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ABSTRACT 

A radiochemical study of fission and spallation products produced by 

bombardment of U 233 , U235 , and u238 with i8-16 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 taken up by fission. Also, 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 

uraniu.m targets. 

Excitation functions for (a,2n), (a,3n), and (cz,Il.n) 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 following compound nucleus. 

formation has been extended to include the effect of fission competition. 
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Results of calculations based on 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 evaporation for he1ium-ion-induced reactions of U 233  and U235 . The 

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

(cz,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 •10 14ev energy of the helium ions, There :S 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 0  slightly larger than .l5 x .lOcm, 

'3 
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I, INflODUCTION 

This paper extends the.investigations of the present series 1  on fis-

sion and spa11tion reactions in the heaviest element region s  Spallation re-

actions in the heaviest elements are particularly interesting because the 'f is-

sion process provides a prominent competing reaction (not found in lighter 

elements except at high excitation energies) 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 .arebeing pursued inthepresent program are 

primarily of target nuclides of atomic number greater than or equal to '88, 
• 	where fission threshold energies are roughly comparable 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 compound nucleus theory can be used as a starting 

point in describing the characteristics of the nuclear reactions. 



-5- 	 UCRL-8032-Rev. 

Previously reported work 
1-4 has inicated, first, that fission competes 

successfully with spailation reactions that proceed by the formation of a 

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

particles prodeed by direct interaction mechanisms. In particular, fission 

competes with neutron emission .at evey stage of the neutron evaporation .chain 

There has been noted however, a striking effect of the mass number of the 

target on the relative probabilities of fission and neutron emissionb neut±'on 

emision 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,p2n) reaction have been shown to be due to the 

reaction (a,H3 ), in which.a .triton,rather than three separate particles, 1 

emitte& 3  Furthermore, it has been suggested that an appreciable fraction of 

the (a,xn) reactions are .proauced by direct interaction mchanisms 

In the first paper of this series, 1  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 nergies 

between 30 and 1.0 14ev. 

This paper will report cross-sections for helium-ion-induced reactions 

of U 33 , U235 , and U 	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 plutonium ibtopes, 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 

the fissionmassyield.distribution mU233 , U235 , and U23  would shed some 

light on fission asymmetry.  
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II, EXPERIMENTAL PROCEDURES 

Preparation of targets 

The Ti233  used in these bombardments had an isotopic purity of approxi- 

mately 96%; there was about 3% U 8  and less than i% u234  present in the

235 material 6  The U 	generally had an isotopic purity of greater than 99,9%. 

The U23  also had an isotopic purity of greater than 99,9%. The technicjues 

used in these experiments were generally those described by Glass et al. 1  

Most of the targets were prepared by electrodeposition of 0,1 to 2 mg of 

hydrated uranium oxide over an area of about 1 cm 2  on a dish-shaped aluminum 

disk. The amount of naterial deposited, which was of uniform thickness, was 

determined by direct alpha counting, weighing, or both. These targets were 

then mounted in a water-cooled microtarget holder 5  which also served as a 

.Faraday.cup for beam intensity measurements. 

Bombardments 

Aluminum or platinum foils of measured thickness were used to degrade 

the helium ion beam to the desired energy. The irradiations were for a 

period of two to three hours for each target, with beam currents of 5 to ,lO 

micro-amperes, Because of the fact that only moderate amounts of activity 

were produced, the chemical separations of the various fission and .spallation 

products were generally performed on the whole target. However, three ex-

periments were performed in which 1-mil metallic U235  foils (- 93% isotopic 

purity) were bombarded and one experiment was performed in which a.1-mil metallic 

.u238 foil (> 99%) was bombarded. This procedure resulted in the production of 

sufficient activity to permit .aliuots to .be taken for the various fission prod-

uct elements, making possible a study of a wider selection of fission-product 

elements and a more complete determination of the mass yield curve 6  The princi-

pal disadvantage of the use of uranium 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 ions which caused the reactions. 

Chemical procedures 	 . 

The usual chemical procedure 5  involved dissolving the target, backing 

plate, and aiuminith cover foil in acidic solution containing known amounts of 
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fission product carriers and radioactive tracers (Np 237  and Pu239 ) for the 

spallatibn.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 oxidizing or reducing conditions. 

The neptunium fraction was further purified by coprecipitation 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 IVi:: 

was first adsorbed on Dowex A-i anion exchange resin from concentrated hydro-

chloric acid andthen reduced to the III oxidation state and eluted from the 

resn. The neptunium and plutonium were either. electrodeposited 7  or vaporized 

onto platinum counting plates. The fission products were purifiedby techniques 

adapted from those described in the compilations by Meinke and Lindner, 9  

Detection of radiations 

The fission products were mounted on previously weighed aluminum 

plates for weighing and counting. The disintegration rates were determined 

using end-window "Amprex" geiger counter tubes. Appropriate correction 

factors10  were applied to obtain disintegration rates from the measured count-

ing rates. The intensities and energies of alpha-emitting spallation prod-

ucts were measured by use of multichannel alpha-pulse analyzers. The counting 

rates of spallat.ion products which decay by negatron emission or electron 

capture were determined with a methané-flow windowless proportional counter. 

