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• ~STRACT 

The independent-yields of l35xe, 133mxe and 133gxe 

and the cumulative yields of l35I and 133r have been 

measured for twenty-seven fission systems, consisting of 

the targets 232Th, 238u, 235u and 233u with protons of 

energies from 20 to 85 MeV. A radiochemical gas-sweeping 

technique was used and the xenon activities were measured 

by a gamma spectrometer calibrated with a gas-phase beta 

proportional counter. The experimenta were designed 

primarily for a study of precise isomerie yield ratios of 

133xe, but they also gave information on fission yields and 

their variations in mass chains 133 and 135. 

Because of the large uncertainty in~ for 133mxe, 

four possible values of this coefficient were used to report 

the isomer ratios. It is suggested that the existing 

experimental value of o< is too low. For all the systems 
T 

studied, the value of the isomer ratio of 133xe was 

remarkably constant, within the experimental relative 

uncertainty of 10-20%. It was concluded that the isomer 

ratio is apparently independent of the spin and type of 

the fission target. The present data suggest that the 

isomer ratio is more weakly dependent on fission energy than 

was generally thought. 



Crude statistical computations were performed for 

three spin-pair classes of isomers, (9/2, 1/2), (11/2, 3/2) 

and (8,5). The theoretical resulta improved our under-

standing of the relative formation of iaomers in fission 

and allowed a more quantitative discussion and survey of 

existing data. 

For proton energies up to 55 MeV, charge distribution 

was studied in the chains 133 and 135. A Gaussian charge 

distribution curve was assumed in two methods used to 

determine empirically, from relative yield data, the values 

of ZP and fractional chain yielda. One method, developed 

here, uses the ratio of the cumulative yield of a beta parent 

to the independent yield of the daughter. The method proved 

reliable for the pairs l35I;135xe and 133I;133xe. It should 

be useful in future work. 

238' 232 For U and Th, the variations with proton 

energy of ZP for chains 133 and 135 showed the trends now 

fairly well eatabliahed for this maas region. However, a 

conaiderably different behaviour waa observed for 235u and 

233u. The aimplified CCR poatulate was used to estimate 

roughly total yields of fission neutrons, from the empirical 

Zp values. 

Abaolute croas sections, plotted as excitation 



functions, were obtained from the irradiations of 232Th, 

238u and 235u, by monitoring the proton beam with the 

reaction 65eu(p,pn) 64cu. 

Total chain yields were determined from the absolute 

and fractional yields in chains 133 and 135. They were 

consistent w1th a flat mass distribution curve in this mass 

region. 
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l. INTRODUCTION 

l.l GENERAL 

The main purpose or this thesis waa to examine 

the relative yielda or the isomera or 13'xe tormed in the 

fission of aeveral heavy elements by med1um-energy protons. 

The experimenta were designed primarily for this purpoae. 

It waa possible from the aame experimenta to contribute 

to the atudy of the charge distribution in fission, and 

to obtain fractional and abao~ute yields tor the nuclidea 

of xenon and iodine, in the isobaric chaine or maas, A, 

equal to 13.} and 135. From these yields, total chain 

yields could be eatimated for the two masses. 

Firat, this Introduction outlinea important 

general references on fission; then in SECTION A it 

reviews the study of fission yields and their variations 

w1 th maas and charge; in SECTION B 1 t surveys in some 

detail the study or the relative formation ot isamers in 

fission; and finally it summarizes the purpose of this 

study. Al though SECTIONS A and B are complementary to 

one another they have been written as self-contained 

introductions to their respective topics. This was 

achieved by allow1ng some repetition or subJecta which 
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were important to both sections. 

A satisf'aotory comprehensive theory does not exist 

for the oomplex prooess of fission; specifie theoret1oal 

aspects of' fission pertinent to the present stuQy will be 

disoussed in the appropriate sections of this thesis. 

There is a veey large experimental and theoretiaal 

literature on fission and this bas been regularly aollected 

and surveyed (COR 51, WHI 52, SPE 531 GLE 54, HAL 59, HYD 6o, 

HYD 62, HYD 64, KAT 60, ORO 60, HUI 62) • 

Wheeler (WHE 56) outlined the development of 

fission theories up to 1956 and Leaahman (LEA 62) reviewed 

fission mechanisms up to 1962. Swiatecki (SWI 65) has 

surveyed recent contributions to fission theory. He stressed 

the importance or the work or Nix and SWiatecki (NIX 65) 

which made an important contribution (discussed in Section 

lB) to the theory of iSomerie yie1d ratios in fission, and 

cou1d be extended to diseuss the charge distribution in 

fission fragments. The on~ hundred diverse papers presented 

at the recent I.A.E.A. Symposium on the Phys1es and 

Chemistry of Fission {Sa1zburg, March 1965) showed the wide 

1nterest that still exista in this oomplex proeess. They 

also illustrated that, although various theories and 

empirical prescriptions ean now aeeount for the main 
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features of some fission systems, many aspects of fission 

are not well defined experimentally and remain a mystery 

theoretically (NIX 65). 

lA. SECTION A 

FISSION YIELDS AND THEIR VARIATIONS 

lA.l NOMENCLATURE 

The literature on fission yields contains 

nomenclature which is otten ambiguous and contusing. In 
1 

this thesis an attempt 'has been made to avoid this 

ditticulty by using the tollowing definitions. 

FISSION FRAGMENTS are formed in the act of 

scission. FISSION PRODUCTS are formed atter emission of 

prompt neutrons from the fragments, either before or atter 

beta-decay tram isobaric fission products. 

Two types of fission product yields can be 

measured, independant and cumulative. THE INDEPENDENT YIELD 

of a fission product nuclide is th& yield of a nuclide which 
i 

is formed from fission fragments of the same isotopie chain, 

by the emission of 0, 1, 2 or more neutrons (negleoting any 

charged partiale emission from fragments). THE CUMULATIVE 

YIELD of a fission produot isotope is the sum of the 



- 4 -

independent yields of that nuclide and of all the isobaric 

fission products leading to that nuelide. 

A earetul distinction must be made between two 

types of charge distribution. 

( i) THE INITIAL CHARGE DISTRIBUTION Will be used 

to rerer to the charge distribution of isobaric fragments; 

obviously it is this distribution which shows how the 

nuolear charge divides itself between the two fragments at 

scission. 

(11) THE APPARENT CHARGE DISTRIBUTION will be used 

to rerer to the charge distribution or isobaric fission 

products; this distribution shows how the independant 

fission yields of isobario fission produots vary along an 

isobaric ohain. 

Although some authors have reserved the term 

•charge dispersion• (FRI 65) for the apparent charge 

distribution, and then used the term •charge distribution• to 

rerer only to the initial charge distribution, contusion is 

oaused by tae many authors who use the term charge 

distribution to describe either type of distribution. In 

this thesis no distinction is made between the words, 

distribution and dispersipn, and the use of the latter word 

is avoided becaus.e or its occurrence in discussions or the 
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corrections made to physical data in maas distribution 

etudies. 

Consistent with the nomenclature for charge 

distribution, a careful distinction must be made between two . 

types of maas distribution. 

(i) THE INITIAL MASS DISTRIBUTION refera to the 

maas distribution of the ~ragments, and obviously shows how 

the maas divides at scission. 

(ii) THE FINAL MASS DISTRIBUTION refera to the 

maas distribution of the fission products. It shows how the 

total isobaric chain yield, the sum of the independant 

yields in a chain, varies with the maas of the chain. The 

word •final" may be used in this context since the deoay of 

fission products causes no change of maas number, A, except 

in the relatively rare event of deo~ by del~ed neutron 

emission. 

The adjectives •pr1mary" and 11 secondary• have not 

been used here to quality fission yields because of their 

ambiguous use in the literature. 



- 6 -

1A.2 MEASUREMENT OF FISSION YIELDS 

The measurement of fission yields has made a large 

contribution to the study of the fission process since its 

discovery (HAH 39). Most of the existing yield data for 

fission products have come from numerous radiochemical and 

maas spectrometrie studies, but promising new physical 

methods are being developed and have already given valuable 

data for fission fragments as well as fission products. The 

fission products in low-energy fission and many of those in 

medium-energy fission are neutron-rich and therefore decay 

by negative bata-partiale emission along an isobaria ahain 

to the stable isobar. The early members of these ahains are 

many charge units from stability and are so short-lived that 

it is usually possible to measure only cumulative yields of 

isobars near the stable end of a ahain. However, independant 

yields aan be measured direatly, for the few shielded fission 

products wh1ch have stable isobaric precursors, and 

indireatly with suitable growth corrections, for those 

fission produats which are semi-shielded or quasi-shielded 

by relatively long-lived precursors. The fractional yields 

of some very short-lived fission produats have been measured 

by ingenious experimental techniques. 
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lA.2.l THE FISSION YIELDS OF XENON AND KRYPTON 

This thesis is aonaer.ned with the fission yields 

ot xenon isotopes formed in the fission of heavy elements by 

protons of medium-energy. 

An important part of the existing fission yield 

data has been aolleated for the rare gases# krypton and 

xenon. They are both formed in good yield in fission and 

are partiaularly suitable for quiak, efficient ahemiaal 

separation after or even during ( APO 62., J AM 64) an 

irradiation. They are very sui table for study by mass­

speatrometry. It Will be seen in this thesis that they have 

made a considerable contribution to the understanding of 

charge distribution and it is of historia interest that in 

an early gas-sweep experiment (DIL 51) they gave the first 

experimental evidence for a distribution of initial nuclear 

charge for fission products of a partiaular maas number. 

There have been a large number of experimental 

studies of krypton and xenon not only because of the 

aonvenience with which they may be measured, but also 

because of their importance industrially and in nuclear 

reactor technology. No attempt is made to discuss the 

technological aspects of radioactive rare gases beyond the 

very brief outline in the following paragraph. 
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Rare gases formed in fission cause •swelling" 

{WEB 63) of u~anium fuel mate~ials and may the~efo~e ~ptu~e 

a fuel ~od. They also cause a dec~ease in ~acto~ etficiency 

{FIC 59) due to the ext~emely high capt~ cross section of 

135xe tor thermal neutrons (~3 x 106 barns). Many systems 

for testing failures in reactor fuel elements depend on the 

~lease of rare gas activities (KRI 61). Radioactive ~are 

gases are ve~ suitable (WIL 57) fo~ indust~ial uses (e.g. 

static eliminato~s# leak detection, discharge initiato~s). 

The most suitable are the relatively long-lived 133xe (5.3 

days) and 85x~ (10.6 years). These have a very low radio-

active toxicity and no contamination hazard because they are 

~elatively ine~t gases, and have stable decay products. 

85x~ is ext~acted on a large scale from u~anium slugs atte~ 

thei~ i~radiation in a reacto~. A standard sou~ce of 8~ 

was used in the p~sent wo~k to calib~ate the gas-counting 

equipment. 

Be~gst~om (BER 52) reviewed the ~tudies of krypton 

and xenon isome~s, up to 1952. A monograph by Mamye~ 

(MOM 60) has ~eviewed, up to 196o, the extensive ~adio­

chemist~ of the rare gases, including techniques to~ 

~emoval or these gases from fission targets, ro~ separation 

and purification of krypton and xenon, and for measuring the 
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activity of their radioactive isotopes. Sinoe then, many 

rare gas techniques have been used (KOC 61, AUB 61, FEL 62, 

KAP 61, STO 62, MCH 63, JAM 64, DOS 64). The experimental 

work in this thesis was based largely on the method used by 

Dostrovsky and Stoenner (DOS 62). More details are given in 

the experimental Section 2.2.2, but the main steps which are 

similar to those in many radiochemical studies of the rare 

gases are summarized here. 

(i) The rare gases are removed from the target. 

This has been done by vacuum fusion (MCH 63) but more 

commonly by chemical dissolution of the target followed by 

sweeping with a non-radioactive gas (e.g. H2, o
2

, co
2

, N
2

, 

He). A measured amount of inactive krypton and xenon carrier 

gas is uaually injected into this sweep gas. 

(11) The gaaes are purified, particularly from 

halogens which are the beta-decay parents of krypton and 

xenon. 

{iii) They are adaorbed at low temperature on 

activated charcoal (WEL 59) or other suitable material 

(e.g. silica gel, molecular sieves). 

(iv) Krypton and xenon are separated by gas­

chromatography (AUB 61, KOC 61). 
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(v) The separated gases are purified, measured to 

establish their recovery-yield, and then their activity is 

determined. 

Information about the cumulative yields of the 

halogen parents can be obtained in later gas-sweeps, by 

•milking" the rare gas which has grown from the decay of 

these parents. 

Gas-sweeping techniques cannot measure the yields 

of very short-lived rare gases. Very important data for the 

fractional cumulative yields of short-lived krypton and 

xenon have been obtained by the emanation technique of Wahl 

(WAH 58), which has been applied extensively to low-energy 

neutron fission (WAH 62, WAH 65), recently to fission by 

14 MeV-neutrons (WOL 65), and will probably be adapted for 

fission by charged partiales. In this technique, the 

fissionable material was covered With, or was itself, a 

stearate salt in an evacuated container lined With filter 

paper. A mixture of fission products recoiled into the 

stearate, but only the rare gases formed 1n fission, and 

fission products that decay to them, emanated from the salt 

into the container. After the emanated rare gases w1th short 

half-lives had decayed, the container was opened. Then the 

decay produats on the liner, and the fission and deaay 
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products in the stearate~ were assayed by standard radio­

chemical procedures. The interpretation of data from the 

emanation method may be considerably influenced by 

uncertainties in the half-lives tor the short-lived rare 

gases. These halt-lives have been meaaured precisely by 

special techniques (PAT 65). 

The first fission product yields to be measured 

With the maas spectrometer were those of the isotopes of 

krypton and xenon tormed in thermal neutron fission of 235u 

(THO 47, FR1 58). Since then numerous fission product 

yields have been meaaured using a combination. of caretul 

chemistry and maas spectrometry. McHugh (MOH 63) has 

collected a bibliography of about twenty of these 

investigations. The technique was used mainly for low­

energy fission (FAR 62b)~ arter long bombardments in a high 

neutron flux. However, the high sensitivity work ot Gordon 

and Friedman (GOR 57), Chu (CHU 59) and later workers 

(BLA 6o, MCH 63) has shown that the technique can also give 

precise relative isotopie abundances even tor medium- and 

high-energy fission. The yields obtained at these energies 

are very low, because generally it is possible to use only a 

relatively low flux and relatively short irradiations. In 

practice the sensitivity of maas spectrometry is limited by 
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natural contamination, tor which corrections must be made. 

The precise data of McHugh are ot particular interest and 

are turther discussed in other parts of this thesis. 

As in radiochemical methode, it is usually 

necessary in the design and interpretation of maas spectro­

metrie measurements of fission yields to have a good 

knowledge ot the halt-lives and branching ratios in the 

appropriate beta-decay chain. However, maas spectrometrie 

techniques have the advantage that stable as well as radio­

active fission products can be measured and that some errors 

inherent in all radiochemical methode are eliminated. 

These errors occur in the determination of chemical yields 

in often complex series ot separations, in the tiner details 

of the.decay scheme, and in the efficiences of the activity 

measurement. Furthermore a main ditficulty in radiochemical 

methode has been the resolution of complex decay curves, 

though their analysis has been simplitied by specially 

designed computer programs and by spectrometry of X-rays, 

gamma-rays and beta-rays. Recently a powertul method has 

been developed which avoids the resolution of complex decay 

curves. First, a particular fission product element, tor 

example iodine (RUD 65}, is separated chemically and then 

ted to the ion source of an electromagnetic separator which 
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prepares samples of individual isotopes for standard 

activity measu:rements. 

For proton-induced fission no fission yields have 

previously been reported for the xenon isotopes, 133xe and 

135xe, measured in this work. For the fission of 232rh by 

protons, Pate, Foster and Yaffe (PAT 58a) used an independant 

radiochemical method to obtain the cumulative yields of 13'1 

and l35I. Their resulta will be compared with the corres­

ponding data fram this work. 

For thermal neutron fission, the fission yield of 

l35xe has been measured previously (HOA 51, BRO 53, KAT 53, 

STO 62, BAY 61). For thermal neutron fission of 235u, the 

independant fractional chain yield of 13'-xe is very small 

(0.1%) and only its cumulative yield has been measured 

{MAC 50, KAT 53). 

For some meclium-energJ" fission systems (Table l), 

independent yields have been measured for l35xe ( STO 62, 

MCH 63) and 13'-x:e (STO 62). Cumulative yields were obtained 

for their respective iodine parents (COL 61, STO 62, MCH 63). 

For the fission of 2}8u by neutrons of energy 

14.7 MeV, James, Martin and Silvester (JAM 64) measured the 

èumulative yields of 133xe and 135xe. 
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lA.,; VARIATION OP FISSION YIELDS 

Important characteristics of fission are the 

distribution or fission fragments and products with their 

maas$ A, and charge, z. It is'not surprising that only a 

partial description of these distributions has been obtained. 

The measurement of each fission product yield is a major 

research project. It would be very difficult to measure the 

yield of many of the approximately four hundred fission 

products that have been identified, because of their very 

low yields or because or inconvenient halr-lives.in their 

beta-decay chains. These practical difriculties demonstrate 

the importance of new physical methods for studying these 

distributions. Atter presenting some general references 

which discuss both types or distribution, separate discussions 

are presented of maas distribution and then of charge 

distribution. Although the two types or distribution are 

intimately conneated it is aonvenient and has been customary 

to treat them separately, and in this order. 

Hyde has comprehensively reviewed the studies or 

these distributions for low-(HYD 60), medium-(HY.D 62) and 

high-(HYD 64) energy fission. More recently, Wahl (WAH 65) 

has surveyed these distributions for thermal neutron fission, 

about which most is known, and disaussed the efrects of the 
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type of fissioning nucleus and of the excitation energy, up 

to about 20 MeV. For high-energy fission induced by protons, 

Friedlander (FRI 65) recently surveyed the distributions, 

with emphasis on the GeV region. 

lA.J.l MASS DISTRIBUTION 

Only a small contribution can be made to the study 

of this distribution from the present work~ for the chains 

of maas 133 and lJO, for fission induced by medium-energy 

protons. For this type or fission there have been only a 

few measurements or maas distribution (TEW 52, JON 55, 

STE 58) though about fifty other medium-energy studies of 

maas y1elds have been listed by Hyde (HYD 6o). Fig. 1 

(STE 58) shows the maas distribution of the fission products 

ot 23Bu bombarded with protons or increasing energy. It 

illustrates the well established trend with increasing 

energy; the yields corresponding to symmetric and very 

a~etric fission increase. 

The effect of target maas on the maas distribution 

is not well known at medium-energy. However, the many data 

(FOR 65, WAH 65) for different fissioning nucle1 at low 

energy, shown in Fig. 2, demonstrate the remarkable 

constancy of the heavy peak, though the light peak moves to 
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higher values of A with increasing target maas. 

Maas distribution studies by radiochemical and 

physical methods give not only fission yield data but also 

give other information which is pertinent to the present 

study. These other aspects of fission include fission 

energetics, neutron emission and shell etfects. Although 

radiochemical and maas spectrometrie methods have given most 

of the existing data for the maas distribution of fission 

products many of the future data will probably come from 

improved physical methods. The latter have alreaày been 

extensively applied to low-energy fission and have been 

shown to be applicable to medium-, medium-high- (KOW 64) and 

very high- (FRI 65) energy fission. The newer physical 

methods are briefly surveyed here because of their rapid 

advance and because they give much detailed information 

about fission processes. Physical methods have some 

advantages over radiochemical methods. The radiochemical 

determination of a mass distribution for one fission system 

involves a very long, tedious study of many elements; errors 

in these yields can be large though the mass of the fission 

product is known exactly. In physical measurements, 

although the maas is not known exactly, one experiment can 

give data for an entire maas distribution curve. This 
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distribution can be obtained not only for the fission 

products, but also for the fragments. 

Terrell has comprehensively surveyed (TER 65) one 

of the most interesting aspects of these methods. The 

average number of neutrons emitted by individual fragment 

masses can be determined by co~paring (TER 62) initial and 

final mass distribution curves. The resulta of these 

comparisons are discussed later in this section. 

For pairs of coincident fragments, the velocities 

have been measured by time-of-flight methods (MILF 62, 

MIL 65, WHE 64) and the kinetic energies have been measured 

by solid state detectors (BRI 64, STE 65, THOGP 65). These 

methods have fairly good maas resolution (-2 maas units) 

though this cannot be improved beyond the small lower limit 

1mposed by the recoil of prompt neutrons (TER 62). In these 

accurate methods the fragment velocities, which are 

essentially independant of neutron emission from the 

fragments, and the measured kinetic energies were related 

to maas distributions by the conservation of maas and 

momentum. Mass distribution and prompt neutron data have 

alao been obtained using ionization chambers as fragment 

detectora, but their maas resolution was poor (PRA_ 54, 

APA 60). 
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A wealth of physical data now exista for the 

spontaneous fission of 252cf (TER 62, BOW 63, BOW 65, STE 65, 

FRA 65, THOGP 65). 252cf has been a very useful source of 

fission for developing and oalibrating physical methods 

beoause it avoids the difficulties involved in measurements 

performed inside a reactor or aooelerator. The techniques 

have also been applied to thermal neutron fission (MILF 62, 

MIL 65, THOGS 65). No physical yield data are yet published 

for medium-energy proton fission, but Whetstone and Britt 

have used double-velooity time-of-flight (WHE 64) and 

double-energy semioonductor (BRI 64) methods to measure the 

ooincident fragment pairs in fission of 230Th, 232rh, 23)u 

induoed by alpha partiales of 22-30 MeV. 

For 252cf and thermal neutron fission, Terrell 

(TER 62) found that the prompt-neutron data whioh he derived 

from mass distributions agreed with those from other 

methode. His neutron yields were obtained by oomparing 

final mass distributions, measured radiochemically, with 

initial distributions measured in time-of-flight studies 

with a correction for dispersion. Fig. 3 is taken from 

Terrell 1 s work on thermal neutron fission of 235u. It shows 

initial and final maas distributions, with their well known 

strong asymmetry, and also shows the derived number of 



- 21 -

FIGURE 3· 

Initial and final mass distributions for 

thermal-neutron-induced fission of 235u, 

and the derived post-fission neutron 

yields, )>f, as a function of fragment 

mass. Here, f = H or L, for heavy or light 

fragments. Shell edges are indicated {cf. 

Fig. 2, p.l7). (TER 65) 
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neutrons emitted from individual fragment maas chains. The 

latter tunction, ( YrfA), has the well know.n saw-tooth shape. 

No neutron data could be obtained tor the symmetric and very 

asymmetric fission fragments tor.med in very low yield. 

Whetstone et al. (BRI 64) in the studies described above tor 

medium-energy fission obtained no such structure in the 

tunction, ( VrfA), when they compared their purely physical 

data tor initial and final mass distributions. However, a 

rather erratic structure was obtained when the same initial 

mass distribution measured by the double-velocity method was 

compared {WHE 64) with a final maas distribution measured 

radiochemically. The cause of this contradiction cannat be 

decided until more reliable radiochemical data become 

available. It is important to know if the structure does 

persist to higher energies in order to decide the importance 

ot shell ettects at these energi~s. Untortunately Terrell's 

method to obtain the number of prompt neutrons as a tunction 

ot fragment maas becomes lesa accurate when the light and 

heavy peaks or the maas distribution curve are.not well 

separated. 

Resulta from the new physical techniques have been 

precise enough to reveal a fine structure in the mass and 

kinetic energy distributions which suggest that particular 
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fragment masses and charges may be strongly ravoured in 

fission. Sim1lar structure 1n the maas distribution was 

observed mass-spectrametrically (FAR 62, FAR 64), but this 

was interpreted to be caused ma1nly by structure in the 

number or prompt neutrons as a tunction of maas. Fine 

structure near masses 133 and 135 was suggested from a 

radiochemical study by James et al. (JAM 64). However, 

their conclusions may need revision (see Appendix B), 

because of the resulta from the present work on 13'-xe. 

The physical techniques have allowed a re­

examination of the so called energy deficit. This describes 

a decrease (FRA 65, ARA 65) of total released kinetic energy 

for near symmetric fission, at low and medium energies 

(WHE 64), below the expected energy calculated from the 

Coulombic repulsion at the time of scission. This de~icit 

is probably associated with an increase in fragment 

excitation energy which appears to be reflected in the 

increase of neutron emission for the symmetric mass region. 

Most of the trends in mass distribution data have 

been explained at least qualitatively in terms of two 

different hypotheses about the mechanism of fission, 

(1) The fragment-shell or fragment 

deformation theory (TER 62, TER 65), 
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(2) The two-mode hypothesis (BRI 64, FOR 65) 

These hypotheses are now diseussed and eompared. 

(1) The simple fragment-shell or fragment­

deformation theory was suggested by the very low neutron 

yields in low-energy fission for fragments eorresponding to 

magie numbers, in partieular N = 50, Z = 50. The theory has 

been developed by Terrell (TER 62) and essentially the same 

ideas have been arrived at by many workers (TER 65). 

The theory assumes that magie nuclides prefer 

spherieal shapes and therefore have a resistance to 

deformation. A mechanism or low-energy fission is assumed 

in whieh the fragments are deformed but eold at scission. 

Their excitation energy atter scission is therefore due 

mainly to the deformation energy at scission (FRA 65). Then, 

if near-magic nuclides have little deformation at scission 

they can have little excitation energy after scission and 

will theretore emit almost no neutrons. Conversely non­

magic fragments will have considerable deformation, and a 

relatively large excitation energy and neutron yield. The 

stif'f'ness of' fragments with N = 50 or Z = 50 has been show.n 

to increase the fission barrier thus decreasing their yield. 

This accounts for phenomena auch as the presence ~f three 

maas peaks for the fission of' radium, and the single maas 
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peak for the fission of bismuth. However, this reasoning 

cannot be applied to fragments with N = 82. The shaded 

areas in Fig. 2 show approximately the fragment masses that 

are influenced by the closed shells, Z = 50 and N = 82. 

The remarkable constancy of the heavy peak with different 

targets is obviously connected with these shells, and the 

fragments With N = 82 appear to be strongly favoured in low­

energy fission. At higher energies insufficient evidence is 

available to evaluate this hypothesis conclusively. The 

changes in neutron and fragment yields can be explained 

qualitatively by assuming a decrease in the importance of 

shell effects at higher energies. Althotigh the theory 

suggests that the deformation will be about the same at low 

and high energies the fragments will be hot at scission 

because of the extra excitation energy of the fissioning 

nucleus. In this case there will be two sources of the 

post-scission excitation energy of the fragments, and there­

fore the affect of the stiffness of magic fragments would be 

less important. 

(2) The two-mode hypothesis was also suggested to 

explain the mass distribution at low energy (!UR 51). The 

hypothesis in 1ts present tor.m (LEV 61, HIC 62, EIS 63, 

WHE 64, BRI 64, FOR 65) assumes that there are two distinct 
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modes of fission, one produaing predominantly asymmetria 

mass divisions and higher kinetia energy releases, and the 

other producing predominantly symmetria mass divisions and 

lower kinetia energy releases. The seaond mode beaomes 

inareasingly important at higher energies (SCH 54, PAP 61). 

Ford and Leaahman (FOR 65) have reaently surveyed the 

reasonably suaaesstul applications ot this hypothesis to 

analyze (FOR 60, LEV 61) maas and kinetia energy distri­

butions from low- and medium-energy fission (WHE 64, BRI 64). 

Although the two hypotheses suggest basiaally 

different fission meahanisms they prediat qualitatively 

similar maas and kinetia energy distributions. It has been 

suggested (WHE 64) that more detailed measurements of prompt 

neutrons may help decide between the two meahanisms. However 

the two hypotheses are not really independant (BRI 64). 

Although the fragment-shell theor,y does not assume two 

distinct modes, the a~etric mode does show the aharaater­

istias predicted by the fragment-shell theory. The symmetria 

mode shows the aharaateristias pre~iated for a homogeneous 

aharged liquid drop (BOH 39, NIX 65) With no shell effeats. 

It will be seen in the next section that reliable 

absolute total ohain yields taa111tate the correlation of 

independant y1elds or fission produats. 
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lA.3.2 CHARGE DISTRIBUTION 

Numerous studies have been made of this 

distribution, but it has not been defined as well as the 

mass distribution, beeause of inherent theoretieal and 

experimental diffieulties. 

The charge distribution for a specifie fission 

system may be oonveniently deseribed in terms of two 

funetions. 

FONCTION (1), in an isobaric ohain of mass A, 

representa the nuolear charge f~equenoy-distribution 

tunotion, or in the ter.ms of nuelear chemistry it representa 

the independant yield as a tunotion of the isobario charge. 

This tunetion gives the shape of the isobaric charge 

distribution ourve about a most probable value, ZP, which is 

a statistical value and therefore not necessarily an integer. 

FONCTION (2) representa Z as a tunotion of A, the 
p 

mass of the isobarie chain. 

Changes in the shape of FUNCTION (1) with A must 

also be eonsidered. 

A complete picture of charge distribution requires 

a knowledge of FONCTIONS ( 1) and ( 2) for many fission 

systems, so that their dependance on both excitation energy 

and target composition may be understood. 
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Definitions have already been given (Section lA.l) 

to distinguish between the initial and the apparent charge 

distribution. The latter distribution is that given by 

radiochemical yield data# and there is at present no 

satistactory method to convert this to the initial charge 

distribution. The complex nature of neutron emission from 

the fragments would make it very difficult to pertorm this 

conversion# even if the exact neutron parentage or avery 

fission product were known (GOR 65). However# it is the 

division or nuclear charge in scission which is or major 

theoretical interest in etudies or charge distribution. 

Since this is described by the initial charge distribution# 

only its general characteristics can be obtained from the 

apparent charge distribution measured experimentally. Even 

the latter cannot be defined easily or directly because it 

is very difficult to measure the independant yields or 

several fission products in one isobaric chain. In tact# 

this has only been done fairly recently and then only tor a 

rew sui table maas chains. Most etudies or charge 

distribution have had only very limited data# tor a tew 

different isobaric chains, which were correlated by various 

methods. 

These etudies are quickly surveyed. Then the 
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methods used to correlate their data are discussed in order 

to introduce the method that Will be used in this work, and 

also to indicate the present state of knowledge on charge 

distribution. 

Table l summarizes the charge distribution studies 

for medium-energy fission which is of main interest in this 

thesis. However, a few studies at high energy and many at 

low energy have been very important in the slow, but steaày, 

elucidation of charge distribution. A representative 

selection of these stud1es is given in the Bibliography for 

low-energy fission (GLE 51, PAP 53, PAP 55, STE 55, GRU 57, 

WAH 58, APA 60, COR 61, MIL 62, WAH 62, FIE 63, WAH 65, 

STR 65), and high-energy fission (GOE 49, HIC 55, PORS 571 

BLA 6o, FRI 63, KAU 63, HAG 64, FRI 65). At all energies 

only a few fission products could be measured in each study. 

Many mass cha1ns have not been investigated. 

In order to describe the complicated development 

of the numerous methods used to correlate the data from these 

studies, the methods will be d1vided into two main types. 

(A) POSTULATE CORRELATION METHOD. This uses a 

postulated FUNCTION (2) to correlate the data and produces a 

semi-empirical FUNCTION (1). 

(B) EMPIRICAL CORRELATION METHOD. This uses an 
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TABLE l 

Survey of Charge Distribution Studies at Medium Energy 

Projectile 
Target and Energy Fission Products Studied Au thors References 

{MeV) 

2,Su d 19-190 Hicks and 
p 70-;,40 Gilbert HIC 55 

50-}80 

235u n 14 {l3l-l34)r, 131, l32re Wahl WAH 55 

237 
Np 0( 20-40 Gibson GIB 56 ~ 

2,Su d 13.6 8~ 86Rb l36c l;,4T r, , s, e, Alexander and 
232 

14 132, 134r Corye1l ALE 57 
Th n 

232 
14-45 Foreman FOR 58 Th oc. 

232Th p 8-87 {130-l35)r, 131, 13Zre Pate, Fos ter 
and Yatte PAT 58a,b 

2}8u oc. 46 84, 86Rb, 150Pm, 154Eu, Chu 
235u cc 46 {l3l-136) 0s CHU 59 
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TABLE 1 ( Continued) 

Projectile 
Target , and Energy Fission Produats Studied Au thors References 

(MeV) 
-· 

J 

2:52 
13-82 72G 8~ 112Ag 140L Kje1berg, Th p a, r, , a 

Taniguohi and 
Yaf'f'e KJE 61 

2,S 
u, 82B 1:5Q, 1}51 140L 142 r, , a, Pr Co1by and 

2}5 
u, 

Cobb1e COL 61 

233u 0( 20-40 '1:1 
232 1331 1:551 135x 13'x STO 62 Th, , , e, e Storms 
2:55u , 
2,Su O<Jd 24,14 

2'57 
20-41 about 20 ·isotopes" A = (8}-115) Powers POW 62 Np, 0( 

239Pu 
0( 22-32 and A = (131-159) 

2,Su p 10-85 (1,0-l,S)Cs, 86Rb, (95-97)Nb Davies and 
Yaf'f'e DAY 63 
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TABLE 1 (Continued) 

. Projectile 
Target and Energy Fission Produots Studied Au thors References 

(MeV) 

2}~h, about 12 nuo1ides A= (80-86), MoHugh MCH 6:; 
2:;5u oc 15-57 and A = (128~150) 

2}2 
10-85 (1,0-1}8)Cs, 86Rb Benjamin BEN 65 Th p 

2"2 Th oc. 20-40 90y, g6Nb, 136cs, 140La Nethaway and 
2-'5u n 15 Levy NET 65 

~ 

2-'5u (89-95)Kr, (1}7-144)xe Wo1fsberg WOL 65 
J 

2:;8u n 14 

2:;8u p 20-85 isotopes of Ba, Cs, Ce, La of Parikh PAR 66 
A • (1}9-14-') 

2}2Th, p 20-85 133I, 1}5I, 1}'xe, 1}5xe Forster This work 
2'5u 
2:;8 , 

u, 
233 u 



empirical FUNCTION ( 1) to correlate the data and produces an 

empirical FONCTION (2). 

More importance will be given to the method {B), 

because it is essentially the method to be used for 

correlating the data in this thesis and for obtaining 

empirical values of Z • 
p 

{A) Postulate Correlation Method 

This method was used exclusively until Wahl 

introduced method {B) in 1958 (WAH 58). It has not been 

used in the majority of more recent studies. 

This method assumes that every isobaric chain has 

the same smooth synunetrieal distribution curve, about the Zp 

value characteristic of each A. Then, using an abscissa 

(Z - ZP), the FONCTION (1) for any A can be exactly super­

imposed and the fractional independant yields, fi, for 

fission products of any A can be plotted on the same curve. 

Thus, to plot the independant yield for a fission product it 

is necessary to know its value of zp. This value was taken 

from a postulated FUNCTION {2). The postulate was th~n 

assessed by its ability to correlate the data into a smooth 

approximately Gaussian FONCTION ( 1) • 

The main postulates and prescriptions will be 

discussed only briefly since they have been exhaustively 
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reviewed and assessed elsewhere, and beaause little use aan 

be made of them in this thesis. The postulates should 

ideally be based on a meahanism of fission and neutron 

emission, but it is disappointing that for the low-energy 

data the most suacesstul postulated JUNCTION (2) came from 

the so aalled Equal Charge Displaaement, EOD, prescription 

whiah was first introduaed by Glendenin, Coryell and Edwards 

(GLE 51). This rule had no physiaal basis, but was an 

idealization of the observation that the most probable chain 

lengths, (ZA- Zp), of complementary light, L, and heavy, H, 

fission products were about the same. The EOD rule is 

simply expressed, 

(Z - Z ) = (Z - Z ) 
A P L A P H 

, 

where ZA is the hypothetically most stable charge of mass 

ohain A, and like ZP is not neaessarily an integer. Chu 

(CHU 59) has show.n how aritically dependent the value of ZP 

is upon the ahoice of many possible ZA-tunat1ons, partiaularly 

near shell edges. In order to improve the correlation of the 

low energy data,refinements were made to this arbitrary EOD 

rule, (PAP 551 STE 55, GRU 57, CHU 59, COR 61, FIE 63) but 

these modifications added little to the theoretiaal under-

standing of charge distribution. The FUNOTION ( 1), that was 
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obtained did prove usetul (WAH 58~ COR 61) to initiate the 

first empirical correlation methods~ type (B)~ described 

later. 

