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In an et:f'ort to ~a.in the results of some of the ~imento 

in~vo1 ving the interaction between radiant energy and matter 1 such 

as the photoelecrLTic ei':teet, it bas been necessary to assign to 

radiant energy some properties chara.cteri.stic 0£ a. particl.e. In 

19241 the dual cbat1.:"3.Cteristics., va.ve and particle, vere hypothesized 

by L. de Broglie (3) to be exhibited by all tun&mlental entities. 

!lhu.s matter should possess 'Wave properties with a wvelengtb. given 

by Plauek1s universal. coomtent divided by the linear momentum. 

In 1927, this hy,potheGis _was validated by the diffraction of 

elec.-trons w1 th a single crystal. where the crystW.line lattice served 

as a three dimensional. "sratillS·" Since for the~ energies the 

de Broglie wavel.~-ths of neutrons are about the same as crystal 

inter.planar spacings, the diffraction of thermal neutrons by crystal.a 

vas predicted. in 19;56. Mitchell and Povers ( 11 ) , uaing a Rn-Be 

source, were among the fir~t that same year to present evidence 

of e. coherent component for a neutron beam sca.tte1-ed from an array 

of crystals. It was not until after high intensity neutron beams 

fran reactors became availabl.e that diff'ra.cted belll'llS of su:ffi.cient 

intensity were o'bta.:ined tor the study of the energy dependence of 

neutron reactions by methods similar to those 0£ X,.ray spectrometr;y. 

~e initial pbase or the project waa the construction of a beam 

collimator and crystal. epectrometer. Then the to·!:ial neutron cross 

section of ca.clmium and the neutron energy specrtl:'tm1 ot the reactor 
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were studied With the illatrument. 'lhese ex,per.fmmto have the ultimate 

aim ot conf:Lnling the ealibra.t1on and det:lning the rel table energy 

~ of the spectrcDleter. 



!1!he firSt me~ Yltb a neutron ~ s,pectraaeter 

uere made 'b7 w. L unn (19) at A:rgomae ~· The (1,0,0) 

p.l.aJ!es ~ a IWJgle ca.\cs.1;e c~ were used to cU.ttract the neutron 

beam fzom a. "thel:mel eolunm" and a aide port of tbe reactor. A 

eo'lltmted 'beam f.1:m\ the ~emal eolvmn was obtsWled v.ltb. t,vo thick 

caamtm al.its, ftw mten. apart. An eigb~'foot long steel bl.ock 
,,. 

t.brougb. the abielAtos ~ a chazmel one-b.alf ineb. w1c1e and 

one inch high ~ a ve1J. coll tmatecl beam from. the s14e »Ort· 

Ziml toun4 that the :tutewJ:t'Q' ~ the tittl'acted neu:m>na could 'be 

:b:lcreaOed two told bl' 1'0U6hins the crystal SUJ"taee. Spectral. ~ 

aenta at the direet beam t.rom the reactor and. th.$ tb.ennal column 

between o.004 ev and 0.03 89' abov e. strong Maxwel.Uan ~i; 

4i&rtorted on the long. WMltl.e.agth (l.ov enel"'Q') Gide o~ the~ 

b7 mre than one ~ ea~. Au ~ 'bJ' Qolaberger 

and. Seltz (.S) to ftt 1;'beae ~ta.1. c1ata ~ica.117 was quite 

8oa4 in the restcm at tbe s.pectral ma::lnmJ. b t~ croas aection 

oE eaclm1um has been meaaul.'e4 by Zinn and the :re8QT.lance parameters 

at 0.176 ev were 1u soot1 agreement with those obWne4 'b1' the 

modulated eycl.otron beam Jmt.b.od. 

W1lliam. J. stnm (13) used tb.e (1,0,0) »),.an.es Id a L1P CJ.78ta1. 

tor d.itt.l'action ~s w.l.t.h the same ~ d.eacri'bed by Zinn. 

A stua:r ot the :L"elative nf'J.ectivltJ and maxtm.um enattr ob~nabl.e vaa 

made tor 14.11 cal.c1te1 mca, and copper. b !41 C7Stal vu chosen 

for the ex.per.tmenta.1 crosa section detem:lnat10na because ot a relat:l~ 



high reflectivity s.ud because the energy re.n.ge could. be extended up to 

65 ev. Copper has a ~ble retleetivity b'tJ.t can only be used out 

to 20 ev. Me~~s were made of rstlectirtty ea s function of 

crystal surface finish ald ot total. neutron cros- section. 'between o.o4 

and 65 ev by the transmission method tor several. strong.1.7 ebsorbtng 

rare eal"th elements and. el.aents ccmaonly used e.s neutron tUters 

anti. detectors. A~a were made to increase the ®Ut:ron intensity 

at h1gb. energies 'by var,y:tug the tanpereture of the reactor moderator. 

