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of California, January, 1956,

TPresent address: Argonne National Laboratory, Lemont, Illinois.

*Present address: Stanford Research“Institute, Menlo Park, California,

ABSTRACT

A radiochemical study of fission and spallation products produced ey
bombardment of U233, U235, and 'U238 with 18-46 Mev helium ions has been made,
As in the case of similar studies using .isotopes of plutonium as targets, most
of the reaction cross section is takeﬁ up by fission, Alsb, the pronounced

increase of the total cross section for (a,xn) reactions with increasing mass

‘number of the target that was observed for plutonium targets is observed for -

uranium targets, v

Excitation functions for (a;Zn), (at,3n), and (o,kn) reactions are in-
terpreted in terms of compound nucleus formation and fission competition at
the various stages of the neutron evaporation chain, ;The importance of neutron
binding energies on the .competition between fission and neutron emission is

stressed, An existing model for neutron evaporation foilowing,compound nucleus

- formation has been extended to include the effect of fission competition,
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Results of calculations based Qn.this model show good agreement with those

features of the (a,xn) excitation functions believed to result from compound

" nucleus formation, These calculations also show that fission usually precedes

neutron eva,poration,for'helium-ion-ind.uced'reactionsova233 and U235; .The

excitation functions for the (a,n), (a,p), (a,pn + @,d), (o,p2n + a,t), and

(a,p3n + a'tn) reactions are discussed in terms of direct interaction mecha-

‘nisms involving little competition from fission,

Fission shows an increase in symmetry with energy and becomes symmetric
at .about 4O Mev energy of the helium ions, There is no significant difference

in the symmetry of fission for the three uranium isotopes;' Total reaction

cross sections, -including those for both fission and spallation reactions, in-

dicate a nuclear radius.parameter r slightly larger than 1.5 x .10 13
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I. INTRODUCTION

This_paper'extends the investigations of the present se:c‘i-es’l“lL on fis-
sion and spali&tioﬁ .reactions in the heaviest element region, Spallation re-
actions in the heaviest elements are particularly Interesting because the fis-
sion process provides a prominent competing reaction (not found in .lighter
elements except at high excitation eneﬁgieea which can have effects on the
cross-sections of the other reactions, In addition, the fission process is
interesting in its own right,

The investigations which are belng pursued in the present program are
prlmarily of target nuclides of atomic number greater than or equal to 88

where fission threshold energies are roughly comparsble to nucleon ‘binding

energies, .We have been concerned principally with nuclear reactions induced

by particles of less than about 50 Mev energy, with the hope that at these

relatively low energies the campound nucleus theory can be used as a .starting

point in describing the characteristics of the nuclear reactions,
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Previously reported workl_u has indicated, first, that f1851on competes

successfully w1th spallation reactions that proceed by the formation of a

.compound nucleus, and, second, that reactions involving the emission of charged

particles proceed by direct interaction mechanisms, .In particular, fission

competes with neutron'emission.at,evefy stage of the neutron evaporation chain,

 There has:been‘noted;l however, a striking effect of the mass number of the

target on the relative probabilities of fission and neutron emission: neutron
emission competes more successfully as the mass number of the target is in=-
creased, The surprisingly large cross sections for the production of the
nuclide corresponding to the (a,pZn) reaction have been shown to be due to the
reaction (a,H ), in which .a trlton,rather than three separate particles, is
emltted.3 :Furthermore,.it has been suggested that an appreciable fraction of
the (a,xn) reactions are produced by direcf'interaction‘mechanisms,

In the first paper of this,series,l the variation in the fission mass
yield distribution with bombarding energy of helium ions was reported for
plutonium isotopes., It was found that the transition from predominantly

asymmetric to symmetric fission occurred at helium-ion bombarding energies

between 30 and 40 Mev,

.This paper will report cross-sections for helium-ion-induced reactions
of U233,.U235 nd U238,. The study of these isotopes was undertaken to deter-
mine the effect of changing the atomic number and mass of the target nucleus,
to compare with the work on the plutonlum_isotopes, and also to see if the
striking mass effect on the spallation reactions in the plutonium isotopes is
apparent for uranium isotopes. It was also hoped that a comparative study of

233 1235 gng 023

the fission mass yleld distribution in U would shed some

light on fission asymmetry.
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II, EXPERIMENTAL PROCEDURES

Preparation of targets

The U233 used in these bombardments had an isotopic purity of approxi-
mately 96%; there was about 3% ?38 and less than .1% U23u
material, The U235>generally had an isotopic purity of greater than 99.9%.

present in the

~ The U238 also had an isotopic purity of greater than 99.9%. .The techniques

used in these experiments were generally those. described by Glass et al.
Most of the targets wére prepared by electrodeposition of 0,1 to 2 mg of
hydrated uranium oxide over an area of about l'cm2 on & dish~shaped alﬁminum
disk, The amount of material deposited, which was of uniform thickness, was
determined by direct alpha counting, weighing, or both; .These targets were

p)

then mounted in afwater-cooled.microtarget holder” which also served as a

Faraday cup for beam intensity measurements,

.B@mbardmehts

Aluminum or platinum foils of measured thickness were used fo‘degrade
the helium ion beam to the desired>energy,6 The irradiations were for a
period of two to threeIEOuré for each target, With-beam.cufrents of 5 to .10
micro-amperes; - Because of the faét»that,only moderate amounts of activity
were produced, the chémical gseparations of the various fission and spallatioen
products were generally pefformed.onlthe whole target. However, three ex-
periments were performed in which 1-mil metallilc U235 foils (~193% isotopic

purity) were bombarded and one experiment was performed in which a l-mil métaliic

,Uz-38 foil (> 99%) was bombarded, This procedure resulted in the production of

sufficient activity to_permit.aliquotsvto,bevtakenvfor the various fission prod-

< uct elements, making ‘possible a study of a wider selection of fisslon-product

elements and a more complete determination of the mass yield curve, The princi-

pal disédvantage of the use of urénium foils was that the uranium foil reduced

' the helium-ion beam energy by 3 to 5 Mev, resulting in a range in energy of the

helium lons which caused the reactions,

Chemical procedures

p

The usual chemical procedure” involved dissolving the target, backing

plate, and aluminum cover foil in acidic solution containing known amounts of
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fission product carriers and radicactive tracers'(Np237 and Pu239) for the-
spallation .products, First the neptunium, and then the plutonium, was re-
moved from the target solution by coprecipitation in the IV oxidation state
with zirconium phosphate under the proper oxid&iing:or.reducingyconditions‘
The neptunium fraction was further purified,by ceprecipitation with lanthanum
fluoride and conversion .of the fluorides to hydroxides, followed by dis-
solution in acid and the extraction into benzene of a neptunium (IV) thenoyl-
trifluoroacetone chelate complex, '