Counting efficiencies for this counter have been measured or estimated for 

each particular isotope involved, Table 1 lists the nuclides produced by 

spallation reactions, together with their nuclear properties and counting 

efficiencies used in this work, 



Principal 
Isotopes 	t112 	mode of 

1 	decay 

PU 
232 36 m E.C. 

Pu 233 
20 m E.C. 

2311. 
Pu 9 h E,C, 

PU 
235 

236 
26m 

2,7 yr ,  

E.C. 

a 
D7 

NUCLEAR PROPERTIES MID CC 
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Table I 

TING EFFICIENCIES USED IN THIS WORK 
Proportional 

counter 
Percent counting 
alpha efficiency 

emission 	Source (percent) 	Source 

	

II 	 a 

0,12 	b 

6,16 	c 

3,0 x io 	b 	70 ± 14 	b 

	

100 	 - 

	

d 	E.C. 	 3,3 x 1O 3  b 	79 ± 8 	b 
238 	

89,6 yr a 	 100 

Np233 	35 m 	E.C. 	 80 ± 20 	d. 

Np 234 
	

11.) d 	E.C. 	 63 ± 2 	e 

Np235 	11.10 d 	E.C. 	 11 ± 1 	f 

Np236 	22 h 	E,C,, 	 92 ± 20 	g 

Np238 	2,1d 	P . 	 70±5 

Np239 	2,3 d 	P 	 92 ± 5 	i 
211.0 	 - 

Np 	 60m 	 911.±6 	1 

675d P 	 80±5 	j 

a 0  Estimated from the alpha systematics., I. Penman and J. 0, Rasmussen, 

Handbuh der Physik (Springer-verlag, Berlin) VqL, 42, 1957, 

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

Private communication, R V. Hff and F. Asaro (1957), 

d,. Estimated by authors, 

By "milking" daughter U234 
  and detexiining its alpha disintegration rate, 

see Reference 11, 

This work, mass spectrometry, 

This work, by milking,, 
	 .236 
daughter Pu 	and determin ing its alpha disinte- 

gration rate Percent negative beta decay (57%) T O, Passell, Ph D thesis, 

University of..California, June 1954 (unpublished); also University of 

California Radiation Laboratory Report TJCRL-2528, March 1954 (unpublished), 

This work, by "milking" daughter p238 and determining its alpha disinte-

gration rate, 

1. This work, by 4t-counting to determine absolute disintegration rate,: 

j. This work, by 1 c -counting and by counting K x-rays, The number of K x-rays 
per disintegration was taken as 0,55, from Rasmussen,. Canavan, and H011ander, 
Phys, Rev, 107, 1111  (1957), 
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III, 1ESIJLTS 

Spallation reactions 

• 	 The crosssections obtained at each energy for the spallation reactions 

of the various uranium isotopes are shown in Tables II to 1V0 The spallation 

cross-sections have been plotted as a function of helium-ion energy in Figs, 

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

the reactIons .u233(a,p)Np236  and u233 (a,pn)Np235 0) The product which was .ob- 
236 

served is indicated In the tables.. In the cases where Np 	was the product, 

only the 22-hour isomer was observed. Similarly, when Np2  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 raise the total estimated .deviation to 

between ± 15% and ± 25%, In the case of the U233  (a,pn) and (a,!i.n) reactions, 

the yields of the products Np 235  and Pu233  were diffictilt to measure, and the 

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

Fission yields 

The measured cross -sections for the foat1on of various fission product 

isotopes are shown in the left-hand columns of Tables V toVII, Since absolute 

cross-sections were not measured in the bombardments of U235  and U23  metallic 

foils, it was necessary to normalize these results in some way to the absolute 

cross-sections obtained from other bombardments. This was done by taking the 

average of normalization factors obtained by interpolation of smooth excitation 
12 

function curves for the absolute fission yields of several isotopes. 	The 

median energy of the helium ions inducing the fission In the foil bombardments 

was also calculated from these curves, 

Gibson, Glass, and .Seaborg II- have made a preliminary study of the oharge 

distribution In medium energy fission. Their conclusion is that the charge 

distribution in fission at these energies is not completely described either by 

the equal charge displacement noted at low eneries13 ' lli  or by the constant 

charge to mass ratio which has been suggested to be occurring in very high 

energy fissIon 5  However, the latter postulate appears to give abtter 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 construt a charge distribution curve 

which is slightly different from that of Gibson et al,, but like theirs,.. is 
1 ,ll 

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

to correct .the observed .fjssion productS crosssections for the loss of yields 

of members of the same mass chain with higher atomic number, and.the correcte4 

cross-sections are shown in the right-hand columns of Tables V to VII. The 

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

was eat mated from the best values for the center of symmetry of the fission 

yield curves 1  Additional discussion of the problem of nuclear charge .d.istri-

bution in medium energy fission will be given by Gibson Glass, and ..Seaborg, 

and the problem will not be discussed further here 1  

Mass-yield curves for representative energies are shown in Figs. 6 to 

8. The limits of error are estimated to .be abOut ± 15% for most of the mass 

chains reported. However, at higher energies, particularly for U 233 , the chain 

yield corrections become quite sizeable, and .the errors may be somewhat treater. 

