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" THE ANGULAR DISTRIBUTION OF HIGH ENERGY NEUTRONS FROM
| TARGETS BOMBARDED BY 330 MEV FROTONS
Richard D, Miller, Dusns C, Sewell, end Robert W, Wright

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

June 22, 1950
Abstract

The angul'a'._r distribution of neutrons with energies above 20 Mev produced
by bom’ﬁardme'nt with the 330 Mev proton beem in the 184-inch cyclotron of Be,
Al, Cu, and U targets has been measured with carbon detectors, The full widths
at helf meximum obtained are 54° for Be, 59° for Al and Cu, end 58° for U,

Experimental details and the resulting curves are given,
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THE ANGULAR DISTRIBUTION OF HIGH ENERGY NEUTRONS FROM
 TARGETS BOMBARDED BY 330 MEV PROTONS
Richard D, Mller, Duane C, Sewell, end Robert W, Wright

June 22, 1950

Introduction

" When the 184-inch cyclotfon.was converted to accelerate protons, a beam of
high energy neutrons was obtained, as had been the case pfeviéusiy with deuteron
acceleration, Preliminary measurements by Mr, James Hadley of the energy spec-
trum of the neutrons in the forward diregtioﬁ from a beryllium target bombarded
by 345 Mev protons show a distribution extending from about 150 Mév up to 345
Mev with a broad meximum st about 27O-Mev° | |

These neutrons were presumed to be obtained primarily by a single charge
exchenge coliision inside the target nucleus, The n-p scattering data at 90
Mevl giVe.evidem@e of sudh exchenge collisions in spproximately 50 percent of
the n-p collisions, At the presently available proton energies of greater then

- 300 Mev, the free particle model of the nucleus as proposed by Serberé-Should be
Qonsi&grably bettér then it wes for the highest pmavioumly%mmdhiﬁe nucleon energies
aféboﬁtlﬂﬁmgm There ﬁas @onSéquentlyvsdme hope thet the neutron anguler dis-
tribution'mouldVEe accounted for by a suitable modi fication of the fres nep
exchangé cross section to beke into aocoupt the effe@ts of binding, |

The experiment performed was similer to the measurement of the sngular
distriﬁution of neutrons from deuteron bombardment by Helmholz, McMillan, and

~Sewe11f which gave results in ascord with Serber's stripping theory°4

1

zv}.’»’.‘,"Se_zz“‘iaeai:ﬂD Phys, Rev, 72, 1114 (1947)
% Helmholz, Mdfillen, and Sewell, Phys, Rev, 72, 1003 (1947)
4 R, Serber, Phys, Rev, 72, 1007 (1947)

Hedley, Kelly, Leith, Segrd, Wiegand end York, Fhys, Rev, 75, 351 (1949)
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Experimental

Detecting System, »Relaﬁive neutron intensities were measured by the 20,5 minute

11 pete activity producea.in polystyrene disks 1-11/16 inches in diameter end
1/8 inch thick, Thesg detectors were mounted on the back of & wall of lead
bricks which was sufficiently thick tc stop the protons that were also present,
It was shown by experimenfs to be described later that the effects of secondary
reactions in the lead sbsorber were not aépreciable.

After a 20 to 40 minute bombafdmenta the eight to ten detécting disks were
each counted at two different times on a standerd end-window beta counter,
Aétualvcounting rates varied from 500 to 2,000 éounts per minutes, After the
usual corrections for counter dead time‘and badkground; the decay cdrrections
were made'USing the sccepted 20,5 minute half-life, Several times the decay of .
a detegtor wes Followed for thrée half-livess no evidence of any othér activity
was founda‘and.the halffiifé always agreed with the accepted value, |

