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VARIATION OF HIGH ENERGY NBUTRON COLLISION CROSS SECTIONS OF NUCLEXL WITH
ENERGY

James DeJuren
I, INTRODUCTION

The development of particle accelerators has permitted the produc-
tion of high energy neutrons by various bombardment weactions, For -the
high energies obtained the width of nuclear ensrgy levels is much greater
than the level spacing and.the resonance effects noted invthe oross sec~
tion measurements for lower energy neuirona disappear. fMeasuramﬁnts by
Amaldil'gg_gl with 14 Mev, neutrons and by Sherrz with 25 Hav.‘neutrona
were interpreted in the light of an opaque nuclear model for which the
total cross section is J; = 2 o F"cz |

‘where R, 1is called the collision raﬁius. !

If an opaque nucleus intercepts a plane neutron wava, the removai,bf a
disc of radius Rc from the wave will result in an équal loes from the remaining
wave by "diffraction scattering®, The total cross section udli be twice the
inelastic cross section. If the opaque nucleus 18Aassumsd to be a sphere
with the éame density of nuclear matterltor all nuclel, the collision fadius is

fac"= b+ rQA/QES‘ .
where b 1s variously interpreted as the range of nuclear forces or the wave
length i of the incident neutron. Graphically b is the intercept obtained
when R 1s plotted against 2, from an analysis of the i - 25 Mev, cross
section data McMillan deduced the value r, = 1.37 x 10-13 Che

Nuclear collision cross sections for high energy neug;uns ére usually

analysed by the expansion of & plane (neutron) wave into a series of spherical
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11—(-‘9?'“) 1s the Besssl function of order _,P+/ and at largo r the asymptotic
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The values of ,P correspond to the allowed integral multiples of
that the neutron mgular momentum may assume with respect to the center |
of the nucleus (which is assumed to be massive), Writing fj(r) in
| éxpmemial form the first tem corresponds to an outgoing and the second
tb an incoming spherical wave. If the plane wave impingss upon a nucleus
the amplitude of an outgoing partial spherical wave may be diminished by
& faet.cr?p corrosponding to absorption and the phase may "be altered by

‘a shirt 2dp. The radial mmti;:z (ch::a‘&’__ 4@3) -‘.(.Qr-_f%’)
- (=T &
vhere 47 < zekr | e
™ £ S | ZLd/ e%\(‘kf" —’ﬂ’) "‘(kr—éy)
i !

Ty =2Ae)ct P cose)["h — g

,
represents the wave function resulting frbm the intaraction of the neutron

cer- A
e -]
2 der

wave and the nucleus; and

U = q) e chez _Z (Zf—l-l)c (C°56)[(,7?

~

is therefore the scattered wave, o . f

ij

The elastic scattering cross sedtion is obteined by césl&ulating the flux
_SI“I tV‘ dr over a large sphere (V‘ is the 'nloci.t.y’ of the ‘/;’xoi%t.gggnsrém‘-“).
The scattered flux divided by the incoming flux/cmz whién 1o equal
is the elastic scattering cross section. The absorption erosa section

is round similarly by the differances of the
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incoming and outgoing currents of the two waves implicit' in ‘f/ o Writing
W (j}o ty; ({or OUtyol”’j and /"CO‘Minj waves)

G * O melastic = Zj[v-lw‘ V./W"/z]dr
Z (20+1)(1- %‘)ﬂ?\'

and T = Z C(""’/g)z-“ 4'72 sin dk](Z[‘f/)ﬂA‘

For high oner@.es the maximum P is given by #R ‘e'mdx ﬁ or /p ;

where R is the radius of the nucleus, For the special casa cof an opaque

nuclens /7270 for {1«.« a"d d' 0 for ‘e>’e‘m

T Loray, .
me oL ogo g = 2 2 (zzf/)rr/'\“

£-o0
(.2.,,, + /)Zﬂxt
2u(R+A)

Our assumptions are only valid if R )X so

1}

\U

U;'ﬁzw' R* or the total cross section is twice the geometri§ eross secti:on.

