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VARIATION OF HIGH ENr~RGY NElJTROtl COLLISIOO CROSS S}':;GTlOOS OF NUCL2:1. WITH 
~tERGY . 

James DeJuren 

I. INTROPUC'l'IOO 

The developnent or particle accelerators has permitted the produc-· 

tion of high enera neutrons by various 'bombardment nactions. For ·the 

high energies obtained the width ot nucloar energy levels is much greater 

than the level spacing and the resonance effects noted in the cross sec-

tion measurements for lower energy neutrons disappear. ·Mea~a~nts by 
1 ' 2 

Ame.ldi !i!! with 1.4 Mev. neutrons and by Sherr with 25 Mev. neutrona · 

were interpreted in the light of an opaque nuclear model for which the 

total cross section is ~ = ?. 7T Ff c 
~ 

· where R
0 

is called the eolliaion radius. 

If an opaque nucleus intercepts a plane neutron wave, the removal .of a 

disc of radius R from the wave will result in an ecp1al loss from the remaining 
c . 

wave b7 »diffraction scattoring11 • The total cross· section will be twice the 

inelastic cross section. If the opaque nucleus 1e. assumed to . be a sphere 

with the same density of nuclear matter for all nuclei, the collision radius is 
~.' 

Rc -== b -1- ro A :3 • 

wh~re b is variousl:r interpret-ed as the range ot nuclear forces or the wave 

length~ of the incident neutron. C':rraphically b is the intercept obtained 
1/3 

when R
0 

is plotted against A • From an a.na+1sis of the l4 - 2; Mev. erose 
-13 

section data McMillan deduced the value r = 1.37 x lO em. . 0 ., 
Nuclear collision cross sections for high energy neutrronG are usua.ll7 

analyzed by the expansion ot a plane (neutron) wave into a series of spherical 
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ba""~~·~z ~ ei~r~fJ ~~ (ZL-n)i.. .I P,{C#S 8) f.ir) 
. {_~ ¥ 

where £, ( 1") =lzArJ ~ ~;z (-"r) 
• 

J':et{(..Per) is the Bessel function of o~er J'+~ and at large r the a~ptotic 
expension of f.t(r) is .f ;, (.Pir- .f:ti.) .. i,(/tt'-·Je.) 

£ (~) ~ ,;,(-fer- ~) :: e z - e , 
.I -Ji'f' ~i.Jitl' ' . 

The values of j correspond to the allowed integral multiples of 1IJ 
that the neutron angular momentum may assume with respect to t.tie center 

of t.be nucleus (which is assumed to be massive). Writingf..R(t') in 

exponential form the first te:rm corresponds to an outgoing and the second 

to an incoming spheriea.l wave. It the plane wave impinges upon a nucleus 

the amplitude or an. outgoing partial spherical wave may be diminished· by 
• I 

~ a tactor"/1 corrospGnding to absorption and the phaue mq'be e.ltere4 b7 

a sbif't Z cfj. The radial fwtetio~ beoomee'Jr,._ ~) :. . _;,t.Ji!r- .fu.) 
' I L ( ) - m e? (. a_, e t ( z _;,I e l• . 2. 

I~ Y - I~ · · , 
2 i.. J/t t"' I r • • ., ', . 

where ~ ~ 1 · J. 
-1 "\ , . ~' d, ~(.Jt,.._ !ft) e"' t'(./tr- !fj 

Then [~.-t e '..f e i~ ?- -

4/1: (Z--f-tt),·.R lj(cos&). '' z.Lkr' . 'Iii 

represents the wan function resultins; rrbm the 1nterac4o~ of. the. ~eutr.on 

•• e ,a;d:th~,;':l~·~z~ -= r ci-P+I)i.-' ~(cos9?R~ li~_,)e~<kr-4t1 
VI T ~ " ' ,; Z {Jtr 

is therefore: the scattered wave. 
) 

. , I ~J 

The elastic eoatterin& erose aeotion is obtained by c~cula.ting the.nux 

jJuJl.v-Jr over a large sphere (v- is the ·velocity of \M i~o~tr9na = ~). 
2 ; ' 

The scattered nux divided by the incoming nux/em whio~ is equal 
.,1\ 
; \ 

ie the olaatio scattering cross section. The abeorption: ~rosa section . . . 

1a found similarly by the differ&nces or the. 
• 
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incoming and outgoing currents of the two wav~s impllcit' in r • Writing. 

'{I::. (/)0 + fli ( {ol" out3~i;J a'tl'ftl iHco.,;.,.J ""4v~s) 

C1Q = UZ >?e/4stiG , f. J[v-/ tl'<t- v-J f/1,./ 3
] dr 

. ' l. 

:f. (Z.lft)(t-1R 1}rr~ 
oo ...e-:.o . . l 

and oe -: ~ [ (!- "ft )2 
-1- 4 '1.t . Sin I. O.t 1 (Z t -f 1)11 ~ 

e-:o _ _ Ff 
For high energl.es the maximum P is given by /J If -R -woax. PJ O,Y J'WI -~ 
where R is the radius of the nucleus. For the special case of an opaque 

nucleus /~'fl.-= 0 .for ,R. ( 1. ~·t' .. qnd fcJi-= 0 .foY .R >. ~ ~ 
~...,. v;;, ~ I l . . 

Then o-~ = o; + 0: = 2 z_ x. ( Z .f f I) rr ~ 
""' Q 1. 1l =.o 

== (~ .... + !)z.,~ 
::: ZTT (If+ 1..)"' 

Our assumptions are only valid if R )~ ffO 

<Jt. .--) .. 71 R,_ or the total cross eeet1on is t"!ice the geometric cross section. 

For a nucleus partially transparent 1_, will not 'be zero for.J ~(Rand ld.ll 

vary w1 th .1 , since the path length of a parttal wave in nuclear matter 1s a. 
I 

.fUnction of 1 . This variation o!'f.p ia taken into e.ecount in the theory of 

the transparent nucleuG discussed la~r. Weisskopr3 discusses the above 

material in greater detail. 