Two further corrections to the weighted average of the two corrected
countiﬁg raﬁéssfor'each detector were necessary to obtain the relatiﬁé neutron
intensities, The firgt was'the_ihverse square btarget distance corrégtion, énd
the_sécénd'was.ﬁhe'éérrection for the veriation in attenustion of the neutrons
by the absorbing leédbwéll, This latter #ariation was caused by the slight.
variation iﬁ neutron path 1eﬁgth‘through the absorber with the angle from the

target, and the maximum correction for this variation was only 3 percent,

General Arrar;gemen;cs° Two different arrangements were used, The ohe with which
most of the data were obtained is illustrated schematically in Fig° i, Pro-
tons aécelérated in the 184~-inch cyclotron impinged on the edge’of the target,
‘whi@h was mounted on a probe rumning into the vacuum tank, The btarget was set

at the 80 inch radius, correspohding to a nominal proton energy of 330 Mevs
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hbwevero radialloséillations of the protons reduce the mean incident energy
by perhaps 10 Mev, A "bean clipper® consisting of two horizomtal copper bars,
lmljﬁ inches thick andhz inches apaft» and oriented so that it'intercepted pro-
tons whose vertical oseillations were greater then 2 inches, was mounted on a
probe on the obposité side of the cyclotron, The,pur?ose cf tﬁis clipper was
to reduce the jossibility of an appreciable coﬁtribution of neutrons being pro-
duced by protons hitting the dee, The center of the neutron besm produced in
the target passed through the 1-3/4 inch thick steel wall of the vacuum tank at
10 degrees from the normalo |

The 4 inch thick wall of lead and the detectors were placed in & horizontal
row against the outside of the tank wall as indicated in Fig, 1, The'éngles
from the taréeta_relative to the incident proton besm diréationa aﬁ which de=
tecting diaks'were placed were 0, 8, and 12 degrees and at 3 degree intervals
to 27 degreéso No deta could be obtained with this arrangement at grester
angles because of seattering from the corner of the vacuun tank, snd at eangles
between C Qnd 8 degrees because of the absorption end scatbering from e stif-
fening stanchion just inside the tank wall at asbout the 4 degree position,

. The secqnd-érrangement'was used tc obtain data Eetween C and 8 degrees,
and also, in conjunction with oﬁher'experimentsg te set an uppef‘limit on the
contribution of the proton flux to the detector activities because of secondary
reactions in the abscrber, In this arrangement the pogitiors of the targ@t
and 6beam clippér“ were interchanged, and the direction of the proton beam was
revefsed; The ceﬁter of the neutron beam from the target ther ceme cut through
a 1/% inch thick, spun aluminum windew in the vacuum tauk wall, The only other
%hange was that the lead absorber wes made é inches thick instead of 4 in@hgso

Data were taken with four different targets: beryliium, aluminum, copper,

and uranium, In order to obtain reasonsble sounting rates, the targets were
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msde as thick as possible consistent with the requirements thet the energy loss
of the incident protons be small compared with the incidert energy, and that they
be "thin® for the neutrons produced, The thicknesses used werss beryllium, 2-5/8
inches: eluminum. 1-15/16 inchess: S £ 3 ) e 2 /8 Srcl j
inchess vminum, 1-15/16 inches; copper, 11/16 iuch; and uranivm, 3/8 inch, These
were all 3E Mev thick for 330 Mev protons, The effective thicknesses, however,
were probebly less, especially for beryllium and eluminum, becanse of possible
deviations of the %target edge from tengency to the proton orbits, The nominal
thickresses sre all less tham 20 percent of the mean free psths, corresponding
to the total cress sections for neutroms in the forward direction produced by
£ B '

4 » < ) .
%45 Mev protons on beryllium, as measured by De Juren,  However, for 90 Mev

