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Diiferent inl N-2 Scattering Crose-
Section for 220 Mev Neutrons

G. Guernsey, G. Mott, snd B. k. Nelson

Do W}’O~3o¢t/
. abstraoct Wo-2,g/e

e
The differentiul neutron-proton scattering cross,

gection as a function o1 angle has been investiguted for
neutron energies of <0 Mev and 180 iev. s 1/2 inch Be
target at the 6b 1/4 inch radiue in the university of
nochester 130'' cyclotron was used to produce a beam of
neutrons. This neutron beam scattered protons from a
polyethylene soatterer vhich were detected by a four
scintillation ccunter colncidence telescope. A maasura-\
moent of the‘:ulse height from the luet counter was used
to determine the enérgy of the scattered proton. The
effect of the carbon in the polyethylene was subtracted
by tasking runs with s carbton scatterer calculatec to have
the sume number of carbon stoma per om2 a8 had the polyi\
ethylene. Runs were taken irom 0% to B0° for the proton
angle In the luboratory coordinate system. . compurison
is made of the ££J) Mev ungulur c istribution with the Lerk->

oley 26J Mev d:ta which Indicates essentiul agrecement of
} “

the shapes. . ' p
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Introduction NYo-3o M He

*

The charncteristic of the neutron-proton scattering problem which
has become increusingly difficult to cope with, as experiments have
advanced to higher energlies, is thit of specifying the energy of the
neutron which is bveing scsttered. It is, of cvourse, desirable to do
this with us high a opuntﬂng efficlency as possible, and still deter-
mine the energy accurately. Thoe problem has becn solved in this ex-
periment by detecting protons viith 8 scintillation countur telescope,
the 1la st counter oi which was culibrated for its pulse height response
to proﬁon energy. oince only thin erystal anthracene counters need
be used in the ouadruple coincidence telescope, the protons lost to
the detector are negl igible. gllso, since the shape of the resolution
curve ior monoenergetic protons ¢.n be determined for the lust counter
as well as its pulse height response versus proton encrgy, the proton
energy determinuation c¢an be made to a few percent.

This experiment is one of a group of three high emergy neutron
studies and the methods wmd «pparatus used are in general the same
as those desc.ibed in the first 1’.v*=:ol"“a and in Ref. &. The methods
will be described ouly where they differ from those of nef. 1. The
notations for anfles and the kinematic relatiovns of the neutron snd
proton are those piven in Rei, 4. The definition of ungles is re-
pex:ted here ior convenicnce: é is the :pgle that the proton makes
in the laborstory system with the direction of the incident neutron

and 9 is the center of muss «<ngle of the scuttered neutron.

the geometry of the counter tclescope employed is presented in

Fig. 1. It is the scatterer 5 and counter C. th.t determine the
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maximum spread$P in the angle, P , sna the distance from 5 to G, as
well as the arca of C, that determine the solid angle, D (D , ior any

point in the scatterer. The angular resolution curve is essentially

triengular in the a.proximation that un & P = 5 P and that the widths
0f 3 and C; are equal. lor the gecvmetry shownfma‘ﬁ- 5‘_’ full width

at the base of the triangle sndAW = 1.61x10"° gtersdians. For the

short telescope run (Group B), to be ment ioned later AW = 5.66x107%
steradians.

The pulee height spectra for protons scattereud into the counter
tel escope have been recorded for telescope angles of from 0° to 60°
a8 measured from the incident neutron direction. #rom this the number
of protons per unit pulse height, at pulse heights correspond ing to
@ constant neutron energy, has been determineo for each angle. This
number of protons is then transformed to a broton energy socale and
finally to a neutron energy scale from the kinematics of the scatter-
1n3.. The number of protons per ﬁev. of the inclident neutron energy
is proportional to the lab. system cross section and can be cow ert-
ed to the center of maes system by multiplying by the appropriate
value of d(cosP) /d(cosH). I1 we cull this k(9), then R(Q) is re-
lated to the abasolute value of the cross section O (Q) by requiring
that