Same ot the ~ly experiments utilizing n.eut%'Ol'l dittraction were 

done by Fermi aud ~ (4) in detemin1Dg the ~tu.des e.nd sign 

of the scattering lensbh by observing the intensities ot variOWJ ord.era 

of Bragg reflection. 

A diacussion of the theoretical conditions fo?: neutron aca.tter:Lng 

and measurements of resonance a:bsor.ption bes been presented by \tbll.a.u 

anlf. Shull ( 15, 16). A ·ec:npar1SOR ot total cross section elate. tor 

iridium bas been Jmde between tvo cr,y'8t8l ~ters an.cl a velocity 

selector. It ne observed tbat the resonance peaks obtained with a 

speetrcmeter operated at reducecl resolution were ~tely 4,000 

ba:rns lower the.a those obtained witb a. high resolution tutrument 

Of the same type 1 84 would be a;pected. 

9le l>eb7e-Scherrer-ltull pow4er crystal. method he.a been applied 
. -~ 

to neutrons (16, 17). 'l!lia was done by aUOVins a m.onoenergetic 

neutron b~ dif'tracted :trca a 8iDgle crystal to i~ incident on a. 

povderec1 sample. 2'he e.q'td.valent of Laue pho~q can also be used 

for d.ittracte4 neut?ons to stud¥ cryatel structure b7 placing a sheet 
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ot indium next to the X-n¥ film. !lb.e f'ilm is ~itiw to the beta 

~ from the radioactivity induced by neutron captu:re (16). 

Hurst, Presaeslq,, and Tunnic:liiYe (9) 3.t ~River developed 

a nautron spactrom.etm- ubich. exhibited ~~ts in r~solution and 

intensity ovm-r ;previously deaCl"ibed instrwaents. Far a. particular 

ex,periment the choice of ery:r(;al depends ~wn a wmi"Jer of fac·tors: 

{a) the s.pe.cicg of ·~ tlif:f'.rection pl.mi.ea deter.ru.:tnes the upper and 

lower energt limits1 (b) tbe crystal structUl."-'~ cllosen pl.mes, end 

relative pha.Ses of net.it.ron scattering de~ the intensity and 

contamination by ldgher orders, (c) the 100saie utruetu:re governs ·the 

reGOlution arul also the in.tenuity. A stud;) .. of diffracted neutl"On 

in·tensity end ~el' order contamination has been !llade for several 

ci"'S'Stals, e.g. Ne.Cl (1,0,0), L.iF (1,0,0) and (i,1 1 1) cut tJ.'"Qm se.nq>les 

grow synthetiecl.ly, and ccl.ei:lie (2, 111) cut ~ IW.tural. calcite. 

Na.Cl yicl.diad a mu.ch hl.ghe1· :intensity tba.n liOSt crystals and was used 

for experimental wrk below a fev electron volts. LiF (1 1 11 1) yields 

l.ess order contamination since even orders are almost a.boont due to 

the O.Pl>OSite sign of the seattering l.engths of atoms in s:ucceosiv& 

»lanes ( 81 lt-) • LiF ( 1 ,O 10) has the sme.l.leat ~t5.lll ine pl.Wl.e spll1.Ci~, 

A = o.285E-112 S. 2d, 

and th.u.a si ves the hlsllest energy· for a gi vcn t.!Jl&le, but the intensity 

is low. Cal.cite pi-ovi~ high. resolution becWJ.Se of negligible moaa.ie 

structure but ~r intennity. The shape, intensit-y, and position of 

the neutron speetrwn d<1.".Pend \..'lX>Il the crystal ;pltmes used, 'Whether 



the crystal is used fol.' ref"l.eetion or traumniwai.on,, and the conditioo 

of the eurf'ace of the dii'£:raeting _crystal ( 13). 

