.er
r~:flrl ah(lllt I I(I degrrn. This is a kincnlatical ?Hect resulting from the r~trlctlong ‘J(
FIrl.’rgy and momentum conservation and is also seen in Refs. [S, 10].



Id

l-+
1

----....................-+....................-------.-%...

F[G, 1. The ~ariation of the lplh and 2p2h state densities with emission angle for the
rtiidua[ nucleus in the reaction ‘ti\V(n, n’), using a Fermi-gas model. The incident
t’n~rlq” is 26 \le~’. and the emission energim are cm=14.5 and 18.5 \ieV.

B. Equidistant single-particle-state model

rhe above subsection contained ●xpressions for state densiti~ with linear m~
m=ntum in a Fermi g= model of the nucleuq. In such a model the singl~particle
+;at Ps In energy spacelncreueu the square-root of the excitation energy. and are
,l.~;l~t,anr.s in momentum space. In this section we shall indicate how state densities
‘“,if h !ln~ar momentum can be obtained for equidistant single-particle levels in energy
.pa(:eThisisofimportancesincepreequilibriumreaction theori= almcat always IIS~
.*,l*e {lrnslti~ which are b~ed upon quidistant ~ingle-particle le~-els, duc to their
I ,)rnpllr~tlo,lal ~lmpiicity.

~~,e~art,lcle.hol~statedensity isdetermined using Eq. (~~. ~~e~~. ho~~~~~r,
~i~l!~’trr;ine the si;lqle-pa~ticle density in momentum space which yields r=quidistant
~FJ,,FIISIn ~~nt~r~y~pace, The number of single- partirle state in m.omentllm space w If h

,l!,.,,lllr~~ q\(jnit*ntahet,ween k and k + dk is



[~:~lerepl(ki denot~ either pi. 1P. k,) or pI lh. k:).the sinqle-particle I and -ktolet den~it\-

‘h: we are determining. For equidistant levels in energy space. ~.i.~i~) = g [it.c Iwiriq

r!:e excitation energy ana g the constant single-particle density. Since c = L-2,’2m.
,.

‘ S: eq:. ation can be expressed as,., .-

d.Y(k) =
gk
; elk. I:01

Equations (??) yield the re’~:lt for the single-particle density in momentum space.

p{lp. k,) = p(lh. kj) = ~. (ii)

In other words. the density of .singl~particle stat= in momentum space that yields
equidistant stat= in energy space vari- as 1/4. Since the lplh state density deter-
mines the angular distribution from single+tep scattering, we show below the lpl h
state density with Lnear momentum for.an quidistant single-particle level nucleus.

obtained by solving the six-dimensional integral (2) with Eq. (11),

[

&r + J-p(lp.1A.E,K)= &ln —
r–lk’ + k’= + 2mE

where

mE
~’=@- $~ if K~<K<Klor K~<K <K_

k’=~- if Kl<K<Ka

and p(lp, Ih. E. K)= O otherwise, (13)

I<~.l I{u. K1, A’2 being given by Eqs. (6,7). .% in the Fermi gas model, we again

find an exprmsion for the lplh density which haa thr~ diferent regions. The valu~
t-Of 4“mn, \ -. Kl. Kz which define the boundaries of three regions are not sensitive

to rhe par[ic~lIar single- ~rtic!e densitiu adopted and are t herefore identical for t he

Fermi. q= and equidistant models. Equation (3) must hold, indicating that if the
above 1pl h state density is integrated over all momenta the Ericson density. with
tinite wall-depth r~trictiona. results. \Ve have ch~ked that our Eq. ( 13) satisfies



The constant density of single-particle states in energy space is of[en taken as g =
\ 1 !. a ‘,”ai:le esr.~biished from extensive (!ata on slow neutron rmonances. Ho\r~~”t:r..-

“!,,? F~~n~i.qas ;;;odel as described in the previous section yields a density of states
- “iw Ft~rnli !e~”elo~ :1.-lj2cr. which for Cr = :35 XIe\- is a factor 0[ 1.66 too small.,1.

T’ilis is a well known problem with the Fermi-gu modeL On the otherhand. a vail.le
of q = I 14. while describing the density of stat= at che Fermi surface fairly well.
ov~rpretiicts the nllmber of nuckns by a factor of 2..5 in an equidistant model;?’.

In order for a comparison to be made between the equidistant and Fermi-g= state
densities. w-e have chmen a \alue of g = 3.4/2c~ so that the densiti~ at the Fermi-
level agree. This choice was motimted by the fact that for small excitation energi~
most e~cited particles and hoi- are close to the Fermi-level. In Fig. 2 the \ariation of
the residual nucleus lplh state densities with emissionanglek shownforthereaction
~s+\V(n.n’)foran incidentenergyof26 MeV and an emissionenergyof19.5\leV.

for Fermi-g= and equidistant models. It is seen that the lpl h state densities are very
similar in the two models.

\l-e again stress that our choice above for g was made solely to allow a comparison
ivith our previous rmults for a Ferrni-g~ nucleus. Another approach might have been

to use the commonly adoptmi \alue of g = A/l-l for the quidistant model. but then
use a Fermi-energy of 21 \leV in the Fermi-g= model in section IIa so that both
models yield identical single- particle densit i= at the Femi-level.

It is worth mentioning that Madler and Reif”s method for determining state densi-
tks with linear momentum (which also uses anequidistant single particle level model)
fails completely for the important lplh state density with linear momentum. They
Shoiv in Fig. 2 of Ref. [?] the mriation of their lplh density with emission angle.
\vhich differs considerably in shape from our exact r~ult in our Fig. 2. The shape
of the lplh density is critically important in determining the angular distribution of

emitted particles.

i



FIG, 2 the variation of the residual nucleus lplh state densities with emission ang!e.
for the reaction ls’l~i n n’) for an incident energv of 26 llefr and an emission energy,.
of 1s. j llel’. for Fermi-g= and equidistant models.

III. .%PPLIC.+TIONS OF ST.~TE DESSITIES lvRTH LIXE.+R MO! JESTUM

.\. .\ngular distributions in the wcciton preequilibrium model

[t has been established that non-equilibrium processes play an important role
in nuclear reactions induced by light projectiles with incident energies above about
10 MeV. The characteristic featura of pa:ticle ●mission from che composite nucleus
before equilibrium has b~n reachd (preequilibrium emission) are an excws of high-
energy particl~. and a forward peaking in the observed a~gular distributions. The
overabundance of high-energy particle is due to the nuclear excitation energy be-
ing shared among only a few degrees of freedom in the early stages of the reaction
when preequlubriurn emission occurs, and the forward peaking is indicative of the

incident project ile’s direction being partially preserved. Both quant urn mechanical
and semi-classical themries have been developed to account for preequilibrium emis-
sion. Quantum mechanical approaches such as that of Feshbach. Kerrnan, and Koonin
(FKK) [12], Tamura et al. [13] and Koning and Akkermam [?] have been able to
successfully d~cribe the spectral shape and angular dist ribut ion of emitted particles,
though the calculations are rather involved and their predictive power is limited [15].

The semicl~sical exciton [16] and hybrid [17] prquilibrium models, on the other
hand, are able to d~cribe the anglemtegrated spectral shapea successfully, though
in Lheir usual forinulation they cannot ~ield angular distributions directly. In this
sect ion we shall show that by modifying the exciton model to include linear momen-
tum effects it yields angular distributions in a natural and consistent way. W’eshall
not explicitly discuss the hybrid model, though the modifications neckl in it for the
inclusion of linear momentum effects should be similar to th~ that we present for
the exciton model.

In the exciton model the particle emission rates from the prquilibriu.m stages of
[he react ion are calculated by invoking rnicrmcopic reversibility y and applying phase-
space arguments. In its usual formulation it d= not conserve linear moment urn in
the ~ariow intra-nuclear transitions and can not yield information concerning the

i~nqular distribution of emitted partici~. In order to obtain such information. it
has become commonplace to include in the model, in an od hoc manner. a nucleon-
nucleon scattering kernel obtaind either from free nucleon-nucleon scat tericg [18, 19]
or. more realistically, from qu~ifree scattering in nuclear matter using the Kikuchi.
Kawai I KK) exprewion [10, 20-23], for reviews wee Ref~. [24, 25]. }Vhile the inclusion
of a nuc Icon-nucleon scattering kernel within an exciton model is a physically plausible
wav to Ot)tain angular distributio~, no formal theoretical connection has been made
lwcw~n the exciton model and quasifree scattering descriptions. \Ve shall show tl~at

})! conserving Iincar momentum in the exciton model and by using the Ferrtli-gas

!)



srate densities with linear momentum described in the previous section. the anqular

,ikrributions obtained are identical to those found usinq IiIi quasi free scattering.
\\-e do not make use of the ~ast parficle approximation, as in Ref. [1S], but treat
r~le ~xci[ed partick and holes for a given prequilibrium stage statistically. The

forward-peaked angular distributions that we obtain arise purely from phase-space
factors, and possible dynamical effects are disregardal.

In the previous sectiou we presentd a method for exactly determining state den-
sities with linear momentum. Since our approach involves convoluting single-particle
and -hole states in a Fermi-gas nucleus. the complexity of the integrals increases
rapidly for more complex prequilibrium stages. We are able, however. ro determine
che state densitia with linear momentum needed for the calculation of first and sec-
onds tage preequilibrium emission in nuchmn-inducd reactions. We assume, following
Chiang and Hiifner [26], that preequilibrium emission beyond the smond stage can
be ignored before quilibrium emission occurs.

In the exciton model it is assumed that an incident nucleon interacts with the
target nucleus to form a tw~particle-on-hole (?plh) state, and in subquent two-
body nucleon- nucleon interact ions the excited system may pass through more complex
particle-hole configurations towards equilibrium. Particle emission can occur from the
early preequilibrium stages and three Wrticl- typically contribute to the high-energy
part of the emission spectrum. The double-differential crow section for the emission
of a particle with energy t and direction O can be written as

(15)

where the number of excitons is n = p + h. The reaction cross section of the incident
particle on the target nucleus is CR, and D. isthedepletionfactor,representingthe
probabilitythatthesystemreach=then-excitonconfigurationwithoutpreequilib-
riumdecay..\~and ii”arethetotalratesfordecaytomorecompl~x exciton config-
u rations and for particle emission, respeilively, and An(c, 0) is the blediffetentiai
emission rate for a given type of particle. This is found from micrmcupic reversibility
to be

\vhere the re~tion crms s~tion for the inverse process of nucleon absorption on the
residual nucle~ io Uti,(t). The comp~ite ~y~temtotal energy and momentum before

particle emission are E and K rmpertively, and the rmidual nucleus energy and
moment urn after emission are E - ;~ alAd K - kn r-pectively, all thtae qllantities
lw=inqme~ured relative to the bottom of the nuclear well. The energy and momentum

fJf the emitted particle relative to the bottom of the nuclear well are cn = ~ + ~ + Cr

and kn. where Iknl = ~~. B being the bir,dingenergyandcr thel?~rmi

I(J



energy. R(pj is a correction factor to account for neutron-proton distinguishability.

and is discussed beloiv. In the above expression state densities with linear momentum

are sho;vn. though the state densities that are used in the original exciton model are

a [unction of en-rgy only.

From Eq. ( 16) it is clear that the angular distribution of emitted particles from
a preequilibrium stage arises from phase-space factors. For a given particle emis-

sion energy. the various emission directions result in different totai momenta being

transfermi to the residual nucleus, with ;orrmponding different acc=sible state den-
sities. Thus the angular distr~bution of emitted particles from the n = 3 stage (i.e.
single-step scattering) is given by the wriation of p(lp, 11$,E - Cn, K —kn) withthe
em; ssi~n angle. The angular distribution that we obtain using lplh state densities
according LOEq. (5) is ideniical to that found by Kli [10] for single-step quasifr=
scattering from a non-interacting Fermi-gas nucleus. An inspmtion of the physics
inv d suggests that this result is to be expected since our excitcm model, and the
quulfr= scattering model of IW, both conserve linear momentum and energy in a
Fermi-gas nucleus. Furthermore, the expression used by KK for single-step scattering
uses a basic free-space nucleon-nucl~mn cross section which is isotropic, so that all the
angular dependence arises implicitly from phase space factors, as done explicitly in
our approach. The similarity of our exciton model with KK’s approach can be meet
clearly seen in the work of Chiang and Hfifner [26], who use the KK scattering func-
tion to calculate single- and double-step quasifr- scattering. Their expr-sions for
the single- and double-step scattering use nuclear response functions 127] for a non-
interacting Fermi-gu, which are directly proportional to our lplh and 2p2h state
clensiti~ with linear momentum. It should be notd that from Eq. (8) it is clear
that our model yields a convolution structure for the tw~step scattering, which is
common to most semicl~sical scattering thmries as well as the quantum mechanical
FIiK multistep direct thecry.

For the calculation of nuchmn emission cross sections we used Kalbach’s
pararr,etrization [?8] for the transition rates to more complex configurations. ,\~,
Ivhich WZAoriglnai]y determined without linear momentum considerations. This is

reasonable since we found that ,\m, obtained by integrating Eq. ( 16) over all angles
and energi~ for neutrons and protons, agrexi to within 5’%0with the value obtained
~vhen linear momentum effects were not included. AIso, this integral did not differ

significantly from its due obtained using the traditional Ericson equidistant single-
paltic]e level state densities, corrected for a finite nuclear well depth. The neutron-
proton distinguishability factor R(p) [29] in Eq, ( 16) is consistent with the above

parametrization [“1. The reaction cross wxtions in Eqs. ( 1.5,16) were determined us-
ing the Becchetti-GreAea optical potential [30], and we took the Fermi energy to
be :15 \leV,

-11



.\nglllAr ,jistrlbutlons for 14..5 and Li, j \leL’ neutrons emitted In rhe re~,-! IIjn

‘34\\ ”lr7, q’i. ~mlucetl by 26 \[eL’ neutrons. At three emlsslon enerqm T!-F e[llllilljrlilm

err:ssiorl cl~n:r:!>llrions \vere found to hi-I ~wliqible. Shown tor ~-omparison :~re qllan.

rllm r-. ethdri;cai FkK calculations and experimental data. taken from ~[~r(:ln!,owsiil

r’t11/.‘!-).

\\-ehve determined mqular distributions for 1+..1 and 1S.5 \[eL’ emitted nwlr.rons

In the rexcion IW\f-( ~ ~’) induc~ bv ‘J-j \[eV nelltrons. Our results are shown in

Fig. ??~and IC is wilent that the observed forward peaking in the data is accounted
fur in our model. though we underpredict the data at backward angles. .Yeutron

emission from :he n = 3 stage dominat= scattering in the forward ciirect:on but do-
not contribute beyond 110 degr-. wbera n = ,5emission covers all directions but is
too weak to account for the backward-angle data. This underprediction was also seen
i m Refs. [20-2’2] where the KK qu~ifree scat tenng kernel was used in semiclz~sical

preequilibrlurn models, and results from the absence in OIMmodel of effects such M
lit fraction of the nucleons in the mean-field nuclew potential [21, 22]. [t is beyond
he scope of the present work to include guch efktg, which really rquire a quantum.
,nechanical treatment. The d~hed line shows a quantum m=hanical calculation
of the neutron scattering cross s=tion usin,g the FKK theory [1,5] which uses the
distorted-wave Born ●xpansion. and with single and douhlestep scatteri~g the theory

dewrib= the angular distributions well. In Fig. =~we show the proton emission
+pmr, ra at five different angles for the reaction “Fe(p, p’) induced by 6’2 MeV protons.

For low ●mission energk we have included the equilibrium er.kion contribution
I retiuced due to Lhe reaction flux I-c through n = 3 and n = ,5 p~uilibrium
emission). detertind with the Haq,ser-Fuhbach code GNASH [32j. The ~hapa of
the ~pectra generally agree fairly well with ●xperiment, but again we uncierpredict the

Imckward-angle data. ~Ve aho detetind the angle-integratd spectrum and found

r !lat it d=cribm the data well (since the backward-angle croes section is a minor
fraction of the total preequilibrium cross sation), and have compared it with an

+xviton mode; calculation using Fermi-gas state densitie which do not include linear
Inomenturn. from Eq. ( 1). W’e founa differences of lea than ,5% . indicating that it is

not rmcemary to include linear momentum effects when determining angle-integrated
spectra.



Spectra of protons emittedata numberofangl~’”inthe<‘F?(p. P’) reaction indurwi

~v tj~ net- protons cotnpared with experimental data ‘:11!. The full line show-s the

+k Ut 7 = .1 JEd n = 5 prexquilibrillm e-mission in our model. and the dub-dot !ine
:ncl”uies :Ae ~llilibrillm emission contribution.

The ~.bo~e results show that if a Fermi-gas model is used to evaluate state dmt-
sities s-irh iinear momentum in an exciton model. angular distributions are obtaimd
‘,v~lichare identical to those found using the KIi scattering kernel. There[ore. if one
IISA a preequlllbrlum m~e~ with Ferfi-gU state densities which are onl~’ a func -

t ion of ener~ (and not momentum). and in addition used a KK scattering kernel to
obtain angular distributions. one would obtain identical results to those found using
our above model. However, a number of authors [?.?] have adopted an inconsis-
tent approach of using an equidistant singkparticlestate mxiel to determine state
densities, with a KK scattering kernel for the angul&- distributions. .%consistent
approach would be to use the formalism shown in this s~tion with the state densi-
ties with linear momentum from Section IIB/ Or, alternatively, use a preequilibrium
model based on quidistant single-partick-states (without linear momentum consid-
~rations ), in ConjuctiOu with a scattering kerne~ obtais WIfrom Eq. ( 13). Due to the

close similarity betwern the Lplh Ferni-gaa and equidismnt singbparticle state den-
sities seen in Fig. 2. the scattering kernel from Eq. (13) would be almat identical to
that of KK.
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B. THE QL-.451DECTER..’S \fODEL OF SCC’LE.4R PHC)T().1B5()RPTH1S

[n r.his section w-e shall discuss another application of state densir. ia wi~.h.
~ar mom~erhtllm: nuclear phot~absorption on correlated neutron-proton pairs via

t;I~a~ii~ell[eri)nmechanism. .4 full discussion of this application can be found in

paper ‘?!.. .
Th a qllasideuteron model describ= the dominant m=hanism for nuclear pho(oab-

sorption ior incident photon energia in the range 40 \le L’ ~E7~ 140 .\le L-. This model
was first proom~ bv Levinger [33-3.5] ah-d has subsequently been applied extensively

to analyze nuclear photoabsorption cross sections [36-3!3]. The model d~, howm-er,
contain two fr~ parameters and treats the effects of the Pauli ●xclusion principle in
an ent 1rely phenomenoiogical manner. Here we pr=ent a qu=ideuteron model of pho-
toabsorption which includes Pauh-blocking ●ffects theoretically and d= not contain
any free parameters. In the quasideuteron model it is assumal that phot~boip-
tion rakes place on correlatal neutron-proton pairs within a nucleus. The relati rely

small photon wavelengths ●nsure that the interaction takm place with a nuckon-
nuckcm pair. rather than with the nucleus u a whole. and the predominantly ●leccric-
dipole nature of the interaction implies photoabsorption only by neutron-proton pairs.
Levinqer showd ~33. 35] that the nuclear photoabaorption cms section d~d(C-) can
be ●xprewed in terms of the free deuteron phot~disintegration crms s~tion ~i( c<),

where L is the Levinger parameter and ~(G) is the Pauli-blocking function. The
factor .~Z is the total number of neutron-proton pairs inside the nucleus. which is
mult Iplied by a reduction factor L/.4 to account for the fact that it is ortlycorrelated
pairs that can be considerd to be qu=ideuterons [40, A1]. [n addition, the function
f~~+) accounts for thae ●xcitations of neutron-proton pairs that cannot occur ~ince
‘he Pauli-exclllsion principle allows only final particle stat- which lie above the Fermi
le\”eL This ●ffmt is particularly importam for low photon ●uergiea, ●nd Levinqer
+llggesteclthat it can be repraentecl by an exponential Pauli-blocking function ~:1~]

fLcw(e~) = ?-O/’-, (~~)

wher~ D is a t:~~tant. .A[though ● theoretical ~timate for the Levinqer parameter
i+ WFII Kn,jwn [?!, no tkxetical derivation fur the Pauli-blockinq function hti b-n
K\\P~.[n practice, L and L) are treatd M fr~ parameters to titthe photoabnorptlon

II,lca. rh~ dlficulty In wparatlng the dfmt,s of t,he Levlnger parameter and fh~
Paull-bbcklnq functmn In Eq, ( \ ) h~ rmulted in a gubotantial ambiquity In the L
,Irlii D-vallm IIWd by IIifferent ~oIIpo;~.tl~~range from L = 1.9 and D = 60 SleL”

lR~f. I’J~~~11L = 10 and D = HO\leV IR~f. ~I.]1I, \Ye ~hall ~~mcribe b-low huw WP
,“itilll[at~ f. And ~1~. I rhmrw, ica!ly.

[Jllr sr~rrlng point M an •xpr~~lort ii~rlvwl hy L~vinger ~Ml f(v ch~ pht)r~)at).
iorprll)n ~.rl)~s wf-tl(m on J rlrllrronlpr[)r,l?rl II,llr, In fl)p ,kbs-nc~ IIt’ Pm IIIIII)ilj(”hlrlt

;1
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By using &cti~e range cheary Le~inger was able to relate the pkrabmrption
i{uasideuterou inside the nucleus with relative momentum k. IT;lIk. E- I. co that
~rf,e ,~P11Yer(1n3~vhich IS iinmvn experirnentallY,

it.~ereh- = : k, - k.: is the initial relative momentum of a neutron-proton pair

d -1 = ~h/I ~.:~m,) k) is relatd to the neutron-proton scattering !ength {t!, m being
che nuc km mass, and r. is the ●ff= t ive range. The nuclear volume in the above
exprmsion is ~“ = ~71.23.+ fma,

Following Le~ lnger. we assume that if all the possible final neutron and proton
state after photoabsorption are not Pauli-blockai. the photoabsorptlon cross mction
cm a qu~ideuteron is given by Eq. ( 191. However, if the anilable phase space for the
wutron and proton after photoabsorption is reduced by Pauli-blcrcking, we assume
that the quasideuteron photoabaorpcion cms section is also rduced by the same
amount. Thus we suppoee that the crms section for photoabsorption is proportional
to che available phiue space. This is reasonable since Fermi’s Golden Rule ouqht to

be applicable iM the ●l~tro~gnetic perturbation is small compared to the nuclear
Interact Ions. F~ml-sphere Fe{ml-sphere

?

<,’

% -g

ky k: \
\--- -4 K9

‘L>
v k; 1

The initialF [G. 3, .\ bsorpt ion of a hard photon by ● qu~ideuteron in the nucleus.
llc~ar momenta of the photon. neutron. ●nd proton are IG. kW,k. rmpectivdy. ~m.i
rh- tinal Iin~ar momenta ●re K“, k;. The total momentum is K,

F’lKur~ 3 ~how~. in momentum space. the absorption of ● hard photon IIp(Jn .I

;l~llr,r,)n.PrOton ~lr Wlthln the nucleus. The inltl~l snd final linear momenta, ,md
, ~le ,.,)rr~p~)nding merr:m. are r~hced h

k.+k. +k. =K=k; +k;

f“+F, +P. = E’=,:,+?;, 1“:1))

I “)



o rhat the photoabsorption on a particular quasideuteron pair with momenta k~,

k. is ~,,j(k. c*) x F(k”, km.~) In order to determine the 2p state density with linear
rnomencum. a . t we-component” version of Eq. (2) was used. .Xeutrons and protons are
distinguished in this calculation. the neutron and proton single-particle densiti~ in
momentum ~pace being g,ven by ixti = .~/($7k~) and x, = Z/(~rrkj.). The resulting
srate density has dimensions (( Me\’)-l ( MeV/c)-3) and is given by

p(2p, E,K) =

rh~ !wo-particle Ytate density that includes all transitions [ including those that
,,t,l~ace t he p.luli principle) can be obtained from the r-ults in Eq. (‘2?) in the Iitit

,Ii kr - l), yi~ldinq

P“) ‘A’:L1i?~, E. K) =
{

?’mu.**m ‘f ‘E ~ w (2:])
“ otherwise.



