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ABSTRACT

*
232 (U256 ) has been investigated

The helium-ion-induced fission of Th
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 U236*. An empirical Zp function was derived from 12
measured fractional independent yields, and compared with the Zp function

2 .
from U 35(1’1 F);;A The various postulates of nuclear charge division were

’
discussed. t;he total number of neutrons emitted per fission as a function
of mass ratio Was determined from the Z function, the neutron yields being
found to depend strongly on the asymmetiy 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 coneerning the dis-
tribution of independent yields within an element and the formation of the

Kr85

of Th

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

232 and U255.



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 ylelds 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
articles summarize these and other aspects of nuclear fission.™

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 U255.

In the ensuing years, practically all the major cumulative yield products
produczd in slow-neutron fission have been investigated in the mass spectro-
-2

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 Michel,El however, showéd 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) 1In addition to the high
precision of this technique, the accuracy compared to radicchemical methods

is ‘enhanced because of the elimination of the usuval radiochemical problems



(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 -U255(nth,F).25'26 - However, detailed studies of
the energy dependence of various fiesion features (especially charge dis-
trlbutlon) through a wide range of excitation in U23 &* are scare. Radio-
 chemical studies of the helium-ion-induced fission of 'I‘h252 (U256 ) were
first performed by Newton (in 1949) who observed the competltlon between
the symmetric and asymmetric modes in flSSlonoEY later Foreman (1958)
and Davis29(1965) contributed yield results dealing with the mass dis-

_ trlbutlon, and to a lesser extent with charge dlstrlbutlone

The obgect of our work was to employ the techniques of hlgh-
vsen51t1V1ty mass spectrometry for the accurate measurement of fission
‘ylelds resultlng from Th 52(He ,Fﬁ. In particular, major attention was
devoted to independent yield measurements so that a detailed analysis of

charge distribution could be made. The comparison of experimentally pre-
dicted primary ylelds with a number of postulates 6’}7’26’50_56 concerning
‘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-
meht: neutron yilelds are not known, and thus any ambiguity in the neutron
yield will be reflected in the predicted 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 mechaniem, fragment neutron yields can be predicted.

In addition to the helium-ion-induced fission of Th232; the relative
rare-gas yields were measured for U235(He ,F) and U255(nth,F). The results

for neutron fission of U255 were a repeat of earlier works. 12,16

I’y



17. EXPERIMENTAL PROCEDURES

A. Target Preparation and Irradiation

L. Target Materials.

In the bombardments where rare gés, cesium, or rubidium yields were
measured, the target material consisted of 0.001l-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 irradiations, 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
ThO, 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 Thog. 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 1077 to M@_loé). Natural contamination will
completely obscure the fission-produced isotopes if not kept to a minimum.

Elution of Thu+ 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 pufification wags accomplished by the
following procedure: Chemically pure thorium foil was dissolved in con-
centrated HCl. An equal amount of concentrated HNO5 was addgd and the
resultant solution evaporated to nmear dryness. The remaining solution was
made TM in HNO5 in as small a volume as possible and then was passed through

an anion—exchaﬁge (Dowex-1) column. The column was wathed with 7_1\4_HNO5



for several column volumes, after which the thorium was removed with
dilute HC1l. - The effluentvcontéinihg the thorium was.collected and made
™ in HNO5 , 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 NHAOH. The purified hydroxide was trans- v
ferred to a quartz crucible and ignited to Th02.>_

" 2. Irradiation.

A conventional microtarget or “cat's-eye" target was used for
mountihg the foil targetsu58 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 pA-h at a beam intensity of & 8uA. Single foil targets were used
in short bombardments whenever fission yield measurements were to be per-

136

formed quickly (for example; the measurement of the. Cs fractional chain
yield);‘ In stacked-foil irradiations, it was not necessary to sandwich
the target'matérial 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 in our analysis since no absolute cross-section measurements were
made.

| - Due to the physical form of the purified ﬁarget material (THOQ),
a special type of target was required. The target was made by hydraulically
pressing the Tl’iO2 into a depréssion in a l/l6-inw copper plate. The plate
was constructed to fit a modified microtarget. The depth of the depression
(0.0025 to 0.0035 in.) was chosén in such a way as to produce the desired
energy loss of the helium-ion beam in the target material.

Front cover foils of 0.00l-in. aluminum were used in all irradiations.

If a lower-energy bombardment was desired, the helium-ion beam was degraded
vy weighed:. aluminum foils placed directly in front of the target. - The
energy degradation in aluminum and thorium foils was determined from the

39

rangé energy tables of Williamson and Boujot.
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A1l helium-ion bombardments less than 48-MeV were performed on the
Crocker Laboratory 60-inch cyclotron. The ILawrence Radiation ILaboratory

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 specs.
trometer in the measurement of fission yields is usually limited in practice
by neturalicontamination. 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 wefe 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 reagentsy ., special care was taken in their
preparation. The M nitric acid was prepared by redistilling reagent grade
(c.p.) HNo5

until the desired concentration was reached. Conductivity water was pro-

from quartz, then collecting the distillate in conductivity water

cured by double distilling (from quartz) the effleunt of a mixed-bed ion-
exchange column: 0 Hydrochloric acid and ammonium Rydrexidewere made through
the dissolution of their respective anhydrous forms (HC1l and I\IH5 géses) 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 favor 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



3 months to 1 year, thus necessitating a reactivation;v In all cases re-
bombardment contributed less than l% to the éhains aiready pfesent and,
therefore, any incomplete decay of the newiy formed products'does not
appreciably change the existing fission yields. The €lution was monitored
by ¥ - counting all collected fractions. A typical elution curve is shown
in Fig. 1. All separations were run under identical conditions in order
to eliminate the need for <y -pulse-height analysis (identification) 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-l 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

. g
diluting them to the desired concentrations (= 10 12 g/uliter):’

C. Gas=-Sample Preparation.

In order to take advantage of the high sensitivity of the mass
spectrometer, a sample—prepafaﬁion system 1s required that will extract
the rare-gas fission products free of undesirable gases—hydrocarbons,

02, N2, HQO, 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 1 .
(10 to 10 2 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 spectrometer.

1. 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

technique was chosén because of its simplicity and cleanliness. The

%
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fusion was performéd by electrical-resistance heating of the target con-vv
tainer (tungsten boat). The target container or tungsten boat is formed
by folding lengthwise a 3/4- by 4-in. strip of 0.00l-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 insula.tor.sgu5 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 assembiy to conserve‘pbwer and to confine the
gpread of radioactivity within the chamber. The tungsten boat containing
the target of interest was heated by direct passage of.cnirent-ffom 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),
thé 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} Thé apparatus was asgembled of 5/8-in. stainless steel
tubing and a small portion of 10-mm pyrex tubing. The packless all-metal
isolation valves (bakable-diaphragm type) used throughout the system were
commercially availablé.;i The bakeable inlet valve to the mass spectrometer

was patterned after the design of Alpert.#j

A demountable oven completely
enclosed the gas-handling system.

The gettering action of hot titanium metal was used. to-remove the
unwanted gases released in the melting 0peration.@8 Strips of 0.002-in.
Ti foil 1-3/8 in. wide were corrugated and colled to form a cylindrical
element 2 in. in diameter. Two such elements were contained within a
welded 2—‘by L-in. stainlesé steel container attached to the preparation
line. A furnace: capable of heating the getter to at least 850°C was

constructed from tube furbace heatetselements ofi2-3/8:-in. i.d.




UCRL-10673

-11-

Advac insulators

Cu gasket

knife-edge seal

: Ta radiation shield
%

Tungsten
boat

Stainless steel

jow

MU.29489

Target melting chamber.

Fig. 2.



Pirani gauge

Getter —»
furnace

-12-

To mass spectrometer

Alpert valve
ACharcocl traps

Oven wall
| o JVET

———— Roughing

= 4T>

N/

lon gauge
I -

0000

IS

-Iniet for standard samples

0000\,

Titanium getter

iy
2—>Roughing -

\

Liquid-No trcpsy

Melting chamber
L

Fig. 3.
system.

isolation valves
P Hoke type 415
><] Hoke type 413

Diffusion pump

NSNS RS

MU.29494

Schematic diagram of the rare-gas handling and purification



Fig. L.

1% UCRL-10673

ZN-3592

Rare-gas handling and purification system.



“1ls-

A Sylvania (R1111M) Pirani gauge was placed in the sysfem to
monitor the gas pressure during the meltlng operatlon and to monitor
the getterlng actlon of the hot tltanlum An ion. gauge was excluded
‘from-the preparatlon-llne because of 1t5xpump1ng actlon

In order to concentrate the purlfled Kr and Xe fission products,
a charcoal trap was placed adgacent to the mass-spectrometer inlet valve.
The Kr and Xe are condensed at liquid-nitrogen 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 S5-liter il (Octoil-S)-diffusion'pump preceded by two

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

7?l'Multiple trapping was intrbduced to reduce hydrocarbdn back-streaming.

'Howeve;,,in'our operadtion one trap was found to be sufficient.