For a nucleus partially transparent"b will not be zero for @ X(R and will
vary with £ s since the path length of a partial wave in nuclear matter 18’ a
fanction of 1 + This variation on) is taken into account in the th_eory of
the transparent mucleus discusaed later, Weisakopr discusses the above
material in greater detail, | .

The production of nsutrons with a mean energy of 90 Mev, from the
stripping of 190 Mev, deuterons by a 0,5" Be target in the 184" cyclot.mnk
made it possible to extend the measuremsnts-to a region in which the
scattering mean fres path" of & noutron trave?airig miclear matter was expscted
to be comparable to the nuclear radius, AL these ener@ea, therefors, the

muclei should appear pertially transparent to the bombérding neutrons,
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Experiments were performed by Cook, McMillan, Feterson, é.nd Smlls
using the 20.5 minute half 1life beta activity resulting from clz(n,zn)cn
for detection and by Deduren and Kaableé— employing blasmuth fisaion for
detection. The two sets of measurements have estimated mean neutron ’
detection energies of 84 and 95 Mev, m;pectiwly. Both experiments
exhibited Mod transparency effects, espacially for light nuclei, and
the 95 Mev, cross section values were roughly 103 1esa‘ than the 84 Mev,
results, |

Fernbach, Serber, and Taylor7 have devaxo%gd a model of the trans-
parent nucleus, in which the mucleus is re@ax-d;d as a sphere of nuclear
matter of uniform density characterized by an absorptién coefficient, K,
and an index of refraction due to the increase of the nentron pmpagation
vector, k, when the neutron wave enters the mucleus, If the propag,atian
vector outgide the nucleus is fp- @ﬂ the increase in the pmp&gauem
vactor ,k ,@[a*‘y ) - /] where V is the potantial depth of the nuclear
well, A wave going a dist.a.noe X in nuclear nmatter will | a.vc its amplit.ude
and relative phase modified by a tactor Q- e (-fK-” e
difference in amplitude of the wave emerging from the Sphem a.nd the unobstrue»
ted wave represents a diffracted wave and leade to the diffraction or elastic

scattering cross section, The solutions for the inelastic and qlasuc oross

ssctions are respectively{ | j-(1+ 2 K»R )e'ZK’?}

7 = 7 R* ZK FR?

R H
@:Zﬂ/ /l'e(K-fZ k.S)I 36/5
d;-. g; + e '

The result, for g' is marely indicat.ed to avoid the complex integrated ex-

pression,
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The conat.anta,& ; and K are chosen to give the, best straight line

fit for the radius, R, calculated with these expressions from the total
eross section data, plotted against AY/3. For both the 8 and 95 Mev.
dats B = 1,38 A%/3 x 10 em. 1s the 1ine of best fit. The radius line
becomes appreciably curved if k‘l is varied by 5¢ from 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 funetion of K and
R alone tﬁo inelastic oross sections meam;'ed at 95 Mev, define K more
accurately than the totsl ¢ross section measurements, ’For the 95 Mev.

1

data &‘ = 2.85 x lo*lzcm_ and K = 3.0 x ,10’12@'.1 wore the values provide

" ing the best it for the model,

The production of neutrons with a mean energy of 270 Mev, by bombard-
ment of a 2" Be target with 350 Mev, neutrons provided a further extension
of the energy dependence of the oross sections, Measurements by Fox,
leith, Wouters and McKenzies with scintillation counters aﬁd by DeJureu'ag

with bismuth fiseion chambers yielded total coross section values that

agreed well with each other, To obtain even an approximate fit of the

data with the transparent model, it was necessary to let @, = 0, inferring
that at these energies the neutron apparently experiences no pctenﬁial change
upon entering a nucleus. The ratios 91‘ inelastic to total cross section
for carbon, copper, and lead were measursd with bi@th fission chambers
and were equal to 0.5 within the atatistical errors. Since the bismuth
fission threshold is much lees than the mean neutron energy of 270 Hev,

the results can only be safely interpreted as the lower limit of the

(2
ratio of — .
Te \
As the energy interval between the 95 and 270 Hev, measurements was



resentative number of nuclei within this snergy rogion,

whfe
wide and the agreement of the model of the trangparent nucleus with the
exporiméntdl data at 270 Mev, was unsatisfactory, it was felt necessary

to investigate the varlation of neutron total cross sections of a rep-

o, . -
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II. COUNTERS AND NEUTROK DETHCTION

