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MTA Cross Section Measurements

€., M. Van Atta and Harold Brown

Rediation Laboratory, Department of Physics
.. University of Celifornia, Berkeley, Califcrnia

March 2, 1951

1. Measurement of Neutron Yields

The production of neutroﬁgvby'high energy beams is based upon experiments
carried out at UCKL beginning in November 1949 and still in progress. Neutrons
rroduced in a target material by either prbtonsbor deuterons of the order of
hundreds'of Mev energy consigt of a #ery high energy component of velocities
approximstely equal to that of the beam particles ané a component of about
fission neutron energy rarge due to nuclear evaporation,' The very high
'-energy component can produde-édditional neutrons in bassingvthrough matter
and by ﬁhis process can‘be multiplied by a factor of 10 or 12 by providing
sﬁfficient thickness of appropriate target'material yielding neutrons again
of about fission energy range., |

The yield of neutrons by protbné and deuterons impinging on various
ﬁargets was measured using the beam from the i84—in. éyclotron. The target
is pléced, as shown in Fig. 1, inﬂé\tuhnel which funs through a tank'filled .
-with manganeéé sulphate dissblved\in water. Neutrons produqed at the tgrget'
~ are moderated and captured in.the surrounding solution leading to the con-
venient 2.6 hour activity. Provisions are made for fhoroughbmixing of the
solution, a saﬁple of which is taken for'couﬁting in a stendard set-up. The
solution épd countiﬁg arrangement is calibrated by placing a Los Alamos
sbandard RaeBe\soﬁrce, whichvgives off a kﬁown'number of‘ﬁeutronsvper secoﬁd,
-in place of the target.in the tank tunnel and meaSUring'the resulting actiﬁity ’

produced.
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Thé béam current is measured neér the opening t§ the tank tunnel by means
ofvan sonization chamber thrbugh which the besam ﬁarticles pass before éfriﬁing
the target. The ionizationvchémber in turn is calibrated agaihst’a deep Faraday
cup. fFfom these_measuréments oh inciaentvbeamvﬁérticlés and neutrons'prdduced‘
the yield of neutrohs per beam particle is determined. i

In testing a sefies of target materiéls with the 190 Mev deuteron beam of
the 184-in. cyclotron, the yield of neﬁtréns from at least one ranég‘thickness
‘of each material backed up by uranium of thicknessvfrom zero up to several inches
was measured. Fig. 2 shows the neutron yield (neutroﬁs/deuteron) fof several
materials as a function of the.uranium_secondary targef thickness. . From this
se% of ecurves uranium used as both primary and éecondary targets givés the maxi;
mum yield. This isbapprogched fairly closeiy by thofium as a primary target and
"also by beryiliuma However, as will be péinted out later on, iﬁ extrapolation
to higher'energy,‘the yield from thorium plus urenium is expected to remain
essentially proportional to the pure uranium yield, whereas that ffom‘beryllium
plus aranium is eipected to increase with energy less rapidly thén th; yield'
from pure uwranium. The comparison in yields as shown in Fig. 2 is valid only at -
190 Mev for targets bf greatly different atomié number .

| A variety of neutron yield measurements fdr protons of several energies up -
to 350 Mev and for -deuterons of several'energies up to 190 Meﬁ'were made to f
pro?ide insight into the theory of the ﬁrocess for extrapolatién of the r?sults

,

to higher energies.

2. Extrapolation of Neutron Yield Data to Higher Energy

Direct meagurement of neutron yields are limited .at presenf to 190 Mev for
deuterons and 350 Mev for protons, the meximum beam energies a%ailable from the
' 184-in, cyclotrom. -The very rapid increase in yield with energy in this energy