. 3+. Preparation Procedure

_ The gas sample preparation procedure was as follows: A foil
.‘ftarget Wthh 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 melting because croee contamination could occur

if a portion of the previous sample remained'unmelted, and because the boat
is physically weakened by reaction with the target ﬂaterial and by re-
crystallization. The melting chamber was sealed, and the whole pre-
paration system given a complete bakeout.

- For succeeding samples it waS1mnece@sﬁzyto bake the entire pre-
peration line since the melting chamber could be isolated from the re-
méinder of the system and was thus the only portion exposed to the atmos-
phere. - However, the titanium getter and the-charcoai.trap, because of
their large surface areas, were individually-baked out at MOOOC prior - to
each analysis to ensure against cross contamination. Upon completion of
the bakeout, the sample preparation line was isolated from the diffusion
pump. - The targef (Th-or'U)'was melted'by passing a large current through
the tungsten target container. - Normally all targets melted at or below

a current of 90 A in the tungsten boat.



In the meantime the titanium getter was heated to 85OOC and main-
tained at that temperature for approximately 1/2 h. The pressure rise that
accompanied the melting never exceeded 20 u 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. When 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

1. 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 metal 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 designl;9 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.5o 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
lockﬁm which permits rapid introduction of samples, a pumping éystem capable
of maintaining a 2 X lO—B—torr operating pressure, and a nuclear magnetic
resonance fluxmeter for mass calibration.

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

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

The gas mass spectrometer is a 6-in.-radius 6O—deg4sec£or single-

. directioh-focusing instrﬁment~which also employs.an’electron'multiplier
detector. - The conventional electroh—impact ion ‘source is operated at 3 kV
jon-accelerating potential with a regulated ionizing current (trap) of 80 -«

'uﬁ. A source magnet of 100 G is used to collimate the electren beam. The
speCtrometer system 1s constructed of stainless steel and is enclosed by
demountable ovens. A liquid-nitrogen-trapped mercury diffusion pump and

"o ﬁbaliter/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’indium

valve,5 the getter 1on pumps then take over the system pumping. A base

pressure of 8 X lO~ . torr, as measured by a modified Bayard-Alpert type
ionization gauge, is readily obtained.

Bakeouts at 200 C were found suff1c1ent to reduce the hydrocarbon
(lbackground in the Kr and Xe mass reglon to levels below or Just abovende-
Atectablllty. For example, a.xenon 1sotope exhlbltlng a partlal pressure of
= lO = torr in the mass spectrometer is detectable. - Xenon measurements
for cyclotron targets were performed with ion beam,lnten51t1es that were a
.factor of = 10° above the detectable limit. _ o

A1l 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 ﬁsing the static
“‘methqd'of analysis the sample'under investigation would become slightly con-
taminated by a mixture of previeuS'samples° -The contamination or memory
is released by ion bombardment. It can be'eehtrollediso as not to interfere
| with subsequent measurements through bakeouts and fast analyses; however,
it cannot be completely eliminated. Thisxspectrometer memory was also

observed by Reynolds.ﬁzr
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III. TREATMENT OF DATA

A. Cumulative Yields

For the low- and intermediate-energy fission of a heavy nucleus
(ewg., U256)J 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 iscbaric 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 yiélds of the
respective fission chains can then be 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.

Deg?ite precautions to prevent stable isotope contamination, slight
amounts of natural rare earths were observed in our analyses. The rabe-
earth column separation eliminates 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. For the element being analyzed, the natural-eontamination:.
correction.is based on a stable isotope of that element having an insignif-
icant fission yield. Shielded isotopes such as Nd142 and fSﬁlaS
possess both low yields (KX 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 obtalned from.the spiked sample In other words, one

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

and from the amountvof'5p1ke added. In some. cases it is possible to . -
normalize the relative yilelds of adjacent elements through the measure-

‘mént of a yield they have in common. The mass-14l4 chain can be measured )
" poth in Ce and in Nd since Celuu has an;appreciable.half—life (285 days),
'therebyvpermitting the'Ce.ang Nd relatiﬁe yields to be normalized without

13

cumulative yield was related to the Cs yields

136

isotope -dilution.  The Ba
Cin thls manner by measurement of Cs yield both in'Cs and. in Ba.

'In addition %o 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 1%3 chain yield in both Xe and Cs;

:ﬂ'hOWevef; this was not done here, since ell of our targets were allowed to
“eool" for a period long compared with the 5-day Xe 55 ”The Cs and Xe yields
133 35

were normalized by assuming that the Cs and Cs ylelds were consistent
with the curve for the Xe yields. We can justify thi¢ normalization on

" the asSumption thet higher-excitation fission has'afsnoothing'effect on
possible structure in the yields. Thls is in agreement with our rare-
 earth results in that the graphically normalized partial curVes agree with
"the 1sotop1c dilution normallzatlon within the splklng accuracy.

S A yleld-mass curve was obtained for the 131- 0 154- mass region
by normalizing our 131 to 138 and 142 to 154 curves through the use of
"radlochemlcal yields. 28,29 A rare- earth cross sectlon was chosen from
' “the best flt of the radlochemlcal yteld-mass results to our rare-earth

curve, and used along with a s1mllarly obtained cross section from the Xe
region as a basis for normalization. The accuracy of such a normalization
is not expected to be as high as the mass-spectrometric precision (= 1%)
vof'the'relative yields; howeﬁer, it is hoped to be better than 10% since
we used several radlochemlcal Cross sectlons which best fit our accurate
relatlve yields. '
In some_lnstances, the measured yield did not represent the

totel chain yield. The remainder of the chain is located in isotopes of
higher Z. To obtaln the correct yleld one could measure and add yields
of the hlgher-Z 1sotopes, or apply a correction to the partial yleld

based on the charge distribution in that iscbaric. sequence Both methods
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were employed; for example, the Sm;SO and Na'° yilelds were summed to
cbtain the 150 total chain yield; whereas, the Cs157 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 B~ decay chains represent independently formed fission
products. Shielded-isotope measurements comprise most of the unambiguous
results on independent fission yilelds, but since these isot0pes lie so
close to P 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 yield. 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).

The C5136, CslyL 132
to the Cs157
yields of Xe and Cs, one can obtain fractional chain yields for these

isotopes. The independent yields of 1130, 1128, and 1126 were obtained

12 1
150, e 8 and Xe 26——

and Cs independent yilelds were measured relative

chain yield. ZFrom the previously determined relative chain

X
relative to the Xei51 chain yield. The contribution of the daughter to

through measurement of their stable daughters—Xe

the yield is in most cases very small, and an accurate correction can be
made by using our charge distribution function. The yield of Xe129 that
1s shielded by the 107—year 1129 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).



. a partial chain yield. (= 70%) because of hold=-up in Kr

=20~

lThlS was accompllshed by a smooth extrapolatlon based on analysis of .
radiochemical data in thls reglon 8,29 The accuracy of such an.extra-

‘poéatlon is expected to be better than 5% The 1ndependent yields of
2 8l

80
Br = and Br =~ were measured in their Kr daughters relatlve to the Kr
,chain. The necessary relatlve chain yields for the 82 and 80. chains

were derlvedmfronlan extrapolation of our Kr chain measurements based on

-80

a reflection of the complimentary rare-earth relative yields. -The Br ,
12 1

I 6, and I 28 exhibit branched.decay. between .B+ , electron capture,

and B  modes. Branching ratios from Strominger et al.ig were. used to

correct the obsgerved yields. The Pm150
150

fractional chain yield was

measured in its stable daughter,  Sm
The independent yield of Rb86 was measured. However, in this

r measurement natural Rh,contributed appreciably to the mass-85 and mass-

.87 fission yields. 1In order .to obtain the yield of Rb86 relative to

8
- the Rb 7 chain yield, an assumption concerning magnitude of natural con-
tamination had to be made. Since Rb85 is the major natural isotope and is
85

,. 1t was assumed

- to be all natural. This results in an error such that the Rb86 fractional
-chain yield is an. upper- 1dmit, The relative chaln‘ylelds at these mass
positions were determined by &nEﬁbﬁiidentical 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 chaln are required. By observing the growth rate of
the long -lived Cs 55 from the isobaric chain, it is possible to calculate

from the equations of radloactlve transformation, the major primary yields

135

in this chain. The fractlonal ylelds of Cs 125 and Xe , and fractienal

135

~cumulative yleld of T have been measured by thls methed

The observatlon of the growth was made by chemlcally separating
the Cs 135 from its precursors at a specified time, then measurlng the
. 135

accumulated Cs relatlve to Cs137 (Cs157 precursors have completely,

decayed prior to Cs separatlons) Observatlbns'were performed for three

decay times: approximately 1 h, 13 h, and 8 days after irradiation.
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Upon consideration of the 135 decay chain, where x, y, and z

A
0.30 I 2 _ Xel35m

S

/ \\h
TN 010 I 2 Xel?5 3 e

155m
y ‘ \\Kh \

Xe - R— Cs,
z Cs

are the independent production rates of I, Xe, and Cs respectively, and
f is the fractlon of the independent yield which populates the 15-min

55 135 yields

isomer, we can derive and. expression for the observed Cs
as a functlon of the production rates, time from beginning of irradiation

to separation, f, and the length of irradiation, T. ©See sketch and Egs.
(1), (2), ana (3).

