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FISSION AND SPALLATION f*OMPETITTON FROM THE
INTERMEDIATE WUCLET AMERIC.LUM zhl AND NEPTUNIUM 235

Walter Maxwell Gibson

Radiation Laboratory
: ‘ and
Department of Chemistry and Chemical Engineering
University .of Californis, Berkeley, California

ABSTRACT

The yields of fission and spallation products of 9-2L4 Mev deu-
teron bombardments of pu?32 and U233 and of 18-46 Mev helium ion bombard-
ments of Np237 have been measured, Radiochemical methods were used to

prepare the target materisls and to separate'and purify the products of

the reactions studied, Determinations®of primary fission yields indicate:

that the charge distribution in fission at these energies is intermediate:
to the equal charge displacement noted at lower enérgies and the constant .
chafge to mass ratio suggested at very high energies but appears to be
closer to the latter case., Fission yield curves have been determined
which show the familiar transition from asymmetric to symmetric fission
as the excitation energy is.increased. An increase in the number of
neutrons emitted before or during the fission process as the excitation
energy is_inoreased is noted by a graduai shift to lower mass of the
Conter of symmetry of the fission yield curves. The results of the fis-
sion studies are 1nterpreted gqualitatively in terms of a statistical
f1351on mechanism, No % /A dependence. of the relative fissionability of
the target nuclides is noted. No apparent % dependence is seen but a
strong A dependence (fisaionability increasing as A decreases) is,aug~
gested. - The (d,2n) and (4,3n) excitation functions of Pu?3? and the

237

(at.2n) and (@,3n) excitation functions of Np have been compared to
test the predictions of theocompound nucleus model that o (d,2n) :o(d,3n)
= ¢ (@,2n) : o (@,3n) and o (a,20) : o.(0,20) = o_ (a) ¢ o (@) = o(a,30) o
(a,3n). The predictions of the compound nucleus theory of Bohr are
verified at all except the very lowest energies, indicating that these
reactions are taking place predominantly by azcompound nucleus mechanism,

The (d;2n) and (a,2n) cross sections are radically affected by the



.

magnitude of the fission reaction, hence the eXcitation functions for
these reactions are vefy sensitive indicators of the relative fission-
ability of heavy nuclides at thése excitation energies. The general
features of the other spallation excitation functions (d,n), (d,dp),
(d,om), (a,n), (x,an) are discussed, Direct intercation, or non-
compound nucleus processes are used to,explain most of the spallation -
excitation functions except for the (d,xn) and (@,xn) reactions where
X > 2. The tdtal reaction cross sections (fission plus spallation)
correspond in each case to a nuclear radius.of R = 1.5 x :10-13 A;/3 cm,

A discussion of the determination of nucleométer (windowless
methane flow proportional counter)  counting efficiencies for the electren
capture isotépes Am?39, AﬁZMO, Np23& is appended. Counting efficlencies

for other elecfron-capture isotopes are also discussed and summarized.



™

\'\

Q‘\

ITI.

III.
Iv.

VI.
VII.

VIII;
IX.

6-
LIST OF TABLES

Tracers used ﬁo determine SPallatiQn product-yields..........,23
Nucleometer counting efficiencies used in the.present study... 36
Plutonium (239) plus deuterons; spallation cross sections.....43

Neptunium (237) plus helium ions; spallation cross sectioms... 45
Uranium (233) plus deuterons; spallation cross sections...,... 45

Primary fission product cross sections and fractions of

total chain yield...... f e et ees s e e s e e e et eeree 50
Plutonium (239) plus deuterons; fission cross sections........ 55 -
Neptunium (237) plus helium ions; fission cross sections.,....g5
Uranium (233) plus deuterons; fission cross sections........ .. 76

Summary of nucleometer counting efficienciés for electron

capture isotopes........c.iveennn. Ceeetteeie e reeoaaas L..112



‘l

“

10.

11.

12,

13.

14,
15.

16.

s

LIST OF ILLUSTRATIONS

. The chemical separation scheme used in the plutonium and

neptunium bombardmentS.e,, ..... e eeeeoneosstagossonsoaseisons

‘The chemical separatlon scheme used in the uranium

bombardments. ....o000ee... 0o e o 00 csooce s acoesarecooenaoecoseeas

Growth and decay of 1?3 in a Pa230 SAMPLE. .\ eouasecoaosoaoans

" Spallation excitation functions for deuteron-induced

reactions of Pu239;,.,,.a.,..,.,,,....,.,..,.,...Q,,.,...,...,
Spallation excitation functions for helium ion-induced

237

reactions of Np tecececceacieneas seerenononeoons crococanecs

- .Spallation excitation functions for deuteron- 1nduced

reactions of U 33.0.0‘ ,,,,, ceoseaea e e eioeenneencaee aareionas

 Fractions of total chain yield vs the chain positions .

predicted by the equal charge displacement hypothesis.........

' Fractions of total chain yield vs the chain positions

predicted by assuming the same neutron to proton ratio

for the most probable primary fission product as for

the apparent flss1on1ng nucleus......... ,a;,..,;.a.?o..., .....
‘Fission yield curves for 9,2- and 12, 3-Mev deuteron-
induced fission of Pu239.,,.,,;4,.........n...._o.n;};..,,...o

Fission yield curve for 15,0 Mev deuteron induced

fission of Pu239, ...... ,,,a.o.,,.éo;,,o,....,.,,,.;};,,,j,,,,.
Fission yield curve for 16.1-Mev deuteron-induced

fission of Pu 239 ... oo coscsacsacaoceens ,.,.,,,...f}..,.,a,..
Fission yleld curve for 17.9-Mev deuteron-induced - ’
fission of Pu o,,.,aa.....,oa.o,..,..,.,,a....,°.> ..... isoeen
Fission yleld curve for 20,4-Mev deuteron-induced

fission of Pu239 ..... cecccesoseascessns _,...;}.,.,....;..,;..;.
Fission yield curve for 23.4-Mev dueteron-induced

fission of Pu239.;,.e ..... ;...{,.n,.nq.,,..;.o,..,.:..;,...u,..
Varlatlon of fission yleld curves with energy for |
deuteron-induced fission of Pu 39.,..;;,,,;,...,,..,..;,,.,,,;

Comparison of total fission exc1tatlon function with

spallation exc1tat10n functions for deuteron- 1nduced

239

.reactlons of Pu e vescmonecooseccocoeboacesena cecoenavscsnes

29

ik
L6
4T

51 .

.52

57.

60
61
62

63



17,
18.
19.
‘.20.
21.

22,

z23.

247

a5,

26,

27, -

28,

29.

30.

31.

. _8—

Fission yield curves for 19.8- and 22,7-Mev helium
237

ion-induced fission of Np cebeconoocons eesoons cioe

Fission yield curves for 24.2- and 28.1-Mev helium
ion-induced fission of Np237 ............ cevoooe cseese

Fission yield curvé for 31.5-Mev helium  ion-induced

fission of Np237....,...a... ..... croecosasesonas cenens

Figssion yield curve for 35.0-Mev helium ion-induced

fission of'Np237.._ ........... tee e seeceecraserenonnnees

Fission yield curve for 38.1-Mev helium ion-induced

fission of Np237 ..... cecconceessecacens oo e ceeecenan

Fission yield curve for 44,9-Mev helium ion-induced

237

fission of Np = ...t enerernnn teroeoen ceeecvocasane

Fission yield curve for 45,7-Mev helium ion-induced

fission of Np237 ..... e o ieatoseraeeaeaan ceoans

Variation of fission yield curves with energy for

237

~helium ion-induced fission of Np = ........... “eoee .

Comparison of total fission excitation function with

spallation excitation functions for helium ion-induced

reactions of’NpZ_B7 ....... e iiaea cessescsosne
Fission yield curves for deuteron-induced fission
- 11233

of U ~",..... e sceceeaeae Ceecesaesanan coesecenssaanes

of U3, Ll e oo e ie e, ceees

Variationrs of fission yield curves with energy for

deuteron-induced fission of U233,. ....................

Comparison of total fission excitation function with

spallation excitation functions for deuteron-induced

Fission asymmetry vs excitation energy for deuteron

bombardments of U2'33 and Pu239 and for helium ion

bombardments of Np237.,.., ........ G reecacecacsenos ceoons

F'ission asymmetry vs (EX-B)_I/? for the fission of

-various heavy element nuclides excited by charged

particles, neutrons and photons......... ceeeos ccsoseen

ooooooo

" reactions of U3, ........ b eeeeennn PP Ceeeneeaees

671

68
69
10
71
T2
73

T4

(chE

7

78

9

80

86

v



v

32.

33.

3k,

35.

36.

_9..

Total fission yields and theoretical COmpound,nucleus\
formation,cross sections for deuteron bombardments

of Pu239,,._.....ano.;,,.,,,, ,,,,, seeccsorenss cesosaccasoscasoas I3
Tptal‘fission yields and theoretical compound nucleus

formation cross ‘sections for helium ion bombardments

237

of Np ' '....... hesescsoseoaneces Weeooceseitoeonossossecovoneans O

Total fission yields and theoretical compound nucleus

formation cross sections for:deuteron bombardments

of US3, e e ee oot e et 95
Compariéon of the excitation funcﬁions for Np237.+'a

and Pu239 + Girienroroncoanasa g o 1o
Cross section ratids for Np237 + ¢ and Pu239’+ d...... R (O X §



'

A

-10- -

I. INTRODUCTION

A highly excited heavy nucleus (z > ~ 80) can de-excite by one
er both of two quite different mechanisms. It can break up into two more
or less equal parts (fission) or it can emit various numbers of nucleons
or simple nuclei (i.e. deﬁtefons; tritons, or alpha particles)? The
latter class of reactions have been called '"spallation feactions”;} The
name was suggested by G. T. Seaborg and comes from the verb "to spall"
{meaning to break up by chipp&ng off small fragments, The number and
complexity of the ‘emitted particles depends on the excitatidn energy. A
reduction of 16 charge units and 37 mass units ha@'been_dbserved in the
bombardment of arsenic with 400 Mev helium ions.,l If the nucleus is
still highly excited after some spallation has takeh place fission can
result,2 ‘ |

‘ The coneeptual framework for the interpretatioﬁ,of huclear‘re-
actions in the medium. energy region (E < 50 Mev) was laid by Bohr with
the compound nucleus model.3 Ag pointed out by Serber,hvat energies ‘
above 50 Mev the nucleus becomes somewhat "transparent” to the bombard-
ing particles, Effeets such as direct nucleon-nucleon collisions or
knock-on reactions then become.prominent, A detailed model of the knock-

on‘precess in high energy‘reections has been developed by Gold}berger5
which is in qualitative agreement with experiment?’7

The statistical theory is an elaboration of Bohr's compound

- nucleus concept., The special assumptions of the statistical model have

8,9

Various features of nuclear reactions
10-15

been listed by Weisskopf.

have been successfully explained .in terms of this theory, " However

the Eharged particle emission probability is, in many cases, muchAgreater

16,17,18 and angular distributions of reaction preducts

19-21

than predicted,
hgve been found to be strongly peaked‘forward instead ofvsymmetric
about 900 in the center-of-mass system as predicted by the statistical
model. Also the expected level density formula has failed to be veri-
\fied’by'experimental measurements:zz_zh An explanation of these phe-
nomena has been offered in terms of direct interaction processes . which

take place in addition to the compound nucleus process.zS—27 " The break—

down of some of the fundamental essumptions behind the statistical theory
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has also been suggested,28 These and other serious disagreements with
the statistical model indicate that'considerable caution should be ex-
. ercised in applying it.to any specific problem. Howéver, this model
still appears to be valid in many cases and, because of its simplicity
and utility, may still yield considerable valusble information. 29,30
Accordlng to the compound nucleus concept of Bohr, 3 the decay
of "a compound nucleus is 1ndependent of the method in which it is formed.
The cross section can therefore be expressed as;
o (a,b) = Uc (a) Gc (b)
Where cc (a) is the'cross section for formation of the compound nucleus
¢ with the incident particle a. GC (b) is the probability that the com-
pound nucleus will de-excite by the emission of b, where b designates
one' or more small particles. GC,(b) depends only on the energy of c and
not on the method of formation. ILet us then consider the cross section
for the emission of b' from the same compound nucleus as above and the
emission of b and Db' frdm the same compound nucleus formed by a different
projectile a'., If the compound nucleus has the same excitation energy
in each case the following expression can be derived. |
_o_(a,b) _ G (v) _ o (a',b)
5(ap) & (7 5(a,n)
63

“Ghoshal™® bombarded NifC with helium ions and Cu

with protons to pro-
duce the compound nucleus Zn6h, The relation o (p,n)/a(p,Zn)/c(p,pn) =
o(a,n) /o(a,2n) /o(a,pn) was observed to hold for each excitation energy
of the compound nucleus. For the purpose'of impgrting exciltation energy,
vprotOns‘were as effective as helium ions with 7 Mev greater energy. Johnll
has gpplied a similar test for the compound nucleus PoZlo by‘éomparing
‘the (a,xn) cross sections from helium ion bombardments of Pb206 to the

' 209 1y Kelley.3t a

similar result to that of Ghoshal's was obtained, The prediction of

(p,xn) cross section from proton bombardments of Bi

Bohr's assumption was thus verlfled »
An alternative representation can be obtained in the same fash-

ion as the above expression by considering slightly different ratios. -

o (a,b) o (a) _ o (a,p")
o (a',b) o (a') o {(a',p')
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The observed cross section ratios can then be compared to the ratio of -
the theoretical compound nucleus cross sections which have been developed

by weisskopf9 and Shapiro. 3z

The fission process has been described by‘Bohr and Wheeler33
on the basis of the liquid drop model of the nucleus proposed by Bohr, 3
This 51mp11f1ed model has been successful in describing many features of

low energy fission. 34-37 By this treatment the fission process is plc—

tured as a competition between the electrostatic energy of the nucleus

(oulombic effect) and ‘the deficit of binding of particles at the surface
(surface tension). The stabilizing effect of the surface tension over-
balances the potentially disruptive influence of the electrostatic re-
pulsion even for heavy nuclei in their normal approximately spherical

configure.tions° Small distrubances lead to oscillations about thelequi-

1librium shape. However as the distortion increases, the effect of the

surface tension decreases relative to the Coulombic effect so for suf-
ficientiy large distortion the’repuision predominates and the nucleus
breaks into two or more parts., On the basis‘cf,liquid,drop consider-~
ations a semi-empirical mass equation has been developed33’38’39 which
can be used to calculate the energy‘release and hence the felative pro-
bability for any particular mode of fission {1, e,, a particular-distri—
bution of neutrons and protons between the two f“agments) This calcu- -

433,36,39

lation indicate that the total eneréy release is largest for
symmetric fission, It was also predicted that as the excitation energy

of the nucleus is increased, asymmetric fission would become more prob-

' able, These predictions are at complete variance with the experimental

Lo, 143

evidence, T The very extensive evidence to date can be summarized byif

the observations that {1) at low excitation energies, fission is predom=- -
inantiy asyﬁmetric and (2) as the excitation energy is increased the
probability for symmetric fission increases until at high energies asym;L
metric fission is the favored mode,

Many propossls have been made to explain the phencomena of asym-
me’c::"icf“is'sionu,l"L2 The shell modei43 of the nucleus,.which‘has'been parti-

cularly successful in explaining low lying excited states of nueclei and

vaccountlng for the 1ncreased beta stability of certaln ‘magic number”

L-18

nuclides, has been a popular basis for many of these proposals.,4 A

"closed shell"(region of increased beta stability) is associated with 50
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or 82 neutrons, éonsequently it is proposed that the nucleus divides in
- such a way that the small fragment contains at least 50 neutrons while
the large fragment contains at least 82 neutrons with the remaining heu-
-trons being distributed between the two fragments. The proton distri-
bution would ostensibly be affected in ‘the same manner but to a lesser
degree since the number of protons does not come so close to being the y
sum - -of two closed shell configurations.

