NOTICE

CERTAIN DATA
CONTAINED IN THIS
DOCUMENT MAY BE
DIFFICULT TO READ

IN MICROFICHE

PRODUCTS.



JON* = 410815 ==

LA-UR-91-3436

Issued: November 1991

Proceedings of the
PILAC Optics Workshop

August 12 - 13, 1991

gl W

Lors Alamios, Nabonal [aoneatory
Losc Alamioss, Mow Mosaca g0,

DISTIIBUTION OF THIS DOCUMENT I3 UNLIMITED


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


LA-UR—-91-34
LA-UR-91-3436 36

DE92 004653

Los Alamcs National Laboratory is operated by the University of California for the United States Depariment of Energy
uncer con‘ract W-7405-ENG-36.

Proceedings of the
PILAC Optics Workshop

August 12-13, 1991

LOS ALAMOS NATIONAL LABNRATORY

By acceptance of this article, the pubhisher recognizes that the |J.§ Government retains a nonexclusive, toyalty-free hcense to
pubiishy or reproduce the published form of this contribution, or 1o alfow othars to do 50, for U S. Government purpoties

he Los Alan os Nationat Laboratory requasts that the publisher identify this articie as work performed undet the auspices of the
L5 Depattiment ¢f Enargy.

Sy

Los Alamos Natiunal Laboratory, Los Alamos, NM 87845 e

MITED
DISTRIBUTION OF THIS DOGUMENT IS UNLIMITED
m ATEOTCD



This work was supported by the U.S. Department of Energy, Office of Energy Research.

These papers are printed as submitted by the authors,

An Affirmative Action/Equal Opportunity Employer

This report was prepared as an account of work sponsored by an agency of the United States
Govarnment. Neither the United States Government nor any agency thereol, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibiiity for the accuracy. completennss, or usefuiness of any information, apparaltus,
product, or process disclosed, or represents that its use would not infringe privately owned rights
Reference herein to any specific commercial product, process, or service by trade nam-e,
trademark, manufacturer, or otherwise, does not necessarly constitute or imply its endorsement,
recommendation, or favoring by the United States Governmant or any agenc thereo! The views
and opinions of authors expressed herein do not necessatily state or ruflect those of the United
Sratos Government ot any agency thereol,



LA-UR-91-3436

Issued: November 1991

Proceedings of the
PILAC Optics Workshop

August 12 - 13, 1991

= R [ oo sy o2n, oy Los Alamos National Laboratory
Lﬁ":’)S Adab TRLWESS Los Alamos. New Mexico 87745



CONTENTS - PROCEEDINGS OF THE PILAC

OPTICS WORKSHOP
August 12 & 13, 1991

PILAC Overview----ceccoscecmmcmcmncmmcincnnccncennmencnccncncacnccccaa. 3
H. Thiessen, MP-14

PILAC Injection Line--cssc-cccmcmmccccmcncmmcncncncecnncnconcecnnncacans 39
B. Blind, AT-3

PILAC General-Purpose Line Design-----c-cceremmmcocacocncncncen.. 54
N. Mao, MP-14

Program RAYTRACE---scccccmcmcammmmccncncncaccccncccnccncncacancan.as 82

H. Enge, Deutron, Inc.

Design & Performance of MRS----cecccccmmrccamcncicnccaccnnana... 119
R. Boudrie, MP-10

Program MOTER---caccccccccmcmmcccamntmmncecancoacccnanccnaccnan... 130
M. Klein, X-DO
Recent Upgrades of MOTER-«--creiccecmraaccncmcncacccntnnccnann.. 144

H. Butler, MP-14

Use of MOTER at Michigan State-----cc-ceccmcccccccmancnnccccnnn.. 169
J. Nolen, Michigan State University

Spectrometer Design at Michigan State------=cscccecccanncenne.... 183
A. Zeller, Michigan State University

Use of MOTER at CEBAF & Related ToplcS8----s-acmcamaccncancnnea. 201
J. Napolitano, CEBAF

TOSCA Calculations at CEBAF--c-scsacamcmmcccmmceciccnncncnannn-. 234
J. Lassiter, CEBAF



TOSCA Calculations for PILAC---c--mmccemmmmmccccccecrecniacceas 281
B. Weintraub, MP-8

Measurements of EPICS Quadrupoles---c---scececemececacncnaace-. 282
C. Morris, MP-10

Quadrupole Measurements and Analysis
at Bates Laboratory-------cc-mcecmmcecacorecaccncecacnennienacnenea. 292
J. Zumbro, Massachusetts Institute of Technology

Analysis of 3D Quadrupole Data-----cccscccccmcmmmncncacacacncnc... 314
J. Arrington, Abilene Christian University

Quadrupole 3D Fringe Fields -----cecccemecccvcnneccncacacccncnnanne. 331
(Theoretical Lecture)
K. Halbach, Lawrence Berkeley Laboratory

Analysis of 3D Field Data------cc-ccecmcmmmccammmcscccncocncccncnanen. 355
D. Lobb, University of Victoria

Anaiysis of Dipole Fringe Flelds----ceecccmmcccacacacncacncacncnnn.. 430
F. Neri, AT-3
Quadrupoles with Perfect N=2 Symmetry----c-c--cecececcmucacnan. 431

Pete Walstrom, AT-3

CEBAF 3uperconducting Cos (20) Quadrupol@-------ccecucaceen- 445
S. Nanda, CEBAF

Upgrades to TRANSPORT and TURTLE--csccaccrmmccmncncncncceen 484
D. Carey, Fermi National Accelerator Laboratory

Y Lo U S 515

MARVYLIE-cecmamarameceneeacacancmencaencmccacacccaccccnacccacnacancans 546
A. Dragt, University of Maryland



Optics using Differential Algebra---ecc-cemmecmrmmememrececciccenaa.
M. Berz, Michigan State University

A Possible Test cf Quad Optics Using EPICS---e-emememmemennnne-.
H. Thiessen, MP-14

Rapporteur--acc-cmecmcmmmcm e e e e
K. Brown. Stanford University



8:30-9:10
9:10 - 9:35
9:35- 10:00
10:00 - 10:30
10:30 - 11:00
11:00 - 11:30
11:30 - 11:45
11:45 - 12:00
12:00 - 1:00
1:00- 1:15
1:156-1:30
1:30 - 2:05

2:05 - 2:25
2:25- 2:45
2:45 - 3.00
3:00 - 3:30
3:30- 3:45

3:45 - 4:15
4:15-5:15

6:30 - 10:00

AGENDA
PILAC OPTICS WORKSHOP
LAMPF AUDITORIUM
MONDAY, AUGUST 12, 1991
Introduction
PILAC Injection Line Design
PILAC General-Purpose Line Design
COFFEE BREAK
Program RAYTRACE
Design & Performance of MRS
Program MOTER
Recent Upgrades of MOTER
LUNCH
Use of MOTER at Michigan State
Spectrometer Design at Michigan State

Use of MOTER at CEBAF & Related
Topics

TOSCA Calculations at CEBAF
TOSCA Calculations for PILAC
Measurements of EPICS Quadrupoles

COFFEE BREAK

Quadrupole Measurements and Analysis

at Bates Laboratory
Analysis of 3D Quadrupole Data

Quadrupole 3D Fringe Fields
(Theoretical Lecture #1 of 2)

Banquet and Discuscion Session at
Los Alamos Inn

H.A.Thiessen
B. Blind
N. Mao

H. Enge
R. Boudrie
M. Klein
H. Butler

J. Nolen
A. Zeller

J. Napolitano
J. Lassiter
B. Weintraub
C. Morris

J. Zumbro
J. Arrington

K. Halbach

Group



830-930

9:30 - 10:00
1000-1030
1030-1100
1100-11-30
11.30- 1200
12:00 - 1:00
1.00-1.30
130-290
200-230
230-300
3:00 - 3:30
330-345
345-430
430-500

PILAC OPTICS WORKSHOP

LAMPF AUDITORIUM
TUESDAY, AUGUST 13, 1991

Quadrupole 3D Fringa Fields
(Theoretical Lecture #2 of 2}

COFFEE BREAK

Analysis of 3D Field Data

Analysis of Dipole Fringe Fields
Quadrupoles with Perfect N=2 Symmerry
CEBAF Superconducting Cos (20) Quadrupole
LUNCH

Upgraaes to TRANSPORT and TURTLE
GIOS

MARYLIE

Cotics Using Differentia! Algebra

COFFEE BREAK

A Possible Test of Quaa Optics Using EPICS
Group Discussion

Rapporteur

K Halbach

D Lobb
F Nen
P Wailstrom

S. Nanda

D Carey

H Wollnik

A Dragt

M Berz

H A. Thiessen

K Brown



PILAC OVERVIEW



PILAC

Technical Summary and
Recent Developments

 an Overview Talk for
« PILAC Optics Meeting
- by
« Arch Thiessen
* 12 August, 1991
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Cohtents

* Why are we Here ?
- Charge to Workshop
 PILAC Reference Design Summary
- Physics
- PILAC Design
- LAMPF in 2001
- MOTER
« Construction, Measurement and Shimming of EPICS
« Summary
- Repeat Charge to Workshop




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 Modeis ?
- 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 Quadrupoles ?
« What Do We Do When The System Is Constructed 7
- Measurement Techniques
- Analysis of Measurements
- Shimming
- Adjustable Elements J
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Physics with Pions up to 1.1 GeV

- A-Hypernuclear Physics
- Accessed thru (i, K) Reaction at 920 MeV

« A-Nucleon Scattering
- A produced by (x,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 x* and =« reversed
- single- and double-charge exchange
- Rare Decays - for example:
- precision pion beta decay rate (0.1%)
* improved beam monitoring
*noeorpinPILAC beam !

-n—pu (CP violation)

* look for polarization of muons
- Of These. (n.K) is the Most Demanding.
hence Sets the Specifications for PILAC
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What PILAC Will Do
for Hypernuclear Physics

- ~
Ozr(x* K) at 10°

Cross Section Calculatior: by John Millener, BNL
Width Estimate by Arch Thiessen, Los Alamos
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- 36 Counts in the Weakest State in a 1-Day Run
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PILAC Concept

High High

2 mA : A Beam

Proton Intensity _Gradient , User

LgeMarnF ~—>Buncher > Pion ~ Pion _*ghgt"enn% ~PFacilities
Source Linac y




PILAC Conceptual Layout

New - 2’
High-Resolut'on gxnsutng Ml;is
Spectrometer pectrometer
New
Experimental
Area
Special-Purpose
Expenment
New High-Resolution
Pion Channel
IGckef-Basgd
~Sharing New General-Purpose
System Pion Channel
New Pion
Inect )
recton ine S Superconducting
‘\v Pion Linac
Proton —— T et s
Beam
Proton
Buncher
Area-A 2/21/91 HAT
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PILAC Specifications

- Injection Line
- 360 MeV (480 MeV/c) Fixed Energy
- Acceptance - +62mrad x +3.6mm x =3.5%
* 225 n mm-mrad
* 15 msr
* 7% dp/p
* Linac
- 360-1070 MeV (480-1200 MeV/c) Injection
- 225 n mm-mrad x 7%dp/p input @ 360 MeV
- 113 a mm-mrad x 1.5% dp/p output @ 920 MeV
- High Resoluticn Dispersed Line - for VHV Configuration
- 360-1070 MeV (480-1200 MeV/c)
- Acceptance 113 n mm-mrad x +0.75%
- 10* Momentum Resolution
- 5 mrad angular resolution
- 10°% x*/sec at 920 MeV
« General-Purpose Line - for MRS in HHH Configuration
- 200-1200 MeV/c
- Acceptance 225 pi mm-mrad x +1%
- Adj Bispersion 2-4 cm/% to match MRS
- 3 MeV fwhm at 920 MeV Including MRS
- Broad Range of Tuning in Achromatic Mode
- 10% x°/sec at 920 MeV
- Most Diffic ification
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How to Achieve High Yield ?

 Optimize Acceptance of Everything
- Every Element as Short as Possible
- to Minimize Decay Losses
« Use Best Available Techology for Everything

i T J




Yield (n* per second)

100

Cavity Gradient

(MeV/m)




" PILAC Linac Design

805-MHz PILAC: 360 to 920 MeV K.E.

(Highest output beam energy = 1070 MeV )

. Z1%Q= 256. ohm/m
7-Cek Cavity @L=05VP)

. | i ‘
! '.. - 013m
J H ;" —{_
fe—————— 1212m »].59m i'
- 1.86 m " i
Cavily-cavity
(Beta=0 9759 - KE.=500 MeV) ke 181010

. Quad
Cryostat With 5 Caviti
ry aviies Doublet

S T T

f&———— 931m -————-b{ 22m JQ—
11.53m >

(EApi=225 mm-TT unnor. Pole tip B=0.25T
at Bnac entrance) at 6.9 cm radius

Pion Linac: 9 Cryostat Units
v el el m ol el m )

le— 129 m ﬁ*.l
Total active length: 45 cavilies x 1272 =57.24m
E0T = 12.46 MeV/m

Survival fraction= 92%

95 wt).dwy
T

Coade 7
oab gk \

* Note:
Negligible Beam Loading

- Linac Changes 7/91
* 360 MeV Injection
° Fixed Injection Energy
* 45 Cavities
» 83 ps x 7% Acceptance

* 9.2% Pion Survival




L1

Scaling Up Cornell Technology

» Our Specification is
-12.5 MeV/m
-Q,=5 x10°
« Present Limit is Field Emission
» Heat Treatment Dramatically Reduces Field Emission

( _ a4
; ' Loose-Fitting ) Single-Ceh 1.5 GHz Tests at Cornell )
: 7" End Cap ;
o !‘ f‘ B Cirem Polish
6 B Heal-Treat
L]
o
Titanium F
Liner ° 17
2
£
Loose-Fitting z
Vacuum Shield 27
Loose-Fitting 0
End Cap 0 5 10 15 20 25 &)
""""""" ) Cavity Gradient (MeV/m
Heat Treatment Apparatus _ (evim) Y,
\ _/
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Zeto-Degree Pion Channel Layoﬁu

* Input/Output Phase Space 225 = mm-mrad

( N\
=
. \
A \
Sextupoles {
in |
Fica Quadrupolm‘__- |
Production Q! Q2 a o« | e !
Target - - !
= - »
N ,'
\
e |
(1} 05 10 | ]
me:ers I /
i !
!
S ll
-~
e Octupoles
in
0 [2 (H} - Quadrupoles
L - J

» 0° Production - 13 cm ATJ Graphite Target
- Acceptance - 10 Miilisteradians x 6.5 % dp/p
- Third-Orcer Geometric and Chromatic Aberrations Corrected

» 82% Transmission into 225 x mm-mrad
« Designed by Barbara Blind

a
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Possible Simultaneous

n* and = Injection Line

to PILAC

7
Pion

Production
Target
l

Beam Stop

j




PILAC High Resolution Dispersed

Pion Channel and Spectrometer

K

{.)Q Configurabon
Specrometer
(750 MeV/c)

(%) Configurabon
Spectrometer
(1200 MeV/c)

- 10 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
« Scattering angle Resolution - 5 mrad fwhm
- 20 keV per mrad for (n,K) on Carbon at 12 Degrees
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General-Purpose Pion Beam Line

~ p

_ Y,

- 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

\




Beam Sharing in PILAC

—

Kicker _ ]
(0.4 Tesla) Matching Section
D D H D D D I High-Resolution Line
50
|
b ———t i Achromatic Line
0 1 2 3 4 5

- Kicker-Based Beam-Sharing System
- Full-Aperture Slow Laminated-Iron Kicker
* Synchronized with Linac Energy & Sign Change
- by Rephasing of Cavities
* Switching Time 0.01 Sec
- Shares Available Beam and Duty Factor
* on ~ 0.1 sec time scale

- Compatible with Simultaneous n* and =" Injection




LAMPF in 1991

Area-A Beam

' Sto
H-  %|LAMPF 800 MeV Linac\-a»z:]%“? > Newhrinos

Vs \ Muons Isotope Production
e \ Radiation Damage
H-

PSR
\

|
LANSCE
\

F}‘ulsed
Neutrons




LAMPF in 2001 ?

ISL
Radioaciive PILAG

lon Beams _ 1-GeV
H- { //,Y PIO"S

(& FEL?)
Beam Stop
A \LAMPF 800 MeV Linac)——>=—>Isotope Production
A \ Radiation Damage
4 \ ATW (Accelerator
H ] Transmutation
Upgraded PSR of Waste)

\

4

Pulsed Lepton Source LANSCE
(Pulsed Muons )
and Neutrinos)

\

Pulsed
Neutrons




Possible Area-A Upgrade?
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Summary: PILAC vs. Competition

Pion Scattering from C'
2000 T o
! EPICS i
- High Energy (920 MeV) oo | J
- Optimizes (x*,K’) Yield _ ]
- High Resolution (~200 keV) - ﬂ | \
- 10x Better than Today S 7 T
- High Intensity (-10° x*/sec) 1
- 100x Better than Today 150 L ]
- Broad Range of Nuclear Physics 1
- Using Same Facility o R
- in Simultaneous Og.eration [ Exciation Energy (MeV)

- Cost Effective - Minimum Cost Access to (x*,K)
- PILAC Is RF Separator - Pion Beams of Unprecedented Purity
- _Unique - PILAC is Possible Only at LAMPF
- High Technology in All Elements
- High-Gradient Superconducting Linac
- Large-Aperture Superconducting Quads
- High-Field Superconducting Dipole
- High-Acceptance n*/n Injection Line




MOTER:

Morris Klein's Optimized Tracing of Enge's Rays

- RAYTRACE with Optimizer
- Very General Demand Definition
- Including Software Corrections
* and Measuring Errors
- MAPPOLE Element (ray trace from field map)
- Random Ray Generator and Apertures
- Human Cannot Bias Design by Incorrect Ray Pattern
-MOTER is Equivaient to TRANSPORT pius TURTLE
- Adding Cavity Element and Longitudinal Dynamics
- To Include Linac in Calculation




Limitation on PILAC Acceptance:
Aperture of First Injection Line
Magnet

- Entire Magnet will be in Vacuum System
- No Beam Pipe !

- 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“

PILAC

PILAC High Resoluticn
Dispersed Beam Line
QQQAMODMDMDMDM
(1200 MeV/c)

EFICS Beam Line
MDDMDDM
(400 MeV/c)
not to scale

(=, i) Configuration
PILAC Spectrometer
(750 MeV/c)

(x.x) Configuration
PILACSpectrometer
(1200 MeV/c)

{750 MeV/c)
not to scale

Ia




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 4™ Order Corrections
- Resolution Worsened ~20%
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Problems of PILAC
Beam Line and Spectrometer

« Spectrometer Dipole Must Go To 24 kiloGauss
- Put in 2-D Calulation of Field with large 4™ Order

* Resolution OK with 4" 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 4™ Order Corrections in Multipoles
» Accuracy of Field Representation in Multipoles

- Using "H. 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 and Hunter

at r=30cm

0.1 Tesla x 12 cm in each of 2 L umps

separated by 15 cm
Assume Field is pure n=6, m=0, hence

B, xy’
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

0.1 Tesla x12 cm <5 x 0.18 x20 cm
0.8 Tesla x40 cm 30 cm

There are 4 fringe fields acting coherently
~total Ay=4x6.75 =27mm

Ay =300 mm x =6.75mm
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MAPPOLE

 Rectangular Grid of Measurements on Midplane

« Contains All Harmonic Polynomials in x,y,z up to 5" order
- Each Polynomial is Solution of Laplace's Equation

« Can Use as Int=rpolating Polynomial or Least Squares Fit
- Depending on Number of Nearest Points Used

« Has Function To Cut Off Field
- To Simulate Shim on Field Clamp

 Checked by Generating Map Identical to RAYTRACE
- With Enge's Field Formula on Midplane

« External Version Used Three Planes of Maps
- Near Midplane and Near Poles

« PILAC Requires 10
- EPICS was 3x10™

] -
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The Disappointments
of MAPPOLE

- Computed Field Is Not Continuous In Plane of Pole Tip
» Cannot Reproduce Observed 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
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History of EPICS
Beam Line Shimming

« Use 15! Dipole in MAPPOLE
- Remaining Magnets as "DIPOLES"
« Shimmed Field Clamps
- Using Maximum Field (15 kG) Map
- Two lterations on Shims
« Then Work on Shimming from Maps of 2nd Magnet

- ... and 3r? and 4" Magnet
» Computational Results Not Very Satisfying
- Could Not Estimate Accuracy of Procedure
- Final Trimming with Tuning of Multipoles
- Using Elastic Scattering
- Shimming Procedure Probably Worked
- Minimum Currents in Multipoles at 15 kG
- Achieved Same Ballpark as Design Resolution
- But No Precision Check of Off-Midplane Optics
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History of EPICS Spectrometer

Tuneup

« Calculated 2™ and 3™ Order Software Corrections

- Using Available Dipole Man

- Integral Harmonic Data for Quads

* No Use of Fringe Field Information

» Calculated Software Corrections Did Not Work !