Ny e (A t) , Mg exp(-A,t)
0 % j, [exp(n,T)-1] + 70 _‘x55> [exp (A, T)-1]

.Csl = 0.7 X T -

%2x3 exp(—xut)

PO TG a0y ) R
kMAB exp(—xgt) :
BRI R [exp(A,T)-1]

MMy exp(—%zt)

x5(x2 - x5)(x5 - KE)

+ -[exp(kBT)—l] . ;o (1)



oo

- exp(hgt) .
ng = fy (T - '—___X__—— [exp(x T) -1]
"3
(15 ?x.uexp(-kEt) )2 )\.exp(-%. t)[ o).
+ 1-f T - K T)-1] + exp (N, T 21] s

v >"5(>")+ - )\35 Lexp ( j b

(2)

‘CSB = gzT. . (5)

" Since

, C"Slﬁ(t) - Csl,(x,t,’l‘) +.Cse“(y,t,T) + VCSB(Z,{;,T) }
137 - B . ‘ R
R R :

‘Cs

l s t2 ‘and"t5 completely

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

155

threéﬂméasuféﬁéntézof' Cé135/03157 for  t

fractional chain yield is glven

135

to fractional chain ylelds The Cs
by x/(x+yfz) s1m11ar expre351ons give the fractlonal yields of' Xe
and 113 . If the Ba 135 fractlonal chaln yield is appreciable, it must
be considered. In other words, the above fractlonal-chaln-yleld ex-

pressions must be multiplied by the fractlon of the total chain present.
135

In our measurements the Ba yleld was negllglble



Iv. RESULTS

A. Cumulative Yields

Table I shows the relative cumulative yields of Ce, Nd, and Sm
isotopes for the fission of U256*(Th?52 + He%) at 39.3-MeV excitation.
The observed relative ylelds 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 a precursor
by using the first choiée of half-lives given by Strominger et aldﬁb The
yields have been normalized to the mass-143% yield (taken as unity) by
methods previously described, and listed in the last column of Table I.

For conveniemce,we have presented all he% 4 Heu(U256*) results in
terms of the excitation of the U256* compound nucleus. Comparisons of
results from neutron-induced fission of U (U?56*) and the Heu—induced
figsion of Th252 are thus based on the excitation in the U256* system.
The HelL bombarding energy required to produce a particular U256* ex-
citation E* (MeV) is given by EHeu (MeV) =~ E o+ 5.0 within the energy
range used 1n these experiments.

The relative cumulative yields of Kr, Sr, Xe, (s, and Ba isotopes
are tabulated in Table II. TheKr85
sents only the yield of the 10-yr isomer since the shorter-lived k4-h

yield in the "observed column" repre-

isomer had completely decayed before the fission gases were extracted and
analyzed. The Kr and Xe yields 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 U255‘where the relative figsion yields of Kr
and Xe are acgcurately known.25
Tables III, IV, and V contain the relative cumulative yields of
Kr, Xe, and Cs for a number of U256* excitation energies. The relative
cumulative yields of Kr and Xe for the Heu-induced fission of P22 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 cumulative yields of Ce, Nd, and Sm isotopes in U= >6*
' fission at 39.3-MeV excitation.

Mass ‘No. - . 1" "~ ... U Observed ... owmooli Normalized
' : ' . reldative yields .. relative yields

Ce .M _sm
.115
.000
.825
<713
5T
RIS
355
.286
.22k
.171
.126
.06k

e 1.000 .
w3 1.000
Wy o.0®  o0.825°
s .. . 03
k6 ot
B T
w8 . o5
wake . 1000
10 0218 0.020
B 0598
150 - S o
Sk o | 'f“,‘ Co.22h

+

.025
.006
.016
.011
.010
.002
.009
.002
.006
.005
.003
.0025.

+ W+

+

| 2 o N o N & N &
O O O O O O O O O O O O

©O O O 0O 0O 0,0 0O O O '+
H

+

®Corrected for decay (see ‘text). .
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Table II. TRelative cumu Qtive yields of Kr, Sr, Xe, Cs, and Ba isotopes
in U290" fission at %9.3-MeV excitation.

Mass No. Observed Corrected and normalizeda
relative yilelds relative yields
Kr Sr
83 0.778 (0.778) 0.25
8l 1.000 (1.000) 0.330
85 0.309 (1.215) o.uoob
86 1.1k (1.416) 0.L467
88 1.00 (1.82)  0.600
90 _ 1.24 (2.25) 0.742
Xe Cs Ba
131 1.000 1:000
132 1.021 1.022
133 1.006 1.033
134" 1.012 1.043
135 1.000 1.03%3
136 0.767 1.00° 1.010
137 0.812 - 0.862
138 3.1k 0.76M

&Corrected for yields in the higher-7 members of the same chain; column
in parentheses 1s the normalized Kr and Sr data, whereas the last

131

column contains the yields of all elements listed relative to Xe

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

136 136

CThe Ba156 yleld contains only independent yields 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 C5136).
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Table ITI. Relative cumulative yields of Kr and Xe isotopes in UEB-6 fission.

57.0-MeV excitation

43.5-MeV excitation

Mass No. _Relative yields Relative yields
' Observed Corrected Observed Corrected? f
Krypton _ .
83 0.800- 0.800 0.788 0.788
-8l 1.000 1.000 1.000 71.000°
85 0.343 1°19ob 0.312 1.200°
- 86 1.3%8 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 0.8%3 0.925 0.957 1.007
136 0.465 0.830 0.670 0.957

aCorrected for yilelds in

Db

Relative mass yield for

-

86 mass yields.

the higher-7Z members of the same chain.

the 85 chain, obtained from a smooth curve

fitted to the 83, 84, and

-‘9"8;_
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Table 1V. Relative cumulative yields of Kr and Xe isotopes in U256 fission.
37.1-MeV excitation 35.1-MeV excitation 55.1-MeV excitation
Mass No Relative yilelds . Relative yields a Relative yields
Observed Corrected” (Observed Corrected  Observed Corrected”
Kryton
83 0.772 0.772 0.770 0.770 0.760 0.760
8l 1.000 1.000 1.000 1.000 1.000 1.000
85 0.30% 1,218° 0.295 1.021° 0.291 1.206°
86 1.416 1417 1.h426 1.he26 1.43h 1.434
Xenon
13% 1.000 1.000 1.000 1.000 1,000 1.000
1%2 1,027 1,027 1.03k 1.03k 1.0k6 1.0k6
134 1.048 1.07h 1.049 1.074 1.074 1.095
136 ' 0.819 1.061 0.840 1.063 0.899 1.10k4

\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

8%, 84, and 86 mass yields.

~Le-
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Table V. Relative cumulative yields of Kr, Xe, and Cs isotopes in U236 fission.

31.1-MeV excitation 28.7-MeV excitation 23.1-MeV excitation _21.0-MeV excitation

Mass No. "Relative yields _ Relative yields a Relative yields a Relative yields
Observed Corrected” Observed Corrected” Observed Corrected” Observed Corrected

. B . Krypton
85' 0.749 0.749 0.737 0.737 '0.710 0.710  0.691 0.691
8l 1.000 1.000 1.000 1.000 1.000 ~1.000 1.000  1.000
85 0.201 1.234° 0.285 1.243° 0.275 1.255° 0.269 1.25°
.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 1.06% 1.106 1.106 1.136 1.13%6
134 1.102 1.120 1.120 1.134  1.218 1.220 1.271 1.271
135 ‘ 1.000 1.1ko0 1.000 1.148 . 1.000 1.233 . 1.000 1.26h
136 0.963 1.156 0.99% 1.161  1.1hk 1.24k3 1.216 1.24h6

0.998 0.877 1.08k 0.923 1.168

137 0.847 0.986 0.856

aCor;irected.fqr»yields in the higher~Z,memberé of the same chain; the Xe and Cs yields have been

normalized (see text) to the 131 chain yield.

Prelative mass yield for the 85 chain, obtained from a smooth curve fitted to the 8%, 84, and 86

mass ylelds.

—géﬁ



Table VI. Relative cumulative yields of Kr and Xe isotopes for Eission of U255 induced by 43.6- ,
38.0-, 33.8-, and 28-MeV He' .