) N . i [ : . - N ' X
neutrons the total cross sections are largerg for the worst cass, berylliiwum,
the nominal thickness was 36 percent of the mean free path, The r,m,s, Coulomb
multiple scattering of the proton beam in all the targets snd the spread caused

by radial oszcillations of the beam were less than cne degree,

Auxiliary Experiments, Absorpticn cross section of 185&0 The value of the
abscrption ercss section of lead ussd in making the path leﬁgﬁh corrections was
measured directly for the neutrons at four different angles from 8 to Z?Idegreeé,
. An sdditional wall of 4 inches of léad and 4 amdditional detedégrs were mounted
dire@ﬁly behind ﬁﬁe ususl detectors, The ratic of the activity of the detector
behind. the second absorber to that of the sorresponding detector in front of

the second absorber was the same at all four positions %o within the counting
probable errors of 2 percent, This ratio corresponds to @& mesn free path of

8,9 inches or & cross section of 1,2 barms, The corresponding cross section of

- o S 3 3 o 4 . » . 5 &£ -5 -4
iron was taken by interpoletion frem the values of De Jurem,” since the maximum

sorrection caused by the temk wall was only 1 percent,

J, De Juren, Phys, Revoa to be published,

% Coolk, MclMillan, Peterson, and Sewell, Phys, Rev, 75, 7 (194%)
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Neutrgn pfqdu@tion in the lead absorber, To detemine whether or not the
protons incident on tﬁe_lead absorber produced an apprecisble number of detectable
neutrons in‘the absorber, three results were ne@essaryg first, the astivity pro-
dueea.behind‘the absorber rélative to that in front of it by the mixture of neus
trons and pfotons which were present in the arrangements used; second, the rela=-
tive activiiigs behind and in front of the same absorbsr produced by a beam of
nsutrons onlys and thirda.the relative dotivities by a bemm of protons only,

The second resuit is that obtéﬁned in the neutron attenuation experiment:
descfiﬁed‘in the previous paragraph,

The first result was obtained using the second general arrangement desoribed,
in which the center of the neutron beam passed through the l/é inch thickiéluminum'
window instead of the steel'tank'wail, This arrangement was necessary in order
not to ignore the neutrons produced in ﬁhe tank wall, The activiiy of the detec-
tor béhind‘the é inch lead absorber was 24 percent of that of the detector in
fronta~at'the'iero degree bosition,

To obtain & beam of protons only, it was necessery t§ uge the extefnal, de=
fiecfed,beam of the cyclotron, Since this beam consists of 245 Mev.protons, the
number §f neutrons proé;ced inlthe absorber in this experiment should be greater
then theyﬁ@mbef produced by the protons in the originai srrangaments, There,
the protons were not over 330 Mev, énd were probably about Z95 Mev, bessuse of
the target thickness, ' Thé deflected beam is not large encugh in ares tovperform
5 "bad gedmetry"‘experiment'as in the previous cases, so it was necessary to use
s number of detectors bshind the lead and integrate the distribution of activity
to find the total aetivity which an infinite detector behind the absorber would
have received, The incident proton beam was one inch in dismeter and wes all
wwll.within the arsa of the deteetor in fromt of the lead, The integrated acti-
vity behind the lead was 3,5 £ 1 percent of the activity of the detector ix front,

‘These “three data give the result thait et the zerc degree position §,3 2.4
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pércent of the nomal detector activity was due to the protons incident on the
absorber, This figure is only an upper limit for three reasons, - First, the
neutron production in the absorber was measured for 345 MeV'protbné‘ins%ead of
295 Mev, Second, the protons that were present were, in all probability, those
that were scattered by the target through sufflclently wide angles to escai)e the
magnetic field of the cyclotron, They were then incident on the absorber at
rather oblique angles, and the effective absorber thickness for these protons wes
thus definitely greater themn for the neutrons, Third, it should be éxpeated that
the substitution of the steel tank wall for the initial part of the lead absorber
would prodﬁce fewer neutrons, This is because the number of neutrons, in iron
nuclei, per unit aréa of the tank wall, is less than the number per unit area of
an equivalent stopping thickness of lead, Also, the proportion of detector actlm
vity due to the protons should be greatest at the zero degree position, since the
protons at the wider angle aeﬁéctor positions would have to have been scattered
through wider sngles by the target,