The number of neutrons emItted as estimated from the center of simetry 

of the fission mass yield curve is indicated in Fig, 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 neutrons are 

emitted before or after the .fiss.ion process takes place but includes contri-

butions from both sources. However, some information on this subject implied 

by.other types of data will be discussedlater. 

The total fissIon cross-sections obtained by,integration of the fission 

mass yield curves are shown in the last .row of Tables .V to 'VII, The total 

fission cros,s-,sections are compared .wit.h the summed spallation .cross'sections 

in Figs, 9 and 101 No figure .  is shown for U 238, as it was impossible to meas-

ure yields for most Of the ((x,c-i) reactions because of the long half lives of 

the products. Th& importance of the fisson.process is readily apparent from 

these figures 

Total. .cross sections 

The total reaction cross-sections as obtained from the sum of the ex-

perimental fission and spaflation cross-sections are shown in Figs, 11 to 13. 

Theoretical cross-sections for compound nucleus formation as given by Blatt 
16 and .Weisskopf are shown for two .values of the nuclear radius parameter, 
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r 	1,3 x 10-613,cm 	 = 1,5 x 	cm, These experimental results in- 

dicate a value of the nt lear radius parameter slightly greater than r = 1,5 

x 10 13  cm, There appears to be a discrepancy between the value of r 	1,5 

x 10 3  cm determined in these experiments and that of 1,2 x 10' 13  cm deter- 
17 	 -13 

mined by electron scattering experiments 0 	The value of 1.5 x 10 	cm is, 

however, conSistent with values of the same parameter determined by other 

experiments on interactions of helium ions withnuclei'nd from , stuay,of the 

alpha decay prOcess,18 

IV., DISCUSSION 

The general features of the excitation functions for spaflation re-

actions in the uranium isotopes are in many ways quite similar to .those that 

have been determined for other very heavy elements, 1' 2  The cross-sections 

for the (cx,n) and (a,p) reactions do not vary much withenergy and are seldom 

more than a few millibarns In mageitude The excitation functions for the 

(a,xn) reactions (for x greater than 1) have peaks which .decrease in maiitude 

as x increases. The cross-sections for the (a,2n), (a,3n), and (a,)-I-n) re- 
233 

actions of U 	are considerably smaller than those for U 235A 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 crosssections for the spal-

1aton reations of the plutonium isotopes, Glass and co-workers have proposed 

that both fission and the major part of the (a,i) reactions involve compound 

nucleus forthation and that in the .breakup of the compound nucleus fission 

competes more .stccessful1y than does spallation to claim the larger share of 

the total crosssection,' The decrease in the peak heights for the successive 

(a,xn) reactions has been interpreted to mean that fission is competing :SUC 

cessfully at each stage of the .evaporation chain in a compound nucle.us reaction. 

Thud the peak cross-section .of the (a,3n) reaction is lower than the peak cross-

section of the (a,2n) reaction because in the former case fission has had .three 
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chances to compete with neutron emission compared with two chances in 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 suggest direct interactions of the projectile with a few nucleons on 

the nuclear surface. When a direct 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 forme& Thus the products of the direct interaction type reactions often 

suivive fission, whereas the products which are formed by evaporation of 

neutrons from a compound nucleus tend to be eliminated by fission s  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 n.uclis spallation reactions 

The crosssections reported for the (a,m) reactions indicate that 

fission is competing more effectively in the bombardments of U 233  than in 

th&se of PU239 , Two factors affect the competitiom the relative fission-

ability of corresponding compound nuclei and the ease with.which neutrons are 

evaporated from corresponding compound nuclei, Fissionability Increases as 

Z2/A increases; the curium Isotopes produced.by the bombardment of Pu239  have 

higher values of z 2/A than do the correspoMing plutonium Isotopes produced 

by the bombardment of U233 , The ease of neutron evaporation Increases with 

decreasing xieutron binding energy; the neutron binding energies of the curium 

isotopes produced by bombardment of Pu 239  are lower than the neutron.blnding 

energies of the corresponding plutonium isotopes produced by bombardment of 

U2330 
19 
 Hence, the higher fissionability of the curium isotoped.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 emissIcn and fission observed in .the reactions Of both .the uranium 

isotopes and the plutonium isotopes can be explained along similar lines. 

Since.Z2/A decreases as A increases, the ease f neutron evaporation increases. 

Furthermore, fission thresholds are lower than neutron binding energies In the 
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nuclid.es considered, with the result that a nucleus that has survived fission 

long enough to evaporate all of the neutrons that the original excitation 

energy would allcw may still have sufficient residual excitation to undergo 

..fisson. Thus fjssion has an additional chance to occur when neutron emission 

can no ,lcnger compete 0  The higher the neutron binding 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 increases 6  Thus, the three factors mentioned all contribute 

to decreasing competition from fission as A increases, 

Jackson2°  has devised a schematic model for (p,xn) reactions in heavy 

elements. In his treatment he combines the results of Monte Carlo calculatIons 

for the probability of the various prompt processes with the results of a 

simplified evaporation model, His calculated cross sections show reasonable 

agreement with the experiñiental results of Bell and .Skarsgard 21  and Kelly22  

for (p,.i) reactions of lead and bismuth in the energy, range up to 100 Mev. 

