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Veriation with Energy of Nuclear Collision
Cross Sections for High Energy Neutrons
J. DeJuren and B. J. Moyer L;;,{Af‘f

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

August 30, '1950

vastract
Nuclear total cross sections for high energy neutroné have been measured
for approximately known neutron energies in the range 90-270 Mev. It is
observed that cross sections in every case drop father rapidly between 100
Mev'andVISO Mev to a level which contiﬁues with little further variation up
to the highest neufron energies available in the experiment. Comparisons

are made with nuclear attenuation data for cosmic rays.
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Variatioﬁ with Energy of‘Nuclear Collision -

Cross Sections for High Energy Neutrons

«

J. DeJuren and B. J. Moyer P e e -

o _ Radiation Laboratory, Department of Physics
' University of California, Berkeley, California-

August 30, 1950

1 Introduction

Nuclear‘collision/cross sectipns for high energy neutrons have been
measured ét three different energy regiqns for neutroné produced by the
University of California 184-inch cyclotron. Stripping of 90 and 190 Mev"
deuterons by berylllum targets produced neutrons of mean energies 40 and 90;
1,2

Mev respectlvely. Measurements utlllzlng the Clz(n,2n)C11 reaction for

detection provided total nuclear cross sections at estimated mean neutron

>” respectively. Bismuth fission, which

detectidn'energies\of 42 and 84 Mev

has a threshold at about 50 Mev, was used for detection of ﬁhe 90 Mev neu-

trons and bothAinelastic and tétal cross seétions of nuclei were measurgd
ot an estimated mean detection energy of 95 Mev.,

. The bombardment of a 2-inch Be target:ﬁith 345 Mev protons produces

high energy neutrons with a broad energy distribution possessing a maximum

at abat 270 Mev. Total cross sections were measured for various nuclei using

B

both bismuth _fission6 detection and a scintillation counter recoil proton-

/

1 4. C. Helmholz, E. McMillan, and D. Sewell, Phys. Rev. 72, 1003 (1947)

‘2 R, Serber, Phys. Rev. 72, 1008 (1947)

3 R. Hlldebrand and C. Le*th, in prepara+1on for publlcatlono

)

4 L. Cook E. McM1llan, Jo Peterson, and D Sewell, Phys Rev. 75,:7 (1949)

\

5_J, DeJuren and N. Knable, Phys. Rev. 77, 606 (1950)

_6 J. DeJuren, Phys. Rev., October 1, 1950.
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telescopé7posSessing an equivalent neutron threshold of 250 Mev. 'The.tWo
" methods gaye'values that agreed well ﬁith each other, |

However, the model of the transparent nucleus aeﬁeloped By Fernbach,
Serber and Taylor,8 which adequately described the inelastiC'énd totgl crbés
section measurements in the region of 90 Mev, could not fit the 270 Mev data
if expected values independent of the atomic number were,emplo&ed for tﬁe_
two pafapeters'bf their éheorya The two parameters are ky, the change in
pfopagaﬁion vector of the neutron upon entering nuclear mafter; ahdiK, the
absorptionvcoefficient for the neutron wave in nuclear matter. |

Indeed ﬁhe\270 Mev data would require thaﬁ an impinging neutron experi-
ence no change in poienpial-upon entering a ﬁucleus, if this theory were to
be retained.

As the energy interval between the 95 and 270 Mev measurements was
wide, it was felt necessary to investigate the variatiqn of neufron total
cross sections of a representative number of nuclei within this energy

[

region.

i1 Particle‘Energies and Effective Detectiqn Energies

V'In conngétidn ﬁith variousréXperimental programs here at the 184finch
cyclotron thé energy distribution of the neutrons knocked out of a 2-inch Be
target by the 345 lMlev protons has been measured by:Cladis and Hadléy; by Fox,
et al.,? and by Kelly, Wiegand and Segre. All three measuremeﬁts¥show.a
broad_distribﬁtion peakéd around 270 Mev, a composite resﬁltvof which‘is
shﬁwn in Fig. 1 as N(E).

