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ABSTRACT 

Ph.D. Chien Chung Chemistry 

Fissionability and Charge Dispersion Studies 

of Thorium by Protons of Energy to 90 MeV 

Production cross sections have been determined for the 

reactions of (p,pXn) with X= 1, 4-6 and (p,3pXn) with X= 

S-7 on a 232Th target at proton energies to 90 MeV. These 

measured excitation functions, together with ten others 

compiled from the literature, are compared to calculations 

using the theoretical framework of the Pre-equilibrium/ 

Exciton Model of nuclear reactions with a newly developed 

fission option. The fit of the theory to the experimental 

data is excellent, lending confidence to the treatment of 

the competition between fission and particle evaporation. 

Based on the same treatment of fission, calculations 

have been extended to obtain detailed information of the 

fission process such as the number of pre- and post-fission 

neutrons, and the most probable charge zp in fission from 

each of several different charge distribution postulates. 

The experimental valuesof z in the 232Th(p,Fission) reaction, p 

compiled from the literature, fit very well.by correlating 

the Minimum Potential Energy (MPE) hypothesis (or to a lesser 

extent the Equal Charge Displacement (ECD) rule) to asymme

tric fission, and the Unchanged Charge Distribution (UCD) 



c 

0 

- ii -

postulate to symmetric fission. The division of asymmetric/ 

symmetric fissions by a simple (Z 2/A)A/S value proposed in 

this work is also found to account for a wide range of 

measured mass yield curves in fission. 
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Resume 

Ph.D. Chien Chung Chimie 

Etudes de fissibilite et de dispersion de charge du thorium 

par des protons d'energie jusqu•a 90 MeV 

Les sections efficaces de production des reactions 

(p,pXn) avec X= 1,4,5,6 et (p,3pXn) avec X= 5,6,7 sur le 
232Th ont ete mesurees pour des protons incidents d'energie 

jusqu•a 90 MeV. Les fonctions d'excitation mesurees, et dix 

autres fonctions dejA publiees, ont ete comparees aux resul

tats de calculs utilisant le modEHe "Pre-equilibre I Exciton" 

des reactions nucleaires avec une option nouvelle pour la 

fission. L'accord excellent entre les resultats theoriques 

et experimentaux prete son appui au traitement de la compe-

tition entre !'evaporation des particules et la fission. 

En utilisant le meme traitement de fission, les calculs 

ont ete developpes pour avoir des renseignements detailles 

sur le processus de la fission: le nombre de neutrons pre

et post-fission et la charge la plus probable zp de fis.sion, 

en partant d'un choix de postulats de distribution de charge. 

Les valeurs experimentales de zp pour 232Th(p,fission), ob

tenues de sources publiees, s'accordent tres bien avec un 

modele fonde,pour la fission asymetrique, sur l'hypothese 

d'energie potentielle minimum (ou moins bien sur la regle 

de deplacement egal de charge)' et pour la fission symetrique, 
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sur le postulat de distribution inchangee de charge. La 

division des fissions en asymetrique ou symetrique par le 

simple critere de (Z 2/A}A/S' proposee dans ce travail, 

arrive a expliquer une grande gamme de courbes de rendement 

de masse mesurees en fission. 
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The first artificially induced nuclear reaction was 

accomplished 60 years ago in 1919 by Rutherford and eo

workers (Rul9); the first nuclear fission was recognized 40 

years ago in 1939 by Hahn and Strassman (Ha39) and Meitner 

and Frisch (Me39). One would expect with the vast amount 

of experimental information s.ince then that exactly what 

happens in a nucleus during the process of reaction and 

fission would by now be well known. However, owing to the 

lack of detailed knowledge of the dissipation of energy in 

the nucleus and the formidable number of degree of freedom, 

a simplified description of reaction/fission process is still 

required nowadays. 

The simplification is provided by models and postulates, 

introducing some parameters to reproduce the general experi

mental results. The parameters must be limited to allow a 

clear picture of the physical processes involved in the des

cription of models and postulates, and must be derivable from 

the basic laws. Existing experimental information provides a 

critical test for postulates and models as well as the impetus 

for new proposals. Step by step, a picture is continuously 

improving, coming closer to the truth. 

In this work, the general intention is to examine the 

experimental data of nuclear reaction and fission cross 

sections by calculations based on the current model of nuclear 

reaction with a newly developed fission option, then expand 

the calculation to post-fission properties such as nuclear 
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charge dispersion and compare the predictions, based upon 

different charge distribution postulates, to the experimental 

data. A new proposal is also made to split the asymmetric 

and symmetric fission in this investigation. 

A. Previous Work 

In general, when an energetic projectile x and target 

nucleus A come very close together after overcoming their 

Coulomb repulsion, a rearrangement of nucleons of this system 

in terms of deexcitation may occur; this may result in a 

"nuclear reaction". A nuclear reaction is designated by the 

symbols A(x,y)B, where y and B are the outgoing particles and 

reaction product, respectively. If the y involves only a few 

nucleons or particles, the nuclear reaction is historically 

referred to as a "spallation reaction" and B may be called 

the spallation product. On the other hand, a nucleus may 

also undergo the "fission" process, splitting into at least 

two comparable parts, whenever it is excited with sufficient 

energy to overcome the fission barrier. Thus, fission may 

compete with other deexcitation modes in a nuclear reaction 

initiated by an energetic projectile. 

Al. Experimental approach to fission competition 

Competition between fission and spallation reactions 

has been a major topic of considerable interest to nuclear 
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scientists since the discovery of fission. Numerous experi-

mental approaches to this problem have been mostly concen

trated on comparison of total fission cross sections to 

spallation reaction cross sections. Such experimental studies 

could derive an average value of the fissility, defined as the 

fractional probability that the excited nucleus goes to 

fission, as functions of both the identity of the fissioning 

nucleus and its excitation energy. Unfortunately, except at 

very low excitation energies, the problem was further compli

cated by fast deexcitation process leading to various fission

ing nuclei associated with widely distributed excitation 

energies. 

The first experimental study of the fissility was done 

by Tewes (TeSS) and was followed by many fission studies for 

a quarter century in an effort to gain insight into the fission 

competition in the deexcitation process. None of these studies 

found clear evidence for an excitation energy dependence of 

the average fissility and the simplification was made that 

it is generally dependent only upon the value of z2;A of the 

average fissioning nucleus. The pioneer works of Vandenbosch 

and Huizenga (Va58) summarized the general pattern of the 

variation of the average fissility with z2;A that remains 

today as the most extensive guidance for excitation energy 

greater than 25 MeV. 

However, the sharply increasing fission cross sections 

in target mass region lighter than radium, having lower z2;A 
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value and projectile energy up to hundreds of MeV, first 

extensively investigated by Fairhall (Fa56), made the energy 

dependence of fissility appear likely at least for the low 

z2;A nuclides (although it is not absolutely necessary owing 

to the long deexcitation chain). 

Whether the dependence of fissility is on the excitation 

energy or the z2;A value, or both, has been a point of debate 

for many years. Part of the reason for the controversy is 

that no complete set of experimental data were available to 

allow a detailed examination of the problem. 

A2. Theoretical approach to fission competition 

Dostrovsky, Frankel, and Rabinowitz (Do58) were among 

the first to calculate the fission competition. They used 

the Bohr-Wheeler formulation of fission width (Bo39) in 

conjunction with a Monte Carlo type evaporation calculation 

to compare the total fission cross sections with experimental 

results on the 238u(p,Fission) reaction with protons to 460 

MeV. The detailed predictions should be treated with reser

vation despite the good fit to the experimental data, since 

the charge, mass, and excitation energy of residual nuclei, 

or implicitly the spallation reaction cross sections, in the 

cascade calculation were parameters. 

The opposite approach, evaluating the spallation residues 

rather than the fission cross sections for the Th,U(p,Spalla

tion) reactions with 340 MeV protons by using the late version 
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of the Monte Carlo calculation (Me58), was performed by 

Lindner and Turkevich (Li60). They attempted to extract 

information about energy dependence of the fissility which 

best fit the experimental data. Unfortunately the unreli

ability of the early day intranuclear cascade calculation 

prevented a definitive answer to whether the fission-

evaporation competition is energy dependent. 
231 232 Hahn et al. (Ha72) calculated the Pa, Th(p, 

Spallation) reaction cross sections with protons to 63 MeV, 

using the Compound-nucleus Model with fission on one hand 

and the Intranuclear Cascade Model combined with a Monte 

Carlo calculation, including fission competition in the 

compound-nuclear deexcitation phase, on the other. Based 

on the assumption that the fissility is only dependent upon 

the identity of the fissioning nucleus, they concluded that 

neither model was successful in interpreting all experimental 

data. 

Suk, Crawford, and Moore (Su74) measured and calculated 

the 232Th(p,6n) and (p,7n) reaction cross sections with 

protons to lOO MeV. They used a refined Jackson Model (Ja56) 

with fission competition as a normalization factor. They 

found an energy independent fissility that gave good fit 

to the experimental data. However, their conclusion should 

be treated with reservation since in their calculation the 

nuclear temperature and the excitation energy associated 

with the excited nucleus along the deexcitation chain were 
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parameters, in addition to the assumption that charged 

particle emission was negligible. 

More recently, Delagrange, Fleury, and Alexander (De78) 

calculated both spallation and fission reaction cross sec

tions of the U(~,X) reaction with alpha energies to 40 MeV, 

utilizing the Pre-equilibrium, geometry-dependent Hybrid 

Model coupled with evaporation, developed by Blann (Bl75). 

Though the approach is far more realistic than those in 

earlier works, they concluded that fits of spallation re

sults under fission competition required as many as 5 to 13 

times the changes on the parameters from those in non-fission 

fit. This conclusion, however, should not be interpreted as 

the failure of the well established Pre-equilibrium de

excitation process, but rather as a failure of their fission

evaporation competition. 

In all, the unsuccessful theoretical approaches of 

previous investigations are due to the uncertainty of either 

the formulation of the fissility, or the treatment of fission 

in the reaction model, or even the reaction model itself. 

A3. Nuclear charge dispersion in fission 

Although no theory exists which suitably explains the 

nuclear charge distribution in fission, various hypotheses 

have been made. Three of these are presently in general use: 

(1) the Equal Charge Displacement (ECD) rule, first intro

duced by Glendenin, Coryell and Edwards {Gl49), assumes that 
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the most probable charge zp for light and heavy fragments 

A' in fission are equally distant from the corresponding 

ZA(A'), the most stable charge for the isobar A'; (2) the 

Minimum Potential Energy (MPE) hypothesis, first proposed 

by Present (Pr47) and outlined by Way and Wigner (Wa48), 

suggests that an equilibrium be attained between the primary 

fragments at scission and that the sum of the nuclear poten-

tial energy be minimized; and (3) the Unchanged Charge 

Distribution (UCD) postulate, first suggested by Goeckermann 

and Perlman (Go48,49), assumes that the Zp for both primary 

fragments maintains the neutron to proton ratio of the 

fissioning nucleus. 

Despite the controversyof these different aspects, in 

general, it may be stated that the ECD rule agrees well with 

low energy fission data, the MPE hypothesis correlates low/ 

medium energy fission data, and the UCD postulate gives sat-

isfactory predictions among high energy fission data. This 

distinction, however, is not made without a great deal of 

uncertainty and conflicting reports have been made. For 

instance, if one studies the fit to experimental z data 
p 

and measured fractional chain yields in the 232Th(p,Fission) 

reaction with protons to 90 MeV, the following conflicting 

reports are found to have been made by previous investigators. 

Pate (PaSS} calculated the most probable charge required 

to fit the experimental ZP data in the fission product mass 

region 130-135 with protons to 87 MeV; he found that the 
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charge dispersion in this mass region proceeded predominantly 

via the ECD rule rather than via the UCD postulate. Based 

upon each postulate, Freid, Anderson, and Choppin (Fr68) 

calculated the fractional chain yield for ten fission products 

for 11 MeV proton fission; the best fit was obtained by the 

ECD rule. However, Tofe (To69) used a more sophisticated 

mass equation to recalculate their results and found that 

the best fit was credited to the MPE hypothesis, although 

that calculated by the ECD rule was almost as satisfactory. 

Benjamin et al. (Be69) also calculated the most probable 

charge in fission product mass region 130-138 with protons 

to 85 MeV; they found that neither the ECD rule nor the UCD 

postulate could fit the experimental data. McGee, Rao, and 

Yaffe (Mc71) evaluated the Zp for product mass region 90-98 

with protons to 85 MeV; they found that the experimental Zp 

data were lying closer to those based on the UCD postulate 

than to those based on the ECD rule. More recently, Eaker 

and Choppin (Ea76} calculated the fractional chain yield of 

many fission products for 15.6 MeV protons using the three 

different postulates; they concluded that the MPE hypothesis 

gave the best fit to the experimental data. 

It is obvious from the example of the 232Th{p,Fission) 

reaction discussed above that none of the postulates have 

successfully become a general rule to explain the charge 

dispersion problem at incident proton with energies to 90 

MeV. The multiplicity of charge distribution concepts and 
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inconsistent results in previous investigations are due to: 

(1) no reaction model can successfully predict the competi

tion between fission and spallation simultaneously, thus 

reliable information about fission, such as the identity of 

the fissioning nuclide, its excitation energy, and the 

specific fission probability, could not be obtained; (2) 

no thorough understanding of the post-fission properties 

such as the excitation energy division between primary frag

ments is available; and (3) the predictions, in particular 

the MPE hypothesis, are very sensitive to the mass equation 

used. A sophisticated formula may yield a completely dif

ferent prediction from those using simplified formulas. 

Again the first step toward the clarification of charge 

distribution in fission is using an appropriate reaction 

model with fission option. It must be recognized that even 

using a proper reaction model with fission option, a correct 

treatment of post-fission properties, and a sophisticated 

mass equation may not necessarily guarantee that any single 

postulate will satisfy all the experimental results, espe

cially in reactions where multi-chance fission is possible. 

B. Present Work 

Among several reaction models developed in recent years, 

the Pre-equilibrium/Exciton Model derived by Gadioli and 

Milazzo-Colli (Ga73) has proved to be highly successful; in 
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particular, experimental results of more than lOO spallation 

reactions induced by protons to 100 MeV in the spallation 

residues mass region 38-201 were well explained by this 

model in (Ho77), (Ho77A), (Ga77), (Ga77A), (Fe79A), and 

(BuBO). This reaction model, however, is not necessarily 

conclusive without extending the prediction to heavy mass 

region with mass numbers A > 220 where fission plays an 

important role. 

Bl. Fission competition and nuclear charge dispersion 

During the preparation of this work Gadioli provided 

his latest version of the calculation, based on the Pre

equilibrium I Exci ton Model for nuclear reaction with a newly 

developed fission option, to the present author. This cal

culation, originating from the theoretical fit to the experi

mental fissility in zero energy pion-induced fissions in 

(Ga78), is outlined as a two-stage deexcitation process with 

fission option in the latter. 

Fission has been assumed by (Ga78) to appear only at 

the second stage of the calculation, the evaporation stage. 

This is because the fission is highly unlikely to occur in 

the first stage, the pre-equilibrium stage, where a collec

tive motion involving only a few nucleons occurs. The various 

events occurring in the second stage are estimated by means 

of a Monte Carlo procedure similar to the one introduced by 

Dostrovsky et al. (Do59). The excited nucleus in the 
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evaporation chain is given the option of fission by computing 

a fission width, rf' which has been taken as a function of 

both z and A, and the excitation energy of the nucleus. The 

emission of charged particles, protons, and alphas is not 

ignored in the calculation. 

According to Gadioli, Gadioli-Erba, and Hogan (Ga77), 

the expressions used for neutron, proton, and alpha widths 

are the ones in (Do59) divided by the square of the average 

excitation energy, u2 , in order to take into account the pre-

exponential energy dependent factor of level density expres-

sion, which was neglected in original Dostrovsky formulas: 

r. = 
l. 

[ -
4

3 
(x. 2 -2x.+2) + S<x.-1)- (E-B.-C.-fl.) J 

ai l. l. l. l. l. l. 

where ui = reduced mass of the reaction system, 

r oi = radius parameter, from (Ga77) , 

s. = spin of the emitted particle i, 
~ 

2 • [a .• i x. = (E - B. - C. - 6 . ) ] , 
~ ~ ~ ~ ~ 

a. = A./8, 1/MeV, 
~ ~ 

( 01) 

B. = binding energy of emitted particle i, from (Wa71), 
~ 

2.12 Ai- 213 - 0.050 a = for neutron, = 0 otherwise, 
0.76 + 2. 2 A ,-l/3 

~ 

c. = 
~ 

Coulomb barrier for the emission of particle i, 
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~i = pa1r1ng energy of the residual nucleus A. after 
the emission of particle i, from (Ne62}, 1 

p(E) =level density of Ai at excitation energy E. 

The same modification, introduced by (Ga78), is also applied 

to the energy dependent fission width formula from (Va73): 

= 
- 2 [Us • 4naf • p (E)] 

where Us = average excitation energy at saddle point, 

p(E} =level density of the fissioning nucleus at 
excitation energy E, 

Bf = fission barrier, from (Ga78), 

~s = pairing energy modified at the saddle point by 
-0.5 MeV from (Ne62}, as discussed in (Ga78), 

= level density parameter of the nucleus when 
deformed to the saddle configuration, 1/MeV. 

( 02) 

Several points in this fission added program should be 

specifically noticed: 

(1) The fission barrier, Bf, is defined only by its height, 

the barrier is treated as single peaked1 no account is taken 

of its detailed structure. Fission is assumed to take place 

above the barrier with unity transmission coefficient and 

below the barrier with zero transmission. The overall cal-

culation based on this treatment of Bf is not severely affected 

by this assumption except in the case of low excitation ener-

gy. 

(2} No account is taken of angular momentum effects in the 
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calculation of widths ri and rf. As mentioned in (Ga77), 

it is difficult to define spin distribution at the beginning 

of the calculation where the excitation energy is shared 

only among a few excitons. It is more difficult to establish 

such a distribution after the nucleus has completed the pre-

equilibrium cascade later. Although angular momentum may be 

expected to play an important role in reactions induced by 

high energy alpha particles and heavy ions, it is less likely 

that its effects seriously alter the result of proton induced 

reactions. 

(3) Ratio of af/an is treated as the only freely variable 

parameter in the calculation. Although experimental values 

of the neutron level density parameter a are well established 
n 

(La61), little information is available for af. 

In charge dispersion studies, a modified version of the 

provided program code is made and used in this work to evalu

ate the detailed fission information such as the identity of 

the fissioning nuclide, its excitation energy, and the spe-

cific fission probability. The calculation is then extended 

to evaluate the numbers of post-fission neutrons; this is 

indispensable for the calculation of Z . By using the Droplet p 

Model mass equation, the most recent mass formula derived by 

Myers (My77), the zp based on the ECD, MPE, and UCD postulates 

may be evaluated. 
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B2. Experiment and calculation 

In this work thorium was chosen as the target nuclide 

for the investigation of proton induced reaction and fission. 

This system was taken because: (1) thorium represents a 

midway choice between the highly fissionable transuranium 

nuclei for which (p,Spallation) reaction has very low cross 

sections compared to that of fission, and the lighter nuclei 

with Z < 90 where fission plays only a minor role owing to 

the high fission barrier; and (2) the experimental data of 

the most probable charge zp in the 232Th(p,Fission) reaction 

are very abundant, mainly investigated by Yaffe and eo-workers 

in (Pa58A), (Fo66) , (Be69) , (Mc71) , (Di 78) , and (Di 79) ; it 

provides a critical test of the present treatment of the pre

and post-fission properties. 

There are three main problems to measuring 232Th(p, 

Spallation) excitation functions. First, spallation reaction 

cross sections are relatively small in comparison with fission 

cross sections at proton energies above 20 MeV; secondly, 

radiochemical separations on spallation products are necesssary 

owing to the heavy interference from fission products; and 

lastly, contamination of the spallation products from either 

the decay of other spallation products or natural daughters 

of 232Th is frequently encountered. Hence, measurements of 

spallation excitation functions in previous studies with 

incident proton energies up to lOO MeV were confined to 

(p,Xn) studies with X = 1, 3, S-7 and (p,2pXn) studies with 
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X = 3-7 in (Te52}, (TeSS} , (Me56}, (Le61) , (Le62), (Br62) , 

(Ga62), (Ga63), and (Su74). Some sporadic measurements on 

(p,pXn) with X = 1, 4-6 have also been made in the same 

energy range mentioned above by (Le61,62). 

It is the goal of this work to measure more spallation 

excitation functions, namely, (p,pXn) with X = 1, 4-6 and 

(p,3pXn) with X = 5-7 with incident proton energies between 

13 and 90 MeV, to show how these measurements, together with 

other spallation excitation functions and total fission cross 

sections reported previously can be well explained by the 

Pre-equilibrium I Exciton Model with the newly developed 

fission option. Later on, the calculation is extended to 

the evaluation of Zp on the basis of each charge distribution 

postulate in fission, to show that the reported experimental 

data of ZP can be fitted very well by correlating the MPE 

hypothesis, or to a lesser extent the ECD rule, to asymmetric 

fission and the UCD postulate to symmetric fission. Finally, 

a simple (Z 2/A)A/S value is proposed in this work to separate 

the asymmetric and symmetric fissions on the basis of the 

identity of the fissioning nucleus rather than the tradi

tional excitation energy; this asymmetric/symmetric split 

has also found support from a wide range of observed mass 

distribution in fission. 
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A. Irradiation 

Al. Target arrangement 

The thorium metal foil was of natural thorium with a 

thickness of about 0.0076 cm. It was cleaned in 0.06M HN03 
solution for several hours, washed in distilled water, 

ethanol, and acetone, and put in a desiccator before assem

bling for irradiation. The copper monitor foil had a thick

ness of about 0.0051 cm. The degradation in the proton 

bombardment energy, caused by the target/monitor thickness, 

was computed at each bombarding energy using the data of 

Williamson, Boujot and Picard {Wi66) and was found to lie 

within the ±2 MeV limit for proton in the internal beam 

energy spread of the McGill Synchrocyclotron, except in the 

case of the lowest bombarding energy. 

To eliminate recoil losses, three copper and three 

thorium foils were used. Only the middle foils of copper 

and thorium were processed chemically, while the front and 

the back foils acted as catchers to compensate the recoiled 

particles of interest from both directions. Arrangement of 

the target assembly is shown in Figure Ol(a). 

The foils used in target assembly were trimmed on three 

sides prior to irradiation in order to make sure that iden

tical surface area of both target and monitor foils were 

exposed to the beam. The entire target assembly was then 

fixed on a target holder which in turn was attached to the 
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Figure 01 

Target assembly 

Target position 
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cyclotron probe for irradiation. The monitor pac.k was placed 

upstream from the target pack, so as to measure a beam which 

has not been degraded in the thorium target pack and to avoid 

possibilities of reactions in the monitor foil induced by 

secondary neutrons produced from thorium. The physical 

arrangement is shown in Figure Ol(b). 

A2. Proton beam monitoring 

Irradiations were performed in the internal circulating 

proton beam of the McGill Synchrocyclotron which was refitted 

and reconditioned in mid-1978. 

Beam energy. Precise bombarding energy was obtained 

from insertion of the cyclotron probe at the appropriate 

radial distances according to the data obtained by Moore 

(Mo75) with correction for the gap from the target assembly 

to the leading edge of the target adaptor, and proton energy 

loss calculation. The relation between bombarding energy 

and distance from center is illustrated in Figure 02. Bom

barding energies of 13, 18, 20, 30, 40, 45, 49, 51, 57, 64, 

70, 75, 85, and 90 MeV were obtained in this work. 

Irradiation time. The irradiation period, ti' is not 

only a factor in evaluating the cross sections of reaction 

products of interest,'but also directly related to the health 

hazard from induced radioactivity in target. In order to 

obtain a good experimental result, a long ti is desirable, 
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Figure 02 

McGill synchrocyclotron internal beam energy 

vs. target radius, after Moore (Mo75) 



0 

90 

80 

70 

40 

30 

• • •"' • • • • • • • • .... . 
I .• • • • • • • • • • • •• •• • • .. ·· .... 

• • • • .. · ... · • • •• • •• • 
~. . .. · 

rb.tf!it". •• 
L.t:;' • .• 
~.· .. . 

J!:'o ... • ::;. ... § 
~'· l':j,_lb #·· I! .•I$ 

f··· ,1! l' 
~l * ... §" 

• (tj • .1!1:' 
•• '<J.tli··~' .. ··-~-... .. ,. ~ 

• • .. . . .. .•. .. 
•• •• •• •• 

•• •• ••• •• 
•• •• •• • •• ••• 

•• •• •• •• •• • • •• •• • .. .. 
•• • • 

•• • •• • 
-··· .. · •• •• .... ..· .•. ..• •• • ••• ••• 

•• • •• • •• • • 
•• • 

18 22 26 30 34 
TARGET RADIUS ( Inch 



c 

- 20 -

while to keep the radiation hazard to a minimum, a short ti 

is preferable. Compromise between these extremes gives 

irradiation times up to five minutes in this work. 

Beam monitoring. . 65 64 The cross sect~on of Cu(p,pn) Cu 

reaction at various bombarding energies using the McGill 

Synchrocyclotron proton beam has been utilized in this 

Radiochemistry Laboratory to monitor the internal beam for 

quite a long time. The most recent measurement with born-

barding energies ranging from 23.2 to 102 MeV were made by 

Newton et al. (Ne73). On the other hand, the fission cross 

section of cumulative 232Th(p,Fission) 143ce is also a con

venient beam monitor for thorium target. A full investiga-

tion of this potential monitoring cross sections is imple-

mented in this work. 

B. Post Irradiation Chemistry 

Bl. Radiochemical separations 

After irradiation, the target assembly was dismantled 

and the target thorium foil was weighed, then dissolved in 

3 mL of hot, concentrated HCl in the presence of five drops 

of 20:1 HF. In this dissolving process HF served as a 

catalyst and although the amount needed was very small, 

about 0.0003 mole, its presence for rapid dissolution was 

essential. After dissolution was completed within one 
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minute, the volume was made up to 15 mL with distilled water 

and all the following separations were performed on aliquots 

from this mother solution. 

Thorium purification. Spallation products of the 
232Th(p,pXn)Th reactions were determined directly from the 

purified thorium sample. The chemical procedure used in 

this work was essentially a combination of both Newton, Hyde, 

and Meinke (Ne49) and Prestwood (Pr58) with simplification 

since no transuranium elements were present in the irradiated 

foils. Three principal steps were employed: (a) Th{I03) 4 
precipitation gave separation from the bulk of rare earths 

fission products; (b) Th(c2o4>2 precipitation effected 

separation from zirconium; and (c) extraction of thorium 

from Al(N03) 3 /HN03 mixture solution by means of mesityl 

oxide gave excellent decontamination from radium, the alkali 

and alkaline earth metal ions. The thorium was finally 

precipitated as Th(C2o4>2 and ignited to convert to Th02 ; 

in such form it was weighed for chemical yield and mounted 

for counting. Analyses can be performed in approximately 

three hours with a chemical yield of about 65%. 