The production of neutrons 'With a mean energy of 90 Mev. from. the 
4 

stripJ.Jing of 190 l!ev. deuterons by a 0.5" B~t target in th~!! 18l~o" cyclotron 

!M.ds it possible to extend the measurement-s· to a region in ,.mich the 

scattering mean free path or a noo tron tra.~t-ei11,g nuclear matter was expected 

to be comparable to the nuclear radius. At these energies, therefore, the 

nuclei ."should appear partiAlly tran spa.rent to the bombarding neu trona. 
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&tperiments were performed by Cook, McMillan, Peterson, and Sewell 
. 12 u 

using \be 20.5 minute half life beta activity resulting from C (n12n)C 
6 

for detection and b:t DeJuren .md laable employing bismuth .f'isa1on for 

detection. Tho tto10 aeta of mea&JUrements have_ estimated mean neutroD 

detection energies of 84 and 9S Mev. nspeet.inl.T. Botb experiaente 

exhibited marked transparency effects, eepeciallJ' for light nuclei, and. 

the 95 Mev. cro sa section values were roughly 10% leas than the 84 Kev. 

results. 

Fembach, Serber 1 and Ta7lor 
7 na-ve dovelorc:t a 110del of the t.rane

pa.rent nucleus, in which the nucleus is regarded as a sphere of nuclear 

matter of unifor.m density characterized by an absorption coefficient, K, 

and an index of refraction due to the increase of the neutron propagation 

vector, k, when the neutron wave enters the nucleus. It the propagation 
, h~t~F)~Z 

vector outtd.de the nucleus is Je := ~ 1 the increase 1n t-h«t proJ!Agat101\ 

_,tor .A!, ~ .ig,1tz ~ 1} , where ; is the poten~al· depth of ~: 'nuclear 

well. A wave going a distance X i.n nuclear matte~ Will ~ave J:~.e am~ tude 
· - · (-"1K +-t.Jto,x) 

and relative phase JIOditied by a factor a fl e I , , . • The • 

• 

ditterence in amplitude of the wave emerging tram tbe sphere, and the uno~stnc

t.ed wave repreeents a ditt'ncted wave and l~de to the diffraction or· elastic 
. I 

' . ' 
scattering cross section. The solutions tor ~he inelastic and ola-at1c orosa ·•. 

Motions are respect.i~l:'f 1- (I+ ~ K f? )e-z K I? ~ 
at ~ 17 R I - 2 K.,_ R.,_ ) 

• I ere, 'J.TllR ,,_ e (·K1 Zi.k:sT Sds 

a; ~ Oi ., ffi2 
'!'he result for (7;. 1G merely indicated to avoid the complex integrated exe 
pression. 



• 

\.~ 

-5- I 

·. 

Tbe constants A 
1 

and K are chosen tC? give the
1 

beat straight line 

tit for the radius, R, calculated 'Wl:th the~e expressions from the total 
1 .. 

cross section data, plotted against A 1-;. For both tho 84 and 95 Mev • 
1; -13 

data R = 1.)8 A 3 x 10 em •. 1a the line of beat fit.. The radius line 

becomes appreciably curved it ~ is varied b7 S% hom its optimum value, 

but K can be varied by 25% before the curvature is noticeable. Since 

the inelastic cross sections, using this model, are a function ot K and 

R alone the inelastic cross sections measured at 95 Mev. define K more 

accuratel.y t.han the total cross section measurements. For the 95 Mev. 

data ~'-:: 2.85 x 10~12cm -l and K : 3.~ x ).o•12cm-: were the value~ provid

ing the best .fit for the model. 

The production of neutrons with a mean energy or ZlO Mev. by bombard

ment of a 2" Be target w1 th 3 SO Mev~ neutrons provided a further extension 

of the energy dependence of the cross· aectione. Mea8urements by Fox, 
6 . . . 

Leith, Wouters and McKenzie with scintillation counters and ·b7 DeJuren9 

with bismuth fission chambers Jielded total arose section Values that 

agreed well with each other. To obtain even an approximate !it of the 

data with the tr.o.nsparent model, it was necessa.ey t.o let .Jt, = o, inferring 

that at these ~nergiu tho neutro~ apparently experiences no potential. change 

upon entering a nuoleua. 'l'he ratios ot inelastic to total cross section 

for carbon, copper, and lead wore measured with bismuth fission chambers 

and were equal to 0.5 within the ata.tiat.ical errore. Since tho bismuth 

fis8ion threshold is much lees than the ~an neutron energy of 270 Mev. 

the results can only be safely interpreted as .the lower limit or the 
en 

ratio of 0; . 
As the energy inte'rnU. between the ·9; and 276 Mev. msasuremcnts was 
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wide and tho aareement of tho model of tho transparent nucleus liitb the 

... ~rimantal data at 270 Mov. was uneatietactery, it. ~s telt necessary 

to inveat~te tho variation ~t neutron total eros$ sections of a rep. 

reaentatiYe nwnber of nuclei within this onerg regton. 
• ·'! 

• 
" 

·-
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II. COOtf!'ERS AND NEUTRON rlET~TI<fi 

A. Counters 
·1 • 

. ' 
. w . 

The biSillUt.b fission ionization ohambe~ emplo78d. in the preeont. measure-

mente were previously used in the 95 and ~ !1ev. total cross s"tion measure

ments. The chambers contain .31 aluminull discs 1/32 inches thick _and 2. inehea . . . . 

in diatMter {Figure 1). Altemate. discs are .coated on both Sides 'With thin 

layers ot biS~Wtb and connected in paral.l4U.. The uncoated discs, connect

eel in parallel, collect the electrons formed b;r 10Bit$ation ot the tieaion 

t'J"agments. The discs are mounted J/8 inchoa apart and the capaci. ty of the 

systAtm is of the order ot lOO..,u;l. A f~eld et.rensth of S00 to 6oo v/em. is 
, \ 

ll&intained between the eets of pl..ates. A hea'VY' trapent produced. by the 

fission of a bismuth nuoleue is initi&lly multipl:v charged and ionizoe moat 

h8llvil7 at the bo&tnnin& of its nnp. As it.s velooity decreases orbital 

electrons• are captured and the number of ion pairs formed per em. dt~creasee. 

