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ABSTRACT 

The helium-ion-induced fission of Th232 (~36*) has been investigated 

by using high-sensitivity mass~spectrometric techniQues. The nuclear­

charge-distribution function was measured directly for one isobaric SeQUence 

and indirectly in another; it was found to be Gaussian and independent of 

the excitation in ~36*. An empirical Z function was derived from 12 
p 

measured fractional independent yields, and compared with the Z function 

f U
235( F)·,·. Th . l t h dl;' . . rom nth'- .. •;. e varlous postu a es of nuclear c arge lVlslon were 

discussed. The total number of neutrons emitted per fission as a function 

of mass ratio was determined from the Z function, the neutron yields being 
p 

found to depend strongly on the asymmetry of the fission mode. 

The relative cumulative yields for the majority of isotopes in :the' 

mass 131 to 154 range have been determined. The xenon cumulative yields 

show no structure at these excitations. Information con~erning the dis­

tribution of independent yields within an element and the formation of the 

Kr85 isomeric states has been obtained for the helium-ion-induced fission 

of Th232 and u235. 
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I. INTRODUCTION 

Since its discovery, the phenomenon of nuclear fission has been 

investigated by a variety of methods and techniques. One of the basic 

methods which contributed greatly to the elucidation of the main features 

of the fission process is the measurement of fission product yields. Two 

types of yields are measured, independent and cumulative. An independent 

yield is one that is·not formed by beta decay because the isobaric nuclide 

of the next lower Z is stable or long-lived, and thus represents a pri­

mary product yield after prompt-neutron emission. Yields of this type 

give information on the division of nuclear charge between the primary 

fragments. Cumulative yields, on the other hand, result from the beta 

decay of lower Z members of the fission product chain. Mass distributions 

are obtained from measurements of this type. A number of excellent review 

1 . h h 1 f' . l-4 
artie es summarlze t ese and ot er aspects of nuc ear lSslon. 

One of the major advancements in fission-yield measurements occurred 

when mass-spectrometric techniques were introduced. Thode and Graham5 

were the first to utilize this method, and applied it to the measurement 

of Kr and Xe yields produced from the thermal-neutron fission of u235. 
In the ensuing years, practically all the major cumulative yield products 

produced in slow-neutron fission have been investigated in the mass spectra-
. 6-24 

meter. This technique has not been extensively applied to charged-

particle induced fission mainly because of the low product yields 

(< 10-9 g). Chu and Miche1, 21 however, showed that with high-sensitivity 

mass spectrometry and careful chemistry, the relative abundances of a 

number of elements from charged-particle fission could be determined. Two 

advantages possessed by mass spectrometry as compared with radiochemistry 

are readily apparent: (a) Stable-isotope yields can be measured in 

addition to radioactive species (this is a distinct advantage especially in 

the measurement of cumulative yields, and of independent yields produced in 

fission from moderately excited nuclei). (b) In addition to the high 

precision of this technique, the accuracy compared to radiochemical methods 

is :enhanced. because of the elimination of the usual radiochemical problems 
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(decay-curve resolution, knowledge of the decay scheme, and counting 

efficiencies). 

A large body of data has been obtained relating to the mass and 

charge distributions in if35(nth'F) .23-26 ~· However, detailed studies of 

the energy dependence of various fission features (especially charge dis­

tribution) through a wide range of excitation in if36* are scare. Radio­

~hemical studies of the helium-ion-induced fission of Th232 (if36*) were 

first performed by Newton (in 1949) who observed the competition between 

the symmetric and asymmetric modes in fission. 27 later Foreman28 (1958) 

and Davis
2

9(1963) contributed yield results dealing with the mass dis­

tributiop, and to a lesser extent with charge distribution. 

The object of our work was to employ the techniques of high­

sensitivity mass spectrometry for the accurate measurement of fission 

yields resulting from Th232 (He
4

,F). _ In particular, major attention was 

devoted to independent yield measureme~ts so that a detailed analysis of 

charge distribution could be made. The comparison of experimentally pre-
16 17 26 30-36 . dieted primary yields with a number of postulates ' . ' ' concern1ng 

nuclear charge division is the general technique for determining the validity 

of these postulates or prescriptions. However, any interpretation based on 

experimentally derived primary yields is strongly dependent upon a knowledge 

of fragment neutron yields. For charged-particle-induced fission, the frag­

ment neutron yields are not known, and thus any ambiguity in the neutron 

yield will be reflected i.n the pred.icted primary yield. Therefore, these 

experimentally derived yields will not satisfactorily test a proposed 

mechanism of fission charge distribution. As an alternative, we have taken 

our primary yield information and directly extracted information concerning 

neutron yields as a function of mass ratio. From an appropriate charge 

division mechanism, fragment neutron yields can be predicted. 

In addition to the helium-ion-induced fission of Th232 , the relative 
- 4 

rare-gas yields were measured for if35(He ,F) and if35(nth'F). The results 

. for neutron fission of if35 were a repeat of earlier works. 12 , 16 ... 
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II . EXPERIMENTAL PROCEDURES 

A. Target Preparation and Irradiation 

l. Target Materials. 

In the bombardments where rare gas, cesium, or rubidium yields were 

measured, the target material consisted of 0.001-in. thorium metal foils. 

The foils were cut to the proper target dimensions, then weights and areas 

of all foils were measured for the purpose of accurately calculating the 

energy loss of the helium-ion beam. For cyclotron ~rradiations, it was 

established that metal foils retain a large representative fraction of the 

rare-gas fission products. Metal oxide targets, on the other hand, were 

observed to lose appreciable amounts of fission gases. On one occasion a 

Th02 target yielded erroneous Cs (Xe daughter) ratios that could only be 

ascribed to a Xe loss. From these results and the correct ratios, a life­

time of 9 min was calculated for Xe in the target under irradiation. There­

fore metal foils were used exclusively whenever a measurement of a rare-

gas isotope or its daughters was to be made. 

In the bombardments where rare-earth fission yields were measured, 

the target material consisted of purified Th0
2

. Purification of the target 

material is necessary since the stock material contains an amount of a 

given rare-earth isotope far exceeding the amount made in a single irradiation 

(which is of the order of 10-9 to lQ-lOg~. Natural contamination will 

completely obscure the fission-produced isotopes if not kept to a minimum. 

Elution of Th
4+ from anion-exchange resin with nitric acid is the 

basis of the purification process. Thorium adsorbs on anion resin in 

moderate concentrations of nitric acid; whereas, the rare earths do not 

adsorb to any great extent. 37 The purification was accomplished by the 

following procedure: Chemically pure thorium foil was dissolved in con­

centrated HCl. An equal amount of concentrated HN0
3 

was added and the 

resultant solution evaporated to. near dryness. The remaining solution was 

made 7~ in HN0
3 

in as small a volume as possible and then was passed through 

an anion-excha~ge (Dowex-1) column. The column was washed with 7~ HN03 
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for several column volwnes, after which the thoriwn was removed with 

dilute HCl. The effluent containing the thoriwn was,_collected and made 

7!:!_ in HN0
3 

, and again was passed through a clean anion-exchange column. 

upon completion of the column washings, the thorium was eluted and pre­

cipitated as the hydroxide with NH40H. The purified hydroxide was trans­

ferred to a quartz crucible and ignited to Th02 .. 

2. Irradiation, 

A conventional microtarget or "cat 1 s-eye" target was used for 

mounting the foil targets.38 Stacked foil targets were employed in most 

irradiations in order to conserve cyclotron time, A typical bombardment 

intended for rare-gas analysis required the accumulation of at least 50 

to 100 ~-h at a beam intensity of~ 8~. Single foil targets were used 

in short bombardments whenever fission yield measurements were to be per,­

formed quickly (for exa~le, the measurement of the cs
1

36 fractional chain 

yield). In stacked-foil irradiations, it was not necessary to sandwich 

the target material between recoil catcher foils. We found that the catcher 

foils did not contain a significant fraction of the fission events. If the 

recoils were added to the target foil for analysis, no change in fission 

product composition would be observed. Therefore catcher foils were not 

included i.n our analysis since no absolute cross-section measurements were 

made. 

Due to the physical form of the purified target material (Th02 ), 

a special type of target i-ras required. The target was made by hydraulically 

pressing the Th02 into a depression i.n a l/16-i.n.- copper plate. The plate 

was constructed to fit a modified microtarget. The depth of the depression 

(0.0025 to 0.0035 in.) was chosen in such a way as to produce the desired 

energy loss of the helium-ion beam in the target material. 

Front cover foils of 0.001-in. aluminum were used in all irradiations. 

If a lower-energy bombardment was desired, the helium-ion beam was degraded 

by w~;!.gheQ.,_ aluminum foils placed directly in front of the target. The 

energy degradation in aluminum and thorium foils was determined from the 

range energy tables of Williamson and Boujot.39 

.. 



-5-

.4.11 helium-ion bombardments less than 48-MeV were performed on the 

Crocker Laboratory 60-inch cyclotron. The Lawrence Radiation Laboratory 

88-inch cyclotron was employed for the irradiations above 48 MeV. 

B. Solid-Sample Preparation 

1. General Target Chemistry 

The ultimate sensitivity that can be obtained with the mass spec~ 

trometer in the measurement of fission yields is usually limited in practice 

by natural contamination. If a fission yield of interest is a stable 

isotope, there exists the possibility that contamination from natural sources 

can occur. Therefore, the carrier-free target chemistry was made as 

straightforward as possible! All useless or needless operations in the 

handling of the sample were eliminated, all implements and vessels used in 

the sample preparation were scrupulously cleaned, and all reagents required 

in the chemistry were purified. 

a. Reagents. Since the "cleanliness" of the chemistry depends 

strongly on the purity of the wag1.:nrt~~: _, special care was taken in their 

preparation. The 7M nitric acid was prepared by redistilling reagent grade 

(C.P.) HN0
3 

from quartz, then collecting the distillate in conductivity water 

until the desired concentration was reached. Conductivity water was pro­

cured by double distilling (from quartz) the effleunt of a mixed-bed ion-
40 exchange column., Hydrochloric acid and ammonium bydl:loxide.~rc~ made through 

' 
the dissolution of their respective anhydrous forms (HCl and NH

3 
gases) in 

conductivity water. The removal of possible-rare-earth contaminates from 

the lactic acid (the eluting agent used in the rare-earth separations) was 

accomplished by passage of the lactic acid through a Dowex-50 cation-ex­

change column. At a low pH, the distribution of rare earth between lactate 

and resin is greatly in fav.or of the resin; thus, the rare earths remain 

on the column. 

b. Removal of the target material from fission products. The 

irradiated Th foils were first cut up for the purpose of removing the ex­

cess material that was not activated during the bombardment. The active 
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3 months to l year, thus necessitating a reactivation. In all cases re­

bombard.rnent contributed less than 1% to the chains already p;esent and, 

therefore, any incomplete decay of the newly formed products does not 

appreciably change the existing fission yields. The elution was monitored Q 

by 'Y - counting all collected fractions. A typical elution curve is shown 

in Fig. l. All separations were run under identical conditions in order 

to eliminate the need for 'Y -pulse-height analysis (identifica,ti¢>n) 'of' the 

various elution peaks in succeeding separations. The peaks other than rare 

earths found throughout the elution spectrum result from various fission 

products which also pass through the initial Dowex-1 column. In no case 

do these interfere with the mass analysis, 

The spikes used to interrelate the rare-earth elements were pre­

pared by weighing known amounts of separated isotopes of interest and 
-12 c44 

diluting them to the de sired concentrations ( ~ 10 g/ flli ter) -. -" 

C. Gas-Sample Preparation 

In order to take advantage of the high sensitivity of the mass 

spectrometer, a sample-preparation system is re~uired that will extract 

the rare-gas fission products free of undesirable gases--hydrocarbons, 

o2 , N2 , H2o, etc.--from the target. Natural contamination of the fission­

produced Kr and Xe presents no problem because of their extremely low 

natural abundances and the ease with which ordinary metallurgical processes 

remove them from target materials. Hydrocarbon contamination, on the other 

hand, can be a problem at the sample level at which we are working 
10 12 

(10 to 10 atoms). If not eliminated, the heavy-mass hydrocarbons will 

obscure the fission-produced isotopes. For this reason and to reduce ex­

cessive handling, a bakeable gas-preparation and -purification system 

was constructed and attached' directly to the mass spectromet~r. 

l. Target Melting Assembly 

The extraction of the rare gases from the target can be handled 

either by chemical dissolution or. by vacuum fusion. The vacuum fusion 

techni~ue was chosen because of its simplicity and cleanliness. The 
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Sm 
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Tube number 

MU-29497 

Fig. 1. Elution curve for the light rare-earth elements. Dashed 
curves represent interpolated positions from rare-earth syste­
matics and column calibration. 
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fusion was performed by electrical-resistance heating of the target con­

tainer (tungsten boat). The target container or tungsten boat is formed 

by folding lengthwise a 3/4- by 4-in. strip of 0.001-in. tungsten foil. 