Radium separation. Spallation products of the 232Th

(p,3pXn)Ra reactions are assumed both qualitatively and 

quantitatively to follow barium chemistry. This assumption 

can be proved valid by comparing results of barium chemical 

yield (by using a standard Ba-carrier) to radium chemical 
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yield (by counting the natural 228
Ra in secular equilibrium 

state with natural thorium) • The barium ch.emistry used in 

this work was the combination from Meinke (Me49) and Warren 

(Wa5B) with slight modification. Three major steps were 

performed: (a) Ra/Ba were separated from the bulk of thorium 

by way of precipitation of Th(OH) 4 in mother solution; (b) 

Ra/Ba were separated from other fission products by the 

specific precipitation in cold as BaC12 ·n2o by means of the 

HCl/ether reagent; and (c) further purifications from fission 

products were made by Fe(OH) 3 and La(OH) 3 scavenging pro

cedures. Ra/Ba products were then converted into BaCr04 , 

dried, weighed for chemical yield, and mounted for counting. 

In order to obtain a fully cumulative cross section of radium 

from its beta-unstable precursors, namely francium and radon, 

radium separations should not be performed until ten hours 

after the irradiation. Overall analyses were carried out 

in about three hours with a chemical yield of around 60%. 

Cerium isolation. As a potential proton beam monitor 
143 for thorium target, Ce must be isolated at least two hours 

after the irradiation in order to get a fully cumulative 

cross section from among isobars. The cerium chemistry, 

taken from Glendenin et al. (Gl55), was simple, fast, and 

effective procedure for cerium isolation. This procedure 

centered on the solvent extraction of Ce{IV) with methyl 

isobutyl ketone, later converted to Ce(c2o4) 2 , ignited to 
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Ceo2 , dried, weighed for chemical yield, and mounted for 

counting. Overall analyses were carried out in about one 

hour with a chemical yield of around 60%. 

Copper purification. Radiochemical processing of 

copper foils, frequently used for proton beam monitoring 

purposes in this Radiochemistry Laboratory, is based on the 

procedure of Kraus and Moore (Kr53). The copper was purified 

in an ion exchange column and later precipitated as CuSCN, 

then weighed for chemical yield. The purification was not 

executed until a day after the irradiation in order to reduce · · 

the radioactivity in the foil. Actual analyses were per-

formed in about five hours with a chemical yield of around 

60% •· 

B2. Carrier standardization 

For barium chemistry in conjunction with radium ch~uistry, 

++ ' a 10 mg Ba I ::rtL standard carrier, added as Ba (N03) 2 in 

distilled water, was required. To standardize it, 5 mL of 

carrier solution was pipetted into a beaker and diluted to 

lOO mL by distilled water. 10 mL each of 6 N C 2H 4 o2 and 3 M 

NH4c 2E3o2 was added. The solution was heated to boiling and 

then 5 mL of 1. 5 M Na2cro 4 was addeci. dropwise with stirring 

for about one minute. The Bacro4 was cooled and filtered 

through a sintered glass crucible, washed by distilled water 

and EtOH, dried at ll0°C, cooled and weighed as Bacro4 • 
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Four standardizations were performed with 0.34% uncertainty. 

For the cerium chemistry, a 10 mg Ce+++ /mL standard 

carrier, added as Ce(N03) 3·6H2o in distilled water, was 

required. To standardize it, 5 mL of cerium carrier was 

pipetted into a beaker and diluted to 20 mL by distilled 

water. The solution was warmed while adding 50 mL saturated 

(NH4) 2c 2o 4 solution. Heating was continued until the pre

cipitates had coagulated. It was then cooled in an ice-bath 

for 15 minutes and filtered as Ce(c2o 4) 2 , ignited in a 

porcelain crucible in a 900°C oven for half an hour, cooled 

and weighed as Ceo2• Nine standardizations were performed 

with 0.61% uncertainty. 

For thorium and copper purifications, no standard 

carriers were required since the target and monitor foils 

themselves acted as carriers. However, in order to count 

correctly the radioactive 228Th, 228Ra,and 224Ra daughters 

in secular equilibrium with 232Th, a standardized sample of 

natural thorium was required. A clean, unirradiated thorium 

foil was dissolved and converted to Th02 , by a chemistry 

similar to that in the last section less decontamination. 

This standard sample had exactly the same geometry as those 

irradiated thorium and radium samples. Therefore, reaction 

d t h 228Th 228 d 224 . . d' t d pro uc s sue as , Ra, an Ra ~n ~rra ~a e 

samples can be compared to the standard sample with a definite 

amount of corresponding radionuclides in it. 
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B3. Counting the samples 

After each chemical separation procedure, samples 

except copper were mounted at the center of a pre-cut 

standard 311 x 2. 5" cardboard, covered by two layers of 

7 mg/cm2 3M-MAGIC scotch tape. The radioactive sample was 

secured under this arrangement. Counting of the specific 

radioactivity was taken at least three times for each half

life period for three half-lives. In the case of 1.9-year 
228 Th, measurement was extended to seven months. 

For copper samples, weighed CuSCN was dissolved in a 

standard glass vial with 10 mL concentrated NH40H. After 

the copper dissolved completely, the vial was sealed and 

the liquid sample was ready for counting. The activity 

of the 12.8-hour 64cu is measured as the 511 keV gammas 

produced following the annihilation of the positrons; 

however, the 3.3-hour 61cu is also an annihilation gamma 

emitter in the copper sample. Hence, the measurement was 

delayed at least three days after the end of irradiation 

until most of the 61cu decayed away. 

c. Radioactive Detection Systems 

Cl. Lithium drifted 9ermanium, Ge(Li), detectors 

Spallation and fission products from thorium, together 

with their daughters in decay chains studied in this work 

were determined by making use of the excellent resolving 
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power of lithium drifted germanium, or Ge(Li), detectors 

to select the characteristic gamma rays associated with 

these radionuclides. If the gamma ray energies from the 

decay of radionuclides are known, assignments of the 

"fingerprint" peaks in the gamma ray spectrum to a specific 

radionuclide can be made with a high degree of certainty. 

There were two Ge(Li) detectors used in this work: 

40 cm3 Ge(Li) detection system. This system consisted 

of a 41.7 cm3 Ge(Li) detector {ORTEC Model 8101-0725), a 

multi-channel analyzer (CANBERRA Model 8100), a high voltage 

power supply (ORTEC Model 456), a preamplifier (ORTEC Model 

120-2B), and a digital recorder (HP Model 5055A). A block 

diagram of the system is shown in Figure 03(a). The reso-

lution of the system, in the gamma ray energy range pertinent 

to this work, was found to be 2.1% for 164 keV gamma of 231Th 

and 0.21% for 911 keV gamma of 232Th, corresponding to the 

Full Width at Half Maximum (FWHM) of the said peaks. 

30 cm3 Ge(Li) detection system. This system consisted 

of a 31.25 cm3 Ge(Li) detector (ORTEC Model 8001-0536), a 

multi-channel analyzer (NUCLEAR DATA Model 2200), a high 

voltage power supply (Baird-Atomic), a preamplifier (ORTEC 

Model 120-2F), a spectroscopic amplifier (ORTEC Model 451), 

a cathode-ray tube (HP Model 1208B), and a digital printer 

(Mohawk DSS-1200). A block diagram of the system is shown 

in Figure 03(b). The resolution of the system, in the gamma 
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Figure 03 

Block diagrams of detection system: 

(a) 40 cm3 Ge(Li) 

0 (b) 30 cm3 Ge (Li) 

(c) 3" X 3" Nai (Tl) 
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ray energy pertinent to the early stage of this work, was 

found to be 0.95% for the 240 keV gamma of 228Th corresponding 

to the FWHM of the said peak. 

In both systems the Ge(Li) detector, the preamplifier, 

and the radioactive sample were placed inside a thick lead 

shield to minimize the radioactive interference from the 

environment. The interior of the lead shield was covered 

with copper foil and a lucite sheet to reduce gamma ray 

back scattering which increased the error of counting. Each 

measurement was recorded with the starting time of counting, 

the duration of counting, and the percentage of dead-time 

loss. This information was indispensable for later data 

treatment. 

C2. Thallium activated sodium iodide, Nai(Tl), detector 

Measurement of the liquid CuSCN sample required a 

scintillation detection system. This system consisted of 

a 3 .. x 3" Nai (Tl) detector (HARSHAW Type-686), a photomulti

plier (RCA 6342-A), a multi-channel analyzer (NUCLEAR CHICAGO 

RIDL 34-12B), a preamplifier (RIDL Model 31-15), an adaptor 

(RIDL Model 78-1), and a digital recorder (HP Model 562A). 

A block diagram of the system is shown in Figure 03(c). The 

Nai(Tl) detector, the photomultiplier, the preamplifier, and 

the radioactive sample were put in a small lead cave having 

iron and copper layers on the interior wall to diminish the 

fluorescent radiations from lead. 
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C3. Calibration of the detection systems 

The Ge(Li) detection systems must be calib~ated for 

both energy and efficiency. Energy calibration, necessary 

for identification of various gamma ray peaks, may be done 

by counting standard radionuclides along with samples of 

interest. 

40 cm3 Ge(Li) detection system. This system has been 

calibrated in this work for both energy and absolute effi-

ciency (over gamma ray energies between 80 keV and 1775 keV) 

by using standard radioactive point sources. The primary 

calibration is made at 149 mm source-to detector distance 

with 0.25" plastic absorber in place to prevent coincidence 

events like beta-gamma summation. 

30 cm3 Ge(Li) detection system. This system has also 

been calibrated for both energy and absolute efficiency over 

gamma ray energies between 100 keV and 2000 keV by Fowler 

(Fo72) • The primary calibration had been made at 108 mm 

source-to-detector distance with a thick 0.375" plastic 

absorber placed right in front of the detector can. 

Nai(Tl) detection system. The absolute efficiency for 

the annihilation gamma is determined by using a liquid 22Na 

standard source, under geometrical condition identical to 

that for the 64cu samples. The use of 22Na for calibration 

is dictated by the fact that the maximum energy of its 
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positrons, 545 keV, is not far away from that of 64cu, 656 

keV. The contribution of high energy gammas to the 511 keV 

gamma by pair-production is assumed to be negligible in both 

the copper sample and the standard source. 

D. Data Treatment 

The gamma ray peak areas, which are representative of 

the total net counts of specific gamma rays, were determined 

by summing over counts registered on each spectral channel 

within a region of interest, followed by subtracting of the 

spectral background in the same region. Calculated peak areas 

were then used as input for computer code EXPONENT for further 

analyses. 

The EXPONENT program code, introduced by Newton (Ne71), 

is a FORTRAN program which analyzes radioactive decay curve 

data by a linear least squares technique. The initial counting 

rate, calculated by the EXPONENT, is then corrected for abso-

lute detector efficiency, gamma ray abundance, and chemical 

yield in order to convert it into initial disintegration rate 

according to the following equation: 

0(0} 
A{O} 

= 6 0 • e f f • 5 • Ir • Y • F 

where 0(0} = initial disintegration rate at time zero for 
the radionuclide, Bq, 

( 03) 
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A(O) = initial counting rate at time zero for the 
radionuclide, cpm, 

= absolute efficiency of the detection system 
at the specific gamma ray of the radionuclide, 
counts/gamma, 

s = shelf ratio of ea£ at the actual shelf used to 
that at the stan ard shelf in the detection 
system, 

y = separation factor of the chemistry pertinent 
to the radionuclide, 

F = dilution factor in the chemical separation, 

Ir = gamma ray abundance, gamma/disintegration. 

In this equation, eff • S is associated with the detector effi

ciency, Y • F is associated with the chemical yield; for radio-

nuclides pertinent to this work, the gamma ray abundance and 

half-lives are given in Table 01. 

Dl. Cross section calculation 

During irradiation, growth and decay of.the reaction 

products induced by spallation reaction can be expressed by 

the following differential equation: 

(04) 

where N(t) = number of the nucleus of the spallation product 
produced at time t after the initiation of the 
irradiation, 

-1 A = decay constant of the spallation product, s 

B = beam intensity, number of protons/s, 

w = weight of the target, g, 
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Table 01 

Nuclear properties of products observed in this work. 

0 



Radio-
* 

Characteristic Gantna ray 
nuclide Half-life gamna ray{s), keV abundance (%) Reference 

23l.rrt 
163.1 

25.52 H 
165.0 0.159 (Sc77) 

228.rb 
238.6 (212Pb) 

1.91313 y 241.0 (224Ra) 48.8 (E176) 

227Th 
234.9 

18.718 D 236.0 11.6 (Ma77) 

226Th 30.9 M 242.1 0.866 (To77} 

228Ra 5.75 y 911.1 (228Ac) 29.000 (El76) 

0 225Ra 14.8 D 439.7 (225Ac) 21 (Ma73) 

22~ 
241.0 

3.66 D 238.6 (2~) 48.8 (E176) 

223Ra 11.434 D 154.2 5.59 (Ma77) 

143ce 33.0 H 293.3 42 (Tu78) 

64Cu 12.82 H 511.0 38.6 (Ne73) 

* Half-life is represented by M - minutes, H - hours, D - days, and y-
years. 
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N0 = Avogadro's number, atoms/mole, 

cr = cross section of the spallation reaction, 
cm2 /atom, 

M = atomic weight of the target, g /mole, 

A= effective area for radiochemical work, cm2 . 

Solving Eq. (04) at the end of the irradiation for both the 

monitor reaction and the 232Th(p,Spallation) reaction, and 

combining with Eq. (03), the cross section of the spallation 

reaction can be expressed as: 

cr 
p -A •tr A (t }•e •s •Ir •Y •F •w •M •(l-e P ) 

Cu I ff p p p p Th Cu 
p 

(OS) 

where b is the 6Scu abundance in natural copper and subscripts 

p and Cu represent the spallation product and the copper 

monitor, respectively. Monitor cross sections of the 6Scu

(p,pn)64cu reaction used in this work are given in the second 

column in Table 02. On the other hand, if the cumulative 

f . . t• 232 h( . . )143 . d . ~ss~on reac ~on T p,F~ss~on Ce ~s use as mon~tor, 

Eq. (OS) can be further simplified by eliminating all weighing 

factors: 

cr 
p = cr 

-Ac •tr A ( t ) • e • S • Ir • Y • F • (1 - e e ) 
p I ffce Ce ee Ce Ce 

Ce -A •t A (t )•e •S •Ir •Y •F •(l-e P I) 
Ce I ff p p p p 

p 

(06) 
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Table 02 

c Monitoring cross sections used in this work. 



0 

Incident Cross section Cross section 
proton of 64cu of 143ce energy 

(Me V) (mb) (mb) 

* 13 5.0 ± 4.0 

* 18 19.1 ± 2. 9 

** 20 327.4 ± 19.3 20. 8 ± 2. 4 

30 400.0 ± 23.6 21.2 ± 3.2 

* 40 17.8±2.7 

45 195.0±11.6 15.2 ± 2.3 

49 14.2 ± 2.1 * 

0 51 13.8 ± 2.1 * 

* * 57 170.0 ± 10.0 12.7 ± 1. 9 

* 64 12.0 ± 1. 8 

* 70 155.0 ± 9.2 10.7 ± 1.6 

75 151.1 ± 8.9 10. 3 ± 1. 2 

85 141.3 ± 8.3 9.0 ± 1.4 

** 90 8.9±1.3 

* ** Interpolated value; extrapolated value. 
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D2. Contamination 

For simple cases without any contamination, the reaction 

cross section can be calculated from Eq. (05) or (06) with 

all the given data and experimental results at the right 

hand side of the equal sign; however, for those cases in which 

there is contamination, calculation of the reaction cross 

section is complicated and some correction factors should 

be added to Eqs. (OS) and (06). Contamination may come from 

either the decay of other reaction products or the decay of 

those radionuclides in secular equilibrium with natural 

thorium. Details of the contamination for each case are 

discussed below: 

232Th(E,p4n) 228Th. Contamination includes (1) natural 
228Th in secular equilibrium with natural thorium, (2) 228Th 

decayed from the 22-hour 228Pa, induced by the (p,Sn) reac

tion, and (3} 228Th decayed from the 6.1-hour 228Ac, induced 

by the (p,2p3n) reaction. 

232Th( S )227Th PtP n · Contamination arises from the 38-

minute 227Pa, induced by the (p,6n) reaction. 

232Th(E,E6n) 226Th. Contamination includes (1) 226Th 

decayed from the 1.8-minute 226Pa, induced by the (p,7n) 

reaction, and (2) 226Th decayed from the 29-hour 226Ac, in

duced by the (p,2p5n) reaction. 

232Th( 3 6 )224R E, E n a. Contamination includes (1) natural 
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224Ra, 228Ra, and 228Th in secular equilibrium with natural 

thorium, (2) 224Ra decayed from reaction induced 1.9-year 

228 224 224 Th, and (3) Ra decayed from the 2.9-hour Ac, induced 

by the (p,2p7n) reaction. 

232Th(p,3p7n) 223Ra. Contamination includes (1) 223Ra 

decayed from the 18.7-day 227Th, induced by the (p,pSn) reac

tion, and (2) 223Ra decayed from the 2.2-minute 223Ac, induced 

by the (p,2p8n) reaction. 

In the cases mentioned above, the reaction cross section 

calculated from Eqs. (05) and (06) comprises the true cross 

section plus some contaminating parts which are in turn a 

function of the irradiation period, the time of chemical 

separation, half-life of the relevant radionuclide, branching 

ratio of the contaminating decay, cross section of the con-

taminating reaction, and the amount of natural thorium. A 

detailed derivation of the effect of contamination may be 

found elsewhere (St66). 

For contamination from the decay of natural radionuclides, 

correction can be made by comparing the activities to those 

in the standard natural thorium sample; for contamination 

from the decay of other spallation reaction products except 

the (p,2p8n) reaction, correction can be calculated using 

those spallation cross sections investigated in this work, 

together with others in (Br62), (Ga63), and (Su74). Since 

no experimental cross sections of 232Th(p,2p8n) 223Ac have 
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been measured, an estimate is required in order to evaluate 

its degree of contamination on the 232Th(p,3p7n) 223Ra reac

tion. It is assumed to be 2 ± 2 mb above reaction threshold 

of the (p,~6n) reaction, 51 MeV; this estimation is derived 

from the fact that all (p,2pXn) reactions with X = 3-7 have 

cross sections around 2 mb in the proton energy range per

tinent to this work. Since the 2.2-minute 223Ac completely 

decays to the 223Ra via a branching ratio of 1% before the 

initiation of the radium chemistry, a 0.02 ± 0.02 mb contam-

ination is deducted from the cross section calculation of 

the (p,3p7n) case. 

D3. Error analysis 

In this work two kinds of errors occur: systematic 

errors and random errors. The systematic error is associated 

with imprecise knowledge of certain constants and may affect 

all the results in the same way once the constants have been 

adopted. The random error is associated with imprecisions 

in measurement, in particular the inherent randomness of the 

radioactive decay process. 

The systematic errors involve reported monitor cross 

sections, proton beam energy spread, efficiency of the de

tection systems, and decay schemes including half-lives, 

branching ratios, and gamma ray abundance. The random errors 

involve gamma ray peak area determinations, shelf ratios of 

the detection systems, and chemical yields including weighing, 
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pipetting, diluting, and timing the separation. For reac-

tions near their threshold, the random error becomes large 

due to the low activity with a large statistical counting 

uncertainty; for contaminating cases, the random error also 

becomes large when the correction approaches the experimental 

result. All kinds of errors mentioned above, together with 

representative magnitudes, are listed in Table 03. 

The rigorous total error calculation involving the ex-

ponential relations in differential equations is tedious. 

It is considered sufficient for the purpose of this work to 

give an indicative total error by taking the square root of 

the sum of the squares on all cited errors. For the cross 

section calculation, the total error quoted in this work 

varied from 10% to 26%, except for the extreme cases of those 

near reaction threshold and those having large deductions 

arising from contamination. 

E. Experimental Results 

El. Monitoring cross sections of 143ce 

The cumulative cross sections of the 232Th(p,Fission)-

143ce reaction have been measured by Choppin and Tofe (Ch71), 

Holub and Yaffe (Ho73), Baker and Choppin (Ea76), and Diksic 

(Di78). These measurements are supplemented by the present 

work with incident proton energies at 20, 30, and 75 MeV. 

Results of experimental data are plotted in Figure 04, where 
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Table 03 

c The systematic and random errors in this work. 
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Cause 

Slstematic error 

Monitor cross section of 

Efficiency of the 30 cm3 

Efficiency of the 40 cm3 

Efficiency of the 3" X 3" 

Half-life 

Decay branching ratio 

Gamma ray abundance 

Random error 

64cu 

Ge(Li) 

Ge(Li) 

Nai (Tl) 

Gamma ray peak area determination 

Shelf ratio for the Ge(Li) systems 

Weighing in chemistry 

Pipetting in chemistry 

Diluting in chemistry 

Timing at precipitation 

Timing at solvent extraction 

Standard carrier 

Representative error 

5.9% 

3.0% 

2.7% 

1.5% 

0.7% 

0.1% 

3.0% 

1. 0% 

8.0% 

0.2% 

0.8% 

1.0% 

0.7% 

0.9% 

0.6% 
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Figure 04 

Excitation function of the 

232Th( . . )143c t" p,F~ss~on e reac ~on cum 

0 this work 

c • : after (Di78) 

• : after (Ea76} 

• after (Ho73) 

• after (Ch71} 
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Holub's results have been modified to take account of the 

updated 64cu monitor cross sections. 

As mentioned in the previous section, the cumulative 

cross section of 143ce is a potential monitor for proton 

induced reactions on natural thorium. The advantages of 

. 143 . . "th . 64 
us~ng Ce, ~n compar~son w~ us~ng Cu, are: {1) elim-

ination of weighing factors {and therefore a reduction in 

random errors) in the cross section calculation; (2) reduc-

tion of the radiation hazard by eliminating the copper foils; 

(3) a less rapidly varying excitation function in the energy 

region ranging from 30 to 40 MeV than that of 64cu; and {4) 

at least five intense gamma rays suitable for identification 

using gamma ray spectrometry. However, uncertainty asso-

. t d "th th t" f 143c · 1 b t c~a e w~ e cross sec ~ons or e ~s arge, a ou 

15% in average, relative to 5.9% in 64cu; therefore the con-

venience of using a cerium monitor is balanced by an increase 

in the systematic error for the calculation. A list of 

cumulative cross sections of 143ce used in this work as 

monitor is given in the third column in Table 02. 

E2. Excitation functions of the 232Th{p,pXn)Th reactions 

Experimental results of these cross sections are listed 

in Table 04. Excitation functions are plotted against in-

cident proton energy in Figure 05. The individual results 

are discussed below: 
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Table 04 

c 
Experimental reaction cross sections. 



() () () 

Incident cross sections (nt>) 
proton 
energy 

23I.nt 228Th 227Th 226Th 225Ra 224Ra 223Ra (Me V) 

13 2.9 ± 2.4 a 

18 45.8 ± 5.6 

20 96.5 ± 11.2 

30 112.3 ± 12.3 

40 94.1 ± 11.9 6.6 ± 4.2 

45 109.6 ± 13.3 36.6 ± 6.5 0.8±0.5 

49 98.6±11.2 36.8 ± 6.6 4.5 ± 1.2 

51 85.8±16.3 35.9 ± 6.5 7.8±1.3 1.6±1.2 0.02 ± 0.01 

57 95.6 ± 12.3 58.2 ± 10.2 23.4 ± 2.9 3.8±1.0 0.05 ± 0.03 

64 27.7±3.0 0.19 ± 0.04 

70 100.0 ± 13.5 59.6 ± 6.5 39.8 ± 6.5 21.0 ± 2. 7 0.23 ± 0.05 -- 0.04 ± 0.03 

75 88.5±10.0 63.1 ± 9.0 39.4 ± 4.6 26.9 ± 2.6 0.33 ± 0.05 0.20 ± 0.17 0.29 ± 0.08 

85 0.44 ± 0.08 0.53 ± 0.25 0.48 ± 0.12 

90 69.9± 8.0 42.8 ± 7. 4 32.2 ± 3.8 24.1 ± 2.4 0.45 ± 0.08 0.62 ± 0.22 0.49±0.12 

a BelCM detection limit. 
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Figure 05 

Excitation functions of the 232Th{p,pXn)Th reaction 

c + : this work 

o: after (Le61), (Le62) 
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231Th. The average uncertainty of the cumulative cross 

sections is around 13% except for the one measured at 13 MeV, 

near the reaction threshold. Also shown in the figure are 

measurements from Lefort, Simonoff, and Tarrago (Le61,62). 

Disagreement between Lefort's results and those of the present 

work is large, a factor of two. Inaccuracy in the early work 

arises from insufficient information on the decay scheme 

existing twenty years ago. They measured 231Th using the 39% 

0.3 MeV betas; a modern value of these betas is 84% (Sc77). 

After the correction, Lefort's data agree with the present 

work very well. 

In the thorium chemistry, no attempt has been made to 

separate the 7.5-minute 231Ac from thorium since the actinium 

decays completely into 231Th well before the initiation of 

the chemistry. However, the measured results on 231Th can 

still be representing the independent cross section of the 

232Th(p,pn) 231Th reaction since the cross section of 232Th

(p,2p)231Ac is small, about 2mb above its reaction thresh

old, 35 MeV. This estimation is similar to that of 232Th-

(p,2p8n)223Ac mentioned in the last section. 

228Th. The reaction cross sections listed in the third 

column in Table 04 are those corrected from natural 228Th 

and the two contaminating reactions, (p,5n) and (p,2p3n). 

Also shown in the figure is a measurement at 82 MeV from 

(Le61); in their work alpha particles were counted and the 
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result does agree well with the present work. The average 

uncertainty of the cross sections is about 18% except at 40 

MeV measurement. At that energy the detection limit is around 

2.5 rob both because of the heavy contamination from the decay 

of 228Pa and because of approaching the reaction threshold. 

227Th. The reaction cross sections listed in the fourth 

column in Table 04 are those corrected for the contaminating 

reaction (p,6n). The average uncertainty of the cross sec-

tions is about 13% except those near the reaction threshold. 

The detection limit is dependent on the magnitude of contami-

t . f 227P d . 1 1 t d t b d 0 5 rob na ~on rom a an ~s ea cu a e o e aroun • • 

Also shown in the figure is a single data point at 82 MeV 

from (Le61) , which again agrees with the present work. 

226Th. The reaction cross sections listed in the fifth 

column in Table 04 are those corrected for the contaminating 

reactions (p,7n) and (p,2p5n). The average uncertainty of 

the cross sections is about 11% except those near the reac-

tion threshold. The detection limit is dependent upon the 

226 magnitude of the contamination from the decay of Pa and 

226 Ac, and is calculated to be around 1 mb. Also shown in 

the figure is again the data point at 82 MeV from (Le61) , 

which is slightly greater than those of the present work. 

