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The independent yield ratio of 41.3-day '“*Pm™ (6—) and 5.37-day '“*Pm® (1—) has been measured
radiochemically for fission of 2*U and U induced by thermal neutrons and for fission of >**Th by *He ions
of 26-42 MeV. The values of the '“*Pm isomer ratios were 3.0 = 0.5 and 2.67J? for the thermal-neutron-induced
fission of 2*U and 2*°U, respectively, and 6.8 1.2, 6.6 0.7, 5.3 0.5, 8.5+ 0.9, and 8.5 0.9 for fission
of 22Th by *He ions of 25.8, 29.1, 31.8, 37.0, and 41.4 MeV, respectively. On the basis of the measured
independent yield ratios the average intrinsic angular momentum of the primary fission ffagments (which lead
by the emission of prompt neutrons and 7y rays to the secondary fragment '**Pm) was estimated by means of
a simple statistical-model analysis based on the formalism developed by Huizenga and Vandenbosch. The
following values for the average intrinsic spin of the primary fragment were obtained: (10.8 +0.9)h and
(10.0*1%)h for thermal-neutron-induced fission of ***U and **°U, respectively, and (16.5 = 1.5)h, (16.3 = 0.9)h,
(14.6 = 0.7)h, (19.9 + 1.1)h, and (19.9 = 1.1)h for fission of »**Th by *He ions of 25.8, 29.1, 31.8, 37.0,
and 41.4 MeV, respectively. The results show that a fraction of the angular momentum of the fissioning
nucleus appears as intrinsic spin of the primary fragments when the angular momentum of the fissioning
nucleus is increased as in the case of the *He-ion-induced fission. A summary of all published independent
isomer-yield ratio studies which were used for deducing fission fragment angular momenta is given.

NUCLEAR REACTIONS, FISSION 23%2%y(n,f), E=thermal, *?Th(*He, f), E=
25.8—41.4 MeV; measured 48Pm independent isomer yields; deduced primary
angular momenta.

I. INTRODUCTION

Determination of the angular momentum distri-
bution of primary fission fragments provides us
with information about the properties of the fis-
sioning nucleus between the saddle point configura-
tion and the state shortly after the scission con-
figuration. Information about the angular momen-
tum of the primary fission fragment can be ob-
tained by measurements of the number of ¥ rays
emitted by the fission fragments! and by measure-
ments of the anisotropy together with the yield of
the v radiation.? Measurements of the relative
population of the levels of the ground-state band
from the Y intensities in even-even fission products
have been applied for the determination of the
angular momentum of fission fragments.® A fur-
ther method providing information about the angu-
lar momentum of primary fission fragments is
based on the radiochemical determination of inde-
pendent isomeric ratios of fission products, i.e.,
of the ratio of the independent fission yield of a
‘long-lived isomer of a fission product to the inde-
pendent fission yield of the ground state of the
same fission product. The independent portion of
the fission product yields arises directly from the
primary fission fragments by emission of prompt
neutrons and y rays: hence, the relative popula-
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tion of the ground state and isomeric state (which
have considerably different spin) is related to the
initial angular momentum of the fission fragments.
The isomeric pair must have a stable or long-
lived precursor so that there is either no contri-
bution or, at worst, only a small correctable con-
tribution from B decay of its precursor.
Unfortunately there are only a few isomeric pairs
among fission products which are shielded and
which have half-lives suitable for radiochemical
work. Most of the isomer-yield ratio studies re-
ported in the literature have been carried out for
fission at moderate excitation energy induced by
energetic charged particles. Since the most prob-
able charge of a mass is shifted nearer to B sta-
bility with increasing excitation energy, the inde-
pendent yields of the shielded fission products
are higher and consequently easier to determine.
These measurements have been carried out with
iSOmeric pairs Of 95Nb’4, 10,11 133Xe ,5 134CS,6-9.12,14
QOY,13 91Y’13 131Te’15, 50 133Te ’15.50 1301,50 1321,50 a.nd
134150 Only a few measurements of independent
isomer-yield ratios in low energy fission have
been reported. The isomer ratio of 3*Cs was
studied in the fission of 2**U induced by ¥ rays with
an energy of up to 16 MeV.'* The ratios of the in-

dependent yields of the isomers 3'Te ™# 5:16
133Tem'£,15,16 l3zsbm'§,16 13OSbm,(’16 and lZBSbm,g 16
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were measured in thermal-neutron-induced fis-
sion of 235U’15.16 233U,16 and 239py 16 The indepen-
dent isomeric-yield ratio of ®3Se has been esti-
mated in the fission of 2**Pu by thermal neutrons.!®