Hence moat of the ionisation in the gas occurs n~ar_ the negative b16111Utb

coated plates and the size of tbe reE!Qlt.in& po.lse ld.ll. b,e ·approximately pro

portional to the energ of the .f'ission.tragment. The pulses are suitabJ.7 
' 

amplified by linear amplifiers. 

B. Pulse Ctmract.eriat1ca 

The number ot ions produced ·by a bismuth fission fragment is web greater 

than that produced by an alpha particle or proton given .off by a ,spallation 

reaction in the chamber. Consecp.ently it will take coincidences or eeveral. 

alphas (and protons) to giw a pulse as largo aa ·&. fission pulse. It at a 

gl.ven neutron intemd.t.r the loga~tbm of the chamber counting rate relative 

to a fixed monitor is plotted apina~ the discriminator voltage a curve lllith 
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a broad pl~t.eau is obtained (Figure 2)~ It the neutron intensity is in

creased, the rapicD.y fteying "pileup" region is · s~irted to' the right to . ' 

.higher diacri.m1nator settinas, but the S"Omainder of the curve is unchanged 

in shape. For multiple coincidences the rapid increase in countiGg l:"ate 

with chtmge in. neutron intenSity ie expected and .affords a criterion tor 

distinguishing fissiqn pulses from ''pileups''. To select the operating 

discrlminator voltage, the linear portion ot the "pileup" curve is extrapolated . . 
below the plateau region and a point on t.he plateau is selected where tho 

fission pulse counting rate is a factor of ·5QO or more greater·than the 
• 1!/t ~. 

• multiplo coincidence rate. This eelej:tion is made at the hipst neutron 

~t ~tonaity to be used during .the ~surements and any reduction in the 
~~ . 

intentd ty ldll turthet" d .. press the ratio ot ".pil~_pan to fission pulses. . . 

The gas used, 9S% argon and S% 002, was mai.ntained at a p"'asure of half 

' 
an atmosphen. ·At this pressure 90 ~· .fission trapenta have_ a .-ange 

equal approximately to tlto plate separation .'in the chamber~ ~nee the ioniza

tion trom the initiall7 multiply charged fission rragmeRts _occurs near ~he 
.. 

negative bismuth coated discs, increasing the pre~wre will not 1ncre~se the 

size of the fission ~ees; however• alphas and pro tone -~ct. have ~.ges 
. . . ~ 

greater than the p1a.te separation wlll give pulses that increase almos~, 
ll\ 

U,nearly with pressnre. Therefore fewer coincidences of alphas and Prt?tons 
. . ' 

·, 

are needed to give a pulse as lars;e aa a fission pulse at the higher pre~. 
. . 

This effect has been verifiecl experimental~ with the chambers. At ono-~t 
F ~' 

atmosphere and at a fission counting rate_ o~ 10 per second from the ·neutl"()~ 

beam satisfactory plateaus ld. th noglig1ble "plleupn oont.riwtiops at the · 
I 

operating discrind.nator voltage wore alwqs obtn.ined; 
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c. Effective Neutron Detection &leru-

The energy distribution of the neutrons knocked out of tl'w 2 11 Be target 
ll 

by the 350 Mev. protons has been measured by Hadl.ey , by Fox, Leith and 
12 ' lJ . . . 

WOuters and ~ K~lly and Wiecand • All three measurements show a distri-

bution peaked. around 270 Mev. with a. width at half marl11mm of about f:IJ Mev. 

The statistical errors nre rather high and H~dley and Cladis are attempting 

to measure the 'distribution !rom a 0.51' Be target with more precision. Te 
' .. 

investigate the varlatioh of the bismuth fd.ssion eroas section "With neutron 
.... 

energy two types of measurements were made. First the ratio of the bismuth 
"\.. \ 

fission cross aec.tiqp to the n1 2n cross section of carbon for the 270 Mev. 
. s 

neutrons r~lative to tile ratio for the. 90 Mev. neutrons !rom bOmbardment of Be 
., . 

by deut.eron& was measured b-/ placing S.fl l/13" thick, l ll/1611 diameter poly-

. styrene ~sc in front of a fission cha.mb'r mounted in the eoll1.nlated neut.ron 

nux outside the shiel\\ing. The number of'· fission pal.ses · in tho .chamber was . . . . 

recorded for steady, 10 minutG bombardments and the positron activity resulting . . . 
! . i 

froril the n,2n reaction of carbon waa counted on a standai"Q Geiger-Mueller 
\ 

counter. Bo~hardments were also,made with bra$s plugs in the collimator to 

elimina.te background effects at both energies. The ratio or tha bismuth 

fission cross section to the n,2n cross section of carbon, inc;x:eased by 
. ' 

3.56 t .11 ·wt~er. the mea.n neutron ene;a was ~r&ised from 90 to Z7Cf J4ev. 

l~asuroments were made inside th0 shie-l.ding of the ratio of the t-wo 

eros;. sections by varyine; the radius. of a 0 • .5" Be ta.r4et and therefore the 

energy of the incident vrotons. A fission eha.mbor an.d pol.yetyranc disc lMN 

' 
plao&d near the cyclotron tank wall be~nd_4" or lead, which absorbed str~ 

protons scattered from the target thru. the tank wall, but allowed the . . 
neutrons to reach the two .detectors. The proton enera wae 

lowered by 40 Mev. etepa rrom .350 to 150 Mev. 11te results 
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indicated that the ratio of the bismuth fission to tho carbon (n1 2rt) cross 

