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S raprecoenees b nolhple diTeacinm af neatrons by an alimmuns wrysial aey desg e in
1hs paper The caperrmeola] gorafens nesded e gsaure thol the resulls ard thed labue hy The
arnal¥tical munfeals develaped carler ' are discyssed

1w tound 1hat the Seller collmalors ar¢ not adequaie in s techmigue as they Jo ool

il The s leal shiverenee o Lhe ipodent beam
had o ot b eosu 0 g rhe ek pcsnlatinn

a new type of collrmator descnbed in the feu

[t s sicn that the simullangeus diferential equations® cease 1o be vahd as expecfed when
the cryvstal approdches periectow that 15 40 this gontext when the mosaic angular spread 4 1~

lower than abou 001

§1  Introduction

The number of references 1o the phenomenan
of muluple scartening of nevtrons s very hmited
probably due 1o the capenmental difficaltes
normally found in thrs field Borgonov and
Cagliotts 1n [962 Y and Meoon and Shull n
a4 4 dealt specificatly with the prablem
Spencer and Smith {19600 ¥ O Connor and
Sosnowskr (19601 and Bhinowskl and Sos
towskr {19607 7' when studying problems of
neutron spectroswopy found multiple seattering
of neutrons as causing mtensity varigtians in
the reactor spegtrum  In the latter three a
ditect neutron beam from the reacto 15 used
thus permitting the wse of callimators with a
few muouwes of anpular diverpence withoul
fearmg the decrease montensiy  which 1 still
hugh cpough for the measurcmants Conse
quently they attan a rather good mesolution
micraction peaks with ball maximum intensity
width of 1t to ! which compare Tavourahly
with those oblained by Bargonoy) and Caghott
{1962y and by Moon and Shull (1964)* rang
mg from 0 5 Lo about 4 these were obtamed
with & menochromatized beam of a much lower
itensity and presumably for this reasen could
not wse such a good collimation However 1n

*The gxhtents of s paper lorm pard of the Thens
subrmitied by C B B Parents to the Universidade de
S840 Pauin to obtam the degree of Doctor of Soence

Pubilicatedt In Jpparwie Journei of Appted Physe ot
aprovet ler pubbeion mr IEA mrwed 0 March 1979

Igr Lhe proklem has 1o be reated dynamcalty

these papers no detals are given neyther as
w the type of collmators used nor en ther
angular divergences

in this paper we measyre the mosan apruad
of the crystal by means of neutron multple
scattering and try to ascerlarn whether at s
spnificanlly different when measured 1n dif
ferent directsons in the crystal Resolution then
beeomes important since it affects simultane-
ously the intensity af the peaks from which the
value of p 1= obtamed as well as position and
width of the peaks which are used in the
determination of the crystal parameters and
their errors as descnbed 1n Part [V **

32 Imscusswm of Some Experimental Cond
tions

Since use will be made of the intensity solu
ton Tound for a orystal plate by Cabicha Ellis
(19693 and of the recucrent Taylor senes
solunon given 1n Part [ the experiments had
10 be performed so as to satisfy the conditions
implicil 10 those denvations

I The mosac angular distrbubion function
15 approsximately gausstan and 1sotrope with
standard deviation n

2 #s much larger than the b rnasimum
miensily width & of the reflection by a single
erystallire

3 The moident neutron beam 15 pprov

**tn ke suhirutled fo Japan 1 oapepl Phis

13 n¥ 10 Griober 1974



2

mately monrccaraniiic and iy angoldr drver
gence & 15 much smaller than y and {arger
than »

Hoard =i

4 The cross section of the ndident beam
should be smaller than the ared of the entrance
crystal faoe so that eq {1 ) s applicahble

Hypothesis | and 2 depend entirely on the
cryslal under sudy and will be further dis
cussed on Lhe hght of the results obtained
Hypothesis 3 15 not easy ta satisty in neutron
dilftaction expeniments smee 1IL imples o the
use of fugh colimation with sereous loss of
miensily This item aceounts for some of the
mejor expenmenial difficulues encountersd 1n
practice and shall be treated apart under the
heading collmation  Hypothesis 4 15 not
well ventfied im neutron difftaction experiments
since 1n order [o oblain a resonable flux of
neulrons one frust usé a beam with a cross
gection of several square centimeter Whenever
this hypothesis 15 well verfied the effective
path tengths of the different beams are given by
Tiy; T beng the thickness of the plate and ¥,
the dirsction consines with respect o the
normal or are limated by absorption accerding
toeq (1 8)