Borst and 88.UOl" ( 2) found. tba.t a. beryll:ium. <ll."Y'Stal extended the 

useful range of their inSt:rument to about 50 ev wJ~th good resol v!ng 

pmrer, the resolutian being deter.mined primarily by the angular 

divergence of the call:!mted neutron beam and the rocking curve v.1.dth 

of the criJSta.1.. !Ch.e rockittg curve is obtained by ttrockingn the cr,ystal 

through the Bragg~. ihe resultant of the above is approximately 

a triangle hav.tng a full vJ.dth at half'-ma:!:tmiw /Je. ·!ibis constant can 

be estimated w1 th rea..sonable accuracy by the rel£xbionahip 

!Je = B~>a + <i~>aj:t./a 

w.ere f3 is the tull. 'Width at hal.f•ma.ximum. ot the rocking curve, wld 

0(. 1s the angular di~e of the incident beam. 

'lhe neutron diffraction spectrometer bas became a tool in nuclee.r 

and eolid state plqsie& ( 8,, 14,, 18). One of the most fruitful. appli• 

cations ot the neu:liron ditfmetion technique ha.a been the anaJ.ysa of 

organic cr:rstal struetu:re. '.Ehe X-rey scattering cross section for 

hydrogen is so 1w l'el.ative to heavier el.ene:ats that it is almost 

~ssible to locate the s.tanic positions of ~au by X-ray 

dittraetion, but the coherent neutron cross sec.ti.On is c~le 

to that of other atoms. P<mia.ps the most ~t!DB problem baa been 

the location of~ in the structure of ice. Neutron de.ta b"J 

Volla.n in 19491 and Peterson e.nd LfNy' in 19", con:f'imed the model 

proposed by Pau'l.ing (18). 
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VI. 1'BEORf 

Bragg's Lav 

Interference eff'ecte s:!.mUe.r to those e:xh:tbited by electrcmag.. 

netic re4:1.at1ou cau be 4emonatrated with neutrons, but complications 

ari.ae due to ~!sties ot this particle not exhibited b7 electro-

magnetic rad:latiou (7). !ihe :t.ntel"'f'erence propertiec of neutrone aft 

dete:rmined b;y the coherent scatter1Dg cross section ot the individual 

atoms in the c.eystal; in e4.ditian there v.t.ll ueueJ.4' be ·8Clle :tncaberent 

scattering arising f'ran spin ettects, magnetic moment :tnteract1ons1 

the presence of di:f'terent isoto,pes 1n the cryst&l,, and the the1'l1.laJ.. 

motion ot the e.totw. 

!he neutrons d.ittracted fx'Q1a a~ obey the BraBS equation, 

nA = 24· sin&. (1.) 

Here ~ is the 8.DSle between the incident neu.trcm. beam and a set ot 

pJJm.ea in the ~ • .! is the order ot cl.:ittraetion, and §: is the 

cl.iBtmlce between etcmic p.te.nes. 

Besol.ut1on 

A schema.tic d.:ta.gran al the a.:ppara.tus and the ~tal site ie 

ehown in Pig. 1. ihe resolution of the :lllstrument depends ~n a 

umber ot factors: the~ divergence of the collSmated beam, 

the mosaic atructlu"e of tbe crysta.t, and the angle at aeceptlmce of 

the BF3 counter. At this point the discussion 1tlll be reatri.eted 

t~ to the i'U'at o1'der (n=1). 
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'Die de Broglie :relation is 

h 
'A = - ' mv 

(2) 

W.ere )! is Planck's cons.taut, ~ is the neutron mass, .! is the neu.tron . 
vel.ocity1 awl J is the ld.netie energy e.x;p1~ssed 1n electron volts. 

'?he energy resolution is defined by 

E/6E = (E/~fJ){d&/<m) 

Combining F.q. (1) a:ad F.q. (2) 1 one obtains 

(0.285)E-.l/a = 2d·&intt, 

and difterentia.ting Eq. (.4) 

d9 (0.28~)E-312 
ii = • lid· cos.a- " 

ks, 

" 

(4) 

(5) 

(6) 

'lhe resol.ution is a. function (2, 12) which is approximately a. 

(7) 

It may be seen :rram Eq. (4) tha.t for increaaiag energy the BllSle 

decreases, and fl'Oin Eq. (6) that the resol.ution d.eereasets. .Also, 

above the themaJ. spectrum the nwuber of neutrons llaving energy ! 
ia wr;pected to decree.ae. •ese tw t'actors l.imit tlle s.pectrameter 

on the high energy side of the themal peak. 
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Higher Order Effects 

Fran Eq. (1) anrl Bq. (2), it ~be seen that 

{8) 

The first and secon<\ ~energies a.re .!.i end~ re$,Pectively. 