>In order to'oﬁtain information concerning the variation with neutron

~energy of the bismuth fission counter, the ratio of Bi fission to the

-

—~

7 R. Fox, C. Leith, L. Wouters;, and K. MacKenzie, Phys. Rev., October 1, 1950
8 s, Fernbach, R. Serber, and T. B. Taylor, Phys. Rev. 75, 1352 {1949)
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Clz(n,zn)cll reaction was studied for neutfons with mean energies at 90 Mev,

at 270 Mev, and for several intermediate values. This ratio increased

’ uniformly by a factor of 3.56 + 0.11 as the mean neutron energy chariged from

90 Mev to:270 Mev. According to thecretical calculations b§ Baumhoff at this
laboratory the (n,2n) reaction yield in carbon should decrease élqwly over
this region to a value of about 0.8 of the 90 Mev yield. Similar theoretical

Calculationsbfor the (p,pn) reaction9 in carbon have proved to be quite valid.

_ It may be presumed therefore that the-efficiency of the Bi fission reaction

increases uniformly’by a factor of about three in the neutron energy interval
in question. | |

The selectioﬁ of neutrons with different mean energies was accomplished
by the use of a 1/2-inch Be target at various radii ih the cyclotron,'with
appropriatéradjustments of<the counters for each target position. It'is

necessary then to estimate the neutron spectra produced by the various proton

" energies employed. The following data are pertinent;

1. The neutron speétra from 1/2-inch and 2—inch‘Be targets are not
. appreciably different at these enefgies, because of multiple passage
of thé circulating beam through targets. -

2. The.ﬁeutron séeétrum from a Be target bombardéd by 180 Mevjpfotons
hes been'ébserved by Fox and Wouterslo to have its maximumviﬁ the
vicinity of 110 Mev. |

3. The #eﬂtron spectrum from a Be target bombarded by 345 Mev protons
has its maximum at about 270 Mev,.

4. The ratio of Bi fission cross section to the Clz(n,Zn)C11 cross

section for neutrons from 165 Mev protons was equal to that for the

1

? W, Heckrotte and P. Wolff, Phys. Rev. 73, 204-5 (1948)

10 R. Fox and.L. Wouters, private communication,
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neutrons of 90 Mlev mean enérgy from the stfipping of 190 Mev deuterons.

In the lighﬁ of these observations it will be assumed that the mean energy
of the neuﬁren spectrum fails 70 MEV lower than the enérgy of the bombarding
’ protonéo | |

The ecomparison of Bi fission with the Clz(n,2n)Cll reaction waé'aqcom-f
plished by exposing a fission counter and a polyétyrene foil simultaneously
in the proper location relativé to the pfoton target. Measurements were made
at 40 MeV'intervéls’bf proton energy ranging from 150 Mév to 345 Mev.. Suffi-
ciept'abéorber was placed before the detectors to stop protons scattered out
through the teank wall from the target.

Thé effective neutron detectién energy is estimated by plotting the
product of the neutron energy distribution and the Bi fission cross section
VS. energy; In Fig, 1 this is illustrated for the case of neutrons from the
345 Mev protons. The effective detection energy is not significantly differ-

ent from the mean energy of the neutrons.

IXI Experimental Arrangement

The neutfons prbduced by ﬁhe bombardment of the 2-inch Be target by 345
Mev prbtons have a wide angular distribution with a half-width at'half.max§—
muﬁ of 25° (as measureé wifh bismhth'f;ssion). Since only two collimators
are present in the concréte shielding, corresponding to proton energiés of
180 and 345 Mev, the detector must be placed inside the shielding for inter-
‘mediate energiesv(Figo 2). Most of the neutron flux passes through an inch
of steel tank wall as{well as other tank fixtures;. so the elastically
scattered flux from thesercould constitute a background of perhaps 10 to 20
fercent_of the undeviated flux in the abgence of any collimafion. To réduce
the detector:background the chamber was placed behind a 7-foot thick concrete

. block with an adjustable collimating arrangement through its central region
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admitting a neutron beam slighily less than 2 inches in diameter, As the

target,positionAwaS"Varied from 81 inches to 54 inches to obtain the desired

.proton -energy settings,’thg;cbllimating apparatus wés swivelediihto alignment .

-for the various target positions. ‘The detector was placed six feet to the

rear of the concrete block and the attenuating materials were aligned imme-

diately in front of the block on a wooden holder as shown in Fig. 2. The

distance froﬁ absor5ersvto dstector was about 13 feet, so the geometry was
figood" with'only.Small angular scatfering cofreétions necessary.