In this work the independent yield ratio
18pm™(6-)/***Pm#(1-) was determined radiochemi-
cally in thermal-neutron fission of 233U and 233U
and in fission of 2Th with *He-ion particles of
energies 26-42 MeV. The two reactions
25U (12, ) and 2**Th(*He, f) lead to the same comni-
pound system 23¢U*. Excitation energy and angular
momentum of the compound nucleus 23U increase
from the thermal-neutron-induced reaction
235U (n, f) to the *He-ion-induced reaction
232Th(*He,f) and with increasing energy of the *He
particles. Therefore a detailed study could be
.made of the dependence of the isomeric-yield ra-
tio of **Pm on excitation energy and angular mo-
mentum of the compound system 236Ux*.

The average initial angular momentum distribu-
tion of the primary fission fragments was deduced
from the measured relative yields of the ***Pm
isomers by calculations based on the concepts of
the statistical model. The formalism of these
calculations was introduced by Huizenga and Van-
denbosch!® for the calculation of isomeric ratios
in nonfission reactions where the angular momen-
tum distribution of the compound nuclei can be
calculated. Warhanek and Vandenbosch'“ used this
formalism to obtain information about the intrinsic
angular momentum of the primary fission frag-
ments from the isomeric ratios of fission pro-
ducts. One asks for the angular momentum distri-
bution which must occur in the primary fission
fragments in order to explain the observed iso-
meric ratio. This spin distribution is modified by
the neutrons and ¥ quanta emitted by the primary
fragments which remove angular momentum from
the system. Therefore knowledge of the angular
momentum carried away by the prompt neutrons
and Y rays is required.

An important quantity in the statistical-model
calculations is the spin cutoff parameter 0. One
method to gain basic information on the value of o
is the measurement of isomer ratios in nonfission
reactions.'® A better spin cutoff factor for the
fission calculations might be obtained if the deex-
citation process of the primary fission fragments
forming the fission products under consideration is
compared with the deexcitation process of the same
nuclei produced through nonfission reactions. The
fission product nuclei ***Pm™ and ***Pm¢ are prob-
ably formed mainly by neutron and y-ray emission
of the primary fragments **°Pm and *Pm. We
have produced the same nuclei with similar exci-
tation energies and angular momenta through the
reactions *8Nd(p,n)***Pm™¢ and
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148Nd(d, 2n)"**Pm™* 2° Compound nuclei ***Pm and
150Pm, respectively, are formed in the two reac-
tions, at least at low excitation energies. The in-
itial spin distribution of these nuclei can be cal-
culated when they are formed through these reac-
tions, but not when they are formed as fission
fragments. Reproducing the experimentally de-
termined isomer ratio **Pm™/**¥Pm¢ resulting
from the “8Nd(p, n) “**Pm™¢ and *®Nd(d, 2r) **Pm™*¢
reactions by means of statistical-model calculations
results in spin cutoff parameters whichwere then
used in the fission calculations describing the deex-
citation of the same nuclei, but this time asfission
fragments. In this way the results might become
less dependent on specific assumptions made in
the calculations.

II. EXPERIMENTAL PROCEDURES

Only a brief outline of the experimental proce-
dure is given here. A fulldescription is published

-elsewhere®?? along with the independent fission

yields of '**Pm™ and “®Pm? in thermal-neutron-
induced fission of 233U and 23U and their forma-
tion cross sections at various *He-ion energies in
the reaction **Th(*He,f).

Targets of 3-5 g of enriched 23°U (90%) as uran-
ium metal and 0.1 g of 2%*U (99.7%) as U,0, were
irradiated for approximately 35-40 min in the
graphite reflector of the Munich research reactor
in a thermal-neutron flux of approximately 1.1-
1.8x 10" cm?sec™. For the ‘He irradiations foils
of thorium metal of thickness 111 or 24.6 mgcm™
were bombarded for 10-20 h in the internal circu-
lating “He beam of the Karlsruhe isochronous
cyclotron. The reduction of the energy of the *He
ions was accomplished by irradiating at a radius
corresponding to the energy desired. The target
assembly consisted of a target holder on a Faraday
cup which contained the target foil. This Faraday
cup was used to measure the current of the “He
ions on the target so that absolute cross sections
as well as isomer ratios could be determined.
Typical beam currents were about 10-20 pA. The
mean energy of the *He ions was calculated taking
into consideration the energy loss in the target.