A. Counters o h BN

The blemuth fission ionization chambérplo employed in thé present messure-
ments were previously used in the 95 and 270 Msv, bot.ai eross section measure-
ments, The chambers contain 31 elumimum discs 1/32 inches thick and 2 inches
in diameter (Figure 1). Altemate disc; are coated on both sides with thin
layers of bismuth and‘ connected in parallal, Tﬁe uncoated disaé, connect-
ed in parallel, collect the electx;maz {omd by lonigation of the fission
fragnents, ‘!’hs disce are mounted 3/8 inches apart and the capacity of the
system is of the order of 100w, A field strength of 500 to 600 v/cm, is
mintaine‘d between the sets of plates, A hekvy t‘rz;mex;xt produced by the
fission of a dismuth nucleus is initialiy multiply charged and ionizes most
heavily st the boglnning of its rangs. Ae its velocity decreases orbital
slectrons are captured and the number of fon pairs formed per om. decroases,
Hence most of the ionization in the gas occurs near the negative bismithe
coated plaﬁos and the size of the remlting palss will be 'approximately pro=-
portional to the energy of the fission.fragment. The pu:}oas are suitably
amplified by linear amplifiers, |
Be Pulse Charactcriaties v |
| The number of ions produced by a bissmi‘.h ﬁ.usion fragment is much greater
than that produced by an alpha particle or pmtaon given off by a spallation
reaction in the chamber, | Consequently it will teke cqincidenees of several
alphas (and protc;ns) to give a pulse a5 large as a fission pulse, I‘f. at a
given neutron intemsity the logarithm éf the chamber counting rate mlativv
to a fixed monitor is plotted against the discriminator voltage a curve with
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a broad plateau is obtained (Figure 2), If the neutron intensity is ine
creased, the rapidly varying "pileup" region is shifted to the right to

‘higher discriminator settings, but the remainder of the curve is unchanged

in shape, For multiple coincidences the ragid inareéee in counting rate
with change in neutron intenalty is expected and.afforde a criterion for
distinguishing fission pulses from "pilsups”. To select the opera.ting
discriminator wltage, tha linear portion of the “pileup" ourve is extrapolated
bslow the plateau region and a point on the plateau is selected where the
fission pulse counting rate is a factor of 500 or more greater than the
multiple coincidence rate. This selection is made .at 'th: bighest ne&tmn
intonsity to be used during the measurements and any reduction in the
intensity will further depress the ratio of “pilgups" to fission pula;;.

The gas used, 95% argon and 5% 00,, was maintained at a pressure of half
an atmosphers. ‘At thls pressure %0 Mev. fiaa;on frégaant;s :ha;w_a raixgo
equel approximately to the plate separation 'in the chamber. Since the foniza~
tion from the initially multiply charged fission fragments oceurs near the
negative bismuth coated discs, increasing the preasur; \sill not 1neroas;' the
sige of the !‘isaion pulses ; however, alphas and pmtons which have x‘dngaa
greater than the plate saparation will give pulses that increase almoaf.

 linearly with pressure. Therefore fewsr coincidences of alphas and prqwnu

are nesded to gi‘vé a pulse as large as a fission pulse at t.he higher preégure.

This effect has been verified experimentally with the chambers, m'onea-haur
atmosphere and at & ﬁsaion counting rate cf 10 per second from the noutmn
bean satisfactory plateaus with nogligible ‘”pil;mp“ cont.rimtions at the"

' [}

operating discriminator voltage were always obtalned,

v
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C. Effective Neutron Detection Inergy