The boat is supported between stainless steel jaws attached to the lead­

in electrodes (see Fig. 2.). The electrode leads are brought in through 

Advac insulators!}' that are welded to a stainless steel plate. ·The 

electrode assembly· is sealed to the stainless steel vacuum chamber by a 

copper gasket-knife edge seal. The seal is bakeable and readily de­

mountable for sample introduction. A tantalum radiation shield was placed 

around the electrode~boat assembly to conserve power and to confine the 

spread of radioactivity within the chamber. The tungsten boat containing 

the target of interest was heated by direct passage of c.urrent from a 

step-down transformer capable of supplying 200 A at 15 V rms. 

2. ·Purification System 

The apparatus designed and constructed for the rare-gas purifi­

cation is shown diagrammatically in Fig, 3 and is:pictured in Fig. 4. It 

consisted of three major sections: the melting chamber (already described), 

the charcoal trap, and the getter. (A getter is a material which is in­

cluded within a vacuum system or vacuum tube for sorption of residual 

gases and vapors). The apparatus was assembled of 3/8-in. stainless steel 

tubing and a small portion of 10-mmpyrex tubing. The packless all-metal 

isolation valves (bakable-diaphragm type) used throughout the system were 

commercially available.~G The bakeable inlet valve to the mass spectrometer 

w9-s patterned after the design of Alpert. ~)7 A demountable oven COII(pletely 

enclosed the gas-handling system. 

The gettering action of hot titanium metal was used. to remove the 

unwanted gases released in the melting operation.4·8' Strips of 0.002-in. 

Ti foil 1-3/8 in. wide were corrugated and coiled to form a cylind;r;ical 

element 2 in. in diameter. Two such elements were contained withi.n a 

welded 2- by 4-in. stainless steel container attached to th~ preparation 

line, A f'l:Wnace:: capable of heat'~ng the getter to at least 850°C was 

constructed from tube ~0Ttla5:!ec:l!leatet'~3elem:.emy,s 'o;U_2-3./8.;-in. i.d. 

:,J 
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Cu gasket 
knife-edge seal 

radiation shield 

MU-29489 

Fig. 2. Target melting chamber. 

UCRL-10673 
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To moss spectrometer 

l 

Melting chamber 

Isolation valves 
....... Hoke type 415 

t><l Hoke type 413 

Diffusion pump 

MU-29~9~ 

Fig. 3. Schematic diagram of the rare-gas handling and purification 
system. 
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ZN - 3592 

Fig. 4. Rare-gas handling and purification system. 



-I~-

A Sylvania (Rll~lM) Pirani gauge was placed in the system to 

monitor the gas pressure during the m,el ting operation and to monitor 

the gettering action of the hot titanillin. ,.An ion gauge was excluded 

from the preparation line because of its purirping ac.tion. 

In order to concentrate the purified Kr and;Xe fission products) 

a charcoal trap was placed adjacent to the mass-spectrometer inlet valve. 

The Kr and Xe are condensed at liq_uid-nitrogeri temperature on.the char­

coal) then are isolated from the remainder of the preparation system and 

are expanded into the mass. spectrometer.· 

The vacuum system associated with the sample-preparation system 

is composed of a 5-liter bil (octoil-S) diffusion pump preceded by two 

liq_uid-nitrogen traps in series (trap closest to system is bakeable). 

Multiple trapping, was -introduced to reduce hydrocarbon back-streaming. 

Howeve.r, in our operation one trap was found to be sufficient. 
; 

· 3. . Preparation Procedure 

The gas sample preparation procedure was as follows: A foil 

. target which had "cooled" for a predetermined time was placed within a 

.newly formed tungsten boat clamped to the electrode assembly. ·The boat 

was replaced after each meltingbecause cross contamination could occur 

if a portion of the previous sample remained unrneltedJ and because the boat 

is physically weakened by reaction with the target material and by re­

crystallization. The melting chamber was sealedJ and the whole pre­

paration system given a complete bakeout. 

For succeeding samples it was Um:ece~ss!!U'Yto bake the entire pre­

paration line since the melting chamber could be isolated from the re­

mainder of the system and was thus the only portion exposed to the atmos­

phere. However) the titanium getter and the charcoal trapJ because of 

their large surface areas) were individually baked out at 400°C prior to 

each analysis to ensure against cross contamination. Upon completion of 

the bakeoutJ the sample preparation line was isolated from the diffusion 

pump. The target (Th or U) was melted by passing a large current through 

the tungsten target container. ·Normally all targets melted at or below 

a cu.rrent of 90 A in the tungsten boat. 
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In the meantime the titanium getter was heated to 850°C and main­

tained at that temperature for approximately l/2 h. The pressure rise that 

accompanied the melting never exceeded ~0 ~ Hg, and after gettering, the 

pressure was well below the detection limit of the Pirani gauge. 

It should be noted that the target materials (Th and U) also posess 

chemisorption properties at elevated temperatures. ~en the getter had 

cooled to room temperature, the purified rare-gas fission products were 

pumped to the liquid-nitrogen cooled charcoal trap, isolated from the getter 

and melting chamber, and expanded into the mass spectrometer in preparation 

for static analysis. 

D. Mass Spectrometers 

l. Solids Mass Spectrometer 

The solid sample analyses were performed with a 12-in.-radius 

60-deg-sector single-direction-focusing mass spectrometer of symmetrical 

design. A double-filament surface-ionization source was used to generate 

the 10-kV positive-ion beam. The met~l oxides of the sample were evaporated 

from a tungsten filament and ionized at a higher temperature rhenium filament. 

A secondary electron multiplier of the Allen design~§ was used to detect the 

resolved ion beam. The output of the electron multiplier was either inte­

grated and amplified by a vibrating-reed electrometer, or ion-counted by 

using a fast pulse-counting system.5° To focus the isotopes of interest, 

magnetic scanning was employed when the multiplier output was integrated; 

whereas, voltage scanning (stepping) was used if the output was ion-counted. 

Additional features of the mass spectrometer include a Stevens-type vacuum 

lockBil! which permits rapid introduction of samples, a pumping system capable 

of maintaining a 2 X l0-8-torr operating pressure, and a nuclear magnetic 

resonance fluxmeter for mass calibration. 

The mass-spectrometer sensitivity is such that routine measure­
-12 ments can be performed on rare-earth samples of 5 X 10 g. Normally our 

fission product sample size was in the 10-9- to lo-10-g range. 
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2. Gas Mass Spectrometer 

The gas mass spe'ctrometer is a 6-in. -radius 60-deg...;sector single­

direction-focusing instrument. which also ertrploys an electron multiplier 

detector. ·The conventional electron-impact ion source is operated at 3 kV 

ion-accelerating potential with a regulated ionizing current (trap) of 80 ' 

· ~· A source magnet of 100 G is used to collimate the electron beam. The 

·spectrometer system is constructed of stainless steel and is enclosed by 

demountable ovens; A liquid-nitrogen-trapped mercury diffusion pump and 

two 40-'li te'r /sec getter ion pumps compose the spectrometer vacuum system. 

The mercury diffusion pump is used only in the initial bakeout of the 

spectrometer. After bakeout, it is isolated from the system by an;irid±um 

valve;'512 the getter-ion pumps then T.ake over the system pumping. A base 

8 -10 pressure of X 10 torr, as measured by a modified Bayard"'"Alpert type 

ionization gauge, is readily obtained. 

Bakeouts at 200°C were found sufficient to reduce the hydrocarbon 
' 

background in the Kr and Xe mass region to levels below or just ahovec::de-

tectability. For example, a.xenon isotope exhibiting a partialpressure of 

<=:::·lo-
15 torr in the mass spectrometer is .detectable. Xenon measurements 

for cyclotron targets were performed with ion beam intensities that were a 

factor of ""=" 105 above the detectable limit. 

All samples were analyzed under static conditions. That is, the 

fission product gas samples were introduced to the mass spectrometer after 

all pumping had been suspended, and then were analyzed. In using the static 

method of analysis the sample under investigation would become slightly con­

taminated by a mixture of previous samples. ·The contamination or memory 

is released by ion bombardment. It c~n be controlled.so as not to interfere 

with subsequent measurement,s through bakeouts and fast analyses; however, 

it cannot be completely eliminated. This· spectrometer memory was also 

observed by Reynolds.6;> 

.,,: 



III. TREATMENT OF DATA 

A. Cumulative Yields 

For the low- and intermediate-energy fission of a heavy nucleus 

(e·.·g., u236), the primary fission products are formed with neutron-to­

proton ratios greater than that of the stable nuclei of identical mass. 

The primary products, therefore, progress up isobaric chains by a series 

of negatron decays until a long-lived or stable isotope, representing the 

end product of the fission chain, is reached. The relative y~elds of the 

respective fission chains can then n:~ derived from a mass-spectrometric 

relative-abundance measurement of the chain end products. Fundamentally, 

this is how the relative chain yields were determined; however, the raw­

data treatment requires further discussion because of certain corrections 

involved. 

Despite precautions to prevent stable isotope contamination, slight 

amounts of natural rare earths were observed in our analyses. The rate­

earth column separation eld:minates the reaction-produced contamination of 

adjacent rare earths; therefore, the contamination correction involves only 

a subtraction of natural relative abundances from the observed fission 

product relative abundances. The magnitude of the correction is evaluated 

from the amount of one or more natural isotopes present in the element under 

investigation. Fb.r the element being analyzed, the natural-C!Dntamination 

correction is based on a stable isotope of that element having an insignif­

icant fission yield. Shielded isotopes such as Nd
142 

and :s~i48 

possess both low yields (< 1% of chain) and high natural abundances, which 

together make:for accurate subtraction of the natural contamination. In 

addition to natural contamination by the element under consideration, there 

was in some instances contamination by neighboring rare-earth elements. 

Since natural compositions are moderately well known, an accurate correction 

for these contributions can be made through a relative-abundance measure­

ment of the contaminating element at a mass position not covered by the 

fission-produced isotopes. 

The analyses of the unspiked samples result in a series of partial 

yield-mass curves due to the different elements. The normalization of 
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these curves was obtained.from the spiked sample. In other words, one 
. . '· .. ~- . . '· 

atom yield per element was determined from the unspiked and spiked ratios;· 

and from the amount of spike added. In some cases it is possible to 

normalize the relative yields of adjacent elements through the measure-

ment of a yield they have in common. The mass-144 chain can be measured ~ 

both in Ce and in Nd since Ce
144

· has an appreciable half-life (285 days), 

thereby permitting the Ce and Nd relative yields tobe normalizedwithout 

isotope -ililutiono The Ba138 cwnulative yield was related to the Cs yields 

in this manner by measurement. of Cs136 yield b0th in·Cs and in Ba . 

. In addition to the rare-earth measurements, relative chain yields 

were obtained for Kr,.Xe, Cs and Ba isotopes. ·The Xe and Cs yields could 

be normalized by measurement of the 133' chain yield in both Xe and. Cs; 

· howeve~, this ··was not done here, since all of our targets were allowed to 
1
' cool" for a period long compared with the 5-day Xe l3 3. The Cs and Xe yields 

were normalized by assuming that the cs133 and Csl35 yields ~ere consistent 

··with the curv-e for the Xe yields o We can justify this normalization on 
' ' ; 

the assumption that higher excitation fission has a smoothing effect on 

possible structure in the yields. This is in agreement wfth'our rare­

earth results in that the graphically normalized partial curves agree with 

the.isotopic dilution normalization within the spiking accuracy. 