- Resolution Not Much Better Than 1st Order
 Determined Experimental Software Corrections

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

- Achieved Same Ballpark as Design Resolution
* Problem May Have Been Unknown Chamber Offsets

- Expansion Not Centered on Optic Axis
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What Must We Do Better
the Next Time ?

» Use End Fields of Quads ?

« Use 3-D Field Map for 1 Injection Line Quad ?
- and 3-D Calculation for Design Stage ?

- Use a Full 3-D Field Map of Dipoles ?
- and 3-D Calculation for Design Stage ?
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Summary: 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 Oniy as Good as Field Models
- Analyze 3-D Calculations and Measurements
- Compare Available Codes with Ernphasis on Field Models
- Can We Build Quads With Pure n=2 (including ends) ?
- Can We Use Entire Open Region of Quadrupoles ?
« What Do We Do When The System Is Constructed ?
- Measurement Techniques
- Analysis of Measurements
- Shimming
\ - Adjustable Elements s Alereess j




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



EARLY DECISIONS

e 805 MHz linac

e focusing elements immediately downstream of the target

RECENT DESIGN PARAMETERS
(TO JUNE 1991)

e 225 m-mm-mrad emittance

er=y=45mm,z =y =50 mrad for the input beam
e +3.3% momentum bite

e equivalent drift for the beamline of approximately 11 m
e transport of pions between 380 MeV and 530 MeV

e 0.5-m first drift



DEMONSTRATION OF A SUCCESSFUL
LINE

sextupoles

« Octupoles -
in

matching section quadrupoles



OUTPUT-BEAM PHASE-SPACE
PROJECTIONS

a b c

-0.0710 0.0m0 =0.0M ! -0.07 0070

=000
-0080 0000 -0080 0080 -0080 003

a) for beamline in linear approximation
b) for beamline without sextupoles and octupoles
c) for heamline with sextupoles and octupoles



PERFORMANCE

e with nonlinear correctors, 82.2% of pions are within transverse
acceptance of accelerator

e without rionlinear correctors, 56.5% of pions are within transverse
acceptance of accelerator

e beamline is 20.08 m long
e 50% of 380-MeV pions decay in transit

o thus: with (without) nonlinear elements, 41.1% (28.3%) of initial
pions are captured

e equivalent drift of beamline is 11.06 m for 380-MeV pions, 5.10 m
for 530-MeV pions

44
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PERFORMANCE

left bend

e 64.3% of pions are within transverse acceptance of accelerator
e beamline is 10.53 m long

¢ 31% of 380-MeV pions decay in transit

o thus: 44.4% of initial pions are captured

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

right bend

e 37.7% of pions are within transverse acceptance of accelerator
e beamline is 24.47 m long

® 57% of 380-MeV pions decay in transit

e thus: 16.2% of initial pions are captured

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

a0



OUTPUT-BEAM PHASE-SPACE
PROJECTIONS

-0.014 =0.014

-0.070 007 -04
0.01¢ 0.01¢ 0.08
.0.014 -0.014 -008
- 067 - -03
0040 0.040 0.040
040 0.000 0.040
-0 080 0.080 «0.080 0080 =0080

a) for left bei.d in linear approximation
b) for lef* bend with aberrations
¢) for left bend with aberrations



OUTPUT-BEAM PHASE-SPACE

PROJECTIONS

-0 0M ooro

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




PRESENT DESIGN PARAMETERS

e 225 m-mm-mrad emittance

ez =y=363mm,z =y =62mrad for the input beam
e +3.5% momentum bite

e transport of pions of 360 MeV

e 0.575-m first drift



PERFORMANCE WITH PRESENT
DESIGN PARAMETERS

left bend

e 49.2% of pions are within transverse acceptance of accelerator
e beamline is 11.62 m long

e 33% of 360-MeV pions decay in transit

e thus: 33.0% of initial pions are captured

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

right bend

e 19.0% of pions are within transverse acceptance of accelerator
¢ beamline is 25.74 m long

o 59% of 360-MeV pions decay in transit

o thus: 7.8% of initial pions are captured

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

o path-length difference correct for simultaneous acceleration of
360-MeV n* and 360-MeV 7~



FEATURES OF PRESENT
=t /7~ TRANSPORT SYSTEM

many constraints on geometry

e proton beam transport/dumping
e switching of polarities
e shielding

e 7~ -beam matching

left bend

e simple

e easy to tune. in practise

e transversely matched

e equivalent drift approximately right

e pion transmission as good as can be expected for a system with
the constraints imposed on this system

right bend

e complex

e hard to tune, in practise
e long

e transversely matched

e wrong equivalent drift

e very poor pion transmission
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HOW TO REMEDY THE SITUATION -1

WITH SIMILAR BENDS?

T

advantages

¢ both lines of similar quality
¢ no need tou switch polarities

e approximately erual equivalent drifts for improved longitudinal
match

e probably more n~ captured than with present system

disadvantages

o lines at least 16 m long, each
o probably fewer m+ captured than with present system



PILAC GENERAL-PURPOSE LINE
DESIGN



PILAC General-Purpose Beam Line

Naifeng Mao and Henry A. Thiessen
Los Alamos National Laboratory
MP-14, MS-H847
Los Alamos, NM 87545

August 12, 1991
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PURPOSE

PILAC, a pion linac facility is being proposed to
provide 1.07 GeV (1.2C GeV/c¢) piocns at LAMPF (Los
Alamos Meson Physics Facility)

The PILAC general-purpose beam 1line is being
designed to deliver these pions to experiments that
require either an achromatic beam on target o¢r a
dispersed beam while using the existing MRS (medium
resolution spectrometer)

This beam line will also serve as a pion injector
for a future linac extending the energy of PILAC to
1.6 GeV
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Existing MRS
High-Resolution Spectrometer
Spectrometer

Expermanta \\ NN

\\\\\ . .

\\\ \\\\\\\\\\\\\\\\\ Spemal'purpose
Experiments

Future Pion Linac

High-Resolution!
Pion Channel

Beam-Sharing
System —= Geneal-Purpose
Beam Line
Su%ercoadumng
LAMPE ion Linac
Proton — e
Beam Pion
— én;ect‘on
Proton eamline
uncher LAM

Area-A

Concept for PILAC facility at LAMPF
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LAYOUT

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

1t has twvo output ports: Port A (including Al & A2)
and Port B, to allow setup in one experimental cave
vhile operating into a second cave

It consists of a matching section (four quadrupoles),
a main bending and focusing section
(tvo dipoles, four quadrupoles
and one sextupole),
twvo post-fousing sections
(four quadrupol<s for each port)

It bends in horizontal plane, bending angles:
90 (5+40+45) deg. for Port A
0 (5+440-45) deg. for Port B

The distance (D) from the last quadrupole to
Port Al: 1.5m, Port A2: 3.5-4.5m, Port B: 1.5m



p.5

High-resolution beam line

Medium resolution
spectrometer

Port B
Post-focusing
section
Post-focusing
sectior
 ommes W e B s B e . _
e — — — v M

Main Bending and
focusing section

Matching section

Beam-sharing
system

e
T From PILAC

Port Al Port A2

General-purpose beam line

10 m
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High-resolution beam line

.‘- POl't B
Il')
Q24(1.0m, 15¢m) []
Q23(1.0m, 15¢cm) D 4 8 = =
e a8 a9
022(0.75m,15cm)E] . 5‘ g ¥
o
Q21(0.75m, 15¢m)[[] o)
S o8 o 3
. © © O O 1.5 2.5
B12(-45°,2.9m, == —— —_—
10 —
cx) B12(45°,2.9m, Port Al Port A2
10cm)
Q14(0.75m,10cm)

slit

Q12(0.75m, 10cm)
Q11(0.75m,10ca)
§$11(0.30m, 10cm)

B11(40*,2.9m,10cm)

Q04(0.75m, 10cn)

Q03(0.75m, 10cm)
Q02(0.75m,10cm)

Q01¢0.75m, 10¢cm)

KICK(5°,11.46m,7.5ca)

QL2 (0.36m,6.9cm)
QLY (0.36m,6.9cm)

From PILAC

Q13(0.75m, 10cm)

Dipole (bending angle, radius,
half-gap)
Multipole (length, half-aperture)

General-purpose beam line

w
|
o
-]

60




TWO MODES OF OPERATION

ACHROMATIC MODE

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 uweV, Port Al

DPISPERSED MODE

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

p.7



INPUT BEAM
Central momentum P=1.20 GeV/c (max.) 0.50 GeV/c (min.)
Momentum spread §=20.75 X +1.06 %
Phase space Axo=Ayo0=112.5 7mm mrad 225 7mm mrad
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REQUIREMENTS FOR OUTPUT BEAM
Achromatic mode, Max. momentum beam

Momentum 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 wvide range: 1.0, 1.5 and 2.0 cm

Large beam spot at Port A2, 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 /2

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

Area of phase space will not increase any more
than necessary
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REGUIREMENTS FOR OUTPUT BEAM
Dispersed mode, Max. momentum beam
(for use with the existing MRS)

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

Transfer matrix elements R26 and R12 adjustable
for correction of kinematic lire broadening
-5 = R26 = 5 mrad/%Z assumed in design

Narrow monochromatic beam spot: 0.2-0.4cm half
width, to provide a beam line resolution of 0.2%
For min. momentum beam, by a factor of /2

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

Field at pole tips of quadrupoles not higher than
7.5 kG (half-aperture of quadrupole i0 or 15 cm)

Half gaps of dipoles not larger than 10 cm

Distance from the last quadrupole to the target not
less than 1.5 m



METHOD AND PROCEDURE

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

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

WVhen changing the beam output port or/and the mode

of operation
the geometry of the beam line is unchangeable
only the field gradients of quadrupoles in the
beam line can be readjusted

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

p.12
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Bigh-resolution beam line

[—

i
-

Q14
Q13

slit

R12=0

Q1
s11 Rel.5 X

b QL2
b QL1

From LINAC
AXOuAyo=112.5 xmm mrad
6.‘0.75 x

[J Q21
[] Q22
f] 023
[J 024

Q12 p16e2.34 ca/X

Momentum selection

B

Port Al

R16=0

R26=0

21«0

c43<0
./;n-oé6‘70 ca
[o22=18.7 mrad
Jo33=0.67 cm
Jodd=22.6 arad

General-purpose beam line
Port Al

Achromatic mode

Small beam spot

Double waist

Run GPL494(2nd order)
Total length 34.37 =
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High-resolution beam line

J

B12

Ql4

13
slit Q

R12«0
Ql2 R16e2.32 cm/X
Q11 Rel.5 X

[] KICK

@ L2
@ oLl

" From LINAC
AxomAyo=112.5 ¥ mm mrad
6-10- 75 x

\<3§? 021
[] Q22
[[] 023
[]024

Momentum selection

Port Al
R16=0
R26=0
o210
c43-0
/m- 1-0| 1!5'
[o23=11.9, 7.8
o ’ ’
jm” 1-0' 105|
/m-1119' 7-8'
General-purpose beam line
Port Al
Achromatic mode
Tuneable beam spot
Double vaist
Run GPL495(2nd order)
Total length 34.37 m
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Momentum selecti

1]
=
-
a
©
-g -4 o~ [, ] -
o~ o~ ~ o~
s © © © o
= 3
Fz Port Al
7]
5 R16s0
= R26=0
1 Q13 Specified ellipses
N slit JeTe4.40 em
022=3.5 mrad
4:33-3.76 cm
R12<0
R1622.32 ca/X odd=3.2 mrndd
Rel.5 X AX=119 wam Era

Ay=119 x# am mrad
on

Genergl-purpose beaz line
Port Al

Achromatic mode
Specified phase space
for injection

Run GPL496(2nd order)

Total length 34.37 m

Axow=Ayow112.5 #mm mrad
6=20.75 X

® Qbi
CD QL | I— A )
“ From LINAC 0 Y 10 »
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GPL496(4), ACAROMATIC MODE,PORT A',POR INJECTION,2RD ORDER,AUG. & ,91
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GPL496(4),ACEROMATIC MODE,FORT A1l ,FOR INJECTION,2ND ORDER,AUG.
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p.20

-1}
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Bigh-resolution beam line

rICcx

QL2
QL1

From LINAC
Axo=Ayos112.5 » mmn mrad
8-*0-75 x

Port B R16=-2.0 cm/%X

R26=0

021=0

o430

R12=0.07 cm/mrad
oll«0.2]1 em (§«0.00%)

Jo33=0.88 cm

R=0.21 X

Jolla 1.53 cm  (§=10.75%)
[022=54.3 mrad

Jo33= 0.95 cm

/;11-13.0 mrad

4.0 cm/Y « R16 &« -2.0 cm/X
-5.0 mrad/X « R26 ¢« 5.0 mrad/X

General-purpose beam lin¢
Port B

Dispersed mode

Double vaist

Run GPL493(2nd order)

Total length 33.67 m
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GFNERAL-PURPOSE BEAM

LINE

Ax0=Ayo=112.5 ¥ mm mrad

J_t0.751
Port Al A 2 B
(D) (1.5m) | (3.5m-4.5m) (1.5m)
small 0.64cm*18.7mx(f)
beam spot 0.67cm*22.6mr(V)
tuneable 1.0,1.5,2.0cm
1.50ca*7.8ar(R)
beam spot 1.50ca*7.8ar (V)
Achroaatic
Mode L.
spucified 4.40cm*3.5ar(H)
phase space | 2t
R16=R26~0 (for injection)| ay-119xma ar
0210410
MNosentum
selection b-s.0m
. 2.20ca*5.4nr(H)
large beam spot 2. 70cm*5. 4mr (V)
R16-—2.0 C-/z
, -4.0 £ R16 « -2.0 cm/X R26= 0.0 or/X
Dispersed -5.0 ¢ R26 « 5.0 mr/X R1220.07 cm/mr
o210 R=0.21 %
Mode 2430 1.53cm*54.3mr (H)

0.95cm*13.0mr (V)

.24



GENERAL-PURPOSE BEAM LINE

Ax( =Ay)=225 xmm mrad

§=11.06X
Port Al A 2 B
small 1.17cm#*21.0ur(H)
bean spot 1-23CI*23-3.I(V)
runeable 1.4,2.0,2.5c-
2.00ca*12. 1mr(RB)
beam spot 2.00cm*12. 1mr(V)
Achromatic
Mode e
specified
phase space
R16-R26-0 (for injection)
Mosentua
selection
R=2.2X D=4 .0m
large beam spot 3.11ca*7.9ur (H)
3.11ca*8.1mr (V)
R16=-2.0 cm/%
. -4.0 € R16 € 2.0 cm/X R26= 0.0 mr/X
Dispersed -5.0 € R26 < 5.0 mr/X R12=0.07 ca/mr
Mode a21-0 R=0.29 X
c43«0 2.18ce*76.8mr(H)

1.35cm*18.8mr(V)
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SUMMARY

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 Yort B (for
dispersed mode operation) needs to be studied in detail
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PROGRAM RAYTRACE



August 6, 1991
RAYTRACE and the Real World
Harald A. Enge

These notes discuss some "loose ends" 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 ~e 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 shape 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" This statement
actually is not quite complete. We generally modify the EFB as
defined above by curving it around the corners of the pole piece
using even-order S-parametars. The order of these parameters
depends 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 eight-order correction. The formulas we are using are,
for Rogowski poles (with R=orbit radius):

n=W/D=2 (i+é) where i=integer, é<1

5. = 0:5(1-6)D ‘m)“
1 R W

s 0.55D (zn)“"
21+2 -W

The width W is measured at the root of the pole piece.

For a magnet without pole tapering, change the factor 0.5 to
0.13.

3. How wide should the poles be?
For magnets operating in the range of 1.2 tesla and up the

sides of the poles must be tapered to avoid saturation. Generally,
a 60-degree taper with a width of one airgap is adequate (Fig. 2).

1
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How close to the edge can the particle move before they experience
a drop in field of a factor 10‘? We are assuming flat poles, i.e.
no "Rose shims". For x>0 we can express the scalar potential as:

@ = -By + L Ae*sink,y
n

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

k,D = 2mn with n=integer
The lowest term (n=1) gives
k, = 2n/D
This term decays a factor 10 over a distance
aX = (D/2m)enl0 = 0.367D

At the corner (x=0) the magnitude of the perturbation is

aB/B = 0.2. Assuming this is all from the lowest order term, we
find the distance from the corner to the point where the term has
been reduced by a factor 2000 (to aB/B = 10'‘) given by

kK,Xx = €n2000 = 7.6
which gives
X = 7.6 D/2n = 1.21 D

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

Figure 3 shows an example of a profile along the same idea as
the Rose shim. The purpose of the Rose shim, or the corrasponding
bump used in this case, is to eliminate the lowest-order term in
the axpansion. The higher-order termw decay much faster with
increasing x.

The profile in Fig. 3 produces a aB/B less than 10* in a
region which is approximately one airgap wide. The total width of
the root of the pole is 4.58 times the airgap.

4. Magnet dipoles with gradients.

In the subroutines MTYP) and MTYP4 the fringing-field
expressions are similar to the ones for MTYF2 except, of curse,
the n-value and higher-order terms of aR/R are included. Outside
the EFB we are using x instead of aR in these expressions. This is
because outside the pole pleces the field cannot "know about" the
curvature of the magnet. Both n and the highgr-ordar gradients
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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 (Egs.
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 Eg. 7 must be odd and
positive (CO03 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 of 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 quadrupoles 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 quadrupole at the aperture radius
rather than the jradient as measured at the axis. LASLFIT is not
sophisticated enough for this, but it should be easy enough to
write a program ior the purpose.

6. Subroutine POLES.

The subroutine handles gquadrupoles, sextupoles, octupoles,
decapoles, dodecapoles and any combination thereof. There is a
provision for adjusting the effective lengths of the various
multipoles relative to the quadrupole if there is an admixture.
The higher~-order poles may also have a different rate of falloff of
B vas. z in the fringing field. The corresponding constants (on the
last line of the subroutine) have never been determined for any
wxisting multipole. Other than this, the various multipoles are
assumed to be proportional through the element. 1In other worde,
thora is no provision for putting in a dodecapole, for instance in
the fringing fields only.

It is possible, of course to introduce the dodecapoles (or
other multipolss) as short ("deltafunction") elements before and
after the quadrupole wlth proper backtracking to place the effects
in the appropriate positions. These elements should either have no
fringing field zones or rringing field zones of "regular" length.
Very chort fringing field zones (large coefficients) are likely to
give trouble.

7. TRANSPORT to RAYTRACE convarsion.

Wa practically always run TRANSPORT first on any ion-optical
problem. In a few instances TRANSPORT does not have the required
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mechanism. One example comes to mind: a dc accelerator. We ran
the element alone with RAYTRACE, constructed an appropriate matrix
and plugged it int.. the TRANSPORT input. That does not give the
correct answers 10r the magnetic strengths of the elements
following the matrix, but that is easy to adjust afterwards by
multiplying by the ratio of the momenta.

We generally find very jood 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. 1If
the boundaries have curvatures, we also need to have non-zero
values for DELS (see below). Quadrupoles are more tricky. This is
because TRANSPORT does not consider the reduced focusing strengths
of the fringing fields (relative to the field integral).

Ir general the sum of the focusing strengths 1/f, and 1/f for
a dipole is proportional to the integral of B° along the path. The
same holds approximately for a quadrupole douyblet (or triplet),
except it is the square of the gradient we are considering. So,
just as for the dipole, we "lose" overall focusing power in the
fringing field.

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

3. -R/2 ; (Drift -R/2)

5.0A R B 2R ; (Quad, length R, half gradient)
5.0A (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 first and last entry assures that the insertion length of the
quadrupole is L meters. The two entries of lengths R have half
gradients and :represent the fringing fields. The reason for
halving the gradient by using an artificial radius 2R rather than
a field B/2 is to make it easier to optimize the strength by
varying the three B's simultaneocusly and equally (variable A as
shown here).