,fifiereqt ,,see Fig. 6\ tf”e note that is not possib[e LO reproduce :he jt.~~[~ t=nerq:,

i!eaendence of jI c. 1 which we obtain ~vlth a phenomenologlcal exponential function.
since the paull-b]~klng function calculation requires such a large an-tollntof c.p, II,

“ime. ~ve !~ave found a pol~’rwmial fit to our resuits to facilitate future uses ot’ ollr

Pallii-bloc!iing function in nuclear

results can be well approximate

pol]-nomlai

f(t+~ = 5,3714 x 10-2

–3.4762 X

reaction calcul:..lons and data evaluations. our

in the photon energy range ‘?0-140 \leL by the

-9,5343 x 10-]C7 -L ~,1~~~ x lo-4C~

10-6C: + 9!3537 x 10-9C:. (,24)

[n Fig. 7 we show our calculated quasldeuteroL contribution to the nuclear photoab-
sorption crcm section compared with data for the nuclei Pb, Ta.Sn and Ce. lVe ai,so
show th~ tails of the giant dipole resonance (CDR) which my -tribute even at
three high photon ●nergk. The data u well u the GDR tails are taken from Ref.

~36], and the photodisintegTat ion crcas s~t ion was taken from [44] [t is seer, that
the sum of three two contributions describe the data fairly weil. The comparison
with data that we obtain smns to be Wter than that obained with a phenomen-
kgical exponential Pauli-blocking function (see, for ins~ce, Lepretre et af [36]. If

their quasideuteron component is added to che GDR component they significantly
over-~ tirnate the data below a photon ●nergy of 40 \feV).
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FIG. 6, The calculated quaaideuteron component of the nuclear photoabsorption
urow wwtion M a function of photon ●nergy is compared with ●xperimental data for
Ph. Ta. Sn and Ce. The full curve is the sum of the quasideuteron and CDR contri-

I)utions. The taik of the GDR aa well aa experimental data are taken from Ref. ~:lti!,

\\’P hav~ also invtwtigated the temperature dependence of the quaaideuteron pho-
r,)ab~orptlon crw~ section, This i~ of inter-t since detailed balance can be applid ?O
,l~~t~rnlln? photon ●nission raten frcrnhot nuclei produced in heavy.ion collisions via

A f~ll~~lr!mlt~ron mechanism [4’2.4.5]. lf’~ ~~umd a Fermi. Dirac rlistriblltioc of qingl~.

i).l~!1~1~~!atm and rallulatd state den~itl~ vvhlch ar~ a function uf ●qy. lirrar
IIII)rIIrVIrIAm.and t~mpcvature ~?]. The photoakorption cross ~~tion wiu found t,~} tw

,.Kr rr*nlPlv ~~n~ltlv~ to ~~rnperatllretandanp~arnpleOfOurr~ult~for phot, ob~qorpt l{)fi

,)rr :I~pI)”,, ~h,>wn In Fig. ~.



\Ve have introduced the concept ofstace densiti= with linear momentum. an’!
have indicated an exact method for their determination. Our calculacional procedure
ditfers from that of Yladler and Reif. and can be applied in the determination of
state densities of simple particle-hole configurations. Simple analytic expressions can
be f>und for such densities, facilitating their use in nuclear reaction theories. Two
ciitfe.-ent applications for state densiti= with linear momentum have been presented.

The inclusion of linear momentum effects in an ●xciton model is able co explain
Lhe forward-peakl angular distributions observed in prequilibrium d~ay, and the
angular distributions which they yield are identical to thaw seen in KK qu~ifrtw
scat tering. We have. therefore, providd a link between ●xciton model ~nd qu=ifree
scat teri ng dacript ions of nuclear reactions, and haveprovidedfurther just ificat ion for
the commonly adoptd produre of using a KK scattering kernel in an exciton model.
\Ve have also discussed state densiti= with linear momentum in an quidistant sinqle-

part icle-state model. and have given ●xpressions which allow angular dist ribut ions to
be determinal (though we also pointed out that the ●ngular distributions would k

almat identical to those of KK).
The quaaideuteron model of photoabsorption that we have developed is bwai

on phase space arguments and uses state densit i- wit h linear momentum. W’e have

pr-ented, for the first time, ● theoretical basis for Pauli-blocking eflata, and our n-
parameter mmlel is able to give ● good description of the photoakwption data for
a wide range of nuclei, Our state denaiti-, when generalist to include temperature
dependence. were used to determine the quaaideuteron photoaborption cr~ section
on an equilibratai hot nucleus. We found the crwa section to be very sensitive to
!emperat ure.

Th~e two applications have demonstrated the richn~ of state densities with lin.
●ar momentum. They seem to have considerable versatility in their pasible applica-
tions within nuclear reaction theori~, We ●re pr~ently investigating theirapplication
in hard-pho?on ●mission reactions and stopped pion-absorption praeasa.

\Ve would Iikc to thank Drs. M. Blann, P.L. Hod~n, D, Madlaad, G. Reffo, R.

Smith and PG. Young for helpflll discussions, and one of us (M.B.C) acknowledge
financial support from●n SERC/NATO Fellowship.

I‘)



T, E. Ericson. .~dv, in Phvs. 9.435119601.

F, C. \\”il!iams. Yucl. Ph}Js. A16J. 231 ( 1971).
P, Oblo~ins~i~. Xucl. Phys. A453. 127 I 19S6): E. Betak and J. Dobes, Z, Phys~

.
.+279. .119, I’~76).
H. Gruppelaar. ECX report ECN-KI-064.

C. Kalbach. Phys. Rev. C30). 1310 ( 19S4): Lm .~lamm Report L.A-CR-91-~303
JI, B. Chadwick and P. Oblozinsky, to be qublished in the November 1991 issue

of Phys. Rev. C ( Rapid Communications).

\f. B. Chadwick. P. ObloZinskj. P.E. Hodgson and G. Reffo. Phys. Rev. C. 44.
.s14 ( 1991).

P. Yladler and R. Reif, Nucl. Phys. A3S7, 445 ( 19S0).
.4. Iwamoco. Phy~. Rev. C 35, 984 ( 1987).
~. ~ikuchi and }1. Kawai. .\-ucfear .Uattcr and .Vuc/ear Reactions, ( North-

Holland. .4msterdam. 1968], p. U; M.L. Goldberger. Phys. Rev. 74.1269 ~1!)4S).
\l. Chadwick and G. Reffo, Ph-ys. Rev, C. 44.919 ( L991)
H. F-hbach. A. Kerrnan. and S. Koonin, Ann. Phys. 12S, 429 ( 1980): R. Bonetti.
JI. B. Chadwick. P.E. Hod~on. B. L’. Carlson, ●nd M.S. Hussein. Physics Reports

202(4), 171 (1991).
T. Tamura.T. Cdagawa.and H. Lenske. Phyw Rev. C 26.379 ( 1982).
.4.J. Koning and J.M. .Akkermana, Arm. Phys. 20a. 216 (1991).
.+. Ylarcinkowski. R. W’. Finlay, J. Rapaport. P.E. Hod~on, and M.B. Chadwick.
Sllci. Phys. A501. 1 (1939).

H. Gruppelaar, P. .Uagel,and P.E. Hodgson. Riv. YUOVO Cimento 9.1 ( 19$6).
Y!, Blann, .~nn. Rev. Nucl, Sci. 25, 123 ( 197.5).

G. Ylantzouranis, D. Agassi. and H..+. U’eidenmiNer, Phys,Lett.57B. 220
(1975); G. Mantzouranis, D. Agami, and H.A. lVcldenmiiller. Z. Phys. A 276,
145 (1976)
J.\f. Akkermans. H. Gruppelmr and G. Reffo. Phys.Rev.C 22.73 (19S0).
Sun Ziyanq, Wang Shunuan,Zhang Jingshang, Zguo Yihong and Han Huiyi, Z.
Phys. A 305.61 (1982).
(7. (~mta, H. Grupp:laar and J.M, Akkerrnans. Phys, Rev. C 28, W? ( 19S3).
tl. Blann, W, Scobel and E, Plechaty, Phys, Rev, C’ 30, 14!13 ~1!1S4).

-,,



’271 .~.L. Fetter and J.D. \f’al=ka. Quantum ?%eoy JJ” .Uany-Part~clc >Tvstems.

I llcGraw-Hill. Yew York, 19Y1 ). p. !61.

.“’~~ C. Iialbach. Z. Phys. A287. 319 1197S).--!
:“”}’C.K. C!ine. Xucl. Phys. .%193. 11~ i 1972).-.

- [n the recent pr~uilibrium calculations of F. Ci-elbar, E. Betak and J. \Ier-
!lar (J. Ph~w. G17. 113 (19!31)) a value of Ii”-- iOO \!e\”J in the damping matrix
e!ernent w& adopted. Since our ●mission rates found using Fermi. g~ levels are
somewhat smaller than those obtained usi~g equidistant levels. K’ was lncreaseci
CO 13.5 \le\-J. The larger rat= in our Fermi-gu calculation result from the nor-
malization that we adopted for the single-particle states (Eq. (3)) which result

in an underprediction of the density at tiw Fermi-1evel.
~30] F.D. Becchetti and G. W’. Grmdea. Pliys. Rev. 182, 1190 ( 1969).
“111 F.E. Bertrand and R.W. Peelle. Phys. Rev, C 0, 1045 (1973).L“ :
[32] P.G. Young and E.D. .\rchur, Los Alamos National Laboratory Report L.4-69+7,

L- A Iamos National Laboratory ( 1577).

t Levinger’s notation differs from the usual convention. The conventional inverse
n-p scattering length is given by a - \aaro. Xote also that in the literature there
seems to be some confusion concerning ro. It is che effect ive range, not the nuclear
size parameter.

~33] J. S. Levinger, Phys. Rev. 84, 43 (1951).
:34] J. S. Levinger. .Vuclcar Photo-Disintegration (oxford University Pr~s, Oxford,

1960). p.97.
~:1~]J. S. Lcvinger. Ph.ys. Lett. 82B, 181(1979J.
:36]A. Leptit re, H. Beil, R. Berg&e, P. Carlos, J. Fagot, ,+. De Miniac, and .+.

\’eyssi&e. Xucl, Phys. A367, 237 (1981).

~.17]R. Berg&e. SUOVO Cim. A 76, 147 ( 1983).
~:1$]J. .~hrens. H. Borchert, K,H. Crock. H.B. Eppler. H, Gimm, H. Cundrum, }1.

Kroning, P. Riehn, C. Sits Ram. .+. Zieger and R. Ziegler, Nucl. Phys. A251,

479 ( 197.5),
~:]!l]\f. L. Terranow. D.,4. De Lima and J-D, Pinheiro Filho, Europhy~. Lett. 9 (6).

.5?3( 1989),
R\Ol F. \lurqia and P. Quarati, Mod. Phys. Lett. .~4. 1 ( 1989).
~11] P. C. Stein, A. C. Odian, A. Wattenberg, and R. Weinstsin, Phys, Rev, 119, 348

I 1!)60).

~ l?! }1. Prakash, P, Braun.hfunzinger. J, Stachel, and Y, Alamsnm, Pbys. Rev. f“
37, 1959 ( 1988).

“ l.1~\V, 31, ,Alberico, M. Ericson, and A, \lolinari, Ann. Phy~, ~N. }’. ) 154, 3-A

I I! IM4),

‘ I!! J, R, \VII and (’, C. Chmng, Phys, Rev C 16, 1!312 (1977).

~15] Y I!errmann ?( al. Phys. Rev, Lett. 60, 1630 ( 19H8).



Recent MCNP Developments

J. S. Hendricks and J. F. Briesmeister
Applied Theoretical Physics Division

Los Alamos National Laboratory
Los .4kl10S,

Abstract

;Ve report here both the status and recent developments

m the MCNF Monte Carlo radiation transport computer

code and also two items of more general interest to compu-

tational physics: the accuracy of modem physia computer

codes and the per f~rm~ce of scientific workstations

1 MCNP Introduction

\l(~NP w a Monte Carlo concinuou~energy, three-
lilmensional neutron-photon-electron radiation trmsport

computer code used In many Indu.strms, including nuclear

WFIIIogglng, medics! imaging, and nuclear reactors. A gen-

*r:d overview of MCNP waa presented at the IEEE 1’389
Yuclcw Science symp~lum[l] Here we focus upon ( 1) a
IIllrnher of rec?nl sqgnlficant advances and new direct lot-m

for J[C?JP, (~) Lhe W~Yp b~nchmark prOJi?CLthat also

prnvldm Insight Into [he r-llablllty of modern computer

CO,A ,and datia Ilbrarlrs, and (3) a new tlmmg wudy me-

<Ilrlng the p~rft~rm,wc~ of \[CNP on several computing

pllll,ffjrms

N\l 87545

2 MCNP Overview and Status

McNP is a general purpae Monte Carlo code for c,dcu-

Iacing the timedependent continuowenergy transport of
neutrons, photons, and/or electrons i,l three-dimensional
geometrim. Both fixed source and kafr criticahty prob-

lems can be solved and a number of OULpUt tally options

are available. DaLa representations either can be fu]lv ~}r

partially continuous or multigroup, The code is rich In

variance reduction techniqu= that improve the efficwncy

of difficult calculations. The documentation for MCNP is

a 60@page rrtanual[2] describing the Monte Carlo theory,

gmmetry, physics, crmn ~ctions, variance reducLion ~ech-

nlques, tallies, errors. input, and output.

}lCN P id used for many applicatmns reactor ,ieslgn

(both Fwslon and [usIon), nuclem criticality safety, rmil-
atlon shielding, nuclear safeguards, detector desl~ and
analysm, nuclear well logging, personnel dtilmetry and

health physics, accelerator target &sign, medical physics
and ra(lmtherapy, aeroapace applications, defense appllcw

tmns, radiography, waste dispwal, and derontanunatlon

and decomrruaalonlng Recent maJor applications ac Lm
Alamoa Include the space exploration lnitlatlve, general

crltlc. allty *af*ty, strategic nl, cle.ar makerlals saf~guards. ac -

c?kra Lor fransrnUCaLlon 0( nuck~r Wni!te, anti Saf-ty an Al-

yws for thr DOE New Product Ion Reactor Facllltles ,le-

wgned with or having safety ana]yws performed by \lCNP

include the Dual AXIS Radqrrtphw Hytiro T’-t fm:lllty

(DARHT), ~h- LArgFL ar~a f,jr Lh~ \lam Iel L(.:anJr YFII -
t.ron Sc;\Lterlng (-rnL~r (L AS SC E), an~l the %fnt~rl.~ls Prl>
t~qnlng L,lh{]rati>ry ra,jl,>l{?glcal t{(w rwlllctmn <tIIIII~.<

}l(”. N P 10 (Iwtrlhutmi ftjr [,m Alamm hy th~ ~,.mll,~ti(~r]

Shl_l,ilng and II formatmr (“~nt~r (RSI(. ) [n ~mk FtI IMP,

r~nncw- Th*y rcr~lv- r~~ill~rs for th- cmlr’ frflm ;IhI~III
50 Instltlltmtm per y~ar }1(’NP alw) M (llstrlbllr,*~l ‘J) t,h+~

N E,\ Data Bank In Franr~ an,l C.W bp .wrmw~I! by allvon-

wlth m-i wcount on thr LIB Alarntn lnt~qrat.r~f (’omp(lrlll~

Nrtwnrk W’P mf,lmat~ that thpr~ Arr hlln,lre,ls p,~rh,lw



search, devdc)pment, prO~ amming, documentation, and
data bases for MCNP. The first rnnltipurpose code Ver-
sion was written in 1963. In the mirI-70”s,neutron and

photon cod- were merged co form Y[CSP, which has un-

Argone major upgrwk approximately every Lwo to three

years since. }ICNP3 wag released in 1983 and rewritten

in standxd Fortran. MC?i P3A was released in 1!385 and

featured a very flexibie generalized source. MCXP3B was

rrlead in 1!)88. featuring a repeated structur~ and/or
laLtlCe capability, a multigroup optioa, and tally output

plotting.

!MC?JP4w= released in July 1990 at Los Alarmm and

in March 1991 to the Reactor Shielding and Information

Center at Oak Ridge ( vemion MC YP4.2). There are hun-
dreds of minor improvements in addition to the following

mAJor new feaLures:

. ..4 continuou+energy ●lectron tramport package based

on the Sandia National Laboratories [ntegraled Tiger

Series ( ITS) [3] haa been incorporated into MCSP
along with the aamciateri daLa base.

. .4 thick -targ~t brermstrahlung apprommtilon h.=
h~m incorporated to model ~lectron-induced photon

product~on using the [TS electron data. The model

Includm much cf the eiec Lron physics for photon gen-

erntiot~ ~ only a fr~tion of the cost of the f’ully -

rontlnuou~energv r]ectron Lr?atmmlt,

● Shared rrw.nory multitasking hag ben added for mul-

Litwrkmg workstatmns and the Cray multiprocessor

m.mnfrarrm The clock tllrn~roun~ for multlt=k-~
problems rs reduced by approxlmat~ly the numbrr of

proc~ors IJSA m th~ ralt-ul?tlon

3 MCNP4A

The next version of MCNP will be \ICNP4A. sche!lul~,’ for

rele%e in late 1!3!32or early 1!)93, The code WIII contlnui. r!>

evolve more towards a Unix workstation-based rode. \Ve

believe that if massively pard]el S~SLeMS hecom- wIdelY

~vailatrk, they will have shared memory and be available

with Unix find standard Fortran 7;. Even worksr ~t.ions

will become highly parallel. In the meantime, the cur-
rent generation of workstations will become incremingly
important w their performance approaches that of super-
computem. As shown in the timing studi- presented later.
some workstations already approach the Cray mainframes

in performance.

Signlftcant new features under active development for

incorporation into MCNP4A are:

● ES DF/B-V1 physia. The recent EN DF/B-VI data

Iibrarws include a numbm of new formau and for-

maliarrm such as correlated energy-angle scattering;

● Photons to 1 CeV Although the \lCSP4 Ph!C-

Lrcm/Photmt physics is based upon the Integrated

Tiqer Seri=, the present photon data only go- IIp U-I

100 }IeV %ICNP ia being given the capablllcy to r~a(l

multiple data sets with physm mmlels appr )prlate to

ranges up to 1 GeV;

● lmproverrmnts in Lhe electron-photon transport pack-

agr, Including charge deposition ta]lws aml ~mml)le

~lectron substep sizes:

● A qu.nal-,letermm istic w?ight window g~n?r;imr (lFvwl-
oped ~h,~] to more dliciently automa~w, dly ●stlmmr.?

in nptmmrr Importance functmn tor varmnr - rr~luc -
tlon chmn does the pwaent srhrm~[~],
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● Probability table treatment for the unremlved range

neutron crceq section data;

● A generalized perturbation -- aLITMIL.

.+ number of rese~ch projects are under way which wifl

certainly have long- ran-a effec~ upon MCNP, though per-

hapsnotMCX PIA.The prograrm are funded by comp-
uter companies, oil services companies, the fXpartment

of Ener~ and some competitive Lcm AIarnm National Lab-

oratory discretionary rew=rh funding. They are”

● Vwmnce-of-variance. A rt-mdified version of McNP k
available that scores the variance of the tally variance

and produces a history score probability density func-

tion to provide more information on how reliabk the

MCXP estimated answers are. [11]

Dataflow. A strlppcd-down version of \[CSP haa

been written In the Id dataflow languag~, which is an

advanced computer language designed for mawsively

parallel \lI\l D ( \lultiple instruction $Iultlp!e Data)

computers

Oil and gaa well logging (proprlet=y proJecLs).

Critlcdity problem eigenfunction stabilization Al-

though \lonte Carlo can do an exce]krrt job estimat-

ingelgenvalu= (kCf J ) of critical systems, the principal

elgenfunctlon, such u the flux distribution acroaa a re-

actor core, s som?clm~ cs,tlmated quite pwriy with

m~leadlng ●rror estimations

Varlanre rwjuctlon for collcc Live multi particle events

4 IVICNP 13enchrr~arking

just been release(i comparing \ICSP calculaLlons WICIIa

wide variety of mlalytic and photon bench marks [l.5~ an, !

with three major cksfi of neutron experimental mea+ur*-

ments[16] The= benchmarks not only serw CO valIda[e
?vlcNP, but also indicate the high degree of reliability- ot’

modern compu~ational r-rwthods and data.

In the first publication, LA-12196, analytlc and photon

benchmarks are considered. .4s would he expected. \[C>P

agrees wi[h and~tlc problems LOwithin Lhe SLaLISLICal un-

certainty. Three farni; ies of photon experiments were also

calculated: a gwrrm-ray skyshme experiment. a b“Co mr-

over-ground experiment, and Lhermolurn.inmcent dosime-
ter (TLD) experiments, The problems were deep pene-

tration arid strearrung probkms, and all required elaborate

“.~iance red~ction. In all cases .MCYP did well. agreeing

to within staListicd and rne~ured uncertainties for all bllt

the d~pest penetrations. For penccrations .>n the or(;er

of tcn mean free paths deep, MCXP usually was within a

factor of two of the measurement, which often times W(M

of questionable accuracy.

In the second publication, LA-12212, three famllm of

neutron benchmarks are compared the Livermorc PULWI

sphere meuurements, the Oak Ridge fusion .shwiding

benchmarks, and, finally, nine crltlcal arsaemblies. Tlw

critical -mbli- ranged from simple Godiva and Jezebel

spheres to complicated arrays, and all convergrd sutTt -

ciently near k.ff = 1.

The Oak Ridge fusion shielding benchmarks IIIVOIVPd
streaming, drep penetration, and g~neration of neutron-

induced photon~ Fourteen-NleV neutrons were enlltr!