- An alternative mechanism for the effect of shell structure has
been proposed.by H:’Lll.h9 In this approach the shell structure of the
fissioning nucleus is-considered. It 1s suggested that low energy ex-
citation of the.nucleus is not statisﬁical. Only the nucleons outside a
' given‘closed shell are excited., The excited nucleons then divide sfati-
stically with the unexcited "core” accompanying one of the two groupé
of dividing,nucleéns: As the excitation energy is increased, the pro-
babilityrfor symmetric fission incréases since more of the nucleons in
 the core are excited. |
‘ - Other suggestions include a barrier leakage mechanism by
Frenkelio which predicts an energy dependence for low energy fission
~quite different from that.observed,sl and a prbposal by Present and
Knipp’® that the critical form of unstsble equilibrium is asymietric
thus leading to a preference for asymmetric fiss;on, Frankel and Metro-
polos have investigated the fission barrier'by ﬁeans,of_ENIAC calculg-

36 and find no indications of the asymmetry aésumed in the Jlatter

tions
proposal, HKHill and Wheeler have examined the fission process in terms
of & collectilve mocl_el.E-l The fission asymmetry is explained by a shape
dependent viscosity and an inviscid hydrodynamic instability of the in- 
compressible nuclear fluid, It is proposed that minute asymmetries at '
the critical deformetion can lesd to large asymmétries if there exisfs

& hydrodynamic instability tending to magnify the émplitude of the

" disturbance,

The desire to retain the basic cohcepijQf thé Bohr and Wheeler
statistically excited liquid drop has prompted many workers to examine
possible -effects tending to make asymmetric fission entergetically more '
favored and hence statisﬁically'mOre probable than symmetric fission,

53

Swiatecki”~ has noted that nuclear polarization and compressibility will
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change slightly the simple liquid drop'dependenCéfdf energy on the de-
formation and has suggeSted that this effect will work in such a direc-
.tion‘as to split the symmétric saddle point into two asymmetric ones.
Maris51L has discussed the effect of non-uniform charge distribution in

the nucleus and Fong55 has investigated the effects of deformation of

“the'fissionvfragments during the fission process, The magnitude of
these effects is difficult to estimate, It is probable that all of

B these' considerations may produce an increased probability for asymmetric

fission,
The most significant factor behind the renewed interest in the

statistical model of fission has been the accurate determination of

nuclear masses in the fissioh product'regionﬁ56’57'and'in the heavy -

58,59

element region and improved beta decay Systematics.éo‘ These meas-

urements indicate,ciearly that the mass equation used by the earlier

33,36.39

workers was seriously in error. The most notable deviation is
in the region of the 50 neutron and the 82 neutron closed shells where
the experimentally determined masses are significantly'smaller than pre-
dicted by the mass equation, Fong6l.and'Mariséz'ha§e poirnted out that

on the basis of these revised masses asymmetric fission is energetically

- favored, (that is, produces more kinetic and excitation energy) over

‘symmetric modes of fission, Fong55 has extended this treatmeht and has

also considered possible Coulomb barrier effects andvfission Tragment
distortion effects in an effort to calculate relative fission prObabil—

ities, The calculated fission yields for U235 fission with thermal
25

neutrons agree reméfkably'well with the experimental‘resultso Perring

 and.Story63 have attempted to apply the caletlations of Fong to the slow

neutron fissiongofiPu239

and have noted large deviations,

Other, more indiréct_evidence concerning fission asymmetry
supports the notion of energetically favored asymmefric fission, TFowler,
Jones, and Phaehler64 have observed a relationship between the valley to
péak raﬁio'(fission.asymmetry) of ﬁhe fission yield'curves‘of'several '

-1/2=

nuclides and the guantity (EY—B) Where E_ is the bombarding particle

enérgy‘plus its binding energy in Mev, It was found that if the logari-

_'thm of valley to peak ratio was plotted against the above energy express-

ion a straight line could be drawn through the experimental points.
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(EX-B)"]‘/2 is proportional to the reciprocal nuclear'témpératuré, The
5 Mev which is subtracted from the excitation energy is interpreted as
the effect of cooling of the nucleus as it is distorted and is chosen
because of the measured photofiésion threshold of about 5 Mev, The
proportionality constant between the nuclear temperature and the square
root of (Er—5) can be evaluated on the basis of energy level densities
.as estlmated by Welsskopf 65,9 When this is done the straight line ;
through the experimental points corresponds to the,expre531on ;mln/Ymax
= 2.8 exp [-2.9/T]. Since the relative ﬁrobability'of two states dif-
fering in energy By an amount AE is exp [ - AE/T], it is thus inferred
that 2,9 Mev is the additional energy required to produce symmetric in
preference to asymmetric fission.

Aléng with the study of fission asymmetry, which has perhaps
received a large bulk of the effort because of its striking and obvious
contridiction of commonly accepted ideas, there are several other véry
. interesting and‘important aspects of the fission‘process. 'The:charge
. distributioﬁ in ldw énergy-fission has been investigatedvby Glendenin,
Coryell and Edwafds;66 It was found that the experimentally determined
independent fiésion yields cduld-be best explained if it was assumed
that the most pfobable primary fission product in every mass chain was
displaced the same.nUmber_of.charge units from thé‘beta stability line,
By appiying corfécﬁigné fof cloéed shell effects to the beté'stability '
liné aSsumed by Glendenin, Pappas67,was able to obtain a better corre-
latiQn;-’Very recent mass'sﬁectrographically determined primary fission
yields68 Indicate a discrepancy in the postulate éf equal charge dis-
placement. This discrepancy can be expléined if the effect of the 50
proton .closed shell is taken into account in evaluating the most prob-
able nuclear charge %p for a given mass chain, It is suggested that
the most probable.charge distribution is that which 'will yield the great-
est énergy release in the fiséion process, 1

Another tool in determlnlng the flsSlon méchanism is the meas-

L ¢

urement of the distribution of the fission energy between the kinetic

69

and excitation energies of the fission fragments. Also of interest

70

is the variation of the kinetic energy with fission fragment mass and

1,72

with the excitation énergy of the fissioning nucleus! The consist-

ency of the kinetic energy of the fission fragments with the excitation
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energy of the fissioning nucleus and the variation of the kihetievenergy

with mass strongly suggest that the kinetic energy is derived almost -

"entirely from the Coulomb repulsion of the two fission fragments, An

interpretation of this kind is consistent with the predictions of both

a statistical fission model and the collective model of Hill ard Wheeler,
The isotropic dlstrlbutlon of fission fragments from low energy

fission and the anisotropic dlstrlbutlon for hlgher energies predicted '

oL and by the statistical moaels73 T

75,76

by the collectlve have been experi-

mentally verlfled Measurements of the relative anisotropy of

'fragments which correspong to symmetrlc and asymmetric fission modes in-

dlcate g prefererice for the statistical flSSlon mechanism as opposed to.

the.0011ective model.?7’78 It was observed that the anlsotropy is great-

er for the products of asymmetric fission. This is explained in terms
of the statistical model by'noting that there is more energy available

~in asymmetrie fission than in,symmetfic fission hence the anisotropy,

which has a marked energy dependence in the regien studied, is greater
for asymmetric f1ss1on V
Various measurements of the prompt neutrons emitted in the
fission process give ''model-sensitive' tests of the fission mechanism,
79,80 has

The'multiplicity of prompt neutrons from low energy fission

been explained'by Leachman8l in terms of a statistical mechanism, It

might also be noted that if more energy is released in asymmetric modes

 of fission ﬁhan in symmetric modes one would expect the prompt neutron

emission probability to be higher for asymmetric fission, This is found
to b'e‘"th_efc‘a,se.82 'The observed energy. spectrum of prompt neutrons from

83,8k

fission have been fitted by the calculations of Watt83 and L_eachmangl

which are based on liquid drop model (statistical model) considerations,
The angular distyibution of fissioﬁ neutrons has been shown by‘Fraser85
to be isotropic in the frame of reference of the moving,fission fragmerts
as predicted by the statistical model., The collective model of Hill and
Wheeler51 predicts preferred neutron emission parallel to the axis of
fission. . ..

It is of special interest to consider'the details of charged
particle induced reactions of fissionable nuclides, The observed spal-

lation products are the survivors of the preponderant fission reaction.
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- Therefore the variation of gpecific spallation yields with the fission-
ability of the nucleus is very instructive in investigating the fission
process and in determining the relative effect of various possible re-
~action mechanisms. A systematic study of the varietion,of individual
spallation reactions as the charge, mass and nuclear type of the target
material and the charge, mass and energy of the bombarding particle is
changed, should also yield valuable informgtion about the mechanism of
nuclear reactions. The present study is part of such a series.of 1nves-

86,87,88

The results of helium ion

238 87

tigations on heavy mass nuclides.
bombardments-of—?lutonium isotopes86 and U are summarized below,
1. High cross sections for charged particle emission,
particularly the (o,p2n) cross section which is higher
then the (@,3n) cross section in some cases. |

2, Low (1-3mb) and flat (o,n) excitation functionms,

3. Prominent "tails" on the (a,2n) excitation functions.
4, A striking mass dependence of the magnitude of the
238 ona Put*® 1n which the

. eross section for thg6latter is about seven times higher '

.than for the former,

5, A high (up to 100 mb) (a,an)ﬂeross section in the,U238
87 '

(0f,2n) cross section for Pu”

bombardments. _ ,
‘6. A total reaction cross section conforming to a nuclear
radius of sbout R = 1,5 x 10 -13 1/3
The present study is an extension of these previous investi-
gations. The effect of deuterons as a projectile and direct testing of
the compound nucleus assumption were of particular interest in this

program as well as the detailed investigation of the fission reaction.

L]
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-IT. EXPERIMENTAL PROCEDURES.

A, Target Preparation

~

The‘total cross section for a particulaf nuelear reaetioh:is
dependent on a,humber of factors; Each of these must be either control-
led or measﬁred in the course of aﬁ experiment designed to.meaaure the
cross sectionﬂ The eXpression for the crose section is of the following
form for the case of a thin target (beam not attenuated) bombarded with
a non-uniform beam: ‘

o = N
n/cm2 (1t).

0 is expressed as cmz_per atom, N is the number of product atoms formed,

n/cm2 is the number of target atoms per square centimeter and (It) is
the total number of projectile particles (product of current and time)
which strick the target. The target matérial must be of uniform thick-
ness and all of the measured beam must hit the target.

| , Varlous technlques are available for preparing thin, uniform
fllms of target materials. 89-91. The, method employed throughout this
study was electrodep051t1on, This method has afforded maximum target
,uniformity with g minimﬁm expenditure of tiﬁe, equipment and valuable ,
target material compared with other.commonly employed methods of evapo-

ration or sublimation, A new method based on painting thin films of

. materials suspended in a cellulose nitrate lacquer has been described

92

recently,

It was necessary that the material on_which the targets were to
be plated be readily dissolvable in order to recover the  fission recoils,
In addition, the material could not become intensely radioactive and re-

main so for a_long~period after the bombardment, .Aluminum met both of

‘these requirements satisfactorily. .The fission recoils are stopped com-

‘pletely by less than 1 mil (6.86 mg/cm2 of aluminum foil72’93 Ten-mil

2S aluminum shaped in the form of a shallow "hat" was used as the back~

ing materlal

1. Plutonlum

‘The "low GTf Pu®3” ysed in the plutonium bombardments contained
only 0.02 atom percent .of Pu2”9 and was essentially free of Puzhl, M :

(

A



-19-

The method descfibed by Hufford and Scott89 as modified by Glass9l¥ for
plutonium was used.

About one mg of plutonium in acid solution was oxidized to Pu
(Vi) by evaporating to dryness with 1 M sodium bromate. Three to four
drops of_concentrated nitric acid were added ﬁo the residuevand this was
again boiled to drymess to_destroy excess bromafé, The residue was then
dissolved in 1 to 2 ml of O.hM ammonium oxalate. This édlution.Was trans-
ferred to a plating cell consisting of a platinum anode with the-aluminum
 "hat" as the cathode, The potential drop across the cell was meintained
at 4 to 5 volts and the spacing of the electrodes was adjusted to keep‘
the plating current at 100 to 200 ma (over the 1.23 cm2 area of the alu-
minum hat). It was found that 0.2 to 0.4 mg/cm2 of plutonium could be

plated in a 30-min perilod,
2, Negtuhium .
' The plutonium procédure was employed except that it was found
benificisl to adjust the acidity of the plating solution £o the methyl
red endpoint with nitric acid and smmonium hydroxide, _With_neptunium,
considerable difficulty was encountered invobtaining,acceptable tafget
plates. Frequently, targets containing only 0,06 to 0.1 mg/cm2 of nep-
tunium weré.used-although on occasion up to 0.4 mg/cm2 could be plated
successfully.
3. IUranium : : ‘ .
~ The U233 uséd.was determined to contaln about 5 percent'U23S
by mass spectroscopic measﬁrements.95 The plating method deseribed by
Hufford‘and‘Scd£t89 wag used, This is essentially the same as used for
plutonium exgept for omission of the‘pre-oxidation by sodium bromate,
It was found that up to 1.5 mg/cm'2 of ursnium could be.plated uniformly
although the targets used were limited to 0.4 to 0.6 mg/cmz,. )
In the earlier bombardments the area of the target was defined
by the diameter of the plating cell used. Frequently, however, other-
wise acceptable target plates were rejected because of small non-uniform-
“ities at the edgé_of the plated ares due to bubble formation-at‘the'junc~
tion of the aluminum cathode and the glass plating cell, This was éir-
cumvented on later bombardmenté by using a cell larger than the area = -
desired and masking. the aluminum hat to the desired area by carefully

painting it with a thin coat of 4A (Inter-Chemical Corporation,

-
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San Francisco; Cdlif;) lacquer, This was baked on under a heat lam@ and
removed after the ﬁlating~byhsoaking in acetone and peeling the 4A off
with a sharb tool, | -_ |

In all casés-the areg of the target was determined by ¢arefully
measuring;several_diameterswandvcomputing the area from the average,

v'The'plates were determined to be uniform within 1 to 2 percent
by . 5canning with & narrow slit low-gedmetry alpha cbunter96 and by mak-
ing radloautographa of several of the target plates selected at random,

In most cases three checks were made on the amount of target ‘
material bombarded. The targets were counted in a low-geometry alpha
counter_for which the geometry and counting efficiency had been determined
91 the plating solution was assayed before and
after plating, and fiﬂally, thel&issolved target solution was assayed
after the bombardment. The first two methods checked consistently; hence
the average of these numbers was used in the cross-section caleulations.
The value.dbtained from radiocmetric assays of the dissolVed target solu-
tion was 5 to 10 percent lower than that obtalned from direct counting
of the target plate. This effect has been noted byyothers,94’98‘ The
specific activities used for éonversion of alpha counting rates to num-
ber 6f atoms,given in disintegrations~per minute per milligram,were;

Pa?39) 1,365 x 10%; 97 w237, 1.53 x 10%; 190 uB33) 210 x 107, 0L

B. Target Assembly

The requirements of an adequate target asseﬁbly in the measure-

‘ment of cross sections include provision for controlling the angle and

area of the incident beam (collimation),'monitoring the number of parti-
cles hitting the target, ahd chtrollihg the energy of the incident pafti-
cles. Other considerations of a practical nature aré'cooling of the
target and degrading foils and_convéﬁiéhce and safety invloading and un-
loading the radicactive tafget plafes."'Tﬂe target assembly'used in the
plutonium bombardments Wasvidenficaluto that'deécribéd b‘;y’Glass‘,'%L A
modified "microtarget" assembly having somewhat improved cooling prop;'
erties was used in the neptunium and uranium bombardments. This assem-

bly has been described and pictured byRit.sema.B7
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The external L8-Mev helium ion beam and the 24-Mev deuteron

beam of the Crocker Laboratory 60-inch cyclotron were degraded to the
desired energy'by'welghed aluminum and platlnum foils. - The range-
energy curves of. Aron, Hoffman, and Wllllamslo2 were used to calculate
the final deuteron and helium ion energies, These curves were inter-
polated for piatinum by_B,.M. Foreman, Jr,lo3- The foils were placed
in.an.air-cooled block in front of the target aséembly. It was found
that the aluminum foils were .affected lese than the platinum by the - |
heating effect of the beam, so aluminum‘was used -wherever: possible.
The foil_immediately.in front of the target was L-mil aluminum in all
caseso ‘This foil was dissolved with the:target-in order to recover
the trapped fission recoils, The uncertainty in the initial energy of
the beam, before degredation, was about i0;5 Mev, but may run as-high
1 MeV.lou - This uncertainty‘is mainly due to changes in_the-ion '
source and changes in the deflector magnet setting. v
o The beam was collimated to a cross-sectional area of about
0.9 cmz,, Beam patterns were taken before each bombardment by 1rradiat-
ing-"Scotch tape" placed in the target positlon This precaution was
necessary to. insure that all of the beam passing through the collimator ‘
would hit. the target |
The beam was completely stopped in the target assembly which
was electrically insulated from the rest of the system. Hence the build-
up of positive charge in the Faraday cup formed by the target-backing
material and holder wae directiy related to the number of particles hit-
ting the target (since secondary eler ons could not escape from the
enclosed system), The beam current was measured end recorded as a '
function'of time on a Speedomax recorder The current was also inte-
‘grated automatically over the perlod of the bombardment so that the .
total current could be obtalned dlrectly The integrating capac1tor of -
L the cyclotron can be calibrated to a prec151on of greater than O 1 per-

105

'_cent with an accuracy of about 3 percent
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C. - Chemical Separations

Due to the large number of possible nutlear reactions induced
in the target nuclei and in the aluminum backing plate, extensive chemi-
cal procedures were necessary to purify the ‘products for which yields
were to be determined. In many cases the total activity of some of the . .
products was less than 1000 counts/min, making it impossible to separate
the tsrget into separate aliquots for each of the products, The de-
sired products first had to be'separated from each other and from the
target and backing material, They were then radiochemically purified,
The amount of induced activity was limited by the amount of material
bombarded which was in turn drastically limited by the necessity of
using thin targets and by the availability of vsluable target material,
Other limiting factors were the aﬁount of beam-thebfoils and target

could tolerate before overheating ( < 7 ua) and the length of the bom-

bardment (1/2 to 4 hr) which was determined by available cyclotron time

and by the half lives of the product nuclei,

| Another problem was introduced by the presence of large amounts
of aluminum,. The aluminum target hat and the l-mil aluminum front foil
were,dissolved with the target to recover fission recoils, making a
total of about 130 mg of aluminum ‘BecauSe of the intense alpha radio—"
actiVity'of the target materiais, the initial chemical procedures were .
carried out.in an enclosed "glove box. n106

1. Determination of chemical yields

The chemical yields of the various products were determined by
the addition of standardized weights of carriers for each of the: flSSlon :
products and known d1s1ntegration rates of alpha- emitting tracers for
the spallation products, The carriers ‘and tracers were present in: the
beaker‘in which the target plate and cover foil were dissolved. Care
was taken-to.avoid spattering or other losses until equilibrium between
the induced activities and the carrier and trecer solution was reached,

Table I shows the isotopes used as tracers to give the yields'

of the respective gpallation products.
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Table I, Tracers Used to Determine Spallation
‘ Product Yields