section increased almost linearly 'wtth th~ e/aerg ot th~ incident protons, 

and presumably, th&retore, linearly with.the mean n~utron ener11. The 
14 

carbon (n,2n) cross section is theoretically f'a.irly nat in the ener&r 

interval trout 90·,~·o 270 Mev., decreasing by a. factor of about o.e. The 

bismuth fission crons section, therefore, pr~suznably irerwasoe in a linear 

taohion by a factor or three in this energy interval. To obtain a ~calibra

tion point .tor the lower proton energies 190 Mev. deuterons were subat1-
l 

tut.ed tor the protono. The ratio ot the bismuth fission to th& carbon (n,2n) 

cross section for, the resulting 90 Mev. neutrOns vas ecpLil to the ratio ob

tained £or tho neutrons knocked out b7 16$ Mev. protons~ The mean loss ot 

energy in prodl.lcina high-energy neutrons in the fof'l.'ltU"d direction by -protons 

appeare to be of tbe order of 75 Mev. :tor proton ener&tes in the range here 

employed. A 0.5" Be target (instead ot 2") was used in ail the measurements 

to be discussed. S!rice the proton energy loss in traversing the target is lees 

for the 0.5" than the 2" target and the bismuth fi.seion excitation tunotion 

8 
is rising by about a factor o£ three in the ·neutron. e~er~ :ntervul bet:een. 

90 and 270 Mev., the mean detected neutron eMrQ" wlll be asa\Hlled 70 Mev. 

less than the proton eneru. Tbi~f·inlue. ~s only good to within lO or l5,.J!ev.; 

. but ae th«J measurements are· rel.ati ve the neutron. ~n-eru differences will be 

more accurate. A Jm)a.surement b7 Fox nnd. Woutera15 with ecint.Ulation countero 
.i 

or the neutron energr distribution !rom 1.80 Mev. protons on a 2n Be target 

.. agrees with the aboTe assumption of a constant loss of abQ\lt 75 Mev. in. the 

neutron energy resulting from proton bombardment. 

• 'I 
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III. EXPl!.it:OOBTAL AllRANGlamiT 

The neutrons produced by the bombardment of the 2" &! target 'b7 

350 Mev. protons have a widtt anaular d.1stri.htlt1on \4th a halt width at 

half maxi:Jm.1m of 25° (as measured with binmuth fission). Since only t-wo 

collima~ors are present in the concrete 9hieldif14 (see Figure· 3) corl"espond

ing to proton ener&tee of 180 and 350 lfev., t,be detector aust be placed 

inaide the shielding for interm.ediat~ energies. Moat of· the Mutron nux 
passes through an inch of ratecl tank wall as well ks ~tqer obstacle&J so 

·! • 

the elastically scattered flux would constitute a baekgrQund oi perhaps 
' . 

10 to 2~ of the undevie.tcd. tlwt. To redUce the det.eotor backpund th-. 
I 

chamber was placed ~ehind a 7 tt. thick COl)CNte block with a hollow cen-

ter. Two concrete c~llimators,•ea.dh 31" long an.d 4b" x 4i" ~area 1d.th 

a. 211 diometer o~n1ng -were placed in serien in the center of the concrete 

block. A brass tube 6• long,--211 outer diameter and 1 lJ/16" inner diameter 

was placed inside the concrete colliniators t_or further collimation and to 

facilitate alignment of tarpt. colJJ.mator, and detector. Brase. bare, Wich 
. . 

could be inserted quickl7 • were packed o.rou.nd. the concrete,; collimators and 

the root of the hollow was filled with concrete plugs. The target positJ.on 

was varied from 81" to S4" to obtain the desired proton . .,nergy setting~ and . . . 

the collimating apparatus could be swi:velled into alignment· for thtt target 
• 

positione. The detector was placed 6• to the. rear of the concrete block and 

the attenuating materials we~ &llgned immediately 1n front of the block on a 

wooden holier. The distance from absorbers to detector was aoottt 13 t. so 

the geometry was "good" wi-th only small angular scattering corrections necessar,y. 
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To mo~tor the neutron bewn a bismuth fission ch~ber was plac'd to~one 
~ .1 ' 

4f. 

side of the concrete block at a position where the contribution or neutrons 
. ~~ 

scattere~ from the absorbers· to its counting ·rate wa.e netJ.igible. &ckgroUX¥1. 

wa-s dbterW.ned 'b7 placing approxi.ma.tel7 7 mean free paths of absorbers on 

the hold_er. For most measurements tho background was ~£ the order of 5% 

of the detwector counting rate with no absorbere present. The ,geometr;y was 
~ . 
tested by comparing the att«1ue.t.1on of the .270 Mev. neut:ronill using tne above geiome-

try with the previous setup in "Whioh the deteot~r- was placed outside the eon-

crete lhielding 1n tM collimated neutron beam. With the .Cletec•or 'outeide . . 

the shielding the background was nfl811Jible and the M"&ui&r scatterins co~

tion les&S by a. factor ot two than in tho present case. 

To test th~ new geometry the length of copper absorber was ~reatMd. 

by 3 inch otepa to 12 1nchoa and the "sulting attenuation when corrected 

for backfti"Ound wa.s linear aa a tunetion ot. a.bporber lenath when plotted on • 

semi-logarithmic paper. It W0 is the number of neut-rona· per oeoond ~ 

the detector ~th no absorber present and N•is the number when absorber ot 

length lis present . cr;_ ..t 
N-b :: e- 71 

-c . 
No .. b 

A) 

where b is the background counting rate wh•n an absorber that absorbs essen-

tiallr all the neut:rons is placed. in position, n.is t~e number of nuclei 

. per cubic centimeter, and <1t; is the total nuclear cross section. A value 

of 1.14 :t .02 x l0-24om2 was obtained with the detector as c~pared wi:bh the 
I 

' . . . -24 2 ' 
result. outside the abiolding or 1.1.5 ± .02 x 10 em for the copper toW 

cross section. L1near Mmi-log plots were obt.aine4 at other probe positions 
' I • . . "' , 

' ' 
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to check the geometry. Most of the measurements were made with between 

one and two mean tree paths of absorber preeent in order to obtain good 

statistics for a minimum timo of cy-clotron operation. 

. ' . ' 

,. 