The higher result reported by Lefort's group is actually 

the sum of the independent cross sections of (p,p6n) and 

those contamination cross sections from (p,7n) reaction; 
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otherwise, their result does agree with measurement in this 

work. 

E3. Excitation functions of the 232Th(p,3pXn)Ra reactions 

Experimental cross sections of these reactions are also 

listed in Table 04. Excitation functions are plotted against 

incident proton energy in Figure 06. Individual cases are 

discussed below: 

225Ra. The cumulative cross sections of 225Ra, listed 

in the sixth column in Table 04, have an average uncertainty 

of about 19% except those near the reaction threshold. Since 

no contamination is encountered in this case, the detection 

limit on cross sections is about 0.01 mb. 

224Ra. The cumulative cross sections of 224Ra, listed 

in the seventh column in Table 04, are those corrected from 

natural 228 , 224Ra and the two contamination reactions (p,p4n} 

and (p,2p7n}. The average uncertainty of the cross sections 

is about 35% owing to the very heavy contamination from the 
228 . 224 decay of natural Th and react1on product Ac. The de-

tection limit is calculated to be around 0.1 mb. 

223R a. Th 1 t . t' f 223 1' d e cumu a 1ve cross sec 10ns o Ra, 1ste 

in the eighth column in Table 04, are those corrected for 

the two contaminating reactions (p,p5n) and (p,2p8n). The 

average uncertainty of the cross sections is around 25% 
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Figure 06 

Excitation functions of the 232Th(p,3pXn)Ra reaction 

c • this work 



0 

1""1 

..0 
E 
V· 

z 
0 
·i= 
{) 
UJ 
U) 

U) 

c· U) 

0 
0:: 
{) 

z 
0 
1-
{) 
<(. 
UJ 
0:: 

102 

105 

-6 
10 

++ 

t+ 

+ ++ 
232Th(P,3P7n )223Ra x.0001 

t 
INCIDENT PROTON ENERGY 

CMeV) 

cum 



0 

0 

- 48 -

except those near the reaction threshold. The detection 

limit is calculated to be 0.02 rob mainly because of the 

estimation of the (p,2p8n) cross section mentioned in the 

last section. 

The uncertainty associated with (p,3pXn) reaction cross 

sections is higher than that in (p,pXn) reactions since 

there is low activity (low cross sections) in radium count

ing, which in turn means high statistical random error. No 

previous measurement has been made on (p,3pXn) reactions 

with proton energies less than 90 MeV. However, Lefort's 

group measured a set of data at higher proton energy (Le61), 

150 MeV; their result, around 2 rob, does agree with the in

creasing trend of the excitation functions with increasing 

proton energy. 

E4. General trend of measured excitation functions 

From the experimental excitation functions of 232Th

(p,pXn)Th with X = 1, 4-6, there are several common phenomena 

observed: (1) the experimental reaction threshold increases 

about 7 MeV with incre.asing X, namely 12 MeV for X = 1, 34 

MeV for X = 4, 40 MeV for X = 5, and 47 MeV for X = 6; (2) 

a sharp rise of the excitation function between the reaction 

threshold and the edge of a plateau is encountered for each 

X, covering an energy range about 15 MeV wide; and (3) a 

generally flat plateau which decreases only slowly on the 

high energy side is encountered for each X, no peak exists 
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in the plateau region. Accordingly, one can reasonably es

timate the behavior of the excitation functions of 232Th-

(p,pXn)Th with X other than those measured in this work. 

For cumulative results on radium, no attempt has been 

made to separate francium and radon since these radium pre-

cursors have relatively short half-lives. However, cumulative 

results on radium can be represented as independent cross 

sections as well, without any substantial error; furthermore, 

the 232Th(p,3pXn)Ra reactions investigated in this work can 

be regarded as the reactions of 232Th{p,~p(X-2)n)Ra; these 

can be justified from the summary in Table 05. 

The reaction threshold, defined as the sum of all 

separation energies and the Coulomb barrier height of all 

outgoing neutrons and/or charged particles, is calculated 

for each spallation reaction pertinent to radium and listed 

in the table. Also tabulated is the experimental threshold 

obtained by extrapolating data points back to infinitesimal 

in the excitation function. Take the case of 225Ra as an 

example: below 50 MeV no detectable cross section (< 0.01 
232 225 . mb) was measured, therefore the Th(p,2~) Fr react~on 

with a threshold near 22 MeV has too small a cross section 

to be measured; between 50 and 90 MeV the experimental ex

citation function of 225Ra rises smoothly, which probably 

implies reactions like the 232Th(p,~3pn) 225Rn with thresh

old at 70 MeV and the 232Th(p,3p5n> 225Ra with threshold at 

80 MeV have again too small a cross section to be measured. 
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Table OS 

Calculated and experimental 

reaction thresholds of interest. 



0 
Spallation Calculated Experimental 
reaction reaction reaction 
products threshold threshold 
isobar Reaction mode (Me V) (Me V) 

(p, SpSn) 
223Rn 

113.3 

(p 1 2apn) · 45.7 

2 (pi 4p6n) 
223Fr 

102.5 
2 (p 1 2a2n) 35.0 "' 60 
3 

(p, 3p7n) 
223Ra 

88.6 

(p 1 apSn) 57.7 

(p, Sp4n) 
224Rn 

107.3 

(p,2ctp) 39.7 

2 (p,4p5n) 
224Fr 

97.8 
2 (p 1 2ctn) 30.5 < 60 
4 

(p, 3p6n) 224 83.9 

(p, ap4n) Ra 52.9 

{p, 5p3n) 
225Rn 

102.8 

(p,a3pn) 70.4 

2 (p,4p4n) 
225Fr 

91.4 
2 (p,2ct) 22.2 "' so 
5 

(p, 3p5n) 
225Ra 

80.0 

(p,ap3n) 48.0 
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The only reaction mode remaining in the proton energies up 

232 225 . to 90 MeV is then the Th(p,ap3n) Ra w~th calculated 

and experimental thresholds matching each other. From the 

similar arguments, the cumulative results on 224Ra and 223Ra 

may be taken to be the independent cross sections of the 

232Th(p,ap4n) 224Ra and the 232Th(p,ap5n) 223Ra, respectively. 
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III 

THEORETICAL PREDICTION 

OF THE 232Th(p,X) REACTIONS 
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Calculation of the 232Th(p,Spallation) and (p,Fission) 

reactions at proton energies to lOO MeV is performed by 

using the fission-added Pre-equilibrium I Exciton Model pro-

gram code. The results of this theoretical calculation are 

then compared to the total fission cross sections, together 

with seventeen excitation functions. Among the latter, 

seven were measured in this work. 

A. The Spallation Data 

Generally speaking, for each spallation excitation 

function, the experimental results obtained from different 

investigators agree with one another. However, there is 

some scatter data, in particular the (p,3n) and (p,6n) 

results from (Me56). 

Meinke, Wick and Seaborg (Me56) measured the excitation 

functions of (p,3n) and (p,6n) reactions using an electro-

statically deflected proton beam at 348 MeV with thickly 

stacked foil targets. As many as 10 000 mg/cm2 copper were 

used as intermediate absorbers to reduce proton energy down 

to the desired range, namely from 348 to 20 MeV. Their 

results disagree with all other investigations both in energy 

and in cross section. They admitted that both the energy and 

cross section they calculated from experiments were very 

questionable, and therefore they suggested that "calculated 

energy values are only approximate, particularly at the lower 
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end of the energy scale", due to "initial energy spread and 

straggling of the beam"; furthe:rmore, "cross sections can 

only be considered the maximum value" because of the "ques

tionable chemical yield and attenuated beam intensity". 

Hence, their excitation functions are normalized on both 

energy and cross section to the result of the (p,3n) reac

tion investigated by Tewes (Te55), as hinted by Seaborg's 

group themselves. Although the normalized data improve the 

agreement with those results measured by other investigators 

considerably, there is still some disagreement especially at 

proton energies between 40 and 60 MeV. This is mainly be

cause of the inherent problems just mentioned above. Hence, 

the normalization should not be taken seriously. 

B. Prediction of the 232Th (p,X) ·Reactions 

Comparison between the experiments and calculation 

using the model described previously are made and discussed 

individually in the following sections. Because of the 

Monte Carlo approach to the calculation, it must be recog

nized that there is also a statistical error associated with 

the theoretical predictions. This is particularly the case 

for calculating the cross sections of complex reactions such 

as (p,XaYpZn} with large values of X, Y, and Z, where cross 

sections are as low as a fraction of a milibarn. These 

correspond to events occuring with a probability, at most, 
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of one out of every 15 000 cases. It should also be noticed 

that no normalization of calculated results to experimental 

data is needed since absolute cross sections are calculated 

directly and the only parameter is, as mentioned in the first 

chapter, the ratio of af/an. 

Bl. The total fission cross sections 

The calculation is compared to the total fission cross 

sections, measured from among (Te52), (Mc54), (TeSS), (St56), 

(Ch63), (Fr68), (Ch71), and (Ea76). The results are illus-

trated in Figure 07. At energies above 25 MeV, the experi-

mental total fission cross sections are best reproduced by 

assuming af/an = 1.05; calculation with higher or lower 

values of the ratio of af/a overestimate or underestimate -n 

the total cross sections, respectively. In the lower energy 

region, calculation with af/an = 1.10 in general gives a 

better prediction than the one with 1.05. However, in con

sidering the widely scattered data points in the low energy 

region, e.g., 21-92mb at 9.5 MeV and 350-850 mb at 18 MeV, 

the calculation will always achieve a good fit on at least 

some experimental data, providing that af/an ~ 1.05. That 

is to say, no specific value of the ratio of af/an is con

cluded in the low energy region because of the scattered 

experimental data. In all, the parameter may be narrowed 

down to the range 1.05 ~ af/an ~ 1.10 and treated indepen

dently of incident proton energy. 
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Figure 07 

Comparison between experiments and calculation 

on total fission cross sections 

f th 232 h( . . ) 0 e T p,F1SS10n reaction 

- experimental data -

• after (Te52) 

c • after (Te55) 

• after (St56) 

• . estimated from . 
(Be69) and (Cr69) 

• after (Ch63) 

.. after (Fr68) 

m after {Ch71) 

0 after (Ea76) 

... after (Mc54) 

0 
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B2. The cross sections of the 232Th(p,Xn)Pa reactions 

The calculation is compared to t~e excitation functions 

of (p,Xn) reactions with X= 1, 3, 5-7, measured from among 

(Te52), (Te55), (Me56), (Le61), (Br62), (Le62), and (Su74). 

The comparison is summarized graphically in Figure 08. All 

the five excitation functions are fitted excellently by the 

calculation with af/an = 1.05 except perhaps the (p,3n) and 

(p,5n) reactions at proton energies above 50 MeV. In this 

energy region, the calculation overestimates the (p,3n) and 

(p,5n) data, measured by (Br62), by a factor of two. A cal-

culation proceeding on the basis of af/an = 1.10 yields a 

worse result. An increase of the ratio of af/an by only 5%, 

which in turn increases the fission probability slightly, 

results in a severe underestimate of the data of (p,7n) and 

(p,6n) by factors of 20 and 10, respectively, while the (p,5n) 

cross sections are still underestimated by a factor of two. 

In the (p,3n) reaction, this calculation improves the pre

diction slightly but still overestimates the experimental 

data by 40%. Therefore, we observe that the calculation with 

af/an = 1.10 yields a larger degree of underestimation on 

the experimental data of (p,Xn) with increasing X. This is 

because at large values of X, more chances of fission com-

petition appear in the deexcitation chain of the excited 

nucleus; in other words, the probability of spallation is 

severely depleted. 

The calculation of (p,n) cross sections is insensitive 
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Figure 08 

Comparison between experiments and calculation 

in the 232Th{p,Xn)Pa reactions 

- experimental data -

... after (Te52) 

... after (Te55) 

' 
normalized (Me 56) 

.. after (Le61) 

• after (Br62) 

... . after {Le62) . 

• after (Su74) 

- calculated points -
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to the variation of the ratio of af/an at energies above 20 

MeV since the outgoing neutron in the (p,n) reactions is 

directly knocked out by the incident proton in the pre

equilibrium stage where fission does not compete with other 

decay modes. 

Despite the unsatisfactory fit to the (p,3n) and (p,5n) 

data at proton energies above 50 MeV using af/an = 1.05, a 

point of great importance is the general agreement with all 

experimental data of (p,Xn) reactions, in particular the 

impressive fits to (p,6n) and (p,7n) data. The excited com

pound nucleus formed in these reactions must deexcite to the 

reaction products by sequential emission of X neutrons and 

for each and every emission in the evaporation stage, fission 

competes with other decay modes. Any error in the formulation 

of fission would be magnified in the cross section calculation 

by successive application of the rf;ri, especially for those 

high energy data where the fissioning charge, mass, and its 

excitm±an energy are widely distributed. It is felt that the 

achievement of such a good fit without adjusting the parame

ters from case to case is particularly gratifying. 

It is highly unlikely that a calculation with af/an =1.05 

could not fit the (p,3n) and (p,5n) data while reproducing 

both the data of simple reactions like (p,n) and the data of 

complex reactions like (p,7n). In fact, the only discrepancy 

in the fit of (p,Xn) data arises from the experimental data 

from (Br62). By comparing the (p,3n) and (p,6n) data from 



0 

0 

0 

- 59 -

various investigations, we find at the peak of these experi

mental excitation functions neither the energy nor the cross 

section of the results from (Br62) agree with those of (Te55) 

and (Su74); the latter are fitted very well by the calcula

tion. Because theoretical prediction fits the peaks of all 

experimental excitation functions of {p,Xn) reactions, it is 

therefore reasonable to believe that the experimental data 

of {p,3n), (p,Sn), and (p,6n) reactions measured by (Br62) 

may be incorrect in the determination of proton energy and 

furthermore, using a monitor, in the magnitude of the reac

tion cross sections. If the data of (Br62) were shifted 10 

MeV to the lower end of the proton energy scale and the 

cross sections were multiplied by a factor of two, the data 

could be reproduced as well as other experimental results. 

B3. The cross sections of the 232Th(p,pXn)Th reactions 

The calculation with af/an = 1.05 is compared to the 

excitation functions of the (p,pXn) reactions with X = 1, 

4-6, mainly measured in this work with some sporadic data 

from (Le61) and (Le62). The fit of the calculation is shown 

in Figure 09. Except for the (p,pn) reaction discussed 

below at low energy region, the theoretical prediction on 

the experimental results is strikingly good. The discrep

ancy observed in the (p,pn) reaction in the low energy region 

is attributed to the (p,d) reaction which is beyond the scope 

of the Exciton Model used in this work. Indeed, the differ-
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Figure 09 

Comparison between experiments and calculation 

in the 232Th(p,pXn)Th reactions 

- experimental data -

0 corrected (Le61) , (Le62) 

• this work 

- calculated points -

o based on af/an = 1.05 
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ence may be assigned as a prediction of the cross sections 

of the (p,d) reaction as discussed in (Ga77A). 

The calculated (p,pn) cross sections are relatively 

insensitive to the variation of the ratio of af/an since the 

outgoing proton and neutron leave the excited nucleus pre

dominantly in the pre-equilibrium stage where fission does 

not compete with other decay modes, that is to say, the 

(p,pn) reaction may be treated as a fast, inelastic scatter-

ing reaction. 

Similarly to the case of (p,6n), a calculation based on 

af/an = 1.10 underestimates the experimental excitation func

tion of the (p,p6n) reaction, involving the multi-neutron 

emission process, by a factor of two. However, the same 5% 

rise in the calculation of (p,6n) cross sections underestimates 

the experimental data by a factor of 10, as mentioned in the 

last section. This is because unlike the more fissionable 

isotopes of protactinium in the deexcitation chain of the 

(p,6n) reaction, the excited nuclei in the deexcitation chain 

of the (p,p6n) reaction left behind by the first outgoing 

proton, are the isotopes of the less fissionable thorium; 

therefore, the (p,p6n) spallation reaction is less depleted 

by fission than that of the (p,6n) reaction. 

Kavanagh and Bell (Ka61) and Lebeyec and Lefort (Le67) 

found that, at the high energy tails of the excitation func

tions of (p,pXn) reactions at bismuth-gold region, the cross 

sections are independent of the X and of the order of 100 rnb. 
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In the present work, the measured cross sections of the 

232Th(p,pXn)Th reactions decrease with in~reasing X; this 

is due to the fact that in the 232Th(p,pXn)Th reactions with 

large values of X, the excited nuclei along the deexcitation 

chain have noticeably larger values of z2/A; therefore, the 

probability of spallation becomes smaller owing to the sig-

nificant emergence of fission competition. 

The theoretical prediction based on af/an = 1.05 yields 

a general agreement on all (p,pXn) data; coupled with the 

successful fit on (p,Xn) data mentioned in the last section, 

it is felt that the treatment of fission in the program code, 

involving different fissioning charges and masses, is generally 

supported. 

B4. The cross sections of the 232Th(p,2pXn)Ac reactions 

In order to fit the experimental data involving the 

emission of individual nucleons as well as preformed alpha 

particles, an improved version of the nucleon-alpha scattering 

dynamics by Gadioli, Gadioli-Erba, and Ferrero (Ga78A) is 

kept in the calculation. A calculation based on af/an = 1.05 

is compared to the experimental data of the (p,2pXn) reac

tions with X= 3-7, measured by Gauvin (Ga62,63). Since the 

calculation of the (p,2pXn) cross sections is less than 5 mb, 

corresponding to, at most, one out of every 300 events in the 

Monte Carlo calculation, the statistical error becomes appar-

ent. Ten thousand cascades have been run at each incident 
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proton energy pertinent to this work with an average 25% 

statistical error associated with the calculated value. The 

result of the fit is illustrated in Figure 10. 

For all the five experimental excitation functions, the 

fit at proton energies above 70 MeV is excellent; however, 

at lower energies, especially around the peaks of the exci

tation functions, the fit is not so good. The calculation 

underestimates the peak position for all the five reactions 

by 5 to 10 MeV and overestimates the peak cross section, 

except perhaps that of the (p,2p3n) reaction, by a factor 

of two. According to the interpretation of (Ka76) , the peak 

in the excitation function of the (p,2pXn) reaction may be 

attributed to the (p,a(X-2)n) process, involving emission of 

a preformed alpha particle from the excited nucleus. Even 

in the high energy tail of the excitation function the alpha

emission process still plays a significant role. For example, 

at 90 MeV bombarding energy, the (p,an) reaction counts for 

40% of the (p,2p3n) case while the (p,a5n) reaction counts 

for 95% of the (p,2p7n) case. It is therefore impossible to 

fit the high energy tail well while obtaining a bad fit for 

the low energy peak. 

The experimental data of (p,2pXn) reactions were meas

ured in the internal proton beam at the Synchrocyclotron 

d'Orsay where cross sections of the (p,Xn) reactions, badly 

fit by the present calculation, were investigated by (Br62). 

In the previous section a suggestion was made that the energy 
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Figure 10 

Comparison between experiments and calculation 

in the 232Th(p,2pXn)Ac reactions 

- experimental data -

• after (Ga62) 

• : after (Ga63) 

- calculated points -
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determined in the internal beam in the Synchrocyclotron 

d'Orsay be treated with reservation. Here the same sugges-

tion is carried over to the {p,2pXn) reactions. If the data 

points below 70 MeV were shifted about 10 MeV toward the 

lower end of the proton energy scale, fits to the experimen-

tal data would be as good as those in the high energy tail. 

The calculations of the (p,2pXn) cross sections are 

relatively insensitive to the variation of the ratio of af/an. 

This should not be interpreted as implying that all outgoing 

neutrons and charged particles leave the excited nucleus in 

the pre-equilibrium stage where fission does not compete at 

all. Rather, the insensitivity arises mainly because the 

actinium isotopes with their high fission barrier encountered 

along the neutron evaporation chain in the 232Th(p,2pXn)Ac 

reactions seldom undergo fission. 

B5. The cross sections of the 232Th(p,3pXn)Ra reactions 

The calculation based on af/an = 1.05 is compared to 

the excitation functions of the (p,3pXn) reactions with X = 
S-7, which were measured in this work. As many as 80 000 

cascades were run by Gadioli and Gadioli-Erba (Ga79) in the 

high incident proton energy region to calculate this reac-

tion which occurs with a frequency of about once in every 

3 000 events. The calculation has an average 45% statistical 

uncertainty. The fit of the (p,3pXn) data is illustrated in 

Figure 11. 
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Figure 11 

Comparison between experiments and calculation 

in the 232Th(p,3pXn)Ra reactions 

+ experimental data in this work 

o : calculation based on af/an = 1.05 
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The theoretical prediction on (p,3pXn) data is excellent, 

especially in view of the low cross sections in this calcula-

tion. The alpha peak of the (p,3p5n) reaction is calculated 

to lie near 80 MeV bombarding energy. If the McGill Synchro-

cyclotron could offer a proton beam energy up to 120 MeV, 

alpha peaks might well have been observed experimentally in 

all the three excitation functions of the (p,3pXn) reactions. 

Similar to the previous section, a calculation based on 

different values of the ratio of af/an yields the same pre

diction for the (p,3pXn) cross sections; the reason is similar 

as well. Therefore, the radium isotopes formed along the 

neutron evaporation chain of the (p,ap(X-2)n) reactions have 

very low fission probability. 

c. Summary of the Predictions 

The agreement between the calculation based on af/an = 
1.05 and experimental results of seventeen excitation func-

tions of the 232Th(p,Spallation) reactions and the total 

cross sections of the 232Th(p,Fission) process is extraordi-

narily good, especially for those complex reactions in which 

many particles are emitted. In these complex reactions the 

theory of fission is tested most severely, the competition 

of fission and other decay modes are checked many times over 

a wide range of excited muclides and excitation energies. 

Any error in the treatment of fission would therefore be 
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magnified consecutively and yield an escalating error in the 

calculated cross sections. For example, the disagreement 

between the calculated cross sections of the (p,6n) reaction 

and experimental data at 90 MeV is about 20%; this suggests 

an average error in the treatment of the fission of about 3%. 

While it is hardly believed that a simple approach with only 

a single parameter to the highly complex problem of fission 

competition is really valid at a 3% uncertainty level, the 

fact remains that the calculation does reproduce a broad range 

of experimental data with this high accuracy. 

The fit of the theoretical calculation to the experi

mental data is indeed very good, lending a solid confidence 

to the treatment of the fission. The competition among fission 

and other decay modes as well as the characteristics of the 

individual 232Th(p,Fission) remain to be examined more closely. 

This will be done in the next chapter. 
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A. Fission Probability 

The term most commonly used in discussing the competi-

tion of fission process and particle emission is the "fis-

sility", Pf. It is defined as the fractional probability 

that a nucleus fissions and is expressed as: 

= rf + r + r + r n p a 
( 07) 

where individual width ri has been defined in Eqs. (01) and 

(02) • In Figure 12 the ratio of f /f charged particle neutron 
is plotted against the excitation energy for various fission-

. l'd t d ' th 232Th( ' ' ) t' J.ng ·nuc J. es encoun ere J.n e p,FJ.SSJ.on reac J.On. 

At excitation energies below 30 MeV, this ratio is small, 

never greater than 0.001, therefore Eq. (07) is sometimes 

simplified to include only neutron emission and fission: 

= 
r -1 

(1 +~) 
f 

Here the competition between neutron emission and fission, 
rn r , is given the name 11 tissionability11 and historically 

f 

( 08) 

this is the main focus of discussions of fission. However, 

the approximation in Eq. (08) does not hold in the high ex-

citation energy region. For instance, at excitation ener-

gies > 50 MeV the ratio of the charged particle width to 

neutron width of some fissioning nuclides is greater than 
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Figure 12 

c 
The ratio of r ;r with charged particle n 

220 ~ fissioning mass ~ 233 

87 ~ fissioning charge ~ 91 
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1% and therefore competition of charged particle emission 

to fission is not negligible in this excitation energy region. 

Al. The fission barrier 

The most sensitive factor in calculating the fission-

ability and fissility, as reflected in Eqs. (02), (07), and 

(08), is the fission barrier, Bf. For most of the nuclei 

undergoing fission, the fission barrier is unknown. Myers 

and Swiatecki (My66) have found that the best way of re-

producing the limited experimental data of Bf is obtained 

by adding a semi-empirical ground state shell correction, 

~Esh' to the Liquid Drop Model (LDM) fission barrier height, 

BfLDM. The fission barriers adopted in this work, derived 

by Gadioli, Gadioli-Erba, and Moroni (Ga78), are essentially 

a modified version of Myers' semi-empirical equation: 

= (09) 

where ~GS = ground state pairing energy, 

~s = saddle point pairing energy. 

Th f . t t . th t' B LDM ' th f' . b . e ~rs erm ~n e egua ~on, f , ~s e ~ss~on arr~er 

evaluated on the basis of the LDM (Co63). Qualitatively 

speaking, this term decreases with increasing fissioning 

charge ZF and decreasing fissioning mass AF. The second term, 

~Esh' maximizes its negative value at closed-shell nuclei and 

becomes close to zero for fissioning nuclei with semi-closed 
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shell. The remaining terms, ~GS and ~s' reflect an even-odd 

effect on the fission barrier but do not exist in Myers' 

treatment. 

The calculated fission barriers from (Ga78) are compared 

to the experimental Bf within the ranges of 82 ' ZF ' 93 and 

207 ' ~ ' 240. The result of this comparison is illustrated 

in Figure 13. On the average, the calculated Bf are in good 

agreement with all experimental Bf; the average percentage 

difference between measured Bf and calculation is about 5%, 

which is well within the uncertainty of the experimental data. 

For each given ZF, calculated values of Bf form a unique 

v-shaped curve as increases ~, with the notch located at 

~ ~ 226. This is because ~Esh in Eq. (09) is minimized near 

AF ~ 226, corresponding to a half-filled neutron shell, and 

is maximized at both extremes, corresponding to nuclei near 

the N = 126 and 152 closed-shells. In addition, the even

odd effect is also seen in these v-shaped curves. This is 

due to the correction on pairing energy, as reflected by ~GS 

and ~sin Eq. (09). 

The characteristics of the barrier Bf as a v-shaped 

function of ~ are carried over to the predicted fissility 

and fissionability, which will be discussed in the following 

sections. 

A2. Fission probability as a function of z2;A 

4:) From~ earliest recognition of the relationship between 
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Figure 13 

The fission barriers 

with 82 ~ ZF ~ 93 and 207 ~ ~ ~ 240 

• calculated barrier, 
after (Ga78) 

o experimental barrier, 
after (My77) 
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fissioning nuclei and a highly excited and distorted Liquid 
z2 

Drop Model, the "fissil;ity parameter", x = 50 •13A, repre-

senting the ratio of the Coulomb to twice the surface ener-

gies in the distorted fissioning nucleus, had been known to 

be a principal factor in determining the fissionability 

(Bo39). As a simplified approach to the highly complex 

process of fission, the value of z2;A was quite often taken 

as the only factor upon which the fissionability depended. 