Smee the cross secuon of the tnadent beam
here 15 comparable with the dimensians of Lhe
crystal the path lengths of the different beams

depend o 1l the imensens of 1he sample
The values caiculated which appear in Table |
were oblained graphwcally [nthis case the ce
cfficienl of lmear absorplion being very low
p=005¢m™"' and the longest path length of
about 3 5cm the value of pf, 15 always less
than 0 X} As for the values §,/, obstrving
that for the reflection (101 of alumioum &=
0001 and that =0y /2n for valpes of
§=003 one obtains J=0 45 and then Jf;=
| & which docs not verify the condibions {1 7Y
for rapid convergence of the series

£} FExperimental

The experimental arcangement 15 a clissic
one 1t makes use of a lkad erystal monochro
malor (2200 thres Saller colhmators and a
BF, detector A five axis gomometer of a
design due to Prof R A Young * who kindly
provided the drawmgs was bl with some
minor modifications The additional §,  axis
van always be directed i the direction of the
scattering vector with obvious advantage when
making muliiple scattening expenments The
ternal dameter of the y-circle (22 5cm) 13
thg enongh to hold crystale of copsiderable
size However when possible it was preferred
1o mount the crystal so that ‘the deaxis 15
comncident with the scattering vector and with

*R A Young Private communuaiien {1968)

Table I Effective paih lengths and mesax spread values of an glyminem cryseal
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the ¥ axin This pretavie 1s Jue hinth io the
fact thal the mochamcsl preciaon of Lhe ¢ axis
in this apparatus 15 hogher than that of the F,
axis and ta ls angular range bemng 360 the
¥ axis has a range hiried to 25 or 30 Jdegrees
lo cach side of the verlicdl posilinn when ol
starls Ierlening wih the aeulren boams

The diffractomeler has been sema anloma
bzed and 15 controlled by means of Selsyo
molats

The eleciromic detecting system 15 formed
by two single channels one cannected to the
diffracted beam and the other ta the monitor
of the direct beam bath beng controlled by
an electronwe programmer Each channel actu
ates one pen of a2 double pen recurder  thus
providing permanenl praphic records of the
intenstbies of the incident and diffracted beams
The counts obtained 10 a given mlerval can he
punted by & hegh speed printer, A detailed
account of the mechamncal elecerical and
electronic constructions and controls has boen
given by Parcnie (1971) &

The alumunum single crystal used n the
experiments has dimensions 3«3 =1 mehes
The (I11) plane which comedes with the
Jx 3 face was oriented with ns nertmal along
the ¢ axs which was then made to concide
wilth the ¥ axis The data shown m graph
form in Figs | 4 and 5 were measured wath
the ¢ axis turming at an angular speed of |
hour ‘and \he counts actumulated every 3
minutes or D05 were prinied avlomatically

2

by a high speed prninter Bach measurement
was then attrvhmed (o the muidle of the angular
Interval

44 Collimation

The colhmators of the artangemenl were
mmbally of the Sodler type The horizontal
dwergenge of the first collimator within the
reaclot ¢an be changsd by shding allernate
plates in 115 body belwerp 3 maymum value
of about 3 and w mimmam of 20 In the thied
colbmator where honzontal divergences of
I LI and 36 are possible the lower value
had to be used throughout The divergence of
the sccond collimator s essentml for the
tesolufion of the experiment 1t could he
changed from 27 to § and then o 4 by shding
addinonal plates in the same body In Fig 1
the multiple scaltering mtensily graphs ob
tatned for a erystal of lead of 16 mesaic spread
sct to reffect (111Y when the sccond collimator
has wertical diverpences of 27 and B arc
displayed  the latter shows as expected a
marksd wncrease o oresolution  corresponding
to the Fact that p==& whilc 1n the former y <d
A sumilar run with the 4 collimator did not
show an appreciable change interaction peaks
of atwout 08" half maximum intensity width
with the 8 collmator attamned aboot 0 4°
when measured with 4 honzontal divergence
at the cost of a substancial loss n ntensity
Since the mosaic angular spread of 1the sample,
aboul 16 was 4 tmes bugger than Lhe hon
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Fig 1 Companson of reaolution obiained sath two Saller collimatars of 27 and of 8 hort

rontal divergence on the same refection (113 of a8 Ph single erysial with 8 mosaie spread of
aboue 15 The frst graph llustrales the case g and the séoond w4 which s &

necassary cotidron in these experimeenls
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zontzl) angular divergence of the imcident bedam
hypothesis 3 seemed reasonably well satisfied
However the resolubion attained was not
considersd to be qute sabsfactory Muoreover
g copper crysial tesied under the same conrdy
nons showed not entrely consistens angelar
separations aof o5 interaction peaks A further
decrease of the hornzontal divergence was
wmpractical but the vertwcal divergence which
had been kepl constant at the value of about 47
throughout the measurements could be modi
ned Verncal divergence which s relatively
wumportant 10 smple scallenng sxperiments
becomes important in multple scattenng simce
sgpondary reflections take piace n any arnenta