The ane.rgy distribution of the neutrone knocked out of the 2" Be target
by the 350 Mav, protons has been measured by Hadlcyu, by Pox, lLeith and
Wouters— and by K2lly and iﬁegandm. All three measurements show a distri-
bution peaked around 270 Mev, with & width at half maximum of about 60 Mev,
The statistical errors are rather high ax;d Hadl ey and Cladis are attempting
to measure the distribution from a 0.5" Be target with more precision, Te
investigate the variation of the bis:;aut.h fiscion cross section with neutron
energy two tyﬁe.s of meagurements we;‘e made, First the ratio of‘ the bismuth
fission cross section to the n,z;; cross section of carbon for the 270 Mev,
neutrons relative to the ratio for the.@i) Mev, nauérons Lrom bé‘mbardmmt of Be
by deuterons was measurad by plecing an 1/8" thiek, 1 qll}lé" diameter poly-
_styrene disc in front of a fission chamber mounted in the collixrm‘ated neutron
fiux outside the shielding, The n'umber off fission pulees'in the chamber was
recorded for steady, 10 minute bonbardmcntsiand tbé‘ positroh_ act;ivity resulting
- from the n,2n reaction of c:.’f;-bon was: c;ountgecli on a standard '@eiger-%mllar
counter, Bombardments were also.made with brass plugs in the collinmtor.to
eliminate background effects at both ensrgies, The ratio of the biswuth
fission cross section to the n,2n eross s§ction of carbon iticgeésed by
3.5t .11 'wham the mean nautrcm enez;gy was raised from 90 to 270 Mev,

Maasuroments were made inside the ghiel ding of the ratio of the two
cross gections by varying' the radius of a C.5" Be target and therefore the
anergy of the incident protons, f.‘is«sion shamber and polyatyrane disc were
placed near the cyclotron tank wall behﬂ.nd 4" of lead, which absorbed stray
protons scattered from the target thru the tank wall, but allowed the
neutrons to reach the two deteéectors. The proton energy was

lowered by L0 Mev, steps from 350 to 150 Mev, ;Ihe results
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indicated that the ratio of the bismuth fissibén to the carbon (n,2n) cross
section increesed almost linearly with the snergy of the incident protons,
and presumably, therefors, linearly with .tixe mean nautro;z energy. The
carbon (n,2n) cross section is theorstically fairly ﬂatu' in the energy
 interval from 90,bo 270 Hev,, decreasing by & fastor of about 0.8, The
biomth fission cross section, thererore,'rpr,esmb;y; increases in a linear
fashion by a factor of thres in this energy interval. To obtain a oalibra-
tion point for the lower proton enersieé 190 Mev, deuterons were substi-
tuted for the protons. The ratlo of the bismuth fisslon t.o ths carbon kn,?.n)
' cross section for the i'emzlting 90 Mev, neutrons lwa.s _o’q:ﬁl to .the i'atio ob-
tained for the neutrons knocked out by 165 Hev, protons, The mean loss of
energy in producing high-energy neutrons in t&e forward direction by protons
appears to be of the order of 75 Hev., for proton energies 'm the range here
employed, A 0.5" Be targot (instead of 2") was used in all the measurements
" to be discussed, Since the proton enarmr. loss in tréveralng the target is less
for the 0,5" thdan the 2% target. and the bismuth fission eoccitation function
is rising by about a factor uf three in the- nautmn -energy intoml batwem
90 and 270 Mev., the mean deteocted neutrion anergy will be ass\mad 70 Hw.
less than t.he proton energy. This value is only good to within 10 or 15 Mev.,
‘but ae the measurements are relative the néﬁimn' '.c‘mur@ differences will be
more accurate, A moasursment by Fox and h‘outerals with sdnt%llation counters
of the neutron snergy distribution from m._ﬁw. protons on a 2" Be target
. agrees with the above assumption oi' a constant loss of about 75 Mev, in the