Element Tracer "~ ‘Energy of principle alpha groups
L (Mev)?
. 243 .
Americium Am 88% 5.267, 5.226
' 2" 12% 5,476, 5,433
Plutonium  Pu’>’ b 5.150, 5.137, 5.099
| 2% 18.54° .88 |
pu?3® 76,94 5.492, 5,450
o p?3¥  u6s  5.150, 5.137, 5.099
Neptunium Np237 L.77 '
Protactinium .‘Pa23l 5.042, 5,002, 4,938, 4,720

8, From Hollahder; Perlman and Seaborg, Rev, of Mod, Phys, 25,
469 (1953). |
- b, -Used to give yleld of first plutonium fraction from neptunium
bombardments, | - | |
< ¢, For second plﬂtonium fraction from neptunium bombardmenﬁs

{plutonium milking),

Neptunium=-237 and uranium-233 have very pearly the same alpha-
particle'energy'(h¢77~Mev and 4,82 Mev respectively) and could. not be
distinguished separately on the glpha pulse analyzer (see section on
counting instruments). Therefore, in the series of deuteron.bombard-
ments on U233,,any uranium from the target materisl which should stay :
with the neptunium fracﬁion through the purification, would cause the
apparent neptunium yield to be too high. There are no prominent gémma-
rays associated with the decay of.either the U233 or the Np237 which
could be used to distingﬁish between the two isotopes. In an attempt
to decrease the effect or td determine the magnitude of small amounts
of uranium contamination, the following precauticns were taken: é fair-
-1y large amount of neptunium traéer (about 800 c/m) was added initially

so that a few counts of U233 would not mske a large error in the nep-

tunium yield. Also, on two of the low-energy bombardments (12.1 and 1L4.0°

Mev), about half of the neptunium fraction‘Was taken through a second TTA

extraction cyclé (see Sec. 4), The ratio of nucleometer counts to alpha

>
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-counts for this sample was compared to the same ratio for the sample

which had only the regular chemical purification, the two ratios (ex-
trapolated to a common time) agreed within the counting statistics in
both. cases. This same treatment could not be applied to the higher-

energy'bombardments because the bombardment. time was reduced from 2 hr

v to 1/2 hr so a more favorable Np232/Np 33 ratlo could be obtained, This

reduced the amount of the longer-lived Np (4 44) to such a low level
that it was deemed unwise'to divide the sample., It is believed that

any errors which might be introduced by uranium confamination are small,
both for the above reasons and because of the flat'(d,n) excitation
function obtained, It is_expected from other easeslo7_lo9 that the -
(d,n) excitation function will be constant from about 1k to\abo#e’zhiMev,

2. Target dissolution

The plutonium, neptunium, and uranium were plated as the hyd:
rated oxides or as hydroxides. In the course of the bombardment much
of the target material was converted to the oxide due to the heat gen-
erated in the front foils and in the backing plate, Due to the re-:
fractory nature of_plutonium oxidello and neﬁtunium oxide;ll,SPecial
care was taken in these cases to be sure that complete dissolutioh was
effected} The target was first treated with nitric and hydrochlorlc
acids until the alumlnum was in solution. This solution was then heat-
ed at about 80°C for an hour with 6M nitric acid., The uranium targets
dissolved readily'ﬁpon heafing with nitric and hydrochloric acids.
After the targets were dissolved the solution was diluted to a known
volume and radiometric assays were taken for alpha counting to check
the amount of tergef material bombarded. '

. The separation procedures will be outlined briefly and the

-spallation product purifications described, vThe individual chemical

purifications for the fission produets are modifications of standard

procedu_resllz’113 and have been outlinéd iﬁ detail by others;87’9h’98
hence, these procedures will not be repeated here, ’

3. Chemical separations for plutonium and neptunium bombardments

In,the_plutohium and neptunium bombardments the separation .

procedures were very similap.endwill be dlscussed together The sepa-

ratlon.scheme is illustrated in Fig. 1. . When: ruthenium carrler was
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Ruthenium and Silver present initially it was- reduced to ruthenium
metal by the aluminum during the dissolution,
Also, when silver carrier was present, silver chloride was precipitated

at this stage. The solution was centrifuged and the precipitate washed

‘with dilute hydrochloric acid. The precipitate was then removed from

the glove box and the silver and ruthenium were separated from each

other by dissolving the silver chloride in 6& ammonium hydroxide,

_'Sténdard pro_ceduresll2 were then used to further purify the ruthenium .

and silver.

The supernate from the target solution was then treated with

Separation from Aluminum sodium hydroxide and sodium carbonate to

precipitate barium, strontium, yttrium, the
rare earth elements and part of the cadmium, Americium, plutoniﬁm, and
neptunium were éarried on the precipitate. 'Aluminumvand part of the
cadmium reﬁained in the supefnate, It was found that in the neptunium
bombardments only about 25 pefcent of the neptuhium was carried on the
precipitate in the presence of excess carbonate, It was often desir-
able to have as much of the neptunium carry on the precipitate as pos-
sible, so in these cases iron carrier was édded and the hydroxide was

precipitated by the addition of carbonate-free sodium hydroxide. This

‘wag, centrifuged and sodium carbonate was added to the supernaté to pre-

cipitate barium and strontium. The' hydroxide and carbonate precipitates‘
were combined and dissolved in hydrochloric acid. The resulting solution
was saturated with hydrogen chloride gas to pre-

Barium and Strontium cipitate barium and strontiﬁm chloride. The -

. precipitate was twice dissolved in water and
re-precipitated with hydrogen phloride gas in order to reduce the alpha
activity of this fraction to a low enough level to.remove from the glove
box. The barium and strontium were separated from each other by pre-
cipitatihg barium chromate from a neutral buffered solution leaving

strontium in the supernate, Standard procedures112 were used to further

- purify barium and strontium,

Cadmium sulfide was precipitated from the original hydroxide

.solution with hydrogen sulfide gas, dissolved in hydrochloric acid and

added to the chloride supernate at this point. The chloride supernate

was passed through a gléss colunmn (3 mm x 2.5 cm) packed with Dowex
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.A—l anion exchange resin, The americium,*yttrium,_and,fare—earth ,
elements passed through the resin in the concentrated/hydrochloric acid
fraction. The plutonium, neptunium, and cadmium were adsorbed on the
resin; The plutonium was desorbed with concentrated hydrochloric acid

' plus 0.1 M hydroiodic acid and the neptunium

Plutonium and Neptunium was desorbed with 4 M hydrochlorie acid.

After wsshing the column with a small amount_

of water the cadmium was desorbed with O .75 M sulfuric acid and further

purified using standard procedures, 11z

.Americium and Rare Earth v Hydrogen fluoride was added to »
Separations - - the americium, yttrium, rare-earth fraction

, to precipitate the rare-earth and yttrium fluorides,' The precipitate
was dissolved in nitric and boric acids and the rare-earth and yttrium
hydroxides precipitated by the addition of excess ammonium hydroxide.
. Americium was carried on both of these precipitates,‘,ln‘the cases that
the rare-earth elements or yttrium were not teken out as fission pro-
‘ducts, about 5 mg of lanthanum was added to carry the emericium, The
" hydroxide precipitate was dissolved in a minimum of concentrated hydro-
chloric acid and the americium was separated from the rare earths and
yttrium by passing them through a gless column packed with 4 percent
oros5~linked.Dowex-50 cation exchange resinallhv The eluant wasAZO-per—
cent absoclute ethanol saturated with hydrogen chloride gas, Ok The
americium was: eluted in about 8 column volumes and the heavy rare-earth
- elements began to elute after gbout 12 column volumes of eluent had been
used. . The americium frection was reduced to a low volumn and vaporized
from a tentalum filément (see Sec, D) onto a platinum disc for counting,
The rare earth and yttrium'fraction were desorbed from the resin with
15 ml of 6 M hydrochloric acid, precipitated as a hydroxide with emmon-
ium hydroxide and dlssolved in & minimum of 6 M~hydrochlor1c acid (3 - 4.
' drops). This solution was diluted
Rare Eaxrth and Yttrium Separation , to 15 ml with water and equlll-[ '
brated with ohe ml of Dowex-50

cation exchange resin; The yttrium and- each of the rare-earth elements
.were then separated from each other in a long (9 mm x 70 em) glass col-
umn packed with Dowex-5C cation exchange resin, The eluant used was

- ammonium lactate of continuously varying pH over the pH range 3.5 to
5. O 115 . : o

hed
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The plutonlum fraction from the neptunlum bombardments was
carried on a lanthanum fluoride prec1p1tate,

Plutonium Purificatioh dissolved in hydrochloric and boric acids,

‘ carried on a lanthanum hydroXide precipitate,'
and dissolved in concentrated hydrochloric acid, ‘The plutonium was ad-
sorbed on a small anion cOlumniend desorbed with concentrated hydro-
chloric, 0.1 M hydroiodic acid, The plutonium uas then plated for
counting, | |

' After a month had elapsed (to allow the 22-hr Np 236

to decay)

' plutonlum tracer (Puzuz) was added to the neptunium fraction from the

neptunlum bombardments and the plutonium was again removed with two
cycles .of the plutonium procedure given in the previous paragraph. The
plutonium tracer used in the or;glnal-separatlon\was Pu 39, |
h -The neptynium fraction.from the plutonium bombardments was
purified according to the scheme outlined in the following section.

b, Chemicel_separations for uranium bombardments.

A special problem was present in the eeries'of deuteron bom-
bardments on U233, Extremely fast neptunium separations were required
in order to charaéterlze the (d,Zn);and (4,3n) products (35-m1n Np 233

: . 22392 ' .
and 13-min Np 3 respectively)_° Because of this limitation, time con-

‘suming column separations had to be avoided and fission products which

would tend to slow down the separatlon and purification of neptunlum _
had to be left out.. Hence, such fission products as ruthenlum and 51lver
which precipitated when the target was dlssolved were only taken out in
the.bombardments at low energy (lessithan 15 Mev) where the 13<min nep-
tunium act1v1ty could not be made in sufflc ient quantltles to observe,
The general separation scheme is. 1llustrated in Fig, 2.
| The chemistry used for the separation and purlflcatlon of
‘neptunium was essentlally a modlflcatlon of that proposed

Nepﬁunium by Magnusson et gl}ll6 and is described in detail by

87

Ritsema, The neptunium was reduced to the plus-four
state with ferrous ion andvhydrazine_then carried on zirconium phosphate -
by the eddition of phosphoric'acid (Zirconium‘carrier was present inis
tialiy), Protactinium was also carried on the precipitaten- The zir-

conium phosphate'was\diseolved in hydrofluoric and nitric acids and



U233 Chemistry .'

29

U0y, Al |

. Fig. 2
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The'éhemical,Separation scheme used in the uranium bombardments
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lanthanum fluoride was precipitated by.the_addition of lanthanum carfiér,
Néptunium was carried on the precipitéte, zirconium and protactinium re-
mained in the supernate. The lanthanum fluoride was dissolved in boric
and niﬁric acids and lanthanum hydroxide was precipitated by the addition

ofyémﬁonium hydroxide, The‘neptunium was carried 6n the precipitate.

,Thé hydroxide precipitate was dissolved in 1 M hydrochlorié acid, the

neptunium was extracted into TTA (thenoyltrifluoroacetone) then re-ex-

tracted with 12 M hydrochloric acid. The 12 M hydrochloric acid was

_stirred once with benzene to remove dissclved TTA., The benzene fraction

was discarded. The neptunium was then evaporated onto a’platinum disc
forfcounting, This neptunium proceduie; including the dissolving step,
wasfcompleted in times as short as 25 min, giving radiochemically pure
neptunium in about 30 percent yieldf |

| The fluoride supernate containing the zirconium and protact-

b ' © inium was treated with excess barium

Zirqbnium and Protactinium
Separation

- nitrate solution, precipitating barium
fluozirconate which carried the protact-

iniﬁm. The precipitate was dissolved in nitric-and boric acids and bar:

. 1um -sulfate was precipitated by addition of sulfuric acid. Zirconium
~‘hydroxide was precipitated with ammonium hydroxide carrying the protact-

'Jiniam and was dissblved in M hydrochlorié acid. The protactinium was

then extracted into DIPK (di-isoproplketone). After being washed with

7 M:hydrochloric acid the DIPK was evaporated to a low volume, trans-
ferred to a tantalum filament and the protactinium was vaporized onto

a platinum disc, (See section on mounting samples,) The zirconium was
éurified by extraction'into TTA from 2 M hydrochloric acid, After being
washed with 6VM hydrochloricvacid the TTA was evaporated to dryﬁess in

a porcelain crucible and the zirconium was ignited to the oxide for
mountihgvand counting.‘ ' '

- The uraniﬁm, bariuh, strontium, cadmium, yttrium, and rare-
earth,elements_remaining'in the supernate from the zirconium phosphate
precipitation were then separated according,ﬁo‘the.sbheme outlined for
the plutonium and neptuniuvm bombardments, The uranium adsorbed on the'
anion resin in concentrated hydrochloric acid and was desorbed with

0.5 M hydrochloric acid,
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D. . Mounting Samples

1, Spallation Products

The spallation product activities were mounted on 2-mil

platinum discs one inch in diameter, . The actinide samples from the
series of plutonium bombardments and from most of the neptunium bom- -
bardments were volatilized onto the platinum disc from a hot (~2000°C)
tantalum filament in an evacusted. system, The advantage of this meth-
"of is that very thin plates can be obtained so that the resolution of |
different aipha groups on the alpha pulse»analyzer is improved, and
the absorption of low-energy radiations from electron-capture isotopes
is redﬁced to a minimum, The disadvantages of the method are the ex-
penditure of time necessary to prepare the filament and evacuate the
systém (30 - 45 min on the apparatus uéed) ahd the erratic and often
low (< 50%) yields obtained. Occasionally a coating-of tantalum oxide
was deposited on top of the sample-which,intnoduced the same thick.
sampl%verrors that fhe method was designed to eliminatef Due to the
“time eXpenditure involved in the volatilization of samples this method
-could not be utilized for the neptunium fractibn from the uranium bom-
bardments. Because of the short-lived activities present £hese samples
were merely evaporated to dryness on a platinum disc and ignited to a
red heat in a bunsen burner.

A new method of plating tracer quantities of aétinide (or
lanthanide) elements in an extremely thin layer in high yields hés
recently been déveloped in this laboratory.l17 The method consists of
electroplating the activity from a 2 - 4 M ammonium chloridersolution
which has been ddjusted to the methyl red end point with emmonium
hydroxide and hydrochloric acid, The activity is plated onto a platinum
disc which acts as the cathode; the anode is a stationary platinum disc
or rod, It was found that greater than 7O percent of the activity could
be Qlated in g 3-min period when the current.was maintained at 2 - 3
amperes. per square centimeter and the electrode spacing was set to keep
the potential drop across the cell at 6 - 8 voits,. An excess of ammon-
ium hydroxide‘was added to the plating cell befbre the current was shut
off in order to quench the reaction and prevent the éctivity from re-

dissolving. This piating method was used for the americium samples on

L3
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a few of the high-energy neptunium bombardments and for all of the

. plutonium milking samples from the same series, The plates obtained

" have been determined (by observing the énergy-reSOlution.of alpha

particles) to be thinner than the plates obtained by the volatilization
method., o _ o ’
It might be expectedvthat,different efficiencies for counting

electron capture isotopes would result fram using the three plating

methods. This problem is discussed in the appendix.

2. Fission Products

The fission products were slurried with ethyl aleohol or

acetone into tared 2-mil aluminum "hats,' These were then dried under |

" & heat lamp and weighed. Sample lbss,was,preVented by coating the

samples With a thin coat of zapon lacquer (Atlas Powder Co., North

Chicago, I11.) which had been diluted with ethyl acetate.

E. Countiﬁg Techniques and Treatment of Data

. The disintegration rate, hence the‘number‘of atoms, of a

'-given.product nuclide was determined by resolution of decay eurves or

when possible by resdlving radiations of a given unique energy, Four
types of counters were used, the first three being used to determiné Ehe
disintegration rates or the yields for the spallation products, the latter

being used for fission product determinations.,

1. Spallation Products

Alpha counter. To determine the absolute’disintegration,rate
Qf alpha emittihg products or ﬂhe,chemical yield of alpha-emitting
tracers, an argdn-filléd ionization,chamber attached to a étandard
scaling circuit was used;lSThe efficiency of this counter for alpha

particles is 52 percent.

Alpha pulSé analyzer, - The alpha?activéh; samples were counted
‘ ' 119

in & 48-channel differential alpha particle pulSe-height analyzer,
It is possible with this instrument to determine the relstive amounts

of alpha-particle emitting isotopes which have alpha particles differing

in energy by about 200 kev or more. The instrument amplifieé'and elec--

tronically sorts pulses of different energy produced by alpha particles

in a methane-filled ionization chamber, These are then recorded as a
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function of energy on h8wseparate'registers;w Thewenergy range:measuredr
can be -controlled and is determined roughly by counting electronically
‘produced pulées of a given approximate energy, or an accurate-deter-
mination can be made by counting isotopes having accurately known alpha
“particle energies; The "'peak" corresponding to an alpha particle of a
given energy is spread over 3 -~ 5 registers, The number of counts in

- the total peak in a given time is proportional to the number of alpha
disintegrations per minute of that-partieular energy,. It is essential,
for adeqpate energy resolution, to use extremely thin samples, Other-
wise the energy of the glpha partlcles is altered by collisions within
the sample and prohibitive "tailing" on the low-energy side of the peak
..results, It was found that Volatilized or electroplated samples gave
adequate resolution with electroplating being the superior of the two
methods. _ ' o _
| All samples to which aiphanemitting tracers had been added
were coUnted on the.alphé-pulse analyzer, Thisvwasfto'establish the
portion of the total alpha activity which was due to the tracer, For
example, the Np 231 used as target ‘material for the hellum ion: bombard-

238 “The presence of -this Pu238

" ments contalned a small asmount of Pu
in the plutonium fraction from the bombardmentawould_result in an er~-
roneous yleld had it not been counted on the pulse analyzer., (It was

37 D)

established that no Pu 239 contaminant was present in the Np~
233
U

The cross section for the (d,om) reaction on was deter-
-mined by observing the growth and decay of ﬁ230‘iﬁ.£he protactinium
" fraction, The theoretlcal growth and decay curve,- based on an 8 percent
‘beta-branchlng for Pa23o, 120 is shown in Fig, :3, Fission product
(probably 21rcon1um) contamination of the pvotactlnlum fractlon pre~
vented determination of Pa 230 dlrectly _ I

] . The (a an) cross section for Np 231 Was determined by allowing
the 22-hr Np236 to decay completely, chemlcally remov1ng the plutonium
from the neptunium and counting the Pu 236 alpha particles on the alpha
pulse analyzer, - A value of 57 percent was used for the beta~branching
of Np 236 ;Zl Plutonium (242) tracer was added to give the chemical

yield,

L]
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' Fig; 3 Crowth and decay (cheoretlcal) of U230 in & sample containing.