Pate~ Foster and Yaffe (PAT 58) used the postulate 

correlation method indirectly~ by plotting their yield data 

for iodine and tellurium isotopes in the maas region 130-135 

against the abscissa (Z - Z). This plot is equivalent to 
A 

the (Z - ZP)-plot if it is assumed that in their small mass 

region there is an equal rate of change of ZA and of ZP, 

with respect to A. They chose a discontinuous ZA-tunct1on 

(PAP 53) which gives ambiguous resulta in this maas region. 

Correlated in this way,their data were beat fitted by a 

Gaussian FONcTION (l) which is discussed later in other 

parts of this thesis. 

Other postulates with a physical basis have been 

devised and were first tested by using their FONCTION (2) in 

this Postulate Correlation Method. A brief survey is now 

given of important existing postulates. · Further under-

standing ot charge distribution can only come from improved 

nuclear data togèther With improved postulates. The 

postulates can be classified into two types, depending on 

which fission mechanism they assume, (1) Rap1d Division, or 

(11) Slow Division (HIC 55). 
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(1) Rapid Division Type of Postulate 

It is assumed here that scission is too rapid tor 

the fragments~ during their deformation~ to undergo nucleon 

rearrangement~ or more specitically nuclear charge 

polarfzation. The most probable initial fragments will 

theretore have the same composition, (NJZ)-ratio~ as the 

fissioning nucleus. Thus, this postulate has been described 

by the names Constant Charge Ratio, CCR, or Unchanged Charge 

Distribution, UCD. As the fission energy is inoreased the 

Z P-FUNCTION (2) moves towards higher charge values beoause 

more neutrons, but few oharged partiales, are emitted. By 

this postulate, FONCTION (2) for fission produots, FP, would 

be given preoisely by the formula, 

t·Z + Z ) 
T PROJ 

"T"":*--::------===-'"'"' , ( lA .l) 
(~ + APROJ - ~pF) 

for fission or a target~ T, induced by a projectile, PROJ, 

where VpF is the average number of prefission neutrons and Vt 
is the average number or neutron emissions leading to the 

fission product, FP. Goeokermann and Perlman (GOE 49) first 

used this early (SUG 44) idea to correlate their data, tor 

the fission of bismuth with 190-MeV protons. However, they 

employed a simplified approximate formula, 
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(Z ) 
P FP = ' ( lA.2) 

where ~otal is the average total number of neutrons emitted 

in fission. Numerically formulae (lA.l) and (1A.2) give 

ver,r similar resulta but it is often forgotten that they 

represent different assumptions. It has been stated above 

that (lA.l) assumes that the ratio (Z/A) is the same for 

complementar,r fragments, of mass (~P + Vf) H and 

(A + A · --;- - (A + i) ) . However, formula (1A.2) 
T PROJ pF FP f H 

assumes that (~A) is the same for oomplementar,r fission 

produots, of mass (~P)H and (.A,_r + ~ROJ - \otal - {~P)H) • 
Formulae (lA.l) and (1A.2) beoome identical if it is assumed 

(GOE 49) that ypF >> ~f' but this should not be assumed in 

many etudies, where formula (lA.2) has been used without a 

clear statement that it is only an approximation to the CCR 

postulate. In fact the exact formula (lA.l) can rarely be 

used because the values of Yf and vpF are not well defined, 

whereas there is a fairly good body of data for YTotal which 

makes it convenient to use formula (1A.2). The latter 

postulates a z -FONCTION (2) for fission products which is p 

a straight line and this simple function will be used for a 

semiquantitative discussion of the resulta from the present 

work. 
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The CCR postulate haa been Widely tested and used 

(COL 61., GOE 49., HIC 55, CHU 59, POW 62., MCH 63., BEN 65) and 

has met With limited success for medium- and high-energy 

fission. It is obvious however from the above discussion 

that the result of these tests is dependent on the prompt 

neutron emission in fission, whioh is poorly understood in 

many fission systems. The CCR postulate gives a very simple 

mechanism for fission and oan only account for shell effects 

that influence prompt neutron emission, but cannot account 

for shell effects on the charge division itself. For ·low­

energy (WAH 65, WOL 65) and medium-energy (MCH 63) fission, 

it has been observed to prediot too low values of ZP for 

light fission products., but too high values for heavy 

fission products. 

(11) Slow Division Type of Postulate 

It is assumed here that fission is an equilibrium 

type of process in which the nucleons have enough time to 

rearrange bef'ore scission. There is no simple method to 

determine the most probable initial fragment resulting from 

auch an equilibrium configuration in the fissioning nucleus. 

The Minimum Potential Energy, MPE, postulate has 

been the most successtul of these Slow Division postulates. 
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It proposes that the sum or the nuclear potential energy and 

Coulombic repulsion energy is minimized by the above 

nucleonic rearrangement. Present (PRE 47) r1rst introduced 

the MPE postulate and modifications have been used by 

several workers (FON 56, BLA 60, COR 61, MIL 62, MCH 63, 

ARM 65). The Zp-F0NCTION {2) from this postulate is 

strongly dependent on the maas formula used. · Coryell et al. 

(COR 61) have gone so far as to suggest that a good 

empirical ZP-FUNCTION (2), obtained by methods described 

later, may be used to judge the reliability of a se~i­

empirical maas formula by use or the MPE postulate. The MPE 

postulate is not used in this thesis but in the future will 

probably provide a good picture of charge distribution when 

better data and nuolear parameters beoome available (MCH 63). 

It is interesting that the ECD rule has been given a degree 

ot physical s1gnificanoe by its agreement in certain cases 

(HAL 59, BLA 6o, COR 61) w1th the MPE rule. 

(B) Empirical Correlation Method 

This is a more power:f'ul method than method (A) and 

is used to oorrelate the data in this thesis and in most 

recent etudies. 

It is assumed, as in method (A), that avery 

isobaric chain bas the same smooth symmetrical distribution 
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curve, FONCTION (1). Two types of abscissa have been used 

for this function, {Z- Zp) and {N/Z). According to which 

of these two plots was used, these methods are now discussed 

and are further compared in the Discussion. 

(i) The (Z - Zp)-Plot of Empirical FONCTION (1) 

Although there was considerable uncertainty in the 

values of ZP from the postulates used in correlation method 

(A) the various interpretations of the ECD postulate did 

giv.e essentially the same FONCTION ( 1) • This curve was used 

by Wahl (WAH 58), and later by Coryell et al., (COR 61), to 

determine Zp empirically, for short-lived krypton and xenon 

isotopes and other fission products whose fractional yields 

were available. The method involves simply reading the 

value of (Z - ZP) corresponding to a measured fractional 

independent or cumulative yield from the assumed curve for 

FONCTION (1). The first empirical FONCTION (2) which was 

obtained in this way suggested a smooth function, and not a 

discontinuous one as had been suggested by earlier workers 

(PAP 55). Much work has since been done to improve this 

empirical Zp-F0NCTION (2). 

The first development was the use of a more 

precise FONCTION (1). This was determined from data alone 
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for more than one fractional yield in a given isobaric chain 

(WAH 62) and not from the Postulate Correlation Method (A). 

Wahl and coworkers used the emanation method already 

described (Section lA.2.l) for the measurement of these 

fractional yields for thermal neutron fission. Up to 1965, 

they had deter.mined three tractional yields in the mass 

chains 92, 93, 14o, 141 and in addition had deter.mined two 

fractional yields in the chains 91, 94, 95, 139, 142 and 143. 

The se data were beat titted by a Gaussian FONCTION ( 1), 

where an isobaric independent fractional yield, 

f(Z) 
2 

= ~ exp (-(Z - Zp) / C) • 
JOTT 

Here 0 defines the width of the curve and nor.malizes the 

area under the curve to approximately unity. From the 

evidence tor the ten maas chains given above, the precise 

mean value of 0 was 0.86 ± O.o4 (WAH 65). Fig. 4 compares 

Gaussian curves, with C = 0.94 (WAH 62) and C .. 1.20 

(STO 62), with the FUNCTION (1) obtained in the early ECD 

studies (GLE 51, PAP 55). It had been suggested for many 

years that the FONCTION (l) should be Gaussian. The ECD 

curve is approximately Gaussian (C 1.43) except when 

IZ - Zpl>2, when it falls off more steeply. 
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FIG.4 (STO 62) FUNCTION (1) :from ECD Compared with Two Gaussian 

Functions (Equation (1A.3),w1th C = 0.94 and 1.20 ). 
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Using the more precise Gaussian FONCTION (1), new 

ourves for empirioal ZP-FUNCTI0N (2) have been recently 

discussed for thermal neutron fission of 235u (WAH 65, 

3TRO 65) and of 233tJ and 239Pu (WOL 65). 

For fission induced by 14-MeV neutrons, Wolfsberg 

(WOL 65) obtained similarly a Gaussian FUNCTION (1) With 

C = 0.86 ± 0.15. It therefore appears that this tunction 

can be assumed for many low-energy fission systems. 

This thesis is concerned with fission excitation 

energies above 20 MeV. McHugh (MCH 6:;) has made a most 

precise analysis of charge distribution in medium-energy 

fission, for the initial "compound nucleus" 236u, by 

measuring the relative abundances of a number of nuclides 

(Table 1), With high-sensitivity mass spectrometry. For the 

isobaric chain 135 he was able to measure the yield of 

iodine, xenon and cesium. These data allowed him to 

construot an empirical FUNCTION ( 1) • Fig. 5 shows the 

Gaussian curves he f1tted to some of his fractional yield 

data. The iodine fractional cumulative yields were fitted 

to an integrated Gaussian curve (Fig. 5). Identical curves 

fitted his yield data for chain 1:;6 in which he measured the 

rractional yields of only xenon and cesium. Blann (BLA 60) 

reported essentially the same Gaussian FONCTION (1) for 
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PIOURE 5. (MCH 6') The Gaussian charge distribution 

curves which were titted by McHugh to his 

tractional yield data tor the chain 1)5. 

The iodine tractional cumulative yields 

were titted to an 1ntegrated curve. 
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fission of l97Au with 12c ions of 112 MeV. 

All these resulta indicate that the same FUNCTION 

(1) is applicable through a rather wide range or excitation 

energies {at least from 6- 40 MeV). Earlier work in this 

laboratory (PAT 58a, DAV 6}, BEN 65) has shown a similar 

invariance or this tunction up to excitation energies or 

about 35 MeV for proton-induced fission of 23~ and 238u. 

However, the widths of FUNCTION (1) could not be very 

precisely determined in these radiochemical etudies. It 

now appears from McHugh1 s resulta that they were probably 

too wide. There is an interesting parallel here With the 

history of charge distribution at low energy,in which the 

earlier curves for FUNCTION ( 1) were also shown to be too 

wide, as more precise data evolved. More recent radio-

chemical work in this laboratory by Parikh (PAR 66) 

{Table 1) has given turther evidence for a narrower curve. 

In this thes1s and in the work of Storms (STO 62) 

and o!' Nethaway and Levy (NET 65) not enough radiochemical 

yield data were available to construct an empirical 

FUNCTION (1). This !'Wlction was there!'ore assumed to be 

Gaussian and represented by formula (lA.}). Although in 

these studies not enough maas chaine were investigated to 

construct a Z -FONCTION ( 2) , the data were useful to show 
p 
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interesting trends with excitation energy and, in the 

present work, also to compare charge distributions for 

different targets. Nethaway and Levy used a curve with 

C = 0.86. Their data were in good agreement to those for 

identical fission systems (Table l) studied by McHugh. 

Storms made a study closely parallél to the present work 

(Table 1). His data like those in this thesis consisted of 

one independent yield for xenon and one cumulative yield for 

iodine in the ahains 133 and 135. The empirical method he 

used to obtain the value of ZP for these chains is very 

similar to that used in this thesis. He used a curve with 

C = 1.20 as suggested by Coryell tor medium-energy fission 

systems. However a serious error in his measurements for 

the chain 1331 which was revealed by the present work, 

demanda that his conclusions be revised (see Appendix B). 

(11) The (NJZ)-Plot of Empirical FONCTION (l) 

This method was first used for the correlation of 

high energy data (FRI 63). The methods described above 

could not be used at these energies because of the wide maas 

and energy spectra for the fissioning nuclei (FRI 65), which 

make it very unlikely that FONCTION {1) can be represented 
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by a Gaussian or any other symmetric function. Above about 

50 MeV this argument favours the (N~)-plot method, but 

below this energy it now appears that where applicable the 

{Z - ZP)-plot method, assuming a Gaussian function, is more 

systematic and precise. Only the latter method has been 

used in this thesis. 

Three previous studies of charge distribution in 

this laboratory {DAV 6,;, BEN 65, PAR 66) (Table l) have 

correlated their data with an empirical FONCTION (l) on an 

(NJZ)-plot. Their absolute cross sections were plotted 

against the (NJZ) ot the fission product and a symmetric 

curve was manually adjusted to pass through the points 

representing the independant yields, while the area under 

the curve fitted the cumulative yield data. The folloWing 

two assumptions in this method restrict it (HAG 64) to the 

relatively small maas range used in the above three studies 

(Table 1). 

The first assumption is necessary because the 

absolute cross sections are plotted,and not the tractional 

yields as in other charge distribution studies. Therefore, 

to be able to superimpose the curves representing FUNCTION 

(1) tor any value of A, the total chain yield must be assumed 

to be the same for these values of A. This can only be true 
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when the masses of the fission products are very close and 

if the total chain yields fall on a truly flat part of the 

maas distribution curve. Although the fission producta in 

these studies were near the apparently flat heavy wing of 

the maas distribution curve no precise information is 

available on this curve for proton-induced fission. For the 

fission of 232rb With alpha-partiales of 44 MeV a precise 

maas yield curve in this maas region (MCH 63) has a fairly 

steep drop above about A = 1;6. However, the change in 

total chain yield for the small maas ranges in the three 

previous studies is probably Within the experimental error 

of 20-,0~ in their cross sections. The (NJZ)-plot method 

could be more reliable if it could use fractional yields, 

obtained from absolute cross sections by using absolute maas 

distributions which are more precise than those presently 

available. 

The second assumption like the first is neceasary 

because fission products of different maas chains are plotted 

on the same curve. It is assumed in most correlation methods 

that the shape of FUNCTION (l) is the same for different 

values of A, but here it must also be assumed that (NJZ)p, 

the most probable value of (NJZ) for a given maas chain, has 

the same value for different maas chains. The latter 
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assumption is a good approximation for a narrow range of A 

values {HAG 64). 

All the empirical methods to obtain FUNCTION (2) 

do not require a ZA-tunction and therefore avoid difficulties 

with possible disoontinuities in this tunction at shell 

edges. 

Before summarizing the present state of knowledge 

on Charge Distribution, which has been largely a result of 

the correlations outlined above under methods (A) and (B), 

some new physical methods to study this subject are 

considered. 

Ch~e Distribution Studied by New Phlsical Methods 

Physical methods to obtain information on charge 

distribution are only referred to briefly here, because they 

are still at an early stage of their development and so far 

have been applied only to spontaneous and thermal neutron 

fission. They involve the resolution of the fission 

fragments with respect to both their A and z. 
One basic method involves separation of the 

fission product with a maas separator {EVA 65) and then 

determination of the average length of the beta-chain, 

(Z - Z ). This determination is made either indirectly by A p 

measuring the ènergy of the beta partiales, (ARM 64, ARM 65) 
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or direotly by oounting the number or beta partiales from 

specifia fragments. The counting bas been done eleotronio­

ally {ARM 64, SPE 65) and even directly by laboriously 

oounting under a microscope the number or beta traoks 

(KON 65) in a nuolear emulsion. 

The other basic method is more oomplex but bas 

proved tairly reliable (GLE 65) and will probably beoome a 

powertul tool in oollecting data on charge division in 

fission. It involves the measurement of the energy of K 

x-rays in coincidence with fission fragment pairs. Tpe 

masses or the fragments are determined, as desoribed earlier, 

from their kinetio energies obtained using a pair or semi­

conductor deteotors. Caretul investigation (GLE 65, 

THOGP 65, BOW 65) of these K x-rays bas show.n that they 

originate from K-vacancies resulting from interna! conversion 

atter fission. This origin introduces uncertainties 

(THOGP 65) into the interpretation ot the yields of K x-rays. 

However, these x-rays have been round (GLE 65) to 

charaoterize the atomic number, Z, ot the fission products 

and therefore to give a reliable representation of the 

charge distribution. 

For spontaneous and low-energy fission, these 

physical methods have given preliminary resulta (ARM 65, 
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ARM 64, BOW 65, GLE 65, KON 65, WAH 65) different to the 

FONCTION (2) obtained by empirical methode or with existing 

postulates. 

Summ~ of Present Knowlegge on Charge Distribution 

Slow progress has been made in the etudies surveyed 

above, but charge distribution has still not been generally 

defined and explained satisfactorily. 

FONCTION (l) has been well established in only a 

few maas chaine for low- and medium-energy fission. It is 

possible that the shape of this curve is a tunction (GOR 65, 

STR 65) of the mass of the isobaric chain, but because of 

the lack of experimental evidence it is usually assumed that 

the shape is the same for all masses. 

In many correlations the yields of certain fission 

products indicated that there are perturbations to the 

smooth symmetrical FONCTION (l) for certain mass chains. 

There are still insufficient precise data to oonfirm these 

perturbations. Explanations have been given (GRU 57, PAP 53, 

PAP 55, COL 61, WAH 65) in terme of the shell effects on 

charge division and on neutron emission. For medium-energy 

fission, the precise data of McHugh (MCH 63) for the chaine 

135 and 136 gave no evidence for auch effects though the 

formation of these chaine involves the nuclides 136xe and 
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l35I, both with the closed shell of 82 neutrons. It has 

also been suggested that perturbations may be eaused by a 

preference in the charge division for fragments with even z 
and even N (THOV 64, FRA 65, FER 65). A laek of information 

about nuelear isomers and the ratio of isomerie yields in 

fission, to be diseussed in detail later in this thesis, has 

eontributed to some apparent perturbations. 

Above about 50 MeV, as the excitation energy 

inareases FUNCTION (1) broadens, loses its symmetry (PAT 58, 

HAG 64, KAU 63, FRI 65), and is probably more dependent on 

A (HAG 64). Qualitatively this may be understood by the 

Wider distributions ot the number ot neutrons emitted before 

and atter the fission process, which gives rise to a greater 

variety of fissioning nuelides and fragment parents. 

There have been numerous eomparisons of FONCTION 

(2) obtained from postulates, from the empirieal correlation 

method, and from new physieal methods. All these eomparisons 

are strongly dependent on the reliability of data describing 

neutron emission and fission yields. They do not theretore 

provide a good test of the postulated mechanisms for charge 

division 1n fission (MCH 63). For thermal neutron fission 

of 235u, Fig. 6 (WAH 65) compares the Zp-FUNCTION (2) 

obtained empirically, for the mass chains indicated by the 

'! 

: 1 
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80 

PIOURB 6. (WAH 65) Compar1aon of emp1r1cal and poatulated 

Z -FUNOTION ( 2) tor products trom thermal 
p 

neutron t1ss1on ot 235tJ. The broken 11nes 

represent an emp1r1cal tunot1on der1ved trom 

the data points ot Wahl et al. The oont1nuous 

11ne s are tor the simple OCR postula te. The 

average charge bands, ZIN 1 are tr0111 a phys1oal 

method ( ARM 64) • 
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pointa, and the fUnction obtained by the simplified CCR rule 

represented by equation (1A.2) with ll = 2.4. Resulta Total 
from a phyaical method (ARM 64) are alao included in this 

figure. Theae phyaical data are averaged over a tew maas 

chains becauae of the poor maas resolution of the method. 

Fig. 7 replots the same empirical FUNCTION (2) of 

Wahl et al. on an expanded charge sc ale ( ZP - 0 .4A) and 

compares it with the empirical fUnction (MCH 6::;), for the 

same initial •compound nucleus" 236u, but at an excitation 

energy of about 40 MeV. The tunction (ZP - o.4A) (COR 61) 

changea little with A, becauae (dZpldA)~o.4, and it clearly 

1nd1cates any structure in FUNCTION (2). Theae two figures 

illustrate most of the follow1ng important featurea know.n 

about FUNCTION (2). 

(1) There are no data for aymmetric and very 

asymmetric fission. These fission producta have extremely 

low yields at low energy, but could be measured at medium 

energy and this should be one of the purposes of future 

re se arch. 

(11) The value ot (ZP)FP poatulated by the 

approximate CCR rule (1A.2) is too low for light fragments 

and too high for he avy fragments. This shows that the value 

of {NJZ) is not the same for complementary fragments 
p 



<[ .. 
0 
1 
Q. 

N 

0 

- 55 -

• nm .... 4 (u2H*lE*•39.3M., 

• o u2:ss ....... cu236*l E* •&.& MtN 

-1.0 

Emplrfcol Zp functlon 

um.,. ... (WAH 62) 

160 
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(A) with the OCR Postulate, 

(B) w1th the MPB Poatulate. 
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(HAG 64), and that it is higher for the heavy fragments. 

(iii) Recent work (STR 65, TRO 64) has shown that 

the closed shell, Z = 50, does not have as strong an 

influence on FONCTION (2) for low-energy fission as was 

earlier suggested, by Wahl et al. (WAH 58, WAH 62). Strom 

et al. have therefore revised the empirical plot of Wahl 

in this maas region. In these plots different coordinates 

were used from those in Figs. 6 and 7, in an attempt to 

represent FONCTION (2) for the fission fragments though 

using data for the fission products. This approximate 

conversion had short-comings but the plot conveniently 

showed shell edges and predicted where they could probably 

affect the initial charge division. Their expanded charge 

ordinate was {ZP- Af(Z~~)), where F referred to the 

fissioning nucleus and Af, which was used also as the 

abscissa, represented the approximate average mass of the 

fission fragment, assumed equal to (~P + Vf). They used 

Terrell's (TER 62) sawtooth function for~· 

(iv) The structure in FONCTION (2) between 

A = 128-1}6 for low-energy fission apparently disappears 

at medium energy (Fig. 7). 

(v) Fig. 8 (MCH 63) shows the increase of ZP with 

excitation energy of the initial "compound nucleus" 236u, for 
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many mass chains. Similar resulta have been obtained by 

other workers (NET 65). Fig. 9 shows another method of 

plotting similar data (PAT 58a, DAV 6:;, BEN 65, PAR 66) 

previously obtained in this laborator,v. In these studies 

the value of the most probable chain length (ZA - Zp) was 

obtained by using an early (COR 53, PAP 53) ZA-tunction. 

Above about 20 MeV the steaQy rate of change of ZP with 

energy has been assumed by McHugh to be due not to any 

change in the charge division itself, but to a steady 

increase in the total number of neutrons emitted. 

The data from the present work will be plotted 

similarly and compared With the data in Figs. 8 and 9. 

{vi) Attempts have been made to predict FUNCTION 

(2} for different types of fission from the tunction 

established for thermal neutron fission of 235u, by 

accounting for the effect of changing the charge, mass and 

excitation energy of the fission system from the reference 

values 92, 236 and 6.5 MeV, respectively {KAP 61, COR 61, 

STO 62, WOL 65). The success of these methods was limited 

by the difficulty, now familiar in etudies of charge 

distribution, that there are insufficient data for neutron 

emission and fission yields. This is particularly true in 

the energy region from about 8-18 MeV Which is most important 
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FIGURE 9. 

The most probable ahain length, i.e. the dia-

placement of the most probable aharge Z from beta 
p 

atability ZA' as a funation of the energy of 

protons induaing fission in 

• Pate, Foster and Yaffe (PAT 58a) 

-6--- Benjamin (BEN 65) 

(b) 23f3u 

-o-- Parikh (PAR 66) 

e Davies and Yaffe (DAV 63) 
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in the construction and testing of these methods. A turther 

weakness or these simple calculations is that they cannot 

account tor the unsystematic differences that now appear to 

exist between low- and medium-energy fission ( STO 62, MCH 63, 

NET 65). The assumptions in these tormulae have been show.n 

to be increasingly lesa successtul as the excitation energy 

increases (STO 62, NET 65). It was untortunate that although 

a small error due to an incorrect sign in the formula ot 

Coryell et al. (COR 61) was round and reported in 1962 

(STO 62), the uncorrected formula was still used in later 

work (HIC 62, WEA 63, WOL 65). 

There are at present no very reliable methods to 

predict the majority of unmeasured independent fission yields 

in other than thermal neutron fission. Perhaps the more 

detailed empirical modela devised reoently {GOR 65, FER 65} 

to predict independent yields of fission products for 

thermal neutron fission 235u will provide the basia of more 

succeastul methods to correlate FUNCTION (2) for various 

types of fission and to prediot their fission yields. The 

data from this research oontribute to the knowledge on 

charge distribution. In particular they show the effeot on 

Z of different fission targets and energies. The present 
p 

data alone are not extensive enough to improve FONCTIONS 
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(1) and (2). The purpose of the present work is outlined 

later in Section lAB. 

Finally it is reoalled here that all the above data 

were for the apparent charge distribution. Little reliable 

information is yet available on the initial charge distribution. 

1A.4 DISTRIBUTIONS OF ISOTOPIO MASS AND OF ISOTONIO CHARGE 

Another interesting method of oorrelating fission 

product yields has been used (TAL 63, MOH 63, BLA 60). The 

independant yields of the isotopes of one element are plotted 

against the isotopie masses. This has been oalled an element 

excitation tunotion, but a more descriptive name is isotopie 

mass distribution. The wide Gaussian nature of this 

distribution for the elements Y, Os, Xe and I for medium 

energy {MCH 63) has been shown to be a consequence of the 

Gaussian charge distribution and the total chain yields whioh 

are approximately constant over the mass ranges of the 

isotopes of these elements. This type of distribution is 

diffioult to obtain and is at present not very usetul except 

perhaps to oheok (WAH 65) that elements with complementary 

values of Z should have equal total isotopie •chain• yields, 

if charged partiale emission in fission is neglected. 

A rarely used method of correlating fission yields 

is the isotonie charge distribution (TAL 63). 
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lB. INTRODUCTION 

SECTION B 

ISOMERIC YIELD RATIOS IN FISSION 

This section of the Introduction surveys in some 

detail the relative formation of isomers in fission, and 

introduoes the simple theoretioal methods to be used in this 

thesis to disouss the isomerie yield ratios from this and 

other fission studies. 

At present only orude theoretioal oaloulations oan 

be made to interpret the experimental ratios of independant 

yields of the two isomers of a fission produet. These 

ealculations are based on the moderately sueoessful 

statistiaal model formalism introduced by Vandenbosch and 

Huizenga (HUI 60, VAN 60), and used with only minor 

modifications {VON 64, DUD 65, VAN 65) by numerous other 

workers (BIS 64a, BIS 64b, SAC 66), to stuqy the angular 

momentum disposition in many spallation reactions with 

isomerie produota. Studies of fission isomer ratios are 

limited by the very small number of isomerie fission products 

whose independant y1eld ratios can be measured preo1sely With 

exiat1ng techniques. Nevertheleas the measurement of these 



isomerie fission yield ratios does provide one or the few 

methods of obtaining information on the angular momentum of 

the fission fragments. These studies also make it possible 

to predict unknown, and often unmeasureable fission isomer 

ratios, which are trequently needed to interpret radio­

chemical fission data. 

lB.2 FACTORS DETERMINING THE FISSION ISOMER RATIO 

The formation or isomers is an even more complex 

process in fission than in spallation. The factors that 

determine the fission isomer ratio are : 

(l) The spin distribution of the compound nucleus 

(2) The spin changes follow1ng the emission of 

pre-fission neutrons 

(3) The orbital angular momentum between the two 

fragments 

(4) The disposition of angular momentum between 

the two fragments immediately after scission 

(5) The orientation of the spins of complementary 

fragments 

(6) The modification or the initial spin 

distribution or the fragments by the neutron­

and gamma ray- de-excitation prooess 

(7) The effective spin-pair for the isomerie speoies. 
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Calculations can be made for factors (1) and (2) since the 

formation of the compound nucleus and the emission of 

neutrons can be considered as part of a spallation reaction. 

However these resulta do not help in the caloulation of the 

isomer ratio because factors (3), (4) and (5) are not under-

stood. The theoretioal interpretations of fission isomer 

ratios therefore have not attempted to deal with all of the 

above factors but nave started by giving the initial 

fragments an assumed spin distribution and then treating 

factor (6) in a similar way to the de-excitation of a compound 

nucleus in a spallation isomer ratio calculation. These 

simple theoretical interpretations are disoussed during the 

following systematio review of the factors listed above. 

1B.2.Factor (1) THE SPIN DISTRIBUTION OF THE 
COMPOUND NUCLEUS 

The normalized initial distribution of the compound 

nucleus spin, J
0

, oan be oomputed With Part 1 of the FORTRAN 

program of Hafner, Huizenga and Vandenbosch (HAF 62), which 

Will be rererred to as the HHV program. The latter was based 

(VAN 60) on the statistioal model and took the vectorial sum 

or the target spin, the intrinsic spin of the projectile, and 

the orbital angular momentum brought in by the projectile. 
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The summation resulta in a variety or compound nucleus spin 

states whose statistical distribution was computed. The 

input data required for this program include a set or 

transmission coefficients for the projectile of a particular 

energy. These coefficients have not been given extensively 

for heavy nuclides. However1 Feshbach et al. (FES 531 

BLA 52} used a square-well nuclear potential for calculating 

some or these transmission coefficients for protons of energy 

up to about 25 MeV. Witn these coefficients, the spin 

distribution of the initial compound nucleus has been 

computed for the cases in Table 2o(a). In this table the 

distributions are characterized by their root mean square 

angular momentum, J J~, and these will be discussed in 

Section 4B. 

As the proton energy is increased above 25 MeV the 

spin of the compound nucleus is expected to increase. 

However1 as the compound nucleus mechanism (BOD 62) beoomes 

less important and as more direct reaction occurs with 

individual nucleons (BER 47, TOB 61) less angular momentum 

is transferred to the target by the proton. At the higher 

energies considerable angular momentum will be removed by 

a pre-fission cascade of partiales. In spallation studies 

many isomer ratios {SAH 65) remain almost constant above 
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about 50 MeV. It was concluded that direct interactions 

predominate above this energy, and that the spin distribution 

of the residual nuclei resulting from the cascade process is 

nearly independant of bombarding energy above about 50 MeV. 

Although an increase in the angular momentum of 

the compound nucleus is produced by an increase in the energy 

of the projectile or an increase in the spin of the target, 

the spin of the initial fragment may not increase very much, 

because of changes in other factors in the complex fission 

mechanism. Very few isomer ratio data previously measured 

are reliable enough and cover a wide enough energy range to 

test the energy dependance of .the fission isomer ratio. 

1B.2.Factor (2) THE SPIN CHANGES FOLLOWING EMISSION 
OF PRE-FISSION NEUTRONS 

The modifications to the compound nucleus spin 

distribution by evaporation of pre-fission neutrons has been 

computed by Benaamin (BEN 65) using Part 2 of the same HHV 

program (HAF 62). This part of the program is used also for 

the neutron emission calculations for the fission fragments, 

to be described later. He showed that the change of spin per 

neutron-emission was very small for compound nuclei with mean 

spin or about 5. Table 2o(a) shows that this spin corresponds 

to a compound nucleus excitation energy or about 20 MeV. 
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It is still not clear how, as the fission energy is 

increased, the increased total neutron yield is divided 

between pre-fission and post-fission emission. It is 

d1fficult to estimate the number of neutrons in a pre-

fission cascade at higher energies. There is evidence that 

the number of pre-fission neutrons evaporated (VAN 58, 

BRI 64, HUI 62) for a particular target should be about the 

same in medium-energy fission over a range of energies. The 

ratio of widths, Ç/ ç, has been round to be nearly 

independant of energy up to about 85 MeV (LIN 60, BRU 62). 

1B.2.Factor (3) THE ORBITAL ANGULAR MOMENTUM 
BETWEEN COMPLEMENTARY FRAGMENTS 

The orbital angular momentum between complementary 

fragments appears to be small in low- and medium-energy 

fission. A measure of this orbital angular momentum is 

given by the anisotropy of fission fragments (HUI 62, 

BLU 65) which has been measured in many angular distribution 

studies (HAL 58, CHA 62, VIO 65). The anisotropy was round 

to be very small for 22-MeV proton-induced fission of 23~h, 

233tJ, 235u and238u ( COH 55). However when the fissioning 

nucleus has a very high spin, (20-40 units) as in heavy-ion­

induced fission, Sikkeland and Choppin (SIK 65) concluded 

that a large traction of this spin is carried off as orbital 

angular momentum of the fragments. 
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1B.2.Factor (4) THE DISPOSITION OF ANGULAR MOMENTUM 
BETWEEN COMPLEMENT ARY FRAGMENTS 

It is not known bow the angular momentum is disposed 

between complementary fragments in the act of scission. 

However,estimates of the mean fragment spins have been made 

both experimentally, from studies of the prompt gamma rays 

from fission, and theoretically in calculations witb simple 

eleatrostatic and mechanical modela, and recently in more 

detail using a simplified liquid-drop theory of fission 

(NIX 65). Very little was known about the distribution 

tunction for this spin until Nix and Swiatecki (NIX 65) 

recently predicted not only the most probable value of the 

fragment angular momentum but also the distribution of the 

spin about this value. 

Warhanek and Vandenbosch (WAR 64) had no information 

available on the distribution of the initial fragment spin, 

Ji. They tentàtively suggested a distribution given by the 

formula, 

(lB.l) 

where B is a free parameter which characterizes the 

distribution and has a physical signifiaanae whiah is given 

below. This distribution bas the same funational form as the 

angular momentum distribution of the nuclear level density. 
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The procedure in previous fission isomer ratio calculations 

has been to use formula (lB.l) and to vary B until the 

experimental isomer ratio was reproduced by the detailed 

calculations of the de-excitation process described later in 

Section lB.2.6. The value of B obtained was then taken to 

approximate closely the root mean square angular momentum, 

JJ~, of the initial fragment spin distribution. This 

estimate of the mean spin of a few specifie initial fragments 

is probably the most useful infonœation that has come from 

isomer ratio studies (Section 4B, Table 21). Neither these 

studies nor any other known experimental method can yet 

determine the shape of the distribution function of the 

fragment spin. 

The fragment spins estimated by the isomer ratio 

method contain large uncertainties, but so do the spins 

estimated by the other experimental and theoretical methods 

outlined below. 

The anisotropy observed in angular distribution 

studies of gamma rays in low-energy fission (STR 60, BLI 63, 

HOF 64, KAP 64, PET 65, GRA 65, SKA 65) has been interpreted 

to indicate that the initial fragments contain about 8 units 

of angular momentum preferentially oriented perpendicular to 

the fission axis. This orientation of spin is consistent 
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with the mechanis.m where electrostatic forces induce a torque 

between the deformed scissioning fragments. Hoftman (HOF 64) 

used this electrostatic model to pertorm simple torque 

calculations and fotind that 5-6 units of angular momentum 

could reasonably be induced in a fragment. Strutinski 

(STR 6o) had performed similar calculations but obtained 

higher spins. Lower spins were calculated by Sikkeland and 

Choppin (SIK 65) from a simple mechanical model (COH 63), 

but they negleoted the repulsive Coulomb forces. 

Maier-Leibnitz, Armbruster, and Specht (LEI 65a) 

have recently surveyed prompt gamma ray studies from low-
1 

energy fission. They concluded that the fragments have a 

spin of about 8-10. Johansson (JOH 64, JOH 65) arrived at 

the same conclusion from the multiplicity of the gamma 

cascade. 