A yield-mass curve was obtained for the 131- to 154- mass region 

by normalizing our 131 to 138 and 142 to 154 curves through the use of 

radiochemical yields.
28

' 29 A rare-earth cross section was chosen from 

the best fit of the radiochemical ylteld-mass results to our rare-earth 

curve, and used along with a similarly obtained cross· section from the Xe 

region as a basis for normalizationo The :accuracy of such a normalization 

is not expected to be as high as the mass-spectrometric precision (~ 1%) 

of the relative yields; however, it is hoped to be better than 10% since 

we used several radiochemical cross sections w'hich best fit our accurate 

relative yields. 

In some instances, the measured yield did not represent the 

total chain yield. The remainder of the chain is located in.isotopes of 

higher Z. To obtain the correct yield, one could measure and add yields 
~ ' . ~ • . . . . . : .· . . t . . . . . . . : . . . • • 

of the h1gher-Z isotopes, or apply a correctionto the part1al y1eld 

based on the charge distribution in that isobaric sequence. Both methods 
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were employed; 

obtain the 150 

150 150 . for example, the Sm and Nd ylelds were summed to 

total chain yield; whereas, the cs137 cumulative yield 

(a cumulative yield represents the sum of all independent yields pre­

ceding and including the given isotope) was corrected by using our charge 

distribution curve and estimating the fraction of the chain beyond Cs. 

B. Independent Yields 

1. Shielded Isotopes 

The yields of isotopes that are shielded by stable or long-lived 

isotopes from their ~ decay chains represent independently formed fission 

products. Shielded-isotope measurements comprise most of the unambiguous 

results on independent fission yields, but since these isotopes lie so 

close to ~ stability, lower-energy fission measurements were hampered by 

their extremely low yields. It is possible at higher excitations to make 

accurate mass-spectrometric measurements on these shielded isotopes which 

would then contain an appreciable fraction of the total chain y!ield. The 

fraction of the total chain yield formed independently is of extreme 

importance in interpreting or attempting to interpret nuclear charge 

division in fission (which is discussed in a later section). 
136 134 132 . The Cs , Cs and Cs lndependent yields were measured relative 

to the Cs137 chain yield. From the previously determined relative chain 

yields of Xe and Cs, one can obtain fractional chain yields for these 

isotopes. The independent yields of I 13°, I
128

, and I 126 were obtained 
130 128 126 

through measurement of their stable daughters--Xe , Xe and Xe --

relative to the Xel3l chain yield. The contribution of the daughter to 

the yield is in most cases very small, and an accurate correction can be 

made by using our charge distribution function. The yield of Xe
129 that 

is shielded by the 101-year I
129 was also measured in the same run. 

Fractional chain yields for these isotopes, likewise, result from a know­

ledge of the relative chain yields in this region. However in this case 

we must extrapolate our relative yield-mass curve to lighter mass (126). 
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This was accomplished by a smooth extrapolation based on analysis o:f 

l dat . 2S,29 . radiochemica a in this reg1on. The accuracy of such an extra-

polation is expected to be better than 5%· The independent yields of 
S2 · So · S4 

Br and Br were measured in their Kr daughters relative to the Kr 

chain. The_ necessary relative chain yields for the S2 and So chains 

were derived from an extrapolation of our Kr chain measurements based on 
so 

a reflection of the complimentary rare-earth relative yields. ·The Br , 

I 126
, and I

12
S exhibit branched decay between f)+ , electron capture, 

and f) modes. Branching ratios from Strominger et al.~4: were used to 

correct the observed yields. The Pm150 fractional chain yield was 

measured in its stable daughter, sm
1
5°. 

The independent yield of RbS6 was measured. However, in this 

' measurement natural Rb contributed appreciably to the mass-S5 and mass­

S.7 fission. yields. In order.to obtain the yield of RbS6 relative to 

the RbS7 chain yield, EJ.n assumption concerning magnitude of natural con­

tamination bad to be made. Since RbS5 is the major natural isotope and is 

a partial chain yield (~ 70%) because of hold-up in KrS5, it was assumed 

to be all natural. This results in an error such that the RbS6 fractional 

·chain yield is an upper .limit. The relative chain yields at these mass 

positions were determined by arnethOOlidentical to that in the previous 

bromine discussion. 

2. Decay Equation for the Mass-135 Chain 

In order to obtain direct information concerning the charge­

distribution shape, fractional chain yields for two or more members of 

a fission product chain are required. By observing the growth rate of 

the long'-lived Csl35 from the isobaric chain, it is possible to calculate 

from the equations of radioactive transformation, the major prima.ry yields 

in this chain. _The frS:ctional yields of Csl35 and Xe135, and fractional 

cumulative yield of I 135 have been measured by this method. 

The observation of the growth was made by chemically separating 

• 

the. cs135 from .its precursors at a specified time, then measuring the ;;-

a(! cumulated cs135 r~lative to Csl37 ( Csl37 precursors have completely. 

decayed prior to Cs separations). Observations were performed for three 

decay times: approximately l h, 13 h, and S days after irradiation. 
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Upon consideration of the 135 decay chain, 24 ,54 where x, y, and z 

0.30 I {1.2 X 135m 
/ e A. 

X {1.2 '\ 
4

135 {1.:0 

" 0.(0 I Cs1 Xe 

f Xel35m 

y- < \{1.4 {1.3 I-f Xe Cs
2 

z cs
3 

are the independent production rates of I, Xe, and Cs respectively, and 

f ip ~he f.raction of the independent yield which populates the 15-min 

Xe 135 fsom~~' we can derive an( expression for the observed Csl35 yields 

as a function of the production rates, time from beginning of irradiation 

to separation, t, and the length of irradiation, T. See sketch and Eqs. 

(1), (2), and (3). 

{ 

/1.2 exp ( -/1.3 t) . 
Cs1 = 0.( x T -A. (A. _A. ) [exp(t..3T)-l] + 

3 2 3 

[ exp (t..4 T) -1] 

+ (1) 
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+ (1-f)y {T -

(2) 

zT. (3) 

Since 

a: 
Cs~(x,t,T) + cs2~y,t,T) + ~s3(z,t,T) 

T 

three measurement's of ·cs··135;c.s1,)7 f.· · t. t d t. . or . 
1 

, 
2 

an · 
3 

completely 

specify the production rates x, y, and z, which are directly related 

to fractional chain yields. The Csl35 fractional chain yield is given 

by x/(x+y+z); similar exp~essioris give the fractional yields ofXel35 
135 •' 1 .. ' ,· . ' ' • ' ' . ' 

and I If the Ba 35 fracti'onal chain yield is appreciable, it must 

be considered. In other words, the above fractional-chain-yield ex­

pressions must be multiplied by the fraction of the total chain present. 

In our measurements the Bal35 yield was. negligible. , 

• 
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IV. RESULTS 

A. Cumulative Yields 

Table I shows the relative cumulative yields of Ce, Nd, and Sm 

isotopes for the fission of if36*(Th232 + He4 ) at 39·3-MeV excitation. 

The observed relative yields of each element have been listed separately. 

These observed yields have been corrected wherever necessary for decay of 

the isotope under consideration, or for incomplete decay of 

by using the first choice of half-lives given by Strominger 

yields have been normalized to the mass-143 yield (taken as 

a precursor 

et al.J_,l£; The 

unity) by 

methods previously described, and listed in the last column of Table I. 

For conv:E;:Yn:iEmeJ=,we have presented all Th232 + He 4 (if36*) results in 

terms of the excitation of the if-36* compound nucleus. Comparisons of 

results from neutron-induced fission of if-35 (if-36*) and the He
4

-induced 

fission of Th232 are thus based on the excitation in the if-36* system. 
4 236* The He bombarding energy required to produce a particular u ex-

* * citation E (MeV) is given by EHe4 (MeV) ~ E + 5.0 within the energy 

range used in these experiments. 

The relative cumulative yields of Kr, Sr, Xe, Cs, and Ba isotopes 

are tabulated in Table II. The Kr85 yield in the "observed column" repre­

sents only the yield of the 10-yr isomer since the shorter-lived 4-h 

isomer had completely decayed before the fission gases were extracted and 

analyzed. The Kr and Xe y~elds were normalized from a knowledge of the 

relative sensitivity of the mass spectrometer for these isotopes. The 

sensitivity was determined from an analysis of the rare-gas fraction from 

thermal-neutron fission of if-35 where the relative fission yields of Kr 

and Xe are a~curately known. 23 

Tables III, IV, and 

Kr, Xe, and Cs for a number 

cumulative yields of Kr and 

V contain the relative cumulative yields of 

of if-36* excitation energies. The relative 

Xe for the He4 -induced fission of if-35 are 

listed in Table VI. All corrections for residual yields in the higher-Z 

members of an isobaric sequence have been based on the Gaussian charge 

distribution measured in this work. 
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Table I. Relative c~ulative yields of Ce, Nd, and Sm isotopes in u236* 
fission.at 39·3-MeV excitation. 

Mass No. ·.Observed Normalized 
. relative. yields relative yields .. ·, 

;.·. 

Ce Nd Sm 

,142 LOOO 1.115 ± 0.025 
j ··- ' 

143 1.000 Looo ± o.oo6 

144 0.740a o.825e. 0.825 ± 0.016 

145. 0.713 0.713 ± 0.011 

; 146 0.574 0.574 ± 0.010 

14J ·•.·. L490a 0.426 ± 0.002 

148. 0-355 0.355 ± 0.009 
···,-. 

149 1.000 0.286 ± 0.002 

15Q, 0.218 0.020 0.224 ± 0.006 

151. 0.598 O.l:J1 ± 0.005 

152 0.441 0.126 ± 0.003 

154 0.224 0.064 ± 0.0025 

. • a Corrected for decay (see te·xt) . . 

• 



Table II. 

Mass No. 

83 

84 

85 

86 

88 

90 

131 

132 

133 

134' 

135 

136 

137 

138 

Relative cumu~.ative yields of Kr, Sr, Xe, Cs, and Ba isotopes 
in u23 * fission at 39·3-MeV excitation. 

Observed Corrected and normalized a 
relative yields relative yields 

Kr Sr 
0.778 (0.778) 0.256 

1.000 (1.000) 0.330 

0.309 (1.215) o.4oob 

1.414 (1.416) 0.467 

1.00 (1.82) 0.600 

1.24 (2.25) 0.742 

Xe Cs Ba 

1.000 l;OOO 

1.021 1.022 

1.006 1.033 

1.012 1.043 

1.000 1.033 

0.767 l.OOc 1.010 

0.81? 0.862 

3.14 0.764 

aCorrected for yields in the higher-Z members of the same chain; column 

in parentheses is the normalized Kr and Sr data, whereas the last 

column contains the yields of all elements listed relative to Xe
1

3
1

. 

bRelative mass yield for the 85 chain obtained from a smooth curve fitted 

to the 83-, 84-, and 86-mass yields. 

C 136 I 136 . 136 'The Ba yield contains only independent yiel~s of Cs and Ba 

since it is shielded by Xe. The measured yield represents 0.241 of 

the total 136 chain yield (determined from measured fractional chain 

yield of Cs136). 



Table III. Relative cumulative yields of Kr and Xe . . ~36*· ... ' lSOtopes ln flSSlOn. 

. ' 

57.0-MeV excitation 43.5-MeV excitation 

Mass No. Relative yields Relative yields 
Observed a Corrected a Corrected Observed 

Krypton 

83 o.8oo o.8oo 0.788 0.788 

84 1.000 1.000 1.000 .·.Looo· 

85 0.343 Ll90b 0.312 l.200b 

86 l-338 1.361 1.376 1.384 

Xenon 

131 1.000 1.003 1.000 1.000 

132 0.970 0.981 0.993 0.998 

134 0.833 0.925 0.957 1.007 

136 0.465 0.830 0.670 0.957 

aCorrected for yields in the ·higher-Z members of the same chain. 
' .. 

bRelative mass yield for the 85 chain, obtained from a smooth curve fitted to the 83, 84, and 

86 mass yields. 

.. 
B?-

I 
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Ta'ble lV. B.elat.ive cumulative yields of Kr and Xe isotopes in 
2'36* u· f:Lssion. 