The plutonium was purified by similar fluoride and hydroxide preci-— .
pitations followed by an ion-exchange column step, in which the plutonium IV:I:
- was first adsorbed on Dowex A-l1 anion exchange resin from concentrated hydro-
chloric acid and then reduced to the IIT oxidation state and eluted from the
resin, The neptunium and plutonium were ei’c,her,electrod.eposited'7 or vaporized
onto platinum counting platee. The fission products were purified by techniques

adapted from those described in the compilations by Me1nke8 and Lindner.9

Detection of radiations

The fission products were mounted onzpreQiously weighed aluminum
plates for weighing and counting, The disintegration rates were determined
using end-window "Ampfex" geiger counter tubes, :Appropriate correction
, factorslo were applied to obtain disintegration rates from ﬁhe measured count-

ing rates, The intensities and energies of alpha—emittingwspallation'prod-
ucts were measured by use of multichannel alpha-pulse analyzers, The .counting
rates of spallation products which decay by negatron emission or electron
capture were determined with a methane-flow windowless proportional counter,
Counting efficiencies for this counter have been measured or estimated for
“each particular isotope involved, Table I lists the nuclides produced by
spallation reactions, together with their nuclear properties and counting ‘

efficiencies used in this work,
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Table I
 NUCLEAR PROPERTIES AND COUNTING EFFICTENCIES USED IN THIS WORK
Proportional
_ . counter
R ‘ : Principal Percent counting
Isotopes tl 5 mode of ~ alpha efficiency
. / decay emission Source (percent)  Source
23z 36 m E.C, 11 a
P33 20m E.C. - 0,12 B
234 3 ' : . . :

Pu . 9h E.C. 6.16 c .

pu’3? - 2m E.C. | 3,0x 107 b 701k b

Pu?35 ' 2.7 yr- o 100 - /

237 ‘ ' ’ ‘ ' aAT3 '

Pu I E.C, 3.3 x 10 b 79 + 8 b

pu?3® 89.6 yr «a _ 100 -

-Np233 3%m - E.C. . | . 80 + 20 d
ot vha EC. 63 + 2 ..
”,Np235‘ ko a E.C. ‘ o b1 £

Np236' 22 h E.C., N , - 92 % 20 g

Np238 2.1 4 g ' o 70 £ 5 - h

w?¥ 2.3a B | . 92 +5 i

P 60m B o o o + 6 i

e 6754 B o - 805 ]

e Estimated'from the alphs systematics, I. Perlman and J, O. Rasmussen,
~ Handbuch der PhySik (Springer-Verlag; Berlin) Vol. 42, 1957,

b, Thomas, Vandenbosch, Glass, and Seaborg, Phys. Rev. 106, 1228 (1957).

c, Pfivate communication, R, W, HJff and F, Asa-:.cov(l957)°

d. Estimated by authors,

e, By "milking" daughter U234

and determining its alpha disintegration rate,
see.Referenc_e'llo
£, This work, mass spectrométry°

g. This work, by "milking" daughter Pu236

and determining its alpha disinte-
gration rate, Percent negative beta decay (57%):.T. .04 -Passell, Ph,D, thesis,
University of California, June 1954 (unpublished); also University of
Californis, Radiation Leboratory Report UCRL-2528, March 1954 (unpublished).

h, This work, by""milking" daughter Pu238 and determining itévalpha'disinte-
gration rate, |

i, This work, by’hn—counting to determine gbsolute disintegration rate,:

J. This work, by Y4 -counting and by counting K x-rays, .The number of K x-rays
per d151ntegratlon was taken as 0,55, from Rasmussen, Canavan, and Hollander,
~ Phys. Rev, 107, 141 (1957) :
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IITI, RESULTS

Spallation reactions

Thé\crossasections obtained at each energy for the spallation reactions
of the various uranium isotopes are shown in Tables II to IV, The spallation

cross-sections have been plotted as a funetion of helium-ion energy in Figs.

| 1 to 5. (Because of the scatter in the points, no curve has been given for

the reactions.U?33( 236 and U233(a,pn)Np235.) The product which was ob-

O‘:P)NP 6
3

served is indicated in the tables, .In the cases where sz wasNthe prodﬁct,
only the 22-hour isomer was observed, Similarly, when NthO was the product
only the yield for the 60-minute isomer was measured, The deviation due to

random errors is believed to be about * 10% for most of the spallation cross

sections, Estimated systematic errors réise the total estimated deviation to
between + 15% and + 25%. In the case of the @33 (
the yields of the products Np235 and Pu23(3 were difficult to measure, and the

a,pn) and (a,4n) reactions,

limits of error may be as much as * 50%,

Fission yields ‘ ,
' The measured»crossasectidns for the formation of various fission product
isotopes are shown in the left-hand columns of Tables V to VII. Since absolute
crossasections,ﬁere not measured in the-bombardments.of‘U235 and U238 metallic
foils, 1t was necessary to normalize these results in some way to the absolute

cross=-sections 6btained from other bombardments. This was done:by‘takihg the
average of normalization factors obtained by interpolation of smooth excitation

function curves fOr:the absolufe'fission yields of several isotopes.12 The

mediasn energy of the helium ions inducing the fission in the foil bombardments

was also calculated from these curves,

.Gibson, Glass,»and.Seaborgh have made a preliminary study of the charge
distribution in medium energy fission, Their conclusion 1s that the charge
distribution in fission .at these energies is not completely deseribed either by
13,14 or by the constant
charge to mass ratio which has been suggested to be occurring in very high

15

energy fission, However, the latter poétulate appears to glve a better cor-

relation, A few primary yields measured in this work plus the primary yields
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measured by Gibson have been used to constru&t:a.charge distribution curve
which is slightly different from that of Gibson et al,, ‘but like theirs, .is
1

based on the postulate of equal charge to mass ratio. This curve was used

to correct the observed fission product cross=sections for the loss of ylelds

of members of the same mass chain with higher atomic number, and the corrected
',cross-sections are shown in the right~hand columns of Taebles V to VII, The

mass number of the apparent fissioning nucleus used .in application of the curve

was estimated from the best values for the center of symmetry of the fission '
yield curves, Additional discussion of the problem of nuclear charge distri=
bution in medium energy fission will be given by Gibson, Glass, and .Seaborg,
and the problem will not be discussed further here, | '