- neubron snergy resulting from proton bombardment,
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111, wm IMENTAL AHRANGEMENT
The neutrons produced by the bombardment of the 2" Be target by
350 Yov, protone have a8 wids angular distriltution with a half width at
half maximm of 25° (as measured with biamuth ﬁsai.m). Since only two
collimators are present in the concrete shislding (see Figare 3) correspond-
ing to proton energles of 180 and 350 Mev., the defector must he placed
inside the shielding for intermediate fenergieé. &ést. of the neutron flux
passes through an inch of stecl tank wall as woll &s Qt.ber abstacles; 80
the slastically acat.tered flux would constitute a baekmund of perhaps
10 to 20% of the undeviated flux, To reduce the deteotor baekmund the
chamber was placed bohind a 7 ft. thick 'c{m)orebe block with a hollow cen-
ter. Two concrete collimators,seadh 31" long and Liv x hdv 111 area uit,h
a 2% diameter opening were plaeed in sariaa in the center af the conerete
block. A brass tube 6! long, 2" outer dlameter and 1 13/16% inmer diameter
wag placed ineside the concrete collimators for further collimation and to
factlitate aligment of targst, collimator, and detector. Brass, bars, which
could be ingerted quickly, were pdcked around the concrate: collimators and
the reet of thé hollow was filled with conorébe p\lugs.: The target posd.tion
was varied from 81" to 54" ta obtain the desired pfntoh-amit@ sottings and
the collimating apparatiis could be swivelled into aligmment for the target
positions, The detector was placed &' to tpe. rear of the 'comr;ta block and
the atﬁ@nuating materialg Qare aligned Med'ia'r;aly in front of the block on a
wooden holder, The distance from absorbers to dcte;zt.or was about 13t, so

the geometry was "good" with only small angular scatbering corrections necessary.
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To 'ugﬁitor the neutron beam & bismith fission chamber was placed o one
sidu of the congrete block at a position whm the contritution of nautmns
seattcrad fron the abeorbers - to its oount.lng rate wag negligzble. Back@ound
w28 d@temimd by p}.&ci.ng appmmmtely 7 mean free patha of absorbers on
the holder. For most measurements the background was of the _drder_ot 5%
Of the detector counting rate with no sbsorbere presont, The geometry was
tesf.ed by comparing the attenuation of the 270 Hev, nsutrons using the above geoms-
try with the previous setup in which the deteeﬁqr was plécad .oﬁtvside the con-
crote shislding in the collimated neutron beam. With the dstector cuteide
the shielﬁing the background was nagli;gtbla énd the anéuiar scla'ﬁtetitig gorroc-
tion 1eas by a factor of two than in the preaant case, | . o

To test the new geometry the lsngth of copper absorber wag increased
by 3 inch steps to 12 inches and the vesulting attenuation when corrected
for background was linear as a function of absorber length when plotted on
sexi-logarithmic paper. If By is the number of neu;&roné‘ per second teaching

the detector with no absorber present and N'is the number when abasorber of

lengtn,gisprea'exlx\t;ﬂb _ é—ﬂGZ*Q .' - N A)
No-b

whers b 12 the background counting rate when an absorber that absorbs essenw

£ially all the neutrons is placed in position, m is the number of nucled
‘per cubic centimeter, and G, is the total nuclear cross section. A value

~2on? was obbained with the detestor as compared wibh the

Qf 1.115 "’ 002 b4 10
_ ) ) - 2 ’
result cmtsido the shielding of 1,15 % ,02 x 10 ?Acm for the copper total

cross gection., Linear semi-log plots were ‘obt.ai'ned at other probe positions
' @ S, . » ’
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to check the geomstry., MNost of the measuremants wepe made with between
one and two mean free paths of absorber present in order to obtain good

statistics for a minimum time of cyslotron operétion.
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IV, ATTENUATOR MATERIALS
The metals used in the expsriments were usually matghinad oylinders, 3 or
4 inches 1n diamster with negligible chomical immritios. : Bansit.iés wore ob-
tained fm measursments of the physical v'olumee wvith micmmater and vamior
calipers and accurate weights of the cylinders. _ | " |
The total cross section of hydrogen was measured ueing. pantaﬁé-—carbon
differsnces, A brass cylindrical helder 48" 1ong with 3./32" thick walls and
bases held the pentane, 4An array of seven machined, 3" diameter graphite
cylind;rs of mass per unit area equal to that of the carban in the 48 inch langth
of pentane plus a 1/16" thick brass dise, and the pontam s wers alternately
used to attenuate the neutron beam, The deerease in the dctoetor count.ing rate :
when the gmpmm was replaced by pentane ia_fm the att,mmuon of the
neutrons due "Eo the'hydmgm alone, -Sihec only +3 to .4 meam f'rea path of
hydrogen is present (depending on %he neutron etiergy) repeated ¢ycles were
made at & given probe setting to obtain good statistica. ‘I’hc peroent at.ati.a-
‘tical error of the ¢ross section measurement is equal to the percent statis-
tieal error in counting divided by the number of mean frge paths o_f hydrogm
present, Short blank oycles were taken with an empty holder'to obtain the
~ carbon cross section, o | . - - : . . ,
The graphite and pentane wero analyzed by the Pacific “hemical Labore-

tories for impurities, which were as foliows:

MATERIAL . ‘' IMPURITIES PERCENTAGE

Graphite Silicen - 0.052%
Sulfur ' 0.067%
Iron 0,011%
Others 0.0208

Pentane Sulfur , 0.045%
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Lo R & swcm O ERROR-

Generally betwean em and wg hean rmo p&ths of materj.al vere aaod
in the mamremnta and the eorraationa for the dirf'raction Matur:l.ng inte
‘the detector are mll ﬁoasumments of the ratio of 1nalast$.c to t,otal
| cross sections for t.he 270 Hev. nautrons shmrod that the inelastic vma at

lenat, half the tota}. eolliaion erons section, ‘fhe preumb geometry was "good"

to tho extent mms neutrons from the t.argot eeum only be dailected 3/1. of &

da@ee by the abeerhér at moat and at&l}. enter ths detector. ‘me foLlwina

- aomenelature will be usad for the dii‘fraeticn 8eamering carrectiom

I = no, of neutrons per ateradian per sec. frcza beryllim tm‘get
distance fmm targot to. e.bmrber | S |

Q
0

y‘t - distance from abmrhw to deteetor '

"

effective cross secueml area of absom for Seabmring m@mns E
into detector . :

mnaii.ive ares of detector

._:b

s = o of aeutma mt.tered per second- by mm abaorber R

’ Nd = no, of zcattemd nmtmrm entering the det.{aetor o
N = no. of undeviated neatmns mmrmg det.ec!:.ar with abaorber in plaee :

G" total cross aectimx

e

IO’é eross aeetian for zlaa’eic aeattermg
/\e = mean frea path for alnstic soat;tering -
/\t = mean free path for alaatic plua ine!.astie aeatbering (wm &.F.P.)_.-

R = 1engt.h of absorber | A ' _ ' :

,ﬂ. = 80144 angls det.ecter ‘subtends at absorbnr = A rz

fe

7 = no. of nuclel j.}ér mag



~ The probebility cf e. nautrm bsing elaaticallzy scattered p tzmca a8 1‘2’. t.ra- -

I

vems a langthf of: mat«erial iaa ,7 R

wPe= (%) 7 e -%e 'm Po;m.s m

- Aasuming that a mmt.:?on aingly ecatterm ia almyn ﬂcmﬁtsﬁ thmg’h an

~'anglisd N whamd .t.a A Bmall augl&, & n&utxﬁm mttared p tima w‘.i. bb«b'_ \

af. en angled/@dth roepecb %n it;a initial dirccm:a (fma tho mmdam AR

o \mlk problam). . If the &eteet@r has @ zmximm anglo of raceptﬁmn 4.' ¥ .

abaorber, G», _the 1::1@1:& mmdmum angle vf aeattnrimg muat be /b/z- for
: neut»rons catterad p times ta be aceepted. Tho aolm an@l.e ‘theae p fom |
o scatwrsd newbrona can enter art-ar t«h&&.r initial ﬂnﬁew&ian is emal f.o ',_ ) B

. The pmbability of a nmutron baing mt.tered p ﬁimes and en@ering the detec,- e

| ‘-bor at angle 9 iﬁ' //\ _ 6, 1
,Q t dd" /2) 4«.“9 d@
> F@d (//\ )F e (P Zﬂ‘

3 '_The nmn!aer of seatterad mmtmna aaﬁerﬁ.ng t.h& d&taﬁwr per sucond between
g,les @ and 9 + d 9 13: w 3 _:( R
. - : iyl
Nad . rz /"i /? F e

Since the mﬁw angle of aceepmnea 1& cmly B/Is cz’ a degr-m at the det.o@» .