Whereas the gamma ray studies give an estimate 

of the spin averaged tor all the fragments, the isamer ratio 

studies give the spin or a specifie initial fragment. The 

latter studies can therefore be used to investigate the 

dependance of the initial spin on the fragment maas. There 

are only limited data available for this investigation and 

these will be discussed with the 133xe data from the present 

study, in Section 4B. The fragment spin has been predicted 
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to be appreoiably lower for symmetrio fission than for 

asymmetrio fission (POR 57, HOF 64, SIK 65). This prediction 

was not restrioted to low-energy fission. A similar mass 

·dependence or the fragment spin was suggested by Johansson 

(JOH 64) to explain the measured mass dependance or the total 

gamma-cascade energy, but these measurements have been made 

only at low energies (LEI 65a, LEI 65b). 

Nix and Swiatecki have suggested that it may be 

possible to obtain the degree or nuolear visoosity from 

acourate information about fragment spins. For only one 

example, have they calculated their rormulae predioting the 

fragment spin distribution (NIX 65). They used the •compound 

nucleus• 2~§At, whioh would be f'ormed in the fission or 209B1 

by 65-MeV alpha partiales. Bor this s,vstem they plotted the 

probability distribution or the angular momentum or an 

1nd1v1dual fragment for the three cases: 

( 1) If' the torque t'rom Coulomb repulsion were zero, 

(11) If the fragments were non-visoous, 

(111) If the fragments were infinitely visoous. 

The maximum or these three distributions oorresponded to the 

spins 8.5, 10 and 15 respectively. The relatively large 

difference between cases (11) and (iii} suggest that it may 

be possible to decide between them if accurate spin data can 

be obtained. 
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Their model is particularly usetul for discussing 

fission of elements lighter than Rn. No attempt has yet 

been made by us or by other workers to use their spin 

distribution formula for the assumed initial fragment spin 

distribution. Their distribution could be used to interpret 

the isomer ratio data for fission of 209Bi (HAG 631 HAG 65)
1 

but it is unlikely that the existing data are reliable enough 

to give any information on the nuclear viscosity. 

lB.2.Factor (5) THE ORIENTATION OF OOMPLEMENTARY 
~~TSPmS 

Very little is known about the orientation between 

the spins of complementary initial fragments. Although this 

orientation is given by the formulae of Nix and Swiatecki 

they have not yet given examples of their resulta. An 

indication of this orientation may be obtained from isomer 

ratio studies by the construction of a simple spin vector 

triangle with aides equal to the calculated mean spin of the 

fissioning nucleus 1 the fragment spin estimated from the 

experimental isomer ratio, and the assumed spin of the 

complementary fragment. This simple treatment neglects the 

amall fraction of the spin that appears as orbital angular 

momentum between the fragments (see Section 1B.2 above). 

Sarantites (SAR 65) used this method with his data for the 

isomers of 131Te for the following two fission systems. 
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Estimated mean Estimated mean Assumed spin 

Fission spin of the spin of the of the 

system 236u 11 compound Te fission complementary 

nucleus" fragment fragment 

(a) 
23

5u+nthermal 3·5 5 ± 1.5 5 

(b) 23~h+o< "'13 7±2 7 33 MeV 

A pair of complementary fragments was assumed to have about 

the same mean spins. Despite the fairly large uncertainties 

in the estimated fragment spins he was able to conclude that 

the spins of the two fragments in system (b) do not line up 

as nearly antiparallel as in the case of system (a). 

It has been shown that a fissioning system of low 

angular momentum can give rise to fragments of high spin; 

and this has been explained simply by assuming a suitable 

orientation of the complementary fragment spins in the 

simple vector triangle (WAR 64, SAR 65). 

lB.2.Factor (6) MODIFICATION OF THE SPIN' 
DISTRIBUTION OF INITIAL FRAGMENTS 

In fission isomer ratio studies most attention has 

been given to the process of de-excitation of the initial 

fission fragment. The spin distributions throughout the 

process have been calculated with the widely used statistical 
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model formalism of Huizenga and Vandenbosch. This prooess 

is even more complex than the de-excitation of the compound 

nucleus in a spallation reaction, and there are many 

uncertainties in the input data. 

There are three stages in the detailed calculations. 

The first two account for the modification of an assumed 

initial fragment spin distribution by N neutron emissions 
n 

followed by (Ni- 1) gamma ray emissions. The final stage 

splits the last spin distribution caloulated in stage two, 

between the two isomerie staGes. This third stage is based 

on the rather poor assumption that the last gamma ray emitted 

may have any multipolarity so that a state oan decay to the 

isomer with the nearest spin. 

A full description of the theory has been given 

elsewhere (HUI 60, VAN 60, BIS 61, VON 64, DUD 65), and 

FORTRAN programs (HAF 62) for the computation of the first 

two stages are oontained in Parts 2 and 3 of the report on 

the HHV program (HAF 62). The third stage is relatively 

simple and is described later in Section 4B. 

lB.2.6.1 Stage 1, Neutron Emission from the Fission Fr~ent 

Part 2 of the above FORTRAN program was used N n 

times with a ~ifferent set of input data for each of the 

N neutron emissions. The following data were used. 
n 
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(a) The input spin distribution for the first 

neutron emission was the assumed spin distribution of the 

initial fragment, represented by equation (lB.l), but for 

· the subsequent stages was the output distribution from the 

previous step. 

(b) The set of transmission coefficients, 

Te.'(Ën), tor neutrons of average kinetic energy, Ën, and with 

angular momentum tt, have been taken from the curves of Feld 

et al. (FEL 51), using a nuclear radius parameter, r • 1.5fm. 
0 

The calculations have been show.n to be insensitive to small 

changes in Ën (VAN 60, BIS 61, BIS 64b, SAR 65) and it has 

been round satisfactory to use an average value, rather than 

to use a more complex treatment to account for the energy 

spectra or emitted neutrons (TER 65). 

( c) The spin cutoff factor, a- , characterizes the 

spin distribution or the density of nuclear levels available 

in the residual fragment for each de-excitation step. This 

density of levels r(J) is given by the formula, (ERI 60,BOD 62) 

( lB.2) 

In the de-excitation calculations this density is sampled by 

each neutron and each gamma ray emission. There is very 

little experimental information on the value ofcr, especially 

for nuclides of maas A >60, but spallation isomer ratio 



- 76 -

studies (VAN 60, BIS 64a, VAN 65) have given a value or 

4 ± 1 for medium weight elements up to A~200. These values 

were used in most fission isomer ratio oalculations, but, 

Warhanek and Vandenbosch used an energy dependent crgiven by 

the formula (ERI 59), 

, 

where t representa the thermodynamic temperature, and SR 

representa the rigid-body moment or inertia. They have 

pointed out that the cr values were too high {VON 64, BIS 64a, 

VAN 65) when the rigid-body moment or inertia was used. 

They partly corrected tor this using the so called Shifted 

Fermi Gas model (VON 64). A pairing energy was subtracted 

from the excitation energy, U, equal to 2.2 MeV for even-even 

fragments and 1.1 MeV for odd-even fragments. This corrected 

excitation energy, U", above the shifted ground state, was 

introduced into formula (1B.3) through the definition, 

U" = at2 - t. Untortunately they gave no details of the cr 

values they obtained nor the fragment excitation energies 

they used to calculate them. We estimate that,with a level 

density parameter, a, equal to Aj8 and a nuclear radius 

parameter, r , equal to 1.2 :t.'m, the values or cr are about 
0 

6, 7 and 8 for fragments or mass about 135 with excitation 

energies or 10, 20 and 30 MeV, respectively. For these 
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energies the simple formula, U = at2, with no pairing 

correction gives nearly the same values. 

lB.2.6.2 St!Se 2, The Gamma Rgr Cascade from 
the Fission Fragment 

The spin distribution atter N neutron emissions 
n 

was then moditied by a casoade of Ni gamma rays. Part 3 ot 

the HHV program was used (Net - 1) times with the tolloWing 

input data. 

(a) The input spin distribution tor the tirst 

gamma ray emission was the output spin distribution tollowing 

N neutron emissions, but tor the subsequent stages was the 
n 

output distribution from the previous step. 

(b) The spin outott tactor,CT, has been discussed 

above. 

( c) The multipolarity of the gamma ray, 't, was 

usually assumed to be one, but quadrupole radiation has been 

introduced in some spallation etudies (VAN 65, SAC 66}, and 

Hagebo (HAG 65) has used one quadrupole gamma ray in the 

gamma cascade oaloulation tor the fission fragment 120rn. 

Petrov (PET 65) has questioned Hottman1 s (HOF 64) conclusion, 

from studies of gamma ray angular distribution, that a 

traction of the prompt gamma ray transitions in fission are 

quadrupole. Warhanek and Vandenbosch argued that this 
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fraction of the gamma rays consista of forced quadrupole 

transitions, from only those fragments with the highest spins 

w~ich cannot be dissipated by d1pole radiation. However, 

Maier-Leibnitz et al. (LEI 65a) interpreted several experi­

menta, including those of Hoffman, by assuming quadrupole 

gamma-transitions from fission fragments with a high spin of 

about 10. Johansson (JOH 64) concluded that a cascade of 

E2-transitions de-excites the fragment after neutron emission; 

only vibrational states or the quadrupole type have lite-times 

short enough to explain the resulta or his experimenta in 

which most of the gamma-quanta were found to be emitted 

within lo-11 seconds after fission. 

lB.2.6.3 Choice of Input Parameters for stages (1) and (2) 

Table 2 summarizes the input parameters used in 

previous fission isomer calculations. 

Since the values or the parameters N ,cr, E, 
n n 

T (! ), N., and t all contain uncertaint1es, even tor low­
~ n o 

energy fission, and, s1nae these parameters change with 

energy, the question arises as to whether the calculations 

can still be useful. Sarantites (SAR 65) has.claimed that 

despite the complexities and uncertainties or the calculations 

a meaningtul estimate of the average spin ot the primary 
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TABLE 2 Input Parameters Used in Previous Fission Fragment De-excitation Calculations 

Fission Reaction Input Parameters 
Isomerie Target Proj. EProj. Conunents Rer. 
Speoies (MeV) Nn CTn Ni ~ 

238 232 J,not formula 
HAG 9~b U, Th p 20-160 1 3, 4 ,oo 4 3,4, (lB .1), assumed 

63 Pb, Bi for initial 
fragment 

238 232 a a. one quadru-
HAG 117In U, Th p 20-160 3 3 4 3 pole transition 

65 Bi used 

131 b b. neutron-
Te 235u n thermal 0,1,2,3 4 3 3,4 parentage cal-

(133.re) oulated by 
Monte Carlo 
method SAR 

232 65 
Th 0( 33 2 4 3 3,4 

134 233. 0 2, (3) 
0 o. Used formula WAR Cs u cr ~16 2,(1) - - TlB.3). High a- 64 values 

232 3,4 4,5 
BEN 

Th p 20-85 1,2 4,5 65 

-::J 
\0 
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fragment may be obtained. His conclusions, however, were 

based on calculations for the fission of 235u with thermal 

neutrons. For this system,more theoretical and experimental 

information is available than for any other fission system 

{HYD 62, HUI 62, GOR 65, FER 65, FRA 65), and his fission 

isomer ratio calculations were the most detailed that have 

yet been attempted. Unfortunately, only one suitable isomer 

pair, 13~e;131gTe, has been studied successtully in thermal 

neutron fission. There were uncertainties even in the input 

parameters for Sarantites1 calculations, but these un-

certainties are magnified at higher energies for which most 

of the fission isomer ratio data have been obtained. The 

difficulties in estimating Nn and Ni in fission are made 

obvious by the following considerations. 

{i) The energetics or the de-excitation of 

fission fragments are not well defined experimentally nor 

theoretically. Sarantites was able to estimate N , Ë and 
n n 

Ni from the resulta or the Monte Carlo calculations on 

prompt neutron emission and the calculation or the energy 

balance in thermal neutron fission, recently described by 

Gordon and Aras (GOR 65). He performed calculations for 

three N values {0, 1 and 2) and, using the caloulated n 

neutron parentage or his isomerie fission produot, took a 
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weighted average of these three results to obtain a final 

value for the isomer ratio. Gordon and Aras, however, 

expressed doubts concerning their assumptions in the 

calculation of individual fragment excitation energies. 

As the fission energy increases, an estimation of 

how the energy of the fissioning nucleus is divided between 

complementary fragments is even more difficult and is 

complicated by the energy removed in pre-fission neutron 

emission (BRI 64). It is know.n that the average kinetic 

energy of the fission fragments does not change appreciably 

with increase of fission energy (HUI 62, HY.D 62). 

{11) Even if the fragment excitation energies 

(HYD 62) were known, the values of Nn and Ni cannat be 

calculated satisfactorily from energy considerations alone 

without a knowledge of the angular momentum dependent 

competition between neutron and gamma ray emissions (GRO 61, 

GRO 62, MOL 62, OHO 6}, WAR 64, JOH 64, THO 64). This is 

briefly discussed below. 

(iii) The recent survey by Maier-Leibnitz et al. 

(LEI 65a) showed that prompt gamma ray emission from fission 

fragments is more complex than had been predicted, and 

differa from gamma ray emission in spallation product de­

excitation. A fission fragment de-excites by a larger number 



- 82 -

of smaller energy steps than does a nucleus after neutron 

capture. It is therefore doubtful whether formulae used to 

calculate the multiplicity of the gamma cascade in spallation 

(DUD 65) are applicable to fission fragments. However, 

Sarantites did use such a relationship, given by StrutinSki 

et al. (GRO 60), to oalculate the average number of gamma 

rays emitted, 

• (1B.4) 

Here the level density parameter, a, was taken to be 

A/13 Mev-1, and E1 was taken to be the residual excitation 

energy after the maximum number of energetically possible 

neutron emissions. Formula (1B.4) gave an Nd value of about 

3, for an E • 4 MeV and mul tipolari ty t • 1. The 

statistical model predictions or ~ are lower than the 

measured average values of 4-5, for low-energy fission. 

The competition between gamma and neutron emission provides 

an explanation (JOH 64, WAR 64) for the diacrepancy in the 

predicted and measured Ni'. The high spin of the fragments 

and the low E; available for gamma emission allow this 

process to compete successtully with neutron emission. The 

effective E~ is theretore higher than would be expected if 

neutron emission always took place when energetically 

possible. The increase in E
6 

bas been estimated to be about 
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1.5 MeV for a fragment ot spin 8 (WAR 64), and about 2.0 MeV 

tor a fragment ot spin 10 (JOH 64). Warhanek and Vandenboach 

argued that the fragmenta ot very high spin are reaponaible 

tor the high obaerved multiplicitiea, aince they probably 

emit a very large number of quanta. For this reaaon they 

used a value of N4 lower than the experimental value. 

(iv) In low-energy fission, fragment ahell-effects 

are well know.n in prompt neutron studies (TER 65, APA 62, 

APA 64) (ct. Section lA.3.1 and Fig. 3) and more recently 

have been round in prompt gamma ray studies {MIL 58, LEI 6Sa, 

LEI 65b, JOH 64). The curvea for both Nn and Nk, as a 

funotion ot the maas of the fragment, have a saw-tooth shape. 

The total gamma ray energy was found to be at a 

minimum in the fragment maas region A = 128-1}4; these 

fragments involving olosed shells have been found to emit a 

smaller number of quanta of higher energy than average. 

There is no evidence available to decide whether shell 

effects on Nç are as important at higher fission energies. 

At medium energies, there is evidence (MCH 63, BRI 64) that 

the value of N for the fragments from symmetric fission is n 

no longer lower than that for the asymmetric fragments, but 

there is some evidence to the contrary. Hagebo assumed that 

shell effects are still present in medium-energy proton 
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fission. For one such fission system, he used N ~ 3 for the 
n 

fragment 120In {HAG 65), but N = 1 for the fragment 9~b 
n 

(HAG 63}. However, he used Ni= 4 in both cases. 

The beat method to estimate N and N is to use the 
n Î 

available experimental values, but to take into account the 

above considerations. Terrell (TER 65} recently reviewed the 

many experimental data for N at 1ow energy. There are fewer 
n 

data for Nn for medium-energy fission {MCH 63, BRI 64, WHE 64), 

and they are for fission induced by medium-energy helium-ions. 

It is not known how the number of neutrons emitted from 

individual fragments increases with increasing fission energy, 

but reasonable assumptions can be made {WOL 65) up to about 

40 MeV. Be1ow this energy, it bas been established that the 

total average number of prompt neutrons, VT' {FRA 65, BAT 65) 

and its rate of increase with energy, were simi1ar for a Wide 

range of fissioning systems {POW 62, MAT 65). The rate of 

increase was nearly constant and had a value of about 

0.13-0.16 neutrons per MeV. From these studies it is 

reasonable to assume that on the average only about one 

neutron is emitted from a 1ow-energy fission fragment, and 

that a change in fission energy or at 1east 15 MeV is needed 

to change N by one unit. Only an approximate estimate or 
n 

an average N can be obtained because or many unknow.n factors 
n 
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in the de-excitation process leading to a specifie isomerie 

nualide, and beaause even at low energies this nualide has 

several neutron parents (SAR 65). 

The data for N(, whiah are for low-energy fission 

only, have been surveyed recently (LEI 65a). From the 

observed value of NJ, it is diffiault to estimate a 

meaning.ful Ni for the gamma cascade model beoause of the 

possibility, discussed above, that the fragments of highest 

spin may have gamma cascades With a higher multiplicity than 

the average. There are no available data for NJ' for medium­

energy fission and i t has been assumed that Nd' = 3 ± 1. 

The effect of the uncertainties in the input data 

on the resulta of the isomer ratio aalculations is assessed 

in Section 4B. 

lB.2.Factor {7) THE EFFECTIVE SPIN-PAIR OF 
THE ISOMERIC SPECIES 

Generally, two nuclear isomers have spins separated 

by several units (up to 5) of angular momentum, but have a 

difference in energy of only a few hundred kev. The shell 

model of the nucleus gives a good explanation of nuclear 

isomerism and the spins of isomer pairs. The comprehensive 

review of nuolear isomerism by Alburger (ALB 57) oontains an 

aaoount of this explanation. 



- 86 -

Segrè and Helmholz (SEG 49) suggested the first 

method of predioting the isomer ratio in nuolear reactions, 

but this method has proved incorrect. They suggested that, 

if the excitation energy were high enough to allow population 

of many levels, the isomerie yield ratio would reaoh a 

limiting value equal to the ratio of the statistioal weights 

of the isomerie states, (2Jhigh + l}/(2Jlow + 1). It has 

been show.n (LEV 53, VAN 65) that no such limit exista. The 

prooess of isomer formation is too oomplex, partioularly in 

fission, to beexplained by the spins of the isomerie states 

alone. However, the isomer-pair spins are very important in 

the final stage (cf. Section 4B) of the fragment de-

excitation oaloulation. Qualitatively it may be predioted 

that an isomerie pair With low spins will have a higher isomer 

ratio than a pair with higher spins. The fission studies of 

independant isome~ic yield ratios surveyed in Table 3 have 

therefore been divided into classes of isomer-pair spins, 

or spin-pair classes. Table 3 shows that the best available 

studies fall into only three spin-pair classes: 

Class 1 (9/2, 1/2); Class 2 (11/2, 3/2); Class 3 (8, (5), 4). 

During this thesis isomer pairs will be disoussed with 

reference to these three classes. The number of fission 

isomer data is very small oompared to the numerous data that 
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TABLE 3 Classification and Summary of the Main Studies of Fission Isomer Ratios 

Spin- Isomer Isomerie Species Target Projectile, Isobario Parents Ref. 
Pair Spin-Pair Halt- {I = 0) {If 0) Energy Ralf-
Class H,L Lite (MeV) Li fe 

9~b g H 35d. 238u,232Th 208Pb,209Bi p 20-160 95zr 65d. HAG 

l 9/2,1/2 m L 90h. 63 
ll7In g H :;Bm. 23Bu,23Zrh 209Bi p 20-160 ll7cd~m~ 3.1h HAG 

m L l.9h. g) 2.7h 65 

23Bu,232Th o(. 33 
d 18 SAR 

131 
m H ,Oh. 

235u 65 
Te n Thermal l31Sb l9.4m. 

g L l25m. 233,235u.239pu ERB 

ll/2,3/2 
n Thermal 6~ 2 m H 5;m. 2~,~-'~Th 33 oc. 

l33rre d 18 l33sb ;m. SAR 
g L l2.5m. 65 

!:1 

l33xe m H 2.:;d. 238u,23~ 233u,235u 20-85 l33x 20.8h. This p work g L 5.:;d. 
2:;8 

u 233u, 235u 
Cl(. 27,42 

237 d 21 
WAR 

m 8 2.9h. 23~p both isobaric 64 
8, (5) ,4 l34os 8 16 neighbours 

3 23tSu DAV p 25-80 are stable 
g 4 2.ly. 6:; 

232 
20-85 BEN Th p 

65 
-
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have been obtained from isomerie spallation produots {WIN 62, 

SAC 66). A few other fission data are available, as well as 

those referred to in Table 3. 

Many studies have been made on the isomer pair 

ll5mcd and ll5gcd with the spins 11/2 and l/2 but these isomer 

ratios are not for independant yields, beoause of the short­

lived beta parents ll5mAg (21 seconds) and ll5gAg {21 minutes). 

The relative yield of ll5Ag to ll5cd deoreases with 

inoreasing fission energy and the measured ratios for 

moderately high energy fission are mainly for independently­

formed ll5cd {HIC 55, FOR 57, BAI 59, TIL 63b, SIK 65). 

Nevertheless, over the range of medium energies oonsidered 

in this thesis the ll5cd data probably refleot the change of 

the isobario charge dispersion With energy as well as any 

change in the isomer ratio. Haller and Andersson (HJü, 61) 

measured independant isomer ratios for 80Msr (I = 5) and 

80gBr {I = 1,(2)), but these isomers have very low fission 

yields and oould only be measured for fission induoed by 

protons above 70 MeV in energy. 

The effective isomer-pair spins to be used in 

stage 3 of the isomer ratio oaloulation are not always the 

spins of the isomerie states. If between the two isomerie 

states an energy level exista, usually with an intermediate 
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spin, then the effective isomer-pair spins tor the 

calculation are those of the metastable state and this 

inter.mediate level (HUI 60, VAN 60, STR 65). More difficult 

situations could arise. For example (HUI 60), if a ~tate 

ot inter.mediate spin had an energy just above the metastable 

state and decayed by a crossover transition to the ground 

state the isomer ratio would be low and the calculations 

could not easily account tor this type of decay scheme. It 

is important in isomer ratio calculations that the decay 

schema tor an isomerie nuclide be well known because of the 

large perturbations that may be caused by unknow.n levels. 

lB.; SUITABILITY OF THE ISOMERS OF 133xe FOR THIS STUDY 

The xenon isotopes of odd maas number, A, are 

situated in the so called 0 island0 of isomerie nuclides With 

odd A, just betore the closed neutron shell, N = 82 (BER 52, 

ALB 57). The isomerie pair 133mxe and l33Sxe is very 

suitable tor medium-energy proton-induced fission studies, 

tor the following reasons. 

{a) 133xe is tor.med in good yield, though the 

gamma ray activity of l33mxe is tairly low. 

(b) The beta parent, 133I, has a reasonably long 

half-lite, 20.8 hours, so that only small corrections are 
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needed to account for the dec~ of 1~3! by a 98~ branching 

(NDS) to 1~38xe. 

(c) The half-lives of 1~3mxe (2.~ days) and 
1~3Sxe (5.~ d~s) are very convenient. 

(d) Xenon can be easily and quickly isolated from 

the fission target and other products. The only impurity 

is krypton which gives no long-lived activities, and can be 

separated almost quantitatively from xenon. 

(e) The spins of 1~3mxe (I = 11/2) and 1~3Sxe 

(I = ~/2) are know.n and no other interfering levels have 

been reported for 133xe. 

Unfortunately the absolute values of the experi-

mental isomer ratios depend strongly upon the internal 

conversion coefficient of the M4 transition between the 

isomers of 133xe (cf. Section 4B). However, the resulta 

for the isomerie yields or 133xe are very suitable for 

relative studies of the isomer ratio over a fairly Wide 

range of fission energy, for four targets or three different 

spins. 
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lAB. INTRODUCTION 

PURPOSE OF THE PRESENT WORK 

In the present work the independant yields of 

l35xe,l3~e and 13~xe and the cumulative yields of l}5I 

and l}~ have been measured from fission of 232rh, 233u, 

235u and 238u induced by protons or 20-85 MeV. A radio-

chemical gas-sweeping technique was used and the activity 

of the separated xenon samples was measured by a gamma 

spectrometer calibrated with a gas-phase beta proportional 

counter. 

The relative independant yields of the 133-xe 

isomer-pair, the isomer ratio, of spin-pair class 2, were 

obtained. Simple statistical model oalculations have been 

made of the type described above in Section lB. The 

compound nucleus spin distribution has been computed up to 

30 MeV. Most of the calculations have been tor the de­

excitation of the fragments leading to three spin-pair 

classes of isomers. The resulta of these calculations have 

been used as a framework for the discussion of the data from 

this and other etudies or the isomer ratio in fission, and 

in an assessment of the theoretical and experimental aspects 

ot these etudies. 

Up to about 50 MeV, the relative y1elds or iodine 
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and xenon have been used to obtain empirically fractional 

yields and values of ZP for the mass chains 133 and 135. 

These data have been used to investigate the effect of 

target composition and excitation energy on the value of ZP 

tor the apparent charge distribution of these mass chains. 

The ZP data tor different fission systems were compared 

semi-quantitatively using the simplified CCR rule. 

Except for the fission ot 233u, absolute cross 

sections were obtained from most ot the irradiations, by 

measuring the proton flux with the monitor reaction 

65Cu(p,pn)64eu. These data gave excitation functions and 

total chain yields. The present resulta were compared to 

related medium-energy studies of fission yields. 
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2. EXPERIMENTAL 

2.0 OUTLINE OF EXPERIMENTAL PROCEDURE 

Twenty-eight experimenta are reported in this 

thesis. Four different types or heavy metal targets were 

used, 232Th, 238u, 235u and 233u. The prooedure in an 

individual experiment is briefly summarized in the following 

paragraph and is desoribed in detail in subsequent seotions. 

A heavy metal target was bombarded with protons and 

then quickly removed to the Chemistry laboratory. There it 

was dissolved and a gas-sweeping technique and subsequent 

adsorption gas chromatography were used to extract the xenon 

fission products from the target material and other fission 

products. After about thirty hours, a similar extraction 

and separation produced a second sample of xenon which was 

formed purely by precursor decay. The activity of the xenon 

samples was measured with a gamma spectrometer. The 

efficiencies of these measurements were determined relative 

to a gas-phase beta proportional counter which was 

calibrated in this work. In most of the experimenta the 

proton bearn was monitored by simultaneously irradiating a 

similar copper target. The copper was dissolved, about one 

day after a bombardment, was separated on an ion-exchange 

resin, and its activity measured on the gamma spectrometer. 
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2 .1 IRRADIATIONS AND TARGET ASSEMBLY 

The internal circulating beam of protons in the 

McGill Synchrocyclotron was used for the irradiations. The 

target was held in a simple aluminium clamp which was screwed 

to the end of a probe and inserted to a certain distance from 

the centre of the cyclotron. The revised curve of Kirkaldy 

(KIR 54) gave the distance for a required proton energy. 

For the targets and energies used in this work the degradation 

in the proton energy (STE 59) was within the energy spread 

(+ 2 MeV.) of the proton beam, and was therefore neglected. 

The intensity of the beam was 0.5-1.0 micro amp. It was 

monitored with the reaction 65eu(p,pn) 64eu for the entire 

energy range, 20-85 MeV. (cf. Appendix A.2). Table 6 

summarizes the 28 irradiations in this work and shows that 

the times of bombardment, t , were from 5-25 minutes. 
0 

The target material for all of the irradiations of 

233u (and for one of 238u, Rl6) was finely powdered uranium 

oxide ( 5-12 mg) wrapped in aluminium foil of surface 

density 5.5 mgjcm2 • These runa were not monitored. 

Table 4 describes the target foils used for 232Th, 

235 2:;8 
· U and U and the monitor foil of 11 spec-pure 11 copper. 
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TABLE 4. Description of Target and Monitor Foils 
(cf. Table A2, Appendix A) 

Target Isotope Surface Den si ty (SD) Isotopie abundance 
(mgjcm2) ~ 

232 
Th 80.8 100 

2,38 
u 46.4 99 

235u 104.0 94 

65Cu 45.9 31.9 

The target was assembled as follows. 

(a) Fig. lO(a) shows the target foil contained in 

an aluminium foil (5.5 mgjcm2) envelope placed beside a 

copper monitor foil of similar aize. 

(b) Fig. lO(b) shows these metals clamped in the 

aluminium target holder. They were pressed between two 

aluminium plates in a vise, eut with scissors along dotted 

line AB, and again pressed. This ensured that the leading 

edges of the monitor and target foils were aligned and close 

together. 

(c} Fig. lO{c) shows a plan view of the target 

assembly sorewed on to the probe. The proton bearn first 

strikes the copper foil. 
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FIGURE 10. 

Target assembly 

(a) and (b) before irradiation, 

(c) during irradiation, 

(d) after irradiation. 
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(d) Fig. lO(d) shows where the irradiated toils 

were sheared, along.CD. This was done as soon as possible 

atter a hurried Journey from the cyclotron to the Chemistry 

laboratory. The eut target and aluminium catcher foil were 

immediately introduced into the gas-sweeping apparatus as 

described later. The copper foil was put aside for one day. 

The products of nuclear reactions could be lost from 

the target material by recoil, by diffusion and by further 

nuclear reaction. The last-mentioned may be neglected in the 

present work. The recoil losses for the spallation reaction 

ot copper may also be neglected here. Recoiling fission 

products were held in the aluminium catcher foil which was 

thicker than the range ( ~3 mgfcm2) (ARA 65) of the fission 

products, xenon and iodine, in aluminium. 

Diffusion losses of xenon from the target material 

have been examined elsewhere (GRA 60, STO 62, MCH 63) and 

tound to be very small tor feil targets but significant tor 

powder targets. No absolute measurements of cross section 

were made with powdered targets of uranium oxide, and the 

measured isomerie yield ratio of l33xe would not be attected 

by a diffusion loss. This loss may have a small etfect on 

the relative yields of iodine and xenon. This eftect should 

be apparent in the two resulta for the fission of 238u with 
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75-MeV protons, whioh was studied with a target of uranium 

foil {irradiation number Rll) and uranium oxide {Rl6). 

Tables 9 and 17 give the ratios a133 and al35 for 
0 0 

these two experimenta whioh give no evidence for a 

signifioantly larger diffusion loss from the powdered oxide 

target. 

Diffusion losses oould have been completely avoided 

by sealing the wrapped target in a quartz tube {KAT 53). 

This technique was not used here because it would introduoe 

monitoring diffioulties and probably lengthen the first 

separation time, t
1

• 

The method of using the aluminium envelope for the 

target foil was chosen for several reasons given below. 

This method was preferred to a method previously used in 

which three similar target foils were irradiated, but only 

the central foil was used. 

{i) Obviously the present method saved valuable 

target material (particularly important for foils of 235u) 

and also reduced the level of radiation during the early 

stages of an experiment. 

(ii) The monitor and target foils oould more 

conveniently be pressed together for cutting and be kept 

close together during the bombardment. This was extremely 
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important if the two foils were to receive the same number 

of protons, because most of the protons hit the foils over 

a small area close to the leading edge of the target 

(Fig. lO(c).). 

(iii) The aluminium envelope delayed the initial 

release of xenon from the target foil when acid was first 

introduced into the dissolver, and therefore avoided loss 

of rare gas before the dissolver was resealed. 

2. 2 CHEMICAL SEPARATIONS AND YIELDS 

2.2.1 COPPER 

After about twenty-four hours the copper foil was 

weighed and then dissolved in a mixture (1:1) of hydrogen 

peroxide and concentrated hydrochloric acid, evaporated to 

dryness and redissolved in a minimum of conc. HCl. This 

solution was then passed through an anion-exchange resin 

(Dowex-1X8, mesh size 100-200) in a column of length 10 cm 

and diameter 1 cm. The copper was separated (KRA 53) from 

other spallation products by preferentially eluting nickel, 

manganese and cobalt with 4M HCl until the colour band of 

copper reached the bottom of the column. The copper was 

then eluted with 1.5M HCl while iron and zinc remained on 

the column. All but the head and tail of the copper eluate 

was collected, evaporated to dryness and made up to 
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approximately 2 ml in a glass vial, or standard dimensions 

and with a screw top, for measurement of gamma radiation. 

The fraction of the copper foil in the gamma sample, the 

chemical yield Y , was determined after the activity had 
Cu 

decayed. The 2 ml counting solution was made up to 10 ml 

and aliquots were titrated with EDTA (the disodium salt of 

ethylene-diamine tetra-acetic acid), using a murexide 

indicator (WEL 58). 

2.2.2 XENON 

The techniques in this radiochemical study of xenon 

were essentially those used by Dostrovsky and Stoenner 

(DOS 62) and have been briefly outlined in the Introduction. 

Fig. 11 schematically summarizes the techniques used and 

shows that they fall into three parts. It will be convenient 

to give the details or the apparatus during a systematic 

description of these three parts or the experiment. Two gas­

sweeps were made, sweeps (a) and (b). 

2.2.2.1 Gas-Sweep (a) 

Part l. Extraction of Xenon and Krypton 

In order to minimize the growth or xenon from 

iodine precursors the rare gases were separated from the 

target and other fission products as quickly as possible 

arter the bombardment, while still per.mitting a complete 
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FIGURE ll. 

The Experimental Study ot Fission Product Xenon, 

Divided 1nto Three Parts. 
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extraction from the target and catcher toila. Fig. 11# 

part l# is a s1mp11f1cat1on of Fig. 12 wh1ch·schemat1ca11y 

describes part 1 of the experiment in detail. Most of the 

apparatus was constructed from simple pyrex glass components 

common to any vacuum apparatus and will not be described in 

detail here. 

Helium (MATH) from a cylinder was passed at a 

control1ed rate through the following components (from right 

to left in the figures). 

(1) Flow-rate meter. A commercial (MANO) flow.meter 

cons1st1ng of a glass tube with a spherical stainless steel 

float measured flow rates up to about 100 c.e. per min. 

(11) Carrier gas injection Slstem. The flow of 

helium could be diverted through a standard volume (12.2 ± 
0.1 c.e.) which could be connected to a manometer and a 

reservoir conta1n1ng a carrier gas mixture of spec-pure 

(MATH) xenon and krypton (7:;:27). The standard volume was 

calibrated with mercury. 

In order to inject carrier gas into the helium 

stream, the standard volume was evacuated and f111ed with 

carrier gas at a pressure of a few centime~ers of mercury 

measured w1 th a mercury manometer. The manometer and 

reservoir were sealed off and then the helium was allowed 
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to sweep the known amount of oarrier gas through the dissolver. 

The carrier gas faeilitated the handling of the unmeasurably 

small volume of radioactive xenon and krypton formed in the 

irradiation. 

The present technique eould be used (DOS 62) with 

no carrier gas, but then reeovery yields cannet be measured 

and the separation of xenon from krypton cannet be easily 

eontrolled. 

(iii) Dissolver and halogen trap. The helium flowed 

through tap T1 into this unit consisting of two simple 

bubblers, each attached to a small (lOO ml) flask With a 

ground glass joint at the neck, and to a tunnel for 

introducing liquids. 

Before an irradiation the vacuum in this unit was 

tested and then a few pellets of KOH with about half its 

weight of KHS0
3 

were put into the flask of the halogen trap. 

After the irradiation the eut foils of the target and 

aluminium catcher were quiekly put into the dissolver flask, 

and the unit evaeuated before helium was passed through the 

system. Water was then introduced into the halogen trap and 

the tunnel closed. A cold acid mixture (about 20 ml of a 

(1:2) mixture of conc. HN0
3 

and conc. HCl, with about 1 c.e. 

of 6M HBr) was then quickly added to the dissolver and the 
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tunnel closed. During the addition of the acid the loss of 

rare gas must have been very small because the initial 

attack of the foils was slow. Stor.ms (STO 62) suggested 

that in his work this losa was an important source of error. 

However, this was not the case in the present work, because 

of the fast introduction of cold acid, and because the 

aluminium wrapping initially inhibited the release of xenon. 