Mass=-yleld curves for representative energies are shown in Figs. 6 to
8, .The 1limits of error are estimated to .be about * 15% for most of the mass
chains reported, However, at higher energies, particularly for U 33, the chain
yield corrections become quite sizeable, and the errors may be somewhat greater,

The number of neutrens emitted as estimated from the center of syﬂmetry |
of the fission mass yield curve is indicated .in Figeg 6 to 8 and in the next to
last row of Tables V to VII, It should .be emphasized that the reflection of
maSS»yield curves does not give any information as to whether the neutrens are
emitted before or after the fission process taskes place.but includes_contri-
butioAs from both soprees, However, some information on this subject implied
by other types of data will be discussed.later. | '

The total fission cross-sections obtained by.integration of the fission

mass yleld curves are shown in‘:the last row of Tables V to VII, The total

fission cross-sections are compared with the summed spallation cross=sections

in Figs. 9 and 10, No figure is shewn for'U238;.as it was impossible to meas~

- ure yields for most of the (o,xn) reactions because of the long half lives of

. .
the products, .The importance of the fission_processeis.readily apparent from
these figures, :

Total cross sections

The total reaction .cross-sections as obtained from the sum of the ex-
perimental fission and spallation cross-sections are shown in Figs. 11l to 13,
Theoretical cross-sections for compound nucleus formation as given by Blatt

anduWeissk0pf16 are shown for two values of the nuclear radius parameter,
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ro,- 1,3 x 107 13 .cm and r =1,5 x 10~ 13 cm, These experimental results in=-
dicate a value of the nuclear radius parasmeter sllghtly'greater than r, = 1.5
x 10 -13 cm, .There appears to be a discrepaney between the value of r, = 1,5
X 107 13 cm determined in these experiments and that of 1,2 x 10~ 13 cm deter-
mined by electron scattering experiments, 17 The value of 1,5 x 10~ 13 cm is,
however, consistent with values of the same parameter determined by other
experiments on interactions of helium ions with nuclei-and from: study of the

alphsa decay process-,18

IV, DISCUSSION

The general features of the excitation functions for spallation re-
actions in the uranium isotopes are in many ways quite similar to those that
1,2 . | .

The cross=sections
for the (o,n) and (o;p) reactions do not vary much with energy and are seldom
more then a few millibarns in magnitude, The excitation functions for the
(a,xn) reactions (for x greater than 1) have peaks which decrease in magnitude
as x increases, The cross-sections for the (@,2n), (@,3n), and (a,kn) re-

233 235

actions of U ‘are considerably smaller than those for U . A similar mass

effect occurs in the plutonium isotopes,  The cross-sections for reactions in

‘which charged particles are emitted are quite large compared to the (a,xn)

reaction cross sections,

In order to explain the relatively low»cfosseéectionsffor the spal-
lation reactions of the plutonium isotopes; Glass and.c0hworkers have pfoposed
that both fission and the major part of the (o,xn) reactions involve compound
nucleus formation and that in the break-up of the compound nucleus fission
competes more successfully than does spallation to claim the larger share of
the total cross-section;l The decrease in the peak heights for the successive
(a,xn) reactions has been interpreted te‘mean that fission is eompeting,suc-
cessfully at each stage of the evaporation chain in a compound nucleus reaction,
Thus -the peak,crOSstection.of the (a,3n) reaction .1s lower than the peak eross~

section of the (@,2n) reaction because in the former case fission has had three
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chences to compete with neutron emission compared with two chances 1n,the lat=~
ter case, The long "tail" on the (a,xn) excitation functions and the rela-
tively high cross-sections for the reactions involving the emission of charged
particles suggeet direct interactions of the projectile with a few nucleons on
the nuclear surface, When a difect Interaction occurs, the highly excited
compound nucleus is by-passed, with the result that fission has fewer chances
to compete with particle emission than when the highly excited compound nucleus
is' formed, .Thus the products of the‘direct‘interaction,type reactions often
survive fission, whereas the products which are formed by evaporatlon of ‘
neutrons from a .compound nucleus tend to be eliminated by fission, This.means
" that excitation functions for reactions in the very heavy elements often
strikingly demonstrate the importance of direct interaction mechanisms even
a t relatively low bombarding energies, Most of the results reported here can

be explained in the framework of the ideas mentioned above,

Compound nucl%ps spallation reactions

The cross=-sections reported for the (o,xn) reactlons indicate that
‘Tission 1s competing more effectively in the bombardments of U 233 than in
.thOSe of Pu 396 Two factors affect the competition; the relative fission—
\'abllity of corresponding compound nucleil and the ease with which neutrons are
‘evaporated.from.corresponding compound nuclei, Fissionability increases as

ZZ/A increases; the curium isotopes produced.by the bombardment.cf'Pu239

have
Jigher valuesvovaZ/A than do the correspotiding plutonium isotopes produced |
by the bombardment of U233, The ease of neutron evaporation increases with
decreasing neutrcn,binding energy; the neutron binding energies .of the curium

239

isotopes produced by bombardment of Pu are lower than the neutron.binding .

energies of the correSponding plutonium isotopes produced by bombardment of
233 19 Hence, the higher fissionability of the curium isotopes .is apparently
- more than offset by the greater ease of neutron evaporation from these isotopes,
The strong effect of the mass number on the,relative‘probability of
neutron emission and fission observed in the reactions of both the uranium
isotopes and the plutonium isotopes can be explained aleng similar lines,
.Since Z /A decreases as A increases, the ease of neutron evaporation increases

Furthermore, .fission thresholds are .lower than neutron bindlng‘energies in -the
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nuclides considered with the result .that a nucleus that has surv1ved fission
‘long enough to evaporate all of the neutrons that the original ex01¢atlon

energy would allow may sti1ll have sufficient residual exc1tation to undergo

;fission, Thus fission has an additional chance to occur when neutron emission

can no longer compete, The higher the neutron:bindlng,energy’and.the lower

the fission threshold, the larger will be the excitation energy range in

which such fission can occur, Since neutron binding energies decrease and

fission thresholds increase as A increases, such fission will compete less

effectively as A increaseeé Thus, the three factors mentioned all contribute

to.decreasing competition from fission as A Increases,

Jackson’® has devised a schematic model for (pyxn) reactions in heavy
elements, In his treatment he combinesvthe,results'of'Mbnte.Carlo calculations
for the.pr@bability of the various prompt processes with the results of a
simplified evaporation model, His calculated cross sections show reasonable
agreement with the experimental results of Bell and . Skarsgarle and Kelly
for (p,xn) reacti@ns of lead and bismuth in the energy range up to 100 Mev,

