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Evaluatlon of Thermal Neutron Scattermg

Cross Sectlons for Reactor Moderators
e . o Summary . A

This is a summary report of the cvaluation work of thermal neutron scattering cross sections,
which has been pcrfornu.d during the years from 1965 to 1968 by members of the, thcrm'\l:z'rtlon,

—eo_group_of, J.lp'm(.sc Nuclear Data_ Committee. - The report consists of three p'lrts gencral dcscnptlon, b

cv'llu'\tlon, and basic research works. "The evaluation was aimed to be complctc thhm the mcol\ercnt

approximation.  The studlcs and evaluations of the coherent cffect, the multlplc scattering. correction, .

-~ and other related problcms are also included in the rcport as supp]cmcnt.
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1. Introduction

{//4 . L R (}) ; [‘:' 0
- . . . @ I . . R o .
+. The ‘evaluationzof thermial neutron scattering cross sections for. neutron ‘moderating materials has been
thc min research program orgam7ed by lhc Thermalization Group of Japanese Nuclear Data Commntec.
A ‘number of codes havé been made availablé for the evaliiation purpose.” Somc of them have been progr’lmmed

,‘,U ori lmlly by members of the Therm'lllzatlon Group and the others were kindl ofl'ered by several foreign .4
~ong N 3 Y Y 8

11 b
'1uthors. ¥

” : y ,L

{e

“ One of thc main purposcs of the numclflcal analysrs of thcrm'll neutron scattermg cross sections is to find’
the most. '1ppropr1atc frcqucncv dlstrlbutlon or spcctr'\l denslty for lattlce v:bratlons of crystals, molccuhr
vibrations and “rotations”in_solids anid llqu1ds, i.c.; to.determine’the; frcquencv dlstrlbutlon in thc generalwed
“sense which gives scattcrmg l'1ws, l\ernels, total sc1ttcr1ng cross ‘sections and othcr parametcrs rclated to the

 thermal neutron. scattering. in.good ‘agrecment . with C\perlmcntal valués. The otller purposc is to provrdc
st'md'lrd’ sets’ of l\crncls '1nd cross sections for reactor 'malysrs. M LY

i

v scattcrmg laws by means of the well- known C\trapol'ltlon and 1terat10n technlquc on thc scattcrlng law. - Physr-

1‘; cal, qu'lntmcs which can.be calculated directly from frequency distributions given as mput data for codes are:
~listed- b(.low. :

(1) Scattermg law £

S(“ ﬁ) o
(7) Scattcrmg kcrncl and. lts)Legendre moments
(I—-O 1 2 3) PR

. (4-) Tmnsport cross sectlon

(5) o Others (second moments, ‘ete. ) -

b s f sy B ook 8 b o o X e

w _.Evaluated values of these quantltlcs are given in Ch'lpter 3. F rcquency dlstrlbutlons are shown in thc

arc gn en. ‘1Jn the form “of the. llSt of output cards from the codcs. Scattcrmg la\vs are, shown mﬁgurcs and com-"

o pared wn:h cxpenmental values. s The total’ scattermg cross scctlon, the transport cross, sectlon and pare glvcn

&

4 ‘“ e §
PR \htenals for which thcse quantmes hwe bccn cvaluatcd arc hght water, heavy. watcr, graplutc, berylllum,

B m t'1blcs and ﬁgures and are dlb"usSCd in companson with measurements.

b(.rylllum oudc and org'lmc modcrators.‘ For light - water and heavy ‘water: 30 cnergy pomt kerncls for .
: [y
THER\[OS sourcc spectrum and thermal neutron diffusion paramctcrs have becn calculatcd in addmon o <

thc quantmes (1)—(5) listed. '1bovc., The: evaluatlon ‘which was partlally completcd but not. to thc evtcnt to .
X

cover the \\holc items of (1) (5) is also lncluded in the prcsgnt rcport as the' supplement to, thc cvaluatlon of

\Iost of thc C\perlmental data on thc sc1ttcrmg la\v or the double dlffcrentlal scattcrmg cross sectlon ever
"publlshed contam somc errors, resultmg from thc resolutlon and mult:ple scattermg The method of multrplc

Ko

_scattcrmg correctlon lS C\plamed in SCCtl on. 2 3 nd somc appllcatlons are 1llustr'1ted in Qhapter 3 \]umcrlcal

o
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2. Ger}?erol Descrlphon i | "
- ‘ N L) i\ ix
: | i C, 4
o wooa e h Weo i o .
P SRS SRS ISR | IR NI 1 R , e
2.1 Theoretical Consideration g
AL : Lo Ll f . T (
Generalities - [ , i} N ” : . )

~We \\'l’ltCrfOl' the doublc dlﬁcrentlallsc'lttcrmg cross scction of neutrons from monatomic. subst’mcc,‘_)

R dg i ] . " !' : B S
y da _ k[, 2 1)
d%dw /en[<“ 55 "’)+<“> S‘(" 2 b e |
[ZE ' L
., S(r (,,)rand ,(,.- 1)- arc,,thc scattcrmg law and time- corrchtlon functlon (or the mtermcdrate scattermg func-
tion) respectively, defined by o TR A T I
. , . " & I ‘ .
¢ v;S,(E, ) =___,S dte . /’(x, t) o ; » 4 {j u ) (2) R
.o it : 4 i Co
~ S,,(Ic m) ——-S - dte = /d('f, 2) i : © ‘; L CERR @
RN . L " ( ) () ; ‘ v 4 “E ‘ U @ - \
o ~ . —u re(o; nrn ! . hE
' s 1) = < ? i W
. 70 ) NZ , >t s“ i o 1[ », % N
S
5

._.,1_2;:2 IZMT e y e
,B-(Eo E)IT ‘ T AT ¢ ]

B! . . % : u . : . . ‘ .
A/I =the mass of scatterer atom, S “"t_‘r o oo R e ¥
gy :47r<a2> bound’ atom scattcrmg cross sectron,

T_temperature of the systcm in energy }F S T e T
. . ic
:

v ' @
Y ,Q_a,/(l-i- ) free atom “scattering cross sectlon, o

2<a>=bound atom cohcrent scaftermg amphtude, V

- S, (r, w) _.self term of thc scattermg law,

S,,(x m) drstmct term olf scattermg law Sy a
E '(L

L
/(r.- t) —tlme correlatlon functlon or mtermedratcd scattermg functlon,

ri (t) pOSltlon of the z-th atom of the system, , "’7. RN

.,->T_thermal average over the states of scattcrcr system, _ o

A

averaged over the dlrectlon L5 In th1s o

\\o

ex pt.for th% case 0 frec;gaﬁsl‘ nce S(ﬂ‘ ﬁ changes n rathcr complexed m'mner when tempe turc
: RIS RIS ST T SR e 3{ D . . ; ; N
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]AER[ 1]81 o S 2. Qencml Dcscﬁx:iption . f’“ ,

varies. -
" Eq. (1) is"applicable only 'to the nuclc'lr part of the scattering.”The assumptions undcrl\'mg Eq (1) are--
that (1) the t“ 0- bodv scattcrmg in the center of mass system is mdcpcndcnt of energy and isotropic, (2) Fermi’s
‘ pqcudmpotcntnl and the first Born approximation can be uscd, and (3) nuclear spins ire rindomly oriented.

"These assumptions restrict the range of validity of Eq. (1). The sccond assumption above was mvcstlgatcd

l)v NIsHIGOR! ef al?. 'l‘hcy studied ncutron prop’lg'\tlon in a SCdttLl‘Lr system quantum mcchamcﬂly and
slm\\cd that the correction to the’use of the ﬁrst Born approximation is of the order of mqgmtudc of (nuclc1r

scattering amplitude)/(atomie- distance).. So the correction will be quite negligible. o,

Main scattering qu‘umtns evaluated in the present report are, besides the scattering l'm, thc total cross

chtxon th(. tr.msport cross section (or the 'w(-r.\gc ‘cosine of scattering 'mglc) and the ch,cndrc ‘components'of -

~ smttcnn&, kernel for 1=0,1,2and 3. .77 L oy
» 9 trl(Eo) —Sﬂ'o(En“)E)dE ) ‘ v v
ST “"",”*FES) T—‘U}(Eo) (L_/,(En))”"“ff‘ﬁ..“”“f‘.‘.f I o B o =
o EEY =S‘71'(Eo">E) dE/a,(Eo) ' ‘ o
vy g PEPIRA S - d Ry e . R . - v o e o B
ST . r .
o (r,(L‘o—)L‘) _.S A Pi(cos 02 o - . 10
v :

~The nx.utron qource spcctrum, which is important. for thc c1lcul'mon of thcrmal ncutron spcctrum, has also;

“ been c'ﬂcuht(.d for llbht and heavy water. Thisis * |, ST A

i ‘.

Ee Uo(E’_w) L" 2 L‘s]]c e e

whcrc E. s tlw cut-oﬂ' cncrg} . 4 v

~In reattor ca]culatlon%, it is. p-1rtxcularly important to predict the correct a,. (L) and. y(E) When shzirp
: )g'\ks (mcludmg a mrro '1ccou%t1c.11 b'md) c\lst in’ thc spcctral dcn51‘y functlon, as is usmlly thc c'lsc, thc

“scattering kernel '1150 <.\lnlm< thc corrcspondmg pc'1 (s

thc “intcgration’ m I'q (/) 'md Eq. (9) nccdq a grcat carc.

e ‘”“‘”"'l he* qmm_rmq law- q'mqf\ the-well- l\nown condmons for-the- dct'ulcd l)'ll'mcc 'md thc momc.nt thcorcm.- -

. I'or monatomic system theseare: . .o Toe

sk R e b 4,. /u

—m)_c S(n m)” for both S (1. m) and S,,(A"‘m)

s,(h (u)dm_ B o RO

‘ ) S S . T
‘_ S,,(x ) dm:Z < EE R (1 N
G ixy, i~ . » L I o o

& S S (x m) }'m'im_.Ro ‘ o o _ : . ' o  (15)

o : 3 o . . ) . . .
,S - 5.1('~‘ m)/'mdm_ LT O T A (lﬁ)
H ‘ ‘ o I T PR S
(_-3 i w

Hcrc Ro_h /2M is. thc frc&. atom rccml cncrgy' IIqs. (13) (17) stat(, th'lt, at hlgh cncrgy, thc dlstmct
. tt.rm of the sc1ttcrmg V'mlshce 'lnd thc total sc1ttcrmg cross scctlon as \\cll«as 7 (E) tcnd to thosc for free atom

' ;l(Eo)_a/(1+—1’_"4Lg§‘_’I§_>_L;“3l‘),loX; <ga>; #,.

R T
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whcrc v, is thc rcl'm\'c v(.locnv 'md P(T’ ) is thc dx;tnbutmn functlon of vclomty of t.lrgct '1tom. The right hand

_side of the above cquatlon becomes constant if 'v< |V|

' Spectral Dens:ty Funchon ' ! o Ee T B
' 4y L L E .
The '1ppr0\1m'1t|om usunllv meloy,d in thc calcuhtlon of sc'1ttcrmg law arc: <
G -
(a) ~ the use of incoherent approximation except for the 7ero-phonon coherent ClﬂSth scattering,

(b). . the Gnussmn approximation for time correlation, function, i. c,,

AGUET I ' . 9
“where u'(t) is th(. width functlon gm.n by (‘v is tlu. \’Llocxty of 'ltom) o v
[# { |
g i el @ G SO -

The rml and imaginary part of the, \clocxtv correlation function '1rc mutually related by ﬂuctuatlon dlsslp'mon

thcorcm. F hlS 'lllows us to wrltc by dcﬁnmg th(. spcctral dcnsnty function as,

.""(” S

411/[ .anh 2T (o

e R e

- P("’) = o S R0<'u(o) . 'u(t) >1- cos ((nt) dt N @A :
that sl —7’ (r(o)—;,(z)) | | R
g S e Co co : Sl '
\\hICrek A T(’) —_ S N\ U’)[("N + l)elml + e —uol :ldm : 0 »’..- . ', . » o o ) <P
R 1 fiio ' ‘ N SR S .ot
My = - (COthtzT 1D L ’ h

j i
S p(m) is” sho\\n to smsfy thc normalization” condmon., o

'The '1ppr0\1m'1t10n (a). is almost - alwa35 a good '1ppr0\1m'1t10n to cqlcuhte thc mtcgral scqttcrmg quantmcs of

(N"I‘qs (/) (10) “Itis also c\pcctcd té' gwc thc scattcrmg law w1th rmsomb]e qccur'lcy wh(_n the structures duc:

to, cohcrcnt mehstnc scattering : qre smearcd Th(_ dlscrcpancy may ansc m thc cqsc of thc scattermg from so]ld

“at low;incident energy. CAssELS®” has® cqlculatcd the one-phonon tot'll cross: scctlon of iron by: the mcthod duc
“to WEINSTOCK® “which’ is based onthé Debye dispersion relation with single: sound vclocnty . Caqscls cqlcu- .
*ation Shows that the incolierent approximation gives substantially“a“lower” cross” qcctlon than’ thc coherent: C'Il-“"“‘“'

“+4culationfor-neutron energies below-5-meV, and the effect. is, apprccmb]e even for-ncutron cnergy. < about. 20'meV.

when tcmpcmturc 1s ]ngh. " No cffort has” cvcr ‘been” dlscctcd to thc cqlcuhtlon .of the totalcross scction by

u%mg the more rcqhstxc dlspcrsmn relations th'm chyc type, mc]udmg in p'll‘thlll"ll‘ the { ﬁ"cct of polanzatlon .

i VCCtOl‘g. »“‘/ V“,., T o oy . . e RTINS e [T :."'!.w,-d. B ESE R BRI
The Gaussnn '1ppr0\1matlon (b)is ngorous for harmomc sohds. The classncal tlmc correlan]on function” ©
1':, ﬂccordmg to SCIIOI‘ILLD,” R Ty EASTIE o S : e
L v ' 'vbo‘ L E » A
/,(x t) = L\p [-%x—<7;2>r+——x4(<n‘>r 7}2>1-2) +O(xﬁ):|.,%., S T R 23 =
. < . ORI /]

, . : ] i ]

; Sha ‘P
Thc computcr e\pcrlmcnt by RAH\LNG) on hqmd argon at. 94.4°K shows tlmt thc m'wlmum sepa. mon of L
A<y, from lts Gaussmr\,value~9-<r2>2 is’ about 13%, occurrmg at t~3x10 i2- scc. Tt falls oﬁr to” zc.ro Gt

&
shortcr and longcr tlme. Thcrcforc, the Gausqmn apprO\lmatlon scems to be vahd for most of the: rcactor

‘ moderatmg maternls;,at normal tcmperﬂturc. \“‘2 L Do .'i{}g‘ S 5‘ o

Y

Vlthm thc above appro lmatlons (a) and (b), the cvaluatlon ‘of the spechal densnty functlon is of the ccntrql :
o

S

|mportance m thc ca]culatlon of neutron scattermg ror harmomc crystal p,, (m) for the v -th basns atom can

bed \wrltten apprommately as’

: SN Z IC "] 2o(m—w,)

nf atoms vnbrate lsorropncally, and '
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if the vibrations arc, anisotropic. Here.2, is the solid angle subtended by _'"The cross, scction must bc aver-._..;
"uged over the orientation of “microcrystals. The vibrational - amplitude "of heavier atom in crystal - is - in

g(.ncr'll largc in'low frcqu(.ncv modcs and.small in high frequency modes. Thc opposite is truc for the lighter -

atom. Thus, p,(m) of the heavier aton'is softer than that of the lighter atom. The sum of » (m) over v
¢ divided by the number of basis atoms.is just the. fredliency disfribution as the density..of normal . modes. .

I‘hc c.lh.ul.ltxon of I‘qa (24) and (73) requires the complete solution of lattice d) n.mm.a. As wxll be dis-

“cussed in scctlon 3.4, the 1 calculatcd frcqucncv distributions of bcrylllum by Young and ‘KopPELY on onc hand' .

LAT® on the other dlffcr considerably from’each other

"]“Ah
tu she mcasur(.d

and by RausexugiMer and G1

Both were blSCd ofi the .-

B

n curves of SCH\IUR\}\ et al®

_Born-\'on Karman' mod(.l fitte ’ Gurprising
nce the ﬁttmg of dlprl‘Slon curves,seems to bc more or less rc%omblv good in both thconcs. T hc(lutti,cc-_ g
3

I’dyn'umc:. of beryllium oxide is stlll more comphcat(.d and no’ “firm theory as yet exists. «An i m(.rmsmg interest:

s p'ud on the (lvn.umcs of hqmd Thcor(.tlc.llrc.ﬂcuhtlonsvhavc bccn r(.portcd for bC\’Cl‘d] snnplc llqu1d But»-»--w

it is practlc'll at lh(. prcs(.nt stage to d(.tcrmmc thc lo\\' frcqut.ncy part of the gcncralucd fr(.qucncy dxstnbutxon

“in phcnmmnologlc.ll way 'md thc lngh frcql'mcv ])'ll‘t by thc thLOl’y of- molccul'lr vibrations and hmdcrcd 1o
Vo BN ot EINESY IS o ¥ EATIRR S T AL GRS * N
- v . ¢ B . e e «r)»‘»

I‘\pcnmcnt'lllv thc spcctr'll dcnsnty function ° p(m) is dutcrmmcd ~most czmly by thc C\trapolatlon 'md

t'1tlons

itcration proccdurt. first proposcd by EG]:LSTAff”' e

| v u (=28 S’“"(f )(S (a4 .fa.)>a—>o

o For dmtonnc Sllbbtdﬂct, o(B) obt'un(.d in. thlb \\'.ly is
. S !‘n

4, n(ﬁ)— ”l(ﬁ) + <Z.‘2;.7 ﬁ;l 2(5)»

w<'(122 > 1‘1 1
< (112 > 11’[2

&,

O
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mc'xsur(.d ong for |I‘m| /1‘ 0 5 nnd T=23°C. As scen from the ﬁgurc the:coherent effcet is significant up to’
many rt.cnproc.ll Tattice loncs aw: 1y from the center. Thls is because that |fiw| is small, thc corresponding gl
is also small and thcrcforc the contrlbutxons from dlﬂ'cr(.nt Aoncs '1rc well scpar.ltul Thu coherent scattLrlng
fluctiates around the self term of the scuttcrmg except for very small . Thus, the mcolu.rcnt approximation
will be fairly accurate if the coherent effect is smeared.  The cohcrent calculation on gruphltc will be described

in section 3. 3. 2.

‘Method of Computation S
In the present evaluation, the I‘ortran IV programs UNCLE, ES, NELKER, FREE, GASKET-FLANGE
“and UNCLE-TOM' have been used.” The last code calculates the zero-phonon clastic scattering - of - crystals
off.c.c,b.c cv'ind hexagonal sti‘ucturcs. ES is based on the method of EGELSTAFF and SCHOFIELD, dnd
...{n\\trcat diffusive motlon together with bound motion and optical levels. As '1n=‘intcg1:‘;zv1‘l cheek of the kernel

e 1l<.ul.mon, the-diffusion p'1r.1m<.tcr code-DIP was: '1]50 us(gd e \Iorc details-of tlleC codu. will be- d(.acrlbcd ...
" R (, g T

following sections.
. To facilitate the presentation of later scctlons, some basic formulac of scqttmng kernel calculation '1r<.’
given below,  UNCLE and ES caleulate the scqttcrlng cross scctlomby the method of phonon c\panslon w h(.n

K 15 smnll 'lnd by the short tlmc c\panswn w hcn £is large.”' 159 \Ialey,

{4 ; . N
" S, (x, a)) —c—zwz (°W) At el ((u), for OWs 6 , ; ‘ ' 1]
. ;, ‘\'—0 . {' “ il
6o = «/47:’1’?0"1‘“: d o (1+O(~/?IV‘>>' for 2H.2 6. -

II(.rc fi = 1 0- L, Ry is the frcc ntom rccoll energy, 2W is thc D(.l)vc-W'lller factor .lnd T,,“ is the’ (.ﬂ'(.ctwc ,

‘)IVIS - oth T‘..m” o e

tcmp(.mturc

A Ta= ﬁg p((,})/’mcoth ,dem . T e = (30 ~
'G,,(m)lsthct&m for tlh proccss lnvolvmg n r(.al phonons, Ll(.hncd by and s1txsfylng. e e
Gn(‘")=2—1’,; S‘jm —.w( 7'((‘;) dt—g..; Gl(w—-m, Gy (0" dar, Sf G,,((u)dm._. ]} (37) o

Wlu.n nis suﬂ1c1cntly l'1rgc, it follows from the ccntral hmltmg thcorcm of statistics that G (@) thds to the

normial distribution.

Dv; _ Co—me)? o , U :

G — 2ney 4, & ‘ e,
() = N z:rmc-. I & B

. F$ % RN VI
“where ! . e
=<o>= ( wG, (m) do, - - (39
- PR - -/ . . =
n=< ((u— <w>) >= g (w— <(u>)z Gl(a))dw : SREEERY

ES Lodc C'ln lnndlc thc dlﬁ'uswc motion of atoms. : Qpllttmg the* spcctral dcnsnty functlon into the dif-

Non L
fuswc p'\rt nnd thc bound part thc scatt(.nng law is cnlcul'lt(.d as A o

o Siied (5 0~a') Sbcx w)dw R e

S (Ic a))y

Thc dlﬂ’uswe pnrt of thc spcctral dcnSIty functlon 1s, followlng aftcr EGLLSTAFI‘ and SC]IOI‘I‘E;‘.D,
I

(41)

"vﬂum(ﬁ)ii _Ejhlsmﬁh/ﬁ/z» \/ 2 +_ﬁI\ (\/cz+—ﬁ>

PREt)

(41)

v whcre 1\1 (:\) is the modxﬁcd Besscl functlon of thc second ki d d is rclatcd to thc dlﬂ'usxon constant by D-_ :
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l?l d, and ¢ is the relaxation time (di\"}idcd by /[T for atom to start to diffuse. For water at room temperature,
small part of the tut.tl f reedom of atoniic motion, tlic convolution intcgral of Eq. (40) has to be done very careful-
Jy. Inthe actual c.llculatlon the diffusive motnon has been neglected and replaced by the free translation of a*
molecule as arwhole. GASKET and FLANGE codes were used to this cqlcuhtlon.
Finally, UNCLE code has been used to caleulate the interference scattering from atoms in heav y water
~ molecule in liquid with minor modification of the code; The device is as follows. - As in Butler’s calculation, 16
- by approximating. the average of the products over, the orientation of the molecule by the product of averages,

the timne corrclution function for a p'.lir of the v ~th and »* -th atoms in a 1nol<.culc may be written as,
l e e s g]n L ]e””' [;‘. 'Ivu(")’ yu'y' (o) ) s rx- .’10”’(‘) e s

/uu,(" P =g e AT ) o Eite o LR e
whee R,z R, —Iil,i’, ”M;Jiﬂﬁfz‘fﬁ md kS
) \"r)(r)= (Lol 1) e, e4fw:j S - s
z - _i(‘(”)/;, ﬂlw: Z,(C “’*’-C u’)“ﬁ(fu—m;). ) v ” S o (M)v

3 i

. JU
The pol.lrl/atlon vector G, is normalized as L

r',

. (C WX C, W) =64 p,,!,,((b) satisfies "the ortho'—normalit'y'?_'
- condition that )
) o . . ':-'«;..;3 & ‘
B g 0 Oy, ((U) dw:uuu. i [t L \‘:\‘4% - . . i : (45)

.