As soon as the acid had been introduced and the tunnel closed 

the dissolution was accelerated by heating the dissolver with 

an air-blower. At the same time the carrier gas was injected 

into the helium stream. With a helium flow rate of about 

80 c.e./minute, all the metal dissolved in lesa than five 

minutes. Halogens that were swept out of the dissolver 

were held in the alkaline reducing solution in the halogen 

trap, or in the next unit. 

The dissolver flask was surrounded by lead sheeting 

to reduce the radiation hazard during the early stages of 

the separation. 

(iv) Drier and purifier. Acid fumes and halogens 

remaining in the helium stream were retained in this unit 

by solid KOH and cao, and water vapour was removed by 

anhydrous magnesium perchlorate. Other non-inert gases 

were removed from the stream by passing the gases through 
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a quartz tube containing oil-free titanium sponge at 8oo0 e 

and copper oxide powder at 500°e. The dried and purified 

inert gases left this unit through tap T
2

• 

(v) Adsorption column and thermal conductivity 

~. The xenon and krypton were now loaded on to the 

adsorption column cooled in liquid air. The column was a 

U-tube of pyrex glass tubing (diameter 0.5 cm and length 

12 cm) containing activated charcoal (Columbia, grade L, 

40-60 mesh) held in position between two sintered glass 

dises. A stainless steel thermal conductivity cell, T.e.e., 

(GOW) in a simple bridge circuit, indicated on a recorder 

(TEX) the loading of the xenon and krypton on to the column. 

A cold trap similar to that used for the adsorption column 

was used to purify the helium at the beginning of the flow 

system, and another was used as a safety trap at the end of 

the system. The time, t 1, from the end of bombardment to 

the end of this sweep (a) was usually lesa than hal~ an hour 

(Table 6). At the end of sweep (a) the taps T
1 

and T2 were 

closed and the helium stream diverted through taps T
3 

and 

T 
4 

during part 2 of the experiment. 

Part 2. Separation of Xenon from Krypton 

There was no further need for fast procedures in 

parts 2 and 3 which took about one hour each. 
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Fig. 11, part 2, is a simplification of Fig. 13 

which schematically describes part 2 of the experiment in 

detail. This figure also includes a table giving the 

temperatures and helium flow rates used for the fractional 

desorption or first the krypton and then the xenon from the 

column. The separate fractions were collected on activated 

charcoal in cold traps 1 and 2,and the unloading was 

indicated on the recorder. A water bath was used to heat 

0 the column to 40 C and a small electric rurnace was used 

to heat it to 120°0. The desorption of krypton was continued 

for 10-15 minutes and the xenon desorption was continued for 

a further 45 minutes. Then, trap 2 was maintained at liquid 

air temperature and evacuated for ten minutes to remove 

helium. This evacuation was shown to cause no measurable 

losa or xenon. 

A meohanical forepump (WELC) and a mercury 

diffusion pump were uaed in the vacuum apparatus. A tilting 

McLeod gauge was used to check the vacuum which could be 

held at lesa than one micron in most parts of the apparatus. 

The stainless steel thermal conductivity cell was not 

designed for high vacuum work and this part of the system 

could be reduced to only about five microns, but was quite 

auitable for working with helium at a pressure just above 
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one atmosphere. This slight excess or pressure (2-3 cm or 

mercury) in the helium carrier gas was maintained by a 

manostat at the beginning or the flow system. A safety valve 

at the end or the flow system contained a minimum of mercury. 

Pressure-stopcocks (SCIE) were used in the flow system, 

because of the excess pressure. 

Part 3. Preparation of Xenon Sample 

Fig. 11, part 3, gives a simple description of this 

part of the experiment. Trap 2 was heated to 120-150°0 and 

the desorbed xenon was pumped with an automatic Toepler 

mercury-pump (DELM) to a quartz rurnace for purification 

over oil-free titanium sponge at 800-900°C. The pumping 

was continued tor 45 minutes and the gas kept in the hot 

rurnace for about 15 minutes. Atter the xenon had cooled 

it was transterred with a Toepler pump to a gas burette tor 

measurement of its fractional recovery, or chemical yield, 

which was usually about 95%. To prepare a xenon sample for 

gamma spectrometry the xenon was condensed into a pyrex 

glass vial cooled in liquid air. These vials were of 

standard dimensions (cf. Fig. Bl(b), in Appendix B). The 

cooled vial was sealed and removed with a blow torah. The 

pressure ot the residual gas was always round to be very 

small. 
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Appendix B describes the preparation of xenon 

samples for beta activity measurements in a gas-phase 

proportional counter. 

2.2.2.2 Gas-sweep (b) 

After about thirty hours a similar experiment was 

made in which a second sweep (b) was taken to prepare a 

sample of xenon formed purely from decay of iodine precursors. 

Part 1 was repeated with the exception of the dissolving 

procedure. Tapa T1 and T2 were reopened and for about 45 

minutes helium was bubbled at 80 c.c.Jminute through the 

dissolver and halogen traps, beth warmed with the air blower. 

The time, t , was taken from the end of sweep (a) to the end 
2 

of sweep (b). Parts 2 and 3 were then repeated as in sweep 

(a). 

2.2.2.3 Miscellaneous Experimental Details 

Some further particulars of the experiment are now 

described. When the apparatus was not in use the four traps 

oontaining activated charooal were kept under vacuum and at 

a temperature of about 120°0 in order to avoid any adsorption 

of gas on the charcoal. Before a gas-sweep the apparatus was 

preconditioned as follows. The vacuum in the apparatus was 

tested and helium passed through the flow system for about 
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one hour with the initial and final traps cooled in liquid 

air, and with the electric rurnaces in the purifier unit 

turned on. After a complete experiment, at the end or a 

sweep (b), the dissolver, halogen trap, purifier and drier 

units were dismantled, and thoroughly cleaned and de­

contaminated with conc. HN0
3

• The chemicals in the drier 

and purifier were replaced, the taps and joints were 

regreased, and the units were then refitted into the main 

apparatus. 

The gas techniques were tested previously by 

Dostrovsky and Stoenner (DOS 62). In the present work the 

high efficiency or the xenon separation was confirmed by two 

methods. 

(i) Two xenon fractions were round by maas 

spectrometrie analysis to contain only 1-g% or krypton. 

(ii) No xenon activity was detected in a krypton 

fraction from sweep (a). This sample was prepared in a 

sealed vial and gamma-counted only a few hours after 

bombardment. The 249-kev gamma ray of l)5gxe was not detected 

though this had a very intense activity in the xenon fractions 

from sweep (a). 
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2.3 RADIATION MEASUREMENT 

The activity or the xenon and copper samples was 

measured by scintillation spectrometry. The phosphor was 

a crystal (:;• x 3°) {HARS) or sodium iodide activated with 

thallium iodide ( 0.1%), hermetically sealed in an 

aluminium can. This crystal had a resolution or about 1~ 

ror gamma rays with an energy or 0.5 MeV. Optically coupled 

to the cr,ystal was a photomultiplier tube whose output was 

passed through a pre-amplirier {HAMN) to a multichannel 

analyser {RIDL). The stored data were printed in digital 

rorm (HEWL), and also obtained graphically on an X-Y plotter 

(MOSE). The latter had its Y-axis related to the count rate 

and its X-axis related to the channel number, or energy or 

the incident gamma ray. Lead, lined with iron and lucite, 

shielded the crystal and photomultiplier in order to reduce 

the natural background. Although the dead-time or the 

analyser was relatively high no correction was necessar,y ror 

this because the samples were always measured on °live-time 0 • 

The above method or measuring gamma radiation is 

in common use and thererore its principles are only brierly 

described here, with rererence to the type or gamma speotra 

obtained in this study. By the Photoeleotric Erreot a photon 

or gamma radiation may be oompletely absorbed by an atomic 
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electron in the Nai(Tli). This electron causes ionization 

in the phosphor, with accompanying flashes of light which 

have an intensity proportional to the energy of the initial 

electron. If this were the only erfect occurring a gamma 

spectra would contain a simple photopeak with some 

statistical broadening caused in the photomultiplier tube, 

where the light flashes are converted proportionally into 

electrical pulses. However, other well-known phenomena, 

Compton Scattering and "Back-scattering", produce in the 

spectra an irregular tail at energies below the photopeak 

energy. Pair Production need not be considered here since 

the spectra in this work contained no gamma rays with energy 

greater than 1.02 MeV. These complex phenomena orten cause 

considerable difficulty in the analysis or gamma spectra. 

Fortunately in the present work the photopeaks, character­

istic or xenon and copper, were rairly simple and the 

background could rather easily be draw.n intuitively (cr. 

Section 3.1). 

Appendix B describes the equipment and method used 

to measure rare gas activities by beta proportional counting. 

In this research, measurement or beta activities was useful 

only to calibrate the gamma spectrometrie method, described 

above, used to measure the activity or xenon produced in 
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fission. Appendix B exp1ains why the gamma and not the 

beta activity or this xenon was measured and considera 

probable errors in some previous fission studies or xenon 

where the beta activity was measured. 
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~· TREATMENT OF DATA 

FROM THE AOTIVITY MEASUREMENTS 

~.1 ANALYSIS OF SPEOTRA AND DEOAY CURVES 

The spectra observed for the copper samples and for 

the xenon samples from sweeps {a) and {b) are now described 

with the methods used to analyse them. The photopeaks were 

identified with an energy-calibration curve which was obtained 

from photopeaks of know.n energies in the spectra of several 

long-lived standard sources. The decay curves obtained from 

these spectra are described. 

~.1.1 OOPPER 

Fig. 14 shows an example of the simple gamma ray 

spectrum of 64eu with the dotted curved line intuitively drawn 

as the background. The area of the 511-kev photopeak1 above 

the dotted line 1 was divided by the time of measurement to 

give a counting rate. This rate was divided by two to account 

for the two 511-kev gamma rays resulting from each positron 

annihilation. A semi-logarithmic plot of this rate against 

time gave a decay curve with a half-life of 12.8 ± 0.1 hours. 

The count rate at the end of bombardment~ 0° 64 1 was 
{ Cu) 

obtained by back-extrapolation of this curve. At medium 

energies the reaction 6~eu (p1 p2n) produced 61eu (~.~ hours) 
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511 kev 

-

Background 

10 20 

FIG. 14 Typica1 Spectra for a Copper Samp1e, the 511-kev 

Peak is due to 64eu. 
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which alao givea a 511-kev annihilation-gamma ray. This 

activity was therefore allowed to decay for about 30 hours 

before the activity of 64eu was measured. 

3.1.2 XENON 

Sample from Sweep (a) 

Table 5 givea the xenon isotopes that contributed 

to the gamma spectra in the present study. Fig. 17 shows 

aimplified decay schemas for 133xe and 135gxe, which were the 

two most important isotopes of xenon in this atudy. Fig. 15 

describes typica1 apectra for a xenon gas aample from aweep 

(a}. Counting rates and decay curvea were obtained from these 

apectra. The intenaity of the gamma rays of 135xe waa so much 

higher than that of the highly converted gamma raya of 133mxe 

that the aamp1e from aweep (a} was placed on a high she1f, 

(shelf 7} above the Nai(Tli} crystal, during the first day in 

which measurements were taken every two hours, but was p1aced 

on the lowest shelf (shelf 0) for the remaining measurements. 

These were taken twice a day for seven days and then dai1y 

for a further four weeks. Fig. 16 shows a typical decay curve 

for the first severa1 days taken from spectra of the type 

shown in Fig. 15(1} and (11). In this decay curve the 

ordinate, 01 , is the count rate divided by the eff1c1ency of 

the she1f uaed. The components with half-11ves of 9.2 hours 
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TABLE 5 

XENON SPECIES CONTRIBUTING TO THE GAMMA SPECTRA IN 

THE PRESENT STUDY (NDS) 

Xenon Half- Gamma ray otK ()(K An approx.estimate 
species li fe energy - of chain yield (%)* 

(MeV) ex LM for 30-MeV protons, 

+233u +238u 

133mxe ** 2.3d .233 4.4 + 1.4 2.2 45 15 

133g 
Xe 5.3d .080 1.5 ± 0.2 5 

135gxe 9.2h .250 .054 6.5 50 45 

( .. 610) - -
131~e 12.0d .164 29 2 (20) (3) 

12~e 8.od .196 10 2 (5) ( 0.1) 

1278xe 36.0d .173 .13 - ( 0.6) -
.205 .09 -

(.378) .01 -
* the sum of the yields of both isomers are given 

** experimental value which may be too low (cf. Section 4) 
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FIG. 15 Typ1ca1 gamma ray spectra for a xenon samp1e from 

sweep (a). Dashed 11nes 1nd1cate estimated background. 

(1) 10 hours after bombardment,the 249-kev peak is 

due to 135gxe, with a small contribution from 

133mxe. 

(11) 6 days arter bombardment, the 233-kev peak is 

due to 133mxe. 

(111) 20 days after bombardment, the 80-kev peak is 

due to l}}gxe. 

There is a }0-kev x-ray peak in all these spectra. 

These three spectra were taken from experiment Rll 

(238u + 75-MeV protons). 
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FIGURE 16. 

A typical two-component decay curve, for a 

xenon samp1e from sweep (a). It was obtained 

from the composite photopeak due to the 233-

and 249-kev gamma rays, show.n in Figs. 15(1) 

and (11). 
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and 2.3 days were resolved by hand. The resolution becomes 

increasingly difficult at low energies where the activity 

of the 2.3 day-component is very weak because of the rapid 

decrease of the fission yield of 133xe below about 35 MeV. 

It was therefore necessary to use counting periods of a few 

hours and to subtract large natural backgrounds from the 

spectra. The activity of l33mxe could have been increased 

by longer bombardments for low energies, but this would also 

increase the growth error in l3)gxe. 

Table 7 gives the counting rate at the end of 

bombardment, C0
, for l33mxe and Table 6 gives the Ca, at the 

end of sweep (a), for l35xe. 

When most of the l33mxe (2.3 days) had decayed to 

the ground state after 12-15 days, apectra of the type shown 

in Fig. 15(iii) gave a simple decay curve with a half-life 

of 5.3 days. Table 7 gives the counting rates C0 for l33Sxe. 

The yield or more neutron-deficient xenon isotopes 

1ncreases as the ratio (N~) of the target decreases and as 

the energy of the protons increaaes. Table 5 contains a 

rough estimate of the relative yields of these isotopes for 

30-MeV protons with 233u and 238u. This estimate was made 

with the resulta for charge distribution at 30 MeV described 

later and With the assumption that ZP changes linearly With 
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A, in the mass region 127-135. The gamma rays of 131mxe and 

129mxe are highly converted and 127xe is tor.med in relatively 

low yield. These activities interfere sign1ticantly only 

above about 70 MeV tor 235u, and above about 30 MeV tor 233u. 

Where necessary, a correction was made tor this interfering 

activity by an approx1mate graphical extrapolation or the 

long-lived tail in the decay curve. This method was 

considered satisfactory, even tor the worst case or 233u with 

70-MeV protons, in which the correction to the peak of the 

gamma ray of 133mxe was as much as 25%. No such interference 

occurred in the samples or decay-product xenon from the 

second gas-sweep (b). 

Sample from Sweep (b) 

As expeoted from the isobaric charge distribution 

and the deoay chains in Fig. 17 a considerable amount of l35xe 

and l33Sxe, formed from deoay of their iodine parents, was 

round in the xenon sample from sweep (b), but a neg1igib1e 

amount of l33mxe was detected.. The lack of 133mxe confirmed 

that the extraction of xenon was essentially complete in 

sweep (a). The speotra were similar to those in Fig. 15(1) 

tor the tirst rew days and the 249-kev photopeak gave a one­

oomponent decay curve with a half-life of 9.2 hours. The 

80-kev peak gave a deoay ourve with a half-life of 5.3 days 



- 123 -

FIGURE 17. 

Simp1ified Decay Schemas of 133xe and 135gxe, 

and 

Decay Chains for A= 133 and A= 135 (NDS). 
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without any perturbation due to growth from 133mxe. Tables 

b 6 and 7 give the count rates, C , obtained at the end of 

sweep (b) from these simple decay curves. 

3.2 CALCULATION OF RELATIVE AND ABSOLUTE CROSS SECTIONS 

Appendix A describes the procedures and equations 

to calculate cross sections from the counting rates obtained 

from the above spectra. All the cross sections reported were 

computed with a simple FORTRAN program based on the equations 

in Appendix A. The input parameters for this program are 

contained in various tables. The symbols representing the 

input parameters are redefined here. 

c0
, ca, cb = gamma activities at the end of bombardment, 

sweep (a) and sweep (b), respectively. 

Ya, Yb = recovered fraction of xenon carrier gas in 

sample from sweeps (a) and (b). 

Yeu = fraction of copper monitor foil in the 

2-ml sample. 

t
0 

= time of bombardment. 

t 1 = time from end of bombardment to the end 

of sweep (a). 

t 2 = time between the ends of sweeps (a) 

and (b). 
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Table 6 gives the parameters for the computation 

of the independant cross section of l35xe, and of the 

cumulative cross section of l35I. It gives Ca and Cb together 

with values for t
0

, t
1

, t
2

, ya and yb for the 28 irradiations 

performed. Table 7 gives the parameters for. the computation 

of the independant cross sections of 133mxe and l33Sxe, and 

of the cumulative yield of l33I. It gives c0 for 133mxe, 

and Ca and Cb for 133gxe. Table 8 gives the values used for 

the monitor cross section; Y
0
u, and (c0 )j(eff) for 64Cu. 

Tables Al and A2 and Fig. 17 contain other necessary constants 

for the input data. 

3·3 ERRORS 

The determination of the formation cross sections 

of 135xe, l35I, 133mxe, 133Sxe 133I involved many errors 

either originating in this research or existing in published 

material used in the calculations. These errons are discussed, 

as far as possible in the order in which they were introduced 

during an experiment and its interpretation. A serious source 

of error could result from poor alignment of the. leading edges 

of the foils of copper and the heavy metal. Although 

precautions were taken an uncertainty as high as 10-15% could 

be introduced in unfavourable experimenta. The error in the 
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measurement of surface density# (SD), of the foils was of 

the order of + 1%. .For the monitor cross sections (MEG 62) 

it was difficult to estimate the error beyond that given 

in Meghir's measurements, ± 10~. The uncertainty in the 

mean energy of the proton beam probably introduced little 

error, but the energy spread of the beam, ± 2 MeV, would 

lead to errors where the s1opes of the excitation functions 

were not similar for the monitor reaction and the reaction 

investigated. 

The extraction of xenon from the target and catcher 

foils was assumed to be quantitative and the losa of decay 

product xenon in sweep (b) was assumed to be very small. 

The error in the chemical yield of copper was only 

± ?JI,. The xenon yields were estimated to have an error of 

+ 7% due to errors in the composition, volumes and pressures 

of the carrier gas. In sorne early experimenta with 238u 
(R8-Rl0) the xenon sample was not well purified and the yield 

errors here were probably as high as ± 1~. 
The error in the photopeak area, due to uncertainty 

in drawing the background, should not be large for the we1l­

defined photopeaks due to 64eu and the xenon isotopes. .For 

the xenon peaks this error was largely eliminated during the 

determination of their efficiency (Appendix B). For 64eu 
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and l35xe this error was estimated to be ± ?If,, and for 

133Sxe and 13!mxe to be ± ~. The photopeak et:ficiency, 

(etf), for 64eu had an error of± 10% (GRA 61). For the 

xenon isotopes the same error, ± 10%, was given to the 

efficiencies determined here. 

The decay curve analysis introduced errors of ± 3% 

tor 64eu and l35xe, of' ± 5% for '133Sxe, and as high as 12% 

for 133mxe when this activity was very low. 

The above random errors were combined by taking the 

square root of the sum of their squares. This total random 

error in the absolute cross sections was estimated to be :from 

In this thesis, Z values and isomer ratios were p 

obtained from relative cross sections in which many of the 

above errors were eliminated. These yield ratios were 

estimated to have a total random error of' 10-20~. 

A few other sources of' error summarized brief'ly 

below are disouused f'urther in appropriate sections of the 

the sis. 

The growth correction for l}}gxe and l35xe caused 

various errors depending on the fission system studied 

(Section 4A.l). 

In a f'ew experimenta there was an additional error 
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in the analysis of the photopeak due to 133mxe~ caused by 

interference from activities due to more neutron-deficient 

isotopes of xenon (Section 3.1.2). 

The most important systematic error in this research 

was due to the large uncertainty in the value ofQ(T for the 

internal transition between the isomers of l33xe. This 

affects the reported cross sections (Section 4A.l) and has 

a large effect on the isomer ratios (Section 4B.l). 



Exp. 
No. 

232Th 
T6 
T3 
T4 
Tl 
T5 
T2 

23Bu 
RlO 
Rl5 
Rl4 
Rl8 
R8 
R17 
R9 
R11 

*Rl6 
R12 

235u 
E10 
E9 
E7 
E5 
E3 
E8 
E4 

233 u 
*U5 
*U4 
*U3 
*U1 
*U2 
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TABLE 6. Summary of Irradiations and Data 
for Activitiea of l35xe 

Countin~ Rates 
Xenon at End of at End of 
Yielda Sweep (a) Sweep (b) 

Ep to tl t2 Y a yb ( Caxl0-3) (Cbxl0-3) 
(MeV) hr. hr. hr. c.p.m. c.p.m. 

30 .20 .50 26'.87 0.97 0.97 4400 1225 
40 .20 .50 26.27 0.90 0.97 3840 770 
52 .18 .45 30-50 0.97 0.90 3560 377 
65 .17 .50 29.83 0.73 0.97 1820 341 
75 .17 .50 26.70 0.82 0.97 1690 370 
85 .20 .50 31.50 0.96 0.93 2310 282 

15 .42 .62 30.00 0.93 0.72 4oo.o 207.0 
17 .42 .55 28.55 0.84 0.70 1763 776.1 
20 ·33 .50 28.97 0.97 0.86 1333 382.1 
30 .17 ·37 29.68 0.97 0.97 3300 700.0 
42 .17 .73 26.25 0.73 0.97 1462 248.8 
57 .12 .50 30.50 0.62 .0.97 598.0 86.0 
65 .17 .55 28.92 0.97 0.84 1806 234.8 
75 .17 .62 28.30 0.92 0.94 1103 209.0 
75 .25 .40 35.25 0.97 0.97 3225 441.8 
85 .20 .63 30.30 0.95 0.97 1129 197.0 

20 .17 ·33 51.93 0.98 0.98 5450 151 
25 .17 ·33 25.85 0.97 0.98 6810 824 
35 .17 .50 27.95 0.95 0.95 3000 325 
45 .13 .50 28.85 0.97 0.70 2705 225 
55 .08 .60 27.03 0.88 0.97 1343 250 
70 .13 .50 26.13 0.95 0.97 2280 417 
85 .13 .57 55.00 0.95 0.93 2340 60.0 

20 .17 .34 55.03 0.97 0.84 2070 16.9 
30 .17 ·37 49.43 0.97 0.97 3010 62.2 
42 .15 .42 51.88 0.97 0.97 545.0 10.7 
55 .22 .55 - 0.97 - 1600 -
70 .18 .50 50.78 0.97 0.97 990.0 20.7 

* The target materia1 waa powdered uranium oxide 
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TABLE 7. Data for Activities of' 133Jnxe and l33gxe 
(Table 6 gives t

0
,t

1
,t

2
,Ya,Yb) 

133Jnxe 133gxe 

Exp. E ( caxlo-2) {Caxlo-2) (Cbx1o-2) p 
No. (MeV) c.p.m. c.p.m. e.p.m. 

232Th 
T6 30 148 575 1520 
T3 40 247 962 1290 
T4 52 :;82 1440 940 
Tl 65 252 94o 760 
TS 75 258 940 622 
T2 85 :;60 1300 640 

23Bu 
RlO 15 6.60 29.46 269.1 
R15 17 35.0 146.2 935.0 
R14 20 31.0 141.5 547.5 
Rl8 30 152 575.0 1310 
R8 42 110 4,38.5 464.0 
R17 57 75.7 273.0 182.0 
R9 65 230 881.6 440.8 
Rl1 75 153 545.2 366.6 

*Rl6 75 444 1578 1260 
Rl2 85 158 598.6 399.0 

235u 
E10 20 355 1430 1980 
E9 25 615 2400 1710 
E7 35 425 1550 770 
ES 45 439 1660 517 
E3 55 240 860 460 
ES 70 404 1450 710 
E4 85 390 1440 780 

233u 
*U5 20 287 1095 450 
*U4 30 530 2060 965 
*U3 42 116 425 157 
*U1 55 310 1165 -
*U2 70 180 685 260 
* . The target material was powdered uranium oxide 
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TABLE 8. Monitoring Data, Inc1uding Activities of 64eu 

E t (j* ( C0 )j(eff) 
Approx.wt. 

Exp. p 0 M Yeu of Cu Target 
No. (MeV) Hr. mb. c.p.m. mg 

23~h 
T6 ?IJ .20 390 .46 33330 59 
'1'3 40 .20 270 .57 23080 16 
T4 52 .18 205 .70 19490 17 
'1'1 65 .17 173 .go 18970 13 
T5 75 .17 150 .50 8205 17 
T2 85 .20 140 .94 19490 11 

23Bu 
R15 17 .42 (100) ·32 16300 9 
R14 20 ·33 (240) .93 :;6100 19 
R8 42 .17 250 ·33 9100 21 
R17 57 .12 190 .86 6666 3 
R9 65 .17 170 .27 4700 23 
R11 75 .17 150 .27 :;Boo 28 
R12 85 .20 140 .59 6800 13 

235u 
E10 20 .17 (240) .70 29610 17 
E9 25 .17 488 .29 18720 14 
E7 35 . .17 310 .59 14100 4 
E5 45 .13 235 .91 12560 6 
E3 55 .os 195 .89 6564 11 
E8 70 .13 16o .63 9359 5 
E4 85 .13 140 .95 10510 9 

* The cross sections crM, for the formation of 64eu, 
were taken from the work of Meghir (MEG 63). 

. 1 
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4. RESULTS AND DISCUSSION 

In the Introduction it was indicated that this 

research gave information mainly about the isomerie yield 

ratios of 133xe, but that the aame experimenta enabled one 

to obtain fission yields and to study their variations in 

the maas chains 133 and 135. 

It is convenient to divide the rest of this thesis 

into two sections, 

SECTION A. FISSION YIELDS AND THEIR VARIATIONS, 

SECTION B. ISOMERIC YIELD RATIOS IN FISSION. 

Inevitably this division gives rise to some duplication, but 

provides a elearer picture of these topics. 

4A. SECTION A 

FISSION YIELDS AND THEIR VARIATIONS 

4A.l ABSOLUTE AND RELATIVE CROSS SECTIONS 

Table 9 gives the cross sections for the 135 chain 

computed from the data for the fission of 23~h, 23Bu, 235u 

and 23~. For the irradiations which were not monitored the 

cross sections are given relative to the cumulative 

formation cross section of l35I, y(experiment number). In 
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TABLE 9. Cross Sections for the Independant Formation 
of 135xe and the cumulative formation of 135r 

Exp. Ep Indenendent cr(mb)~ 135xe Cumulative Rl35 
No. (MeV} Uncorrectedl Corrected a(mb), 135r cji 

232Th 

T6 ?fJ 21.1 20.3 23·3 1.15 
T3 40 24.9 24.0 17.9 0.75 
T4 52.5 23.6 23.0 12.9 0.56 
Tl 65 17.9 17.3 11.7 0.68 
TS 75 16.5 15.9 12.0 0.75 
T2 85 14.2 13.7 9.1 o.66 

2:;8u 
RlO 15 0.32 yR10 .25 yRlO 1.0 ~10 3-94 
Rl5 17.5 6.5 (5.6}* {14.8}* 2.64 
Rl4 20 13·3 yR18 {12.3)*~18 (19.1};al8 1.55 
Rl8 ?fJ 1.03 0.99 1.0 1.01 
R8 42 28.9 27.8 14.4 0.52 
R17 57.5 37 .o :;6.2 16.4 0.45 
R9 65 28.6 27.5 19.0 0.69 
Rl1 75 20.2 yR-16 19.2 yR16 16.1 yR16 0.84 
Rl6 75 1.16 1.12 1.0 0.89 
Rl2 85 22.8 21.6 18.6 0.86 

235u 

ElO 20 21.5 21.1 10.7 0.51 
E9 25 36.6 :;6.0 16.7 0.46 
E7 35 28.2 27.5 12.8 0.47 
ES 45 32·7 ,r.g 16.6 0.52 
E3 55 28.0 26.8 19.0 0.71 
E8 70 17.8 17.2 12.2 0.71 
E4 85 21.6 20.8 12.6 0.61 

233u 

us 20 us U5 us 0.21 4.77 ~U4 4.74 ~4 1.0 Y04 u4 ?/) 3.16 ~u:; :;.13 u:; 1.0 ~u:; 0.32 
U3 42.5 2.83 Y01 2.79 y 1.0 y 0.:;6 
U1 55 5.01 Y0 

no sweep b. (1.0 yUl) -
U2 70 2.86 y 2 2.81 yU2 1.0 yU2 0.:;6 

*Very large uncertainty in cr{ 64eu) at this energy 
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order to obtain independant yields tor l35xe, corrections 

were made tor the decay ot l35r during the times t
0 

and t
1

, 

as discussed in Appendix A. This correction was always 

relatively small, as is shown in Table 9 which gives both 

the corrected and uncorrected independant cross sections ot 

l35xe. Fig. 18 shows the cumulative cross sections ot l35I 

and the corrected independant cross sections of l35xe, 

plotted as excitation functions. Obviously the resulta for 

the unmonitored irradiations could not be plotted in this 

form. 

For all four targets, Fig. 19 shows the ratio, 

R~~ of the cumulative yield of l35r to the corrected 

independant yield of l35xe. This ratio was used to obtain 

empirical values of ZP by a method developed in this research 

and to be discussed later. In the calculations for the 135 

chain, the isomer l35mxe (15 minutes) was not considered. 

Table 10 gives the cross sections computed from 

the data for the more complex 133 chain. As in Table 9 the 

cross sections for the unmonitored irradiations are given 

relative to the cumulative yield of l35r, y(experiment number). 

The independant cross section for 133mxe required no growth 

correction for the very small fraction (branching rat~o -. .02) 

ot the 133r which decayed to 13~e. The l33gxe yield had to 
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FIGURE 18. 

Excitation functions for the cumulative fo~ation 

of l35r, and the independent formation or l35xe 

(corrected for growth from the decay or l35r). 

These were obtained in the present work on the 

proton-induced fission of, 

(a) 232Th 

(b) 23Bu 

(c) 235u 

Included in (a), the filled triangles are the 

cumulative cross sections of l35I reported 

prev1ously by Pate, Foster and Yatfe (PAT 58a). 



18 (a) 232Th 

- 135 
Xe 

• 
~ (Inde pendent) -
ëS 
H 

~ 20 
~ 
rl.l 15 rl.l 
0 
@3 

10 

8 

- 135 
• I 
~ - (Cumulative) 

ëS 
H 

~ 15 ~ 
rl.l 
rl.l 

~ 
10 

8 

,a 40 50 6o 70 80 90 

PROTON ENERGY (MeV) 



50 

4o 

---:'30 
-a -
~ 20 
t-f 

~ 15 

~ 10 

~ 
7 

5 

---:',0 
'3 -
~ 20 

~ 15 
rll 
rll 

~ 10 

e 

18 (b) 2:;8u 

135xe 

(Inde pendent) 

135! (Cumulative) 

15 25 35 45 55 65 75 85 
PROTON ENERGY (MeV) 

18 (c) 235u 

135xe 

(Inde pendent) 

135r (Cumulative) 

• 

20 30 40 50 6o 70 80 90 
PROTON ENERGY (MeV) 

.... 
tl\ 
r::f 



- 136 -

FIGURE 19. 

The dependence of the relative formation of l35r 

and l35xe upon proton energy. This is expressed 

in the form, 

Rl3~ = (cumulative yield of l35r) 
aj (independent yield of 135xe, aorreated) 

These ratios were rneasured in the present work on 

the proton-induaed fission of, 

(a) 23~h 

(b) 238u 

(a) 235u 

( d) 233tJ 
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E 
Exp. 

p 

No. (MeV) 

232 Th 
T6 30 
T3 40 
T4 52 
Tl 65 
T5 75 
T2 85 

238u 

RlO 15 
Rl5 17 
Rl4 20 
Rl8 30 
R8 42 

R17 57 
R9 65 
Rll 75 
Rl6 75 
Rl2 85 

TABLE 10. Cross Sections for the Cumulative Formation of 1331 
and independant formation of 133mxe and 133gxe 

"Independant" C) (mb) 1 

Oum. Indep. Uncorr, "Over- Uncorr. 
a-(mb) 1 CT(mb) 1 corr." 

1331 133mxe 133Sxe 133Sxe 133m+gxe 

,S.9 2.7 3·1 2.7 5.8 
41.6 6.1 6.9 6.2 13.0 
33·4 9.7 10.1 9.6 19.7 
28.3 9.4 9.6 9.1 19.0 
27.2 9.6 9.1 8.6 18.7 
19.9 8.4 7.8 7.5 16.2 

l.,S yR10 .020 yRlO .031 yRlO (.003 yRlO)I .051 y 
(21.1)* 0.5 0.7 0.3 1.2 
( 31.4)* 

2.07 yR18 
1.2 
0.182 yR18 

1.9 
.191 yR18 

1.4 
.166 yR18 

3·1 
·373 yR18 

36.6 8.1 9.8 8.9 17.9 
35.8 17.8 16.4 15.8 34.2 
40.9 13.8 15.0 14.3 28.8 
33·6 6 
2.13 yRl 

10.6 6 
0.613 yRl 

9.4 6 
0.540 yRl 

8.7 6 
0.513 yRl 19.9 yR16 

1.15 
39.1 12.0 12.7 11.9 24.7 

"over-
corr.n 

133m+gxe 

5.4 
12.3 
19.2 
18.5 
18.2 
15.9 

(.023 yRlO)# 
(0.8)* 
(2.6}* 8 

.348 yRl 
17.1 
33.6 
28.1 
19.2 R16 
1.12 y 

23.9 

1-' 

~ 
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TABLE 10. (Continued) 

11 Independent" (J (mb) ~ 
E Cum. Indep. Unoorr. ''Over- Unoorr. 

Exp. p o-(mb), o-(mb), oorr. 11 

No. (MeV} 133I 133mxe 133Sxe 133Sxe 133Jn+gxe 

235 u 
ElO 20 32.8 5.4 6.6 6.:-; 12.0 
E9 25 49.5 12.8 14.5 14.0 27.2 
F:'{ 35 37.5 15.2 14.5 13.8 29.7 
E5 45 44.2 20.2 21.2 20.5 41.4 
E3 55 45.7 18.9 17.1 16.2 :;6.0 
E8 70 29.2 12.0 10.9 10.4 22.9 
E4 85 :;o.4 13.6 13.4 12.8 27.0 

233. u 
U5 20 5.00 yUS 2.55 yUS 2.74 yU~ 2.68 yU~ 5.29 yU~ 
U4 30 4.30 yU4 2.14 yU4 2.42 ~3 2.:;6 ~g3 4.56 ~3 
U3 42 3.42 yU3 2.31 yU3 2.22 y 2.17 y 4.52 y 
Ul 55 6.57 yUl 3.68 yUl 3.8o yU1 no swe;n b. 7.48 yUl 
U2 70 3.15 yU2 1.98 yU2 2.11 yU2 2.06 2 4.09 yU2 

* 
* The simple growth correction is not satisfaotory at this energy 

* Very large unoertainty in cr( 64eu) at this energy 

e 

"over-
oorr." 

133Jn+gxe 

11.7 
26.7 
29.0 
40.7 
35.1 
22.4 
26.5 1-' 

'& 

5.23 yU~ 
4.50 ~3 
4.47 y 
-

4.04 yU2 
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be corrected for growth from the decay of iodine during the 

time t
0 

and t 1, as diseussed in Appendix A. Tables 10 and 

11 give the cross sections for l33Sxe and 133totalxe both 

uncorrected and corrected by the simplified method which is 

show.n in Appendix A to overcorrect 

decay. Figs. 20 and 21 show these 

~~ 
slightly~the precursor 

resulta for 133xe, but 

only for 133totalxe are both the uncorrected and over-

corrected yields show.n. The latter resulta show that the 

growth corrections were within the experimental error for 

the energy range 20-85 MeV. Therefore, a more complex 

correction method was not considered necessary here. However, 

a complex treatment of the 133 chain was developed for use 

in a rather exact reiteration method to obtain empirical 

values of ZP (cf. Section 4A.2.3). Possibly it Will be of 

use in future work at lower energies. 