The evaporation model devisd by Jackson has incorporated into it the 

following assumptions: (1) the neutron energy spectrum is given by € exp 

	

€ 	 . - /T) where € is the kinetic energy of the neutron and ..T is the nuclear 

temperature, (2) neutron emission occurs whenever it is energetically pos 

sib1e, (3) poton evaporation is neglected, and (Ii.) the nuclear temperature 

T is independent of excitation .ene±gy, This last assumption is an approxi. 

mation; however, results calculated using this assumption agree reasonably 

well with results calculated using ,a nuclear temperature varying as the 

square root of the excitation energy9 According to Jackson, the probability 

that a nucleus with initial excitation energy E will evaporate exactly x 

neutrons is then given by 

P (E,x) = I 	2 x -3) 	x+l' 
2 x - 1) 	 (1) 

where I (z,n) Is •Pearson.s incomplete gamma function, I (z,n) = 
fl,0 

	

and 	(B _Bi) / T. B1  is the binding energy for the ith nèutrbn and 

.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 contribution 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 probabilities 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 nuclei .whose excitation energy is less than the binding energy 

of the last neutron, but greater than the activation energy for fission, and 

which would otherwise have de-excited by gamma emission. 

The probability that an excited nucleus will emit a neutron is given by 

its branching ratio (level width ratio) for neutron emission n/E 

(henceforth designated as Gn), Similarly the branching ratio for fission is 

given by rf /E  r or Gf, and the branching ratio for gamma ray de-excittion 

by 	r or .G1  The denominator, Z 1', contains terms for all the 
possible modes of decay.of the compound nucleus. However, the assumptions will 

be made that the widths for proton evaporation and for gamma-ray de-excitation 

are negligible wherever neutron emission or fission is energetically possthle. 

However, the gamma-ray branching ratio is taken as unity wherever neither f is-

sion nor neutron evaporation is energetically possible, When the excitation 

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

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

into account the fission . competition along . the. .evaporat.ion chain, we multiply 

the probability, P (E,x), defined above, by terms, .G 1 , to give a new proba-

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

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 undergo fission or may de-excite.by  gamma 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 nucleus has an excitation energy less than the activation 

energy for fission it will de-excite by gamma emission., In Jacksons model, 

the first incomplete gamma function gives the probability that the original 

compound nucleus will emit at least x neutrons; the .second the probability that 

the residual nucle will have an excitation greater than the binding .energy 

of the last neutron, Therefore, to account for fission copetition 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 actvtion. .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 for a 
reaction following compound nucleus formation as 

(a.,xn) =G 	G 	G 	[I ( , 2 x -3) - 	( 4, 2 x -1) ] 	(2) 

	

n1  n2 	 x 

f 	X 
where 	.= (B - Z B - E )/T 

	

. 	 . 

x 	 .th 

Eth is the activation .energy for fission for the residual nucleu. The sub 

scripts 1, 2--x.on the G factor refer to the branching ratio for emission of 

the 1st, 2nd, --, x .th neutron from the compound nucleus, cr 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, 19  

and the fission activation energies were calculated from a semi-empirica1 

equation relating fission thresholds to spontaneous fission rates 2  

It is necessary to evaluate the G quantities and to choose a value of 

the nuclear temperature. Not a great deal is knom about the variation of 

r n/ r f  with excitation energy and nuclear type (z, A, even-odd character, .etc). 
The following assumptions about P fl1 r f will be made: 

(1) r n/ 1' f is independent of excitation energy for excitation 
energies well above the neutron emission threshold, 
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P 	r f for even-even nuclei is twice as great as P n/  P 
for even-odd nuclei, (It will not be necessary to consider 

odd-odd products in the present calculationsj 

Aside from even-even and even-odd effects, there, is a general 

	

trend for 	n/ rf to vary with mass number. 

The first assumption as a first approximation obtains support from the 

shape of excitation functions for fast neutron-induced fission and also from an 

analysis by Batzel25  of high energy spallation excitation.functions, The same 

conclusion was reached by Glass and co-workers from analysis of spallation ex-

citation functions , 
	There is, however, some evidence that r n/ Pf increases 

with increasing excitation 2  The second assumption arises from the expectation 

that the even-odd product of the evaporation of a neutron from an even-even 

nucleus has a higher level density than the , even-even 'product from 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 Vandenbosch 

and .Seaborg, 24  

Using the foregoing assumptions thgether with information given by 

Vandenbosch atid .Seaborg2l  on the variatioxs of Pn/ rf with mass number, 

we can derive a formula for the value of 1'n/ r for a particular plutonium 

isotope: 

	

1 n 	- 	1093a 	G 

	

Of 	x 	(13)X 

where 	 a 	2 	for even-ven nuclides 

i/ T2 for even-odd nuclides 

The subscript x has the s8me siaificance as in Equation (2) 	is a 

mean value of 	n/ r t and is defined as 
=(G G G G 1/4 

"il n2  n3  n) 

This quantity can be evaluated from Equation .(2) if a value of the cross 

section for the (a,4n) cross section near its peak is knowii (A similar set 

of fomulae may be derived in.which.Gn  is based on the cross section for the 
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(a,2n) reaction, Because of the poorly defined excitation function for the 

.reactiQnu2331s.n)Pu 33 , it was necessary to base the value of for the 

reactions'of U. 
 233p.onthe excitation function for the 

U233(a,2n)Pu35  reaction,) 

• 

	

	 'Using the bove considerations, ;one needs to choose only two parameters 

to calculate excitation functIons for all of the possible (a,rn.) reactions. 