. I} i N3
\\ I‘hls condltlon <.nsur<.s the ﬁrst moment: th(.ou.m. In the.above. ‘cqu'ltions, the molecular rotations have been
o

r(.p].lCCd by torsional vnbmtno’:s. “The calculation of scattcrmg law is similar to the proccdunc “described in”
prcvnou» paragraphs. - However, Eq. (45) states that the sign of -p,,, (@) '1ltcrmtcs for a dlstmct _pair of atoins.

Tlns lhdl\LS thc ccntml hmltmg theorem m'\pplxc.lblc to tlie calculation of successive phonon terms. Owlng

‘to thc suggcbtlon by H. 'l',\lu\lmsm tlm (llﬂ](.l.l]t)’ m b(. avondcd xf \vc dlvulc _Pu. (@)_into the posntlyc d(,ﬁmtc

e lmrt and the an'\tl\'C definite pdrt, and convolute thc rcsultmg two sc‘lttcrmg Llw mto a amglc n-phonon term.

e

1e*central limiting- theorem-is-now- pphcﬂﬂc to-cach. part. of. the.scattering. law corrcspondmg to the abovc i

-.division, ...Only.a. minor. change of UNCLE code was ncecssary to thlS calcul.mon. An mtcrcstmg, but not

““practical,; point-is-that the .1bovc method can bL .1pplu,<l to. calcuhte thc «.olu.rt.nt scattcrlng from crystal

EE ' R : “ 0 G i S
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c~107 and d~10=2" S0 pai( () is sharply localized néar 0. While the diffusive motion is only a very. -«
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Fig 1 The scattering law. dn'td«.d by K VCrSus £ for alumlnum at room tv.mpv.r.lturc‘ oy e
Comp.lrlson of -the cohcr«.nt C'\lcul.ltron with-measurement bv Brug.,gv.r et al fo b
I I/T 0.5.The arrows at the bottom of the figure “indicate the position of
thrproc.ll lattice points. - The solrd line is the calculation based on the disper- - 0 .
... slon curves and the frequency.. spcctrum .obtained. by Walker. | ‘\Iuln-pl}onon e
) iy . terms were: treated in the. incoherent .rpprO\rm.mon 'l'lrc dottcd line is the...
v .~ - calulation in the incoherent approximation, - S
. 3\:;- 1‘/ . , [V e e e . F{A—
EO co
,' . . . . o i L
2.2 Codes Used in. Evulucmon L o s , o
’ e ) SR s . : : :

T hc‘codcs whu,h h.l\c bccn used for thc (.valuatron of thermal neutron cross st.ctrons are llStLd bclow B

“NE iKIIR” :A program for bound hydrog(,n and deutcrium based on Nelkin’s formul'mon. Tlns program .

) .com butes 1 the scatt(,nn hw @ thc scattcrlng l\(,rn(.l and its Lwt.ndrc momcnts up to ordcr 3, 3) the total
, I g p

i scatt(,nng cross section and the tr'msport cross scction and produce punched card outputs of full kernels... | .

L'S2’ : A progr'lm for gcncr'rl purposc bascd on Eg(,lst'rﬂ'-Schoﬁcld’s formuhtronrr Bv the usc “of. thcorctrcal

or phcnomcnologlcal fr(,qucncy dlstrlbutrons or spct.tral dcnsrtlcs for bound motions (mcludmg lattlcc v1- '

o cryst.rls ar

. vrth dlscrctc parts can not be used ‘as mput data.

bl‘dtlollb), molecular. vibrations and rotatlons and param(.tt.rs for diffusive motlon scattering  cross sections for

moltculcs (solrds and lquldS) i B computcd with this’ progr'tm. Amsotroplc crvstals, ho\\'cvcr
can not be handled with thc ES codc. .\ frcqucncy drstrrbutlon ‘with contmuous ‘and dlSCl‘LtC parts can be used
as lnput data, The] program computt.s (1) the scattcrrng law, (2) the scattering k(,rm.l '1nd its Ltgendrc moments

‘up to ordcr 3, (3) the total scattcrmg cross scctron, ifs" Legendre moments and thc transport cross scctlon, “).

g thc sourcc spectrum and produccs punchcd card outputs of full kernel.

U\’CLL“” A progr'lm for amsotroprc and rsotroprc polycrystallmc matcrlals.,.,A frr’qucncy dlstrrbutron::::.
£

The discrete levcls have to bc '1ppro\nm'rtcd for c\ramplc

- bv trranguhr dlstnbutlons whcn they 'lre to be uscd as rnput data for UNCLE Thc program computcs in ~

the mcohcrcnt apprO\rmatron (1) the scattcnng 1'1w (2) the scattcr{ng kcrncl and rts ch(.ndrc moments up to

ordcr 3, (3) the total scattcrlng cross scctlon, its chcndrc momcnts and thc transport \.l’OSS scctron and produces

5 punchcd card outputs ‘of full kernels. g e e ='~‘rj’ v

thc transport cross® scct'cn and Legcndre moments. Loy

: polycrystalllnc matcrrals.»

and ‘does Fourrcr- inversion-to’ obtaln S(a,ﬁ)

U\‘CLE TOM“' A program ‘to- computc coh(,rcnt andxmcohcrcnt elastlc scattcrlng cross scctrons for

Materials \\hlch can be: handlt.d \\'lth thlS program are thosc bclonglng to hcx-

: '1gon'11 facc ccntt.rcd cublc and body ccntc cd cublc lattlccs. ( Thc calculatron for thc amsotroplc cryst'tl is also o
= b !

e GASKL‘T-"’ : A unified program to! compute scattcrlng laws for any mod(.rators (gascs, molcculcs, sohds

and quurds) in the mcohercnt appro‘umatron. “This program Gvaluates thc mtcrmcdlatc scatt(,rmg cross scctron

Provrsron has bcc.n madc rn thc program for the followrng

g

dynamlcal modes and dlﬁcrcnt comblnatrons of modcs. B
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~+(1)--Free translation, ... ..

(2} ~~Diffusive. motion, e cammne o

(3) = Harmonic isotropic vibrations with continuous frcqut,ncy dlstrlbutmn,
(4) Harmonic lsotmprc vibrations with discrete frequency distribution.
T hc coding, howev (ir has been completed only for combinations of modes (1), (3) and (4).
-~ The punched card(output of S(«/B) can be obtained in ENDF FORMAT, which can be used as input
for FLANGE, -
v FLA\IGEG’ program which accepts as input the scattering law (calculated with GASKET, for example)
- and computc' (1) th(, double differential scattering cross scction, (2) the angular distribution, (3) the scattering
kernel and its ch(.ndrc moments up to order 3 (4) thc total scattering cross scctxon ‘andits chcndrc moments -
" and (5) the sccond energy transfer moment. '
~This program- punchcs scattering l\crncls in ENDF FOR\'IAT and '1lso prepares an mput tapc for \IUSE

RS RSO R

~ which does multlplc scattering corrections.

e

“ "u Other. codes : Some otherscodes were used for the cvalu.mon Thcsc codcs h'wc bccn programcd for ‘
wstms===special-purposes.+-The c\phnatxons of .codes such_as MUSE, DIP, UNCLE DISTINCT, etc. \\l“ be gwcn

s | B the following scctxons ; ‘ ‘ @
- o - - o o
- . o References *
Q ) Ly - » .
' o " v
1) Slll\l ADA S “VI‘LKER ‘A Coade of- Scattcrmg Kcrml Calcuhtlon for Bound Hydrogcn” (wrlttcn m
B o ! “ a8 : famar o
Japancsc) ]AERI 1085 (1965) ’ i T (')‘ &
2 '\L\TSUO(I\:\‘ K. 'md ARAI Koo “\/hnu'\l of Eg(.lstaff-Schoﬁcld ’\/Iodcl Codc” (written in- Japancsc), JAI‘RI

‘1094(196:) a2 w ’ ‘ R T OISR PE

e f‘f‘ii"3) IIJIMA ‘S;rand: Toumw;\ M.+ "-“UNCLE An 1BVI~7090 Program for Calculatmg t‘
Y for “Anisotropic - Crystal”” (\\rntt(.n in :Japanesc), JAERI 1087 (1965) UNCI;E i ’
TSUMMIT “cade originally~developed- ‘by-]-BELL-at Guif-General. Atomlcs .The. rc\rrsron Vas . madc by 5’
oo Tapanese :Nuclear- Data. Committee w1th .the permission of D. E. Parks at GGA and USAEC
LTy Im\m 5. Tokrzawa M Nissjmva He - and - Yasocawa-M. -: “UNCLE-TOM: A. Code. for. qucuhtmg

..the_FElastic Scattering Cross: Scctxons for Polv-Crvstals (wrrttt.n “in, J'lp'mcsc), unpubhsh“d

a.version of thc ,

:) I\OI’PFLJ U 'l‘mma:rr TR 'md NALIBOI‘F YD K GASI\E’I .> A Umﬁcd ‘Code for ’I‘hermal Ncutron _
Scattcrlng," GA-7417(Rev. )(1967), also, Argonnc Code Centcr “Ref e 1\ tcrxal Abstract 263 (1966)“““*"”'

“‘:.:‘-:.-‘:*::_,,.._:~ T he sourcc dccl\ of : GASK]"]‘ was suppllcd bv Argonnc Code CLntLl‘ to Japamsc Nuclcar Data
‘ ' G

Commlttec o Qu .

o Honrick H.C. aid ‘Nainor Y.D. Intcg,ral.”jNou.troh .'i*hcmmim'tioﬁ‘,‘Apb’éndix E, GA-6824 (1965), also,
.A'-\rg,onn(, Code: Ccntcr RcfcrcnccﬁMaternl 'Abstract 247 (1 966). .. The source deck of FLANGE

o
\\as supphed b)' Argonm. Codc Ccntcr to, Japancsc Nuclcar Data Commlttcc
[T i :

: : I3 . ' 5 - “’ : ‘ ’O,'{iv ’.:“r‘ o o A i Sl L A”;
L2 3‘..M:1Ihple Scoﬂermg’Correchon o Sl B »’

EREE e

\Iultrplc sc'rttcrmg (.ﬂ"cct m'ly bc thc most xll-naturcd one: '1mong crrors whlch causc lnacuracy to thc ,

T ool

oy cross scctrorr d(,tcrmmed by L\perlmcnt “The" reason forhthls 51tuatlon is firstly: duc to thc fact that-to avord

e

_:Vthlﬁ eﬁ'cct is dxﬁicult in prcscnt C\pcnmcntal proccdurcs smce we arc obhgcd to usc rchtwcly tth]\ samplc by thc

) \yhmrtul intensity of sourcc ncutron. Thcrcforc ncccssrty of the correction seems obvrous Secondlv to pcr-

_form thls multlplc scattcrmg corrcctlon n(.cds cssentrally‘the knowlcdgc of cross scctlon whrch \\'c arc gomg to” -

e measurc Thcrcforc \\'c should assumc a thcoret al cross scctxon to perform tlus corrcctxon. R~

‘ Thc rchabrhty of the. correctlon dcpcnds partly on'the exactncss ‘of- thxs assumcd .cross scctlon. o If onc :
: vcan cxtract the: gcncrahzcd phonon frequcncy dlStl‘lbUthﬂ from

X crlm nt'll d‘ltﬂ, though thls data contain

1Y
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multiple scattering, the kernel which is constracted by this frequency distribution may be used as the_assumed

cross*sections~Similarly. onc.can.extract.the. generalized . phonan frequency distribution from the _courrcct_cgl’
data, and constract the kernel from this distribution to usc for the correction. | By the interation procedure we
can obtain a kernel which is frec from multiple scattering and also independent of the theoretical model em-
plnvul z\ numl)cr of methods for this correction based on different approximations have heen developed.
Tn the prw.nt rqmrt we (.mplovul the method developed by Hoxeck".  This method employed in the com-
= - puter code MUSE treats the bC.ltt(.rlllg l\crm.l r.lthcr ex .1ul\.

@ The .v;sumptmm in the proculurc are:
(])_ The geometry of the sample is slab w |th infinite extent,

SV (2) “The scattering I\LrnLI :;,,(Lo—>L l)) is a:qumcd to be rcprc%ntcd by Py t(,rms. chmdrc momcnts i

up to ordcr 3. i - o

V mcths. )

“) - © A theoretical scattering l\crncl is used. y ‘ ) o ” w
I‘ he integral transport. pqmtmn is 8 snl\ ed by the direct and numerical proccdurc E\pcrxmcqt'ﬂ '1rrangcmcnts
. are shown in Fig. 1. . A neutron (.ntcm the s .nnplc on the X7 plane. Bcforc a ncutron escapes the s'lmplc it
may. make single or multiple collisions. in the 9'1mplc. \cutron detectors are .msumcd to be placed on thc X-Z
plang, therefore, only the neutron which can escape th(. slab can reach thc detectors, —

Thc b'mc cqmnons for the. ncutmn transport '1rc, woe s e
' .,9'(~, " ?.)) 1 S d.. II(.. ,ML‘,‘V..) W—-_"(r)( ) ufor /1>0 and s>, . B )
. . : " i N td
L = /1[ S ds' II(.. E )c_"(")( cfor <0 and 2 <a’, o (2)

By

a7 S ;(1: S

where 7t =cos ¢ ; and g is the 'mglc bétween thc ncutron vector 'md th(. z axis. ¢ (3, I, Q) is the ncutron flux.

~collisions, that-is-one¢- iteration- corresponds” to-one. scattering - order. ... Thus,. inserting the flux of uncollided

" neutrons into.Eq.(2), we ¢an obtjm thg first collision sourcc: “Inserting this source into Iiq. (1), we can obtain .-

w0

K b
the first. collision flux. * chu\tmg thc same proccclurc we can obhm thc lnghcr ordcr collldcd neutron flux.

The: uncollldul neutron ﬂm.”m the s'\mplc isc Y S :
-Gz, B, --> = PG @by @ty S
o
& 7 where I, and ¢ 0, are the mcndcnt energy and solid .mgl(. of ncutron vc]octty. Aq the ﬁrst colhsnon ncutron

ﬁu\, onc cam\\ ntc, mscrtmg Eq (3) into I:qQ. (M -md (2),

Tt

f_ua~ 2

: ‘.'9"' (~, ) --1) =X, (E1—>E2, #o) ,ase

{1

::‘ fc"‘l—c -3 Z
—<llz IR Ik (rl_)EZ) /10 o

"

o : : L . : ‘
fm u>o 'md e , SR < s

Car cxp'\nsmn m tcrms of thc %phcrlc.xl h'lrmomcs, and cncrg\' und sputnl \"lrlublcﬁ are put mto dlsu‘ctc mcshcs s0

e & i : .
tlmt the: mtcgruls 1rc r(.placcd by the summation, .- g LR T ~‘%~ o

- By the use of thc flux ofhigher ordcr colhslons cnlculdtcd bv thc '\’IUSE codc, thc multlplc scattcrlng
corrcctlon f.\ctor bccomcs, »’} R ; ' : : i

C_H ; Us(Ex—)Ez. /10) o
A} ”/‘2 SRACEE 2

Y

RNy

“The adv antage of the use of Eqs.™(1) and (2)" is"that' we can“obtain the neutron*flux- according to-its order of ...
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. where ¢ (3, E, ) is the /-th collided ncutron flux. _In the MUSE code up to the fourth collisions are con-
sidered. o B
“o For C\'lmplc, the rcsults of a v'm'ldxum mmplc are 5110\\'n in Flg- 2 Thc tlnckncqs of thc vqmdmm s1mplc
“is 0.2 cm (transmission is about 0.9) and the ncutron is assumed to enter the sample pcrpcndlcuhrly The
kernel is calculated using the phonon frcqucncv distribution cvaluated by Griser®. The multiple scattering

~correction is found to be 20 to 30%, and shows a complicated pattern. 5
Thc structure of the correction factor is duc to the structurc of a, (L,——)Lz, 1) (qcc Flg. 3). Since
oy (I‘,—)Ez, 12) is calculated theoretically, ‘this’ pat.cm may depend largely upon the theoretical madel employed.

In tlu. -1ctu'11 m(.asurcmcnt however, the resolution of enesgy analysis may not be so sharp to reproduce the

structurc of ﬂu\ m Flg. 3 “This situation m'll\cs thc singlc collided flux rather mdcpcndcnt ‘of a-model em-

ployed. '\‘Iultlplc scattered HU\ is less sensitive to the thcorctlml model. . Therefore, the factor C should

O\'(.l'LStlm.ltL the multiple scattering cffect. To avoid tlns situation SLAGGIE® proposed a new method which

P

“is-rather independent of ‘the model.-. The". corrcctlon factor~of. tlns method " which' is- callcd the- subtmctlonﬂ- e

method is, “ : ':{3 ‘
> N . ) . N - 7 !
X ,\' 2 ’.‘5,‘ \(al E'.'y QZ) ' ) . R e o
o N2 ==Xy i=2" W ' . . . v
C'—— c—-"l—-c—-\'z 1 —u V'L : - e . (6)
‘2. & (a,Ex, {2 | . o " :
o Cong=l L L . L Q ’ ’

. In the following sections we have corrected the multiple scattering effect on the scattcrihg law using c

i

and havc not. uscd thc qubtr'\ctlon mcthod I‘urthcr amlysxs scems to be ncccssary usmg the subtraction

e o e

o mcthod

w . . ¥ (5
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o - Fig. 1. Geomctrv of ncutron scattcrmg C\pcnmvnt.
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2.4 Diffusion Parameters (DIP Code) -
) . PR e b

The method used to calculate the dlffuswn parameters of various modcrators is b'lS(.d csscntlally

on CALA\tE s formalism. The solution ¢ (B,E, g, t) of the spatially Fourier transformed homogencous

Boltzmann equation for a non-multiplying medium in plane geometry, viz., e o
Lo _ S B o
_ [;‘ 5t ‘,13/"*""‘([") ] $BE pn ) . . ‘ '
T =t e [P aEnE i—E D 9B E D t)
+is assumed to be of the form : o : I B
* @(B, E p, ) =¢(B, L, i) exp(— Zt), L » e « - (2)

where B is the Fourier Transform varmble, E is the neutron energy, i is the angular varmble, and A the time, =

Cdecay constant. o o
The insertion of Eq (2) into Eq (1) yxelds ” ‘ L e®
o o v : o i noow
. . e e L e o
[__ —iBu+Z (E) ]¢(B E, m ~ L S ' ‘
s . -.v_"’.“.: . ,‘_' R o
=it dyﬂ dEz@?,y—»E,m BBE,m). (3)
" Lo
: The angular dependence of g’a(B E 1y and z (L", p—)E #) is expanded in- Legendre polynommls
o 17 0 .
—0 ; I nd PP ‘):
) . 1 » ™ ) . ) . . i : {""’ B e (’V" ) ’ O
AR ~,(E ,#_,E e Z "’*1 sl(E"’E)P:(#o), F R
S L N e =0 At . : : : . < - ’ o ‘ . et
;zo belng the cosiné of the angle between a:neutron’s’ mltml and ﬁnal dlrectlons - »

% The msert:on of IIqs (4) and (5) into Eq (3) and usc of the orthogonahty of the Legcndre polynomlals

_.,_\,: ymld v - N U T USSP S S

2 R . m - PR "l+1 v e gy e

R [—‘-’—v_-*_z‘( ] ¢"'(B E) r-~,»lB[2m+1 ¢"M BE)+ ; 2m+1 ¢"'” (B.E) ] ot e J tttttt .