After the irradiations the targets were dissolved
and the chemical separation of Pm was carried
out as described in Refs. 21 and 22. The activities
of the 41.3-day *®Pm™ and 5.37-day **Pm® were
measured with a Ge(Li) detector with a 16.9%
photopeak efficiency relative to a 7.6- X 7.6-cm
NaI(Tl) crystal and a resolution of 2.1 keV for the
1.33-MeV 7 ray of %°Co. The detector had to be
set up in a 20-cm thick lead cave because the
natural “°K background had to be reduced because
of the low fission yields of the **Pm isomers.
The 7 lines used to measure the activities were



256 AUMANN, GUCKEL, NIRSCHL, AND ZEISING 16

148pm™, 629.9 and 725.6 keV 23 and *8Pm¢, 1465.1
keV .23

The measured activities were corrected for
branching ratios and counter efficiency and were
used to calculate the isomer ratios. In neutron-
induced fission of 235U both isomers can be formed
by the secondary reaction *"Pm(n,v)**®*Pm™¢. The
contribution of the secondary reaction was kept
low by using short irradiation times and corrected
as described in Ref. 21. The errors in the isomer
ratios have been compounded from the statistical
errors in the activity measurements, the uncer-
tainties in the decay schemes, and counter effic-
iencies. In the error of the isomer ratio in fis-
sion of 235U the uncertainty of the correction for
the secondary reaction was also taken into con-
sideration.

III. EXPERIMENTAL RESULTS

The isomer ratios of **Pm computed from the
experimental data are given in Table I. The *He-
ion bombarding energy given in this table refers
to an average energy of the “He ions in the target.
This average energy was calculated assuming a
linear energy loss in the thorium foils and weight-
ing the energy of the *He ions in different layers
of the foils by the cross section for fission of 232Th
with “He ions?® at this energy. The energy loss of
the *He ions in the thorium foils was determined
from Ref. 24.

The errors in the average “He-ion energies were
estimated from the uncertainties in the energy of
the “He ions before entering the thorium foils, the
energy loss in the foil, and the cross section for
the 2#Th(a,f) reaction.

IV. INTERPRETATION OF RESULTS

The experimental isomer ratios have been in-
terpreted in terms of the initial primary fission
fragment angular momentum using the method of
Huizenga and Vandenbosch.!'® As suggested by .

Warhanek and Vandenbosch'® the probability dis-
tribution of initial angular momentum states of
the primary fragments is assumed to be repre-
sented by

P(J;) < (2J;+1) exp[-J,(J; +1)/B?], (1)

where P(J i) is the probability distribution for
each spin value J; and B is a parameter which
defines the width of the distribution. The root-
mean-square angular momentum (J2)'/2 of the
primary fragments is equal to B for large values
of B:

(F)llz ~B.

The method of the calculation has been described
extensively elsewhere '4'15:19:26 Therefore only

a brief outline of the various steps of the procedure
is given here together with a discussion of the pa-
rameters used in the calculation.

The initial spin distribution of the primary frag-
ments is modified by the emission of the prompt
neutrons which carry away some angular momen-
tum. These transitions from a specific spin level
are assumed to populate residual spin levels with
a probability which depends on the availability of
the specific levels and given by

P(J) = (2J + 1) exp[- (J + 3)%/20%], (2)

where P(J) is the probability distribution of levels
with spin J and ¢ is the spin cutoff parameter
which characterizes the angular momentum dis-
tribution of the level density and is related to the
moment of inertia and the temperature of the ex-
cited nucleus.

After emission of the prompt neutrons the re-
sidual nucleus deexcites by the emission of v rays.
The relative probabilities for a nucleus of spin J;
to decay to states with spin J; are again determined
by the level density factor as given in Eq. (2). The
distribution obtained after the statistical emission
of ¥ rays was assumed to divide between the two
isomeric states so that the transition between the

TABLE I. Independent isomer-yield ratios of 8Pm in thermal-neutron-induced fission of
233y and 235U and ‘He-ion-induced fission of ?32Th.