The.evapopetion_model.devised by Jackson has incorporated into it the

.,following,assumptiens: (1) the neutron energy spectrum is given by e exp

(se/T) where e is the kinetic energy of the neutron and T is the nuclear
temperature, (2) neutron emission occurs whenever it is energetically pos=-
sible, (3) proton evaperation is neglected, and (4) the nuclear temperature

T is independent of excitation energy, This last assumption is an approxi,

mation; hbWever, resuits.calculated using this assumption agree reasonably

well with results calculated using a nuclear temperature varying as the
square root .of the excitation energy% According to Jackson, the probability
that a_nucleus with initial excitation energy E will evaporate exactly x

neutrons is then given by

PEx) =1(a,2%-3) -T(4,,2%-1) (1)

where I (z,n) is Pearson's incomplete gamma function, I (z,n) = g e Fax
and A - = (B = ;i: ‘B 1) / T. B, is the binding energy for the ith neutron and

i

T is,the nuclear temperature,
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If we wish to extend the model given by Jackson to helium=ion induced
reactions of fissionable.elements, two difficulties,arise; .The first is that
no Monte Carlo calculations have been made for the case where the projectile
is.a helium ion, Thus the contributicn of direct interactions or similar
prompt processes will for the present have to be ignored in the calculation,

On the other hand, comparison of the calculated R;obabilities for evaporation

‘with the experimental results can be used to estimate‘the<contribution of

direct interactions., Secondly, we must make a modification to include the
effect of fission competition, '

The fission competition will be considered in the framework of compound
nucleus formation followed by competition between neutron emission and fission
at each stage of the evaporation chain, There are two effects to consider:
first, fission occurs while neutron emission is energetically possible, thus
.destroying,nuclei during the early stages of the evaporation chain, and, second,
some fission occurs after. all of the possible neutrons have been evaporated
thus destroying huelei whose excitation energy is less than the binding energy

of the last neutron, ‘but greater than -the actlvatlon energy for fission, and

which would otherwise have de-excited by gemma emission,

.The probability that an excited nucleus will emit a neutron is glven by
itsbranchingvratloz3 (level width ratio) for neutron emission n/Z r 1
(henceforth designated as Gn), Similarly the branching ratio for f1331on is
given by r|‘f,/>_: Vr’i’ or Gf, and the branching ratio for gamma ray de-excitation °
by Y/Z r N
p0351ble modes of - decay .of the compound nucleus "However, the assumptions will

i
or GY° .The denominator, ? P 17 contains terms for all the

be made that the w1dths»forbproton evaporation and for gemma-ray de=-excitation
are negliéible wherever neutron emission or fission .is energetically pcssihle,
However, the gamma=-ray branching ratio is teken as unity wherever neither fis-
sion nor neutron evaporation is energetically possible, When the excitation

energy is greater than the activation energy for fission and less then the

‘binding energy of the last neutron, Gf is taken to be unity., Hence to .take

into account the fission competition along_the eveporation chain, we multiply

the probability, P (E,x), defined above, by terms, G ys

bility that the original compound nucleus will not only evaporate x neutrons

to give a new proba-

—,

but will also survive fission during the evaporation process,
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After all of the neutrons have been evaporated, the residual nucleus

" may either'undergorfission or may de-excite by gemma emission, We make the

somewhat arbitrary assumption that if the residual nucleus has an excitation

- energy greater than the activation energy for fission it will undergo fission

and that if the nﬁcléus,has an excitation energy less than the activation

energy for fission it will de-excite by gamma emission, In Jackson's model,

‘the first incomplete gamma function gives the probability that the original

compound nucleus ﬁill emit at least x neutrons; the'seCOndifhe‘probability that
the residual nﬁclehs will have an excitation greater than the binding energy
of the last neutron, Therefore, to account for fission competition at the
final stage, we replace the last incomplete gamma function of Jackson by one
giving the probability that the residual nucleus will have an excitation greater
than the écti&ation energy for fission, .The result is a narrowing of the peak
of the theoretical excitation functions, in better agreement with experiment,
Using the considerations, one can express the .cross section fdr a
reaction following compound nucleus formation as
o (a,mm) =6 G G =-==G [I(A,Zx-s)-I('Af-,zx-l)] (2)
c n n v b4 X7

1 nz X

F X
where ,Ak‘* (B _,§ By - Eth)/T°

Eth is the-activationvénergy for fission for the residual nucleus, The sub- =

scripts i, 2=-=x on the Gnvfactor refer to the branching ratio for emission of

the lst, 2nd, --, x th neutron from the compound nucleus, L is ‘the cross

section for the formation of the compound nucleus at the particular energy

considered, The neutron binding energies were taken from Hyde and.Seaborg;l
and the fission activation energies were calculated from a semi-empirical
equation relating fission thﬁesholds-to,spontaneous fission rates,
It is necessary to evaluate the G quantities and to choose a value of
the nuclear temperature Not a great deal is known about the variation of |
n/ [1 with excitation energy and nuclear type (Z, A, even-odd character, etc ).

The follow1ng,assumptlons about n/ r‘f will be made:

(1) I—'n/ i f is independent of excitation energy for excitation

energies well above the neutron emission threshold,
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(2) r ﬁy r f for even=-even nucleﬁ is twice as great as l“"n/ e
for even-odd nuclei, (It will not be necessary to.consider
odd-odd products in the present,calculations,)

(3) Aside from even=even and even=odd effects, thefe,is a géneral

‘trend for r n/ rf.to vary with mass number,

The,first aséumption aé a first appfoximation obtains support from the
shape of excitation functions for fast neutron=-induced fission and also fromvan
e‘a.n&a,lys:ls{byBa‘bzela5 df high energy spallation excitation functions, ' The same
.conclusion was reached by Glass and co-workers from analysis of spallatlon ex-
citation funct-lons.l There is, however, some evidence that I n/ |1f increases
with increasing excitation,26 The second assumption arises from the expectation
that the even-odd product of the evaporation of a.neutron'froﬁ an even-even
nucleus has a»higherllevel density than the even-even product frqm'an even-odd
nucleus; the factor-of two used was taken from an estimate by’Weisskopf,27
Evidence for such a variation with nuclear type is presented by Vandenboesch
and»Seabbrg;ZlL