37.1-M.eV excitation )"i,l-MeV 
0 '" 

excitation 33.1-MeV ex.c:ttation 

Mass No. .Relative yields Relative y:Lelds a .Relative yields 
Observed a 

Observed Observ-ed a Corrected Corrected Corrected 

Kryton 

83 0.772 0.772 0,770 0.770 0.760 0.760 

84 1.000 1.000 1.000 1.000 1.000 1,000 

85 0.303 L218b 0.295 1.221b 0.291 L229b 

86 1.416 L417 1.426 .L426 L434 lo434 

Xenon 

131 1.000 1.000 1,000 1.000 1.000 1.000 

132 1.027 L027 L034 1.034- 1,046 1.046 

134- 1.046 1.074 1.049 1.074 L074 1.095 

136 0,819 L061 0.840 L063 0.899 1.104 

aCorrected for yields in the higher-Z members of the same chain, 

b.Helative mass yield for the 85 chain, obtained from a smooth curve fitted to the 

83} 84, and 86 mass yields, 

I 
f\) 
--..1. 

I 



Table v. Relative cumulative yields of Kr, Xe, and Cs isotopes in uF36* fission. 

2l.l~MeV excitation 28.7-MeV excitation 22.1-MeV excitation 21.0-MeV excitation 
Mass No. ·Relative yields a. Relative yields Relative yields Relative yields a a a 

Ols>served Corrected Observed Corrected Observed Corrected Observed Corrected 

Krypton 

83 0.749 0.749 0.737 0-737 0.710 0.710 0.691 0.691 

84 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

85 0.291 1.234b 0.285 1.243b 0.275 l.255b 0.269 1.25 
b 

86 1.437 1.437 1.445 1.445 1.481 1.481 1.505 1.505 

Xe Cs Xe Cs Xe Cs Xe Cs 

131 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

132 1.057 1.057 1.064 1.064 1.106 1.106 1.136 1.136 

134 1.102 1.120 1.120 1.134 1.218 1.220 1.271 1.271 

135 1.000 1.140 1.000 1.148 1.000 1.233 1.000 1.264 

136 0.963 1.156 0.994 1.161 1.144 1.243 1.216 1.246 

137 0.847 0.986 0.856 0-998 0.877 1.084 0.923 1.168 

a : 
Corrected. for. yields in the higher Z members of the same chain; the Xe and Cs yields have been 

normalized (see text) to the 131 chain yield. 

bRelative mass yield for the 85 chain, obtained from a smooth curve fitted to the 83, 84, and 86 

mass yields. 

" • 

.... 
·ro 
co 
I 



Table VI. Relative cumulative yields of Kr and Xe isotopes for !ission of u235 induced by 43.6-
' 38.0-, 33.8-, and 28-MeV He . 

43.6 MeV 38.0 MeV 33.8 MeV 28.0 MeV 
Mass No. Relative yields Relative yields Relative yields Relative yields 

Corrected Observed 
. a 

Observed Corrected a Observed Corrected a Observed Corrected 

Krypton 

83 0.823 0.823 0.814 0.814 0.806 0.806 0.787 0.787 

84 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

85 0.380 l.l87b 0.361 l.l93b 0.341 l.20lb 0.320 l.216b 

86 1.362 1.394 1.379 1.403 1.401 1.415 1.430 1.436 

Xenon 

131 1.000 1.003 1.000 1.002 1.000 1.001 1.000 1.000 

132 0.993 1.010 1.006 1.018 1.012 1.019 1.043 1.046 

134 0.804 0.976 0.867 1.020 0.934 1.038 1.052 1.109 

136 0.390 0.886 0.453 0.924 0.628 1.163 0.728 1.150 

aCorrected for yields in the higher Z memebers of the same chain. 

bRelative mass yield for the 85 chain, obtained from a:smooth curve fitted to the 83, 84, and 86 mass 
yields. 

I 
,I\) 
"!) ,. 
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'The relative yields of Kr andXe::isotopes ,for the thermal-neutron 

-fission of ~35; h~~e also b,een measured and_ are tabulated in Table VII 
-. __ - ' ' ' : 12 ' 128 

along with the results of Wanless and Thode. The yields of Xe and 

Xe 130 represent the independent yields of I 128 and Ii3(),, respectively, 

since these nuclides are shielded from their i3 ·chains by tellurium 

isotopes. The irradiation conditions were chosen-so as to minimize 

neutron capture in the fission products. The u235 metal foils_ used in 
_ 12 I 2 the above analyses were irradiated in a thermal fluxof 3.7 X 10 n em 

pe:r sec for 3 h. 'The yield of Il30 was designated as an upper limit 

because of the ~re~ence of _ a ma·ss-129 peak of comparable intensity. 

The mass-129 position could be assigned to natural Xe contamination (no 

hydrocarbon background was present) and the appropriate .correction applied 

to the ~ss-130 yield., However, since the origin of the' mass-129 peak 

was in q_ues~ion, it was felt that the total observed mass-130 yield should 

be taken and designated as an upper limit. No peak was observed at the 

mass-128 positions in our spectra. The smalles~ detectable peak that 

could be observed above the electron multiplier background (under static 

analysis· _the _lO-y Kr decay produces a detectable sign13_l) was taken as the 

upper limit to the I 128 yield. 

All errors in the relative cumulative yield measurep1ents are of 

the order of, or less tb,an, 1% unless otherwise designated. If errors 

are designated, they are derived from the standard deviation in the 

results of a large number of mass spectra. 

,; 

B. Fractional Chain Yie~ds 

The fractional chain yields of Csl35 and Xe135, arid the fractional 

cUmulative yield of I 135 , are listed in ''rable VIII for fission at ex-
- ; ' ' - ' 236* 

citation energies of 39.3, 26.8, 23, and~ 17 MeV in the U compound 

nucleus. The yields of Csl35 relative to Csl37 for three separate decay 
,; '-*' ' 

periods t,: and the duration T of each irradiation have also been 

tabulated for each energy in Table VIII. It is f:rom these data and the 

tr!:J-nsforniatibn :eq_v.ations; derived earlier•·that the above listed fractional 
- -

yields are calculated. 

Decay period measured from beginning of irradiation. 

' 



Table VII. Relative yields of Kr and Xe ~· otopes for thermal-neutron 
35 fission of 

Mass No. 

83 

84 

85 

86 

128 

130 

131 

132 

134 

136 

a See reference 12. 

Wanless a and Thode 

1.000 

1.839 

0-538 

3-715 

l.2X 10-5 
b 

1.71 X lo-4 

1.000 

1.496 

2-750 

2.207 

b 

Krypt:on 

Xenon 

ObserV-ed 
this work 

1.000 

1.858 

0.539 

3-633 

< 1.3 X 10-5 

-4 
~ 1.13 X 10 

1.000 

1.493 

2.735 
c 

(2.194 ) 2.184 

bThe yields of Xe128 and Xel30 represent the independent y~elds of r128 

~0 . ~ and I as measured by Kennett and Thode. 

CCorrected for neutron capture produced xe136; value in parentheses is 

the uncorrected observed relative yield. 
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Table VIII ... Fract~onq~ chain yields of 135' cha;i.n for fission of ~36* 

-Observed· 
135/137 

0.1665±0.0031 

0.6632±0.0060 

' 1.231 ±0.007 

0.0795±0.0008 

0.5174±0.0022 

1.169 ±0.010 

.o. 0560±0. 0018 

.0.5347±0.0051 

·1.140 ±0.907 

0.0191±0.0025 

0.:5976±0.0066 

1. o84 ±o. 011 

' ~ . ' 

t(h) T(h) ... Cs 
'135' .. 

39·3-MeV excitation 

1.57 0.917 

13;30 0.917 

'. 135 
Xe 

197. 0.917.' 0.098±0.006 0.523±0.010. 0.376±0.009 

26.8~MeV excitation 

l. 78 0.883 

13.07 0.900 

300. o·· .. 900 o. 032±0. oo4 o. 381±o. 009 o. 586±0. 012 

23.0-MeV excitation 

l. 77 0.65 

14.73 0.65 

350. 1.07 0.014±0.004 0.333±0.009 0.653±0.015 

15.0-' to 18.0-MeV excitation 

l. 78 0.883 

13:07 0.900 

300. 0.900 (< 0~009) 0.22 ±0.010 0~78 ±0.02 

ail35 is a fractional cumulative yield. 
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Table IX shows the fractional chain yields of a number of 

shielded isotopes produced from the He
4

-induced fission of Th232 (if36*) 
for a variety of excitation energies. The independent yields have been 

measured relative to a neighboring chain yield in the same elemen"4. The 

column designated "measured as" lists for each isotope the manner in 

which it was measured, and the cumulative yield to which it was compared. 

The mass-spectrometrically measured ratios are listed under the "observed 

yield" heading (cs136, Rb86, and cs132 yields include small decay cor­

rections). The observed independent yields were converted to fractional 

chain yields by dividing by the relative total chain yield for that 

particular mass chain. Because a number of independent yields were 

measured in stable daughters, corrections for the small independent 

yields of the daughter had to be applied to the observed fractional chain 

yields. These corrections were determined from the charge-distribution 

function measured in this work. In acddition, the yields measured in the 

Br80 ' I 126, and I 128 daughters required correction for branched decay 

in the parent. The last column of Table IX: lists the corrected fractional 

chain yields along with an explanation of each correction. 

Table X shows fractional chain yields for the He
4

-induced fission-
235 - 4 of U at 43.6-, 38.0-, 33.8-, and 28.0-MeV He ~ AA additional correction 

is required for these results due to the isotopic composition of the tar­

get material. The foils used in the experiments were 93% ~35 and 7% ~38 . 
Corrections for the contribution of He4 -induced fission of ~38 to the 

independent and chain yields of ~35 were based on the data of Chu.
21 

The errors quoted for the fractional yields are the result of 

the standard deviation in the measured ratios plus any uncertainty in 

the relative chain yield used in deriving the fractional chain yield. 
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Table IX. Fractional chain yields f f" · f u236* Or lSSlOn 0 

Indep end€;n t Measured Observ:ed a ·Corrected fractional 
yield of as yield chain yield chain yield 

57.0-MeV excitation 

Br8o Kr8o:Kr84 (-.<0. 00096) (.i(O. 0023) · (~0.0025)b 
Br82 Kr82:Kr84 0.0260 0.0400 0.0400±0.0026 
·126 
I Xel26:xel31 0.00171 0.00155 0.003.9±0.0004c 
Il28 Xe128:Xe131 0.0638 0.0602 0.0633±0.0013d,e 

Xe129 Xel29:Xel31 0.00849 0.00816 0.0082±0.0004 

I 
130 Xe130~Xe131 0.350 0.343 0.315±0.004e 

43-5-MeV excitation 

Br82 Kr82:Kr84 0.0120 0.0183 0.0183±0.0015 
Il28 Xe128:Xe131 0.0205 0.0205 0.0219±0.0006d 

Xe 129 Xel29:Xel31 0.00289 0.00289 0.0029±0.0003 
Il39 Xe130:Xe131 0.187 0.187 o.l8o±o.oo4e 

39·3-MeV excitation 

8o Br · Kr8o:Kr84 (~0.00026) (~0.00070) (<_0.00076)b 

Kr 
81 Kr8l:Kr84 (<<0.00014) (<<0.00030) (<<0.00030) 

Br82 Kr82:Kr84 . 0.00847 0.0137 0.0137±0.0003 
Rb86 Rb86:Rb87 0.00230 0.00267 0.0026'7±0.00022 
Il26 Xel26:Xel31 0.000101 0.000124 0.00028±0.00005c 
Il28 Xel28:Xel31 0.0138 0.0155 O.Ol65±0.0005d 
Xe129 Xel29:Xel31 0.00113 0.00122 0.00122±0.00013 
-Il30 Xe130:Xe131 0.148 0.153 O.l49±0.002e 

Cs132 Csl32:Csl37 0.00164 0.00137 0.00137±0.00011 
Csl34 Csl34:Csl37 0.0377 0.0302 0. 0302±:Qt;JOQ:t3 

Csl36 Csl36:Csl37 0.278 0.230 0.230±0.008 
Prnl50 Sml·50: Sml49 0.020 0.025 0.025±0.003 



Table IX. (cont.) 