1

range indicates the desirability of going to highér energy for large scale -
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neutron pr@du@tion; In order to estimaté the yield as a function of'energyrfor
deuterons above 190 Mevs a semimempi?ical'extrapolated yieldrcurve up to 400.
- Mév has been @b%aiﬁedo-

vF@f targets of 1afge atomic weigh%, two processes contribute tolthe total
neutron yield. Deuterons may méke head-on collisioﬁs with the nucleus, giving
it excitaﬁi@n eﬁergies of the order ofIIOO Mev.  The nucleus fissions;-evaporat'
ing neutrong before and after.this event, to a number up to about 20, depeﬂding-
on ﬁhé deuteron energy and nucleus involved. Deuterons ﬁay'aiso be stripped,\
with the neutron teking half the”energy and proceeding in a forward direction.
If an amount of uranium comparzble with the range of a néﬁtron of this energ& is
present, the neutron,almbst always undergces an inelastic collision in which.a
number of neu{rbns‘roughly proportiénal to iﬁs energy are evapofafed of f by the

U nucleus. ‘ e , -

N
-

The first effect has been directly measured ih differential form, by having
deuterons of verying energy impinge upbn a thin unanium éheet énd nptiﬁg tﬁe
yield of neutrons, which is Ng@y,(8R). 07, is the differential eross section,

R the uraniumvthi¢kness,‘énd Ng the dgﬁteron beam current.

Since deuterons of_energies above.l90 NMev were not available; ﬁeasuremenfs
were made using protons @f‘higher energy. For purposes of evaporating off neu-
tréns, s denieraﬁ can be considered as two particles each of half the enefgy,
and proton and neutron should behave 1ittle differently;followihg a cbilisiono
Neglecting this differen@e {which pr@bably-underestimates tbe;deuteron?s effec-
ﬁiveness) and the binding energy of the deutéron (small compared to the kinetic
enérgies.involved)g one can say that in e differential range (no ionization loss)
the ﬁuﬁber of neutroms\prgéuced'by.a deuteron is twice the number prodﬁced by a .
‘proton of half the energy, or the number producedvby 2 ﬁréton is half the nuﬁbér'
produced by a deuteron of twice the eﬁergy cg(Bg) = éc%(Ep/Z)f Fig. 3 shows the
deﬁteron'differentiai cross section for'urénium extfgpplafed to 690 Mev by this

\
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method.
In a thick target, ﬁhe number of deutefons in the beam attenuates as a
function bf the penetration e~7I% where o7 is the total cross section for nuclear
events, expressed in units of in~+ (macroscopic cross section, Whiéh is the cfoés
section per nucleus multiplied by the number of nuclei pér'unit volume). This
cross section was determined roughly experimentally. | |
The stripping cf@SS'section 034 can be estimated from theory, bht an experi-
ment by Knox_givethhe value used- in the calculations,‘ The yield y, péf stripped -
neutron on colliding with a U nucleus is estimated‘from\the data of Kinsey (}2
at 90 Mev) and from @he‘differential yield data on protons given heréinﬂ
The proton differential vield curve indicates a.degree of saturation in Yns
but leaves the values of y, undetermined. Furthefmore, one expects that using a
neutron will give 2-3 more neutrons per collision than will a proton. It is
therefore not certain'whether\zn is limited to 13 of so, or may rise above 2601
The pfotonsvproduced in stripping processes have half the résidual range of
the deuterons from which they came, and will produce negligibly few neﬁtronso
Thus a proton'produced from a deuteron at 350 Mev gives about 253vneutr§ns, as
coﬁpared with moré than 15 from a neuﬁron produced at the same.ﬁlace;

The total yield of neutrons per deuteron prédicted is then

i

R ’ R ,
| e I o =073 : E[x]
o é‘]‘e = 1n(E i )dx +v[‘e 1% dlsyn'(_f_— dx B
© : " 0 & .