• 
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IV. ATTENUATOR ~1A'i'ERIALS 

The met.als used in tho ~xper1mtmte were usually machined oyl~ders, 3 or 
.. "·· 

4 inches in di.ar::l1Jter with negligible chemical impurities •. Densities were ob-
• I . . 

. . . . . ., 
t.e.ined. from measurements of the pbTBical. volumes with mi.Cl"'!.Jleter and vernier 

~lipers and. accurate weight& of' tho cylinders. 

The· total cross section of hydrog.an was measured using. pentane-carbon 

differences. A brass cylindrical holder 48" lons wi t.h l/32" thi-ck walls and 

bases held the pentane. An array o£ seven machined, 3" M.ameter graphite 
. ' , , • • r • 

cylinders ot ma.sa per unit area equal tci thai) of the c•rbon in the 48 inch length 
~ . 

of pentane plus a l/l6n thick brass d.1ac, and the pentane~ wer& alternately . . . . ' 

used to attenuate the neutron ~. The decrease 1ri. the detector counting rate 
" 

When the graphite was replaced by pent.G.rie is. from tb$ attenuation of the 

n.,utrons due to the hydrogen alone. ·S!D.ce on.l..y .3 to .4 mean tree path of 

hydrogen is preeent (depending on the neutron ono:rg) · repeated cJOlee wte 

iaade at a given probe settJ.na to obtain sood sta.Ust.ics. The· percent atat.1e

tical error of t.he crosa section moaeurement. is equal to the pereent statts-
. . 

tical error in eount.lng d1 vided by the number or mean .fl"t)e paths of hydrogen ., ' . 

present. Short. blank oY:clea were t.a.ken with an empty bolde.t' ·to obtain the · 

carbon cross section. 

. •. 

tories !or impurities. which were as follows: 

Graphite 

Pentane 

Silicon· 
Sulfur 
Iron 
Othere 
Sultur 

PERCtlJTAGE 

0~05~ 
·o.067% 
o.oll$ 
0.020" 
0.045$ 
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Gellotally between ontt· and two meo.n !reo paths ot mat•dal weie. uaed· ' 
' ' " 

' 
cro.sa sections for \he '270 Mev~ neutrons showed that· the ineiaetic "was at 

leaet balf the toUu.. collision c:ross section. 'l'be .pres~~ aeom:etq vaa '11gOod" 
. . . ' . ;l ~.. . 

to the extent that. neutrons from tbe t.arget -co~ onl7 :l)$ def'l._ected, 3/i. ot. a 

degret, by the .abeorber at moat and 'st;Ul imt.er tn. da~ctor. 'fhei tol.tO'Wing 

. ·nomen-clature will be used tor the. di(traction scaiter:ing oorreetioru · 

[
0 

!='. no. of nilutrona per stera~n per ee~. trom bex7U1um tliil"get 

r; ~ distAnce f'~ target to absorber. 

r~, ~ distance h-om a~sorbep to de\$otor 

A
1 
~ eftecti ve eros_s aectio~ area o! e.bsorb&r tot· ace.tt.e~ng neutrons 

. · into detector · · , · . . 

A 
1 
~ sensitive area of dei;$Ctor 

Ns ::- no. or neut,rons scattered ~r second bt t~te abso_roer 

~ :- no. of ..Beattitred ntt~trona entering the detoct~r 

No • no. oi UJ;ideviated nfAttrons entering deteet.oF.Witb abe()r'\>e~ in place 

. ~ • total cross tSeotion 

~ • cross section tor •~atic acatterina 

Ae !!!". mean tree R\tb for clastic "ecatterin& 

1\ '!! mean f~e p~th t~r elaotic plus inelastic .scattering {total ... ~F.P.) 
. ~ :. lengtb or absorber 

· .0. : soU.d angle detector sub"endo at ·absorber ~ A2 / 2 
. . . . 7~ 



., 
·,. 

~· '•, ··, '1 •. 

' (. 
. . 

·.I 

.. 
. ' ' ;~ ~ . , . ... t•· 

.· 

The probj.billty ot ~. neutrQn be~ •la.sti~au,: acattered .. p. tsmo_a: ~s it ;tr•-
' ~ ,. 1,) ' ' V' . ~ : • ~ • . ;• • :·. 't">~' •' 

verNa ~ l.arigtti . .i o£· .. tenAl ia•; . , ·. . . 

cl> Pf ~ e-6-..J'j;; e ~~~ . ... : ,ho.."t><t~···~~~ , 
AISsliming that ·0, neutrOn .siq&iy ·~~tt~· ie al.-..~ ~fleest$4: tb~ga ·an .. 

• '. '. ' ' .' • .\ , ~' " • - ._· '. '. , ..., ""' ; -> .·_ .. .- • • .J '• ,· .., ' I,~ ~ .... . '.: t • ·•· •, ' ~- .~..,~~~· , '.· 

angle« • Y.bere4('ia·.a .B.mall·an6le," a:nwtron ticattAared p·tbletJ Will b4J .. ·· . '~-· ·-l-' .. - ... ~ . .,. ' ; .. '. ·.,_ -~ _-- ,~.. . '•.: ~ '.-(~---; ; .. ~. ~-·-· .. ·~-;-_ .. ~.:-~.:·- .. ~. ,·: .. 

at an ·anll~tt#ttth· r~apeot·.~ .it•. wuai ~.Ct~~ .. <.tt~··the. !!~~?~'-·~··.>:.. . .· 
• ( .. t. . . • • ... ' • ~ ...... -~ " ' ..... ' • ? . • .. f :~ ....... • . ·.·. t .,. 

walk pt'oble•J. If _the tteteotor nu ·a m.axhn:un· anal-• · Q.f· :r4tcep_ti.on '.:t:~· ~· · · ; · . .":j 
. . . .. ·' . . . . . . . . ·9 .· . . '··. . 

absorber, •• tn•. ·initial ~ .. a.ngl.e··~r e~tteri-n&,m\;,.~ be ffz.l~~ . , · · · · 
neutrons .)Jeatt~'t'e~ ·P tinles . t~ bo~ ~cepted4! ,·'the &ojtd: ~o · t.h;~~, ·~ t~~. · 