: ’ . e g . S .
. A S S (EDE) (B, EVE 6

The m-th sphérfczd harmonics moment, ¢,,. (B, E), and:vth
N L N o o

series in B u

O
. ' ¢,(B E) =GBy~ Z BB on @ o,
“ c.. n=0 . . o
U dza ) az,(lB)z’—ao+DoBz _CBI{FE-. Sl L,
. . . ‘) J—-l . - » & L e
i f’ From Eqs (6) through (8), the followmg couplcd set of equatlons is obtamed for the expansxon coefﬁments, S
962,, ,..(E) andaz,, S : RRE ; _‘h N S e " o
[&(E) ; 5 =3 1(E>

o

e At e e W



l‘lu. solution of above cquatlons is obtained successwcly as follows: \\ L G
a) "_0 ’”—0 et s s . YN e ae e e e b ot
. By mtcgmtmg the’ both sndcs of Eq (9) over cncrgy and usmg rclatlon SR
foras 7 : RN B .
T (B) =T (B) = 5 (B> EYE, | |
onc obtains , oo ‘
< Ee- -] o, n(l‘)dl‘ 6. A A
" In case. thc absorption’is mvcrscly proportional to the velocity; Eq. (9) has an cxgcnvaluc ’
I’f R ; “0'—'}-‘0 oy o oo ‘d) 7 [ S @ o ’ “2,:)
“where v isa standard vclocxty and I, is the 1bsorptxon§cross section correspondmg towo.
Eq. (9) w 1th thls elgcnvaluc is W r1ttcn as oo v = " ' /” e
- '1) b . [ , / " )
g L Seles B= [T Ea@E By EIE" w0 lia
et [P, SV ) B e Des g e i et R e S e £ e i b o g S8 b e e
It is wcll knox\n that Eq. (13) lns an cxgcnvcctor L R
© “ ¢0 O(E) M(E) # C)K%Q, - ‘ o B L g {1
_with M(E) thc Maxwellian ﬂuv{ spectrum: Y © Co e
s by n=0, m>0: - n ‘ : o 6 e o 5 P S
. < B . Et ) ' & ’ !A“ i '” ) ) c
4 The cquatlon, e 5 } Coe
w3 ta) ’ N i o
o Z10(B) do.u(B) =y Zon (E—E) Do B VIE = it @ W
2. ..is solved. for Doy m (L). . ,Thc solutlon is cﬂ'cctt.d by writing the cqu’\tlon at dxscrctc cncrgy pomts E,, :md rc-
) 'placmg the mtcgral by 2 numcrlcal ‘quadrature formula to obt'un ’ ¢ o ’
o .‘o(E>¢o,,<E>— Z 2,m<E—+E>¢o,.(E,>AE 1= . ,,-lcm A
n+1 i
‘ f“Thls cquatlon is written in-matrix: form L T e ey e
ot o i i ,__A o, ¢ﬁ .'_",: 2m+1 ¢° m_lf.m.,...tn i ,;:‘\,LA,, v., et e et e Em
. where A, is a matrix defined " . |
. = S (EE) 4B ... N
¥ie. B . .
! Lq (17) is solvcu, 1 mcrlc'\lly by a mqtnx inversion routine. St &
) c) =1, m=0 © C _ e
' Eq (10) h’lS a form in thlS Casc ,, v 5 Lom 6 ‘ °
Lo o O i B
sO(E) ¢z o(E) +“2 Po, o(E) ‘/’o 1(B)= S Ly (E'>E) . o(E')dE' ‘ e 19
Do(_az) is dctt.rmmcd by numcrlcallv mtcgratmg Eq. (19) ovcr cncrgy ( o | . i i
Do—“z—g ¢o 1(E)dE/S "—¢o o(E)dE e g B e

~The cquiltion whlch dctcrmmcs ¢2,0(L') is, in matnx form, -

\f

) > . g s . . oot 0 : ) .
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fom e o

k Ao ¢z o-—-¢o ) ——-¢o 0 (21) i.

o Thls is not solvablc by the stralghtfor\vard matrl\ mvcrswn mcthod because Ao' 1s not a’ norm'\l matm. 3

. SH[BA” showcd that thc rank of Ao is N 1 (N bemg the dlmensxon of Ao) and one addltlonal condmon is neccs- ,b

L to the net ncutron dens:ty” v1z., oy

S —¢20<E>d”~‘o
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“Cand F. G T
An example of the cigenfunction calculation is shown in Fig 1. In Table | arc shown some results of
diffusion parameter calculations for H=0 at 20°C. - Expcrimental results are included in the table for the sal\c
of companson From, Table 1 one can sce that thc maximum cnergy of 0.625 eV is sufficient but 50 cnergy
points ﬂlL rcqmrcd for the calculation of diffusion’ paramctcrs Scattering kernels were computt.d by using
GAKER and NELKER codes,:both of which arc based on the Nelkin's modcl” Table ' 1:shows that the slight
difference in methods to caleulate a(..xttcnng kernels leads to a rather large difference in caleulated diffusion
p'lr'um.tcm The x_:TLcts of the sc1ttcr1ng model on dlﬂuslon parameters will bc dlscussu] in morc dt.t.uls in

Chdpt(.r 3 & Cw

- 6ok

QThc term'll dlﬂuswn length L in Table 1 \\'as calcuhtcd from the followmg cquatior:

0

..JJ» i, v o= [1+J1+ ‘IROC] - . o . ) vy ‘ . it (23)

: oo " - S wooTe L, e

v hu.h is knmm to l)c ‘correct to’ order B“ T e e M e

o ) i ) - i - .
& ar Table 1. Rcsults of diffusion pérameters of Fl20 at 20°C  ___svrei, ! S
NO.. Maximum | NO. of | NO. of | 'Max. |* Code "D’ o F 2
i’ . e iats 7 T o 3, ) - . , . R
. ‘cm.rg_\ (cV) | gtoups {angle Pts,| R u;_{.(;i (Cmg. scc"‘)(cnl“.\scgfl)(cmﬁ. sec™)
o  lE|e 0900 | 730 i | w | GAKER] 380165 | 311437| 1616 | 7.9936
T2 0900 bo-30 |7 24 N R 1 380170 31200 | 1632 | 79938
4 « 0.625 50 | 247 ot ” 3731:6 ,3089.2 1557 | '7.8807 o
. e s © 7} . 1 } <€ o !

o5 b 0707 |30 ) 24 |0 1| ee | 375016 |.,3072.6 | 1537 | . 7.8864 .
67| 0900 | 30| NL“LB_{ERE 374821 | 28906 | .123.2 | - 78777
7|~ Guatak, HONECK- (65)- - - v .- (Nelkin) - | 37045 |..3361. .. 169..]. e
8| CLENDENIN (*64) -, oo o ERN COr s 37570 S E 3380 . 210 . . o

eer ) o] ALLFELZ - (063) oo e .. (Goldman-Nelkin).. . 3/400,.‘..“, w3350 | A

10 ) 'Q‘FF’{\_IP&\!INVM‘(’.(’)M*) o » (RadkO\\Sl\l) 38230 2730 250 -

ot | Kavwrmz 063) T T (Maywood PBY | 33000 | 3080 | 2t I

. 127) Guaser (67) v ( Coe eyl 34520 4220 363~ | -
- 13, SpmNGLn (64) ~(from Y,(E) and w(E)) 35300 wr '
14| Experiment of Arat & Kuciee - o , 35630-4-80| 3420170 2141—139 §
15 | Srare, Koreer (61) " . L 1 | |re2x000
16 | . de JureN, Reter (61) .. . 4 BEEZ 3N T Ry 7 o 17.7010.012
Fe . . : 5 . - IR VA L y

o : : - o T . - I B
N g ¥ BT - : : T ’ Tt . i
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sc1ttcrmg h\\s hcmusc sc'lttc.rmg by hvdrogcn is m'unly mcohcrent.

1
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Light water
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For hqmd H.O a' ]ot of frcquency dxstrlbutlons 6(8) ha\'e bce'x derived e\pcrlmcntnlly from neutron

Here, frcqucncy dlstnbutlons of hydrogen ©

-in water*are: 1rgucd to ﬁt mc'lsurcd tot'll -and- dlﬂ'crcntml sc-lttcrmg cross -scctions. - If it 1s dssumcd th'1t the ..

rotation of H,0. molecule around its three principal

GG . e ;
a harmonic torsional oscillation and two bond-stretc

1\cs of 1ncrtn are hmdcrcd nnd can bc appm\lmﬂted by

N
ung vlbr'ltlons of thc HzO molecule nrc dcgencratt. into

one vibrational’ modc, the frcqucncy distribution” ofifrccly rcconlmg H.O molccule is c\presscd 'IS

\\hcrc Brr Bus, ﬁ‘ are thc energies of hmdcrcd rotation, bending and strctchmg Vlbl"ltlons. )

4 M
‘Hm\‘c‘vt:r water has ‘a bro‘ld band of -torsional oscﬂl'mon because of inharmonic potcntmls and .of. the col-.. .
l(.ctlvc modcs of clustering mo]cculcs. As suggcstcd

frequency spectrum will partly improve the ngrccmc

oy
0t

ﬂ(ﬂ)—

(ﬁ) +5Lzb(B—h) +=

223

4

. scctlons with c\pcnmcntnl data.

has encouraged the dcvclopmcnt of more dct'ulcd models.-

f
Rcccntly thc 'lv:ulabxhty of. -1ccur'1tc dlﬂ'(.rcntnl

Rig BT R o
5(5""‘19“) +——0(ﬁ ﬂuz) _ 2 o 'K'I(l) )

\l

4
. ))

hn the htcratures, the sh-lpc of the rotatlonal band in the

1ts of the calculated total and differential ,scattcrmg Cross -
l “ - s . L.‘{/ e

i

&y

Here, t\\&o of thcsc, thc modcl modlﬁed by KOPPEI.-"

- from HAY\\'OOD s experimental- frcqucncv spectrum and the model derived by Havwoop®. from his. experimental ..

..data:on sc1tter1ng law. are introduced for compmson,wlth ours,

~In Koppel *model, the - frequency - distribution ncarI p =8 -is--approximated - by a- dlscrctc line.of thc same.

fr(.qucncv with a- \\ught of 1 /6 in 'lccord'mcc with Eq (1)

At low frcqucncy cnd,(an ®? behavior is

1ntroduccd and thc remaining - part, \\hlch is qdjusted to 1/18 ‘of the total area, is trcatcd m the short collision.

tnnc appm\lmntlon .

The area corrc%pondmg to the torsional mode is obtained by cuttmg off the distributed

@ part of the H'ly\\ood s (.\pcnm(:nt'll spectrumsat 0.165%¢V, the energy corresponding to - thc bottom of the

\"1llcy l)(.t\\'ccn ‘the tormoml '1nd first vibrational pcal\s. The supprcsscd part is then rcplaccd by an addltloml

discrete lmc at 0.205 eV \\’lth the wclght of 1/6 r(.quxrcd by Eq ).

Although integral” nnd single differential quantities can be well reproduced: by these. ‘models, small dis- -

iy | ar

Both frequency spectra are shown in  Fig. 1.

l
- crcp-mcu.s in total scattcnng cross; scctions are still sccn, for example, at cncrgles around- O 045 ¢V or below

0 001" c\ , as shown in Flg. 2, and thc c11cu1'1t<.d dw.r'lgc ‘cosine of smttcrlng angle is largc comparcd with the

mcnsurcd v.11uc for (.ncrglcs bclow 0 .02 eV

A

In our modcls, same as in Koppel model, the assumptlon of free

m'lss-IS trnnslntlon was adoptcd for thc cv1luatlons of sc1tt<.r1ng cross scctlons SO thc dlscrcpnncy |n ]ow energy

rcglon is nof surprlsmg &

‘ crv%t'tlhnc frcquc.ncv spcctrum.

G B

5 s oa : e
t - .

“The: agru.mcnt in"this® (.ncrgtr rcglon is' czm]v obtam(.d by mtroducmg dlﬁuswc mode of \vatcr and qu351-

The dlSCl‘Cp'lnC) m thc cncrgy range of 0. 02 to 0. 2 eV s sccn in thc previous -

modcls 'md tlus is partl\' (hmlulshcd b\' bro'ldcmng thcirot'monnl band (modcl 1), although the dlscrcp'lncv

: slufts to othcr cncrg\' rcglon.

In ordcr to lsolntc thc rotntlonnl bnnd from thc hlghcr vxbratlonal band, in onc"

i of thc modcls (modcl 2) thc hlgh frcqucncv part of thc torsxonal oscﬂlatlon bnnd is cut oﬂ' shnrply This brmgs s

R thc cqlculnted r(_bultq to, a good ngrccmcnt \uth thc C\pcnmcntal data i in totnl cross scctlon, but thc '1veragc

g

P

co%mc \"lluc of scqttcnng 'lnglc slnft upw nrd at 10\\ cncrg) pnrt, as sho\\n in, Flg 3. Thc drffcrcncc in average
. N2

i

i

'1nd mtcgral cross scctlon mcasurcments for waterDTd
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i

cosine values at fairly lo'\'\' energy dcpcndq on the assumption of free translation.

o

BTSN

i T\a]u.mon of Thcmml \cutmn Scntcrmg Crow QLctxone for Rc:ctnr Rladcr tmrc
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A few typical results of S(a,

7 'B) valués art also shown' in Fig. 4. At 10\\ ‘energy transfers; Havwood model which takes into- conmdcr.mon

the (]ll'ISl-Cl‘)St'Illll'lC structure of water phcnomcnologlcall\, fits quite’well tn experimental data.-
the good '1grccm(.nt ‘between Koppel model and the ‘model-2 is oLscrvcd

... comes close to H'ly\\ ood model. Also at high 3, a\fur agreement bch\ cen thc model-2 and the gxpcrinicnt,"\‘lu ’

values is_noticed.

(o4

&, respectively.

1

At 10\\"5 3

‘Aq B inc?‘cnscs, Koppel model

For’ rchrcncc, smttcnng kerfels for rhc 7eTo- rh and the first chcndrc moments are’ shown in Flgs 5 and-

."Thg calculated values of ditfusion parameters using Koppel model and mudd 2 are compared

‘inzTable 2 with thé valucs derived from pulsed ncutrun measurements as a, mtc.gml chcck of these. acwttcrmg

kemnels.

Also the spcctrum of thermal neutron sourcc from h\drogcn in water is qlm\\ n in Flg 7.

In qumm'm/mn the prcccdmg results, we mlght say that although- the Present status of the modd 18 S'ItIS-

factory for c'ﬂcuhtmg cach (.\pcnmlnt'll quqntltv there is no model’at present which fits all the - integral and

'.',.\dlﬂ.Cl‘Cllll-\] d'lt.l c.qu'llly \\L"

Ll

SO S N U

Lk

oy . : - .
-~ ar _ Table 1. ’l‘ofal cross §»c<§tionhnd aVcrﬁgg cosine of«Ilylgo "
EV) o} 1<o§,§‘1‘1§,°12dc1 o i v Iiop#gf?;odcl' VAP
000025 %; 4393,‘," 4520 |t e — o
o010 |, 2481 "L 2520 00035 Wl . 00038 o
10,0028 - 1963 o | 1983 e |t 00,0289 5| 0.0828.% i L
~ 0.00405 1709 0" | 0.0495 Cols4s
; 0.00632 1556__' . Cotse1, o - 00655 | 00728 o7
o 0.00911 143 6 - 140.8 - b 0080() o 1}),090.1. . B 3
001240 0 <1348 1309 00995 -t 0412 e
Copre1 T e T a0 T R s T e
, 187 1133 0.136 0484
T "”6.6‘2"5’56““”‘"'f R X T S (1 R | S -1 0174“
R ' 0.0306 1| 1051 99.0 v i 4,5‘(),175 o | 00195 .
e g 03643" g9,y ,,.~‘.,._.,i;92.9 . i 0193 g --Q. ')14
- 0.04276 93.6 87.7 L0211 0232
0049595 | % . 888 83.4 0229 e R
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' Thermol Neulron Scoﬂermg by Water- Vapour L

('I) Introduchon : o
As the most typlcal model for water scattcrmg kcrncl such as thc \Ielkm smodel’), assumes thc free trans-
_ lational motion of a molecule as a whole, the model for liquid water could be apphcd to watcr vapour when:
n\\_\-? “the rotational motlon is tr(.ated 'lppropnatcly In the present note we calculate . the - scattering law and total
- scattering cross section for water vapour usmg snmple modcls and compare them wltlt the e\{perlmental results, )
- especnally paying som¢ attentions to the temperature dcpendence of the total scattcrmg cross sectlons _Theo- -
retical models employed here are the free gas model Krlcger-Nelkln model which can be’dcduced from Nelkm
‘model by trcatmg the frcc rotatxon claSslcally and the sphencal top’ model in which the free: rotatlon i% treated
quantum mcchamcallv._ The assumptlon of symmetrlcal top. molecule is madequatc for the case’of water’
vapour, but this model: glves thc reasomble thcoretlcal predlctlon of scattering law. e ¥

' The e\{penments performcd on thc water vapour are few and there are large and unexplained differences

two total cross ‘séction data )r Ry The scattcrlng law for water vapour which: was measured by GLASER‘) .

A_‘ farc thc only e\:pernncntal values avallable Itis dcsxrable that more expenmcnts are performed on watcr '

4

;_‘:_'vapour. R ) A
(2) Calculahon :;':‘ o PO =4
Models employed here are the free gas model Kneger-Nclkm model and the spherrcal top model

NPT

" 'the last two models we “have neglected the excltatlon of v1brat10nal motlon. S
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Free gas model

“

This is the simplest model which neglects the internal vibration and the rotatloml motlon, and assumes

" the scattering by water \apour as thc scattering by a smglc proton S
The scattumg law is, '
o e ]
" S(a, ﬁ)_JW-c fe . . TR ) )
The total scattcrmg Cross sgf:tlon is, ' : ] B
2 o8y =07 {( 1 +-) it \/ E)+ o T eoHT Y . @)

Krieger-Nelkin model®
«y - This model treats the rotational motion clasmcally which corrcsponds to the increasc of the cffective mass
for translational motion. K '

The scattering law is,

e e S(('r,'ﬁ)-': / -1_& e 1@ 4 2/111‘¢’11w e RN )
,U l} o - : EY " ’
- where C‘\L‘;E?: My ; _M_.‘) 055
s M e B s
Thc total scattcrmg cross scction is,
A «:(E) =2 ’w {e f (J C)—vT=pe ™ erf (VCA=P } ' R
A /_,J./ . i) v : . . L
s where -

r, e it s 1o C ]V[L' - I:— - 17 P
o 2my mT’ § 14 a'?’

. ,]?

'

T =; el (CmE=0.753 eVt~

N bt A b B B ot e £ b s Vs e i, S A ke P o bR ¢ St S i e

. ‘Spherlcul fOp modelﬁ) e S et R s e v e i e, R 8 g he e e '

Ao

This model treats thc rotatloml motion of sphcncal top quantum mechamcally \Vc assume the average
Y
(of the three components of moment of i mertla of a water molcculc as the onc for a sphcrlcal top molecule.,

The scattering law is,

s

B T 2Ty ' :
Lt S(a ﬁ) = -]:a e e e . [, o .

a
I

- Uy i+Jl-

- - v 2J4+1 5 1 ‘

| +\ B33 ,.=Zu:_,f2"(‘/——» Ta b).
o @ @j +1)e\p( ___(2 ]+ 1) ) ,

“(2] +1)2 (_w(p( .__(_i]'_)_> ’

Ry ](J+1) J(J+1) i
SJ " ;21 ’ .

b ;:_dlstance froma ccntcr of mass to a sr‘attermg atom,

I 77: moment of mema, '

. i

'J':.(x)k_‘: .s,phcncal Bessel functlon.‘- »
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The total scattering cross section for this modcl h 2% not becn C'llcuhtcd
- (3) - Results-and  Comparison - - - ‘ﬂ

In Fig. 1 the total cross sections at 100°C are comparcd with theories. . According to HI:NLOTH, ,thc total

cross sections of two different phase of water differs about 30 barns, which is close to the dlffcrcnce between

) the calculated values by the llqmd model and the free gas model. ‘This difference can not be e phmcd by the
I\ncgu-x Nelkin model  In Fig. 2 the tcmpcrnturc dependence of the total cross section is shown, The energy
gradient of Hofmeyer’s experimental results can be predicted by the Krieger-Nelkin model but the experimental

data are always larger than the theoretical value by 5 to 10 barna.

The scmcrmg laws calculated with three models are comparcd with experiment in Fig. 3. As far as the
scattering hw data are concerned, the spherlcal top model can prcdlct most precisely the experiment.  This
shows that, at least for thls moleculc the trcatment of rotation is cssential. Asymmetrical treatment of rot'ltxon
may give further lmprovcment ¢ o
As water Vapour is onc of the mlportant and SImplc molccules, more e\perlmental 1nformut10ns arc de-

sirable to check the thcorv or thwretlcul assumptlons. At prcsent we can conclude that the precise treatment

of rotational motion is neccessary for the analysis of the thermal neutron scattering from water vapour.
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3. 2 - Heavy -Water

3.2.1 Heavy Water

n

(1) Introduction

We present here the spectral density function for heavy water which can predict successfully, to some
extent, the experimental results on thermal neutron scattering properties.  Although the formulation is essen-
tially based on the coherent scattering which will be discussed in the next chapter, the calculation is' limited
within the frame of thc mcohcrcnt scattcrmg '1ppr0\1mntlon. In ncar futurc, cohercnt scattermg calculation
is planned. e . ‘

« Physical interpretation of the prcscnt ‘model will bc glvcn in the next chapter, so that here, we only give
the results and comp'mson with expcriment. - Calculation was pcrformcd with the UNCLE, GASKET and

“FLANGE codes. ™ 77,7 7 7 e e

 (2) Spectral Densnty Function

Spectral density functions for deuteron and oxygen atoms are glvcn in Table 1 and also shown in Fig. 1.

(3) Scattering” Law ? R ' “ . fi
Scattering law of hcwy water in the mcohcrcnt scattering apprO\lmntlon 1s,
1 2 2 ! e )' v
S{a, ) = ————2(/1 2 Chn z (A +C )Svu(a) B . | N . o (1)

‘where 4;-and C; are: the amplitudes of cohcrcnt and mcohcrcnt»scattcrmgs rcspcctlvcly 8y ( «,B)is sclf
term of smttcrmg hw for deuteron 'md O\ygcn. .o o) '

Comp'mson with experimental results is performed. in the next chaptcr (sce F:g.,4 on p 41)... Con-
tnbutlon “of each term of Eq. (1) will be scen in Fig. 3 on p. 40. Although the present spectral dcnsxty function
can also fit thc sc'lttcrmg la\rv at hlgh tcmpcraturc (4-23°K), thc followmg l\erncl csnmatlon was pcrformcd

for only roomn tcmpcraturc. R T . . po be

Lx

()~ S CAHOIING = K@IMET oo e et oG e e e e b e S e

. Scattering kernels for deutcron and oxygen are listed in Appendix. Typical kernels as the function of

ﬁn'll CnCrgy '“‘C ShO\\'n ln Flgi. 2 'lnd 3. C et b eS| e g e ek Yt e + 86 4 et 5t oo oa e a1 S
‘ . R NN/

(5) Total Scanermg Cross Sechon and ,a (E) T I 5
Total sc'lttcrmg cross scctlon m,(L‘) and the first chcndre momcnt m(E) arc listed in Table 2. Total

cross section is compqrcd w1th e\pcruncnts compllcd in BNL-325“ m Fig. 4. Agrccment is excellent exccpt

at low. ncutron encrgy, where C\pcnmcnt'll result is low bccausc of coherent scattering cffect. P ‘

In an. 5, (E) is compqrcd with experiments.” @ The rca%on of fluctuation of calculatcd 7(E) at

-liighcr energy is duc to al(L‘) whose oscxllatorv values depend on the mesh of energies as shown in Fig.'6.

- This indicates the ‘nccessity of employing thc finc energy mcsh up to lngh cnergy region to calculate the reliable
scattering l\crncls. - o o = & . .
e . ] I : ) e ) ' : 14
(6) ()Concluslon . » .. e Lo — A . R P . o . , .-
“Further check for, the kcrncl ‘was pcrformcd usmg the DIP code. Dlﬂ'uqon par'\mcters using upto I =

l l\cmclq are comp'lrcd with- C\pcnmcnt (Table 3).: Agrccmcm hct\\ccn thcory and experiment for diffusion

_ constant is fairly good.’ The calculated chﬂ'mxon coohng constant C falls betwveen the largest and the lowest

(.\pcnmcntdl data.-- Thcrc_forc, thc prcscnt modd c'm bc ust.d for the. c'ﬂcuhtlon for ncutron thermahzanon
propcrtles of hcav\' water. X T BB AR ’ o

P
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g (eV) ‘ _Pop (E) v 000 (B ©
o o © 0004 3.855 | "30.84 v
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0.012 3.534 2827
o : 0.016 3462 | 2770
o (L) 0020~ |  3.248 25.98 -
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0028 | 2320 | " 1856 ‘ -
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O levels + 0338‘*" NN ¥ o
e L 103385 | 02957 | 007419 " ¢
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Tab‘l‘é 2a. oo (E) and o, (E) for a'deuteron atom in D:O - J "
Energy (eV) I:'élgft)ic" ) E‘ia(slfx)c ‘ Igélgft)ic' ’ E‘IIz:s(tiE;’)

: (barns) (barns) (barns) (barns)
0.00025 7.35424 7.61268 — 047783 6,06i‘36/
0.00101 4.07890 7.07109 —0.51006 0.23591
0.00228 332483 6.27711 —0.57322 0.47147
0.00405 3.16337 5.36353 —0.62579 0.71042
0.00632 (% 3.41166 4.44778 o —0.66666, | ,0.90%72
-0.00911 3.65728 - 3.60964 - —0.66711. .1.03§08.
0.0124 ‘ff/3.37995' . 2,90158 —0.62020 ' 1.03%1:42

001619 4.08775 2.33212 —0.49586 " - 1.07%47,
o 0.02049 4.10182 | 188712 . —0.38066 | j"'1,.0'2?4}‘36"7-7’

o Lo

« 0.0253 4.10377 1.54478 —0.22056 0.94964

-~ 0.03061" 4.00668 128234 —0.10249 - 0.86382
0.03643 3.93824 1.07918 0.03925 ’d.78j¢203“~

0.04276 ) »'::‘3.82'206 0.91990, . 0.11290 ‘0;70:.?,34

0.04959 © 3.85635 - 0.79333 0.20793 10.63209

o '6:‘056’92 L aseses | 0.69119 70.25966 ' ‘%10;56?76”

0.06517 395897 0.60370 © 0.35486 - 9.51:029

© 0,07485 392689 - | - 052563 " oanss 045481

. oose1s |

[

770.09919. o

-~

. .3.89598 " |

386129 .
e
| sshem

C70.39665 -

"

T"odses4 T
TRy

- 0.34518" e

~0.55340
051645

048971 | .