Although no explicit z2;A dependence is evident in the 

theoretical calculation in this work, each variable except 

those energy related factors in Eqs. (01) and {02) is indeed 

* a function of either z or A or both. At a given E , the 

fissility Pf can be calculated on the basis of Eqs. (01), 

* (02), and (07). Representative values of the Pf atE =lOO 

MeV are plotted as a function of z2;A and illustrated in 

Figure 14, covering a range of 32 < z2;A < 40 and including 

heavy elements from francium to neptunium. 

For each heavy element shown in the figure, there is 

a clearly defined convex curve for the fissility, the peak 

value of the curve increasing with increasing z. The left 

wings of these curves, representing those very long-lived 

nuclides which are frequently used as fission targets, over-

lap one another and form a general upward belt of increasing 

fissility with the value of z2;A, thus retaining the his

torical dependence of the Pf on z2;A. In each convex curve, 

the fissility increases from the neutron rich side, or from 
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Figure 14 

Calculated fissility as a function 

of z2 /A at E* = lOO MeV 
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the small z2;A value, reaches a peak and then decreases 

towards the neutron deficient side, or to the large z2;A 

* value. This trend holds for all elements at all E and 

can be attributed to the competition between the neutron 

binding energy and fission barrier height. 

The most sensitive term in determining the fissility 

is the exponential term of 

as reflected in Eqs. {01) and (02), or more clearly, related 

to the difference of {Bn + lln) to (Bf + 65). The effective 

neutron binding energy, B ff : B + ll , defined as the neu-n e n n 
tron binding energy with the correction on the pairing ener-

gy for neutron level density, increases with increasing z2;A 

when it moves toward the neutron deficient nuclei; the effec-

tive fission barrier height, Bf eff : Bf + 65 , defined in Eq. 

(02), maintains the v-shaped characteristic of decreasing 

z2;A when it moves toward the neutron rich nuclei. Hence, 

the difference of (Bn- Bf) eff first increases, then decreases 

after passing through a maximum, with increasing z2;A, which 

is in turn the behavior of the fissility shown in the figure. 

A more subtle illustration is shown in Figure 15 where 

* the fissionability is plotted against AF at some selected E • 

Calculated points are seen to define fairly distinct V-shaped 

curves for each element. More interestingly, the minimum in 
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Figure 15 

Calculated fissionability as a function of AF 

* c {a) at E = 30 Me V 

* (b) at E = 60 Me V 

* (c) at E = 90 Me V 

(d) reproduced from {Va58) 
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each curve is found at AF ~ 226. This is again due to the 

behavior of the fission barrier Bf (refer to Figure 13) • 

Furthermore, the value of the fissionability for odd-odd 

isotopes lies systematically below the adjacent odd-even 

nuclide on the right wing of the v-shaped curve; indeed the 

two may be said to lie along two different lines. For the 

odd-odd isotopes, no correction of 65 is required; however, 

for neutron emission the residual nuclide becomes odd-even 

and a correction of An is required. This reduces the neu

tron density of final states hindering the release of a 

neutron. Therefore, the odd-odd nuclide tends to be more 

fissionable and on the average emit fewer neutrons, that is 

to say, a lower rn;rf value. The opposite trend is held for 

odd-even nuclides with a result of higher rn;rf value. This 

effect is less apparent in the left wing of the v-shaped 

curves and the less fissionable isotopes of francium and 

actinium, mainly because these nuclides have fewer protons 

and neutrons and subsequently smaller corrections on 65 and 

6n. 

The left wings of all of the v-shaped curves correspond 

to nuclides on the very neutron deficient side, e.g., 216-

224Th and 218- 225u. Not a single nuclide of this kind has 

ever been used as an experimental target for a fission study 

because of its non-availability. Experimental data of the 

fissionability only exist for the right wings of these curves; 

the best known plot of the experimental fissionability was 
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made by Vandenbosch and Huizenga (Va58) and reproduced in 

Figure lS(d). Although the calculated fissionability in 

Figure lS(a) is in agreement with these experimental data, 

it should not be directly compared since their approach to 

the experimental plot is quite different from the present 

calculation which yields an exact value of fissionability 

* for each specific fissioning nuclide with a precise E • 

They calculated an average fissioning mass by accounting 

for the average pre-fission neutrons from many sources, 

having different targets, projectiles, and excitation ener-

gy. Furthermore, experimental fissionabilities were aver

* aged from different measurements at different E , implicitly 

* indicating that the fissionability was independent of E , 

* at least in the quoted E ~ 23 MeV region. In all, their 

plot may only be treated as an average fissionability vs. 

* average fissioning mass over a wide range of E • As will 

be seen in later sections, excitation energy is also an 

important factor in determining fissionability and therefore 

* cannot be neglected at even low E ; furthermore, using some 

grand average value among some other averages to draw on the 

complex fission problem clearly leads to an incomplete pie-

ture. 

* A3. Fission probability as a function of E 

As mentioned in the first chapter, the dependence of 

* fissionability on excitation energy E had been a point of 
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debate for many years. Part of the reason for the continuing 

controversy is that until ~ow no complete set of excitation 

functions were available to examine this problem. 

From Eqs. (01) and {02), fissionability is taken to be 

a function of excitation energy explicitly. If, rather, the 

* fissionability has a constant value with respect to E , the 

most obvious effect on the calculated fit would be a general 

overestimate of the peaks of complex reactions such as (p,7n) 

* at high E region, and a general underestimate fo the peaks 

* of simple reactions such as (p,n) at low E • This would be 

owing to a lower value of fissionability with respect to the 

* average at low E and vice versa. 

* Dependence of the fissionability on E has already been 

noted in Figure 15 where the V-shaped curves flatten with 

* increasing E • The fissility Pf of isotopes of thorium and 

protactinium with fissioning masses Ap pertinent to the pres

* ent work are plotted against E and illustrated in Figure 16. 

Also indicated among the curves are the Ap and the value of 

* (Bn- Bf) eff" At E {. 40 Me V, fissili ties either converge to 

infinitesimal or close to unity, depending upon whether the 

(Bn- Bf) eff is less or greater than zero. Furthermore, for 

* a given E , the fissility is higher if the (Bn- Bf) eff is 

greater since the fission is more favored due to the rela-

tively high neutron binding energy. 

* As shown in the figure, at E > 40 MeV, fissilities 

* increase with increasing E and tend to level off to unity 
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Figure 16 

* Calculated fissility as a function of E 

(a) at thorium 

(b) at protactinium 
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* * at very high E • At E > lOO MeV, fissility Pf can be 

simplified as P f :::: [1 +constant • /i* exp (~)] -\ indeed 

if the excitation energy is high enough, e.g., in the GeV 

region, the simplified Pf becomes unity or 100% fission. 

The regular dependence of the fissility on (Bn- Bf) eff 

is consistent with the observations of the convex and V-

shaped curves in Figures 14 and 15, respectively. For the 

thorium isotopes the highest (Bn- Bf) eff value is -0.08 Me V, 

d . t th f' ' ' 1 225Th h'ch . correspon 1ng o e 1ss1on1ng nuc eus , w 1 1s 

indeed the turning points of those curves pertinent to thorium 

isotopes. Similarly, the highest (Bn- Bf) eff value among 

protactinium isotopes is +1.45 MeV at the fissioning nucleus 
226Pa~ therefore all curves related to protactinium turn over 

at around AF = 226. 

As shown in Figure 16(b), isotopes of Pa with 223 ~ AF 

~ 230 have positive values of (Bn- Bf) eff; therefore the 

fissilities of these nuclides lie close to unity at an ex-

citation energy equivalent to the effective neutron binding 

energy. On the other hand, the fissilities of the remaining 

protactinium isotopes, having negative values of (Bn- Bf) eff' 

converge to infinitesimal at excitation energy equivalent to 

the effective fission barrier. For thorium isotopes, as 

shown in Figure 16(a), all fissilities converge to infinite-

simal at excitation energy equivalent to the effective fis-

sion barrier. This is because the values of (Bn - Bf) eff of 

the thorium isotopes are all negative. 
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B. Fission Information 

In the previous chapter the theoretical calculation 

has been demonstrated to predict highly successfully seven

teen experimental excitation functions of the 232Th(p, 

Spallation) reactions with incident proton energies to 100 

MeV. The program code which has been used, however, does 

not evaluate the detail of the fission. In order to obtain 

the individual fission information, a modified version of 

Gadioli's program code is made to store the fissioning 

nuclide, its excitation energy, and the fission cross sec-

tions. Calculation based on the modified code were per-

formed with 5 000 cascades with incident proton energies to 

85 MeV. 

To avoid misunderstanding, a brief example of the 

232Th(p,nF) fission is given. The probability that 233Pa, 

excited by a 45 MeV incident proton on the target 232Th, 

goes to fission is about 17.5% (refer to Figure 16(b)). 

The remaining 82.5% 233Pa then goes to neutron emission 

while charged particle emission has a relatively negligible 

probability (refer to Figure 12). The surviving excited 

nuclide after the first chance fission and followed by the 

first evaporated neutron is then 232Pa, excited to the order 

of 40 MeV. The probability of that 232Pa fissioning is now 

26.1%. Therefore, the overall probability of the (p,nF) 

happening is 82.5%x26.1% = 21.6%. If the called random 
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number in the calculation falls into this 21.6% region, an 

event of (p,nF) fission, one pre-fission neutron, an exci

* tation energy associated with fission of E F = 40 MeV, and 

f . · . l.d 232P d A d. 1 th a ~ss~on~ng nuc ~ e a are store • ccor ~ng y, e 

details of fission can be calculated from the probability 

of each individual surviving fission in a series of competing 

nuclides at their respective excitation energies along the 

deexcitation chain. 

Weighted results over all fission events, including 

the average numbers of pre-fission neutrons, the total fis-

sion cross sections, the average fissility, the average fis-

sioning charge, and mass are listed in Table 06. 

Bl. The average fission information 

The pre-fission neutrons are defined as those emitted 

in both the pre-equilibrium and evaporation stages before 

the excited nucleus fissions. For instance, if there are 

two neutrons emitted in the "long" evaporation stage after 

one neutron emitted in the "short" pre-equilibrium stage 

and finally the (p,3nF} fission occurs, there are totally 

three pre-fission neutrons counted. The average number of 

pre-fission neutrons per fission, v , is therefore the pre 
weighted average over all (p,Fission) events. 

As listed in the table, no pre-fission neutron has been 

calculated in the 8 MeV case, that is to say, the only fis

sion mode is the (p,F) reaction, having the fissioning 
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Table 06 

Calculated result of the average 

information of the 232Th(p,Fission} reaction. 



0 0 0 

Incident proton energy, 
MaV 8 20 30 40 50 60 70 85 

Average pre-fission 0.0000 1.0699 1. 7200 2.0742 2.3260 2.3251 2.3869 2.4170 
reutrons 

Total fission cross 3.4 426.4 909.6 1135.4 1164.5 1092.4 1005.3 965.0 
section, mb 

Average fissility, % 6.20 35.63 54.01 65.26 65.47 64.91 62.45 61.29 

Averag-e fissioning charge 91.000 91.000 91.000 90.994 90.976 90.945 90.897 90.807 

Average fissioning mass 233.00 231.93 231.28 230.92 230.65 230.62 230.51 230.39 

Averag-e excitation energy 
for fissioning nuclide, 13.21 16.53 20.95 26.33 32.00 39.73 46.60 48.78 
MaV 
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compound nucleus 233Pa = p+ 232Th. As the bombarding energy 

increases, the number of the ~re-fission neutrons also in

creases. At incident proton energies above 50 MeV, the num

bers of pre-fission neutrons become roughly constant although 

increasing slowly on the high energy side. This is because 

the (p,XnF) fissions with small values of X predominate in 

all kinds of fission modes. 

The calculated total fission cross sections, a summation 

of those from individual (p,XaYpZnF) fission, have been used 

to determine the best value of the only parameter in the 

present calculation, the ratio of af/an (refer to Figure 07). 

The average fissility, calculated as the fraction of 

the total fission cross sections to the total reaction cross 

sections, increases steadily with increasing incident proton 

energy, then levels off at energies above 40 MeV at around 

63%. This indicates two thirds of the total reactions go 

to fission. 

The average fissioning charge is 91, protactinium, at 

incident proton energies below 40 MeV. It implies that only 

the (p,XnF) fissions count in this energy region since ex

cited nuclides other than the protactinium isotopes in the 

deexcitation chain are not likely to fission. On the high 

energy side, the average fissioning charge gradually de

creases with increasing incident proton energy but remains 

near 91. This indicates the (p,XnF) fissions are still 

predominant throughout the energy region although some more 
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complex fissions like (p,XaYpZnF) with much lower cross sec-

tions emerge at these high energies. 

The average fissioning mass for the 8 MeV case is 233 

since the excitation energy is barely enough to initiate the 

only fission mode, the (p,F). At higher incident proton 

energies, more fission modes become available and therefore 

the average fissioning mass decreases with increasing inci-

dent proton energy. At incident proton energies between 40 

and 85 MeV, the average fissioning mass decreases from 230.9 

to 230.4; this indicates the predominant (p,XnF) fissions 

are heavily concentrated among those with X < 6, correspond

. t f' · · nucl{des 233- 227Pa. ~ng o ~ss~on~ng ~ 

The last row in the table gives information on the 

average excitation energy associated with fission at various 

incident proton energies. In the 8 MeV case, the average 

excitation energy associated with the only fission mode, the 

(p,F), is simply the sum of the incident proton energy, cor

rected to the center of the mass (CM) system from the lab 

system, and the proton binding energy of the 232Th+p system. 

Indeed, for each and every (p,F) fission there is one and 

only one excitation energy associated with fission. However, 

this unique energy distribution does not hold for fission 

modes other than (p,F) which involve pre-fission particle 

emission. In the 85 MeV case, there are 23 fission modes; 

the average 48.8 MeV excitation energy associated with fis

sion cannot reflect the actual energy distribution since 
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fission can happen at whatever excitation energy is available 

for fission owing to the Monte Carlo approach. 

A representative result of the calculated fissioning 

charge, mass and cross sections for individual (p,XaYpZnF) 

fission modes is listed in Table 07. In the highest proton 

energy case, the fissioning masses of protactinium, thorium, 

and actinium, corresponding to the (p,XnF), (p,pXnF), and 

(p,aXnF) I (p,2pXnF) fission modes, respectively, have been 

obtained. However, this should not be interpreted as indi

cating that no fission occurs in nuclides with ZF ' 87 in 

the present studies. The lowest fission cross section listed 

in the table is about 0.3 mb, corresponding to the event of 

one out of 5 000 reactions, which is the limit of the pres

ent calculation. If more cascades were run in this work, 

the more complex fission mode of (p,X~YpZnF) with large 

values of x, Y, and Z, corresponding to the fissioning nu

elides with ZF ~ 87, might have appeared in the calculation 

with cross sections < 0.3 mb. 

B2. The fissioning spectra 

The fissioning spectrum of the (p,XaYpZnF) fission, 

defined as the excitation energy distribution for the fis

sioning nucleus, is the direct reflection of the kinetic 

energies of the pre-fission particles of X alphas, Y pro

tons, and Z neutrons. For instance, the pre-fission neutron 

in (p,nF) fission at 90 MeV excitation energy may take away 
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Table 07 

Theoretical calculation of the fissioning nuclides 

and cross sections of the 232Th(p,Fission) reaction. 



0 

Fission Fissioning Fission cross sections (mb) at~ (Me V) 

IIDde nuclide 8 20 40 60 85 

(p,F) 233Pa 3.35 114.50 194.37 151.37 115.46 

(p,nF) 23~a 170.38 266.13 225.87 174.74 

(p,2nF) 23~a 141.30 204.82 200.47 157.36 

(p,3nF) 230Pa 0.23 232.34 195.73 135.64 

(p,4nF} 229Pa 175.56 117.84 89.08 

(p,SnF) 22~a 56.08 89.06 64.25 

(p,6nF) 227Pa 44.36 32.59 

(p, 7nF) 226Pa 10.16 16.76 

(p,BnF) 225Pa 4.66 

0 All (p,XnF) Pa 3.35 426.41 1129.30 1034.86 790.54 

(p,pF) 232.nt 4.18 12.19 31.66 

(p,pnF) 23~ 1.39 16.59 33.83 

(p,p2nF) 230Th 0.35 13.88 34.76 

(p,p3nF) 229Th 5.07 20.48 

(p,p4nF) 228Th 6.34 29.18 

(p,p5nF} 227Th 0.34 6.21 

(p,p6nF) 22~ 9.62 

(p,p7nF) 225Th 1.24 

All (p,pXnF) Th 5.92 54.41 166.98 

••• cont'd 
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Table 07 - CDnt Id 

Fission Fissianing Fission cross sections (n'b) at Ep (Me V) 

m:XIe nuclide 8 20 40 60 85 

(p,aF) 229Ac 0.35 1.02 1.86 

(p,a.nF) 228Ac 1.02 1.24 

(p,a.2nF) 227Ac 0.68 1.86 

(p,a3nF) 226Ac 0.34 1.55 

(p,a4nF) 225Ac 0.31 

c (p,a.5nF) 224Ac 0.62 

All (p,OXnF) Ac 0.35 3.06 7.44 

(p ,Fission) 3.35 426.41 1135.57 1092.33 964.96 
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30 MeV as its kinetic energy (this could happen if the neu

tron leaves the excited 233Pa in the pre-equilibrium stage), 

or the outgoing neutron may take away about 4 MeV as its 

kinetic energy, equivalent to twice the nuclear temperature 

of the excited 233Pa (this could happen if the neutron leaves 

the excited 233Pa in the evaporation stage). After the neu-

tron emission, the remaining excitation energy associated 

with the fissioning nuclide 232Pa, less the first pre-fission 

neutron binding energy, is therefore 54 MeV for the former 

and 80 MeV for the latter. Hence, excitation energy could 

be widely distributed. 

For each incident proton energy, the fissioning exci-

tation energy spectra of all fission modes have been binned 

into 18 energy sections in the present calculation. Results 

for those fission modes with large cross sections are shown 

in Figure 17, including fission modes of (p,XnF) with X= 

1-6 and (p,pXnF) with X = 0-4. Also shown in the figure are 

the integrated cross sections in millibarns for each fission 
( 

mode. 

Most of the 53 fissioning spectra shown in the figure 

have widely distributed excitation energies. For instance, 

the calculated fissioning spectrum of (p,nF) at 85 MeV inci-

dent proton energy, as shown in Figure 17(1A), has excitation 

energies ranging from 9 MeV to 82 MeV. It certainly should 

not be represented by a single, average value. 

There are several similarities among the (p,XnF) fis-



- 91 -

0 

Figure 17 

Spectra of the excitation energy associated 

with the fissioning nuc1ides in the 
232Th(p,Fission) reaction 

(XY) assignment: 

X = incident proton energy, y = fission mode 

0 X = 1: at 85 Me V y = A: (p,nF) 

2: 70 
y = B: (p, 2nF) 

X = at Me V 
y = C: (p, 3nF) 

X = 3: at 55 Me V y = 0: (p, 4nF) 
X = 4: at 40 Me V y = E: (p,5nF) 

X 5: at 25 Me V 
y = F: {p,6nF) = 
y = G: (p,pF) 

X = 6: at 75 Me V y = H; (p,pnF) 

X = 7: at 65 Me V y = K: {p ,p2nF) 

X = 8: at 45 Me V 
y = L: (p,p3nF) 
y = M: {p,p4nF) 
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sioning spectra with X = 1-4 in the figure. First, each 

spectrum peaks at the highest excitation energy available 

for fission. Secondly, the peak area in each spectrum rep-

resents those fission events having the least amount of 

kinetic energy carried away by those pre-fission neutrons. 

Thirdly, each spectrum has a tail on the low excitation 

energies side; this is mainly because the fissility Pf de

* creases with decreasing E (refer to Figure 16(b)). Finally, 

the tail area in each spectrum represents those fission 

events having a large amount of kinetic energy carried away 

by those pre-fission neutrons. 

For the (p,SnF) and (p,6nF) spectra, the characteristics 

mentioned above are reversed and the peak shows up at low 

excitation energies with a tail at high excitation energies. 

This is because the fissilities of the fissioning 228Pa and 
227p t' 1 . 'th d . E* a, respec 1ve y, 1ncrease w1 ecreas1ng • 

Unlike the peak-tail type of the (p,XnF) fissioning 

spectra, those of the (p,pXnF), involving an outgoing proton 

before fission, are generally flat. In the case of (p,pF) 

fission, the outgoing proton can be treated as an inelastic 

scattered particle and the remaining 232Th survives long 

enough to go into the evaporation stage where fission starts 

competing with other decay modes. The flatness implies the 

kinetic energy of the inelastic scattered proton can be any-

where from zero to the highest available energy. Again be

cause the fissility of the fissioning 232Th decreases expo-
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* nentially with decreasing E (refer to Figure 16 (a)}, the 

spectrum of (p,pF) fission has a tail at low excitation 

energies. For (p,pXnF) fissioning spectra with X = 1-4, 

these observed trends also hold despite the emergence of 

the emission of X pre-fission neutrons. At each given in-

cident energy, the (p,pXnF) fissioning spectrum rises roughly 

about 10 MeV lower than that of the (p,p(X-l)nF) fission; 

the 10 MeV difference is attributed to the emission of the 

extra pre-fission neutron. 

In all, the conclusion is made that as long as the ex-

citation energy is greater than the effective fission barrier, 

fission can occur and there is therefore a widely distributed 

spectrum for all kinds of (p,Fission} reactions. 

c. Summary of the Pre-fission Calculation 

The theoretical calculation in this work yields quan-

t . t t' d t '1 b t th 232 h ( . . ) . 1 a 1ve e a1 s a ou e T p,F1ss1on react1ons. The 

identity of the fissioning nuclide, its excitation energy, 

the numbers of pre-fission neutrons, and the fission cross 

sections for each fission mode have been evaluated. Although 

the calculated result of fission is difficult to be measured 

directly by experiment, the result may be considered as re-

liable as the theoretical calculation of the spallation reac

tions, which gave a strikingly good fit to the experimental 

data. This is because in each and every step in the calcula-
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tion, fission and spallation are interlocked with each other. 

A further support of this interlocking is discussed below. 

The proton induced spallation reaction on the heavy but 

less fissionable target, 209Bi, has been investigated by 

Lebeyec and Lefort (Le67). They found the ratio of the cross 

sections of the (p,7n} to (p,p6n) reactions at 85 Mev inci

dent proton energy, both involving seven emitted particles, 

is close to unity. However, in the present work, the same 

ratio on the more fissionable thorium target is cr(p,7n) I 

cr(p,p6n) =3mb/30mb= 0.1, only one tenth of that found 

in the bismuth region. Since both bismuth and thorium have 

fairly similar nucleon binding energies and Coulomb barriers 

for proton emission, we expect the ratio for thorium to be 

about the same as that in bismuth. The difference in the 

two cases is that the only deexcitation channel opened in 

the less fissionable bismuth is spallation, but in the thorium 

case both fission and spallation are probable. Therefore, 

the fission cross section affects the ratio. The last com-
227 petition between fission and spallation happens at Pa and 

227 232 226 232 226 . Th for Th(p,7n) Pa and Th(p,p6n) Th, respect1ve-

ly; if it goes to fission, the fission modes, corresponding 

to the respective spallation reactions, are (p,6nF) and 

(p,pSnF). The fission cross sections of these fission modes 

are 33mb and 6mb {refer to Table 07), respectively. There-

fore, one can account for the experimental facts. If the 

fission is included in the thorium case, we find the ratio 
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in thorium is indeed unity: 

a(p,7n) + cr(p,6nF) 

cr(p,p6n) + cr(p,pSnF) 
= 

3 mb + 33 mb 
= 1 

30 mb + 6 mb 

The "missing" portion in the spallation ratio of thorium is 

actually the "loss" to fission. 

The grand average of the fission calculation, such as 

the average fissioning charge, mass, its excitation energy, 

and fission cross sections, is the average over many widely 

distributed events. For instance, at 85 MeV of incident 

proton energy the average fissioning nuclide and its exci

tation energy are 230 •490.8 and 48.8 MeV, respectively. 

These represent 23 different fission modes comprising 166 

excitation energy bins with ranges of 89 ~ ZF ~ 91, 224 ~ 

* AF ~ 233, and 8 MeV ~ E F ~ 90 MeV. Hence, the true picture 

of fission, in particular of high energy fission, cannot be 

drawn simply by taking the grand average values. 

Based on the details of the fission calculation, an 

attempt has been made to explore the post-fission behavior, 

including the calculation of post-fission neutrons, nuclear 

charge distribution, and symmetric to asymmetric ratio in 

fission. These will be discussed both qualitatively and 

quantitatively in the following chapters. 
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Based on the calculated information for the fissioning 

nuclide, its excitation energy, and the fission cross sec

tion, an attempt was made to evaluate the post-fission 

neutron yield. A brief discussion of the fission process 

is given in the following section. 

A. Fission Process 

When the energetic proton strikes the target nuclide, 

either spallation or fission may occur. For the 232Th(p, 

Fission) reaction, there may be some pre-fission nucleons 

leaving the excited nucleus during the deexcitation process. 

After the emission of the pre-fission nucleons and particles, 

the remaining nucleus is elongated and contracted by the 

Coulomb and surface energies of the fissioning nucleus, 

respectively. 

When the fissioning nucleus is elongated slightly beyond 

the "saddle point" configuration, the Coulomb repulsion 

forces drive the fissioning nucleus apart. The fissioning 

nucleus then reaches the "scission point" where the highly 

deformed fissioning nucleus splits into at least two "primary 

fragments". For a "binary fission" involving a release of 

two primary fragments, the light and heavy fragments are 

designated as (ZL,AL) and (Za,AH>, respectively. In spite 

of many investigations which have been done in the past 

forty years, the basic question in fission is still open: 
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is the process from saddle point toward the scission point 

fast or slow? It is here that the different postulates of 

the post-fission charge distributions arise. As mentioned 

in the first chapter, if the motion between the two points 

is fast, the charge distribution follows the UCD postulate; 

if slow, it follows the MPE hypothesis. 

At the instant of scission, or immediately thereafter 

while the two primary fragments are still close together, 

some light nuclei, primarily alpha particles, may be emitted. 

The chances of light-nuclei accompanying fission are found 

to increase slowly with increasing z2;A value of the fis-

sioning nuclide (Lo67) and/or the excitation energy (Th66). 

Th b b 'l't f th' k' d f f' ' . 232"'h( p· ·· ) e pro a ~ ~ y o ~s ~n o ~ss~on ~n .c_ p, ~ss~.on 

reactions, interpolated from their results, is estimated 

below 0.5% of each binary fission in this work. On t~e 

other hand, there is a possibility that the fissioning 

nucleus may split into three fragments of comparable mass 

and hence called "ternary fission". Previous experiments 

indicated that the probability of ternary fission is both 

excitation energy and fissioning nucleus dependent {Ya68). 