The quadrupole strengths calculated by the aid of TRANSPORT as
described represent the first approximation for RAYTRACE. In some
cases we need higher accuracy. In one example we required eight
transfer coefficients to have certain values. Our procedure was:

a. Run TRANSPORT with qudrupoles rapresented as shown abova.

b. Run RAYTRACE with the strength determined under a). Record
the values of the coefficients which were: x/x, 8/x, 6/6, y/y, ¢/y,
/¢, x/§, and 0/6. (Thea two coefficients x/0 and y/¢ are not
included since they can be determined from the others by use of
Liovville's Theorem).

c. Run TRANSPORT varying seven quadrupole strengths, BQ's, and
a drift length, 1, to produce the -ame coefficients as RAYTRACE.
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The changes aBQ and al required in the TRANSPORT parameters to
produce the szme output as RAYTRACE are recorded.

d. Change the RAYTRACE strengths by -aBQ and =-al; 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 MULTIPOLE

As written, this subroutine describes an element that can
contain any cominbation of multipoles up to dodecapole. 1In 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 c,~ 0.1, suggested in the
manual, the "effective length" of the multipole is at least in one
case studied about 1.2L,. The relationship of strengths between
the MULTIPOLE and POLES is therefore given by: '

1.2B,Ly(W/2) "c, = ByLoR, ™"

where n is the order of the desired effect (0 for dipole, etc.)
The factor 1.2 should be taken with a grain of salt.
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EDIP - Cylindrical electrostatic déflector
POLE - Quadrupole to dodecapole
MULT - Multipole correction element
SOLE - Single-layer solenoid

VELS - ExB velocity selector
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SHRT - Coordinate shifts, rotation

DRIF - Straight drift

COLL - Rectangular or elliptic apertures
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. EINZ - Symmetric einzel lens
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3.-R2;

5.0ARB2R;
5.0A (L-R) BR; (Quad, length L-R, full gradient)
50ARB2R;

3.-R/2;

(Dﬂﬂ -R/2)
(Quad, length R, half gradient)

(Quad, length R, half gradient)
(Drift -R/2)
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[II. Ray Tracing \
The motion of a particle carrying a charge Q is governed by the Lorents force,

F=QIE+dx B (8)

where £ is the electric field and B is the magnetic field. In a rectangular (z,y,z) coordinate system, the
equations of motion along each of the axes may be written as

d(mit)/dt = Q{E; + vy B, — v, B,) .
= d(my)/dt’Q(El + v, Ba - Yy Bx) (‘)
d(mi)/dt = Q(E, + va By ~ v, B,)

In RAYTRACE, the equations of motion are solved by means of a step-by-step numerical integration
with time as the independent variable. A fourth-order Runge-Kutta integration routine is used. When
sufficiently umall step sizses are taken, the accuracy is limited only by the uncertainties in our knowledge of
the el ic and magnetic Gelds. Round-off errors are negligible if the standard double-precision version of
RAYTRACE is used. Various 1 Jutinea describe the field distribution in terms of a few simple parameters
for each type of element. Most of these parameters are directly related to dimensiors and specifications on
an engineering drawing of the element. The modular uature of the code allows easy access for addition of
new devices or modification of the “field” routines to correspond to specific needs.

In most of the elements, the particle typically moves th.rough three distinct regions: the entrance fringing
field, the “uniform”® field and the exit fringing field. Fig. 2 shows, as an example, the layout for a dipole
magpet. {he diffierent coordinate systems are related by a non-real geometrical ray ABCD which is a straight
line from A to B, a circular arc from B to C, and a straight line from C to D. All calculations are made with
reference to the four rectangular coordinate systems with origins at A, B, C and D. The rest of the dipole
parameters are discussed in detail in Sec. V.

Each element has an input coordinate system and an output coordinate system such as A and D for the
DIPOLE. The output coordinate system of one element coincides with the input coordinate system of the
next element. As presently written, the code can handle 200 elements and trace 100 rays through them.

The program calculates the nath of one particle at a time through all elements of che system. If desired,
evary step is printed out on a single line giving the independent variable, time (converted to path length into
the system), position, velocity components, field components and the angles § and ¢ indicating directions
relative to the yz-plane and the zs-plans.

There are three options for a final coordinate system in which the positions and directions of the rays
are given:

a) the D-axis system of the final element

b) z-axus along the projection of ray number 1 on the za-plane, origin at zp = 0

c) 7-axis aa for case b but with origin whaere the projections (on the zs-plane) of ray 1 and ray 2 intersact.

Fig. 3 shows the positions of Three “focal axes® systems reiative to the D coordinate system for the
final element. The positions of the origins for different energies form a focal susface. For a spectrometer the
detectors are placed on or near this focal surface.

A set of fourteen rays with specified initial angles § and ¢, and all originating from the samae point (the
scurce), can be used to calculate transfer coafficients depending upon 6 and ¢ only, from first to fifth order
(e.g., 2/6%¢7). If the fourteen rays are run for five different energies, the program will calculate the focal
plane angle and chromatic aberration coafficients such as /6763, etc. Another option is to use a specified
set of 46 rays to calculate first, sacond and third order coefficients for 2,8, y, and ¢ at the exit in terms of
z 0,y,¢ at the entrance and é§ = Ap/p.
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The units used in RAYTRACE are:

lengths: cm
angles, general:  degrees
beam direction:  milliradians

energy:_ MeV
mazagnetic fields: Tesla
electric fislda: kV/cm

Figure 3. Definition of the meost important parameters used In the DIPOLE subrontine.
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Figure 8. Qutput coardinate system farmad at the intersection of Ray 1 and Ray 2 for tnres different
momenta
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V. Element Routines
A. DIPCLE. Magnetic Dipole.

The dipole subroutine requires 12 recor ds in the input data file. A short description of these records
is given in Appendix 1. A more detailed description of the subroutine is presented here. However, it is
aecessary first to discusyin some detail the meaning ot the term “the effective field boundary® (EFB).

Fig. 4 shows a set of pole profiles with coil cross sections used in a modern dipole (for & spectrometer).
The 30° and 75° cuts produce a crude approximation to a Rogowski profile.® The three examples show
a *regular® prolile, a profile with “field clamp" (magnetic short-circuit), and one with a removable insert
used to adjust the position of the-“Effective Field Boundary® (EFB). The dash-dotted lines indicate the
positions of the EFB, defined aa the position of sharp cutoff of the field with the same field integral as the
real distribution assuming the integration is performed along a straight line. Two practical questions need
to be discussed:

1. What is the meaning of the term Effective Field Boundary for a charged particle which moves along
a curved path?

2. What is the position of the Effective Field Boundary if the mechanical boundary has a curvature?

As far aa RAYTRACE is concerned, the first question can be dismissed immediavely as uTelevant.
The program needs a prescription for calculating the field at a given point in the fringing field region, given
some pole profile and given some curvature of the mechanical pole boundary projected on the z3-plane.

The second question is more dificult to answer, especially if the curvature called for is not a simple
circular one, concave or convex. This problem has been resolved by redefining the EFB as a mechanical
referepce boundary - a curve following the mechanical shape 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. With
tapered poles such as shown in Fig. ¢, the taper should preferably be f such a depth that the EFB coincides
with the contour at the root of the pole. This makes the engineering design and installation much easier
and less prone to ervors.

1) MTYP=1 (Homogenesus Field): General Description

The DIPOLE subroutine has six options identified with a parameter called MTYP with values 1 through
6. The data records are very similar for all six, and the particle iracking through the magnet is similar for
all. The difference lies in the field descriptions, both in the fringing and “uniform” fields. The following
general description spplies to a homogenecus field magnet (MTYPw=1) with the simplest treatment of the
fringing field. The diffarences between the MTYP's are then described in subsequent sections.

The general layout of a magnetic dipole is shown in Fig. 2, where the most important parameters are
defined. The input coordinate and velocity components of a particle are given in coordinate system A. The
first step is to make a transformation to system B.

zg » (A ~sx)sina - (z4 + XCR1)cosa

¥ = Ya

g = (A - s4)cosa+ (24 + XCR1)sina (8)
(ve)a = =(vs)asina = (vg)acona
(vylog = +{vy)a
(ve)g = ~(ve)acosa + (vg)asina

The constant XCR1 appears in Fig. 2. Ita significance is discussed later. The particle is next carried along

a straight line to the beginning of the entrance fringing tield as defined by the parameter Z11. Note that Lhe
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Figure 4. Rogowsii poie profilas for threa different cases. All are designed such that the Effective-Fleld
Boundary (EFB) approximately coincides with the upper portion of the pole.
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“object distance® A can be nero or even negative. The “image distance® B of one element and the “object
distance® A for the next must, of course, add up to the physical distance between the elements. How this
distance s divided is dictated by where the user wants to see an intermediate printont.

Congider first a particle moving in the median plane. The particle is carried through the entrance
fringing Geld sone by numaerical integration of the equations of motion with a magnetic field given by

_Bo-Br

in the median plane. By is the uniform field (MTYP=1) inside the gap of the magnet, Bp is the asymptrotic
constant field outside the magnet (mormally 0) and § is a parameter that increases monotonically with z (in
the B-axis system). It is expressed as a power series in the parameter »:

S = C00 + COls + C02s? + C03s> + CO4s* + CO545. (7)

For a straight-line effective field boundary (EFB), we have
s=3/D (8)

where D is the magnet airgap. Equation (6) gives the correct asymptotic behavior of the field for s — +oo
provided COS is positive. Tha basic inrtegration step sise in the entrance fringing feld is LF1 which is an
input parameter (Appendix 1). The recommended value is LF1= 0.3D or smaller.

The coefficients in Eq. (7) are generally determined by a least-square fit batween the field given by Eqs.
(6,7,8) and either & measured field or s field calculated by the aid of programs such as POISSON’. We
generally find that the exact shape of the fringing field curve is not so important for the optical properties
of a dipole, provided the coefficients used produce an effective-field boundary at s = ) and approximately
the correct slope for the curve B vs. 5. For details see Ref. 8.

If the EFB is curved, a correction As = As/D is made to Eq. (7) with As given by
Az/R = -|S02(z/R)? + S03(z/R)3 + -- - + S08(z/R)" (9)
Here R is the layout radius for the dipole and the SOn's are coefficients describing curvatures of 2nd and 3rd

orders, etc. This simple correction (As = As/D) applies to MTYP=1 only.

If the curvature of the EFB is circular, one can, instead of the SOn's, read in a parameter RAP1 (RAP2
for the exit) which is the inverse of the radins of cmuvature in cm™'. The program will then convert RAP1
to a power series in (2/R) with even order terms up to ¢ighth order. If the data also contains non-sero
paramsters S02, stc., these will be added to those calculated from RAP1 (RAP2). RAPI and RAP2 are
positive for convex boundaries.

The program continuously tests whether or not the particle has passed the plane s =-212. If the particle
has passed the plane on a given step, it is brought back to the previous point and carried forward with »
reduced step sise such that it lands approximately on the plane. The coordinates are then transformed to
system C at the exit effactive edge.

z; = -spsin(p ~a~-f) —zgcos(p - a - B) -'IRlingl'm(g - A)
Ve = Va

1c m —sgcos(p~a=-f) +zpcos(p-a-4) - 2R|'m‘-§con(§ - f) (10)

(va); = —(vs)pein(p — a— ) - (ve) s cos(p = a - 8)
(v)e = (vy)a
(va)i: = —(v,)pcos(p — a=B) + (va)ptin(p — a - B)
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program coatinuously tests whether or not the particle bas passed the plane s =Z21, and a correction is
made such that it lands approximately on the plane. It is then carried through the exi: fringing field where
the field description is identical to that of the entrance fringing field with the appropriate parameters. After
the particle has been deposited approximately on the plane 2 =222, a coordinate transformation is made to
system D. =

Ip = scsnf + zccos § ~ XCR2

VD = yc
3p = sccoaf-zcnf -8B
(va)p = (ve)cein B + (va)ccos 8 (11)

(wlp = (v)c
(UI)D - (VJ)C cos f — (U.)c sin B

The particle is then translated along a straight line until it iatersects the zy-plane (2p = 0) of that system,

If the path length of a particle inside the dipole is relatively short, it may never be in anything close
to a uniform field. The recommendation is then not to reduce the absolute values of Z12 and Z21 but to
let the two fringing Geld sones overlap. The program then integrates the equations of motion backwards
through the uniform field. Fig. 5 illustrates the effect of this procedure. The total field integral cortesponds
to the area under the partially dashed curve in Fig. 5 . The result is essentially that in the middle the
deficiencies for both curves are added to produce a total deficiency as shown. This procedure simplifies the
work for the designer. He does not have to worry about overlap, wholly or partially, by the fringing field
sones. One warning is in order, thou h: the particle orbit must intersect the beginning of the exit fringing
field sone either by moving forward or backwards; otherwise, it will start moving in circles in a uniform Geld.
The program cuts off tha integration after 200 sieps ic either sone and prints out the message: “Exceeded
maximam oumber of steps in element s, sone j°.

For particles moving off the median plane, the formula for the component B, is modified and the
compouents B, and B, are also evaluated. This is done by Taylor expansions in y through third order for
B, and B, and through fourth order for B,. Symmetry about the mediaa plane insures that 8, and 8,
coatain only odd orders of y and B, only even orders. The corresponding expressions are

B, = (y/11)8B4/3y + (*/31)8° B, /8y
By = B, + {42/11)8°B,/3y* + (y*/41)3* B, /8" (13)
8, = (V/“)aal/ay + (v’/”)a’B-/av’

where the Gelds and their derivatives os the right hand side are Lo be evaluated at y = 0.

The derivatives appearing in these equations are all computed by the use of Maxwell's equations con-
verting derivatives of the kind (8'*? B,/85'8#'),u0 into the desired forms. The derivatives of B, in the
median plane are determined asumaerically by calculating (5, ), =0 in a thirtesn-point grid. Fig. 6 shows such
a grid. The grid constant DG is an inpat paramater (see Appendix 1) which should be givea a vaiue of the
order of 0.3D. The results of the Taylor expansions (with A = DG) are

B, = Bog - ;(Bm + 8.0+ Boy + Bo-y -~ 4Bo0) - zl‘(qu 4+ B_20 + Boa + Bg-2 - ABOO)]

i[

as
4 1 1

+ —Z—.— ~5(Bio+ B_io + Boy + Bo-\ - 4Boo) + 7(Bao + B-10 + Boa + Bo-3 - 4Boa)

|
+ E(B” + U1 +Bi-14+8B-,-,-2B10-1B_,0 - 280, - 1By, +4Bno)] (18)
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B, =%[§(Blo = B_yo) - ILZ(BT - B-:O)] + %[5(310 - B-1o) - %(Bao - B_30)

1
- ﬁ(Bu'PBl-l—B-“'B-l-l‘2810+2B—IO)] (l‘)

3 .
B, =§[§(Bm = Bo-1) - 7= (Boa - Bo-z)] + %[%(Bm = Bo-1) = = (Boa - Bo-2)
‘%(3111'3-11'31-1-3-1-1‘2301"’230-1)] (18)

where the subscripts refar to the index number of the points in Fig. 6.

For an MTYP=1 magnet, the coeflicients describing the variation of B, vs. radial position: n, BET]1,
GAMA and DELT (Appendix 1) are sero. If the data record for these constants bas ncn-sero values, these
values are ignored.

[n the input data there appear four more constants that need explanation. The first two are XCR1 and
XCR2, both of which are identified in Fig. 2. The layout ray for the dipole connecting the origins of the four
coordinate systems is a non-real ray consisting of a straight line, a circular arc and another straight line. No
real particle will follow this trajectory. If one, somewhat arbitrarily, insists that a ray defined aa the central
ray shall follow the layout circular arc inside the magnet - and therefnre have a magnetic rigidity of Bo R
- corrections must be made outside. That is, one must shift the magnet relative to the centerline of other
optical elements by an amount®

XCR1 = DI,/Rcoa a (10)

where /, is an integral that depeads upon the shape of the fringing field. Its value varies from [, = 0.3 for
a “short-tail® fringing field to about /; m 0.7 for a “long-tail® fringing Geld. The shift at the exit is similar
with a replaced by A. For a symmaetric magnet (a = B), the shifts may not be necessary in practice. A
particle moving along the s, axis can be made to uxit along the sp axis by adjustment of the magnetic
Geld. It will then move on an inside track relative to the layout arc inside the magnet. The corrections
discussed here are a nuusance for the enginesr who is laying out the systam and should nos be used unless
they are important. Whether or not they are used, RAYTRACE will always predict the correct positions
and angles of the rays traced.

Tlie two remaining dipole parameters are DELS!1 and DELS2. These can be used to shift the positions
of the effective Geld boundaries at entrance and exit, respectively. For instance, if fleld mapping indicates
that the EFDB at entrance 1s off by an amouat Z,,, into the magnet from its intended position, RAYTRACE
can be re-run with

DELS1 = Z,,,./D (17)
ln general, Eq. (8) now becomes (for MTYPw=1)
s= (s +As)/D+ DELSI (8)

Of course, DELS2 sarves a similar purpose at the exit of the dipole.

In the past, DELS1 has been used to correct for the position of the efective field boundary due to the
curvaiure of the boundary. The effective field boundary for a magnet with convex curvature is closer to the
magnet than when the bouadary is straight - assuming the same pole piece profile. If the same coefficients
C00-COS are used to describe the fringing Geld for both cases, DELS can be used to correct the position of
the EFB but, of course, not the shape of the B, (s) curve.® [n the current version for MTYPm2, we attempt
to make the correction du. to zurvature in & more direct way, applicable to & boundary of any shape (within
reasor) and without the use of DELS.

17
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Figure 6. Tnirtesn-point grid used to determine numaricai derivativas of B, in tne median piane.

A new {eature has besn added to the dipole routines, MTYP=1.. . 8. The tield distribution on the
median plane of the fringing field can be calculated and stored in an array with a distance DG batween
neighbounng points. When a ray is traced through the fringing Geld sone, the feld on the median plane for
a given point u determined by interpolating between neighbouring ¢rid points. Uf the particle v not in the
median plane, the wntarpolstion mutine must be used thirteen times and the field components calculated as
described earlier (Eqs. 13-15).

This new (eature can result in a considerable saving in computer time when a large aumber of rays
are to be traced or when the system coatains a number of identical dipoles. The feature is activated by
specifying sn artay aumber IMAP for the dipole (see Appendix 1). ldeatical dipoles would have the sa.ne
value for IMAP<S.

The array on the entrance side will have n, n, points where

n, = (WDE + 2Z11tana)/DG + 6
n, = (Z11 = Z12)/DG + 6.

18



Figure 7. A spray of five “fesier rays™ used to determine a represan:ative distance to the EFB and
thereby tne value of B,.

Corruponding expressions apply to the exit side.
2) MTYPw=2. Homogeneous-Field Dipole

The only difference betwesn MTYPm=m1 and MTYP=2 is the way the parameter s is calculated. In both
cases s represents distances to the effective Beld boundary. In MYTPml 4D is sumply the distance to the
EFB measured (n the s-directioa, i.e. not generally \he shortest distance. In MTYPm2 the shortest distance
to the efective fiald boundary from a given polnt is determined. However, this is not simnly used to calculate
s as distance/D. Rather, the line representing the shortest distance s only the middle one of a spray of five
lines from the point where the particle ls. An average, strongly wrighted towards the middle line, is then
used to calculate a rem- ssentative distance and thereby s. The average is weighted in such a way that if the
boundary is straight, s D is exactly equal to the shortest distance.

19
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Assume first that the shortest distance from point P to the FFB has been found. This distance, ry
in Fig. 7, is divided by 4, and the distances to four other points 1,2,4, and 5 are determined with the
relationship between the z-coordinates for the points being (see Fig. 7):

r
_ Tie1 =%+ f-mﬁs- (18)
The formula used to calculate s is
- — s
sD = 1.41875()_ r74)"1/s, (19)
iml

The algonthm for finding the shortest distance is as follows:
a) The distance in the s-direction from point P to the EFB is determined as for MTYP=1.

b) This distance is compared to the distance from point P to the origin. The shortest of th-
two, call it o, is divided by 5.

¢) The square of the distance from point P to 11 points on the EFB is calculated, ive points
on each side of point A (Fig. 7) in addition to (2; — z4)3. Between two neighbouring
points, the distance in the z-direction is Az = a/5.

d) The 11 distances squared are compared and the smallest of these is selected.

¢) The z-distance between the two points on either side of the selected shortest distance is
further subdivided by 10 to Az = a/25, and squares of distances are calculated between
the field point P and the points on the field boundary.

f) Again the smallest of the 11 squares and its smallest neighbour are selectrd. Call the
distance to the point with the lowest z-value r; and call the other rj.

g) Another subdivision is now performed to ind an even shorter distance, but this time
by the use of some trigonometry (ses Fig. 8). It is assumed that the EFB between the
two points (with Az = a/25) can be considered to be a straight line. TLis is line ¢, the
length of which is grossly exaggerated compared tor, and r; in Fig. 8. Some elementary
trigonometry spplied to the triangles in Fig. 8 yields

cd+rl-rd
Iya I + _2‘,—'1(32 - 1) (20)

This then determines the central point on the EFB for the spray of five lines. uiscussed abova.