As !1 decreases,. the n~ of neutrons of ener©J !a in the incident 

beam is ~ to ~ as j2 ap,proaehea the thermal. peak. 'lb.us., 

factor vUl limit the ~ at low energies ~ !1 is below 

the ~ di.stribu:tia:n e.ud !a wq be in it • 

.8. Detector Ett1Ci®£X41 

91e etticienc:y al the neu.tl"on detector is gi.ven b7 

E = 1 • exp( ·!X'BE-l./ 2) 1 (9) 

in uhich the ~ of ~ a.tool$ per unit vol.W'le ~ It. = 1.lr-2 x 1019 

atoat.G per eul>ie c.en~, X = 61 cm is the 1elgth of the counte:r 1 

and » = 612 x 10- B4 ia the slope c4 the boron (n, ) cross section curve. 

h neutron. ~ from a reactor abould :reyMSent a Mcmrellian 

~ d:l.stribution W.? to abou:t 0.125 ev. J.lKWe tl:J.s !'e6ion the number 
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of neutrons hartug ei,w1-g _e should decrease as the inverae of the energy. 

Goldberger and Sei~ (5) ba~ presented t..b.e foll.Olfl..'lg ex;pressiou 

tor the diffracted n...."'Utl."On $peetl'Wl ltich ~-ees with most experimental 

data in the region of ·the peak ( 21 15). 

Nz == intensity incide.n.t on ceystal. 

k = 211//i. • 

~ = I ± f<~J<b>] 112elq>[2rr1(hJXj + h:a'3 + h~J>n] • 
j 

(13) 

~ '1(b) = scattering cross section of the 3th atom. in the unit cell.. 

ko = BQJ.tmmum•s constant. 

?' = average neutron t~ture .. 

(hi,,ha,,h3) are the Miller :tndiees of' the di£f'r.eet~ planes. 

(x. 1y .~z") describe 1.-.he position of the jth ~,tam in the unit cello 
J J "' 

(14) 
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~t~ lleutrou 

!Ihe epithemal. .fl:u.x in the central. core of the V •. p. I. reector 

hes been ehawn to be propor~ional to 1 /E by E. stem.+ An estimate 

of this 1/E component will represent part of the ~icaJ. apeetrum 

curve. Itcruever, the resolution -.y not be sufficient :tor theae higher 

enerstes. 
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'D1e them.al. flux in the Virginia. Polyteclmic Institute reactor 

is e.pproxime.te1y 1 ou neutrons per square centimeter per second, 

'Wich is relatively law. At the outer end of the collimator in Figs. 

2a. and 2h, prelim.ina..7 experiments with indium. i'o:i.J.$ indicated that 

a resone.uce ;fl:ux .at 1 • 411?. ev between 5. 4 x 10 7 e.ud ; • 1 x 10 7 could 

be expected. It 1re..~ tel t that this flux was sufficient to continue 
I with the construction of the spectrometer. 

~e outer pa.i-'c. of the collimator is a. stepperJ. rectangular sleeve 

o:f' ge.J. van:.tzed. steel {ng. 2b) ld. t.h the space bet~en the inner and 

outer walls filled 1r.tth ci. solidified a.lUl"l"Y of bora."C and para.f'fiu. 

5he inner section of t.he coll.im.ato1" (Fig. 2a), lmJ.ch slides teles-

copice.Uy into the sleeve, is a stepped reetangul~.:t· box in which an 

aluminum 'Waveguide is centered. '!'he space bei."1reen the walls of this 

inner section and the waveguide is also filled 'With the bora.x-pa.rattin 

mixture. '!'his colltma.t<>r is 78. 75 inches long s.lld. extends through 

the reactor shiel.ding to ·within eight inches of the eore. An eigbt-

in.ch grap!JJ.te stringer ~ be :pla.ced between the co1~e and the collima-

tor when desired.. 

!!he detector is a tw-inch d:iameter; 24-inch J..ong BF::s counter 

filled to a pressure of 40 eenM.me-tei·s of marcu.ry. Scattered neutrons 

frm the roan a.re ·tnemalited and absorbed. by a borax-paraff'in mixture 

in a. box nearly sur.:rou.nding the counter. ~ furth.eJ:' insure the;t no 

thermal. neutrons reach the detector, its cylind::tical sides a.re pro-
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tected by e. 0.03-inch cadmium sheet. Pulses from. the detector were 

counted by a. Nuclear of Chicago tn.~ScaJ.a.r. 