{ron witbin the crysial

In order to ot simuitanecusly the vertical
and the honzental divergence of the imodent
beam 2 new lype of colimator was designed
and built this conssts m a body with four
alternate sections of vertigal and honzontal
plates as shown in Fig 2 The different s&clions
were dimensioned 1n such a way that plates of
the same type in different seclions are the exacl
prolongation of each other The lengths of the
different sections are then calevlated so that no
ray can pass through non consecutive channels
Simple geometnical considerations made on
Fig 3, followed by the condition of baving the
same vertreal and honzontal divergence allowed

|

Fig 1

Seheme of a Lection special collimaler which mits simultanecusy both horizanial

and vertal beam divergences compz od will a comrmon Soller collimator
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Fig 3

Basiwe geometnical consideranions far the dimenmomng of the dsaction collimatar No

ray can pass through nen consecutive channels



the calewlatwn of the dumensions of the 4
sechions The conditions imposed from the out
set were total length of the collimator (L=
210 mm) thickness of the plates (¢f=-0 3 mm)
and free separztiwon betwoen plates (S=0878
mm} The final dimensions of the sections
turagd out P =3304dmm F, =38 | mm F,=
111 | mm and P,=334 mm

The tolal [ength of the honzontal plates
includes 1n this design the ntermediale space
betwetn the corrcspondimg two sechions which
15 however occupied by & verlical plate section
Thus the total vertical and honzontal len;hs
are equal

E =P, +Pyt Pu=4796 mm
Ly=P+ P+ Fy =419 6 mm

The horizontal and vertical divergences have
the common value

a, = =0 R78/4196=]1 §x 10" *rad =63

A collimator wilth only (w0 sechons

ong

5

verucal and one honzontal 1n order to have the
aarne divergences shomld be 959 2 mm long
The diffecence belween the Iengths of 2 4
sectean and a 2 seclion collimator s a function
af {5+ dd becommg negligible when the plale
thickness 1s g5 bul it may be considerable
if o stll lower divergence should be regquired
The use of this new collimalor brought abont
a contsderable improvement 10 the resalulion
as shown m Fig 4 which reproduces two rons
of a copper crystal taken respechively with the
old Soller 4 collimalor and the new one for the
premary reflechon (111} The tnterachon peak
with plane (11T) Tor instance had s width
reduced from about 50° to 15 while the total
inensilics were reduced only in about 20 t0 25 %,
Frgure 5 shows a multiple diffractron diagram
of an aluminum cryseal of 3 23 = 17 orented
so that the (111) plane 15 continpously reflect
mg Lht neatron beam  taken with the new
collimater while the crystal turned eround the
fL101) vector at an angular speed of 1 fhour

SoHer  Lollimgtor
HeIz dheerg 4

werl ghyerg —%

T S T T I S I PR PR T T N A Y I AT O X
pl °0 F{v] =] 5] 5 [+} n

FI‘ d

draemes

Companisun of the resalyonn chigoned with 3 Soiler collimitor of 4 horsanial dmé

about 4 verucal Jivergence and the apecal 4 secton callmaler wiih bath honrantal and
vertical divergerces of about & The sample was 3 copper orysial of 18 mosas: aproad sel o

reflect 111§ e rmaneanaly
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flmuthal angle

Multiple scaiterng of neulrons by an alummoum crpstal of 3 <X | set to reflact

{11y Rotaton of 1 jhour Fyery pount corrcspands (o the counts sccumutated n three
munutes Verical traces separate data measured im different days

By companson with previous works in this
field the resolulion altaned here 15 conswdered
1o be excellent s also an expersmental dem
onstration of the mmporiasee of the vertreal
divergence of the beam 1o multiple scattering
expenments In normal single scattermg work
this 15 not so0 and common Soller colbmators
used to limut horizenlal divergence are enough
to produce a good tesolubon

As expected from the convolution theorem
the improvement 10 resolution brought aboul
by the lowenng of the meident beam diverpence
had two wmportanl consequences belter o
calization of the peak posinons and more reliahle
peak intensities From the accorate difference
m positien of some nteraction peaks and very
accurale lattice paramelers measurcd by the
picudo Kossel X ray divergent beamn method
an extremely precise measurement of the ney
tron wavelength effectively scallered in 2
multiple way was possible (Parenfe and
Caticha Eils Part {¥) * The relative miensitics