Using the foregoing assumptlons together w1th information given by
Vandenbosch and Seaborg2 on the variations of l-'n/ rqf with mass number,

we can derive a formuls for the value of r1n/ f for a particular plutonium

isotope:
Pn - 1,93 a n ‘ (3)
Pe x (1.3)*  1-G ~
= N 2 for even-éven nuclides

where

.1/ N2 for even-odd nuclides,

The subseript x has the same signlflcance as in Equation (2) En is a
mean value of r‘n/ r1t and is defined as '

6 = (e, 6 ¢ @ /4 - | o

n 4 Dy A nl;) _ (u)A
‘This quantity can bé evaluated from Equation (2) if a value of the cross

section for the (@,4n) cross section near its peak is known, (A similer set

of formulae may be derived in .which ag.is based on the cross section for the
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.pOSition of the maximum of the curve calculated for the (a,Zn) reaction for U

, products of U
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(a,2n) reaction, Because of the poorly defined excitation function for the

.reactionfU233(a,hn)Puz33; it was necessary to base the value of G_ for the

reactions’of’U233 on the excitation function for the U233(a 2n)Pu 35 reaction,)
Using the above con51derations, one needs to choose only two parameters

to calculate excitation functions for all of the poss1ble (a,xn) reactions,

-These parsmeters are a value of G and a nuclear temperature T, Exc1tation

functions have been calculated for the (a, xn) reaction cross sections of U233

and U235e Values of G were determined in the manner described above to be

0,11 for U 233 and 0,21 for U235. Nuclear temperatures were chosen so that the

233

coincided with the positlon of the maximum of the experimental curve, and so
that the p051tion of ‘the maximum of the curve calculated for the (o, 4n) reaction

;for U‘35 coincided w1th thé position of the maximum of the experimental curve,

.The values chosen were 1, hl Mev for U 233 and l 35 Mev for U235. The neutron

branching ratios . derived from the mean values of r1 / r'f are given in Table
VIII. In Figs, 14 and .15 the calculated curves are compared with the.experi-
mental points, Considering the simplicity of the model, the agreement with ]

those features of the excltation functions believed to result from compound

nucleus formation is good. The agreement with the peak cross section values

for the (a 2n), (a, 3n), and (a,kn) reactions supports the assumed variation of
n/ f With mass number and nuclear type,

In view of the success in reproducing . certain features of the spal—
vlation»excitation functions us1ng the branching_ratios,shown in Table VIII,
it'seems:justifiableﬂto use;these.branchingvratios to calculate the fraction
of theefission that occurs before the emission of various numbers of neutrons,
Giren an initial excitation energy of the compound nucleus, we_cah alse calcu-
late the average exoitation energy at which fission occurs., It is assumed |
that the'average‘encitation energy of the residual nucleus after the emission of
a neutronvis giVen'by’the initial excitation energy-minus the binding energy
of the neutron and minus 2 T, where the nuclear’ temperature T has been taken
as 1, hl Mev. for the spallation products of U 33 and 1,35 Mev for the spallation
235
In Table IX the percentage of total fissions occurring after the

evaporation of various numbers of neutrons are listed for three helium-ion



©
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bombardment.energieé. Thg second row gives the initilal excitation energy
corresponding to the helium ion energy. -ihevlastvrow gives the average ex-
citation energy at which fiséion is occurring for each of the three initial
excitation energies .in the case of each isotope. ‘Calculations by Coffin and
Halpern give results which are in substantlal agreement with those reported
here,26 _ : ' '

It can be seen from Table IX that most of the fission précedes_neutron
evaporation for helium-ion induced fission of U233,and U235¢ This conelusion
is in apparentvdisagreement with the observations of Harding and:Farley328 who
measured the angular distribution of neutrons from the bombardment of natural
uranium with 147 Mev protons., They concluded that the greater part of the
neutron emission -occuré " before fission, with only 2.5 %+ 1 neutrons being
emitted from the moving ffagments. However Marquez has pointed out that had
Harding and Farley assumed what appears to be a more reasohableAvalue for the
average energy of the emitted neutrons, they would have found their results
consistent with the neutrons' being emitted after fission;29 _

The results reported here, and by Glass and co-workers;l indicate that
increasing the excitation energy of a compound nucleus increases the prebability
of the destruction of that nucleus.by fission (either before of after neutron
emission,) If we accept the‘aséumption.that |-11{1/ "¢ dces not vary rapidly
with energy, then the inereased probability is due not so much te an increasing
vrelative probability of fission with increasing excitation energy,sbut rather
to the increased number of chances for fission to occur as the length of the

evaporation .chain increases with ‘increasing excitation energy.

‘Directlinteractions .
Examination of Figs. 14 and 15 shows that almost all of the (a,n) exci-

tation functions and the high energy part of the (a,2n) excitation function can-
not be aeéounﬁed for by a .compound nucleus model, It has been mentioned earlier
that direét interaction mechanisms must be important in these reactions, In
general, however, it has been expected that the effect of direct interéction
would be seen only at projectile energies above 50 Mev, In the reactions of
non=fissdonable nudlei, the prominent compound-nucleus-spallation reactions

usually mask out any small effects due to direct interaction, 'The region of
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fissionable nuclides is, therefore, a particularly good place to.study the
direct-iﬁteraction-spallation reactions with fairly low energy particles be-
cause the reactions which.involve compound nucleus formation are largely
eliminated by fission competition.

Glass and co~workersl'concluded that .products of the .direct interactions
survive because these reactions do not involve a highly excited intermediate
nucleus, -We must extend this conclusion to .say that the,products,of_théﬂdirect'
interaétions survive because fission has a chance to compete only after a high .
energy particle (nucleon or complex particle) has carried off most of the.energy
of the incident particle, The residual nucleus is often left with too .little .
ehergy to undergo fission or to evaporate anéther neutron, In those .cases where
subseqpent_neutron.emission is possible, fission competes, in generalj only
once, rather than several times as in the case where a highly excited .compound
nucleus is formed, .