10.35632 -
%, 1464 e

o
040335
- i

o090 | oseoss | 0xmem
o525~ | aziser | 025799 | o905 | v 024093
0479, agso00 |, 021980 | os1672 7020741
o 2124 363327 | ¢ 018523 0.81567. 0.17644
0.2546" 364271 // 0.15453 0.'9_172517 ,.9.1#,;1841
03081 - 364530 i 012770 0.99618 - 012352
o3t | aasss | odoses 0.81679 © 010183
wwﬂs gm0 || ooss 0.86754/  0.08334
T 0s702 ”’: Csdrss P 0.06900 09893 | - 006778
. ..'6.70677 3.35372 ) /f : 0.05567 . 2 9,959:53 .. , i°‘-‘0f5‘48g; :
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Table 2b. (E) and a1 (E) for a o\'\gcn atom in D, O .
’Enérgy' V(cV)‘ 7 lg:’.lgft)lc ‘ E(l)a(s,ltfl:: 'T h‘:tl.lgft)lc 'Eiq(sf]{:
e (barns) (barns) ‘f (barns) ' (barns)
0.00025 414745 2}.1267 —021392 ;:o.osss4
0.00101 238256 "%.sz;'so oy —0.2232)3 Po.13288
0.00228 < 206147 0 h3.37637 e b —0.230%8 +0.26425
0.00403 2.01648 : .;’?.8681 1 —0.26423 . .0.39560
0.00632 220873 %.36345 ' . —029403 §,0.50956
000911 240502 190647 ;| —03834 £0.56575
0.01240 2.63148 ” iiﬂsz«sz-ié ol “ —o. 4849 1058960
. ootelg. - 2. 84189_. ! —0.34400 110058027
" 0.02049 " 2.98850 T —o. 323§9 10.54895
0.02530 3.10295 L —,0.297.40}‘ i‘o,soqm
0.03061 3.19887 0.66798 - =026375 10,4592+ .
£ 0.03643 - | 3.26980 '(1)‘56197 o= f —o0. 23551 ;??0.41333 ‘
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Table 3. Diffusion parameters for D,O ’
L D, G
. ' X 104 (cm"/sec) X 10* (cm*/sec)
Present 53 2.058 5.67
Theory Kallfelz» 2.024 472
oy 153 -
‘ ‘ Xussmaul, Meister® 2,00:£0.01 5.25 +0.25
Experiment Malaviya, Profio® . .| & 2.04=:004 = . 4.706::0.38
Parks® ) 2.09£0.02 6.6 =03
v 5 40} Pos (2) ’ Jo.08
3 301, 0.06 §
3 20} ; 40,043
S 210t J -o._oz-f-
[N go — — - - Ou...h_ua‘,
= df pale), 40.4° =
s 3f Lo 10.3 T
£ i Joz §
a1} | {01 =
0 1 1 i Lot I § AN PO TR S ' l; 1 1 0
0 0.1 . 0.2. 5. 0.3 . e
o ) c(cV) i 3 R
.,
Fig. 1 Spcctr.xl density function for D.O hquld at T-—29:o°K
{Note the change in scale of theordxmtc) B ’
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Fig. 6 Effcct of energy mesh points on ay(£) (inclastic)

. . o

'3.2.2 Heavy Water (Supplement) ™

Cohérenf Scuﬂering from Heavy Water~

w DA
Neutron thcrm'llmntlon in hcwy water, whlch is one of the two llqmd modcr'ltors for a thcrm'll neutron
l‘C’lCtOl‘, is more complicated than in another liquid modcr'ltor, i.c. light water. The reasons for this complicacy
are: : " .
(i)  Deuteron is a cohcrent scaftcrcr, in'contrast with 11y(lr0gcn which can be treated as an incoherent scat-
“terer. This means that for the scattering from heavy watcr the contribution from atom pairs can

not be neglected. : ' : t

it

...(ii) . Frce atom cross scctions for deuteron and 0\ygcn are comp'lr'lblc, while this is not thc case for hy-

drogcncous modcrator because the frec atom cross section for hydrogen is usually mnuch greater than

thosc for thc other’ atoms.' This mcans that even if under the incoherent scattcring 'lppro'\lm'ltlmf

‘urthcrmorc thc sc1ttcrmg propcrt"y of hc'wy watcr lms thc usua]

one is treating with thc thermal ncutron scattering bv llqu1d '\

v

f/’ :

_From scattering law data it is possd)lc to dctcrmmc thc spectral (]cns1tv functlon whcn thc sc1ttcrcr is

L e

i
au

mcohcrcnt and only one typc of nuclcus contributes to the sc'lttcrmg But since hcwy water (locs not satisfy

1hcs‘ condmom thc spcctral d(,nsny functlon \shu,h lb d(.du cqttcrmg }mv d has ambxguxty
Therefore, to determine the spectral dcnsnty functxon for, heavy \\"1tcr, a molccular: dymmlcql treatment 1s
_required. ’

An lnéohcrent smttcrmg modcl for hcwy \V'ltcr was prcscntcd by. HONI‘CK" w]nch is cqu'llcnt to thc
“Nelkin’s model for light water.’ McMurry® presented another -incoherent scqttcrmg modd cxtcndmg }n:,
MR ‘model® for light water to- hcavy water. Coherent scattering calculation was. pcrformcd by BurLEr® for

the first time and the structurc of th" scattering law was explaincd succcssfully, which-had not been prcdxctcd

L

" in thc mcohcrcnt scattering a roum'xtlon. Tlns modcl was emplo cd b KOPPI:L and Younc® to calculate
g PP ploy y

thc lnthl‘dn par'lmctcrs of sc1ttcr1ng ‘kernel for hcwy watcr. They sho“ ed that in gcncr'll thc coherent scat-

tcrmg terms from the inter- and 1ntra-mo}ccul'1r interference ‘cancel largely each other in the casc of total scat-

tering cross'scction for example. - -

Lt

Recently Pucner?: prcscntcd the ‘erystal model which dcscnbcd the translatlonal -motion_ as"the modc

with the chvc~1 mqtcm frcqucncy qpcctrum. He also succcssfully predicted the low cncrgy structure of the

o tot.ll qcnttcrmg croqe ecctlon consul(.rmg thc p'ur dlstrlbutlon functlon n hcavy water.“ .

Thc dlﬂ'crcnt trcqtmcnt of thc cohcrcnt neutron sc1ttcrlng from hcavy watcr was proposcd l)y us“’ Thc *

C'llCllldthn is bascd on the Butlcrs modcl \\1th cxpcrlmcnt'ﬂl) dctcrmlncd 'ICOUSth spectral dcnsntv for: the

tr’lnshtlonal motlon of a molecule as a whole. . In the prcscnt note we \Vlll describe thc modcl in. some. dct'ul

and also comment on the cffcct of thc multlplc scattering.

PR

&~
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(2) - Definition of Generalized Spectral Density Function for Coherent Scatterer - . -

We assume the isotropic harmonic vibrations for internal vibrations of a molecule as well as the translational
motion of the molecule as a whole, and strongly hindered rotational motion expressed as the harmonic oscil-
lation,

Scattering law for a pair of intra-molccular atoms v and v’ of a molecular liquid is,

O

@, -R7 [ (e ;'1'“\:-:;v"(m.:(O)-l'm..’(0))_; -r'm;;'(r)-;
-—S dte e 2 ¢

Sun, (5, &) = 5] e M
where
i oi=f] ONGEIY paiine] )
I : =3 " :
_1_ (l),[ Q ¥ K

R, ‘: cqmllbnum posxtloh'vcctdf for vt" atom.
N : total number of atoms in a molecule.

Av cragmg over the orientation of a molecule in the sensc of the Krieger-Nelkin uppro“matlon‘-” onc obtains

<e R =T _sin(x R,,,,)

/21’.1 kR, ,' o | . - “ “
* !
< (05> = )o@t P entpeatemein] 6
‘ .=t o .
where ‘ ” “ ‘ ' ' .
”u' IR R”’| T w g . Ll [P . £
Thcn, on msertmg Eqs (4) and (5) into Eq. (1), we huvc o ‘
‘ S S",,(f:, “,).7; Sm(;?R“') S,,,,'(f: e), - T T
» kR, S g . e .
s WL CT i o et et s et i e o e PR :.L e 1 e - . -
S (x e)—‘—'— T‘r;z“v,; “K;" )"""(0)"' Y ""'“’)Sdtc )me %’“"'(‘) e i Bt T
fop e et oo 27 - " e
w . 00, B S —iwl L v :-l'wl V ‘ ' . ) ’ ‘ L
rw,(t)’=_gopw.<w) [,Cn«+1)e thoe o, 8
M, =M, : ‘ ‘
Here we dcﬁnc thc generalized spcctral dcnsnty functlon Oy, (@), 3
Y 3N-—-3 N
p,,,, (a)) p (a)) +———- Z (C (1)*C (1))0((0—(1);) ; ' » (9) -
=l ‘ o N
= »In the limit of free translation‘,'p:':,; (w) .should be .
o @ =Meg,® W

where - "Moo is thc molccular mass. : -
 “The sccond tcrm of the rh.s. of Eq (9) corrcsponds to three hindered rot'monq, appm\lmqtcd by trxply
dcgcncratc torswml vxbratlons, and thrcc optlcnl v1brzmons, two of which are dcgcncr'\tc From the ortho-

"~'norma11tv condmons dnd thc complctcncqs of thc cngcnvcctorq, it- follo“s thqt e

S Pw.(w)d‘"ﬂw- R e o o SRS |
ThlS cnsurcs upplxcqblhty of Placzck's momcnt thcorcm, vshlch can bc written as
S S,,,,(A‘ m)d(u— <,_.,.(1 —-R.f)> '_<S_:2_(§2——M R e R %

-t
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‘ , L A
S iz 2.‘ - . .
S hedo=gyro., w

(3) Calculation of Scattering Law

The calculation of S,,, (x, ) can be carried out by the phonon expansion procedure, But, the application
of the SJol'mdcr approximation nceds some care in the present case. For the self term the validity of the ap-
proximation is assured by the central lumtmg theorem of statistics. Tor interference scattering, however,
Puu.(m) can cqually be negative or positive because of the orthogonality, as expressed by Eq. 11). The central

limiting theorem is then no longer valid and, in fact, the Sjélander approximation occasionally gives a divergent

“result. " The cliﬁiculty can be overcoine as-follows, - We divide p,,, (@) into two . parts, . positive and ‘negative .

" definite parts. We apply the Sjslander’ approxlmatlon scpatatcly to cach part of the scattering law . corre-

i

spondmg to the above division.  The final resuit is obtained by the convolutlon Antcgr'll of these two sc'lttcrmg

"""’_'“‘la\\'S. Thc short collision time '1pproxxm'1tlon q]so lcads toa dlvcrgcnt result.. .We can apply the short time

cxpansion only to the scattering part corrcspondmg to thc posm\c definite spectral density, and the negative
“definite part has to be treated by the phonon expansion.  The final expression for the calculation is as follows.

In the following cxprcsslons we drop the subscnpts v and v', if nct nceessary.

“~a) Phonon expansion

The usual phonon expansion method can be applied to the prcscnt case. 'The scattering law is, by using
the notations closcly after SUMMIT code, , - )

e Sw.(‘ w)= zc-zw 1 (2[V)n¢"(5), L SO S S SR UTURUIN | ) FONU
\VhC}'C rff ‘ = . P -
. __’) K2~ IR R ‘ ST / B . S e T . . S P
2 S vy s ' u
A B (m) g ; ' < ST . ’ ; '
& (_) "-7 (0)smh(=/"T) T, ... e LM
b) Sjolandcr expansion. S h ‘ ” B S
: As it has bccn suggcqtcd above, we divide the generalized spectral density as o o
ﬂ(e) ,,m (')+ﬂ‘2’ ©, - o S a9
where - p“’(s) -3 O'md PR (<0, . B e "
Thc :c'lttcrmg law in SJohndcr '1ppr0\1m'mon 1s, v ‘ .
S (e =2 2w " o foe L | '
. (A.'; E) nc_ L ( ) ,Z(‘)fl- f2 f:H' o T LT e (20)
where - ' ' w00 , , s
e “’(0))’ o B ‘ , o T
e
. f2_ ("'_Ir)! ] v
S an B Y R
- iAf:H= - . “e ,‘212("-');;,’,,; R
SR :-V- Kz(n f) :
~2(n, r)-—rx,,‘”—i-(n—-r)x,,‘z’ o   «_, ‘

’.‘C‘(')_ A
1\..‘ _ a'"’ g

ok This point was suggested by H. Taranasur; 7

e

i
1
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() ay () \e
. 1
Kz(') __T'T—_(_T) ,
T a®  Va®

= mﬂi(i_ =yl .
o § n oth( )de =y (0),
al(‘)=8 p(l)(e)ds'

i

ath = gmp"') () e cosh (QET)de'

c) Short time expansion

Usmg thc same notation, one can write § (/c, e) ds,

() ¢o (t—A- (n)y2
S(r, E)_Z k 2MT © 1 B Rt

2 z . . . PYPEN . : ..
”'(lz {3 ( @) (0)) 72__\———7;; 22 ) 21
where
”(n)—- 2, @ ,
o * M ‘l"" \\‘7 : ¢
(4) Generalized Spectral Densitral for Heavy Water ‘ Ly

Inserting into Eq.(9) the crgcnvectors and the eigen frequcncres calculatcd by BUTLER, ‘we obtain,

Pou(e) = P (e) +0. 45600 (5—51) +0. 14830 (e—e2) +0. 295/0(5-_—53) , , @2
Poo(e)— P (e) +0. 088010(5—51)+0 03/790(6—62) +0. 074190(6—63), L -
D)= p b; b; () —0, 10399 (s —&1) +0. 0010035 (¢ —e2) +0. 0050420(5_5;),, S (24)
' po® =pp’u ()= o (9 —0.12453(e—e) ~0.052030 (e —e) ~0. 10630Ce—e), 0

o . &1=0. oxscv “e2=0. 146LV and 53—0 3385cv“ o

For thc acoustic part of the frequcncy distribution P ( ), we usc thc spcctral densrty dctermmed from ‘the

““slow neutron experimicnt” by LarssoN™and” DAHLBORGW’“ "The shape-of- p ,( e)’is  assumed-to be the same —
- for’ every pair of atoms’~ The normahzatron is done with-the.use of Eq (11) (see Figs..1.and 2)
(5)- Compurmon ‘with Experiment T } e R e
As it will be scen from the discussion in section 3, the UN CLE code‘ n whlch isa versron of the SUM\’IIT 4
“code', is most readily utilized for the'numerical calculation of the present problem with minor changes in

the input quantitics, input processing and formulas for the short collision time approximation. The:version,
UNCLE-DISTINCT, was prepared for use of IB\’I 7090 and 7044.

r

The total scattcrmg law for the molecule is given by v - o r :
i 1~ : Sy
- ﬂ S S (Kv 5) m z (A vy, 'l"'ouu lﬂ-' )S"" (E E), N - . e (26) el

..... g . ST
Wi here 4, and C are the amplrtudes of cohcrent and mcoherent scattermgs, respectrvely

- InFigs. 3, the contrrbutlons of the mtcrference scattermg terms to the total. scwttermg law are shown, and :
in Fags 4 and 5, t hc calculated scattermg laws are compared wrth the experlmental data by Haywoop at T=
© 295°K and 423°K‘3’ Although Puu’ (e) m'ly be tempcrature dependent, the spectral densrty functron was

"?"_assumed to be the same for both temperatures in the present calculatrons “'The contrrbutron from the dxstmct ,

== atom’ pair, bccomes less lmportant as-f- becomes hrger and the temperature becomes hlgher .The 1greement

‘between” theory and experlment is good on the whole, espccrally in thc range of large « “For small. ‘, the
‘measured s scattering law is gcnerall) larger than calculated one. A" part of this drscrepancy may be attrlbuted
“to the multrple scattermg cffect. Thls point will be dlscussed in the next: scction. In: Fig 6 Butler s result
is compared for: B —0 5 with thc present calculatron Smce ‘BuTLER assumed free translatlonal motron of a

; G
';_h-{molccule as aw hole, his; result falled to agree \uth measuremcnt except for the large a reglon
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(6) Effect of Multiple Scattering

As it had been discussed by SraGGIE'?, the multiple ééattering correction for double differential scattering
data is a very important factor. . We made this correction for the experimental data by Haywoop, using the
incoherent scattering kernel (sce the previous section). SLAGGIE also discussed the model dependence of the
multiple scattering correction,  Further analysis using a more realistic model for heavy water, for example,
a model including the coherent scattering, may be desirable.

The experimental geometry is assumed as.shown in Fig. 7. - The specimen is'a disk of 6 cm diameter and
held at 45° to the incident beam. The thicknesses of the samples are, 0.209 cm for E;=0.109 ¢V and 0.242
cm for E,=0. 039 ¢V149, where E, is the incident neutron energy. The calculation was performed only for
room tcmpcraturc casc using the MUSE code. 2

" In Figs. 8 and 9 the multlplc scattering correction factors are shown for E,=0.11 €V and E,=0. 04- cV.
At small angles the multlplc scattering correction factor: ‘becomes large and strongly dependent of the final
cnergy, for small scnttcrmg angle. But for larger angles it tends to be flatter and approaches to unity.

-~ From these results we corrected - the multlplc scattering for 8=0.5and - =1.0 (Figs. 10, 11, 12, 13 and
14). Agreement bctwccn theory and experiment was considerably 1mprovcd especially in low « region. The
multiple scattcrmg correction seems one of the most important correction for cxpcnmcntnl data, and produces
some amblgulty when comparison is made between thcory and expcruncnt. Thcrcforc it is desirable to es-
tablish a reliable mcthod for the multiple scattering correctlon. 7

(7) _ Conclusion : L

Thc present model for, heavy water can prcdlct well the scattcrmg laws at room and lugh (423°K) temper-

“atures.” " The mmn ‘part of the discrepancy betwecn the present theory and experiment by Haywoop may be

attributed to the multlplc scattering effect. - =
Onc of the future problcms is the calculation of the scqttcrmg kernel mcludmg the coherent scattering?

By malung a companson with other recent C\pcnmcnt516> we can dcvclop a more rcnllstlc modcl for heavy

Acl\nowlcdgcmcnts L L e

--The author wishes to tlnnk Dr.-Haywoob- for supplvmg dctmlcd information concerning his-experiment. -
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. t

‘the frequency distributions for onc-dimensional - lattices the one for three-dimensional lattice”is composed
analytically.  Hence the YKO (Yosunort & Kitano). distribution has spurious singularities inherent in the

“onc dimensional lattice!  YouxG & KopreLralso used the: Yoshimori-Kitano model, but they.employed hte .
root sampling methed ‘to obtain the frequency dlstnbutlon. Thus, YK (Youns & KorpeL) distribution is

free from the spurious smnularltu.s inherent in the IIouston s method. * YKO"and YKcdistributions are shown

in Fig..1. Cawvaruo performed the extensive mcasurum.nts on sc.lttcrmg law for graphite at 533°K and,

determined the frequency (hstnbuuon by means of thc \\'z.ll known c\tmpol'\tlon procedure on S (a, 3)/e.

C(CarvaLio) distribution is shown in’ “Fig. 3'in comp’msonlwlth YK distribution. A remarkable résemblance

is scen between them, |

it Coegy i ¥ i
Scattering laws for graphitc at 77,“C calculated from YKO and YK dlstnbutlon are sho“n im Fig. 4 in

l
i

- comparison with (.\p(.rrmcnt.ll Values comprl(.d by Harwoop & SI\CLAIR” : Agrcemcnt wrth (.\p(.rmn.ntal'

values i is better for scattcrmg law calcul rtcdlfrom YKO: dlstnbutron than those from YK It can not be con-

clmlul hm\ ever, that YKO drstrrbutron is bttter than YK dlstnbutron, bcc:'usc corrections to multiple: scat-

l
t(.rmg h.u'c not been apphcd to_the c\pmmcntal scattcrmg law., Fron) the thcorctlcal pomt of view YK dls-

trlhutlon is the best distribution among the 21\'21‘1'll)lb chstrrbutlons at prcscnt. I et
In Fig. 5 companshns are made bctwcch scattcrmg laws at 300°K calculated from YK .md C dlstnbutron”
There i is seen httlc (hfft.r(.nct. between thcm What is cffective i in the calculation of the sc.rttt.rmz cross section -
*is the gross structurc of thc frcqul.ncv dlstnbutlon .md the ﬁnt structurc is ruthcr 1rrclcv.mt '
Some tvplml l\crnels for gl"lplllt(. at room temperature are shown in Fig. 6. '1 l‘ICS(. 30 energy pomt kerncls .

|
were ¢ .1lculntul from th(. YK dlstnhutron. _The arrow

1 the abscxssa mdlc’ltLS the mcrdent cnergy of neutrons. .

"The mcohcr)cnt mel.rstlc, clastic (cohcrent-{-mcoherent) and total scattcrmg cross scetions are shown in
' an. 7, togcther \vrrth thc total clastic . sc.xttumg cross bLCthll c.rlculated in th¢ incoherent’ appm\lmatlon. e
In Fig. 8 the! transport Cross scctron for graphltc at room tcmpcruturc is illustrated. - : .

Rcccmlv l)x\(;l. pubhshcd his c\penmcntal data on ‘the scattcrmg law for graphltc at 1300°I\ and: 1800°K’5’

L PAGE: eV llu.m_d also-tlic. frt.qucncy drstr'hutl for_graphite at 1800"1( from the scattt.rmg law dat'\” ~The

phcnomenologlcal frcquency dlstrrbutlon detcrmmed by* PAGL are eomp'\rcd in'Fig: 9 \\'lth thc;AYK dlStl‘lbUthl]1-~'-“'

-
for loom t(.mpcr'\turcf In spltc “of the largc dlﬁcrcncc in tcmpcrature “overall qualitative features of thcsc

p——— o s i g fona e

: chqtnhutnons l)c.lr a rt.lll.ll'l\dl)lt. “resemblance, except’ the” higher ¢nérgy ‘et in"the Page's “distribution:

i c\'ummng thc effect of the temperaturc“dependence-of the frequency-distribution- on - the seattering.....
" cross secuon sc.ltterm:lg‘l;iws for gl"lplllt(, at 1800°K were calculated from'the YK distribution atroom tcmpcr; o
ature, These scattcrmg laws are compared with the experimental values obtained by Pack in Fig. 10. It
should be notrccd hat resolutlon and multiple sc.1tt<.rmg corrcctlons ar¢ not’ .1pphcd to. the measurcd s.cattcrmg
l.\w “ﬂA;,ru.ments l)ct\\ccn calculated and measured values are qultc good. = Structures scen in thc mcasurcd
sc'utt.rmg law cah bc "}ttnbutcd m.nnlv to the onc-phouon cohcrcnt sc‘xttcrmg It may be said from the rcsults '

Rt}
‘show n in® Flg. 10 {that! [tho YK distribution can be used wnth rcasonable accuracy in calculatmg the scattcrmg
o el

crOSs sectlon for ;,r'lphltc '1t high tcmer'lturL.