" where E[x] is the energy of the deuterons at a.depth x in the targét, snd R is
the range; - | V |
‘iBj plotting a thecretical curve we hope at least to be able to find out how
to extrapo}atevthe observed data. o C ' ] ,
- Directly taken data inclﬁée& Gﬁn'and.0§n';dls and yn'ﬁust be éstimated._
‘Using,ﬁin ahd'ﬁT gives é value for the integrated differential cross'ééction

which is too low compared with the experimentsl gross-yield, even after adding
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on a stri?piﬂg contribution -with .reascnable vglues of y, and 015.(7 Mev/heutfon‘
up io 100 Mevé and 1 barn, respeétively). However, the slqpe'of th; log-log
plot égrees, and by multiplying the calculated yield by loé at alljenergiesg‘ihe
“gross yield curve is adequately fitted in the measured région,‘ The correction
A : j

éouldg‘for examplé9 be due to some geometrical difference between the differen~ .
tisl and gross yielabmeasurementso | ’

| Itaié pgssible to make a rbugh gquantitative check on the division of neﬁtron :
production by 190 Mev'deuterons into 'direct production and that by:strippingol
Fig. 4 shows thé yield as a fun@tiop of %otai‘ {primary + secohdaryj target.‘ A

" rough division can be made by saying

: S ~X/%
N = Ngsrect (x) + Nstripping(l - e/ 1)

with x3 thé mean free paﬁh for multiplication of stripped neutrons Ngjirect (X) =
constant for x > Bo These assumpti@ns agree well-with the shape of the curve,
and yie1d X1 = 0,75 inf and Ny §'2°22 Ng = 170 as compared'wifh compufed'ﬁalues N
of 2.3 and 0.9 respectively. x7 corresponds toc a 10 barn cross sectibn, which
seems high ungil one realizes that any collision with a U nucleus_by a stripped
neutron, though it may not produce multiplication; makes the expected furthef |
~ penetration offthat neutron in the forward direction exaeedingly smali (vy ébe
sorblng 1ts forward momentum) . | |

The olope of the Y vg. E curve 13 such that YGCEdQ S . or chRLdO -8 (R the
range)o How the curve behaves above measured Egf s depends upon the assumption
'lone\mékes about the number.of néutrgns which afevevaporated ﬁhen a'fast stripped v
neatron hits @ U rucleus. If this goes to a limit at'abouf IOO.Mev5 the gross- -
yleld w111 1€V9L of f qulte sha;ply at Ed'~'200 Mev - (Flg 4, gurve la) the slépe'
falling to about 1.7 at Eg ~ 350 (so iOﬁR) i ‘ . ’i »

.Hoﬁever, if the number of neutrons evgpofable’in a single event can rise to

: 25.for.a 200 Mev neutron (number roughly propbrtional to_incident neﬁtron eﬁergy).
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the yield curve does not flatten out so soon or so mhch; behaving something like
YotB?e? at Ed = 350 Mev (curve 1b). ! P

The dlfferentlal yield curve for protons 1nd1cates a behavror for produc—
tion by stripped neutrons intermediate between these,two assumptlons.

Using the above.slopes and the experimental_grossfyield-data, one gets 9.1
and 10.5 neutrons at 350 liev. The single point rechecked,ihowerer; (forll90 Mev -
deuterons).in new meaeuremenhs, has been raised fromv2.8‘to‘3.;;2"ne.titrons/deu’terono
This resultis from’using a thicker uranium multiplier‘andne muchhierger tank for
the menganese suinhate solvution, Applylng e 51m11ar ratlo at 350 Mev glves 10.4
and 12.0 respectively In view of these numbers, it seems’ almost certaln that
thc rield at 350 will lie between 9 and 12 with 11 perhaps the best estlmate
For 250 NMev the correspondlng limits are 5. 2\and 6.4 w1th 5 5 neutrons per deu-
teron as the best estimate. / |

Measurements shown in Fig. 2 indicate thaf the yieldﬁfroﬁferrhoriﬁm;primary
“target (one range thick) backed up with a uranium secondary 13 about 85 percent
that for urenium. This ratio is expected to be roughly 1ndependent of the deu—
teron energy For light metal primary tdrgets backed up w1th a uranlum secondary,
however, the yield is expected to increase only slightly: faeter than 11near1y
with the deuteron energy. Thus, although the yield of'berylliun plus uranium ié

abouﬁ 80vpercent of thet of pure ursnium at 190 Mev,.the'cOrresnonding relative
yields are expected to be only about 65 percent at-25O~MerIand1SOvpercent‘at 350 . .