: k3.6 MeV 33.0 MeV 33,8 MeV 28.0 MeV
Mass No. Relative yields Relative: yields a Relative yields Relative yields
Observed Corrected Observed Corrected Observed Corrected Observed Correcteda
Krypton
83 0.823 - 0.823 0.814 0.81h4 0.806 0.806 0.787 0.787
8k 1.000 1.000  1.000 +1.000 1.000 1.000 1.000 1.000
85 0.380  1.187°  0.361 1.193° 0.341 1.201° 04320 1.216°
86 1.362 | 1.39% 1.379 1.40% 1.401 1.415 . 1.430 1.436
‘ » ‘ Xenon N
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 0.93k4 1.038 1.052 1.109
136 0 1.150

.390 0.886 0.453 0.92k4 0.628  1.16% 0.728

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

PRelative mass yield for the 85 chain, obtained from a ‘smooth curve fitted to the 83, 84, and 86 mass
yields. . ' ‘ _— »
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The relatlve ylelds of Kr and Xe..isotopes . for the thermal—neutron
"flss1on of U235 have also been measured and are tabulated in Table VII

12 128
along w1th the results of Wanless and Thode. The ylelds of Xe and

XelEO represent the independent yields of 1128 and I15 5 respectlvely,
vs1nce these nuclides are shielded from their B~ 'chains by tellurium
1sotopes The irradiation condltlons.were chosen s0 as to minimize
neutron capture'in the fission products. The U255 metal foils used in
the above analyses were irradiated in a thermal flux of 3.7 X lO12 n cm?
per sec ‘for 3 h. 'The yield of I:LB wa's des1gnated as an upper limit
becausefof the presence_ofll. a mass-129 peak of c¢omparable intensity.
The mass-129 position could be assigned to natural ke-contamination (no
~hydrocarbon background was present) ‘and the apprOprlate correctlon applied
to the mass—lBO yleld However, since the origin of the! mass—129 peak
was in questlon, 1t 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 pos1tlons in our spectra The smallest detectable peak that
could be observed ‘above the electron multlpller background (under static
analy51s the 10~y Kr decay produces a detectable s1gnal) was taken as the
upper limit to the I128 yield. _ ’

AlL errors in the relative cumulatlve yield measurements. are of
the order of, or less than l% unless’ otherw1se de51gnated If errors
are de51gnated, they are derived from the standard deviation in the

reSults_of a large number of mass spectra.

5 "j - B. TFractional Chain YieldsA

The fractlonal chain ylelds of Cs 135 and Xe: 55, and the fractiondl
135

cumulatlve yleld of I ; are listed in Table VIII for fission at ex-

*
c1tatlon energles ‘of 59 5, 26 8, 23, and = 17 MeV.in the U 236
137

compound
nucleus.; The ylelds of 05155 relative to Cs for three separate decay
perlods t and the duratlon T of each 1rrad1atlon have also been
tabulated for each energy in Table VIII. It is from these data and the
transformatlon equatlons derlved earller ‘that the above listed fractional

ylelds are calculated

3
Decay period measured from beginning of irradlation.
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vTable VII. Relative yields‘of'Kr and Xe igotopes for thermal-neutron
vfission‘qf

Mass No. . Wanless Observed

and Thode® this work
~ Krypton
83 1.000 :1.000
8L 1.839 1.858
85 0.538 0.539
86 3.715 - 3.633
. Xenon '
b
128 1.2 x 107 . <1.%3 % 1077
130 1.71 ><-1o'LL < 1.13 X 107
131 1.000 1.000
132 1.496 1.493
134 o 2.750 2.735

136 2.207 : (2.19% ) 2.184°

gSee reference 12.

bThe yilelds of'Xe128 and_Xel5O represent the independent yields of 1128

and 1150 as measured by Kennett and Thode.16

136,

CCorrected for neutron capture produced Xe ; value in parentheses is

the uncorrected observed relative yield.
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*
for_fission of U256

Table. VIII. -Fractional chain yields_of l§§zchain‘

o O0BeETVEd T T T T r e, e D e e e e a
~ 135/137 t(n) (). G5 X °
.- 39.3-MeV excitation ..
0.1665£0.0031 1.57 0.917
0.6632+0.0060 13.%0 - 0.917
~1.231 +£0.007 197. 0.917' 0.098+0.006 0.523+0.010. 0.376+0.009
: 26.8:MeV excitation
0.0795£0.0008 . 1.78  0.883
0.5174+0.0022 - 13.07  0.900
1,169 *0.010 300, 02900 0.032+0.00% 0.381£0.009 0.586+0.012
- 23,0-MeV excitation |
\030560i0,00i8 1.797 0.65
0.5347+0.0051 1L.73 0.65 .
1,140 *0.007 350, 1.07 0.014+0.00% 0.333x0.009 0.653+0.015
© 15,0+ to 18.0-MeV excitation -
0.0191£0.0025. 1.78  0.883
0.397640.0066 -~ 13.07  0.900
1.084 £0.011 300. - 0,900 (< 0:009) -0.22 £0.010 0.78 +0.02
21133 is a fractional cumulstive yield.
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Table IX shows the fractional chain yields of a number of
shielded isotopes produced from the Heu-induced fission of Th252(U256*)
.forva variety of excitation energies. The independent yields have been
measured relative to a neighboring chain yield in the same element. The
column designated "measured as" lists for each isotope the manner in
which 1t was measured, and the cumulative yield to which it was compared.
The mass-spectrometrically measured ratios are listed under the "observed
yield" heading (05156, Rb86, and 05152 yields include small decay cor-
rections). The observed independent yields were converted to fractional
chain yilelds 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 meagured in this work. In addition, the yields measured in the
Br8o’ 1126, and'1128 daughters required correction .for branchéd decay
in the parent. The last. column bf Table IX lists the corrected fractional
chain yields along with an explanation of each correction.

Table X shows fractional chain yields for the Heu-induced fission
of U255 at 43.6—, 38.0-,. 33.8-, and 28.0-MeV Heug An 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% U722 and % U238.
Corrections for the contribution of Heu"induced fission of U258 to the
independent and chain yields of U235 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.



Table IX. TFractional chain yields for fission of U

-3h -

236%

Measured

- ‘Corrected fractional

Independent - Observed S :
yield of. -as .yield - chain yield - chain yield
N _ 57.b—MeV‘excitation :

Br80 Kr80:Kr'8LL (<0.00096) (K0.0023) cgo.ooz5)b

Br82 1{1«82:'1<r8lL 0.0260 0.0k00 © 0.0400£0.0026
7126 xe126:ix 130 0.00171 0.00155 0.0039:0.0004°
28y 128, 4 130 0.0638 0.0602 0.06%%+0.0013%7€
ﬁ Xe129 Xe129:>ce151 0.00849 0.00816 0.0082+0.000k
0 xePPixeT 0,350 0.343 0.315£0.004°

43,5-MeV excitation
prO2 Kr82:Kr8u 0.0120 0.0183 0.0183+0.0015
' 1128 XelEB:Xel5l 0.0205 0.0205 ~ o.oai9¢o.odo6d
%29 xet?Y.xe 1Pt 0.00289 0.00289 0.0029+0.0003
9 xeP0xett 0.187 0.187 0.18020.004°
39,%-MeV excitation

Brao Kr8O:Kr84 (<0.00026) (£0.00070) cgo.ooo76)b

KrBl Kr8;:Kr8u (<<0.00014) (<<0.0003%0) (<<0.000%0)

mﬁg‘ mﬁ%&ﬁ”: 0.00847 0.0137 0.0137%0.000%
va86 Rb86:Rb87 0.00230 0.00267 0.00267£0.00022
126 %126 xe 151 0.000101 0.00012k4 0.00028£0.00005°
8 %184 151 50138 0.0155 0.01650.0005%
AXe129 xet?9 xe 1Pt 0.00113. 0.00122 0.00122+0.00013
‘1150 XelBO:Xel5l_ 0.148 0.153 0.149+0.002°%
CS152 csP%: g0 0.0016k 0.0013%7 0.00137+£0.00011
CSl54 -0sl54:0s157 0.0377 0.0302 0.0302£000013
'08156 CS156:Cs157 0.278 0.23%0 0.230£0.008
P 50 ™9 0,020 0.025 0.025£0.003
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Table IX. (cont.)

Independent Measured Observed Fractiohala Corrected fractional
yield of as yield chain yield chain yield

37.1-MeV excitation

B2 K2 ey Ot 0.0073 0.0120 0.0120+0.0006
20 % 2. %P1 0.000065  0.00008% 0.00019£0.00006°
— xe 20, xe 131 0.0109 ~  0.0121 0.0129+0.0005%
20 %20 % 0,129 0.1%3 0.129£0.002°
35.1-MeV excitation
500 gr0: O (£0.00022) (<0.00058) (€0.00063)°
Br82 ‘Kr82:Kr84 0.00578 0.00963 0.0096+0. 000k
1?2? XelQS:Xe151 0.00823 0.00968 o.01o5io.oooud
o229 xe9:xe1Pt 0.00059 0.00066 0.00066+0.00022
20 %0 xe Pt 0.112 0.117 0.114+0.002°
3%.1-MeV excitation
ByO2 KrO2, g Ot 0.00L71 0.00805 0.0081+0.000k
7126 xe 20 xe121 (£0.0000%6) (<0.000047) (€0.00011)°¢
128 %10, %6121 0.006%3 0.00763 0.0082+0.0004%
xe 127 Xe129:Xe131'(<©.ooo57) (£0.0006k4) (<0.0006k4)
7120 %e %%t 0.09%0 0.0979 0.0957+0.0025°
31.1-MeV excitation
prO2 ko2 kot 0.00k10 0.00732 0.0073+0. 000k
128 %20 xe 13 0.00460 0.0058 0.0062+0.0004%
120 xe0:xe Pt 0.0773 0.0822 0.0806:0.0019°
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Table IX. (cont.)