As explained earlier for MTYPw1 when the parcicle is off the median plane, the field B, in the median
plane must be deterr.ined 13 times such that th~ appropriate derivatives can be calculated. The relative
accuracy of these determinations of By-values ha. to be high, especially if y/DG is much larger than unity

(ses Eq. 13).

We call the representative distance for the central point s9D. The corresponding values for che other
twelve points are then determined as
2D = 9D + &sD (31)

where AsD is given by (see Fig. 9)
AsD = 4gD + DG(scosé ~ )siné) - (s,, — sp + Asiné)cosé (322)

20
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X X2 Xs X4

Flgu.re 8. Trigonometry used L0 evaluate the shortest distance between the flei¢ poin: and the boundary.

with
A = DG(jcosé +1siné), (28)

z, mzp + Acosé

and
§ = arctan(ds/dz) (24)

at the point P. The two indices s aad 5 identify the grid point. They are the numbers appearing in Fig. 6.

Since the Runge-Kutta integration routine looks up the Geld components B,, B,, and B, four times for
each integration stap, altogether 52 values of s D have to by determined for each integration step.

21




Figure 9. Geometry used for determining corrections to aD whicn are required for caiculating off-

midpiane components of B.

22
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Source

Pigure 10. Possidi result of an Indiscriminate use of the paramaters SO2. etc. that describe the
shape of the EF8.

The program, of course, determines whether the integration point is inside or outside the EFB. With any
reasonable boundary corresponding to a practizal magaet, the computer should have no trouble ia Ginding
the shortest distance to the boundary. It is, however, possible for the ion-optical dusigner to confuse the
computer with indiscriminate ase of higher order corrections. Fig. 10 shows an example that speaks for
itsell. It is generally wise to use eighth order tarms 508 and Si8 ¢o represeat the limited width of the pole
pieces. Far instance, if the pole width is W sa measured in the z-direction, an eighth-order correction tarm
S08= SODR? /W?® will push the EFB towards the corner of the pole piece by an amount —As = 0.2D at
z = tW /2. Thia is the right order of magnitude.

3) MTYPw3. Dipole with Field Gradieat.

MTYP=3 is used for a dipoie with nonsero value for any of the paramecers a, BET1, GAMA, or DELT.
This includes atherwise uniform-feld magnets for which one wishes Lo study the effect of limited pole face
width. The fourth order tarm DELT ia then probably the most appropriate term to use. The field description
on the median plane in the *uniform® regioa for MTYPm3 is

8, = Bg{l — nAr/R + BET1{Ar/R)? + GAMA(Ar/R)® + DFLT(Ar/R)Y) (28)

ard the Held off the median plane is determined by s Taylor expansion in y using snalytic derivatives.

23
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B. Dipole (12 records)

Record Variable Format
1 DIPOLE A4
2 LF1 - Entrance fringing field integration step size (cm) 6F10.5

LUl - Uniform field integration step size (ecm)

LF2 - Exit fringing field integration step size (cm)

DG - Differential step size used in determining

ofl mid-plane components of B using numerical
differential Trethods. Recommended for all four step
sizes: 0.3D (D=Gap) although LU1 can be made
larger Lo save computer time. For MTYP=6, DG
serves agother function. 3ee Sec. V. A.
MTYP - Magnetic dipole option
MTYP=0,1 - Uniform field dipole. Fringing field
determined by calculation of the distance to the
effective field boundary in the z-direction.
MTYP=2 - Uniform field dipole. Fringing field
determined as described in Sec.- V.A.
MTYP=3 - Non-uniforn field dipole
with n-value «od second-, third-, and
fourth-order co.rections. Fringing field
determined as for MTYP=2, but including
n-value, etc.
MTYP=4 - Non-uniform field dipcle - cylindrical
geometry. Similar to MTYP=3 but better
suited for purel: conical pole pieces.
This option is used to describe magnets
with wedge-shaped gaps (“CLAMSHELL") by
making R large, PHI small, and by setting
BET1=GAMA=DELT=0 but n#0, and normally
large because R is artificially large.
MTYP=5 - Uniform field dipole, circular pole option.
MTYP=6 - Pretzel magnet option.
Array nurober for generating and identifying fringing field
array maps. If IMAP=0, maps are aot generated and the field
components are calculated directly for each point, 1.e.
four times for each integration step. Two dipoles with
identical values of IMAP will share a common array. IMAP<S.

IMAP

3 A - Distance (cm) from origin of system A (iaitial) 5F10.5
to systemn B (situated at entrance edge EFB of
magnetic element)

50



Record Variable

BF

4 PHI

ALPHA

BETA

5 NDX
BET!
GAMA

DELT

6 Z1!1

Z12

221

222

116

- Distance (¢m) from origin f system C (situated
at exit edge EFB of magueiic element) to origin
of output system D
Gap widtk (cm)
Radius of curvature (em) used in geometrical
construction of layout
- Nominal value of the field un the central

radius R (Tesls)

Angular extent between the EFB of

system B and that of system C (degrees).

Nominally equivalent to the bend angle

- Angle between the central trajectory and

the notinal to the effective field boundary

(EFB) at entrance (degrees)

Angle between the central trajectory and

the normal to the exit boundary (degrees). Both
ALPHA and BETA are positive when the normals are

outside the orbit for positive transverse plane focussing.

‘n-value’, of field index for non-uniform

field magnets (first-order term)

- ‘B-value’', of field index for noa-uniform
field magnets (second-order term).

- ‘y-value', of field index for non-uniform
field magnets (third-order term).

- ‘6-value’, of field 1adex for non-uniform

field magnets (fourth-order term).

- Integration limit (¢m) defining the start of the
entrance fringing field zone 1n coordinate system B.
Normally positive.

- Integration limit (cm) defining the termination of

the entrance fringing field zone 10 coordinate system B.

Normally negative

Integration limit (¢m) defining the start of the
exit fringing field z0ne in coordinate system C.
Normally negative.

Integration limit (c¢m) defining the termination of
the exit {ringing field zone 1n coordinate system C.
Normally positive.

Format

JF10.5

4F105

4F10.%



Record

Variable
Co0 -
Coi

C02

Co3

Co4
Co05

Cl0 -
Cil
Cl2
C13
Cl4
Cl1b

BRI

BR2

XCR1 -

XCR2

DELSI

DELS2

B. Dipole (12 records) - Continued

Format
Coeflicients used in the expansion of the 6F10.5
fringing field fall-off at the entrance
of the magnetic element.
Coeflicients used fri"the expansion of the 6F10.5
fringing field fall-off at the exit of the
magoetic element.
Correction for presence of constant field 6F10.5

in region of entrance fringe field (Tesla).

Correction for presence of constant field

in region of exit fringe field (Tesla). In

the Split-Pole Spectrometer, BR1 and BR2 describe.
the asymptotic field in the split.

Equivalent to a coordinate system shift (cm)

at the entrance (element SERT) with Az=-XCRI.
Used to correct for displacement of central ray
caused by extended fringing field (see Fig. 2). Use
ACRI1=XCR2=0 unless the actual hardware element
will be offset.

- Equivalent to a coordinate system shift (cm)

at the exit with Az=XCR2. Used to
correct for displacement of central ray caused
by extended fringing field.

- A correction to the location of the effective

field boundary. The effective flald boundary at
entrance is movud towards the magnet (for positive
A1) by an amount Az =DELS1+D.

A correction (o the location of the efflective

field boundary. The effective field boundary at
exit is moved towards the magnet (for positive
Az) by an armnount Ar =DELS2«D.

52
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Record Variable Format

10 RAP! - Inverse radius of curvature of entrance boundary 2F10.5
(em=!). Convex surfaces are positive.
RAP2 - Inverse radius of curvature of exit boundary
(ecm=!). Convex surfaces are positive. In the
program, except for MTYP=5, circles described by
RAP1 and RAP2 are approximated with an eighth-
order power series.
- WDE - Mechanical width of the entrance pole boundary.
Used only when IMAP is non-sero.
WDX - Mechanical width of the exit pole boundary. Used
only when IMAP is non-sero.

11 So02 - Coeflicients used in description of entrance 7F1Z.5
S03 boundary curvature. Contributions of RAP| are
S04 added to those of S02, S04, S06, and S08.
S05
S08
S07
S08

12 S12 - Coeflicients used in description of exit 7F10.5
S13 boundary curvature. Countributions of RAP?2 are
Sli4 added to those of S12, S14, S16, and S18.
Sib
Slé
S17
Si8

b3
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DESIGN & PERFORMANCE OF MRS
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PILAG August,

Q)

Medium-Rasolution &Sp@@m@m@ﬁ@v

Medium Energy Resoluuon {~ 1 MeV at 800 MeV) Identify discrete states

Good Solid Angle (~ 10 msr)

Large Momentum acceptance (* 20%)

Polanzed proton and neutron beams

Net Bend Angle (18°) allows for detection of all spin projections from (300-800MeV)
Massive shielding and software traceback for good background suppression

(p.p) mode
Elasticinelastic scattering on polanzed/unpolarized light targets

Spin ocservables in the continuum
Coincidence experiments such as (p.p'n). (p.2p). (p.p'y)

{n,p) mode

Third component of spin-isospin excitations (p.p), (p.n), (n.p)
Isovector spin transfer measurements to continuum
Identification of isovector resonances

Srseiromete Los Alamos



Momentum
Centrai @17 kgauss
2@ + 20% Ap/p

Full Acceptance
Mcmentum Bite
Resolution

Sohid Angle
Reduced Acceptance
Momentum Bite
Resolution

Solid Angle

Dasign Goals

1500 MeV/c
1800 MeV/c

+ 20% Ap/p
0.2% (FWHM) ap0

7 msr

t 3%
0.08% (FWHEM) ap/p
9 msr

- August; 19

©

Los Alamos
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PLLAC Opftics = August
TP 5

12C(p,p) Tp=800 Ma'

0=15°

Ap/p = 0% for elastic

T TR R i s
50 100 150
Missing Mass (MeV)
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PLLAC Opties - August, 7997

300 i T ¥ 1 1
| 4.4 MeV ]
]
250 95\ / 12C(p,p) T,=800 MeV ]
[ r\ J/ 96MeV o 145 j
200 ¢ ]
: Ap/p = 0% for elastic ]
F 1.2 MeV |‘ J ;
150 f FWHM | ]
By
1 j )
100} / ' ]
S [ 4
| ¥ %thﬁ
.
S0 ! WW ]
0 m‘:‘dj 1 . PR L s P N P

210 0 10 20 30 40
Missing Mass (MeV)

.7 mzEzoltlen Spesfirometer Los Alamos



PILAC Opties - August,

12¢(p,p) Tp=800 MeV

68=15°

Ap/p = 0% for elastic

No vacuum windows
Restrictive y target cut

1 1 i L PO |

s i

10 20 30
Missing Mass (MeV)
Bzzo ulion Spsctrometer Los Alamos
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PILAGC Optics - August, 71991
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PILAC Optics - August; 1991

Optical System

~

" y4

x,= (x/x)x + (x/0)6,+ (x /6)8 + (x/x) 2
+ (x/x0)x6,+ (x/6°)6 + (x/x8)x5

~

6=F(x,6,y,.9¢, 0)

+(x/06)85 + (x /88 + (x/y) y2 + (x/y9)y, &,
+(x /¢2)¢f + Higher order terms

s e
HMIEEIUT

Fesolution Specirometer

Los Alamos
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PILAC Oplics - Augwst, 7991

Polynomial Optimization

» Set Experimental Parameters
Magnet settings - elastics, quasi's
Position rods, slits ...

- Maximize background rejectlon
Muon rejection ..

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

X,6y¢29..

« Vary magnet parameters
- Again write "Rays” to disk file
» Append ray files so that system is overdetermined

« Solve linear least squares problem

wsdlurm  Hase

sdfum  Zesolution Spectrometer Los Alamos



Units: PILAG Opliecs - August, 1991
6,¢ mrad

5 % Pelynormials

Aplp (8) =
-233

0.957

0.010

0.889 E-2
-0.388 E-4
0253 E-2
C.632 E-5
-0.440 E-7
0.3u8 E-2
0.162 E-2
0.292 E-2
-0.988 E-2
-0.454E ,
-0.758 E-5
0.730 E-4

\—'“ SN f\i‘-g

wilen

y (target) =
-0.114
-0.015
-0.207
0.040
v.718 E-2
-0.748 E-2
-0.826 E-3
0.152 E-3

¢ (target)
-16.3

10.1

-6.47
0.380 E-2
-0.467
0.310
0.459 E-3
0.215E-2
0.316 E-2
-0.404 E-2
0.120 E-2
0.678 E-2
-0.974 E-2
0.191 E-3

Speeclirometer

0 (target)

0.0
0.911

-0.5

Los Alamos



PROGRAM MOTER



Early MOTERing Days

an historical presentation
to the PILAC Working Group
by
Morris M. Klein
12 August 1991

\ | os Alamos /




o Pl AG

Overview ,

« The environment at Los Alamos
- Personnel
- Computer

- How MOTER was conceived

« What we accomplished

|l os Alamos /
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Major Tasks 20 Years Ago

limited budget

- Develop a universal objective function

PIAG

l

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

- Extend data off axis within the magnets

* Model the fringe fields and their extent

* Develop an effective cptimization package

Los Alamos /
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MOTER's Main Features

» H. Enge and S. Kowalski's ray-trace paci(age

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

« Monte Carlo sampling of phase space

* Flexibiy defined objective function

Los Alamos /




H. Enge and S. Kowalski's
Ray-Trace Program

- 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

Los Alamos /
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The Flexible Objective Function

ofi)- 32,5

i=1 J=1

Qe

The demand D, is defined as

0=(Eeen0)

10€, 1oy, (10€, )+ o, (10C,)

comp, ( comp, (

P, denotes a term of the form mep,(

loc,) is #,1,4.0'), or 6

where wmp (

example:

D =H,-CH,+CHX,

l.os Alamos )
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The Levenberg-Marquart Algorithm.
Minimize (1) = 202( )+p*(u} + Ui+ +u?)

Expand ®(U+2) in a Taylor series through second order

and retain first order partial derivatives after setting%’_ =
]

Result I]U[[Ik' jzj + l]k] +P°§, jzj =

i=12,---N
k=12,--.M

Where D - ank(.ﬁ)
ool

Limiting Solutions
-1 .
P=0 zj = _[Dk.j[]k] [[]k'jnk] Normal Equations

. | . .
p>>1 Z;= _[l]|L jD,(] /p2 Negative Gradient

\_ Los Alamos




The ETA search

One dimensional scaling of =z

(>

T | § LN\ \

lLos Alamos /




- Mathematical

e.g.
D, = X* -y
D,=y*-1
®(x,y)=D; +D;
|J| = lDi,j' = 4xy

* Physical System
- Unrealistic parameter values
- Lost rays

L

Optimization "Booby Traps"

[ | A\ \

- Vanishing Jacobian defines search region

Los Alamos /




[ bemreso g 1U PILAC
- Starting Point Defines Solution Region

X 2, y = 0
Di=0
!-] '
e B AR ".')‘
y =41
M M. 3 p-0
Minimum Minimum D , = 0
L,:y=0
X !
Saddle
y=-1
D:=0
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Monte Carlo Sampling of Phase Space

- Adequately sample the target and aperture
* Minimize designer's biases
* Model measurement precision

» Obtain representative resol::.:on function

K l.os Alamos /
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Accomplishments

« HRS Beam Line—TRANSPORT, MINIM, and
MOTER

» QDD Spectrometer—Kowalski and Enge
~ design using MOTER to define field clamps

* EPICS Beam Line—as HRS except for high-
order terms

- EPICS Spectrometer—fourth-order 19-term
resolution function
\_ | os Alamos




Conclusion

Twenty years ago our MOTER-based
designs worked and resulted in the world's
first software-corrected spectrometers.
Twenty years from now | can visualize us

meeting to design the successor to
PILAC.

Los Alamos /




RECENT UPGRADES OF MOTER



DRAFT
-August 12, 1991

USER MANUAL FOR MOTER
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APCKD
APCKM
APCKQ
BDIP
BDMP
BDPP
BMPM
BMULT
BOUNDS
BPLS
BPOLES
BPRETZ
BQUAD
BRECP
CAVITY
DBESIO
DBESI]
DECPL
DEFFRR
DERIV
DERV
DIPOLE
DOTPRO
DRIFT
[ZDX
B(RD
ECSGLSS
ECWR
ERDEFI
ETASRCH
FITMAT
FIMPM
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Subroutines

in MOTER

FLAG
FMILNE2
FMINI
FNMIRK
ROCL
GATAN
GLSS
GTAN
HATINT
HEX
HISGRM
HPOLY2
HQUAD
LABRT
LLOADRN
MAPPOLE
MAPSET
MATINV
MATRIX
MAXINT
MAXR
MLTT
MOTR
MULT
NDIP
NDPP
OCTPL
OPTIMIZ
PHIGRAD
PLTOUT
POLES
PRESET

of 03/21/91

PRIM
PRNT
PRNT2
PRNT3
QUAD
RAN1
RANDOM
RANDRAY
RANSCAT
RAYPRNT
RAYS
READLCM
RECPOL2
RECPOLE
ROTATE
SAVRAN
SDIP
SECOND
SEPA
SEPAR
SHROT
SLIT

SOS
TRACE
VECPROD
VECSUM
WEDGE
WR"TELCM
7HY

ZP1

7P2



2. RUNNING MOTER
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MOTER requires three data files, named: MAG, DMD,

3. MAG INPUT FILE

cad 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 a bullet ().

3.1

| i)

MAG File Format

Parameter Description of Parameter

NTITLE
NR
NP

IEORP

JRAND
ICON
NRAND

ITUNE

JOPTIMIZE

IRANDUM

IRANSTA

PMOMO
PMASS

Beamline

Title or other identifier

Number of rays to be traced (400 maximum).

Number of integration steps before next printing of inter-
mediate results. NP=100 causes printing of ray coordinates at
each transition in an eclement. NP>200) suppresses printing.
If =1, DELP will be interpreted as AE/E, the particle's

fractional (in %) deviation from the nominal kinetic energy.
Otherwise, DELP will be taken to be ap/p.

[f positive, generate random rays.

If positive, determine the C-coefficients after each trace.
Number of normal random measurements to be generated for
ecach demand flagged to receive a mensurement ecrror.

If =1, generate new scatter random. number sect for each trace,
if =0, gencrate only at start of ireration cycle,

If sOPTI, optimize. If aNOOP, perform only a trace. If =ISNG
perform only one iteration of optimization -- a trick to get
histograms without optimizing

\{ =0, then atarting seed is arbitearily =1776. If >0, initinl seced
is given by IRANSTA. If <0, reload status of the random
number generator from a file named 'MOTER RAN'

Starting seed when IRANDUM > 0; otherwixe, ignored.

Momentum of design particle in MoV/c.
Masa of design particle in amu.

Beamline elument parametor list, terminnted by a SENTINEL
record.  Approptoate keywords are:  DRIFt, DIPOle, POL Ly,
MULTipole corrector, SHRT, and SENTinel. Other clements are
available but have not been revilidated,  See Section 6 lor the
npproprinte format,



NINDEP1
ISET

DELTA()

LPRIMP()

JRKSTMX
JHAMMNG

Note

IBMTYPE

NSIGMA

ISIGMA(i)

Number of independent variables flagged in element
parameter list above.
=1

Step size for optimization derivatives. Must be NINDEP1 values
in same order as independent variables in beamline. If
NINDEP1=0, omit this record from the data stream.

Print out ray data after each element listed in LPRIMP. ‘List 8
locations per line. A line with -1 terminates the reading. If
first location =0, print ray data at start of 1lst 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 0, omit the next four records from the
data stream; otherwise, you must provide them.

If =0, beam comes from a target; if =1, beam comes from an
accelerator.

An integer from 1 to 6 specifying the number of parameters
defining the beam. This can be any subset of the standard
TRANSPORT beam parameter set: (X, 6, Y, ¢, 1, 3).

Six integers (one for each dimension) from 0 to 3. If =0, the i-
th term in the beam paramecter set is not defined. If =1, use
uniform distribution. If =2, use Gaussian distribution. If =3,
use user-defined distribution.

(SIGMA(1), (RSIGMA(i,j), j=1,6), i=1,6) Six records of 7 numbers each.