. . .
I:ldSth .md m(.l'l]stlc scqtttrmg Cross’ SLCthnS for graphltc at 1800°K 'm. shown m Fig.~ 1] in comparrson

nt thc mchstrc scattcrmg cross scction at 1800°K is. con-

' s1d<.r.1bly large i m comparrson \\’lth that attroom tcmpcraturc and l‘ns mlmmum pomt around 0.015 cV The .
i

wnth those at room thpcr.rturL It s rcmarl\a le

“ inélastic sc'rttcn‘rt\g cross scctlon at. 1800 |K was calculated with ; UNCLE code from the’ avcragcd 1sotrop1c

fr(.qucncv dlstrrbutxo?, hecausc the e\ccutlon t1mc of thc IBM- 70-1»4 computer was r(:strmatcd to be more than '
A

. T
ours W hen the ar otroplc frcqucncy dlstrlbutron wils' uscd As for the: (.lﬂSth scattcrlng cross SCCthﬂ, )

tw

T > .
thc valuc at lugh t(.mpcrature bccomes smal er, cont rary to. the melastlc scattcrmg cross sectlon, than that- at

room tcmpt.rutuirc, Bclow O 01 (.V thc tcmpcraturc cffect on thc elastrc scattermg cross sectlon is: not largt.;

but above_ 0.01. cV it, {15 consldcrablv largc. ‘I’or thc ncutron cnergy below the Bragg cut BNL 325 contains .

- data on thc total cross sectron at up to 1040°K° If these e\pcrrmcntal valucs are plottcd asa functlon of temp(.r-' -

v aturc T, thw cz?n be ﬁttcd wrth a lmear functlon of T The calcul:ted value at 1800 K for thc cncrgy below'

R H
' - i



ft

JAERI 1181 ' 3. Evaluation

. 47
« ' ) -

the Bngg cut hcs on thlb C\tmpolatcd s"rnght lmc. To cvahntc thc accumr,) of thc calculatt.d ‘total cros ss o

. sections in the whole energy. range c.\:p,cnmcnt_al values are nceded.  We have, howu'cr, no 'wmlnble data on

the clastic and inclastic (or total) scattering cross sections at 1800°K. It should be notmad thnt thc cross sz.c- N

i

tions at 1800°K were calciilated from the YK distribution for graphite at room tunpcrnturc. e

Scattering kernels for grap]utc at 1800°K are shown in Fig. 12. Thc,sc. kernels were calcu]atcd from the .

2]

lsotrop\c YK frc,quwcv distribution. " /
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1*

3.3.2 Coherent Inelastic Scattering of Slow Neutrons from Polycrystalline Graphite

Several years ago H. Takanasut made a detailed investigation. of one-phionon coherent scattering from
graphite by using the root sampling technique. ~Although “the work was reported briefly at' the conference
“on inclastic scattering of neutrons, Nov., 1965, Japan Atomic Energy Reseach Institute and was published in
JAERI 1113 (‘66), it is felt worth-while to reproduce his work in greater detail in the present evaluation report.
Since he'is now at BNL on leave from JAERI, the article is presented by one of the editors (S.L) with per-
mission of 1. "TARAnasut. The writer was informed that Takanasti recaleulated the same problem with the
force constants determined by Yorxe and KOPPI;L, and is prbparihg the results for publication,

In this paper we present the results of root-sampling calculation for coherent inclastic scattering of neutrons
from graphite at room temperature based on Yoshimori-Kitano theory of lattice \'ibrzlt’ions." The unsym-

‘metrized one-phonon scattering law S(«x, @) per atom for polycrystal is expressed by

u

S(x, .,,)__-Sd.., SG, o) _ ’ (1)

. ‘S‘(‘,; ) __(\-r:".)i “7}[122 Ig, (:.) |~ i (A +q—-) ——-I (l:,—i—l)u(m—m,) +n,u(m }-m,)] ’)) :

‘r

o Hereg, (r)is the dynamical structure factor;

12 t

4

£ (=) &, Cnel<Fue-th | 3)
: , vt 7 o 2 " |

s=(2, ;1) stands for the ith\' for the normal mode and  is for the basis atom.” Cr, s .md ZIV ¥ '1rc, respec-

tlvcly the polarization vc,ctor, the position in a unit ccll and Dd)yc-\\"ﬂlcr factor for the v-th basis atom.

The symbols_ have been defined in"§ 2.1, Eq. (1) 'was calculatéd by the root-_snmphng technique taking 675-

wave vector peints in an irreducible segment of the first Brillouin zone for the range of « —-,—)[WTél 0 and

f= i [T'£2. Tisthe tunpt.r'lturc, in energy unit. = An IBM-7044 Fortran IV program, ONE PHONON,

 was programmed for this purpose. In Yoshmwm I\ltdl‘O theory, the one phonon term m Eq. (1) is spllt into
~the suny of the parts corrcspondmg to in-planc vibrations and out-of—phnc vibrations, g

S, ) =Sy, ) +Sew,w)y S - ko v 4).
’ Sini:'é’in""in-‘plnn'v vibrations the motionsof ‘atoms Iving on-different layers are not coupled, the main physical -

«part-of Sy (&, m), (.\C(.pt for- D(.I)vc-\\’dllcr factor, docs not depend on £, and g.. . Z-axis is_taken in the di-
, , rcctlon ‘of the c-axis. = e e e

~ The caleulation procgeds in th(. follo“ ing way. A svamp]ing point ¢ is taken in the irreducible segment
of the first Brillouin zone. Seccular equation is solved to obtain w, (@) and a,,‘—('q).‘ C,*(¢9) is then transformed
to G (x), where =7+ ¢, using crystnl symmetry. The range of ¢ was restricted by a £1.0. The in-
tensitics of ‘scattering from various 7 are collected and Classified according to the resulting (k] and w, with
intervals Ja=0.01 and 48==0.1, respectively.  In order to get Detter statistics, the calculation was done
» qcpar'ltcly'fof Si (& w)and Sy(x, @).  This t(.chmquc is advantageous, hecause the out-of-plance vibrations
have the higher density of normal modes than that for in- pl.lm, vibrations for ‘84 2, and this implics th.lt a
greater number of samphng points are required to calculate Sy (5, @) with the same accuracy as that for S_L
(&5 @ ). The statistics was improved by using the frequency distribution, thc density of normal modt.s, which
were. caleulated with alarger number of sampling pomts. With thc above tcchmquc, the ‘present’ svc“
- of ‘sampling points, 675, was not insufficiént to make a mcmmgful comp'mson hetween theory and C\pcrlmcnt
. Typ;cql results are sho\\'n in_Figs. 1-4. Plotted toncthc,r is the multx-phonon contnbutlon calculated in
“the incokicrent '1ppr0\nmt|on usmg the ;nlSOtFOl)lC frcquchci dlstnbutlon obtamcd by YOUNG ‘and KoppEL.? »
“Figs. 1 and 2 show the structure of typical: Sy (e, B) and S_]_(ﬂ ﬁ) In thc range of B consndcrcd hcrc, S//
(e, ﬁ) e\hlblts maxima at ¥ Ty and minima at g in-between ./,, whcrc kT is the projection of on he\'lgo- ;
" nal planc. Tlns bch'l\ ior is understood in closely 'm'llogous way to thc case of an 1sotrop1c crystal, » by drawmg

thc momentum conserv '1tlon diagram in reciprocal lattice space 'md '1150 bv rcmllmg tlmt the’ dcnsuy of trans-

[¥3 ~
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verse vibrations is much higher than that of longltudm.\l vibrations for acoustic br‘mcnngﬁ 3) (cf. Flg. 5).

'

The structuré of S, (a, 5 ) is more complicated. When 8 ~0.5, the'minima oc'c"

Lty

‘ima near in-between ¢, and the positions of maxima are scen shifted towards larger # d" ~rincreases. - When

= ¢ and max-

8 c\ccgds somewhat over 0.6, the diffraction-like structure at small « diminishes abn \,; ) ..nd, at the same
umL, the phase of miinimum and maximum is reversed. Thcsc may be interpreted roug,h]y, 4,  follows. Firstly,
when 3-is about 0.5 or less,«we are pbserving the accoustic vibrations. In Yoshimori-Kitano theory, the
., squared frequency of out-of-planc vibrations can be written as : ’
T W) = (@M (g)) ) Cw ek o ' 5
The (central) force constant between the adjacent layers is about only 1/50 of the bending foree constant of the
plne.  Assuming Yoshunon I\ltano s force constants, w (g.) is 11mcV at the zone boundary and becomes
~ maximum at the nest Zone. center, 16 meV. The @ (q//) is about SOmeV at (1010] zone bound.lry The equi-
frequency surface is therefore not a sphc.rc but’rather, roughly speaking, a cigar type dirccted to c-axis. -The
cxgar dong.xtcs as ﬁ increases.,  For 8, say 0.5 53, the end of the cigar lies near {0001] zone boundary and the
l.lt(.l‘d] surface th at less tlmn Thalf way.to.{10T0) zonc bound’lr) _The density of the modes is high in the di-
rection of c-axis and low in the dircetion pcrpcmhcul.lr toit. Now, inthe case k = 7 (002), the constant '«
sphere crosses the equi-frequency cigar surface at about the middle part of it.  There, the density islow.  When
& is about { = (002) = (003))/2, the x‘-sp‘hcrc glazes the ends of the cigar, where the density is high.  This
“explains the stated results and also the. shift of positions of maxima with'8. TFor k= (003) and =~z (100) ’
the scattering becomes small either beeause of the destructive interference or of the orthogonality of C, and ¥.
W hL:nh B exceeds somewhat over 0.6, the equi-frequency surface becomes approximately an infinite cylinder
~ and the bending vibrations (tmnsvcrs.ll) contrlbutc to tlu. scnttcrmg Smce thc r(.c1procal Iattice is dense in
the direction of c-axis (su: Fig. 6 (b)), prommcnt structurc is not (.\pcctt.d as & lll(.r(.‘.lbt,b from = (002) to 7 (003). -
Fig. 6(u) and (b) also illustrate w hy the phase of minima 'md maxima is rcvcrscd as B increases from 0.5 to 0.7.
The structure of S 1(a, 3) changes rather mpldly as B increases further, and it d(.pcnds not only on the :
g(.omctncal structurc “and - the gross. feature of dispersion curves, but also on the polarization vectors.

i}
' Flgs. -5 sho\\ thc companson of thc calculatcd scattering law with the experimental data by Haywoob -

_and Sl\‘CLAlR.‘. For l'lrgt, a, the aglu.mcnt lS satlsf.lctory ‘The c01151dcr'1blc dlscrcp'mcy at small « nmy '

bc attnbutcd to the effect of multlph. sc.atu.rmg from the sample. T
) CARVALHO“ C'll(,lll'ltcd thc multlplc scattering correction for his measurement of gr'lphtc at 533°K. - The -
correction factor was- 'lb()llt 0. 3 and 0.4 rcspcctwclv: for. ﬁ =2 and ﬁ =3 at a=0. 1. HL ‘also has converted
lus 533°K results to room th]nratur(. 11though the proccdurc may not be very accurate, “to compare with the
pr(.st.nt calculation. Although the fine structurcs mdv have been smeared due to the finite angular resolution
in the mcasurcant the agreement bLt\\ cen lus rcaults and the present calculation is S'Itlsf.lctory

B
i e
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Fig." 5 A schematic drawing of momentum conservation law . in reiprocal lattice to

- are cffective.” * Solid circle is the equi-frequency surfuce for in-plane vibrations.
Hve. X .

illustrate the structure of Sy (x, w); Dotted semi-circles indicate the constant &
circle. ' When &=t (inncr circle), transverse vibrations contribute predominantly
“to Sy (x, @), while for £ at between = (outer circle) the longitudinal -vibrations

¢

e
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Fig. 6 A schematic draw of momentum coservation law in reciprocal lattice to illustrate

4 . the structure of S1 (v, w); The solid ellipse in Fig. 6a is<the equi-frequency
surface of . §~0.5 for out-of-plane vibrations.. Dotted semi-zircles are constant

. & spheres.  The outer circle crosses the high density part’ of equi-frequency
_‘surf.tcc thus rwultmg a l.m.y. scattering cross section.  For the inner circle, the

R SRR <x&u.mon is oppmxtc ~Fig. 65 shows the same” illiserution for §~0.7, The =
o equi-frequency surface becomes practically an infinite cylinder.  No prominent

3.4 "’B’erynium

[' =

structurc of Sy (x, ») is expected in this case. o

PN "

]‘rcqucnu deqtnlmtlons of lattice vibrations in beryllium h'wc been obtained by SI\'CLAIR " Young &
Korper® and RAUBENHEDMER & Griar® SINCLAIR measured extensively scattering law for bcry]hum at 22°C
~ and cvaluated the- frequency. distribution by means of the well Lnown extrapolation_procedure on S (a, ﬁ)]a
proposcd by EceLstarr. Younc & Korprr and RAUBENHEIMER & Guar obtained frequency distributions
“theoretically by means of the root sampling method.  Younc & KopreL uscd the Schmunk’s® central force
model in which the interactions with up to fifth ncxghbors are taken into consldcratxon. , RAiJBl:\uﬂ:i\n:R &
and erm\:ﬁ’ Al

':~'Gu.,\'r u%d thc modlﬁul '1\1'111y sym'm.trlc modc] formulated by DL\V:\\IE» "WoL

these frc.qucncv distributions are sho“ n in. Fig. 1 (\Totc that thc ‘normalizations are dlﬂ'crcntfor thrcc dlStl’l-

i
“l)lltlonﬁ) e S o st ot B e s

SR e, e o a1 i e R,

. As can_be scen from_Fig. 1, thcorctlml dxstnbutlons h'wc deep V“lll(.y around v _15><10‘~' sec™t, but ex~
pcrnm.ntdl one docs not. Qllﬂ]lt'ltl\'(.ly YK (Youxg . &. I\OI’PEL) distribution r(.scmblt.s S(SNCLMR) dxstn-:“‘“
butuon closcr th'm RG (Raum\mmm & Gu.\-r) dlStl‘lbutl()n docs, in spite of the fact that the theoretical
~ lmsls for YK distribution is cruder than that for RG distribution. Phenomenological S distribution, however, -
can’not be said to be pr(,cmdv true, because the extrapolation procedure has some arbltrarmcss in chmmatmg
the eoherent and” multiple c.c*\ttcrmg contnl)utlons from measured scattering law. T hercforc, it can not be
com.ludul from Fig. 1 that YK dlstnbutxon is clost.r to thc truth than RG dlstnbutlon.
chttcrmg laws calculatéd from YT K and RG dlstnbutlons are shown in Fig. 2 in comparlson wnth c\pcr—

xmcnt'll onc. determined bv SINCLAIR.®). Agrecments_arc not good for both tlu.orct:c‘ll values. It may bc
-inferred from Fig. 2 that the true pcak in the frequency distribution at the lower frequency exists between the
peaks in YK 'md RG distributions. Scattcrmg laws caleulated from S distribution are also shown in Fig. 2.
~ The main peak around 3 =2.0 of the sc‘lttcrmg Taw ¢ .1lcul'1tcd from S dlstrlbunon is smaller, whcrcas those
; from Y I\ and RG distributions are much larger than c\pcnment'\l \'qlucs. This may be the reflection of the
' frc,].ltwc cﬂ'ectc. of thc two main pml\s in thc frchCncy dlstnbutlon. In view of what is said abovc, C\pcrlmcntal
data on scattcrmg 1'1\\ W cu rc-cv'lluatc.d 'md the final frequcncv dlbt;’lbutlon (\IOD 2) thus determined is shown
- in Fig. 3 in compamon with S dlstrlbutlon. \'IOD dlstnbutlon fis, noty, similar to RG dlStl‘lbuthﬂ qu‘111-

' atwclv This is a reasonable result] since the modified axially symmetric model gives the dlspcrswn relation
m C\ccl]cn(‘t agrccmcnt Wwith: C\pcnmcntal dlspemon curve determined bv SCH\IU\Ih n i
» Sc'lttcrlng laws calculated from MOD 2 dlstnbutlon are shown'i in’ an 4. Dlscrepancy betwccn thcorctlcal
and C\pcnmcnt'll mlucs at small a 1s mam]y due to the cohcrcnt and mu]txplc sc1ttermg Thcorctxcal valucs :

g L‘



, the agreement is quite good
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H ‘
have been obtained in the incoherent nppm\lmntlon and the multiple scattering corrections have ‘not bccn'

applicd to experimental data, At 1'1rgc « \\hcrc thc cohcrcnt '1nd multlplc sc1ttcrmg cffects are ummportant

o 1t

Some typical scattering kernels are sho“n inj ‘ an. 5 for illustration. Numerical values of full kernels are
given in Appendices. These 30 energy pomt I\Lrnds were calculated from the MOD-2 frequency distribution.
The incoherent inclastic, elastic (cohcrcnt+1nc011crcnt) and total scattering cross scctions are shown in
Figs. 6 and 7. The total elastic scattering croqqlscctwn calculated in the incoherent ﬁppm\lm'\tlon is also
shown for comparison with the exact elastic scattering cross seetion.  Oscillations seen in the inclastic scattering

cross section are due to the structure-of the frt.qucncv distribution and also dependent upon the energy mesh

" sizes.  If finer energy mesh sizes are used, the 'lmplxtudcs of\l‘v oscillations chomc sm’lllCr and the cross

‘section” becomes smoothcr e 3; Com e,

In Fig. 8 the transport cross chthﬂ for bcr)llmm at room tcmpcmturc is llluqtratcd The same expla-

N
, n'mons as given to thc total scattcrmg croes section arc also apphcd to the transport cross SCCthﬂ.

D'\t'\ on *hcrm'\l ncutron scattcnng from bcrvllmm at- lngh tcmpcr'\turc are-not- 'wmhblc at.- prt.scnt —Cal-.~

1
cul.mons for bc.rylhum at high. temperature have n{)t been pcrformcd because we ln\'c no, d'm to compare with
I ' ” n . Y

calculated cross sections. ' S It

der : 1 ; o -
" . v i X . . .
Q} o S i i o
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.

s 1)  Sivcramr R.N. : “Neutron Inelastic Scattu-mg in’ Solids and Liquids”,’ Vol. 2, 199, IAEA (1962)
“2) ‘YOUV(‘ ] A: and - KoPPEL J U. Vucl JSL‘I. Errg., 19, 367 (1964-) I

3) RAUBEN!IEI\]ER L.J. and GiLaT G. : Phys Rcv., 157, 586 (196/)
4 Scmwm\ R.E.,, Brugcer R.M.,: RaNDOLPH P D. and; STRO\TG KA. ths Rev., 128, 36” (1962).

,.5) N D(.W\\u.s, ,R E., Wourmw T and LI:H‘\IAN G W ths. ‘Rev., 138, A/17 (1963)
-6) - ll,\\'woouJB C. -md SI\CLAIR R. ‘\T A],RE R 4732 (1964)

N e e e e e 4
T Pri
) SCH\‘lb\'I\ R.E. thv Rev.; 149, 450 (1966) 1? S e : ' N S i
2 YK: j-\mm"—l\npp(] YK e
] IR T | L {;: "
(i’- RG- Hmhonhcum‘l _Gilat ) i

1

B

o
F0.01 0, (“ 0.03:0.01 0.05 0, ()G 0. ()l 0. ()h ~
b‘:v hofe\}

Fig. 1 l'rgqucncv distribution for Bc at room rcmpcr.lturt. Note th.lt norm.thtmm

are dlﬂ'crcnt for c'\ch dlstnbutlon W ‘ o i 1
T ” . T ’r.’ ” llg' ) f‘ .


http://OVO.TO.OI

i

. i
JAERI 1181 . . 3. Evaluation

r ' . ’ R T a=0.5

el e Ao A D |
e , . » vk ke -

0.06r Jouat YK R
= _ (D . - : : : Yoo

% 0.5t v lo.s |
f.' . "

7, 104 40.04} , s ' E; 1

U.n.’:r

n ok

]().()3 3 -
[CER I ) e i

a.01

) L
QO " { L 2 s : ' K
0.5 1.0 1.5 2,0 2.5 3.0 “3.5 0.5 1.0 1.5 2.0 2.5 3.0 3.5
. o . ey
(¢ : o’ o - 0
3] i ;. 9 o
i i N

A0 12
0. 11
0. 108

0.11
0.10

0.00 0.09

0.08 0.0§

= 0.07 0.07

-]
~r
17]

0.06 006

0.05 0,05

o 0.01

o008 0,03k

002 0.02r

0.5 : E 2. - -3.0. 3.5770877 0107 T T2,00 T2 R T 3.0 T 3
T ST LB NP,
e e e 4 B e e e s s et om e o B e e it b i X e e AT e e,

_Fig. 2 Scattering T for Be at room %cmpcr.lturc Cnmp.\nson of sc'mcrmg laws
C.I‘Llll.lltd from ‘the erquLnu' distributions shown in Flg '| ' bt

e . D \l\—Young'-I\oppcl T Q‘;, e ; CoT
o S—Sinclair | - : s F I
) o G—R.lubcnhcnmr-Gll.lt rE "
o 0 ‘ o ¥ . . .
- ’ I;—I;.\'pcr mental v: alues 4 i
5 P " i .
4] R, ; " . - i
v o6 —— ~—— — :
‘-n - 7 i ® Sinelir o P
5 : ¢ MOD-2 ] iy
o - )
e S
s 3 3t
[
e
Tl 2p T g

g

v

i



file:///j/jv

| i

S s W
i

1

| i .

i i o
i

60 E \‘nlu.mtm of "Thermul \'(utrnn QC:mcrmg Crme gccnone for Reactor Modommre JAERI 1181

0

b i i d N
0.06 ‘ a=0.3 1008

&R 0,04 0.4
2
5]
0,02 0,02
0 iFok
0N, 80 (
A ;
Qa L
o | K B o . o
0.1 ——— T . r 0.0 : ey —_— — T

40,08

~Jo.06

R 40.04

- .o

i Bl :~~,____——, 3t i \. )
H r . o \\ b :
0.02+ \ u.02 e
L~ 4 o ¢}
0 [ 1 L ' L 0 1 : il b ) .
005 1.0 & 1.5 2.0 2.5 3.0 3.5 0.5 1.0, Lo 20 2.5 3.0 3.5
e G B . ; HE g .
sl QT g IS RN t g :
. . Y b. E f R e o .
0 ) i o Y 2 | i - S D .
" & PN o g :
Fig. 4  Scattering law for Be at room tcmpcnmrc,,c:!cuhtcd from the \/IOD 2 R o
S d‘mnbunon, in comparison wnh thosc c‘llcul.ltcd from Sinclair distribution nnd o B o
N _experimental values. | 4/ . ,fy ’ SR . c
c\penmcnml v.uluc ;

. // g - . -
IR / S e o b L e PN ot o e s A Y e kS an ent e o
R A 5 o a)i 0
- L B 7AN A SR IS
2 PR cr e .5
75=0.0000V co . . v i
IR Y
. .0, \
, : Zo=0. LoV A
& __— @ 15=0.169eV P
<6} = Foo : o
. ‘ s.06 ® I.0 0,256V .
o @ - @ I;D—O qeV N
e = (D [5,=0.78{eV T 7,
@ v K . Ie T e dir : ” .
& ' .
~ o i
§
] ) . - 4‘; o =
.'v: 0 Ha
e o ) " e 5
Q .
: 0’{0l - =
i /l[ 0 ‘ 3 & [e]
y & o ‘ A "oy )
Sl an. 5 - Scattering kerncle for. Bc .1t room’ tcmpcratur
i dxstnbutlon. A
1T PR
o ‘ .
‘ . S
. S 7 P et 5
. . ‘_}:\ . :
B o £

<x




JAERI 1181 3. Ew llu.mon
B
3] 4
‘[-—_1——1—~1—v—r vy v v ToYr ey T——— Ty YT ey v ~—
B 10 o measured total cross section”
2 . (BN1. 325,20d_cd. 1958)
+, ured cross section for single T
i u\’aul(B\L 25, 2nd, Suppl .2} Y
oy
‘ £ e o .o
£ ' P
2 : T
-
1 \.‘Lx.\liu inclastic .
] g - clasticlincoherent approx.) W
L [ J
t .
.‘ -4
3 . ;00 % © (N . -
[1) A P R i e | L PRI RIS h s
103 102 -% 1.0 > ’
<) o E(eV)
[y
Fig. 6 El.lb(lc, inclastic and total scattering cross scctxons for Bc at room tumpcmturc
- . . " caleulated from’ R.lubmhumcr-le.lt distribution,” "7 T -
i E
: ya @ ioon o
; 7 o o g
. ——— Ty ey y ey T
2L . mc:mur('d total cross seetion (BNL-325. - nd l'duwn. *B8) o
i ) o mc:l\urcd cross ~c(,nun for single crystal (BA\L-.V.). ond edition, buppl
. A0 T
3 7

section-

inelastic cross-
approx.)