Independent =~ Measured  Observed Ffabtionala _Corrected fractional
yield of - as - chain yield chain yield

28.7-MeV excitation

B0 ko0 S (€0.00015)  (<0.00050) (<0.0005k)

Br82 ,Kr82 : Kr&‘ 0.00356 0.006k47 0.00647£0.00051

1126 Xel%:Xel51 (<0.000017) (<0.000024) @go.oooo54)c

12 %1841 0.00315  0.00k20  0.0045:0.0003"

7120 xe 0%t 0.0624 0.0671 0.0660+0.0018°

, 26.8-MeV excitation

CSl54 CSlBL*:cS157 0.0089 0.0076 0.0076+0.0007

050 0s156:08157 0.131 0.111 0.111£0.006
2%.1-MeV excitation

128 xe 128, xe 151 0.0015 0.0021 0.0023+0.0005"

7150 xeT0:xeP 0.0%21 0.0357 0.0354+0.0021°

CSDLlL CSlBuZCSlBT (£0.0078)  (<0.0068) (<0.0068)

s cs0:csPT 0.0813 0.071% C 0.0713:0.0045
21.0-MeV excitation

Br82 Kr82:Kr8u 0.0027 0.0056. " a 0.0056+0.001k

1128 %20 xe 31 0.0011 0.0018 0.0019+0.0002%

7120 %% xe Pt 0.0235 0.0273 0.0273+0.003%0

liuo-vto 18.0-MeV excitation
0cs6  0s'0:estT o.opke 0.0223 0.0223%0.0035

aFractional chain yield is the ratio of the observed independent yield
to the total chain yield.

PCorrected for branching decay (0.9287).

fdorrected for branching decay (0.44p7).

decorrected for branching decay (0.9%687).
€Corrected for independent yield of daughter.
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Table X. Fractional chain yields for Heu-induced fission of U255

- Independent Measured Observed Fractional Corrected fractional
yield of as yield chain yield - chain yield®
_ i
- 43.6-MeV He
Br8o Krgo':KrSLL 0.00051  ‘0.00106 0.001210.ooo3b
Kr8l Kf8l:Kr8% (<0.000086) (<0.00015) (<0.00015)
Br82 '_Kr82:1<r81F 0.0342 0.0495 0.0525+0.0015
26 X206 xe 131 0.0025 0.0028 0.0067+0.0005°
a8 % %P 0.0808 . o0.08k2 0.0938+0.0015°7 ¢
xe 129 xe 29 xe Ot 0.0121 0.0124 0.0132+0.000k4
T xe%: %Pt 0.396  0.koo 0.376£0.006°
38.0-Mev He'
Br8o '1<1~8C):1<1~EBLL (<£0.00031) (<0.00068) _ ng.ooo74)b
prO2 KO8 O 0.0258 0.0%385 0.0410£0.0016
1126 Xel%f:'Xe151 0.00146 0.00168 0.0041£0. 000k
128 % 0. %13 0.0573 0.0616 0.0689:0.0018°7 ¢
xe 129 xe?9: xe 0L 0.0069 0.0071 0.0075+0.000%
7120 %0 xe?t 0,306 0.%29 0.318+0.006°
53~8-MeVAHeu-»
Br82 Kr82:Kr84 0.0180 0.0277 0.0295+0.0015
726 %eT0: et 0.00066k  0.00087 0.0021£0.0002°
128 % 0. %131 0.033L 0.0371 0.0421£0.0014°7 ¢
xe7??  xe1®9:xetPt 0.00%6 0.0038 0.0039+0.0002
20 xetPxePt o 0.2510.006°

249 0.254
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Table X.

(Cont.)

qﬁiﬁdéﬁeﬁdenf' ‘Measured ~ Observed

Fractional

" Corrected fractional

yield of as- " yield  “chain yield chain yield?®
Br82 Kr82 : KrglL : 0.0112 0.0181 0.0192+0.001k
1126 %126 xe 151 0.00020 0.00029 0.00071+0.00015°
1128 }(e128:xe151 0.0151 0.0180 0.0204+0.0008°
xe 127 xe1?9:xe 0L 0.00154 0.00171 0.0018+0.0001
0 xe 0%t 0.155 0.162 0.164+0.005°

a'A,ll yields corrected for isotopic composition of the target.

bCorrected for branching decay.

CCorrected for indepehdent 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

32 are plotted

decay chain resulting from the Heu-iﬂduced fission of Th2
vs Z in Fig. 5. The maximum in the curve fitted to the fractional yields
for each energy fixes the value of Zp. The Zp is the value (not neces-
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—Zp)
in Fig. 6. The fractional yield data are consistent with 'a~- Gaussian
curve

_ -3 2

y; = (em) 2 exp [—(Z—Zp) /c],
where yi is the fractional independent yieid of a chain member having
atomic number Z, and c¢ is the normalization or width constant of the dis-
tribution. The value of ¢ which best fits all energies is 0.95% 0.05.

Wahl et al.26 have measured fractional yields for two or more
members of several decay chains in the thermal-neutron fission of U255.
The value of c obtained from a weighted average of the several chains was
0.94 £ 0.15. Since the same compound nucleus (U256*) was produced in
both researches, the above results indicate that a single charge-distri-
bution function is maintained through a wide range of excitations (6.5 to
39 MeV). ‘The charge-distribution curve reported by Blann55 for Au + C
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-
rersion with the mass of the fissioning nucleus. Pate et al.5‘ observed
an invariance in the dispersion width at lower energies for the proton-

induced fission of Th252.
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Fig. 5. déussian‘charge-diétribution cﬁrves fitted to fractional-

vield data. The iodiﬁe_fractional cumulative yields are fitted
to an integrated curve based on the Gaussian distribution.
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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?T 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 gquantum statistical relation-
ship between the charge-distribution width constant c¢ and the nuclear
temperature (related to excitation energy ) was derived that is wvalid for
all nuclear temperatures. Their relationship indicates that the width
constant should be independent of temperature within the range of excita-
tions that have been reported here (as is observed).

The fraétional chain yield of 05136 and the fractional cumulative
yield of Xe156,for the Heu-induced fission of Th252 and U255 are fitted
best with the identical distribution function found for the 1%5 isobaric
sequence. See Fig. 7.

Due to the close proximity of the 82 neutron shell to the 135 and
136 isobaric 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 1iso-
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 Zp of the
particular chain, and thus, as contrasted with our results, were not in-
dependent of the assumptions involved in the prescription; If their

137

interpretation were correct, Xe which has an appreciable independent

yvield (x 30% of chain yield for some of these energies) would lose a major
. . . 6 ;
portion of its yield to Xe15 . A change of this order in .the X8156 cumu-

lative yield would be easily discernable and was not observed.

2. Empirical prs 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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Fig. 7. Fr%ctional yields of Xe and 05156 as a function of (z-% ).
The Xel2® cumulative yield is based on the mass-136 chain yield
obtained from an extrapolation of lighter-mass Xe chain yields.

The Cs13® fractional yields for U252 (He ,F) are those of reference 58.
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of fractional yields from different masses based on a Zp prediction.
Therefore it is instructive to approach the problem of charge division in
a manner -similar to Wahl’s5h treatment of thermal-neutron fission of U255.
That is, Zp'values for chains in which the fractional yield of only a
single member- is known may be estimated from the charge-distribution curve
previously described, by letting the single fracticnal yield fix the value
of (Z-Zp), and thus Zp' An assumftion that i1s automatically injected into
the discussion is that the charge dispersions in all mass chains are iden-
tical. This appears to be a goed assumption in view of the results éf
other workers,26 and indirectly, from the observation of the invariance

of the dispersion with excitation energy.

Tﬁe fractional chain yields of shielded isotopes measured in this
work, and the empirical Zp’s for those chains are summarized in the
Appendix. The energy dependence of 7 for fission resulting from the ex-
cited U256* 232 +pHeu and Ug55 + n) can noﬁ be investi-
gated.  Figure 8 is a plot of Zp vs the excitggéon in U236*.

empirical Zp is known in neutron fission of U 7 for the masses listed, it

.compound nucleus (Th
If an

is also incorporated in the plot. Above approximately 23-MeV excitation,
it can be seen that the Zp's of the heavy-mass chains vary with energy

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 nucleus; therefore,
the resultant change in.Zp with energy 1s due only to increased neutron
emission at the higher excitations. This smooth and similar variation

in Zp with energy adds support to the assumption of an identical charge
dispersion in all mass chains. The fractional chain yields of the separate
mass chains are varying over different regions of the charge-distribu%ion
curve, yet they still predict the same change in Zp for a given change .in
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 Zp with energy is observed for the mass-130 and -136 chains.