To monitor the neutron beam a bismuth fission chamber was placed to one
side of the concrete biock at 'a position where the contribution of neutrons
scattered from the abéorbérs to its counting rate was negligible. Background
was determined by placing approximateiy'seven mean free paths of absorbers on
the holder. For most measurements the backgroﬁnd was of the order of 5 per-
cent of the detector counting raté with no absorbers,presént. The géometry
Was tested by comparing the attenﬁation of the 270 Mev neutrons using the
above geometry with the previous6 setup in which the detector was placed
outside‘theflo—fo§t concrete shielding in the collimated neutron beaio, With
the de@qctor.ggtside’the shielding the background was:compleﬁéiy nééiigible
and thé éngular scaftering cbrrection less by a factor of two thén'iﬁ'the
present caéé: |

To teét'the new.geometry the iength of éopper absorber was indre&éed by
3=inch steps;to 12 inches, and the resulting attenuation when correctéd for

background waé‘found to be linear as a function of absorber length when

' plotted on semiylogarithmic papetr.,

If N ié'the number of neutrons per second reaching'thé detector with no

absorber pfesent and N is the number when absorber of length L is present

. ~noy L ' :
N-b ., 't (1)
No"b . .
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where b is the baékground counting rate when an ébsorber that.absorbs éssen—,
tially all the neutrons is placed in position, n is the number of nuclei per
cubic cegtimeter, and bf is the total nuclear cross section. A value of
1.14-1'0,92 X 10724 cp? was obtained with the present arrangement as compared
'with'the result outside thé shielding~of 1.15 + 0.02 x 10”24 em? for the
copper total;gross s<—:‘c‘:1;:lc>n..6 Linear semi-log plots were obtained at other
probe positiQQSjto checkvthe geometry. Most of the measurements were madev
with.betweenﬂone and- two mean free paths éf absorber present in order to

obtain optimum statistics for a minimum time of cyclotron operation.

iV Attenuator Materials

The-ﬁetals,usea in the experiments were usually machined cylinders,
three or four inches in diameter with negligible chemical impurities. - Den-
sities were obtained from measurements of the physical volumes with microm-
~eter and verniér caliperé*and accurate weights of the cylinders.

The total cross section of hydrogen was measu?éd using pentane=cérbon
vdifférences._ A brass cylindrical holder 48 inches long with 1/32win¢hvthick
walls and baéesvheld‘the;pentane.y An array of seven machined, 3-inch aiameter
graphité-c&liﬁders, wifh total mass per unit area.equal fo that of the carbon
in the_&Sfinch length of pentane, plus a 1/16-inch thick brass disc, were
alternateiy_used with the pentane to attenuaﬁe the neutron bean. The’decrease
in the detector cbunting rate when the graphite was replaced by pentane is
from the aﬁtéﬁuation of the neutrons due tp the hydrogen alone. Since only
0.3 to‘b.é mééh'free path of hydrogen is present (depending on the heutrop
energy) repeated cycles wére made,gt a given probe setiing to obtain good
statistics., - The percent statigtical error of the cross section measurement
is equal to the pércént statisticél error in counting'divided‘by.the number

of mean.freebpaths of hydrogen present. Short blank cycles were taken with

[
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an empty holdér toobtain the carbon cross section.

. Z'The.data_obiéined are given in Table I}-”Pertinent rgsuiﬁs from.thé

previous studyblét 270 Mev are given in Table II. Copper, tin, lead, and

uranium have small diffraction scattering corrections (-<one percent) incor-

" porated into their cross section values. The variations of -the cross sections

with éhergy are shown in graphical form for carbon, éluminum, copper, and lead

. in Fig. 3. Variation of the hydrogen cross section is illustrated in Fig. 4.

: : . 3,4,5,6
Date from previous studies =~ ~

are included in these curves, and in Fig. 3,
11 ! ,

published results at 14 Mev = and 25 Mev~2 have been also plotted. The érrors

given are the statistical fluctuations from counting alone expressed in stan-

dard deviations.