Indep end Em t Measured Observed Fractional Corrected fractional 
yield of as yield chain yielda chain yield 

27-1-MeV excitation 

Br82 Kr82:Kr84 0.0073 0.0120 0.0120±0.0006 
Il26 Xel26:Xel31 0.000065 0.000083 0.00019±0.00006c 

I 
128 Xe128:Xe131 0.0109 0.0121 O.Ol29±0.0005d 

Il30 Xe130:Xe131 0.129 0.133 0 .129±0. 002e 

35.1-MeV excitation 

Br8o Kr8o:Kr84 (~0.00022) (<0.00058) (..::;;o. ooo63) b 

Br 
82 Kr82:Kr84 0.00578 0.00963 0.0096±0.0004 

Il28 Xe128:Xe131 0.00823 0.00968 O.Ol03±0.0004d 
:1:~9 Xe Xe129:Xe131 0.00059 0.00066 0.00066±0.00022 

Il30 Xe130:Xe131 0.112 0.117 O.ll4±0.002e 

33.1-MeV excitation 

Br82 Kr82:Kr84 0.00471 0.00805 0.008l±O.D004 
Il26 Xel26:Xel31 (~0 . 0000 36) (~0 . 00004 7) (-<O. 00011) c 

128 Xel28:Xel3l 0.00633 0.00763 0.0082±0.0004d I 

Xe 
129 Xe129:Xe131 (.~0.00057) (.:;;_0.00064) (~0.00064) 

Il30 Xe130:Xe131 0.0930 0.0979 0.0957±0.0025e 

31.1-MeV excitation 

Br82 Kr82:Kr84 0.00410 0.00732 0.0073±0.0004 

I 
128 Xe128:Xe131 0.00460 0.0058 0.0062±0.0004d 

1130 Xe130:Xe131 0.0773 0.0822 0.0806±0.0019e 



Independent 
yield of 

Br8o 

Br82 

Il26 

Il28 

Il30 

Csl34 

Cs 136 

Il28 

Il30 

Cs 
134 

Cs 
136 

Br82 

Il28 

Il30 

Measured 
as 

Kr8o:Kr84 

Kr82:Kr84 

Xel26:Xel31 

Xel28:Xel31 

Xe130:Xe131 

Csl34:Csl37 

Csl36:Csl37 

X 128 131 e :Xe 
Xe130:Xe131 

Csl34:Csl37 

Csl36:Csl37 

Kr82:Kr84 

Xe128:Xe131 

X 130 X 131 e : e 

Table IX. (cont.) 

Observed Fractional 
chain yielda 

28.7-MeV excitation 

(-<.0. 00015) (-<.o. ooo5o) 

0.00356 0.00647 

(-<O. 000017) (~0. 000024) 

0.00315 0.00420 

0.0624 0.0671 

26.8-MeV excitation 

0.0089 0.0076 

0.131 0.111 

23.1-MeV excitation 

0.0015 .0.0021 

0.0321 0.0357 

((.0.0078) (<0.0068) 

0.0813 0.0713 

21.0-MeV excitation 

0.0027 0.0056 ~ 

0.0011 0.0018 

0.0235 0.0273 

Corrected fractional 
chain yield 

(.:::;0.00054) 

0.00647±0.00051 

(-<._0. 000054) c 

0.0045±0.0003d 

0.0660±0.0018e 

0.0076±0.0007 

0.111±0.006 

0.0023±0.0005d 

0.0354±0.002le 

(<0.0068) 

0.0713±0.0045 

0.0056±0.0014 

0.0019±0.0002d 

0.0273±0.0030 

15.0- to 18o0-MeV excitation 

Csl36 Csl36:Csl37 0.0242 0.0223 0.0223±0.0035 

aFractional chain yield is the ratio of the observed independent yield 

to the total chain yield. 

bCorrected for branching decay (0.92~-). 

~Corrected for branching decay (0.44~-). 

dcorrected for branching decay (0.936~-). 

eCorrected for independent yield of daughter. 
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Table X. Fractional chain yields for He4 -induced fission of ~35 

Independent Measured Observed Fractional Corrected fractional 
yield of as yield chain yield chain yielda 

43.6-MeV He 4 

Br8o Kr8o:Kr84 0.00051 0.00106 0.0012±0.0003b 
Kr8l Kr8l:Kr84 (<0.000086)(<0.00015) (<0.00015) 
Br82 Kr82:Kr84 0.0342 0.0495 0.0525±0.0015 
1126 Xel26:Xel3l 0.0025 0.0028 0.0067±0.0005b 
1128 Xel28:Xel3l 0.0808 .. 0.0842 0.0938±0.0015b,c 
Xel29 Xel29:Xel3l 0.0121 0.0124 0.0132±0.0004 
1130 Xel30:Xel3l 0-396 0.400 0.376±Cl.006c 

38.0-MeV He 
4 

Br8o Kr8o:Kr84 (<0.00031) (<;0 . 00068) (~o . ooo74) b 

Br 
82 Kr82:Kr84 0.0258 0.0385 0.0410±0.0016 

1126 x l26.x 131 e : e 0.00146 0.00168 o.oo4Ho.ooo4b 
1128 Xe128:Xe131 0.0573 0.0616 o.o689±0.0018b,c 

Xel29 X 129 X 131 e : e 0.0069 0.0071 0.0075±0.0003 
1130 Xe130:Xe131 0.326 0.329 0.318±0.006c 

33.8-MeV He 
4 

Br82 Kr82:Kr84 0.0180 0.0277 0.0295±0.0015 
1126 Xel26:Xel3l 0.000664 0.00087 0.0021±0.0002b 
1128 Xel28:Xel3l 0.0334 0.0371 0.042l±0.0014b,c 

Xel29 Xel29:Xel3l 0.0036 0.0038 0.0039±0.0002 
1130 Xel30:Xel3l 0.249 0.254 0.25l±0.006c 



Table X. (Cont.) 

·· independent Measured Observed Fracticmal Corrected fractional 
yield of' as yieid ·chain yield chain yielda 

Br82 Kr82:Kr84 0.0112 0.0181 0.0192±0.0014 

1
126 Xel26:Xel31 0.00020 0.00029 0.00071±0.00015b 

1
128 Xel28:Xel31 0.0151 0.0180 o.o2o4±o.ooo8b 

Xe 
129 Xe129:Xe131 0.00154 0.00171 0.0018±0.0001 

1
130 Xel30:Xel31 0.155 0.162 O.l64±0.005c 

aAll yields corrected for isotopic composition of the target. 

bCorrected for branching decay. 

cCorrected for independent yield of daughter. 

·. 
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V. DISCUSSION 

A. Charge Distribution 

1. Charge-Distribution Function. 

The fractional chain yields for three members of the mass-135 
4 232 decay chain resulting from the He -induced fission of Th are plotted 

vs Z in Fig. 5. The maximum in t~e curve fitted to the fractional yields 

for each energy fixes the value of Z . The Z is the value (not neces-
p p 

sarily integral) of the most probable nuclear charge among fission pro-

ducts of the same mass number. 

All the 135 chain results are presented as a function of (Z-Z ) 
p 

in Fig. 6. The fractional yield data are consistent with a Gaussian 

curve 

where y. is the fractional independent yield of a chain member having 
l 

atomic number Z: and c is the normalization or width constant of the dis-

tribution. The value of c which best fits all energ_ies is 0.95± 0.05. 

Wahl et a1. 26 have measured fractional yields for two or more 

members of several decay ch8 .. ins in the thermal-neutron fission of u235 . 

The value of c obtained from a weighted average of the several chains was 
236* 0.94 ± 0.15. Since the same compound nucleus (U - ) was produced in 

both researches: the above results indicate that a single charge-distri­

bution func~ion is maintained through a wide range of excitations (6.5 to 

39 MeV). The charge-distribution curve reported by Blann55 f~r Au+ c12 

fission is essentially the same as that found here: within experimental 

error. These results substantiate the previous conclusions: and in addi­

tion: suggest that there also exists an independence of the charge dis-
-56 

persian with the mass of the fissioning nucleus. Pate et al. · observed 

an invariance in the dispersion width at lower energies for the proton­

induced fission of Th232 . 
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Fig. 5. Gaussian charge-distribution curves fitted to fractional­
yield data. The iodine fractional cumulative yields are fitted 
to an integrated curve bas"ed ori the Ga.ussian distribution. 
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u236* 

e E * =39.3 MeV 

o E* ~ 26.8 MeV 

• E* =23 MeV 
o E* = 15-18 MeV Cs 135 

c5 135 

0.0 I '----1----'-_--'2'---'---_-'-,-...____._0_.....___.__,___.2,___.___.3 

Z-Zp 

MU-29484 

UCRL-10673 

Fig. 6. Gaussian charge-distribution curve which best fit the 
fractional yield data of the mass-135 chain for all energies. 
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Swiatecki and Blann?7 have pointed out that a Gaussian charge­

distribution function results if the charge fluctuations for a system in 

thermodynamic equilibrium with harmonic restoring forces can be attributed 

to statistical and quantum fluctuations. A quantum statistical relation­

ship between the charge~distribution width constant c and the nuclear 

temperature (related to excitation energy) was derived that is valid for 

all nuclear temperatures. Their relationship indicates that the width 

cons4ant should be independent of temperature within the range of excita­

tions that have been reported here (as is observed). 

Th f t . l h · · ld of Cs136 and the e rae ~ona c a~n y~e 

yield of Xe136 for the He 4-induced fission of Th232 
fractional cumulative 

and u235 are fitted 

best with the identical distribution function found for the 135 isobaric 

sequence. See Fig. 7. 
Due to the close proximity of the 82 neutron shell to the 135 and 

1·36 isobari·c chains, one might expect possible perturbations in the primary 

product yields if nuclear shell structure were influencing the final pro­

duct distribution. No noticeable deviations from a smooth Gaussian function 

were observed for the excitations studied. This can be taken to mean that 

the importance of shell structure has been reduced to a minor level. 

Colby and Cobble59 .have investigated the independent yields of a few iso­

topes with one neutron beyond a closed neutron shell. Their conclusions 

were that these isotopes had abnormally low yields. However, these 

conclusions were based upon some prescription for predicting Z of the 
p 

particular chain, and thus, as contrasted with our results, were not in-

dependent of the assumptions involved in the prescription. If their 

interpretation were correct, Xe137 which has an appreciable independent 

y~eld (~ 30% of chain yield for some of these energies) would lose a major 

portion of its yield to Xe136. A change of this order in the Xe136 cumu­

lative yield would be easily discernable and was not observed. 

2. Empirical Z 's and Neutron Emission. 

The charge-distribution function for.the 135 isobaric chain is 

uniquely determined from data alone, and is not the result of a correlation 
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• Th 232 +44-MeV He4 

• u235 + 43-MeV He4 

o u 235 + 33-MeV He4 

o u235 + 28- MeV He4 

o.o IO '--.......J...-_...J2"--..I.---.L...I ---..~._..~..o---~._..~.-__._ .......... 2__. 

(Z- Zpl 

MU-29488 

UCRL-10673 

Fig. 7. Fr~ctional yields of Xe136 and Cs136 as a function of (Z-Z ). 
The xel3b cumulative yield is based on the mass-136 chain yield P 
obtained from an extrapolation of light~r-mass Xe chain yields. 
The csl36 fractional yields for u235(He4,F) are those of reference 58. 



of fractional yields from different masses based on a Z prediction. 
p 

Therefore it is instructive to approach the problem of charge division in 

a manner similar to Wahl's34 treatment of thermal-neutron fission of u235. 

That is, Z values for chains in which the fractional yield of only a 
p 

single member is known may be estimated from the charge-distribution curve 

previously described, by letting the single fractional yield fix the value 

of (Z-Z ), and thus Z . An assumption that is automatically injected into 
p p 

the discussion is that the charge dispersions in all mass chains are iden-

tical. This appears to be a good. assumption in view of the results of 

other workers,
26 

and indirectly, from the observation of the invariance 

of the dispersion with excitation energy. 