Possible Background Sources of Neutroms, There were three possible sources of

background neutrons in these experlmsnts- first ‘neutrons produced in the cyclo»
tron dee by soattered protonso second, neutrons scattered from the concrete radlm
ation shielding and other objects which were behind the detectorss end third,
neutronsvécattefed from the pole pieces of the cycidtron magnét; |

In éne run with the beryllium target a detector was placed behind 4 inches
of lead on an adjacent wall of the vacuum tank at a position corresponding %o
140 degrees fram the incident proton beem, Its activity, after'being_éorféc%éd
for relative target distance, was 8 percent of that of the zero degreevdetégtbr.
As may be seen from Fig, 1, this detector was in & particularly favorable position
o see neutéons produced in the dee, 'Aééuming that all of its'adtiviﬁy'waé from
this source, it was estimated from geometrical considerations that this’soufce of
background contributed less than 2 percent to the activities of the regular

detectors,
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Two experiments indicated that the background of neutrons backscattered from
objects béhind the detectors wag negligible, Fifst several detectors were mounted
about four feet above the usual detector positions in such p051tlons that they
were well w1th1n the shadow of the upper magnet pole piece, but were ent;rely open
to any sgéi$ered radiation from the rear, Their activities were o1l less than 0,5
percentqqf'fhat of the zero degree detector, Second, it was found that placing an
additional 4 inches of lead behind some of the usual detectors did not change
their activities measursbly,

'There is no direct experimental evidence proving that scattering'ffom‘the
pole pisces was.negligible, Unfortunately, lack of sufficient intensity makes
& meaéurement of the differentiai scattering cross sections With,these.detectors
imprecticable, However, & computation of the geometrical factors involved in
evaluating the scattered intensity at the detector pasitiqns shows that it‘is'exu
tremely uniikely that;this scattered intensity is sppreciable, The émaliest'
angle by which any neutron could have been scaﬁtered by the magnét into any de-
tector is 22 degrees, ‘For compariéon, the first zero in.the calculaﬁed diffrace
tlon scatter;ng pattefn of 250 Mev. neutrons by iron is at 14 degrees, Detalled
calculatlons sh owed that in order for the scatterod &nten51ty to be 3 percent of
the dl:ecti;ntenslty, the scatte;1ngvcross section per unit solid angle aﬁvgngles
gfeatef-fhan-zz.dagrees wouldvhéve to be greeter than i/ﬁﬁ times the.absofption
créss section, _ |

Results.

The resulting éngular distributions are shown in Fig, 4., The experimental
pointé.and errors due to counting statistics for the beryllium and ufaniuﬁ.curves
are shown in Figs, 2 and 3, The'data for aluminum and copper are similar to those

for uranlum, Two - runs were made w1th each target except uranium, and the agree=
ment between runs was alweys within counting errorg, The errors shown on the
curves are the standard deviations due to counting statistics only,

The full widths st half meximum, obtained by extrapolation of the curves,
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were 54 degrees fqg.berylliumg 59 degrees for sluminum and copper, and 58
degrees for uranium, ’The estimated probable error in these walues due to the
extr@paiaﬁion‘and the scatter of the experimental points is one degree, In
the center éfvmass syéteﬁ of the incident proton and the nusiausp the width at