/m(o) daw = T tot for07(8) = w(9), ()

Neutron spesotrum
The encrgy spectrum oi the incident neutrons is that of rig.
4(v) in Ref. (1), und is describe. in detail in nei., (1). {see also

Fig. £ o1 'this puper).
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Analysig of the Lata
The methos of anslysis aoplied to the danta is essentlally that
of steps (a) .aru (e) in Ref. 1 with the exception that here we were
concerned w.sh obtaining dN,/d% for a partiocular value of iy rather
than for r.e entire spectrum. The value of %, oonsldered was 22) Mev.,
gince tyi8 corresponded to the »eak of the neutron speotrum (and thhs
the r:s48 of the pulee height distributions) where the counting

~

ste-i:tlcs were of course the best. Lata for %, = 160 Mev. were

.180 ¢oneldered and are presented here only as an illustratiou of

the fi.*ther possibilities of this method. =ror the neutron spectrum
used, 'he counting rates in the pulse helght speotra were appreciably
lower &' 160 Mev and thus the statistics are cuite poor.

‘.0 energy determlnat{on was mude by aversging the neutraon
ener ies corresponding to the pulse heightes at the peake of eighteen
pr.8se height spec:ra. This gives an avorage deviation from the ave
srage of 2.2k and is sn indlcation of the relative accuracy of the
determination. However, the nbsolute value is in doubt thru some,
a9 yet, unknown error and is bel ieveu to be Z1b Mev, for the pesk
of the spectrum used here. One is reierred to the Run Cql ibration
gection of Ref. (1) for comment on this discrepancy.

In kig. 2 i8 n example of the data recorded in the form of a
pulse height distribtution for §§ = 6509, 7This particular distribu-
tion has ruther poor statistical accuracy. However, it is a good
example of an important charucteristic oi this method of detectlion.
I'he number of protons per unit pulse height at the pouk, dup/avo =

tb.6X 6.2, iz the number to be transdrmed to a value of de/d‘in
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which ie proporticnal to 0’ (Q = b0°). The obsez:ved position of the
peak 1s £4.4 volts (on an arbitrary scale) and the 17.5 is from the
agsocluted calibrating proton run, indlcating that 197 Mev protons
appear at 17.b voits rather than the standard 16.96 and the pulse

height sonle must undergo a corresponding 1inear transiormutiom.

youble valued rCulse Height ., pectrum

Conoider th- encrgy of the proton soattered by a neutron of
energy “ne. The proton will lose energy as it passes thru the re-
mainder of the seattercr, the three colncidence orystals and into
tne last (proportional) counter crystal. Thus tor some value of
E,, at a glven angle P , the protons w111 stop st the fur face of
the last counter, losing the maximun energy in the oryst:l and thus
giving the maxinum pulse height. FProtons, from neutrons above this
enoxrgy (En,) a8 well as irom neutrons below £,,, will lose less en- -
ergy anu so give smaller pulse heights. Lhereiore, it is evident
that the pulsc helght distribution is double valued. ror small
angles, § , and the cJunter 4 orystal thickness used (1.09 cm.),
Epg 18 ouite small. .ince the lor energy end of the neutron spec-
trum is spursely porilated, this means tuut the contridbution to the
pulse height spectrum irom the low en3rgy end oi the neutron spectrum
is aleso cuite smn)1. However, Jfor large laboratory angles, F‘no in-
cludes an nprecinble portion o1 th: aeutron speotrum (uté s 500,
“ne = 166 Mev,) and the low energy ctntribution is no longer negli-
gible. In ¥ig. 2 the protuns scatter:d by neutrons of emergy below
166 Mev, are shown by the dashe. 1lne.

The neutron spectrum referred to :bove is shown in Fig. .