KRAY

KouT

FRAC

SIGMA(i) is the standard deviation of the distribution
associated with the i-th term in the beam parameter set, i.e.,
sqrt( o(i,i) ). RSIGMA(i,j) is the o(i,j) matrix as defined in
TKANSPORT to describe the beam hyperellipsoid.

Number of input rays to be read in. If KRAY is © and NR is 20,
then the program computes aberration coefficients. The R-
matrix and four of the third-order aberration coefficients are
computed (the ones important for telescope design).

If a0, do not output generated ray data,

If =1, write output to file ?.

Fraction of particles that will be protons; (1-FRAC) will be
pions. For now this option iy disabled, 1.c., FRAC = 0.



(XI(), VXIG). YIG), VYIG), ZI(i), VZI({i), DELP(i), RMASS(i), i=l.nrays)

If JRAND s 0, supply nrays = NR records of 8 numbers each
-- the starting coordinates of the i-th particle. Otherwise,
supply nrays = KRAY records of starting coordinates. If
KRAY = 0, skip these records as well as the offset records

—defined next. For nov/, RMASS(i) will be set to PMASS no .
matter what value thz user specifies.

OFFSET(i) - Increment all XI() 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 the amount OFFSET(4).

Note If JRAND < 0. the input da'a stream is complete at this point;
the records below may be onitted.

J - If Js0, terminate reading cf MAG file.

IRANCMP(J) - If I is between 1 and 6, freeze the J-th input parameter,
IRANCMP(J), to 1 fixed value, RANCMP(J), and read another
value for J.

RANCMP(J)



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 number
distribution at the timne the demands are composed. Unlike multiple
scattering the effect is 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.

41 DMD File Format

Parameter Parameter Description

e TITLE - Title or other identifier
e IOPT - =0, not used.
ICNORM - If =l, column max scaling of matrix defining coefficieats is

desired.  (Permits observativa of relative contributions of
terms composing demand.)
If =20, scaling is not desired.

Remand Component Record. One or more of the following
records terminated by one with [ = 0, -1, or -2  and followed by
a Relative Weight record constitute a Demand Group. If I=0,
then one or more Demand Groups will follow the Relative
Weight record. The final Demand Group will have [ = -1 or -2
and will be followed by a Relative Weight record with WT = 0. A
collection of Demand Groups forms the Merit Function.

e 1 - If [ = .1, demand definition process is complete; append a
Rolative Weight record (defined after this record ) with WT a 0.
Sextupole strengths to be treated as a group in each order,
If 1 = -2, same as above but sextupole strengths treated
individually.
If | = 0, Demand Group is complete with this record; one or
more Demand Groups will follow,
If [ = positive integer, components of Demand Group being
defined, such definition continuing up to and including a0, -1,
or -2 record.



NCOMP

ISIDE

CSTOR
JRANTIE

SDEV

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 al!l
demands.

- A maxim»m of 10 Demand Groups may appear in' the
— definition of the merit function. _
Location in magnet system where demand compomnent is being
defined. LOC=0 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.
A number in the range 1-7 designating X, 0, Y, ¢, 1, &, and ¢,
respectively. NCOMP=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 betiedto 8 at LOC 0 to form an
(x|8) term in the demand. Any 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, uncqual for compounents not to be
paired, and should form a monotone nondecreasing natural
sequence (no integer skipped).
If =0, coefficient of demand component defined by present
grouping of COTIE records is to be determined by program. If
=], 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 o this coefficient.
Value of present coefficients; must appear in same record as
ISIDE=1.
Positive integer. Individual components which form terms in
the demand may be tagged to receive a normally distributed
aeasure error baving mean zero and standard deviation SDEV.
All components tagged with identical tntegers receive an
identical measurement ecrror independent of the demand
grouping in which thev reside. Each distinct ray receives
NRANT (MAG file) distinct measurement errors. This
incrcases the eoffective number of rays composing the demands
to NR®NRAND rays. The distribution is redefined at the
beginning of each iteration cycle of the optimization. JRANTIE
=0 indicates no error is desired The integers need not appear
in any particular order. However, to promote efficient use of
computer space, all integers up to the maximum one should be
defined. If the maximum integer times NRAND s >100, then
NRAND will be reset to the largest integer such that
MAX(JRANTIE*NRAND) s 100.
Standard deviation attached to menasurement error, needs to be
defined only once for each integer JRANTIE  defined.



3.2

IORD

Relarive Weight Record. This record is used to weight a Demand
Group and, after [ = -1 or -2, to terminaie with WT = 0 the
demand file; i.e., the defining of the Merit Functicn.

If positive number, it is interpreted at the relative weight for
the preceding demand; it is not normalized.

If =0, DMD file is compl-:s; no more data follows.

If megative number, sextupole strength demand being defmedv
with weight equal to ABS(WT).

If TORD =2,3, 4,5 then RAP, CAT, CSVN, CNN terms are to be
treated as penalty demands. If previous [ = -1, then ignore
LOCSEX, SEXTZRO aad use all terms of given order from all
dipoles as a group. If previous I = -2, use only the order term
tagged by LOCSEX. If IORD = 0, no penalty is implied.

= FLOC integer. If integer is negative, then pick up order
component from entrance fringe field; if positive, use
component from exit fringe field. LOCSEX = 0 is treated as "do-
nothing™ signal.

= number. Penalty demand is to be defir ! as a deviation from
the value set in SEXTZERO. SEXTZERO = 0 is treated as "do-
nothing"” signal.

DMD File Examples



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 algc.ithm for minimizing a sum of squares.
The optimizer Tirst 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 initiated in the subroutine OPTIMIZ.

5.1 OPT File Format

In what follows the underlined numbers are the default values.

Parameter escripti 0 aramete

e NPROBS - ] Problem number.

2 ITERS - - 10 Number of iterations allowed per pass.

3 NPO - 0(l) To bypass (include) P=0 in the P-table.

4 NPRINT1 - 0 (l) To bypass (print) the P-table.

5 NPRINT2 - Q (1) To bypass (print) the n search triplets.

6 NETASCH - 0 (1) To omit (include) a Z(P) n search.

7  MONO - 0 (1) To continue (halt) the P-table search at the first maxima.

8 NTABLE - 3 Number of P-table entries.

9 NPIV - Q (1) When the maximum modified column vector -- the
modified length divided by the original length -- determines
the next pivot.

10 MXFON - 3 Maximum number of function evaluations permitted in the
search for ETA.

11 ICROW - 0 (1) Column followed by row maximum scaling not desired
(desired).

12 KREAD - 0(1) OPTP groups will (will not) be defined for succeeding
passes.

GRDZMIN - 1,0E-20 Exit when the inner product of the newly chosen z-
search direction and the negative gradient evaluated at the
same point in parameter space lies between 0.0 and GRDZMIN.

2 PHIMIN - 1.0E-25 Exit when the merit function, PHI, is less than the non-
zero PHIMIN.

ZSQMIN - ]1.0L-24 Exit when Z' < ZSQMIN.

APZERO - ].0E-14 Approcimate value for zero used in the least squarecs
rank determination.

&b W



5 CMIN - 1.0E-3 Starting value of P’ which is equal to CMIN(DIAGMAX).
6 OMAX - 1.0 End value of P’ which is equal to CMAX(DIAGMAX).

5

e RELPHI - LOE-13 Exit when the relative drop in the merit fun-~tion, PHI,

following an iteration cycle is less than the input value of
RELPHI. Note: the maximum recommended value of RE. PHI is
1.0E-3.

2 RELPPHI - 1.0 ERit from the P-table search when the relative PHI drop is
greater than RELPPHI.

3 RELDGMX - 1.0E-25 Halt the differentiation and the P-table search when

the relative change in the matrix diagonal maximum is less
than RELDGMX.
4 ETAVREL - 1.5E-2 Exit from the n scarch when the parabolic vertex

sequence relative change is | ss than ETAVREL.

S ETAHALT - ]1.0E-2 Halt the n search wheu the relative PHI drop is less than
ETAHALT times the relative P-table PHI drop.

6 USQMX - 1.LOE+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 0 277 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 case the following variables in the OPT file do not use their
default value:

ITERS 2 CMIN 1.E-§ RELPHI 1 E-23
NPO 0 MAX 1. RELPPHI 1.
NETASCH 0 RELDGMX 1.E-20
NTABLE 0 ETAVREL 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 imported 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 Type Keyword cte
A. Drift DRIF(T) 1
B. Dipole DIPO(LE) 63
C  Multipole POLE(S) 40
D.  Multipole Corrector MULT 23
E  Shift-Rotate SHRT 6
F. End-of-System SENT(INEL) 0
G Cavity CAVI(TY) 6
Solenoid SOLE 8
ES Deflector EDIP 30
Velocity Selector VELS 47
Lens LENS 11
Collimator QOIL S
Accelerator AXE 24
Einzel Lens EINZ 15
6.1 Element Input Format
An effort has been made to present the user with as forgiving an

input format as is possible.

Each element is described by (1) an alphabetic

keyword followed by (2) a list of parameter values. The keyword must

appear by itself on the first line of the element input (although 1t can

appear anywhere on the line.)

Only the first four characters of the

keyword are used; all cther characters appearing on the line are ignored.
A blank line preceding the keyword line will be ignored.

The list of paramecter val_ss is expected on the second and subse-
quent lines. The format is free-field, i.e, the only spaciug requirement is



that the numbers be separated by one or more blanks. The parameters
can be 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 element has been read. The only requirement is
that the numbers be in the order specified below. The "Offset” column is
meant to assist in the ordering.

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 reccrds 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.

Parameter escripti 0 aramete

e J1 - Order number in the parameter list

J2 - An integer to be assigned to this parameter. The integers should be
assigned in the natural order (do not skip any). If two paramsters are
assigned the same integer, they become tied variables, i.e., the change
calculated by the optimizer will be applied to all variables tied
together by a particular integer. If J2 s negative, the change
calculated by the optimizer is subtracted from the associated variable;
this feature is used, e.g., to preserve the length of a drift. ABS(J2)
must be s 30.

J3 - Defines the type of bounds to be applied to this variable parameter.

J3 = 0: unbounded
J3 = 1: bounded from below only
J3 = 2: bounded from above and below
J3 = 3: bouunded froin above only
BL - Value of the lower bound

BU - Value c¢f the upper bound

The specifying of which parameters of an eclement (if any) are to be varied
is terminated by a record with J1 = J2 =1J3 = 0.

6.3 Element Types

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



A. Drift

Keyword: DRIF(T)
Birameter Description

974

160

- Field-free drift fength (cm).



B. Dipole

Keyword: DIPO(LE)

LF1 -
LU1 -
LF2 -

MYTP -

IMAP

A0 w >

PHI

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) aithough LU1 can be made larger to

save computer time. For MTYP=6, DG serves another function -- see

Sec. V. A, in the RAYTRACE manual.

Magnetic dipole option

MTYP=0,1 - Uniform field dipole. Fringing field determined by
calculation of the distance to the effective field
boundary in thu z-direction.

MTYP=2 - Uniform field Jipole. Fringing field determined as
described in Sec. V.A. in the RAYTRACE manual.
MTYP=3 - Non-uniform field dipole with n-value and sc.oond-,

third, and forth-otder cuirections Fringing field
determined as for MTYP=2, but including n-value, etc.
MTYP=4 - Non-uniform field dipole; cylindrical geometry.
Similar to MTYP=3 but better suited for purely conical
pole pieces. This option is used to describe magnets
with wedge-shaped gaps ("CLAMSHELL") by making R
large, PHI small, and by setting BET1=sGAMA=DELT=0
but 0w0, and normally large because R is artificially

large.
MTYPaS - Uniform field dipole; circular pole option.
MTYPa6 - Pretzel magnet option.

Array number for generating and identifying fringing field array
maps. If IMAP=0, maps are not generated and the field components
are calculated directly for each point, ie., four times for each
integration step. Two dipoles with identical values of IMAP will
share a common array. [IMAPsS.

Distance (cm) from the origin of system A (initinl) to system B
(situated at the entrance edge EFB of the magnctic element).
Distance (cm) from origin of system C (situated at thc exit edge EFB
of the magnetic element) to origin of output system D.

Gap width (cm).

Radius of curvature (cm) used in geumeltrical construction of
layout,

Nominal valuc of the field on the central radius R (Tesla).

Angular extent (degrees) hetween the EFB of system B and that of
system C. Nominally equivalent to the bend angle.

Angle (degrees) between the central trajectory and the normal to
the entrance (EFB).

fosetl
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+10

+11

+12

161



BETA

NDX
BET1
GAMA

DELT

Z11
Z12
221
222
Cco0
C01
co2
C03
C04
CoS5
C10
Cl
C12
C13
Cl4
C1s
BR1

BR2

XCR1

XCR2

DELS]

l'ld!

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

'n-value' of field index for non-uniform field magnets (first-order
term).

'B-value' of field index 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 zonme in coordinate system C. Normally positive.

Coefficients used in the expansion of the fringing field fall-off at
the entrance of the magnetlic eclement.

Coefficients used in the expansion of the fringing field fall-off at
the exit of the magnetic element.

Correction for presence of constant field in region of entrance
fringe field (Tesla).

Correction for ptesence of constant field in region of exit fringe
field (Tesla). In the Split-Pole Spectrometer, BR1 and BR2 describe
the asymptotic field in the split.

Enuivalent to a coordinate system shift (cm) at the entrance
(element SHRT) with Axe-XRCIl. Used 10 correct for displucement of
central ray caused by extended fringing ftield (see Fig. 2 in
RAYTRACE manual). Use XCRI1sSCR220 unless the actual hardware
element will be offsel.

Eqguivalent to s coordinate system shift (¢cm) at the exit with
Ax=XCR2. Used to correct for displacement of central ray caused by
extended fringing field.

A correction t¢ the location of the clfcctive field boundnry, The
effective field boundary at the entrance v moved towards the
magnet (for positive Az) by an amount Az = DELSI*D.

+13

+14

+15

+16

+17

+18

+22
+23
+24
+25
+26
+27
+28
129
+30
+ 31
+32
+33
+ 4

+ 15

+14

]



DELS2 - A correction to the location of the effective field boundary. The +39
effective field boundary at the exit is moved towards the magnet
(for positive Az) by an amount Az = DELS2*D.
RAP1 - [nverse radius of curvature of entrance boundary (cm'l). Convex +40
‘ surfaces are positive. '
RAP2 - Inverse radius of curvature of exit boundary (cm-!). Convex +41
surfaces are positive.. In the program, except for MTYP=5, circles
described by RAP! and RAP2 are approximated with an eighth-
order power series.
WDE - Mechanical width of the entrance pole boundary. Used only when +42
IMAP is non-zero
WDX - Mechanical width of the exit pole boundary. Used only when IMAP +43
is non-zero.
S02 - Cocfficients used in description of entrance boundary curvature. +44
S03 Contributions of RAP1 are added to those of S02, S04, S06 and SO8. +45
S04 +46
S0S +47
S06 +48
S07 +49
S08 +50
S12 - Coefficients used in description of exit boundary curvature. +51
S13 Contributions of RAP2 are added to those of S12, S14, $16, and S18. +52
S14 +53
S15 +54
S16 +55
S17 +56
S18 +57
ZiN - Aperture checking begins at a point ZIN (cm) inside the entrance +58
Z0UT fringing field (Z11> ZIN> Z12) measured in coordinate system B. It +59
continues at each integration step through the uniform field zone
and on to ZOUT in the exit fringing field (Z21< ZOUT< Z22) measured
in coordinate system C.
XMAX - Half-aperture collimation limits (cm) set on a ray passing thru the +60
YMAX magnetic element. In the Fending plane, the particle's (x,z) +61

coordinates are converted to a radius, Rxy, measured from the
center of the bend. If this radius e<ceeds RHO2XMAX, where RHO is
the nominal bending radius, a message is issved, once only,
indicating that an aperture was grazed and where. A similar
message is issued if |Y|laYMAX in the non-bending plane. A value of
XMAXun0Q suppresses aperture checking

APMX - The aperture constraints above are passive, i.e, the pnrticle's 6- +62
coordinate is not modified if the aperture condition is exceeded.
APMX provides an active constraint in the bending plane. A typical
value for APMX might be 1.1. If RxyaRHOsAPMX*XMAX, then the
transverse velocity in the bending plune is set to zero and the
particle's radial position is set to that of the constraining aperture.
A 1attlotale message is issued , once only in cach zone, when this
action occurs. A similar constraint is applied in the non-bend
plane, i.e., |Y|aAPMX*YMAX. Setting APMX=( disables this option,

ll;l



C. Multipole

Kevword: POLE
Parameter Description

*LF1
LUl
LF2

0
Col
co2
co3
co4
cos

10
Cll
12
13
Clrd
C15

FRH
FRO
FRD)
FRDD

- Entrance fringing field integration 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 (initial) to system B
situated at the EFB of the entrance edge of magnetic element.
Distance (cm) from origin of system C (situated at the EFB of the
magnetic element) to origin of output system D.

Effeciive length (cm) of magnetic element.

Aperture radius (~m) used to calculate field strength.

Quadrupole component of the pole tip field at r=R (Tesla).
Hexapole component of the pole tip field at raR (Tesla).
Octapole component of the pole tip field at ruR (Tesln).
Decapole component of the pole tip field ai r=R (Tesla).
Dodecapole component of the pole tip field at raR (Tesla).

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
2one in coordinate system C. Normally negative

Integration limit (cm) defining the termination of the exit fringing

field zone in coordinate system C. Normally positive.

Coefficients used in the expansion of the fringing field fall-off at
the entrance of the magnetic element. (These are the coefficients
of a power series in s a z/2R in accordance with the 1 July 1987
RAYTRACE manuai. Earlier versions of RAYTRACE used 2z/R.)

Coefficients used in the expansion oi the fringing field fall-off at
the exit of the magnetic element (Sece comment above on s = 2/2R).

Fractional radius of multipoles, in terms of quadrupole radius.
Used in calculating fringing field fall-off, e g.,FRH=0.9 makes the
hexapole fall off 0.9°1 times faxter with distance from the EFB than
the quadrupole field. A value of 0.0 given for any of these
purameters in redefined to 1.0,



)SH
BO
SD
SDD

AN
0ouT

Ux
2Y

- A correction for the cffective length of individual multipole

clements relative to the quadrupole. A positive DS represents a
displacement inward of the EFB at the entrance and exit in units
of 2R.

Aperture checking begins at a point ZIN (cm) inside the entrance
fringing field (Z11> 4IN> Z12) mcasured in coordinate system B. It
continues at cach integration “step through the uniform field zone
and on to ZOUT in the exit fringing ficld (Z21< ZOUT< Z22) measured
in coordinate system C.

Half-aperture collimation limits (cm) set on a ray passing thru the
magnetic clement. If R1X is positive, the apcriure is taken to be
elliptical. A negative value for R1X (R2Y is always positive)
specifies a hyperbolic aperture for which the limiting equations
are: 2IXY!l = R1X**2, IXI = R2Y and IY! = R2Y. If the specified
aperture condition is exceecded, a message is issued, once only in
each zone, indicating that the aperture was grazed and where. A
value of R1X=0 suppresscs aperture checking.

+32
+33
+34
+35

+36
+37

+38
+39

(W)



D. Multipole Correcror

Keyword: MYILT

LF - Integration step size (cm). — + 0
DG - Differential step size (cm) used in determii.ing off-midplane + 1

components of B using a numerical technique. Recommended for
both step sizes: 0.3D.

A - Distance (cm) from origin of systcm A (initial) to coordinate system + 2
situated at center of multipole clement.

B - Distance (cm) from coordinate -ystem situated at center of multipole + 3
clement to origin of output system D.

L Length of the Multipole Corrector (cm). + 4

w - W.dth (cm) of multipole element. +5

D - Gap (cm) of multipole clement. + 6

BF - Nominal value of field at x = W/2 and z = 0, i.c., the value the field at x + 7
= W/2 will attain if one of the coefficienis C0-C5 is equal to unity and
the others are zero.

VA - Starting point of integration (cm) mecsured from coordinate system + 8
at center of multipole element. Normally negative

22 - Termination point of integration (cm) measured from coordinate +9
system at center of multinole element. Normally positive.