100 dlslntegratlons per minute of Pa 230 initially. Based‘on
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Windowless Proportional Counter (Nucleometer), Isotopes de-

caying by electron capture were counted in a nucleometer°122 The high

efficiency of this instrument makes it especially favorable for count-
ing electron-capture isotopes since it can_detect'auger electrons, Tne
nucleometer is a methane flow windowless proportional counter, There
.aretwo plateaus;on this instrument separatedrby~the proportional region,
The operating plateau has been determined for.a number of%electron-

123

capture isotopes. and was checked for each'of the isotopes investi-
gated in.this_study° On the basis of these determinations, an operatimg
oltage of 3900 valts vas. chosen. . The plate_sﬁ.u,wj‘_as redet,em‘ine'd-pe'riodically to
detect any change in .the operating‘characteristics'of the instrument,

An efficiency factor. (or "K" factor) for the'counting system used must
be applied in order to convert the number of counts per minute of a
given. activity to disintegrations per minute, The determination of
counting efficiencies for the electron-capture isotopes constituted a
‘major problem in the present study. The counting efficienCies of Am 39
.Amzuo and sz3u
daughters in each cagse, The details of these determinations along with

were determined by counting the alpha-particle emitting

& discussion and summary of nucleometer counting effic1encies of electron-

capture isotopes are given in the appendix Table IT gives a tabulation
;,of the counting efficiencies used An the..cross-section calculations In
the’ cases where the nuclide decayed by both electron capture and by beta-
emission, the efficiency for beta-particles was extrapolated from the

87

data given by Ritsema, A value of 60 percent was assumed for the:

counting efficiency of all unmeasured electron-capture isotopes. (See

appendix)

... The alpha branching associated with.the decay of .Np 33
Am23? 130 end the positron emission assoc1ated with the decay of .
Np234 12k

are present in such small smounts as to not affect the

counting efficiency,(
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Table II. DNucleometer Counting Efficiencies Used in

the Present Study

Nuclide. .. Mode of Decay _ | Counting Efficiency
o ) . (Percent) '

Np23Z CE.C. o 60%

Np?33 . E.C, | 60%

Np?'su ' | E,C: _ . - 63]O

wp?30 E.C. 43% 87 57%° R e

Np_238 g N | g%

230 E.C. o : 60%

™37 | | . E.C. , - 60°

a0 - mc. P

a. Assumed

b. Determined, this study
c. Ref. 35, p. 36

d. Ref. 15, p. 17

2. Fission Products ‘ , , .
Geiger -Miller counter. The fission products, all of which were *

beta minus emitters, were counted .on a standard Geiger-Mﬁeller couﬁter.

~ The cdunting tube was an end-window Amperex 100c¢ tube_with_a_mixture of
| chlorine and argon. This wés attached to a,standardlscaler, The tube
and sample holder was surrounded by a thick-walled lead case to reduce
background counts. The sample could be placed in any one of five posi-
tions (shelfs) relative to the counting tube. Whenever possible (i.e.;
if the coﬁnting‘rate'was not tod high) the éame position was‘alﬁays used
(shelsz), This was approximately 2 cm froﬁ the,counting_tube;

The cqnveréion.of counts per minute on the Geiger-Miller
counter to disintegrations per minute is complicated_by“seVeral factors,
some of which cannot beldetermined very;accurately. The general problem
of absolute beta. counting has been investigated bydmany'workers ahd is

125"128 and at least one Sympos.ilml.lz In

the subject of many papers
‘spite of :the efforts expended in this field the determination,df absolute
disintegration rates is frequently uncertain to greater than 20 percent

although in some cases where the energy of the emitted beta particle is
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high, the decay scheme is uncomplicated, and the daughter is stable or

long-lived the disintegration rate can be determined to 5 percent., The

factors eﬁtering into the.conversioh are given in the following eqpationﬁ
(AW) 100

(Bs) (sssa) (G)’

where d/m is the disintegration rate, c/m the counting rate and the

d/m = (c/m + cc)

other factors are discussed below.

cc-coincidence correction, FEach time a beta particle is re-.

ceived and counted in the.ionizationrchamber (G-M tube) there is a time
delay before another'befa particle can be counted., This is known as
the "dead time" of the instrument; Since beta particles entering the
counting tube during this "dead time" are not counted, é suitable cor-
rection must be made. The correction is proportional to the counting
rate (since the dead time is constant) and has been determined to be |
0.45 percent per thousand counts per minute , 27

AW - air-window,corréction, In passing from the sample to

the_inside of the'counting tube some of the beta:partiqles are absorbed
or scattered by the air or by the mica window in the tube. The air
~ thickness was 2.4 mg/cm2 and the window thickness wes 3.5 ﬁg/cm26 The
mass absorption coefficient: is proportional to Z/A_of the absorber130
"'so for light elements where Z/A is dpproximately constént; this quentity
is nearly independentﬂof the sbsorber, Therefore the éir-Window‘core
rection cen be determined by extrapolating aluminim sbsorber curves

back 5.9 mg/cm2 from the counting rate obtained‘withfieroAabébrberu

This has been done for beta particléé of Varibus énergies by Ritsema,
(Ref. 87, p. 19)and™ #e valuss used in this wérk weze taken from that tabu-
lation., This correction was usually less than 10 percent but in some
‘ 103 aw = 2.25).

B,S. - backscattering correction, The bédkscattering correc-

cases was grester than 100 percent (Ex, for Ru

tion was determined from the curves of Burtt 3T for beta particles_‘
scattered from a saturation aldminum’backing material, For high-energy
beta minus particles (> 0,8 Mev) this factor is 1.28. '

SSS8A - - self¥scattering'self—absorption correcﬁiono'thenever

132

possible the empirical curves of Hicks and Gilbért and Hicks,

StevénSOn, Gilbert, and Hu.tchinl33 were used, In other cases the cor-
rection factor was estimated from the curves of Nervik and Stevenson'.127

-
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The 1nterpolatlon was made on the basis of summed atomic numbers as
described by Ritsema. 81 For- low-energy beta partlcles for which spe-
cific correction curves have not been measured errors due to uncertain-
ties in the SSSA correction may be as'high.as'ZO percent. Ih_most
other cases, especially where the curves of Hicks, et gl. are applic-

able the errors due to this factor are certainly less than 10 percent,

G - gsometry correction; The geometry factor is essentially
the ratio of the solid angle subtended by the window of the Geiger tube
and the total solid angle about the sample (this assumes that all of
the beta particles entering the Geiger tube will be counted, this is

not exactly but almost true). This factor can be determihed from geo-

metric considerations or can be measured indirectly. The geometry of

shelf 2 of theicounter used was determined to be 3.16 percent by
counting a weighﬁless sample of known disintegration rate mounted on
a "weightless" backing material (zapon film). The geometry is simply
the fraction of the total number of emitted beta particles which get
into the counting tube after the‘air-windbw absorption factor has
been applied. '

Except for the cases noted for the SSSA correctlon, the above
correctlon factors are straightforward and errors arising from un cer-
tainties in these values are estimated to be less than 10 percent,

Corrections for activity due to daughters, For fission pro-

ducts decaying to stable or long-lived daughters, application of .the
above correction fsctors gives directly the number of disintegrations

per minute., In many cases,\hOwever; the nuclide of interest decays

to a daughter which is also radioactive and has a lifetime of the same

order of magnitude or shorter than the parent. Therefcre, that ﬁart

of the observed activity due to the daughter must be subtracted from

the total activity in order to obtain the yield of the parent. Coviously
each nuclide must be considered separately but there are a few general

considerations -in making this correction. The number of atoms of a

radioactive daughter can be calculated from thevfofmula:

M O At _hty
Ny ==, M (eTli—ered)
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where N2 is the'number of atoms of the daughter present at the time, t,
after the separation of the parent from the daughter; Nlo'is the number
of atoms of the parent nuclide present at the separation time and xl

and x are the decay constants of the parent and daughter respectlvely°

The total measured activity A is:

A = ClAl + CBA* ClNlKl + CZNZK2

where C; and C, are the counting efficiencies (detection coefficients)
- of the parent and daughter respectively., The counting efficiencies

Ci and C2 are by no means necessarily the same and often are very dif-
ferent in magnitude., It is in the determination or estimation of the
relative counting efficiencies  that the largest uncertainty is often
introduced, The problem is further complicated by the fact that'along
with beta minus particles emitted by the daughter nucleus one must
often consider conversion électrons emitted when the decay of the par-
ent or daughter proceeds through a shorﬁ-lived meta~stable state and
4subsequeht.de-excitation gamma, radiation is converted. - This requires
a detailed knowledge of the decay scheme of both parent and daughter
including.gamma-ray intensities and conversion cocefficients. The
information‘required is often lacking. In order to estimaté the re-
lative counting efficiencies it has been assumed in this study that

134

except for one case, " conversion electrons have the same backsceat-
tering and self-scattering self-absorption characteristics as beta
particles having a maximum energy three times as high. For example

a 0.50-Mev conversion electron was treated the same as a 5eta particle
of 1.5 Mev maximﬁm.energy. This assumption is based on the fact that
- the most probable energy for a beta particle is about one third of its
" maximum energy.l35 The relative counting efficiencies can then be
estimated by comparing the relative air—window,-back~scattéring,Aand
self-scattering self-absorption factors. Since the last of these is
strongly dependent on the mass of precipitate, thé.correction must be
determined separately for each sample; The decay data required was
taken from the compilation_of Hollander, Perlman, and,Seaborg.lZO The
errors introduced by this treatment are difficult to assess, but ?ro-
bably'range from about 5 percent for the best cases to as high as 30

percent for the worst cases,
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3. Resolutlon of decay curves

, The spallation product and f1581on product act1v1t1es were
obtained by resolution of decay curves. In most cases the number of
counts per minute of a given nuclide could be determined;by subtraction
of.longer-livedvcomponents. ~Occasionally, however; the half.lives of
two components did not differ sufficiently-to give a straightforward
subtraction136 or the relative amount of two components was very dif-
ferent cau51ng a large uncertalnty in the resolution of the nuclide
" present in smaller abundance, 137 In these cases the well-known "Biller.
plot" method wds employed. For two act1v1t1es decaying 1ndependently

w1th the- decay constants kl and X respectively:
o« At At
=.ClAl+ kCZA2 = Clthl o l + CZKZNZ R 2._

where A is the obeerved'activity‘at the time t after the bombardment
and Nl ~and N2 ‘are the number of atoms of 1 and 2 at the end of the
bombardment._ Multlplylng the above expression by e Zt we get?
A SN =)t o
Ae 2 Clthl , 2 17+ CZKZNZ
- if we theh plot Ae>\'2t vs e(xz _'%l)t a straight line is obtained the-

slope of which equals C.A and the 1ntercept of whlch equals C xZN

1 l l

5 -
The samples were counted at least four tlmes during each

half-life period of the shortest lived isotope.

F. Cross Section Calculations

The activity of each isotope was extrapolated to the end of
- .the bombardment and the number -of atoms present at the end of the bom- -
bardment was. calculated from the formula '

(d/m) ;[2)
= 10.693) (chemlcal yield)

where d/m is the number of disintegrations per minute at' the end of the
bombardment and tl/2

cross section in millibarns was then calculated from,-

N =

is the half-life of the isotope in minutes., The

o (mb) = NZ ~ (10%7)
(n/cm ) (It)




Iy

N is the number of atoms at the end. of the bombardment n/cm2 is the
number of target atoms per square centimeter and (It) is the number
of ‘particles striking the target. When the half-life of any 1sotopev
was so short that appreciable decay took place during the course of

the bombardment.the following expression was used:

(0.693) (W) (10%7)
(/) (m/"mzf(” (1-e

| 54 (mb) = -
- Xt

- N is the number of atoms at the end of- the bombardment tl/2
- 1is the half life of the 1sotope in mlnutes, I is the beanm. intensity
(particles per m;nute), A ;s the decay constant of the isotope, and

t is the length of the bombardment. This expression assumes a constant
‘beam intensity (I). The cyclotron was tuned prior to each bombardment
and an attempt,was made to keep the beam intensity conetant.during

;the bOmbérdmeth For those cases in which large veriations in‘the beam
1ntens1ty'was noted durlng the bombafdment the recorder trace vas used
to. make stepw1se 1ntegratlons over perlods in which the beam 1ntens1ty

was essentlally constant.
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III. RESULTS

A, .Spallation_Cfoss Section

_ - The minimum projectile .energy at which a given spallation.reacu
tion is energetlcally possible is caLled the threshold energy This energy

‘can be calculated from the formula:
.M

Threshold energy = Q ﬁ%

where M is the mass of the. comPOund nucleus formed and: MT is the mass of

the target nucleus. Q is the nuclear reactlon energy and can be obtained

from the reaction;
: 2 .

Q:c(ZMR-ZMP).

where ZMR is the sum of the reactant masses and ZM193 is the sum of the

product masses. For example for the reaction Pu 2&0

2 v
=.c (M?u239 + Md - M, 2h0 - ). The masses used in the threshold
calculations were taken from.the compllatlon of Glass, Thompson, and
;Seaborg.59 _ S ' IR
1. putd? plus deuteronms. R : S 7

The cross sections for the Pu239(d,spallation) reactions are.
given in Table III. .The excitation functions are shown in Fig. L4 and 16.
The limits of error are estimated. '

2. wpoT

plus helium ions.

The spallatlon cross sections are glven in Table IV and the
correspondlng exc1tat10n functions are shown 1n Fig. 5 and 25. A value
of 57% was used for the beta-branching of Np 236 in_order to_calculatev
the cross sectlon for the Np 37(a an)Np 6 relatlon« '

U 33 plus deuterons

3.

The spallatlon produce cross sections are tabu;ated in Table V
and the ex01tat10n functlons are in Flg. 6 and 29. The cross sections

for .the U233(d Qm)Pa 230 Leaction are. based on a value of 8% 120 for the

beta mlnus branchlng of Pa230. Thls cross section was determlned by ob-
serv1ng the U 230 grow and decay in the protactlnlum.fractlon.

The quoted. llmlts of error on the spallatlon cross sections do -
‘not include uncertalntles in the counting efficiencies used These.are

discussed in the appendix.
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‘Table IIT

_Reaction

, Producﬁ‘
‘Threshold(Mev)

‘Deuteron a
_Energy (Mev)

9.2
12.3
15.0

C16.1

17.9
20.2
20.6
23. 4

8+1.1

»Pu239
d,n d,2n d,3n
‘_‘Anguo | Am?39 _Amg38
-1.87 3.84 11.04
1.20%0.11 3.0ib.3.
10.440.9 25.9£2.8
_1h32ii.3 27.5t3.0 <h
12.7+1.1 27.3t3.0 <7
13.3t1.2 °  20.8%2.3 10.0£1.7
13.3t1.2  22.9¥2.5  18.1%#3.0
13.021.2 - . 20.k%2.2 '
12. 19.2¢2.2

22.6+3.8

plus Deuterons; Spallation Cross Sections (millibarns)

d,dp d;om. a,a3n

Np238 : .Np236 Np23%

6.20 -7.62 4. 99
0.0540.01  <0.05

0.81+0.11

0.35+0.0L4 <0.1

%40.5 Mev

_E-'T.
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. Table IV

sz37 plus Helium,Ions Spallation Cross Sections (millibarns}
Reaction (o, n.) (a,2n) (a,3n) (a,0m)
Product a0 AnZ3? An238 Np230
Threshold(Mev) 12.8 18.6 29.9 6.9
Helium Ion | E o
.Energy(Mev)a _ . . k
9.8 . . 1.88t0.11 | ‘
22.7 0.85:0.11 8.02+0.48 © 0.107+0,00k
24,2 0.820.11 11.8£0.71 o
28.1. 2.31£0.30  15.5:0.9 <3 0.426£0.017
31.5. 3.50£0.46 '15.4£0.9 6.1£1.2 4,39+0.17
- 31.6 3.000.39 14,2£0.8 ~ h.8t10 L
35.0 ; 2.30£0.30 13.0:0.8 C8.TELk ¢ 5.76k2.3
38.1 : 2.67:0.35  1hk.240.8 13.u¢2;z; : 11.75:0. 47
%0.7 2.78£0.36 10.2:0.6  9.8:1.6 16.9£0.7
4h.9 1.96£0.26 9.58:0.57  5.k0.7 - |
45,7 2.7880.36 | 11.2£0.7 ' 21.7:0.9
840.5 Mev. ‘
- A | Table V
P33 plus Deutéréhs.Spallatioanrosé Sections (millibarns)
Reaction : (d,n) < (d,2n) (d4,3n) - (d,om)
Product ‘. ‘Np23uu . Np233 ' F'Np232 Pa23o
Threshold(Mev) - .. =1.88. Lok o C11.73 -7.19
" Deuteron ' ' _ ‘ : , ' :
Energy(Mev)®
9.0 .z 0.56+0.08
12,1  10.5t1.6 16.2%2.2
14.0 10.7£1.6 13.4+1.8 .0.08+0.03
15.4 13.2+2.0 11.6£1.6 <3 0.10t0.0k4
19.6 - 11.0%1.7 4.93t0.67  12.9%2.7 0.91%0.36 v
21.5 13.8%2.1 5.82£0.79  14.5%3.0.
23.h 12.6£1.9 7.67t1.0h - 10.9%2.3 ©  1.86:0.7h
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B. Fission Cross Sections

In the determination: cfa total fission_cross section by the
radie-chemical method, the yield of a sufficient number of selected mass
chains must be determined to define the fissioh yield curve. The fission

yield curve (yield vs. mass number) can then be summed over the masses in

order to obtain the total fission yield for incident particles of a

given energy.