These yields are in the same mass region as the sﬁpposedly nuclear-shell-
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Fig. 8. Empirical Zp's for_the fission of U256* as a function of ex-
citation energy. The U255(nth ,F% empirical Zp's are taken from Wahl
et al.,0 except Pmio0. The Pmi%0 fractional chain yield of ChuPl
has been corrected for Pm!P0 formed by Smi*9(n,y)PmloC. The U235
(n1hMey,F) empirical Zp's were derived from data in reference 25.
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-influenced yields produced in the fission of U 77 by thermal neutrons. It
-ié;therefore likely;ﬁhat‘the same factors which depﬁessed.the thermal-
neutrbn U255 yields are qausing-the rapid drop'of 7 at these masses &s
~the excitation is lowered. : ® »

If we return to the regionvabove'E* =~ 23 MeV for Z VS'E*,;we-can
obtain .some information concerning the rate of neutron.boig-off as ‘a func—

tion of excitation energy. Since

N

=) - Ge), @),

aﬁd ( ')
3E Zy
“then

The quahntity (BZ /aA) .can -be -approximated by noting that Z closely

the most stable ‘charge associated with mass number A,

or (%)E ~ (jiA) 0.38",

)
dE 0.38

parallels ZA’

The average for (SZP/BE) in the mass. chains closest to symmetry (see
Fig. 8, A = 128 to 138) is 0.026 Mev ™t " Since -this represents just the

¥
An average value for the mass regions stated.
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change for one fragment and the complementary fragment variation is not
known, we approximate the total dv T/dE by taking twice the single fragment

change:

L ~ 2 (%) ~ 0.1%6 MeV T,
For a symmetric split, twice the single fragment change should precisely
equal dvT/dE. A value of dvT/dE = 0.12 Mev™! was obtained by Leachman6O
from an analysis of the number of neutrons measured experimentally in
fission induced by O- to 14-MeV neutrons. From a correlation of all fis-
sion data through = 35-MeV excitation, Powers6l derived a value of 0.13h4
MeV_l. Our result can be considered in good agreement with these 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 dvT/dE. )

Figure 9 shows a plot of Zp vs He Ybombarding energy, constructed .

235

from restilts for the He -induced fission of U Thorium and uranium
show the same dependence of ZP with excitation. 1In addition, they both .
show that the Zp of the light masses (around 82) vary more slowly with E
than do the Zp's of the heavy masses. To illustrate this point a bit more
drametically we have plotted in Fig. 10 the fractional chain yield ratio
of 1128/Br82 for a number of energles. We chose 1128 as the heavy-mass
representative because it has approximately the same fractional chain
yield as the Br82. 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
contribute to the 1128/Br82 energy dependence are: (1) the charge disper-
sions in the two mass chains are not identical, and (2) the heavy fragment
dv/dE 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 Zp-—predicted from the fractional chain yield



-48-

52.5 (— — !
- - A=130 7]
[ A=129 ]
520 - .
. [ A=(28 ]
515 -
510 |- A=126 ]
a B ]
N . ]
50.5 |- ]
.32&5 — "—————‘—4r___—‘;——————ﬂr"A‘=82 _
330 |- | ]

: | | 1l | J | |

20 25 30 35 40 45 50
He? energy (MeV)

MU.29486

Fig. 9. Empirical Zp's for U255(He ,F) as a function of the He™
bonbarding energy.
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Fig. 10. Fractional chain yield of I128 relative to the B 82 fractional

chain y&eld as a function of excitation energy for Th2 2(He ,F) and
U235 (Het,F).



and the wider dispersion--would be lowered. .The Zp predicted for this

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

the dv/dE of the heavy 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 variation; however, the dominating contributor should

be dv/dE, |
The empirical Zp's_for the Heu—induced fission of Th252 and U255

are plotted as Zp -0.4A vs mass number A in Fig,;ll. The mass number A

is the product after neutron emission. The expanded charge scale ZP -0.44a

was suggested by Coryell55

so that any structure in the Zp function would
be easily observed.

From Fig. 11-it is shown that a smooth non-wiggly line can be
-drawn consistent with the data for each case.  The reéulting lines define
the Z_ functions for the two systems. The extrapolation in the intermedi-
ate-mass fegion can be Justified by a number of reasons. The accuracy of
our daté is éuch that the trends showp for the Zp's in the light- and
heavy-mass regions are unquestionable. ‘(The error bars placed on the data
points in Figoll represgnt the maximum possible error from all sources
(assuﬁptions, etc.) in each point. The data alone warrants much lower
error limits.) This; together with the fact that structure in the 7
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 regions. The Zp function in the intermediate region is in
agreement with the energetics involved. One expects from cur eariier re-
-sults for dvT/dE and the results of other workers6o’6l that at about 40O-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 Zp function alone to extract information
concerning the total number of neutrons, Vips emitted per fissicn as a
function of the mass split. For a pair of complementary fragments the

values h = Z -OJLAH and § =7 -0.4A_ can be obtained from Fig. 11.
pH pL T—’
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Fig. 11. Empirical Zp‘s vs mass number A.
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If we assume no charged particles emitted at these excitations, then

ZPL+-:ZPH = ZC and AL+ AH = AC = Vs where ZC apd AC
mass of the compound nucleus, respectively. From these relationships it

are the charge and

can be shown that for complementary fragments

0.b A, -7 + (h+s)
= C c .
T _ 0.l (4)

The total number of neutrons, vps Was calculated from Eq._(h) as a func-
tion of the mass split by choosing approximately complementary mass frag-
ments (*1 neutron) for the determination of h and f from Fig. 11. The
choice of fragment pairs depends on the total number of neutrons emitted;

howevef, this only affects the derivation of vy, in second ,order, and does

T
not- change the conclusions to be drawn.

In Fig. 12, Vi

calculated from our Zp'function is plotted vs
AH/AC. It is readily apparent that there is a strong dependence of Vip

on mass asymmetfy. Also shown is the variation of vT with mass ratio for

252

o . 2
the spontaneous fission of Cf as measured by Stein and Whetstone.

~'The portion of their curve given covers the mass ratios containing the

great majority of fission events. The variation in vy ohserved for the

250 T

spontaneous fission of CT 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 in modes
leading to highly asymmetric products compared with the most probablé
modes. One of Milton and Fraser's interpretations of the large drop in the

235
)

total kinetic énergy release near symmetry for neutron fission of 'U
U253, and Pu259 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

~
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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 fragmehts of high kinetic energy--might be. associ-
ated with the existence of two barriers and two saddle-point shapes as
predicted by ligquid drop calculations of Cohen and Swiatecki.‘

It is possible to perform & total energy balance by using a. suit-
able mass equation once the number of néutrons and the charge division-
for the fragment pairs are known for the syétém° This we hope will yield
the dependence of the average total kinetic energy release on mass ratio.

The energy balance can be written as

(B = (Bp) -vp((Bp) + E?“k) ‘E,

where (Ek) is the averége kinetic energy of the primary fragments, (ER)—

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 F_ (gamma energy) were assumed to be independent of -
mass, and were. given Zhe values used by Milton and Fraser:ii E . =1.2 MeV

‘ nk
and Ey ~ 7.5 MeV. The'dependence of v, on mass ratio was that of Fig. 12.

, o T
Figure 13 shows the average total kinetic energy release, (E ),

k
as a function of the heavy-fragment mass calculated for fission on Th252

_ 4 67
induced by 4l4-MeV Hehﬂ Curve A is based on Cameron's mass formula.‘7
tables of MiltorPd were used to determine (ER) and (EB) for the charge

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

The

been averaged over a Gaussian charge distribution similar to that”measg;ed.
in this work. Curve B is based on the energy release given by Green's 9
liquid drop mass formula and our Zp function. For this case an average

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

N
order to be consistent with the liquid drop interpretation.

No strong conclusions can be drawn from the results in Fig. 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 variation resembling higher-energy results.Y'
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5. Minimum Potential Energy (MPE) Treatment of Charge Division.

~ Once the 7 _ function has been determined, the next logical step
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 B1209 (Goeckermann

At

and Perlman'™ ) has not received any substantial support for intermediate-
energy fission.21’58’72f74 According to this hypothesis, the primary
fission fragments have the same neutron-to-proton ratio as in the fission-
ihg nucleus. The UCD hypothes1s predicts values of Z for the extremely
asymmetrlc mass splits (this is the most sensitive reglon) that are incon-
sistent with our results. The charge-to-mass ratios predicted for the
heavy fragments are much greatef 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 al.Bo which stated
that the most probable charges for one fission fragment and for its com-
plémentary fragment lie an equai 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
almost similar results for a particular mass formula,56 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 thaﬁ its share
of charge, and the heavy fragment less.

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

Present. 5 The later MPE formulations of Sw1ateck176

36

Blann

were employed by
to describe successfully the charge division for the fissidg of
_Au;L97 with 112-MeV 012 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 (Green69) is used to describe the nuclear potential energy surface.
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The total energy for a fragment pair can be written

2
2l R

P.E. = M +Mg o+ ——— (5)

assuming the configuration at scission can be represented by tangent
spheres, where D is the effective separation of the fragment centers; ML,

MH, ZL’ and ZH are the mass and charges for the heavy and light fragments;
69

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

M-A = OA + BZ + a2A2/5 + a5Z2 a~/3, au(A-2Z)2(hA)-l. (6)

The constants given by Green are: a2 = 17.97, a

5 = 0.718, and a) = ok.07

MeV. Substituting the mass formula into Eq. (5) and minimizing

(BP.E./BZL = 0) with the constraint ZL + ZH = ZC, the compound nucleus
charge, one obtains for Zp (before neutron boil-off from fragments)
L
-1 -1/3 1 .2.-1
. _ Zq (auAH + aBAH -3QD ). . (7)
Py, A ‘1/5 '1/5 :l -1 _ 2
a5 ( L + Ay ) + au(AH A ) -QD

Milton68

developed a similar expression for Zpﬁ except that his expres-
sion contained additional parameters to account for any spheriodal defor-
mation of the fragments at scission. In this work the effective separation
of the fragment centers D was chosen so that the ZHZLQQ/D term of Eq. (5)
would yield the correct total kinetic energy release. The kinetic energy
release 1s dependent on the mass ratio of the fragments; therefore, an
average value for D was taken (D =18F) and held constanq in Eq. (7).