The cross sections of l3~e, and therefore of 

133Sxe and 133totalxe, were very dependent upon the value of 

~ used in treating the data from measurements of the gamma 

activity of l3~e. For the internal conversion coefficient, 

~K' of the M4 transition of energy 233 kev between the 

isomers of 133xe, Rose•s (ROS 58) theoretical value of 6.7 

isxnuch higher than the only reported (BER 54) experimental 

value of 4.4 ± 1.4. The cross section of l33totalxe was 
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FIGURE 20. 

Excitation fUnctions for the cumulative formation 

of 133r and the independent formation of l33mxe, 

133Sxe, and 133totalxe. These were obtained from 

the proton-induced fission of 232Th. The cross 

sections were plotted as follows, 

• 
--o--

"over-corrected11 independent, 133gxe 

independent, l33mxe 

uncorrected 
independent, 133totalxe 

e 11over-corrected11 

The above data were obtained with ~ =4.4 (c< =6.3). 
K T 

--·--- 11over-corrected11 independent 

i33total Xe, with o( =6.4 (~ =9.3). 
K T 

e cumulative cross sections of 133! 

(this did not involve the value of o< ). 
K 

Included in this figure the filled triangles are the 

cumulative cross sections of l33I reported previously 

by Pate, Foster and Yaffe (PAT 58a). 
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FIGURE 21. 

Excitation functions for the cumulative formation 

or 133r and the independant formation or 133mxe, 

133gxe and 133totalxe. These were obtained from 

the proton-induced fission or, 

(a) 238u 

(b) 235u 

The cross sections for 133xe were obtained with 

o<K = 4.4 (o<T = 6.3), and ware plotted as follows, 

--1:1- "over-corrected" independant, 133éSxa 

~ independen t, 133Jnxe 

--o- uncorrectad 133totalxe independant, 

• 11over-corractad11 
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therefore computed for~K = 4.4, and also for three other 

possible higher values, 5.0, 5.7, and 6.4. Using the value 

of (C(.x/~) in Table 5, these values of o<.K correaponded to 

values of~= 6.3, 7.3, 8.3 and 9.3, respectively. Table 11 

gives these cross sections and, for fission of 232rh, Fig. 20 

shows the extreme values for ~ = 4.4 and 6.4. The correct 
K 

value of the cross section for 133xe probably falls between 

these extremes. The uncertainty in C(.K introduced only a 

fairly small error in the abaolute croas sections and this 

error was smaller than the experimental error of 20-30~ 

(ct. Section 3.3). Similarly this uncertainty introduced 

only fairly small errors in the ratio R~;~. Fig. 22 shows 

these ratios. All the solid linea are for ~K = 4.4 and, 

for 232rrh, the dotted line is for~K = 6.4. 

A brief discussion of the excitation tunctions is 

now given. The positions of the maximum in the xenon 

excitation functions will be discussed turther with respect 

to the empirical ZP values in Section 4A.4. 

Only two of the fifteen excitation tunctions 

presented here have been previously reported. By a totally 

different measurement method, using solid iodide sources, 

Pate, Foster and Yatfe (PAT 58) determined the cumulative 

yields of l33I and l3SI for the fission of 232Th with 
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TABLE 11. Dependence of the Independent Cross Section of 133xe 

on the Value ofOtK for the .233-MeV Gamma Ray 

a- (mb), l3.3mi-gxe using O(K" (~l: 
E 

Exp • p 5 • 0, ~7. 2) 5 • 7, ( 8. 3) 6 •. 4, ( 9. 2> 
No. (MeV) Uncorr.Over-corr." Uncorr. "over-corr." Uncorr. 11over-corr." 

232 
Th 

T6 30 5.5 5.1 5.2 4.8 5.0 4.5 
T3 40 12.4 11.7 11.7 11.0 11.1 10.4 
T4 52 18.7 18.2 17.7 17.2 16.7 16.2 
Tl 65 18.0 17.5 17.0 16.5 16.0 15.5 
T5 75 17.7 17.2 16.6 16.2 15.6 15.2 
T2 85 15.3 15.0 14.4 14.1 13.6 13.2 

238u 

RlO 15 - - - - - -
R15 17 1.1 0.7 1.0 0.7 1.0 0.6 
R14 20 3.0 2.5 B 2.9 B 2.3 B 2.7 B 2.2 B 
Rl8 30 0.354 yR18 0.329 yR1 0.335 yR1 0.310 yR1 0.316 yRl 0.290 yR1 

R8 42 17.1 16.2 16.2 15.3 15.4 14.5 
R17 57 32.3 31.8 3Q.5 29.9 28.6 28.0 
R9 65 27.4 26.6 25.9 25.2 24.4 23.7 
R11 75 18.8 -~16 18.1 -~16 17.7 -~l6 17.0 -~l6 16.6 -~l6 15.9 -~16 R16 75 1.09 r· 1.06 r· 1.02 r· 1.00 r· 0.96 r- 0.93 r· 
R12 85 23.5 22.7 22.2 21.4 20.9 20.1 

1-' 
..J:::" 

\)J 
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Exp. Ep 
No. (MeV~ 

235 u 
E10 20 
E9 25 
E7 35 
ES 45 
E3 55 
E8 70 
E4 85 

233 u 
us 20 
U4 30 
U3 42 
U1 55 
U2 70 

e 

TABLE 11. (Continued) 

(J (mb), 133m+gxe using ~K~: 

5.0, ~7.3) 5. 7, ( 8.:;) 6.4, (9.3} 
Uncorr. -OVer-corr." Uncorr. 110ver-corr. 11 Uncorr. 1over-corr." 

11.5 11.1 10.9 10.5 10.3 10.0 
66.1 64.7 62.7 61.3 59.3 57.9 
28.1 27.4 26.5 25.8 24.8 24.2 
39·3 :;8.6 37.2 3(5.4 35.0 34·3 
:;4.0 33.1 32.0 31.0 :;o.o 29.1 
21.6 21.1 20.4 19.9 19.1 18.6 
25.6 25.0 24.1 23.6 22.7 22.1 

5.02 yU5 4.96 yU5 4.75 yU5 4.69 yU5 4.48 yU5 4.42 yUS 
4.33 yU4 4.28 yU4 4.11 yU4 4.05 yU4 3.88 yU4 :;.8:; yU4 
4.27 yU3 4.23 yU3 4.04 yU3 3.98 yU3 3·79 yU3 3.74 yU3 
7.08 yU1 (6.97 yU1J 6.71 yU1 (6.58 yU1) 6~31 yUl (5.12 yU1) 
3.88 yU2 :;.82 yU2 :;.67 yU2 3.62 yU2 3.46 yU2 :;.41 yU2 

1-' 
.f= 
.f= 
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FIGURE 22. 

The dependance of the relative formation of 133I 

and 133xe upon proton energy. This is expressed 

in the f'orni, 

R133 _ (cumulative yield of 133r) 
c/i -

(independant yield of 133xe,"overcorrected") 

These ratios were obtained from the proton-induced 

fission of, 

(a) 232Th 

(b) 238u 

(c) 235u 

( d) 233(] 

The data for l3~e were obtained using o<K = 4.4 

(O(T = 6.3). In Fig.22(a), the data were plotted 

also f'or 0( = 6.4 ( o< = 9.3), 
K T 
~ for o<.K = 4.4 

---EB-- f'or ()(K = 6.4 
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l0-85-MeV protons. Their excitation functions are plotted 

as the dashed lines in Figs. l8(a) and 2l(a). Meghir 

(MEG 62) has related the monitor reactions used by Pate et 

al. and in the present work. He showed that at proton 

energies of 26 MeV and between 55-85 MeV there was little 

systematic error between the monitor cross section used 

in these two studies. Therefore, for these energies the 

excitation functions can be directly oompared for l35I, 

in Fig. 18(a), and for 133r, in Fig. 2l(a). The present 

values were slightly higher for l35I and considerably higher 

for l33I. The compared excitation tunctions show a similar 

deorease with energy. The previous resulta were obta1ned 

after a difficult resolution or beta decay curves. The 

present resulta for l33I were obtained from a simple decay 

curve of half-life 5.3 days measured for the xenon sample 

from sweep (b). Probably the present resulta are thererore 

more reliable. Indirect confirmation of the relative 

acouracy of the l33I and l35I yields in this work will be 

demonstrated later in this thesis by the internal 

oonsistency ot the empirioal ZP values tor the ohains 133 

andl~. 

The main conclusions in this thesis were drawn from 

the relative yields which were obtained with better acouracy 

than the above absolute yields. 
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4A.2 DETERMINATION OF EMPIRICAL Z VALUES 
p 

The data available for this study of charge 

distribution were independant yields of xenon and cumulative 

yields of iodine for two different chains, 133 and 135. 

Sets of these four yields were availab1e for fission of 

four targets with protons of energy 20-85 MeV. 

These data were insufficient to construot an 

empirical FONCTION {1), whioh in Section lA.3.2 was defined 

as the isobarie charge distribution curve about a most 

probable charge, Zp• However, the Introduction showed that 

the function is fairly wall defined for medium-energy 

fission products in this maas region. Assuming a suitable 

FUNCTION {1), empirical Z values and corresponding p 

fraotional ohain yields were obtained from the above data. 

The empirioal FONCTION (1) from previous studies 

using the (NJZ)-plot method might have been used for 238u 

(DAV 63, PAR 66) and 23~h (BEN 65). However, these 

functions were plotted for absolute cross sections,, and 

systematic errors in the present and previous studies would 

seriously influence the determined values for Zp• There is 

still uncertainty about the Width of these curves, and no 

curves exist for the fission of 233u and 235u with protons. 

The Gaussian FONCTION (1) from the (Z - ZP)-plot 
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method (Section lA.3.2) was chosen here because it allowed 

a more systematic analysis of the data for all four targets. 

The method also allowed a systematic study of the effect of 

the Width or FUNCTION (l) on the empirical ZP values. 

The present data could not be put directly in the 

rorm or rractional yields which must be used in the method 

or Wahl (WAH 62) and others (WOL 65). Therefore two 

modifications or their method were used here. Method (l) 

has been developed in this thesis, but the more complex 

method (2) is similar to that used by Stor.ms (STO 62). 

Bath or these methods used a Gaussian FUNCTION (l) given 

by equation (1A.3). 

4A.2.1 USE O.F A GAUSSIAN .FONCTION (l) 

.FUNCTION (l) is a narrow discrete frequency 

distribution with only a few grouping units, each separated 

by one charge unit. Statistically it is only a orude 

approximation to represent such a distribution with a 

continuous function, as given by equation (1A.3). Wahl et 

al. (WAH 62) and Wolfsberg (WOL 65) have obtained fractional 

cumulative yields for a fission product of ch~e zr by 

integrating this continuous function between Z = (Z1 + 0.5) 

and Z ,.-oq In this work and that of Storms 1 t was 

considered a good enough approximation simply to add the 
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discrete tractional yields calculated tor Z = Z1 , (Z' - 1), 

(Z' - 2), (Z1 - 3) and (Z' - 4) in order to obtain this 

tractional cumulative yield. When the latter yield was 

added to the tractional yields calculated tor Z = (Z' + 1) 

to (Z' + 4) the sum was always round to approximate unity, 

within lesa than 0.001, for the 0 values used in the 

present computations. 

The choice or C in equation (1A.3) was made from 

the tunctions previously used. These have been introduced 

in Section lA.3.2 and are turther discussed here. 

Figs. 23(b) and {c) show the full width at halt 

maximum, FWHM, ot FONCTION {1) obtained empirically in 

previous etudies. When the functions that were plotted 

originally on an (NJZ)-plot (DAV 63, BEN 65, PAR 66) were re­

plotted on a (Z - ZP}-plot they clqsely approximated Gaussian 

tunctions, as represented by equation (1A.3). Their values 

of C in this equation can be readily obtained from their 

FWHM, in charge units, by using Fig. 23(a). This figure 

shows the FWHM of FONCTION (1) (equation (1A.3)) with 

values of C from o.B to 1.9. Using Fig. 23{a), an ordinate 

(C) corresponding to the ordinate (FWHM) was constructed in 

Figs. 23(b) and (c). This ordinate shows directly the C 

values tor empirical FONCTION (1) used in previous etudies. 
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FIGURE 23 

(a) Full width at half maximum, FWHM, or the Gaussian 

runotion given by equation (1A.3), for various 

C values. 

(b) FWHM or FONCTION (1) tram previous studies of 

charge distribution in the fission or 238u with 

protons, 

Davies and Yarre (DAV 63) 

Parikh {PAR 66) 

(o) FWHM of FONCTION (1) from previous studies of the 

fission or 23~ with protons, 

--6-- Pate, Fos ter and Yaffe (PAT 58a) 

--o-- Benjamin (BEN 65) 

Shown for oomparison in ( b) and ( o) are the FWHM used 

in other medium-energy fission systems (or. Table 1, 

Section lA.3.2), 

---- Storms (STO 62) 

---------- MoHugh (MCH 63) 

In (b) and {o), the alternative ordinates, FWHM and C, 

were related through the tunotion shown in (a) • 
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Between 20-50 MeV the width of FONCTION {1) does not change 

appreaiab1y and probab1y the best estimate of C is 

1.20 ± 0.25. Above 50 MeV, FONCTION (l) broadens and 

possibly loses its symmetry. These poorly defined changes 

would introduae large unaertainties in the empiriaal value 

of Zp• Therefore no attempt was made to extraat ZP values 

from the present data for those experimenta with bombarding 

energy greater than about 50 MeV. 

4A. 2.2 METHOD ( 1) • TO DETERMINE EMPIRICAL 
VALUES OF Z 

p 

It was shown in the Introduction {Section lA.3.2) 

that generally the value of ZP for an isobaria ohain 

inareases as the fission energy inareases. This means that 

with inarease in energy the charge distribution shifts 
! 

towards more stable isobars. Consequently there will be a 

A dearease in the ratio, represented as R
0
/i' of the cumulative 

yie1d of a negative-bata parent to the independant yield of 

its daughter, in a ohain of mass A. For example, the 

independant yield of 133xe is very low for thermal fission, 

while the cumulative yield of its beta parent l33I is 

approximately equal to the total yield of ohain 133· 

However for medium-energy fission the independant yield of 

133xe is a considerable fraction of the ohain yield and of 
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course the rractional cumulative yield or 1~~I is 

correspondingly lower. In this example the value or R!Jr 

would be or the order or 102 at low energy, but at medium 

energy would be or the order or 10°. 

In this work the quantitative relationship between 

the yield ratio RA and zp was investigated and used as the 
cfi 

basis or this empirical method, method (1), to determine the 

value of Zp for chain A, and the fractional yields or the 

chain members. Assuming that the charge distribution curve, 

FUNCTION (1}, is a Gaussian function represented by equation 

(lA.~) it was possible to construct the following expression 

for R!/i as a funct1on or (Z1 
- ZP), where Z' was the charge 

or the daughter isobar, and therefore (Z• - 1) was the 

charge or the beta parent. 

(cumulative yield or beta parent) 

(independent yield or daughter) 

Z =(Z1 -6) 
i 

L,exp 

Z =(Z1 -l) 
1 

= ---------------------------------- • (4A.l) 

Using this equation, a simple FORTRAN program computed the 

A 
theoretical ratio R

0
/ 1 tor values or (Z' - ZP) from + 3.00 
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to - 3.001 in steps of 0.05 charge units. The whole 

computation was made for thirteen C values from 0.7 to 1.9. 

Fig. 24 shows some of these computed functions. 

Now, if RA/ is know.n experimentally for a pair of adjacent 
c i 

isobars (e.g. l33I;133x:e), the corresponding value of 

(z• - ZP), for the daughter isobar, may be read from one of 

the tunctions for a particular C value. 

Fig. 24 also demonstrates the dependence of Zp 

on the value of C which is used to de fine FONCTION ( 1). 

When the daughter nuclide has (Z1 
- ZP)~+ 0.7 the empirical 

value of ZP is shown to be almost independent of c. 

For the isobaric pairs l33I;133x:e and l35I;135xe, 

the yield ratios R~;f andR~~ were obtained in this work 

with lesa experimental error than the absolute yields which 

would be used in an (NJZ)-plot method to determine empirical 

Z values. Only at energies below 20 MeV would the ratio 
p 

R1/33 oontain large errors and require a more complex growth 
c i 

correction. Although method (1) was satisfactory for nearly 

all the data a more complex method (2) was developed and is 

reported here for possible use in later work at lower 

energy. Method {2) also served to check the resulta from 

method (1}. 
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FIGURE 24. 

A 
Theoret1cal R

0
/ 1 versus (Z' - ZP), from 

equation {4A.l) with values of C = 0.7, 

0.9, 1.2, 1.5 and 1.9. 
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4A.2.3 METHOD {2). TO DETERMINE EMPIRIOAL 
Zp VALUES FOR OHAINS 133 AND 135 

This method also assumed a Gaussian FONCTION (1). 

The measured gamma activities for l3~e or l35xe, from sweeps 

(a} and (b), were used as the input data for a FORTRAN 

program Which fitted these directly With a Value.of Zp• 

The program was based essentially on a method used by Storms 

(STO 62). Appendix 0 gives further details of the FORTRAN 

program which was based on a simple reiteration method 

outlined here, for A = 133. 

Bateman equations were used to give a lengthy 

expression (cr. Appendix O, equation 0.3) for the activity, 

o~3)g , from sweep (b) and another expression (cr. Appendix O, 
Xe 

equation 0.2) for 0~ from sweep (a). A Gaussian 
33gxe 

FUNOTION (1) was assumed to relate the fractional yields of 

the isobars of mass 133, so that the above two simultaneous 

equations had only two unknowns. These unknowns were ZP 

and Y which was proportional to the total chain yield. To 

solve for ZP, the value or (Z - ZP) for 133xe was first set 

equal to + 2.0 and the value or Y calculated from the first 

expression (0.3). This value of Y was substituted in the 

second expression (0.2) to give a fractional yield, XENEW, 

for 133xe.. XENEW was lower than the fractional yield, XEOLD, 

obtained by substituting the originally assumed (Z - ZP) in 
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the Gaussian FUNCTION {1). Theretore stepwise iterations 

were made with {Z - ZP) deoreasing in steps of 0.1~ and 

finally in steps of 0.01~ until a value of ZP was obtained 

whioh produoed nearly the same values for XENEW and XEOLD. 

This was taken to be the beat empirioal ZP value for ohain 

133· The procedure was repeated for a Gaussian FUNCTION {1) 

with 0 = 0.95, 1.20 and 1.45. 

Although this method was designed for ohain 133 

it was tested by writing a similar FORTRAN program for the 

simpler chain 135. The ZP values obtained were oheoked with 

those determined by method (1) for A = 135~ and showed 

excellent agreement. 

4A.3 EMPIRIOAL Zp VALUES FOR OHAINS 133 AND 135 

Table 12 gives the values of (Z - ZP) obtained 

from the data for chains 133 and 135~ from method (2) with 

the three values of c~ 0.95, 1.20 and 1.45. For C = 1.20, 

the table also gives the oorresponding values obtained from 

method (1). The latter values were read from Fig. 24 using 

A the experimental values of Rc/i given in Table 12 (cf. Tables 

9 and 17). 

For proton energies of 20-57 MeV, there was very 

good agreement between zp values obtained by the two 

independant methods. The simple direct method (1) was 



• 
TABLE 12. Empiriaal Values of (Z-ZP) for Chains 133 and 135, from Methode (2) and (1} 

{Z - Zp) from METHOD 2 (Z-Zp) from 
METHOD 1 

Exp. E for l35xe for 133xe * R133 Rl35 13'xe 13!5xe 
No. (M~V) 0.0.95 0=1.20 0=1.45 0.0.95 0.1.20 C.l.45 cfi C/1 0.1.20 0.1.20 

2}2 
Th 

T6 30 0.51 o.48. 0.44 1.22 1.}2 1.40 7.21 1.15 1.}2 o.48 
T3 40 0.}2 0.25 0.18 0.95 1.00 1.04 :;.:;7 0.75 1.00 0.25 

(T4) (52) 0.20 0.10 -0.01 0.69 0.69 0.69 1.74 0.56 o.69 0.10 
2}9u 

RlO 15 1.07 1.15 1.21 1.75 1.92 2.07 ( 61) 3.94 2.03 1.08 
Rl5 17 0.91 0.96 0.99 1.60 1.75 1.88 (28) 2.64 1.80 0.90 
Rl4 20 o.68 0.68 0.68 1.}9 1.51 1.61 12.2 1.55 1.51 0~65 
Rl8 30 0.46 0.41 o.:;6 1.15 1.24 1.31 5-93 1.01 1.24 0.41 
R8 42 0.19 0.10 -0.01 0.77 0.79 o.ao 2.15 0.52 0.79 0.05 

(Rl7) (57) 0.10 -0.02 -0.15 0.48 o.44 o.4o 1.06 0.45 o.44 -0.02 
235 u 
ElO 20 0.15 o.o4 -0.07 o.88 0.92 0.95 2.81 0.51 0.92 o.o:; 
E9 25 0.10 -0.02 -0.14 0.71 0.72 0.72 1.85 0.46 0.72 -0.02 
E7 35 0.11 -0.01 -0.13 0.56 0.54 0.52 1.27 o.47 0.54 o.oo 
ES 45 0.16 o.os -0.06 0.49 0.45 0.41 1.09 0.52 0.45 0.05 

{E}) (55) 0.30 0.2:; 0.15 0.57 0.55 0.52 1.30 0.71 0.55 0.22 
23}. u 
us 20 -0.26 -0.46 -0.57 0.4:; 0.}9 o.:;:; 0.96 0.21 0.}9 -0.46 
U4 30 -0.06 -0.22 -0.39 0.4:; 0.39 o.:;:; 0.95 0.}2 o.:;a -0.22 
u:; 4:; -0.01 -0.16 -0.}1 0.:;4 0.27 0.19 0.76 0.:;6 0.27 -0.15 

* Using ~k = 4.4 (oCT= 6.3) 

• 

1-' 
\J1 
~ 
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theretore proved to be re1iab1e and should be usetul in 

other work,since accurate values or RA/ can tair1y easily 
c i 

be obtained tor many pairs of adjacent isobars tor;med in 

fission. 

4A.3.1 VARIATIONS IN Z 
p 

For the 135 chain tor the fission or 238u, Fig. 25 

conveniently i1lustrates the above resulta on the three 

Gaussian curves used tor FUNCTION (1). This figure ia 

similar to Fig. 5 {Section lA.3.2) tor the chain 135. However, 

an additional tractional chain yield, that or l35cs, was 

ava11able tor McHugh'a determination of the empirical value 

ot ZP. Fig. 25 and Figs. 26(a)-{d) show the variation of 

ZP with energy. The values or ZP used tor chains 133 and 

135 were readily calcu1ated from the values ot (Z - ZP) tor 

the xenon isotopes which have Z = 54. In Fig. 26 the solid 

lines were obtained with C = 1.20 and the dashed lines with 

C = 0.95 and 1.45. As was noted from Fig. 24, the variation 

or C had least ettect on the empirica1 ZP when, tor the 

xenon isotopes, ZP ~ 53.3 (i.e. (Z - Zp) ~ + 0.7). Depending 

on the value of (Z - Zp) its uncertainty was estimated to be 

from 0.1 to 0.2 charge units. 

For the fission of 23~h and 238u, Fig. 27 shows 

the present resulta (obtained tor C = 1.20) on a plot 



- 159 -

FIGURE 25. 

Gaussian charge distribution curves, FONCTION (l), 

obtained using equation (lA.3) 1 

with 0 = 0.95, 1.20 and 1.45. 

Fitted on these curves are a sample set or results 

from Table 12. These data were for chain 135, from 

the fission of 238u with protons or energy E MeV. 
p 

Values of E are given beside the points in this 
p 

figure. 

For 0 = 1.20, the fractional cumulative yields for 

l35I are fitted to an "integrated" curve. 
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FIGURE 26. 

The variation of the empiriaal value of Z with the 
p 

energy of protons induaing fission in 

(a) 232Th 

{b) 238u 

(a) 235u 

( d) 233u 

The ZP values were obtained by method (2) using the 

Gaussian FUNCTION {1) from equation (1A.3), with 

___ .. ___ c 0 95 
= • 

c = 1.20 

--------·------ c = 1.45 

The divisions on the vertical lines, to the right of 

the figure, show zp values postulated for ahains 133 

and 135 from the simplified COR equation (1A.2). The 

numbers given beside these lines are the total number 

of fission neutrons, )) , used in postulating the 
T 

aorresponding ZP values. 
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FIGURE 27. 

The displacement of the empirical value of Z 
p 

from beta stability, ZA, and the effect of 

variations in the energy of protons inducing 

fission in, 

(a) 232Th 

(b) 238u 

( c) 235u 

( d) 233u 

For the chains, 

------6---

----o--

(cf. Fig. 

(cf. Fig. 

A= 133 

A= 135 

(Table 13 contains these data). 

9(a), p.59) 

9(b)) 
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similar to that used in Fig. 9 which presented the resulta 

of previous work in this laboratory. The same early 

Z -tunction (COR 53, CHU 59) was used which gave 54.95 and 
A 

55.65 for z
133 

and z
135

, respectively. Table 13 gives the 

present values of (ZX - ZP) for the chains 133 and 135. For 
238u and 232Th, the good agreement between these values for 

the two chains suggested that the change in ZP for the mass 

change, A = 133 to 135, is approximately equal to the 

corresponding change of ZA with maas. The latter change was 

(55.65 - 54.95) = 0.70. These resulta support the assumption 

made in the work on the fission of 232Th with protons, by 

Pate, Foster and Yaffe (PAT 58). Section lA.3.2 showed that 

in order to plot FUNCTION (1) with their abscissa (ZA- Z), 

rather than (Z - ZP), it was essential to assume that, for 

a particular energy, (ZA - ZP) was constant for the maas 

region 130-135. For 235u and 233u, it will be shown later 

that no simple conclusions aould be made. 

4A.:;.2 CONCLUSIONS ON THE VARIATION OF EMPIRICAL 
Z VALUES WITH TARGET AND PROJECTILE ENERGY 

p 

For232Th and 238u, the variation of ZP with energy 

presented in Figs. 26 and 27 agreed well with the previous 

data for the same maas region, presented in Figs. 8 (MCH 63) 

and 9 (PAT 58, DAV 6:;, BEN 65, PAR 66). 



TABLE 13. The Empirical Zp Values from Method 2 with 

0=1.20, in the Form (ZA-ZP) for Chains 133 and 135 

Exp. Ep 135xe A= 135 133xe A= 133 
No. (MeV) (Z - Zp) (Z - Z ) A p (Z - Zp) (ZI. - Zp) 

238 u 
RlO 15 1.15 2.80 1.92 2.87 
Rl5 17 0.96 2.61 1.75 2.70 
Rl4 20 0.68 2.33 1.51 2.46 
R18 30 0.41 2.06 1.24 2.19 
RB 42 0.10 1.75 0.79 1.74 

(R17 57) -0.02 1.63 0.44 1.39 

232 
Th 

T6 30 0.48 2.13 1.:;2 ~.27 
T3 40 0.25 1.90 1.00 1.95 

{T4 52) 0.10 1.64 0.69 1.64 

235 u 
E10 20 0.04 1.69 0.92 1.87 
E9 25 -0.02 1.6:; 0.72 1.67 
E7 35 -0.01 1.64 0.54 1.49 
ES 45 o.os 1.70 0.45 1.40 

(E3 55) 0.23 1.88 0.55 1.50 

233 u 
us 20 -0.46 1.19 0.39 1.:;4 
U4 30 -0.22 1.43 0.39 1.:;4 
U3 4:; -0.16 1.49 0.27 1.22 
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No previous ZP data exist tor the fission of 235u 

and 233u with protons. The reliability of the present 

resulta tor 238u and 232Th suggested that interesting pre-

liminary conclusions could be made from the limited data in 

the present work on 233u and 235u. For the proton-indueed 

fission of 235u and 233u, Fig. 26 shows that the variations 

of ZP with energy are significantly different from the 

changes, which are now fairly well established, for the 

proton-induced fission of 238u and 232Th. 

The Introduction showed the difficulties and 

uncertainties still existing in a theoretical interpretation 

of charge distribution. However, in order to make a 

convenient semi-quantitative comparison of the present 

empirical values of Zf. for different targets and energies 

a very simple madel was used. The ZP values were assumed to 

be given by the simplified CCR postulate {equation (1A.2)). 

Fig. 26 includes vertical lines for ~P = 133 and ~P = 135 

with divisions corresponding to the postulated ZP values tor 

various values of V , shortened here to v , the total 
Total T 

number of fission neutrons. For a particular energy, the 

empirieal ZP was equated with a postulated ZP in order to 

estimate the corresponding value of VT. Figs. 28(a) and 

(b) show the estimated total neutron yields, YT, as a 
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FIGURE 28. 

Total neutron yields, "YT' in the fission of ( O,O,e,O) 

232Th, 23Bu, 235u, and 233u induced by protons 

with a range of energies. 

These rough estimates of y were obtained from 
'l' 

Fig. 27. The estimated value of ))T was that needed 

to fit an empirical value of ZP with one postulated 

by the simplified CCR equation (1A.2). 

Estimates were made for the independant sets of 

empirical Z values, for chains of mass, 
p 

(a) A = 135 

(b) A = 133 
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function of energy, from two independant sets of data for 

the chain 135, and the chain 133. No attempt has been made 

to set errors for these rough estimates of VT. Previously 

reported neutron yields suggest that the estimates here were 

generally too low. This discrepancy is explained qualitatively 

by the considerable evidence (Section lA.3.2) that the CCR 

postulate predicts values of ZP which are too high for heavy 

maas chains. The present method therefore would be expected 

to give lower limita for VT. The main use of Fig. 28 was 

to illustrate considerable differences in the fission of the 

different targets. Section 1B.2.6 discussed some previous 

more accurate data for (dv~dE). The latter was suggested 

to have values from 0.13 - 0.16 for many fission systems 

with energies below about 40 MeV. For 238u and 232Th, 

Figs. 28(a) and (b) were consistent with this suggestion. 

However these figures suggested that, as the energy increased, 

the rate (dV~dE) was lesa for the targets of lower (NJZ). 

These trends were reflected in the variations of ZP in 

Figs. 27 and 26. Fig. 27 shows that at lower energies the 

targets of lower (NJZ) have ZP values closest to beta 

stability, ZA, but at 40-50 MeV the value of (ZA - ZP) was 

almost equal for all four targets. Similarly, Fig. 26 shows 

that although at lower energies the ZP values were higher 
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tor the targets or lower (NJZ)~ at 4o-50 MeV the zp values 

tor a particular chain were almost equal tor all tour targets. 

These rather surprising differences in the charge 

division and neutron emission in the fission or different 

targets cannot be contirmed with the limited data in this 

research, which was.not primarily designed as a study or 

charge distribution. 

A most interesting research project would be an 

extension or the work that bas been done in this laboratory 

on the charge distribution~ in the fission of 232Th and 

23Bu, to the targets 233u and 235u. This would provide a 

more complete picture or charge distribution and should 

contirm and extend the present preliminary conclusions on 

the comparison or charge distribution in the fission or 

different targets. 

4A.4 Zp VALUES AND THE MAXIMUM IN EXCITATION FUNCTIONS 

In an excitation runction tor the independent 

formation or a fission product, the exact position or the 

maximum cannot yet be explained satisfactorily. For a 

fission product, N(Z1 ,A), of charge z• and maas A, this 

maximum is related to the energy dependence of the value of 

ZP in chain A. The value of ZP corresponds of course to the 
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maximum isobaria yield in the aharge distribution. It at 

low energy Z'>Zp, then as the fission energy is inareased 

Zp generally inareases and approaahes Z1 • Hiaks and Gilbert 

(HIC 55) made the simple suggestion that the excitation 

tunation tor the fission produat N(Z1 ,A) would have a 

maximum at the energy for whiah z• = ZP tor ohain A. For 

example, in the ohain 135 the excitation funation or l35xe 

should therefore show a maximum for the energy at whiah 

l35xe (Z1 = 54) is the most probable isobar rormed in ohain 

No simple hypothesis aan be expeated to relate the 

maxima in excitation tunations and in charge distribution 

aurves beaause of the aomplexities or charge distribution, 

espeaially above medium energies, and beaause or the 

ditfiaulty in detining the position ot the broad maxima in 

excitation tunations. However,the very simple suggestion 

outlined above serves as a usetul guide to prediat 

qualitatively from zp data the relative positions or the 

maxima for different fission produats and different fission 

target s. 

Fig. 26 shows that the ohain 135 would have a value 

or zP.= 54 at lower energies than ohain 133. Therefore the 

maximum in the excitation tunation or l35xe should oaaur at 
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lower energy than that for 133xe. Comparing the targets 

235u and 238u, Figs. 26(c) and {b) show that for the chain 

135 the value of ZP approaches 54 at lower energies for the 

former target. It might therefore be expected that for a 

target of lower (NJZ) the maximum in an excitation function 

occurs at lower energy than for a target of higher (N/Z). 

The present experimenta were not designed to obtain 

very accurate excitation functions and therefore the position 

of the rather flat maximum in the excitation functions of 

135xe and 133xe could not be weil defined. However, rough 

estimates of these maxima were made from the functions drawn 

in Figs. 18, 20 and 21 and the corresponding energies are 

show.n in Table 14. 

TABLE 14 

Rough Estimates (from Figs. 18, 20 and 21) of the Proton 

Energy, ~ax, at which the Maximum Occurred in the Excitation 

P Function of 133xe and 135xe. 

Emax 
p 

133
xe(N/Z=l.46) 

135
xe(Nj'Z=l.50) 

Target (MeV) (MeV) 

238u 55 47 
232 

Th (48)a 42 

235u 45 28 

(a) this maximum in Fig. 20 was particularly flat 
and ill-defined. 
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These values are now qualitatively compared with 

the above simple predictions, from the empirical ZP values. 

As expected above, the maximum for l35xe did occur at lower 

energy than that for l33xe. Also as expected above, the 

excitation functions of 133xe and l35xe had their maxima 

for 238u at about the same energies as for 23~h, but for 

235u these maxima occurred at lower energies. No excitation 

functions were obtained for 233u. 

For 238u, a more quantitative prediction of the 

maxima for 133xe and l35xe may be made from the data of 

Friedlander et al. (FRI 63) and of Davies and Yaffe (DAV 63). 

For the fission of 238u, curve I in Fig. 29 shows their plot 

of the proton energies at which excitation functions reached 

a maximum for many nuclides characterized by their value of 

(NJZ). If curve I were extended for fission products with 

(N/Z) > 1.50, the latter would most probably have a maximum 

in their excitation functions at an energy ~ 30 MeV. The 

position of these maxima would be influenced not only by 

the variations in Z , but also by the rapid decrease in the 
p 

total fission cross section with decreasing proton energy 

below about 30 MeV. 

Curve I predicted that, for the fission of 238u, the 

maxima for 133xe (N~ = 1.46) and l35xe (NJZ = 1.50) should 
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FIGURE 29. 

The axes, proton energy, E , versus (NJZ), are used p 

for two different types of function, 

CURVE I 

CURVES II and III. 

CURVE I This was taken from the work of Davies and 

Yaffe (DAV 63) and of Friedlander et al. 

(FRI 63) on the fission of 23Bu. It shows 

their plot of the proton energies at which 

excitation functions reached their maximum 

for many nuclides characterized by their 

value of (NJZ). 

CURVE II With the data for 23Bu from the same work by 

Davies and Yaffe, this curve was first 

plotted here. It shows the empirical values 

of (NJZ)p from their charge distribution 

curves at various proton energies, E • 
p 

CURVE III Taken from the data in the present work on 

238u, this curve, similar to CURVE II, shows 

two empirical functions for A = 133 and 135 

were almost identical (Table 15). 
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occur at energies or 75 + 10 MeV and 35 + 10 MeV, respect-- -
ively. These predicted energies are in reasonable agreement 

with those, in Table 14, which were estimated roughly from 

the present excitation functions. 