! Ameldi, Boccisrelli, Cacciapuoti, and Trabachi, Nuovo Cimento 3, 203 (1946)

12 R, Sherr, Phys. Rev. 68, 240 (1945)
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Table I
Total Cross Sections of_NﬁcIei for High Energy Neutrons'
Measuréd with Bismuth Fission Chambers
| Proton | Target Estimated | Element c% x 10%% cm? -
Energy | Neutron Energy .
310 Mev | 0.5%" Be | 240 Mev al 0.576 + 0.012
L Cu 1.15 + 0.02
Pb 2.88 * 0.05
290 Mev | 0.5" Be 220 Mev H 1) 0.0410 + 0.0041
2) 0.0410 + 0.0029
0,041 % 0.0024 (ave.)
c 1) 0.288 + 0.10 -
2) 0.283 + 0,08
0,285 + 0.06 (ave.)
Al T0.576 £ 0.021
Cu 1.15 + 0,035
Pb 2.99 #0.14
270 Mev | 2" Be. 190 Mev c 0.291 + 0.009
Al 0.540 + 0.028
Cu 1.15 + 0.04
Sn 1.90 + 0.07
Pb 2.85 + 0.10
U 3.28 + 0.13
250 Mev | 0.5" Be 180 Mev Al 0.575 + 0.013
IR Cu 1,25 -+ 0.03
| Pb - 3.06 % 0.06
230 Mev | 0.5" Be | 160 Mev o 1) 0.0548 + 0.0060
. A - 2) 0,0504 + 0,0029
__0,0512 * 0.0026 (ave.) __
c 1) 0,298 + 0,012
2) 0,295 + 0.0075 ,
0.296 + 0,006 (ave.)
225 Mev | 2"Be | 145 Mev Cu 131  + 0.04
0.5" Be 155 Mev Cu 1.30 + 0.04
185 Mev | 0.5" Be | 115 Mev Cu 1.52  + 0.06
180-190%| 0.5" Be | 110-120 Mev Al 0.733 + 0,012
Cu 1.49 + 0.02
‘ Pb 3.71  + 0.06

* Probe position not accurately known
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- Table II /
Total Cross Sections for 95 and 270‘Mev Neutrons Measured
Pfeyiouslyﬁ with Bismuth Fission Chambers

Element |- d% (95 Mev) x 10% cm? 6@ (270 Mev) x 1024 opR |
;:Hydro'gen 0,073 + 0,0015 ‘ 0.038 + 0.0015

Carbon 0,498 + 0,003 | 0,288 + 0,003
Aluninum 0.993 + 0.011 | 0,555 + 0.008

Gopper 2,00 + 0,02 | | 1.15 + 0.02

Lead 448 % 0.03 2.84 + 0.03

VI Discussion of Results

Cérbonw aluminum, copper and lead ali exhibit 1little wvarilation in their
totai erossléection‘valueé from about 180 Mev to 270 Mev mean neutron energy,
as Fig. 3 indicates. The neutron energy distribution detected by the fission .
chambers is rather broad\forbthe measurements undertaken andlthe resulting
cross sections méy not correspond exactly to the true cross section at the
megnvdetgcfed eﬁergy of the unattehuated distri‘bution° Iifr the.déﬁectéd

energy distribution is given by £(E) where f(E) is normalized so that

f(E)dE = 1 the measured value of the cross section is from (1):
Emin° E
. : K. = b 8X. - B)L
nLoy = dn 24" = mﬁnf B f{E)e noy (£) dE
N -b 5
min,
or ‘ _
‘ =1 Emax. -ne (B)L
= [ e P EL (2)
nk E. - B
" min.

If op is examined for the energy intervals where measurements were made the

following statements mey be made for the four nuclei abovg;
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" 1. For mean energies of 240 Mev or above, the variation of O{(E) over
the distribution is slight and of agrees with o(E) at the meaﬁ energy
E[=ermé#°Ef(E)dE
Emin,

2. lAs the mean energy of the distribufion is lowered to 160_Mev, oi(E)
bégins' tolincrease on the low energy side of the distribution from -
ité ievel value; and the measured vaiue om'will be higher than/o(ﬁ).

In general the broad neutron distribution tenas to round off the shape

of the curves of Fig. 3. The plat=aus are possibly slightly flatter and

" longer in extent than shown.