The ratio of ternary to binary ssion events in 232Th(p, 

Fission) reactions is estimated around 10-7 . Hence, fis-

sions other than binary may be ignored in the present cal-

culation owing to their low frequency. 

In a time period of about lo- 20 second after scission, 

the primary fragments reach their maximum kinetic energy (Ya68). 
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Some of the outgoing neutrons are emitted within this period. 

Whether these neutrons are emitted at scission or in the 

short post-fission period is very difficult to verify ex

perimentally. In the present work these neutrons, usually 

designated as "scission neutrons" or "central neutrons", are 

treated as being emitted from the primary fragment, rather 

than the fissioning nuclide. 

Under all these simplified situations the sum of the 

two fission fragment charges and masses, z.;. + z~ and AL + ~, 

are equal to the fissioning charge ZF and mass ~, respec

tively. In this work the primed quantities refer to the 

primary fragments, and those subscripted L and H to light 

and heavy masses, respectively. 

Most of the outgoing neutrons, however, are emitted 

from the fully accelerated fragments. Fraser (Fr52) showed 

that experimental data indicate most of the outgoing neu

trons are emitted at times shorter than 4 x lo-14 second 

after scission, as expected from evaporation theory. All 

kinds of outgoing neutrons which are emitted from fully 

accelerated primary fragments then are called "fragment 

neutrons". Collectively, scission and fragment neutrons are 

referred to as "prompt neutrons". 

Similar to the evaporation calculation in the spalla-

tion reaction, charged particle emission in the post-fission 

deexcitation stage has to be considered. However, experi-

mental data compiled by Vandenbosch and Huizenga (Va73) 
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showed that charged particles emitted in fission appear 

predominantly at right angles to the primary fragment tracks. 

Hence, charged particles are emitted preferentially at 

scission, rather than evaporated in the post-fission period. 

In the present calculation, prompt neutron emission is con-

sidered as the only deexcitation mode as long as the exci-

tation energy is greater than the neutron binding energy. 

After the emission of all prompt neutrons, the fragment 

finally loses the remaining excitation energy by the "prompt 

gammas". Maier-Leibnitz, Armbruster, and Specht (Ma65) 

compiled fission data and showed that approximatelylo-11 

second after scission, prompt gammas appear. Comparison of 

the average lifetime with the Weisskopf estimate for ~ 1 MeV 

gamma indicates that only Ml and E2 radiations are important 

for the majority of the prompt gammas. After the gamma 

emission, the cooled fragments are then referred to as 

"secondary fragments" or "independent fission products". 

The light and heavy independent fission products are desig

nated as (ZL, ~) and (ZH , ~), respectively. The unprimed 

quantities in this work refer to the independent fission 

products. The following properties of fragments and prod-

ucts are therefore maintained: 

Z' z L = L' 

where vL and vH are the numbers of prompt neutrons associated 

with light and heavy fragments, respectively. 
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The independent products are in most cases radioactive 

and the final stage of the fission process is the radio

active decay of the independent products, accompanied by 

"delayed gammas", to the stable end products. Some radio-

active decays in mass chains 85-90, 92-94, 98-99, and 134-

144 lead to a level which is neutron-unstable (Wa69). Hence, 

"delayed neutrons" may be emitted from the neutron-unstable 

nuclides. The radioactive half-lives of these nuclides, 

ranging from 10-l to 102 second, control the emission period 

of delayed neutrons. The sum of prompt and delayed neutrons 

is defined as "post-fission neutrons", including ail neutrons 

emitted after scission. Since the number of delayed neutrons 

is low, about 1% of the prompt neutrons (Ke57), it is not 

counted in the present calculation; the prompt neutrons 

evaluated in this work are therefore considered to comprise 

the post-fission neutrons. 

B. Calculation of Properties 

of the Primary Fragments 

The total excitation energy of the two primary frag

* ments, E T' may be calculated from the following equation: 

* E T = * E F + l.l.M - EK (10) 



0 

0 

- 101 -

* where E F = excitation energy associated with the fissioning 
nucleus with charge ZF and mass ~' 

= the total kinetic energy for the primary frag-
ments, 

M(Z,A) = mass excess of nucleus with charge Z and mass A 
in MeV. 

Here the Ek is actually derived from the Coulomb repulsion 

forces between the light and heavy fragments at scission. 

* Immediately after the scission, E T can be further split 

into: 

* * 

* E T * * = E L + E H 

where E L and E H are the internal excitation energy asso-

(11) 

ciated with the respective primary fragments. This internal 

excitation energy is used for post-fission neutron evapora-

tion, using the same theory of evaporation discussed in 

earlier chapters. In order to calculate the prompt neutrons 

vL,H as a function of primary fragment mass AL,H' each and 

every energy term in Eqs. (10) and (11) must be evaluated; 

these are discussed in the following sections. 

Bl. Mass difference at fission, ~M 

The total excitation energy carried away by primary 

* * fragments, E T' is determined by E F' ~M, and Ek, as reflec-
* ted in Eq. (10). To calculate theE T' the energy terms ~M 

* and Ek must first be evaluated. The leading term E F on 

the right hand side of the equation has been evaluated in 
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the last chapter. The second term ~M is the mass difference 

in MeV between the fissioning mass M(ZF,AF) and the primary 

fragment masses M(ZL,AL) and M(ZH'AH>· The mass formula 

adopted in the present calculation is the most recent one 

derived by Myers {My77) , which is based on the Droplet Model 

with shell and pairing energy corrections. In order to 

simplify the calculation, all shape factors in the mass 

equation are taken as unity. 

The fissioning mass M(ZF,AF) can be calculated directly 

using the mass equation. The fragment mass, however, has to 

be averaged over a range of nuclear charges, Z, since for 

each primary fragment mass chain there is a charge distribu-

tion. The distribution of nuclear charge is assumed to be 

Gaussian in the proton energies pertinent to this work. 

Hence, the fragment mass can be evaluated by the following 

equation: 

with 

M(Z' ,A') = l: p(Z) • M(Z,A') 
z 

p (Z) = 1 -· 

where p(Z) = fractional chain yield of fragment having 
charge Z in mass chain A', 

C = Gaussian distribution constant = 1.4. 

(12) 

The C = 1.4 is taken from the latest result of 232Th(p,Fission) 
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reaction data, estimated by Baker and Choppin (Ea76). Using 

the two extreme postulates of charge distribution, namely 

the UCD and MPE, the most probable charge Z (A'), defined p 

in the first chapter, is evaluated. The calculated average 

fragment mass is found to be relatively insensitive to the 

Zp(A') based on different postulates. This is because the 

Gaussian distribution tends to wash out the effect of dif-

ferent values of Zp(A'). 

Representative results of the mass difference ~M for 

some fissioning nuclides, ranging from 232Th to 240Pu, are 

plotted against the AB and illustrated in Figure 18(a). Also 

shown in the figure are calculated mass differences for 

th 1 t . d d f' . 233 d 239p f erma neu ron ~n uce ~ss~ons on U an u rom 

Milton (Mi62) who used a rather simple Liquid Drop Model 

mass equation derived from Cameron (Ca57). The present 

234 240 . calculation of ~M on U and Pu ~s actually a refinement 

. 233 239 
of Milton's evaluat~ons of ~M on U(~h'F) and Pu(nth' 

F), respectively. The even-odd effect in the present cal

culation is clearly reflected in the figure, while the smooth 

curves from Milton do not include the pairing energy correc-

tion. In this figure, all curves and calculated points show 

a peak in 6M near AB ~ 132 and a fall-off in ~M on the high 

AB side; this is because of the maximum shell correction for 

those fragments with N = 82 closed-shell in the former and a 

fairly large, negative shell correction for those very asym-

metric fragments with semi-closed neutron shells in the latter. 
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0 

Figure 18 

Calculated ~M and Ek in the present work 

c (a) calculated ~M at scission 

(b) synthetic Ek for the 232Th{p,Fission) 
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B2. Total kinetic energies for the primary fragments, Ek 

Quite a number of fission experiments confirmed that 

the Ek, the total kinetic energy averaged over all fragment 

masses, is nearly independent of the excitation energy. 

Furthermore, experimental results indicated a fairly sys-

- 2 l/3 . tematic variation of the Ek with the Z F/AF ; th~s is 

understandable since the kinetic energy of the primary 

fragments at infinite distance is equal to the Coulomb 

repulsion forces at scission, using z2F/AF113 as the Coulomb 

energy parameter. Viola (Vi66) concluded that an empirical 

formula can fit experimental data of Ek over the range of 

aoo < z2 /A 113 < 1650: F F 

Ek = 0.1071 • z2 F/~ 113 + 22.2 Mev 

In addition to the dependenc~ of the Ek on ZF and AF' 

the total kinetic energy is also found to be a function of 

fragment mass. Experimental plots of Ek(AL,AB> vs. AB for 

fissioning nuclides heavier than 226Ac, as shown by Britt 

et al. (Br63A) and Croall and Cuninghame (Cr69), generally 

( 13) 

yield a dip in Ek for a symmetric mass division, a prominent 

peak in Ek for fission leading to AB ~ 132, and a decrease 

of Ek at AB > 132. An example of an Ek (Ai,AB> vs. an Af:I 

plot of the 232Th(p,Fission) with 13 MeV protons (Cr69) is 

reproduced in Figure 18{b). The fall-off in Ek for very 

asymmetric mass division leading to high AB value has a 
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slope similar to that of the mass difference shown in Figure 

l8(a), suggesting that simple energetic limitations have 

become relevant for these mass splits. The peak of Ek at 

AB ~ 132 strongly suggests that the shape of these fragments 

become essentially spherical, resulting in a shorter distance 

between the two charge centers of fragments at scission, which 

in turn yields high Ek. 

The effect of increasing e~citation energy is to de-

crease the characteristic structure of Ek(AL,AB> vs. AB men

tioned above. This is not because the excitation energy 

destroys the shell effect but because at high excitation 

energy multi-chance fission with several other fissioning 

nuclei is introduced. This argument is further backed by 

the decrease of characteristic structure of Ek(AL,AH) vs. 

AB observed for fissioning nuclei lighter than 226Ra (Un69). 

Based on these experimental data, a universal synthetic func-

tion of Ek(AL,AB> is constructed in order to evaluate the 

total kinetic energy for the primary fragment pair (AL,AB> 

from fissioning nuclide (ZF,AF). The synthetic kinetic ener

gy distributions of the fissioning nuclides 233 , 232Pa, cor-

responding to the (p,F) and (p,nF) fissions in this work 

are plotted against AB and also illustrated in Figure 18(b); 

the weighted average of the two synthetic curves is designed 

to match the experimental data shown in the same plot. 

Since the magnitude of the Ek and the mass difference 

* ~M at scission are essentially independent of E F' the energy 
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contributed from the fissioning nucleus alone is therefore 

D.M - Ek. This quantity, ranging from 10 to 30 Me V, is de-

* pendent upon the AL,AH, ZF, and AF. Adding the term E F 

to D.M- Ek, the resultant becomes the total excitation energy 

at scission and is subsequently transferred to the internal 

excitation energy of the primary fragments. These energies 

give rise to the prompt neutrons and prompt gammas as the 

deexcitation of fragments occurs. 

B3. Internal excitation energy of the primary fragments, 

* ~L,H 
* In the present calculation, the E T is divided such that 

* the internal excitation energy E L,H is proportional to its 

mass: 

= = (14) 

This is equivalent to an assumption of thermal equilibrium 

at the scission point. If the neutron binding energies for 

each fission fragment is the same, the prompt neutron dis-

tribution should be observed as a linear function of primary 

fragment mass A' with the assumption. However, this assump

tion may be invalid for spontaneous fission and very low 

energy fission such as the (nth'F) reaction. Measurements 

of the prompt neutron distribution in these fissions showed 

a unique "saw-tooth" characteristic (Va73}. With increasing 
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excitation energy, the strong saw-tooth variation of the 

prompt neutron distribution is fairly rapidly washed out. 

Bishop et al. (Bi70) found that U(p,Fission) with 10 MeV 

protons yields a distinct saw-tooth curve for the prompt 

neutron distribution; however, at around 20 MeV of incident 

proton energy, the saw-tooth character disappears and the 

curve becomes relatively linear. This is presumably because 

the shell effect is washed away at high excitation energy 

involving multi-chance fission, resulting in a tendency 

toward thermal equilibrium at scission. The fact remains 

that at proton energies pertinent to this work, the thermal 

equilibrium assumption is supported by the experimental ob-

servation in (Bi70). 

B4. Prompt gamma ray energy, E y 
* After the internal excitation energy E L,H is assumed, 

the prompt gamma ray energy Ey must be deducted from it 
L,H 

in order to obtain the net energy available for the evapo-

ration of prompt neutrons. 

Experimental results, as summarized by Vandenbosch and 

Huizenga (Va73), show that the total prompt gamma ray ener-

gies are dependent upon neither the excitation energy nor 

the identity of the fissioning nucleus. This is because 

the prompt gamma emission occurs only at the last stage of 

deexcitation of the fission fragment, losing all memory about 

the pre-fission identity. There are typically about eight 
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prompt gammas per fission with an average energy about 1 MeV/ 

gamma, resulting in a total prompt gamma ray energy of ap-

proximately 8 MeV (Va73). This is due to the sum of the 

remaining excitation energies for each fission fragment being 

too small to overcome the average 8 MeV neutron binding ener-

gy and neutron kinetic energy, thereafter appearing as the 

energy for gamma ray emission. 

The prompt gamma ray energy E has been found to be 
YL,H 

a function of fragment mass in thermal neutron induced fis-

sion and spontaneous fission. Similar to the prompt neutron 

distribution in very low energy fission, a saw-tooth charac-

ter is also observed in the prompt gamma distribution. How-

ever, there are no prompt gamma yields measured at high ex-

citation energy; whether this saw-tooth character is washed 

out at high excitation energy is not known. The gamma ray 

energy distribution is assumed in the present calculation 

as: 

= {15) 

with 

Since there is no experimental support for the idea 

in Eq. (15), one may argue that other versions of the E y 

distribution, in particular a synthetic saw-tooth function, 
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may give a better prediction. Although the present assump

tion of the E distribution may not be the best one, the y 

error in the energy dissipated by gamma rays in a single 

fragment cannot be more than 2 MeV. In considering this 

small uncertainty, it is believed that the present treatment 

of E is sufficient and further refinement is not necessary. y 

BS. Neutron binding energy, Bn 

To evaporate a prompt neutron in the deexcitation of a 

* fission fragment, the internal excitation energy E L,H must 

be large enough to overcome the binding energy of the least 

bound neutron of the fission fragment. During the deexcita-

tion of the fragment, there is a competition among neutron 

emission, charged particle evaporation, and gamma ray emis-

sion. The chance of charged particle evaporation is assumed 

to be zero for the reasons given in the previous section; 

gamma ray emission is also assumed to be zero during the 

neutron evaporation stage since the time period required for 

the observed prompt gamma emission is much longer than that 

of prompt neutron emission. Hence, as long as the internal 

excitation energy is greater than the neutron binding ener-

gy, prompt neutron emission is considered as the only de-

excitation mode. 

Early investigators frequently applied an average neu

tron binding energy B for estimating the prompt neutron 
n 

yield: for instance, B = 7 MeV was suggested by Levy (Le57). 
n 
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Using the average Bn can avoid the complexity of Bn calcu

lation since the nuclear charge distribution in the fragment 

mass chain must be evaluated first. However, an average Bn 

may lead to an erroneous prediction of the prompt neutron 

yield. Since the excited fission fragments are mainly neu-

tron rich and far from beta stability, the average Bn is 

then greater than the actual binding energy of the primary 

fragment. 

In order to take account of the variation of B on 
n 

fragment mass and charge, the binding energy is calculated 

in this work, using the same mass equation as in Eq. (12). 

Since the most probable charge of that particular fragment 

mass chain is not necessarily an integer, the even-odd 

correction inherent in this equation is the weighted average 

between the nearest two integers of Zp. The Bn evaluated 

by this equation is therefore more realistic than any sug

gested B value. 
n 

To ensure the accuracy of the B value and the correct
n 

ness of the shape dependence, a library of Bn for those 

fragments near the N = 82 closed-shell is used in the pres-

ent work. This B library, covering a range of 48 ' z ' n p 
57 and 130 ' A' ' 141, is compiled with data from Myers 

(My77) and activated whenever the value of Z and A' of p 

fission fragment falls in the library range. Under these 

kinds of treatments, the neutron binding energies used are 

estimated to have an uncertainty of less than 0.5 MeV. 
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B6. Kinetic energy of the prompt neutrons, KEn-

The average kinetic energy of prompt neut~ons observed 

experimentally is approximately 2 MeV for very low energy 

fission {Va73). This approximately corresponds to twice 

the nuclear temperature of the fission fragment. Similar 

to the treatment of evaporation discussed in earlier chap

ters, the kinetic energy of the prompt neutron is taken as: 

KEn{A') = 2T = 2 (16) 

where the neutron level density parameter an is essentially 

* taken from the result of Lang (La61) and E (A') is the in-

ternal excitation energy in fission fragment A'. It is 

thought that the method used here to determine KEn is suffi

cient enough to reproduce the 2 MeV kinetic energy observed 

in experiments. 

c. Calculation of the Numbers of PromEt Neutrons 

From Eqs. (10) to (16) one finds the prompt neutron 

* yield is mainly dependent upon the E F' ~M, Ek, and Bn. 

The prompt neutron yield may become large if a large value 

* of E F + ~M - Ek and a small Bn are encountered in the de-

excitation of primary fragments or vice versa. 

The prompt neutron yield for each primary fragment can 

be evaluated using the fission information calculated in the 
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last chapter and equations discussed in the last section. 

An example of the calculation is given below. 

In the 232Th(p,Fission) with 85 MeV incident proton 

energy, one of the 166 bins of input information is (ZF, 

* ~~ E F' aF) = (91, 232, 81.30 MeV, 20.28 mb}, representing 

the (p,nF) fission with 20.28 mb probability having 81.30 

MeV associated with the fissioning nuclide 2;iPa (refer to 

Figure 17(1A)). A calculation of the mass division of 

<AJ..,A.fJ> = (76,156) is implemented, where AF = Ai +A.fJ· The 

mass difference calculated from Eq. (10) yields 6M = 164.82 

MeV. The total kinetic energy of the primary fragments is 

evaluated from the synthetic formula and found to be Ek = 

147.47 MeV. Therefore, the total excitation energy becomes 

* * ET= E F + 6M- Ek = 98.65 MeV. The internal excitation 

* * energy is divided using Eq. (14), resulting in E L = E T • 

* AJ..I~ = 32.32 MeV and E H = 66.33 MeV. The prompt gamma 

ray energies are estimated using Eq. (15) , yielding EY = 
L 

2.62 MeV and EY = 5.38 MeV. The net energy available for 
H * 

prompt neutron emission hence becomes E L H - Ey , or 
' L,H 

29.7 MeV and 60.95 MeV for the light and heavy fragments, 

respectively. By using the estimated B and KE values in n n 

the deexcitation process of the primary fragment, the fol-

lowing numbers of prompt neutrons are obtained: 

and 
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The actual prompt neutron yield at AB. = 156 is weighted among 

all other yields cal?ulated from each individual bin of in

put information on the basis of oF. The weighted prompt 

neutron yield in this example is vH(AH = 156) = 4.48. 

Cl Th umb f t t . th 232Th( . . ) • e n ers o promp neu rons ~n e p,F~ss~on 

reaction 

The prompt neutron yield for each primary fragment with 

mass ranging from 76 to 167 is calculated for the 232Th(p, 

Fission) reactions to 85 MeV. Results are illustrated in 

the upper part of Figure 19, where the incident proton ener

gy is also labelled. The uncertainties associated with the 

calculation, including the estimated error in 6M, Ek, KEn, 

Bn, Er' and input information of fission, are about 15% in 

the 8 MeV case and about 30% in the 85 MeV case. As shown 

in the figure, the prompt neutron distributions at different 

incident proton energies, except perhaps the 8 MeV case, 

display some common patterns: (1) for each primary fragment, 

the prompt neutron yield increases with increasing incident 

* proton energy; this is due to the increase in E F; (2) for 

each case the prompt neutron yield in primary fragment mass 

region AL < 90 and AB > 140 tends to level off; this is 

because the energy contributed from the fissioning nucleus, 

6M - Ek, decreases when the mass division becomes very asym

metric (refer to Figure 18 (a) and (b)) and hence gives a 

* smaller E T for prompt neutron emission; (3) for each case 



0 . : 

- 115 -

Figure 19 

Prompt neutron distribution as a function 

of primary fragment mass 

calculation of 232Th(p,Fission) in this work 

•: experimental data of 238u(p,Fission), after (Bi70) 

•= experimental data of 230Th(a,Fission}, after (Br64) 
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the prompt neutron yield generally increases with increasing 

primary fragment mass in the region of 90 ~ A' ~ 140: this 

is mainly because of the assumption of thermal equilibrium 

in the total excitation energy split at scission; and (4) 

the prompt neutron yield, regardless of incident proton ener

gies, peaks at AB ~ 135: this is because of the low Bn for 

those fragments having extra neutrons outside of the N = 82 

closed-shell; another peak related to the N = 50 closed-shell, 

to a lesser extent, is also observed in the figure near A£ ~ 
86. 

Unlike the situation in high energy bombardments, the 

prompt neutron distribution in the 8 MeV case keeps a saw

tooth shape, having its peak at symmetric mass division, that 

is, at AH = A£ ~ 116. This is because the dip in Ek at the 

symmetric mass division of the only fissioning nuclide 233Pa 

is quite deep (refer to Figure 18(b)), which in turn gives 

* a large E T for prompt neutron evaporation. 

There is no direct fit of the predicted prompt neutron 

distributions as a function of primary fragment mass in the 
232Th( ' . ) t' ' ' 1 t p,F1ss1on reac 10n s1nce no exper1menta measuremen 

has been done. However, some measured prompt neutron dis-

tributions in other fission reactions are reproduced in the 

lower part of Figure 19 in order to make a comparison of the 

shape and magnitude of the distribution curves. The experi

mental data include the prompt neutron distribution of 
230Th(a,Fission) with 29.5 MeV alpha, measured by Britt and 
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Whetstone (Br64) and 238u(p,Fission) with 11.5 MeV and 22 

MeV protons, measured by Bishop et al. (Bi70). 

The saw-tooth character in the prompt neutron distribu

tion as a function of primary fragment mass of the 238u(p, 

Fission) with 11.5 MeV is clearly observed. However, at 

22 MeV, the saw-tooth character is washed out. This experi

mental fact reappears in the present calculation of the 

prompt neutron distribution of 232Th{p,Fission) at 8 MeV 

and 20 MeV. The increase in the prompt neutron yield with 

increasing fragment mass is also observed in the 238u(p, 

Fission) with 22 MeV protons and 230Th(a,Fission) with 29.5 

MeV alpha. 

On the other hand, the experimental shape and magnitude 

of the prompt neutron distribution of 230Th(a,Fission) with 
234 29.5 MeV alphas, representing a compound nucleus U ex-

cited to 24.1 MeV, is very similar to the calculated result 

of 232Th(p,Fission) with 30 MeV protons, corresponding to a 

compound nucleus, 233Pa, excited to 35 MeV. The similarity 

* implies the total excitation energy E T available for prompt 

neutron evaporation is about the same. In order to obtain 

* * the same E T in two different cases with different E F' the 

term AM- Ek' according to Eq. (10), has to balance the dif

* ference in E F" Since the Ek are about the same for both 

fissioning nuclides 234u and 233 Pa, we expect the AM of 
234u to be greater than that of 233Pa by an amount of 35 -

24 = 11 MeV throughout the fragment mass region. We indeed 
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observe this amount of mass difference AM {refer to Figure 

18(a)), indicating the present calculation is consistent 

with experimental data. 

C2. The numbers of post-fission neutrons in the 232Th(p, 

Fission) reaction 

The total numbers of post-fission neutrons, "post' is 

the sum of post-fission neutrons from both light and heavy 

primary fragments. As mentioned earlier, delayed neutrons 

are not considered due to their relatively small contribu-

tion and hence prompt neutrons are id.entical to the post-

fission neutrons in the present calculation. 

A brief example of the present calculation has been 

given at the beginning of this section for one of the input 

bins of information of 232Th·(p,Fission} at 85 MeV; for a 

mass division leading to AB = 156, the total number of 

prompt neutrons in that particular example is found to be 

9.66. Weighted over all input bins on the basis of OF' the 

V post at a mass division leading to AB = 156 is found to be 

6.92. Results of the calculated "post of 232Th(p,Fission) 

reactions at different incident proton energies are plotted 

against 

part of 

the heavy fragment AH and illustrated in the upper 

Figure 20. The labelled value v t is the average pos 
number of post-fission neutrons per fission and will be 

discussed later. 

Again, the experimental results of the post-fission 
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Figure 20 

Post-fission neutron distribution 

as a function of heavy fragment mass 

calculation of 232Th(p,Fission) in this work 

•: experimental data of238u(p,Fission), after (Bi70) 

•: experimental data of 230Th(a,Fission), after (Br64} 
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• 

neutron distribution as a function of heavy fragment mass 

of the 238u(p,Fission) ~d 230Th(a,Fission) reactions are 

reproduced in the lower part of Figure 20. In general, both 

the calculated and experimental v t decrease with increasing pos 
AB; in other words, vpost in symmetric mass division is slight-

ly greater than that in asymmetric mass division. This is 

mainly because the term ~M in the symmetric mass division 

region is greater than that in the asymmetric mass division 

region (refer to Figure lB(a)) which in turn gives a larger 

* E T for post-fission neutron evaporation. 

Just as with comparison to the prompt neutron distribu

tion, the present calculation of the vpost of 232Th(p,Fission) 

still maintains the basic trends, in particular the shape 

and magnitude, of those found in other heavy element fissions. 

The average number of post-fission neutrons per fission, 

v t' can be evaluated by weighing each v t value by its pos pos 
fragmental mass yield. Croall and Cuninghame (Cr69) have 

measured the mass yield for primary fission fragments in 
232Th(p,Fission) with incident proton energies to 53 MeV. 

Their mass yield curves are reproduced in Figure 21. In 

order to evaluate the vpost at incident proton energies per

tinent to this work, the mass yields for primary fragments 

are either directly taken or interpolated from Figure 21, 

up to and including 45 MeV incident proton energy. For those 

evaluations involving higher incident proton energies, the 

shapes of the mass yield curves are assumed to be the same 
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Figure 21 

Fragmental mass yield curves for the 
232Th(p,Fission) reactions with protons to 53 MeV, 

after (Cr69) 
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as the experimental result in the 53 MeV case. This assump-

tion is supported by two experimental facts. First, the 

measured total fission cross sections are relatively constant 

throughout this proton energy region (refer to Figure 07) , 

and second, the cumulative cross sections for each fission 

product, measured by Yaffe and eo-workers in (Pa58A), (Fo66), 

(Mc71), (Di78), and (Di79), are found relatively insensitive 

to the variation of proton energies providing it is greater 

than 50 MeV. These observations imply both the shape and 

magnitude of the mass yield curve for the fission product 

are relatively constant in this energy region. The mass 

yield curves for primary fragments, although not exactl.Y the 

same as that of fission products, are therefore similar to 

one another in this energy region. 