A Nike-,AJax antiaJ.rcra.ft radar antenna. mount is used as the 

spectrometer base. It is a.p,proximately 28 inches high, 40 inches in 

diameter, and consists of an upper plate, henceforth referred to as 

the detector table, and a. gear system connecting the detector table 

directly to a. circular scale. 91e table turns by means of a. bee.ring 

surface llhich is sandvlclled between six :roller bearings on the top 

and six on the bottom.. Mounted on this detector table is a. counter 

weighted trame which supgorta the detector usemllly so that the front 

end of the detector is four feet tram the a.xis of rotation of the 

Extending up :t:brc:fugh the center of the detec4u01" table is a sb.att 

which supports the crystal table. It is a. brass disk one-fourth inch 

thick and eight Utches in diameter on 'Which the crystal mount is 

l.ocated. 9le height of the mount is such that the center ot the copper 

crystal lies on horizontal lines passing a.xiaJ.ly through the detector 

and the collimator. It ws found that a point on. the surface of the 

crystal tabl.e one and one-fourth inches from its. center did. not 

wobble in the vertical more than three-thousandths oi' an inch during 

one complete revolution, indicating the stability o:r the assembly. 

In order to ma.inta1n the Bragg condition a ratio ot two to one 

mu.at be maintained between the motions of the detector and crystal 

tables. 'lb.is is accam;plished w1 th a pair of reduction gears betveen 

the circular scale and the crystsl table shaft. Thus When the detector 
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table is turned through one compl.ete revolution, the scale is turned 

th1'ougb the same angle an4 the crystal tabl.e is 4r.iven through one-half' 

revolution. 

It is neces1U7 for the center of the cr,vsta.1. to be positioned. 

as ne&Z"ly as posaibl.e in the center ot the neatron beam, 1.e.,, vitb. 

plug traa which a. ;pointed steel rod protrudes ia :titted into tbe 

waveguide. b point of the :roc1. defines the exact position tor the 

center of the cryste.1. table. 1" briDg it to this given position a 

second pointed steel rod is substituted tor the crystal tabl.e on the 

abaft, and the 'ba$e iS moved until the point of the first rod Just 

touches the point of' the second· Die apparatus is nov aligned, siuce 

the crystal mount 14 SG constructed tbat the center of the cop,per 

crystal., the detector, end the collimator are the same distances 

above the f'J.oor. (The crystal mount ia centered a.bow the crystal 

tabl.e shaft.) 

Before placiDS the crysteJ. on the mount tb.e zero reedins ot the 

circular scale is deterndned by rotating the detector through the 

neu:tron beam and counts are taken as a. ~ction al angle. A reactor 

pouer ot five watts provides ad.equate counting mes for this step. 

A plot of counting rate versus a.ngula.r reading yield.S a ~ce.l. 

curve, the peak of 'Which corresponds to the zero readiug. ~reatter, 

each angular detemizlation is made v.l.th res.pect to tbis zero rea41ng. 

9le ( 1, 1 , 1 ) plane$ of the copper crystal a.re verti~ arranged 
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em.cl. the Bragg condition is deternttned tor some sma.U crystal angle 

( <. ;o0 ) by rote.ting ·the detector Vi.th the crystal fixed. While th~ 

reactor is operated at ten kilo-watts, the detecto-r is ro·tated and 

a count taken about every ten mils ot detector disi>lacement. A 

plot ot counting rate versus detector angle is a curve representing 

dittra.cted neutrons, the peak ot which correspo.n.d.G to the angular 

position Which se.tisfie.e the 1lragg J.a.w. 'lhis con.d.ition is nov 

maintained by ~ the :reduction gears. See J.t"igs. :;e. and 3b· 

The Bragg condition ia al.'Wt\VS tultilled such tha.t When the detector 

is rotated back until the clrcular scale is on the zero reading, 

the (1,1,1) planes :make au angle of zero degrees vJ.th the incident 

neutron beam. 

A second collimator is placed between the detector and the 

crystal. It consiata ot many parallel., tw-foat l.ong, 1/32-inch 

thick cadmium Bheets, and is located about :tour inches in front of the 

detector. !Blis second collimator is al.ign.ed by rotating it in front 

o£ the detector until a m.ax.imum counting rate :ts c-bGen-ed, a.fte1 .. tdlich 

it is bolted to the detector supports and remains statiOll.8.l.7 with 

respect to the de·tector. 