The fractional chain yields of shielded isotopes measured in this 

work, and the empirical Z 's for those chains are summarized in the 
p 

Appendix. The energy dependence of Z for fission resulting from the ex-
236 p 4 235 . 

cited U * compound nucleus (Th232 + He and U · + n) can now be investi-

gated. Figure 8 is a plot of Z vs the excitation in u236*. If an 

empirical Z is known in neutro~ fission of u235 for the masses listed, it 
p 

is also incorporated in the plot. Above approximately 23-MeV excitation, 

it can be seen that the Z 's of the heavy-mass chains vary with energy 
p 

in similar ways. It is likely that above this energy the· fission process 

has "established." itself. That is to say, the distribution of nuclear 

charge between the primary fragments is now controlled by a process which 

is unaltered by additional excitation in the compound. nucleusj therefore, 

the resultant change in Z with energy is due only to increased neutron 
- p 

emission at the higher excitations. This smooth and similar variation 

in Z with energy adds support to the assumption of an identical charge 
p 

dispersion in all mass chains. The fractional chain yields of the se~arate 
/ 

mass chains are varying over different regions of the charge-distribution 

curve, yet they still predict the same change in Z for a given change in 
p 

energy. This means that the actual dispersion is identically equal in all 

isobaric sequences. At lower excitations .(below ~. 23 MeV) a more rapid 

change of Z with energy is observed for the mass-130 and. -136 chains. 
p 

These yields are in the same mass region as the supposedly nuclear-shell-
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30 40 
E* (MeV) 

50 

UCRL-10673 

60 

MU-29498 

Fig. 8. Empirical Zp's for the fission of u236* as a function of ex­
citation6energy. The u235(nth,F~ empirical Zp's are taken from Wahl 
et a1., 2 except Pml5°. The Pml 0 fractiopal chain yield of Chu2l 
has been corrected for Pml50 formed by sml49(n,~)Pml)O. The u235 
(nl4Mev,F) empirical Zp's were derived from data in reference 25. 
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influenced yields produced in the fission of u235 by thermal neutrons. It 

is. therefore likely that the same faCtors which depressed the thermal­

neutron u235 yields are causing the rapid drop of Z at these masses as 
p 

the excitation is lowered. 

* If we return .to the region above E """23 MeV for Z 
p 

vs ·E* we can 
' 

obtain some information concerning the rate of neutron boil-off as a func­

tion of excitation energy. Since 

arid (~ )zp = ( dv ) 
- ~ zP ' 

(~ )z (~)~ 
= 

(~)E p 

then 

The quantity (oZP/dA.)E can be approximated by noting that Z closely 
p 

parallels ZA' the most stable charge associated with mass number A. 

or (~)E :::::: (dZA) * dA :::::: 0.38 ' 

(~) """ 
(~)A 
0.38 

The average for (oZP/oE)A in the mass chains closest to symmetry (see 

Fig. 8, A= 128 to 138) is 0.026 Mev-1 . Since this represents just the 

An average value for the.mass regions stated. 



change for one fragment and the complementary fragment variation is not 

known, we approximate the total dv TidE by taking twice the single fragment 

change: 

(
dv) 6 -1 2 dE ~ 0.13 MeV . 

For a symmetric split, twice the single fragment change should precisely 

I I -1 6o 
equal dvT dE. "A value of dvT dE :;= 0.12 MeV was obtained by Leachman · 

from an analysis of the number of neutrons measured experimentally in 

fission induced by 0- to 14-MeV neutrons. From a correlation of all fis­

sion data through~ 35-MeV excitation, Powers61 derived a value of 0.134 
-1 

MeV . Our result can be considered in good agreement with ~hese values. 

It will be shown later that there is strong evidence the light fragments 

emit fewer neutrons than the heavy at higher excitations, thus improving 

the agreement in dvTidE. 

Figure 9 shows a plot of Z vs He
4 

bombarding energy, constructed 

from results for the He 4-induced fission of u235. Thorium and uranium 

show the same dependence of Z with excitation. In addition, they both 
p * 

show that the Z of the light masses (around 82) vary more slowly withE 
p 

than do the Z 's of the heavy masses. To illustrate this point a bit more 
p 

dramatically we have plotted in Fig. 10 the fractional chain yield ratio 
1281 82 128 of I Br for a number of energies. We chose I as the heavy-mass 

representative because it has approximately the same fractional chain 

yield as the Br
82

. If we believe (as was inferred from Fig. 8) that in 

fission the division of nuclear charge between the primary fragments is 

independent of excitation at these energies, the only factors that could 
. 128 82 contr1bute to the I IBr energy dependence are: (l) the charge disper-

sions in the two mass chains are not identical, and (2) the heavy fragment 

dvldE is greater than that of the light fragment. Factor (1) is totally 

inconsistent with our earlier reasoning. In addition, if the distribution 

were wider for mass 82, which has to be the case if the effect is in the 

dispersions, the empirical Z --predicted from the fractional chain yield p . 
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Fig. 9. Empirical Zp's for u235(He4,F) as a function of the He4 
bombarding energy. 
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o u235+ He4 

0 Th232+ He4 (U236*) 
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MU.29~95 

Fig. 10. Fractional chain yield of r128 relative to the Br82 f4actional 
chain y~eld as a function of excitation energy for Th2) 2 (He ,F) and 
u235(He4 ,F). 
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and the wider dispersion--would be lowered. The Z predicted for this 
p 

mass on the basis of our Gaussian of c == 0.95 is already unusually low if 

the dV/dE of the heav.y and light fragments are the same. We are left with 

factor (2) being the more plausible. The dv/dE varies, depending on the 

mass region. It is conceivable that the two listed factors could both 

contribute to the variationj however, the dominating contributor should 

be dv/dE .. 

The empirical Z 's for the He 4-induced fission of Th232 and u235 
p 

are plotted as Z -0.4A vs mass number A in Fig. 11. The mass number A 
p 

is the product after neutron emission. The expanded charge scale Z -0.4A 
p 

was suggested by Coryell35 so that any_ structure in the Z function would 
p 

be easily observed. 

From Fig. llit is shown that a smooth non.,.wiggly line can be 

drawn consistent with the.data for each case. The resulting lines define 

the Z functions for the t;wo systems. The extrapolation in the intermedi­
p 

ate~mass region can be justified by a number of reasons. The accuracy of 

our data is such that the trends Efhown for the Z 's in the light- and 
p 

heavy-mass regions are unquestionable. (The error bars placed on the data 

points in Fig.11 represent the maximum possible error from all sources 

(assumptions, etc. ) in each point. The data alone warrants much lower 

error limits.) This·' together with the fact that structure in the Z 
p 

function for the mass-128 to 1)6 region has disappeared (see Fig. 16) 

compared to low-energy fission supports the smooth joining of the curves 

for the two regi.ons. The Z function in the intermediate region is in 
p 

agreement with the energetics involved., One expects from our ear.ner re-
. 6o 61 

sults for dvT/dE and the results of other workers ' that at about 4o-MeV 

excitation a total of about seven neutrons should be boiled off per fission. 

The fact that these are in agreement will be shown next. 

It is possible from the Z function alone to extract information 
p 

concerning the total number of neutrons J v,r, emitted per fission as a 

function of the mass split. For a pair of complementary fragments the 

values h = Z -0.4~ and P. = Z -o.4A
1 

can be obtained from Fig. 11. 
PH PL 
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u235 + 43.6-MeV He4 

o This work 
o Chu (reference 21) 

Th232 + He4 (u236*) E* = 39.3 MeV 
• This work 
• Foreman (reference 28) 

Mass number,A 

MU-29 .. 93 

Fig. 11. Empirical ~'s vs mass number A. 
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If we assume no charged particles emitted at these excitations, then 

Z +-. Z =' ZC and A + ~ = AC - vT' where ZC and AC are the charge and 
PL PH -1., I 

mass of the compound nucleus, respectively. From these relationships it 

can be shown that for complementary fr~gments 

= 
o.4 Ac - zc+ (h+£) 

o. ( 4) 

The total number of neutrons, vT' was calculated from Eq. (4) as a func­

tion of the mass split by choosing approximately complementary mass frag­

ments (±1 neutron) for the determination of h and £ from Fig. 11. The 

choice of fragment pairs depends on the total number of neutrons emitted; 

however, this only affects the derivation of vT in second,order, and does 

not-change the conclusions to be drawn. 

In Fig. 12, vT calculated from our Zp function is plotted vs 

It is readily apparent that there is a strong dependence of vT 

on mass asymmetry. Also shown is the variation o.f vT with mass ratio for 

the spontaneous fission of Cf252 as measured by Stein and Whetstone.&rz,_ 

·The portio!'). of their curve·given covers the mass ratios containing the 

great majority of fission event-s. The variation in vT oqserved for the 

spontaneous fission of Cf252 still appears to be a dominant feature of 

fission even at higher excitations. The energy partition in fission must 

be such that the symmetric modes receive a greater share of excitation 

than the asymmetric divisions. 

From an analysis of cumulative yield measurements for nearly com­

plementary masses in the deuteron-induced fission of natural uranium, 
. 63 

Sugihara et al. · also observed that fewer neutrons are emitted i114 modes 

leading to highly asymmetric products compared with the most probabli 
64 

modes. One of Milton and Fraser's interpretations of the l~rge drop in the 

total kinetic energy release near symmetry for neutron fission of u235 , 

u233 , and Pu239 was based on large excitation energies at symmetry. They 

also pointed out that the two types of fission-symmetric fission with 

highly excited fragments of low kinetic energy, and asymmetric fission 



7.0 

6.0 

5.0 

4.0 

3.0 

0.50 

-53-

u235 + 43.6-MeV He4 

Cf 252 spontaneous fission 
(Stein and Whetstone, 

reference 62} 
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MU.29490 
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Fig. 12. Total number of neutrons emitted per fission vs the mass 
fraction AH/Ac; AH is product mass after neutron emission. 
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with moderately excited fragments of high kinetic energy--might be associ­

ated with the existence of two barriers and two saddle~point shapes as 
6 

predicted by liquid drop calculations of Cohen and Swiatecki.' 5 

It is possible to perform a total energy balance by using a suit­

able mass equation once the number of neutrons and the charge division 

for the fragment pairs are known for the system. This we hope will yield 

the dependence of the average total kineti~ energy release on mass ratio. 

The energy balance ~an be written as 

where (~) is the average kinetic energy of the primary fragments, (~)· 

is the average total energy release, and (EB) is the average neutron bind­

ing energy for a particular fragment pair. The quantities Enk (neutron 

kinetic energy) and E (gamma energy) were assumed to be independent of 
~ 6~ 

mass, and were. given the values used by Milton and Fraser: Enk ~ 1.2 MeV 

and E ""' 7.5 MeV. The dependence of vT on mass ratio was that of Fig .. 12. 
'Y ' ' 

Figure 13 shows the average total kinetic energy release, (Ek), 

function of the heavy-fragment mass calculated for fission on Th232 as a 
. 67 

Curve A is based on Cameron's mass formula.· The induced by 44-MeV He4 . 

tables of Milton68 were used to determine (~) and (EB) for the charge 

division predicted by our Zp function. In these tables (~) and (EB) have 

been averaged over a Gaussian charge distribution similar to that measured 
6 -

in this work. Curve B is based on the energy release given by Green's 9 

liquid drop mass formula and our Z function. For this case an average 
p 

neutron binding energy for all masses was assumed as (EB) ~ 5.6 MeV in 

order to be consistent with the liquid drop interpretation. 

No strong conclusions can be drawn from the results in Fi,g. 13. 

However, one can notice that the shell-affected.mass formula yields a 

dependence of (Ek) similar to low-energy fission; whereas, the liquid drop 

model shows a var:i:ation resembling higher-energy results.7.
0 



170 

160 

->a; 
~ 150 

140 

I 
I 
I 
I 
I 
I 

I , 

120 

-55-

(Whetstone and Leachman, 
reference 66) 

u235+ n 
fh 

(Milton and Fraser, 
reference 64) 

130 160 
Mass number 

MU-29491 

Fig. 13. The average total kinetic energy as a function ot the heavy­
fragment mass. Curve ~~) is calculated from Cameron4s 7 masses and 
curve (B) from Green's 9 masses for Th23 (44-MeV He ,F). 



3. Minimum Potential Energy (MPE) Treatment of Charge Division. 

Once the Z function has been determined, the next logical step 
p 

is to seek an explanation or mechanism for the observed division of charge 

between fragment pairs. The unchanged charge distribution (UCD).hypothesis 

which enjoyed success for 190-MeV deuteron fission of Bi209 (Goeckermann 

artd Perlman11') has not received any substantial support for intermediate-
21 -8 2- ~4 

energy fission. ,5 ,7 7- According to this hypothesis, the primary 

fission fragments have the same neutron-to-proton ratio as in the fission­

ing nucleus. The UCD hypothesis predic4s values of Z for the extremely 
• p 

asymmetric mass splits (this is the most sensitive region) that are incon-

sistent with our results. The charge-to-mass ratios predicted for the 

heavy fragments are much greater than observed. 