One reasonable mechanism for the (a,n) and (a;p) reactions is a "knock-
on"™ reaction in which the helium ion strikes a nucleon, which is then emitted.
The product of the (a,zﬁ) reactlon can be formed in the following three ways:
(1) by evaporation of two neutrons from the .compound. nucleus and (2) by ejec-
ﬁion of the first neutron by a direct interaction mechanism followed by '
evaporation,@f'the second neutron, and (3) by ejection .of both neutrons by a .
direct interaction mechanism, The:“téil"‘oftthe excitation.funcﬁionuforsth@
(d,Zn).reaction.is very likely due.to,an-initial knock-on followed by the
.eVapération of the second neutron, .Many of the direct interactions in.which
one neutron iswknocked out will‘leave thevnucleus‘with.enough energy to
evaporate a second neutron, Fiséion tends to cut down the products, but not so
severely as it cuts down the prdducts from the reaction involving the evaporation
of two neutrons, since in the latter case fission has two .chances to cdmpete,with
neutron emission whereas in the former it has.only one, The fact that the "tail"
- on the (@,2n) excitation function-for-Uz'33 is lower than those for U235 and Pu239

is consistent with incréased fission competition at the evaporation stages of

233 33

the reactions of U -7, A comparison of the (,2n) excitation functions of_U2 s

. 2 .
U235, and P 39vwith those of lead shows that the pesks have been cut down by
fission more than have the "tails), an observation that lends further support
to the idea that the peaks, being due. to initial compound nucleus formétion,

suffer from fission competition twice, whereas the.tails,'being due partly to
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direct interaction, suffer from fission.competition at most .only once, The
contribution of direct interactions to the excitation functions for the (a,3n)
reaction appears to be fairly small, Reactions proceeding by direct interactioﬁ'
mechanisms probsbly contribute to the peak in the. curve representing the (a,2n)
cross sections and possibly to that in the curve representing the (o,3n) cross

- sections, .It»is,likely, however, that the observed products of the (a,ln) re-
action are due almost entirely to reactions going by a compound nucleus mech-
anism,

There is little doubt that the products of the (o p2n) reaction of the
heavy elements are produced almost entirely by the direct emission of high energy
tritons, without the formation of a compound nucleus°3 The yield of tritium
from helium-ion bombardment of U 238 has been.measured3 and found .to be slightly
larger than the amount that would be expected if the entire cross section for
the (o,p2n) reaction - as measured radiochemically through the yield of the
product nuclide in this work - was due to the (a,t) reaction, .The cross section
for the production of the nuclide corresponding to the "(o,p3n) reaction" is
probably due to the reaction (t,tn). Thus the yield of tritium would be expected
to be higher than the radiochemical yleld of the product due.to-the‘(a,t) re-
action because of the contribution of (a,tn)'and (d,trfission)_reaciionsé The
observation that the yield for the product of the U233 (
includes the contribution of the y?33 (a,4n) reaction) is much less than the
yield for the product of the U23 (a

a,p3n) reaction (which

,p3n) reaction indicates the incréased fis-

sion competition in the neutron deficient isotopes,
Very little can be sald about the mechanism of the (a,pn) reaction,

235

On the basis of the data for the reaction U233(a,pn)Np we can conclude only

238

that the reaction occurs to an appreciable extent, In the U case, only one

isomer of Nﬁzno was observed, hence, we have only a lower limit for the cross
>sectlon for this reaction, (An exc1tatlon function for the reaction Pu 238
(a,pn)Cm 2o was reported by Glass et al, ) It is tempting to suggest (by
analogy to the (a,t) reaction) that this reaction occurs by the emission of a
.deuteron by a directvinteraction; there is, however, at present no direct
evidence that such is the case, '

The (a,an) reaction was the most prominent spallation reaction observed

in the bombardment of U238 with helium ions, It is doubtful that .compound
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nucleus formation accounts for much of this cross section since the coulomb
barrier would make it very difficult to evaporate an alpha particle, This
view is supported by the low yields of (d,an) reactions observed in the' bom-
bardment of U233 and Pﬁ239. 1 There are several possible alternate mechs :.
anisms, One mechanism for this reaction is a direct interaction of the boﬁ-
barding particle with a neutron in the diffuse rim of the nucleus, resulting
in the neutrons being knocked out without the capture of the bombarding pfo-
jectile, With this type of mechanism the cross section for the (o,ap) reaction
should also be falrly prominent, Another possibility is inelastic scattering
of the incident'alpha particle, with the excited target nucleus evaporating a
neutron, With this type of mechanism, the cross section for the (a,ap) re-
action should be much less than that for the (a,on) reaction because of coulomb
barrier discrimination against charged particle evaporation, Unfortunately,
no cross sections for (a,ap) reactions have been studied in the heaVy'elements
so that it is not possible to choose between the two mechanisms on this basis,
Still a third possibility is a coulomb excitation process, but the probability
for this does net seem to be large enough to account for the observed cross
section, o
Merkle
of Ad197 at 46 Mev, which is quite comparsble in magnitude to that found for

the (a,om) reaction of U238, This would indicate that the last two mechanisms

30

has measured a cross section of 70 mb for the (a,an)'reaction

are not very likely, for in those-cases one would expect that fission would
compete with the neutron emission and ‘the (a,an) reactlon would be less prob-
sble for U230 than for AulY, |

One interesting consequence of the large contribution of a direct
interac¢tion mechanism in spallation reactions for highly fissionable nuclei
is illustrated in‘Figs;‘9 and .10, . The curves showing the.pereent,of total
reaction cross sectioh due to spallation reactions is seen to decrease with
increasing energy . for U23'5 and Pu239,/while‘.forU233 the curve rises at the
highest energies, This is attributed to the prominence of compound nucleus
- type spallation reactions at the lower energies with increased chances for

, S : 2
fission competition at the higher energies in the U235 and Pu 39

reactions,
However, the major part of the spallation reactions in U233 proceed through

direct interaction mechanisms and these become more probable at higher energies,
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This does not imply that there is a larger amount of directﬂintefaction taking
place fer U 233 than for U235 snd Pu?39 Jutb that the fraction of the spallation
reactions that go by’direct interaction is large% for U £33 than for Pu 233 and.

u?32,

PFission

o The mass yield distributions. of the fission products are shown for dif=
ferent helium ion energies in Figs, 6 to 8, It is seen that fission is predomi-
nantly asymmetric at low energies and appears to become more symmetrlc as the

1,4,31

excitation energy is increased, in agreement with previous work However,
it should be noted that the increased symmetry is not due to the asymmetric
‘peaks moving together, but rather to an apparent increase in a symmetrlc mode
causing the valley to rise up faster than the wingk~ Comparison of the fig~
sion yield curves, and particularly the valley to peak ratlos (ratio &F the
cross séction at the minimum in the yield dlstributlon to the cross sdction
at the asymmetric maxlma) indicates that there is. no 51gnificant difference
in the fission asymmetry’ln the three uranium isotopes studied