Based on the mass yield curves discussed above, the 

vpost is estimated at different incident proton energies; 

it ranges from 3.75 neutrons in the 8 MeV case to 7.54 neu-

trons in the 85 MeV case. In order to make a comparison to 

those experimental vpost in other heavy element fissions, 

all calculated and experimental v t are labelled to the pos 
respective distributions in Figure 20. The consistency 

found in the prompt neutron distributions between the exper

imental result of 230Th(a,Fission) with 29.5 MeV alpha and 

the predicted values of 232Th(p,Fission) with 30 MeV protons 

reappears in the comparison of vpost• Here the experimen

tal v t is found to be about 4.7 neutrons/fission in the pos 
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former and the calculated vpost results to be about 4.8 

neutrons/fission in the latter, which is indeed in good 

agreement. 

The average number of pre-fission neutrons per fission, 

vpre' have been discussed and calculated in the last chap-

ter. The v and V post at different incident proton en er-pre 
gies are listed in Table 08 and illustrated in Figure 22. 

The last column in the table shows the average total neutron 

yield per fission vtotal' which is the sum of vpre and vpost. 

As mentioned in the last chapter, the v increases with pre 
increasing incident proton energy to 50 MeV, mainly because 

more fission channels are continuously becoming available. 

At higher bombarding energy, the vpre levels off to about 

2.5 neutrons/fission; this indicates that (p,XnF) fissions 

with X = 0-6 predominate. The pre-fission neutron curve is 

cut off at around 9 MeV, equivalent to the threshold of the 

(p,nF) fission where the first pre-fission neutron appears. 

The vpost' however, increases steadily with increasing in-

* cident proton energy. This is because the E F also increases 

steadily. The post-fission neutron curve has to be cut off 

at the experimental fission threshold of 3 MeV, found by 

Choppin, Meriwether, and Fox {Ch63). The vtotal' as shown 

in the plot, therefore increases with increasing incident 

proton energy. 



0 

0 

- 124 -

Table 08 and Figure 22 

Calculated numbers of fission-related neutrons 

in the 232Th(p,Fission} reaction 
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D. Summary of the Post-fission Neutron Calculation 

Details of the pre- and post-fission neutron distribu-

t . f h 232Th( ' . ) 'th . 'd t . 1ons o t e p,F1ss1on w1 1nc1 ent pro on energ1es 

to 85 MeV have been calculated. Results of the predictions 

of the shape and magnitude of the distribution are found to 

be in good agreement with experimental data for other heavy 

element fissions, lending confidence to the present treat-

ment of post-fission deexcitation. 

The calculation of post-fission properties is very 

sensitive to the use of the mass equation. The fissioning 

nucleus mass, the primary fragment masses, and the neutron 

binding energy are all determined by the mass equation in 

order to calculate the prompt neutron yield. The mass 

equation adopted in this work is the one derived by Myers 

(My77) on the basis of the Droplet Model, a refinement of 

the Liquid Drop Model. It has been reflected in Figure 

18(a} that a relatively simple Liquid Drop Model mass equa

tion in some cases gives as much as 8 MeV difference in AM 

to the present calculation; this corresponds to a difference 

of about 1.1 prompt neutrons evaluated later. Hence, using 

the Droplet Model mass equation, rather than a simplified 

one, is considered to be necessary in this work in order to 

keep the precision throughout the calculation. 

The evaluation of the prompt neutron yield is indis-

pensable for the prediction of nuclear charge distribution 
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in fission. The present treatment of post-fission deexci

tation is therefore carried over to the next chapter. 
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The three different postulates of nuclear charge dis-

tribution in fission, namely, the Equal Charge Displacement 

(ECD) rule, the Unchanged Charge Distribution (UCD) postu

late, and the Minimum Potential Energy (MPE) hypothesis, 

have been briefly discussed in the first chapter. The most 

probable charge Z based on each postulate has been calcu-
. p 

lated and compared to the experimental data for both thermal 

neutron induced fission and 232Th(p,Fission) reaction in 

this work. 

A. The Postulates 

Nuclear charge distribution is perhaps one of the least 

understood aspects of the fission process. Three postulates 

have been successful in interpreting some but not all ex

perimental results. These are the ECD, MPE, and UCD. 

(1) ECD rule. This postulate (Gl49) assumes that the most 

probable charge Zp for each primary fragment A' in binary 

fission is equally distant from the most stable charge along 

isobar A' , Z A (A' ) : 

Z (A' ) - Z (A! ) A L p --r, = 

or (17) 

Zp(ECD) = 
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The original proposal of the ECD rule implied that the 

nuclear charge division occurs at the scission point and 

that primary fragment masses should be applied to the equa-

tion. OWing to the early day confusion of "fragment" and 

"product", however, the formulation of the ECD rule outlined 

in (Gl49) was actually based on a nuclear charge division 

at the post-fission stage where observed fission products 

were applied. The empirically derived ECD rule, having 

nuclear charge division at either primary fragments or fis-

sion products, is arbitrary in nature. The former may be 

understood as a permanent rearrangement of nucleons achieved 

well before the scission point during the fission process. 

The latter, however, requires even a pre-arrangement of the 

numbers of prompt neutrons and fission product pair before 

fission happens; this is highly unlikely to happen since 

fission is a random process. OWing to the unrealistic 

physical implication of the latter, the ECD rule used in 

this work, unlike many evaluations in the literature, is the 

former, as reflected in Eq. (17). 

(2) MPE hypothesis. The concept of the MPE suggests (Wa48) 

that fission is a slow process from saddle to scission point 

such that nuclear charge rearrangement has taken place at 

scission. Under this circumstance, the most probable charge 

Z will arise from that division in which the potential ener
P 

gy at scission is minimized: 
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a z • (ZF - z) • e2 
+-az = 

where e 2 = electrostatic constant = 1.44 MeV-fm, 

0 

D = average distance between the two charge centers 
of primary fragments at scission. 

( 18) 

(3) UCD postulate. The UCD postulate (Go48,49) predicts 

that the most probable charges ZP for both primary fragments 

are determined by maintaining the same neutron to proton 

ratio as that of the fissioning nucleus. In other words, 

charge is divided between the primary fragments as it is 

in the fissioning nucleus: 

= or Zp(UCD) = (19) 

The physical meaning of the UCD postulate is an assumption 

that the fission process between saddle and scission is too 

fast to allow charge rearrangement to take place, the com

pletely opposite prediction to the MPE hypothesis. 

Among the three postulates, a calculation of Zp(UCD) 

is the simplest as long as the fissioning nuclide (ZF,AF) 

and primary fragments <AL,AH> are provided. Others require 

use of a mass equation to solve for either the most stable 

charge ZA (in the ECD calculation) or the differential 
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equation (in the MPE calculation). Furthermore, the average 

D has to be evaluated in the Zp(MPE) calculation. 

Al. The most stable charge, ZA 

Glendenin, Coryell, and Edwards (Gl51) were among the 

first to evaluate the values of ZA using the Bohr-Wheeler 

(Bo39) mass equation. Their calculated ZA, by ignoring shell 

correction, is essentially a continuous function of mass, A, 

and cannot predict the effect of shells occurring near the 

mass region involving proton and neutron closed-shells. 

To eliminate the shell-crossing difficulty, Coryell 

later (Co53) empirically established the values of ZA. In 

his treatment the ZA(A) function is assigned and becomes 

distinct lines in different mass regions, with a sharp dis-

continuity at the shell edge. His empirical ZA data have 

been frequently used for the calculation of Zp(ECD) in the 

last quarter century. 

Chu et al. (Ch71A) have used a least-squares computer 

program to fit the experimental isobaric mass excess given 

by Garvey et al. (Ga69) to a parabola and have determined 

the value of ZA' corresponding to the minimum of the mass 

parabola. Their result is generally in good agreement with 

Coryell's empirical data. The main discrepancy between the 

experimentally evaluated ZA and the empirically assigned ZA 

is near mass region A~ 156, where no discontinuity of ZA(A) 

is observed in the former but a discontinuity ascribed as 
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a z = 64 sub-shell effect is observed in the latter. In 

both cases, two values of ZA are given for several mass 

regions, corresponding to either side of the proton or neu

tron closed shell. 

In this work, however, none of these sets of ZA data 

are used. Since the Droplet Model mass equation has been 

built in to the present computing code, the value of ZA is 

directly evaluated by finding the minimum of mass in isobar 

A. The calculated ZA is plotted as a function of both num

bers of neutrons and protons and illustrated in Figure 23(a)r 

also shown there are Coryell's empirical ZA lines and stable 

isotopes in the related mass region. As expected, the cal

culated value of the most stable charge is observed to lie 

among stable isotopes at each isobar line. Furthermore, 

the calculated ZA do agree quite well with Coryell's empiri

cal ZA data, except near mass region A ~ 156 where no dis

continuity of ZA is evaluated in this work, indicating that 

the calculated ZA is consistent with the experimental ZA ob

tained in (Ch71A). This is expected since the Droplet Model 

mass equation used in this work is also constructed on the 

basis of the experimental masses. 

The calculated ZA curves, as seen in the figure, are 

continuous around masses involving P,N = 50 and N = 82 

closed-shells; hence, they avoid the problems of double 

values and substantial increases of ZA (about 1.4 charge 

unit) at the discontinuity. In fact, the calculated ZA data 
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Figure 23 

Values of ZA and D used in this work 

(a) ZA values 

,/ : present calculation , 
~ empirical data, after (Co53) 

• : stable isotopes 

. : 
• 

• 
... : 

(b) D values 

present evaluation 

230Th(p,Fission) at 8 MeV, 
after (Br63A) 

226 ( . . ) 27 1 Ra a,F~ss~on at • MeV, 
after (Br63A) 

226Ra( 3He,Fission) at 23.4 MeV, 
after (Br63A) 

226 (d . . ) 14 Ra ,F~ss~on at MeV, 
after (Br63A) 
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near mass regions involving closed-shells are more realistic. 

This is because only those ZA data of neutron-rich primary 

fragments are required in this work, corresponding to the 

lower part of Figure 23(a) where the calculated ZA curve 

(or the lower line of Coryell's double ZA) passes through. 

Hence, the present treatment of the most stable charge ZA 

for ECD calculation retains both the reality and the experi

mental fact. 

A2. The average D value 

Britt, Wegner, and Gursky (Br63A) evaluated the value 

of D, the average distance between the two charge centers 

of primary fragments at scission in heavy element fissions. 

They found the D value to be relatively independent of the 

choice of nuclear charge and a rather slowly varying func

tion of the mass division (AL,AH>, ranging from 19.1 fm for 

symmetric mass division to 17.2 fm for very asymmetric mass 

division. Furthermore, they concluded that the D value is 

also relatively independent of the fissioning nuclides 

within the range of 89 ~ ZF ~ 91 and 228 ~ ~ ~ 231. Results 

of their o values as a function of fragment mass ratio AHI 
AL are reproduced in Figure 23(b). Following their obser

vation, a universal D curve is constructed ernpiricaily in 

this work, passing through the majority of experimental data 

given by (Br63A). This synthetic o curve, also shown in the 

figure, is only a function of the fragment mass ratio AHIAL· 
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Considering the small variation of the D value to the 

mass split, no more than 10% at most, the present treatment 

of the average distance between the two primary fragments 

at scission is believed adequate enough for the MPE cal-

culation. 

B. Experimental Z Data 
p 

Important information that one would like to have about 

the fission process is the division of nuclear charge bet

ween the primary fragments at scission. Unfortunately, to 

determine this is a difficult experimental problem and the 

available data are very limited. The reasons for the dif

ficulty are the extremely short lifetime of the primary 

fragment from the experimental point of view and the fact 

that most of the fission products deexcited from the primary 

fragments have very short half-lives which hinder post

fission radiochemical work. Despite this difficulty, some 

independent fission chain yields of those shielded and semi

shielded fission products may be measured and subsequently 

used for evaluating the charge dispersion in each fission 

product chain. 

Based on their experimental results on fission product 

chain yields, Glendenin, Coryell, and Edwards (Gl51) first 

suggested that the independent yield for fission products 

with charge Z in mass chain A, P(Z), is distributed along 
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a Gaussian curve having distribution constant C: 

P (Z) = -; 2 (7rC) • exp (- (Z- Zp) /C) (20) 

where zp is mathematically the maximum of the Gaussian func

tion and physically the most probable charge for those pri-

mary fragments which may subsequently evaporate prompt neu-

trons, leading to the fission product having mass A. Hence, 

the experimental Zp for each fission product mass chain may 

be obtained once the Gaussian function is constructed. 

In this chapter, two sets of experimental data of zp 

are compared to the present calculation. They are the data 

f th 232 h ( . . ) t. . th t . o e T p,F~ss~on reac ~on w~ pro on energ~es per-

tinent to this work and those from thermal neutron induced 

fission. The former are chosen owing to the closely related 

post-fission calculation in this work. The latter are chosen 

mainly because of the well-established fact that the experi-

mental Zp in thermal neutron induced fissions can be fit by 

the ECD rule (as the rule was originally designed) but not 

by the uco postulate; whether the present calculation can 

reproduce these experimental data becomes a serious test of 

the post-fission treatment in this work. 

Bl. Experimental ZP data in the (nth,F) reactions 

Wahl et al. (Wa62) measured and compiled the independent 

. 233 235 and cumulative chain yields of fission products ~n ' u, 
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239 Pu{nth'F) reactions. They used the mass yield data to 

construct the Gaussian functions at fission product masses 

235 91 and 139-143 of U{nth'F) reaction; then they averaged 

the distribution constant C among the Gaussian curves, 

yielding C = 0.94 ± 0.15. With the assumption that C is 

applicable to other Gaussian functions from different fis

sioning nuclides and different fission product masses, they 

found that most of the zp values obtained by this assumption 

correlate quite well with the experimental chain yields. 

More recent data by Fowler and Wahl {Fo74) on several chains 

can also be reproduced by a Gaussian distribution with this 

average constant c. 
Owing to the unreliability of part of the experimental 

fission chain yields, however, some editing work has to be 

done on the experimental zp data in {Wa62) on the basis of 

more recent data compiled also by Wahl and eo-workers in 

{Wa69) and {Fo74). Two kinds of Zp data are dropped: those 

having a major discrepancy with the experimental chain yields 

and those constructed on a single, small chain yield {less 
-3 than 10 %). The remaining zp data are listed in Table 09 

and will be compared to the calculation based on different 

charge distribution postulates. 

B2. Experimental Zp data in the 232Th(p,Fission) reaction 

The experimental Zp data in the 232Th(p,Fission) reac

tion with incident proton energies to 87 MeV have been 
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Table 09 

Experimental Z data of the p 
233 235 239 . ' u, Pu(nth'F) react1ons, after (Wa62). 



0 

Fission Experimental Fission Experimental 
product z product z 

mass chain p mass chain p 

235 
U(nth'F) 

233 
U (nth' F) 

78 31.02±0.17 82 32.61± 0.22 

89 35.42 ± 0.12 128 50.20 ± 0.23 

90 35.84±0.10 130 50.64 ± 0.18 

91 36.32 ± o. 09 131 51.04±0.05 

92 36.81± 0.04 140 54.84 ± 0.16 

93 37.39 ± 0.10 

94 37.84±0.15 239 

95 38.40 ± 0.19 
Pu(nth'F) 

c 
38.54 ± 0.20 96 38.20 ± 0.24 96 

97 38.65 ± 0.27 97 39.16± 0.17 

128 50.19 ± 0.23 128 50.35±0.22 

131 50.77±0.08 130 50.72±0.18 

132 51.26±0.30 131 50.94 ± 0.06 

138 53.45±0.10 

139 53.82±0.14 

140 54.34 ± 0.03 

141 54.97±0.04 

142 55.36 ± 0. 04 

143 55.92±0.10 

144 56.40±0.28 

Q 
150 58.74±0.18 
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reported by Yaffe's research groups in (Pa58A), (Fo66), 

(Be69), (Mc71), (Ho73), (Di 78), and (Di 79), covering fis-

sion product mass regions 75-79, 90-98, and 130-146. 

Pate, Foster, and Yaffe (Pa58A) have measured some 

independent and cumulative cross sections of fission product 

mass chains 130-135 in the 232Th(p,Fission) with proton 

energies to 87 MeV. They converted the cross section data 

into charge dispersion curves by means of the mass yield 

data available in (Te52). Two assumptions were made in 

(Pa58A) to construct the charge dispersion curves: {1) in 

each fission product mass chain the fractional chain yield 

is Gaussian-distributed, and {2) all Gaussian functions at 

the same bombarding energy have the same Gaussian distri

bution constant C, indicating that C is applicable to all 

fission product mass chains at all fissioning nuclides per

tinent to their work. They plotted the Gaussian curves 

against ZA' hence the value of zp for each fission product 

mass at a given proton energy was deduced from the plot. 

Only those zp associated with AH = 132 are taken for this 

work since these fission products represent the mid-point 

of the investigated mass region 130-135. 

Forster, Porile, and Yaffe (Fo66) have measured some 

independent and cumulative cross sections for fission prod

uct mass chains 133 and 135 in the 232Th(p,Fission) reaction. 

Based on the same assumptions as in (Pa58A), they evaluated 

the values of ZP at~ = 133 and 135 with c = 0.95, 1.20, 
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They found the evaluated Z data to be relatively 
p 

insensitive to a variation of the copstant C, leading to a 

free choice of any set of the data. The values of Zp with 

c = 1.45 are taken for this work because Eaker and Choppin 

(Ea76) found that the experimental fragmental chain yield 

data can best be fit with Gaussian curves having C = 1. 41 

in the 232Th{p,Fission) reaction with 17.6 MeV protons. 

Benjamin et al. (Be69) have measured some independent 

and cumulative cross sections at fission product mass chains 

130-138 in the 232Th(p,Fission) with incident protons at 

energies 20-85 MeV. In addition to those assumptions made 

by (Pa58A), they also assumed that: (1} the mass yield 

curve at mass region 130-138 is reasonably flat at proton 

energies pertinent to their work; and (2) the N/Zp values 

for different product mass chain A are the same. The Gaussian 

curves were plotted against N/Z of the fission product rather 

than the z-zA used in (Pa58A) to avoid shell discontinuities 

of ZA. Hence, the ZP data are deduced from the experimentally 

obtained value of N/ZP which represents the maximum of the 

Gaussian curve. The Zp data at mass chain 136 are taken for 

this work since it represents the mid-point of that high 

fractional chain yield mass region, namely, Aa = 134-138. 

McGee, Rao, and Yaffe (Mc71} have measured some inde-

pendent and cumulative cross sections at fission product 

mass chains 90-98 in the 232Th(p,Fission} with incident pro-

ton energies to 85 MeV. Based on all the assumptions made 
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by (Be69) , they plotted the Gaussian curves but only the 

zp value at fission product mass chain 96 was listed. Their 

ZP is taken for this work. 

Holub and Yaffe (Ho73) have measured some independent 

and cumulative cross sections for fission product mass chains 

139-144 in the 232Th(p,Fission) with incident proton energies 

to 83 MeV. As mentioned in the second chapter (refer to 

Figure 04), however, their result was quite different from 

the more recent data. Diksic (Di78) measured again those 

cross sections in the mass region 141-146 with protons at 

energies 45-85 MeV and subsequently evaluated the Zp values. 

The zp data for fission product mass chain 144, which were 

determined in his later investigation (Di79), are used in 

this work. 

Diksic et al. (Di79) have measured some independent and 

cumulative cross sections for fission product mass chains 

75-79 in the 232Th(p,Fission) with incident protons of ener-

gies 35-85 MeV. The sum of the cross sections at mass chain 

77 was taken as the total chain cross sections as a first 

estimate, for subsequent evaluation of the independent 

fractional chain yield at other mass chains. The Gaussian 

curves were constructed and 

ZA values given by {Co53). 

ZA-zp values were displaced with 

The z value at mass chain 77 p 

is therefore converted from the experimental data and used 

in this work. 

All available ZP data measured by Yaffe and eo-workers 
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are summarized in Table 10; these data will be compared to 

the calculation in a later section. 

C. Fit to the Experimental Zp Data 

in the (nth'F) Reactions 

Based on different postulates, an attempt has been made 

in this work to calculate the most probable charge listed in 

Table 09. As shown in Eqs. (17) to (19), the AL and AH have 

to be evaluated as input for the zp calculation. In the 

last chapter the numbers of post-fission neutrons have been 

calculated for primary fragments from each different fis

sioning nuclide. The same treatment but in the reverse di

rection is used here. With an assigned fission product A 

and fissioning nuclide (ZF,AF), the number of prompt neu

trons v evaporated from a primary .fragment A' which even

tually deexcites to the fission product A is evaluated. 

After the v is determined, the primary fragments A' = A+v 

and AF-A' are therefore used as input to calculate the zp. 

For thermal neutron induced fission, multi-chance fis

sion is prohibited owing to the low excitation energy. The 

neutron binding energies 7.15 MeV, 6.89 MeV, and 6.99 MeV, 

taken from the tabulated value in (My77}, have been used 

in this work as the excitation energies associated with the 

fissioning nuclides 234u, 236u, 240Pu in the 233u, 235u, 
239Pu(nth'F) reactions, respectively. The uncertainty in 
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Table 10 

Experimental Zp data of the 
232Th(p,Fission) reaction. 



() 0 0 

Incident 
proton At fission product mass chain 
energy 

(f.EV) 77 96 132 133 135 136 144 
--

8± 2 --- --- 51.44 ± 0.08 

14± 2 -- --- 51.85 ± 0.85 

20± 2 --- -- --- --- -- 53.44±0.25 

25 ± 2 --- --- 52.25 ± 0.15 

30± 2 --- 38.71 ± 0.25 -- 52.60 ± 0.20 53.56 ± 0.20 

35± 2 31.31 ± 0.16 

40 ± 2 31.35 ± 0.16 38.79 ± 0.25 --- 52.96 ± 0.20 53.82±0.20 54.18 ± 0.25 

45± 2 31.42 ± 0.21 -- 52.65 ± 0.15 -- - --- 57.56 ± 0.21 

50± 2 31.62 ± 0.16 38.95 ± 0.50 --- 53.31 ± 0.20 54.01 ± 0.20 

55± 2 31.49 ± 0.23 -- --- -- -- 54.36 ± o. 50 

60 ± 2 31.74 ± 0.18 39.02 ± o. 50 -- --- --- --- 57.83 ± 0.18 

65± 2 31.57 ± 0.15 --- 52.74 ± 0.15 --- --- 54.60 ± o. 50 

70± 2 31.78 ± 0.18 39.07 ± 0.50 

75± 2 31.81 ± 0.13 -- -- --- -- 54.66 ± 0.50 

85± 2 31.91 ± 0.15 39.18 ± 0.50 52.76 ± 0.08 --- -- 54.71 ± 0.50 58.18 ± 0.85 

Reference (Di79) (Mc71) (Pa58A) (Fo66) (Fo66) (Be69) (Di 78) 
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the calculated zp mainly involves the prompt neutron dis

tribution discussed in the last chapter, which is about 

0.2 charge unit in most cases and becomes 0.7 charge unit 

near the "saw-tooth" discrepancy. 

The calculated z (postulate), its uncertainty, and 
p 

the difference from Zp(experiment) are listed in Table 11. 

Also shown in the table are the sum of the squares of the 

differences for each postulate, reflecting the agreement 

of the calculation to the experiment. As indicated by this 

sum, Zp(UCD) gives the worst fit in all cases; ZP(MPE) yields 

the best fit to all experimental data although the fit by 

ZP(ECD) is almost as satisfactory. 

The large uncertainty of the calculated ZP at mass 

region A = 128-131 is mainly because the division of the 

* total excitation energy ET in this work (refer to Eq. (14)) 

cannot lead to a saw-tooth post-fission neutron distribution 

in this specific mass region. Using a realistic post-fission 

neutron saw-tooth distribution for the ZP calculation may 

improve the fit; however, regardless of the refinement, 

Zp(UCD) still yields the worst fit among the postulates. 

In all, Zp(MPE) and Zp(ECD) are able to reproduce the 

experimental data quite well, while z (UCD) does not. This 
p 

is in agreement with the observation by Wahl et al. (Wa62) 

except for their poor z (MPE) fit as they calculated it. . p 

As mentioned in the first chapter, the calculation of Zp(MPE) 

is very sensitive to the mass equation used; they evaluated 
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Table 11 

Quantitative comparison between 

c calculation and experiment of Zp in the 

233,235 239 . 
U, Pu (n th'F) react~ons. 