Curve I has not yet been explained satisfactorily. 

It is therefore of interest to discuss it here, relative to 

the empirical values of Zp• For the purpose of this simple 

discussion, let the curve I be applied to one isobaric chain 

A, with isobars of charge z•, Z' + 1, Z' + 2, etc. As the 

fission energy is inoreased ZP increases and successively 

reaches values of Z1 , Z1 + 1, Z1 + 2, etc. By the simple 

suggestion of Hicks and Gilbert the excitation tunotions or 

these successive isobars should reach their maximum at 

energies when their charge equals the value or ZP of chain A. 

Thererore the curve I should coincide with a function, 

energy versus ((A- Zp}/Zp)• Curve II in Fig. 29 is the 

latter tunction, EP versus (NJZ)p, taken from the same data 

used by Davies et al. to plot curve I. 

These two curves I and II have similar slopes, but 

curve II is displaced to higher values or (NJZ}. The 

significance of this may be shown by the following example. 

At 35 MeV, curve I indicates that the excitation function of 

135xe (NJZ = 1.50) reaches a maximum, but at this energy 
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ourve II shows that the ZP value of ohain 135 is about 0.5 

charge units lower than 54, the charge of l35xe. 

The present data were insuffioient to oonstruot 

funotions similar to ourve I. The present empirical ZP 

values for chains 133 and 135 were used to construct the 

function, EP versus ((A- Zp)JZp), for the limited energy 

range 15 to 57 MeV. Table 15 gives the values used to plot 

this function for 238u, as curve III in Fig. 29. The two 

functions for chains 133 and 135 were almost identical and 

were plotted as the single curve III. 

The two curves I and III have similar slopes, and 

for the limited energy range over which they can be compared 

they do coincide, as predicted by the simple suggestion 

discussed above. Therefore the excitation function of l35xe 

has a maximum at about the same energy at Which l35xe is the 

most probable isobar formed in chain 135 (i.e. when ZP = 54 

for chain 135). There is a small discrepancy between this 

conclusion and that from the comparison of curves I and II 

above. With the limited data available the only conclusion 

that can be made here is that at present the maximum in 

excitation functions can be predicted only very approximately 

from empirical ZP data. The latter data are however useful 

to predict the relative positions of the maximum for 
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TABLE 15. The Empirioal (Z-ZP) Values for 238u (of. Table 12), from 

Method 2 with 0 = 1.20, in the for.m ((A-Zp)/Zp) for Ohains 133 and 135 

238u E 135xe A= 135 133xe A= 133 
p 

e 

Exp. 
No. (MeV) (Z -. Zp) ( ( 135/Zp) - 1) (Z - Zp) ( ( 133/Zp) - 1) 

RlO 15 1.15 1.556 1.92 1.555 

Rl5 17 0.96 1.545 1.75 1.545 

Rl4 20 0.68 1.53(> 1.51 1.535 

Rl8 30 0.41 1.520 1.24 1.520 

RB 42 0.10 1.505 0.79 1.500 

(Rl7) 57 (-0.02) (1.500) (0.44) (1.485) 

1-' 
-J 
.J:;:-
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different fission products in different fission systems. 

For 232Th and particularly tor 235u and 233u~ it 

would be interesting to obtain a tunction like the curve I 

which was determined tor 238u. The curve tor 232Th should 

be very similar to curve I~ because the (NjZ) ot the two 

targets are nearly equal and the empirical ZP values vary 

with energy in a similar way. For 235u and 233u~ the 

differences in the tunction~ ZP versus energy, suggested by 

this work, may produce a rather different shaped tunction 

to curve I, and it would be expected to be displaced towards 

lower values ot (NjZ} corresponding to the lower value of 

(NJZ) for these two targets. 

4A.5 FRACTIONAL AND TOTAL CHAIN YIELDS FOR A = 133 AND 135 

The Introduction showed that there are still large 

uncertainties involved in predicting fission yields tor 

various fission systems,and more yield data are theretore 

required. From the present researah many absolute and 

relative yields have been reported elsewhere in this thesis. 

The tollowing tractional chain yields and total chain yields 

could also be obtained. 

For those irradiations tor which (Z - Zp) values 

were obtained (Table 12) the corresponding tractional yields 
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can be obtained from equation (1A.3) or read from the 

appropriate FONCTION (1) in Fig. 25. 

Table 16 lista those resulta from which total 

chain yields could be obtained for A • 133 and 135. For 

C = 1.20 and 1.45 this table gives the fractional yields# 

fN# and absolute cross sections#crN# (Tables 9 and 10) for 

the independant formation of l35xe# and cumulative formation 

of l33r. The absolute total chain yields# crT# were 

calculated with the simple expression, crT = ( crN/fN). 

Table 16 gives these yields# which were estimated to have 

an uncertainty of about ~. 

For proton-induced fission very few chain yields 

have been reported previously (cf. Section lA.3.1). For 

the proton-induced fission of 23Bu# the present total chain 

yields were in agreement with those for the same mass region 

determined previously in this laboratory (DAV 63, PAR 66), 

and by Stevenson et al. (STE 58) (cf. Fig. 1). This 

agreement suggested that there were no serious systematic 

errors in the present resulta. 

For fission of 232rb and 238u for a particular 

energy, the chain yields for A = 133 and 135 were about the 

same. These resulta support the assumption, made in 

previous studies of charge distribution made in this 
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TABLE 16. Total Chain Yields for A == 133 and 135 

Exp. E Indep. yields of l35xe Cum. yields of l33r 
(~==) Total Chain Yields (mb) No. p 

CT f (j f 
(MeV) (mb) (from method 2) (mb) (from method 2) A == 135 A== 133 

C=rl.20 0::1.45 C==l.20 C=l.45 C=rl.20 C=rl.45 C==l.20 C=rl.45 . 

23Bu 

Rl5 17 6.5* 0.24 0.24 21.1* 0.96 0.96 27.1 27.1 22.0 22.0 
Rl4 20 13·3* 0.35 o.:;4 31.4* 0.92 . 0.92 ,a.o 39.1 :;4.1 :;4.1 
R8 42 28.9 0.51 0.47 :;6.6 0.66 0.65 56.6 61.4 55.4 56.3 

**(Rl7) 57 37·0 0.52 0.46 35.8 o.47 0.45 71.1 80.4 76.2 79.5 

232Th 

T6 30 21.1 0.42 0.41 38.9 0.87 0.87 50.2 51.4 44.7 44.7 
T3 40 24.9 0.49 0.46 41.6 0.76 0.75 50.8 54.2 54.7 55.4 

**(T4) 52 23.6 0.51 0.47 33.4 o.6o 0.59 46.3 50.3 55.6 56.7 

235u 

ElO 20 21.5 0.51 0.47 32.8 0.72 0.71 42.2 45.7 45.6 46.2 
E9 25 :;6.6 0.51 0.46 49.5 0.62 0.61 71.7 79.5 79.8 81.1 
E7 35 28.2 0.51 0.46 37 .s 0.52 0.51 55.3 61.3 72.1 73.5 
ES 45 32.7 0.51 o.47 44.2 0.47 0.46 64.1 69.5 94.0 96.0 

**(E3) 55 28.0 0.49 0.46 45.7 0.53 0.51 57.2 60.9 84.3 87.6 

* Large uncertainty in monitor cross section at this energy 

**At this energy, charge distribution curves probably have C~l.45 

..... 
-'1 
-'1 
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laboratory, that the mass yield ourve has a flat peak in 

this mass region for these fission systems. However, for 

the fission of 23Bu with 14.7-MeV neutrons, James et al. 

(JAM 64) round that the ohain yield for A = 133 was muoh 

higher than for A = 135. They therefore suggested that 

fine structure existed in the maas distribution. In 

Appendix B these resulta have been disoussed and a possible 

error suggested in the measured yields for chain 133. 
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4B. RESULTS AND DISCUSSION 

SECTION B 

ISOMERIC YIELD RATIOS IN FISSION 

4B .1 EXPERIMENTAL ISOMER RATIOS OF l33Xe 

In Section 4A.l are found the independant oross 

sections for l33mxe and l33gxe, whioh were used here to give 

the isomerie yield ratios for l33xe. Table 17 and Figs. 

30(a)-(d) give these ratios, with the yield of l33gxe, 

unoorreoted and also with the simplified growth oorreotion 

disoussed previously. These resulta were obtained with 

~ = 4.4 (~T = 6.3), but the resulta with other ooeffioients 

will be given below. 

The experimenta were designed primarily to determine 

precise isomer ratios for severa! fission targets with a range 

of proton energies. The precision and extent of these 

measurements were determined by the unoertainties disoussed 

in Section 3.3 and by the turther considerations given below. 

(i) The growth oorreotion for l33gxe was minimized 

by a fast sweep (a). This oorreotion oould still be 

considerable if there were a high ratio, R~;r, of the 

cumulative yield of l33I to the independant yield of 133xe. 

Fig. 22 showed that this was true only for proton energies 
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TABLE 17. Isomerie Yie1d Ratios for 133xe Obtained 
withO'K = 4.4 (ocT = 6.3) 

Yie1d Ratios 

Exp. Ep 
om om R133 

No. (jg' Qg" cji 
{MeV) Uncorr. 110ver-corr. 11 

232 
Th 

T6 30 0.89 ( 1.03) 7.21 
T3 40 0.88 0.98 3-37 
T4 52 0.96 1.01 1.74 
Tl 65 0.99 1.04 1.53 
T5 75 1.05 1.11 1.50 
T2 85 1.08 1.13 1.25 

2380 
R10 15 0.64 (7.45) 61 
Rl5 17 0.74 (1.79) 28 
R14 20 0.61 0.84 12.2 
R18 30 0.95 1.10 5.93 
RB 42 0.83 0.91 2.15 
Rl7 57 1.09 1.13 1.06 
R9 65 0.92 0.97 1.46 
Rl1 75 1.13 1.21 1.75 
R16 75 1.14 1.20 1.89 
R12 85 0.95 1.01 1.64 

2350 
E10 20 0.81 0.86 2.81 
E9 25 0.88 0.91 1.85 
E7 35 1.05 1.10 1.27 
E5 45 0.95 0.99 1.09 
E3 55 1.11 1.17 1.30 
E8 70 1.10 1.15 1.29 
E4 85 1.02 1.06 1.13 

233 u 
U5 20 0.93 0.95 0.96 
U4 30 0.89 0.91 0.95 
U3 42 1.04 1.06 0.76 
U1 55 0.97 -no sweep (b)-
U2 70 0.94 0.96 0.78 
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FIGURE ,O. 

The energy dependence of the experimental isomerie 

yield ratios for l3~e, from the proton-induced 

fission of, 

(a) 232Th 

(b) 238u 

(c) 235u 

( d) 233u 

The values are shown for C(K = 4.4 (~T = 6.3), 

0 uncorrected, 

e "overcorrected". 
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below about 35 MeV with 232Th and 238u, and below about 

20 MeV with 235u. The growth corrections were small in most 

of the present isomer ratios and were within the estimated 

experimental errer of 10-20~ (cf. Section 3.3). These ratios 

do not therefore reflect the change of charge distribution 

with energy, as do the data for several other fission isomer 

ratio studies (POL 60, TIL 63b, SIK 65). 

(ii) There were only small relative errors in 

measuring the gamma peaks for the two isomers. The same 

xenon sample was used and the two peaks, taken with the 

same amplifier gain, were obtained on the same spectrum. 

The calibration with the beta proportional gas counter 

(Appendix B) minimized the relative errors in the subtraction 

of gamma background activities and in the efficiencies of the 

two peaks. 

(iii) Section 4A.l explained that the yields of 

133mxe, 133gxe and 133m+gxe were computed with four values 

of~ (6.3, 7.3, 8.3 and 9.3), because of the uncertainty in 

this coefficient. It was shown in Section 4A.l that changes 

in~T did not cause a very serious errer in the cross 

section of l))m+gXe nor in the yield ratio R~;~. However, 

the isomer ratio was strongly dependent on the value ofe'T. 

Table 18 compares the isomer ratios tor the tour values of 
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TABLE 18. Effect of o<. for 133Mxe on the Isomer Ratios of 133xe 
T 

Exp. 
No. 

232 
Th 

T6 
T3 
T4 
Tl 
T5 
T2 

23Bu 
R10 
Rl5 
Rl4 
Rl8 
R8 
R17 
R9 
Rll 
Rl6 
Rl2 

235 u 
E10 
E9 
E7 
E5 
E3 
E8 
E4 

233u 
U5 
u4 
u:; 
U1 
U2 

(where ([' = Uncorrected yie1d of 133Sxe 
ctn = 110ver-correoted"y1e1d of l33gxe) 

g 

CXT = 6.3 c<T = 7 ·3 o<T = 8.:; C><T = 9.3 

<Ym CTm ~ Ùm o; <Tm <Tm CJm -
0::' g 0:" g Œ' g a:" g <Tc' g a:" g c::ro• g a:" g 

.. 

0.89 1.03 1.28 1.56 1.98 2.62 :;.53 5.80 
0.88 .98 1.27 1.46 1.96 2.37 :;.46 4.79 
0.96 1.01 1.42 1.52 2.29 2.52 4.49 5.37 
0.99 l.o4 1.48 1.58 2.41 2.67 4.95 6.00 
1.05 1.11 1.61 1.73 2.75 :;.o6 6.41 8.16 
1.08 1.13 1.67 1.77 2.90 :;.19 7.20 g.oo 

o.64 - 0.86 - 1.18 - 1.69 -
0.74 - 1.03 - 1.48 - 2.28 -
0.61 0.84 0.82 1.19 1.11 1.80 1.55 :;.o:; 
0.95 1.10 1.41 1.70 2.25 2.97 4.36 7.60 
o.8:; 0.91 1.18 1.33 1.77 2.09 2.96 :;.84 
1.09 1.13 1.68 1.76 2.93 :.;.17 7.33 8.86 
0.92 0.97 1.:.;4 1.4:.; 2.11 2.31 :;.go 4.59 
1.12 1.21 1.76 1.96 3.16 3-77 8.79 14.8:.; 
1.14 1 .. 20 1.78 1.92 :.;.22 :;.65 9.24 13.24 
0.95 1.01 1.4o 1.52 2.23 2.53 4.29 5.41 

0.81 0.86 1.15 1.23 1.70 1.87 2.78 :.;.21 
o.88 0.91 1.27 1.33 1.94 2.08 :;.42 :;.81 
1.05 1.10 1.61 1.70 2.74 3.00 6.:;:.; 7.75 
0.95 0.99 1.41 1.47 2.25 2.41 4.:;7 4.92 
1.11 1.17 1.72 1.85 :;.os :;.44 8.05 11.08 
1.10 1.15 1.71 1.82 :;.02 3·33 7.86 10.12 
1.02 1.06 1.53 1.62 2.55 2.79 5.50 6.57 

0.93 0.95 1.:;6 1.40 2.16 2.24 4.05 4.:;:; 
0.89 0.91 1.28 1.32 1.98 2.06 :;.51 :;.74 
1.04 1.06 1.58 1.62 2.27 2.79 6.00 6.58 
0.97 - 1.44 - 2.32 - 4.61 -
0.94 0.96 1.:;8 1.42 2.18 2.29 4.14 4.48 
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ocT. The ratios are given uncorrected and •overcorrected", 

and Fig. 31 shows the latter set of isomer ratios. 

The uncertainties in the isomer ratios, discussed 

above and in Section 3,3, are briefly summarized in this 

paragraph. Uncertainties of 10% were estimated for most of 

the resulta in Table 17, calculated for~ = 6.3. A higher 
T 

value of 15% was given for most of the 238u resulte which 

were obtained at the beginning of this work when the 

experimental technique had not been fully developed. 

Uncertainties of up to 20% were estimated for the lowest 

energy resulte for 238u and 232Th. These bad larger growth 

corrections and larger graphical errors particularly in the 

133mxe yields. 

The large unaertainty in the value of ot.T was not 

included in these estimated errors. 

4B.2 THEORETICAL CALCULATIONS OF THE SPIN DISTRIBUTIONS 
DURING FRAGMENT DE-EXCITATION 

The computations that have been made, their input 

data and their resulte are discussed and then used to 

consider the experimental isomer ratios from this and other 

fission etudies. The calaulations were introduced in 

Section lB.2. Most of them were made for the spin 

distributions during the de-excitation of the fragments. 
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FIGURE 31. 

The experimental isomerie yield ratios for l33Xe 1 

from proton-induced fission of 

(a) 232Th 

(b) 238u 

(c) 235u 

(d) 233u 

The 11 overcorrectedu values are shown for four values 

of the total internal conversion coefficient. 

• o<.T = 6.:; 

• CXT = 7 .:; 

• o<. = 8.:; 
T 

e ~= 9.:; 
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4B.2.1 INPUT DATA FOR STAGES 1 AND 2 

Stase One, Neutron Emission from the Fras!ents 

Table 19(a} summarizes the input data for this 

stage of the calculation. The value of N was fixed at 
n 

three in all calculations; it is estimated that about three 

neutrons are emitted from a 136xe fragment from fission 

induced by 30-MeV protons. 

The HHV program was slightly modified ta allow 

equation (lB.l) to define the input spin distribution for 

the first neutron emission. 

Values of E were approximated using the simple 
ni 

assumption that the average neutron kinetia energy is equal 

to twice the maximum nuclear temperature of the residual 

fragment, tmax (ERI 60). Here tmax was related ta the 

maximum excitation energy of the residual fragment, U , max 
2 by the equation U = at , with a= Aj8. The neutron max 

transmission coefficients for a nucleus with A = 136 were 

read from the curves of Feld et al. (FEL 51), for a nuclear 

radius parameter r = 1.5rm. 
0 

The spin cutoff factor, cr, was assumed to 

decrease as the fragment excitation energy decreases with 

successive neutron emissions. Very little infonmation is 
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TABLE 19(a) and (b). Input Data for Stages 1 and 2 of the 
Fragment De-excitation Computations 

(a} For Part 2 of HHV FORTRAN program (l:LAF 62) 

Neutron 
Emission 

Step 1st. 2nd. :;rd. 
Input 
Parameters 

Spin Distribution Assumed; Output Output 
formula (1) from 1st from 2nd 
B=:;,4.6,7,9,11 step step 

- (MeV) E 2.0 1.5 1.0 
ni 

~ i 
0 0.73 0.70 0.60 
1 0.66 0.60 0.50 
2 0.51 0.40 0.25 
3 0.25 0.14 0.05 
4 0.04 0.01 -

O(n) 
Trial i 6 5 4 

Trial ii 7 6 5 

( b) For Part 3 of HlW FORTRAN program 

Ganuna-
cascade 

Step 1st. 2nd to 5th. 
Input 
Parameters 

Spin Distribution Output Output . 
following from 
3rd neutron pre vi oua 
emission step 

O(d') Trial i :; 3 
Trial ii 4 4 

t Trial I 1 1 
Trial II 2 (2nd,3rd-, =2 

4th, 5th-, =1 
• . 
) 



• 
- 188 -

available to estimate the values of cr. Values were chosen 

intermediate to those used in most spallation etudies 

( crQ 4 ± 1) and to the higher values calculated from 

formula (lB.,). Two sets of cutoff factors were tried in 

trial (1) and trial (11). 

Stage Two, the Gamma Ral Cascade from the Fragments 

Table 19(b) summarizes the input data for this 

stage of the calculation. The value of Nk was fixed at six 

in all calculations (i.e. Part 3 of the HHV program was used 

five times). A cascade of six gamma rays is larger than has 

been observed experimentally, but the distribution of spin 

following any smaller number of emissions was also contained 

in the output for the corresponding step of the computation. 

It is estimated that Ni = 4 ± 1, for medium-energy fission. 

The spin cutoff factor was assumed to be constant 

throughout the gamma cascade since the energy change in the 

fragment tor each gamma ray emission is only about 1 MeV. 

Calculations have been made tor both dipole 

radiation, t = 1, and quadrupole radiation, ~= 2. 

Fixed values of Nn and NK were chosen in order to 

11m1t the large number of possible combinations of input 

parameters. However, the effect of other Nn and Nk values 

could be estimated from the resulta. Stage One and Stage Two 
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were aomputed with Parts 2 and 3 of the HHV FORTRAN program 

on the IBM 704o machine at the MaGill University Computing 

Centre. 

4B.2.2 RESULTS FOR STAGES ONE AND TWO 

In Fig. 32 the aalaulated spin distributions, 

following eaah of the three neutrons and five gamma ray 

emissions, are aonveniently aharaaterized by their root mean 

square angular momentum, J~. The number above the line 

in Fig. 32 is the value of the spin autoff factor, cr, used 

for that step of the computation. To the right of the figure 

are given the B values used for the assumed initial fragment 

spin distribution, given by equation (lB.l). Computations 

were made for B = 3, 4~6, 7, 9 and 11. Fig. 33 shows an 

example of the frequenay distribution aurves, aalaulated for 

B = 7 and "(n) = 6, 5, 4 and "(~) = 3· 

4B.2.3 STAGE THREE, THE FINAL GAMMA RAY 
IN THE CASCADE 

This stage prediats a value of the isomer ratio 

from the aalaulated distribution of spin following the last-

but-one emission in the gamma aasaade. The spin states in 

this distribution were divided between the two isomerie 

states by an over-simplified model whiah assumes that one 

final gamma ray with a suitable multipolarity allows these 
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FIGURE 32. 

Values of JJ~ characterizing the spin distribution 

at each step of the fragment de-excitation. The 

numbers are the values of the spin cutoff factor, 

cr, used for particular steps of the computation. 

Only dipole gamma radiation was used here. 
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FIGURE 33· 

Theoretiaal Probability Distributions of the 

spin of fragments, during their de-excitation. 

DISTRIBUTION A. is the initial distribution 

given by equation (lB.l), with B = 7. 

DISTRIBUTION B. is the spin distribution 

after the emission of three neutrons and 

five dipole gamma rays. 

The spin-dividing line, Jf = 7/2, is shown for 

Class 2 isomers (3/2, 11/2). 
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states to decay to the isomerie state with the nearest spin. 

If a state has a spin equally placed between the two 

isomerie spins, it is simply assumed that half of these 

states decay to each isomer. As an example, for spin-pair 

Class 1 isomers (9/2, 1/2}, states in the final calculated 

spin distribution with spins lesa than 5/2 populate the low 

spin isomer; states with spins greater than 5/2 populate 

the high spin isomer; whereas states with a spin of 5/2 

divide equally between the two isomers. 

This stage of the isomer ratio calculation could 

have been performed by adding the calculated probabilities 

for individual spin states according to the simple 

prescription outlined above. We have employed a direct 

geometrie method using the cumulative spin distribution 

function curves. Fig. ;4 gives an example of these curves 

for the same output data used for the frequency distribution 

curves in Fig. 33. The geometrie method is as follows, for 

the three spin-pair classes of isomers in Table 3· 

Class 1 isomers {QL2, 1/2) 

A vertical line at Jf = 2 cuts the normalized 

cumulative spin distribution (Fig. ;4) at ordinate Y1 which 

by simple geometry representa the fractional population of 

the low spin isomer, thus the isomer ratio is simply 

{1- Yl) / Yl. 
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FIGURE :;4. 

Theoretical normalized cumulative distributions 

of the spin of fragments, during their de­

excitation. With the same initial spin 

distribution shown in Fig. 33 as DISTRIBUTION A, 

the following modified distributions are shown, 

after the emission of 

~ one neutron, 

~ three neutrons, 

c. three neutrons and three dipole 

gamma rays 

~ three neutrons and three quadrupole 

gamma rays. 

The intersection points., Yi, .. and the corresponding 

ordinate., on the right of the figure, are described 

in the text. 
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Class 2 isomers (11/2, 3/2) 

By the same reasoning, a vertical line at Jr = 3 

cuts the cumulative distribution at the ordinate Y so that 
2 

the isomer ratio from this distribution is given by 

( 1 - Y2) 1 y2 • 

Class 3 isomers (8, (5), 4) 

Although the l34cs isomers have spins of 4 and 8 

the spin-pair to be considered in this stage or the 

calculation is (5,8) because or a state or intermediate 

energy with spin 5 which acts as the effective low spin 

isomer for our model. Therefore a vertical line at Jr = 6 

which cuts the cumulative distribution at the ordinate Y
3 

gives the isomer ratio as (1 - Y
3

) 1 Y
3

• 

The ordinate on the right or Fig. 34 gives the 

isomer yield ratio corresponding to the intersections or the 

cumulative spin distributions and the vertical dividing-spin 

lines (J r = 2, 3 or 6.). This type or figure gives a good 

direct representation or the isomer ratio for isomer pairs 

or different classes trom the distributions calculated at 

each step or the fragment de-excitation, for a particular 

assumed B value. 

4B.2.4 THEORETICAL ISOMER RATIOS 

Figures, similar to Fig. 34, were constructed tor 
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the five values of B in order to obtain funotions of the 

type shown in Fig. 35. This figure shows the predioted 

isomer ratios for the three isomer olasses as a funotion of 

B, or as a funotion of the alternative absoissa ~-
The value of B is nearly equal to ~ at the higher values; 

and Jf has a slightly lower value. All the lines in Fig.35 

are for the same set of tr values ( O(n} = 6, 5, 4 and 

0(~} = 3} and for the same Nn value equal to 3; the solid 

lines are for (Nk- 1) = 3 and the dashed lines are for 

(Ni - 1} = 5. 

All the resulta disoussed so far have assumed only 

dipole gamma ray transitions. The evidenoe already disoussed 

for the existence of quadrupole transitions in fission made 

it neoessary to oonsider the effeot of using ~= 2, in plaoe 

of t= 1, in the gamma oasoade oaloulation. Computations 

were made with Ni still equal to 6, but the first three 

gamma rays were taken to have t = 2. Fig. 37 representa 

some of these resulta (of. Fig. 32). Fig. 38 (of. Fig. 35) 

shows the predioted isomer ratios for the three isomer 

classes, for three assumed B values. All the lines in Fig. 

38 are for Nn = 3 and (Ni - 1} = 3; only the long dashed 

lines are for three quadrupole transitions, the other lines 

are for three dipole transitions. The solid and long dashed 
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FIGURE 35. 

The theoretical values of the isomer ratios for three 

spin pair classes of isomers (cf. Table 3, p. 87). 

The values were computed with initial fragment spin 

distributions given by equation (lB.l) and character-

ized by the value of B. The set of spin cutoff 

factors used in the computation was or = 6, 5, 4 and 
n 

~= 3· The number of neutrons emitted, Nn, was 3 

and two different gamma cascades were used. 

• 
--o---

Ni= 4 

Ni = 6 

Only dipole gamma radiation was used. The lower 

abseissa shows the corresponding } ;: of the initial 

spin distributions • 
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FIGURE 37• 

Values of J J~ for successive steps in the 

fragment de-excitation. This is similar to 

Fig. 32, except that here the first three 

gamma rays in the cascade had t = 2. 
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FIGURE :;8. 

Theoretical values of the isomer ratio for three 

spin-pair classes of isomers. This is similar to 

Fig. 35, except that it shows the effect of the 

multipolarity and the spin cutoff factor upon the 

theoretical ratios. 

A11 computations had Nn = 3 and (Ni - 1) = 3· 

Dipole gamma radiation was used except for the long 

dashed lines which were computed for three quadrupole 

gamma rays. 

Different sets of spin cutoff factors were used. 

~ = 6, 5, 4 and 

____ ) ~ = 7, 6, 5 and 
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lines are for the same set of o- values ( O(n) = 7, 6, 5 

and c:r = 4) • In order to show the effect of using a 
<ct> 

lower set of a- values the solid lines from Fig. 35 have 

been replotted as the short dashed lines in Fig. )8. 

4B.2.5 CONCLUSIONS FROM THE FRAGMENT 
DE-EXCITATION CALCULATIONS 

Figures 32 and 37 show the following changes of 

mean spin of a fragment during the de-excitation process. 

(i) For initial fragment distribution with 

B"' 6-7 the re are only small changes 1n J J~ or the 

distributions 

(11) For higher B values J J~ decreases, Wld these 

changes become larger per step as B is increased 

(iii) For lower B values J J~ increases. 

There is a simple explanation for these resulta which depends 

on the tact that the spin-dependent part of the level density 

formula, given by formula (1B.2), is sampled by each neutron 

and gamma ray emission, during the computation. The 

distribution which suffers the smallest change of mean spin 

has B ~ ( cr- 1/2) which is the spin, J f(max), at which the 

density function (1B.2) has its maximum value. If a 

distribution has aB value lower than Jf(max) its states 

decay preferentially towards higher spins; and conversely 
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if a distribution has a B value higher than J ( } it moves 
tm~ 

towards lower spins during the de-excitation process. From 

this argument it is seen that raising the input cr raises 

Jf(m~) so that high spin states decrease their spins less 

but low spin states increase their spins more; the effect 

here is to increase the predicted isomer ratios of all 

classes of spin-pairs (cf. Fig. 38, the solid and short 

dashed lines). The opposite trends occur when the input cr 

is decreased. The estimated amount of angular momentum 

carried away by either neutrons or gamma rays is strongly 

dependent on the value of cr, particularly in the de-

excitation from fragment states of high spin. During the 

gamma cascade these spin changes are larger for quaàrupole 

than for dipole transitions, again particularly for the 

higher spin states. The effect of quadrupole radiation 

therefore is to reduce the predicted isomer ratios for B 

values above about 4. 

The effective converging of spin states during 

the de-excitation process will reduce the sensitivity of the 

isomer ratio to the angular momentum of the initial fragment 

(HUI 62, SAR 65). The rate or change of the isomer ratio 

with B is greatest for Class 1 isomers. This can be mis-

leaàing and should not be interpreted to mean that for a 
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pair of isomers with a low spin-pair a change in the initial 

fragment spin is more easily detected in the experimental 

isomer ratios. This misunderstanding can be avoided when 

the solid lines in Fig. 35 are represented in another form 

in Fig. 36, where CT"w'( CTL + <TH) is plotted against B. 

For all three classes, these tunctions show a similar rate 

of change with respect to B. Comparison of Figs. 35 and 36 

shows that, when one isomer is formed in much greater yield 

than the other, a small change in the higher yield or in 

CT"i(( a- + a-) changes the isomer ratio considerably. 
L H 

This explains why the spread of experimental isomer ratios 

for l33xe in Figs. 3l(a)-(d) increases for the higher isomer 

ratios obtained using higher o<. values. Huizenga and 
K 

Vandenbosch '(HUI 60) have stated that the experimental isomer 

ratios are in least agreement With the calculations when one 

isomer has a relatively low yield. This can be illustrated 

by the cumulative spin distributions in Fig. 34 which would 

give the most unreliable prediction of isomer ratios at 

either end of the distribution, where the ratio would be very 

high or very low. 

Before discussing the experimental data and 

comparing them with the above theoretical resulta, a few 

calculations that have been made for the compound nucleus 

are described. 
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4B.3 CALCULATION OF THE SPIN DISTRIBUTION OF 
THE COMPOUND NUCLEUS 

These calculations were introduced in Section 

1B.2.1. In this laborator,y Sachdev (SAC 66) bas written a 

FORTRAN program to compute transmission coefficients with 

an optical model potential of the type used by Perey (PER 63, 

BJO 58). Although the model bas only been tested for 

nuclides with maas up to about 200 it was thought worthwhile 

to use Sachdev 1 s program with the parameters of Perey for 

10- and 20- MeV, and of Hodgson (HOD 65) up to 30 MeV in 

arder to compute proton transmission coefficients for 232Th. 

It was reasonable to use these coefficients also for 23}u, 

235 238 
U and U, since the parameters for these heavy nuclides 

contained large uncertainties. Table 20(b) shows the JJ~ 
characterizing the spin distributions which were obtained 

using Part 1 or the HHV FORTRAN program with these computed 

transmission coefficients. These spin values are in good 

agreement with those in Table 20(a) which were computed with 

the same program but with transmission coefficients obtained 

for a square-well nuclear potential. Since the transmission 

coefficients were considerably higher when calculated with 

the optical madel nuclear potential, the agreement between 

values in Tables 20(a) and (b) illustrates the insensitivity 
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TABLES 20(a) and (b) 

Root Mean Square Angular Momentum., J J~ of the 

Compound Nucleus Spin Distribution 

(a) Computed with the proton transmission coefficients of 

Feshbach et al. (FES 53) (with a square-well potential) 

Proton Target J J~ Energy Target Spin Ref'. 
MeV. 

24.2 209 
9/2 7.3 Bi 

23Bu 
HAG 65 

25.7 0 5.9 

19 232 4.5 
Th 0 BEN 65 

24 5.5 

(b} Computed with the proton transmission coefficients 
obtained with the FORTRAN program of Sachdev (SAC 66) 
(with an optical-model potential). (The coefficients 

ror 23~ 2)8 235 23}u h were used also for U, U and r) • 

m 
Target 

Spin) 
232Th,238u 233tJ 235u 

Proton ( 0} (5/2) (7/2) 
Energy (MeV) -

10 2.3 }.6 4.4 

20 4.5 5.4 5.9 

?fJ 6.} 7.0 7.4 
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(DUD 65) of the calculated spin distributions to the values 

tor the transmission coefficients. 

The conclusions that were drawn in Section 4B.2.5, 

about the changes in the spin distribution of the excited 

fragments apply also to the excited compound nuclei. There­

fore it may be predicted that a compound nucleus distribution 

with a mean spin of about 7 will suffer very little change 

of spin per prefission neutron emission. A spin value of 7 

corresponds to the case of fission energies of about 30 MeV 

(Table 20(b)), but for higher energies and correspondingly 

higher spins of the compound nucleus a larger spin change 

will be caused per evaporated neutron. During the compound 

nucleus de-excitation by prefission neutron emission, as in 

the fragment de-excitation process, there is an effective 

converging of higher spin states towards lower spins. This 

effect will turther reduce the sensitivity of the isomer 

ratio to an increase in the angular momentum ot the initial 

compound nucleus. 

We are now in a position to discuss the ettect ot 

the target spin and projectile energy on the spin of an 

initial fragment, and consequently their affect on the isomer 

ratio in fission. 
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4B.4 EFFECT OF TARGET SPIN ON THE FISSION ISOMER RATIO 

Table 20(b) shows that at 30 MeV an increase of 

target spin from 0 to 7/2 changes the mean spin of the 

compound nucleus by only about one unit. Similarly from 

Table 20(a), at 25 MeV the compound nucleus spin changes 

by less than two uni ts for the targets 238u ( I = o) and 

209Bi (I = 9/2). If other factors in fission are assumed 

to be unchanged by this change, of one or two units, in the 

spin of the compound nucleus, and if this small angular 

momentum change were completely disposed between the two 

fragments the change in their spin would still be less than 

could be detected by a change in the experimental isomer 

ratio. In order to see a change in this ratio, a change in 

the initial fragment spin of at least two units is necessary; 

this was estimated from Figs. 35, 36 and 37 for a probable 

range of initial fragment spins (6- 10). 

For the targets 232Th and 238u which have I = 0, 

and for 233u (I = 5/2) and 235u (I = 7/2), the experimental 

133xe isomer ratios in this study have the same absolute 

values, and behave in the same way with energy. 

From these experimental results and from the 

theoretical considerations it can only be concluded that the 

spin and type of the fission target do not affect the isomer 
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ratio. This is in agreement with most of the limited data 

previously reported though sorne of these have been 

inconclusive and in certain cases contradictory. These data 

are now summarized and, for convenience, they are divided 

into the three spin-pair classes in Table 3 which summarizes 

the fission systems leading to these data and their 

references. 

The data for Class 1 isomers have been obtained 

by Hagebo. For proton energies up to 115 MeV, his 117rn 

isomer ratios for the target 232Th were the same as those 

for 238u and for the considerably different target 209Bi. 

However in his earlier work on the isomers of 95Nb the 

ratios were lower for 238u than for thorium, bismuth and 

lead. Although there were very large experimental un­

certainties in the 95Nb work these do not appear large enough 

to be able to explain the low resulta for 238u. No 

explanation can be offered at present. 