kalf meximum of the beryllium distribution is increased to 599,

Discussion

The dependence of %the @ffi@ien@y of the present detecting system on the
neutron energy is the principal uncertainty in theze measurements, The varia-
tion with energy of the neutron absorption cross section of lead is fairly well
kndwmgsﬂé"ﬁmyamﬂs section at 270 Mev being about 30 percent lower than at 45 Mev
with most of the decrease occurring sbove 90 Mev, However, there are no éxpefi_
mental data for the excitation function of the Glz(naﬁm)ﬁll reaction, Theorefi,
cal predictions of“this excitation function have been made by Heckrotte and
Wblffg?iand'by Baumhoff,8 ‘The theoretical curves show s peak at about 4C{Mev,
gnd onlj a very gradugl deafease above 100 Mev, Baumhcff's curve shows a de=
crease of 25 percent between 100 Mev and 35C Mew, Since éhis decrease oppcsés‘
the decrease in the absorption cross section in its effect om the éffioien@y
of the dete@ting system, it is felt that the detector efficiency is flat %o
within 15 percent for neutron energies sbove 100 Mev, It is probable, however,
that the detection efficiency for neutrons with energies in the renge of X0 to
80 Mev is consi dersbly higher,

The most striking feeture of the present distributions is their large
wi dths, Using any reasonsble momentum distribution for the nucleons in the tar-

get nucleus, it appsars impossibie to account for the widths found with the

expeyo=

! Heckrotte and Wolff, Phys, Rev, 73, 205 (1943)

8 L, Baumhoff, private communication

.
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assumption thet the detected neutrons were produced in single nusleon-nucleon
collisions gam.& escgped the nmleus without further interactions, For instance,
the width ef half meximum, due only to the target nucleon mcmentum distribution,
was caleulated to be only 36 degrees for a Fermi distribution with the wupper
limit as high as 30 Mev, The preliminary n;p scattering deta® at 270 Mév indi-
cats thet the sxchem ge collision protons have a width of enly aboubt 10 degrees,
and thus this source of width contributes only siightly to the tetal width,

The most obvious further surce of broadening is the effect of'secondaw
eollisicns in the same nucleus in which the initial scllision tskes plece, That
this source should be expected tc be important is shown in the values Iof the
raflo of nuclesr radius to meesn free path in nuciear ma"&é‘iﬁser’ given in Teble I,
The 90 Mew waiues in this teble are those derived by Ferabach, Serber, sud

Ta,y'i@rlg from the 90 Mev neutron cross sechion data, While they have not been

Y

able to fit the 27C Mev data es well with their model, they estimate that the

mesn free path is aboubt 50 persent greater at this energy,

Table I

Nucleer radii divided by the mean free path im nuclear matter

Be Al Cu i

90 Mev = 0,64 0,91 1.2 1.9
270 Mew Ood 0.6 0,8 Lo
} % 15 ; 2 e ' PP ael/g‘ ; )\ =13 y
These walues sre given by R = 1,37 x 10 A (<3 90, = 4,5 x 10 om,

J ‘?m'z’lg
Agpo © 87 1077 om,

The low energy partner of the initlal collisionr is particulsd

ARy

9 Kelly, Leith, Segrd, end Wiegand, Phys, Rev,, to bs published

+ . . . - N LY.y
1OForutash, Serber, and Taylor, Phys, Rev, 75, 1352 (1948)
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suffer further :"mtex“.acsdtn".ons‘9 and thus may escape as. a neutron at a wide angle
from the incident proton, It is also possible that an appreciable fraotion of
the incident p#otons producé nere than‘one detecteble neutron, thus emphasizing
further the lower energy and wider angle components,

It is ofvinﬁerest to compare the present angular distribﬁtions with the
enguler distributions of é:otqns from targets bombarded bj 90 Mev neutrons &s
measured by Hadley and Yorkoll They found the following full widths at half
maximum for protons withienergieé greater then 20 MEVQ‘ 44 degrees for éarbong
4é degrees for copper; and 48 degrees for lead, That the preseﬁt distributions
are wider even thouéh the bombarding momentum is nearly doubled, is strong evi-
dence that secondary collisions are a major source of the width,

It would be of interest to repeat this experiment with higher threshold
detectors, It seems likely that the angular distributions of neutrons with
energies greater than say 90 percent of the incident proton ‘energy should be
due principelly to the target nusleon momentum distribution; and that conses
quently such measurements would vield considerable information con¢efning momen=

tum distributions in nueclei,
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