!i!le resolution of the instrument is given by Bq. 6. llbe conetant 

u.. is detemined by the dimensions o:r the collimator lihile ~ de,pends 

1q)On the rocking eul.'Ve• 1'his curve is obtained by rotating the cr,ysta:l 

through the Bragg angle, leaving the detector fixed. and recording the 

observed counting rates. ?.bis procedure requires the uncoupling o:f 

the detector table vhich invol.ves the removal of a nine-inch diameter 
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S»Ur gear. This soo:r. :ts under the detector tab1e end d:treetly above 

the eil"euls..1.- sea.le. Aeeess may be ma.a.e through one of t.he three hales 

in. the top of the b2J;e to remove the three soe.ket. ~. 

~ energy o'£ the cli:f'trtwted neutrcma fw a. s.et of pb.ues in cmy 

crystal. Jl1a1' be ce.1.cula.ted :tram the Bragg eque.tian if the l.a.ttice 

constants are lmo"tu. !he lattice constant for .eo,ppar is s.6o8 
~ ( 12); thtW the neutron energy can. be ca.l{!t.\lated *1r a. ranse 
cg crystal a.nglea. 

An ~ ~cation at the calculated energy ~ be 

obtained by meamtl."ill8 the total. cross section a.a a f\mc:tion of energy 

for a suitable $U\lsta.nee Vi.th the s.peetraueter. ~ location of the 

cadmium resonance at 0.175 ev ;prov:ldes an excellel.lt check· Other 

i~s Wich eould be 1.1.Sed al."e neeJ." thel:Wll r~s in 

~1UJD1 europium, and lutetium.. 

'!he intensity of the beam transmitted ~augh a emuple in the 

di:tf'racted beam is g3:v~n by the follO'td.Dg equ.atimu 

tlhere 1o is the illtensii.-y of the incident beem, J! is the nmaber of 

atoms per squa.re centmeter in the se.q>J.e1 and d!l. is the ~ 

dependent cross section of the Smrq>J.e. Since tbe Bragg comlition 

(15) 

is satisfied fr:Jr ever:/' angle due to the cotqll.ing bet"'"1een the crystal 

and detector tablas, the neutron enerrc1 of the: ~ted beam can 

be determ.ined from the c~ scale rea.ding. ~e transmission ! 

iS found by tald.ng eount5 for equal time inteZ'va.ls With the Se.Jl\Ple 
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in SZld out of the dil"t-.ce.cted 'beEm. 

!C = e:Q? l•llo-(E) j . 
u{E) = (1/N)ln(1/~) • 

(16) 

(l1) 

A c~son o£ the resonance ~ obta.ined 'b;y W.S t:ransmission 

method vith other ·~ should shov good ~t. 

One can get e. l!'(!~enta.tion oi' the neu.t1-on energy spectrum 

by recording the eountillg rate over a range of enm-giea. ~ 

desired energies ~ be obta:i.ned from Eq. 4 blr ~"eful selection of 

the crystal angles or, alternatively, a.ugJ.ea can be arbitrarily 

cllo.sen a.nd the ~ eal.culated. 

A cletemin&tion o£ the 'background count:tus l."ate at ditte1'etlt 

energies va.s obtained. b,y inserting a. :moderator ~d an absorber 

between the cadmium. coli ima.tor and t41e· BFz counter. !ads shutter 

consisted of a one and. one•hal.t inch thick piece O.Z pa:ra.ttin 
~ 

~ched betveea ~ ~ of 1/32-i?Jtih thick eadmimii. !!his 

eontbina.tion effectively' absorbed a;rrg- diffracted neutrons fran the 

~, leav:Lng the ~n~ countiltg rate d.lle to ~ directly 

:.r.rom the reactor ~ seattered :r.raii the beau\. ~e ~ vas never 

more than 1<>; ot ~total count and was~ less tha.n. r;'f:,. 
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VIII. RESULTS 