. N
. ter, the diftarmtia’ scatwﬁng oﬁoba wctim z.s prmtmany acmstam. mcr -

] e er.fmbdﬂ Lo

‘t,m,s amall angular anga m—;ﬁ W ba mphwod by da"(o) Th@ ealid engla, , -

- Zn .smBJO 1megmma s % ey

@ ".’Vd I r,? T
‘l‘lw_refore ~(4) DL B -
Nd _ A dgglo) |
No a’e dw
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y

writ,ing the summed f:.emi in axpanded fam R ’___ ' 2 a. g ‘3 _
BT TS 0l
sin;:e L B 2 g-"oa(o.) [/4‘ ]2[1‘”0— +2 2 pz 1’_ .1] |

Ag 2m0e ' q-e
For the’ aeourate measurmnts of eross sectlons ﬂ was alwaye lnas t'*mn }e, s

the first tem in the expansion dominatss the rest, The 270 Mev, mcpermnta ‘
showed maw‘ £0.5¢;; In'the corrections we Wil use( : S, vhich . |

will give an upper limit to the correction., The above t.reatment is essenti.auy
‘the same as that of HcHil}.a'.n; ) |

 The differsntial seattering cross sections were estinated from the trang-

. parent model. At 190 ‘and 270 Hev. they areléz

TABLE 1 | S
o ey | . L del) (o ’
EI}.ment. a g(Oa) (190 Mev, ) . Ef'o% .(‘2??.!7&?.)
Cu T1.6 bams 15.4 bamg '»
: ateradian - steradian -
sn s . 372
Pb 0.5 . as
v moe 100.0

For the lead and uranium. cross sections the corroction amounted to about
1% at 190 Hev, wﬁ.th'the gebmet,ry fﬁapl'ayed, and drappéd té about half ﬁhis
value for copper. 3ince the sta’tiétiw}. erroi's in the crose Sectioﬁ vﬁlum
are shout thres or four times the comction, an uncertainty of §O$ in the
‘eorraction ic tolersble, The as«;w*n}«tions made in the oalculstims are pre-
sumably within this figure. _ _

A background of scattered nsutrone fm the tank wmil 'eqmprisﬁg 10
~ to 20% of the neutron flux from the target may be present in the region |
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' where the absorbam are plaeed. ) ?ha angular aeceptance of the Maetaz'

15 sueh thab mat mt thasa naui:rona emmo'o em.er ttm dateetar unlaae

they are mttcrad by ttw abaorbera. .aime olaetic anattoxﬁng Wﬁim
v "'lin the forward dimetion ‘!she abm mmiéaratiaha indimw t.hat &w
e qr\ﬁ;r inﬁz\odncad by this e“féut will bs aeguglblu. -
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oA
VL. REWITS o
_ The data o‘wtained are givan in Table 2. Coppef, tirxl;vleafd,_ and uranium
-have amell dii"t’_z_'action s@&ttering corraet‘!.ans iméi'parétéd vinte" hhaixi; |
cross section values, The Variations of tho cross s»ctiona with anergy
aré shown in graphical form for carbcm, &luminum, ‘eopper, and 1e.=d (ﬁgurs h). _
The hydrogen cross seotion 18 illu:#t.rm,ed in F‘i@.t?aa 5 and 6 The reault-a |
of the previously quoted sources ave given as well as the 42 ﬁev. crosa ’
aections of Hildebrand and Laithl (to be published) Th@ errors given are
: ,.bhe stat.istieal fluctuations from cm.mting alotm expreasad in standarﬁ
"dwiationa.
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TABLE 3

TOTAL CROSS SLC'!‘IONE: POR 95 AND 270 I{E‘I. NEJTRONS i&mﬁ&]ﬁ% mmwsm
WITH BI&&E}TH PISSICN GHM«!B%S .