· . . . · . · , . - .- -· · . · . ··· .. · r: . · ·. ~ . 1 . :__ . • ; • ' ... : -· • .: . • r~ ~~:' ·_ ·· 

scattered. ne~trons can· ent.ltr Otter _<tl'l6ir 1nit~al·detlect1on· is eqt.l ~0 .• 

The · probabi:li ty of . a rU!~trim: hoimg: · eca~tered p times· a~, •u•te~~ .. ,ttie · dt!!~~ . :· . .· . . . .· . '. '·. . . . . .: .. : j . . . . . . : '. . : . ' 
t,or •t ;,n"" ... e. :is:v r(· ./2~ . ·"· • -~- YAt J tre{9f.>:).~ d ~ii c{f) · .. · . 
~2} I od ~ .~~ 7 A~} · · ' 0"; . ... J fAJ . _ .. : _ . : p~ · : , : ". ·. . '. 
'fhe r:'Wtlber ·or sca-ttered noutrone ~ntet-~g t.be d&tectolf ~-: eoc~~d>~i.;.~·- ,'_ · : ' 

angteN and;+ 1!4'[.·.1._~· ·;~b:(~e)r 7t.~~.'!1_L. ~f2_tTSi,e:m 
sJ . . 'i ·.f::.l •. , r· ...... · ... ~; .:J ~.: }~··. 

Sinee t."te mrud.m.Wn angle ot acce~C,~-1• ~- 3/4 ot''a ~eJVeo."at:·t.he .de~. 
. ' . . : j'· . . . ',- ' .. ~ . ' . ' ' .. ;·. 

tor. the di££ercntial. ecatt.ol"ins cr.oes 'eect.ion 1& ~aetioe.lly '9onstant C)lror'.· 

thi<i 8IDall Mgu1~ ~anlio ~ ~ .~e ;,~ t,y ~ ~0~ Tho .. .K,~ct' ai.&L•• : , ' 

t11 sin8J9. tnt<>srai*• w}! : :. ' · . · . . .. .·. ..· . , , . · . . . 
nn~uy:' I ~ ~ .A.. 'd oeCoj e- ~,t'. ~ · _[. r?,_ ..f 
<3> -N.~ ·- o ·. y:-z. :."r:~ ··-: d w - · ..:.. J .~£- ~!~(.·/leJ 

. ' ·. .a. . . . ~ . -f I . : VA ... ' ~ . . . . . . -.-
~··' :·~r' .... 

ND -::Io (:/A r:.)~ e- ~t .· ' :· . . ' ·· .. 
,1 z.. . ,·) .. . ''• .' 

'l'tMt.refore ·(4) . · , ' · ,. - fJ 

~: ~ ~ a:~ooJ[f, +kt ~ ftlt4e) 

... 
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Writing tho SW~med. terms in expanded rom · P. 
NJ- A,-Jq(z(o•)[J- +..L]l.[--.r .+z..--.~~(f-_)~. ... J __ ~3t-f:)~··]-No - a=; a w - r; t; ' ./\e #. ~\e [,_, ... 

SinO& I - -= .& -~(o•) [~ +-!; ] 2 f.R"J?oe +z+.,-t>",l,.oe1.j-
- )\ ~ ::rfCfe CT'e " W ' I r 2 L • "". -. _ . - . ' 

For the' accurate moatll'.Jr~nts o! Or<lSIJ sections 1 was &lwaye ).eos tnnn "e' so 

the first tenn in the expansion doJJl.inatea the rest. The :!'/0 Mev. ()J(perimente 

showed that~ ~o.;cre In~the (lorrections we will uaeq;_:.Sc:Jt. tihich . _ 

wUl ciiv• an upper limit to the correction. The -above tre~tl:nent is essent~ 

-the same as t;hat of McMilllin. 

Tho differential seattsrini erose sections were est.imate4 trom the tran$... 
' .16 

parent DIOdel. At 190 end ':tlO Mev. thet are - : 

Cu 

S:n 

Pb 

u 

TADLE 1 

;Jrt<oi (190 Mev.) 

11.6 b!JiV' ·. 
steradian 

27.5 ~ 

60.5 

74.0 

d Oe(o") (270 Mev •) 
~-' 

l5.l). l?ime 
steradian . 

,7.2 

gl.5 

100.0 

For the lead and uranium cross sections the corroction amounted to about 

]$ at 190 Mev. with the geometry employed, and dropped to about hill thio 

'hlue for copper. Since· tho statisti~ ~rrors in tbe erose soction values 

are a.hout three Gr four timea the corre-ction, an uneorWnty or 50$ in the 
J ~ ' ' -

correCtion ie t?lerable. The ass~~tions mads in the calculations are pre

sumably within this figure. 

A background -of ~ce.ttered neutrone f~m the tank wall-co...'nprisin& 10 

to 20% ot the rumtron nux from the target mAT be pree•nt in thtt t'f.t&ion 
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. VI~ RE~lltTS · 
. ·• 

Tbe.data obt.'l.ined are given in fable 2. Copper, tilt,- lead., and uranium 

ha.~ mttall diffractiOn scat wring corrsct1one incorporated into· their 

cro~s section values. 'l'he v¢e.t1one of the e:roee sections witb energy 
. . . 

arC Shown in graphical form for C$.~Dt &lumin\Ui\, 'copper. An~ lo~ (ftaur• 4)e 

_The hydrogen cross section is illutttrated. in l''iguree ; and 6. The r~~lio 
or the previously quoteli eour~es are -p~ a.s well as_ the 42 Mev• cro~.S 

. . U. · __ .. 
sections or HUdebrand and Leith. (to b~ publiShed). The errors ;tven are 

the statistiOal fll.lctuaUo:ria f1rCQl counting alone_ expruaM. in ~ 

deviations • 
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TABL.E·3 

TOTAL CROSS SflCTl<liS Fat. 95 ANP 270 &,. •. NEU'l'P.OOS MEA...~Rlro. PRMOO$LY 
. w'ITH BISI4iTH_ FISSial CHAMBERS. · . . . 