Q - Coefficients describing dipole. quadrupole, etc. content of +10

Cl the field. Normal range: -1.0 to 1.0 +11

Q +12

a +13

C4 +14

(6] +15

s Not used. +16

6] Cocfficients used to define how the field varies with z/L, +17

G basically describing a bell-shaped curve. Typical values are C7 = 0.4 +18
and C8 = (.1,

ZIN - Aperture checking beings at a point ZIN (cm), ZIN 2 Z1, +19
ZouT inside the element and continues at cack inlcgration step to ZOUT +20
(cm), ZOUT s Z2. Both quantities are measured from the center of the
eiement, which means that ZIN is no-mally negative while ZOUT is

normally positive.
XMAX - Half-aperture collimation limits (cm) sct on a ray pass'ng +21
YMAX thru the magnetic element. If IXl » XMAX or 1Yl > YMAX in the +22

rcgion being monitored, a message 1s 1ssued, once only, indicating
that the aperture was grazed. A value of XMAX=0 supresses aperture
checking.



E. Shift-Rotate

Description

arc displaced in
in the preceding
are displaced in
in the preceding
arc displaced in
in the preceding

the x-direction by
system.
the y-direction by
system.
the z-direction by
system.

The rest of the optical system as a unit is rotated Yy, (degrees) about

The rest of the optical system as a unit is rotated Vy (degrees) about

Kevt:ord: SHRT
Parameter
XD - All. following coordinate systems
an amount X0 (cm) as measured
YO0 - All following coordinate systems
an amount YO (cm) as measured
20 - All following coordinate systems
an amount Z0 (cm) as measured
Wx i
the x-axis of the preceding system.
Yy )
the y-axis of the preceding system.
V. )

The rest of the optical system as a unit is rotated Yy, (degrees) about
the z-axis of the preceding system.
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F. End-of-System
Keyword: SENT(INEL)
Parameters: NONE

- This clement is rcquired to signal the end of the list of elements.
It has no parameters associated with it.
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On-line Correction of Aberrations in Particle Spectrographs

M. Berz, K. Joh, 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, East Lansing, Mi 48824

Abstract

A new method is presented that allows the reconstruction
of trajectories and the ou-line correction of residual abere
rations that limit the resclution of particle spectrographs.
Using a computed or fitted high order transfer map that
describes the uncorrected aberrations of the spectrograph
under consideration, it is possible to determine a pseudo
transfer map that allows the computation of the corrected
data of interest as wall.as the reconstruciqd. Lrajeciories
in terms of position measuremnents in two planes nedt the
focal plane.

The technique is only limited by the accuracy of the po-
sition measurernents and the accuracy of the transfer map.
[n practice the methodcan be exprassed as.an inversjon of
a pieudo transfer map and implemented in the differential
algebraic fremework. The methed will be used to correct
residual high aberrations in the S800 spectrograph which
is under construction at the National superconducting Cy-
clotron Laboratory at Michigan State University.

L

1 Introduétion Inane o A
Efficient modern high-resolution mags spectrographs usu-
ally offer rather large phase space acceptances. One such
spectrograph is the S800 currently under construction at
Michigan State Uni-erity’s National Superconductiag Cy-
clotron Laboratory [1, 2]. Such large acceptance high res-
c.ution spectrographs usually require & careful consider-
ation and correction of aberrations. But because of the
large phase space acceptance, effects of rather high orders
contribute. This makes the correction process often con-
siderably more dificult and complex, and sometimes even
prevents & complete correction ot aberrations in the con-
ventional sense.

1t 1s ften possible 0 citcumvent or at least alleviate
these problems by using additional information about the
particles. [n particular, rne often measures not only their
final position but also their Anal angle by means of a sac-
ond detector. With this additional information 1t s to
some degtee possible Lo retroactively construct the whole

*Supported in Pant b‘y- the U.S. National Science Frundation,
Grant Number PHY 85.13818

trajectory of the particle. This information can be used
both for the numerical correction of the quantities of inter-
est, but it also reveals additional properties lik: the initial
angle, which is of eourse of interest in the study oi many
nuclear processes.

In the past such trajectory reconstruction techniques
were quite involved, often requiring extensive ray tracing
and the storage of large atrays of ray data and extensive
interpolation. In this paper, we present a rather direct
and efficient method based on ditferential algebraic (D)
techniques. T

In recent years wa have shown that maps of particle op-
tical systems can be computed to much higher orders than
previously possible using DA methods [3, 4, 5. 6]. Further-
more, the techiftfues also allow the accurate treatment of
very comdlicated fields that can be treated only approxi-
mately otherwise. [n our particular case, these include the
fringe fields of the large aperture magnets required for such
particle spectrographa. Sd for the firet time there is now
the possibility to really compute all the aberrations that
comprise a modern high resolution spectrograph without
havingtazely on tedious ray tracing.

On the practical side this raqultes high order codes for
the computation of highly accurate maps for realistic fields.
The new code COSY INFINITY (7, 8, 9, 10] allows such
computations in a very powerful language environment. [L
also has extensive and general optimization capabilities,
supports interactiv~ graphics and provides ample power
for customised problems, and it provides all the necessary
tools for efficient trajectory reconstruction.

In the next section, we will discuss an important algo-
tithm for this task, the inversion of transfer maps. Section
3 cutlines the use of map inversion techniques for the pur-
posas of trajectory reconstruction. Section 4 provides an
outlook for Lhe practical application in connection with the
S800 specttograph.

2 Inversion of Transfer Maps

At the core of the operations that follow is the need to
invett tranafer maps in their CA represantation. Though
at Arst glanca this appears like a very difficult problem,
we will see that innde~rd there is a rather elegant und closed



algorithm to perform this task.
We begin by splitting the map A, into its linear and
noalinear parts:

An = Ajp + Agn. (1)

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

A—lﬁ - AM'\ (2)

Composing the functions, we obtain

(AL + Ann)oMy = En >
A[ oMn = En-Az,.ohf.,:
Mﬂ = -IO(EH-A”‘OM"_[)- (3)

Here "o” stands for the composition of maps. In the
last step use has been made of the fact that knowing Ma._,
allows us to compute Aza0M,;. The necessary computation
of A7 is a linear matrix inversion.

Equation (3) can now be used in a recursive maanner to
compute the M, oraer bi’a‘“‘r;- I i

-~ R 3

3 Tra JectoryuRécanstrucﬂbn

The result of the compnﬂha qf tho tnn.lﬁr map of the
system allows us to relate final quantities to initial quan-
tities and parameters. [n our case, the relevant quantities
are the powitions in 2z and y directions as well as the mea-
sures of siopws ps/Po, py/Po and the energy of the particles
under consideration. Usually ths initial 2, erhich-io-deter
Tmined-by-the-rargoi-thickasss-oiasubssquent-slity is kept
small_te-preide—smisimsl-ontrames—widdn S the final
poaitiom and slopes are primarily determined by the en-
ergy, and to higher orders also by the initial y position and
the initial slopes.

In the full transfer map we now set z; to gero and con-
sider the following submap:

zy ay
a W
U aS 5 (4)
b d

This map relates the quantities which can be measured
in the two planes to the quantities of interw.:. The map
S is not & regular transfer map, and in particular its Ln-
e2r part dow not'have to be a priori invertible. [n a well
designed particle spactrograph, the linear part has the fol-
lowing form:

2y 00 0 » a,
ay * 0 0 W
i ]®lo e oo ]| b ®)
by 0 « ¢« 0 d, |

where a star denotes aL entry that is not 2ero. Since the
systern is imaging, clearly (x,a) vauishes, ar.d all the other

Figure 1: The vertical layout of the S800 spectrograph

zero terms vanish because of midrlane symmetry. (x.d) is
maximized in spectrograph design, and (a,a) cannot vanish
in an imaging system becauss of symplecticity. In fact. to
reduca the effect of the finite size entrance slit, (x.x) is
minimized within the constraints, and so (a,a) = 1/(x.x)
it also maximised.

Because of symplecticity, (y,y)(b,b)-(y,k)(b,y) = i, and
s0 we obtain for the total determinant of S:

|S| = (8, d) ) (d,d) :‘ 0! lﬁ)

besides being noniero, the sise of the determinant is also
s good moeasure of the quality of the spectrograph: the
larger the better.

So certainly the linear matrix is invertible, and accord-
ing to the last section, this entails that the whole nonlinear
map S is invertible to arbitrary order, and thus it is poas:-
ble to compute the initial quantities of intereat to arbitrary
order.

A closer inspection of the algorithm shows that in each
iteration, the result is multiplied by the inverse of the lin-
ear matrix S. Since the determinant of this inverse is the
inverse of the original determinant and is thus quite small,
this entails that the originally large terms in the nonlinear
part of the original mep are more and more auppressed. So
clearly even with trajectory construction, the original 'n-
vestment in the quality of the spectrograph, which is deter-
mined by its dispersion and its x demagnification, directly
influences the quality of the trajectory reconstruction.

4 The Correction of Aberrations
in Spectrographs

The proposed superconducting magnetic spectrograph, the
S800 (1] shown in Aig. 1, for the National Superconducting
Cyclotron Laboratory will sllow the study of heavy 1o
teactions with magnetic rigidities of up to 1.2 GeV/c. It
will have an energy resolution of one part in 10000 with a



Table 1: The S800 Spectrograph

Drift 1= 60cm r .l

Quad 1=40cm,Gmes =21 T/m &= M m

Dnft 1=20cm r .2

Quad 1=40cm, Gmas =68 T/m, &'z 2 m

Drift l=50cm

Dipole t = 2.6667Tm, Bmas = 1.5T, ¢ = 75 (28,
¢ = 0 deg, €3 = 30 deg

Drift I = 140 em

Dipole r = 2.6667 m, Bmes = 1.5T, ¢ = 735 deg,
¢

1 = 30 deg, ¢3 = 0 deg

Drift 1=257.5cm

large solid angle of about 20 msr and an energy arceptance
of about 10 percent.

The spec'regraph will be used in connection wiih the
new K1200 Superconducting Cyclotron for beams of pro-
tons up to Uranium with energies of 2 to 200 MeV/u. It
will provide unique opportunities for reseazch in various
areas, including the study of giant resonances, charge ex-
change, direct reaction studies and fundamental investiga-
tions of nuclear structure (11].

The S800 consists of two superconducting quadrupoles
and two 75 degree dipoles wit1 y-focusing edge angles. Ta-
ble | lists the parameters of the system. The settings of the
quadrupoles shown here correspond to particles of 193.04
MeV, 'mass 100 aad charge 50. Standard cptics notation
is used.

After a careful measurement of the crucial fringe fields of
the dipoles, we will be using COSY to determine the high
order properties of the map of the spectrograph. The com-
puration of the map S {rom the resulting transfer map can
be performed directly within the COSY environment, and
30 can the inversion of the map S. Altogether, a correction
map S is found, the nonlinearity of which is determined by
the nonlinearity of the original map and the quality in the
specttograph measured by (x,d)/(x,x). It is anticipated
that the correction map can be used for an on line deter-
mination of the relevant data without having to store the
raw two plane position measurements.

[n closir , we would like to note that the method can also
be employed for spectrographs icr which no sufficient fleld
measurements are known. To tnis end, one has to perform
experimental ray tracing and fit the resulting data with
a polvnomial type transfer map. Also in this case, the
inversion can be done in the map picture resulting in »
trather compact representation of the data necessary for
correction,

142

References

(1} J. Nolen, A.F Zeller, B. Sherrill, J. C DeKamp. and
J. Yurkon. A proposal for consttuction of the 5300
spectrograph. Technical Report MSUCL-694, Na-
tional Superconducting Cyclotron Laboratory, 1989,

(2] L. H Harwood A. F. Zeller, J. A. Nolen and E. Kashy
The MSU 1.2 GeV/c spectrograph. In Workshop
on High Resolution, Large Acceptance Svectromelers,
ANL/PHY-81-2. Argonne National Laboratory, 1932

(3] M. Berz. Arbitrary order description of arbitrary par-
ticle optical systems. Nuclear Instruments and MelA.
ods, A298:426, 1990.

(4] M. Bers. Differential Aigebraic description of beam
dynamics to very high orders. Particle Accelerators.
24:100, 1089.

(5) M. Berz. Differential Algebraic treatment of beam
dynamics to very high orders including applications
to spacecharge. A/P Conference Procecdings, 177 275
1988.

(6] M. Berzs. Differential Algebraic description and anal-
ysis of trajectories in vacuum electronic devices in-
cluding spacecharge effects. /EEE Transactions on
Electron Devices, 35-11:2002, 1988,

(7) M. Berz. COSY INFINITY Version 3 reference man-
ual. Technical Report MSUCL-751, National Su.
perconducting Cyclotron Laboratory, Michigan State
University, East Lansing, MI 48824, 1990.

(8] M. Bers. Computational aspects of design and sim-
ulation: COSY INFINITY. Nuclear Instruments and
Methods, A298:473, 1990.

(9] M. Bers. COSY INFINITY, an arbitrary order general
purpose optics code. Computer Codes and the Linear
Accelerator Community, Los Alamos LA-11857-C.117.
1990.

M. Bers. COSY INFINITY. In Proceedings 1991 Par.
ticle Accelerator Conference, San Francisco, CA, 1991

(10]

(11] N. Anantaraman and B. Sherrill, Editors. Proceed-
ings of the international conference on heavy ion
research with magnetic spectrographs.  Technical
Report MSUCL-688, National Superconducting Cy-

clotron Laboratory, 1989.



SPECTROMETER DESIGN AT
MICHIGAN STATE

183



SpPeCTomeTER
NES/ 5+ AT

Ascr /mose

4. ZEeenr



r : . - [ o H
= N 3 n - AR o2- L )
10N SGURCES . Johir - = m 0 [] -, S\ ARRAY L ACHAMBEA

ool g [ U Al A

ooTn
L\
F

i



DET 2




SARAMETERS OF THE MSU .2 SeV/c SPECTROGRAPH

ENERGY RESOLUTION:

ENERGY RANGE:
SOLID ANGLE:
RESOLVING POWER:
~ADIAL DISPERSION:

RADIAL MAGNIFICATION:

AXIAL OISPERSION:
ANGULAR RESOLUTION:

FOCAL PLANE SIZE:
FOCAL PLANE TILT:
MAGNETIC RIGIDITY:
OIPOLE FIELDS:
OIPOLE GAP:

OiPOLE SIZE:
WEIGHT OF DIPOLES:
QUAD SIZES:

DETECTOR REQUIREMENTS:

AE/E = "0 NITH Imm RADIAL QRUECT s:iI<
FOR 3EAM ANALTYSIS SYSTZM

Ag/E = 0%

2= :0-20 msr

Ry = 0.74 mm/mr

A< 2 mr (TOTAL CF BEAM PLUS SPECTRCGRAPH
CONTRIBUTIONS)

50 cm (RADIAL) X IS cm (AXIAL)

0

BA = 4T-m

B = I.LST(P= 2.7 m)
D =15 ¢cm

3.5 m LONG X 100 cm WIDE (TS'BEND) QTY 2F 2
APPROX. 70 TQONS EACH
*20 cm ID X 40 ¢m LONG
*2)35 em X IT ¢cm X 40 cm
TWO 2-DIMENSIONAL DET.,Im SEPARATION
*NS50 cm X IS ¢m
#2)e2 cm X 16 cm
RESOLUTION; RADIAL 0.2 mm
AXIAL 0.4 mm
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Table 1
" “rix elements" used in MOTER obtained by trial and error.

X _(momentum) y (scattering angle)

es(ex) * oy ¥
ez % 9¢ ]
§2(x2) * 68 *
¢* * ys *
oy . ys *
y? . 6y *
e: ] ¢3 %
025(0%x) * 0i¢ ®
082(x0) * yos %
0¢? » 0¢s ®
§3(x?,x8%) * 02 ®
¢25(¢1x) # y2¢ "
ey = ¢53 L
ea¢z ysl ]
y* Oyé? *
0'5(0°x) *® o¢® *®
¢ayz 9!¢ ]
es ¢!8 )
9”2 y¢88 ®
o¢* 0298 ®
Oyé?s
¢l
y'e?
y'é'

X Commen To Qet4 L/sTs



Table 2 ,
Matrix elements from COSY INFINIT

Yy

oyé
x0%¢
9282
0s°?
03482

x02%¢
04482

1293
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Table 3
S800 spectrograph resolutions

No gradients in dipoles Gradients
Q=20,8=.1 Q=10,8=2.5 =20,8=.1 Q=10,8=2.5
| Ap/p A8 Ap/p 48 Ap/p A Ap/p 4O
Ld 0.49 0.53 0.46 0.50 0.49 0.51 0.46 0.51
ld+COSY 0.49 0.53 0.45 0.50 0.49 0.51 0.45 0.50
)SY only 0.50 0.62 0.45 0.63 0.50 0.61 0.45 0.64

11ts are Ap/p=1 X10'u, A6= mr, Q= msr, §= %
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S ’
rDEMQNSTPN\'\QMl o= ThHeE QEL.MJ\QM

S%“.r (r,2) d2 = <—:_—'—»n—( S?DQ'“(% d=

Multipole Components Integrated From 2 = 0 to “co”

B.C.: ® = constant B.C.: 08/8z =0
L Fit B, A(7) Fit ®n(r) rn(T) Fit &, (r)
| Integrated Al | Only | Al | Only Only | Al | Onaly.
Quantity Data | r <38 | Data [ » < 38 r<38 | Data | »r <38
n=2 B
(T -m)
o3 0.935 | 0.935 | 0.935 | 0.935 || 0.940 | 0.940 | 0.940 | 0.940
"B,5(43 cm) | 0.939 0.637 0.943 0.941
B, (38 em) | 0.828 | 0.828 | 0.828 | 0.828 || 0.832 | 0.832 | 0.832 | 0.832
[ B.(30 cm) | 0.653 | 0.653 | 0.653 | 0.653 | 0.656 | 0.656 | 0.656 | 0.656 |
n=0
(% of n = 2)
-1.84 | -0.89 | -1.12 | -1.20 -1.77 { -0.74 | -1.03 | -1.11
B,¢(43 em -1.30 | -1.24 -1.19 -1.15
B,4(38 em) | -0.70 | -0.78 | -0.73 | -0.73 || -0.72 | -0.72 | -0.67 | -0.67
ro(30 cm) | -0.28 | -0.29 | -0.28 | -0.28 || -0.25 | -0.26 | -0.26 | -0.26
n=]0
(% of n = 2)
_ig& 8.00 |.11.34 | 0.84 1.50 8.2¢ | -10.15 | 0.78 144
B, 10(43 cm) | -0.130 0.238 -0.156 0.222
[ B,.10(38 cm) | 0.149 | 0.146 | 0.105 | 0.075 || 0.134 | 0.130 | 0.096 | 0.066
n.10(30 cm) | 0.018 | 0.025 | 0.015 | 0.014 || 0.017 | 0.023 | 0.014 | 0.013
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SUPERCONDUCTING Qaed Tean. QUADRUPMES
FOR THE MY
| Q1 Q2/Q3
Gradient (G/cm) 605 445
Pole Radius (cm) 25 35
“Good Field” Radius (cm) 22 30
Pole Tip Field (T) 1.512 1.56
Magnet Effective Length (cm) 189 219
Coil Cross Section Area (cm?) 9.30 12.93
Current Density (A/cm?) 16,178 16,800
Turns/pole 76 110
Operation current - 2,171 1,976
Total Length (feet) 4,000 6,100
Stored Energy LO‘ J) 0.25 0.5
deal Design Criteria:

Deviation in Gradient < 2.0 x 103 out to warm radius

Error in Field < 2.0 x 10~* out to warm radius

Ser TR By S LARITER RR WRE A ETAACS
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EvoruTon) oF  TRANSTORT NATRIX EEMENTS

HMSPARAPT2: D/M=1.2 ; 6.75M TO FOCUS ; 215CM Q3
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MARY. SLEMENTS AT FOoQuS

~PILE HMSPARAPT2: D/M=1.2 ; 6.75M TO FOCUS ; 215CM Q3

- TRANSFORM 1+

-3.26268

0.2737%

0.00000
0.00000
1.43375
0.00000

<IND ORDER TRANSPORM#*

11 6.407E-04
12 1.571E-04
13  0.000E+0Q0
14 0.000E+00
15 0.000B+00
16 -2.968B-02

Pl P Pub P b Pt

11 -3.335E-04
12 -1.335E-04
13 0.000E+0Q0
14 0.000E+Q0
15 0.000E+00
16 -6.512E-02

NN NN

11 0.000E+00
12 0.000E+00
13 3.725B-03
14 9.248E-04
15 0.000E+00
0.000E+00

11  0.000E+00
12 0.000E+00
13 1.986E-03
14 1.081E-0)
15 0.000B+00
16 0.000E+00

R I o N Y @ WP W W WD W
-
o

11 -1.098E-02
12 7.925E-04
13 0.000F.00
14 0.000E+00
15 0.000E.00
16 -1.1367E-02

S BV RV RV AV NV |

21H

> 0000 W W W WY NN G b Dud Pubb pud

(T RV RV RV RV ]