Element. qt(f;s Hev,) x 10‘%-;;;1? g, (270 . uev.) x l@zhcm? |
Hydrogen 0,073 £ .0015 0,038 £ ,0005 .
Carbon 0,198 £ 003 0.288 £ ,003
Muntem 0,93 5.0 0.555 % 008

' Gopper 200 T,02 1,15 £ .02,

Lead heb8 %03 2.8 1,03



VII mscussm OF REULTS f. LA
Carbon, alumizmm, copper anti 1ead all emibit plateaus in their t.otsl

, cx-oss section values from about l&O Hev. to 270 Mev. mean neu‘};ron ener@'., ae )_‘ -

' Figure L indicatea. , The neutwn energy dist.rim*cion detected by the

» fiaaion chambers 18 mt.her sbraad for the measuroments anderbaken and the

) . -’raaultimg crosa sactiens may not correspond axactly ta the true cmaﬂ

. 'distz'ihztion and thc moasnrcd valua O'm Will be higher thmd(z),

sactinn at tho mean det.ect.ed energy of the unattenuated distrihutiom If

the detmfgﬂ enqrw diawi’bation is gi*mn by i‘(E) where f(E) ia normaiized  " h

. mas. .
89 that ] f(E)dE 1 the measured value of the crosa seebion is from A)

Ry P M N A jg :’jf(f)e c(E)IJE
- o-'zg; ,'.f*". Jéw[ f(E)e (E)’Q dE

P1.

' 'If O:nia examinad for t.he onorgy intemla whore measureménts were ma.da the -

. Y
,following atatemants may-.’be made for the four nuclei abova'

(l)For maan anor@ea or 2&0 Mov. and abm the variaﬁien of‘a“ (E) over thc
distribution isEalight andf agrees with 0’ ( E') at. t;he mean anargy

4

o

E=[Teetnde. ;

? E
: -(z)As tha nean enarg ox the distri’wtion m 1owmd tc 160 Mev,a' (E)
.‘be@.na to increaae rrom the plataeau valua on the 1¢w energ side of the

A sample caloulation was made t‘or ~a ball shapod neuhrfen enermr distri-i_

‘ bution vtith a 60 i{ev. width at half mammum amd &n absorber

-

- pathe in langth at tho mean neutron enerw. . !"or a croaa soction dacroaa—

S ing about as carbon doea, a" at 160 Hev. ocmld be about. 5% h.{ghcr than the

xme o*u&o xav). T T e e T



) -2 . .

In gemersl the broad distrthion tends to round off the s&w'af |
the cnfvas. The plateaua are probably alig,ntly flattcr ami lmngar in
extent than shown, ce . |

A :ﬁeasurémeﬁt- 'o,f.f the omszfy dist_vriwt;ion of the ‘na;\itx‘ms}?émltin‘g"

~ from the ‘bamhaxw}ment of 2 0.5" Be %ai-get‘wit.h 180 -‘&cv. pmtons would -
enable oné to determine the ener@' ass‘lmms of cross aectiorm mamx-ed
betwen 100 and 160 Mm. to & batt,er extent. than is poauible now. -

The region whez-e the ¢ross sectione tend to level off is near the
theoretical threshold for M meson production vA th noutrons which is of
the order of 150 Mev, from conservauom lawaw. 'rho tran sparmcy of the
miclei to neutwns appawnhly reachcs a lmit near 200 Péw : Sinee m v
'changa in the pmzmgatien vecwr oKy, in the thaory of the tmnezpamt
micleus, had to be taken “aqual t,c zero in.order to obt.ain mnaan gpprmd- )
mete fit of the t'h‘eéry' to the data at- 270 -Me#.‘ the cross :a'eéf;iénb"mré . |

_ prem}a}.y a funstion. of ihe abbdﬁ;t&.on coeffi.cimt K alb'aa;- A't'Z’?O Mav,
the theory prediocted hignor cmaa—secti@n valusas for the hoavy nuclez

* than wers mea‘mrad and a fit ceuld be obtained by aamming K dncreaaed
with atomic number, At 90 Hev, the agreement was not vcfy senai%ive to
K, az mentioned earlier, and a cenatant value gava aat.isf&c'wzy reaulta.
Sinee the rat.ic: of nentrons to pmtena in nucled incmases wit.h atomie
number K weum not be constant 4f the n-n cross section wers aml‘.tar thar
the n-p. eross section for the neutren traversing nuclear matt.er. 8ince

d‘ ts Ta» and gy are all functions of K alons, measaramnts of ehs 1,naLaatic
cross sections ror a few of the nuclei with & dctector haﬁng e x;ontron ‘

energy cutoff nsar 270 Hev, are needed to settle the problam comlueiwly.
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and whose continuod inturest and adviee were invaluable. Diacussions
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