(incoherent

e [ e N RS ?.

0 : . N I . N G R N T s
102 . Lo ) [CR (d N 1 net
v %) . -

o o 3 i i

Fig. 7 Ll.lstxc, inclastic and total smttcrmg cross scctlon for Be at room tcmpcrutu}é,
] c.llcul.xtud from the MOD 2 dlstrlbutlon. ' N ’ o

171

Ly
g

61

b




‘ , " el
62 . Evaluation of 'l‘hum.nl Nuutron Scuttering Crosa St.mons 1ur ‘] L \:lm “Moderators JAERI 1181

[

S A T e R A B I B Bt DR BB R B ST I R R | L e

[
1, o
15t :
‘\',‘
1 £ b i
. o
~total transport eroas sechion
tag p
0 ; y
\_;:: L ! /clusl ic (uuhcr@ll) , v o
»° [ A elastic (incoherent approx.’ -
& .. 1
b BRI NN T e et A
) f: .
B . . N L 7
3 in clastic (incoherent ) o
T ““
“ A 1
I} " PRESSTRRETY WY1 | M S|
10-3 10-2 IR 10 Al 1.y«
fls YT . l-’(u\’) . . i
o :
J
Fig. 8 T'ransport cross section for 1eat room tcmpcr.uurc, (.dl(.LIIdtLd hom the MOD
dlstr-butmn. leSth 'lnd 1ncl.1qt1c p.lrts are .1lso shm\n o
Sloge gy e
1) ) ] . Y . "
3.5 Beryllium Oxide ’ ' R ' ' o
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v ; el R . o ‘ . « o

“The crystal structire of b(.rylllum oxide is wurtzite typc, the httncc. parameters b(.mg c—-4- 37 A c/a—l 6._3
.md the stru«.tur"ll parameter #=0.387 at room temperature. ‘The study of lnttlccdynamu.s of beryllium oxide
"is of interest not only because of its use as an important reactor moderator, but also because it is & pi'c”ﬁéléﬂc‘fi-ié
i %mxconductor and has a lngh thermal conductivity and“a low clectrical conductmty at’'room- tcmp(.r'ltur(..
' SmcLur has measured the scattering law at 293°K with incident ener gy ©F0.135¢V.y  Results were ‘given
for the ranges 0. 25 </iw<0.1 eV and 0. 1 A<n/2“< 1 A.. The (.\tr'lpolatlon proccdurc gives the g(.m.ralm.d

frcquc.ncy distribution of the form;
R . . 9
b P ((l)) = ()UQ (w) + "" b M“’* o,(m) 5 . : ‘ v o
o 0y
i ¢ 0 N :

Sl{cm. Pie (m) and pp (w) can not be determined separately, th(. '1ssumptnon was 1mdc that op,. (m)——po (m)

! s

.. in the analysis of scattering law. The iteration was pcrformcd untll a rcasornblc fit was obtamcd between the=
calculatlon ‘and the. (.\p(.rxmcnt. “The rcsultmg g(.n(.ralmcd fr(.qucncy distribution’ is ‘tabulated in Table 1. and
sl.own graphically in an. 1 (a). Fig.1 (b) shows thc phonon dispersion curves rcccntly mcasurcd by OSTHELLER
et al ‘by neutron sc1ttcrmg technique for wave vectors in [0001] and-(1010]. dlrectlons."’ Also plottcd in Fig.
e (b) are the L-point trcqucncncs{mcasurcd by Lou from infrared reflection spcctm and Rarman scattcrmg 9
Thc 135 meV LO frequency and 85 ch TO frcqucncy are scen to satisfy Lyddane-Sachs-Tellcr relation wof

wm_,\/ =0/e°°, whcrc &'and o are rcsp(.ctlvcly the static and thc hlgh frcquency dxclcctng: const.mts. , In

- comparmg F:g. 1 (a) “arid 1.(b), the critical frcqucncxcs are secn to agrcc \V(,ll gcncrally in both thc g(.ncr.llucd

frcqucncy distribution and the phonon dispersion curves. The 135 meV LO frequency found by optlcal meas-- 'y,

urement has not been observed by neutron scattcnng measurcments.k The- ncutron scattcrmg experiment ¢ . .

: wnth a hlgh mc1dent energy or at a hlgh samplc tC'nperaturc will llkely to ﬁnd this mode of v1bratlons. “The:
o crmcal frequoncy ncar 50 ch in the generalxzcd frequency dxstrxbutxon may corrcspond to the frcquency of
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i

4

“about 40 meV of single crystal measirement. ThlS deviation is not significant if the ambiguity of the c\trapo-

lation proccdurc is allowed for. .

Figs. 2~6 show the comparison between the calculation and the experiment of scattering law. The agree-
ment is fair at intermediate and large values of «. 'The'discrepancy at small « may be attributed to the
presence of the multiple scattering from the sample of the experiment.  The measured scattering law exhibits
considerable structure with respect to e - ,which-may presumably be the coherent effect. . -

The total cross scction was calcul.ltcd .md was compared with BNL-325 values in Fig. 7. T he c1lcu1.1t|0n”

agrees w ell with BNL-325 value for energivs above Bragg cut-off. PRYOR and SABINEY measured the total cross

~section of 5 A neutrons for the temperature range between 100°K-2000°K .« "Their measurement was com-

pared with the present caleulation in Fig. 9. In the caleulated range of t(.mperatur(. 300°K-1050°K, the a-

: grccmcnt between ‘the “calculation and- the C\pcrlmcnt is ‘Scen excellent,

»arc gl\ cn by

Fig. 8 shows the calculated transport cross st.ctlon at room temperature, from which diffusion Locﬁicncnt

is, calculated to give "

Do = \/ { d“w)(w 9 10CE Segm1 o __ (-

for the density 2.79 grjem® and at temperature 20°C. Here vo—?\/ 2T7m. The cx{';?:rimental values meas-

ured by pulecd neutron technique are, in the unit of 105 cm? 2[see, ’ )
Dy=1.18 (24°C); 1.36 (80°C); 1.60 (140°C) : i

by IvENGAR et al.®  ('57) for a (icnlsit)' 2.96 gr/cm?, and
Dy=:1.562:0.01(20°C) S o

by /m:'/m:RUN et al®  ('64) for a d(.nsnty 2.70 gr/(.m3

4]

E

The present c.xlcul.lt(.d value is svcably small compqrcd \vxth the (,\pcnmcntdl value by ZUEZHERUN ef
(1]..; A part. of the dlscrcp.lm.y may b(. due to the L\pr(.ssmn of Lq (1), \vhu.h is '1ppr0\1m'1tc in nature (c.f.
s(.cuon 2, 4). : '

Pryor and S:\I![\'l h.lvc measured by neutron diffraction tcchmquc the vxbratlonal 1mplltudcs of atoms

1 in l)Lr)lllum oxide for v.lrylng tunp(.rdtun.y) Flg. 10 shows thc cqlcuht.on 'md thc c\p(.rlmcnt “of “the mean

... square ampl(tudcs of atoms as functlons of ‘temperature. As tlu, prcscnt trc.ltmcnt assumes that the frcqucncy

llbtl‘ll)utlonb are tlu. same tor both bcrylhum .mcl o\yg(.n dtoms, th(. mean squarc amplxtudgs of vibrations

PV

<1_‘.:.2> =3¢ 'Jfli/l '(0 p,,((,m) coth /'m d(u Rt & e . ’ & .

Although the measured \'xbmtlonal amplitudes scatter. rather ‘wildly, the C'llcul'mon definitely und(.rcstnn.ltus
the .unplltud(, of oxygen atom and overestimates that of b(.rylllum particularly at high temperature.  Therefore,
the present phenomenological frt_qucncy cllstrlbutlon may have to be modified to calculate the high” tcmpcraturc

scattering cross SCLthﬂ. Pryor and SABINE c.llculatcd the vibrational amplltudcs of atoms by assuming Debye-

. Einstein frt.qucncv spu.trum, whu.h was stcrmmcd to fit with spccnﬁc heat d'lt'l. Thcy assumed that cation

_und anion move in unison in 'lCOUbth vnbratlons and move oppositely in’ optlcal modes of vibrations. Their -

result is also plottcd in Fig. 6. By using this modcl thcy also calculated the total cross section of 5 A neutrons,
the results plottLd in Fig. 5 in comparison with the experiment and with the prcscnt calculation,

To concludc, the gencr'llued frcqm.ncv dlstnbutlon evaluated in the prcscnt report reproduces satisfacto-
rily the obscrvcd scattering law and total cross section at room tcmpcr’lturc.v Theoretical _transport cross section

g,_lmdcrcstlmatcs thL dlﬂ'uslon cocﬂmcnt bv '1bout 8%, althou h a trans ort thcorctlc c'llculatlon of diffusion
01 1g1 P

" cocfficient’ may be ncccssary l)cforc dmwmg the conclusnon. Thcorctlcal DLbye-VV'lllcr factor dcvmt(.d from‘

the observed values at lugh temperature, mdlcatmg the ncccssnty of the lattice dynamlcal calculatxon” of spectral

dcns:ty functlon. ThlS l'lst pomt wlll becomc 1mportant in. prcdnctmg thc scattcrmg law at lugh tcmpcrature.

/. e

NS
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Fig. 9 Total cross section of BeO for 3 A neutrons versus thp(.r.uurc I'he solid line

S .
B s thc present c.llcul.xtmn and the dotted line 1s thc (..llcuhtmn by Pr\or .md

Sabine.” .
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' Fig. 10 Comp.m:on of c.llcul.mon 'lnd C\pcnmcnt of thc mean square umphtudcﬁ of

T Hfoms in BLO "The dotted circles and open cireles are respectively those fof g

.md (o] 'ltoms mc.\ﬁurcd by Pryor and Sabine usmg neutron diffraction technique.

‘ i t : ming that the spec

. densnv fun(.tlom are thc same for bolh Be and O'atoms, . The dottcd cur
are thc ones duc to l’rvor .md S.\l)mc as dc:cnl)cd in the text.

3.6 -Santowax and’ Diphenyl e . , : ' o “ 1
Saﬁtmvat is a mixturc‘of ortho-, meta- and‘ pam-tcrphcnyls (CeHs). CiHy.  The mcltmg pomts of these v
isomers are 58°C, 89°C and 213°C, and the boiling points are 332°C, 363°C and 250°C, rcspcctlvclv at normal .,
k prcssurc. Dlphcnyl (CsHs)z, has melting point of 71°C and boiling pmnt of 254.5°C under the same condition.
Thc scattcrmg law for polyphcnyls has beer measured by BRUGGE R" and GLASER?," =F|g. 1 shows the com-
parlson of thc mcasurcd scattcrmg law for. b(.nzcnc, dlphcnyl ‘and santowl\ at. room tcmpcraturc for typlC"ll
_ values of . ~As seen from:the figure, thc qcattcrmg law per hydrogcn atom for dlphcnvl and santowax are
mutually mdlstmgmshablc for all the rangcs of observed @ and 8, w hll(, the scattering law: for bcnzenc is
systcmatlcally largcr than the othcr two for 0. 65{:152 0. \\’c, therefore} assume thc same: spcctral dcn51ty
’3")7{'funct10ns for dlphcnyl and santowa‘( of thc form, TR

- p.(o, ...>—p "“(w)+2 ""C”' 0(("—«») SRR ,,,f(i);

\\here v stands for mther hydrogcn or ox)gcn atom, p,,"“ (m) 1s the 1c0ust1c part of th(. %pcctml dcn51ty e

functlon, and C L) and (v; are respcctlvcly thc elgcnvectors and thc frcqucnmes of mt(.rnal vlbratlons of a

e RPN 4 ’. [ "
e PR
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o

molecule.” p.7¢¢ (@) is determined by cxtrapolﬁtioﬁ-itcmtion l;roccdurc from the obscrved - scattering law.
z\ssuxlmiﬁg that atoms move isotropically and in unison in this part of frequencies, we have peoes (w)=12 pyoce
(»). Table 1 gives »,%¢ (@) determined in this manner. The acoustic part of the spectral density function
includes the translation and rotation of a molecule as a whole and also maybe a part of the internal vibrations.
"The arcas are rcspcbtivcly 0.0803 and 0.963 for hydrogen and carbon. Thercfore, we expect that the scattering
from carbon atom is very much like that from free carbon gas. As the optical vibrations we assume that these
arc the same as the internal vibrations of a benzene molecule.  The cigenvectors and fr(.qucncu.a" are tabulated
in Table 2. In the actual calculation of the neutron scattering, we have used the isotropic approximation

instead of Eq. (1), namely, ‘ : : .

i . Y t

o @=pre @3 LIC Fico—o. L@

a3

In using Eq. (2), C,’s were r(.norm'llucd as to give S: p, (@ )dw=1. This renormalization miakes thc vibra-
tional amplitudes of carbon atoms incorrect, but, this will not causc significant error in the calculated scattering
properties of polyphenyl, 'p e R T
« Figs. 3(a)-3(b) show the comparison of the calculated scattering law for santowax at 23°C with the measured
values. The ﬁgrccmt.nt between the c1]cul'1tmn and the measurement is satisfactory except for small . Table 3
gives the c1lcul.1tcd total cross scctlon and thc 'wc.r.xg(. cosinc of the sc.lttcrmg 'mglc, It (L), for santown\ at 23°C.
These were.compared - with. upcnmuntal values in Fig. 4 and Fig. 6 The calculated total cross section agrt.ts
Cwell w ith thc experimental \"llut.b by BrucGer and HormYER? for santoway, bu't:is considerably larger than thag
by A\TOM\'I and PAOLETTI® for dlphcnyl at room temperature. \/Lrv rCCLnt‘l\\:'DPRLVAl\“’ calculated the total
cross section for llqmd “diphenyl at 150°C.." He “assumed .1 free trapslation of a molecule as_a whole and -
dct(,rmlm.d the ugcnvcctors of ‘internal vibrations of dlphcnyl molecule by choosmg the interatomic force
‘ const'mts so as to gnc the best fit for thc vnbratlondl frcqucncu:s mcasurcd by optical techniques. - The
(..llculatcd total cross section was in good 1grccmcnt with the mcasurcd valuc by AI\TONINI et al. Fig. 5 shows the
‘comp'mson of the prcscnt C'llculatlon of total crass section (per hydrogen atom) of santowax at-23°C and ’76/°C
wnth SPRLVAI s calculation for diphenyl at 150°C. It is scen that the present calculation yiclds, dcﬁmtdy larger

[T SN s

cross sections than SPREVAI

<’s calculation for the entire range of éncrgy. Since the scattering laws for diphenyl -

“and " sdntowax are mdlstmgunsh'lblc as-observed -previosly,- the total -cross sections (per-hydrogen - atom) for.

' both mqtcnals are (.\pcctcd to be nC'lrly the same, particularly at low ncutron energy. Furthcr mcasurement
nooof tot.ll cross section will be very helpful in cl.mfymg the pomt ' L K

s " Fig. 6 shows the comp'mson of the c1lcu]'1tcd average cosmc of the sc.lttcrmg angle for santowax at ’73°C

with the measured values for m-tcrphc.nyl at room tt.mpc.mturc The agreement is good except at the exper-

i xmt.ntal pomt at I'= O 0225 ¢V, where the calculated value is larger than'the mc.lsurcd onc by 40%,.

e
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Table 1. Acoustic part of the spectral dcx{z;i:y functions for diphenyl and santowax obtained by extrapolation-
iteration procedure. oo

A= (ou(e) /e?) e=o=b’2. 07 ><’1V0s (e'V;f'v)» v and‘ Ac=‘-?. -4’:">>X 10-9» (éVia) . Arcasu are rcspectwcly

0,04cV PP .
Sp, €)de=0. 08025 ‘and 0.963 for hydrogen and carbon. e . ,
0 ; . _ o
_ . £ | e (8) pc (9
T (V) 4. (V) | (V)
g 0.004 2,080 . 2496 ©
: 7 0.008 3.62 . 4344
. Voo o2 O' « 288 |7 3456
¢ © 0016 2.38 “. 28.56
0020 | 202 24.24 o
0.024 1.86 22.32 " ¢ o
e
0032 | 149 17.90 -
°  0.036 SRR 17.98 ’ .
0.040 1.45 1733
¢ . N v .
5 @

Table 2. Frequencics and mean squared eigenvectors for“intcrnal vibrations of a benzene molccule,

G

I Cu 23 e, is defined by )| 0 /ny S @
v=x1 =
" "Asterisk denotes the dotbly degenefate levels, for which ’ .
Y C,"% [2> was given as the summed intensity. -~ o
o .-ﬂn-miln-plané \Lr'ibrations s R Out-of-planevibrationsv. E—— :
»ﬁ(l’l(eV) R <lcﬁu)l2> ‘.,W...<!cc.(” !c_->..,.,. - ”ﬁm;(eV) "”’“"I"""(‘C"“) |_r> e | <|Cc(1) "_->_ .
R 0.0821¢ |~ ~0.0740 |- 1198 | 0.05% |- 01124 = | -~ 02254 -
L0422, 7 | 700218 T 01458 | T 0.0828.7 1T 0.1847 7|7 00130 7 0T
0125 | 00221 01446 | 0.0868 ©0.0310 01399
0.128% 01841 01492 . | - o010s* | 02635 - 0.0698 -
0.137 01263 0.0403 o 0.120% '0.2267. . 0.1069 ’
0.145% - 0.2799 0053¢ | 0121 - 0.1347 © 0.0310
0164 | 01317 | 00350 z ’ — :
0.183% . 01268 © £02065 | ’ o
L 0.197% ©00292 | 03042 .
o 0203 00422 o« |, 0M244 | »
037+ | . 03028 |“ 00306 | ¢
. 0.378% - 0.2956 T g,
0380 030097 |+ 00325} T ¢ .
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" Table ‘3. "~ Calculated total cross section and ‘average cosine of scattering angle for santowax ﬂt 23°C.
: o, is the cross section for the I-th Legendre component of angular distribution.
E 3 . ) T
(V) ou'®fopy ge@fopc (b(;‘“;s) . (b(:'ll' ns) - U
0.001 562 1.68 1750 —46.5 —0.0266
0.00+4 4.21 131 1310 426.8 0.0204
0.009 . 3.515 . l.161 1100 73.2 0.0664
0.016 3.13 1.112 988 113 0.114
0.0225 2.87 1.082 910 121.5 0.1335
0.036 248 1.050 799 146 0.1825
0.04+4 2.35 1.051 741 156 0.210
©.0.060 2,06 1.022' 675 1567 70231
0.071 B 1.95 1.028 644 160 0.248
0.090 1.795 ,,1.‘933 600 166 o 0277
~4-0,105 - 1,694 - e 1()30 : f 571 - .. 1690 L0297 LU
0.14 1.553 1.028 531 181 0.341
0.20 1.423 1.034 494 190 . 0.384
0.25 1.357 1.020 474 193 0.408
0.30 1.310 1.016 o 460 , 195 ° 0.424
¢ i+
[ - I v —r \Bazs: Tty .
& ] et . X benzene,20°C_ 1 .
[ oy °° o s, - @ diphenyl, 20°C ‘: o
o L _;'.o . A : ,: .?:ﬁl’.% (@] santowax, 23°C |
o S e T e el 1%8
Lol o o o o ‘ LI Y °..
1l T-': ¢ . A=0.4 _
B e . 'U;n e
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Fig. 1 ‘Comparison of the measured scattering laws per hydrogen in Benzene, Diphenyl
and Santowax at room temperature for typical values of 8.
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Figi'6 Average cosine of the scattering angle for Santowax at 23°C. Comparison of *
calculation with experiment.
® : measurement by Hofmyer for m-terphenyl at 21°C.
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Lo‘ Frequency Spectra of Organic Moderctor Molecules
T. Sm\n.\, K. ‘%m\:\moro and Y. WaTart ‘
Dcpartmcnt of Nuclear Engincering,

Os1ln Umvcrsm Suita, Os'\ln

(]) Introduction o “ : : o

“Recently org'mlc materials (usmll) polyphenyls) are used as modcrator and coolant in some types of nuclear

’ )
reactors b\' the reason why thC\ have similar number densitics of hvdrogcn to water and 10\\' vapor pressure at

it

_high temperature. In the light of that, the neutron inclastic scattering data of those org'lmc molecules are
~growing rapidlyt~#. - As almost all-the organic molecules for reactor. use contnm bcnzcnc rings, onc_of the .
aims of our rcsc1rch is to determine interaction potcntnls between bcnzcnc nnge In‘the slmp]cst case of
gascous biphenyl the mtr'\molccular polcntnl has '1ppro\1m1tclv 4-fold symmetry about c-axis and is. rcprcscnt-
cd m a form.of //{2(cos4¢—1). The mecthod to determine the b'lmcr ]1ug,ht H will bc cxplamed m (2)
Thc results suggest that the low frcqucncy peak in neutron scattcnng dat'l obt-uncd by GLKSI:R*’ corrcsponds

to thc hindered rotation.” - - , o “ - : W . e 0t

Rcccntly TARINA® measured inclastic scattering cross scction in the tcmpcrature region contalmng solid-
_liquid transition point, To catch the physical mC'mmg of thcsc smttcnng d'lta, we nccd to be f1mllnr with
the dynamical structure of these materials. ~As cold neutrons have cnergics comp'\mblc to t/llmc for rotatic

'l'ltthC-\’lbl‘ﬂthnal and diffusive motlons, it is necessary to consider all the dcgrccs of freedom 51mult~1ncously

trom a st'mdpomt of molccular thcorv . So-called GF Matrix Method has bccn dcvelopcd by many authorss) i

‘to '1n'1lyec Raman- 'md 1nfmrcd spectrum data®, D, These theorics which will be"discussed in. 3). however, .