These parameters are a value of G and a nuclear temperature T. Excitation 

functions have been calculated for the (a,xn) reaction cross sections of U 233  

and U235 6  Values of G were deteined in the manner described above to be 

:0,11 for U233  and ,0,2lHfor U235 . Nuclear temperatures were chosen so that the 

position of the ma.ximum of the curve calculated for the (a,gn) reaction for 

coincided i'ith the, position of the maximum of the experimental curve, and so 

that the position of the maximum of the curve calculated for the (a,:ln)reaction 

.:for U235  coinclde&with the position of the maximum of the experimental curve. 

The values chosen were 1.41 Mev for U 233  and 1 . 35 Mev for U235  The neutron 

branching ratios derived from the mean values of r 1  "f are given in Table 
VIII. in Figs, 111  and .15 the calculated curves are comparedwith the..expe.r1. 

mental pints. Conslderirg the simplicity of the model, the agreement with 

those fóatures of the .excitation functions believed to result from compound 

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

for the (0t,2n), (a,3n), and (cz,ll.n) reactions supports the assumed variation of 
r n/ r f with mass number and nuclear type 

In view of the success in reproducing certain features of the spal-

lation excitation functions .1sing the branching ratios, shown in Table VIII, 

it seems justifiable to use these branching ratios to calculate the fraction 

of the- fission that occurs before the emission of various numbers Of neutrons, 

Given an initial excitation energy of the compound nucleus, we can also calcu-

late the average excitation energy at which fission occurs, It is assumed 

that the average excitation energy of the residual nucleus after the emission of 

a neutron is 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 1.41 Mev for the spallation products of U 233  and 1 35 Mev for the spallation 

produeta of 

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 energies. The second row gives the initial excitation energy 

corresponding to thehelium ion energy. The last row gives the average ex-

citation energy at which fission is occurring for each of the three initial 

excitation energies in the case of each isotope. Calculations by Coffin and 

Hal.pern give results which are in substantial agreement with those reported 

here. 26 

It can be seen from Table IX that most of the fission precedes neutron 
233 	235 

evaporation for helium-ion induced fission of U 	and U 	This conclusion 

is in apparent disagreement with the observations of Harding and Farley, 2°  who 

measured the anular distribution of neutrons from the bombardment of natural 

uranium with 147 Mev protons. They concluded that the greater part of the 

neutron emission occur 	before fission, with only 2,5 ± 1 neutrons being 

emitted from the moving fragments. However Marquez has pointed out that had 

Harding and Farley assumed what appears to be a more reasonable value for the 

average .energy of the emitted neutrons, they would have found their results 

consistent with the neutrons' being emitted after fission, 29  
1 

The results reported here, and by Glass and co-workers, indicate that 

increasing the excitation energy of a compound nucleus increases the prcbabiiity 

of the destruction of that nucleus by fission (either before or after neutron 

emission,) If we accept the a&sumption that r n/ r f does not vary rapidly 
with energy, then the increased probability is due not so much to an increasing 

relative probability of fission with increasing excitation energy, but rather 

to the Increased number of chances for fission to occur as the length of the 

evaporation chain increases with increasing excitation energy. 

Direct interactions 

Examination of Figs, li-i. 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 accounted for by a compound nucleus model. It has been mentioned earlier 

that direct interaction.mechanisms must be important in these reactions. In 

general, however, it has been expected that the effect of direct interaction 

woi.d be seen only at projectile energies above 50 Mev, In the reactions of 

nonfiss.onable nuclei, 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-interaction-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-workers1  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.the--direct 

interactions suzvive 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 toolittle 

energy to undergo fission or to evaporate another neutron. In those -cases where 

subsequent- -neutron emission is -possible, fission competes, in genera4; 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-

or." reaction in which- the helium ion strikes a nucleon, which is then emitted. 

The product of the (a,2n) reaction can be formed in the following three ways: 

(1) by evaporation of two neutrons from the -compound nucleus - and (2) by ejec - 

tion of the -first neutron by a direct interaction mechanism followed by - - - 

evaporation -of the second neutron, and (3) by -ejection of both neutrons by a - 

dIrect interaction mechanism. The "tail" of -the excitation function -for the 

(a-,-2n) reaction i-s very likely due to an -initial knock-on followed--by-the 

evaporation of the second neutron. .Maziy of the.dlrect interactions inwhich 

one neutron is knocked out will leave the nucleus with enough energy to 

evaporate a second neutron. Fission tends to cut down the products, but not so 

severely as it cuts d.own the products from the reaction involving the evaporation 

of two neutrons, since in the latter case fission has two chances to compete with 

neutron emission whereas in the former it has only one, The -fact that the ' Ttail" 