1. Primary fission yields.

1233 4235 239

For low energy neutron induced fission of’ s and Pu’"7,

the primary fission products have considerable neutron excess and beta

1decay toward stability with_a_geheral increese in half-life of the mem-

bers of the decay sequence. For any mass number there is a distribution

"primary"_fissionjproducts.with respect to the nuclear charge but those
near stability appear in low yield. Consequently, the yield of a beta
emitting nuclide onevor'two removed from stability represents essentially.
the total yield“for that'particular mass number, providing sufficient

time has elapsed to allow'shorter-lived'predessors to decay‘ The yields

of selected flss10n products can then be used to define the flSSlOH

138 -

yield curve. It has been postulated that for lowvenergy fission the
most probable primary fission prodﬂcts for different-mass chains arevdis—
placed on equal distance (3.5 to L.1 nuclldes) from the beta stability
line 1ndependent of mass number. .

For fission induced by high energy particles (> 100 Mev) the
yield of é given beta decaying fission product no loﬁger represents the
total yield of the mass chain. The most probable fission productris
often stable or even neutron deficient.2’139_-For 190 Mev deuterons on
bismuth it has been_suggested that‘the most probable'priméry'fission

product for a given mass chain has the same neutron to proton ratlo as

‘the fissioning nucleus.2

"The,energy range under consideration in the present work is

intermediate to the very low.and_very high energy cases for which in-

formation is available on primary fission, yields The behavior in thls

energy reglon cannot, therefore, be predicted w1th dny certainty.
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It is not poSsible to-measure by radiochemical methods the inde-
pendent yields of each member of even one beta decay chain. In fact, it
is oniy possible to measure the primary yields -of scattered individual
nuclides which are shielded by stable or long-lived isotopes. For
example, if nuclide Z of mass number A is radioactive but nuclide Z-1
with the same mass number is steble, any of 4 observed in fission must
e produced directly since it cannot be produced by decay of Z-1.

It is from these scattered individual primary yields that we
must attempt to derive a coherent-picture of~the primary fission product
distribution. -The primary fission cross sections of several fission
products have been determined and are tabulated in. Table VI. The frac-

“tion of the total chain yield has been estimated in each case and is
hshown with the cross section. The limits of error are estimated. The

143

large limits of error given for Pr

143 Prlu3

are a result of uncertainty in the
separation time. |
In order to put the fractlons of total chaln yield from Table

VI into a form which will enable us to get total mass-chain cross sections
from the measured fission product cross sections, we will have to anti-
cipate some of the discussion and conclusions of the neit section.

| ' The fractlons of total chain yleld have first been plotted
accordlng to the chain p051tlons predicted by the hypothe51s of equal {
R charge dlsplacement which Glendehim and others have applied so success-

‘fully to low-energy neutron induced fission. 66 67’138 The modified

67"

treatment of Pappas, which takes into account the effectvof shell
structurevin_the fission products was used for the calculations., The
result of this treatment is shown in Fig. 7. » _

‘ The fractions of total chain yleld were also plotted according
_ to the chain p051t10ns predicted on the basis of the assumptlon that the
most probable primary fission products have the same neutron to”proton
ratio as the fissioning nucleus. . This is:shown invFig. 8. 1In both
-figures, the_chainvpositionz—'z.p = Q refers'to the most probable primary
fission product for each mass chain as predicted by each treatment.

Fig. 8 was used for'the-correction of measured fission yields to obtain

the total mass chain yields.
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. The assumpfions on which,Fig; 7‘and 8 are based and othervaspects

of the-problem‘are discussed in section IV. It should be mentioned here

that the appareht fissioning nucleus was esfimated,from,the best values

for the .center of symmetry of the fission yield curves. The mass at the

\'center of symmetry was doubled to give the mass of the apparent fission- 

Jing nucleus. This is essential in the calculations leading to,Fig._7

and 8 and in the application of Fig. 8 to the fission yield corrections.

The center of symmetry was first obtained from the uncorrected fission

product cross sections.

This value was used to calculate. a preliminary

 version of Fig. 8 which was used in turn to correct the fission cross

~sections.

New fission yield curves were then plottéd and the new,

slightly different'valué'fdr the .center -of symmetry was used to construct

a more refined version of Fig. 8. This procedure was repeated until ‘the

-changésvin the fission yield curves and in Fig, 8 became negligibly

small. In géneral, two or three such,cydlés were required.

Table VI

Primary Fission Product Cross Sections and

Fractions of Total Chain Yield

‘Estimated Fraction

deuterons .

1 8.8:1.6 -

Target Helium Ion Product Independent
‘Material @ or Deuteron ' Cross Section of Total Chain
Energy . (mb) Yield (percent)
pu?39 20.6 Mev ¥ 0.146£0.08 2.140.5
deuterons ,Ealho 7.6£1.5 21.1£6.0
| 3 6.362.6 19.0£9.1
yp237 31.5 Mev AgTt? 1.680.4 7.121.6
o ‘helium ions Lalt0. _6.3£1.3 23.0£5.3
) pritZ 0.8£0.21 5.4£1.6
w237 45.7 Mev agtE 9.20+1.79 15.0%3.2
helium ions LatH0 12.6£3.0 -  40.2%10.3
Prl42 1.86£0. 44 12.1£3.2
. _ Pr143 ' 8.3%3.2 33.2£1k.0
U233 23. 4 Mev Lalhg | ‘

22.0xk4.2
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2. Pu239 plus deuterons. - _
The fission product Cross sectlons for the reaction of deuterons
on Pu 239 are given in Table VII. Both the measured Cross sectlons for a

given fission producttand,the,corrected.cross section for the total mass
chain are listed. The-CdllSm'cross sections shouldvbérregarded as upper
limits Because»low counting rates often prevented characterization of
this isotope by decay analysis.‘ In these cases any residual activity
after decay of the~Cdll5'was treated as Cdll5m; The fission yield curves
for deuteréns of différent énergies are shown in Fig. 9-14. Total chain
~yields are.plotted,and.thevlimits of erfor are»estimated.to be about
10-20%. . The cross sections for 20.2 and 20.6 Mev deuterons have been
averaged and plotted for 20.4 Mev deuterons since these -two bombardments
fall within the limits of error of the energy determlnatlon of being at
the same.energyd The variation in the magnitude and ‘shape of -the fission
yield curves with increasing deuteron energy are shown in Fig. 15.- The -
total fission ylelds, obtalned by summing the 1nd1v1dual fission yield
curves over the mass numbers from A = 70 to A 170, are compared . to the

spallation cross .sections in.Fig. 16.

NpZ3! plus helium ions.

3.

The‘méasured fission product cross sections and the corredfed_'
‘total mass chain cross sections for the reaction .of helium:ions afe |
tabulated in Table VIII. .The fission yiéld.curves for helium ions .of i
differeﬁt energiesrare illQ§trated.inAFig. 17-23. ‘Thé;variatién of the
fission yield curves with:iﬁcreasing helium ion energy is shown in Fig.
2k, The total fission cross sections are compared .to ihe spallation

cross sections in Fig. 25.
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., ye33 plus deuterons. _

' The flSSlOn product cross sections and the corrected total
mass chain cross sectlons for the reaction of deuterons on U 233 are
listed in Table IX. Very fast chemical procedures were required to
separate dnd characterize the short-lived,ne?tunium isdtopesfproduced
in the bombardments, parﬁicﬁlarly atlfhe highést ehergies, Consequently
some of the fission product/decay chains were broken before éuffiéient
time had elapsed for all of the shdrt~lived predecessorsvof.some»pf the

fission products to decay. .The correction for this effect was made when

possible, but because of it the probable error of some of the fission

product cross sections are increased. .The limits of error are estimated

to be about 20-30%. . The fission yield curves for deuterons of increasing

energy ‘are shown in Fig. 26 and 27. " The variation of the fission yield

curves with different energy deuterons in shown in Fig. 28. The total
\

fission cross sections are compared to the spallation cross :sections in

Fig. 29.
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‘ Table VII ,
, Pu239 plus deuterons; fission cToss. sections‘ (millibarns )™

Deuteron. 9.2 12.3 |  15.0 16.1 1790 | 20.2  20.6 23.4

_Energy(Mev) oc corr.g. g corr.g g corr.g g Ccorr.o g corr.g| g corr.o ‘0 corr.g’ g corr.g

Isotope - ‘ N v E >, _ ? . A

x99 0.96 0.96 8.19 8.22 23.7 20| 28.2 28.5 |21.2 27.5 |34.5 35.0

srot {1.08 1.08 10.0 10.1 22.9 - 23.4) 28.7 29.3 |33.8 3h.5 {3k 36.0

+93 B 3wt 35.8

Py 21.3 21.7 1h2.6. L43.%

7)1 . 21.3 -22.4 5.1 k2.2 |

RutO3 19.2 19.3 Bh.3 L5

Ru'O? 18.0 18.3 35.8  36.6

agttt 17.0 17.1 W3 M7 |

aght3 16.7 17.1 »_ N 45.5  16.8

ca? 0.39 0.39 |6.55 6.60 {18.% 18.7 |20.8 =21.2}26.3 26.9 39.2 ko.0lk2.3 43.2153.5 55.0

caltom 1.12 1.14% [1.57 1.60 |2.23 2.27]5.89 6.02{ 5.5% 5.65 'h,6h"AA.7u 7.18 . 7.%0

Cdllicall5m 0.43 0.4k 7.67 7.78 20.0 20.3 }23.0 23.5]32.2 -32.9 M7 h5.T 46.9 47.9 60{7 :‘62.u
ggttme 0.43 0.45 {7.31 7.60 ~ lazr.a 28.5|3h.7 36.8 k1.3 43.8] 7 M1 48.0

Ba 37 2.31 2.54 ]16.7.18.3 25.%. 29.0]36.h - 43.3 k2.2 50.2 | |

Bat 0 2.45 2.92 {13.516.1 |17.7 21.8 {25.2 31.0}32.6 1.2 35.9 145.432.9 141.6]39.3 7 k9.7

et 2.07 2.19 ' B |37.5 6.3]39.2 s6.7

Nat ¥ 1.02 1.05 16.1  16.9 - 26.6  28.4|27.9 33.4 ’

EtoP ‘ 1.93' 2.1k - 2.88" 3;4& y |

B 1.62 2.62 2.17  2.75



Table:VII.(cont'd)

Deuteron

.9.2

16.1

20.2

e R . .
The measured cross section for the isotope given

a ' . o . S
The corrected cross section for the corresponding mass chain.

€ «30%.due to uncertaintiés in counting low enefgy beta particle

‘fUpper limit (see text)

-8+ ~30% due to uncertainty in correcting for daughter

} o 12.3 15.0 “17.9 - 20.6 23.h
Energy(Mev)  § o corr.g g corr.g g_corr.g g corr.g g corr.g g _corr.g | o corr.o g Ccorr.g
\ .
Gad 29 : 1.31 1.57
16l
Tb : 0.43 - 0.48 0.84% 0.95
from curve plotted
o from-average cross
Total sections Co
Fission : ~
Cross _ ‘ : ' o : i _ :
‘Section 53.+ 11 390 % 78 588 .+ 117 817 't 163 1205 + 240 § 1410 + 280 1780 .+ 360
%+ 10-20% )
By 0.5 Mev

- 9g-
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_ Table VIII
Np237 plus_helium ions;“fission_cross sections (millibarnS)a
Helium ion .- 19.8 22.7 2k.2 28.1 3.5 35.0 38.1 W9 L5.7
,EnergY(Mév) | ¢ corr. o corr. |. o CcOrr. o corr. | . 0  corr. | . o corr..|. o corr. o corr. g corr,
| Isotope ' S : : ‘ :
;Sr89 | . 2.88  2.90 13,9 14.0| 17.0 17.2| 144 14.6]16.1 16.4 |20.2 20.5 |20.8 =21.
seot 0.31 0.31 |3.27 3.34 12.7 13.1{ 14.6 15.1 01k 1k9{18.4 19.2 |18.3 19.k |21.k 22.
297 o 21.3 22.h| o S 139.2 b3.2
103° . .

Ru : 21l:2 21.3

Rut0? 0.45 0.45 | 4.10 14.16|4.80 4.88 19.9 '20.3 29.7 30.k %0.9 50.7
pa0? ' | 5 3 37.9 38.9 |48.1 19.3
patt? 4 §5.2 50.4 |46.0 5L.2
Aglll 24,0 24.3 w63 u7.2
agtt3 | 21.0 21.6 34.9 36.7
catt? . 0.14 0.15 | 2.55 2.59{3.21 3.27/19.0 19.3] 19.8 =20.2} 22.4 22.9}39.2 140.3{37.6 39.k {k9.7 51.9
cgttom | 2.08 2.12| 2.71 2.77} 5.10 5.2313.35 3.46|8.17 8.60 {8.5 8.9
ca2cat™™™ | 0.16 0.16 | 2:78  2.82[3.50 3.56|21.1 21.4| 22.5 22.9] 27.h 28.1] k2.6 143.8|45.8. 48.0]58.2 60.8
cattT 0.16 0.16 | 2.4k 2.54 18.8 19.8] 21.3 22.6] 23.0 241} 33.6 36.h| - |¥6.2 53.0
Ba39 0.5% 0.59 | 3.80 .4.18§5.87 6.71]18.9 21.6 22.8 27.3 22.4 26.7 22.0 27.9 1 26.1 38.9 13.8 24.2
Bat®0 0.61 '0.73 | k.u5  5.30|5.9% 7.33/16:7 20.6| 17.5 2z.2| 18.0 22.7]17.3 25.0[19.k 38.1}18.8 37.0
et ' 1 ' 22.1 2h.0
cet®3 17.4 21.h 14.8 19.3
oottt '13.2 20.3



Table VIII (cont'd)

Cy, . R
Measured cross section for isotope

d : . ' .
Corrected cross section for mass chain

e

fUpper limit

g

>~ + 30% due to uncertainty in daughter correction

2

~+ 30% due to uncertainty in A.W. and SSSA corrections for low energy beta particles

Helium ion. é19.8 22.7 2h.2 28.1 31.5 35.0 38.1 1.9 5.7
" Energy(Mev) o~ corr. o corr. o corr.| o corr. o .corr. o corr. o corr. o -corr. o corr.-
g [0} (o} g a g g g g
Na T 3.34 3.45 15.2 16.2
Eul57 . . 1l.72 2.18 2,76 L.52
cat?? 0.28 0.31 0.80 0.96 1.65 2.62
Total
Fission -
Cross _ : o S ' : .
Section 12.8 £ 2.6 131 + 37 183 £ 37 647 £ 132 | 720 £ 147 | 783 £°160 | 1040 * 210 |1319 * 269 | 1357 + 277
% 10-20%
bi 0;5 Mev

-‘99-
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Table IX

Y

'eUpper limit

c . . . R
‘Measured cross section for isctope

d : .
Corrected cross section for mass chain

1U233 plus deuterons; fisSion cross sections (.millibarris)a

Deuteron . 9.0 12.1 14.0 - 15.4 19.6 21.5 23.h4

Energy(Mev) o) corr.g g corr.g o] corr.o g corr.g{ o0 corr.c g corr.g g ‘corr.o

Isotope’ _ _ |

er89 4,59 L.6h ;u;u iu,6 18.9 19.1 26.4  26.7 46.5 48.2  |34.6 35.1 42,7 U43.3
set 3.90 k.ol | 23.1 23.8 |18.7 19.2 [31.0 32.0 [36.9 38.0 |[52.5 5h.6 | hh.3 6.2
oz 6.45 6.55 T w8 u5.6 ‘ 58.5 59.7 |61.6 63.0 5h.2  55.5%
7097 4.59 4.80 25.6 26.8 | 39.3 ULl.1 59.8 52.% | 61.8 66.0 | 53.5 57.2
Rut?? 5.03 5.11 T o

par? lu6.7 w725

pate | | 152.9 56.9 -

call5e l.22 1.2k { 8.43 8.57 | 1h.7 15.0 {22.9 23.4 [LhO U5.0 |L7.3 48.6 [ 63.9 65.7
cattom 155 1.58 | 1.97 2.0 [3.92 ko0 |5.58 5.70 185 8.7 |48 k9

ca?rca™™ 1,30 1.36 | 9.98 10.2 |16 17.0 [26.8 21k |19.6 s50.7 |s5.8 57.3 | €8.7 70.6

catt’ J1.70 1.78 12.1 12.5 | 19.5 20.h [21.9 23.2 {41.8 42 |50.0 53.8° | 59.0 63.5

Ba’3” .26 4.82 | 20.h 231 | 39.3 6.2 {49.2 57.9 |u6.5- 58.1 | 3h.0 15.3
Balt0 3.50 k.27 | 17.1 20.9 | 21.8 26.6 129.2 4.7 {37.5 53.6 135.5 53.0 | 31.5 u7.0
‘Nd147- ' o e 12.2 13.3

el 0.76 1.03

cat?? 0.54 0.70
Total Fission| - : B : _ '

_CrOSSwSEOtiOn 125 + 3k - 605 % ;53 857-% 231 1093.% 295 1502 + 406 1687 + 456 1861 + 503

%+ 20-30%
%y 0.5 Mev

-9‘1',.
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IV. DISCUSSION

Fission is the most predominant single reaction observed in the
heavy element region (Z >-90) for excitation energies above about 5 Mev.
This can be seen from Figs. 16, 25, and 29 where the fission cross section
is more than ten times the.sum of the observed spallation cross sections.
The competition between this large fission reaction and each of the réac—
tions leading to spallation products is unique in this region of the
periodic table. This study was designed to investigate the effect of this:
- competition in an effort to obtain further information about the nature
of the nuclear reactions invol,véd° The: energy range used (E .< 50 Mev) is

such‘thét the number of possible reactions is low enough for convqnient

3,9

study, and the statistical model 77 . " of nuclear réactions can be

used as a starting point for the interpretation of the results.