Two other postulates which prescribe the manner in which nuclear 

charge is to be divided in fission are the equal charge displacement (ECD) 

hypothesis, and the minimum potential energy (MPE) theory. The ECD hypo­

thesis was an empirical suggestion by Glendenin et a1. 30 which stated 

that the most probable charges for one fission fragment and for its com­

plementary fragment lie an equal number of charge units away from beta 

stability. The MPE theory proposes that a nucleonic redistribution occurs 

such that a minimum in the sum of nuclear potential energy and Coulombic 

repulsion energy is attained. Because the ECD and MPE treatments yield 
36 almost similar results for a particular mass formula, we chose the MPE 

for its theoretical basis--and also for the reason that our results 

suggested a mechanism that gives the light fragment more than its share 

of charge, and the heavy fragment less. 

The basic ideas embodied in the MPE theory were first proposed by 

Present. 75 The later MPE formulations of Swiatecki7
6 

were employed by 

Blann36 to describe successfully the charge division for the fissi~ of 

Aul97 with 112-MeV c12 ions. We will use the MPE treatment, as did Blann, 

in the framework of the liquid drop model. That is, a liquid drop mass 

formula (Green
69) is used to describe the nuclear potential energy surface. 
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The total energy for a fragment pair can be written 

P.E. (5) 

assuming the configuration at scission can be represented by tangent 

spheres, where D is the effective separation of the fragment centers; ~' 

~' ZL' and ZH are the mass and charges for the heavy and light
6
fragments; 

and Q is the unit of elemental charge. Green's mass formula is· 9 

The constants given by Green are: a
2 

= 17.97, a
3 

= 0.718, and a 4 = 94.07 
MeV. Substituting the mass formula into Eq. (5) and minimizing 

(dP.E./dZL = ¢) with the constraint ZL + ZH = ZC' the compound nucleus 

charge, one obtains for Z (before neutron boil-off from fragments) 
PL 

A -1 -l/3 1 2 -1) 
ZC \ a4AH + a3AH - 2 Q D •. (7) 

Milton68 developed a similar expression for Z , except that his expres­
PL 

sion contained additional parameters to account for any spheriodal defor-

mation of the fragments at scission. In this work the effective separation 
2 

of the fragment centers D was chosen so that the ZHZLQ /D term of Eq. (5) 

would yield the correct total kinetic energy release. The kinetic energy 

release is dependent on the mass ratio of the fragments; therefore, an 

average value forD was taken (D =l8F) and held constant in Eq. (7). 
\ 

In order to interpret gainfully the predictions of Eq. (7) as 

regards the experimentally determined Z 's, one must know how many neutrons 
p 

were emitted from the individual primary fragments. Our earlier discus-

sions showed that the total number of neutrons, vT' emitted per fission 
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was dependent on masscasymmetry._ This-observation, along with some 

assumption concerning the partition of vT between the light and heavy 

fragments, could be used (as is the usual case in a study of charge distri­

bution) to test the validity of a proposed charge-division prescription 

by comparing with the experimentally derived Z 's. However, the assumptions 
. p 

relating to the partition of vT at these higher'excitatiohs possesses no 

more strength than the z prescription itself.· It is therefore proposed 
p . . 

that we assume the MPE.treatment predicts the exact-charge division for 

the primary fragments, 1:md that from the· empirical Z · 's we dete:dnine the . 
p 

neutron yields vA for the individual fission fragments. 

In.Figs. 14 and l5.the lv'JPE Zp f1mctions for 4J 3,. 2, and l neutron 

being boiled out of the primary fragments are shown along with the empiri­

cal Z 's for the two cases. Also shown are the predicted vA's. For 

Th23~+ 44-MeV He
4 

and u235 + 43.6-MeV He4 the average fissioning nuclei 

t k. 235 d 238 · 5 t. Th ·' · h t were a en as U an Pu · , respec J_vely. ese were c osen so as o 

be consistent with the branching rat--ios for neutron emission arid ,fission, 
- 28 . 

r n/rf, giVen by Vandenbosch et aL 77 and Foreman for these compound 

systems.' 

Our results indicate that the sawtooth ·variation of neutron yields 78,79 
with fragment mass observed f.br spontaneous .and thermal-"neutron fission 

disappears in higher-excitation fission. Although the corresponding light­

mass regions show a similar variation, the effect in the lightest heavy 

fragments has been ,completely "wash,ed out." .For low-energy fission, the 

minimum. in the fragment neutron .yield is found in. the neighborhood of 
so 

N """50 and Z """50 (masses 82 and 128) .. Terrell suggested that these 

magic or near.,-rriagic· fragments have low excitations and consequently emit 

almost no· neutrons, beca,use of greater rigidity against distortion from 

. near-spherical shapes. ·This interpretation could be applied to higher­

excitation fission in ·the light-mass,rs;gion (N """.5Q); however, the pro­

ducts- near Z """ 50 are no longer: formed with loi'[ excitations. The fact 

. that an appreciable portion of higher:-excitation-fi_ssion events come from 

symmetric modes may influ~nce .. tpe n,.eutroY). :yie:lds. ( excitation) more near 

Z """ 50 than ne~r the .N """ 50 :region. 
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---- Empirical· Zp function 

(a) 

160 
Mass number,A 

(b) 

160 

Mass number,A 

MUB-1630 

Fig. 14. 
4

(a) The most probable charge, ~' in fission of Th232 induced 
by He , based on MPE for the emission of 4, 3, 2, and 1 neutron from 
the primary fragment. (Points are indicated as in Fig. 11.) 

(b) The fragment neutron yields vA needed to fit the empirical 
Zp function by MPE. The average fissioning nucleus was taken as u235. 
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u?35 + 43,6-MeV He4 

---- Empirical Zp function 

MPE vA= 4 

(a) 

-1.0 L.....----'-----'-----'---"------'-----'------'--..___ _ _.__ _ __, 

70 80 90 100 110 120 130 140 150 160 
Mass number,A 

(b) 

70 80 90 100 110 120 160 
Mass number, A 

MUB-1631 

,Fig. 15. 
4

(a) The most probable charge, ;,, in fission of u235 induced 
.by He , based on MPE for the emission of 4, 3, 2, and 1 neutron from 
the primary fragment. (Points are indicated as in Fig. 11.) 

(b) The fragment neutron yields vA needed to fit the empirical 
Zp functions by MPE. The. average fissioning nucleus was taken as Pu238.5. 
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Since the primary product neutron yields are known for the thermal­

neutron fission of u235, and, in addition, there is a large body of empi­

rical Z 's for the system, one can meaningfully test the validity of 
p 

various charge-division prescriptions. Figure 16 shows the empirically 

determined Z 'sand Z functions for u235 (nth'F) and Th232 (44-MeV He 4, F), 
p p 235 

along with the predictions of UCD (curve A~ and MPE (curve B) for U 

(nth' F). The number of neutrons emitted by a fragment was taken from a 

straight line fitted to Terrell's8D corrected experimental data for 

u235:,nth' F). In the region near symmetry, the light- and heavy-fragment 

neutron yields were joined by a smooth curve. The MPE curve is derived 
6~ 

by using Green's 7 mass formula and an effective fra@nent separation (D) 

of 18 F. The MPE Z function fits the average trend of the empirical Z 's 
p p 

very well. The UCD does not at all predict reasonable Z 's (as has been 
p 

observed before). 

Coryell et a1. 35 have proposed a method for deriving the Z of any 
p 

isobaric chain for various types of fission differing in compound nucleus 

and in excitation energy. Their expression uses the Z function for 
235( ) U nth' F as a basis function for all computed 

Z function, 6Z (A), by their method is dependent 
p p 

p 
Z 's. The shift in the 

p 
only on ZC' AC and vT' 

the charge and mass of the compound nucleus, and the total number of 

neutrons boiled out per fission. This method is inapplicable at higher 

excitations for two reasons: (a) no structure similar to u2
35(nth' F) re­

mains in the Z function at higher excitations, and (b) the shift in Z 
p p 

due to increased excitation is not the same for all mass chains, as is 

implied by their prescription. 

The foregoing results and discussion of charge distribution strongl;y­

suggest the need for a direct experimental determination of fragment 

neutron yields for fission induced by charged particles. A measurement of 

this type will remove the major obstacle in the path of answering the 

q_uestion of how nuclear charge is divided in fission at these exqitations. 
' ! 

We feel that our indirectly determined neutron yields will be verified, 

and thus will establish the validity of the MPE treatment of nuclear charge 

division in fission. 
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o Th232+He4 (u236*l E*= 39.3MeV 

• o u235 +nth <u236*l E* =6.5 MeV 

Empirical Zp function 

u235+nth (Wahl, reference 26) 

Mass number,A 

MU-29~85 

160 

Fig. 16. The empirical Z 's for u236* are compared; and the comparison 
of empirical·Zp's fo~u235(nth'F) with those predictedby UCD curve 
(A) and MPE curve (B) are made. 



4. Population of Kr
8

5 Isomeric States in Fission. 

We observed that as the excitation energy in the compound nucleus 

increased, the amount of fission-produced Kr85 (t 1 = 10 yr, I = 9/2) in-
2 

creased relative to the total mass-85 chain yield. For thermal-neutron 

fission of u235 in which the independent yield of Kr85 is n~gligible, all 
85m( 4 1) the mass-85 yield decays through Kb t1 = h, I = 2 . The 4-h state 

branches such that 21.9% of the decays g~ to the 10-yr ground state, 811ana 

the remainder decays to Rb85. So if the total 85 chain yield (including 

the independent yield of Kr85 ) populates Kr
8

5m, the observed Kr85 (10-yr) 

relative to the mass-85 chain yield would equal 0.219. Figure 17 shows 

the observed Kr
85 (10 yr) relative to the mass-85 chain yield as a function 

of energy for the helium-ion-induced fission of Th232 and u235. The energy 

dependence for the observed ratios is related; to the amount of indepen­

dently formed Kr85. An expression for the branching from Kr85m(BR) can 

be deriv~d from our results (OBS), the fractional chain yield of ~85(FCY), 
and the fraction of Kr

85 that populates the ground state (a): 

OBS - a(FCY) 
1 - a(FCY) 

= BR. (8) 

Now we can determine a, since the branching is known from other sources 81 

(BR = 0.219) and the FCY can be predicted from the Zp function,dZP/dE, 

and the Gaussian charge dispersion. Upon performing this operation, it 

is found that a ~ L In order to illustrate this,~ _choose: a = 1 and 

calculate a BR according to Eq. (8). The calculated BR's are designated 

"corrected points" and are shown in Fig. l7j they are tabulated in Table 

XI for u235(He4,F). The error bars on the corrected points represent the 

uncertainty in FCY. It is readily apparent from the agreement between 

the corrected points and the expected branching that the majority (a > 90%) 

of the independently formed Kr
85 populates the high-spin isomer. 

·82 
Biller · measured several isomer cross sections from _3,.40~MeV pro-

ton fission of bismuth, and found that in all cases the high-spin isomer 
83 was formed in greater yield. Hicks and Gilbert,- and a number of other 
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235 4 r • observed 
U + He .\. o corrected 

Th232 H 4 ( 236*) c• observed + e U o corrected 

• 
• 

• 
0.250 • • . 

~T --- 2~--~--~~1-?.21---~--- ----------f---
020~o 30 40 50 so 

MeV 
MU-29487 

Fig. 17. The dependence of thelO-yr ~85 isomer yield ~elative to tlle 
mass-85 chain yi.eld on the ex~itation energy for u2.3 * and the He 
bombarding energy for u2.35(He ,F). The dashed horizontal line rg­
presents the expected ratio if all of mass-85 yield populates Kr 5m. 



Table XI. 85 4 Fraction of mass-85 chain produced as Kr (10 yr) for He -
induced fission of u235. 

L~ 
He energy Fraction produced Fractional c§ain Calculated 

(MeV) as Kr85(10 yr)a yield of Kr 5 branchingb 

43.6 0.320 0.127 0.222±0.012 

38.0 0.303 0.108 0.219±0.010 

33.8 0.284 0.085 0.218±0.009 

28.0 0.263 0.059 0.217±0.006 

a 
Obtained from data of Table VI. 

b Based on a = 1) Eq_. ( 8). 
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workers (see reference 84 for a review), supported Biller's observations. 

However, it is difficult to say from these resui ts (and our results) 

whether the population of high-spin states is an intrinsic property.of 

fission, or characteristic of the deexc.itation from a highly excited 

species indepen'dent of its production. Whichever the case J it cannot be 

denied that the deexcitation of the primary fragment (neutron or ~) must 

occur .from high angular-momentum states. 