The measured values estend to 142 Mev. and huve bevn extraolated



as shown by the dashed line. This spectrum wus transformed by the
inverse of the steps described in Rei. (1) into s proton pulse

height distribution for the value of §§ in question. kor this
correction, it w.s assumed that the cross section is proportional to
1/E. aleo, it was necessary to0 assume something about the response
of counter 4 to protons oi enurgy below about 4b Mev.,, the low energy
end of our calibration.

The largest pulses obscrved correspond to protons of energy
27.6 Mev. which have a range of 1.09 cm. of anthracene. (Jee appendix
of hef, Z). The calibration ourve wus, therefore, extrapolatea to a
pulse height of 61.3 volts for 77.5 Mev., as obtained from a & = 52°

recoil proton spectrum irom a carbon seatterer. This had a
reasonably sharp cut off at 61.2 units of pulse height. the remainder
of the pulee helight versus energy curve was assumed to follow a
Btraight 1ine, pulse height in volts X 1,366 times the protun emergy
in Mev., trom O to 27.b Mev.

The points indicateu by large circles in F ig, é correspond to
neutron energies below En°(5°°) = 166 Mev, and the three crosaoﬁ re-
fer to points below 166 Mev. The low energy points were normal ized
by requiring that the three high energy polnté. with the low energy
contribution added, should fit the observed pulse height spcctrum.

The correct number pcr unit pulse height is obtained by subttracting

the low enerxrgy contribution from the observed value, as Z6.8%¢C.2 -~

4.5 = £1.Zr6.2 counts per unit pulso height. This correction amounts

to about 12p for § = 60°, &
L]

180 Mev. .ilnce, this correction is less than 1.6% for @ = 40°,

= 220 lleve, 400 at the same ungle for:

=
"

220 Mev. and 4» for@= 40°, S, = 160 Mev., it was not made far

2
"



angles less than & = 40°,

ixperimental isesults

A11 vnlues of &(3) obtained from %, = 220 Mev. are presented
in lable I. Group B datn was run with s wider acceptance ungle
telescope and has been normamlized to a emooth curve thru the five
points of Group A, The averare deviation of the Group B d:ta fron
the normalizing rntio was £.0%. Ihe two points of Group U were
8180 normsl ized to Group A using the 109 point of Group U (the only
point in the range common to both, which wus 5.6 higher than the
smooth curve .or Group a. Group C is presented jJust as obtained
#r 1000 monitor counts with no remormalization.

the errors given are due to counting stiutistics alone. rhey
correspond very clogsely to the stundurd deviutions on the indivi-
dusl points in the original polyethylene-carbon differences, but
in most cases are derived ir.m two estreme curvces drawvn for the
pulse height distributiona. (see the upper anu lower purtiul
curves in kig. 2.)

The vuristion of the cross sectiun over the ungulur width of
the telescope is negligible except for the point at@ = 0% it 20
howev r, the cposs section fulls off rapldly over the entire 27
of dlrections from 7° and, as a rosult, the value of (de/a"?n)
(P = 0°) would rive a too low value of g  (1v9Y). <2ais
eifect has besn caloculated using the triangular v indow ijor Q
mentioned above and a straight 1ine for (dup/d.'sn) (P ) recuired
to contain the @ = 7.6° point. The correction umounts to an in-
crease of 4.4m und hus been appllied to the vulue of O (9 = 1609

given in iable I,
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Normsl ization tu the Totul Cross Jeotion
since th experimental poipts do not extend very f.r below
6 = 90°, it is difficult to make sn extrapolstion of the poilnts to
© = 0%, Thereiore, s smooth curve was drawn thru the weighted av-
erages of the points from 160° to 90° and ecuation (1) was rewritten

as

Ore ™ 27K 2K i R (95+10n) Sin(95+10n)
n=o

For the curve shown in Figure 4, K = 0.046.8, when the tat al n-p
cross sectlon is taken esual to 41.2+2.6 x 10-27 gn®, This is the
value given in Ref. 2 for "Sn s 220 Mev. Figure 4 slso precents all
the values of O (9) given in Table I.