Due to the orientation of the crystal it was expected that 

only a single diti':raetion peak fran the (1,1,1) plenes of the copper 

crystal would. be obtained. However, when the crystal. \1aS set a.t an 

arbitrary unknown angle end the counting rate t<JaS observed as the 

detector rotated, a. double, rather than a. $1.ngl.e, tlittraction peak 
I 

was found ( Flgs. :)a, and :;b) • After a close scru.tin.y of the recipro-

cal lattice constants for this face-centered cubic crystal, it was 

concluded. that the second peak could not be a.ttribttted to another 

set of planes in a. sin&'Le cr:rstaJ... 'lheretore, Ui."lder the assumption 

that the crystal. was a double crystal, it was determined that the 

~~angle between the two sets of (1 1 11 1) planes was 1.685 
I 

degrees. 'lbe detector was cou~ to the crystal. on the f'irst peak 

by means of the reduetion gears beca~ it a.ttorded. greatest intensity 

and resolution. ~ roclt:tng curve in Fig. 4 seem.s to exhibit the same 

double-peaked form. 

From Fig. 4 one finds ~ of&!· 7 to be 0.0118 radians. Internal.ly 

the collimator is 78. 75 inches long and 5/8 inches wide from which one 

obtains te.n(cx/2) equal. to 0.00309, o<./2 is 0.00308 ra.dians, and !J.fT is 

0.0118 radians trooi Eq. 7. 

~ resolution as a function of crystal angle eal.cula.ted from 
/ p,q. 6 is ta.bu.lated in Table 1 arJd shown in Fig. 5. 1'hese values are 

based on the ass~ion t..hat the diffracting crystal is a single 
/ 

cr.rstal; thus the resolution is actually less than that indicated 
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Table 1. Resol.ution. of the spectrometer assuming e. single crystal. 

Energy 
(ev) 

.e-- E/llB 

1.00 ; 0 55' 2.90 
0.90 4 08 3.o6 
o.ao 4 23 3.25 
0.70 4 41 3.47 
o.6o 5 03 3.75 
0.50 5 }2 4.11 

o.4o 6 12 4.62 

0.30 7 10 5.34 
0.20 8 47 6.57 

0.10 12 28 9.36 
0.09 13 09 9.92 
o.oa 13 58 10.6 

0.07 14 57 11.3 

. 0.06 16 11 12.3 

o.o; 17 47 ,,.7 
o.o.4 19 58 15.4 

o.o;s 2:5 1} 18.2 

0.02 28 13 22.8 

0.01 43 03 39.6 
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by the curve. 

'lhe surface density:J" !!1 of atoms in the ca.dm:i..um foil used for 

mea.eurillg cross sectione va.a detemi.ned to be 0.0032 x 1<>23 a.tams 

per square centimeter.. 'lbe experimental. total. cross section caJ.cul.a.ted 

With the e.id of Eq. 12 agrees quite well v.ith the theoreticel. curve 

over the energy ~e from 0.03 to 0 .. 1 ev, but departs rapidly as 

higher energies are a~ (Fig. 6). IJ!lia deJ.>a.t1;ure is attn• 

'buted to poor resol. ving power at small angles and, e.lso to the 

previously discussed~ imperfection, &ince ri..eutrons with di:f'· 

f erent energies ere dittracted into the detector ~ the second set 

of planes. Approaehi.ng low energies from the resonance peak one 

observes a deviation fl'Oll.\ the BWL curve beginning a.t o.o:; ev. 'lhe 

presence of tb.eae second order neutrons ws predieted by Eq. 8 and 

the second order epectrum in Fig. 9. ot significance is the fact 

that the energy o£ .. Ghe :reson.a.uce peak io Vithin ~rimentel. er.ror 

of 0.175 ev, which is indicated by the horizontal error triangles. 

it.e poorer resolution a.t b.igber energies voul.d hn.w just the effect 

seen,, a slight shifting ox the observed resonance rA'Jak to lower 

energy. The C1'06G ~·tion mid spectrum data are corrected for 

detector efficiency e.nd background in acCOl"ds.nce 'Hi.th Figs. 7 and 8. 

!l'he peak of the themel spectrum in Fig. 9 for the V.P.I. 

reactor is shif'ted taw.rd higher energy from that of the theoretical 

CUl."'V'e• sturm and J1.rnol.d (13) indicate tha.t thiB in to be ~ 

for a. neutron spee"'1"ameter operated at reduced reoolving power. A 

Ma:ruellia.n di.$tribution of tbe:mml neutrons, second order neutrons, 

and epithel'mal neu:LTOIUl varying as the in'1"erse o:f the ~ com;pose 
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~le 2. Neu.troll energy spaetrum f'rom north 1-ea.ctor side port 
corrected. tor background and detector efficiency. T = '10<>.K .. 
~ cotmta for vhieb. errors were cal.cula.ted. are average values. 