In order to interpret gainfully the predictions of Eq. (7) as
regards theAexperimentally determined Zp's, one must know how many neutrons
were emitted from the individual primary fragments. Our earlier discus-

sions showed that the total number of neutrons, Vs emitted per fission
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was dependent on mass-asymmetry. :This observation, along with some

assumption concerning the partition of between the light and héavy

Vv,
fragments, could be usedv(as is the usua? case in a study of charge distri-
Eution) to test the validity of a propdsealéharge-division prescription

by comparigg with the experimentally derived Zp's. However, the assumptions
relating to the partition of Vp at these higher' excitations possesses no
‘more strength than'the'Zp prés;ription'itself.' It is'ﬁherefore‘pfoposed
that we assume the MPE treatment predicts the exact “charge division for

the primary fragments, and that from'the*empificél~2p'5'we'determine the .

neutron yields vy, for the individual fission fragments.

. A )
"In Figs. 1k and 15 the MPE Zp functions for 4, 3, 2, and 1 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 v, 's. For
Th + 4L-MeV He and'U + 43.6-MeV He the average fissioning nuclei
were taken as U2 and Pu258’5,‘réspectively; These were chosen 0 as to
' be consistént with thé branching ratios for neutron eémission and fission,
7

. Fn/Ff, given by Vandenbosch et al. and‘FOréman28vfor these compound

systems.\ A
Our resulﬁs.indigatg that'thé'sawtodth-variation of neutron yields78’79

with fragment mass observed for'époﬁtaneous.and'ﬁhermal=neutron fission

disappears in higher-excitation fission. Although the corresponding light-

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

fragments has been completely 'washed out." For low-energy fission, the

" minimum in the fraément neutron yield -is found in. the neighborhood of

N =~ 50"and Z ~50 (masses 82 and 128). _Terrell8Q suggested that these

magic or néarjmagic-fragments have low excitations: and consequently emit

‘glmost no‘neuﬁrons, because of greater rigidity against distortion from

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

excitation fission, . in the light-mass, region (N @;5Q); however, the pro-

ducts near Z =~ 50 are no longer. formed with low excitations. The fact

_that an -appreciable portion of higher-excitation-fission events come from

- symmetric modes.mayvinfluencegtpe'neutronwyields.(excitation) more near

'Z =~ 50 than near the N-~ 50 region. -
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Fig. 1L. h(a) The most probable charge, Z., in fission of Th®22 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 v, needed to fit the empirical
Zp function by MPE. The average fissioning nucleus was taken as U
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Fig. 15. , (a) The most probable charge, Zp, in fission of U252 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 8
Zp functions by MPE. The average fissioning nucleus was taken as Pue30.32,
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Since the primary product neutron‘yields are known for the thermal-

25

neutron fission of U2 , and, in addition, there is a large body of empi-

rical Zp's for the system, one can meaningfully test the validity of
various charge-division prescriptions. Figure 16 shows the empirically
deternined Z 's and % functions for U%” (n,,F) and Th% (Uh-Mev e, ¥),
along with the predictions of UCD (curve A) and MPE (curve B) for ye>>

(nth’ F). The number of neutrons.emitted by a fragment was taken from a
straight line fitted to Terrell's80 corrected experimental data for

U255£nth, F). 1In the region near symmebtry, the light- and heavy-fragment

neutron yields were Jjoined by a smooth curve.  The MPE curve -is derived
by using Green's69 mass formula and an effective fragment separation (D)
of 18 F. The MPE ZP function fits the average trend of the empirical Z 's
very well. The UCD does not at all predict reasonable Zp's (as has been

observed before).

Coryell et a1.55

have proposed a method for deriving the Zp of any
.isobaric chain for wvarious types of fission differing in compound nucleus

and in excitation energy. Their expression uses the Z function for
25 (n P

th’
Zp function, AZP(A), by their method is dependent only on Z

F) as a basis function for all computed Zp's. The shift in the
o’ 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
255( F) re-

‘excitations for two reasons: (a) no structure similar to U n

s
mains in the Zp function at higher excitations, and (b) the shigg in Zp
due to increased excitation is not the same for all mass chains, as is
implied by their prescription.

The foregoing restlts and discussion of charge distribution strongly
suggest the need for a direct experimental determination of fragment
neutrdh yields for fission induced by charged particles. A measurement of
this type will remove the major obstacle in the path of answering the
question of how nuclear charge is divided in fission at these exgita?ions.
We feel that our indirectly determined neutron yields will be verified,

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

diviéion in fission.
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'Fig. 16." The empirical Z_'s for U236* are compared; and the comparison
of empirical Z,'s £orPu235(n n»F) with those predicted by UCD curve
(A) end MPE curve (B) are mads .
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4. Population of Kr85 Isomeric States in Fission.

We observed that as the excitation energy in the compound nucleus
increased, the amount of fission-produced Kr85(tl =10 yr, I = 9/2) in-
2

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

fission of U’255 in which the independent yield of Kr85 is negligible, all

the mass-85 yield decays through Kx85m(t;_= L'h, I =32). The L-h state
2 .
branches such that 21.9% of the decays go to the 10-yr ground state,8lWénd

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

the independent yield of Kr 5) populates Kr85m, the observed Kr85 (10-yr)

relative to the mass-85 chain yield would egqual 0.219, TFigure 17 shows

the observed Kr85 (10 yr) relative to the mass-85 chain yield as a function

232 and U255.

of energy for the helium-ion-induced fission of Th The energy

dependence for the observed ratios is related: to the amount of indepen-

85m(BR2 can

be derived from our resiilts (OBS), the fractional chain yield of Kr85(FCY),

dently formed Kr85. An expression for the branching from Kr

and the fraction of Kr85 that populates the ground state (a):

OBS - a(FC
1B- a(F(gl;)Y) = = 8)

Now we can determine a, since the branching is known from other sources’
(BR = 0.219) and the FCY can be predicted from the Zp function,de/dE,

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

is found that a = 1. In order to illustrate this, we.choose a = 1 and
calculate a BR according to Eq. (8). The calculated BR's are designated
"corrected points" and are shown in Fig. 17; they are tabulated in Table
X1 for U255(Heh,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 ma jority (a > 90%)

of the independently formed Kr85

populates the high-spin isomer.
Billerl"8'2 measured several isomer cross sections from jAOaMeV pro-
ton fission of bismuth, and found that in all cases the high-spin isomer

"8’
was formed in greater yield. Hicks and (“J‘-il’ber‘t,’5 and a number of other



-64-

0-4 OO 'V ' T T - 'l _ LG ‘l 1 . ] t 1 T 1 ] 1 T 1 T
3 - U254 et (B Oserved, ) ]
£ 03501 Th232 + et (uU236%) (& Tseiecy ]
s T -

S L

8 [ . ]
J 0300+ . n
s i . o
e) [ . _ ]
= " = o P _
_ 8_ 0.250 — a ~. . ® . n
<z [ . ® o 1 % ]
. JE %_f%"ﬁ-%“i%_T"%_""—l ““““ % ~ ]

0200 ) I ! | 1 i | | ! 1 | | 1 { I 1

20 - 30 v 40 50 60
MeV

MU.29487
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mass-85 chain yield on the exg:ﬁca‘blon energy for U235% and the He
bombarding energy for u2> (He . The dashed horizontal line rg-
presents the expected ratio 1f all of mass-85 yield populates Kr®/®
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Fraction of mass-85 chain produced as Kr85(10 yr) for Heu-
induced fission of U22D.

4
He energy

Fractéon produced Frgctional cgain Calculéted
(MeV) as Kr 5(10 yr)a yield of Kr 2 branchlngb
43,6 0.320 0.127 0.222%0.012
38.0 0.30% 0.108 0.219+0.010
3%.8 0.284 0.085 0.218+0.009
28.0 0.263 0.059 0.217+0.006

® Obtained from data of Table VI.

® Based on a = 1, Eg. (8).
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workers (see reference 84 for a review), supported Biller's observations.
However, 1t is leflcult to say from ‘these results (and our results)
whether the population of high-spin states is an intrinsic property of
fission, or characterlstlc of the deexcitation from a highly excited
species- 1ndeperdent of its productlon Whlchever the case,vlt cannot be
.denied that the deexcitation of the primary fragment (neutron_or y) must

occur -from high angular-momentum states.