A. Fission Yields

Since the total fiséion‘cross,section can be determined without
a detailed study of the exact shape of the fission yield curve, the large
expendituré of time and effort in these determinations prompted a limita-
tion. on the number of fission products measured at mostvénergies. However,
the-information,about the fission process that can be gained by a more
detailed inVestigation_pf the fission yield curves has led to the careful
determination of the fission produét»distyibution at selected helium ion
and,déuteron.energies (Figs. 10, 13, 19, 23, and,27), .The fission process
will.béhdiscussed_first because it is the largeét single reaction and
because it will be.of_interest to have well in mind the importance and
magnitude of this process in discussing the spallation reactions:.

1. .Charge distribution in fission.

The primary fission yields in Table VI were determined to allow
correction .of the measured fission product cross sections for chain yield
losses. In order to obtain the total chain yield a correction must be
made for direct production of fission products of higher & than the ob-
served product in any given mass chain. Before this correction can be
made one must estimate fhe charge distribution in fission from the
primary yield data. The nature of the data is such that it is not possible
‘to uniquely determine the charge distribution for a given mass chain.

Only a very approximate picture of the actual charge distribution is

obtained.
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The following assumptions are present in our estimate of the
charge distribution. in fission and in the correction applled to the
fission yields.

(a) The charge distribution for a given mass'chain is a
‘smoothly varying function of the nuclear charge (3) and is symmetric

-about the charge'(Zp) of the most probable fission product for that
mass chain. | S ) _

(b) ' The shape of the charge distribution is the same for all
mass chains. ‘ ‘ '

| (c) The apparent fissioning nucleus can be estimated from the
center of symmetry of the mass yield curve. Actually~thie assumption is
very poor. The bulk of the prompt neutroﬁs accompanying fission probably
come from the excited fission fragments (this‘point will be discussed in
detail later).' Since we see only the end products of the fission process
we must.regard the;"primary" fissioh'fragments to be those remaining after
the prompt neutron emission and before beta decay takes place. These are
the beginnings of the respective beta decay chaine. Therefore the assump-
- tion we'are_actually making in even presuming'to>reflect.the fisSioh.
yield curves about a center of symmetry is that/the‘ratio of  the prompt
neutrons from each of the fission fragments is the same;as>£he ratio of
their masses.. There are indications that, for low energy fission, neutron
emission fromvthe light fragment is -on the average about 30% greater than
for the heavy fragment?5 In spite_df the approximate nature of the method,
v‘a reascnable value for the number of emitted neutrons is obtained (from
~k to ~8 for the helium ioh bombardments on Np237) | '

(d) . The charge distribution was assumed to be 1ndependent of
excitation energy in the range of energies studied.

(e) Along with the above assumptions, an .additional assumption

must be made about the charge of the most probable fission product for a
given mass. For low energy fission Glendenin66 has postulated that the
. most probable charge (Zp) is displaced e constant amount from the beta
stability line. .Thenestimated.chain.yieldsvare plotted according to this
postulate in Fig. 7. The,ZA used in the calculation was that of Coryell,
Brighton and-PappaslAO-and the solid curve isvthevdistribution predicted

by Pappas§7 according to the equal charge displacement postulate. = The
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dotted curve shows the fit of the 'datd to the solid curve if we assume
that two additional neutrons are emitted in each case. - The émission of

. two more neutrons is just inside the estimated limits:of error of the
determination of neutron multiplicaties. - Such an assumption, however

- causes the primary yield of Agllz which appears below the so0lid curve in
Fig. 7 to deviate even further. For very high energy;(lQO Mev) deuteron
induced fission of bismuth it has been suggested that the most probable
fission products have the -same charge to mass ratio as the fissioning
nucieus.2 The primary chain yields are plotted'on this - basis in Fig. 8.
- A better correlation is obtained in this case. The Agll yields which
“weére very low in Fig. 7 now have'moved'into line with the other primary
yieldsb The solid curve is merely a best fit of the data and has been

- reflected about 2-Zp = 0. The’solid curve in'Fig. 8 has been used to

" correct the measured fission yields for chain yield losses. Although a -
reasénably straightforward'correlation;isnoted in Fig. 8 this. does not

- glve an Unambiguous indicafion of the actual*charge distribution.. The first

thing to be noted about Fig. 8 is the shape of the distribution.. It has

’ nbeen-suggested that the distribution for both low and high energy fission

is gaussian§6’2',A gaussian distribution would.be parabolic on a' semi

- logarithmic plot.of this type.. The second thing to note is that summing
under the distributiocn cur&e gives a total probability of 0.90 whereas

"~ the total probability should be unity.

The actual charge distribution may be intérmediate to the two
cases considered. - The assumed energy indepenmdence -is obviously incorrect
but these shortdomings do not invalidate the use odeig.T8-ih estimating
" the corrections to be applied to the fissioh yields. " The primary yields

in Fig. 8 were measured in all regions of the fission yield curve so the
“purely- empirical correlation which Fig. 8 represents can still be used
with some confidence. »

Very recently, the primary fission yields of certain iodine and
bromine isotopes have been measured with high accuracy on a mass spectro-
meter§8 ' These studies indiéate that the treatment of Glendenin and Pappas
nay not represent a true picture . of charge distribution” in low energy
- fission. . Abnormally high values for the primary yields of 1128 and I 130

show . the possible influence of the 50 proton closed shell. .If Tthe charge
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distribution is assumed to be such that the energy release is maximized
the iodine yield can be accounted for. According to preliminary estimates6
this mechanism -gives approximately the same distribution as predicted by
the equal charge displacement postulate aWay from the closed shell of 50
prOtOns. The observed trend of the charge distribution is best explained .
‘ih.terms'of‘a statistical process} For low excitatidn'energies of the
fissioning nucleus the modes of fission leaving higher excitation energy
in the fission fragments (consequently those in which.the'sum of the.
fragment masses 1s minimized) will be favored./ Even more importahf is
the fact that these dees’of fission have many more levels that can be
populated, than the modes giving lower energies. As ‘the eXcitation
energy of.the fissioning nucleus becomes large these energy differences
in the fission fragments become less important and the distribution
approaches thebrandom;case which is the same charge to mass ratio as the
fissioning nucleus. '

A more detailed study of the variation of charge distribution
. as a function of fissionbasymmetry (i.e. excitation energy) for a given
. nucleus would be both instrﬁctive in the elucidation of the fission
.mechanism and useful for the determinationof accurate;mass chain yields.\

2. - Fission asymmetry.

Perhaps the most striking feature of the fission yield curves
(summarizedAiﬁ,Figs. 15, 24, and 28) is the variation of fission asymmetry
with théfenergy &f the bombarding particle. The shape of the mass yield
curves-.is extremely dependent on the chain yield’corrections. This is
especially true at higher excitation energies where the corregtioh is
~very large for some. of the important mass chains. For example, for the
45 Mev helium ion bombardment of Np°3 ! the a0 yield must be multiplied
by 1.7‘to give -the total yield for mass 140, which :is uséd as an indication
- of the asymmetric fission probability, and the Cdl,l5 yieldfmust\be.mulfi-’,,,

plied by only 1.04 to give the yield for mass 115, which is an indication
of symmetric fission. Since the total probébility of the estimated charge
. distribution adds up to less than unity (Fig. 8) it is believed that the
corrections for chain yield losses may be too small. This means that the
- mass yield curﬁes are probably more asymmetric than -indicated, especially

" at the higher energies. The variation of fission asymmetry with excitation
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energy is shown in Fig. 30.- The ordinate is the ratio of ‘the fission yield
of mass 138 to mass 118 in the case of the pu?3? and-Np227’bombardments

and of mass’'133 to mass 116 for the U233'b6mbardments. .These mass yields
correspond to the most probable aéymmetric‘mode of fission and the most
'probable symmetric mode of fission respectively. -The mass yields vere
determined from the smooth mass yield curves. Thevabscissa is the exci-
.tation energy of the compound nucleus as calculated from the masses and
binding energies compiled by Glass et al.59_

' Before the features bf Fig. 30 are discussed.it is desirable to
point out other characteristics of the fission yield curves which can be
conveniently discussed at the same time: The first thing to note is that
the positions of the asymmetric fission peaks do not appear to change
-appreciably with excitation.energy. The peaks appear to shift to slightly
lower mass because of the.. emission of more peutronsé but itvis_clear that
the increase in symmetric fission is not a result of the two asymmetric
peaks moving'togethér. Thisievidence is supported by many other fiésion

86,141,142 :

vield méasurementsm Secondly, the mass yield distribution be-
comes wider as the excitation energy is increased. - This can be seen from
Fig. 2k where the relative yield of the products of very asymmetric
fission (150 <A<80) is ihcreésed at the highest helium .ion energies.
f«Froﬁ Fig. 30 note>£hat>the ratio. of the'asymmetric to symmétric
modes of fiésion appear e approach unity as the.excitation;energy is
increased. ' Because of the unceftainties.inAthe chain yield corrections
it is more realistic-to say that these results are consistent-with the
statement that the above ratio approaches. unity,but does not necessarily

132,1h2

prove it or exclude other possibilities. . Proton .and helium ion

bombardment587 of U238 indicate that the above. conclusion is -correct.

Since U238 has a larger neutron to proton ratio than-Np237, Pu239'or U233,
the primary fission products are displaced farﬁher'ffomgthe betaAstability
line., Consequently the chain yield losses are much smallervand do not have
as much effect on thelfission yield curves. These three featurés of the
‘fission yield curvés, namely the consistency of the\asymmetric‘péak
positions with energy, the increasing relative yield of extremely
rasymmetric modes of fissioh as the energy is'increaéed, and the possible

- limiting ratio of unity for asymmetric to symmetric fission, can be
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explained qualitatively by & statistical fission mechanism. . The first
requirement is that the asymmetric modes of fission (corresponding to
the position of the double—humped’ﬁeaks):be-energetically favored over
the symmetric modes by at least a few Mev, also the energy requirement for
very asymmetric modes of fission should increase rapidly as the mass ratio
of the large fission fragment to the small_fragment increases. ‘These
general requirements are satisfied by simple'mass_considerations (see
Fig. 8, curve a of reference 55), An admittedly naive{but very reasen_ '
‘able pictﬁre~of the fission process cen_then,be deduced. At low exci-
tationienergies the most energetically (hence statisticelly) favored
modes will predominate. .As the excitation energy is ihcfeased, the
probability of the fission proceeding through less favofed.modes will
increase and the central minimum.in thevfissioniyield curves will become
less pronounced. _The.increased production:of'the products of more asymme-
tric fission .than the most prebable mode will tend to widen the fission
yield curve. .The latter effect is smaller since the .energy requirements
are greater. It shpuid be emphasized that the most probaﬁle‘modes of
fission are still the same as for low excitation energies, hence the
positions of the peaks should be changed very little (a slight shift to
lower mass may be noted because of increased neutron emission). The
limiting‘ease is reeehediwhen the excitation energy is large: compared
to the difference in the energy release of the symmetrie and asymmetric
modes. .The probability then becomes about the same for botﬁ. . The
fissioﬁ yield curve becomes relatively flat and wider with increasing
energy.

. Exception te the above description may appear in the fission of
“ nuclides of much higher or lower mass than those considered in this study.
.SwiateckilLB has observed a'striking relationship between the asymmetric
peak positions and. ZZ/A .of the compound nucleus., In this treatment a re-
gular decrease ®f (M2 Mi/A is noted as-ZZ/A ds Ihcreased. M and Ml
are the mass numbers at which the max1mum of the heavy and the llght
peaks are observed. It is suggested that at a limited value of. & /A
(=40°2).M2-M1>will be zero so the ‘two peaks would then superimpose
giving a single maximum even for very low energy fission. .This systema-

tic decrease of.the spacing is not inconsistent with a statistical
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mechan{sm of fission. As the mass of thé,fiséioning nucleus is increased
there is an increase in the number of neutrons in excess bfvthosé re-
quired to fill the 82 neutron clbseq,shell in the'heavy fragmén£ and the

50 neutron closed shell in the light fragment. .The 82 neutron closed shell
in the lighter fragment might then beéin to exércise ah'influence° When
the number of neutrons in the fissioning nucleus exceeds 164 it may be
possible to increase the energy release by puttihg 82 neﬁtrOns into each

fission fragment. This would then give a single peaked distribution.

Bince we are really using the masses in the determination df thebmost

probable mode at each step, the variation must neéessarily be continuous
so the peaks will shift toward each other in a regular fashion. Tt is
interesting to note thét an extrapolation of the beta stability line to
higher masses. by Glass9h predicts that the first beta stable nuclide with
164 neutrons is element 10L of mass 256. Z?/A_for this nuclide is 40.3
as compared to the limitihg value of ho;Z as predicted.by Swiatecki.th

A similar result is obtained at lower mass regions. For a fissioning
nucleus containing fewer than 132 neutroné we can no longer satisfy the
requirements of a closed shell of 50 neutrons ih.oné fragment and 82
aeutrons in the other. It is not unlikely, therefore, that the 50 neutron
shells in each fragment would then tend to exert the larger influence and

symmétric fission yield curves of somewhat reduced half-width would result.

© This may partiélly explain the abnormally narrow and peaked distribution

210 1hk

found in the fission of Bi with 22 Mev deuterons by Fairhall. The
Very speculative nature of the oObservations contained in this paragraph
cannot be overemphaéized. Throughout -this discussionvthe.effect of

factors other than the neutron shells have been ignored. ‘Such factors

" as the influence of proton shells, and the requirément that a reasonable

‘neutron .to proton,fatio be considered in the fission fragments may exer- .

‘cise’a préfound influence on the respective masses. .Only a careful

.treaﬁmenﬁ of the energy release of the various modes will. show if the above

speculations'have any basis in fact.

3

According to Bohr® the decay of a compound nucleus should be
independent of the way in which it is formed. A comparison of the

. . ’ *
asymetry of fission in the decay of the compound state Am?ul gives an

apparent dépendenCe'oh the mode of formation. The same compound nucleus
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was made by Pu 39 ‘plus deuterons and Np plus helium ions. From Fig.
30 it can be seen that for an_exq1tation_energy of_iB,Mev,rthe asymmetry
(peak to valley ratio) of the fission yield curve is 3.3 times higher in
.deuteron bombardment of Pu239 than in the heliumdion bombardmentrof Np237.,
This surprising resuit is not so serious as one_might firstAsuppose and
does not necesserily invalidate .either the statistical'model ortﬁhe
independent formation and decay postulate. . |

The observed fission distribution is the final result of two
quite different processes. The first 1nvoives the formetion,of a,com-
pound nucleus by amalgamation.of the bombarding particle intoAtne.target
nucleus and subsequent fission or perticle evaporation,followed by
~fission. It 1s immaterial to the independent decay postulate whether
fission is first or follows particle evaporation so long as tne'kinetic
and binding energy of the bombarding particle is completely distributed
among the nucleons before decay takes place. . The first,prooess_(oompound
nucleus formation) makes up most of the fissions observed in ine:bombard-
nent of Np237 with helium ions in the energy range. studied This is not
- trye of the bombardment of Pu 239 with deuterons. One of tne,most prominent
reactions of deuterons w1th.heavy nuclei 1is stripping., The-loosely bound
ﬂdeuteron can give up part of its energy to the nucleus by having either
its neutron_or‘its proton captured by the nucleus while the other nucleon
1s not stopped. Because:of the coulomb barrier, which tends toirepel the
fproton, the neutron is most likely_to Be captured at low‘denteron‘energies.
This (d,p) or Oppenheimer-Phillips reaction.canitake_place without the
proton peneﬁrating the conlomb barrier. .For compound nucleus formation
to take place the entirefdeuteron.must penetrate the barrier hence this -
process is reduced much more than the stri pping reaction at lower energies
by the coulomb barrier. The ratio O(d,p)/?c’ where g(d,p) is the cross
section for stripping a neutron from the deuteron and Oé”is the cross
gection for compound nucleus formation by capture of the deuteron, is
very large (>>l) at energies below. the bérrier and decreases 1o a small
value (<1) at higher energies. . The. energy dependence of this ratio can
be seen by comparing the (d,p) excitation function on 5120 4o the (d,2n)
ex01tat10n function as measured by Kelley3 The (d,Zn) reaction is

principly due to compound nucleus formation and the‘initialgoytﬁnlofithe;\
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- curve is determined by the effect of the barrier on the incoming deuteron"?:L
The fission of Pu239 with low ehergy deuterons therefore‘may contain rela-
tively large contrlbutlons due to f1s51on of Pu 2k0 nuclei-resulting from
the stripping process. Since these excited PuZhO nuclei are excited to a
Jlower level than the Am A nuclei produced by capture of the deuteron,

the fission is more asymmetric. The relative contribution due to the
stripping process should decrease‘as'the energy is increased and as noted

in Fig. 30 the fission asymmetry for the Pu 239 bombardments approaches

that for the Np 37 bombardments as the exc1tatlon energy 1s increased.