B. Mass Distribution 

1. Yield-Mass Curve. 

The yield-mass distribution is still predominantly asymmetric at 
236* 7(· 39-MeV excitation. A yield-mass curve for U _(E = 39.3 MeV) is shown 

in Fig. 18. The curve in the symmetric region was derived from an extrapo­

lation of the higher-mass yield results, and a radiochemically measured 

valley-to-peak ratio. 29 The ordinate. was adjusted so that the total area 

under the curve integrat,ed to ~ 200%; thus it now represents the approximate 

fission yield (ojo). Since there are not enough data in the light-mass re­

gion, we cannot determine the number of neutrons emitted as a function of 

mass ratio by reflection of the fission yields. Davis
2

9 observed upon 

folding his radiochemical cumulative yield results for Th
232

(39-MeV He
4

,F) 

that about five neutrons were emitted per fission. He also noted that 

this was low compared to what is expected at this excitation. Hm-rever, 

these results were based on mass reflections for q_uite asymmetric fissio:tJ.­

modes and, therefore, would only y~eld vT for this region. As demonstated 

in this work; vT is dependent on mass ratio, and decreases as the asymmetry 

of the mode is increased. The value of about five neutrons obtained by 

Davis29 is in. good agreement with the values derived for these mass ratios 

in our earlier discussions. 

The ufine structuren observed for tbe Xe cumulative yields12 in 

the thermal-neutron fission of u2
35 is nonexistent in charged-particle­

induced fission (see Fig. 19). One prominent feature of the yield-mass 
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u236* E*= 39.3 MeV 

• experimental point 
o reflection point 

100 II 0 120 130 140 150 
Mass number, A 

MU-29492 

Fig. 18. Yield-mass curve for fission of Th232 with 44-MeV He4. 
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u235 + n E * ;6.5 MeV 

U235+ n E* =20.5. MeV 

Th232+He4 E~=39.3MeV 

Mass number 

MU-29496 

Fig. 19. .Heavy .;wip.g, of the yield-II).?Lss .. curve for u235+ thermal n~~~rons 
(raference 24), u235+ 14-:MeV neutrons (reference 25), and Th + 44-MeV 
He . The error bar shown indicates the uncertainty in the normaliza­
tion of the rare-earth relative yields to the Xe relative yields. 



curve is the rapid drop in the mass-137 and 138 yields. The rate at which 

these yields are decreasing is greater than the rate for the light rare 

earths. A possible structural preference in the fission act; or a vari­

ation in neutron emission from the primary fragments could account for 

this. 

2. Independent Yield Distribution for Isotopes of a Given Z. 
The relative independent yields of Cs, Xe, and I isotopes provide 

enough information for deriving a distribution function for the indepen-

dent yields of isotopes of a given Z. In Table XII the relative indepen­

dent yields are listed for the highest-energy helium-ion-induced fission 

of u235 and ~h232 . All yields are relative to the mass-131 total chain 

yield. Since the yield-mass curves are nearly_-_leV;el :in this_ region, the most 

probable mass number, A , for a given charge should peak at the same value 
p 

of cross section for each isotope (Cs, Xe, and I). These conditions--to-

gether with the distribution function that best fit all the results--were 

used to determine the A 's for each Z. 
p 

Figure 20 shows the relative yields (y ) of Table XII plotted vs 
r 

(A-A ). A Gaussian function 
p 

gives the best fit to the data. 

(9) 

It can be shown that this dependence is expected in light of a 

Gaussian charge dispersion, and equal chain yields. The yield for inde­

pendent formation of a product nuclide is given by 

y(A,Z) = Y ( 0 . 95TT ) 2 exp - p 
_l [-~-(Z-Z )2] 

A 0.95 
(10) 

where YA is the chain yield for mass number A: and the other variables 
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have the usual meanings. Since it is known that the chain yields in this 

mass region are the same (YA = YA,)' and dZ /dA = 0.365 (obtained from 
' p 

data in the mass region 126 to 136) or 6Z = 0.365 (A-A'), the yield in 
p 

some other isobaric seQuence A' within this mass region is given by 

l 

y(A',Z) = YA(0.957T)-2 exp 
L (Z-ZPA -0 .365A + 0. 365A' )

2
]. 

0.95 
(11) 

Upon setting 2Jy(A',Z)/2JA' = 0, one obtains A as a function of z, Z , and 
PA 

A , where A is the mass (not necessarily integral) at which the yields 
p p 

of isotopes of a given Z have a maximum. By substituting for A in EQ.(ll), 

the yield at constant Z becomes 

. - (A I) Yz 

or in general 

(12) 

(13) 

The agreement between Eq. (9) and Eq. (13) substantiates the fact that the 

charge dispersion is a Gaussian of width constant 0.95. 

Blann55 observed that the distribution of independent yields of 

lsotopes for a given Z in the 112-MeV c12 
fission of Au

1
97 could also be 

described by a Gaussian. However, the distribution width constant (c= 6.0) 

was not the same as that of the above distribution (c= 7.0). Levy and 

Nethaway, 85 upon an analysis of Blann's results, proposed that-symmetric 

fission may follow a bivariate normal distribution of charge and mass. The 

Gaussian distribution of mass shown in our work is a consequence of 

the Gaussian charge dispersion, and the nature of the tOtal mass yields;· 
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126 

128 

129 

130 

131 

132 

134 

136 

126 

128 

129 

130 

136 
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Relative illdependent yields of Cs~ Xe, and I isotopes for ~ 
the He -induced fission of u2~5 and Th232. 

Relative independent yields a 

Csb Xe I 

u235 43.6-MeV He 
4 

0.0057 

0.0865 

0.0121 

0.357d 

0.0038 

0.0190 

0.191 

0.500 0.355c 

A ~ 136.8 134.2 131.7 p 

u 236* 
57.0-MeV excitation 

0.0039 

0.0681 

0.0085 

0.327d 

0.390c 

A ~ 134.4 131.9 p 

a All yields relative to Xel3l chain yield. 

b Relative Cs independent yields are those of N. Souka,58 based on 

0.0038 as the fractional chain yield of cs131 . 
c 

Corrected for small yield of precursor. 

d Corrected for:yield of daughter since Il30 was measured in Xe. 
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Gaussian 
(c= 7.0) 

Th232 +He4(u236*) E*= 57.0 

• Xe 
• I 

u235+43.6-MeV He4 
o Cs 
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Fig. 20. Relative independent yields of I, Xe, and Cs isotopes vs mass 
number, (A-Ap) . 
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APPENDIX 

Table XIII. Fractional chain yields and empirical Z values. p 

Th232 + He 

Excitation Fractional 
energy Isotope chain yield (Z-Z )a z (z -o.4A) 

(MeV) 
p p p-

Br8o (<0.00?5) 2.27 (32.73) (0.73) 
Br82 o.o4oo 1.59 33.41 0.61 

57.0 Il26 0.0039 2.18 '50.82 0.42 I 
-J 

Il28 0.0633 1.45 51.55 0.35 + 
I 

Xe129 0.0082 2.01 51.99 0.39 
Il50 0.315 0.76 52.24 0.24 

0.0183 1.81 33.19 0.39 

43.5 0.0219 l. 76 51.24 0.04 

0.0029 2.24 51.76 0.16 

0.180 1.05 51.95 -0.05 



Table XII. (cont.) 

Excitation Fractional 
energy Isotope chain yield (Z-Z )a z (Z -0.4A) 

(MeV) p p p 

~ So 
(::;0.00076) 2.51 (32.49) (0.49) Br 

Kr81 (<0.00030) 2.68 (33.32) (0.92) 
Br82 0.0137 1.89 33.11 0.31 
Rb86. 0.00267 2.26 3!+.74 0.34 
1126 0.00028 2.69 50.31 -0.09 

39.3 1128 0.0165 1.84 51.16 -0.04 
Xel29 0.00122 2.42 51.58 -0.02 I 

1i30 -.J 
0.149 1.14 51.86 -0.14 \Jl 

I 

Csl32 0.00137 2.40 52.60 -0.20 
Csl34 0.0302 1.?8 53.32 -0.28 
Cs136 0.230 0.93 54.07 -0~33 

Pml50 0.025 l. 72 59.28 -0.72 

0.0120 1.92 33.08 0.28 

0.00019 2.76 50.24 -0.16 

37.1 0.0129 1.90 51.10 -0.10 

0.129 1.19 51.81 -0.19 



Table XIII. (cont.) 

Excitation Fractional 
Energy Isotope chain yield (Z-Z )a z (Z -0.4A) 

(MeV) p p p 

Br8o (::::_0.00063) 2.54 (32.46) (0.46) 
Br82 0.0096 1.97 33.03 o:23 

35-l Il28 0.0103 1.96 51.04 -0.16 
o.ooo66 2.54 51.46 -0.14 

0.114 1.24 51-76 -0.24 

I 

0.0081 2.01 32.99 0.19 -.J 
0\ 

(::::_0.00011) 2.85 (50.15) -----( -0.25) 
I 

33-l 0.0082 2.01 50-99 -0.21 

(::::_o.ooo64) 2.54 (51.46) (-0.14) 

0.0957 l-33 51.67 -0.33 

t&82 0.0073 2.04 32.96 0.16 

31.1 Il28 0.0062 2.08 50-92 -0.28 
Il30 o.o8o6 1.37 51.63 -0.37 

Br8o (<0.00054) 2.57 (32.43) (0.43) 
Br82 o.oo647 2.07 32-93 0.13 

28.7 1126 (::::_0.000054) 2.97 (50.03) (-0.37) 
.. , 128 

I 0.0045 2.14 50.86 -0.34 
Il30 o.o66o 1.44 51.56 -0.44 



Table XIII. (cont ) 

Exci tat·ion Frac.tional 
energy Isotope chain yield (Z-Z )a z (Z -0.4A) 
(MeV,) p p p 

"' ·::- t5 l54 0.0076 2.03 52.97 -0.63 
.26.8 Cs136 0.111 1.25 53.75 -0.65 

Il28 0.0023 2.29 50.71 -0.49 
Il30 0.0354 1.63 51.37 -0.63 

23.1 Csl34 (:so.oo68) 2.05 52.59 -0.65 
136 

0.0713 1.41 53·59 -0.81 Cs I 
----:] 
----:] 

{(2 I 

I~28 
0.0056 2.10 32.90 0.10 

21.0 0.0019 2.33 50·.67 -0.53 
Il30 0.0273 1.70 51.30 -0.70 

15.0 to 18.0 Cs136 0.0223 l. 76 53.24 -1.16 



Table XIII. (cont.) 

He Fractional 
Energy Isotope chain yield (Z-Z )a z (Z -0.4A) 

(MeV) p p p 

u235 He4 

Br8o 0.0012 2.42 32.58 0.48 
Kr8l (<0.00015) 2.80 (33.20) (0.8Q) 

43.6 Br82 0.0525 1.53 33.47 0.67 
Il26 0.0067 2.07 50.93 0.53 
Il28 0.0938 1.32 51.68 0.48 

I 

Xel29 0.0132 1.90 52.10 0.50 -.J 
CXl 
I 

Il30 0.376 0.64 52.36 0.36 

Br8o (:::0.00074) 2.51 (32.49) (0.49) 
Br82 0.0410 1.58 33.42 0.62 
Il26 0.0041 2.18 50.82 0.42 

38.0 Il28 o.o689 1.42 51.58 0.38 

0.0075 2.03 51-97 0.37 

0.318 0.76 52.24 0.24 



Table XIII. (cont.) 

He Fractional 
Energy Isotope chain yield (Z-Z ) a z (Z -0.4A) 

(MeV) p p p 

Br82 0.0295 Lt)8 33.32 0.52 
Il26 0.0021 2.32 50.68 0.28 
Il28 0.0421 1.57 51.43 0.23 

33.8 0.0039 2.18 51.82 0.22 

0.251 0.88 52.12 0.12 

Br82 0.0192 1.80 33.20 0.40 I 
--..J 

Il26 \0 

0.00071 2-53 50.47 0.07 
I 

28.0 Il28 0.0204 1.78 51.22 0.02 
Xel29 0.00181 2.34 51.66 0.06 
Il30 0.164 1.10 51.90 -0.10 

'---

a (Z-Z ) obtained from the 
' p 

Gaussian distribution of width constant c = 0.95. 
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