The data for Class 2 isomers, previous to our 

l33xe resulta, gave confusing conclusions about the dependence 

of isomer ratios on various targets. The 131Te isomer ratios 

from thermal neutron fission were about the same for 233u 

and 235u, but are higher for 239Pu (I = 1/2). The 131Te 

isomer ratios, for fission induced by medium-energy deuterons 
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and alpha-partiales were about the same for 232Th and 238u, 

exaept for the rather high value from the fission of 238u 

with 33 MeV alpha-partiales. The l3~e resulta had larger 

uncertainties and are not considered here. 

The data for Class 3 have been obtained for the 

isomers of 134cs. Although the measurements involved large 

experimental errors the following conclusions aan be made. 

These ratios, like those in this work for l33xe, were the 

same for 238u and 23~h wi th protons of energy 30-85 MeV. 

Davies and Yaffe (DAV 63) obtained a result, with 20-MeV 

protons, which had an astonishingly high value of about 20 

for the isomer ratio. This result was obtained from only 

one experiment and should be confirmed because no similar 

trend has been round in this energy region for 23~h 

(BEN 65), and because this result is inconsistant With all 

other data and cannet be explained by any present model. 

The values of the 134cs isomer ratios for proton-induced 

fission of 238 232 U and Th were about the same as those for 

134cs from fission of 233u, 235u and 238u induced by medium-

energy deuterons and alpha-partiales. 

4B.5 EFFECT OF PROJECTILE ENERGY ON THE FISSION ISOMER RATIO 

Fig. 30 shows that the present experimental isomer 
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ratios do not change signiticantly with proton energy, from 

20-85 MeV. However, if the value ot o<.K tor l33mxe is taken 

to be 5.0 or greater, our resulta would be consistent with 

a very slight increase ot isomer ratio with energy (Fig.31). 

It has been estimated above that, to cause a detectable 

change in the isomer ratio, a change in the spin of the 

initial fragment of about two units is necessary. It may 

theretore be concluded from our data that this spin is 

different by less than two units in all of our fission 

systems though the compound nucleus spin goes from a lower 

limit (Table 20(b)) or about five to a probable value ot 

greater than ten. 

All other isomer ratio data that exist for a wide 

range or fission energies are also for proton-induced 

fission. The 134cs isomer ratios, like the l33xe ratios, 

have been show.n to have very little energy dependance over 

the same proton energy range, with the exception or the one 

result at 20 MeV for 238u which has been discussed above. 

The experimental isomer ratios for ll7In on the other band 

show a strong energy dependenoe,up to about 115 MeV. For 

9~b the data are less reliable but show the same trend, 

i.e. an inorease of isomer ratio with energy. The isomer 

ratios of ll7In inorease from about 2 to 10 over the proton 
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energy range 20 to lOO MeV. The corresponding change in 

the spin of the initial fragments may be estimated from the 

results of our calculation (Figs. 35 and 38). Thus, a low 

B value of three or less is needed to predict these ratios 

below about 40 MeV; the ratios at about lOO MeV correspond 

to a high initial fragment spin, with B equal to at least 

ten. 

The above evidence that with increase of proton 

energy the fission isomer ratios of 9~b and 117rn increase 

considerably whereas thoae of 134cs and particularly of 

133xe do not increase aignificantly, is not understood. 

Some other evidence does exist on the energy 

dependance of fission isomer ratios, but is leas conclusive. 

The independent isomer ratio of SOm,SOgBr increases slightly 

with proton energy from 70 to lOO MeV (HAL 61). The 

cumulative isomer ratio of ll5Cd increases rapidly with 

energy. Although the energy dependence of the isobaric 

charge dispersion explains part of this increase, particularly 

up to about 4o MeV, the independent isomer ratio also 

appeared to be energy dependent. It does seem that the near 

symmetric fission products 115cd and 117rn have isomer 

ratios With a greater energy dependence than those of the 

asymmetric fission products with mass about 133· However, 

there is the following limited contrary evidence which shows 
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that aaymmetrio fragmenta are not inaenaitive to the angular 

momentum of the fissioning system. The 134ca iaomer ratios 

are alightly but aignifioantly higher for medium-energy 

alpha partiale and deuteron fission than for low-energy 

photo-fission (WAR 64)J and the 131Te ratios are aimilarly 

higher for this type of medium-energy fission than for 

thermal neutron fission (SAR 65). 

4B.6 ESTIMATE OF FRAGMENT SPIN FROM THE ISOMER RATIO 

The present data for 133xe were good for the 

relative etudies so far diaousaed. Theae data oannot give 

a very acourate estimate of B because, as ahown in Section 

4B.l, the absolute values of the isomer ratios depend 

strongly upon the value of« for 133Jnxe. It ia hoped that K . 

a value of ot will aoon be available with a amaller error 
K 

than in the one previoua meaaurement. Matuazek (MATU 65) 

has recently informed ua that he ia beginning a atudy of 

133xe produoed by the reaction 130Te (cx,n). If o<.K ia taken 

to have a value of 5.0, the corresponding isomer ratio ia 

1.6 ± 0.2 which givea an estimated value of B equal to 5 ± 2, 

from Figs. 35 and 38. 

Storms (STO 62) haa studied l33xe formed in medium-

energy fission of thorium and uranium induoed by charged 

parti~les, and haa concluded that the yield of 133mxe was 
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negligible. The following considerations leave little doubt 

that this conclusion is erroneous. It is unlikely that 

there is a large difference between the 133xe isomer ratios 

for the different fission systems in his and the present 

work {cr. Table 1). However, his conclusion is very 

different to ours. The ratios reported in our wor.k are 

consistent with those reported for the similar Class 2 

isomerie pairs of 131Te and l33Te (ERB 63, SAR 65), and with 

the ratios predicted by the calculations for a reasonable 

initial fragment spin. Possible errors in Storms' work are 

discussed in more detail in Appendix B. 

Table 21 gives the value of B estimated for three 

reasonable l33xe isomer ratio values of 1.0, 2.0 and 3.0 

and summarizes the B values estimated in other fission isomer 

studies. The estimated spin values in Table 21 would be even 

higher if quadrupole radiation were assumed and a higher 

value of Ni used. Most of these B values from the isomer 

ratio studies agree with the high spin values of 8-10 units 

obtained from the prompt gamma ray studies already discussed 

in Section 1B.2.6. However, just as in the discussion of 

the energy dependance of the isomer ratio, different 

conclusions can be drawn from the data for the Class 1 

isomers. Below about 30 MeV, very low fragment spins are 
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TABLE 21 

Values of B Estimated in Fission Isomer Ratio Calaulations, 
with Initial Fragment Spin Distribution Given by Equation (1B.1) 

Fission System Estimated Isomerie Expt. Estimated 
Target Projectile Spin of Nualide Isomer B of Ref. -(MeV) Compound Ratio Initial 

Nucleus Fragment 

238 
5-8 

117 
u 30 In -2.0 "-'3 

232Th 
~'-p HAG 65 

209Bi 100 - -10.0 10 

235u thermal 3.5 
131 

1.8+0.4 6+1.5 
ERB 65 

n Te SAR 65 
232Th oc. 33 -13 131Te 3.}:1:0.5 -a WAR 64 

232Th 
.. 

238u af. Table l33xe 
(i) 1.0 4+1.0 THIS 

2350 
>oP 20-85 20(b) (11) 2.0 6+1.5 WORK 

(iii)3.0 8+1.5 
2330 

• 

233u 
6 16 5/2 134cs 0.8+0.2 9:7.5 WAR 64 

232 
20 -5 

134 
1.2+0.6 Th p Cs -9 BEN 65 
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estimated from the isomer ratios of ll7In. Although large 

corrections were necessary in these data it can still be 

assumed that the isomer ratios are indeed ver,y low. 

In this low-energy region the experimental isomer 

ratios of 117In and 134cs cannot be predicted from the same 

initial fragment spin distribution if the de-excitation 

processes are similar for both cases. Only if the de­

excitation processes leading to 117rn and 134cs are very 

different (e.g. if the Ni for a Class l isomer is much larger 

than for a Class 3 isomer} would it be possible to reconcile 

the data with the present model (i.e. be able to predict 

both of these isomer ratios from the same high B value). 

The very low experimental values for the cumulative isomer 

115 ratios of Cd provide further evidence that symmetric 

fission fragments have a low initial spin. If the neutron 

parents of ll5cd and of 117In do have about the same low 

mean spin then it is obvious from the respective spin-pairs, 

(11/2, 1/2) and (9/2, 1/2), that the ll5cd isomer ratios 

should be lower than those of ll7In. This prediction agrees 

with the data though the low values for ll5Cd are partly 

caused by precursor decay from 115Ag to ll5gcd. 

Sikkeland et al. (SIK 65} observed that for the 

fission of 238u induced by 12c {73-120 MeV), the 115cd 



- 215 -

isomer ratios were considerably lower than for the same 

type of fission of l97Au. The centres of the mass-yield 

curves for these two fission systems are at A-- 118, and 

at A •98; they concluded that the asymmetry of the fission 

fragments strongly influences the isomer ratio. To further 

support this conclusion they made a comparison between the 

low ll5cd ratio formed in lOO-MeV proton-induced symmetric 

fission of 238u and the higher ratios from 450-MeV proton 

fission of 209Bi. However, the energies of these two systems 

are very different and the comparison is not meaningful. A 

more useful comparison can be made between the data for the 

117rn isomer ratios formed in the fission of 238u and 209Bi 

induced by protons over the same energy range (40-160 MeV). 

No significant difference existed in these data (HAG 65). 

The isomer ratios in the fission of 238u might have been 

expected to be lower than those for 209Bi, because in the 

latter fission system the ll7In is formed in a more asymmetric 

fission mode, and 209Bi has a high spin value of 9/2. 

There was very poor evidence available from fission 

isomer ratio data when Croall and Willis (CRO 62) made the 

tentative conclusion that a difference may exist between the 

~somer yield ratios for nuclides near the trough of the 

fission mass yield curve and for those near the peaks. This 



- 216 -

hypothesis is supported both by theoretical predictions 

(POR 57, HOF 64, JOH 64, SIK 65) that the angular momentum 

induced in the fragments is appreciably lower in symmetric 

than in asymmetric fission, and by many of the additional 

experimental data now available. The evidence is still not 

conclusive and it is not known up to what energy this 

phenomenon is important. 

4B. 7 COMP ARISON OF YIELD RATIOS FOR AN ISOMER PAIR 
FORMED IN FISSION AND IN SPALLATION 

There have been several interesting studies where 

the yield ratios for the isomer pairs of ll5cd, 80Br, 134cs 

and 83se have been obtained in both fission and in spallation 

reactions. It would be interesting to use the rather 

reliable 133xe isomer ratio data from this study to make a 

more quantitative comparison with data that could be collected 

in the energy range 10-25 MeV from the reaction l30Te (~,n) 

133xe. Similar («,n) reactions have been studied by Bishop 

et al. (BIS 64) and Matsuo et al. (MATS 65). In the reaction 

of 130Te the spin distributions of the initial compound 

nucleus, 134xe, and their modification during the de-

excitation process could be obtained as in the calculation 

for the 107Ag (CK,n) reaction (BIS 64) or with the improved 

calculations performed for the («,n) reactions of 41K, 55Mn 
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and 93.Nb by Dudey and Sugihara (DUD 65) • It is estimated 

from the approximate formula of Halpern and Strutinski 

(HAL 58) that the spin of the 134xe compound nucleus formed 

by 20 MeV alpha partiales is about sevan units, whioh is a 

spin value similar to that expeoted in a fission fragment 

with this excitation energy. It may therefore be possible 

to obtain a better value of the spin outoff parameteb 

(DUD 65) for our fission oalculations and to compare the 

de-excitation process in spallation- and fission- produots 

leading to 133xe. 

Sharp and Pappas (SHA 59} compared the ll5cd isomer 

rations, in the energy range 10-25 MeV, obtained in fission 

and in five spallation reactions. Unfortunately this energy 

range is very unsuitable for a study of the independant 

isomer ratios for 115cd. Tilbury and Yaffe (TIL 63b) also 

studied the isomerie. yields of 115cd from fission of 238u 

by protons in the same energy range. They obtained resulta 

which oontradioted those of Sharp et al. whose resulta were 

thought to be eomplicated by chemical separation problems. 

Therefore, there is only weak supporting evidence that the 

high spin isomer ll5mcd is preferentially populated in low­

energy fission. Sharp et al. had assumed this was true and 

proposed that it was caused by increased fission barrier 
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penetration for compound nuclei of high spin. This 

phenomenon might be important at low excitation energies 

when symmetric fission is highly improbable. 

Haller et al. (HAL 61} compared the 80Br isomer 

ratios, in the proton energy range 70-160 MeV, obtained in 

fission and in the reactions 81Br{I=3/2) (p,pn} and 

89Y{I=l/2) (p,5p 5n). The fission isomer ratios were higher 

than the ratios from the simpler spallation reaction but 

lower than those from the (p,5p 5n) reaction. The large 

population of the high spin isomer 80~r, in the last 

reaction, was explained by assuming that although at these 

energies a Wide spectrum of excited nuclei .are for.med in 

direct interactions, only those with high energy and 

correspondingly high angular momentum could lead to this 

reaction. Calculation of these spins would be very 

difficult, for such high excitation energies. 

Table 22 shows two examples in which an isomer ratio 

was measured for an isomerie speoies for.med in fission and 

in spallation. The much larger ratios obtained from fission 

provide striking evidence that the asymmetric fission 

fragments, leading to 83se and 134cs, have high spins. 
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TABLE 22. Two Comparisons of an Isomer Ratio Obtained in 
Pission and in a Thermal Neutron Capture Reaction 

Isomerie Target for (n,;) Ratio, CTH/( ()H + CJL) 
Nuclide reaction from (n,i} from low-energy 

(!=spin) reaction fission 

134 
Cs 133cs(I=7/2) 0.08 (BIS 64a) 0.4:; (WAR 64) 

8:; 
Se 

82 
Se(I = 0) 0.08 (ARN 47) o.8 ( CRO 63) 

4B.8 PREDICTION OP UNMEASURED FISSION ISOMER RATIOS 

A fairly reliable prediction of yield ratios for 

isomerie fission products is now possible as a result of the 

experimental and theoretical studies reviewed in this thesis; 

it is of course necessary to know the effective spin-pair 

of the isomerie nuclide. 

Strom, Grant, and Pappas (STR 65) have recently used 

the HHV program for computations, similar to those in this 

thesis, to predict the relative isomerie yields in the 

shielded nuclides 124sb and 126sb formed in thermal neutron 

fission of 235u. With these predicted values and activity 

data for the ground states; they were able to estimate the 

total independent yields of these two nuclides. They used 

the following input data: B = 6.5; cr= :;; N = 1, with n 

En= 1.0 MeV; and (Ni- 1) = 2, with t= 1. We consider 
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that their B and Ni values are too low and that at least 

one quadrupole gamma radiation should have been used. 

However, the effect of these changes would not significantly 

alter the predicted values, because a larger B value would 

have the opposite effect to the use of quadrupole radiation 

and a larger Nk value. Table 23 gives the predicted 

populations that were obtained for the ground, g, and 

metastable, m, states of 124sb and l26sb. 

TABLE 23. (STR 65, Table IV) 

Spin of Predicted Relative Population of Isomerie States 
Isomerie 124sb, Isomerie State 1263b, Isomerie State State 

3 0.28 g - -

5 0.57 m 0.85 m 
1 

8 0.15 m2 0.15 g 

In order to obtain the best possible predicted value of the 

isomer ratio it is not sufficient to use the calculations 

alone, because of the discrepancies between theory and 

experiment that have been discussed. The calculated resulta 

should be modified on the basis of these discrepancies. The 

isomerie nuclides in Table 23 have an effective spin-pair of 

(8, 5) which 1s that for the class 3 isomers. Although 
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there is no experimental evidence for class 3 isomers for.med 

in thermal neutron fission the theory has been shown to 

predict too low values for this isomer class. The estimated 

relative population of high to low spin states is probably 

too low, in Table 23, and the values should be closer to 

those for the relative population of the similar spin states 

in 134cs (0.43/0.57 for states of spin 8 and 5, from photo-

fission, and an even higher ratio for low-energy fission by 

protons}. 

Predicted fission isomer ratios could be useful to 

obtain other total independent fission yields of nuclides 

that have one isomer which is stable and one which oan be 

measured radiochemically. As an example, total yields could 1 

be calculated for 8~, 129xe and 131xe from partial yields 

measured in experimenta similar to those in the present work. 1 

4B.9 LIMITATIONS OF THE DE-EXCITATION MODEL 

Even with input data which were well determined the 

calculations would be limited by weaknesses in the model for 1 

the fragment de-excitation. There are several weaknesses in 

the gamma cascade model. There is little physical 

significance to the arbitrary division of the cascade into 

{N
4 

- 1) gamma rays which decay statistically and a final 

gamma ray which has a peculiar range of values for its 
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multipolarity. This model is particularly unfeasible for 

class 1 and other low spin-pair isomers. There are still 

a large number of high spin states in a fragment spin 1 

distribution even after (N k - 1) quadrupole gamma transi tionsl 

have modified an initial distribution with B = 8; if the 1 

final gamma ray is to allow these high spin states to decay 

to the isomer of higher spin (I = 9/2, for class 1}, then 

final gamma rays With multipolarities of 1, 2, 3, 4 etc. 

must be assumed. 

An even more serious fault is introduced into the 

model if the gamma cascade process cannot be treated 

statistically. The statistical description, depending as it 

does on the availability of many levels both in the initial 

and final nuclei, may be expected to break down for the high 

spins and low excitation energies in the gamma cascade 

process in fission, particularly towards the end of this 

cascade. Johansson (JOH 64) has oonoluded from his gamma 

deoay curvea and gamma energy spectra that the gamma cascade 1 

in fission is not a de-excitation via statiatically 

diatributed levela, as ia assumed in isomer ratio calculation~, 

but is an ordered quadrupole gamma de-excitation (from 

fragmenta of spin about 10). 
1 

For the gamma cascade in neutroni 

capture de-excitation calculations (BIS 64b, VON 64) the 
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statistical description has been considered invalid 

particularly when the excitation energy becomes very low 

towards the end of the cascade. Even the minor adjustment 

that was made to the model in this case, cannot be made in 

fission calculations because of the poorly known energetics· 

of the fragment de-excitation process. 
1 

The gamma cascade model might be improved by assumifl$ 
! 

that for a particular initial spin state the multiplicity and\ 

multipolarity (DUD 65) of the gamma rays are dependent on thei 

difference of angular momentum between this state and the 

nearest isomerie state (WAR 64). This implies that it is 

wrong to use the same Nk and t for all of the spin states in 

an input spin distribution, in the gamma cascade calculation. 1 

It also implies that Ni should be higher and that there 

should be more quadrupole radiation in a gamma cascade leading1 

to class 1 isomers than for class 3 isomers. The latter 

implication could help to explain the disorepancies between 

the experimental and calculated isomer ratios of 117In, and 

also of 134cs; the predicted 117rn ratios would be lower, 

and the predicted 134cs ratios would be higher. 

Dudey and Sugihara (DUD 65) have introduced two 

modifications into their spallation isomer ratio calculations •• 

The first modification depends on the interesting concept 

that a nuclide can become "saturated" with regard to spin and ' 
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that it has a limiting J value above whioh there are very 

few levels. Obviously the predioted isomer ratio for 

systems with high spin will be reduoed by this modification. 

Seoondly they have oonsidered in some detail the effeot of 

competitive emission of oharged partiales in the de-
i 

excitation prooess {THO 64, VAN 65). This second modifioatio~ 
1 

slightly lowers the predioted isomer ratio. In fission 

fragments of fairly high excitation energy it is feasible 

that a limiting Jf value and oompeting emission of partiales , 

oould be important. 

4B.l0 CONCLUDING ASSESSMENT OF FISSION ISOMER RATIO STUDIES , 

There are still very few data available to assess 

the simple theoretioal interpretations that have been made 

in fission isomer ratio studies. 

The isomer ratio studies in fission have had a very 

different objective to those in spallation. For spallation 

there is considerable confidence in the theoretioal model 

desoribing the disposition of angular momentum during the 

reaction. This model has been used with the large number 

of isomer ratio data from spallation studies in order to 

study the nuolear level density, and to estimate the energy 

where direct interactions begin to beoome more important 

than a compound nucleus meohanism. Conversely, in fission 
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the disposition of angular momentum is poorly understood. 

In similar calculations to those used in spallation the few 

isomer ratio data and an assumed level density can be used 

to study the angular momentum in the fragments. The resulta 

of these calculations are most sensitive to the assumed spin r 

cutoff factor, cr, characterizing the level density, 

particularly if the fragment has a spin well above the value 

of cr. The resulta are fairly sensitive to the multiplicity 

and multipolarity of the gamma rays. There are limitations 

to the fragment de-excitation model which does not give a 

good representation of the process and could be modified in 

several ways. To make such changes would gre.atly increase 

the complexity of the calculations and probably would not 

be worthwhile until more information is available on the 

fragment de-excitation process. 

Despite the many shortcomings in these fission 

studies they have been pursued because of the rew other 

experimental methods that can give information about the 

angular momentum in the fragments. This information is 

interesting for the theoretical investigation of the 

configuration at scission and of the nuclear viscosity in 

the liquid drop theory of fission# though at present the 

data have not been accurate enough to allow these 
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investigations to be quantitative. 

The fission isomer ratio studies have the advantage , 

that they give an estimate of the spin of specifie fragments. 

They have given some evidence for the theoretical prediction 

that the spin m~ be less for symmetric than for asymmetric 

fission fragments. Thus, although the main factor 

determining the value of the isomer ratiois the effective 

spin-pair of the isomerie fission product the ratio 1 

particularly at lower energies, may also depend on the mode 

of fission in which it is formed (i.e. symmetric or 

asymmetric mode). 

There is now considerable experimental evidence 

that the isomer ratio is almost independent of the spin and 

type of the fission target; except in an extreme case where 

the masses of the targets are so widely separated that an 

isomerie nuclide is formed in a symmetric mode in one system, 

but in an asymmetric mode in the other. This independance 

is to be expected from the small change in the mean spin of 

the calculated compound nucleus spin distributions for 

targets with the largest possible difference in spin, and 

also from the many factors in fission which may prevent 

changes in the compound nucleus spin from being reflected 

in the spin of the fragments. 

1 
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Most of the experimental data suggest that the 

isomer ratio is only weakly dependent on fission energy, 

but the ratio appears to increase with energy for fragments 

formed in near symmetric fission. Only qualitative 

generalizations can be given to explain this behaviour. 

Many factors have been discussed that could contribute to 

the insensitivity of the isomer ratio to the projectile 

energy; and these are now summarized briefly. 

Direct interactions become most important as the 

energy of the projectile increases above about 40 MeV; there 

is less transfer of energy and angular momentum to the 

target, and angular momentum is removed by the neutron 

cascade. It is possible that as the fissioning energy 

increases the orbital angular momentum between the fragments 

increases so that there is lesa spin available for the 

initial fragments. If the fragments have high spins 

considerable amounts of angular momentum will be removed 

by neutron and possibly by competing particle emission, 

and by a gamma cascade of quadrupole radiation of high 

multiplicity. If a limiting spin value exista in the 

fragments this would obviously help to maintain the isomer 

ratio constant at higher energies. 

At lower projectile energies, below about 40 MeV, 
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where a compound nucleus mechanism predominates an increase 

of isomer ratio with energy may be expected. This increase 

bas only been observed in the isomer ratio data for near 

symmetric fission fragments. It may be that these fragments 

have a low spin of about three at low energy and the spin 

increases with energy up to a value of about ten. Then the 

so called "converging 11 effect in the de-excitation prooess 

deoreases the sensitivity of the isomer ratio to any increase 

of fragment spin with projectile energy. This effect, whioh 

is also present but is of lesa importance in the compound 

nucleus de-excitation, is caused by the increase in the 

amount of angular momentum removed per de-excitation step 

from the fragment as its spin increases. If the asymmetric 

fragments have high spin even at low energy then the conver­

ging effect will decrease the sensitivity of their final spin 

to inoreasing energy over the whole energy range. It was 

estimated that no change of isomer ratio oould be observed 

if the fragment spin doea not change by more than about two 

units. 

It seems unlikely that much data for isomer ratios 

in fission will be obtained from isomer pairs outside the 

few that have already been studied. It may be possible to 

obtain better resulta for some of these isomer pairs from 
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the fission target 235u, or even better 233u. This may be 

possible, because of the large variation in isobaric charge 

distribution for different targets (cf. Section 4B). This 

difference can have a large affect on the ohain yield of a 

nuclide, and, for a nuclide which is not shielded, oan 

greatly deorease preoursor deoay. The use of beta 

spectrometry to count conversion electrons could improve the 

data in the present study (of. Appendix B). 

The present crude calculation for the fragment de­

excitation process is very sensitive to the values for the 

spin cutoff factor and a better knowledge of this parameter 

will be difficult to obtain except perhaps from spallation 

isomer ratio studies. It may even become possible to 

construct a more complex model for the fragment de-excitation 

process. The most promising theoretical development has been 

made by Swiatecki and Nix (NIX 65) in their recent work on 

the simplified liquid-drop theory of fission, though at 

present their resulta apply only for targets lighter than 

A•220. It will be interesting to see more resulta 

calculated from their formulae describing the disposition of 

angular momentum in the fission fragment. Their formulae 

could be used with the few isomer ratio data for fission of 

bismuth, but the existing data are probably not reliable 

enough to give information on the nuclear visoosity. 
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S. SUMMARY 

This thesis has surveyed and given new information 

on two aspects of fission, 

A. FISSION YIELDS AND THEIR VARIATIONS 

B. ISOMERIC YIELD RATIOS IN FISSION. 

Measurements were made of the activity of xenon 

isotopes formed directly and indirectly in the fission of the 

heavy nuclides 23~h, 238u, 235u and 233u with protons of 

energies from 20 to 8S MeV. The same experimenta were used 

mainly to study the isomerie yield ratios of 133xe, but also 

to study fission yields and their variations in the mass 

chains 133 and l3S. Much of the information in this thesis 

was obtained using relative yield data which had less 

uncertainty than the absolute yield data. 

SA. SECTION A. FISSION YIELDS AND THEIR VARIATIONS 

Relative fission yields and sorne absolute yields 

were measured for the independant formation of xenon and for 

the cumulative formation of iodine in the chains 133 and 13S· 

Relative yield data were used for a study of charge 

distribution in the above fission systems. Assuming a 

Gaussian charge distribution curve, FUNC~ION (1), two methods 
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were used to obtain Z values empirically. Method (1) was 
p 

developed in this research and was proved reliable by 

comparison with a more complex method (2) which was similar 

to one previously reported. Method (1) used the ratio or 

the cumulative yield or a beta parent to the independent 

yield or the daughter. A This ratio, Rc/i' was round to be 

a good parameter for determining, in a chain A, the value 

or Z and also the fractional chain yields. Here the method p 

was successfully used for fission energies below about 55 

MeV for the pairs l35r;135xe and 133r;133xe. The method 

should be useful in future work since accurate values or 

R!/i could fairly easily be measured for many pairs or 

adjacent isobars rormed in fission. 

For 238u and 232Th, the variation with energy or 

Zp for chains 133 and 135 showed the trends now fairly well 

established for this mass region. However, the variation 

or Z with energy was show.n to be oonsiderably different 
p 

for the proton-induced fission or 235u and 233u, which bas 

not been studied in any detail. Although the present data 

for the latter systems were limited this interesting 

preliminary conclusion suggested that the work on 235u and 

233u should be extended. 

No attempt was made to develop the difficult and 
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poorly understood theory of charge division and neutron 

emission in fission. The simplified CCR postulate was used 

to estimate roughly the total neutron yield, from the 

present empirical ZP values. 

In order to obtain absolute cross sections, the 

flux of the proton bearn was monitored in most of the 

experimenta, except those with 233u. For the whole proton 

energy range, 20-85 MeV, the monitor reaction was 

65eu(p,pn) 64eu. The absolute yields were used to construct 

fifteen excitation functions. Only two of these had 

previously been reported. The present cumulative cross 

sections for proton-induced fission of 232Th were slightly 

higher for l35I, and considerably higher for l33I, than those 

reported by Pate, Foster and Yaffe. It is suggested that the 

present resulta are more reliable because they were obtained 

from lesa complex activity data. 

From the absolute data for.energies below about 

55 MeV, the total chain yields were calculated using 

fractional yields from the determined charge distribution 

curves. For a particular fission system, the total chain 

yield was about the same for chains 133 and 135. This was 

consistent with a flat maas distribution curve in this mass 

region. 
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SB. SECTION B. ISOMERIC YIELD RATIOS IN FISSION 

Relative independent yields of the isomers of 

133xe were measured for twenty-seven fission systems 1 

consisting of the targets 232Th1 
23Bu1 

235u and 233u with 

protons of energies from 20 to 85 MeV. 

The measured isomer ratios were reported with four 

possible values of~T for the 233-kev gamma ray of 133mxe, 

because of the present uncertainty in this coefficient. 

The existing experimental value of o<. has a large error and 
T 

is much lower than the theoretical value. A more accurate 

determination of this coefficient is urgently required in 

order to reduce the large uncertainty in the present absolute 

values of the isomer ratios of l33xe. However, the present 

data were suitable for a precise comparison of the isomer 

ratio for the different fission systems in this research. 

Crude statistical computations were performed in 

arder to improve our understanding of the relative formation 

of isomers in fission. 

The summary of the present and related previous 

studies has already been presented in a "Concluding 

Assessment of Fission Isomer Ratio Studies" (Section 4B.l0, 

p.224). Only the main conclusions from the present research 

are repeated here. 
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The present experimental and theoretical resulta 

leave little doubt that Sto~s made an erroneous conclusion 

in 1962. He concluded that there was a negligible yield of 

l33mxe in medium-energy fission. Possible errors have been 

considered in the measurements, made by him and other 

workers, of the beta activity of fission product xenon. 

The present data, together with a few previous 

data, suggested that the isomer ratio is apparently 

independent of the spin and type of the fission target. 

The present data gave substantial evidence that 

the isomer ratio is more weakly dependent on fission energy 

than was generally concluded in most previous studies. 

However, th&re are a few previous data which show that the 

isomer ratios increased more strongly with energy, particularly 

for fragments formed in near-symmetric fission. 
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APPENDIX A 

EQUATIONS AND MONITORING USED 
TO OBTAIN CROSS SECTIONS 

A.l EQUATIONS USED IN CALCULATION OF CROSS SECTIONS 

The probability that a nuclear reaction will occur 

under given conditions is usually given in tenms of the 

cross section, cr, in units of barns (1 barn= lo-24 cm2). 

The first step in the calculation of cross sections 

0 is to obtain a disintegration rate, DN, of a product nuclide, 

N, at the end of bombardment (of duration t ). This was 
0 

obtained from the corresponding gamma counting rate, C~,1n the 

expression, 

1 x 1 x (1 +~T) --- • (Al) 

(err) Y (BR) 

Here Y = the fraction of the product nuclides that were 

counted, 

(err) = the photopeak efficiency for the particular gamma 

ray energy and source geometry, 

~ = the total internal conversion coefficient, 

(BR) = the branching ratio. 

Table 8 gives the values of Yeu for copper, and 

Table 6 gives values of ya tor the xenon sample from sweep 

(a), and yb for sweep (b). Table Al gives the values for 
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TABLE Al. (NDS) Values Used in Equation (Al) 

Gamma (eff), Zero Shelf 

Species Ray 2 ml 2 ml (BR) Energy Gas Vial Liquid CXT 
kev Source 

64Cu 5lla - .105b 0.19 0 

133gxe 80 
c 0.99 1.8 0.27+.02 -

135gxe 249 
c 0.97 0.06 0.22+.02 -

133mxe 233 
c 1.00 6.3d 0.225+.02 -

a. The observed activity was divided by 2 to account for 
the production of two 511-kev krays emitted at 180° 
in each positron annihilation. 

b. From the curves of Grant et al. (GRA 61). 
c. From present work (cf. Appendix B). 
d. Calculated also for o<.T = 7 .3, 8.3 and 9.3 (cf. Sections 

4A.l, 4B.l). 

TABLE A2. Values Used in Equations (A8) and (A9) 

Target A ( Ab)Target (SD)Target 
Nuclide Target 

% 2 
(mgfcm ) 

232 
Th 232 100 80.8 

23Bu 238 100 46.4 

235u 235 (lOO) 104.0 

65cu 65 31.9 45.9 
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(eff), {BR) and~. Appendix B discussed these values of 

{eff) and describes the method used in this work to determine 

{eff) for the xenon photopeaks. 

The disintegration rate at the end of bombardment, 

0 DN, was related to the formation cross section, ON, to the 

proton flux, F, and to the number, nT, of target nuclei in 

the bearn, by the expression, 

0 ( -À t} DN == FnT ON 1 - e N o • (A2) 

Here ÀN is the decay constant of N, and the ter.m 

(1 - e - ÀNto) accounts for the decay of N during the 

bombardment. 

In order to obtain independant cross sections for 

unshielded fission products, decay corrections must be made. 

[n the very simple beta-decay chain N1~ N2~ the independant 

disintegration rate of N2 may be obtained from the measured 

cumulative rate DN° by subtracting the disintegration 
2

oum 
0 0 

rates, DN (N t ) and DN (N t }' oaused respeotively by 
2 l' 0 2 11 1 

deoay of N
1

, during the time of bombardment, .t
0

, and during 

the time, t
1

• Here t is the time from the end of 
1 

bombardment to the end of the first separation of N1 from 

N
2 

(sweep (a) in this work). These corrections are given 

by the oommonly used for.mulae given below, with N
1 

and N
2 
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replaced by I and Xe reapectively, because these corrections 

were used in the present calculations to obtain independent 

yields for l35xe and for l33gxe. These nuclides are both 

unshielded (Fig. 17). 

0 (\ e -\t o_ ).. e-\e t o) 
Dicum 

l - e I Do = >XJ:to) , (A3) Xe(I,t
0

) 
(1 - <\e -hi) 

-\t ->x t Do À ( e l - e e l) 
Do 

Icum I 
1 (A4) Xe(I,t

1
) = 

(h -~) ->x t e e l 
Xe I 

where DI0 is the disintegration rate of the parent iodine cum 
nuclide at the end of bombardment. This value was obtained 

from the D~e at the end of sweep {b) for l35xe and l33gxe, 

by using the formula, 

• (A5) 

(À - À ) 
Xe I 

The cumulative cross sections for l35I and l33I can be obtained 

by substituting the respective values of D0I in equation cum 

(A2). In order to use D0I from equation (AS) in equations cum 

(A3) and (A4), the assumption must be made that the decay 

precursors of iodine are very short-lived. This is a 
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reasonable assumption for the simple chain of mass 135, but 

this is not true for the more complex chain of maas 133 

(Fig. 17). In the latter case, during the period t
1 

a 

fraction of the cumulative yield of 133r is held back by 

the relatively long-lived isomers ot l33Te. Theretore the 

above correction procedure uses a value of D~33 in 
Icum 

equations (A3) and {A4) which is too high. Theretore the 

independant yield of l33Sxe will be too low, or is "over-

corrected". This over-correction introduces signiticant 

errors only when there is a large growth ot l33Sxe; 

theretore the time t was minimized in the present experi-
1 

ments. The above equations were satistactory tor the data 

considered in this work on fission induced by protons of 

energy 20-85 MeV. The use ot more exact decay equations 

is discussed in Appendix C. 

The experimental values ot C~33g , atter the 
Xe 

above corrections for the decay of iodine, must also be 

corrected for the growth resulting from decay of 133mxe. 

This final correction to the disintegration rate of l33Sxe 

is given by, 

D~33g 13h- =<\33S / {Àl7;;m - \33S ) ) D~3h- • ( A6) 
Xe ( - xe) Xe ..; Xe Xe - Xe 

There is no separation of 133mxe trom daughter l33gxe, as 
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there is for l33I after a time t • Equation (A6) is similar 
1 

to equation (A4) if "t " is long enough to allow the first 
1 

exponential term to be neglected. 