“include not only rot'monal degrees of frccdom but also (hﬂ'usn'c onc.  Wedwill try to connect the results for '

f)
solid with thosc for liquid state in. (4) In (5) we will dlbLUba results 'md '1ssumptlons, :md “will give somc
suggcstlons for thc p0551blc gcncmhzatlons of convcntlom] mcthods. e
(2) Internol Rotoﬁon of Bipheﬁ&l Gas‘” _
. ; : E s : q;

To dctcrmmc thc potcntnl of ‘internal rotation along c-axis of two benzene rings ina blphcnyl mo]cculc, )

we must take, info account the compctetion bct\vccn orthogonalmng cﬁ'cct bascd on H-H rcpuls:ons and

cophmrmng effect based on z-clectrons. co
- e ;‘.

The potential of internal rotation is dctcrmmcd as follows: .~ & 4
In biphenyl: ‘molecule shown in Fig. I ‘there are two cffects competing cach other.- e

(a) Orthogonallzmg cﬁ'cctfcauscd by the H-H .rcpulsnon‘; IJct\\'ccn two. pairs of hydrogcn '\toms}n ortho-po-

@

e e s ] ey S i

gy e T s e S e i et

:‘:‘,‘:. :

Y sitions. The repulsion potcntlal is a functlon of H -H distancc;and the tcndcncv may bc inv CStlg'lth l)y usmg S

1, 12 on the b'ISlS of the mnlccular Ol‘blt'll mcthod

the data for hydro-carbon given by Sxmmoz\s” & e L,

(b) Cophmrmng cffect-caused by ~-clectrons whosc. cncrgy has '1lrc'1dy bccn 8\'aluatcd by m'mv authorslo).
= 1 v(‘ L

,D

" The H -H rcpulsxon potcntml curve R () \\as calcuhtcd by usmg SI\IMO\S data, i

bet\\ cen mo plancs of benzcene nngs. . The' ..-clcctron rcson:mcc 1ntcgml potcntlal curvc S (¢ )Lvas cqlculatcd/
by molccuhr orbltal method. ‘As I/(O) =0, we also have to assumc th'lt S (O)Q-R(O), we gct S(O)——3 kcal/mol-l

from thc cqlcuhtxon"') bascd on thc molccuhr orbxt'll r._cthod Tlus valuc

R(O) corrc..pondmg to thc H-H dlst'mcc. B

e e

“Q. .
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In,thc first 1ppr0\1matlon we will dctcrmmc H under thc assumption th'\t S(¢) is given bya cosine func-
tion. As R(¢)=V (¢, H)—S(¢)i isa lincar function of H we can determine H so as to fit the R(¢ ) to R(¢)
at IV positions ¢, gig, «+ves , ¢x, i thc meaning of the least square method.

-Such an optirﬁum H may be determined by the following equation: o

@r Z{R @) —R@)) =0 g

S e <

Next we define R ((,15 ) and S(¢) by the relations
R(D R '

Ri(¢)= /——~J '

s SH =V H)~Ri(d), S:()= ')+S NS S

““and determine new H, so as to fit S'(¢) to the ren] S (f, ) in the meaning of the least square mctilod In
pr-lcncc, it nceds only three_repetitions to gct the optimum-value H=0.95(kcal/mol)= =0, 042(cV) within the

error limit of 19,. The result is shown in Flg. 2. o
-~ We regard the molcculc as a symmetric. top, lhcn we can’ get thc c1gcn-v‘1]ucs by thc mcthod of KOEHLER

and Dmmson

o As thc b'\rrlcr height is more than twice of the thermal energics we may use the harmonic approximation
which corrcsponds to replacing the cosine potential curve by a parabola.  The level” spacing thus obtained is
0.0037 ¢V, at room t(.mpcr'\lurc and it agrees rather well with peak position in frequency distribution obtained
by GLA@LI}!" o U 1% , o ' Y
© ) : " oy, ) : : 0

(3) - Normal Vibration of Crysfulljne Benzsne B
v : Lo

a) Crystal Structure of Sohd Benze?e . - ° . u

Accordmg to Cox's!® \-ray analysis of solid bcn7cnc, ‘the crystal structure of benzene is orthorhombic

- lnp) r'mnd'll and the unit cell contains four molecules which occupy the corners and. the face centers of its cell

_as. shown in F-g. 3 The f’\CCS of thc ccll '\rc orthogoml c'xch “other and lattice’ dlmcnsxons in'a, b, ¢ directions

, bo-—‘) 666A co-7 460A. '1t 270°K. In cqulhbnum structurc all the p]ancs

__are all dlf'ft.rcnt @@=

of the rings arc qppm\mntclv p'\rnllcl to the b-axis and thcy make an. “angle of about 40° With (100) plancs.”

,A E I‘lns cryst'd lms thc syxnm¢ *y“clcmcnts of I‘ Cz ; "Cab, Coe, 1, a,,, a,,, and a, In Toble 1 thc rcsult of the factor - -

group analysis of thc crystal i ls shown, = - - // R . e B
Table 1. S)'mrPctry specics and the character table of crystallinc benzene. - Y
© o Dat o E Gy Cot Ce GF s 0y a, infrared , Rarr'ian
¢ o i _ . . L . . S ‘ — :
oA 1 O 1 1 | 1 - 1. = 1. active
\\k}\\ g U‘ N - :4‘ ' o L ) 0 . X ) o 0 .
R a4, 1 %1 1 RN G S (. w9
Big. 1. 1+ =1 =1. 1 . 1 ./‘“."."1\;. 5 fl. . : _— active
“ - By, ¥ 1 1 -1 =1 ‘-1 -1 1.0 . 1 active © )
{-) M {leg . 1 S 1. _1 N R ﬂ,‘*l L P R ﬂCthC )
Buo 1 =1 c=1. 7 =1 % 1 -1 6 1 active &
o - w 5 : ¢ L b o . D.
" Bag "1 —1 ¢l %=1 =1 L 0 active
oo B a1 =1 17— 1 1 -1 “‘acti:\"é;

f: bcnzenc molecule:
gl Cbond: lcngth« 13978 o "
' C H bond lcngth : 1.085A
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e 4 4
H_l 00797 C=12.0115, .
we may-evaluate the moments of inertia along three.principal axes shown in Fig. 3: U
_ L=1I,=1,476X10"3gem?, . .
. I,=2,952X10738gcm B .
" “b) Normal Coordinates and Frequency Spectrum e {

Let X; and ¥, be 36 dimensional displacement vectors of all the atoms in Z-th molecule (i=1, 2, 3, 4)
whose Cartesian components are taken along coordinate axes fixed on the molecule 'md thc crystal rcspcctn cly.
They are conncctcd with“cach other by the transformation matrix T;: L

—] X{ o (.l.)
Thc kmctnc and the intramolccular potential cncrglcs arc str'ughtfor\\'ardly C\prcsscd by X's: i o
sz, i ,
1. o R o A
7=1
zéx'” g ‘ .

. : o . -
where M and £, are the diagonal mass matrix and the potential energy matrix, respectively.  The intermolecular

v

" potential energy V' is casily expressed by ¥Ys:

© -——_‘ Z l,IF'u YI . B G - N (4) .
f,j=1 ! I - " [N
By usmg cqu:mons n, (3), and (4), the total potcntlal cnergy is written as follows. S .
. V= v+ V'-;_'ZX Fo X+ 10 Xii'.'F'dT/X'/? o R :
=1 5} ii 7 ks ¥
. For the molecular crystal the mtcrmolccul'lr potcntnl cnergy can be treated as a pcrturbntlon tcrm We

[rTE

using the normal coordinates as follows: - In addition to usunl mtra-

o choosc unpcrturbcd coordinates Q by

: molccul.lr normal- coordmates six coordmatcs OT"' corrcspondmg to. thc over-all translation 'md rotntlon of

v

“molecules are included in O and Q, O are connceted with X, Xrtr by the relation X=L 0, XT"’ LT”QT"'
““respectively. The-elements of -LT® for benzene molecule are given.inTable 2o ... . .

e ~Table 2. The clements of L7% for benzene molecule,

Bt ; =
QT Qty v . Qr: . . O CrRy . ORer
5™ lM . 0 0 . 0 0 e I ’
) i . o < . 'l” 12
} y R 0 _ 1“ o : 0 (¢} 0 K R . 0 i _qlﬁm - ,
n N it. , A M ‘ o . o o v ‘\/ \'11 : B
( Rl E L ’ e . i _ b ’ —a; g Qliml" ; B : Q
TR 0, C,{(, A ...0 Lo \/ L \/———'I e V-Iy = R 0 Y L
. »«‘, i "\'5‘) < . "su - P (; R B . Qv

In. thlS tablcOT‘ 1s the. normal coorclmate (;\prcssmg “the ovu’-all translation in thc .v direction and othcr

elcmcnts have similar mcanmgs. xp yjand z; are the Cartesian coordmate of the ]—th atom and ay;. b, and{ o

c; arc thc equxllbnum valucs. ‘When the: cross tcrms in the’ potcntlal functlon betwccn thc lattlcc v1brat10ns e
.and thc intramolecular v1bratxons arc smnll we can approumately separate thc. two typcs f motlon. In thlS

" case kmctlc and potl:ntml cncrgles of thc lattlcc vibration are exprcsscd by e
i ; Q 4~ (? v = O - . e
¥ 'l‘ZQTRQTR sl

2

B
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) 7]

V=]

lv[v—‘
= 03~

o i
Accordmglv the cngenv.llucs and cngcnvcctors of the 24 dxmcnslonal matn\

FTR-—(LTRT‘F jTjLTR)
give the frcqucncy spectrum and the vibrational modes of thc optxmlly active lattice vibrations. The matrix
FTR is further reduced to smaller matrices due to the symmetry of the Bravais cell using the symmetry coordi-
nates given in Table 3.

Table 3. The symmetry coordinates for the lattice vibrations of benzene.

A § T)‘ (Qu T4 QT QyT:+ QuT4) A Sia —,§—~ QT - Qa4 Q" —Q, )
¢ Sz/‘ ='71)—' (QlT‘f('Qsz;Ji'Qar‘+Q4T‘) - S14 =—%' (Q R'—Qn"’-i-QJR‘—QlR‘) N
co By =—,£‘ (QuRr + QaRr Q3R+ QukY) Sts =%— (QRr— Qg Ref- Qs —Q R%)
§ . B R afd sy ~
e .B,?‘ S4 (QITZ—QZT*+QJT‘—Q4";'§) .',/CBZ., T ..=—$— QlT’+QzT'V+ QJ1"+QJT!) .
- S =% (an Q4+ QT —-Qi™) Sy =L (Qure+Qure4 Qs+ Qu),
(‘5 ’ : . ) o u= ¢ ..
s Se =§ (QIR'V_QZR'Y"’*'QJR'V_Q“?.) Sis ’ =—%- Q “‘+sz‘+Qa“"+QxR‘) ‘
7 » u = e
D' B.. o Sz =—.]2'— QT2 = Q,T: — Q7=+ QqT%) : Buw Sie =—1- (QxT’+QzT’—QaT”—Q4T’) co »
‘ Ss =7§— (QlT‘—QzT"—QJT"-I-QAT’)" ’ N Szo ——- QR4 QyRe— Qa“‘—QJR‘) ot f. ]
; sf.a =% (QlR’—QzT’—QaR’+Q4R’) o » S =-.%— (Qx x+QzR‘ Q:R‘—QJR‘) h
- BJu S ;’%' (Q T'+ QzT‘—QJT‘—QAT‘) " Bag. S —'-‘-—é— Qr T’—Q T"—'Q:T"FQJ" N T——
s ;4',,;‘.: S . __1__ Tz T T:_ Tx ' g e ’ _i Rx_. R..__ Rz ‘q;\‘t‘
u =5 Qi +Qz QJ 04 ) T 523 = 5 Q Q. Q; +Q4
‘ —1 . ) S ‘/“‘, y 1 q}; : {H "vR~ . ‘
= (o} :+Q2Ry_Q,Ry—Q.Ry) e e m (QY x—,.Qz!*_':QJ'f;tQJ ) e
m T -

Frequencies. . ; e o
oo

Tn 1953 ANpREW and EabEst9 measured the nuclcwr m'u,netlc resonance’ absorptlon spcctrum and the
spin-lattice relaxation time of bcnzcnc in polycrystalline form bctwct.n 75°K and 278°K.  As the intramolecular

4 contribution of thc sccond moment decreased about onc-fourth of sthe total second moment bctwccn 90°K

5 LTeF . T;L™*0, L , o

th

) Determmahon of Rotuhonal Burner Heughts from NMR Dufu and Colculuhon of Rotahonul 2
(¢4

and 120°K thcy concluded that the rconcntatlons of the molcculcs about cach he\ad axis were caused near this

T tcmpcraturc In general the potential bamcr hight H of such a hmdered rotatlon of atomic asscmbhcs is glvcn
o by the following cquatxon' o o o o
A - P H B . o - ) L
T —ToehP(RT) : . . o L . e (8)
where T correlatlon time of thermal motlon, ‘ ' o
Lo IR gas constant, - - {) Lo ' ' S

,C} : .  '(1=

T' ‘ ; absolute tcmpcrature
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where C is a constant and o is an angular frbqucncy of the magnetic field. So, by mcasurfng the spin lattice
relaxation time 7', it is possible to decide the H value from the slope of log . against - L. From the data given -
by ANDm:w and LEapgs, we get two lines (sce Fig. 4),—the onc between 90°K and 240°K the other between
240°K and thc melting point—whose slopcs arc decided by the least square method and the rcsultmg barrier
heights nrc,
R { 3.7::0. Zkealjmol ( 90°K 5 T £240°K) |
10. 5:0. 2kcal/mol (240°K = T <270°K) S N

"The linearity between 90°K and 240°K depends on the decrease of correlation time about hexad axis with temper-

{0

ature increase.  On the other hand, it seems that the rotation about two-fold axis which has been interrupted
by neighbouring molecules becomes free by the thermal expansion/and so r, changes its slope abruptly at 240°K.
Therefore the former corrcsponds to hexad axis, totatlon and the latter to mamly two-fold ones.

N
Usually the rotatlonal energy abo.xt m-fold -axis' is given by e

potential energy, V/f——(l cosmp), : i
v T 2z g2 .
~-and - - kinetic cnergy 5 4. ,Kf"}zi—ir T e S

where ¢ is a rotational angle and Iis the moment of incrtia. The Schrédinger equation in this case is express-
ed as follows: A P/

d?u , 21 _H - ; ’ “
BB - Gcosmpfu=0, 3

where u is the ¢igenfunction, and E is the elgcnvaluc The potential barrier heights determined from NMR

data are rather higher than the thcrm'll cnerglcs, $O Wwe can write npprommatcly Eq. (13) as follows:

TR d u +(1 529,2) u— 0, N e RO 1| D
i, e<HEeSmE W
As (14) is the cquatlon for the well- I\nown lnrmomc oscﬂlator, wave functxons mny bc cxpresscd by Hermlte '
functions; - e :, B o R T ;-Z: :
= e )H («/ fso %, ds@uDs o w

and the corrcspondmg cngcnv.llue is

("+ 1)mﬁ“ o e un
By substltutmg the \"1lucs given in o) and ¢) into Eq. (17) thc level space of he\nd axis rot'ltlon is
c11culatcd ‘ ' ' L N1,

Qs

AL‘G— (8. 2‘*‘0 2) ><10 eV,

o

If the sccond barrier height in l:q (10) is m'unly caused by two- fold axis rotation, thc lcvcl spacmg is:
dEy=(6.3+0. 1) ><10 V. : oY o ,

A N : oo T

d) Componson befween These Colculofed Volues and Observed Ones L o .

- In Table 4 the- frequcncy spectrum. cévaluated from GF Mitrix Method is compared w1th Raman and -
o mfrared spectrum. We also ‘give ncutron seattering data in Tuble 5. o ‘

et

e A5 e o A 1 s e e bt B S B e e 10 e
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Table 4. Lattice vibrational frequencies of benzene molecule. '
. R . (V) ,
: Solid . Liquid
GF tethod Raman spectrum by Rot.” | Raman spectrum =: | Infrared
by Shimanouchi Fruhling H by Blatz o spectrum by
(—3°0) 0°C) axis {26°C) | Stanevich (10°C)
3.5 4.3 (v)) 5 N
‘ 1\[ 7:1 7.8 ("’2) hd
9.8 ~
4.1 43 () =
<
B, 8.7 . e, Ly
12.6 13.0(vy) ~
: : 9.3 y
7 6.9 7.8 (v7) N4
A 94 S -
) 7.4 )
By, 8.9 8.6 (v3) . z .
124 13.0 (v) R x
3.2 ' y
[¢]
A, 0.1 4 \
7.2 ’
o - <
¥
B, 4.2
7.2 o
B, ( k 3{ : ’ B y, k e o ’
ORISR (VIO 7. SRS SRS - . o~ - et i - - -
RO u [ /N B A SO s
e " . Table 5. Neutron scattering data of liquid benzene!” =~ 7"
. 5 Q . c (m‘e\")
Zémlyanov (20°C) {Gliser (20°C) < Ross (20°C) ¢Rush (23°C)
o 1.8 ) ' )
3.7 (1) o - ) : .
SRS : v .
A 5.8 (v2) = 10 s =75 = 99" )
7.6 (v2) e
Table 6: Pressure variation of rotational relaxation tir;c.; . i
fo} G ; ;
. Pressure (atm) g ;Q T 200 |7 400 - 600 700"
i L logs k5 S =11.60 0_21,11.-24: —11.14 —11_'.06 5—;_11.(7)3‘“
) ";\\ " Table 7 Egtmbglntgd rotational relaxation time in Fig. 4.. "
% Temperature (°K) 3048 2787
1 : : : ke B Jy Do
o log T, _ ,—11.74__ : ,{‘7111.04
0 . o Y. -
. - "
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"

(4) Quasi-crystalline Structure of Liquid Benzene. .

: N
Boss and STEJsKALI® ‘measurcd the pressure variation of rotational relaxation time-in liquid benzene at - - -
I#2

304.8°K. "These values are given in Tuble 6.
In Table 7 we show the values of log =, at 304. S°K and at thc melting point (278.7°K) by extrapolating

the line between 240°K and 270°K in Fig. 4.
By comparing these two tables, we find that, within the limit of c\pcrlmcntal crrors, log z. of liquid

benzene is just upon the extrapolated straight line of solid benzenc in Fig. 4 and by//pressurlzmg the liquid

H

benzene, the relaxation time approaches gradually to that of solid at the melting point. So we may expect
that the rotational b1rr1cr heights of liquid benzene are approximately equal to those of solid near the room
temperature and its rotational structurce is nearly the same as solid one.

Morcover sclf diffusion scems to-exist in liquid state.  In such a motion NMR sp'in ccho methodi™ s
very useful to measure the sclf diffusion cocfficient D '1nd to determine the potential barrier height from it using

”“thc followmg Lquqtmn' o ‘ "

N o gy

\N o D=Docxp(— ﬁVo/V,.-)exp(

RT) i
where g - ; gecometrical factor between 0.5 and 1, v
Ve 3 specific volume for closest packmg,
| spcclﬁc volume, : o
P . . . \s
Ve=V—=V, ; free volume. “ ¢ S

Féom this point of view, R. HausEr, G. MA!ER and F. Noack determined the potential barrlcr height of
self diffusion in liquid benzene from room tempcmture up to the cntlcal point. We assume here that. the po= . oz

‘ tential curve is given by .. )
o ' &

S V(X) (1—cos —) (z pcrlod of the potential curve). *

- ““k\

5 .
~~*By using the barrier height //=2.0 l\cnl/mo} W hlch is glven by above method we get the level spncmg AE
AE =2.3% 10‘:l cV (Z GA)

o~

,'(J‘

e

(5:, DlSCUSSlOn ond Conclus:on

@ In (2) we. trc'\tcd mtramolccuhr rotation in brphcnyl g'ls and in (3) we explamcd ‘the conventlonal
~ theories which were developed to treat crvst'lllmc system; cspccmlly solid benzene. We stress here that, by
combmmg above two mcthods, they may be generalrzed to treat thc blphcnyl crystal which includeintramolécular =
 rotation, @ w ° ' : SRR @
'@ As shown'in, Table 4 BLatz stresscd that, in both cases of Raman and mfrared expcnments the
vcrage “values over all active frequencies except | lowest two agrce rather well with the peak positions of hqurd
- benzenc. Strlctly speakmg these '1grecments cannot be acceptcd str'ughtforwardly, ’ because he compar(.d
averages for crystal wrth the peak posrtlons for hqurd On the contrary we treated sohd benzene i in (3).5)
" Oun result for hexad axis rotational level from NMR data shows"a good agreemg‘nt wrth thc above—mcntroned
'V .awcr'we value. And this also proves . the vahdlty of neglectoof two lcvels.’ o ~“%‘-‘ g
“'® ‘Although it bccomcs possible to- explain the gener'll tendcncy of lnelastlc scattermg of neutron -
from above: dlscussmns, -many problems '1bout fine structure of scattermg cross scctron are rcmamcd to be
: cl'mﬁed For cx'lmple we found that the lowest | le\'cl 1.8 meV in Tablg5 is the same or der as our level spacing for
drffusron motion obtained in'(4).” From above drscusston we may concludc that in the quasx crvst'lllme structure

of hqurd benzene both” thc degree of freedoms of solld and liquid states coexrst



1)
2)
3)

4

5)
6)
7
B
9
10)
iy
12)

13)
14)
15)
16);
17)

Evaluation of Thermal Neutron Scattcrihg Cross Scctions for Reactor Moderators JAERI 1181

. v
VA

References

gy

ZemyaNov M.G. and CrrrnorLEkov HIA. : Atomnaya Energiva 14, 257 (1963).

GLASER W. : Nucleonik 7, 64 (1965). .. o ,5 "

TariNa V. ¢ J. Chem. Phys., 46, 2273 (1967).

Ross D.K,, Szaso F.P. and Saxaran Y. : Symposium on Neutron Thermalization and Reactor Spectra
SM 96/1-(1967). oL " ' o o

lL\R:\D:\ I. and SuataNoveur T. ¢ J. Chem. Phys., 46, 2708 (1967), J. Chem. Phys., 44, 2016 (1966).