0 
Fission zP (postulate) and its di.ffereno= to zp (experiment) 
product 
mass z (MPE) !:.a Zp(UCD) 6 zP (ECD) chain p 

235u(nth,F} reaction 

78 30.77 ± 0.24 -0.25 30.80 ± 0.24 -0.22 30.70 ± 0.24 -0.30 

80 35.83 ± 0.13 +0.41 35.25 ± 0.13 -0.17 35.64 ± 0.13 +0.22 

90 35.88 ± 0.21 +0.04 35.30 ± 0.21 -0.54 35.69 ± 0.21 -0.15 

91 36.58 ± 0.11 +0.26 36.05 ± 0.11 -0.27 36.41 ± 0.11 +0.09 

92 37.06 ± 0.19 +0.25 36.56 ± 0.19 -0.25 36.89 ± 0.19 +0.08 

93 36.96 ± 0.31 -0.43 36.45 ± 0.31 -0.94 36.78 ± 0.31 -0.61 

94 37.67 ± 0.03 -0.17 37.22 ± 0.03 -0.62 37.87 ± 0.03 +0.03 

c 95 38.15 ± 0.45 -0.25 37.73±0.45 -0.67 38.74 ± 0.45 +0.34 

96 38.11 ± 0.33 -0.09 37.68 ±0.33 -0.52 38.67±0.33 +0.47 

97 38.72 ± 0.11 +0.07 38.33 ± 0.11 -0.32 39.41 ± 0.11 +0.76 

128 50.00 ± 0.69 -0.19 50.74 ± 0.69 +0.55 49.82 ± 0.69 -0.37 

131 50.38 ± 0.31 -0.39 51.43 ± 0.31 +0.66 50.46 ± 0.31 -0.31 

132 51.60 ± 0.39 +0.34 52.08 ± 0.39 +0.82 51.09 ± 0.39 -0.17 

l3B 54.26 ± 0.52 +O.B1 54.71 ± 0.52 +1.26 54.02 ± 0.52 +0.57 

139 54.48 ± 0.32 +0.66 54.94 ± 0.32 +1.12 54.21 ± 0.32 +0.39 

140 54.78 ± 0.26 +0.44 55.27 ± 0.26 +0.93 54.95 ± 0.26 +0.61 

141 55.31 ± 0.40 +0.34 55.83±0.40 +0.86 55.48 ± 0.40 +0.51 

142 55.61±0.29 +0.25 56.15 ± 0.29 +0.79 55.79 ± 0.29 +0.43 

143 55.60 ± 0.11 -0.32 56.14 ± 0.11 +0.22 55.78 ± O.ll -0.14 

144 55.93 ± 0.19 -0.47 56.49±0.19 +0.09 56.11 ± 0.19 -0.29 

0 
150 58.60 ± 0.17 -0.14 59.35 ± 0.17 +0.61 59.51 ± 0.17 +0.77 

E !:.~ = 2.76 9.50 3.72 
i ~1 

••• cxnt'd 



0 
Table 11 - oant'd 

Fissicn z (postulate) and its difference to zp {experinent) 
product p 

mass Z (MPE) !J.a Z (UCD) !J. z (EX:D) 
chain p p p 

233u (nth ,F) reacticn 

82 32.72 ± 0.03 +0.11 32.52 ± 0.03 -0.09 32.46 ± 0.03 -0.15 

128 50.05 ± 0.68 -0.15 51.08 ± 0.68 +0.88 50.10 ± 0.68 -0.10 

130 50.41 ± 0.16 -0.23 51.47 ± 0.16 +0.83 50.47 ± 0.16 -0.17 

131 51.11 ± 0.46 +0.07 52.20 ± 0.46 +1.16 51.16 ± 0.46 +0.12 

140 54.90 ± 0.10 +0.06 55.41 ± 0.10 +0.57 54.59 ± 0.10 -0.25 

0 E !J. ~ = 0.10 3.14 0.14 
i ~2 

239Pu(nth,F) reacticn 

96 38.73 ± 0.09 +0.19 38.28 ± 0.09 -0.26 38.63 ± 0.09 +0.09 

97 38.85 ± 0.18 -0.31 38.40 ± 0.18 -0.76 38.75 ± 0.18 -0.41 

128 50.12 ± o. 73 -0.23 51.10 ± o. 73 +0.75 50.17 ± o. 73 -0.18 

130 50.69 ± 0.51 -0.03 51.70 ± 0.51 +0.98 so. 74 ± 0.51 +0.02 

131 51.25 ± 0.57 +0.31 52.19 ± 0.57 +1.25 51.20 ± 0.57 +0.26 

r a~ = 0.28 3.73 0.28 
i 1.3 

3 2 
3.14 16.37 rr a .. = 4.14 

j=li ~J (MPE) (UCD) (ECD) 

a tJ. = zp (postulate) - zP < experinent) • 
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the Z (MPE) using the atomic mass formula derived from 
p 

Cameron (Ca57). The main difference between this formula 

without shell correction and the Droplet Model mass equa

tion used in this work has already been shown (refer to 

Figure 18(a)). We believe the refined Droplet Model mass 

equation provides a more reliable calculation of Zp(MPE), 

in particular considering its sensitivity to the shell 

corrections. 

The charge dispersion data in thermal neutron induced 

fission, characteristic of asymmetric fission, can there-

fore be reproduced by either the MPE hypothesis or ECD 

rule, but definitely not the OCD postulate. 

D. ;;;.F.;;;;i...;.t_...;.t...;.o_,.;t...;.h;;..;e;......E._x...,p....;e;..;.r;..;~;.;.;.· m_e;;.;n;.;;.t ... a ... l;;;;._..,.zp _D_a_t_a 

' th 2 32Th ( . . ) R t' ~n e p,F~ss~on eac ~on 

The ideal way to evaluate the most probable charge is 

to couple the post-fission deexcitation process and charge 

distribution evaluation with the calculation of the Pre-

equilibrium I Exciton Model. In order to cut down the corn-

puting time, the fission information calculated in the 

* previous chapters has been binned on excitation energy E p• 

This grouped information is used as the input to evaluate 

the primary fragments that lead to the observed fission 

product; the primary fragments are then used as the input 

to calculate zp for each individual fission product chain. 
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' Again, one of the 166 bins of input information in the 

232Th(p,Fission) reaction with 85 MeV incident protons is 

* taken as a brief example, namely, (ZF'~'E F'crF) = (91, 

232, 81.3 MeV, 20.28 mb). The calculation of zp is activated 

at fission product mass chain A = 144. By using a reversed 

treatment of the post-fission deexcitation process discussed 

in the last chapter, the number of prompt neutrons evaporated 

from a primary fragment which eventually leads to A = 144 is 

calculated as v = 5.96 neutrons, thus making the average 

primary fragment A'= A+v = 149.96. Hence, the mass divi-

sion of this specific case having one of the fission products 

as A= 144 is (AL,AH) = (82.04, 149.96) with AF = AL +AB· 

Therefore, Zp(UCD) becomes AB• ZF/AF = 58.82; Zp(ECD) is 

calculated as 58.94 using ZA(AL) = 35.71 and ZA(AH) = 62.60; 

and Z (MPE) equals 58.72 using D = 17.5 fm. All the calcu-
P 

lated Zp(postulate) for the observed fission products for 

each bin of individual fission information is stored. 

To simplify the vast amount of comparison between the 

calculation and experimental data, the values of Zp(postu

late) for each fission product chain A are graded in terms 

of stars: 

***** if all of the fits have the absolute difference 

between the calculated and experimental Z less than 
p 

the standard deviation of the former, o 1 , or the ea 
uncertainty of the latter, o , whichever is smaller; exp 

**** : if more than half of the fits are within the criterion 
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set in the ***** grade; 

** if more than half of the fits have the absolute 

difference between calculated and experimental z p 

greater than 2 + 2 l' [crcal 0 exp ; 

* if all of the fits are within the criterion set 

in the ** grade; 

*** if otherwise. 

These star grades are used qualitatively to compare the cal-

culation to experimental results. 

Dl. Fit by uniform ZP(postulate) 

The first step toward the highly complex analysis is 

using a uniform Zp(postulate), obtained from weighing the 

stored Zp(postulate) by its fission probability oF in each 

bin of input information, to fit the experimental data. 

This implies that the charge distribution always follows 

one specific postulate regardless of the identity of the 

fissioning nucleus or its excitation energy. 

Results of the comparison between calculation and ex-

periment are listed in Table 12 where each fit of the uni-

form ZP(postulate) is classified by the star grades. As 

seen from the table, not a single set of uniform Zp(postu

late) satisfactorily fits all Zp(experiment) data. Fits by 

the uniform z (ECD) are totally unsuccessful, while uniform 
p 

Zp(UCD) fits quite well the experimental data in mass chains 

A = 96, 136, and 144 but not in the rest. The uniform 
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Table 12 

0 
Qualitative comparison of uniform Z to the 

p 

experimental data in the 232Th(p,Fission) reaction. 



c 

Type of z (postulate) 
Fit at experimental p 
product mass chain z (MPE) z (UCD) z (ECD) p p p 

77 * * * 

96 ** **** ** 

132 **** ** ** 

c 
133 *** ** ** 

135 *** ** ** 

136 *** *** ** 

144 *** *** ** 



0 

0 

0 

- 149 -

z (MPE) provides very successful fits to experimental data 
p 

in all heavy mass chains but very poor fits to those data 

in light mass chains. 

conflicting situations: 

From these analyses one finds three 

(1) uniform Z (UCD) fits are quite 
p 

good for experimental data at mass chain A = 136 but are 

poor at immediately neighboring A= 135: (2) uniform ZP(UCD) 

fits extraordinarily well for experimental data at A = 96; 

however, the fit to those in the complementary fission prod

uct chain A ~ 132 is very poor; and similarly (3) uniform 

Z {MPE) fits experimental data at mass chains A = 132 and 
p 

144 very well but cannot reproduce those in the complemen-

tary product chains A~ 96 and A~ 77, respectively. 

Because of these conflicting predictions, the fit of 

the uniform ZP(postulate) is totally unacceptable, implying 

that the uniformity of a specific charge distribution pos-

tulate regardless of the identity of fissioning nucleus or 

its excitation energy, in particular in high energy reac-

tions involving multi-chance fission, is invalid. 

Pappas was among the first to suggest that the charge 

distribution in fission is fragment mass dependent (Pa66). 

He pointed out that in some mass regions the contribution 

from asymmetric fission is greater than that from symmetric; 

hence the charge distribution follows the ECD rule, as it is 

in the thermal neutron induced asymmetric fission. He also 

suggested that in other mass regions where symmetric fission 

predominates, the charge distribution follows more closely 
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the UCD postulate. However, this mass-dependent charge dis-

tribution proposal is not valid in the present calculation 

either. For instance, if Pappas' proposal were always fol-

lowed, one would expect that in the very asymmetric mass 

division leading to fission product mass chains A = 144 and 

77 the charge distribution would follow the ECD rule: the 

present calculation, however, yields the worst fit of Z (ECD) p 

to the experimental data at these mass chains. 

* D2. Fit by E F-dependent Zp 

Despite the scarce and sometimes conflicting information 

on charge distribution at high excitation energies, Vandenbosch 

and Huizenga (Va73) concluded that the charge distribution 

* at high excitation energies E F resemble qualitatively the 

* UCD postulate rather than the ECD rule observed at lower E F" 

The second step toward the analysis is therefore using an 

* E F-dependent Zp to fit the experimental data. 

To define the dependence of excitation energy is some-

what difficult. However, the experimental mass distribution 

of the 232Th(p,Fission) reaction (refer to Figure 21) pro-

vides a guideline. As shown in the figure, a gradual tran-

sition from an asymmetric, double-humped yield curve to a 

flat shape with increasing proton energy is observed: at 

20 MeV bombarding energy, the third peak becomes noticeable. 

The highest excitation energy associated with fission at 

this bombarding energy is about 25.2 MeV. Hence, a critical 
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* excitation energy E F(crit.) is assigned at 25 MeV; fission 

* events having excitation energy greater tha~ theE F(crit.) 

are assumed to contribute to the symmetric peak, and the 

calculated ZP of these events are then grouped for the sym

metric fission. This implies that one charge distribution 

* postulate co~relates to high E F fission (or symmetric fis-

* sion) while another postulate to the low E F fission (or 

asymmetric fission). 

Since each and every calculated Z in storage retains 
p 

* the identity of its E F' it can be divided according to the 

* E F(crit.) value, 25 MeV, and weighted by its probability 

* crF. Hence, six different types of E F-dependent ZP may be 

organized and calculated: 

Type of 'f * * ( . ) l. E F ~ E F crJ.t. , if E*F > E*F(crit.), 
ca:r:bination the zP (postulate) goes the zP (postulate) goes 

Ea> (El) /MPE (~) z (Ea>) p Z (MPE) p 
UCD (E1) /MPE (~) zP (UCD) Zp(MPE) 

Ea> (El) /UCD (Fb) Zp(ECD) zp (UCD) 

MPE (El) /UCD (~) zP (MPE) zP (UCD) 

UCD (E1) /.EX:D (~) Zp(UCD) zP (Ea>) 

MPE (E1) /ECD (~) Zp(MPE) zP (Ea>) 

* The E F-dependent ZP is then compared to the experimental 

data. Results of the fit on the basis of the star grades 
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are summarized in Table 13. 

As reflected from the second column in the table, all 

* six E F-dependent ZP combinations fail to reproduce the 

Zp(experiment} data at fission product chain A= 77. This 

is because at this mass chain each and every calculated Zp 

in storage underestimates the experimental data by an amount 

* of -0.4 to -1.1 charge unit; the E F-dependent zp' no matter 

what type of dependence is adopted, also underestimates the 

experimental data by a similar amount. The Zp(ECD(E1) I 

MPE (Eh)) and ZP {UCD (E1) I MPE (Eh)), both requiring correla

* tion of the MPE hypothesis to high E F fission (or symmetric 

fission), yield conflicting fits for the experimental data 

of neighboring mass chains 135-136 and 132-133, respectively. 

The Zp(UCD(E1) IECD(Eh)) and Zp(MPE{El) IECD(Eh)), both 

* requiring correlation of the ECD rule to high E F fission 

(or symmetric fission), fail to reproduce most of the ~xperi-

mental data. The ZP (ECD (E1) I UCD (Eh)) also yields rather 

poor fits to the experimental data on one hand and conflic

ting fits to those data in neighboring mass chains 135-136. 

A comparison shows that the best fits are attained by the 

calculated zp (MPE (E1) I UCD (Eh)) , 

* the MPE hypothesis to the low E F 

fission) and the UCD postulate to 

symmetric fission). 

requiring correlations of 

fission (or asymmetric 

* the high E F fission (or 

This dependence on excitation energy for the calcula-

tion of zp discussed above, however, yields an unrealistic 
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Table 13 

* Qualitative comparison of the E F-dependent ZP 

c to the experimental data 

in the 232Th(p,Fission) reaction. 

0 



C) () 0 

Fit to the experimental Z at fission product mass chain 
Type of excitation p 

energy-dependent Z p 77 96 132 133 135 136 144 

Zp (ECD (El) I MPE (Eh)) * * ** * * *** **** 

zP <uco (E1 > 1 MPE (Eh)> * ** * *** *** **** **** 

Zp (ECD (El) I UCD (Eh)) * *** ** *** * **** ** 

Zp (MPE (El) I UCD (Eh)) * *** ** **** *** **** **** 

zP (UCD (E1> 1 ECD (Eh)> * ** * *** *** *** ** 

zP (MPE (E1> 1 ECD (Eh)) * * ** ** * * ** 
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distribution of asymmetric and symmetric fissions. If one 

sums all fission events having excitation energy greater 

* than theE F(crit.) value, assumed to lead to symmetric 

fission, one will find the weighted symmetric fission yield 

is about 75% at incident proton energies above 40 MeV. 

Hence, one would expect the observed ratio of the symmetric/ 

asymmetric fission yield to be 3:1 and the mass yield curve 

to become very symmetric. However, the experimental mass 

distribution in this energy region (again refer to Figure 

21) is relatively flat rather than symmetric, having a 

ratio of about 1:1. Furthermore, the situation is worsened 

* by the fact that the E F(crit.) value, equivalent to the 

highest excitation energy in the 20 MeV incident protons, 

represents the highest limit of the division of asymmetric/ 

* symmetric fissions. If, rather, a lower value of E F(crit.) 

is chosen, more events are attributed to the symmetric fis-

sion which in turn yields even higher ratios of symmetric/ 

asymmetric fission yields, in worse agreement with the 

experimental fact. 

Owing to the unrealistic correlation of the asymmetric/ 

symmetric fissions to the observed mass distribution, the 

* E F-dependent zp calculated in this work must be treated 

with reservation, despite the fact that a reasonably good 

agreement to the experimental data is attained by Zp(MPE(E
1
)/ 

UCD(Eh)}. 
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03. Fit by combined Zp dependent upon (ZF,~F) 

Perry and Fairhall {Pe71) were among the first to point 

out the asymmetric/symmetric fissions may correlate to the 

identity of the fissioning nucleus rather than the more 

commonly used excitation energy. The third step toward the 

analysis in this work is therefore seeking a combination of 

zp on the basis of the identity of the fissioning nucleus. 

It is noteworthy that at the final stage of the prepa

ration of this work, Eaker et al. (Ea79) also suggested 

that the observed onset of the symmetric peak in the 232Th

(p,Fission) reaction at 14 MeV is attributable to the newly 

available fissioning nucleus from third-chance fission. 

This was certainly an encouragement to the approach which 

had been undertaken. 

To define a combined zp which is not purely arbitrary, 

some guidelines may be obtained from experimental Observa

tions. First, the mass yield curve of the 232Th(p,Fission) 

reaction with 20 MeV protons (refer to Figure 21) again 

provides the experimental split. As calculated in the pre

vious chapter, the (p,3nF) is about to be available at this 

energy (refer to Table 07); hence, the newly emerged peak 

may be attributed to the symmetric fission of 230Pa in the 

232Th(p,3nF) reaction. Similarly, the third peak in the 

middle of the mass yield curve of 226Ra(p,Fission) at 13 

MeV (Pe71) may be attributed to the (p,nF) reaction having 

the fissioning nuclide 226Ac. Based on these two fissioning 
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nuclides, a line is proposed for each fissioning element 

to divide the calculated Z into two different categories: p 

2 
(Z /A) A/S = 1 

36 + 2 • (ZF- 91) 

2 where (Z /A)A/S is defined as that asymmetric/symmetric 

split; the fissioning nuclide with charge ZF and mass ~ 

may go to symmetric fission if z 2F;~ is greater than the 

respective (Z 2/A)A/S value; otherwise it may go to asym

metric fission. 

(21) 

Since each and every calculated zp in storage retains 

the identity of (ZF,AF), it may be divided by Eq. (21) and 

weighted by its probability aF. Hence, six different types 

of combined zp may be organized and calculated: 

Type of if z2 pftp." cz2 !A> A/S if z2 ~A:F > cz2 !A> A/S 
c:x:Jlbinati.al the zP (postulate) goes the zP (postulate) goes 

ECD/MPE zP (:a::D) zP (Ml?E) 

UCD/MPE Z (UCO) p z (Ml?E) p 

:a::!D/U:D Zp(ECD) Z (UCD) p 

Ml?E/t.JCD zP (Ml?E) Zp(UCD) 

UCD/ECD Z (UCD} p Zp(ECD) 

MPE/ECD Z (MPE) p Z (ECD) 
p 
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The combined zp is then compared to the experimental Zp 

data. Results of the fit on the basis of the star grades 

are summarized in Table 14. 

Again, as reflected from the table, fits by any corn-

bined zp to the experimental data of fission product mass 

chain A = 77 is poor; the reason is the same as discussed 

earlier. In addition, any combined zp involving either the 

ECD or the MPE postulate correlating to the symmetric fis-

sion, such as Z (UCD/ECD), Z (MPE/ECD), Z (UCD/MPE), and p p p 
ZP(ECD/MPE), cannot reproduce all the experimental data 

and in most cases fits the z (experiment) data quite poorly. p 

Only the Z (MPE/UCD), or to a lesser extent the z (ECD/UCD), p p 

yields a good fit to the experimental data. This requires 

a combination of ZP(MPE), or to a lesser extent the Zp(ECD), 
2 for those fissions having their Z F/AF less than the respec-

tive (Z 2/A)A/S value and ZP(UCD) otherwise. The division 

of the asymmetric/symmetric fission according to the identity 

of the fissioning nucleus, unlike the unrealistic excitation 

energy split discussed in the last section, is quite con-

sistent with the observed mass distribution; this will be 

discussed in the next chapter. 

For a quantitative comparison among all kinds of cal-

culated Z , the sums of the squares of differences between p 

Zp{experiment) and Zp(calculation), except those in fission 

product chain A= 77, are listed in Table 15. As discussed 

earlier, the fit by the uniform zp, in particular the Zp(ECD), 
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Table 14 

Qualitative comparison of the combined z 
p 

to the experimental data 

in the 232Th(p,Fission) reaction. 



C) 0 0 

Fit to the experimental Z at fission product mass chain 
Type of the p 

combined z 77 p 96 132 133 135 136 144 

Z (ECD/MPE) * * ** * * ** ** p 

Zp(UCD/MPE) * *** * **** *** **** **** 

Z (ECD/UCD) * *** *** *** ** *** ** p 

Z (MPE/UCD) * *** ** **** **** **** ***** p 

Z (UCD/ECD) * *** ** ** *** *** *** p 

Zp(MPE/ECD) * * *** ** ** *** ***** 
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Table 15 

Quantitative comparison of all calculated Zp 

to the experimental data 

in the 232Th(p,Fission) reaction. 



0 
Type of z p Sum of the squares 

calculation of the differences 

Z (MPE) 5.209 p 

Zp(UCD) 4.779 

Zp{ECD} 13.586 

zP (ECD (E1 > 1 MPE (Eh)> 7.600 

zP <uco (E1 > 1 MPE (Eh)> 4.358 

Zp (ECD (E1) I UCD (Eh}) 3.724 

0 
zP (MPE (E1 > 1 uco (Eh)> 2.274 

Zp (UCD {El} I ECD (Eh)) 5.378 

zP (MPE (E1 > 1 ECD (Eh) l 9.186 

Z (ECDIMPE) p 9.696 

Z (UCDIMPE) 3.697 p 

Z (ECDIUCD) p 3.086 

Zp(MPEIUCD) 1.689 

Zp(UCDIECD) 3.155 

Zp(MPEIECD) 6.588 

0 
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is unacceptable; this is indeed reflected from the table 

where z {ECD) has the greatest sum of differences {the 
p 

least agreement to the experimental data) and Zp(MPE) and 

Zp(UCD) also have relatively large sums. From among the 

* E F-dependent zp, despite their unrealistic implication, 

Zp(MPE{E1) /UCD(Eh)) maintains the best agreement (with 

the least sum) to the experimental data, as discussed in 

the last section. From among the combined zp, the Zp(MPE/ 

UCD) provides the best agreement to the experimental data; 

indeed it is the best of all the 15 calculations. The 

second best fit, neglecting the unrealistic Zp(MPE(E1) I 

UCD(Eh)}, is maintained by the Zp(ECD/UCD). 

The best fit is now narrowed down to the Zp(MPE/UCD), 

a combination of Zp{MPE) and ZP(UCD) on the basis of the 

asymmetric/symmetric split. 

04. The combined Zp(MPE/UCD) 

The combined Zp(MPE/UCD) and Zp(experiment) are plotted 

against incident proton energy and illustrated in Figure 24. 

Lines are drawn to connect all calculations to show the fit 

to experimental data. As the proton energy increases, the 

Z (experiment) for each fission product chain increases p 

but levels off at high proton energies; this experimental 

trend is very well reproduced by the calculation. The quan

titative result of this fit in detail, including the differ

ence of the Zp(MPE/UCD) to ZP(experiment), together with 
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Figure 24 

Calculated and experimental z 
p 

in the 232Th(p,Fission) reaction 

• 
0 

zp (experiment) 

Z (MPE/UCD} 
p 
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the calculated uncertainty, are listed in Table 16. 

The fit to Zp(experiment) for fission product chain 

A= 77, as discussed above, is poor. Calculation of Zp(MPE/ 

UCD) underestimates the experimental data ranging from -0.36 

to -0.82 charge unit. However, the fit to those at A= 144 

is strikingly good. If the treatment of post-fission de-

excitation and Zp calculation were wrong at around A= 77, 

an overestimate by that similar amount would be observed 

in the fit of the complementary fission product chain A ~ 

144. 

Experimental Zp data for fission product chain A = 96 

are slightly overestimated in the present calculation by 

an amount of about +0.4 charge unit. However, the experi-

mental result was constructed by (Mc71) on the basis of a 

questionable assumption, that is, the fission product mass 

yield curve is flat in the mass region A = 90-101, as dis

cussed in the previous section. Croall and Cuninghame 

(Cr69) measured the fragmental mass yield curves and found 

that in this mass region, the mass yield curve is not flat 

and indeed varies with incident proton energies (refer to 

Figure 21). If one accounts for this observed fact, the 

N/Zp value estimated in (Mc71) should be shifted toward 

the low side, hence yielding higher Zp(experiment) than 

the presented data. Qualitatively, this correction yields 

better agreement to the calculated z (MPE/UCD). 
p 

The low energy data of Z (experiment) for fission 
p 
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Table 16 

Quantitative comparison between 

the combined Zp{MPE/UCD) and Zp{experiment) 

of the 232Th{p,Fission) reaction. 



() 0 0 

Incident Fit to the experimental zp data by the CXIIlbined zp (MPE/UCD) 
pro ten 

at fission product mass chain energy 
(~V) 77 96 132 133 135 136 144 

8± 2 --- -- 0.06 ± 0.08 

14± 2 --- -- -0.05 ± 0.20 

20± 2 --- -- -- --- --- o. 35 ± 0.25 

25± 2 --- -- 0.33 ± 0.19 

30± 2 -- 0.04± 0.28 --- 0.31 ± 0.22 0.20 ± 0.21 

35± 2 -0.49 ± 0.17 

40± 2 -0.46 ± 0.17 0.43± 0.27 --- 0.12 ± o. 22 0.13 ± 0.22 0.01 ± 0.26 

45± 2 -0.47 ± 0.22 --- 0.32 ± 0.17 --- -- -- -0.11±0.22 

50± 2 -0.59 ± 0.17 0.32± 0.51 --- -0.05 ± 0.22 0.00±0.21 

55± 2 -o. 36 ± o.24 --- --- -- --- 0.09 ± 0.50 

60± 2 -o. 73 ± o.l9 0.58± 0.51 --- --- -- --- -0.08 ± 0.20 

65± 2 -0.58±0.16 -- 0.41 ± 0.17 -- -- -0.05 ± 0.50 

70± 2 -0.66 ± 0.19 0.49± 0.50 

75± 2 -0.68 ± 0.14 -- -- -- --- -0.01±0.50 

85± 2 -0.82 ± 0.16 0.43± 0.50 0.30 ± 0.11 --- --- -0.03±0.50 -0.12 ± 0.17 
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product chain A = 132 are fit excellently by the calculation; 

at higher energy, Zp(experiment) is slightly overestimated 

by an amount of about +0.3 charge unit. This is mainly be-

cause of the possibility of an overestimate of the evapora-

tion of post-fission neutrons near the doubly closed-shell 

fragment 1~~sn82 , which is unaccounted for in the present 

post-fission calculation. 

The remaining experimental data for fission product 

mass chains A = 133, 135, and 136 are fit extraordinarily 

well by the combined Zp(MPE/UCD). This excellent fit is of 

particular importance for the self-consistency of the pre-

diction, since a successful charge distribution approach 

must reproduce neighboring experimental data in different 

mass chains and different incident proton energies without 

a single exception. 

The satisfactory fit by the combined Zp(MPE/UCD) gives 

firm support for the asymmetric/symmetric split proposed in 
2 Eq. (21). The correlation of the (Z /A)A/S value to asym-

metric and symmetric fissions remains to be discussed in 

the next chapter. 

E. Summary of the Fit 

In this chapter the most probable charge Z has been p 

calculated and compared to the experimental zp data in both 

233,2350 239p ( F) t' d 232Th( . · ) t' , u nth, reac ~ons an p,F~ss~on reac ~ons. 
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The fit to the single-chance fission data of (nth'F) by 

z (MPE) is excellent; the Z (ECD) results where the cal-p p 

culation is based on primary fragments, rather than the 

traditional fission products, also reproduces experimental 

data quite well. This prediction contradicts the tradi-

tional claims; that is, the calculation with the ECD rule 

(based upon fission products) gives better prediction than 

that of the MPE hypothesis. However, the previous calcu-

lation, as discussed earlier, is an unrealistic approach. 

The calculated z (UCD), as expected, cannot reproduce the 
p . 

experimental data at all in thermal neutron induced fission. 

A new method of dividing the asymmetric/symmetric fis-

sions by the identity of the fissioning nucleus, rather 

than the excitation energy, is proposed. Based on this 

proposal, the fit to the experimental data in the multi

chance fission reaction of 232Th(p,Fission) by a combined 

Z (MPE/UCD) is found to be very successful. This fit rep 

quires the MPE hypothesis to be correlated with asymmetric 

fission and the UCD postulate to symmetric fission. The 

fit by a combined Z (ECD/UCD) is also found to be acceptable. 
p 

These successful fits, using the MPE or ECD hypotheses for 

asymmetric fission are consistent with the prediction of 

the data in thermal neutron induced fission. 