Energy Counts Time CPM cm minus CPM-lll 
(minutes) backeround €. 

1.00 4130 5 826 660 1650 + 228 
0.90 42<)5 5 841 712 1758 + 228 
o.80 4473 5 895 751 1746 
0.70 4716 5 I 945 a,, 1852 
o.6o 4799 5 96o 850 1771 
0.50 5111 5 1022 927 1818 
o.4o 5400 5 1o8o 995 1809 
0.30 6652 5 1330 1230 2016 
0.20 10261 5 2052 2042 '°°' 0.144 3742 1 '742 3625 4866 
0.103 6829 1 6829 6707 84~ 
0.100 38821 5 7764 7~ 9553 
0.090 7420 1 7420 7300 8957 ± 001 
o.o86 7909 1 7909 7789 9499 
0.083 9255 1 9255 9135 11oo6 
o.oao 10066 1 10066 9946 11983 
0.078 9471 1 9471 9351 11132 
0.076 9,301 1 9,01 9187 10937 
0.073 1oo87 1 10087 9970 11729 
0.070 9537 1 9537 9422 11085 
o.o6o 9073 1 9013 8962 10242 ± 77 

I 
0.050 6457 1 6457 6352 7058 
o.040 5213 1 521:; 5100 5543 
0.030 ;287 1 3287 3187 3;,55 
0.025 5088 2 2544 24114 2546 
0.020 6679 3 2226 2130 2196 
0.010 5323 5 1117 103} 10,, 
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the theoretieaJ. apeetrum cur;e. 'lhe experimental spectrum exhibits 

a rough Maxwellian distribution pealted. at 0.075 ev, distorted. on the 

low energy side of the peak by second ordlar neutrons, and on the high 

energy side by the preaenee of ~ energy neutl"'OIW· Perhaps the 

deviation betveen these two curves 1a partially due to inconq>lete 

tll.elmalization, Gin~ these neutrons have nat dii'i'wled through ~­

considerable column ~ mad~.rato1· material.. 
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DC. CONCLUSIONS 

'lhese de.ta. confim the calib1"ation of the inst.?ument and demon• 

strate the necessity of a carefully selected single crystal for 

experimental. applications. !lhe (1,1,1) planes of Lil' a.re reccmmended 

since the second order neutrons a.re st@pref.lsed. care should be 

te.ken to match up the rocking ct.J.ne half Width to the divergence 

a.ugle of the beam because matching these two canponents affords a. 

much needed canpromise between intensity end resol.u:Uon. '.Ibe 

intensity ~ be increased a.t the expense of the resolution by roughing 

the sur.fa.ce of the cry'f.lta.1. ( 12) thus increasing tru; mosaic spread. 

It is felt that the mecha.niceJ. reliability O:f the instrument 

has been clearly deroonetra.ted while the deviations tram the antici-

pe.ted results maw probably be attributed to the unfortunate and 

unexpected ditticu.lty of' he.ving a tvinned crystal. 
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A single c~ neutron spectJ;'ameter using a copper crystal 

has been designed and constructed for the purpose at stuc'b'i?Jg the 

1m:r energf ( t... 1 ev) neut:t'On. s;pect...""UlU from the V. P. I. reactor. 

!i3l.e basic theory neeeaaaey for the design, the details o:r the 

spectrometer, ca.libra.tion data. and method of ope.-.;.tion are presented 

in this tb.esis. A r.:..1ation between angle of di:t.rractJ.on and neutron 

ener&Y is obtained from. the !mown lattice spacings of the copper 

c:ry&taJ.. Aro.ea.eure ox the total cross section of c.Gtbllum fl!oom 

0.01 to 1 .o ev has been obtained from trei1sm.tss:ton data. for a thin 

eedmium Gh.eet. :!he ,POGition- Of the lov ene:."'8Y l"e.SO:nal'lCe peak 

confi:tms. the COJl\PU.ted e:;J.i'bre.t.ion. ~e reaolu.tlo::i. ot the ins1;ru.-

ment and the intensi·ty of the di.ttra.cted bee.in a~ e. f'lmctioa of 

energy were studied. ln. Ol."der to ascertain the usdble range of' the 

spectremeter. 
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