Mev.

The yield measurements made spe01f1cally for the.purposf of”extrepolating
results to higher energies seem to have successfully demonstrated the dependence
of yield on energy as well as can be expected and therefore'repetitlon of these
measurements is not contemplated. However, detalled measurements of yields for

different target arrangements and materials for 190 Mev deuterons is belng con-

tlnued to provlde the best possible relative yield deta-es;a‘baels'for target
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3., Energy Distribution of Neutrons

"The energy distfibqtion of neutrons created by the deuterons in the primary
ﬁargef ié~5e1iévéd to consist of & highAenergy compohenﬁwimééfiymaﬁe f& strip—
ping) and a foﬁghlj Mexwellian distribution of neﬁtrons éﬁapoﬁated ffom highly
excited target nuclei or fission fragments. 'The evidendé for fhis cOmeé from
aovaxperiments by E. M. McMillan, et'él., on stripping,l The energy of. the

gtripped neutrons was found to be half that éf the deuterons produéing :

~ them. The stripped neutréns were found to be half contained within ?
degreeé of the forw§rd direction. |
b. Experiments by B. B. Kinsej at UCRL.meaSﬁring in photographic plates
: the‘energy distribution of ﬁeutronsvproduced in various targets by 90
Mev neutrons. The mean energy appea?s.to be‘slightly higher than ﬁhgt
for thermal fission neutrons, but depends strongly upén térget thidkfx
ness. Although thesé measurements werevperfprmed with_?O Mev neﬁtrons,'
they give some indication of what is tp be expected for the higher
energy deuterons to be used by NTA.
c. Experiments with 330 Mev protons by Duane Sewell, et al., at UCRL indi-
vcate that very high energy nucleons may produce a_high eneréy neutron
tail by direet collision with nucleons in the target @u¢1ei.' '\ |
The distribﬁtion in energy @o be'ezpeéted froﬁ a véry 1arée andgvery'thiek_
targét'is dependent on thg inelastic scattering prdpertieé of the target1 Tor a
sufficiently thick ﬁfanium secondary térget.the very high energy stripped neu-
troné will be essentiaily all absorbed and cohvart;d to a_Maxweliian evaporation
spectrum. 1At the saﬁg time this disiributipn wili’be warped by'the absorptidn and
ineiastic scattering prbﬁerties of uranium and will ?robably apprbacﬁ.tbé Sé?

i

. called equilibrium distribution which, howevéf, is not too Well'knoﬁn.
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Among the experiments planned for the néarvfuture at UCRL is'a sort of.Snell
experiment to establish the neutron enéfgi distributionQ Experiments sre also
contemplated for determining the energy and angular distribution of the neutrons

~ from thin targets btombarded by 190 Mev deuterons. :

4. Spallation and Flssion Product Distribution

‘Information'reiativevto the distriﬁution of spallatién and fission producté
in urenium has been obﬁgined for 350 Mev_protops by 05Connor and Seaborg (Phys;
Rev. 74, 1189 (1948)) and f@% 400 Mev alphé particles by Folger, Stevenson and
Seé%érg,(unpublished)n The yield curve (relative to 3&140) for the former case
is given io Fig. 5. The'peak of the fission yield curve is at the center corres-

-]

ponding to symmetriec fission. The spallation yield is representéd by the rise

4n the yield curve at high &. The yield seems to be about 10 percent spallation

and 90 percent fission, with a total cross section of about 2.5 barns.
A fission preduct distribution approximately like that shown in Fig. 5 is
. ! '

expected for ihe MTA primary target, Experiments are now in progress'to deter-

' miﬁe figsion prodﬁct yield curves of the type for the complex of_charged and

neutral particles to be found at various depths in the target. It isialso plénﬁed
to determine the amounis of various activities to be found as a functioﬁ of the\
time after bombardment. Tbis info$mation is neéded in'the‘design of shielding
and in the :spécii‘ication ofA zooling for the target after sﬁut down, |

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

Information Division
3/2/51 ad '
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