Element. <T t(95 Mev.) X J.024r;a~ - (Tt (270 Jf~v.) X 1024cm~ 
Hydrogen 0.073 ~ .0015 0.038 t .OOlS . 

Carboa 
. I ... 

0 .• 4.98 - .003 

0.993 ! .ou 
. 2.00 ;t .02 

4~48 ! .• <>J 

o.sss :t .ooa 
l.lS :t .02 

41. .... . 
2.oq. -· .03 
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cross ~ecttdn v-.1~~ s from a.bout lao .Mev. ' to· 2.70 Mev~'- ~a.n .~~tr<>n . energy, as _ 

. Figat.e I+' .indieatee• .. · -~ neutrorf ~~er~· .distdbU~~on d,:tected.J)y .th~' . . 
. ' ' . . . . ~: . .... . " . 

• ' • . • f t ... -~· . ~. \. f' . : . 

fission chambers .1s rather.•btQad. tor· tho ileaa~U~ments~U:bdertaxen ·-.an4'the 
.· ·.. · .. ~ ,··,. . .. >:··~-- : " ... · .... '· .. ·'·_ .. ··.\ -~:_ ... __ ~_<·.· ·._ .• _·-~ •• -~~~,. 

re,aulting erose sections :'IJMJ.T ri~,.. c'ottespOnd ~xactl7 to. tbe~.;~'r.u~;·Cl"QSiJ • . : . . 
' • • • • •, • ' • ' • ; ., • • ~ ' • k 

"~tbm at tha. m.mn det~~ted: e~ergy_ of . th~· tmattenu~t~·· :~.std~ti~~ •. -.. It .' . 
' .. ' ' ' . .·~ . . .· . ~ ' . . ... ~ •,- .. ·.. . . . ... . .. . ' '. 
. . . . ... . . ' ',~ . . . . , 

tbe detft.oted _energy d1s~ribi.U.on.is given bt-f(E) where :.r(~) -~s~·normal1J~~ .·- · 

eo that}/(;~ , l tha ~eaOllr<Od ftluo o£ t.lie ~,_;:,; a"!~.;,. :18 hom. A; • . . . 
. £....,i,~ .. n· .· ~- >i : .. No.~b ; :.._k_ { ,-~~IC·;(e)e-.~te).PdE. ~ . 

. 1'1..-t: (]'""* ... ~ N-~b ·· J... ·.· ... · · . - · · 

or c/7n -~ ~j k{~~~f{c):':n~;;;;d~·,: ·:~~} · ·, ·· .. 
. . . - . ~ E~;n.' . . .' . . . . , . :. . . .:-: . . ·. ~ .. _.· . ,, . . . : · .. _. . 
rt ·.cln.is .e~ed. t()r the .energy intervals· wt&ore .,..&urement·s~ 'l<i•r• ·mad.'' tite · 

: ~ .~ :. ;, \ • , • •• ~ ' .• •· ' ·' ... ~ otc ~· . ' . ~- •: , 

• 0' • . • • '· ....... ! ' . ~~ ~ • ' ·:_ . ~l .• ~· ;·· _·'.( > ·.·· .. 
;following. ste.tementa may :~e made. tor :tile tour·. nuclei a 'bOve: : · · .. · . · · 
· .. · .· ·._ ·:·.·~·?.'.·"-_',· ''\.··: .· _·.,:. /·,·~. <: ··'.·,·:¥~'.><··. ·.· ·'_ .. 
(l)For mea:~- ene~g:tes rit. ·.ZJ.O ·*'Y•: and ·above_ t.b:e':V&#at.i~-,()t<f't (B~, .ove_7 .~·~.-. 

·, I ' • ' .. , . ' ··t- ., . I • 'j·.-~· '... - ... ",· :r ~ ~ ~ 

distribution 1 s slight and ~ auees W1 tb. 0"( E) ~~-·the ··~an~ ~ner:_jt · . · '· :·. . · 

E "' t=~·· E f( E} d £. . ' . . • : .: ' .. .-. ·. . . : : . ' .. 
, . e-,Tt. _.- - . , .; .... ·· .... · .. -,·· .... 

. (2)As the ~&an en~g ~r·t.~e dist~\)q~ioa.~·~lo:w.;r~d.·:~: 160;-~~·v.o;<~:l:· . · 
be~s to increase :r~ the plateau vaJ.ue ;tin · .th~ :l()w_ ~~~l"aY 'Si(;.e. ot :tb• .: . . 

.. distrl.~~1o11 'and the m-~r~ .vaiue ~ •. \Jill be. h~ghe~; ~~cr{ijo >, ):<·, · · • 
' ... . .·. . . . . "' ·."· ~ .. ·' 

A sample calCUlation ~a made tor·.a hell eha))ed ~~u~~~ enetli:i,' 4i~trl~ :· .. · .. 
' ' . ~ ~· ' .. : : •. ~~ .. -~· .. ..-~ ... -, : ... ... ·.,~ . 

bution vltb a (:l) Mev. Width ~t··hal£ 'maxtmwn and "lin ab·so~ber .l..·s·:~•an .free ... 
'· ,-t' .. ' -

\ • ,/ ~ • ~ • -: ~ '· • i• • 'I • ' ... ~I 'o :• • -~:' -~ ;.., '+- ' : . ._,.. ·• \'• '";' 

paths in lt!ngth at tho taea.n: n~1;ron ~~gr._. For. a ~rosa ·a·e;·ti.top·:<ie~f"~e-
r : · - · . ;, ·· •. · ' "" •. . - ~- .. ' · -- . :' .. ' . " .. \• ·r' · • -11"' "" ' ·~ • • ·: 

. · .. ing about as carbon doea, (1'. at l6Q_·J!ev. oouid be about· s~::hi{#e~t ·t~:~~m 
. . • . .' ·JII. . .. . . . '' ." • . :· :· ..... :' • :.-

t.rue u(l60 MOv). · :• -~ . 