" B R Parenie and § Cabchz Flh: o be subnalted
g Japan T appf Phys

of the ineraction peaks (5 subsegquently nsed bo
determine the mosawc spread » of the crysial

§5 Determuoation of the Mosuic Spread

The value of p can be zccurately obtamed
(Cancha Elhs 1969) from the ratio T between
the intenaity pp of the single reflection that 13
mecasurad m the 1wo beam case (incidenl and
the diffracted primary beam) and the intensity
2 obtaned when another plane 15 simualtane
ously diffracting

pi=rpt {1

The rateo T obtained experimentally 15 equaled
1o the ratio of the expressions obtained m the
theoretical Atreatment for both cases These
expressions are taken as funenons of § which 15
lefl as a variahle As the aclual selution of the
cqualirns 1+ guite mvelved the reverse pro
cedure was followed ¢ the value of T was
calculaled for duferent values of i with the help
of a computer Lse was then made of the recur
rence formula of Parente and Calicha Ellis
{Part 1} " which permuited a rapid calculation
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e i g curves for four differenl interachon cases i an alumrnum ceystal with ihe primacy

reflactinn (111}

Ga Inraction wirh 3 transoeotted {Laue cased peak (171)

b Interaclion with a reflected (Bragg case) peak (331

fc  Smmultanesus inleraction wilh G40 transmtled peaks 0000 and (1317

6d  Simultanecus imneraction with ane refected (1377 and one rransmotied (025 peak

ol the succesgive arders i the Taylor s expan
sty senes To this case 3 maximum of 14 terms
i g and pd weie calculated (his being more
than =naugh to oblain a very good approsima
tron

Some of the T curves obtained are demcted
in Fig & The successive curves labelled wath
the order of the approsimation used i their
caleulation  converge towards @ central curve
obtaimed by numerncal mtegrabon of 1he
simaltaneous difierential equavons {1 2) The
curves presantad here diustrate several different
cases  Transmtied (Fig 6a) and reflected
(Fig 6b) secondary beam two  transmutted
secondaty beams (Fig 6c) and one transmoited
and one reflected secondary beams {Fig &d)
Any combinabon can ndeed he  trealed
aceurately by using this method of calculation

Table 1 shows Lhe resulls of several delerm
nations of 4 lor the aluminum crystal from data
taken from differenl inigrachion peaks [n thos
calculation: use were made of point lo point
measurements of the intensities taken al angolar
witervals of Q0257 over the peak and oL D2

otherwise with 3 counting statisheal siandard
deviations of about 047 The heights and
widths of the pcaks were obtained from adjust
ment by means of gaussian curyes

&6 Conclusions

The analysis of the 4{l) curves shown
Fig 615 very mstructive and several conclusions
can be drawn from them

I The convergence of the senes s quick
for large valoes and slow for low values of g

2 A lew terms perhaps 3 to 5 can give a
gocd approxmabion for values of 7=0 190
say

3 The curves duc 10 approximauons of
evenr and of odd order generally lie on different
mdes of the central curve Thes 15 wnimportant
from the viewpmnt of the accuracy exeept for
very low values of 5 that s for nearly perfect
erystals where the mathematical trealment Lo
eslablish the set of diferental sguations (1 2315
no longer valid

4 [Inm this nearly perfect crystal region the
curves become nearly homzontal so thal the



walue ol [ [or a piven low value of 4 becomes
undelermiped  This 15 nol enbrely due to the
weries  lermunalion  $ice  even  the central

exact citrve shows here a lendency to become
horzortal 11 1= interesting 1o note that at this
low hmit of angular rmsfit below gbout Q10
for this crystal dynatmical treatment should
cerlainly be more accurale

5 The alternance of the suceessive approx
malons may (n some cases be used ta obtam
a better approximalion by taking the average
belwsen two successive low orders

fi  The results presented m Table | for an
alominium crystal show values of o over O [0,
which are thos well within the region where a
few terms can provide a good approxinancs
The erross quoted, depending on the insccuracy
of the expenmental values of T are of abeut Lhe
same arder of magmiede as the diferences
found 1n 1he values of n for different dlrections

7 The more steep the central curve the
less sensitive 15 the measurement of ¢ Among
the four cases conmdered in Fig & the one of
Fig &b for the reflecnons {L11) and I[_"!pT]I s the
more sensitive

Mo theerebical study of the sensitivily of the
method has so Far been made Suc}':i a sludy

would eventoally discover some cnilernion [or
the selecton of the reflections to use when
precise values of 4 are required
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