Isotropic ally and strearnw; down an Iron pIpc ●rnbedd+’,1 II

concrete before penetrating shields of 305 cm Iron. or 15

cm Iron and 10 cm of berated polyethylene. ?JPutrons an,l

secondary photons then w~re mraqured at pmnts on- an, !

off-axia beyonl I the ~hielfi. C’onslderlng the d-~p p~l.~tr+

tlon of IIp to 25 mean frc~ pa~hl, both nelltron an,l ph~

ton reslllts w-w •xr~ll~nt ThrOllghollt th~ •n~rqy ran~~

t!?taile~I-spectral r~.+ults w~re always wlthln n f.u-r[~r I~t IWO

and lnt~gral rmulta (the total flIIx at df. AXL9 (j~l~(”tors)

wrrc nev~r more than 2!!I% ofl from rh{ r-rw~llrPrnrnt For

shallow~r pen~tra”,mns th~ calcl:latlons agr~-,1 with rrwA-

surem~nts wlthln stALlsLlcs

Th_ Llvrrmorr pukll spherm 11.w!I a lI\l*. \’ n~l)tr{]n

wmrce and rrw~ur~ p*netra Lmn of a WI{IP varwf y ~~frllnt-.

rlaln of varmua thlckn~ mt wv~ral an~l= ‘rll~ r~~l]!t.~

for 2FI~phem ln~l,r~te thmt the Monr.r (“arlo rmlllt* .~gr~~

with the rrw~llr~rr-wntu •xr~pt. wlwn th~ Crcms wcrllwr IlaI.a

ar- pmrly known In ttm wrmt r.w, m 1111111{1ni~ri~gcn

sph~r- 7 7 mean fre~ pa~hs thick, Jl( ‘SF lIlfl~r~~l frfml rh~

•xp~rlmnt hy 2(9% in the wor~t •ner~v rnng~ arl,l t)~ 7’%

ov~rall By ~wlt~hlnu from I’YP}’ ‘II-}’ cr,ms v~tlt,n~ t(l

KNDF/Rk’l Ilat I, the !Imagr!, III, III l~<srr-~,1 rII 1~1’~ Ini

3r4, r~p~~”tl)~ly

From th~w h~rl,”hn~:wk c.alrul;lLuln.S we I. ~111111,11.flit

mo,l~rn l’,lnl~!llt.it,l,~rl.il rlwlh~,ls ~11}1 .M \ll ‘II’ Ir,. ,1

~,,it,le of Irrllr,t!l.1% Ill<,{lrl,ng rlPlitr,l,l ,111,1lIll!Il,Irl l,lI\wI~”*

II II]* npl II II.. IlIl,, ..tl~r~~ rxng~% rII P~(@fI!IIll\ II I,. .if,”llrl,”~



of the cross sect]on data, For shallow penetrations we hat-e
fuUconfidence in the calculational results For deeper pen-

etrations where sma uncertaintim in the physics data ca;,

build up LO systernaLic deviaLlons from me~urermnt, we

observe that ●ven at 10 co 25 rtwarr Eree paths the calcula-

tions are usually within a factor of two of measurements.

The two benchmark repor~ are available free to any-
one contacting the authcrm. The E-mail addr= is
\ICNP@LAXL.GOV.

Thesebenchmarksare part of~ ongoingproject[17,18].
A cooperativeprogr~ being carrred out at General Elec-

trlc, San J-, consisLs of MCNP light water reactor bench-

mark problems[19,20]. A subsequent phase focusing on
electron problems is planned,

5 Timing Study

\Ve hake recently completed a timing study comparmg

the performance of MCNP on the Cray-Y!bl P264, Cray -

XMP416, Sun Spare 1, Sun Spare 2, IB\l FLS/600CP5.50.
and HP 9000/730. This paper IS the first public d]sclmure
ofthe re. ults of this particular timing study. which h= Lhe

following charactcrrst[cs:

●

●

●

●

●

✚✼

X\l P = 86%, HP-730 = 91%, lB\l-5.30 = 60% Sun Sp:]r~
1 = 1% and Sun Spare 2 = 24’7.

The highest l~vel of optinuza~ion for each compll~r ww

used to the best of our ability. .All runs were done In 15+1,IL

mode, dchough the workstations used 32–blc CrC&5NL1011

data. Timing rmults were obtained through the use O(

\lCSP routines chat return elapsed cpu plus system time

as opposed [o wallclock time or Lime in cyck The per-

formance for each problem on each machine rmeiy varied

more than a few percent from trml to trial and was always

wi;hin 10%.

We were surprsxl to see how strongly problenl ,ieper -

dent our r-ul~ were. For example. the IBM-3.30 consis-

tently ranges from about 50% to 80% of the performance
cf the Cray YMP depending upcn the problem. Therefore.
we believe that studies comparing performance hasetl upon

a single “typical”’ prob!em can be very misleading.

\Ve also found chat performance wu very sensitise to

the compiler version used and the optimization level t:h~
*n. The performance of p~ticular problems on the same

machine with dillerent optirruzation levels vari~(i signifi-

cantly. For example, on the Cray XYIP problem 6 was Llw

best performer with one optimization level and prohlcn~

11 was the best performer with another optimization Iewl

On some machines we observed performance dlffercncm as
much as 50% for different comp[lem and optimizat Ion lev-

els.

\Vc wish to repeat the cav~ats of one of our earlwr pIAb

Itshcd tlmlng comparl.sons(?l] The performance O( w.l~n-

tlfic works tatlcm har,lware and saftware IS Imprcwlng so

rapidly that ment m- uurm are out(!atcti by the time t h~:

~rr publwhell Three performance Iigllres glvp ,= r~lnrl~,.

conlp,armon ,3L one Inst,ant in time an(!,are prvs~~nr~,{l f~r

In forrnatmn only

6 Summary
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‘TABLE 1

N4C!WP PERFORNIANCE (particle histories per minute)

Y)l P

7.1224E+4
2.21ME+4
1.8622E+4
9.4285E+3
2.0661E+3
5.5836E+4
1.8000E+4
5.2182E+3
3.M69E+4
3.6352E+3
i,!Mj4E+3
4.I1817E+3
9Jj4(-j4E+4

2.6560E+-I
2 126(JE+~

l,~@j~E+q

1.4883E+4

1.3017E+3

.5.3W3E+3
2. 1523E+4

3 1W1E+4
3.8328E+3

5 6890E+3

1.8468E+3
3 7108E+4

SMP

5.9703E+4
1.13704E+4
1.6237E+4
8.01S3E+3
1,7499E+3
4.6/159E+4
1.%49E+-I
4,?544E+3

3.0248E+4
3.0767E+3
7.3203E+3
3.5007E+3
2.31X!E+4
~,~~,j2E+~

I MEIyE+q

1 0332E+4
1.2558E+4
1.2104E+3

4.6138E+3
1 7562E+4
2 7!)2-I”E+4
33W)OE+3
4 6908E+3
1.6629E+3
3 2402E+4

Sun
Spare 1

i 3082E+3

2.05.WE+3
~,6(-J62E+3

7.9256E+2

1.5492E+2

5.6022E+3
?.2759E+3

4.4183E+2

5.3109E+3

3.0525E+2
9.3985 E+?

3.7959E+2
3.6643E+3
5.2306E+3
3,231OE+3

1.8328E+3
L6950E+3
2.2095E+2
6.6262E+2
L7590E+3
3.!M81E+3
5 3422E+2
4.13671E+2
2.9W9E+2
6 0909E+3

sun
Spare?

1.5121E+4
4.4248E+3
5.9488E+3
1.7286E+3
3.6364ET2
1.2010E+4

4.d5!ll E+3

1.0714E+3

1.1051E+4

6.8259E+2
2.1.572E+3

8.3577E+2

e.3091E+3
1.0648E+4

6.4034E+3

3.672!IE+3
3.6137E+3
4.7372E+2
1 4055E+3
4.3343C+3
7.!)734E+3
1 1577E+3
L1478E+3
6.3i66E+2
1.240!)E+4

IB\f-5.50

3.7221E+4
1.2058E+4
1.3342E+4
4 9727E+3

1.0844E+3
Q,~~E+~
1.105OE+4
2.6923E+3
~,j?~jr+~
1.81X?9E+3
5.8575E+3
2.1544E+3
2.1164E+4
214~E+4

1.3319E+4
7.7781E+3
9.3.520E+L
1.d808E+3
26490E+3
1,26~E+4

1.!3036E+4
2.4343E+3
3.21ME+3
L3169E+3
2(?240E+4

HP-73(J

5.8W4E+J
1.M270E+4
2.0783E+4
7.19WE+3

1.5-160E+3
4.8780E+4
1.W16E+4

3.32bl E+3

4.0911E+4

2.5751E+3
8.!3109E+3

3.0136E+3

3. K?04E+4
3,.Y393E+4

2.4641E+4

L?!376E+4
1.3350E+4

1.8551E+3

4 42dOE+3
1,2277E+4

2.13289E+4
3.6923E+3

3.4.572E+3
2.0979E+3
4 4375E+4



TABLE Z

MCNP PEMORMANCE NORMALIZED TO CIMY-YMP

1.
2,
3.
4.
5.
6,
7.
a.
9,

10.
11.
12.
13,
14.
15.
16.
17.
18,
19.
20,
21.
22.
?3.
24
25.

Average:

YMP

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
1U(J
100
100
100
100
100
100
100
100
100

100

XMP

84
84
87
85
85
84
86
82
!37
85
92
86
87
88
w
86
84
93
86
82
88
88
82
90
87

86

Sun
Sparcl

10
9

14
9
i

10
13

a
15
8

1?
9

14
?C

15
15
11
17
12
@

12
14
II

16
16

12

Sun
Sparc2

21

20
3?

19

la
22
27

21
32

19

27
20

31

40
30

30
24
36
26
20
25
30
20
35
33

26

IBM-T550

52

54

72

,53

32
,<Q

61

52

;3

50

74

53

80

!31
63
64

63
83
50
59
60
64

57
71
71

63

HP-i30

a3
a2

112
76
75
ai

102
64

117
71

112
74

132
136
116
108
90

143
83
57
89
%
61

114
120

96



TABLE 3

MCNP PERFORMANCE NORMALIZED TO IBM FIS/6000-550

1.
2.
3.
4.
5.
6.
i.
8.
9.

10.
11.
12.

13.
14.
15.

16.
17,

18
19.
20.
21.
-9---

23.
24.
25.

Avrraqe

lBM-550

100
100
100
100
No
lcm
1(K)
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
Iw
100
100

100

YMP

191
184
140
190

191
la9
163
194
138

202
136
189
125
124
160
15.5
159
120
201
170
167
157
177
140
141

164

XMP

:60
155
122
161
161
159
141
156
120
171
125
162
109
10I3
140
133
134
112
174
138
1’47
I 39
146
126
123

141

Sun
Spare 1

W

17

20
16
14
19
21
16
21
17
16
18
17
24

24
?J

1s
~o

25
14
21

22
14
23

23

1$1

Sun
sparc2

41
37
45
36
34
41
44
40
44
38
37
39
39
50
48
47
39
44
53
34
42
48
36
48
47

42

HP-730

158
152
156
145
143
165
167
124
162
143
152
140
165
167
185
167
143
172
167
97

149
152
107
159
169

152
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in muon decay
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Abotract. We review the available information on the
identity of the neutrino stat~ emitted in muon decay,
and diecuaa the exotic decay p+ _ e+ O,vu.

1 Introduction

The main decay n~ode of the muon is the decay ink
two neutrinos [I]: p+ -D et + n + n’, In the stan-
dard model n = UCL, n’ = LYL, where UCL and UPL
are mad- left-handed neutrinos which accompany the
corresponding left-handed charged Ieptono in doublets
of SCJ(2)L. T5e interaction responsible for this decay is
due to W-exchange and has the V-A form

WhereGF = (g~/8m~)( 1 + Ar); Ar repr-nts radiative
corrections [2].

In extension of the otandard model there may be
new decay modes of the type P+ + e+ + neutrinos,
and new decay interactions may be preunt, Among the
decaya p+ ~ e+ + netdrtnos there could be anme which
violate the conservation of Iepton family numbers and
pooaibly alao the conservation of the total Iepton number,
In the presence of the new interaction the neutrimm are
expected to he maaaive, and the gauge group eigenstaten
are not expected LO coincide with the maaa-eigenetatea,
The mixing of the rmutrinoa may involve alao heavy
neutrino ntntm, which cannot be emitted in the decaya,

In this talk we nhall review the exioting information
on the idc.ntity of the neutrimm in th~ main decay mode
of the muon, and then ‘Iincuao th~ p~rticular exotic dPcay

mode p+ + F+ O, UP,

2 The identityofthemuon decayneutrinos

The mat general local nonderivative four-fermion inter-
action that allows for Iepton family number and total
lepton number violation can be written in the helicity
projection form [3] u [4]

H = 4 ~[(g~~)ij~~TAni~iij~ 7AuL

~i

+ (g[~)ij@~7Ani~fij~7AP~

+ (g~L)dj@R7An:RfijL7A~L

+ (g~R)ij~R7AnfRfijR~ApR
(2)

+ (9:L )ij~LnfRfi~R/U

+ (g~R)djzLnfRfiJLpR

+ (g~L)i]?RniLh~#L + (g~R)ij~f?niLfijLPR

+ (g~R)ij~Lf OpT’I~Rfi.jL:a~/JR

+ (ggL)i]@RtOpniLnfRfap~L] + H.C,

The fermion fields in Eq. (2) are m=eigenatatea. The
indices i, j run over all the neutrino etat- that can he
emitted in the decay, For a fermion field (/)/L = ~( 1-

y~)/IfR = *(I + ~~)f;ta~ = :+q[70701n,L incl,l~e~

all the left-handed neutrino Btatea (!, ~, 5 V4L, !i2L s

u~LI n3L = ~PL etc, ), and the aet n~i all the right-
handed onea (n~~ s ~~R, n~~ S Vt/.7,n~~ E v~~, Ctc.)’

A upecial caae of the Hamillonian (2) in the OIIC

( H~/), which contains all the possible internctiun typm
(V, A,S,,,, ), but allows only decay modm which ron-
nerve the individual lepton family numbers, rind inclu(im

only U@RAnd PMR in addition to vtf, and VPLl H(M! (’1)11 -

J

~(

t~it’)#10 Coupling cOn8tant# (g[~)l~ = [L, (9 ,~)14 Z

U[R, (g@3
8

= $, (g@24 = 9pltl (@24 =

Y;, /,i (9/, ~)23 = 9LRI (9 ffL)14 = Yi?f,l (YkH)ln =

‘ Ill Rdl [4] the rorulull (9[1, ),, h dmot?d M (rl’,,/W#:, ” ,
ttl~ cim-lmndmw l)~tuwn th~ n~)tatltm- for LIIP ~~thrr I,IJIIaLNItm

in analljgllll~,
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9~R: (dR)23 = 9~R, and (92~)14 ❑ 9~~]. In Ref.
[51 Ilmits have been set on all of thae. using the available. .
experimental rmults on the muon lifetime, the positron
energy spectrum and polarizations, and the inverse muon
decay cross-section, One of the rem.rlts of the analysis is
the lower bound

(3)

>0.949 (90% Cl.),

obtained from muon-decay data alone on the quan-
tity QLL which contains the standard model contri-

bution. In Eq. (3) Gu is the muo,l decay constant
(G, = 1, 16637(2) x 10-sGe V- ‘~. For the contribution
of the remaining coupling constants to the decay rate
upper limits have ben obtained (also from muon decay

measurements), which are smaller than (GP/fi)2 by
factors of about 20 to 500. However, some of the cou-
pling constants could still be quite large. For example
the limit on I g~L I is I g~L 1< 0.424 (Gu/@ [5].

[n the general cw the muon decay parameters can
be expressed through a setof quadiatic functions of the
coupling constants, which are general i~~tione of those
for the Iepton family number conserving case [4]. There
is a one-t-one correspondence between the two sets
[4], and consequently it is paraible to use the results
for the lepton family number conserving CrMWto obtain
cr-rnatraints for the Hamiltonian (2), Thus, since [4]

(4)

lhe coilrhraint (3) becomes

In the analynis it han b~n rwsumed that the mrwreu of
the rwutrinoa thnt cm ks crnittcd in the clecny mrc small
enough that their rlfrct on the positron npcctrum ran
he lle~lected.

Infmrnatirm on one of the rmutrino ntatea in muon
{It’cny cmrwm frrrm l}w ilivrrse rtluon &cay prrmarr

.$ = ! 0[)4 + (),()7!) [f ’11,4/tMll) , ((l)

,S = () !)AI * O or)7 ((’(’/’’//) , (7)

approximation left-handed [8], S’ is given by (t,aking into
account the limits on the coupling constants)

where the neutrino state u. = ~j cjnj ~ has been de-

not~.d as ?13L. (S =1 g[L la (Gp/fi)-2 in the caac of

the Hamiltoniari ~~~ [5]),

The experimental value of S enablea one to set a
lower bound on the term which includes the standard
model contribution, and using QLL ~ 1 an upper bound
on the remaining part of QLL [5]. From (7) one obtains
[7]

~ I (g~L)i3 + !j(giL)W l’> 092s(Gp/fi)2
(9)

(9’0%Cl.),

(90% Cl.)

The limits from (6) are only slightly weaker.

The bound (9) implies that at Iesst one of the
p+ -decay mod- which involvea the neuttino D, pro-
duced in x- + p- E, decay dominaten the p+ -decay
rate [4].

Regarding the nature of the state v. there is

some experimetltal information from a search [9] for

C* -production by Vr on nucleona. ‘rhe experi-

ment yielded r(x+ - p+ri@)/r(x+ 4 all) < 1,5 x
10-3 (90% cl, ) and ~(w+ + p+na)/~(x+ -D all) <
8 x 10-3 (90% c.l, ), where h, and n, are rreutrino rntatm
capable of producing et and ~-, respectively, x Thiu
irdicatea that IJ” is not the state which accomprmirvr I,INI

positron or the ~lectron in nuclear beta decay,

Inforrnntion on the second neutrirlo in rnwn dccny
follows from the experiment of Ref, [IO], where ncutrillm
(n, ) from p+ –decay have been observml throllgh 1110
rrnction n, D ~ ppe - The good ngrrwmcnl of t 1111

rmwurml n, D -B ppe– Crfxaectmn arid lhr CBICIIIIIIIVI

orrr in the ntand~rd model irldirnten that lhr Wlrd ItiI]INI
drrny rWe mmtainn mnuhrrtantid contribution frotil IIIII(JII
{Icrny into B Iinnl ntmtcin which one of the nrutril)orn IS
Illr one mccmnpanying Ihr pmitron in rruclemr kln tltIcny

Rxperinmntnl rrwulln [;0, I I, 12,13] Arr nvnilnl)lv IIISIJ
1)11 (Ircnyn l~f the lypr IJ+ - IU+~I@nr~whrrr rlr iH w)tlw
Ilrlltrilif) Otate IiII(l nc in R nrulrino HI,RIP cnl)lll)lr t~(
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producing positrons on protons.g The beat limit on the

branching ratio

is

R < 0.019 (9f% C./.) , (12)

from the experiment of Ref. [13],4
It is evident from the above discussion that the ex-

perimental information regarding the mucn decay in-
teraction and the nature of the neutrincnz involved is
consistent with the standard model picture. Searchea
for non-standard contributions and non-standard decay
mods continue to be of great importance. In the next
section we shall consider the exotic decay p+ + e+ EgvP.

The exotic decay mode p+ ~ et EeVug WM first con-
sidered [15] before the advent of gauge theories, in
connection with the qu~tion regarding the nature of
the suspected invariance principle which waa suppoeed
to account for the apparent abaence of proceaaea like
p ~ ey, orp-~ ~ e-~. In the scheme of Ref. [15] the
decay p+ a e+~ uo ~ is one of the p~oceaaes (muonium
to antimuonium convemion is another) which would be
allowed if the conservation of a multiplicative quantum
number (muon parity) would be involved, but forbid-
den if the conservation law concerned additive quantu.n
numbers (muon number and electron number). In the
standard model the Iepton family numbem are conserved
and therefore P+ - e+~tv~ (like p -- e-y, etc. ) is for-
bidden. Beyond the standard model the premmce of
conserved lepton numben, (additive or multiplicative)
is generally not expected. e We should note also that
since the strength of the p+ - e+tial!~ interaction is

3 Further courcewof pmitroru could be neutrinm from orrUnuy
~+ _dmay due tO tiillatiom, or even without Oacihtioru if th~

weak ●igerutate neutrinm contain heavy rnam-elgarutatm which
carmoL be producmd in the rimcay(14]. A Majoruia VaL CUI ah

produce A pmitmn, bul the unplitude is proportional to the neu.
Lrino ~,

4 II ohould be noted that the Iindt ( 12) holde only for such
rlecayt JA+ ~ ●+ fl. ns where the opectrum of fia (or the speanun
td n,, if n, can produca pemitmru) is the .ame u the opectnun

rrf tiP in M+ -decay, I U. gmiefd LO R, L, ElurmM (of calling
my attention to this aapoct of the experiment, The experiment of
Itef, [12], in whidr th~ reacllon G. +e - -S p-fi. rather than muon
decmy WM searched for, WLE a Ilrrdt only for the branching ratio of

p+ - C+n. u”,

; The u. and v~ In thh deray mode ue by (Ietlnitlon Irlantlcwlor

nearly M@ to the weak eigerutatm LJ:Md u~, If u. II a Majorana
neutrino, then for left-handed (right. handed) couplings U, is the

riqht-handerf (Ieft. hmded) romponent of u,,

n It Is intmwsting LO mention however the modal Of Ref, [IO],
where it WM drown that the !hree-fandly olanrtmd model for thn
lPIIt,IIIISVUI IN rxtmndnd In such A way that ~ mullipliI.allvP IIIINI.

tllnl Imnhw Is ronserv?d, wIIlla the (Ionaervmtirm rrf the l~pton

family numhen is hrokrm. ‘1’hl~ is mhleved hy requiring Invarl
MM Ii th? unhr(jbnn thwry und~r the Im-mutation group Sj, and

introducing lhro~ Illgms III)tIIIlrtD, (me ({w em.h Ioplim fmuily ‘I’lw

not related to the weak Interactions, the existence of
a conserved multiplicative quantum number cannot be
ruled out by the abeence of P+ ~ ettiev~ (or muonium
to antimuonium conversion, etc. ) at a certain level.

The decay p+ - etEeVP could be mediated at the
treelevel by non-standard Higgs boeone, or new gauge

bowns. A simple extension of the standard model which
allows p+ ~ etU6U~ cnn be obtained by adding to the
Higgs doublet a singlet charged Higgs boaon (h) and
includin singlet right-handed neutrinca. A coupling of

?the form

(13)

is then possible, which (if the right-handed neutrinos
are sufficiently light) given rise to p+ - e+ti@vP. The
corr=ponding interaction after a Fierz transformation
can be written in the form

Denoting a = fig,eg;~/8m~, the branching ratio R

(see (11), where now ii, = E,, n, = vu) is given by

R =1 ~ 12/(G~+ I ~ 12) =1 ~/G~ lx. The experimental
limit ( 12) does rmt apply for this case, since the right-
handed neutrinos do not couple to the LV. There are
however several indirect constraints on G.

One constraint follows from the limits on the cou-
pling constanta of the general Hamiltonian (2). The
Hamiltonian conoioting of the standard model contribu-
tion and the interaction ( 14) ia a special case of (2)
with

(15)

and all the other coupling constants aet to zero, Fmrn
the analysis of muon decay data one haa the limit

[ g~R 1< 0.W6(90% cl.) [5] for H~& which translate in
the general caae to

(90’)$ cl.)

Since ~lv left-hard Bide of Eq. ( 16) is simply

I k(9~~)24 Iz, We obtain from ( 15) and (16) the hound

I,imito on ~ rwe implied RIRO by the cxprrinwnlnl
vnlue of the W-ma, Rnd by charged current llnivrr-
mlily,

The muon decny cunut~nt in the prcmnce of Lhe intrv-
nction (14) in given I)y (r’,, = (r’p(l+
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I ~/GF 12)’/2. Since GP is known experimentally
and G~ can be evaluated using the experimental val-
ues of rnw, einzr?w and Ar, a constraint follows for
I ~/GF 1. With mlv = (7991 + U 39) GeV [18],

sinzr?w = 0,2291 + 0.0034 [19], and Ar = 0.056~~~~
[19], we find

I ~/GB 1<0.23 (90% C./.) . (18)

The experimental value of the ud–element Uud of
the Kobayashi-Maakawa matrix is defined as the ratio of
the experimental value of the beta decay vector constant

G@ and the muon decay con~ant GP. In the standard

model Gp = GF~ud (where Uud is the true Kif matrix

element), and G@ = GF, SO that Uud = Gfl/GU = fi.d.
in the prewmce of the interaction ( 14) we have I Uud la=

I ~ud la (1+ I ~/GF 13)-1. Analogoua relations hold for
I U., 12 and I W“* la, so that using the unitarity relation
for the &family caae one obtains.