The intermediate p051t10n of the flss10n asymmetry in the deuteron
bombardment of U 233 is probably due to 2 lower barrier and poss1bly a
charge or mass effect.

The Valley to peak ratios of the mass yield curves determineda
in this study as well as other recently reported results are plotted vs

( - 5)° l/ in Fig. 31 as suggested by Fowler, Jones and Phaehler, e

The values reported by Jones, et al.l42 are also included for completeness.
It should be noted.that the‘ordinate of figure 31 (fission asymmetry) is
the reciprocal of the ordinate of figure 30. The abscissa is propor-
tional to the reciprocal temperature of .the distorted nucleus. -The
proportiocnality constant can‘be determined if the level dénsity of these
~highly excited and strongly deformed nuclei is assumed to be of the form

w (B) =C exp [2( E/a) 1/2 as predicted by We1sskopf9’65

Phaeler and.HandleylLL have used this approach to derive the relation

Jones, Timmick,

YTmin/Y_max = 2.8 exp -2.9/T which corresponds to the diagonal straight
line in F'i.g. 31. Since the relati\}é probability of two states differing
in energy by,anvamount A is exp [—AE/T], it is thus suggested.that 2.9
Mev is the.additional energy required to produce symmetrical .in preference
“to asymmetrical.fiSSion. The relatively large deviations of the recent
data from the predicted»behavior is considered to be mell outside the
1imits of error of the experimental measurements. This may indicate that
the'simple'energy dependence assumed for the level density is not appli-
‘cable to the high enérgy fission process. It is not surprising that the
above simplifications are not completely valid although a definite trend
- is 1nd1cated 80 that- qualltatlve conclusions. based on a treatment of this

type are not 1nva11dated
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3. .Total fission cross sections.

The total fission cross sections obtained by summing under the.
mass yield curves are shown in Flgs. 32, 33, and 3h .The fission cross
sections are represented as open diamonds. The estimated llmlts of error
are indicdted. The dotted lines above each of the diamonds represent the
total fission‘cross section plus the sum of the observed epallation cross
sections. '

The lerge preponderance of the fission reaction as compared to
the spallation reactions is clearly‘ehown by these figures. Since U233
and.Pu239 have different barrier heights, a comparison_of the absolute
fission yields may notvbe too instructive. Itbis of interest however to
note that at the highest energies where barrier effects are not so pro--
minent the total f1551on cross sectlon is the same in ‘both cases. It is
~evident, therefore, that no strong 4 /A dependence is operating at these
energies (Z /A. 36. 8 and 37.5 for the cofpound nuclei Np 235 ana AmZul
‘respectively). A more seneltlve measure -0f the flSSlQnablllty will Dbe
noted in the effect of the fission reactionvon:certain spallation yilelds.

The solid curves in’ Flgs 32, 33, and 3& are theoretical cross
sections for compound nucleus formation with different assumed nuclear
radii. The nuclear radius -is ‘given by the relation R = A /3 where the
assumed Ty values are indicated in each case. The theoretlcal curves for

239 anq 1233

were.taken,from_the‘deta

237

the deuteron-induced reactions on Pu ~and .

vof:Shapiro32

while those for the helium ion-induced reactions on Np
were taken from Blatt and Weisskopf;9 The ro value indicated by these
studies 1is about ro = l 5 x 10 13 cm in each case.

In summary , the qualltatlve features of the fission ylelds
obtained are best explalned in terms of & statlstlcal model of fission.
This type of mechanlsm was one of the first proposed after the discovery
of f1551on by Hahn and Strassman in 1939

However a quantltatlve theoretical treatment appllcable to a
wide variety of energies and fissioning species has not as yet been

developed.,  The work of Bohr and WheelersS and of Fong55

-are notable
steps in this direction. The latter treatment is especially complete

and instructive in .describing essential features of the fission process.
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B. Spallation Yilelds

"Throughout this discussion the spallation reactions will be
described in tefms of two general mechanisms or categories. The comﬁound
_nucleus mechanism (or statistical méchanism) refers to the process in
which the projectile is amalgamated with the target nucleus.‘ The energy
is distributed among all of the nucleons and when the statistical distri-
‘bution of energy is such that a given particle has energy greater than
~ its binding energy it can‘escape. The emission process is called "evapo-
ration" in analogy to the evaporation of a wter molecule from a liqgid
drop; The lifetime of the compound state is long compared to the initial
excitatioh or the final de-excitation process. Consequently, the emitted
particles are not directly affected by the nature of thé projectile, only
by the energy of the compound state. |

' Reactions'proceeding by other than the above process will be
generally classed as direct intersctions. Since this includes all
reactions -not proceeding specifically by compound nucleus processes they
will also bebfefeffed.to as non-compound nucleus reactiohs. In reality
this cafegory includes a wide variety of different and quite distinct

t

types of reactions. Among these are "knock-on", "pickup", "stripping" or
~"hot spot" reactions. A "knock-on" reaction is one in which the prbjéc-
‘tile collides with individual nucleons, transferring sizable amounts of
energy directly to ome or to a small group .of particles; allowing them

to escape. It would perhaps be more exact even though less classical to
say that the two partiéles interact instead of collide since the features
of the mechanism need not be confined to those expected for a classical
cbllision pfocess. The bombarding particle may or may not be captured by
the nucleus. "Pickup" reactions and "stripping” reactions are another
closely allied pair of direct interaction processes. In a pickup
reaction the projectile combines with a nucleon in the nucleus and the
combination escapes. For example, a proton projectile may combine with a
neutron from the nucleus to form a deutéron which carries off most of

the energy of the incident proton. The stripping process’is the feverse
case where the nucleus removes or "strips" a nucleon from fhe projectile.

Another type of reaction which shall be included in this direct inter-

action category ds local excitation or "hot spot" reactions. In this case
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a portion of the nucleus is excited by the incoming particle and.the
,emission phase of the reaction or "evaporation" takes place before the
.exc1tat10n energy ig dlstrlbuted throughout the nucleus

There are a number of. important features whlch these non-
compound nucleus reactions have in common that make it convenient to
4 place them into the samevcategory,' Firat, the length of time necessary
for the reaction to go to completion.is usually very short'comparedvto
( the formation and decay of a compound nucleus. .Hence the nature of the
incident particle can profoundly-effect the nature.of the reaction
productsa . Secondly the energy of the initially emitted particles‘tends
" to be much higher than the energy of "evaporated" particles. Reactions
proceeding by a non-compound nucleue mechanism are much less- effected by
the preponderant.fission reaction, which appears in the heavy element
region, than those reactions which are a'result,of a,eompoundfnucleus
process. .This is actually a direct consequence of .the first two features
listed but we have given'it‘special'notice because of its importance in
' interpretating spallation reactions in the heavy element'region.

.In general, little can be deduced from the pfesent study about
the relative'contribution of individual direct interaction processes.
-Occasional suggestions may be made as to the probable contrihuting
factors but the unambiguous resolution of this. probiem auaits other,
more detailed experlments involving the measurement of energy and .angular
distribution of the reaction products. ' )

1, Test of the predlctions of Bohr's compound nucleus theory

The same compound nucleus was produced by two separate mechanisms.
Helium ion bombardment of Np 37 and deuteron bonbardments of Pu 239 were
used to produce the compound nucleus Am?yl . Accordlng to Bohr's com-
pound nucleus theory, at the same excitation energy for the compound

state the following relations should hold.

—y o (&,2n) o (a,2n)
(I) of (d;3n) T o (05;3117

or alternatively

o (d,2n) 9c(d)'_ (d,3n)
o (@,2n) ~ o (a) o

(11)
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Relation (I) has been tested for the compound'nuclei Zn63, Zn62 and._.Cu62

by Ghoshallo and for PoZlo by John. Ll In these cases the prediction of
relatlon (1) was clearly verified. It is interesting to note that in the

209 206

proton bombardments of Bi and helium ion bombardment of Pb John Was
able to get almost perfect superposition &f the (p,xn) excitation func-
tions and the (a,xn) excitation functions merely by shifting the proton
energy scale by 11.9 Mev. This result is very surprising in view of (11)
since the relation cc(p)/aé(a) as predicted by Blatt and,Weisskopf9 is
very energy dependent over the energy range used. The -energy dependence
of the ratio of the compound nucleus formation cross sections by protons
and helium ions stems from the'larger effect the ceulomb-barrier has on
the helium ion. A condltlon analogous to that shown in Fig. 33 exists.
. The dotted line represents the theoretical cross section for Pu 239 plus
deuterons. The deuteron scale has been shifted by 14.2 Mev. The conse-
quences of this'superposition of excitation.funetions wasvnot discussed
by John but it may indicate that the theqretical‘tfeatment is not wvalid
at low energies. ' g

A comparison of the (a,Zn) and (a,3n) excitation functlons of
Np237 and the (d,2n) and (d,3n) excitation functlons of Pu?3? is shown
in Fig. 35. The energy scales have been shifted to make the (a,3n) and
.(d,3n) curves match. The»cfoss sections have been normalized at the
peaks-of the (a,2n) and (d,2n) excitation functions. Compound nucleus
theory predicts that the energy shift should be such that the compound
'nﬁcleus produced by the corresponding deﬁteron and helium ion energy
should have the same‘excitation energ&. In the center of mass system
this corresponds to: |

c.m. c.m

o . . 2
Eq =B, AMe

where.AMg (M5 239 + Mg MNp237 - M ) 931.2 Mev.

In the laboratory system
239/241 E, = 237/241 E, - A

or E, = 237/239 B - 241/239 AMc®,

2

The value of 241/239rAM02 feund by matching the experimental
curVes-at'Ea = 34 Mev was 13.9 £ 1.0 Mev. Calculated from the masses of
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Glass et al.”” 241/239 AVc® = 14,6 Mev.  The observed energy shift is
the same as the caleulated shift within the limits of error of the ex-
perimental determination. . |

The cross-section ratios corresponding to (I) and (II)’afe\
shown graphically in Fig. 36. A reasonable agreement-with'the'predictione
of the Bohr postulétevis obtained at all but the very lowest energies.
The disagreement between the observed o (d,2n)/o(a,2n) ratio and the
theoretical o d)/c (a) ratio is not completely understood but may also
be due to the fallure of the theoretical treatment at low energies. The
Cross sectlons for compound nucleus formation were taken from Fig. 33.
The curvesvfor rb =1.5 x ZLO—13 cmzwere~used in eaeh case. In view of
the fact that these spallation reactions have survived the huge fission
reaction, the agfeementewith the predictions of the COmPOund‘nucleus
model is remarkable. These (@,2n), (@,3n), (d,2n) and (d,3n) cross
‘sections are less than>five’percent of the'yield of similar reactioﬁs
in the leadebismuth region;l vhere fission competition is not present.”
Yet these reactions still appear;to take place principdlly by a compound
nucleus mechaﬁism.' This is true aﬁ legst in the region of the peak of
the excitafion,function. Since both the fission reaction and the reactions
leading to the emission of two or more neutrons are-best‘expieined by a
statistical mechanism it is not sﬁrprising,that the magnitudes of these
particular spallation yields are very sensitive to the magnitude of the
fission yield. B | '

The. 1ndependent treatments of Glass, Carr, Cobble, and Seaborg86

and.BatzellLL5 indicate that fission is competing at each.stage:of any -
compound nucleus reaction. For example, in competing with the (c,3n)
.reaction on Np237, Tission takes place in the Amzulvexcited nucleus, in

theiAmzuO excited nucleus and in the Am238 excited nucleus. It would
also-be very'difficult to explain many features of the fission process
if fission from.the hlghly excited compound nuclei were not allowed.

The explanatlon of flSSlon asymmetry and the variation of charge distri-
bution as given in the previous section depends on the fission of the

: highly excited compound states as well as those in lower states of
excitation. One effect of this stepwise fission competition is to lower

fhe maximum yield'of.each successive (a,xn)vproduct. Another result 1s

N



101

5 1
4 — —
o
S .
I3 N
z
o
‘——
(&
(]
m .
» o-(d, 3n)
Ber o-(q 3n) . ]
Q ,
S
= |
o-{(d, 3n)
0 1 1 |
20 25 30 35 a0
HELIUM ION ENERGY, MEV .
. A [ ]
10 . 15 20 25
' DEUTERON ENERGY, MEV
’ M-8
Fig. 36 Cross section ratios for Np237'+ a and Pu?39 +d. The

theoretical compound nucleus cross sections are from reference ~

9 (Np237 + ) and feference 32 (Pu239‘+ld);“



-102-

.that fission can compete effectively with the evaporation,of charged -
particles from the excited nuclei. It is generally assumed that eva-
poration of charged particles takes place from the 1n1t1al hlghly ex01ted
compound states since the emitted particle must have suff1c1ent energy
to overcome the coulomb barrler as well as the binding energies.

An important consequence of these:considerations'is that the
sensitivity of any given.spallation reaction to the effects of fission
_ competition may be used as an indication of the importance of compound
nucleus processes in.that reaction. - '

2. General features of the spallation excitation functions.

The general features of the spallatlon cross sections are very
similar to those of other nuclides in this mass reg10n86’87 The (a n)

237 is low and flat, levellng off at about 2.5"

excitation function on Np
mb. This reaction undoubtedly takes placeé by a dlrect interaction
mechanism since compound nucleus theory predlcts ‘that the probablllty
of evaporating such a high energy neutron is vanlshlngly small and very
-énergy dependent. o _

The (o,2n) and (o,3n) excitation fuhctions have been shown in
the previous section to be principally due to compound nuéleus'?rocesses.
' The prominent "tail" on the (a, 2n) excitation function is not predicted
by compound nucleus. considerations. The tail on the (a,2n) excitation
function for the bombardment of Pb 208 was observed to be-about 100 mb at
45 Mev. This was less than ten percent of the magnitude of the (a,2n)
functiocn at its highest point.: It_is therefore ciear_that in the
;neptuhium bombardments the fission reaction is reducing the maghitude of
the "peak" of the (a,2n) excitation funotionirelative to the "tail".
Althoughéthe "tail" also seems to be somewhat reduced it becomes reletive—
ly more prominent. The obvious conclusion is that’the "tgil" - is less
due to compound nucleus processes than the peak. A likely explanation
is that-one neutron is emitted by a difect interaction mechanism of some
kind leaving.the nucleus with high enough exeitation energy to'evaporate
another neutron or to fission. The fission. thus can compete with this
reaction at the last step'only.‘,For the evaporation of two-neutrons-fission
can compete in the decay of both intermediate excited nuclei. . Thesebsame

'conSiderationS'hold'true»for the;(d,zn) excitation function for U233 and
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Pu239; There 1is undoubtedly'some contribution due to the emission of two

direct interaction neutrons but'this mechanism is thought to contribute

less than the one described The reduction of the tail as well as the

239 and ©

peak by fission competition is seen clearly in comparlng the Pu
y?33 (d,2n) excitation functions. _
The reduced compdound nucleus Spallation’reactions (d,Zn) and : -
(d,3n) for y?33 (relative to.Pu239) shows clearly the greater fission-
ability of the uranium isotope at these excitation energies. This re-

sult is exactly opposite to the 2 /A dependence of flSSlonablllty noted
34

for spontaneous fission and low energy neutron- induced fission since
z° JA is greater for Pu239 (= 37.0) than»for y?33 (= 36.3),. It is
suggested that the. effect of the mass on the fissionability at these

. energies is greater than'the charge effect. In support of this one can
cite the much higher (&,2n) cross section (hence the reduced fission-

- : e r 86.
-ability) for Puzg2 as compared to. Pu238 . and the higher (d,2n) cross
233 146

. section for U 235 as compared to. U For thesevcomparisons the

- relative (x 2n) cross sections should glve very sensitive measurements
- of the relatlve flss1onab111ty since both. the charge and nuclear type

are the same and the cross sections should be very 51mllar 1f flss1on

147

were not competlng

‘The {(q,on) excitation function for Np237 is probably due to

either a purely direct interaction mechanism (knock-on or hot spot) in
which a neutron is emitted_and the incident alpha particle also escapes
or it may be due to an inelastic collision between the helium ion and
the nucleus after which the neutron is evaporated from the residual

excited nucleus with attendant fission competition. The fact that.this

238
87

measured by Ritsema ' may indicate a preference for the latter mechanlsm,

~although the difference may be due to nuclear type. There is some indi- “

cation that the (a an)cross section reported by Ritsema may be too high.lu8'

; A number of interesting features of the deuteron induced

239 .4 4233

reactions of Pu”°” -and. merit consideration. The (d,n) reaction

is almost entirely‘due to a stripping process and as such is quite
'insensitive to the fission reaction. The‘shape and magnitude of this

149

exc1tatlon function 1is very 31m11ar to. that predlcted by Peaslee for

a stripping reactlon in Wthh flss10n is not competing.
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The (d,an) crossvsections, as neasured,at one energy in the
Pu239 bombardments and at four energies in the U233 bombardments, present
an interesting butvpuzzling problem. The'magnitude of the cross section
is in reasonable agreement w1th that predicted by compound nucleus theory

150

1f fiss10n competition is ignored. However, the very fact that this
reaction survives the fission competition is a strong indication that a
bdirect interaction process is taking place |

The low cross section for the (d dp) reaction .which is
actually the sum of the (d,dp) and (4, an) reactions, on Pu239
interesting in view of the very large (d,t) cross sections for heavy
xelements as recently measured by workers 1in this laboratory.%sl The
differencevin the magnitude of these reactions'at these low energies
gives little information about the-mechanism,since the barrier can
still exercise a strong influence on the relative cross sections.