As seen in Figs, 9, .10, and 13, the tbtal fission cross sections for
the three isotopes are all approximately the Same and account for most.of the
total eross section, Comparisen of the fissi@n cross sections determined in
this work for helium iox:;zinduced #18sion of U230 and U3 with the resilts

A
determined by Jungerman®  using an ionization chamber show good agreement

between the two methods,
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Table IT

Spallation cross .sections (mb) for helium-ion
| “induced reactions of Uz33
‘Reaction O, o,2n .d,»3n ‘ .a,ﬁn »a,5n o,p Qa,pn a,pZn o,p3n
236 | 233 .. - 7
236 pus3? Pu23h pul33  py3e _Np235’ Np235 Np234 Np 33

i 2'0‘.3 (Mev) 0,18
23,5 - O,k2 1,30

26,2 0.59 3.68 0,003 © 0,20 1,0 0,16
v,28,9 , . 0,96 6,54 0,083 . 0.53 -1.8 1,63
29,4 0,64 0,058
30.7 o | | 0.63 3.5 5.0k
31,8+ . 1,0l 340 o091 - 1,72 0,3 kol
32k - 0.39 - 0.6k - 3.52
34,3 A 1.07 13.5 10,9
35.3 . - 0,k9 1,19 0,97 058 2.5 5,20 0,21
36.8. ‘ L ; 1,6 6,5 10,5
36,8 067 B ‘ | -
37.8 0,52 0.9% 0,48 - 0.7% 3.5 T7.25 0,11
390 o5k |
40,0 : ' 0.kh . ,
40,4 B o 0,50 k6 10,4 1,16
41,0 o2 1,19 0.33 - 0.62 14.9 11,8 0.60
T © 0.19 0,27 0,002 0,70 2.6 9.4
43,8 - o : o 2.53 8.8 17.8 = 1.1
4h,3 073 0,26 0.7k 18,7 19,9  1.72
N o 0.51 1,03 0.72 15.9 0,64
4.2 0.79 0,45 1,13 0.30 21,3 19,6 1,10
Cu6.2 1,31 0,20 0.33

46,2 0.5 0.3k
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Table TIT
‘Spallation cross sections (mb) for helium-ion

235

induced reactions of U

Beaction  (@,m) (@2 (@3) (@k) (@5) (@p) (@)

broduct . Pu23®  putdl  pu?3 235 o p3t  pp30 B30

18,7 (MEV)‘ 0.27 o : :
21,9. . 0,36 bk ‘ 0.02

23.6 ©1.32 13.3 S 0.035 0,042
25.2 | - | 1.01 0.087
27.3 174 158 o1 . 0.55  0.52
29.7 | - | - 1.7 1.86
30.0 83 hu3 143  2.22
1 30.6  1l.k2 6.84% 4,15 _ S 1.57 2.38
34,1 2.15 j 8.63 | 2,08 4,38
CL O - 6.8  T7.23 o ' - k20
3L . 3.67 0.7 192 5.9
39.5 2,26 5.65 3.12 1.5 1.87 8.5
42,8 2.52 4.8 2.23 2.k 0,002  1.,9%  10.7
| 10,5

5.4 Lol 3.5 1,8 1,55 0,03+ 1,21
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Table/IV
Spallation cross sections (mb) for helium-ion
induced reactions of U238

Reaction o,pn ‘ o, pan - o,p3n o,on

' _ Product szu0 - Np?39 _ Np238 U237 ‘
22,6 (Mev) 0,024 0,22
 25,2 1.1 - 1,06 0.6
27.1 1.2 9.1 1.5
32.5 1.7 9.0 8.2
33.8 3.6 ' 9.3 7.9
37.9 6.0
38.6 6.1 17.5 k9.2
38,6 | 20.5 56.2
40,0 3.8
41k 6.3 21.2 ‘

- k3.9 . 56.0
45,4 2.3 33.4 8.8 Th
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Table VIII
- Neutron bran_ching ratios used in calculating U233 and U235
(atyxn) cross sections, The numerical subscripts refer to the emission of

the 1st, 2nd, ,..ith neutron.
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‘Table IX '

. UCRL-8032

The percentage of total flssions occurring after the evaporatlon of various

- numbers of neutrons in the helium—ion induced fission of U

Calculations for three- different initial excitation energies are listed in

235

. each .case,
Helium-ionvenergy (Mev) w36 29 k2 32 23
-Excitation‘energy (Mev) kO | .30' 23 n37 27 . 18
,Neutrons emitted
before fission : »
o 8% 885 0% % T8%  83%
1 o 966 106 106 6% 16% 1T
2 : SR &% &
3 o 0.1% 13
Averegevexcitation'
energy of fission | _ | _ .
(Mev) | 38.3 28,k 22,2 3h,2 246 16,6




-
.~"

-31- o UCRL-2032 Rev.

LY
y2s3 (@,n) (@,2n)

=)
E
=
o
(-
Q-
(VY]
72}
[ 28
7]
(o
x
o .

15+ =15 ~

10 —10

o5 —05

0 | 022 ] L 1 ]

20 "~ 30 40 20 30

. . HELIUM ION ENERGY (Mev)

‘MU-13639

Fig. 1, Spallation excitation functions for (a,xn) reactions of
U233, Indicated limits of error on the (a,4n) cross sections
are relative errors only.
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Spallation excitation functions for (a,pxn) reactions of
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U235
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Fig. 3, Spallation excitation functions for (a,xn) reactions of
U235. , . :
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Spallation excitation functions for (a,pxn) reactions of
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238
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Excitation functions for spallation reactions of U238.
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Fig. 6. FPission yield curves for helium-ion induced fission of
U233, The circles represent experimental points (corrected
for the mass chain yield) and the triangles represent reflected
points. The number of neutrons assumed emitted in reflecting -
the curves are indicated for each energy.
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'Fig. 7. Fission yield curves for helium-ion induced fission of U235,
The circles represent experimental points (corrected for mass
cha’n yield) and the triangles represent reflected points. The
number of neutrons assumed emitted in reflecting the curves are

indicated for each energy.
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Fig. 8. Fission yield curves for helium-ion induced fission of U238
The circles represent experimental points (corrected for mass
chain yield) and the triangles represent reflected points. The

number of neutrons assumed emitted in reflecting the curves are
indicated for each energy.
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Fig.-9.V‘Excitation.functions for fission and summed spallation
reactions in U . Also shown is the percent of the total
reaction cross section going into spallation for U 33_and also

for Pu239 for comparison,
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Fig. 10. Excitation functions for fission and summed spallation

reaction in U3

5. The dashed lines show the percent of the

total reaction cross section going into spallation.