A. 2 MONITORING THE PROTON BEAM 

Without a value for Fin equation (A2)anly 

relative cross sections can be obtained. The main purpose 

of the present work was to obtain relative cross sections, 

either for the two isomers of 133xe or for the parent and 

daughter nuclides of iodine and xenon in the chains 133 and 

135. However, it was considered worthwhile to obtain cross 

section values from the same irradiations by monitoring the 

proton flux, F, in the heavy metal foil target by 

simultaneously bombarding a similar copper foil. The monitor 

reaction 65eu (p,pn) 64eu was used in the present work over 

the whole energy range from 20-85 MeV. The revised 

excitation function of Meghir was used to obtain the monitor 

cross sections given in Table 8. 

Substituting the data for oopper in equation (A2) 

the proton flux, F, can be obtained from the expression, 

D64 F = _______ ...;Cu::.:::.. _____ _ 

064 n65 (1 - exp(-~4 to)) 
Cu Cu Cu 

• {A7) 

Assuming the same flux passes through the heavy metal target, 
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HMT, the cross section of a fission product nuclide, N, 

is given by substituting F from equation (A7) into equation 

(A2). 

• (A8) 

It is convenient to express the relative number of monitor 

and heavy target nuclei in the beam by, 

n65 (SD)Cu (Ab)65 ~T Cu = Cu (Ag) 
(SD)HMT (Ab)HMT 

• 
~T A65 

Cu 

Table (A2) lists the foils used and their surface densities, 

(SD), in mgjcm2• In equation (Ag), A is the maas number and 

or course A65 = 65; and (Ab) is the abundance or the 
Cu 

target isotope. For all the heavy metal targets it was 

assumed that (Ab) = 100~. The error caused in the present 

resulta for 235u by the presence of a small concentration 

(~5~) of 238u was estimated to be negligible. 



• 
- 242 -

APPENDIX B 

B.l PHOTOPEAK EFFICIENCIES AND MEASUREMENT OF BETA ACTIVITY 

The efficiency for detection of a gamma ray depends 

on its energy and the geometrical efficiency of the 

measurement equipment. The efficiencies used for the copper 

and xenon samples in this work are discussed below. 

B .1.1 PHOTOPEAK DUE TO 64 Cu 

The sample used to measure the 511-kev gamma ray of 

64eu was contained in 2 ml of solution in a 5 ml standard 

vial. The efficiency used for this system, on different 

counter shelves above the crystal, was taken from.the 

experimental calibration or Grant, May and Rayudu (GRA 61). 

They calibrated the equipment for the 511-kev gamma ray for 

a similar sample of 22Na whose disintegration rate was 

obtained by measurement of its positron activity with a 

4rr -counter (PAT 55). 

B .1. 2 PHOTOPEAKS DUE TO XENON ISOTOPES 

The xenon samples were sealed into a pyrex glass 

vial of approximately the same dimensions as the 2 ml liquid 

sample mentioned above. Fig. Bl(b) shows one of these vials. 

Narang (NAR 63) used a similar vial to measure the 377-kev 

gamma ray due to 127xe ( 37 days). He used the efficiencies 



• referred to above for liquid samples. However, xenon samples 

are gaseous and their geometry not exactly that of the liquid 

samples. Therefore for the present work, efficiencies were 

determined for the photopeaks of energy 80 kev and 249 kev, 

due respectively to l33Sxe and l35gxe (the latter being 

similar to the photopeak of 233 kev due to 133mxe). This 

determination also eliminated most of the error due to the 

method of drawing the background of the photopeaks (ct. 

Fig. 15). These efficiencies were measured by calibrating 

the gamma spectrometer tor l338xe·and l35Sxe, in samples from 

sweep (b), for which the disintegration rate was measured 

with a gas phase beta proportional counter. The absolute 

efficiency of this gas counter was determined with a 

standard beta source of 8~ (10.4 years) (NATL). 

B.l.2.1 Equipment tor Measurement of Beta Activity 

First the equipment used in the measurement of beta 

activity is described and then the calibration of this 

counter and the determination of the two photopeak 

efficiencies is reported. 

The beta proportinnal gas counter used in this work 

was similar to that described originally by Bernstein and 

Ballentine (BER 50) and later by several other workers 

{KAT 52, KAT 53, KAT 65, MEG 62, DOS 62). Fig. Bl{a) shows 
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the cylindrieal glass counter with its silver cathode on 

the 1nside walls of the tube. Fig. B2 shows schematically 

the counting assembly. The counter was placed vertically 

in a covered cylindrical lead castle. The cathode was 

grounded and the anode had a high positive potential from a 

3 kilovolt power supply (NICH). The cathode was connected 

to a White 6AN8 cathode follower constructed in this laboratory 

by Drouin (DRO 61), which was preferred to the cathode follower 

used by Meghir (MEG 62). The output was fed into an amplifier­

discriminator (AECL) with an overall gain of 4ooo. A scaler 

unit (MARC) recorded the counts. 

The method to prepare samples in the beta counter 

was similar to that used to prepare the gamma samples. The 

rare gas sample was measured in the gas burette and trans­

ferred to the counter with the Toepler pump. The pressure of 

this sample in the counter was only a few millimeters of 

mercury. The pressure in the counter was brought up to one 

atmosphere with P-10 counting gas from a cylinder (MATH), 

w1th a simple filling arrangement attached to the vacuum 

apparatus. This arrangement was thoroughly tested to ensure 

that there was no losa of the active rare gas'sample during 

the short filling period. 

The counter characteristics and factors that 
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FIGURE B2. Schematic Diagram of the Beta Counting Assembly. 
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influence them have been thoroughly investigated elsewhere 

(BER 50~ DRO 61~ MEG 62). Plateau characteristics were 

checked in each experiment. The operating potential was 

about 2100 volts and the plateau length was always about 

200 volts. The discriminator bias was maintained at 10 volts. 

Gas impurities, particularly electro-negative species, in a 

rare gas sample increase the threshold and shorten the 

plateau. Before preparation of beta samples the rare gases 

were therefore carefully purified over titanium sponge at 

850°0. The P-10 counting gas was a mixture ot very pure 

argon and methane (9:1). 

Resolution losses were not very large for the samples 

that were measured, which bad activities below 105 c.p.m. and 

much lower activities for the l33gxe. The dead time, 90 

microseconds~ reported by Meghir (MEG 62) using a different 

cathode follower was longer than expected (BER 50). He 

described the method to determine resolution loss using paired 

sources (PAT 55) ot 32p (14.3 days). This experiment was 

repeated for the present equipment and gave a dead time of 

about 20 microseconds. This necessitated a small correction 

of about 3 x 103 c.p.m. to be added to a measured beta counting 

5 rate of 10 c.p.m. 
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B.l.2.2 Effic1ency of the Beta Counter 

The efficiency of the counter was obtained by 

measuring the activity or a known amount or a standard beta 

source of 85Kr (10.4 years) (NATL). This isotope emits a 

beta particle or energy 0.67 MeV which is intermediate to 

the energies, 0.347 MeV and 0.91 MeV, or the beta particles 

from l33sxe and l35gxe, respectively. It may therefore be 

assumed that the efficiency determined for 85Kr would be the 

same as that for these two isotopes of xenon. 

With the same apparatus used for handling the xenon 

samples,a krypton sample was prepared by transferring krypton 

with the Toepler pump from a reservoir to the gas burette 

from which a measured number of gram molecules were 

transferred to the beta counter. The disintegration rate or 

the sample was obtained from the known specifie disintegration 

rate of the standard beta source of krypton (60.8 x 106 d.p.s.j 

gm.mol. on October 9, 1962). The pressure in the counter was 

brought up to one atmosphere with P-10 gas and the plateau 

characteristics were determined to optimize the operating 

voltage. Only the fraction of the krypton sample in the 

"active volume• of the counter contributed to the measured 

activity. The electric field was restricted to this active 

volume enclosed by the cathode. Fig. Bl(a) shows that 
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outside this region the anode wire was surrounded by glass 

tube shields. The active volume was deter.mined simply by 

weighing the counter empty and then filled with appropriate 

amounts of toluene (MEG 62). The active volume of the tube 

was found to be 84.0 ± 0.5%. 

For five different samples with activities from 

40,000-100,000 c.p.m., the mean efficiency in the active 

volume was 97%. The low standard deviation of 3% in these 

meaaurements demonstrated indirectly the reliability of the 

gas handling and measuring techniques and the P-10 filling 

system and counting equipment •. In previous work an 

efficiency of ~99% was used by Dostrovsky and Stoenner 

(DOS 62) and for lower beta energies Meghir obtained an 

efficiency of about Bo%, but Bernstein and Ballentine used 

an efficiency of 98%. 

B.1.2.3 .Efficiency of Xenon Photopeaks 

For the determination of the photopeak efficiency 

xenon samples from sweep (b) were used. The activity of 

these samples was due to xenon which had came only from decay 

of iodine, and therefore contained only l35gxe (9.2 hours) 

and l33gxe (5.3 days), with no interfering activity from 

l33mxe (2.3 days) and from more neutron-deficient xenon 
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isotopes. Two types of calibration were made. 

Method (i). A sample of xenon was divided, in a 

measured ratio, into a beta sample and a gamma sample. The 

disintegration rate of the gamma sample was then calculated 

from the beta counting data, and the efficiency of the 

photopeak area determined, for the sample on a particular 

counting shelf above the crystal. 

Method (ii). The gamma activity of a xenon sample was 

first measured for about twelve days and then the vial was 

broken in the vacuum apparatus and a known fraction ( ~1~) 

of this sample then transferred to the beta counter. The 

beta counting provided a disintegration rate for the l33gxe 

in the sample. It proved difficult to break the vial, but 

one successful experiment was made. 

Table Bl gives the measured efficiencies for the 

photopeaks of energy 80 kev and 249 kev, when the sample was 

on the lowest shelf (shelf o). Shelf 7 was used only for 

the first measurements of xenon samples from sweep (a) in 

which there was a very intense activity due to l35gxe. From 

numerous determinations the relative efficiency of shelf 0 

to shelf 7 was 9.9 + 0.1. Table Bl also shows that the 

efficiencies determined for gas samples were a little higher 

than those determined for liquid samples (GRA 61), but the 
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ama11 difference could be due to a difference in their 

method of drawing the background and obtaining the area 

under the photopeak. 

TABLE Bl. Measurement of Photopeak Efficiencies 

for l35gxe and l33Sxe 

(sweep (b) sample Exp. Efficiency 
from) Experiment Method (Sample on shelf 0) 

Number, 249-kev 80-kev 
(135gXe) (133Sxe) 

E2 i - 0.25 + 

E5 1 - 0.29 ± 

R5 i 0.20 ± .03 -
R6 i 0.21 + .03 --

R7 1 0.23 ± .02 -
Rl6 ii - 0.27 ± 

Mean value used: 0.22 + 1 .02 0.27 ± -
Comparative values from 
efficiency eurves for 
liquid samp1es (GRA 61) • 0.20 0.23 • 

The efficiency curves of Grant et al. (GRA 61) 

suggested that the efficiencies of the 233- and 249-kev 

photopeaks would not be very different. An efficiency of 

0.225 was therefore used for the former photopeak due to 

13,-nxe. 

.02 

.02 

.02 

.02 
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B.2 BETA MEASUREMENT OF XENON PRODUCED IN FISSION 

In the present work, beta counting was used only to 

calibrate the gamma counting method used to measure the 

activities of l35xe, 133mxe and l33Sxe. Although previous . 

studies by Storms (STO 62) and by James et al. (JAM 64) have 

measured the xenon formed in fission with a beta counter, 

this technique was not used here because of the complexity 

of the beta decay curves obtained for the sample from sweep 

(a). As well as the activity of l35gxe (9.2 hours) there 

were three components due to (1) independently formed l33Sxe 

(5.3 days), (2) independently formed 13Jmxe (2.3 days), and 

(3) l33gxe produced in the decay of the independently for.med 

133mxe. A FORTRAN program baseù on simple decay equations 

was used to obtain theoretical decay curves for these three 

components, with different isomer ratios for 133xe and 

different values for the ~T of 133mxe. Fig. B3 shows a good 

example of such a set of curves, where ~T • 6.3 and the 

isomer ratio was equal to one. It shows the three components 

and the total beta aotivity, (4a). Apparently only after 

several days would the latter activity have a half life of 

5.3 days. The observed beta decay curves were due to a 

curve similar to (4a) in Fig. B3 together with a high initial 

activity of l35gxe (9.2 hours) and small but significant 
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FIGURE B3. 

Tqeoretieal beta deeay eurves for l33xe, with 

an isomer ratio of one and O(T = 6.3. 

The eurves are for 

(1) independently formed l33gxe (5.3 days), 

(2) independently formed l33ffixe (2.3 daye), 

(3) 133gxe grown from the deeay of 

independently formed 133ffixe. 

Curve (4a) is the sum of the above three 

eomponents. It is the theoretieal total beta 

activity of l33xe. If all the l33xe were formed 

as l33gxe, then eurve (4b) would represent the 

total beta aotivity. 
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activities of longer~lived xenon isotopes (Table 5). 

Obviously the latter aotivities would beoome more important 

at higher fission energies. 

Storma meaaured hia xenon sample from sweep (a) for 

only the first two daya beoause hia sample from aweep (b) 

was then measured in the aame oounter. This was a very 

unsatiafaotory method, beoause of the oomplexity of the beta 

deoay ourve in this early period (Fig. B3), eapeoially as 

his sample (a) often bad considerable krypton contamination 

whioh introduoed short-lived activities due to 85mxr 
(4.4 hours), 87Kr (78 minutes) and 88Kr (2.8 hours). It was 

not surpriaing that the data from his beta measurementa gave 

no indication of the aotivity of half-life 2.3 days, but it 

was surpriaing that no 233-kev gamma ray was deteoted in a 

test that he made. On the basia of his evidence he aasumed 

that there was a negligible yield of 133mxe in medium-

energy fission. This assumption now appears to be wrong as 

a result of the present work on 133xe and of the work on 

isomerie yields for the similar nuolidea 131Te and l3~e 

(SAR 65). The resulta of the present work have been 

oommunioated to Storms and he haa reoently proposed (STO 65) 

that he should revise his resulta for the mass ohain 133· 

It would be diffioult to do this here beoause of the 
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complexity or his activity data. He estimated (STO 62) that 

if the isomerie yield ratio of l33xe was 1.0 his yields, 

based on an isomer ratio or zero, would be too high by 

30-40~. 

The dashed line (4b) in Fig. B3 representa the 

theoretical decay curve for the total beta activity if all 

the 133xe was formed as l33Sxe. Fortuitously the right-hand 

tails or the theoretical curves (4a) and (4b} are very close. 

This suggests that if Storms had counted his sample (a) for 

longer periods his errors would probably have been smaller. 

James, Martin and Silvester (JAM 64) measured the 

beta activity or l33xe and l35xe produced in fission of 238u 

with 14.7-MeV neutrons. Their samples were part of the gas 

filling in a Geiger-Muller tube. They have drawn important 

conclusions about fine structure (Section lA.3.1) in the mass 

distribution curve, because they obtained an unexpectedly 

high yield for the mass chain or A = 133· It is thererore 

important that their data be reviewed- in view or the present 

work on 133xe. They have not reported the interpretation or 

their data in sufficient detail for this review to be made 

here. If they did assume that the isomer yield ratio for 

133xe was very small, fortuitously the corresponding error 

may be small, as shown above. 
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In the present work for a few early experimenta 

with 23Bu, the beta activity of xenon samples taken from 

sweep (a) was measured, but the decay curves gave no evidence 

for the presence of 133mxe. This might be expected from the 

above discussion. In the present research, the formation 

of this iaomer in reasonable yield was firat established by 

the detection of a 233-kev photopeak which decayed with a 

half-life of 2.3 days. 

A diaadvantage of gamma counting in the present work 

was that the meaaured independant croas sections for 133mxe, 

and therefore for l33gxe, were very dependent on the poorly 

defined (Sections 4A.l and 4B.l) total conversion co­

efficient, ~T' for the highly converted gamma rays of 133mxe. 

Integral beta counting has been shown to be an unsuitable 

alternative method of measurement. However, there would be 

many advantages to using a beta spectrometer to measure the 

conversion electrons. This could el1minate some of the 

difficulties due to other xenon isotopes and to low gamma 

activity of 133mxe. Furthermore the 1somer ratios obta1ned 

would be far lesa sensitive to the value of ~T. 
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APPENDIX C 

METHOD (2) TO DETERMINE Zp• BATEMAN EQUATIONS 

FOR GROWTH AND DECAY IN CHAIN 1.}.} 

Section 4A.2 outlined the prinoiples of method (2) 

to determine Zp' and showed that the simpler method (l) was 

satisfactory to interpret most of the present data. Since 

method (2) was used to check method (l) and may prove useful 

in future work at lower energy, some turther details are 

described briefly. Storms (STO 62) described in detail a 

very similar method to determine ZP in chain l.}.}, from data 

similar to those in this work. The present method (2) 

differed only in that it used more recent parameters and 

used a different stepwise reiteration method from that used 

by Storms to solve essentially the same two simultaneous 

equations. 

These two equations describing the activities of 

l.}.}gXe, measured in the xenon samples from sweeps (a) and 

(b), were constructed simply from the early Bateman 

equations (BAT 10, FRI 64). In a Bateman decay chain of 

n radioactive members, only the first member must be present 

initially (t = 0). If the initial number of atoms of this 

first member was N~, then the number of atoms of the nth 

member after time t is given by, 
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This convenient equation (Cl) was applied to chain 133 by 

dividing the latter into nine Bateman chains with values of 

n from 1 to 5. Table Cl describes schematically these nine 

0 chains and gives the N1 used for each chain. The various 

parameters are represented by the names which were used in 

the FORTRAN program. The se are defined here for the chain 

1 = 133sb (2.64 mins) 

2M = 133fl1Te (53 mins) 

2G = 133sTe (12.5 mins) 

3 = 133 
I ( 20.8 hours) 

4M 
13;m 

(2.3 days) = Xe 

4G = 133sxe (5.3 days) 

133· 

(N.B. The FORTRAN names or the decay constants were ALl, AL2M, 

AL2G, etc.) 
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TABLE Cl. 

The Nine Bateman Chains Used for the Mass Chain 133 

Bateman ~2M'- 4M 
Chain ~1 T J:t'B~ J N° = (X. t. Y) 

1 No. Length, .! t _............:.2......, 
n ~ ~ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

4 

3 

2 

1 

5 

4 

4 

3 

2 

4G 

1~2G~.2~ 

2G~.2'4G 

4M 

I 

X= 

FBR1 x FBR2 

TEISR 

(1+TEISR) 

1 

1 

x FBR2 

(1 + XEISR) 

(l-FBR2) x FBRl 

(l-FBR2) TEISR 
(l+TEISR) 

(1 - FBR1) 

1 
(1 + TEISR) 

XEISR 

(1 + XEISR) 

t = 

rcum 
1 
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Branching ratios, 

FBRl == 0.72, 

and FBR2 = 0.87. 

Isomer ratios, 

In the 

TEISR = 2.0 (for l3)rnTejl33gTe), 

and XEISR = 1.0 (for 133nJce;133Sxe). 

expression for N~, 

f = the fractional chain yield of an 

iso bar 

x = a factor introduced in the Bateman 

chain to account for branching and 

isomerie yield ratios 

y is proportional to the total number of 

fission product atoms of mass 133 

formed in an experiment. 

Using equation (Cl) for these nine Bateman chains, an 

expression of twenty-seven terme was constructed to give the 

aotivity of l33gxe (= 4G) at the end of sweep (a). This 

expression will be referred to here as equation (C2) and the 

latter aotivity had the FORTRAN name AE014G, where AE014G = 

(C~ ~~ JYA) (cf. Table 7). In all these terms, t =Tl, 
3A:>xe 

where Tl= (t
1 

+ (taf2)) (cf. Table 6). In the Bateman 

chain (9), l33nJce was not separated from l33gxe and this was 
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accounted for by neglecting the corresponding first term in 

equation {Cl) (cf. equation A6, Appendix A). 

Some of the twenty-seven terms made a negligible 

contribution to the activity AE014G. However, no approxi-

mations were made,since this would have saved very little 

execution time on the computer and could have introduced 

errors. 

The activity of l33sxe at the end of sweep (b) was 

given by another expression, referred to here as equation 

(C3). This activity had the FORTRAN name AE024G, where 
b AE024G = (c133g JY.B) (cf. Table 7). Equation (C3) was 

Xe 
constructed using two equations like (C2) except that 

Bateman chains (4} and (9) were excluded, because the xenon 

activity from sweep (b) resulted purely from precursor decay. 

The number of atoms of l33Sxe present at the end of sweep 

(b) was calculated by subtracting the number formed in 

precursor decay in the time t • Tl, from the number similarly 

formed intime t =(Tl+ T2), where T2 = t (Table 6). 
2 

The essential details of method (2) have now been 

given above and in Section 4A.2.3. For possible use in 

future work, more exact details are contained in the thesis 

of Storms (STO 62). Further, the FORTRAN source list is 

reproduced here and this complements the other descriptions 
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of method (2). Briefly, method (2) was programed as 

follows. 

The subprogram SUBROUTINE NEWXEI aomputed XEOLD, Y, 

and XENEW using methods desaribed elsewhere in this thesis. 

The main program iterated this subprogram until a value of 

(.Z - Zp) gave XENEW ::=. XEOLD. The main program aontains 

READ and FORMAT statements whiah desaribe the neaessary 

input data. The output data inaluded the final values for 

XEOLD and XENEW and the aorresponding (Z - ZP) value for 

1'3xe. These resulta have been disaussed in Section 4A 

and given in Table 12. 



Main Program 

133 CHAIN 

FBRl 

- 26,-

«2.3 o.J 
XE,4M 

SB CCUM.), 1 3--J 
12.64 M.) 

TE,2G 
112.5 MIN.) 

XE, 4G 
C20.8 HJ C5.3 O.) 

COMMON OZ,ZMZPtXEOLO,XENEW,FCUMitYtCtAE014GtAE024G,NUMBER,A, 
1 FC1;7(2J,FC268(2J,PC312J,FC49(2) 

All = 0.6931 1 (2.64 1 60.0 ) 
AL2M = 0.6931 1 (53.0 1 60.0 ) 
Al2G = 0.6931 1 1 12.5 1 60.0 ) 

AL3 = 0.6931 1 20.8 
Al4M = 0.6931 1 1 2.3 *24.0 J 

AL4G • 0.6931 1 (5.3 * 24.0 J 
FBRl = 0.12 
FBR2 = 0.87 
TEISR = 2.0 

ClPl = Alf4 ( AlltAL2M,AL3,Al4G ) 
C1Pl2H = ALF4 C Al2MtALltAL3tAL4G ) 
C1Pi3 = ALF4 1 AL3tALl,Al2M,AL4G 1 
CIP14G = ALF4 C AL4G,AlltAL2MtAL3 1 
C2P2M = ALF3(Al2M,AL3,AL4G ) 
C2~~M3 = ALF3CAL3,AL2M,AL4G J 
C2P2M4 • Alf3(Al4G,AL2M,Al3 ) 
C3~3 = ALFZ (AL3,AL4G ) 
C3~34G = Alf2 CAL4G,Al3 ) 
C'•P4G = AL4G 

C5Pl = ALF5 CALltALZM,Al2GtAL3,Al4G ) 
C5Pl2M = ALF5 (Al2MtALltAl2G,AL3tAL4G ) 
C5Pl2b a ALF5 (Al2GtAlltAL2MtAL3tAl4G ) 
C5PlJ = Alf5 (AL3,All,AL2M,ALZG,Al4G 1 
C5Pl4G = ALF5 (Al4G,ALl,Al2M,Al2G,AL3 J 

C6P2M = ALF4 (AL2M,Al2G,AL3,AL4G ) 
C6P2MG = ALF4 (Al2GrAL2M,AL3,Al4G ) 
C6P2M3 = Alr4 IAL3,ALZM,Al2G,Al4G ) 
C6P2M4 = ALF4 (Al4G,Al2M,Al2G,AL3 1 

C7Pl = ALF4 CAlltAL2GtAL3,Al4G ) 
C7Vl2G = ALF4 (Al2GrALl,AL3,Al4G ) 
C7Pl3 = ALF4 CAL3,AllrAl2G,Al4G ) 
C7Pl4G = ALF4 lAL4G,AlltAl2G,AL3 ) 
CSP2G = ALF3 CAL2GrAL3,Al4G ) 
CdP2G3 = Alf3 (AL3,AL2G,Al4G ) 
C8P2G4 = ALF3 CAl4G,Al2GtAl3 1 

C9P4MG • ALFZ CAL4G,AL4M J 
OIMEkSION 0(28) 
0(1) = C1Pl*FBRl*FBR2 
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*fBRl*FBR2 
*FBRl*FBR2 
*FBRl*fBR2 

0(2) = C1Pl2M 
0(3) = C1Pl3 

0(4) = ClP14G 
O(!JJ = C2P2~ 
0(6) = C2P2M3 
0 ( 7) = C2P2H4 
0(8) = C3P3 

*f8R2*TEISR/(l.O 
*FBR2*TEISRI( 1.0 
*FBR2*TEISR/l 1.0 

+ TEl SR ) 
+ TEISR ) 
+ TEISR J 

0(9) = CJP34G 
0(11) = C5Pl * F8Rl*Cl.O-FbR2) 
0(121 = C5Pl2M *fBRl*(l.O- FBR2) 
ùlllJ • C5Pl2G *FBRl*ll.O- FBR2) 

0(14)= C5Pl3 *FBRl*(l.O- FBR2) 
Otl5) = C5Pl4G *fBRl*Cl.O- FHR2) 
0(16) = C6P2M *Cl.O-FBR2)*TEISR /Cl.O + 
0(17) = C6P2MG *Cl.O-FBR21*TEJSR /(1.0 + 
Oll8J =C6PlM3 *Cl.O-FBR2.*TEISR /(1.0 + 
01191 =C6P2M4 *11.0-FBRZJ*TEISR /&1.0 + 
0(20) = t7Pl *Cl.O-FBRll 
0121) = C7PllG *Cl.O-FBRl) 
0(22) = C7Pl3 *11.0-fBRll 
0(2JJ = C7Pl4G *11.0-FBRlJ 
0(24) = C8P2G *1.0 /Cl.O + TEISR) 
0125) = C8P2G3 *1.0 /11.0 + TEJSR) 
0(26) = C8P2G4 *1.0 /11.0 + TEISR J 

WRITE(6,800) (lltOlJIJ, Il= 1,27 ) 
800 FORMATC1Hl,(ll0t El5.5,//) J 

TEISRJ 
TEISRJ 
TEISRJ 
TEISRt 

15 SiAQC5,100) NAME,éNERGY, XEISR, AE014G, AE024G, Tl,T2t Ct YA,YB 
100 FORMAT C2A6, F6.2,2F9.0,2F6.3, llXt F5.2,2F4.2 

W~ITt (6,300) 
300 FORMAT(lH1,5XtlOOH XEJSR. AE014G AE024G Tl T2 

1 YR C RUN f.MEV. 
WRITE(6t200) XEISR, AE014G, AE024G, Tl, T2t 

lt C, NAME, ENERGY 
200 FORMATC1H0,5X,F7.2t 2Fl0.0,2F7.3,2f6.2tlOX, F6.2tlOX,2A6 ) 

0(10) = C4P4G*l.O/Cl.O + XEISR J 

850 

0(27) = C9P4MG *XEISR /(1.0 + XEISR J 
llO = 10 
127 = 27 
WRITECbt850) IlOt 

f 0 R MA TC 1 HO , 2 ( Il 0 
f ( C ,_ AL,TJ= C 
T = Tl 
DO 2 1 = lt2 

DClOJ, 127, 0(27» 
tE15.5,//)) 

* EXP ( - Al * 

FlPl = F l C1Pl,AL1 ,T) 
flP12M = F ( Cl~l2M,Al2M ,TJ 
FlP13 z F ( C1Pl3t AL3 ,TJ 
f1Pl4G = F ( C1Pl4G, Al4G ,TJ 
FlPlM = F C C2P2M,Al2M ,T) 
F2P2M3 = F ( C2P2M3, Al3 ,TJ 
F2P2H4 = f ( C2P2M4,Al4G tTJ 
F3P3 = F CC3P3,AL3,T) 
f3P34G = F CC3P34G,AL4G,T) 

f4P4G a FCC4P4G ,AL4G ,TJ 
F5Pl a F l C5Pl,AL1 ,T) 
F5Pl2M • F c C5Pl2MtAL2M ,T) 

T ) 

YA , 
VA, YB 



F5Pl2G = F C C5Pl2G,Al2G ,TJ 
F5Pll = F C C5P13,AL3 ,T) 
F5Pl4G = F ( C5Pl4G,Al4G ,TJ 
FôP2M = f(CbP2M,Al2M ,T) 
F6P2MG = f(CôP2MG,AL2G ,T) 
F6P2M3 = f(CôP2M3,Al3 ,T) 
F6P2M4 = f(C6P2M4,Al4G rTJ 
F7Pl = f(C7Pl,All ,TJ 
f7P12G = f(C7Pl2GtAL2G ,T) 
F7Pl3 = ftC7Pl3,Al3 ,TJ 
F7Pl4G • FtC7Pl4G,Al4G ,TJ 
f8P2G = FCC8PlGrAL2G ,T) 
F8P2G3 = F(C8P2G3,Al3 ,TJ 
F8P2G4 = ~(C8P2G4tAL4G ,T) 

F9P4MG = f( C9P4MG,Al4G ,T) 
FCl = FURl*FBR2* Cf1Pl +F1Pl2M + FlP13 +flP14G ) 
FC2 = FbR2*TEISR 1(1.0 + TEISRI*CF2P2M+f2P2M3+f2P2M4) 

FCJ(I)= CF3P3 + F3P34G ) 
fC4 = 1.0 1 (1.0 + XEISR )*(f4P4G J 
FC5 = FdRl*( 1.0 -FBRlJ*( F5Pl+f5Pl2M+F5P12G+F5Pl3+f5P14G ) 
FCb = (1.0 -FUR2J*TEJSK 1 Cl.O +TEISRJ*(f6P2M+F6P2MG 

1+ F6P2MJ +f6P2M4 ) 
FC7= (1.0 -FBKli*IF7P1 + F7P12G +F7Pl3 +F7Pl4G J 

FC6 = 1.0 ICl.O+ TEISR)*(F8P2G + F8P2G3 + F8P2G4 J 
FC9 = XEISR 111.0 + XEISR J *F9P4MG 
FC157 CI)= FC1 +FC5 + FC7 
FC268(1) = FC2 + FC6+FC8 
FC49 (J) = FC4 + FC9 
WRITE (6,977) C3P3,C3P34G,C9P4HG,F9P4MG,FC9 

977 FURMATC1H0,5E20.5 ) 
WRITE (6,700) FC4, FC9 

100 FORMAT (lHOr 6H FC4= tE20.5 t6H FC9• tE20.5 
2 T = T2 + Tl 

WRITE(6,lll)fC157C2t,FC157(l)rFC266(2),FC268(1JrFC3f2J,FC3fl) 
111 FORMATI1HO,SX,23H Y • AE024GI tSBFCUM*I ,El4.5,3H- rE14.5,2t 

1 H ) , 14 H + T E F 1 ND* ( , E 14. 5 , 3 H - , E 14 • 5 , 2 H ) , Il , 
2 llH + FJNDI* ( 
3 ,tl4.5, 3H - tE14.5,5H ) ) ) 
WRITtC6,llll) FC157ll),FC268(l),FC311J,FC49(ll 

1111 FORMAT ClHO,SX, 32H XENEW =llAE014G/Y) -(SBFCUM* , 
1El4.5,11H + TEFIND* rE14.S,llH + FINDI * ,El4.5,3HJ)/ , 
2 E20.5 t 

WRITE (6,8688 ) 
8888 FORMAT( llOHO STEP NO. XENEW XEOLD FCUM FCUMI 

liXEOLO l - ZP ATOH CH. Y. , 
AE014G = AE014G 1 YA 

AE024G = AE024G 1 YB 
fi4UMBER = 0.0 

lMZP = 2.1 
,A= 1. 1 SQRT 3.142 * C ) 

Dl' = 0.1 
DO 25 l= 1,25 

CALL NEWXEl 
If tXENEWIXEOLO .LE. l.OJ GO TO 22 
IF llMZP.GE.O.O t GO TO 25 



998 
997 

1 
25 
zz-

1 

35 
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WRITE (6,997) 
FORMAT l80HO Z-ZP WENT NEGATIVE IN FIRST 0.1 00 LOOP THIHK 

) 

CONTINUE: 
ZMlP = lMZP + 0.15 

Dl = 0.01 
WR 1 Tl: ( 6,1 J l 
FORMAT (8HO l = 
00 35 K = 1,20 

C.ALL NE:WXEI 
GO ro 15 
END 

SUüKUUTINE NEWXEl 

' 13 ' ///) 

COMMON OZ,ZMZP,XE:OLO,XENEW,FCUMitYtCtAE014G•AE024GtNUMBEKtAt 
1 FC157llt,FC26bi2J,FC3(2J,FC49C21 

NUMBER = NUMBER + 1 
GSSFI C LZMZP ) = A * EXP (- ZZMZP **2 1 C ) 
lMl~ = lHlP - Dl 
XEULo = GSSFI( ZMZPJ 
FINDI= GSSFI( ZMZP- 1.0 ) 

TEFIND= GSSFICZMZP - 2.0 ) 
SBFINû = ~SSFI(ZMZP- 3.0 J 
SBPINU= GSSfl CZMZP- 4.0 J 

SBGPl = GSSFI( ZMZP - ~.0 ) 
SBFCUM = SBFINO + ~BPINO + SüGPI 

FCUMI = flNOl + TEFINO + SBFCUM 
RATIO = FCUMJ 1 XfOLO 

Y= AEU24G /lSBFCUM*tFCl57(2}- FC157(1)) +TEFIND* C FC268(2J-
1 FC26tH lJ) + FINDI*CFC3(2} - FC3C U H 

XENEW = CAE014G 1 Y -(SRFCUM *FC157(1) + TEFIND * FC26811) + 
1 FINOl * ~C3Cl)IJ/ FC49fl) 

WRITEC6,888J NUMBER,XENEW,XEOLO,FCUMI, RATIOt ZMZPt Y 
888 FORMAT( lH tll0,3Fl2.6 ,El7.5 t Fl0.4, Elb.5 1 

RETURN 
END 

FUNCTION Alf2 CAl,A2J 
Alf2 = Al*A2 /&A2 - Al ) 
RETURN 

END 

FUNCTION ALF3 (AltA2,A3 ) 
ALF3 = Al*A2*A3 /(CA2-AlJ*IA3-AlJ) 

RE TlJRN 
END 

FUNC T ION 
Alf4 

RETURN 
ENO 

ALF4 (Al,AZ,A3,A4 1 
= Al*AZ*A3*A4 /liAZ-AlJ*CA3-Al)*(A4-AlJ) 

FUNCTIUN ALF5 (AltAZ,A3tA4,A5 1 
ALF5 = Al*A2*A3*A4*A5 /((AZ-AlJ•lA3-Al)*(A4-AlJ*lA5-Al)) 

RETURN 
END 
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XENON YIELDS AND ISOMER RATIOS 

IN THE FISSION OF HEAVY ELEMENTS 

BY MEDIUM-ENERGY PROTONS 

ABSTRACT 

Chemistry 

The independant yields of l35xe, 133mxe and 133gxe 

and the cumulative yields of 135r and 133I have been 

measured radiochemically for twenty-seven fission systems, 
1 

consisting or the targets 232Th, 23Bu, 235u and 233u with . 

20-85-MeV protons. Absolute yields were measured by 

monitoring the proton bearn with the reaction 65cu(p,pn) 64eu. 

Isomerie yield ratios or l33xe were of primary interest. 

They were apparently independant of the spin and type of the 

target and were more weakly dependent on fission energy than 

expected. Crude statistical computations were made for 

three spin-pair classes of isomers. 

Two empirical methods assumed a Gaussian charge 

distribution and gave ZP values for chains 133 and 135. 

Corresponding neutron yields were approximated semi­

empirically. The behaviour of 235u and 233u was considerably 

different from that of 238u and 232Th for which more data 

exist. Total chain yields were obtained for A = 133 and 135. 