A recent analysis [20] yieldo I Uud la + I U., 12 +
I Uub la= 0,9989+ 0.0012, implying

I ~/GP 1<0.053 (90% C./.) (20)

The example ( 14) of an interaction that can give
rise to p+ ~ e+ EauP is just a pcesibility, without a
particular motivation, Mohapatra and 1 have investi-
gated [21] p+ - e+ ti,v~ and alao muonium to antimu~

nium ( M - ~) conversion in the left-right symmetric
SU(2)L x SU(2)~ x U(l)B-~ model of Ref. [22], In thirr

, ~ and M z ~ conversion ariae nat-model p+ ~ e+ti u
urally, and mormver turn OIIL to play a distinctive role.
We have pointed out that with reasonable aaaumptiona
concerning some of the parametem of the model there is
a lower bound in these models for the ~+ z e+ tieVP rate

and the Af z ~ conversion rate for the range of the

muon neutrino mww mwu for which the constraint from
cosmology requirm vu to be unstable. Below 1 shall give
a brief sketch of this work, referring the reader to R.ef,
[21] for rletnile and complete referenc~,

The Higgs eector of the model cont,aino the bidoublet
field d (2,2,o) and the triplet fields AR(I,3,2) and AL
(3,1,2), Left-right symmetric models provide an attrac-
tive framework for undemtarrding the origin of parity vi-

rdatmn in the weak intwactiono, The claeo of SU(2)L x
S[J(2)R x U( 1)B-L models with triplet Iliggs hcmono
cnn nlso provide mn expl~nation of the wnallnemrr of the
rrl~ of the obnerved neutrlnm,

The olwrvd ●ergy dtnoity of the univcme implnw
t.hmt neutrirrm which are heavier than about 40 eV must

he unstable, ~nd that there in m upper hound 011 th~ir

Iifctirrwnl which in ~ decraaing functin of thmr mm For
tlw tr~uon n~utrino the only dec~y modr that r~n nmtisfy
t hr coxmologienl conntrmint in the ~leeay v,, -+ V,U, U,
~lwtlimlml hy d~, -exrhnnge. ‘1’he r(~rrmlf~gicnl conntrailit

in turn implies an upper bound (proportional to m~~)
on the mass mO of the A}, This bound combined with
the lower $ound m. ~ 43 GeV on mo provided by the

experimental value of the invisible width of the Z dictat~
that if vu is unstable, its mass has to be larger than --
36 keV. [t follows that the model is viable for rnvfl ~

40 keV and for m“p in the range 36 keV ~ mwu ~ 270

keV.
The decay is mediated by the exchange of the singly-

charged Higgs boson At [23]. The corresponding inter-
action can be written in the form

where G+ = fif~,fjP/8m~; m+ is the m= or the Aj;
f., and f~~ are lepton-AL Yukawa couplings.

The constant G+ is related to G. as

(22)

where Ka~ ia the ep–element of the mixing matrix K in
the charged-current interactions of the light neutrinos,
Eq. (22) yields a lower bound on I G+ 1, since it can be
shown that not only I GO I but also I fpu I and m~/w ~

are bounded from below.
Muonium to antimucmium conversion arises in the

model at the tree level throu@
Al+ -exchange [24], The resulting effective M - M
interaction is g;ven by

ff.~~yA(l- 78)@7~(l - h)e + Ii.c. , (23)

where G++ = fif..f~M/8m~+. G:+ is related to G.
in the name w~y M G; except for the replacement
m+ ~ m++ in Eq. (22), Since m~/m~+ is, like m~/m~,
hounded from below, a lower bound followe alw for

[G++ ~.
We flndl G+ I 24x 10-4GF and IG++ I 22x

10” ‘Gf for 36 keV ~ m.~ ~ 270 keV [21]. The lower

bounds increase with dccremring mV@ ‘1’huE, sa thr
experimental limits on I G+ I and/or I G ~+ I becorrw

more and more trtringent, the allowed range of mti~ for

which the model is viable becomes irrcreesingly omnller,

For m.M R 36 keV we obtain I G+ I 22 x 10-7 w~~l

l(;++ I ~lo-~.
The branching ratio R in Eq. (11) (with n, = u,,

rIr = up) in given by

It = 4 I (;+/(:@ 12 , (21)

‘1’tw Fxperinmntal ]irnit ( 12) ilnplimr

I (1’+ 1< (),007(;P (2 T))

‘1’hr Iinrniltonimn conninting of ttw intrrnctif)ll (’2 I )
MI(I lh~ nt~ndd rl)(l(k’1 CI)lllrlblltl[)ll (“f)r H’Sl)l)ll(ln h) I 11(1

gf*nOrfd ll~mlltor]inn (2) with
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and all the remaining constants abaent. Eq. ( 10) in this
case implies

I G+ 1< 0.14GP (~% C./.) (27)

From the experimental value of the W-maw and from
charged current universality we obtain

! c+ 1< ().12 Gp (90% C.I.) (28)

and

I G+ 1<0.026 GM (90% C./,) , (29)

res ectively. These are the same constraints aa for
I ?$2 I before, since the muon decay constant is now
given by Gfi = Gf(l + 4 I G+/Gf lz)l/2. From the
upper Iimitu (25), (27), (28) and (29) the moat stringent
at present is the one from charged current universality.
!t should be noted however that this bound may be
aflected by theoretical uncertairtiea.

An experiment in preparation at LAMPF [25]plans
to search forp+ - e+fi uo P with a sensitivity correspond-
ing to I G+ 1= 6 x 10-3GF. The LAMPF experiment
will improve simultaneously the limit on li’,~ by a factor
of --3.5. This will incrmw the lower bound on I G+ I
and I G++ I by a factor of - 2.

The premmt experimental upper limit on I G++ I is
I G++ 1< 0.16G1 (90’% c. I.) [26]. The experiment under
way at PSI [27] is expected to lower the upper limit to
10-3GF.

4 Conclusions

In this talk we diecuwd two subjects in the field of
muon decay: the status of our knowledge regarding the
identity of the neutrinos emitted in muon decay, and the
exotic decay mode p+ _ e+ O~VP,

Concerning the identity of the muon decay neu-
trinos rxperimcnt indicata that among the rlecayu

P+-f ‘+ ntutnnos the decay mode which dorninatea
the p+ ~ e++ neufnnos rate involvea the neutrino
speci= of the standard model mcerrario: one of the neu-
trinos in thin decay mode ia the state P, ●mitted in

u- - p-V, decay, and the other the state na which
rtc~ompanieu the positron in nuclear beta dec~y; cxper-
irlmt indic~tea also th[d v. and nc are nol the mme
HIRtM. Muon (iec~y ml invme muon decay drtta con-
ntrain the intrrnction th~t governs thin dr-cny MO(IC to Iw
ttw mtwrdard model intrrnction Rrld/or a scalar typr irl -
ter~rtion, ‘rtlp rxpcrirnmrtal vrtlutn of rIIW md Hlnxlhv
‘ndir~tc lh~l the ntarldard nmdel contributiorl dorrli -
Ilrltm,

‘1’110contribution of ot.hrr {lPrRy Intrractiorlm kll(l (lv-
cny rrm(lvn to thr p+ ~ ~+ + n~u(flnu,q rntc In ‘01]”

ntrained 10 Iw 1- lIINI nlmut lo%. Srarrhrn for ll(jrl-
ntnndml c(mlril~ulfionm m)rllirlu~ to Iw of grrmt itrlp(Jr-

tnllw From nor]. rrtan{lnrd dvcny lrl~~,len wr tlirncumrvl
thr rxolic ~lrriiy p+ - r +V, v,,, Mt)rr nrld lrll~rp ~’llni”

tivr rwnrrhrn f,)r thlrr ~lrrmy (m nlm s.rnrrhrm for Illllltlliillrl

to antimuonium conversion) will provide important in-
formation on an attractive cl- of left-right symmetric
models.
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IASER DEPOSITION AND LASER MODIFICATION OF HIGH-TEMPERATURE
SUPERCONDUCTING THIN FILMS
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ABSTRACT

Applications of high-temperature superconductors (HTSC)
may require epitaxlal thin films with TC277 K, and Jc 21@ A/cm2.
In-sifu pulsed laser deposition (PLD) Is suitable for fabrication of
such films. We report parametric studies on the effect of laser and
processing parameters on the c~stalllntty, epltaxy and electrical
propefilee of laser-deposited HTSC thin fltms.

In addition, several laser-based processes were used to
modify the electrical properties (TC and Jc) of PLD thin fllma A
direct-write laser heating (1.06 pm at -0.5 kWlcmafor -5 rein)
process :n an cxygen atmosphere at ●590 Torr was shown to
selectively regenerate high-lc material In microscopicdomahw
from flims that were partially deoxygenated. In sepurate work,
alectrlcal responses and crystalllnity of HTSC films were
measured as a function of excimer laser exposure using fluences
In the rang 2G150 mJ/cm2, The critical current and tmundary
layer could be modlfled with a high degree of accuracy.

1. INTRODUCTION

Many mlcroeiectronlce, mlcmwavo and optoelectronic appiicationa of the
new metal-oxldo baaed high-temperature 8uporconductors (HTSC) will require
epltaxlal (high J~) thin fllme with tranattlon tomporaturee, Tc 2 77’ K. h-situ
puised laser depodtion (PLO) offorscons+dorabiepromise for tho fabdcatlon of
such fllmq ●von ovor large areas, In addltlon to buffer=iayor and muitllayer
coatlng8 [1.5]0

Potential dovk. Wuctur.s for high=tomporaturo superconductln (HTSC)
\thinfilmeIncludo Intorconnecte,odiiaio~, swttchoe, junctions,SQUI o, fliters

and doiay Ilnos [q. Ail application wlil require the Generation (and possible
erasure) of 8uporconducting structures h! weil-defined domalno, preferably
under gentlo processing conditions. Crltlcal current control may aiao be



required for some applications. Mild processing conditions with an
exceptionally clean interface between the superconducting and non-
superconductingregions may be necessary to produce high quality HTSC thin-
film devices. Several lithographic and direct-write patterning techniques,
including ion-milling, plasma-etching, and wet chemical etching have been
reported. Thgs.etechniques may produce a damaged boundary or layer at the
interface between the original high-Tc and modified materials that can severely
degrade device performance,

We describe in this manuscript major characteristicsof the laser deposition
process for YBa2Cu@~ (YBCO) superconductors, including characteristicsof
the laser generated plume, and modificationsoccuring on the target surface. In
addition, several methods for pattaring of HTSC thin films, and for the
modification of both Tc and Jc under relatively mitd processing conditions, are
described.

2. EXPERIMENTAL

The apparatui developed for PLD of YBCO thin film~Tl consists of a
modified six way 6n dia. stainless steel cross as shown in Figure 1. Load locks
are provided for target and aub@tratointroduction to minimize pumping times
The target can bo rotat~ in conjunction with horizontal rasterlng of the laser
beam while the substrate can be rotated to ensure uniform thickness (*1 O%)
acrosa the substr~te diameter. The exposure (ahotalaite) was calculated by
simply dtvlding the number of shotg by a geometrical factor which is the area
ratio of the annular ring of target material exposed dMded by the laser beam
area, Titt flanges (~) albwed for precise alignmenf of target and substrate.

Provisions were made to heat the substrate, either indirectlyon a Ni block
or radiative~e]. Depositbn rates were measured by substitutinga Infkon XTC,
quartz microbalanco (QCM) at the substrate position. Measured thickness
valuea were calibrated by Ruthedord backacattering (FIBS) measurements.
Processing gaaea wero Introduc@ into the deposition chamber using maaa flow
control to ma!ntain ● ccnstant prea.sure. Tho excimor Ia.aor uwd in these
experiments (LamMa Physik 203EMQ) producwl 200 mJ, 20 nsec pulaea at
308 nm at repetitbn rato8 typicallyaround 10 Hz.

Additbnalty, for aomo of tho experiments described hero, tho plum. optical
emiaalon wso collected and analyzed[g]. One of two mothodo wao used,
d~mding on whether spatial or apwtral rmxdutionwas rquirod, In the former
cme, emisalon from tho plumo was paaaed through a narrow-band (“2 nm)
intwferenco filter, collectd by a compound lens, and focuaaed onto a gated,
intenatfiedCCD detester, This allowed spatially rodved moaauromonta,with a
temporal roaolutionof =25 naoc. In tho Iattor case, Ilght was COIMW by a ?.5
cm. diamotor, S00 cm focal Iongth quartz Iorm, and focusmd onto tho end of a
(200 pm diamotar) multi=modc fiber optic cablo (FOC), 10 m in length. The



distal end of the fiber optic cable was coupled to an 0.5 m monochromator
@quippedthe CCD camera for spectrally res61veddetection.
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Figure 1, Experimental achematk: L-1ens; M=mlrror; A~odure;
FOC=flberocW cable: T=taraet: %aubstrete: VMdd~ monttor.

For expedmenta In laser wrttlng, the thin films, attar merrna!ly annealing the
fllma In an argon atmoaphoro at a temperature of 400° C for 5-20 mlnute~,
exhlblted elthw no auperconductlng tranattlon, or a transhlon temperature Ieaa
than 60 K due to oxygon Ioaa. Selected tireaa of the depleted film wero then
regonoratod to W K by placlng the sample in an oxygen chamber and radlatlng
with 1,0$ pm light trom a Nd+$YA(3 Iaeef operathg at 80 MHz to produce 3.5 W
of output. The beam waa focused to appmxlmatety 0,5 mmz. Patterns woro
establlehed by having tho sample In a windowed chamber which waa mounted
on a programmable, X-Y translational etaqo. The rat. cf travel of the atago WGO
varied In the rang. near 0.1 mndmln. Tho patterns wero then characterlzod by
four-point prob. end rf=eddy current meaauremants, as WUII en opkal and
electron apectro8copl.o.



The experiments on criticalcurrent modificationused a simple contact mask
design to pattern bridges for JC measurements, The largest of three bridges
was 200 pm by 2 mm and the other two bridges were 100 ~m by 0.5 mm and 1
mm, respectively. The patterning laser output was homogenized and focused
to a 7 mm by 12 mm spot size to overfill slightly the masked region. During
patterning, the laser repetition rate was 10 Hz and an Inert gas flow (Ar or N2)
was maintained across the mask to assist in cooling the mack and removing
ablated particulate. Twelve 1 mm by 1 mm contact pads were deposited onto
the three bridge structures by thermally evaporating silver. A five minute
anneal under 02 at 400 ‘C improved adhesion and lowered the contact
resistance between the silver and the superconductor. The patterned film was
wired into a 14 pin IC socket using a low melting indlum solder. All IC
measurements were performed at a temperature of boiling Iiquld Nz and zero
applied magnetic field, using a 1 pV/cm criterion.

3. DISCUSSION AND RESULTS

A. Laser Deposltlon

The pulsed laser deposition technique was pursued as the physkal vapor
deposition technique of choice due to its unparalleled research and
development vmatMty. The goals for this work were twofold. Firut, to develop
an understanding of the bask physics and chemistry associated wtth the laser-
target Interaction, plume dynamics, and film growth. Second, to devebp the
technology to produce high-quallty HTS (YBa#A@7~) thin films over Iaraer
areas (> 1 sq. In.) which Is esaentlal for the development of passive n?lcrowave
devkea. This includes correlating the m~asured deposltbn rates and anaular
distributions, and the parametric dependence of film crystalllnity and
morphology with laser fluence and spatial profile, repetition rate, wavelengh,
target density and microstructure, ambient pressure and substrate
temperature[lolc

Pammerdc Studeu. Radial variations In film thickness, flt to cc@(tJ), and
stolchlometry were lnvostlgated[~ as a function of laserfluence, spot size and
numberof shots (expo$uretime). Small spot sizes and long expo$uretiftl@S
producedbroadangular dlstrlbutbn8 (n=l ,5), whereas Iargo spot sizes at short
expowro tlmea produced highly fomard dlrscted angular distributions (n~8).
Under typkal spot alze (2 mm) and axposurqq, plumee exhibited a cos3,~(8)
spread and tho roeultlng films showed a Y daflchmy for (1~2@. Thesa reeulto
are consistent with a mmhanlsm comblnlng Knudson layer formation[l 11,[121,
resulting from colllalonal processes In the high derdty material wlthlr a few
mlcrorwof the target surface, followod by unst~ble adlabatk expans!an.

Dopcmltlon temperature and oxygen pressure wore systomatlcally varlad
between 000400 OC and 1=20 Pa during film growth, A series of 200 nm



YBa2Cu@7.X films were grown on (100) Zr(Y)02 substrates(YSZ) as a function
of deposition temperatures between 550-800 ‘C. Dynamic impedance and
XRD analysis showed that the best films could be grown at surface
temperatures of 750 ‘C. A systematic variation in the magnitude and transition
width of the dynamic impedance response suggests that the growth of epitaxial
films is an activated processwith an activationbarrier of rcughly 1.5 eV,

The deposition rate was found to decrease exponentially by up to an order
of magnitudethen leveloff at a PD product of 54 Pa-cm, where P is the static
gas pressure and D is the target-substrate distance. A similar response has
been obsetved for N2 and Oz which suggests that this behavior Is not due to
reacttve scattering, however, Ar and He cause essentially no deposition rate
decrease over the same PO range. Plume angular distributions and film
stokhiometry were found to be independent of oxygen pressures out to 33 Pa,
again consistentwith Knudsen Iayar theory [I 11,1121.Various post-depositionOz
anneal protocols were also attempted. The simplest, an increase in the 02
pressure to 27 kPa for a cool down time of 20 min., was effective to oxygenate
the films.

Emission spWra were obtained as a function ot pressure from the plume In
the spectral re@on near 600 nm, where both ?tomk yttrium emission (Y*) and
yttrium monoxide emmsion (YO”) could be obsemd, Figure 2 displays a
spectrum obtained at an oxygen pressure of 7 x 102 torr. The two starred
transitions correspond to Y while most of the remaining features are due to
Ye’. The ratio of YO* to Y emission was found to change dramatically with
pressure of the ambient oxygen atmosphere. In general, it was obsefved that
the ratio YO’/Y*lncreesed Ilnecrly with pressure at low oxy~en pressures, and
approached a Ilmtthg value at pressures 20.4 torr.

In order to interpret these resutts, e kinetic model was devebped: reac!ion
of Y with 02 was assumed to produce all obsemd YO, while the ablation
process was assured to produce Y and Y, and colllslona were allowed to
convert Y - Y’, and to quench the various excited states. Applying the
steady-state approximation to the model results in the expression:
IYOVIV] - AIOZ]@ + C[~]), where the constants A,B, and C are sums of
products of ihe rates nfid rate constants, and [02] represents the oxygen
pressure. This result obeys the same Ilmltingforma at the experimental data.

These resutteIndlcatothat colllsbna play a maJorrole In the laser depositbn
proces8. Thhs Includes both Intra-plume colllsdcn8, and plume-gas
interactions,whichwill effectdepositionrate and homogeneity. The lattercan
be won by slmplo conelderatlon of gas-klnetlc effocta. Under typical
deposition conditions, the target-aubstrato distance wIII be . several
centlmetora, and tho pressure of procosslnggas wIII be a fractbn of a Torr. Qas
khletic theory predlcte that thle wIII lead to 1=10 collisions for laser-ablated
speclee between evolutlon form the tnrgot surfaco and dopooltlon on the
subatrato. Slnco =1O collisions 18typically suffklent to relax translatlonally



excited atoms and small molecules, this means that at the upper end of the
range for pressure-distance productsthat the deposition plume will be diffusing
toward the substrate rather than being “sprayed”on as part of a well-directed
plume. This places an upper limit on the pr~ssure that can be used for efficient
deposit ion. On the other hand, numerous measurements of chemical
speciation in the plume, as well as our recent measurement of chemical
reactivitywith the processinggas, mandate that a reactive source of oxygen be
presen?in the deposition atmosphere. This, In turn, places a lower Ilmiton the
oxygen pressure that can be used for the productionof in-situHTSC films.

I

J+’JfJ’&.
615 620 825 830

Wavelength/nm

~g~re z, Enli~On spectrum from ablationof solidY@a.

In separate experiments, the quality of superconductingthin films (200 nm
thick) of YBa2Cu~07.x on (100) SrTi03 were monitored as a function of
deposition rate from 1 to 14.5 rim/s. The latter exceeded any previously
reported depoaltlon rates for epitaxlally grown, laser deposited fllm8 [13].
Crystallinlty of the films was examined by Rutherford backscatterlng in the
channollng mode. The backacattering minimum yieid (~rntn)wa8 seen to
increase monotonkalty with the depodtion (laser repetition) rate. A Xmlnof 3%
was observed In the films depostted at the lowest deoosltlon rate. Even at a
deposltkm rate of 14.S nmls, the films show good cryetalllnltywtth xmmof 15%,
indicating epltaxlal growth. Cdtlcal current densities JC(B=O) greater than
10e Alcma at 7S K have been measured[til for films grown on (100) 3rT103 at
deposition ratee up to 14.5 vrhec.

Target mdl’lcatin ell’ecte. The depooitlon rat. was always observed to
decreaao exponontlally (by factor 2=1O) as a function of laser exposure[lq;
when this reoponso la factored out the deposition rate 18seen to Increase
Ilnearfy with Iaeer fluence above an evaporation threshold at 0.1-0.5 J/cmz out
to the highest fluonce which we could obtain (30 J/cm2)mAs expected, the



deposition rate was founcl to increase linearly with laser irradiated area for a
constant fluence and exposure.

The exposure dependent deposition rate decrease was usually
accompanied by the gradual loss of proper stoichiometry (Cu/Y ratio increase)
in the deposited films. EIWron microprobe analysis ot the resulting aolation
track (no scanning) on the target showed significantY enrichment with resmct
o 6s and CUII 5], =S shown in Figure 3. -
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Figure 3. Electron microprobemeasurementson exposed(rlght)and
unexposed(left) regions of a YBCO target.

SEM showed adifference in target surface morphology for the laser
Irradiated (melted) region that In many cases exhibits a columnar regrowth
structure. These reault$ sug~ost that during the ablation proces8, the
incorrgruentlymelted zone la larger than the congruently evaporated layer (etch
depth). Additionally,,akroprobo analysisof the target surface unexposed by the
laser also showed a relattve Y defklency. This is due to redeposttlonof Cu and
Ss rich partkulates from the ablatlon plume.

B. Lacer Writing

We have demonstrated[lel a process for modification of a fiim’s
superconducting proportlos consisting of: 1) deposition of a high-quallty HTSC
thin film; 2) afinealingthe film In an Ar-atmosphere which 10W6WSof eliminates
TC; and 3) local re-oxygenation by !aser dlreot-write heating In an 02
atmosphere. It is Important to emphasize that thle is a rolat~ew gentle proce~;
the Iasor heating is used to enhance oxygen dlffu8ion and uptake In the
material. The heating is substantlaltybelow Isvels tt at result In melting or other



structural changes in the Y13azCusOT~ crystal structurell~. There is no
exposure of the HTSC to potential contaminates as is inherent in conventional
lithographicand etching fabrication technologies,

The rf-eddy current response ior an as-grown YBa2CusOT4 sample on
LaA103showed an onset of the supercurrent in the sample at 92 K. The same
type of onset was obsenmd at 56 K after tho thermal annealing. Four-point
probe measurements contirmed these transitions. Because the annealing
procedure was pertormed under such mild conditions (400° C) the drop in the
transition temperature is due to the loss of oxygen in the Iattke, rather than
alteration of the c~stal structure of the material. This allows for relatively easy
migratbn of the oxygen back into the film. Similar responses were observed for
the film deposited on SrTi03.