B. Mass Distribﬁfion

1. Yield-Mass Curve.

The yield-mass distributioﬁ is stili,predominantly asymmetric at
59-MeV excitation. A yield-mass curve for U256*‘(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 integrated to = 200%; thus it now represents the approximate
fission yield (%). Since there are not enough data in the light-mass re-
gion, we cannot determine the number of neutrons emitted as a function of
29

mass ratio by reflection of the fission yields. Davis observed upon

folding his radiochemical cumulative yield results for Th252(59-MeV He&,F)
that about five neutrons were emitted per fission. He also noted that
this was low compared to what is expected at this excitation. However,
these results were based on mass reflections for quite asymmetric fission-

modes and, therefore, would only yield v, for this region. = As demonstated

T

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
Davisz9 is in. good agreement with the values derived for these mass ratios
in our earlier discussions.

The "fine structure" observed for the Xe cumulative yieldsl2 in

235

the thermal-neutron fission of U is nonexistent in charged-particle-

induced fission (see Fig. 19). One prominent feature of the yield-mass
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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 Th252°

yield. Since the yileld-mass curves are nearly level:in this région, :the most

All yields are relative to the mass-131 total chain

probable mass number, Ap’ for -a given charge should peak at the same value
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 Ap's for each 7.

Figure 20 shows the relative yields (yr) of Table XII plotted vs

(A—Ap). A Gaussian function
2
-(A-A
e [“\ o) J | (9)
I '

gives the best fit to the data.
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

1 - 2
y(8,2) =¥, (0.951) 7% exp [’-(Z'Zp> ] : (10)
| 0.9

where YA is the chain yield for mass number A, and the other variables
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have the usual méanings. Since it is known that the chain yields in this
mass region are the same (YA = YA,), and de/dA = 0.%65 (obtained from
data in the mass region 126 to 136) or o =0. %65 (A-A'), the yield in

some other isobaric sequence A' within this mass region is given by

1 (- (2-2_ -0.365A + 0.365A")°%
y(a',2) = ¥,(0.95m) 72 exp Pa 1 ()
- 0.95

Upon setting dy(A',Z)/0A' = O, one obtains A as a function of Z, Zp , and
AP, where Ap is the mass (not necessarily integral) at which the yiélds
of isotopes of a given Z have a maximum. By substituting for A in Eq.(ll),

the yield at constant Z becomes
: e
- 1 - [0.365 (A -Ap>] ]
¥, (A1) =¥, (0.95m) "2 exp 5% ’ (12)

or in general

- (A—AP)E:]
YJZ(A) « exp 71 | (13)

The agreement between Eq. (9) and Eq. (13) substantiates the fact that the

charge dispersion is a Gaussian of width constant 0.95.

55

Blann observed that the distribution of independent yields of

197

isotopes for a given Z in the 112—MeV_C12 fission of Au 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

v Nethaway,B5

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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Table XIT. Relative independent yields of Cs, Xe, and I isotopes for
the He "-induced fission of U255 and The2,

Mass No. . Relative independent yields®

Csb Xe I

U255 L3 .6-MeV He“

126 0.0057
128 0.0865
129 0.0121
130 0.3574
131 . 0.0038
132 0.0190
13k 0.191
136 0.500 0.%55°

A.p - 136.8 13k.2 131.7

U256* 57.0-MeV excitation

126 0.0039
128 » 0.0681
129 0.0085
130 0.327"
136 0.390°

Ap - 1344 '131.9

131

% a11 yields relative to Xe chain yield.

b Relative Cs independent yields are those of N. Souka,58 based on
0.0038 as the fractional chain yield of Csl5l.
¢ Corrected for small yield of precursor.

50

d Corrected for; yield of daughter since Il was measured in Xe.
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* APPENDIX

Table XIIT. Fractional chain yields and empirical Zp values.

o 4 HelL
Excitation Fractional '
energy Isotope chain yield (Zz-2.) Z (z_-0.hp)

(MeVv) : P D .

(/§r80 (<0.0025) 2.27 (32.73) (0.73)

BrO2 0.0%00 1.59 33,41 0.61

57.0 1126 o,oo5§ 2.18 '50.82 0.k42

) 128 0.06%33 1.45 51.55 0.35

Xe 22 0.0082 2.01 51.99 0.39

\‘5150 0.315 0.76 52.24 0.2k

Br82 0.0183 1.81 33.19 0.39

h3.5 1128 0.0219 1.76 51.24 o.Qu

X127 0.0029 2.24 51.76 0.16

1150 0.180 1.05 51.95 -0.05

_1.(}_)_



Table XII. (cont.)

Excitation Fractional :
energy Isotope chain yield (z-7 )* 7 (Z_-0.44)
(MeV) : P p P

{/§r80 (<0.00076) 2.51 (32.49) (0.49)
Kr8l (<0.00030) 2.68 (33.32) (0.92)
.Br82 _ 0.0137 1.89 33.11 0.31
Rb86w 0.00267 2.26 3L, 7h 0.34
1126 0.00028 2.69 50.31 -0.09
39.3 28 0.0165 1.8 51.16 -0.0k
ﬁ Xe 29 0.00122 2.42 51.58 -0.02
1150 0.149 1.1k 51.86 -0.1h4
cslO% 0.00137 2.40 52.60 -0.20
0515” 0.0302 1.68 53.32 -0.28
Csl?6 0.23%0 0.93 54.07 -0.33
ij15O 0.025 1.72 59.28 -0.72
\ ,
Br82 0.0120 1.92 33.08 0.28
1126 0.00019 2.76 50.2k -0.16
37.1 1128 0.0129 1.90 51.10 -0.10
7120 0.129 1.19 51.81 -0.19

_gL_



Table XIII. (cont.)

Excitation : _ Fractional
Energy Isotope chain yield (z-7. )2 .7 (z.-0.544)
(MeV) P P P
B0 ' (<0.0006%) 2.5k (%2.46) (0.46)
Br82 0.0096 1.97 33.03 0.23
35.1 7128 0.0103 1.96 51.0L -0.16
Xe129 0.00066 2.54 51.46 -0.1k4
20 0.11k 1.24 51.76 ~0.2k
2 0.0081 2.01 32.99 0.19
| ple6 (<0.00011) 2.85 (50.15) ~(-0.25)
33.1 ;{ 128 0.0082 2.01 50.99 -0.21
Xe12? (<0.0006L) 2.54 (51.L46) (-0.14)
7120 0.0957 1.33 51.67 -0.33
Br82 0.0073 2.0k 32,96 0.16
31.1 1128 0.0062 2.08 50.92 -0.28
20 0.0806 1.37 51.6% -0.37
/BrBO (<0.00054) 2.57 (32.43) (0.43)
Br82 0.00647 2.07 32.9% 0.13
28.7 R r# (<0.00005k) 2.97 (50.03) (-0.37)
yie8 0.0045 2.1k 50.86 0.3k
L;l5o 0.0660 1.4k4 51.56 -0. L4k

_9L..



Table XIII. (cont )
Excitation Fréctional
energy Isotope chain yield (z-7 )a : (Z -0.h4a)
( MeV.) 1Y D b
e o5 0.0076 2.03 52.97 -0.63
26.8 0512 0.111 1.25 53.75 -0.65
1128 0.0023 2.29 50.71 -0.49
7120 0.0%54 1.63 51.37 -0.63
23.1 CSlBLL (<0.0068) 2.05 52.59 -0.65
136
Cs 0.0713 1.k 53.59 -0.81
82
Br 0.0056 2.10 32.90 0.10
£21.0 1128 0.0019 0.%% 50.67 -0.5%
130 0.0273 1.70 51.30 -0.70
136
15.0 to 18.0 Cs 0.0223 1.76 53.24 -1.16

_LL_



Table XIII. (cont.)

Heh Fractional
Energy Isotope chain yield (z-z ) Z (z -0.44)
(MeV) : p b P

U25 0 Heh

B0 0.0012 2.l 32.58 0.48

Kr8l (<0.00015)- 2.80 (%33.20) (0.80)

43,6 Br82 0.0525 1.53 33,47 0.67

1126 0.0067 2.07 50.93 0.53

128 0.09%8 1.32 51.68 0.48

%t 0.0132 1.90 52.10 0.50

k;lBO 0.576 0.6k 50.36 0.36

(hr8o (<0.00074) 2.51 (32.149) (0.49)

Br82 0.0410 1.58 3%3.42 0.62

1126 0.00k1 2.18 50.82 0.he

38.0 '{ 1128 0.0689 1.k2 51.58 0.38

xe 1Y 0.0075 2.03 51.97 0.37

7120 0.%18 0.76 52.24 0.2L

_8L_



Table XIII. (cont.)

Heu ' Fractional a
Energy Isotope chain yield (z-7 ) 7 (z -0.h4A)
(MeV) P p p
82
Br ) 0.0295 1.68 3% ,30 0.52
i 0.0021 .32 50.68 0.28
1128 0.0k21 1.57 51.4% 0.23
33,8 Xe199 0.0039 2.18 51.82 0.22
7120 0.251 0.88 52,12 0.12
82
Br ] 0.0192 1.80 33,20 0.40
112 0.00071 2.5% 50. 47 0.07
. 28.0 1128 0.0204 1.78 51.22 0.02
Xe129 0.00181 2.3L 51.66 0.06
7120 0.16L4 1.10 51.90 -0.10

~—

a (Z—Zp) obtained from the Gaussian distribution of width constant ¢ = 0.95.

_6L_
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