"PRNT"

0.
-0.
0.
0.
-0.
. 00000

22

24
23
26

22
23
24

26

00000
30650
00000
00000
12000

=3.422E-05
0.000E+00
0.000B+00
0.000E+00
1.411E-02

-4.507E -06
0 0 000!000
0.000E+00
0.000E+00
1.604E-03

0.000E-00
-4.394E-05
2.190B-06
0.000E+00
0 . 000!000

0.000R+00
-9.0863B-06
-1.042R-04
0.0002+00
0 . m.‘w

-2.039B-04
0.000E+00
0.000E+00
0.000E+00

-4.066E-0)

NN Y

W W W W

P O W

[V RV RV RY

33
34
35
36

3
34
35
36

33
34
33
3é

32
34
i3
36

L}
34
33
1

0.00000
0.00000

0.27135
0.00000
0.00000

-7.285B-05
7.351E-06
0.000E+00
0.000E+00

-5.7472-04
-2.890E-04
0.000E+00
0. WOIOW

0.000E+00
0.000E+00
0.000E.00
1.651E-01

0.000E+00
0.000E+00
0.000E+00
1.1292-01

-8 579E-03
-9.709E-03
0.000E+00
0.000E.00

0
0
0.98268 O.
0
1
0

NN [ N

L) W

3.91522
4.12724
0.00000
0.00000
-0.16528
1.00000

&b
45
46

-1.680B-04
0.000E+00
0.000B+00

hb
45
46

-1 . 102!’0‘
0.000E+00
0.000B+00

44
45
46

0.000E+00
0.000E+00
6.5008-02

44 0.000E+00
0.000E+00

46 4.383E-02

'Y )
45
46

-1.370E-0)
0.000E.00
0.000E.00

o o W W W ~N NN = Pt $=b

[P RV RV )

35
66

35
36
66

-}
36
66

3%
36
66

33
36
66

0.000E+00
0.000E+00
-3.801B-02

0.000E+00
0.000E+00
-4.038E-02

0.000E.00
0.000E.00
0.000E+00

0.000F+00
0.000E+00
0 ’ OOOBOW

0.000E+00
0.000E.00
-5,.749E-0)



PILE PARAPTIC: FIVE ENERGY (+-5Y%) VERSION OP PARAPT3B RT90.1

FILE PARAPT3B: FROM PARAPT3A V/NEV Q FRINGES ; XQ FOR ZOR«0 ; NEV STEPS
ENERGY(MEV) = 5700.000 5850.000 6000.000 - 6150.000  6300.000
XOR (CM) - -15.743 -8.836 -0.001 10.738 23.408
YOR (CM) - 0.000 0.000 0.000 0.000 0.000
ZOR (CM) . -222.717 -112.979 0.017 117.557 240.864
TH (MR) - -21.696 -10.576 -0.001 10.069 19.671
PHI (MR) - 0.000 0.000 0.000 0.000 0.000
1 XMAX ! (CM) - 1.539 1.632 1.746 1.878 2.027
2 1 YMAX! (CM) - 27.336 35.126 43.382 ‘ 52.093 61.274
X/TH - 0.000 0.000 0.000 0.000 0.000
T/TH - -0.309 -0.308 -0.305 —0.%0% -0.300 -0.294
Y/PH - 6.631 8.405 10.287 <1.92% 12.273 14.369
P/PH . 0.062 0.186 0.298 O.1%#I 0.400 0.493
X/TH#*#2 - -0.318 -0.373 -0.339 — O, 34 ~0.335 -0.322
¥/PE#*2 - -0.709 -1.262 -1.875 —1,680  -2.532 -3.218
T/TH#**2 - -0.008 -0.006 -0.004 —-0.008  -0.003 -0.001
T/PH%*2 - -0.094 -0.105 -0.118 = 0.0 -0.132 -0.146
Y/TH*PH - 0.291 0.179 0.028 (.0 -0.138 -0.374
P/TH*PR - -0.063 -0.088 -0.110 - 0.l0% -0.129 -0.144
X/TH##3 - -10.151 -10.866 -11.730 -12.735 -13.873
X/TH*PH*#2 e -202.674 -209.663 -217.528 -226.167 -235.527
T/TH#**) - 0.175 0.086 0.001 ~0.080 -0.157
T/TB*PHw*2 - -1.483 -2.544 -3.457 -4.239 -4.909
Y/PH**3 = -863.564 -871.884 -882.712 -696.925 -915.129
Y/TH**2wPH « -138.989 -155.346 -172.140 -189.393 -207.148
P/PR*+) - -67.657 -63.712 -60.399 -57.582 -55.194
P/TE**2%PR - -10.703 -11.084 -11.411 -11.686 -11.910
X/TBa#%4 - 0.884 0.622 0.344 0.060 -0.220
X/TH**24PH##2 o 44.470 52,211 $9.988 67.797 75.639
X/PH# %4 . 228.554 276.645 315.432 347.187 373.709
T/TH®* - -0.042 -0.047 -0.0%0 -0.051 -0.051
T/TBw«2epHwe2 0.015 0.538 1.022 1.464 1.861
T/PBaw4 - 7.157 9.470 11.039 12.072 12.720
Y/TH#w#3#PB - -1.989 -0.882 0.372 1.714 3.100
Y/TH*PRw®] - 33.113 34.387 34.5% 33.514 31.122
P/TBe)#PH - 2.038 2.090 2.108 2.096 2.061
P/TH*PH**) - 19.464 18.240 16.915 15.537 14,132
X/TH#*S - 7.206 8.216 8.381 7.620 5.849
X/THe¢)wpRew2 o 42.696 15.260 -35.39% -111.632  -216.27%
X/TO*PA*®4 - 119.642 -22.365 -193.0%7 -389.670 -610.5%66
T/TH#*S . 0.000 0.000 0.000 0.000 0.000
X/PE**2(Trunc. )e -0.598 -1.128 -1.723 -2.364 -3.037
X/TH*PH#**2(Tr.)=s -202.326 -209.570 -217.86) -227.11%  .237.29%
X/T**2 (Trunc.)e -0.312 -0.32% -0.33? -0.334 -0.324
X/T**) (Trunc.)e -10.102 -10.810 -11.673 -12.68) -13.83)
PSI - 85.138
N - 1 2 3 4
X/D##*N - 3.919 <. Q18 15.192 0.15%6 %6.163
X/T*DweN - 0.000 -43.388 40.2%2 -221.899
X/Ta#2eDueN - -2,.1482-02 7.5762+00 -1.0032.+01 -1.316E+01
X/Tee3aDueN o -3.744L+01 -1.1162.02 9.026E+01 <4, 473E+02
X/TeeiaDeeN - -1,1308.01 -4,389L.00 1.048E+02 -1.236E+02
X/Te#S¢DweN . -1.1398.01 -7.4142.02 ~8.704B4+02 -1.017E+02
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EXAUPLE oF REB30VCTS

RESOLUTION IN DELTA (RAYTRACE)

USERI:l JIMNAP.HMS.OP TICS.RECONIPARAPT 3B_RT _COR.RECON;!

LIMITS: 0.00010 0.0825 0.0500 0.0250 0.0000 0.0500 P\\‘HE SME
RMS Resolution= 5.889E-04
‘60‘——' T T T l’ ) S B 17 T T 1 T rT B r—
- §
L WS Tt i
NOUENTLOM,
~ HENwER QQDER
- RESOLOTION) 4
4 NOLT\POLES —
0 N 0,06 % 4
r 1 —
20— —
- -
r -
| 1
O'Br-nnnﬂﬂ T T T J;LiJ__L Jmmn-ﬂ.ﬂu‘"ﬂ.
-0.2 -0.1 0 0.1 0.2
&meas 8o ( %)
(6ix)= 2.564E-01 (61x?)=-2,927E-01 (6leyl= 0.000E-0Q0Q
(6le)= 0.000E-0Q0Q (6Ixel= 3,372E-00 (6IOQ)- 0.000E-00
(6ly)= 0.000E-0Q0 (61xy)= 0.000E-00 (6ly%)= 0.000E-00
(6!¢)= 0,.000E-Q0 (6Ix¢)= 0.000E-00 (¢tye)= 0.000E-00

(6le?)=-3.009E -0l

(6Ix%e)=-1,286E+01
(6Ixe?)e 7.514E+01
(61x)= 6.884E-01
(6l6%)=-1,358E-02

(6162)= 0.000E-00
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RESOLUTION IN PHI (RAYTRACE)

USERL:( JIMNAP.HMS.OPTICS.RECONIPARAPT3B_RT COR.RECON;t
LIMITS: 0.00010 0.0825 0.0500 0.0250 0.0000 0.0500

RMS Resolution= 5.373E-04

:r 0 I I 1 L T 1 —I T T 1 I | ! rm 1 I :
401 ]
r -
30— —
: ]
20 ol ]
10 —
N XY e R R b v P
-1

0 | 2
Ougas ®o (mr)

-2

(¢Ix)= 0.000E+00 (¢Ix?)= 0.000E+00 (¢ley)= 0.000E-00
(¢le)= 0.000E-00 (¢lxe)= 0.000E+00 (¢le¢)= 0.000E-00
t¢ly)= 1.077E-01 (¢!xy)=-2.850E-01 (¢ly?)= 0.000€-00
(¢l¢)=-1.178E-01 (¢Ixo)= 4,325E°00 (¢lye)= 0.000E-00

(¢le?)= 0.000E-00 (¢lo?)= 0.000E-00

(¢ley)=-6.108E+00
(¢le?¢)= 1,112E-02

224



RESOLUTION IN Y

USER1:(JIMNAP.HMS.OPTICS.RECONIPARAPT3B_RT_CDR.RECONs!

LIMITS: 0.00010 0.0825 0.0500 0.0250 0.0000 0.0500

RMS Resolution= 2.048E-03

(RAYTRACE)

-

T

50

40

30

20

10

IllIl11lli1ﬁl|1ﬁllilrt1lr

o
P

T

™

T

Ll L ] 1 T 1 B

llll'llllIJ;LlllllljlLllllL

[ ]
[—~

(ylx)= 0.000E-Q0
(yle)= 0.000E-0QQ
(yly)= 2.486E-01
(yl¢)=-9.418E-00

II'L'D'LF lLllle J‘hl—anﬂJl
0.5

-0.5 0
YMeas Yo (cm)

(yix?)= 0.000E-00
(ylxe)= 0.000E-00
(ylxy)= 1.080E-00
(ylx¢l=-1,777E-01
(yle?)= 0.000E-00

(yleyl= 8.560E-02
(yle¢)= 1,195€-01

(yly?)= 0.000E+00
(ylyg)= 0,000E+00
(yle2)= 0.000E+00

225
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RESOLUTION IN THETA (RAYTRACE)

USERI1L:(JIMNAP . HMS WP TICS.RECONIPARAPT38_RT_CDR.RECON:!
LIMITS: 2.00010 0.06. 3 0.0500 0.0250 0.0000 0.0500

RMS Resolution= B6.914E-04

50- T | T "7 rf | L T I T T T 7 Y _x.-.
40 ]]J —
30 —]
- -
20 ]
10 - ~
P -
O -n m |rﬂjam ] L4 1 1 I L1 1 1 WMHI h
-2 -1 0 1 2

(elx)= 3.562E-01
(ete)=-3.364E-00
(ely)e 0.000E-00
(elg)= 0.000E-QQ

(elx%g)=-1,220E+01
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(olx?)=-4.427E-01
(elxe)= 4,173E-00
(elxy)= 0.000E-00
(elx¢)= 0.0COE-00
(ele®)=-6.836E-01

(eley)= 0.000E-00
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Summary of TOSCA/OPERA Analysis for Q1
TOSCA Database File : Q1-V2.TOSCAB

Effective Length = 189.3 cm
Pole Radius = 256.0 cm

Radius of Fourier Analysis = 25.0 cm =
(extrapolated form R=22.0c¢cm)

Integral [B(N) dz] % of Integral
N (Tesla-meter) (B(2) dz]
2 : 1.4236 | eec==-
4 -5.58E-03 -0.392
6 | 1.07E-02 0.752
10 | -3.02E-03 -0.212
14 -1.70E-D2 -1.194
|

Radius of Fourier Analysis = 22.0 cm

B

| Integral [B(N) dz) % of Integral
N | (Tesla-meter) (B(2) dz]
< 1.2527 | @ =mee—-
4 | -3.80E-03 -0.303
6 5.64E-03 -0.450
10 | -9.55E-04 -0.076
14 { -3.22E-03 -0.257

|

» B(N,25) = B(N,22) » (25./22.)°(N-1)
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MAIN COILS OMNLY

NI = 150,000. AT/POLE

Radius of Fourier Analysis = 25.0 cm

Integrasl [B(N) dz]

% of Integral

(Tesla-meter) (B(2) dz)
1.4238 | ecece=a
-5.586-03 -0.392
1.07€-02 0.7852

Ql WITH N=4 CORRECTION COILS TURNED ON

Integral [B(N) dz)

%X of Integral

(Tesle-meter) [(8(2) dz)
Q7 11 N I ——
-5.18£-02 -3.638
1.09€-02 0.768

Q1 WITH N=6 CORRECTION COILS TURNED ON

Integral [B(N) dz)

X of Integral

(Tesla-meter) (B(2) dz)
1.4214 == | eccs=a
-5.69£-03 -0.401
8.056E-02 5.668

Q1 WITH Nm¢ AND N=6 CORRECTION COILS TURNED ON

Irtegral [B(N) dz)

X of Integral

(Tes!a-ueter) (B(2) dz)
1.4220 | eeee--
-5.18E-02 -3.643
8.00E-02 6.690




Q1

Nl =

150,000 A.T. /PuLE

2—D MAGNETOSTATIC

FORCES
REGION (lgl(;(r:) ugm) (?1) (d?g)
2 -15810 | -8298 | -6.360 | -152.303
3 347 | 1294 9585 | -105.013
4 6214 | -244.4 5.900 | -21.466
5 2512 | 6246 | -5961 | 11am

3-D MAGNETOSTATIC

FORCES
REGION (Ec‘/’-‘.i) (IEIS};:)
4 632.83 | -262.7
S -280.8 641.05




3D COIL FORCES
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810.0
516.0
120.2

-91063.2
-469.2
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-152.6

135.6

510.7
810.1
133.¢

108.¢
258.7
464.7
YYR
171.9
169.7
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13 output created on

7-AUG-91 at 16:26:36

ERA output file used: q2c-r5-pot.har

ISCA active file used

adrupole name Q2

Q2C-R5.TOSCAB

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

Effective length= 212.3 cm (2+106.1 cm)

Component: POT

Fringe parameters

m Cm
0 ~-0.0948
1 -2.8865
2 0.2589
3 -0.0611

ta Extracted for Quadrupole (n=2) Compcnent

tegral [bO dz]= 1.7560 Tesla-m
tegral [B( 32.0 cm) dz]= 1.6037 Tes!la-m
tearal [B( 28.3 cm) dz]= 1.4183 Tesla-m
tegral [B( 22.3 cm) dz]= 1.1200 Tesla-m

ta Extracted for n= 6 Component

tegral [bO dz]= 0.103E-01 Tesla-m ( 0.586%
tegral [B( 32.0 ¢cm) dz]= 0.920E-02 Tesla-m ( 0.573%
tegral [B( 2.3 cm) dz)= 0.435E-02 Tesla-m ( 0.307%
tegral [B( 22.3 ¢cm) dz]= 0.131E-02 Tesla-m ( 0.117%
ta Extracted for n=10 Component

tegral [bO dz]= 0.181E-01 Tesia-m ( 1.031%
tegral [B( 32.0 cm) dz]= 0.102E-02 Tesla-m ( 0.064%
tegral [B( 28.3 cm) dz]= 0.619E-03 Tesla-m ( 0.0447%
tegral [B( 22.3 cm) dz]= 0.702E-04 Tesla-m ( 0.006%
tea Extracted for n=14 Component

tegral [LO dz])=-0.777E-01 Tesla-m ( -4.425%
itegral [R( 32.0 e¢m) dz]=-0.965E-03 Tesla-m ( -0.060%
tegral [R( 28.3 cm) dz]=-0.374E-03 Tesla-m ( -0.026%
tegral [B( 22.3 cm) dz]=-0.170E-04 Tesla-m ( -0.0027%

of

of
of

of
of
of
of

with pole radius 35.0 fit up to r= 32.0
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Q2 SPEC SHEET

Effectlive Length
Radius Pole

Cood Aperture Radlus
Field at Pols
Cradient

Flald errors:
zt {he Pols

within Aperturse

Physlcal welght
Physlcal length

Phyclcal Gross Sectlon

| sngth (yoke)

Bore (puls)

= 2.71m

= 35m

= .30m

= 156 Telsa

= 4.457 Telsasm

g < 3.0 %
YEM < 3w

= 20.8 Tons
= 2.6m

= 1.56m Dla.

= 2.734



naryrof TOSCA/OPERA analysis for Quadrupole Magnet

06 M 0 e s O O oo oo o e o o e e e e e ol o

5 output created on

7-AUG-61 at 16:23:32

RA output file used: q2¢c-r5-chamf-pot.har
A active file used:

irupole name Q2

Q2C-R5-CHAMF . TOSCAB

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

Component:

Effective length= 211.9 cm (2%105.9 cm)

Fringe parameters

W= O3

Cm
-0.0997
-2.8818

0.2757
-0.0703

2 Extrrcted for Quadrupole (n=2) Component

egral [bO

egral

egral [B( 28.3 cm)
egral

B( 32.0 cm)
B( 22.3 cm)

%: 1 7562
= 1.6035
]: 1.4184

= 1.1201

3 Extracted for n= 6 Component

sgral [bO
sgral
sgral

sgral

[B( 32.0
[B( 28.3
[B( 22.3 <

dz
dz
dz
dz

]= 0.493E-02
]= 0.826E-02
%: 0.350E-02

= 0.109E-02

2 Extracted for n=10 Component

dz
az
dz

%: 0.267F 01
= 0.837EL 03
= 0.838E-03
}, 0.841E-04

egra! [bO
egral [B(
egral [B(
egral [B(

R

dz
dz
dz
dz

-0.272E-01
-0.387E-03
-0.348E-03
-0.114E-04

Tes!la-m
Tes|a-m
Tes|la-m
Tes!a-m

Tesla-m
Tesla-m
Tes|a-m
Tesla-m

Pl Y Y o Ve Y

Tesla-m
Tesla-m
Tesla-m
Tesla-m

PV Ve VN

Tesla-m
Tesia-m
Tosla-m
Tesla-m

TN

OO00O0

eNoNoN ]

-1
-0

.281%
.515%
. 246%
.097%

.523%
.062%
.059%
.008%

.549%
.0247%
-0.
-0.

025%
001%

of

of
of

of
of

of

POT

with pole radius 35.0 fit up to r= 32.0

n=2)
n=2)
ne2)
n=2)

n=2)
n=2)
ne2)
n=?)
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OF N=2

YA

U2C-R5-CHAM INTEGRAL [B(N) DZ]
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:'IB(B)dz < 3.0 %
/B(2)dz

/B(6)dz = /B(6)dl <+ /B(8)dz

OENTRAL EN0s

FOR COL TOLERANCES WE CAN DO A TAYLOR SERIEE EXPANSION
/B(6)dz = /B(8)dz + /B(B)dz + /B(B)dz Ae

/B(2)dz /B(2)dz /B(2)dz O /B(2)dz
l OENTRAL | BDe SE
FROM TOSOA
WHERE A‘fﬂ(ﬁ)dl = & 16 THE INCREMENTAL CHANGE WITHIN THE MAGNET
/B(2)dz DUE TO COIL PLACEMENT ERRORS. THIE WAS

TE CALCULATED IN 2-D ANALYSIS.