The rf-eddy current response of the film after the patterning clearty showed
two different transitions. A large transition at W K was due to the response of
the unpatterned material. Because the patterned lines are on the order of 0.4 X
3.0 mmz, while the total detectable area is approximately 14 mmz the
percentage of overall material ccmverted to the higher transttlon temperature
was less than 10%. This is consistent with the relatively small transition
observed at 92 K. Furthermore, a 4-point measurement of the resistance, whkh
measures only the first percolating pathway and not the amount of
superconductingmateriaJ,cbarty showed a resisttvetransitionat 92 K when the
probes were on the patterned lines.

C. Law Modlflcatlon of Crltlcal Current

In order to produce ev~ simple devkes from HTSC films, It may be
necessary to control either the transition temperature or critkat current with a
high degree of precision. in few instances has reproduciblemodlfkatbn of film
transport properties been demonstrated. It Is wetl establlehed that changing the
oxy~en content of YBazCu~~ can affect the Jc [Slngh, 1WO #24]. However,
a change in the oxygen stokhlometfy also changes TC of the materlal[Qupta,
1990 #13].

Previous work Involving laser processing of HTSC thin films has
concentrated on Iaeer atching [Inam, 1987 #26], patterning [Zheng, 19W ~1~,
or annealing [Otsubo, 1980 W 6]. Recent work by Helvajian has suggested that
atom and bn ernlasloncan be observed at fiuencemas bw as 50 rnJ/cm2at 308
nm [Wlodemnn, 1990 #14]~[Wledoman, 1991 #l 5]. The pronounced
wavoiangth dopondonco of the threshold Impllea that the mechanism may
includo a photophyskal component. We havo examined the electrical and
structural behavbr of YBCO thin film8 as a functbn of 3(M3nm exclmorlaser
exposure,at fluenceebelowthe ablationthreshold. This moihod can bww *he
JCof tho film with a high degrao of accuracy and rellablllty wtthwt wgnlfkantty
lowering TC.



The superconducting properties of the irradiated films were monitored
inch:ctivety by dynamic impedance (Dl) to determine the effect exposure has on
TC. The dynamic impedance technique uses a single sense/drive coil 6 mm in
diameter and placed 0,05 mm above the HTSC sample, and measures the out-
of-phase (reactive) component at a set drive frequency. One obtains a direct
measure of the impedance change in the coil caused by the coupling between
the coil and the eddyarrents induced in the film[Libby, ~971 #23]. Using this
monitor, the unirradiatedfilm produced a sharp traneitbn at 91 K wtth a width of
only 1 degree. The inductive transition develops a tail in the cufve after laser
exposure; however, the onset transitbn temperature stays at 91 K past 2400
shots. Even after 8000 shots the onset Tc is only reduced by ~ 4 W. The
inductive transition rapidty deteriorates beyond 6000 shots to 7200 shots; by
7000 shots the film does not show an inductbn traneitbn.

To further investigate the electrksl properties of the laser-irradiated film, IC
measurements were made. The criticalcurrent measurements as a functkm of
laser shots and laser fluence are shown in Fig. 4. These measurements
indkate that the critkal current IS a sensitive function of film exposure. At a
laser fluence of 20 mJ/cmz the film did not indkate any degradatbn of Ic, while
a shot dependent trend does begin at a fluence of 30 mJ/cm2. This suggests
that the modification process has a threshold of 25A 5 mJ/cfnz. This
modifkatbn rate grows rapidly when the fluence is increased to 100 mdcrnz.
At a constant Jc, ~ is proportional to the thkkness of the remaining undamaged
layer. The monotonic decrease {n Ic can be explained by assuming that the
measured critkal current is propofibnal to the thkkness of the unmodified layer.
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Rutherford backscattering (RBS) channeling data also taken on a film
exposed to a laser fluence of 70 mJlcm2 further indicated that a disordered
layer was being formed as a result of laser irradiation. Qualitatively, an
increased channeling yield correlates with greater disorder in the film.
Furthermore, the shape of the peaks indicated greater disorder at the surface:
the surface. W~hin the error of the RBS measurement no material from the film
is being removed, i.e., the film thickness (*1 O%) and stoichiometry (*3%)
remain constant with this laser fluence. At a fluenm of 70 mJ/cmz, SEM
showed no visible change in film morphology from that of the unexposed
sample. Melting of the film was clearly observed when the fluence is increased
to 150 mJ/cm2. Optical micrographs revealed a sligh color change in the film
beginning at a fluence of 100 rnJ/cmz.

By adjustingthe laser fluence and the number of laser shots the effective JC
in a thin film could thus be controlled to within 255 A/cm2. The laser damage
begins at a fluence of 25 t 5 mJ/cmz. Optical changes are obsewed at a
fluence of 100 nd/cmz and metling occurs at 150 mJ/cmz.
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ABSTRACT

We twe ckngmd ● newymmn box fa ncmdexrucuve
~ utsmnwam du u exsmr to budd, mam?un, and rcpa.u
Mcut h.Igb-w)kuc ccmqxxmfs we * from rhc atmosp~rc
wmg pu.mg maaul, *fore ellmmat.mg h maintenance
rCqlwmtdre@mallg dC$KCam. m mahanbcaJCkslgn
CM b - d rnacfunmg and makes N easy to remove and
rc@mxtbc3Hetuba.

?ktbUl (ktam in mmksuwive tssay irumuncnts use
“umim &ma to disuitwtc the high vohagc to @ 3Hc tutu,J
to bow the mnplifii circuitx, ud to hold the 3He MM-X
rnectunically. The current &sign oft jurutiom box is stmwm
in Fig. 1. OprsticwmUy, dtti design hxs proven ~Lisf&wy

dhuugh it b Iuve several &ficieMia, princi@ly I.hmit
requires minterbubce of &Qcmtors to remove moisuue from
* high-voltage cavity of tlw junction box. As k daiccatoa
Womc wutatcd widt moisture, they must bc r~hccd,
Mti intheh@woflsge csvity ca- high-voltage leA-
agem~, which genemeswunts thatarcwrcked
to neworta. The new juncucm box design uses a pouing
~todcmtmOistMe from h high-voltage cavity xnd
th elirnimteq the maintenmw * of chmging ckkc.a-
W.

Tk CmTm?.tju.dm box &aign is Yin. UU and 4.in. clap.
~wtipti a@kd Mlyl.5in. tiis3.125 in.
~ afiowing 0,875 in. O(piyethylern to be pked between
k J~!hl k)X d h irmmmcnt cwity if -.

High-voltage tibuti m ti ‘He tubes m W ccmVen-
liond jumkm tmx h *by pfqging a smll-pin connecw
inm tJM commxcx fc# h tulx high.vol~einurfze fu W
3Hetutmsti ~nga bus wire km k mba tolhis

mall-pill ~. l%u wirin~ ptxdttre requires he tubs

to & =mti m - in h jtumicm Imx dting k (aMc&
titm md rumin in pk.e dtin~ the junclim box usembly,
~-withdds~ignuthslifti 3He IUbCSmedtO
bc rwnovd fcw rwpkmm or removed bawe 0( ckusror
spa cuutmims durtng humhth, the small Finconwum

●ThM wmk wu s- by k US Depmem of Energy,
O’tmced Slfegwch ubdS4XlMlty.

must be removed fran -h UJlmand replaced during ~e

masmmbly. ‘“k high-vobsgc cavity of IJWcanvetioml jmc-
ti h u M Mow h mpJifm cavity. To dissemble

he high-volcxgc circuiu, as just &crikal, one must also

~bk lb mnpl.if= tits to ~ ~ to the h@-

volrage -vity. SignK-t d~mbly nti rcwiririg are

w- Lo ran.oW * from the Ccmvcntkalal ji.mticm box.

Simpk rcmovx.1 and repkunent of 3Hc tutms w a design

gckaJfcx * mw junclkm tllx, M @cllsMd Iatcz,

hhrtufti~ am u always ● cacem in puking &tec-

mrx TtE new junct,km lmx &sign Ximplificl k mechanical
fabricalkm of uw jumxim tmx and rcducu the wiring cosL
Tknewjumtim tmxisksa cdytobuild- ttiswhincd
fran uunlard 1.5 in. by 1.5in.aluminumstockwithorJy
simpk drilfirtg and milf.hg. TIM d-t junctim boxa and
W il-$wt ~m to tk ft.rstampfiflcr Card m ConrwCtcd
with fhti cm whidt k csm~rn Ueedly insdkd.

Figure 2 is a drawing M k new low.~file jrmtion IMX.
Paru(Aarbd C)oflhc dIawing ahow ChefcWC8vibeS tl’wthc
lubes screw into and the two cavities that contain the
inpuUoutput@ntcd circuit cards. The cross-scctkml v~w of
prt (D) shows k in- fcr the interke with k 3He-uJx
c~. It u ~ out of K.WF mA@rial, which P
V* high-t-cd~ ~ ‘ Mwen the high vnltage on the
pin and the jtnwtiat Imx cam, B&s voltage, usually abut
1680 V&, u disuihted to tbc four tuba using a bux wire
wlderafutitop~dmfm pins.Aslotu-hitii~lhc
C* of@ >ins to wcanmcxiue the bus *ire, The KEL-F
mscrt is ~ filtaf “Ito the uvity screw lhrcds MCIepoxmd
mtijumtimhx~xkqinmd-ofhi~ The
pm is also epoxicd imo the hola of .K m~fi Ttu KEL-F

iruen and pm amn~rnent Provi&.s M intcrfaca Ilut XIIOWS
eaxy imti ml rerrmvafof he 3He tulx mtoand au of the
jumkm box widtmu Mvmg to rewire tk y.met.icmbx.

lltc 3He tube output si~naf is s small cumnt pulse pfo-
duced Ms remdt0( IMUUOIUintmcf.irq wilt tk 3He gm.l%
signal is ccwpkd to M Amp@ a.rnpiifkr (see IMOW fcM

-*) -s CC@@ CWimr. The couplirq CAPU-
word a bkd re$istm ue matuwada a crnafl-~nd<ircult
CsrdMKfplmld in m CMttpltCWty Wtth A Ckctifl mlKz-
uon to tlw bus wire. The Ouqwt sigtld is transmittal to the
Amptck amplifler by a small cax ca.bk, RG 174. Figure 3,
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coupling ca~itor isa cemmk disk mde by TDK Coqmration
of America and was wlaccf to wilhstandthehigh volta~ and
have a low-comma discharge, whichcanelicitsuperfluous
Coulllsfromthe-w.

Af~ soldering the bus wire cm the pins and installing the
inpubtqut pfirued<ircuit h, we filfd the six cavwicsof
the junction box wiIh a potting mati to W moisture from
the high-voltage comments. An e~xy resin, STYCAST
2651 made by Emerson and Curnin#, Inc., is d for the pM-
ting mateti. h ww wlecud becauaa il could & poured al
rwrn tempmmre and it had good highwhaga cttarartenstks
such as a dielecrnc streng~ of 450 VKMIOI in. and volume
rcsislivily of 5 x 1016 CMm. O-rings are u- at the base0(
Ute ‘He tubes and the junction tmx to keep moisture from
getting im the area where the mba interf= with the Junc-
tiotl bx,

Figure 2, part (B), showsacroas ~ti from tlw end view
of the julwlion bx, ‘Thisview shows the ~tcd cavity cover
and tfw dust cover of the junct.mn b. ’17Mdust cover is a
one-piece, right-angle cover, which fastens to the ma.mjunc.
t.itmbox My with two screwson the tq fw q rentovafof
@ COV=.A ~ta cavity coverh ti u ccmwintk msg.
rtetic field in the ma of the high.voltsge compowtts while
adjustmems arc made on the amplifier card. This view also

shows the coruwxor imerke panel; here is one for each bmk

of lhrcejunction boxes. Three cables are conneclcd (o each
bank: lhe high-voltage utble, the +5 V power cable, and tie
outpul signaf cable. Within the junction boxes, the high volt-
age is distributed to each junction lmx input cavity wi~ coax
cables and T-connmors, The +5 V and lhe detector outp~l

signals are distributed between amplifier cards using a seven-
ccmnector flat cable. A circuit diagram of the connector
Printed< wcuil rard is shown in Fig. 3, part(C).

The drawing in Fig. 4 ilhstratea a typical detector bank
consistingof k rtdule-s, -h with four 3Hetuks and one
amplifti bard. Tltis figure also showshow k amplifiers in
the thm modules are con=ted by flat cables. The amplifier
fa dw convcnti junction box was repackagedto provide a
more namw @nted-circuit card that Mter fits k new junc-

uon box fayouL A schematic of the amplifier is shown in
Fig. 5. The analog amplifw circuit and digital circuit are
idential to the catvemional junclion box amplifwr. lk ana-

log antpfifier isa hybri4 cltaqp-sensitive pm.antplif~r discrim-
inator made by Amptck. Ix. lhat hasproven very reliable and
is well suitd for dtis applicukm. Digital prwessing includes
a single-shot that prockes a 50-ns output pulse for each neu-
tron evenLs line driva, and a circuit to OR the signals from
odwr amplif~r cards. Light emitting dio&a @5Ds) are used
wilh fhe delatixa to irbdkaW visually what neuRcrn events are

Mtg pwxsted and afe used during djustnwtt of theamplifii
input threshold. In cmlu to view tits light from k LEDs akr
the dctectcwmodule is asscmblal, a plastic fiber-c cable
conducts the LED light to a display panel at the electronics
rack. lhe fih optic interface to the LED usesa housi[.gand
fik ccmnectmsmsuk by AMP.

The new junction b was extemsivcly tnted to verify its
Pcdomttare d to determine if tk pouing material is sm.ess.
fd in prohibiting moisturefronterI@rin~h high.voh.qn?area
of W junction bx. Faemtpai.mn,identical usu were pr-
formed sick-by-side witi UM conventions junction ‘box

because Iupcrf~we is well establishaf, llmefore, USI
dataare prcmted for b@hjuncticmbox6s. figure 6 showsthe
high-voltage-pofile calibration piou for he junction boxes.
The profilewas takenusing an Amti source, tJM3He uJIEs
were inaertd in polyethylene, and the W waa taken with a
JSR. 11coincidencecounter. As h plou indicate,thehigh.
voltagepfofika an a.k.mt itMtticaf.

Resuluofhumidityusuonthenewjunction box before
the potting materiaJ was added are sfiown in Fig. 7, The
effects of humidity began 10 show at about 40% relative
humidity. Abe hat amoun~ the countsof the unpttcd new
junctiom box increud consldetably as shown in he graph.
Increasedhumidity did not affat the counla fm tkse tesu on
the conventional junction box ~mse h desiccators were
still effalive in removing tlm small amount of moistureenter-
ing the junction box, llw humidity usu were performed
usingan environtmntmlcham~r IJtmcm amlml bothlem~-
~tureandreluive hurnidhy, TIE tern~twa was set to 80” F
for w unpouedhumidity tesu.

llw moiswre resistanceof k fretting maurd was tested
bv tdacmm the rmttd htncuom box in the cnvwonmenud
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chwnk with high humidity at SCVCMJdifferent tcm~ures
fm a long time and measuring the background crmnt rate,

Testswcmpmf~ cmthecunvcnt.icmljwm.ktnboxat the
s8rtutime for comperisom B~kground MM were dcm with
the 3Hc trkscovered with sheds of culmium but widmtt
usir~ @yc@~hm JSR- 1I czrincidcncccountemWa’cusedfo
colkt h date and the ruulta arc shown in F@. 8. The count
mtc shown is the counter’s toul counts ~cumulatcd over
10U3saonds and avcmgcdovcr many hours, that is, 24 Imu,rs
in many of k tests. The wandard dcvieticmof h count mfcs
for the tests, which cnntahd uptoow hundrd 1000--
runs ranged from 0.001 to O.CKUicount#s. Tk high voltage
waswtm1680 Vandthcgatckngth oftJtc JSR-llwassctto

128 W. The backgroundcountratefor!hcnewIow.pcoftk
junctimboxshows~slightincm over@40 daysofUS1.
ing. The seineupward trend was ●lm ~nt in the convert.

tioilal Jutwtion box. After about 30 days of continued CXP
sure to W 90% telative hltmldity and the templlu’c of from
!KYFto120”F,k converttional junction brtx experienced
some high-mum rates for a coupk of dsys, but then the counL
MM rctutmedto normal. The tiiccatom M turned slightly
pmk by this time, inchcating [hey WCTC~ming seturatcd
with moisture. Tirnc dd not pamit testing beyond the 40
days. We Meve that this ww suffrcicnt time at elevated
humidity and tunpsatume to demonstrate the moisture rcsis-
tamc ~ility d the @ng material.

In ccmlusion, we dc.eigrwl and uslcd a simple junction
box thsl proviti counting @omnance qud to that of the
proven ymction box design and has several slgmficmtt
im~vcmatts. l%is tiw jutmicm bx is cheqm to make, its

chign albws easy removal and replacement of 3He tubes, and

it is cxptod to require * maintmanca.
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Warhead Counting Using Neutron Scintillators:

Detector Development, Testing, and Demonstration*

R. C. Byrd, G. F. Aucharnpaugh, C. E. Moss, and W. C. Feldman
LOSAlamos National Laboratory, Los Alamos, NM 87545

Althoughthe numberofwarheadsona missilecan be de-
terminedrelativelysimply by a scan of the emitted gamma
radiation, this approach may be considered too intrusive
because of the possibility of revealing high-resolution en-
ergy or position information. Neutron spectra are nearly

featureless, and obtaining the position resolution needed

to reveal warhead details would be very difficult. We de-
scribe the development of a fast-neutron detector baaed on

a boron-loaded plastic scintillator used previously for space

applications. The detector rejects gammas and scattered

low-energy neutrons, and its segmentation allows narrow

fan-shaped collimation within H!OO horizontally and +50”

vertically. Testing includes distinguishing between mock-

ups with either two or three warhead!l and locating the ten
warheads on a silo baaed Peacekeeper missile.

I. INTRODUCTION

As a possible application of radlntion-detec~ion technol-
ogy to treaty verification, we have developed a faat-neu-

trm rktrctor capable of resolving individual warhearh on

a miwile &ploycd inside an underground silo, The tiy~tem
uses 11C454 Loron-10adcd pla. wicticintil]ator, which WM

originally developwl for Mptm-l)asd neutron detectors. [1]

“I%e prewmt application takes advautngc of the detector’s

nbility to alltolllntically corrrcl for Imckgroundri frolll gnlll-

tnrw nnd Hlow uculron~, wild it iulrmluce~ a tiilllilar Lrch-

Ili{luc ttlat rrwtriclu llle rmpuuuc lt) fmt nmltronu withirl

n uurrow furward-poil]tillg collinmtuh’ opcuingl ‘1’hin pm

pcr ( I ) cxplaiue the opernting l~rillcil~l[w, (2) ,Iiwumwri the

illil)r[]vf’lr](!llt~ ill {Iirrrliourdityl nnd (3) ~lcrwrilm lcstH tnl

Illirwilr Ilmckul]ri nlld o silwll~wwl Illimilv nt F.11:, Wrmrcll
A k’11 \Vc l(lnrludr tllnt 1111*~lrtw[t)r’~ Imutrtm vlllcimwy,
ljnckgrollt~d rrj!’clil~ll, iill~l {Iirrcliorlnlily Illny !W IIIwI’111ill

IrPRly W’rlli’’ntll)rl IIIICI IJlhl’r 111)1)~1[”1111~)11~.

P

Figure 1: Cutaway View of the Neutron Detector

II. DETECTOR

The use of boron-loaded ~cintillators as faat-neutron

detectors and their adaptation for apace-based rneaaure-
ment~ have been describeu previously. [1] Figure 1 shows

a cutaway view of the apace instrument (the Army 13ack-

gruuud Experil[mll~, ur ABE); an identical unit wsa used
for the current project, Four tightly-packed ecintillator

rods (7,6 cm in diameler and 20 cm in length) with photo-

tubea at each end are enclosed in a light. tight houeing that

81H0 contains the II V supplies and signal preampliflero; a

RCCOIICI package cot~tainrn * CPU with a microprocessor and

r.mc Incgahyte of :’torugc, 14’igurc 2 rdlowo the unit M rle-
ployed f[)r wnrhead counting. ‘Me detector is complrtdy
uurroull(lwl hy n l-cln lead Hllield tu rcducc the garnnm flux.

A poiyrthyklle Iwutrot] dlicitl (oh X 42 X ti~ CC113)Ilmgo
from tile nilo wnll und includm n uarrow b-cm X 20-crn

nprrturo thot fucm illwnrd towmrd the tllirwilc, Hy nmunt-

‘Iug Ihr r{)tl nxw vvrticrilly nlld rotllling Illc lKmnitlg hy

dh”, thr fr(lllt roll {II,()(I I ) iII PIlllPldC(l I)Y the threC Kllllr

rodn ( l{,r)~lti 2,~1,11). ‘1’hc told IIUMN tJf IIIP my NttvII ~rr l(}fi kg:

f+ kg ft)r tlw llutl Kcr J ltl k~ for III(* Hci,ltillntorn nll(l ( ‘1’[1;

43 kg t’~)rtllr IwNI, nll~l 0[) kg !I)r tlw ( ‘111,

‘]’lir l~lwlr (I!’lrct.or prilwil~h’ i~ illuntrlllcd Rrhvlrlnlirnlly

Ill l:i~, 3, UII illcidclll flwt twlltn)ll low mwrgy I)y R mrirw

{If ncrtttrri:lgn fr~)t), lhr 11, (‘ , oll~l II irl tlw l)or[)l~-hmlh.tl
orgnllir. ncilllillh~(~rrn M(M411)1’llIr illri(ll’1)1 vlwr~y iH Irnr)w
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confirms the detector’s selectivity for fast-neutron capture

events. The locations of the peak and the Compton edge

(at 93 and 404 keV,, ) also provide the absolute calibration

of the detector’s light-output scale. Obtaining the spec-
trum in the lcwer panel therefore ensures that the detector

is operating properly, that is, il is accepting only capt~red

f@ neutrous, correcting for accidental coincidmces, and

maintaining its absolute calibration.

A feature which is important in some applications[2] is
the measurement of the energy of individual neutrons. Be-

cause the capture coincidence is obtained only for fast neu-

trons that sratter and moderate to essentially zero energy,

the amplitude of the S1 pulse is directly related to the

incident neutron energy. Correcting for nonlinearities in
detection efficiency and energy conversional] giv~ a nor-
malized spectrum of incident neutron energies, as shown

In Fig. 6 for 3.2-hleV Am-B isotopic neutron source. This
spectrum is not obtained by unfolding a proton-recoil dis-
tributim, as for standard organic scintillatora, but by sim-

ply histogramrx]ing the individual energy depositions.

.-

I I

Firure 6: AIIi-11 I?lwrgy Spectrulll froln the First Pulse

III* lllllK;[:’I’l{lPJAl,l’l’Y

I

Figure 7: Tirne-l)ifference Spectrum for a Gamma Source

efficiency must be much higher for on-tis sources than

for ones at the sides and rear. The use of a proton-recoil

scintillator, which can reject fieutrms that have scattered
to energies below 0,5 MeV, increases the effectiveueas of the

CH2 collimation (see Fig. 2), but much greater shielding
would be needed to eliminate the count rate for off-axis fast

neutrons from all directions. We have therefore devised a

method to measure and then correct for the leakage of fsat
neutrons through the detector shielding.