- on the (a,2n) excitation functionfor -1J 233  is lower than those for U 35  and Pu239 
 

is consistent with increased fission competition at the evaporation stages of -- 

the reactions of-U 233 , A comparison of-the (a,2n) excitation functIons of U233 , 

and Pu239  with those of lead shows that the peaks have been cut down by 

fission more than have the "tai1s' an observation that lends further support - 

to the idea that the peaks, being due-to initial compound nucleus formation, 

suffer from fissIon competition twice, whereas the tails, being due partly to 



-20- 	 UCRL-8032-Rev, 

dIrect interaction, sulfer from fission competition at most only once, The 

contribution of dIrect interactions to the excitation functions for the (,3n) 

reaction appears to be fairly small. Reactions proceeding by direct interaction 

mechanisms probably contribute to the peak in the curve representing the (a,2n) 

cross sections and possibly to that in the curve representing the (c,3n) cross 

sections. It is likely, however, that the observed products of the (a,li-n) re-

action are due almost entirely to reactions going by a compound nucleus mech-

anism. 

There is little doubt that the products of the (a,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 23  has been measured3  and found to be slightly 

larger than the amount that would be expected if the entire cross section for 

the (a,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 "(a,p3n) reactlon"is 

probably due to the reaction (a,tn). Thus the yield of tritium would be expected 

to be higher than the radiochemical yield of the product due to the (a,t) re-

action because of the contribution of (a,tn) and(a,t fission).reacbions The 

observation that the yield for the product of the U233  (a,p3n) reaction (which 

includes the contribution of the U 233  (a,ll-n) reaction) is much less than the 

yield for the product of the u238  (a,p3n) reaction indicates the increased fis-

sion competition in the neutron deficient isotopes. 

Very little can be said about the mechanism of the (a,pn) reaction, 

On the bas.s of the data for the reaction U23 (a,pn)Np235  we can conclude only 

that the reaction occurs to an appreciable extent. In the U 23  case, only one 

isomer of Np2 O was observed; hence, we have only a lower limit for the cross 

section for this reaction. (An excitation function for the reaction Pu 23  

(a,pn)Cm 
2110 

 was reported by Glass et al. 1)  It is tempting to suggest (by 

analogy to the (a,t) reaction) that this reaction occurs by the emission of a 

.deuteron by a direct .interaction; there is, however, at .pres.ent no direct 

evidence that such is the case, 

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

in the bombardment of U 23  with helium ions. It is doubtful that compound 
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nucleus formatIon accounts for much of this cross section since the •coulb 

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 thee born- 
233 	.239 	11 

bardment of U 	and Pu , 	There are several possible alternate mech 

anisms. One mechanism for this reaction is .a direct interaction of the born-

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 pro- 

jectile. With this type of mechanism the cross section for the (a,(Xp) reaction 

should also be fairly 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,an) reaction because of coulomb 

barrier discrimination against charged particle evaporation. Unfortunately, 

no cross sections for (a,) 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 not seem to be large enough to account for the observed cross 

section 1  

Merkle 30  has measured a cross section of 70 mb for the (a,an) reaction 

of AU197  at 46 Mev, which Is qulte comparable in magnitude to that found for 

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

are not very likely, for in those cases one would expect that fission would 

compete with the neutron emission and the (a,an) reaction would be less .prob-

able for U238  than for Au197 , 

one interesting consequence of the large contribution of a direct 

interaction mechanism in spallation reactions for highly fissionable nucleI 

is illustrated in Pigs 1  .9 and .10, The curves showing the percent of total 

reaction cross section due to spallation reactions Is seen to decrease with 
239 

increasing energy.for U 
235 

 and Pu. , 	
233 

while.for U 	the curve rises at the 

highest energies. 1  This is attributed to the prominence of compound nucleus 

type spallation reactions at the lower energies with increased chances for 

fission competition at the higher energies in the U235  and pu29  reactions, 
233 However, the macor part of the spallation reactions in U 	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 direct interaction taking 

lece for u233  than for U235  and Pu239, but .thatthe fraction of the sa11ation 

reactions that go by direct interactIon is iarge for ij233  than for Pu239  and 

235 
- 

Fission 

The mass yield .ditributions.of the fission products are shownfor dif 

ferent helium Ion energies in Figs 6 to 8 It is seen that fissian is predomi-

nantly asymmetric, at low energies and appears to become more s.ymietric as the 

excItatIon energy is increased, in agreement with previous work 
,,31 

 However, 

it should be noted that the increased symmetry is not,due to the .asymetric 

peaks moving together, but rather to an apparent increase in a symmetric mode 

causing the valley to rise up faster than the winj.. Cothparison of the fis'- 

slon yield curves, and particularly the valley to peak ratios (ratio 	the 

cross séctin at the mInimum in the yield distributIon to .the.cross section 

at the asymmetric .maxiira) indicates that there is no siiificant difference 

in the fission asymmetry In the three uraniudi isotopes studied 

As seen in Figs 9, .10, and 13, the ttal fission cross sections for 
the three isotopes are all approximately the same and account for most o.f the 

total cross section Com'arison of the fisa±n cross sections determIned in 

this work for helium ion Indtied fission of U235  and U23  with the reai.lts 

determined by Jungerman32 using an ionizaticn chamber show good agreement 

between the t10 methods 
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Table II 