No attempt has been made to ¢correct the present data for the sprea& in
the neutron enérgies'Since the detected neutron distribtution iz hardly known
ﬁith sufficient accuracy. 4 measurement of cross sections for a small neu-
tron energy interval centered about 140 Mev would define the cross section
variations in this region more precisely.- Fasﬁer electronic circuits under
de§elopment in'connegﬁion with scintillation counteré may make this méasure-
ment feasibléf

The thecoretical predictions of Christian end Hart_13 for a Yukéﬁa potena‘
tial with ténsor interéétion are also shown in Fig. 4. Experimentally the
eross section deviates more mérkedly from.an.l/E~variation than it does 

'thebreticallyo

ViI Cbmpariéon with Cross Sections Observed in Cosmic Ray Attenuation
Estimates of the attenustion in the atmosphere of the comppnehts of

cosmic radiation giving rise to:penetrating showers, bursts in thin-walled

13 R. Christian and E. Hart, Phys. Rev. 77, 441 (1950)
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o , 1
chambers, nuclear stars, and slow neutrons have been given by'Rossi 14,15
It is shown that these events are almost certalnly due to the hlgh energy

nucleonf;omponents of the cosmic radlatlon, con31st1ng of both prlmary

nucleons" ;energetlc secondary nucleons formed in the atmosphere._;
A gummery of the data in references 14 and 15 is given in Table III.
The attenuation lengths 1lsted apply to integrated 1nten51t1es, i.e., 1nten-

5 ,\..

sitves measured without close angular or energy deflnltlon°

Table II1 . : ‘ C
A@tepuation Lengths for Reduction of Integrated Intensity

by Factor of 1/e

| f&pe of Event Attenuation Length‘ Attenuation Length
o in Atmosphere - in Pb '
Penenraﬁing Showers | 110_1254gﬁ/¢m2 | |
Bursts | 120-140 gm/cm? 250-450 gm/cm?
| Stars 135-150 gm/cm? _ ~250 gm/cmz.
._Slowzﬂeutrons 160=l90 gm/cm2 -

. g : 6 : e
_”In omeéprev1ous measurements by DeJuren  of poor: geometry attenuatlon

" of the 270 Mev neutrons it was found that the cross sectlons for 1nelastlc

colllsion'were at least one-half the total c0111s1on cross sectlons,_ For

1
90 Mev neuirons the inelastic cross section is sllghtly less than 1/2 01.5’ 6

If, for¥oomparlson with the cosmlcwray data, absorption cross sectlons

‘of one—half the total cross sections measured for 270 Mev neutrons are

used, the calculated attenuation lengths are 138 gm/em® in air, and 250 gm/cm®

2 B. Rossi, Rev. Mod. Phys. 20, 537-583 (1948)

5 B. Rossi, ONR Technical Report No. 26 (Massachuse+ts Inetltute of Tech-
nology) April 4, 1949; AEC Index No. NP-891

16 Bratenahl, Fernbach, Hlldebxand Leith, and Moyer, Phys. Rev. 77, 597—605

(1950)
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in Pb. Rossil5 quqtes_an attenuation length for "neutral N-rays" (shpposedly
higﬁ energy neutrons) in air of 130 gm/cm<. |

It appears that cross sections for high energy,neutron'absorption féll
rather abruptly to a broad, élowlvaarying or flat region at approximately
. thé minimum level demonstrated iﬁ cosmic rays,‘and that this flat region is

* entered at energies as low as approximately 200 Mev.

This work was performed under the auspices of the Atomic Energy Commission.

\

Information Division

9/4/50 md
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- 'Figure Captions

Estimation of detection éffiéiencj vs. neutron energy in the case

N(E) is the neutrbn:energ}fspectrﬁm from-a two-inch Be target .
bombarded byi 345 Mev protons. . 6f(E) is the apprbiimate ex-
éitatipn'fuhctioﬁ for Bi‘fiséipn by neutrons. Thé dashed
Cﬁrve is then the detection effipiency vs.'energy;f

Plan view df'experimental'arrangement; -

Total ‘cross sections vs. neutron eneréy.

The region’ between dashed lines cbntains the data from.the
present experiment. On eiﬁher side of this region are data
from earlier experiments by the same authors and by'others.
mentioned in text. |

Total n-p cross section vs. neutron energy.v

Triangles represent théofgtical predictiohs of Christian and‘

1
Hart. 3
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