Figure 8 illustrates the development of the technique.

A ~52cf fi,gsion source weM moved around the deLector in

a horizontal plane, The curves show the measured count

rates for the individual rods, normalized to the flux inci-

dei,t on a single rod to give a detection efficiency. Although
the curve for Lhe forward rod ( Rod 1) peaks strongly at

lhe co]linlator opening, it also IIaa a 10–20% response
to ofr-axis sources, especially at the thinner shielding on

the ellclo~ure’ti sirJee (+90°) r-illd rear ( 1800). The other

three rods —wipecirdly the rear ltr-.d 4 -–further emphasize
this lrnnHpwrcrrcy, For sources ucar the collimator open-

irrg, thr three rw+r rods rdso show lhe effect of viewing

the rwutrou Hourcc through slightly +ifkmt npertures,
Jurit iL~ ltli’lwllr~’rtlrrlls IIlade wit]l t])e Collimator open and

rlrm=d could he subtrnctcd, tlw couut rntea from (iiflcr-
vllt rods (“ilrl I)(I roirlhilmrl Lo cnnccl oul Illc rcripolmc

to Olr-flxis Huurccs, ‘1’lw lower I)urt of Fig. 8 hxva the

rwwlt d’ subtrnctillg nn rvnpirit-rd Imckgrourrd givmr by
Nh = 0.4( ,4’1 + /VI) – O. 125 N+. ‘I*Iw rmbtrmtcwl dllcie~rcy
for dr-UXIH WJUrWH 1)1’~olld ~~~” IH r{ ’ilUC{!d drS.YtlCHl~y, AUd

llw slll~lrrirlioll of the owl coulributioll~ frorll the lwo Hide

r{)~h :IIH() Hll~llt Iy llll[)rl)V1’H1]11’tll’h’t’(llr’Sl){JHl~.k)ll rVHOlll -

Iiotl. ‘1’IIv Hllr(’(Iw (II tlIr woiglllil]g Illllctillll Illuy Ilot l~r

~llrllri~ltix for N Ill)rizoll[nl M’NII, 11111Figl !) {1(’lllol19~trl~t{\M
(Ilnt III{, Mlltll{. I’IIII~t IIIII NIMJ w~~rks f[)r n vorllcul MNII, ‘1’llis

Iikllr{’ IIIW) NIIIIW? I Ill’ lloWllW1lr(l (llr~’1’t!’(~ 11~’~’!’~)~11111’(’()( []11’

r{)llltll:ittjr, WIII(,II WIUI II{wigtlt,ll [t) I[n)k ~lInv II (III III(I w~tr

IIIIIIIIS I’rlllll (IIIOWI, IV{II XIII IWll 11~’r{’ :Irr 1111*~’llvrgy ~l~cc

tr:l t’~)r 1111,CIIII’IIINLIIII l)il!’k~r{]lll~(lti, wlli{’11 lInvv r{,{wotli)i)lv

fil III IIIIN III NII ~jtlt,r~i~w,
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Figure 8: Development of Background Correction Using a

horizontal Augldar Scan for a ~5zCf Fission Source

This ~iiscussion has not ernph=izecl the significance of

(he “one-llod’” [’vents in Figs. 8-9. Neutrons that pass

thro,lgh tlw shielding from the sides or rear are likely 10

Iire a shlrldil)g rod before reaching the forw.wd rod. Sclect-

illg OIIIY oue-rod eveut~ improves lIw olr-sxis background
rvjectiot], bul il reduces lhc on-a.xls efficiency bccausr ncu-

lrol]s call sc:itlvr frolli [ted 1 into n rrnr rod /\fler crpply -

ill~ llw lJiWiiKr(jUll(l corrrctiom nbovc, Ilowcvcr, [Ile oddrd..
(“[)lllllh’k
il sli,glll

[v,

‘1’11(’(1

ly of IIlis nnti-coincidonct! tcchniqllv piOVidw oll]y

lllprovrtlwll~ in (lirt’[”tit~tltllity

MOCKUP AND MISSILE TESTS
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Figure 9: Background Correction for a Vertical Scan

ture of the third source is the filled-in valley between the

other two.

Figure 12 shows a standard warhead arrangement for

a Peacekeeper missile, with nine positions evenly spacing

around the perimeter and a tenth located on a inner ring at

the gap between positions 1 and 2. The figure also shows
some important silo feature~. The outermost cylinder is

lhe steel launch tube from the converted Minuteman silo;

the next inner cylinder is the steel canister that contains

the Peacekeeper missile. The detector is designed to fit

in the 70-cm gap between the canister and launch tube

and roll along the launch tube’s upper rim M shown in

Fig, 2. The large amount of scattering from the steel can-
ister and launch tube explains the steel plates inclucfcd ill

the mockup measurements.

The two- and threeaource lnockup scans can be used to
predict tlw intensity pattern expected in the tnisaile test.

‘f’he three-source tllockup represents the arrangernen~ at

the gap for Lhe tenth warhead, and lhr Lwo-source sr.nn

corresponds to lhe warhcadb at the enlllly gaps. To prm

duce LINI nine-fold ~ymmelry of the ouler ring, the angle

scule is sinlply comprewml by factor of three and then re-
peated over U(IO degrees. Ilascd 011 this analogy, wo would

expect nll WII I+acekcel)cr wnrhrmds LO bc ren.iily i&ntifi-

nldr?, ‘1’o illu~lrntt!, ill Fig, 10 lhr two Hrls of nlockup tlIca-
~urcllmllls arc rrl)lucrd I)y Hl)litw filN RIICI dlown as nlnootll

curvtw. ‘1’lw Iuiglcs for Ll)r tlwmllrctlwtllM wt~re selected Lo

mnphi .qii!r thr diff’crrtlcrti hrlwrrll lhc pe~k~ ntld vnilcy~ ILL

1110 wnrllrnd~ nlld Kai)s, ‘1’llr ,;L ovrrlnid (Intn pOllltN mrc

tlm results d’ lIIC silo lrlr/L*tlrt’tlli.llts, with n slight rvale d-
jIISl III~IIIl ttlhl II InlclI~w 1,11~1IWI) ll[)rlll/iliz/LliollH, ‘1’lir dntn

grl]rrnlly fnvt]r [Ill! lw{~ wlllrc~’ I]nllrrll nt nli rulqi,w t+rtrpl

nt I 1111Nnl) lIIIlWf’~JII wnrlIrn~lH I ntitl 2, wllorv lhu illtwr

lvIIlli w:lrllrrul is lI~r II IIwl. llIwn\,wI IJI’ I Iw ll~rgr tilnli~lirnl

l.rr\)r H, i! iH IIIII){JHHII)II. 10 ~llnrllllh)O 1,11111fllrtlll’r lllc~~llr(*-

lIwtItM W(JIIIII Ilrtlvl(lv Ill{, Illlnllllliguol]ti l~nllr’rll I)rvtliclwl

t)y Itl,t llmcklll) Irsl,

l’illnlly WI’ rvlllrll 10 III(’ mrwvrli(~ll Itlnl 11{’ulr<tll llwwillr~l

IIWIIIHnr(~illllrrrlll.ly 1)~)11Ill[rllrnlvf’ ‘1’11{1II IIl,V {lllf’!~rollrv I)t,
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Figure 10: LaYoutfoi Mockup Scans
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Figure 11: Mockup Sccns for One or Two Sources

tween the measured energy spectrum for a warhead viewed

through a missile canister and that for a warhead mockup

viewed througkl a steel plate is a ~mall increase in the num-

ber of low-eneigy xattcred neutrons inside the closed silo.
I’urthermore, removing the steel plate in the mockup mca-

surenwnt Ijrovides an energy spectrum dlat is almost indis-
tiuguislluble frorrl a ~s~Cf fission distribution. ~bua, even

speclral lneaaurrnlent~ reveal uolhillg more than [he fACt
tIIRLn distributed fission source is being obaervcd Lhrough

a thick steel canister,

v. CONCLUSIONS

Figure 12: Silo Layout for a Peacekeeper Missile
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Fi~ure 13: Missile Data versus Mockup Patterns

required for coincidence processing,
For warhead-counting applications, the results presented

here indicate that collimated proton-recoil scintillatore

can, at least in some circumatance~, provide the pcmtrnn

resolution needed to ~eaolve individurd warheads without

revealing intrusive information about their design. The ac-

tual utility of any radiation-detection npproach, however,

depends primarily on isauea of treaty pmtmml, not on tech-
Ilical fcaaibility,

References

1), hi, I)rnkc rf III., “NCW Klectronicdly Black Neu-
lrou I)ctcctors, ” Nuci IIMI und Meth, A’247:670 G82,
lWO; M’ (‘, Frl[lnlrill rt al, “A Novel l%at-Neutron

I)otrrtor h !jlIrrrv Al)ldic~titnur,” Nurl Jnsf und Mrfh,

/\ W(j; W() :I(L5, I!)ul

(’, II:, blowt/a/.,“I)IIIIW’Iion (Jf [Irnlliulll- llnsrxl NII-

cltmr \VwIlhJtIs I l~ing Netltrolt-lti(lllct,ll Fitmlotl,” l)aprx

Hll(l,



ff3 —-L)

LA-uR--9l-3495

DE92 003797

TITLE ON SIZE SCALING IN SHOCK HYDRODYNAMICSAND THE STRESS- STIWIN
BEHAVIOR OF COPPER AT EXCEEDINGLY HIGH STFb41N WTES

AUTHOR(S) John M. Walsh, P-14

Gary L. Stradling, P-14

George C. Idzorek, P-14
Barry P. Shafer, WX-DO
Harold L, Curling Jr., SAIC, Albuquerque, NM 87106

SUBMITTEDTO Hypervelocity Impacts in Space



On Size Scaling in Shock Hydrodynamics
and the Stress-Strain Behavior of Copper

at Exceedingly High Strain Rates

John M, Walsh, Gary L. Stradling, George C. I$zorck, P-14
Barry P. Shafer, WX-DO

Harold L, Curling, Jr, SAIC

Summary

IrI recent yars the Hypmelocity M.iczopa.nicleImpact (HMI) project at LAXAlarnos luMutilized
electrostatically awclcratcd iron spheres of microscopic d.imcnsions to extend the range of
controlled hypcrvclocity impact experiments to about 100 x I@ crrdscc, well beyond the
meteoroid velocity range and about an order of magnitude beyond the data range fcmprecisely
controlled impact tests with o]dinary macroscopic particles. But the extreme smallness of the micro
impact events brings into question whedwr tie usual shock-hydrodynamic size scaling M IX
assurml. II is to this question of the validity of size scaling (and i~ refinement) that the present
study iscl.ircctd.

HypcrvelcxAy irnpacI craters are compared in which the two impact events MCessentially identical
except that the projectile masses and crater volumes differ by nearly 12 orders of magnitude---
linear dimensionsand times differing by 4 orders of magnitude, Strain rates a[ comesponding
points increase 4 crders of magnitude in tie size raiuction.

Departures from exact waling, by a factor of 3.7 in crater volume, are observed for copper targets-
-with the micm craters being smaller than scaling would predict.

This is atrnbutefl, using a well-esLadishcd relation for the dependence of cmer volume upm target
yield stress, to a factor 4.7 higher effective yield stress wcurnng in the micro cr~wring flow. This,
in Iurn, is because the smin rate there is abut l@/scc as compared to a strain rateof ofi!y l@/scc
in the macro impact. This pronounced strain rate effect in copper is compatible with recent
theoretical rncdels by Folla.mbce, Kocks, Rollett and others.

Aluminum targets arc found to behave similarly, though primary emphasis has been plad on the
copper data because the highsuain tatc propmies of copper have been discussed more fully in
nxcnr literature,

Wmk in this ma may be of interest for several reasons: The classical laws of shock. hydrcxlynamic
siu scaling, as applied to condensed mcdi~ are put to a much more stringent test than ilithcrto.
The depanurc from srnct size scalin is quant.ifiwl and explained in temns of basic material

fpropcnies, Also the measurement o imps ctaters for very small impact events leads to the
determination of metal yield stresses at strain rates more than two orders of magnitude grcatel th,m
have been obtained by other methods, The determination of material strengths at these exceedingly
higi~ strain rates is of obvious fundamental importance.
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Abstract

In recen! yem the Hypervelocity Microparticle Impact (HMI) project a! IAs Alamos has utilized
clccuostat.ically accelemtcd iron spheres of microscopic dimensions to genetate hypervchxity impact
expenmems to about 100 x l@ crn/see, about an order of magnitude beyond the data range for
precisely controlled impact tcsts with ordinary macroscopic particles, But the CXUC17K smallness of the
mho impact events brings imo question whether the usual shock-hydrodynamic size scaling can be
assumed, It is to tis question of the validity of size scaling (and its refinement) that the presem s[udy
is dirccuxl.

Hypiveloci,y irnpac[ craters arc compard in which the two impact events are essentially identical
except that the projectile masses and cmter volumes differ by nearly 12 orders of magnitude---linear
dimensions and times differing by 4 orders of magnitude. Strain rates at comesponding points
incrcas~ 4 ordersof magnilude in thesizerduc[ion. Departures horn exact scaling, by a factor of 3.7
in crawr volume, are observed for copper targets--with the micro cralers being smaller than scaling
would pr~ict. This IS atrnt)u[cd to a fac[or 4.7 higher effective yield stress Occurnng in the micro
cra[ering flow, This, in turn, is because the strain rate there is abou[ l@/scc as compared 10 a strain
me of only l@/sw in the macro impac[.

The measurement of impact cm[crs for very small impact events leads to the determination of me[al
yield stresses at stntin rates more than two orders of magnitude greater than have been obtaind by
other methods. The determination of material swcngths at these exceedingly high strain rates is of
obvious fundamental importance.

1. Introduction

The Hy-pcrvelmity Micropaflicle Impact (HMI) project, ] has obtained impact da[a from microscopic
ironspheres impacting targets at impac[ velocities horn 1 x 1($ cm/sec to I(KI x 105 cdsec, The iron
spheres are charged and acceleramd clectrostaticallyz in a 6 MeV Van de Graaff accelerator. Each
impact is characwizd by simultaneous measurement of projectile charge and vel~ity using careful
cross-comelation techniques~. Measurement of impact crater cha.ractcris[ics is perfcmned using a
scmningelectronmicrosco}~.A typicalcrater in copper is ,hown II, Fig, 1, Impact studies have been
~rfomcd on a variety of materials relevant kth to practical impacls in space and to the s[udy of
Impact physics.In thISdICCI ti:slon we focus On irnpticts in copper and aluminum in order to compare

with existing libmries of data from I;ucroscopic impact physicsresearch,

11. Ihptarture From Strict Size Scaling for impact Cruters In soft (~oppw Targc[s

Mire, impacts, ~hcn ~omparccl [o the s~me imp~~ts at or~in~ry SiZCS, make it p~ssihle10put

cia~sicul shtxk-hydrodynamic size scaling 10 severe tests in whichco~cspondingmassc~(and mhcr



extensive variables) are scaled down nearly 12 orders of magnitude---linear dimensions arid times
being scaled down 4 orders of magnitude. Strain rates increase four orders of magnimde in the size
rduction.

Fig. 1. A typical hypemelocity impact crater in copper produced by a microscopic iron sphere
impacting a! 12,5 x l@ cm/s,The craters produced by microscopic impacts are axisymme[enc and
appear [o be geomerncal Iy similar to the crams produced by mamoscopic impacts.

As Fig. 2 wc reproduce tie pertinent data for copper, to call anemion to the fact that the normalized
target crater volume is a fac[or of 3,7 smaller for the IBF micro-impacts (projectile masses
0.25 x 10-12 gm and 1,5x 10-12 gm) than for the large scale impacts (projectile masses 0.15 gm and
0.50 gm) at the same impact velociry (6 x I@ crdsec), Exact size scaling would, of course, rquire
that tiese normalized crater volumes IX qual. Thus, the size reduction, by a fac[ofl of abou~ 0.3 x
1012 in the projectile mass (or, equivalently, by a factor of 0.7 x I@ in projectile diameter) his not
only ru!uced the crater volume by a factor of 0.3 x 1012, as ii should in accord with stric[ sca!in~, but
also by an additional facmr of 3,7.

111.Strain.Rate Effect As a Rwason for Scaling Failure

WC believe tha[ this failure to scale exactly is duc to strain-rate effects within tie copper. More fully,
wc develop here the nolion lhal the higher sbain rates in the smaller flowss cause a higher effective
flow stress in the smaller flows and a comspondingly srriallcr cmter.

In Fig. 3 we reproduce (in addition to impac[ data for Copper) a well-known correlation formula
dueto SorensenAfor hypemelocity im act data. 1[ shows, in panicular, that cmter volume V vwics

with target shear yield strength s as s-(fGWf This dependence of V on s is shownby Sorensento fi[ ~
wide tangc of impac[ da~a for mctul m.rgctsl encompassing a variation ofs from 0.13 kilobars for lead
tonearly 10 kiloba~ for a steel, See Ref, 6 for a dc~ailed discussion. Similar dcpendcnccs of v on s
have been establish! in hydrocode studies. Thus, adopting Sorensen’s comlatvm, wc find thai Ihc
obsemed 3,7-fold rcduc(icm in crater volume could be caused by a yield sarss increase by a factor of
4,7,
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Fig, 2, Hy-pcwelwity impact cmtenng data for copper. The upper CUNC, with four representative data
points, is from Sorensen’s empirical comelation of (macro) impact data for copper, See also Fig. 3
and Sorensen’s paper (Ref. 6) for further information on Sorensen’s work, The lower cume shows
the (micro) impact data on copper. Of importance to the present discussion is the fact that the
normalizul crater volumes in the micro impacts are smaller by a factor of 3.7. The two curves would
coincide if size scaling were exact.

IV. Strain Rates in Hypervelocity Impact

Next, we need a reasonably good estimate of the strain rates occurricg in the crawnng process.
Specifically, it will suffice to estimate tie avcmgc strain mte duting tic crater formation for the 0.3 gm
(macro) impact at 6 x 10s cm/scc since we already know the ratio of the strain rates in the micro and
macro events. Making this estin]ate is the objec[ of the presen[ Section.

1[ is useful [o recall lhe prominent fealurcs of Sucha hypcrvclocity impact, The ir~itial shock
pressure is given by

P K p Us Up = 1.9 x 10’2 dynes/cm2 = 1.9 megabars,

since the shockpanicle velocity Up is 3 x 10S cm/scc from symmetry, the density p is 8,9 gdcc and
the shock wave velmity Us asswiatcd with the given particle velocity is 7 x 1($ cm/see, Tnis is more
than three ordersof magni[udc greater than material strength,implying that the early phasesof the
impact are hydrodynamic with strengthplaying a negligible role, This shock front and the a~tached
pressure pulse propagate almost hemispherically into ~he thick copper targe[, and serve [o SC[ the
engulfui copper irlto nea;ly hemispherical motion, Were it not for the finite yield strenglhof [h:
co

fr
r the(nearlyhemispherical)craterwouldgrowwithout limit. What happens ins~ead is that the

,
A .- 5 kilobar copper yield strength Iimi!s the crater volume 10 about 83 times the volume of the
im actin ~ju[ile, in accordwith Sorensen’scc)mcl~tionformula as applied to this impac[,

!fWO- imcnsional fini[c diffcrcncc hydroc,oc!c calculations (axisymmctric and time dcpcndcnt,
incorporating material compressibility and strength effects by utilizing available ma[crial propcny
fcwrnulalions) can provide us with a very detailed dcscripiion of the impact process, and such

Cctlculations have been providd by a number of invcsti~htnrs over the past 30 years
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Fig. 3, Sorensen’s data comela~ion for copper, from Ref. 6. The data extend to aboul
7.5 x I@ crn/sec. The analytical Conc]ation is for several metals and therefore does no[ fit copper
exacf.ly, although quite well. It may be notd tha[ the factor 3 vaniation in projectile diameters (27 in
masses) does not cause an apparent SiZe effect in the macro data points. The poinl at
v = 6 x 10S cmkc on the micro cume (Fig. 2) has been mansformed to this plot and is seen to be
substantially below the macro da~. (To uansfonn this point the values p = 8.9 gm/cm~ and
s = 1.385 x 109 dynes/cm2 were usd for the density and shear yield strength of annealed copper.)
The projectile mass ratio btwecn the micro and macro experiments is nearly twelve orders of
magnitude, as explained in tl,e founh fcmtnotc.

Wile a specific computation has no~ yet been performed for our 0.3 gm, 6 x I@ crdscc impact
into copper, suitable computed results from olhcrimpacts have been reportd in the literiturc and can
IX usd to deduce (using only Sorensen’s correlation fotmula and dimensional analysis) useful
estimates of the effective strain rate in our impacl, DienesT has reported calculations for a spherical
aluminum projectile (diameter 0.476 cm) impacting a hard aluminum tar et (shear yield strength

f2.39 kiloba.rs) of density 2.7 g~cc al a velocity cif7,3 x 105 crn/sec. He lnds fcr times of 2, 4, 8
and 16 microswonds that the crater depth is 0,4, 0,8, 0.9, an 1,0 of its final value. Hence for present
pUrpOSCSwe can take this aluminum cm[er fomation time to be 15 microseconds, Next we note that
Sorensen”sconflation formula:

Vfvtl = c](pvVs)’~5

is emircly quivalcm to

when rc-expressed to give the tim,c T for crater fomation, Here T(, is any suitable measure of ~hc
impacting projectile size (sucl~ a~ the time it utkcs the free flying p~~jcutilc 10 move cmc diameter) that
mus!, of ~[~ur,<, IY the s~mc mctisurc for the two impacts under consideration, Thus T(} would bc:



TO=0,476crrd(7.3 x105crn/see) = .65 microseconds

for the aluminum problem and

TO=0,400 cm/(6.0x 10scm/see) = .67 microseconds

for our copper impact. Next for the two cases of aluminum and copper impacts, the quantities (pv2/s)
and (f N2/S)”n2 would be:

(pv2/s) = 602; (pv%)’zgz = 6.08

and for the mpper impact;

((W2/S) = 2313, (pv%)”zgz = 8.88.

Hence the 15 microsecond cmter fomation time for idutninum scales to

T=( 8,88/6.08)(.67/.65)15 microseconds = 23 microseconds

for our ccpper impact.
In another problem from Ref. 7 a soft aluminum target (shear yield 0.75 kilobars) was usd and

total plastic work was repxtcd instead of crater depth, (Oher problem parameters were the same as in
the hard aluminum impact,) At 4, 8 and 16 microseconds the rot~l plastic work was 20%, 50%, and
95% of the final value when the flow was completely arrested. This again sugges’,s a time like 1S
microseconds for flow anest. Scaling this over to our copper impac~, by a calculation similar to that
detailui for the hard aluminum, gives a time of 16 microseconds for the copper impact.

We need also to know the average strain Occurnng in the plastically dcfom.ing material when the
c-rmer is fomw.d. Here bmh mmputational and experimental evidence (where targets thicker than about
two cmwr depths reacl much the same as semi-infinite targets subjcctd to the same projectile imp~t)
suggest tha~ the targel material within about one mtwr radius of the cmter is effective in arresting the
flow. For this material the swain field is a maximum, about 0.6 at the cram surface,, dropping to
essentially zero a crater depth into the ma[tial. A suitable average strain for this plastically defomning
material is atmut 0.2. (This value may be reliable only to aboul a fac[or of two. ) Dividing it by the
above ctater formation times of 23 microseconds and 16 microseconds implies average stnin rates of
0.86 x 104/sec and 1.25 x l@/sec. Hence we adopt a value of 1.0 x l@/sec as an average strain
rate in our 0.3 em comer imDact, recoenizir, ~ that this value in unceflain by a factor of two.
Surprisingly, pe~haps,’~is un~ertfinty i~tolcr~blc in present considerations
dependence of yield stress on strain rate.