Spallation cxoss sections (mb) for helium-ion 

'induced reactions of U233  

Reaction an a,2n a,3n a, 11.n a,5n a,p a,pn a,p2n c,p3n 

Product p236 Pu235 231 Pu233 
232 Np236 Np235  Np231  Np233  

20,3 (Mev) 0,18 

23.5 0,12 1,30 

.26.2 0,59 3,68 .0,003 0.20 1,0 0,16 

28,9 0,96 6,54 0,083 0,53 -1.8 1,63 

29 064 0058 

30,7 . 0,63 3,5 5,04 

31,8 1.01 3,40 0,91 1,72 0,3 4,91  

; 	
.32,4 0,39. . o,64 .3,52 

3,3 . .1.07 13,5 10,9 

35,3 0,49 , 1,19 0,97 0.58 2,5 5,20 0,21 

36.8, . 	 , . 	 . . 1,116 6,5 10,5 

36,8 .o67 

37,8 0,52 .0.94 0.48 , 0,11- 305 7,25 0,11'. 

39 9 0 054  

.40!0 , 	 . o,44 

:11011.. . 0,110 4.6 10,4 1,16 

11.1,0 .0,42 1,19 0,33 0.62 14,9 11.8 0.60 

427 	" , 0,19 027. 0,002 0,70 2,6 9,4 

2,53 8.8 17,8 1,41 

11 ,3 0,73 .. :0,26 , 0,71  .18.7 19,9 1,72 

44.4 0 6 51 1,03 0,72 15,9 o,64 

1.6.2 .0,79  0,45 1.13 030 21,3. 19,6 1,10 

46,2 1,31 02Q .0,33 

46,2 
- 	

- 

 

' , 	 ' 0,15 034 ' ' 
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Table III 

Spallation cross sections (nth) for helium-ion 

induced reactions of U235  

• - 
	 Reaction (a,n) (a,2n) (a,3n) (a,l.n) (a,50 (a,p) (a,p2n) 

Product PU
238 

PU 
237 236 235 2311 

N 28 Np 26 

187 (Mev) 0.27 

21,9. 036 413 0.02 

23.6 1.32 13.3 0.035 O,O42 

25.2 1.01 0,087 

27.3 1.74 15,8 0.61 0,55 0.52 

297 1,7 1.86 

30.0 8,3 4, 11.3 1.113 2,22 

30,6 	• 12 6.84 4.15 • 157 	• 2.38 

311-.1 2.15 • 863 • 2.08 11.38 

3117 6.8 7,23 4.20 

37.1 3,67 0,17 1.92 5.9 

39.5 2.26 5,65 3,12 1,5 1.87 8,5 

42.8 2.52 11,8 2.23 2,4 0.002 1,911 10.7 

45,4 	• .91 3,5 1,86 	• 1,55 	• 0,03 11. 1,21 10,5 
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• Table IV 

Spallation cross sections (mb) for helium-ion 
238 
 induced reactions of U 

Reaction a,pn .,p2n a,p3n 

Product 	• Np22°  Np239  Np25  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 19,2 

.386 	• 20,5 56,2 

3,8 

• 	11.1, 11. 6,3 21,2 

11.3,9 	• . 56,0 

11.5 11. 5,3 33,11. 8,8 711. 
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Table VIII 

Neutron branching ratios used in calculating U233 
 and U235  

• 	 (a,xn) cross sections. 	The numerical subscripts refer to the emission of 

the 1st, 2nd, 	ith neutron 

U235  U233  Ratio 

Pn 

( 	) 
0 12 0 23 

() 
017 032 

I 0.07 0.15 . 
.. 	Pt 	)3 

( 	
n 0.10 0.21 

•rt 	) . .. 	
: 

irn \ .. 
............................................................... 1 .o1,. 0.09 

\ 	tJ5 
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'Table IX 

The percentage of total fissions occurring after the evaporation of various 

numbers of neutrons in the helium-ion induced fission of U233  and U235  

Calculations for three different initial excitation energies are listed in 

each case. 

Helium-ion energy (Mev) 46 36 29 42 32 23 

Excitation energy (Mev) 40 30 23 37 27 18 

Neutrons emitted 

before fission 

0 88% 88% 940 77% 78% 83% 

1 9.6% 10% io% 16% 16% 17% 

2 18% 2% 6% 6% 

3 0.1% 1% 

• 	
Average excitation 

energy of fission 

(Mev) 38.3 28.4 22.2 34,2 24,6 16.6 
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Fig. 1. Spallation excitation functions for (o.,xn) reactions of 
U233. Indicated.limits of error on the (ci,4n) cross sections 
are relative errors only. 
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Fig. 9. Excitation functions for fission and summed spallation 
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reaction cross section going into spallation for U233  and also 
for p 239 for comparison. 
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theoretical compound nucleus formation cross sections and 
were taken from reference 16. 



-h2 - 	 UCRL-032 Rev. 

U 235  

3 
) - 	 - - 	 - - 

/ 
.- - - - • 	 -- 	r0 L5xIO' 3  

.01  - 	 / 

E 

0 
HI 
0 
LU 
U, 

C') 
(I) 
0 
Cr 
0 
-J 

H 
0 
HI 

HELIUM ION ENERGY (Mev) 
MU-13675 

Fig. 12. Total fission yields plus the observed spailation 
yields for helium-ion bombardments of U 235 . The circles 
represent experimental data. The dashed lines represent 
theoretical compound nucleus formation cross sections and 
were taken from reference 16. 