The detailed information of fission in the 232Th(p, 

Fission) reaction, derived from earlier chapters, enable 

us to divide the asymmetric/symmetric fissions on the basis 
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of the empirical (Z 2/A)A/S value proposed in this work. 

This simple division also finds support in thermal neutron 

induced fission. 2 The (Z /A)A/S values for U and Pu evalu-

ated by Eq. (21) are 36.50 and 37.50, respectively. The 

fissioning nuclides 234
'

236u in 233
'
235u(nth'F) reactions 

have their z 2F;~ values, 36.17 and 35.86, both smaller 

than the critical value for uranium, 36.50. The fission-

. l'd 240p . 239 ( F) t' h 't z2 /A ~ng nuc ~ e u ~n Pu nth' reac ~on as ~ s F F 

value 36.82, again smaller than the critical value for 

plutonium, 37.50. According to the present assumption of 

asymmetric/symmetric split, a fissioning nucleus goes to 

asymmetric fission if its z2F/AF is less than the respec-
2 tive (Z /A}A/S value; therefore we expect all of the three 

mass yield curves of thermal neutron induced fissions to 

be characteristic of double-peaked asymmetric fission, which 

are indeed the well-established experimental facts. 

The correlation of the MPE hypothesis and UCD postulate 

to the asymmetric and symmetric fissions is supported by the 

fit of calculated ZP to experimental data in the reactions 

discussed above. However, this correlation cannot be con-

sidered justified by only the limited reaction data unless 

the asymmetric/symmetric split is also satisfied for other 

fissionirig nuclei and at different excitation energies. 

The general correlation of charge distribution postulates 

to asymmetric/symmetric fissions will be therefore discussed 

in detail in the next chapter. 
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The mass distribution in the fission of bismuth and 

heavier elements with energies to the order of 200 MeV may 

be examined in terms of the two-mode fission hypothesis 

first suggested by Turkevich and Niday (Tu51) • According 

to this hypothesis, any mass distribution measured in fis

sion is due to the superposition of two components, one 

characteristic of an asymmetric part having a double-peaked 

curve with a valley in between and the other a symmetric 

component having a single-peaked curve with the peak loca

tion usually in the valley of the former. This hypothesis, 

however, allows even a single-chance fission such as spon

taneous fission to break into asymmetric and symmetric parts, 

thus making the correlation between charge distribution and 

asymmetric/symmetric fissions extremely complicated. 

In this work, the "asymmetric" and "symmetric" fissions 

are defined slightly differently in order to minimize the 

complexity mentioned above. The main difference to 

Turkevich's hypothesis is this: in the present studies the 

mass distribution of a single-chance fission reaction is 

treated with a single mass distribution. It is assigned 

either asymmetric or symmetric; no further decomposition of 

this elemental mass yield curve is allowed. For instance, 

the observed mass distribution of the spontaneous fission 

of 256Fm, a single-chance fission measured by Flynn et al. 

(Fl72), has a double-peaked character and a valley in between. 

According to Turkevich's hypothesis, this mass yield curve 
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may be decomposed into asymmetric and symmetric parts, having 

the symmetric yield around 1. 6%; in the present studies, 

however, this single-chance fission is treated only as a 

purely asymmetric fission, no symmetric component is allowed. 

The present treatment of asymmetric and symmetric fis-

sions can explain most of the observed mass distributions 

in fission, including those triple-peaked mass yield curves 

induced by energetic charged particles involving multi-chance 

fission processes. However, it cannot explain the triple-

peaked mass distribution observed in some single-chance fis

sion reactions such as 232Th(nf,F) reported by (Iy63) and 
227Ac(nf,F) reported by (Iy65), since they require a break

up of the elemental asymmetric mass distribution. Recently, 

Zaghloul (Za79} suggested that the third peak observed in 

the above reactions may be due to contamination from some 

symmetric fission reaction induced by high energy neutrons 

in the nuclear reactor. The symmetric fissions leading to 

the contamination will be discussed later. 

A. Decomposition of Mass Yield Curves 

The mass distributions of multi-chance fission reactions 

of interest are decomposed in this work. There are several 

standards used for the decomposition of the fission product 

mass yield curve: 

(1) If a valley is clearly observed around AF/2 in the mass 
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distribution, it is assumed to arise from a superposition 

of asymmetric fissions having different AF; no symmetric 

fission is introduced in this case. 

{2) For a single-peaked mass yield curve without shoulders, 

the decomposition is assumed to arise from a superposition 

of symmetric fissions having different AF; no asymmetric 

fission is allowed. 

(3) The median mass number at half-maximum height of the 

heavy wing in the asymmetric fission curve is locked on 

AH = 139, regardless of the identity of the fissioning nu

cleus; this is supported by the experimental observation 

compiled by Flynn et al. (Fl72). 

(4} The peak of the light wing in the asyroBetric fission 

curve therefore adjusts itself to ~ = AF- AH- \!post" 

(5) The full width at half maximum (FWHM) for both wings 

in asymmetric fission curve is 15 mass units; this is sup-

parted by the experimental observation in many (n,F) reac

tions given by Flynn and Glendenin (Fl70). 

(6) The peak/valley ratio in the as~~etric fission curve 

is allowed to decrease with increasing excitation energy; 

this is also supported by the experimental observation in 

(Fl70). 

(7) The FWHM of the symmetric fission curve is allowed to 

be adjustable in the decomposition, ranging around 30 ± 15 mass 

units,corresponding to 50% uncertainty at most. 

(B) The peak of the symmetric fission curve is located at 
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Based on these standards, the mass yield curves of 

232Th(p,Fission) reactions (refer to Figure 21) are first 

decomposed. The results are illustrated in Figure 25; 

labelled values are the incident proton energy and percent-

age of symmetric fission yield. With 13 MeV incident pro-

tons, according to the present definition, the mass yield 

curve is purely asymmetric; no decomposition for symmetric 

fission is necessary; with 20 MeV incident protons, the 

peak of the symmetric fission curve is emerging. ~s the 

incident proton energy increases, the symmetric peak becomes 

more important and eventually higher than the asymmetric 

peaks. Hence, the symmetric fissions are believed emerging 

just below 20 MeV of incident proton energy, then rapidly 

increasing, and leveling off at about 40-50% with protons 

above 50 Me V. 

The decomposed percentage of symmetric fission is quite 
2 consistent with the (Z /A)A/S split in the last chapter. 

If one weights those calculated fission reactions which 

have their fissioning z2F/AF greater than the respective 

(Z 2/A)A/S value (as proposed to correlate to symmetric fis

sion), one finds the weighted results match the decomposed 

percentage of symmetric fission quite well. Both the sym

metric fission yield decomposed from experiment and weighted 

from the calculation are illustrated in Figure 26(a). This 
2 provides further support of the correlation of (Z /A)A/S 
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Figure 25 

Decomposition of the mass yield curves 

of the 232Th(p,Fission) reaction into 

asymmetric and symmetric fissions 

solid curves: experimental mass 
distribution, after (Cr69) 

dashed curves: decomposed result 
in this work 
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Figure 26 

Symmetric fission in experimental 

mass distribution of the (p,Fission) reactions 

(a} 232Th(p,Fission} reactions 

• from Figure 25 

o : from present calculation 

(b) U(p,Fission} reaction 

curves and points: after (Pa66A} 

comments: this work 
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split to the asymmetric/symmetric fissions. 
2 On the other hand, the consistency of the (Z /A}A/S 

value for asymmetric/symmetric split can be extended to 

even higher energy reactions. Pappas and Hageb~ (Pa66A) 

have completed the fission product mass yield curve of 

U(p,Fission) with 170 MeV protons. Their mass distribu-

tion, as reproduced in Figure 26(b), includes an eccentric 

peak centered around A ~ 108 in addition to the two asym

metric peaks. According to the asymmetric/symmetric split 

introduced in the last chapter, fission reactions of 238u

(p,XnF} with X = 6- 16, corresponding to the fissioning 

nuclides 233- 223Np with z2F/AF ranging from 37.12 to 38.18, 

are all symmetric since the z2F/AF of these fissioning nu

elides are greater than the critical value of (Z 2/A}A/S 

for neptunium, 37.00. The average number of post-fission 

neutrons for these reactions is estimated in the same way 

as discussed in the previous chapter, varying from v t = pos 
15 for the (p,6nF) reaction having a highly excited (to 

233 -140 MeV) Np to vpost = 5 for the {p,l6nF) reaction from 

a relatively cold fissioning nuclide 223Np. The peak of 

these symmetric fissions are therefore all centered around 

A = (AF- vpost) /2 :: 109, which indeed matches the experi

mental observation in Figure 26(b). 
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B. The Asymmetric/Symmetric Split 

In this section, all available experimental mass dis

tributions in fission are collected for the study of asym

metric/symmetric fissions. They range from very low energy 

fissions such as spontaneous and thermal neutron induced 

fissions to multi-chance fission reactions induced by ener-

getic projectiles with excitation energy up to 60 MeV, 

involving fissioning nuclides up to 262105. The collected 

fission reactions are listed in Table 17. 

All the collected mass yield curves of multi-chance 

fission are decomposed according to the standards set in 

the last section. If it is possible to evaluate the exci

tation energy at which the symmetric peak in the mass dis

tribution just becomes noticeable in a predominantly asym-

metric curve, that fissioning nucleus which just becomes 

available is assigned as the critical one for the newly 

emerged symmetric fission. For each fissioning element, 

there is one critical value of Z2/A among the isotopes 

where the transition from asymmetric to symmetric fission 

occurs. For instance, in the last chapter, the protactinium 

isotopes having mass number A~ 231 (low z 2F;~ value) go 

to asymmetric fission; on the other hand, those having A < 

231 (high z 2F/~ value) go to symmetric fission; the asym

metric/symmetric transition for protactinium isotopes is 

therefore around 231/230. 
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Table 17 

Data used for asymmetric/symmetric split 

in this work. 



c 0 0 

Target Projectile Reference Target Projectile Reference 

262105 SF (Fe79) 23Bu 4 to 45 MeV He (Va58A) 

252No SF (Be77) 238u to 55 MeV p (Ba71A) 

259Md SF (Hu79) 23Bu 14 MeV n (Fl70) 

259Fm SF (Ho76} 235u 14 MeV n (Fl70) 

258Fm SF (Ho76) 233u reactor n (Fl70) 

257Fm SF (Ba71) 235u to 45 MeV 4He (Va58A) 

257Fm (Jo71) 233u 4 (Va58A) nth to 45 MeV He 

256Fm SF (Fl72) 233u to 24 MeV d (Fo59) 

255Fm 
nth (Ra74) 231Pa reactor n (Fl70) 

254Fm SF (Ha73) 232Th 14 MeV n (Fl70) 

254Es 3 to 24 MeV ( He,pF) (Br79) 232Th to 46 MeV 4He (Fo59) 

254Es 3 to 15 MeV { He,dF) (Br79) 232Th to 14 MeV d (Al57) 

254Es to 15 MeV (t,pF) (Br79) 232Th to 53 MeV p (Cr69) 

254Es to 15 MeV (d,pF) (Br79) 230Th to 30 MeV 4He (Br64) 

253Es SF (Fl76) 229Th 
nth (F170) 

254Cf SF {Br63} 227Th 
nth (Fl70} 

252Cf SF (Br63) 226Ra to 15 MeV n (Zh73) 

••• cont'd 



() 0 () 

Table 17 - cont'd 

Target Projectile Reference Target Projectile Reference 

250Cf SF (Ho73A) 226Ra to 27 MeV 4He (Br63A) 

250Cf to 16 MeV (t,pF) (Wi79) 226Ra 3 to 24 MeV He (Br63A) 

249Cf 
nth (Fl70) 226Ra to 23 MeV t (We76) 

250Cm SF (Ho73A) 226Ra to 14 MeV d (Br63A) 

248Cm SF (Un72) 226Ra to 11 MeV p (Je58) 

246Cm SF (Pl73) 209Bi to 42 MeV 4He (Un64} 

245Cm (Un72) 209Bi 3 (Br63A) nth to 25 MeV He 

242Cm SF (St54) 209Bi to 22 MeV d (Fa56) 

242Am 
nth (We69) 209Bi to 58 MeV p (Su61) 

241Am 
nth (We69} Pb to 42 MeV 4He (Ne63} 

241Am 14.8 MeV n (Pr79) 206Pb 3 to 25 MeV He (Br63A) 

241Pu 
nth (Fl70) Pb to 54 MeV p (Va61) 

240Pu SF (La62) Tl 3 to 25 MeV He (Br63A) 

239Pu (Fl70) 197Au 4 (Ne63) nth to 42 MeV He 

239Pu to 24 MeV d (Gi56) 197Au 3 to 25 MeV He (Br63A) 

237Np reactor n (Fl70) Pt 4 to 65 MeV He (Ne69) 

23Bu SF (Yo60) 
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The fissioning nuclides assigned to asymmetric and 

2 symmetric fissions are displaced according to their Z F/AF 

identities in Figure 27. One may immediately find a strik-

ing result from this plot: all fissioning nuclides having 

their z2F/AF greater than the respective (Z 2/A)A/S value 

go to symmetric fission, while fissioning nuclides having 

their z2F;AF less than that value go to asymmetric fission. 

The detailed split of asymmetric/symmetric fissions is 

discussed below: 

(1) Fissioning nuclides lighter than radium. 

Mass yield curves for charged particle induced fission 

on Pt, Au, Tl, Pb, and Bi targets (references are listed in 

Table 17) are observed as purely symmetric; this is in good 

agreement with the present prediction since all fissioning 

nuclides involved in the said reactions go to symmetric 

fission because their z2F/AF values are much greater than 
2 the respective (Z /A)A/S value. 

(2) Radium. 

The mass yield curve used for asymmetric/symmetric split 

is the 226Ra(n,Fission) with neutron energies to 15 MeV, 

measured by Zhagrov et al. (Zh73). The symmetric peak in 

the mass distribution is attributed to the (n,3nF) reaction 

h · h f' · · l'd 224 · 2 I . 3 7 av~ng t e ~ss~on~ng nuc ~ e Ra w~th Z F AF ~ 4.5 • 

According to the present prediction, the fissioning radium 

with mass number A ~ 224 goes to symmetric fission, which 
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0 

Figure 27 

The asymmetric and symmetric fissions 

of the fissioning nuclides, 80 ~ ZF ~ 105 

0 
experimental data 

Asymmetric Symmetric 
fission fission Fission reaction 

0 • Spontaneous fission 

0 • Neutron induced fission 

V ... Charged particle induced 
fission 
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is indeed the experimental observation. 

(3) Actinium. 

The triple-peaked mass distribution in the 226Ra(p, 

Fission) reaction with 11 MeV protons, measured by (Je58) 

and (d,Fission) reaction with 11.7 MeV deuterons, measured 

by Britt, Wegner, and Gursky (Br63A), can be decomposed 

into asymmetric and symmetric components. The fissioning 

l 'd 226 d' th ( ) t' . th nuc ~ e Ac, correspon ~ng to e p,nF reac ~on ~n e 

former and (d,2nF) in the latter case, is considered to 

produce the symmetric fission which causes the middle peak 

2 in the mass yield curve. According to the (Z /A)A/S split, 

fissioning actinium nuclides having mass number A ~ 226 

go to symmetric fission~ again, this is in good agreement 

with experimental observation. 

As mentioned earlier, the third peak in the mass dis

tribution of 227Ac(nf,F) reaction is mainly coming from 

some symmetric fissions induced by high energy neutrons; 

it is suggested here that these contaminating reactions 

b 2 2 7 ( 2 F) 1 d ' th f . . . 1 . d 2 2 6A e Ac nf, n ea ~ng to e ~ss~on~ng nuc ~ e c 

on one hand, and 227Th(nf,nF) leading to the fissioning 

nuclide 227Th on the other. The 227Th is in secular equi-
227 librium with the target Ac and also goes to symmetric 

fission, as will be discussed later. 

(4} Thorium. 

~ The asymmetric mass yield curves of 227 , 229 , 232Th(n,F) 
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reactions, compiled by Flynn and Glendenin (Fl70), indicate 

that symmetric fission has been ruled out in these thorium 

nuclides having mass numbers A ~ 228. This information 

enables us to narrow down the contribution of the symmetric 
. 226 3 peak in the triple-peaked mass yield curves ~n Ra{ He, 

Fission) with 20.9 MeV 3ne, measured by (Br63A) as mainly 

coming from the (3He,2nF) reaction in which the fissioning 

227Th has z2F/AF ~ 35.68. This is consistent with the 
2 present prediction since the critical (Z /A)A/S value for 

thorium is 35.50. 
232 The third peak observed in the Th(nf,F) reaction 

may therefore be attributed to the possible interfering 

reaction 228Th(nf,2nF) having the fissioning nuclide 227Th, 

where 228Th is in secular equilibrium with the natural 

thorium target. 

(5) Protactinium. 

As mentioned in the last chapter, fissioning protac-

tinium isotopes having mass number A < 231 are assigned to 

symmetric fission. This is further supported by experi

mental observation of the 230Th(p,Fission) reaction with 

8 MeV protons (Br63A). The triple-peaked mass yield curve 

may be decomposed into asymmetric fission from the (p,F) 

reaction and symmetric fission from the (p,nF) reaction, 

having the fissioning nuclide 230Pa. 
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(6) Uranium. 

The asymmetric mass yield curve of the 230Th(a,Fission) 

reaction with 29.5 MeV alphas, measured by Britt and 

Whetstone (Br64), indicates that symmetric fission has been 

ruled out in those reactions of (a,XnF) with X = 0-2, corre-

d . t th f' . . l'd 234- 232 Th' b spon ~ng o e ~ss~on~ng nuc ~ es u. ~s .o ser-

vation may be used to deduce that the third peak observed 

in the mass distribution of 232Th(a,Fission) reaction with 

45 MeV alphas, measured by Foreman et al. (Fo59) arises 

f th f . · · l'd 231 · h z2 /A 36 64 th' rom e ~ss~on~ng nuc ~ e U w~t F F = • ; ~s 

is produced by the (a,5nF) reaction, and it has been found 

to go to symmetric fission. This is consistent with the 

2 present prediction since the (Z /A)A/5 value for uranium 

is 36.50. 

(7) Neptunium. 

The third peak observed in the mass distribution of 

the 233u(d,Fission) reaction with 21.5 MeV deuterons (Fo59) 

may be attributed to the symmetric fission of the newly 

emerged (d,2nF) reaction having the fissioning nuclide 233Np 

with z 2F/AF:::: 37.12. Again, this is in good agreement with 
2 the present prediction since the (Z /A)A/5 value for nep-

tunium is 37.00 

(8) Plutonium. 

The emerging symmetric peak in the mass distribution 

of the 233u(a,Fission) reaction with 30.7 MeV alphas (Fo59} 
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is attributed to the symmetric fission of the energetically 

available reaction of (a,2nF}, having the fissioning nu

clide 235Pu with z 2F;~ = 37.60. The present prediction 

is once again consistent with experimental observation since 

2 the (Z /A}A/S value for plutonium is 37.50. 

(9) Fissioning nuclides in the transplutonium region. 

Mass distributions of those fission reactions involving 

transplutonium nuclides, ranging from 238Am to 262105, are 

predicted asymmetric since the corresponding z2F/AF in each 

case is less than the respective (Z 2/A)A/S value. Indeed, 

we observe the asymmetric mass distribution in all cases 

except the mass yield curves in the spontaneous fissions 

of 259Md, 258 , 259Fm, and 257Fm(nth'F) reactions. The mass 

distributions in these exceptions are characterized by a 

sharp central peak with two side shoulders~ in addition, 

the total kinetic energy released in these fissions cannot 

be predicted by the rather well described function of 

Coulomb forces, as shown in Eq. (13). For these strange 

mass distributions, Hoffman (Ho79) suggested that "the 

fission properties of the heavy Fm isotopes may be unique 

and can be qualitatively explained on the basis that sym-

metric fission of the heavy Fm isotopes results in two 

fragments with configurations close to the doubly magic 

1329 1 " 
50 n nuc eus • 

In all, the asymmetric/symmetric split on the basis 
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2 of the proposed (Z /A)A/S values is consistent with the 

wide range of experimental data discussed above. However, 

the fits are limited to those data collected in Table 17. 

Mass distributions of (y,Fission), charged particle induced 

fissions with excitation energy above 60 MeV, and heavy ion 

induced fissions are not considered here; this is because 

the exact excitation energies transferred from projectile 

to the fissioning nuclei and their identities are not well 

known, unless a distinct asymmetric/symmetric mass dis-

tribution such as the one reproduced in Figure 26(b) is 

2 presented. Furthermore, the (Z /A)A/S value, as shown in 

Eq. (21), is purely empirical and should be treated as only 

a first approximation; a further refinement of the equation 

may lead to a small shift of the asymmetric/symmetric split. 

Still, it is sufficient to provide a convenient way to 

decompose qualitatively the asymmetric/symmetric fissions 

in many fission reactions. 

C. Charge Distribution and 

Asymmetric/Symmetric Fissions 

For years, many investigators have suggested that the 

predominantly determining factor for asymmetric and sym-

metric fissions is the excitation energy, that is, high 

excitation energy leads to symmetric fission while low ex-

citation energy leads to asymmetric. We have been suggesting 
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that the identity of the fissioning nucleus is the main 

determining factor for the asymmetric/symmetric fissions. 

Thus, the symmetric part of high energy fission is mainly 

coming from the fission of some specific fissioning nu-

elides which are produced by evaporation of several neu-

trons prior to fission. 

More important is the fact that we have found a 

strikingly good fit to the Z (experiment) data by proposing p 

that the charge distribution in those fissions having 
2 2 Z F/AF less than the respective {Z /A)A/S value goes by 

the MPE hypothesis (or to a lesser extent the ECD rule) 

and otherwise by the UCD postulate. Now that we believe 

the correlation of this (Z 2/A)A/S split to the asymmetric/ 

symmetric fissions to be firmly supported, we may say that 

the charge distribution is following the MPE hypothesis 

(or the ECD rule) in the case of asymmetric fission and 

the UCD postulate for symmetric fission. This indicates 

that the process from saddle to scission is rather slow 

in asymmetric fission while it is fast in symmetric fis-

sion. 

In asymmetric fission, the ECD rule finds slightly 

less support from the fits to experimental data than those 

by the MPE hypothesis; this should not generate significant 

concern since the ECD rule is purely empirical and the 

traditional ECD is calculated from an unrealistic approach 

on the basis of the fission products. 
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Th t . f 231,228,227,226Th d 225,224,223R e cross sec ~ons o an a 

produced in the 232Th(p,X) reactions by protons of energies 

to 90 MeV have been measured radiochemically. Excitation 

functions of (p,pXn) with X = 1, 4-6 and (p,3pXn) with X = 

5-7 were evaluated. The measured excitation functions, to-

gether with those {p,Xn) with X= 1, 3, 5-7, (p,2pXn) with 

X= 3-7, and the total fission cross sections of 232Th(p, 

Fission) reactions compiled from the literature were com-

pared to the calculation on the basis of the Pre-equilibrium/ 

Exciton Model with a newly developed fission option. 

The theoretical fit to the experimental excitation 

functions and total fission cross sections has been found 

strikingly good; neither normalization nor any adjustment 

from case to case is required. The excellent fits are re-

tained simultaneously in simple reactions such as (p,n) and 

highly complex ones like (p,3p7n) on one hand and high cross 

sections in the (p,Fission) reaction (about 1 000 mb) and 

low cross sections in (p,3p7n) reactions (about 0.02 mb) on 

the other hand. The agreement between the calculation and 

experiment yields solid support to the treatment of fission 

associated with the well-established Pre-equilibrium/Exciton 

Model. 

The calculation has been expanded to evaluate the de-

tails of fission information, such as the identity of the 

fissioning nucleus, its excitation energy, and the specific 

fission probability. The calculated results, though difficult 
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to be verified experimentally, are as reliable as the spal

lation calculation since fission and spallation are inter-

locking each other in each and every step of the calculation. 

Based on the detailed information of fission, the num-

b f t f ' . t ' 2 32Th ( ' ' ) t . ers o pos - ~ss~on neu rons ~n p,F~ss~on reac ~ons 

have been calculated assuming that the excitation energy is 

shared by primary fragments according to their mass ratio. 

The calculated post-fission neutron yield is also found in 

agreement with the experimental evaluation. 

Attempts have been made to evaluate the most probable 

charge by different charge distribution postulates on the 

basis of the pre- and post-fission treatments set up in this 

work. The experimental zp data in the 232Th(p,Fission) reac

tion have been fit excellently by a combined Zp(MPE/UCD) cal

culation. The combination is designated by an empirical 
2 (Z /A)A/S value proposed in this work. Zp(UCD) has been 

evaluated and assigned for those fission events having their 

z 2F/AF greater than the respective (Z 2/A)A/S value, other

wise Z (MPE) is assigned. The second best fit is obtained 
p 

with the z (ECD/UCD) calculation. The ECD rule calculation, 
p 

based on fission fragments rather than fission products, 

also yields good agreement with the asymmetric fission data. 

It implies that the distinction between the MPE and ECD pos-

tulates is small, though the agreement with the experimental 

data by the former is better than that by the latter. 

The excellent fits to Zp(experiment) leads to a more 



0 

c 

- 186 -

detailed investigation of the universality of the simple 

2 (Z /A)A/S critical value. Mass distributions in fission, 

collected from a wide range of experiments, have been de-

composed into asymmetric and symmetric parts and correlated 

to the identity of the fissioning nucleus rather than the 

excitation energy. Surprisingly, all fissioning nuclides 

going to symmetric fission have their z 2F/~ lying above 

the critical {Z 2/A)A/S value, while those going to asymmetric 

fission lie below that value. This is applicable to all the 

fissioning nuclides collected, ranging from 193Hg to 262105 

with the only exception being the heavy Fm isotopes. 

The quantitative correlation between charge distribution 

postulates and asymmetric/symmetric fissions is then summa-

rized as the MPE hypothesis {or the ECD rule) being asso-

ciated with asymmetric fission while the UCD postulate is 

associated with symmetric fission. 
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APPENDIX 

THE SI UNITS 

The International System of Units (SI) is used in most 

cases in.this work. However, for historical reasons or 

reasons of clear reader preference, other traditional units 

are also used. The SI equivalent of these units are given 

below: 

To convert from the 
unit used in this work 

inch {length) 

fm (length) 

mb (area) 

amu (mass) 

degree Celsius (temp.) 

MeV (energy) 

To the SI 
equivalent 

metre 

metre 

metre2 

kilogram 

degree Kelvin 

joule 

Multiply by 

2 • 540 000 X 10-2 

1. 000 000 X 10-l5 

1. 000 000 X 10-31 

1. 660 566 X 10-27 

add 273.15 

1. 602 19 X 10-l3 
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