/B(B)dz <« 3.0 % = TOSCA RESULTS + COIL PLACEMENT
/B(2)dz

- 011 +3.68% # 88in * .005
in®

/B(B)dz = 1.63%
J/B(2)dz




SOURCES OF COIL PLACEMENT ERRORS

s ERROR
COIL HEIGHT 3.68%In’ 162
) COIL - MEDIAN PLANE GAP SEPARATION 3.76%in" 165
) COIL THICKNESS 1.11%/In* | 49
) COIL — Fe GAP SEPARATION 1.26%y/Int .55
) FACE ANGLE | 1.468%/deg—-in .25

OTAL /B(6)dz = .01 + v 162* + 166" + 49° + 65° + 252) = 2.45%

T8@a
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Q1 CONDUCTOR SPEC. SHEET

.709
1.800 039
—) f— ==
824 . 100
K 307
‘ 780
s x| G
.350
| SUPER CONDUCTING
STRANDS

99.999% PURE AL. STABLIZER TURN LENGTH - 4.1m

# Tuns/Pole = 25 NI (Total = 680 KA-Turns (Max)
# Layers/Coll = 1 lop) (6GeV/c) = 6000 Amps

# Turns/Layer = 25 aflop) = .77

Curent (Max)/Turn = 6800 Amps

(Cry ostability)

Super Conducting Filaments : 8 m Diameter Nb-Ti Alloy, 2100 Fiaments/Strand
Strand Diameter = 0.0268 :0.0003 in

1 Strands/Cable - 23

Strand Twist Pitch = 0.5 in

Cable Twist Pitch = 2.25 n

Strand Short-Sample Current (mn) = 420A 0 20KG & 4.2K

Cable Short-Sample Current (min) = S660A 0 20KG & 4.2K

Copper Resistivity Ratio = R(9.5K)/R(273K) = 0.023

AL Resistivity Ratio = R(4.2K)/R(273K) = 0.001

AL to CU to S.C. Ratio = 18.27/1.8/1.0
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Summary of TOSCA/OPERA Analysis for Q1

TOSCA Database File

Effective Length
Pole Radius

Q1-V2.T0SCAB

189.3 cm
25.0 ¢cm

Radius of Fourier Analysis = 25.0 cm =
(extrapolated form R=22.0cm)

I
| Integral [B(N) dz] % of Invegral
N | (Tesla-meter) (B(2) dz]
|
2 | 1.4236 | emme—-
I
4 | -5.58E-03 -0.392
I I
6 | 1.07E-02 0.752
I
o) | -3.02E-03 -0.212
I
4 | -1.70E-02 -1.194
| I
| |
Radius of Fourier Analysis = 22.0 cm
l
| Integral [B(N) dz] | % of Integral
N (Tesla-meter) (B(2) dzj
|
2 1.2627 | eeeaa-
4 | -3.80E-03 -0.303
6 5.64E-03 -0.450
|
0 -9.56E-04 -0.076
4 | -3, 22E-03 -0.257
|
A

« B(N,25) = B(N,22)

(25./22.) " (N-1)




MAIN COILS ONLY

Q1  CORRECTION COILS
NI « 150,000. AT/POLE

Radius of Fourier Analysis = 25.0 ca

Integra: [B(N) dz]
(Tesla-meter)

% of Integral
(B(2) dz]

1.4236
-5.586-03
1.07E-02

Ql WITH N=4 CORRECTION CO1LS TURNED ON

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

%X of Integral
[(B(2) dz)

1.423¢
-6.18E-02
1.00€-02

-3.630
0.768

Ql WITH N=6 CORRECTION COILS TURNED ON

Integral [B(N) dz)
(Tea!la-meter)

X of Integral
(B(2) dz)

1.4214
-6.69E-03
8.05E-02

-0.401
5.688

Q1 WITH N=4 AND N=8 CORRECTION COILS TURNED ON

Integral (B(N) dz}
(Tesla-meter)

X of Integral
(B(2) dz)

T

1.4220
-6.18E-02

- AArs A~




2—D MAGNETOSTATIC

FORCES
oo |G | i | | e
2 -1581.0 -829.8 -6.360 | -152.303
3 -34.7 -129.4 9.585 | -105.013
4 621.4 -244.4 5.900 -21.466
S -2512 624.6 -5.961 M9

3—-D MAGNETOSTATIC

FORCES
REGION (lgf(/)'(ri) (lgf(fyr:)
4 63283 | -262.7
5 -280.8 641.05




w1

3D COIL FORCES

1 POINT
| }

rX
(1bf)

B ~ Y e N W

22030.0
370.8
430.0

403.1
1041.2

819.0
516.0
120.2

(o)

-0163.2
-469.2
-301.7

-132.68
133.6

518.7
810.1

133.¢

rZ
(1v1)

0.0
108.0
2358.7

4684.7
444.1

171.9
160."
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LARGE APERTURE SUPERCONDUCTING CRYOSTABLE QUADRUPOLES
FOR CEBAF'S HIGH MOMENTUM SPECTROMETER

S.R. Lasiiter, P.D. Brindza,W.T. Bunter, R.R. Thorpe,
M.). Fowler, J.A. Miller
Continuous Eleciron Beam Accelerator Fadlity
12000 Jeflerson Avepue
Newport News, VA 23606

Abstract

“The present design for CEBAF'S Hall C HigE Momentum
Spectrometer!? calls for two large aperture quadrupoles, each
barving the same pbysical characteristics but operating st dif-
ferent field gradients. A cold-iron, superconducting, laminsted
yoke magnet bas been developed a1 the reference design. The
reswts of the two and three dimensiona) magoetostatic studies
will be presented bere along with some details of the conductor
and cryostat design.

latreduction
It is our intention bere st CEBAF to purchase from in-
dustry, the magnets for the BMS speciromeier based upon
magoetic performuance specifications. This paper will present
a reference design that we believe will meet the specfications
listed in Table 1 below.

The design of Q2/Q3 was also construined by other pon-
optical requirements such as size and weight of the magoet,
cryortabibly, Jow current, and Jow power kead consumption.
The magpetostatic analyses were performed for the require-
ments of the larger gradient Q2 magnet.

TABLE 1. Q2/Q3 Optical Requirements
and Magnet Specifications

—Q2 Q1

Lefl = 210 em 210 cm
Fredd Gradient = 445.7G/em 194 G/cm
R(pole) = 35 em 35 ¢m
R{good field region) m30cm 30 c¢m
Field Q@ Pole = )1.56 Tesla .66 Tesla
Dyoamic Field range = 10:]
Integral Multipole Field errors
(percent of quadrupole):
Dodecapole(at pole) < 3.0% < 3.0%
Unknown Multipoles < 0.3% < 0.5%
‘writhin aperiure)
*hysical Length =J30m
ron Length = 1lMm
Jiameler of yoke = 140m
~ngih/Bore ratio =55
Neight of yohe = 15 tons

Ceometry

The cold irton design of Q2/Q3 4s based upon the conformal
sapping of a window {rame dipole into a quadrupole geometry.
Lis method was used in the reference design of the smalier
‘ont end quadrupole Q1 of the BMS.? Figure ] shows a cross
retion view of the Q2/QJ qua '.upole magnet.

anuseript received Sepletaber 24, 1690

UNTS en

FOURE 1 CROSS SECTIONAL YEW OF Q2/0) SHOWNND
NER AND OUTER ORYQSTAT. POE RAIIJS = Joom

Xoke Design

Attention was given to the overall size of tbe yoke and to
the field levels within the yoke. The field levels were controlled
by siting the width of the smallest Aux path within the yoke
to be equal to one balf of the flux path length alnng the pole
face for & field Jeve] of 1.6 Tesla,us sbown in Figure 2. The
magnelic properties of the yoke were taken from the ipternal
table of POISSONY. This is Listed as 100G iron at 4.2 kelvin,

FIOWE 2 Vi OLOETIY X 07
LENOTH N THE YOKE AP0 ALONO THE POLE



We bave investigated the process of numerically contrelied
laser cutting for the yoke/pole luminations as it relates to cost
eflectiveness and cutting predsion. The tolerance control of

the pole shape is of prime concern, as the field quality is de-

termined as much by the pole abape as it is by the current dis-
tribution. Actual later cut lnminations were made for the Q1
geometry. Figure 3 gives the accuracy of this test fabrication.
The machining tolerance of the laminations when modeled in
POISSON were well within the magnetostatic specifications.
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1 Y | 1
1 'wn a8 e 4 al L] ] 4 440 " (1]
o TR M g u
MR e R
[ i A B4
Rl Tl PR

DIMENS IONS ARE IN INZHES.

FOSE 3 OV N.C. LASER-CUT LAMINATION TEST

~

Cryvostal Degign

The transition from warm o cold occurs over the spatial
dimension of 5. cm inside the bore of the magnet. The in-
ner warm bore will be a stainlrss steel eylinder wrapped in
super- insul ‘ion to reduce the rediation beat load to the in.
fisted stainl.as stee] bquid mitrogen iptercept panel. The be.
burmn stainless cylinder will also be wrapped with super insule.
tion to reduce radistion heat loads. The cylinders will share a
tornmon vacuum belween tbem to lower thermal conduction.

The magnet will be cooled by means of & patural thermal
syphon supplied from & belium reservoir mounied above the
magnel. The ecapacity of the reservoir {s vited such that o 3
bour supply of liquid helium will be available in the event of
sbort duraticn sup)ly interruptions.

The cold iron yoke will be supported within the cryostat
by elght constant tension support Lnks that attach from the
end of the laminations to atandofls attached to the outer vac-
vum vessel'. The Lok will be intercepted by s Lquid nltrogen
therma! shield to vduce heat conduction down the shait.

Super Condyctor Design
The Q2/Q3 quadrupole conductor is a multi-filament, .023
em diameter, NbTi-copper, 11-strand Rutherford cable. This
cable is then extruded into a high purity aluminum stabilizer
(99.989 Al) for cryostability. Figure 4 sbows a cross sectional
view of the conductior.

H)

Ly |

AL STARLIZER
l—STRAND _L
w_/ D¢
L] |

SURERCONDUCTING CABLE INSERT

—-P 2

SNOLE SYRAND WTH 2100
FLAMENTS PER STRAND

UNTS an
FIOURE & CROSS SECTIONAL VEW (° OONDUCTOR

Table 2. Q2/Q3 cryostable conductor Pararneters

Beam energy = 6.0 Gev

Nl/pole = 217310 Amp Turms
W% Turps/pole = 7]

Turn length = 465 cm

1/turn = 3.06) KAmps
Ie/tumn = .62 KAmps
Al/Cu/NbTi = 6.4/1.8/1

Stedy w - 4}

= .31 MJ)/m (Q2 at 1.56 Tesls)
= 0.1 L of belium/bour

Stored Epergy
Power Lead Consumption

For the Stekly calculation, no credit was taken for the copper
present in the strands.

As increases in the beam energy for CEBAF look promis-
ing, the cryostability of the magnet is preserved up to the op-
erating current of 4.6 KAmps, corresponding to 8 heam energy
of 7.6 GeV/e.



Two Di ional Quad e Ficld Calouati
The initia] magnetostatic solutions were performed using
the code POISSON to gain ap understanding of the sensitivity -
of the 2-dimensional problem to coil and iron geometries. The
need to allow sor adequate belium flow passage channels in and
around the coil stacks was used as a constraining parameter in
minimizing the unwanted multipoles.

Thiee stacks of conductor were used to achieve the desired
amp turns and lower the operating current. Gaps along the
median plane for each coil stack were constrained to be equal
in ap sttempt to reduce the pumber of individual parameters
that could eflect field quality. The heights of each coil stack
were individually sized to reduce field errors. This results in an
unequal pumber of iurns per coil stack as well as the need for
an additional spacer in the first two stacks. The turn to turn
insulation consists of 2.2 mm thick G-10 spacers sized such that
adequate belium flow would result as well as maximizing the
current density. The spacing between the stacks of conductor
was sited such that the width of the coils stacks would be kept
to & minimum ye! provided for sufficient helium fiow along
the stack beights. The superconducung cable is offset within
the aluminum stabilizer a» an aid in reducing the unwanted
barmonics. The spacing between the coil stack and the iron
yoke was also used to achieve a better field quality.

The current carrning portions of the conductor were mod-
eled as uniform stacks in all of the roagnetostatic analysis. Fig-
ure 5 shows the approximation 1o tbe current cariying portions
of the conductor that were modeled in the magnetostatic prob-
lems.

~ r— CAOUCTIR

CURRENT (LaRRYIND REOIN
r

FXrFE 8 OURFENT CARTYND REQYONS AS
MOOCLED Iy PASSON AND TOSCA

Table 3 lists the coefficients of the field myultipoles at
sadiur of 35 e and & bearn euergy of 6.0 GeV/c,

Tuble 3. Poisson i Analvsi

XN —BN) BINVB(2) %
2 1.5540E+04 1.0000

6 6.8937E+4.00 0.0444

10 . -1.0264E+0) -0.0776

u +2.0747E+01 -0.1335

«2 x N = multipole

Field is given by B = Sum [B(N)*(z/Rp)N-1)

The field within the iron yoke was 1.45 Tesla along the
median axis and 1.6 Tesla at the pole. Flux leakage outside the
irop was 6.5 Gauss next to the yoke and drops to 4.8 Gauss 30
cm away al the boundary. Figure 6 shows the 2-dimensional
solution for one-cight of the geometry from POISSON.

Al

FIOURE 8. FELD LINES AND OEOMETRY FROM POLSSSON

3.Di ional Quad ¢ Fisld Caleulati

The three dimensional solution was done with the code
TOSCA®. The efiects of the shape of the end coil geometry and
pole saturation were looked at since it is the integral multipole
content that we must satisfy. As a starting point the magnet
was modeled with no shaping of the poles at the end or use of
field clamps to coptain the field fall off. A well defined mesh
was set up in the x,y plane using quadratic elements to oblain
ressonable fits to the vector potential within the aperture of
tbe magnet. This mesh was theo extruded out along the r.axis
with erophasis placed near the end of the magnet yoke and the
region where the colls reside.

Tbe post-processor OPERA" and the program EXTRACT!
® :re used o analysis the integral multipole content of the mag.
nel. The coefficients of a fourier fit o the total potential were
integrated along the magnetic axis as a function of the radius
The analytic derivative of the potential was then taken to de.
rive the coefficients for the magnetic fields. Figure 7 shows
the field fall off aJong the magnetic axis for s radius of 30 cm,
Table ¢ list the results of the three dimensional study.
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. t P
jective Lengib = 210 cm
M Inl::tﬁ B N _d;: 7‘ Q’ Enz
t Rm35 cm (Pole Radius)
2) 1.545 Tesla-m
6) 562E-03 Tesla-m 0.364
10) ©.66E-03 Tesla-m 0.625
14) 1.05E-02 Tesla-m 0.682
t Re30 e (Aperiure Radius)
2) 1.325 Tesla-m
6) 2.77E-03 Tesla-m 0.209
10) 2.21E-03 Teshv.m 0.167
14) 9.23E-04 Taula-m 0.070

The sum of the unknown mullipoles {-ie- N=10 and 14)
the aperture of the maguetic is .237% of the quadrupole
d the dodecapole is only .364% of the quadrupole at the
le. Studies will continue to investigate the effects of pole
amfering, field cdJamps and coil end geometries in regards to
eir contnbution to the integral content.

Conclusion
A reference desipn has been modeled for the large aperture
perconducting quedrupoles that meets (he optical require.
tots of the BEigh Moimentum Spectrometer. It is our aim to
mplete the design work to allow » Request for Proposals to
oul by December 1090,
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MEASUREMENTS OF EPICS
QUADRUPOLES
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QUADRUPOLE MEASUREMENTS
AND ANALYSIS
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ANALYSIS OF 3D QUADRUPOLE
DATA
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(Analysis of 3D data)
o1

'Deciding What Counts”

Reference made to
"Calculations of Higher Multipole Components
in a Large Superconducting Quadrupole Magnet”

by
J. Napolitano and T. Hunter (CEBAF)
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Con {‘fl'bu feon {Nﬂ k‘at ovr %LI $0 fd‘r oaan)/
(a;c;‘ ‘Me f(vm Wt';“y R" Can be :‘,qame.[

¢ 7—”'“’ q:f(aﬂageu= fym from enfrance
and  exdt

o For quad of given c'nfeyra/u( sreng th
3“[-, 3. ordey 4681¢4{r'0h; are~ Y2



W
5) Magnefic (eeld meagurement/characterizaly
Pfioy (fces
) Allowed andd {aréc'o(a/m harmonces nscde
) Allowed and for bedden harmonces intfegrated

over whole [en g)‘A

3) Fumdamenfal as fumctrion of 2
t) Allowed harmonies as fumctrom o/g

Comm ents

o gea"r('ﬂg and scmdilar problems cause maialy
comtamenation of N= {um(ahzn?‘a( |
There fore: Nall measutemeafs for imscde
and /(ng}(/\whfcgrafca( measurements

o Fn‘ﬂ,{ ‘A"(( Mmeasuremenls are easy fo

1

dqc;f‘u‘cn one measures B (T#2), somce
thaf ([eads o(("rccﬂy Lo I/,



6) Vst and exploctatlion of (3.9),0.0) metiool 2 :
kc(t"!‘l(.‘{ Use 0} B?(TOLﬂ 2) (72 "/ar’g”/' fo get
30 FlZ(‘(S

Un (7 &) = —-/LM (7‘71)~q,,‘ (9, ﬁ/
Vp (%, )= L (TR) I (01
6.1) 99\ (0, 1)z Un (‘r,,/ﬁ)/_—/l.,,\ (o t)

1) Unlm )= Un(re )L (LA, (7 )

(52) Lan be used (FFT) to calculate
30 feeld for 1<to from measureol Uy (%)
(6.17 = speccal case: 7ra'(('<u{ on ar's

« Nofice: (f ome [ckes to fAimk on Feroms
o,( Convé[ufcon 'n f{gfrafsl VY ase/u/
lo mofice that the 2zevoes of A, (] are
fhe same «s Fhose oq( J,., (%)

¢ [heg approach vas cmple meafeol 6}/ (Are's
Morris n (7Yt »



J

“1) Vse and LQ/O(‘{‘a{(OK o'{ [2‘”1(3/(774 7’4{/‘00( K3

Exact caleulation of 30 frelds from analyfrcal(
fi{hcfc‘m 6.‘(0,3)

FTL“"{U( (n fome TZu”‘S 6uf never pué(('s,(ca(°
nevev ehecuted m defacl, bat (ooks wry prolm.'n'nﬁ

6 (,rl 3): X‘A« (r',{}'?‘n (0, 1)
G

n
.(>
¢ (ny' L am
Y.() " (7,3)= u_’mi%ch 6,”(0,}*«”‘*‘#) cosy d¢

LUTPI X ' v .,2"
&) 6,,(7}3#([( (”-f[{( 6, (0,3 4073 ("4) A

TYAR ; (+at ) |+ ] (44
Form of expresscom shows clearly thaf
@(0(3} 'musf bc'ana/y)(:‘ca(, bcc'aa;c ho w
else could G (0,3) be evaluated for complex
41’9«"&{1{; L Ven Pl'((é-ﬂnea( aaa/y/c'ca(
ek,bra;/o.; won't Aa.

KL

U2 can be wsed 4o Aescfn “‘"(“ll(%m['/l'{’o(e. To Lo
th one has to be clever/arfful fy cmvent
L apprep reate 6.\(0,3)




) -
¥ AN, (rp) 4y (0.2) = 6, (73]
LA lrp):

(/«,( m"‘(gnl TLP’MCM!?(Q ron ¢
n-

—/L RIE 2CJ (I~ 4Y) Cos(xA) A
r“"l‘\ ,"{'r‘(’{lﬁa n« ’H(*ICQ( )(aCfd‘f
(e (
@(’”(3)%;”(/-47 (1, L)L g,,/a{/a(/t A
-0
niearafe over p forst:

CMEEYE ¢ f((“ﬁ‘t/ﬂ-lll((;m(d‘ 3err4) 6, (9, 3-«'0‘4)) M.

4 S(ﬂ‘f el
Galtid) = RCfRC G0 34 rscnd): CaS‘N(fz

Pe termine ( {ro/:m condidian Oyl 3)= 6,003)
L
6 (715, (%";%—l IRL (0 3 ECTsNE)- Casqr ,(y«

70 ¢c1(u¢/(y -u/‘a/ua‘fc rasf “sL fauY«/L
ﬂH A

‘ - (lz ( J d
Gal™d i !m Gnlt 117 (1747) (fa




[ A

Q) Methods {o deter meme 6M {0,3.)

o

) For R" in (6%), meusaring gradient
“c/ofe ! fo akis [§ a«((yuafc

gl) Fl([ 16{5 CO‘mﬁr‘)‘aA/( u;'fh I) %lr dc/na(
ray . Fraccn _invelirag Aercvefivey 0/6,[’,3)

5{_3}/‘71.4'9«“ Bq"’ / 2t /arjc v, and ge/ /rom-
Hcf g‘rqo(l'(ﬁf and AeTiva £ ves on ar's. &4 k.
for Tay fraceng wofh txpansion in 7t
(t',[ Fhat approach s godﬂ( 4 0«3/‘} |

XL() “Invent' appropriate /7'" ¢ frucFu red
é(?m/y }(l‘Ca( {ano#o‘hr fﬁ‘ 6,,{0, i-); Calcu lnfe
with(.2) 6, (7013), and defermene free
PurqMmefers '