I{ the data had been normalized to the sume shape curve but
symmetric about bb° instead of symmetric about 90%, the absolute
values of the points would then be 1Z2% higher. Ihe +6.5% assigned
to the total cross sectiun slso coantributes to the error in the Qb-
solute values of O (9).

Unfortunately, one can say nothing much from the duta regard-

ing symme try about 90°, However, from whatever minimum is evidemt

in going as fur as 8 = 770. the data is in essential agreement with

the finding by Christian and Hart5 of slightly greater than bJs ex~
change force giving a gocd fit to the high energy angul.r distribu-
tions.

One may compare the weirhted uveruges of our I, = 220 Mev,

4,7
dnta, taken from Iuble I, with the Berkeley 99 lev. 'ana £69 Mev.s
qdqitional 90

data by referring to Figure 6. The A Mev. point at 180- wis ob-

tained irum Flrsure 12 of nef. rence 7 and is due to une. Jdo ¥FOx. TH



220 Mev datas overlup to some extent, but are on the average higher than

that at 260 Mev. It may be noted that the ratios ¢ {18V) / O (90)
dre obout equal for The 220 Mev and 260 Mev distributions,

MHowevar, Since the ratios 8re so large 1t these energles,

the expertmental errors do not justify o precise combnﬂson.

The solid curve in Figure & 18 s theoreticsl prediction of Christian
and Hs..rt5 for n-p scattering from a Yusawa potential at 26U Mev neutron
energy, with inclusion o1 tensor furce, 1or a ¢ tot = 37x10'27 cm.2 and
has been copied from Figure ¢ of heterence 6 . One observes that,
for the symmetric normal ization used in the cuse of ¢ (9, 220), this
curve is sbout as good s fit to the 20 Mev data as it is to the 26)
Mev data of the Eerkeley group. An additional comment may be made re-
garding the sbépe of the angulsar ¢ ilstribution presented here. It
seems to satiufy the desoription of being V-shuped rather than U-
shaped, thus being cunsistent v ith the inclusion 0f a tensor inter-
action in the potential model.

The valuus of ¢ (3) for iy = 180 Mev, obtained irom the pulse
height spectra vhich furnished the “p = 220 Mev informution, are
presented in Table II. They have been calculuted in the same way
a8 were the values ior En = 2.0, except that the aifeqts of finite
pulse height resolution and angular resolution have been neglected.
This is Justiiied when the pulse height spectra do not cannge slope
rapidly compired with the resolution widths. These vilues of O (9)
for lbJ kiev are plotted in rigure 6, in which the solid curve is
the same ns was used fa integration uf the 20 Mev duta but norma-

1ized to & totul cross section of 44mb.” The value vi =« taken ior



9
-

these data was 0,144 wvhich fitted the points to the normalizing curve more
or less closely., This distribution exhibite the exrected gross features

but details of shape, unfortunately, are not significant.
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Fig, 1

Fig., 2

Fig. 3

Tig. &

Flg. 5

Fig. 6
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Captions for Ficures

Counter geometry.

The number of protons scattered into the solid &ngle of the counter
teleacope &t @ = 50° per ;.znit pulse height, showing the low energy
contribution. The symbols are expl.ined in the text,

The neutron spectrum ussumed .5 effective in the scattering exme:iment
including the extrapolution used for the low energy correcgionu. 'mo
verticel scele is arbitrerxy.

211 ekperimentul determinations ‘for 220 Mev. neutron enerzy. The symbols
refer to Teble I. The smooth curve is sn empirical fit used only for
normulization to the total ceross section,

Gives the welighted uveruges of the 220 lev. data plotted for compurison
of the shupes with the Berkeley deate end the theorstical prediction of
Christiun and Hert for & tensor force model. The absolute values urs
not directly compurable since the 220 Hev, dute hus been normalized for
90° symmetry end the 760 Mev. date for & < 90° symmetry.

Illustrates dute obtuined from the pulse height distributions &t &
pulse height other than that of the meximum. The solid curve is the

same shupe used for normalizing the 220 Mev., dute.
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