... -· -. 

- .... . ''., 
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In •ner~ tho brOad distriru tion t6nde to round. ott the shape .or 
the curves. ·The plo.tea1u.s are probably slightly nattcr and long~ in 

' . ' 

extent than ohown. .. 

A measurement .o£ tho ~norgy distri~tion of the -n~utrons· re·ru-ltina 

. from the ·bombardment of a 0. 5" Be target with 100 ·Mev. · pt"Otons, ~uld 

enable one to deterMine the t::ner.gy assignments of cro 8$ eec~i~ms W'&Bt.tred 

~tween roO and 100 Mev .• to a. better extent. than is poauible now~ 

Tho region where the ·erose sections tend t"O level ott is near the 
. . , . , . . .· ~. . . 

theoretical threshold ror 7f ureeon production w1 th noutrons which .is of, .. . . a .. . 
the o~der ot 150 Mev. trom conservation laws • The tran sparen.e7 of the .. . 
nuclei to neutrons appe.r$ntl$ reaehee a lim1t ncar .200 Mev.''· Sine.,- the 

. ~ . . 

·change in the propagation .ve~tor,k1, 1n the ~ocy o.f _the t~~&partmt 

nur.leus, had to be taken eq.J.al to zero in. order to obtain ~n. an t\pproxi- .. 
\ ' . . ... 
me.te fit of the thttocy to th• data at· 270 Mev. the eros$ secU.,on'e were . 
preswu.b1y a function of the absorption coetfieicnt K l.llone. ,At 270 Mev. 

the theory prediotecd highor eron-seotion valu.ea for the heavy rl\l.Clei 

than won meaaured and a fit eould be obtained b;y a.ssum:bt.g K dfil_cnased 

with atomic number. At 90 Mev.: the agr~nt was not very t~Ot:l_niti~ to 

K, atl Q.\f!ntioned earlier, and a constant value gave satisfaetiQ:ry result&.· 

Sinee the ratio of netJtrona to protons .in nuclei inereo.ses With atOllic 

nUtDber K 'WOu~d not be constant if the n-n oroee section Wer& :snt4ller than 

t.he n-p cross secti:on for the neutron traversing nuclear utter. Since 
' 

- ' . f ..• ', 

CrQa& aeotions tor a few of the nuclei with a detector ha~& • itO:utrom 
. <':~ ~~ 

energ cutoff nea..r ~0 Mev. are needed to settle tho problem conclueiwlJ. 
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~-- ~ ...... _ . : ,.. . .. '; ~--_·.( .• •. -~ ..... 

; .. ' ·• -. .,.._ :· •.•• -~-. ~-~ ' 1. 1 •• • ·. . •. :.·.'.::.:c. , ·· ... 
. !be total.. n-p ~rolti- ~tion !v.~~~n !ld. ~ en.t'gy la ~ven .'in -~~' .S · . 

.. · .. : ; . ~ ~ -- .. · . 19 - . . ·~r~ "~ · . - . " . 
. . • . · -~ ~6. · .. 1'be .tb.eoretlaal'~ot.l~•·of Ohnatlan and !Jan ·to, a-~----~··' ;x:-
. ~,~' .·. · .. · .... ·. . ...... '·.~ . : . ~ ",. ·· ... ' ·, .. ' ·: . ; .. . - < ·. . .:t.- . 

· ·· . ,o~ntial- t4 th teD,aor .,i.¢e~aot1oJ.1: .-e. Bho1m aleo. -·f«PeriJilttt~tall.T. the· , 

. ·-:~~.:~ o~~-~~ct,Uni~w~--~~:--~~-~~: . .-, ·1/a ~tion:tb&~ the i.· 
·• •' ~ _. • . :.- • ' ~ f' • ;: . : r ' . : • • " : :- • ' . • , ,c- ·, t . :\-. . 

·~ .. :<·::._-:·~~::~~1'!~~--~·~-~nc~~~~- ., -~>-><. :- . •· ···~-~--.~:-<";:_.. · .. 
· .. :··-~·:., )Je~nts ot-tbe.·dtt:terenti~l-'·scatt•rs.n& Ul<l total. a.-p·'croea·-,_tione · 

· ·. · , · .~ ~~~~~·-~ :·~ .. 300 ~: ~ .. ~~~ ~ .. ~Um>:~~h wi1r·~~;11~ · 
· · ;~· ~-.. Ofl•,PrOPo~ Jllf.)del& ot nucl.OU· tntera.ction, suoh ae .the -Neentl.T tii~saed 

.. ;_ ... :-_-~: ~-,,'_.:· _· . ...;: __ .' ' . ' .--··:· ~-.- . .· ...... -;:·: . ~--------.·"' .... ~----- ~-' . 

., ·- -. ··"hard· ~ore*' ~el• . WhOa ·t'tie. ~eu1u.•<m:\Q6P&7 te'achet .~be· ~&ion wber. meSoria 
.. ~~~: : __ ....... --~ ' ··. · .. , . ~~ . ·' . . .- . ~-- : --~~- ; ~.; .... ~-~;:~~~-:f > ..... _- . . . . . .~ :. . . ·_·- .. · :_ .' < _··::. --' . 

. ·. :- ~: "~g;tn-·to· .. bl Prot\u~,.. . . -~i~L ... t::-~ae-laetio .. colli~a bet~: nubl1tbft8 .· 
... · .. • _-:-i.: ~ --~- • - --_ .. --- .... :~-t\:,f?-~·:1;-.:.r,·-~-·- .. _ ~-.. : • -~-- _· - ·_.-: __ -~ .. ~~ .. }': _·- .. - · . · 
·, · .... ,,#;t ·CH:ear.1tt'.ru:t.-•e e2jp8ct~ ·~\·a·ol\mnae .. in \be _cba~teriottce;·«it ~:·eeatt.r-

-. ·::, 
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· ::- · 1l'li iat.t.em .,11ld be ot)~. · -~ tbl. neutJ.on b~t.:ot~b)"drogen the-
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