1[ may be notrd that a more accurate detenination of this avcmge strain tate
of a hydrocodecomputationof ourcopperImpact.For this puq.me we sugges[

b;causc of the weak

couldbe made aspan

~ ~ WP(K,N) &(K,N)

G= ‘-K
~ ~ WP(K,N)
NK

where K is the ccl] number and N is the time step number, The fonmula gises an average strain rite,
averagul over all (Eulcnan) cells and all time steps, with each EP(K,N) weighted in proponicn [o the
arnoun! oi plastic work W’P(K,N) occu.mii,g in the ccl] duringthe~imestep.

V, Comparison of Resulfs With Recent Thcore(icnl Expectations

In Section ]1 wc saw tha: when the prc)je~tile mass was re.duccd by a factor 0,~ x 1012, [he cmler
volume was rduced not only by this fii~tor, as expected from size scaling, but by an additiontil factor
or 3,7,



In Section 111wc found, using a well-established empirical cormlat.ion, that the factor 3.7 crater
voluITk reduction would be causal by a yield stress increase by a factor of 4,7.

In Stztion IV wc used published computational results for the crater format-ion process, together
with the Sorensen cotmlat.ion formula, to establish that the avenge strain rate in the macro impact was
about1.0x l@/sec.Thismeansthattheaveragestrainratein our micro impact [which must be
greaterby a factorof(0.3x 1012x3.7j.333=1.03x l&] k about1.0xI@/sec.So itremains to
ask whether it is indeed reawnable to expect a factor 4.7 increase in the flow stress over this strain
late regime.

Any such estimates must be themetical because measurements have been limited to smain races
below about l(l%ec. Foxlunately, the properties of copper a[ exceedingly high strain rates has been
the subject of recent investigations by Follansbee, Kwks, Rollett and others. (See Refs 8 and 9 and
literature cited there.) In Fig. 4 the theoretical stress vers~- strain rate cume is reproduced (from Fig.
2 of Ref. 9 ) for a constant strain of 0.1. This srrain is taken to be an average strain ~uring the
cratcring flow, corresponding to the estimate made in Section II] that the average ~ strain is about
0.2. (Also the theoretical suesses were reduced by a factor of {3, , in accord with the von Mises ! ield
condition, because longitudinal yield stresses were used, whereas shear yield stresses are used
throughout [he present paper.)

Plot~ed also in Fi~, 4 arc cm.r two experimental uoints c = 1.385 kilobars at t% = I@ /see and
o = 6.5 kilobars at ‘~ = 108 Isec -
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Fig. 4. Shear yield stress u versus stmin rate for copper strained [o 0.1. ?lc theoretical cuwe is from
Ref. 9, [he results from Fig. 2 of the reference being re-pres.entd here in terms of shear yield stress at
a constant strain of 0,1,

The mos[ imponant conclusion to be drawn from the present comparison is [ha! both the theory
(Refs 8 and 9) and experiment are indicating a vcry substantial strain rate effec~ in copper in the
l@/SCC to l@/w strain raw regime, The experimental effect is somewhat the larger, the yield stress
increasing by a facmr of 4,7 as compared to 2,8 for the theoretical CUWC,In the theoretical modeHing9
this strain m[c effect has been ~!tributcd to a gradual uansiiion, as the st.min rate is incmasu!, from
thermally-activald toviscous-dr~g mntm!ld deformation.

The cxpctimcntal facmr of 4,7 depends upon only [he expenmcn[al volume ratio of 3,7 (Fig. 2)
and the Sorcn$cn correlation formula, and is estimated }mrc to bc reliable to 10% or less, (Xher
aspec[sof thecomp;trisonamdiwu~w.din thenc~fsection,



VI. Comments on Sources of Error

It was remarkul in Section IV that the estimate of the average strain rate in the macro impact was
uncetuin by a factor of about two. ln the Fig. 4 data plot khe experimental points are represented as
circles with diametem spanning a factor of four in the strain xate. It is readily apparent that a lateml
shift of the macro data point to either of tie extreme po~itions (causing an qual lateral shiftofthe
rnicmpoint)wouldhave only a very small effect on the comparison.

In SWtion V we estimatai an average saain in the crateri.ng flow to be 0.1. This stm.in was used to
select the appropriate constant-strain theoretical m-ve from Ref.(9). Had one used 0.05 or 0.2 instead
of 0.1, the comspond.ing average-strain theoretical cume, in the two cases, would be below or above
the macro experimental point and in somewhar poorer agreement with tiat point. Here, however, an
alternative inteqwetation is useful: The properties of cop~r at strain rates around l@/sec and below,
where test data and theoretical understanding have been in accord for years, car, be assumed known.
One t-hen selects thal particular constant-strain curve from Ref. (9) that causes a~eement with the
macro data point. ‘T’his constant-smin cu.me is the one for an average sm.in in the cratenng flow of
about 0.13, instead of our estimated value of 0.1 given above. (This migh;, in the present situation,
be a better way to estimate the average stin in the crateri.ng flow). In any even~ the theoretical stin
tate enhancement factor (taken to be 2,8 in the last pa.mgraph of SeC. V) is a weak function of which
constant-strain cume one uses and would not be substantially affected.

Finally, we rmall that the impacting spheres in the micro experiments are actually iron instead of
copper. In our comparison of the micro- and macro-events these iron projectiles are assumed to be
quivalent to copper projectiles of qual mass. This qual-mass assumption has been investigated
exlensive]y in test work and in computer studies7 and is found to be accurate for sufficiently high
velocities and/or density ratios sufficiently c]ose 10 uni~y. For the present application at 6 x
l@ c~sec, with iron and mpper projectiles, the matering effects on thick copper targets are expectul
to be essentially identical.

VII. Extension to Aluminum

The lBF data for aluminum target impacts exhibits essentially the same behavior as copper, i. e, the
mimo crater volumes are small by about a factor of 4, comesponding to a strain rate enhancement of
yield stress by n factor of 5.

Atten[ion heie has been focussal on copper because its constitutivr mmle]ling appears to be mom
advanced, but il seems likely that aluminum (another FCC metal) will exhibit similar behavior to
copper at highstrainrates’”,

VI. Conclusion

The classical laws of size scaling, as applied to the shock hydrodynamics of condensed media, have
been put lo severe test. The size reduction spans four orders of magnitude in length or time
dimensions, or 12 orders of magni~ude in extensive variables, such as comesponding masses or
Volumes.Tlmobsemcddepanurefrom exact scaling is by a factor of 3.7 in extensive variables, or by
1.5 in comesponding lengths or times.

The departure is atrnbuted to smin tatc enhancement of the flow stress in the copper targets. This
dramatic rise in flow stress at very high stmin rates had already been anticipated in the theoretical
literature.

Work in this area is of inlerest for several reasons:
1. It validates and/or refines classical shock-hyc@lynamic size scaling, and thus pertains direc[ly

to the irnpmanl engin~nng are-a Of scale tie] expcnrmntation,

2. For velocities above about 15 x 105 ctisec, the only precisely controlled hypervelocity
experiments have been perfomed, at Las Alamos and elsewhere, with electrostatically accelerate
micmpanicles, Ex

P
rimcntal data are available for velocities throughout the meteoroid veloci[y rmgc

(to about 70 x IO- crr~sec) and beyond, To understanrj this valuable data so~~~, and to be able to
scale it with confidence to Iargcr impacl events we need, as done here for Lupper, 10 quantify the
dcp~ures from exact siu xa.ling and amibu[e such deparlurc:, to appropriate material propeties,



3. Strain rafes attainablein rn.icrcp.nicle impacts extend the present&y test range by mom that rwo
orders of magnitude. The determination of material strengths at these cxcedingly high strain is of
obvious fundamental imponance.
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1NTRODUCTION

A small revolution, in our ability to perform mass measurements of light-mass. neutron-

rich nuclei has occurred during the last five years with the extension of the direct. total mass

measurement method to fast recoi]ing nuclei, TO date the work of two groups,me using tho

SPEG spectrometer at GANIL and the other using the TOF1 spectrometer at LAM1’F.has

yielded over 85 mass measurements of which 62 had not been reported previously. Extcnrlin~

from the neutron-halo nucleus llLi up to 6gFc.a regionrelevanttn tllc astr~physictilr-
promss,thesemeasurementshaveprovideda valuablefirstglimps{jilltutheint~rmtin~nllclpar
structureprrsentin mrmyof theseexoticnuclei.

Herein WP highlight the nuclear structure inkight which has bWII gained fr~m [IICW
mcasurcmcnts, csp~cially that learned from a comparison to recent sh~ll mode] calculations,

Attcnticm is given to: (1) the binding of loosely-bound n~utron halo nuclvi; (2) the N= 14--16
rc~ion in the neutron-rich isotopes of O, F, and Nc where the strong two-body inttvartion

play~ m importutt role; (3) the deformed intruder state region around 31 ?Ja of long standing

intermt; (4) the neutron-rich isotopes of sulfur and chlorine: arid (~) tll~ question of t hv

ismpirl~e~endence(or itldependcnre)Ofneutronand~rotonpairing~nl!rgi~~in tll~ fp ~llrll.
(IIIIY the briefest :ccount of this workran begivmthere; emphasis is”plaro on tlw most roc[’nt

rtwulls,

DINECT MASS MEASUREMENTS OF FAST RE(”OILS

An mentiotmd almvctwo ncpmratr grrmpn have pionmwrd nligiltly dificr~lit ~pltroarhr~

fr)rd~(erminin~the total maasof fmt rmnilingnurlei, In the mug lllrMllrpn\rntRl)sil~~tl)~
En?rgy-.l,r)mSpectrommwSP}X;I ‘a, a r(mll)in~dtwo-parametwdcterminati~nof vdorily
andmagneticrigidityiscarriedout, whilr at TOF14-f a single- paramctrr mmsur~mcnt of Ilw

ion’s time-of-flight through the ‘~im~-of. Flight Inochronrms ~poctrnlnrt~r nrrvm to M ormi no

the maao-to-chmr~e ratio of tltc imt, ~ and ~ id~lltifl(.nti[]ll~ wrrr ~htaln~~ ill l)[j(h apilroarlliw

flom ●dditional mcaaur~mmto of stopping powor, v~lt~clt~, tot~ kin~tlc on~rgy, and/or ran~~,

‘1’Iw SPEG experiments rrly on the concrmt tat im~ of projectile frqlll~ntatiml produrts *I

forward mglcs using 30.-100 MeV/u h~a , innhoanio,whiletlw TOFl moaaurrmcnt~Illilill’



fast ( 1-4\le\’/ll)recoils produced in hOO-\le\’ proton-induced target fra~mentation and

fission reactions. Given that a large variety of recoils are produced in these reac[ions and [hat

Lo[h methods have reasonably l~ge acceptances and are fast (with flight times typically of

1 us or less), both groups have been abie to make a wide range of systematic measurements

which extend far from the v~]ey Of ~–stability. Typlca] rnws resolutions for both approaches

are on the order of 3 x 10-4 with m~s mc~sllrcment accuracies ranginr from 70 kef’ to 1,6

\le\’ depending on counting statistics. For the most part, good agrcemc[]t belween these LWCI

ftit recoil methods h~ been found (SW Fig. 1 caption for noteworthy exceptions).

.1 convenient way of display ..~g the nucicar m~s surface without the complication of

the odd-even staggering due to neutron paring is to p]OL the m~ses in terms of two-

neutron separation energies (S2n ) versus neutron number. several interesting nuclear structure

features
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can be gleamed from such a plot (see Fig. 1 and the discussion that follov. s).
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example. the rms radius of the lut two neutrons is calculatrd12”1s 10 1}0anywhere froill ,5

to 12 f.m (i.e., roughly 2 to ~ ‘imes the size of the proton rms radius) depending on which

9c~s14 have been performed formodel is used. To date three m~s measurements ‘lLi viclding
S?. values of 190 (11O), ~20 (120) and 3~0 (50) keV, respectively. The resulling U’eighted

average is 315 (-t3) keV. Given that the size of the neutron halo is extremely sensitive lo t!~e

Szn value. additional higher precision measurements are n~dcd to further constrain and test

the validity ofthesemodels.

Other ~eutron-halo candidates worthy of attention arc those of 19D and ?lC which have
been observed to be partic]estable, but for which nr~ mass determinations have been possible

~ yet due to their small production cross Wctions (roughly two orders of magnitude smaller

than “B and 20C). Using the latest S1)EG and TOF1 masses,thetransverseGarvey-Kelson

mass rclationship15 predicts S2n values for ‘9B and 22C to be 360 and 110 iicV, respective]}.
As such these nuclei should have neutron halos which are similar, if not larger, than that

of 11 Li. Intensity and acceptance upgrades now being planned or built at several research

facilities are Iikcly to make the first rneasurernent O( such rare species possible.

ReturningtoFig.1,one prominent feature evident in this p!ot is the rapid S2n fa]loff

that occurs after N=S which is then fo]]owed by a much s]ower decrease in S2. val~es ~ftw

N= 10. This behavior is characteristic of a she]] ~]osure, in this cas~ the completion of the p

shell. Similar features, although ]ess dramat!c and not fu]ly dc]incated here due to Iinlita[ions

in the vertical tis (i.e., severaJ neutron-deficient isotopes have been cxc]uded ), are observed

for the sd shell clesure at N=20 and the completion of the 0fy/2 subsh~]] at ~ =1s. Analogous
to the ]atter case, one might expecttoSeeasuddentransitionintheSzntrc~doccurring at

N= 14 due to the completionoftheod5/2subsh~l].}{~~e~rr,M is~Vidontintheneutron-rich

isotopes of O, F, and ,Ne, this transition occurs at S = IS, not N=].I. TIIc explanation of

this effect came out of a det&led comparison to the Stlell rrrod~]c~cu]ations of \Vi]dcnthal

et a.l.’” whose predictions, in contr~t to most oth~r m~s modc]s, wcr~ round 10 rrprmlllcr

the observed Szn trend in this reg:an e.xtr~mc]y we]]. In t]leso ~~culations the single-partirlv

rnergy spacing between the od5/2 and 1s1/2 levels is fairly small (s0,9 \lc\’), so the strcmg 5:,,

dcrrcasc okrvcd in going from N= 15 and N= 16 r~ru]ts primarilyfroll~ tllc interplay of IW~)-

body interactions. in this case the strongly attractive [Odhiz-Od$l:]J=O (*3 llc~-) irltcracliorl
is dominant. At N=14 and N=15 the contribution made by this Od%/: hl~il intcrarlion IO

the calrulatcd S2n value is sizable, while at N=I(j its cffpct is minimal. ]n a strong s~jnw IIIIS

WrNk has pr~vide~arh~~]~npjn~testofthes]lO]~[IICI~t~litll~v~rifi~,~LIIIIIwo -I)o(ly interar[if)rl

cncrgics rdwant to this region.



As can 1,1 <ten in Fig. 1.an up-to-date view of the 31-3JSa region no lon~cr shows a

dramatic S2~ upturn only a small increase, while the adjacent isotopes of Se and Ilg exhibit

a slowly decre~sing Szn trend. lIowever. evidence of enhanced binding in these nuclei is

still indicated. These enhancements can be seen better in Fig. 2 where we contrimt the

experimental masses to recent shell mode] calculations, Concentrating on the solid line. i.e.,

the comparison to the normaJ OLJ calculations of W’i]denthal et al.16 and Warburton et al.19.

a large deficiency in binding (2-3 \le V) is predicted in the X=20-21 isotones of Xe. >a.

and llg. By including t.vo partic]e-twa hole neutror, excitations from the sd she]] to the fp

shell, sowalled 2h~’ excitations, \Varburton et al. ]g hu shown in the limit of weak coupling

that increased binding in the~ nuc]ei occurs. In part~cu]ar, a deformed intru ier sta[e which

is dominated by neutron (fp)2-(sd)-2 configurations iS found to be more bound (by il. -l to

1.1 \le\:) than the ]owest Ob state in the ]oc~ized Z=10-12, N=20-22 region. \loreover,

\Varburton et al. go on to show t]lat the lowest lb state in the odd neutron X=21,23 isotones

competes with the lowest 2L state as being the nlost bound state.

Other shell model calculations have been performed by Poves and F?etamosa20 in the

limit of (O+2)liJ mixing. Even better agreement is noted in Fig. 2. however, there is

considerable debate as to the validity of these calculations. For example, this calcll~ation

could suffer from the exclusion of 4?UJ and higher order excitations wtlich are known~l to

strongly mix with 0+21u configurations causing a binding energy shift in the ground state.

Xc 1P the less, both approaches result in the same basic finding - that a deformed intruder

stat~ is more bound than the lowest Ohd state giving rise to enhanced binding of Z= IO-12.
S=20-22nuc]ci.Giventhe~,ery]Oca]iz,cdnatureOfthisStrGrlg]ypro]atcdeformedregionand
therichnuclearspectroscopy that these nllclei promise, additiona] investi~ations are clearly

nccdcd.
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Z=16-26XE[-lROS-RI(.’l[Y[”(-’I.EI

.~s is noted in Fig. 1 several new mass measurements have reren[ly btvn r{~portml i n

I he heavier nuclei bv theTOF1 group4.5. Two major features are worth mcntioninq lt~>r(’

one is a sh~ll rilodel comparison to several neutron-rich S and Cl isotopes and [IILI st’cond is

the neutron and prOton p~~rin~ energi~.; for ~ev~r,~ ~=~ l-~(j isotop~~s. ( ‘I)nrcrnillg the Iirsl

topic. remarkably good agreement ( IIIIS (ii~via[ion=-. ‘Jq~ k(>~”) l)t~tt~cwn []le o.xperim{~n[?d lll~sa {Ji
.10-43s ~n~ 41-45~1 ~lLd ttlos~ pre({ic[(, (] I)v [hp rpla[i~oly ros[ric[lvo .?()(j,ll~ Izof;/: =111’!l lIl(J(lI’~

calculations of IIsiuh et al.:l WiM fo’.lnd. This aqwmen[ ronlirms the g~’noral ohsrrvalill!l IiI:I~

ill tllo middle of both proton and neutron shells tho slIL~l] III()(]el wwrks ([uiLi* wwll [IVCII ~(it Ilili

;L Iinlilod basis space. while near 5110]] C]OSilrf’S proh]flrlls {)(1(*11dIIvOII)p if I 1111ll;t~i~ >p;LI.1, ih I,,JI

large enough to include importitnt cross-shell contributions.

Finally. We would iikc to turn yr)ur attent inn to pairing cncr~im and tho (Iursrioll (] I lll~,ir

J of pairing cnmgy systonlatics has rovwilod ;III ;Ll)l)arl’liliso~pin depen(iencc. :\n evaluation::i~’
. .

!Icutron t’.ycess ((.\ -Z)/.\) depend(~nce In both neutron (Jm) and prolon (~~,) p,alrl[lu fImIrXI,I>.
. .

IIowevcr. we suspect that the obscrvm] (1[’p(’nclencc could ;irise from [he ll~ltural c~~rrt’l;ltil,ll

of pairing enerqv with mass nun~her rather than wi[ h 11{.u[ron- ~~.xcl,sssinco I hv III;I>SI’S IIW’11
in the evaluation rov~red a large m,ass range and that their fits whc’rc tlomilla[i’(1 I)y I11(131L

Iluclci lying along I.he valley of A-slat)ility (i.e., t h~ average neut ron--~’xrms iIn(] lnas~ ill]rl]i~l,r

:Irc strongly rorrclated along stability). Jloreover, the rcccnl pairing {’nrrgy stu(ly I)y Yliill{,r

JIId .Yix.4 finds that no inher~nt ncutrun +XCCSS dV1)e II CIenm in the pairing illtrrwt!oll it~l,l!’

is rrvluirod. To experimentally mswcrs this question a Ior-alizcd test of pitiri[]g on(lr~i~’s ill ~1

Iilllitml .+ region which covers ii wl,lt~ range of nmltrf)n--oxcess is ncmlml. f ;ivml tho *I njn~
incrriasr in binding cner~y per nuclmn and lhe individual charac[or of light nurloi. lhc’ lirsl

rcgior. where such a test could he mad~l is in tttc fp shc]l. Tl)us w hii~t~ applir(l l)llr lJttIs[

.5 ,0 ,,y~~l]i[lil;g [II(I 11(1111roll ~’x(’(’<<n,ass measurements of neutron –rir!) OfT/2 subshel] nuclr~ .
dependence of pairing energies isev Fig. ”J).
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.Ilthouuh Ihere is a considerahlr amount of scattrr ill [}10 data iiIIJ LIIII Ia[I~~I measllr~-

mcnts have !arcm error bars than are desirrd. the data sl)t}w rcmsidcrahly ICSS neu[ron oxce+~

dep~n(ience than that obtained by Jensen FL al.z3. (\ote that we are not so conccrnt’d with

the Gffsc: difference. but rather the siopes of these fits. ) in particular. for the neutron pairing

energies the neutrnnaxcess dependence is Yough]y h~f as ]arge as that of Jensen et al. while

the proton pairing energies are one quarter as ]arg~. llor~ to the point, in the case of proton

pairing energies no neutron-excess depenrfence at all is indicaled at the la level. Clearly

additional measurements Of this type and further theoretical eflorts are needed to cliclt the

underlying nature of nuclear pairing interactions and to show to which degree they arc iso~pin

dcpcnrfcnt.
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Direct Spaciation of M@tal and Matalloid Ions by Optical
S~ctroacopiom

C. Drew Tait, David R. Janecky, David L. Clark, Scott A.
Ekberg, Paul R. Dixon, John A. Musgrave; Isotope and
Nuclear Chemistry Division, Los Alamos National
Laboratory, Los Alamos, NM 87545

Philip C. Bennett; Department of Geological Sciences,
University of Texas, Austin, TX 78713

Chemical interactions between dissolved organics and
mineral surfaces have been increasingly the focus ~f
investigations of diagenetic processes in sedimentary basins
and in oil fields. These interactions can significantly
influence the release, sequestering and transport of metals
in low- to moderate-temperature hydrothermal ore systems
such as the Mississippi Valley Type (MVT) deposits, ~nd be a
critical component of creation, destruction and
reorganization of permeability through complex formation
with the metalloids Si and Al. Our recent efforts have
concentrated on organic-metalloid interactions because of
their importance in rock alteration/weathering and in
primary and enhanced oil recovery (EOR) processes.

Molecular level spectroscopic investigations of
organic/inorganic interactions provide important new
information on sedimentary geochemistry through the
identificatioll of interactions over moderate temperature and
pH ranges. Although the official title of this project
indicates the use of only optical spectroscopes, a

58~i:;:i?y
of Uv/Vis/IR absoption, Raman scattering, and

C nuclear magnetic resonance (NMR) experiments
are actually employed. A major advantage of integrating
spectroscopic results with diagenesis studies is the ability

to directly examine the mechanisms of interactions, even in
complex matrices and with competing processes. Furthermore,
we are extending these techniques to probe fluid inclusions
with micro Raman and luminescence techniques to directly
compare laboratory results with natural reservoir systems.