C. Summarz ‘

The main conclus1ons of this study can be summarized as follows,

1. The fission mechanism is best explained by a statistical
or compound nucleus model. :

2. The (a, 2n) (a,3n), (4, Zn) and (d,3n) reactions appear to
be pr1n01pally due to compound nucleus processes. ‘These reactions are
Very senSitive to the magnitude of the fission reaction and therefore

,:are very-sensitive indicators_of the relative fissionability_ofvdifferentv
 nuclides. o ‘ | '
o 3. The reactions not affected apprec1ably by the flss10n .com-
petition are due to direct 1nteraction or non-~ c0mpound nucleus processes.

The relative contribution of these reactions to the total spallation

cross section is therefore greatly increased for fissionable nuclides.
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VI. APPEN‘DIX

Nucleometer (Methane -Flow Wlndowless Proportlonal Counter) Counting

Efficiencies for Electron Capture. Isotopes

A. Introductlon

The determlnatlon of the absolute yleld of a reactlon product -
which decays by orbital electron capture is compllcated by the fact that
little is known about the efficiency with whlch these isotopes are
counted by the various counting instruments'availablei . There is no
a priori reasonvthatvall electron capture isotopes should be counted
with the same eff1c1ency or even approximately so. Also cthe manner in
which the sample is mounted as well as the 1nstrument on whlch it is
counted may profoundly influence the counting yield.

The countlng instrument used in the present study for counting -
-electron capture 1sotopes was a methane flow windowless proportlonal
counter. This ‘type of counter was chosen because of its high efficiency
for low energy radiations and because of its hlgh geometry (approx1mately
| 2 ). It was hoped that if'the counting system used-was sufficiently
sens1t1ve to detect the very low energy conversion electrons and auger
‘electrons that the c0unt1ng eff1c1ency for most of the isoctopes studied
Would be Very hlgh and would not vary too much from one 1sotope to
, another. The decay of most ‘'of" the electron capture 1sotopes 1n this.
'reglon generally involves the emission of several convers1on .Oor auger
electrons per-. d151ntegratlon ' -

.The countlng eff1c1ency for a few electron capture " 1sotopes
on this type instrument have'been measured’ prev1ously On the basis of

152

the earlier work nggins vadopted_an efficiency of 60 percent for

electrOn capture 1sot0pes » Using the same data plus a few other deter-

153

mlnatlons, Hulet arrived at a best value of 33 percent. - These values

plus an eff1c1ency of 58 percent first reported for the counting

eff1c1ency of szl‘Ll by GlasslSlL

and later revised upward to 82 percent 155
1nd1cate the status of electron capture countlng eff1c1enc1es at the
tlme of the present work. '

In the present study a total of six 1sotopes wh1ch decay almost

completely by orbltal electron capture,( 238 Am239 Amzl"o i 232, 233,
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szSu) plus one which decays approximately half by beta minus and half

by electron capture (Np 236 ) plus one which decays completely by‘beta

minus - (Np 238 ) were measured on the nucleometer, In order to- transfer

the nucleometer countlng rate into an absolute disintegration rate, the S
counting efficiencies of as many of the above nuclides as possible were

determinedvby measuring the alpha particles'of the respective daughter

(44

nuclide, These experiments are described below,

B. Experimental '

1l, Am239 and Amzuo

v The determlnatlon of the nucleometer countlng eff101enc1es
of Am239 d Am 2h0 by'measurlng the -alpha partlcles from the daughters

Pu239 and Puzgo is compllcated by the long half life of the plutonium

239 and PuzlLO

visotopes Also, the fact that the main alpha groups of Pu
are almost ~identical (5.15~and 5.16 Mev respectlvely)_further complicates
he measurement '

238 239

o To determlne the counting efficiencies for Am ’ and
Amzno; about 15 mg of high purlty Pu 39 ~was bombarded with 2& Mev deuterons

in the Crocker Laboratory 60- inch cyclotron The plutonlum, bombarded in
the form of NHuPuO POu, was dissolved after the bombardment in 6 M
hydrochloric aold plus- 0,05 M hydrofluoric’ acid., Tae americium was then

' separated by the scheme outlinedvin section IT-C, After separation of

the americium from the rare earth fission products on‘a cation column

using alcoholic-HCl eluant, the americium fraction was diluted to 1.00

. ml in a volumetric flask. Americium (243)vtracer was then added, the

solution was stirred and a small portion was removed and vaporized from

. .2 hot tantalum filament onto a platlnum disc (as descrlbed in section

II-D) for counting in the nucleometer. 'Plutonium tracer (Pu 3 ) was

then added ‘to the americium fraction and this solut;on was saturated

» with hydrogen chloride gas and passed through a short glass column
packed,with Dowex~-A-1 anion exchange:resin. The americium passed through .
the column in the concentrated hydroehloric acid fraction. After washing 2
~the resin with concentrated hydroehloric acid and adding the wash to the
l.americium fraction, the plutonium uas_removed_with L M hydrochloric acid

and this fraction was then evaporated to a low volume and vaporized onto a
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platinum disc: from a. tantalum filament for alpha_pulseVanalysis; The

plutonium was périodically "milked" from: the amer1c1um.fractlon in this

238 240

manner in order-to measurerthe:amount of- 'Pu and -Pu 39 plus Pu that

238 .mg39 - Amqu

had been produced by decay of Anm respectively.

Before each mllklng -the-amerlclumvSOlution»was measured carefully in

" a volumetric flask and'an assay”WaSX£eken'of this solution to determine

" the amount of the orlglnal amer1c1um stlll present at the time of the

mllklng. Although the"alpha partlcles from Pu- 239 and’ Pu MO cannot be

differentiated separately on -the alpha. pulse ‘analyzer- the amount of

24

‘present could be determined uniquely by mllklng the:plutonium from

239.

the amer1c1um solutlon gfter: the 12 hr: Am'
240

had completely decayed and

 tHen again’after'the Am~ -~ had decayed. .The plutonium produced in this

240 . ‘ 240

'perlod should be only Pu which was used to find the amount-of Am

present in the solution - at the time of - the' preceedlng separatlon With
this’ known, the contrlbutlon of Puzu' in'‘the ‘previous.plutonium. fractions
could then be subtracted and the Pu- 239. ‘and ‘hence. the Am.39 determined.

_ After the various plutonium samples had been- examlned by alphs
pulse analy51s it became apparent that the original separation had
Tailed to adequately remove-all of the: target plutonlum and- that the

first two "milking" steps had failed to remove all .of the ‘plutonium.

238
238

was present

in the "milked" plutonlum_fractlons long after-the Am .~ -had .décayed.

For this reason excess plutonlum appeared .in. the plutonium:fractions

from the earlier milkings and resulted in'abnormally'loW'counting

238, and 17 percent for: Am239.. The

ZMO “determination was" con51dered good, Lowever, since in the last

two - mllklngs the plutonlum was- ¢onmpletely removed from the' americium

- fraction. The countlng efficiency obtained for: Amza 'wasg 9lrpercent.
© This experiment was répeatéd in brder to re-determine the
238‘aﬁd'Am239'CéUnting:efficiehcies~ahd“toichebkithe Amzko,counting

efficiency. ° Additional -precautions such as the use of longer milking

”columns-packed“With‘mOre cerefully?gradedg(O;ZS -~ 0.5 ‘cm per minute

“settling rate) Dowéx A-1 resin as well as assaying the plutonium

fraction after each milking,” were obsérved in order’ to insure complete

removal of the plutonmium in each milking step. 'In this second experiment
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the separation of the americium.fromﬁthe’rére earth fission product
activity had to be carried out twice because of insufficient .separation

the first time.’ When-th;s had been completed the Am.z38

had completely
decayed so the-counting-efficiency for this isotope could not be deter-
mined. .However, . a goodudeterminationvof'the~Am239 countinglefficiency
and two checks of the Amzuo counting efficiency were.obtained, The m'
counting efficiency determined for Am>>’ was 60.2 + 5 percent, and the
counting efficiencies of A:m.z)+O based.bn two separate milkings were 67
- péercent and 109 percent the average glVlng 89 percent. The large de-

viations in the Am 240 counting efficiency are due to very low counting

'_rates of - Puzho in the mllked plutonium samples.

.Advantage was taken of the large amounts of An 239 and Am?ho

producéd .in these experlments to nmeasure -the half’ llfe, the alpha

‘particle energy and the partial alpha half life for Am239 and the& half

life .of Am?ho_ These guantities had been previously measured_by

‘ngglnsl52 usingimuch smaller levels of activity. . The values obtained

were: For Am>37 tl/2 =12,1-% O,k hrs, Ex = 5 77-2 0.05 Mev, -partial

alpha half life = 28 + 1 yrs. For A ¢ -51.0 0.5 hrs. These
1/2 .156 )

determinations ‘are discussed in detail elsewhere.
2. Np234.

The counting efficiency of_Np231L was measured. in the same
féshionras the americium.isotopes»discussed above. ' A tén mil_U235 foil
weighingva total of 6.1 grams was bombarded with 24 Mev deuterons for
eight hours in the Crocker Laboratory 60-inch cyclotron. .The deuterons
incident to the target correspondéd to a total of 10l1.5 micro-ampere-:
_hours of current as measured in the target’integratdrs. The intensély
radioactive uranium foil was allowed to :"cool" for 12 hrs.. after which
the neptunlum.was removed according to the scheme outlined in section

.II -C. - The" purlfled neptunium was diluted to 10 ce-in a volumetric flask;

':fi.O,lOO cc (1OON) was removed and this was in turn diluted to 25 cc.

. Twenty-five lambda (0.025 cc) was then removed from this second dilution

and mixed with 3 cc of»12~M‘hydrochloricfacid_which.had been stirred <)
“with 0.5 M,TTAn(thenoyltrifluoroacetone)vin,benzene and then washed with
benzene. . This was- done in order to reproduce as nearly as possible the

- conditions used in the cross section:measurements. .This solution was
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then .evaporated onto a platinum disc for counting in the_nucleometer.
This»sample will be referred to as NpI in the discussion_which follows.
In order to test the effect of changing the Way'in which the
» sample 1is mounted three additional nucleometer samples were prepared as
follows: (l) A second 25 A portlon of the 25 ml neptunium sub- dllutlon
was mixed with three ml of concentrated hydrochlorlc acld Wthh had been
stirred with a 0.5 M TTA solutlon but had not been washed w1th benzene
(NpII). (2) 25 N was evaporated onto a tantalum filament and vaporized
onto,a platinum disc as described in section II-D (NpIII) and (3) 25 N
_'of the neptunium solution was electroplated onto a platinum disc from
ammoniun chloride solution as Gescribed in section II- D (1pIV). | The

decay of these four neptunium samples was was then followed on the

23k 35

'nucleometer and the activity due to Np was resolved from the Np

Np236, Np?38 and Np 23% present in the sample. The Np 238 and Np 239 came
from deuteron reactions on the U238 impurity (~7%) in the target
material, ‘ . |
_After two months nad elapsed_U232 tracer was mixed with the
" main neptunium.stock solution and the uranium was separated from this
solution to permit measurement of the amount of U 3h produced by decay
f the sz34
stlll contalned large amounts of activity due to Np

238 236 1na Np

.Thé neptunium solutron at the time of this separation .

235 236

as well-as Pu

238

and Pu which were produced by decay of the Np

.column techniqueisuggested by T. D. Thomas157

was used to separate the
uranium, neptunium and plutoniumr The neptunium solution was first
evaporated to a low volume (1-2 ml) and heated for five minutes with 6
M hydrochloric, 0.5 M hydriodic acids and 0.005 M hydrazine hydrochloride.
This eolution wae'passed-through a Jjacketed glass column packed with
very carefully graded Dowex A-1 anion exchange resin (settling rate 0.25
to 0.5 cm per minute), The column was maintained_at‘8TO.C by refluxing
: trlchloroethylene through the glass jacket surroundlng the column. : The
column was k mm in-diameter and 5 cm long and was operated at a flow
rate of one minute per drop. .The plutonium Was_removed with 1 ml of
pre-heated 6 M hydrochloric acid, and 0.5 M.hydriodic acid the neptunium
was removed with 1 .ml of pre—neated 3 M hydrochloric acid and the

uranium was removed with 0.5 ml of pre-heated 0.5'M hydrochloric acid.
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It .is notable that this single column run gave almost complete -decon-
“tamination from an estimated 1.5 x lO6 dpm of Pu236 and from 1.2 X lO7

dpm of NpZ3?, 236 235

Less than 0.5 cpm_of'Pu ~and less than 5 cpm of Np
was detected in tlie uraniumvfraction. The uranium was electroplated from
a neutral ammonium chloride solution-onto a platinum disc for alpha
‘pulse analysis (section II-D). Along with the U%3% tracer the alpha -
pulse analyses showed 37 counts per minute of.U23u, < 0.1 cpm of U235

and < 0.1 cpm.of'U236,' The absence of U23? shows that the original

-decontamination- from the target material was complete and that all of

the U 234 observed came from decay of" Np 3”. .The counting efficiency of
Np23LL in the various nucleometer samples is ehown below.
‘NSQEple - eCounting,Efficiency (percent)
NpI - o 63 -
TpII ST
NpIII | 68
NpIV 65

NpI was evaporated onto a platinum disc in the same fashion as
_the neptunium samples in the' cross section studies. That is from 12 M
-HC1 which had been stirred with 0.5 M TTA .in benzene and then washed
-with benzene.
"NpII was the same as NpI except that the 12 M HC1 was not
~washed with benzene. A th1n fllm.of TTA, wa.s visible,
_ NpIII was vaporized -in vacuo. from a. tantalum fllament at
. about 2000°C onto a platinum disc. . .
.NpIV was electroplated from a neutral 3 M NHhCl solutlon at
6-8 volts and 3 amps onto a platinum dlSC ,
_ The difference in.the counting eff1c1enc1es obtalned for sam-
ples NpI, NpIII and NpIV are not_cons1dered_51gn1flcant. Due to losses
in mounting samples NplII“and,NpIV - these samples were normalized to

NpI by using the alpha counting rates in each of the samples due -to
236

o3

Pu 236 whlch_was produced by decay of the Np
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: | R
An .attempt was made to measure the counting efficiency of'l\sz')2

233
232

by bombarding 5 ﬁg of U with 24 Mev deuterons, separating the neptu-

nium and measuring the U which appeared in the neptunium fraction.
No alpha activity due to U 3~ was: detected even though the orlglnal

neptunlum separation was completed forty minutes after the end of the
bombardment. The short half-life. of the Np23 (13 min) and the long

half life of U232 (70 y) make this determination very difficult.

- C. DISCUSSION _

The nucleometer counting effiCiencies determined in the present .
study as well as those‘meaSuredvby other workers are summarized in Table
X. S ; o '
' Table X

Summary of Nucleometer Countihg Efficiencies for Electron-Capture isotopes

Isotope " Counting ©  Method in \ Method Referencev
} Efficiency (%) which MOunteé ) Determined .
APl BV a-daughter ) 153
4231 "33 | 9 S - 159
I\TpZ3LL 63 BV M " v This work
e v S L
’ 65 ~ EP neooe = woon
Np236 - - 89. _ ' v . a—daughter plus(c) ' :
' o S B~ branching - 158
95 ' EP - e . . 158
Am239 | 60 - » v . a-daughter - - . . This work.
m?® 9o o v e "o
om?H 82 Yy oo 155
B3 26 . E "o o 153
ac) 33 B x-rays(®) o153
245 ~100 . EP o | 160
ce?HT - 80-90 . EP o 160
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(a) .The foilowing’symbols are used to-indicate the respective
method of mounting the sample. S i
. EV; - evaporated onto a plutonium disc with ' care being taken
to prevent deposition of ‘extraneous mass.
' V; waporized onto a'platinum disc in vacuo from a' tantalum
filament heated for a very short time to about ZOOOOC.

EP; electroplated onto a platinum disc from neutral 3-5.M
ammonium chloride solution at é-8 volts and 2.3 amps/cmz. o

- (b) Determined by observing the alpha radiations due. to the
daughter of the ‘electron capture 1sotope J.

(c) For Np 236 the alpha radiations due to the beta minus
daughter Pu. 236 were obgerved. A beta minus branching ratio of 57 per-

. cent was assumed (reference 121) | v

(d) Determlned by comparing the countlng rate of XK and L
rays to the nucleometer counting rate. An assumption must be made about
the number of x-rays per disintegration (.95 to.1 for heavy nuclides,
see reference 121). | ‘

The counting efficiencies reported by Hulet (references 153
and. 159) are consistently lower than the other determinations In-one
case the counting efficiency for a single 1sotope.(Bk l5) was determined
both by Hulet™ 153 and by Harvey and Chetham- Strodel6o with the value
obtained by Hulet lower by a factor of three. The reason for this dis-
crepancy is not understood since Hulet used the same type of counting
equipment as used in the present study. |

On the basis of the determinations made-in the present study,
a counting efficiency of 60 percent_was chosen for the electron'capture
isotopes discussednin the major part of this thesis for which direot
determinations of the counting efficiencies were not made. Onjthefbasis
of later information, which is also included in Table X. it appears that
60 percent may be too low and that a countlng efficiency of T70- 80 percent
would.be‘more realistlc° Such a change would not appre01ably effect the
general features or the interpretation of the spallation excitation
functions presented in section III.

For at least one isotope decaying by orbital eleCtron(eapture

e

; “BL) the method 6f mounting the sample appeals to make Jlittle ddif=mo. . o

'ference lrucareA1swtaken1to'aV01duv1SIblevamounts of “foreign matter,
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