UCRL-032 Rev. 

- 	 0jU 238 	 - 	 - 

103 

E 

z 
0 
I- 
() 2 
j 0 

C') 

Cl) 
C,) 
0 
C-) 

x.J1  
25 	30 	35 	40 

	
45 

	

HELIUM ION ENERGY (Mev) 	
MU-1367 6  

Fig. 13. Total fission yields for helium-ion bombardments of 
u23. The circles represent experimental data. The dashed 
lines represent theoretical compound nucleus formation cross 
sections and were taken from reference 16. 



II 

o. 

E 

z 
0 
I- 
0 
w 
C/) 

U) 
C/) 
0 
'I 
0 

Ii 

-44.. 	 UCRL-8032 Rev. 

U 233  

(a,n) (a,2n) 

-A2 I 

(a,3n) (a,4n) 

'I 

I 

20 	30 	40 	ZO 	3L) 	41) 
HELIUM ION ENERGY (Mev) 

MU - 4304  
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calculated cross sections and the actual experimental points are 
shown as circles. 
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APPENDIX - - - - - to be added. to IJCRL-8032 Rev. 

Vandenbosch, Thomas, Vandenbosch, Glass, and Seaborg 

It will perhaps be informative to present 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 (i) that, If It Is energetically 

possible for a neutron to beevaporated, 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 C€ exp .( _), where ,C Is a normalIzation 

constant, € the kinetic energy of the neutron, and .T• the nuclear temperature; 

and (Ii-) that the nuclear temperature Is Independent of the excitation energy. 

From the first three assumptions we conclude that 

€ max 

Ceexp(-)d€=l 

0 

or 

1 
C 

max 

€ exp (- ) d€, 

0 

where e 	is the .maxnum possible kinetic energy of the neutron, For e max 	 max 
> > T 

cz 
T2  

and the kinetic energy spectrum of neutrons is given by 

dR = 	2 	
exp (- E ) de . 

T 

Let us consider the probability for a nucleus with an Initial excitation 

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

neutrons will have kinetic energies e, and €2  is given by the expression 
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€ 	 € € 

= 2 exp (- 	) -- exp (- 2.) 
T 	 T 	 T 

If the excitation energy after the evaporation of two neutrons is greater than 

the neutron binding energy, a third neutron will be emitted. Hence, the prob-

ability that at least three neutrons will be evaporated is 

E-B1 -B2 -B3  

€€ 	€ 	 € 

R. = 	 —exp (- —) – exp (- —) d€ 2  d '  
T 	T T 	T 

o 	 0 

where B1, B,andB3  are the binding energies of the first, second, and third 

neutrons, respectively. The integration is made over all possible kinetic 

energies such that the excitation energy remaining after the evaporation of 

two neutrons is greater than the neutron binding energy, 

Making the substitutions 

€1 
• 	 T 	' 

T ' 

• 	 E-B1 -B -B 
and 	

= 	
2 • 3 

we find 	
R 	

* 

	

exp( 	2  exp 	5 d52 d 1  

Performing the integration, we get 

3 	n 	 • 

R3 =1-e 3  

(

3

Y 3).) 

where .1 is the incomplete gaia function defined in the body of the paper,. 
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Similarly, it is possible to show that the probability, R, of evapora-

ting at least

°::::":

i 1.1 

by 
: 

	 n. 

= I (11  5) 

The probability for evaporating exactly three neutrons is the difference 

between the probability for ev.poratng at least three and the probability for 

evaporating at least four. Hence, 

p (E,. 3) =R3  -R1  

=1 (L 3 , 3) 	I (z, 	) 

The above is, of course, only a demonstration for a particular case d  
34 H. McMazius has shown us a rigorous proof of the last equation for the general 

case of evaporation of x neutrons. 

Fission model 

To modify Jackson- i -s model for the cpe where fission is possible, we 

make two additional assumptions: (1) that 
' is independent of energy, and

rf 
(2) that a nucleus with an excitation energy 'eater than the fission activation 

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 stages is given by 

3 	3l 
R3 = f, f 	G n 1 61  exp  (_61)  G n 2  5.2 exp 	G d82 461 

where Gn = 	r for the compound nucleus existing before the evaporation 
1 

of the ith neutron. However, since 	is independent of energy 
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3 

	

R3  = G G Gn J 
f 

i exp 	82 exp  (_82)  d82  d8 

=G G 	Gn i (A3  3) 
1 2 3 

In the original model, P is the probability.that the nucleus evaporates 

three neutrons but still has an excitation energy greater than the neutron bind-

ing energy To take fission into account, we must use the probability that the 

nucleus evaporates three neutrons but still has an excitation energy greater 

than the fission activation energy. Hence, 

R=G G G I (hf, 5) , 

	

n1 n n. 	3 

where 	E - B1  -B2  - B3 - Eth 

	

T 	 ' 

and 	is the activation energy for fission.24  The probability for evaporation th 
of exactly three neutrons Is 

P(E,3)=R3 -R1  

= Gn  G Gn  [ I ( , 3) 

	

n  	( 
f, 	

) ]. 
123 	3 	 3 