The mobility and transport of silica in natural wat~rs
has been a subject of debate for over a century (JULIEN,
1879; ILER, 1979). Field studies have found direct
correlations between dissolved organic carbon (DOC) and
dissolved silica in soil pore waters (CHESWORTH and MACIAS-
VASQUEZ, 1985; WILLIAMS et al,, 1985), lake and marine
sediment pore waters ~ASTON, 1983), shale pore waters
(LERMAN, 1979), oil field formation waters (SURDIW et al,,
1084), and oil-contaminated shallow groundwater (13ENNETTand
SIEGEL, 1987), This latter field ctudy was especially
important because it also correlated quartz etching under
neutral pHs with DOC concentration, Therefore, matrix-
destroying complexation of ot.heK ro:k-f]rming c~t~,onic



constituents, especially Al, could not be invoked. The
DOC’S implicated in these correlations consist primarily of
complex organic acids, including aromatic, keto- and
hydroxy-acids, and other partially oxidized carbon species
(AIKEN, 1987;BAEDECKER et al., 1987). Enhanced silicon
mobility is thought to involve either an increase in proton
availability from these acids or significant organo-silica
interactions.

Decreased pH due to organic acids cannot account for
the increased silicon mobility and quartz etching found in
the near neutral (pH=6 to 7) oil-contaminated groundwater
site near Bemidji, MN (BENNETT and SIEGEL, 1987), thereby
implicating organo-silica interactions. ThesQ interactions
may include hydrogen bonded charge transfer complexes as
well as covalently bonded structures (ILER, 1979) , although
reliable direct evidence of these interactions is rare
(FARMER, 1986; EVANS et al., 1990). Laboratory work by
BENNETT et al. (1968) and BENNETT (1991) show that only
poiy-functional organic acids increase the dissolution rate
of quartz and the final volubility of the mobilized silicon,
so our studies have primarily focused on oxalate and citrate
anions. Oxalate is the simplest difunctional acid anion and
is also found naturally in concentrate.ons of up to 3 .mM in
oil field brines (KHAIU.KAet al., 1984, 1987), while citrace
is produced in s~gnificant quantities biologically and can
exist in local environments, especially in soils near rock-
weathering fungi. Furthermore, citrate is more ac:tive in
mobilizing silica than oxalate (BENNETT et al., 1988) .
Other naturally occurring acids such as fulvic and humic
acids are also implicated in silicon mobilization, but are
too complex for these initial spectroscopic studies.

In a previous paper, Raman scattering and infrared
absorption experiments purported to show spectroscopic
evidence for a strong, covalently bonded silicon ester
formed between oxalate and silicic acid (soluble silicon
scurce) (MARLEY et al., 1989) . As these experiments were
only done at room temperature and at neutral pH, we decided
to pursue them to examine the range of conditions in which
this siliccn ester could be A diagnostic

‘xp~~~~dq~~a~o~~~ IR active ardvibrational peak at 1305 cm- ,
attributed tu v -

i?
.s~ (MARLEY et al., 1989), was used as the

ester m~rker, h s marker was observed in the IR when 4 <
pH < 12, and also showed no dissociation to at least 125°C.
In fact, the spectrum was qualitatively unchanged to 175°C,
but leakage from the cell precluded any quantitative
conclusions . This temperature stability was considered
especially important because organics in oil field brines
and sedimentary basins in geceral exist between 85 and 200°C
(i.e. between the temperatures at which orqanic-cor,suming
b~’qsare significant and at which the organics decarboxylate
- KHARAKA et al., 1984, 1987). Furthermore, this is also

the temperature range of MVT deposit formation, However,



13C NC4R studies performed to corroborate the bidentate
nature of t

?5
oxalate interaction with silicon did not

revealed a C chemical shift between pure oxalate and
oxalate,’.ilicic acid solutions (Figure 1), implying that any

complexation must be below the NMR detection limit.
Subsequent IR and Raman control e~periments invol ing
oxalate-only solutions also detected the 1305 cm-Y “marker”
peak (Figure 1). Moreover, when we went back to the
original paper (MARLEY et al., 1989), we discovered that the
published control experiments involved oxalic acid rather
than oxalate! Our experiments to determine the erlvironment
under which a silicon ester could exist instead turn into
experiments that show where no detectable ester (or any
other covalently bound Si-oxalate) is observed. Because
silicon oxalate ester bond formation may be expected to
strengthen at higher temperatures (see A1-oxalate data
below), the negative findings from elevated temperature
experiments are nonetheless a significant contribution.

In order to improve our detection limit to see if any
significant~90:ganic -silicon interaction can occur, we have
turned to S1 NMR experiments. These experiments probe the
chemical environment of the Si atom rather than the organic
carbons, and hence allow us to try to push the equilibrium
toward complex formation by9.,sinq excess organic species.

Y5:;;;’=&;:; ‘O1uti’ns ‘f
S1 (introduced as enriched

the concentration that would result in
dimerlzation / polymerization) and oxalate/citrate ligands
were allowed to sit at room temperature for two months.
Figure 2 shows the room temperature spectra for 2 mM Si
alone and with 50 MM citrate or oxalate. No obviaus new
peak appears in the organic containing solutions, although a
small hump ~,ossibly appears at --50 ppm in the oxalate
spectrum. Therefore, r,o definitive evidence for a silicon
ester is found, either because it is below the detect!.on
limit of the spectrometer, close to the detection limit (if
the -50 ppm peak is real), or it is buried under the host Si
peak at -116 ppm. However, tnese experiments are
continuing, and, because they are new and an
interpretational database has not yet been established, no
final conclusions car,~?~~tbe drdwr, fKOIrI them . A stiiking
feature of tho sp~c’.ra is the broadness of th~ parent Si
peak (21 ppm or 1?46 Hz), indicating exchange of the
deuterium on Si(0D)4 and D O solv~nt, where D20 was used to

iprovide an NMR signal “1OC “ to eliminate any signal drift
problem. Because the broad signal implies either
intermediate exchange kinetics or multiple species ~dimers,
trlmers, etc.) wit.tl~nresol’~ed peaks, the Lemperatule was
both incteased (52’~C)and decreased in an effort to narrow
the signal by entering the slow or fast exchrnge regimes.
Furthermore, the Si(OD)4/D20 sample has also b~en diluted by

a factor of 10 with I{2C) to try to e~iminate the possibility
that dimers/polymer~ contribute to the peak broadness. Not.
all of this data has beer~ analyzed yet. However, the fat”t



that 200 ~ Si species can be observed with NMR is
remarkable as it is a directly relevant environmental
concentration. For example, [Si] in the Rio Grande reaches
concentrations of 320 :U1.

Besides silic~n(IV), alum:num(III) is another major
cationic constituent of rock ~-J soil matrices. Aluminum is
known to form multiligand complekes with oxalate at room
temperature (BOTTARI and CIAVATTA, 1968; SJOBERG and OHMAN,
1985; THOMAS et al., 1991). In fact, oxalate solutions can
leach aluminum from the relatively insoluble solid A103 by
stirring a slurrey with sodium oxalate a“. near neutra f PH’S
(between 5 and 8). Aluminum-oxalate peaks are found in both
IR and Raman spectra. Besides increasing the weathering of
silicate minerals and consequently affecting geochemical
cycles, biochemical cycles may also be affected by the
simultaneous liberation of toxic Al and nutrients such as
Fe, Ca, K, and Mg from mineral matrices (SJOBERG and OHMAN,
1985).

The effects of Al complexation by oxalate are easily
followed spectroscopically, in contrast to the difficulty
presented by Si complexation described above. Specifically,
we have initiated experiments to determine the temperature
depender.ce of A1-oxalate species, particularly to the
moderate temperature regime relevant to sedimentary basins.
As a pre-requisite, we first had co determine the
spectroscopic signatures of the individual Ai(ox)ri3-2n

species . This process has been aided by previous room
temperature speciation studies, mostly based on
potentiometric results, which defined experimental
conditions domicated by different corr,plexes. Figure 3 shows
the results of modifying the A1/oxalate ratio on the
spectra. Since che log of the step-wise ass ciation
constants for Al (ox)+, A1(ox) 2-, and Al (OX)39- are 6.0, 5.0,
and 4.0 respectively (BOTTARI-~nd CIAVATTA , 1968; SJOBERG
and OHMAN, 1985), the 1428 cm peak seen to dom’nate at
oxalate/Al ratios >

?
3-can be assigned tG A1(ox)3- I while

the peak at 1408 cm- fan be assiqnf~ to A1(ox)2 . A peak
associated with Al(ox) can not be definitely assigned,
either because it is weak or buried beneath ocher peaks.
The assigned peaks represent coordinated oxalate vibratio~s
(major contributions from C-O and C-C stretches) with
different force constants due tc~Al complexation. Peak
assignments are also consistent with changes in oxalate
availability as a function of pH (SJOBERG and OHMAN, 1985) .

The major solution effect of increasing temperature is
the decrease in solvent dielectric constant (BRIMHALL and
CP\ERAR, 1987; SEWARD, 1984) , Highly charged species are
therefore destabilized relative to lower ch~rged ones, and
stability constants change EC reflect this. Therefore, when
conditions were set for equal concer,trations of Al (ox)33-
and Al(ox)2- at room temperature, we expected an increase ir~



tempera ure to lower the concentration of the highly charged
A1(ox)3 5 - species. However, Figure 4 shows no change in the
populations of the two species, +mplying an increase in the
association constant for A1(ox)3 ‘. This is even more
remarkable when the lower availability of oxalate is taken
into account in this pH=3 solution, as logk

8
for oxalic acid

increases from -4.29 at 25°C to -4.42 at 50 C and -4.69 at
800C. Therefore, our emphasis has shifted to competition
studies for oxalate as temperature is changed. For
sedimentary basin geochemistry, a competing cation such as
zinc, calcium, or iron could be tried. The oxalates of the
first two, however, are not soluble enough for spectroscopic
examination, so we will continue our experiments with
Al(III) and Fe(III) competition for oxalate.

With enhanced understanding of rock matrix - organic
interactions and spectral signatures of these interactions
provided by the laboratory analogue studies, we intend to
pursue investigations of organic species in fluid inclusions
in sedimentary basins such as the oil-producing Austin
Chalk. Geochemical issues of importance include thermal
maturation and porosity of the surrounding rock matrix,
petroleum migration history, and interactions of enhanced
oil recovery (EOR) techniques. Fluid inclusions allow us to
study these issues because they preserve the paleo-chemistry
of the fluids that led to oil field development and contain
the well-equilibrated fluid/mineral surface environment that
is needed to predict the effects of EOR techniques. A range
of temperatures is also readily accessible. Toward this
end, we are acquiring a Raman microprobe accessory to allow
examination of the vibrational fingerprints of organic
species in inclusions down to 5 microns in size, and also
the monochromar.or attachments for a UV adapted microscope to
allow us to use synchronously scanned fluorescence. This
latter technique has recently been used with macroscopic
samples to add molecular specificity to sensitive
luminescence measurements (PHARR et al. 1991; PHARR, 1991;
CABANISS, 1991), and will be adapted here to microscopic
measurements ~-o probe the organics in fluid inclusions. The
combined application of Raman microprobe and fluorescence
will provide important cross checks. Demonstration of
microscopic s:ale results will allow investigations of a
diverse range of problems, including paleochemistry /
paleoclimate of Yucca Mountain and ore-deposits in
geothermal systems such as Carlin type gold deposits with
organic-rich fluid inclusions (Jeff Hulen, Univ. of Utah,
personal communication). Note that organics are
unexpectedly present and largely ignored components in some
geothermal systems such as the Vanes Caldera drillcore
fluid inclusions (MUSGRAVE and NORMAN, 1991; MUSGRAVE et al.
1991). Organic species are also often djs~ussed but little
quantified in many other systems, partir;ularly with respect
to potential coupled interactionfi with metals and metalloids
which are direct applications c! this work.
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FIGURE CAPTIONS

l.(a) FTIR spectrum of a sodium oxalate / silicic acid
mixture at neutral pH and the corresponding ‘pectrum of
sodium oxalate with no added sil’con (inset, on different
horizontal scale) . The 1308 cm-i peak is therefore not
diagnostic of silicon ester formation as concluded by MARLEY
e?.al. (1989). (b) Carbon-13 FT-NMR spec~rum of a sodium
oxaiate / silicic acid mixture at neutral pD and the
corresponding spectrum of sodium oxalate with no added
silicon. (Secause the spectra were obtained in D20 to
provide a frequency lock from deuterium to prevent frequency
drift, pD is !~oted rather than pH) . Tl~eidentical chemical
shifts argue for identical chemical environments for the
oxalate carbons - namely, one not involved in a strong
covalent bond witn the silicon compound.

2. Room temperature “29
2*
‘ NMR spectra of (from bottom

spectrum to top) 2 mM SI(OD)4 (from an enriched 97% 2gSi02
q~l~con source) with no organic ligand (PD=6.7), 2 MM

S (OD)4 / 50 mM sodium citrate (pD=7.4), and 2 mM
2gSi(OD)4 / 50 mM sodium oxalate (pD=7.4). Note that the
spectra were taken in D20 to provide a frequency lock to
prevent signal drift, and that neutral D O has a pD of 7.5.
For our 250 MHz spectrometer, we used a ?O psec pulsewidth
(180° pulsewidth measurement for Si(OD)4 was determined to
be 43 gsec), a relaxation time of 90 seconds (T for silicon
is notoriously long), and an acquisition time o i 0.82 sec.
The lack of significant spectral change, despite the excess
organic ligandl demonstrates the weakness (or extremely slow
kinetics) of any chemical reaction between the silicic acid
and organic bases.

3. Raman vibra ional spectra from solutions of different
5A13+ / oxal.ate - concentration ratios at near neutral pH.

Note that at near neutral pH, there is considerable
precipitation for the (1:1) and (1:2) samples, as well as
the presence of other A1-oxalat.e species such as
A12(OH) (OX)2 and A13(OH) 3(0x)3 (SJOBERG and OHM-N, 1985~1

8These a ditional species may be the cause of the 1449 cm



peak observ d only at the e concentration ratios.
-f -?

The peaks
at 1408 cm and 1429 cm are assig ed to oxalate
vibrations from A1(OX)2- and A1(OX)3 !l-respectively.

4. Te erature dependent Raman spectra for a solution of 20
mM AIY~ / 50 mM oxalate at pH=2. .

9
Under these conditions,

the ratio of A1(OX)2- to Al(Ox)
OHMAN, 1985). z

- ~~ 1 at 25°C (SJOBER~ and
Although the 142. cm peak from Al(Ox)31-

was expected to lose intensity relative to the 1408 cm
peak of Al(Ox)2- as the temperature was increased, the
spectra show a lack of change with temperature~ in icating

9that th third association constant (A1(OX)2- + OX - -->
Al (OX) 35-) actually in reases with temperature, despite the
high charge of Al(Ox)3 5- and the lower availability of
oxalate at higher temperatures.
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STANDARDIZED RADIO-LOGICAL HAZARD ANALYSIS
FOR A BROAD BASED OPERATIONAL SAFETY PROGRAM

W. Wadman 1111 and L. Andrews2
Health and Safety Division

Los Alamos National Iaboratoq (LANL)
Los Alamos, New Mexico

ARSTRACT

The Radiological Hazard Analysis (w) Pfanual provides a
methodology and detailed guidance for systematic analysis of
radiological hazards over a broad spectrum of program functions,
housed in a wide variety of facilities. Radiological programs
at LJWL include: research and experimentation: routine materials
operations; production; non-destmctive examination or testing;
isotope and machine produced radiations; chemistq; and

metallurgy. The RNA permits uniform evaluation of hazard types
over a range of several orders of magnitude of hazard severity.
The results are used to estimate risk, evaluate types and level
of resource allocations, identify deficiencies, and plan
corrective actions for safe workinq environments.

INTRODUCTION

Laboratories within the U.S. Department of Energy are undergoing
significant changes in the manner by wh lch they conduct
operations. Operational Health Physics groups are not an
exception. With budgetaq constraints becoming more severe,
staffing and resources strained or severely limited, methods had
to be devised to provide equal or better sewice in spite of the
hardships. Standardization of the methodology and consistency
of evaluating the types and levels of radlolqical hazards
involving several hundred projects in over 150 facilities,
spread over 43 square miles, was essential for the operational
Health Physics personnel. The Standardized Radiological Hazard
Analysis Manual was determined to be one of several practical
working tools for I{ealth Physicists in the field. The 300 page
manual starts with a detailed index from which an analysis plan
is constructed. Once in the field, the use of the manual index
provides ready access to guidance, assessment details, and forms
for other hazards or issues that were either unexpected or not
obvious during the initial assessment. The quidance contained
in the manual is detailed, but allows for independent input by
each Health physicist that uses it. The traininq on the use of
the RHA Manual emphasizes that the guidance should be used as a
tool to direct and focus analysis thought processes, but should
not limit the RHA performance to merely a check list task.

Data from t,he detailed Radiological Hazard Analysis report

sheets is subsequently input to a commercially available
relational database which is both an analysis tool and the
database for each and every facility for which a Radiological
Hazard Analysis has been perfomed.

Blank pages of forms and reports are obtained from stock to

replace those used from the binder to be ready for the next
facility analysis.



There are existing methodologies for risk assessments of
specific processes, and a few for niilti-function facilities.
The Nevada Operations Office of the DOE produced the 150 page
“Radiological Saf=ty Functional Appraisal and Program Review
Guide, ” in 1990. (Do90) This has direct application to DOE\NVO
facilities. It is based upon a radiol~ical environmental
program. A method for determining hazard classifications of DOE
facilities was developed at Battelle PNL (Lu91). The hazard
classification required a walkthrough by an inspection team of
persons with considerable expertise in the various disciplines.
More than one DOE Operations Office recpirecl the technique to be
used by operating contractors of DOE facilities, to determine
gross hazard classification values for their facilities. These
determinations were not sufficiently in-depth to provide the
level of detail LANL felt to be necessaq for our operational
hazard evaluations. The technique also did not provide useful
data regarding operational hazards routinely faced by facility
operations personnel, or health and safety support personnel.

The concept of the Standardized Radiological Hazard Analysis
Manual was originated by one of the authors (LA). With access
to a consultant with a bread spectrum of “hands-on” experience
in the field of Health Physics, Industrial Hyqiene, and

Radiological Environmental Monitoring Programs, the project was
undertaken.

The manual was conceived as a liqht-weight, notepad-sized
document with outline formatted “reminders” :or review while
doing field facility walk-throughs. The document is now about
300 single side printed paqes, maintained in a three inch thick
binder, and requires training in its use to provide familiarity
and a reasonable level @f surety that it will be used uniformly
by the trained staff.

Each type of radiological facility or operation was considered
as an independent unit during the drafting of the RHA Manual.
Details from obse~ations, physical measurements, radiological
measurements, locations Cf components, and similar pertinent
data, are called out in the text of each hazard analysis
section. In the initial draft, in bc?th the manual and the
software, each hazardous item was separate, as was each
mitigation process, and was conriidcued only for that room,
building, or process. Subsequently, common items, such as glove
boxes, filtrations, detection and alarm systems, were coded in
the relational database software. This sewed to provide morn
rapid input, reduction in errors, and consccwation of RAM and
storage required by tho comput~r program.

t{az~td levels, risk assessments and hazard mitiqatinq equipment
or engineered features are analyzed in the software. All values
obtained from the analyt.ic!al results, relate to hazards present
during normal operational circumstnnccs. No attempt has been
made to extend the analysis into accident scanarios. With the

availability of in~omation rcqardiny radionuclides, inventory
on hand, physical and/or chemical form, and details of fhe



monito::ing sys?ems, and ventilation systems, assessing limited
accident scenarios remains a possibility.

Each developmental iteration has only expanded the size of the
overall program, both software and Manual. Some future
consideration may be to purchase the relational database
“engine”, and write the specific RHA database applications
program. Several advantages would be, easier commercial or
public domain releases of the software component which could
save 50% of the RAM occupied by features that are not used from
the standard database product. Time savings could be realized
by having direct page access to pertinent input requirements,
rather than have to page through irrelevant subject matter to
arrive at the appropr-iate page for the next input.

TYPES OF FACILITIES INCLUDED

The RHA Manual is designed to be used to evaluate
hazards associated with the following programmatic

Research and Experimentation: explosion dynamics:

armor; criticality: weapons enhancement ;

radiological
Qlements :

armor, arlti-
controlled

thermonuclear reactions; free electron lasers,
Rcutine Operations: reactOr operatims; radioactive waste

management; weapons production related operations; weapons
testing operations; retirement storage operations,

Production: quality control; materials purity; lathe and milling
shop operations; purification: enrichment; weapons related
activities; medical aspects of LAFIPF operations; X-ray
crystallography confirmations,

Non-Destructive Examination or Testing: fixed X-Ray radiographic
facilities; fixed facility Van de Graaf radiography; high
speed x-ray of explosive events; portable radiographic unit
Safety; eddy current testing of radioactive materials:
magnaflux testing of radioactive materials; betatron narrow
beam, thick tarqet radiography,

Isotope Produced Radiat Is: calibrations; scaled source
radiography; activat~~ ~celerator component radiological
protection: heat source I dioloqical protccti~n; incidental
weapons component uxposure control ; weapons debris
analysis; reactor futel processing hot CC1l operations,

Machine Produced Radiation:-’. [m Alamos Meson Physics Facility;
IBF tandem Van de Gr&Hf; single stage Van de Graaf; free
electron laser; plasma focus devices; pulsed power
conversion; health ccntcr x-rays; neutron generator
facility; electron guns: ion implantation,

Chemistry: analytical ; alloy; quality control ; qilality
assurance; medical i sotope purification hot cell
operations,

Mctallurqy: analytical ; clcvclopmcntal; dcsiqn improvement;
stability improvement; yield improvement; induction
heatinq; laser isotope separation,

Transportation: On-site, inter-area, intra-area, fcr safety and
compliance with State and Federal shippinq requirements on
public roads,

Compliance Assessment: Confirm compliance with tlealth and Safety



requirements imposed by all applicable State, Federal
Agency requirements, laws, DOE Orders.

in the above 10 major areas, each of the 56 categories of
operation, project, or facility has its own set of RHA forms.
Each analysis must b= independent in-so-far that it is not a
component of a larger complex. If the latter is the case, the
RHA forms are grouped into a facility package. The results of
the full analysis of the units as a system will result in a
different hazard rating because of the concurrent and dependent
mode of operation.

CONCLUSIONS

Present operating facility inspections are performed with a
perspective focused on the problem of immediate ccncern. The
use of the RHA Manual will provide consistency for such
evaluations. Performing full facility radiological hazards
analyses will accomplish several objectives: Advance knowledge
of the facility’s or operation’s hazards; provide a global
perspec’:ive of concurrent but unrelated hazards of adjacent
operations: consistent or uniform approach to evaluations and
solutions; applications of “lessons learned”; greater confidence
to younger professionals in the Health Physics Groups; a cross-
training tool for professionals and technicians not familiar
with areas outside of their duty areas; a computerized database
with rapid access for rapid retrieval for the line organization,
security, fire, and emergency response teams. ‘IWO peripheral
uses of the RHA Manual may be:

1. The RHA may have usc as a formal tool during the drafting
of facility Safety Analysis Reports (SAR) and Updated
Safety Analysis Reports (USAR).

2. There may be some value in training the facility
supcnision to use the sy~tcm, to provide thcm with the
capability to perform more frequent reviews of their
facilities than can the limited staff of operational Health
Physicists. This is beneficial for the Laboratory through
the heightened awareness for radiological hazards in the
workplace.

1 Private Consultant to IANL. z IANL HS-12 Nealth Physicist
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