-41- « UCRL-2032 Rev.

| I T I i L=
- |J233 E
IOB:—
E L
Z
9.
D107 / _
§ - / // ]
w [ / / ]
8 [ [/ .
S F I/ _
- / /
=0 0] T
o |
= /
10 — / —
N 3
C o) .
E / ]
- I / .
L I -
Fo
o / i
I
1.0 1’1/ ] ] ] ! I
2Q - 25 30 45

35 40
HELIUM ION ENERGY (Mev.)

MU-13582

Fig. 11. Total fission yields plus the obsegved spallation
yields for helium-ion bombardments of U<33, The circles
represent experimental data. The dashed lines represent
theoretical compound nucleus formation cross sections and
were taken from reference 16. : '
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Flg. 12, Total fission yields plus the observed Spallatlon
yields for helium-ion bombardments of U 235, The circles
represent experimental data. The dashed lines represent
theoretical compound nucleus formation cross sectlons and
were taken from reference 16.
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Fig. 13. Total fission yields for helium-ion bombardments of
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lines represent theoretical compound nucleus formation cross
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Fig. 14. Compérison of calculated and experimental excitation functions
for (a,xn) reactions of U233, The smooth curve represents the
calculated cross sections and the actual experimental points are
shown as circles. : :
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APPENDIX - - - - - to be added to UCRL-3032 Rev,

Vandenbosch, Thomas, Vandenbosch, Glass, and Seaborg

vIt will perhaps be informative to preseﬁt a justification for and to
outline the derivation of the model proposed by Jackson and the modification

suggested here,

Jackson's model

The assumptions of Jackson's model are (1) that, if it is energetically
possible for a neutron to be-eveporated, a neutron will be evaporated; (2) that
competition from other modes of de-excitation can be neglected; (3) that the.

neutron energy spectrum is'given-by Ce -exp (-%), where .C is a normalization

..constant, € the.kinetic'energy‘of the neutron, and T the nuclear»temperature;

and (4) that the nuclear temperature is independent of the excitation energy.
From the first three assumptions we conclude that

€
max

Ce exp (- %) de =1

or

‘max

¢ exp (- %) de,

o

where ¢ is the maximum possible kinetic energy of the neutron., For ¢
max max

>>T ~ 1
C~R - >

T
and the kinetic'energy spectrum of neutrons is given by

dR =

€
TZ

.Let us consider the probability for a nucleus with an initial éxcitation

exp (=~ %) de .

energy, E, to evaporate three neutrons, The probability that: the first two

neutrons'wiil have kinetic energies €1 and €, is given by the expression
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€2

€1 2
dR = —5— exp (= —) 5= eXD (- 2_) dez.del .
T T T T

_If the excitation energy after the eveporation of two neutrons is greater than
M the neutron bindingvenergy, a third neutron will be emitted. Hence, the prob-
ability that at least three neutrons will be evaporated is

E-B, ~B. -~B. - B -B, B, =B - ¢

1”52 " Bs 18278379
. €, e, € €
R, = , —;.exp (= —l) 2 exp (- —2)‘ds de_,
3 - U B ¢ 21
o o |

where_Bl,ABz, and B, are the binding energles of the first, second, and third

3
neutrons, respectively. The integration is made over all possible kinetic
enérgies such that the excitation energy remaining after the evaporation of -
two neutrons 1s greater than the neutron binding;energy,

 Meking the substitutions

° = eé ’
€
®; = ‘; —
o | N oy - E - ?1{5 By = B3 ,
we figd v o vR3 = J'O:As’ J‘A3 - sl , . .
_ : 8, exp (= 51) 5, exp (- 52) dd,, 4o, .

Performing the integration, we get

.3
SN
R.=1-¢ 3_ }i

n=0

A n
3
nt

I

I (A3, 3) 0

\

where I is the incomplete gamma function defined in the body of the paper,
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Similarly, it is possiblé to show thatvthe probability, Rh,voffevapora—

ting,ét‘lgast four neutrons is given by

A YA a ';
1l -e )4- i —-L,'-——
n‘.

n=0

Ry,

I

I (ays 5) .

The probability for.evapdréxing exactly three neutrons is the difference
between the probsbility for evaporating at least three and the probability for

evaporating at least four, Henee,

i
)

P (E, 3) - R,

I (A3’ 3) -1 (Aﬁ; 5) .

The above 1is, of course, only a demonstrationvfor & particuler case,
H. M.cMza.nu.fs?’)+ has shown us a rigorous proof of the last equation for the general

case of evaporation of x neutrons,

Fission model o

To modify Jackson's model for the case where fission is possible, we
make two additional assumptions: (1) that F
f

(2) that a nuecleus with an excitation energy greater than the fission activation

is independent of energy, and

energy but less than the neutron binding energy always undergoes fission,
The probability that a nucleus evaporates three neutrons and survives
fission at each of the evaporation gtages is given'by
‘A, =B ' .
R (=) @ (-8,)
R, = L/i | G O, exp (~b,) G B, exp (~0,) G 45,6 45, ,
3 0 0 . 0y 1 1 n, 2 2 n3 2 1
Pn , T . |
where Gnl = —f;f:jﬁ—— for the compound nucleus existing before the evaporation

of the ith neutron. However, since.Gn.is independent of energy
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A-k

Gn' Gn Gh

I (A, 3) .
1% 3 3
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R, = Gnl an Gn3 O/ of 8, exp (-5,) 52 exp (-8,) db, dd,

Invthe original model, Ph is thefprobability_that-the hucleusvevaporateé
three neutrons but still has en excitation energy greater than the neutron bind-

ing energy. -

than the fission activation energy.. Hence,
R = :G I (A b 5) )
4 nl n, n3_ 73 :
whgre . £ E - Bl - B2 - B3 - Eth
3 T : ’

of exactly three neutrons is -

1
td

P (E, 3) =R, - R,

F I (AS) 3).'

“is the activation energy for fission. 2k

To teke fission into account, we must use the probebllity that the

nueleus evaporates three neutrons but still has an excitation energy greater

The probability for evaporation