Ito M. and Smicroka T. : Spectrochim. Acta 22, 1029 (1966).

FruHLING A = Ann. de Phys., 12, 26 (1931) ) : i

’

‘Su\n AT, S\x\,mo’ro K. and Nisuioa C. : Tech. Repts. Osaka Univ., 16, 431 (1966)

Siaintons FLE. and \VILLL\MS L. s J. Am. Chem. Soc. 86, 3222 (1964).
Svzukt H. : Bull. Chem. Soc. Japan 32,.1340 (1939).

4]

~ ADRIAN F.J. ai]..Chein. Phys. 28, 608 (1958):

CouLson C.A. and STREITWIESER Jr. A, : “Supplcmcnt.ll T'\blcs of \Iokcuhr Orbml Calcu]atnons Vol
2, Dictionary of . z-clectron Calculation”, Pergamon Press Inc. (1965). ' . "
Cox E.G. : Rev. Mod. Phys., 30, 159 (1958).

‘-\\'mmw E.R. and Eapes R.G. : Proc. Roy. Soc. London, A 218, 537 (1953).

BLOEMBERGEN N., Purcr E. M and Pounp P.V. : Phys. Rev. 73, 679 (1948).
Boss B.D., SteyskaL E.O. : J. Chem. Phys., 45, 81 (1966).

- I~L\USER»R., Maier G. and Noack F..’:‘ Z. Naturforschg, 21 a, 1410 (1966).

Fig. 1~ Principal axes of biphenyl molccule(.,
e . : . o -
0O . t



(3]

83

4;’ Research Works

JAERI 1181

oy , .
1
PR
(91
0
=2
2
£
=
]
(33
=< -
i
“
iv8
T
0 .
o)
-3
Fig. 2 Determination of potentinl barrier height.
o 4N Ny
SR
Y
1. <
[(: i
O g
I : f‘]
kel S

o ‘ s . . abr e
Fig. 3 Crystalline structure and principal axisu:c';f benzene molecule.
. wo . R S T
g RN LA ': -



84 E\;:Iljuation of Thermal Neutron Scattering Crass Sections for Reactor Moderators

o

@

— L-lewm)
|- 300.8°K

1-12

A ’ 1]
il

Fig. 4 Plot of logy =¢ against 10%/T for benzene,

where (O; Andrew’s data
@ cxtrapolated values

Xy Bosw data o

JAERI 1131



JAERI 1181 4. Rescarch Works 85

&)

-Theovry of Multiple Scattering Of‘Slow'"'Ne”u'h'o'n' ’

“T. Nisuicont, S. YaMasAK and S. bU\'u\u\ A (Prog. Theor. Phys. 39(1968) 37) |
Department of Nuclear Englm.crmg,

Faculty of Engmcumg,

Osaka University

(Gaaka
Q‘_._j .

Suita,

s : 1

When the wavelength of a neutron is very’long, the neutron interacts with the target system as a whole
rather than with the individual atoms, and thc//qﬁ'cct of multiple scattering becomes important.  The Van Hove
“formula® for ncutron scattering fails to descfibe such a process. In the previous paper?, the Van Hove formula
is generalized to include the cffect of the multiple scattering.  On account of the drastic approximations adopted
in the paper, however, the formula propésed does not satisfy the condition of detailed balance::  The purpose

- of the- pr(.m.nt paper-is -to rum.dy this  defect..

T'he scattering of a neutron is dcscrlb(.d I)\ .l smttcrmg opcrator T, which can be rcurrang(.d in the follo“-’

n

ing form,

T= ZT+LZT GTstEE STaCTyG Ty, | W
o« fta a jka gy “
Ta=Vet Ve GV +V.GV:G adeeeetes, {2
and _ 1 s |
' G= Ei—H,—H +is «. @

where G refers to the propngator‘ of the neutron, and 1;_1: nnd,l“l « stand for the I{nmiltopians of the target atoms
and thc neutron, rc.sp(.ctn cly.  The scattering operator T« describes the scattering of a neutron by a'sinéic atom
« in the target system through the interaction potential V,=F(r,—r.), where r, and r. arccthc position oper-
ators of the neutron and the atom «, respectively. ) L
*5\\ In_the present fonmhsm, two approximations will be mtroduccd Thc first is th.lt th(, prop'\gntors G-
in the single scattering operator 7', are replaced by tlmt of th(. fru., m.utron Go—( ~—I],, +ie) T, n]though tlu. '
" propagators G in (1) arc_ tr(.atcd _exactly, "By virtuc of th(. f'\Ct that th(, propag.ltors Gin (1)i is retained as it isy

tlu. r(.cml effect to thc 1ntcrm<.dmtc m,utron is tal\t.n mto dccount and thc condmon of d(,tdllt,d bdlanu. 1s satis-

fied. l'hc su,ond .lpprO\lm.ltlon is

1t

<kjlee)) k> =22 4, ' S \ W
. ‘ i ‘ Ny,
where !(e ) is the scattering operator wh\ch dcscnbca scattumg of a neutron by a target atom fixed at thﬁ: origin

and ¢; is the incident energy of the neutren,

fe

Und(,r these two assumptions, we obtain the followmg C\prcssmn for th(. scattermg cross sectxon,'

dte_ _ & ok, S dt l(&]f-E()tlfS dt PR
a0de; ~ 2 Fs '2““xﬁ ) veedty'dyedty -

. [+
n=0 -
N [ o -

b4 deo" dxl . dx m dx. dxl‘ dxn clk!(\o "‘\o) e-—-lkl(\u -—\,)

"

.xK.~<-)<£m—'x"m b ¥ t) KO G =, '—0) K ) (xo=x1,0 —t)”

‘”(x,. T Xy Lo 1= ,.)G(x mlm i X maty Umer s

e : S 1 010, ¢ X Rl e Xy B, e g
\J hcrc thc (m+u+2)-—partlclc spacc-txmc correlation’ functlon G is dcfined by ’331" ‘

G i i ety Ci ST X £ xo, CPE BRN X bR

‘ ,_-'Z;"* § §<" (xm'_rn(‘l M)) O(xm- r[l ('m-l)) 'D(xl—rﬂ(tl)),

= @

' xocxo—r.,<0))-o<xo';r.,<z)) e ATV A=

and thc propagauon functions l\ (&, #) are gn'cn b\'
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Ki®(r, z)=1%0i(z>K.-(r, 0, . ‘ (7)
and
Ki(r, __2:r12 S (g.l‘.) S o E—eRLIA cikr’
1411k =0 '
| - (5 120 ®
The time- depcndcncc of K;+(r,t) is caused by the recoil effect of the ncutron Y

a

The first term in the, right-hand side of (5) is the contribution from the smgle scatt«.nng and coincides
with the Van Hove formula. The other terms describe the effect of the multiple scattering. - A method ob-
taining a classical approximation for this multiple scattering cross scction is studied along the line of reasoning

of the previous paper®.
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Quasi~classical Theory.of Slow Neutron Scattering

T. NisniGort and 8. SUNAKAWA (to be publislted in I’rog. J'Iu-or. Plyvs.)
Department of Nuclear Engineering, S
Faculty of Engincering,
Osaka University,
Suita, Osaka
i - £ ' N
Several years ago, VINEYArDY proposed o preseription of a classical approximation o the Van Tlove
formula® for the scattering of a stow neutron.  "The Vinevard’s classical frmula for the cross section, however,
does not satisfy the comlmon of detailed balance, because of the obvious defect that the recoil effect of the
‘s,c.\tu.rul mutmn is completely discarded.  In order to correct this defect, great efforts have been made by
many- 'mthor\ 3.4 but these results still ‘have some uns.ltlsf'lctorv features. In the previous paper,® ‘a new

method for obtaining a° cl.nssnc.ll approximation of the scattering cross scction is propost.d ln this trutnu.nt

“the recoil effect of the \C.lll(,l'u.l ncutron is fully taken into,_consideration. -~The Sondition of dc.tmlc.d b.ll.lnu.:

however, is not satisfied rigorously, since the effect of the quantum mLch.mlc.nl thermal average is d1>cnrdt.d
“I'he aim of the present note is to remedy this defeet and to obtain o well-defined classical formula wlmh satis-
fies the condition of detailed balance rlgnrously o

For this purpose, we reformulate the qu.1ntum-mcch.um_.nl formula for the scattering cross scction so as
to be quite adequate to get the clussxunl formula,, By making ‘use of thc gencralized  cumulant  expansion
method®, .md \\'xth the aid of the fluctuation- dissipation theorem for the cumulant function Kag(p, ) defined

R
“below, we c.m transform- the scattering cross section into the following form

o _dra_ o m M onslz2 Pr =gz sy (At qeyn g o0 N o ‘
. o () 1<p Gl pi>2 e e gty < Ao, oW
where the sc.lttumg function A.,p is dcﬁnul bv B . - - " °
xA,.,g(p, r) C\})[ {(coscc ﬁ),‘ -—) Im I\,p(p, I)+C(p) }] e (2) .
,,‘.’.md n, p;.and_p; : .m, th(. mass, the lmtml ‘momentum and the ﬁna] one of the ncutron, respectively. The
. momentum transfer p and the cnergy tr.mstc r&are duwtcd bv p p, p,, and 'z ‘0.,. "The camulant ™
.. function I\a;(l), f) (7) la dL(‘nLd b\' ARSI 0
L g e e RO O I e
na(p, l) <‘—\Ps [—' (1’/11(!) +P"Az(t) +P3/1:(l)+ e ")] - 1 >mu 5 c ) :
where? : : .
o o ) =rap0)~ras (D),
‘ - o
Az(l)-.,/ [ran(0), res(n)] 5, G .
A= -12( ) ([[r,.p(O), Up(l)l"ﬂp(l):‘ [['ﬂp(l fnﬁ(o)l r.,p(O)]) ¢ {4) ’

~The bracket<- -->¢.,,.. dcstgmtcs a cumulant average and exp; indicates: the symmetrized c:\ponuxtml Thc

operator r,p.in (4) rcfcrs to the compomnt of reo in thc dm.ctlon of p. The const.lnt of mtcgmtlon C(p) in

’ . . . .
ﬁfi EE B R e

i CI=ReKun(p, 0>+[( cot ,--—)Im Kulp, z>] L e

1

(’7) is stcrmlncd by the mmal condmon

_' Thc condltlon of dct.ulcd bal.mcc is of course satlsﬁed in the quantum mechamcal formuh (1) owmg to"

i
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and time-reversal operation.  Since the scattering function .l.; is written in terms of the commutators A,

[

the formula (1) m\ol\'cs the recoil effect of thc neutron C\phmtl), and it will be qulte convenient to obtain a
well- dcﬁm.d classu:al formula. o '

As already mentioned in the previous paper?, all terms in the (.\pont.nt of the right-hand side of (3) should
be retained in the classical lmut by replacing the commutators by thc C]JbSlC(.l Poisson brackets {---}.. Thus™

the classical limit of (1) is given by

o>

,. it = () 1< P el o> B JE Ty 00, )
where v ‘ o & ’ . c
I WY N5 —cxp[— {(coscc ﬁ_){' ‘;1‘) {Im K., (p, r)]a;m;:éx-i‘ Ce (p)}] . | (81“
, (Im Kag(p, ) Jctassical=Im <c.\‘p[ —,5;— (P4 (D) + pA= () + 1A (t)"j)]—1>mn (9) .
and « o | | o . )
CH() = [ReK s (£, 3 et +{ ot o L) m Ko, Ddetsssica ), . (0
- 'I'h(. br.\cku <. >¢,,,,, lndlCdtLS the classical cumulant 'wcr'i;,c and-dy¢ (l), Ayt (l) ... are. dLﬁﬁcd by e
A.c(:)—rumﬂ—m o, , -
s (f) ———- {r,.,, 0y, ras®he, -7 e : v YL
/lu‘(l) =112({{?a0‘(0), o W} 1art O}, —{{rss V), rap<(0) }c, raof@}, o 0D
o o {

5} 3 ,  F=

i ke

T h(. function r.<(f) is a solution of the classical equation of motion of the target atom, -
" On the b.ms of the condition” that“the Hamiltopian is mvm.mt undt.r bp.lCL‘ reflection 'mdvtlmc rcvcrsal
,,,, O

1

opcratlon \\c can show classicaly that /. has the symmcmc propcrty ,
b ‘ . 5 ) )
Aﬂﬂ (», t)—/’ﬂﬂt( P, —f), o coe ' : - : : s (12
LT hc classical c\prcsswn of thc/smttcrmg cross scctlon (/), lhcrt.forc dU(,b s.msfy thc condmon of dct'ul(,d

¥

“balanee; - und - furthermore the ‘recoil effect is taken into consldt.ratlon.‘; e e e s e,

(-]

“When the motions of thc atoms are described by linegr equations,” thc Poxsson bmcl«.t »1-.‘(1) bccomcs .

“independent of the’ statistical v crage, :md the Poisson brackets 4ds<(r); fL‘(t), .+ vanish. “In this case, the self-....

o p.lrt~uf thc smttcrmg function /¢ has the simple. Guaussian form:. =

o A, ( b, tj C\p L pz{(cosccﬁh > [Im}z 0] ]c;ass.cn; -( cot BL -d-> [Iﬂ]71;’(‘;)v];1.|551cdl]l-0 }] B
- whereo - . v . 4 . e }0

[Im’lz’(t)]clnssical = {I‘n (0)» rap (')}c o

o oK ’ ;
Finally, we shall apply the new classical formula to a simple illustrative c\'lmplc Cons\dcr 2 systcm

composed of independent 1sotlop1c harmomc oscxl].ltors with an’ IdLnth'll frequcncy w 'md a m%g JV[’ T hc

14

“cdyndmxcal motlon of an atom e« in this system: 1s dcscnbcd by ..

T . . - S e e A

k ra‘(t) —ra‘(O)COS wt, +—-*--—""" @ sinwt, . j' o R BT e N
= - . - O n : i G : : .
.md thcn thc smttcnng functlon 7ie=has the G'1u551an form,  In (15), rac(o) and pa° (a) are the. xmtml posmon

and momcntum of thc atom a, rLspt.ctm,ly ’ Substltutmg (lS) mto (14), we lmvc
AP o
b Im A (¢t =1 . e v
y E 2 ( )]’(?Iasslcal ‘ ZM,, ln wt . e

g

o and obtam thc classmal incohcrent scattcrmg cross scctlon i : L :

‘__=:az,.""; ZI omhEl ,". l»-IMﬁh’u! E I (.,)u(s +nh w)'

Bi 5 Y n=—o0
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' ;o v~ : 1 ) o i
fiw coth —ﬁ—ui W/ .
2 9 ? 0

=)

R PR

e Jllﬁ ,,2(”2 ,\/]_ (ﬁ I‘(n/,;)z .

~ Since (Im' 2:* (l)]clmlnl has the same form™as the qu‘mtum mechanical one, the result (17) bascd on the present-

'"classncal formula comcdes prccnscly with that obtiained in qu'mtum-mcclnmc'll \\ay

1) ,,,VI\IE\'ARD G.H. : Phys. Rev. 110,.999 (1958). .. . .

C
‘The details of the prcscnt work will be publlshcd in thc near future.

[
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‘Phonon Spectrum and Thermal Neutrdn,Scattering-in Light Water lce

.. Y. Naxauara (J. .A.Tf@(-ﬁ?i-.,!?f'éif.§ei..3,.1,;?7gs) g
~Japan Atomic Encrgy Research Ihs;/ifligf: o }
S B L
Icc is a hexagonal cryst'\l bclongmg to D‘.-,,,, over the tempcnturc r'mgc about ——100~0°C‘) ~ The unit
cell contains four H.0O molecules. ]Iach oxygen atom is '1rmngecl in the crystal i i¢e as shown in Fig. 1 and
is surrounded by four neighboring q;l:ygcnhutvolps\m tetrahedral arrangement. - We assume that pomt molecules
with mass of 1,0 molecules are .lrr'mgcd at the poqitioh‘q of oxygen atoms. In other \\ords, we consider that
‘the lattice vibrations are not affécted by molecular rotations and vibrations, -~ - o
s We c'1lculatcd the phonon spectrum of light water ICC at 0°C by means of the root sampling method for a
‘rv‘s'lmplmg of 1, 050 pomts in an 1rreduc1blc sqmpllng region of the first’ Bnlloum zone. - The force model used - -
in our computatxon is a non ccntml force model formulﬂtcd by FORSLIND, in which interactions with only the -
ncarest ncnghbors arc taken into consndcr'monﬂ Thc numbcr of, the atomic force constants introduced as
“'model ] p'1r'1mctcrs is seven, The values of force constants have bcen dctermmcd by l'ORSLlND from the e\per- e

mcnt'ﬂ v'llues of the clastic constants obtained by Jona and SCHERRER:

w=379 e gm0
B=445 7 =161
S r=3600 - k=21589- RS e
0.75;’/ 8 = 2830 7 in dyne/c,,?! S e o
_:;’i"'I‘he cell dimenéjons at 0°C arc{:‘ » r‘:’:’./// : . L ) | i )
a=45226 A, (5 - ST T
c=73670A. | | . Y

Thc phonon spcctrum of ice at 0°C 'md dlspcrsxon rehtnons in the crystallogr'lphlc a- and c- a\1s are

,\,(u

ice can be glven '1ppr0\1m'1tcly by qupcnmposmg frcqucncy ‘distributions of hmdc.rcd “molecnlar’ rot'mons

and 1ntramol<.cul.1r \'lbr'mom upon thL phonon spcctrum obt.um.d above l)y thc root s'lmplmg mcthod '_Wém

from the’ mfrarcd '1nd R'lman spcctrocoplc lnvestlg'ltlons‘) e By ey e ,,
; Crp o o84 EE S OPR IR IIR VTR v TR TT SNy ATV
rot'ltlon L S '_. 00/56 cV . SR : ;3,- Syl
RN S : Pl e L . e & L ‘
-, Bvibrations" S 2= 03896 eV, ‘¢ . T T o v o
2 . : . N ) . o R . RO SN T EERNE e e
o . . : ‘ 1§ [FSNS L . “w‘ B
. . PR 3___ T . : ) ; S (#)
; S e N i R

*\Ithough mtcnsmc% of thcsc discrete modes’ \nll bc somc“h'lt dlffcrcnt from the valucs for llqmd w'ltcr, \\c

“use the same \"1Iucs '15 thosc obtamcd b\' \TELKI‘\I for hquld watcr” The cﬂ'ectwc masscs for molecul.lr ro-

t'mons 'md v1bratxons are -, Mb i B
Com,) = 232 i =
m, .‘.ﬂ= 195 G & ;

o m ans 4~]0, togcther thh thc e\penmmtal values at. -—-5°C by HARLING

#
Thc 'luthor is mdebtcd to Dr H Tak'lh'lshl for the - |mt|al suggc%tlon of this };roblcm 'md for thc most
L . ; . : AR T

’good '1grccment \uth thc ncutron scattermg measuremcnts
3 QY

S
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fig. 1 Projection on the bnsns plunc of cells contmnmg mteractmg molecules Molccules
e l~4 are contained in the same umt cell : .

“ dost
\«b‘ o

Slw){eV-2) (unno\x:“gna]i zcd)

LT T 0L 02~_‘ T 0.03.

Ty

Flg. 2, stpersmn relntlon and thc unnormnhzcd phonon spcctrum of hght “ater lce nt

g

) 0°C Thc upper ﬁgure sho“s dxsperston relntlons nlong the crystnllogmphlc

0.5t 0.5
© 1

2 0.4 104

20.3k 10.3 <
20,20~ 10.223-
2o 1013
4\‘ L 0:‘,:

FlgV 3 Thc full frcquency dlstnbutlon ‘of ice. ‘used COmp'u “the scattcnng law for
: T dce, The contmuous part jz(w) is normahzcd to 1 118 and ‘the dlsceret f 1(w) to:
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Fig. 4 Scattering law (per H) for llght water ice: f=0.5 The solid curve is the = “
- calculated value: at 0°C. Experuncntnl values are from Harling: « for. up- .
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th. 5 Scnttenng law (per H) for ices’ ﬁ=1 0. The dotted curve is the cnlculared :
e scattermg law for hquxd water” ‘at room temperature (based on the. Hnywood

_ model).

Expenmcntal vnlucs are from Hnrlmg.

: Also in Flgs. 6—10 -
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Frequency Speclu oF Hzo

vy SR

The ‘following llsts(supplled by. GASKET code)are
the spectra of dynamlcal modes of the scatterer:
¢ ’Mode 1.... Free translation (gas) Mode 2.. Dl‘
__l‘;ffuslve or Brownian motion,- Mode 3.. Harmonlc o
lsotroplc vibrations with continuous frequency spect-
vrum, ‘Mode ‘4. .. Harmonic amsotropxc vibrations with -
contmuous frequency spectrum. Mode 5.... Harmomc

- “;jlsotroplc vnhratlons w:th dlscrete frequency spectrum
Wl W5 means the welght of each mode. “The fre— S

-:V-"‘whlch is- deduced multlplymg the‘vfrequency hy the

; factcr :)f eZT/Zd) smh 2% are tabulated ae a func-
2. tion of OMEGA (wr, eV) The frequencles of dlsc; L
%rete osclllators are glven m eV w1th welghts and B
* maximum number of phonon terms calculated for the
g ol

. correspondlng osclllators 7N u.vulv\ PR
. . £} " i
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‘Frequency Distribution of. Graphite

..The numerical values of the frequency distf{buiionl'
Tof graphlte ‘which” must be supphed as’ mput “to” the™
'UNCLE" code are given below, “The physncal mean-f o

"ings of the "symbols "are as follows’

RHon=p‘ (w.)— The low (I=1) and the high
(I=2) frequency part of the

c o densxty.,of modes for the‘out-

of—plane (J— 1) and m-plnne ,‘

! i I,l."' !;,‘
; spaced Avnlues of frequ_encies Wk.
. : K = The mesh number of frequen-:

I3

“THETA(J, I)=The maxitum
‘,Whlch RHOJI is gwen..,,' - n
‘hm [P.ﬁ‘( ) w?] ‘

B R T
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Frequency; Dist‘r‘ibuﬁons of Be and BeO

" The numencal val}les of the frequency d|st'nbu- ' ‘
“tions ‘of Be ‘and BeO ; whlch must ‘be- supplied as-in-~
put to the UNCLE code, “are gwen below. . In the

“case’ ‘of "an’ lsotrOpxc”crystal“"or when lattxce vibra- -«

tlons"are assumed to b 1s02ropxc ‘theJ =1"set is -

" eliminated and RH021 gives the" 1sotrop1c 'frequenzy -
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‘H'zo SIGMA(EI, EF) FOR MODEL-2 SPECTRUM
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[
¢«(E; > E) for A Deuteron in D,0 (Cross section for -
O-phonon process is included in diagonal elements) " :
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THERMOS kernel

The vfollowi'n"g lists are oriéinal .30 points THEB-

MOS mput data These values are obtmned as

followA ' o : .

dd(E‘eEl ’ ﬂ)

 Poy=4(0.0253)v; v; [ d,;po(,‘) -

deflned as (6 E 12,°5). b

THERMOS uses only the P, kernel, Data format is

silide
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