Average Excitation energy

projectile energy Number of of compound nucleus MBPm"‘(G—)
Target Projectile (MeV) measurements (MeV) Wpme(1-)
Wy n Thermal i 6.8 3.0+ 0.5
235y n Thermal 4 6.5 2.6:3:2
2321 ‘He 25.8+1.7 2 20.8+1.7 6.8 +1.2
2327h ‘He 29.1+1.4 1 23.9+1.4 6.6+0.7
232h ‘He, 31.8+1.5 1 26.7+1.5 5.3+0.5
232y ‘He 37.0+1.0 1 31.8+1.0 8.5+0.9
232 ‘He 41.4+1.0 1 36.1+1.0 8.5+0.9
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initial and final nuclei involves the smaller spin
change. Because there exists a J =2 state between
the J =1 ground state and J =6 metastable state it
was assumed that states with J=3 populate the
ground state, all states with J=5 populate the
metastable state, and states with J =4 divide
equally bé&tween the isomeric and ground states.

Therefore, for the calculation of the angular
momentum distribution of the fission fragments
after the emission of the prompt neutrons and v
rays one has to know: (a) the number, energy,
and transmission coefficients of the emitted neu-
trons; (b) the number, energy, and multipolarity
of the emitted y rays; and (c) the spin cutoff pa-
rameters.

Prompt neutrons and 7y rays

The average number of neutrons 7 emitted per
fragment and their kinetic energy as a function of
primary fragment mass have been measured for
thermal-neutron-induced fission of 23*U and
2351 2729 Byt one requires ¥ versus the post-neu-
tron emission mass ('17,) to learn which primary
masses give rise to the measured fission product
mass. For this purpose one has to assume that
the fragments with all possible charge splits for
a given isobar chain lead, on the average, to the
same number of neutrons in the deexcitation pro-
cess. The above mentioned measurements aver-
age over the most probable charge splits for a
given primary mass split. Wahl et al.*®* and Mus-
grove, Cook, and Trimble®! have estimated the
average number of neutrons v, emitted in forming
products of a given mass number as a function of
the post-neutron emission mass. These evalua-
tions give the average number of neutrons emitted
in forming products of mass 148 as 1.693! (1.623°)
and 1.66% for thermal-neutron-induced fission
of 23%U and ?3%U, respectively. Thus, taking a value
of ¥,=1.65 for both fissioning nuclei, fission pro-
ducts of mass 148 are formed from fission frag-
ments of average mass 149.65 in the neutron fis-
sion of ?**U and ***U.

In Table II the @ values®?:3° for thermal-neutron-
induced fission of 2°°U into the fragment pairs
150pm /28Ge, “°Pm/®'Ge, and **Pm/**Ge are given.
Comparing them with the average total kinetic
energy®® for fragments of masses 148-150, which
are also shown in Table II, one can doubt if their
excitation energy is high enough for the emission
of two or one neutrons. One has to bear in mind,
however, that the total kinetic energy values are
as well averaged over the most probable charge
split for a given mass division. The limiting quan-
tity is the @ value of the fission reaction resulting
in Pm fragments of masses 148—-150. The forma-
tion of Pm nuclei with Z =61 in the mass chains of
A =148-150 are very improbable events as can be
seen from the Z-Z, values. The values for Z-Z,
(z, is the most probable charge for a given frag-
ment mass chain), which are given in Table II,
were calculated from Z, data of Reisdorf et al.*®
The formation of Pm fragments is, however,
most probable in the mass chains A =155-158.
But these primary fragments have to emit approx-
imately 7-10 neutrons to form the fission product
148pm which is very unlikely.

Therefore in fission events which result in an
energetically unfavorable, and thus improbable,
charge split (in our case forming fragments with
Z =61 and A =148-150) either the total kinetic en-
ergy or the excitation energy of the fragments—
the latter appears in the form of the prompt neu-
trons and y rays—has to be smaller than the cor-
responding values for the most probable charge .
splits for a given mass chain. There is not much
known about the dependence of the total kinetic
energy release on charge division. Fragment
range measurements®* indicate that changes in the
total energy release with changing charge division
for a given mass split are reflected in changes of
the kinetic energy of the fragments and that the
excitation energy is the same for all charge splits
in an isobaric chain.

Lack of knowledge of the exact excitation energy
of the primary Pm fragments forming the '**Pm™*

TABLE II. @ values (Refs. 32 and 39), Z, and Z — Z, values (Ref. 35) for Pm fragments, av-
erage total kinetic energies E, (Ref. 33), and root-mean-square width oz, (Ref. 33) of the total
kinetic energy for the most probable fragments of masses 148—150 in thermal-neutron-induced

fission of 235y.

@ value of
charge split 61/31
(MeV) E, Ok,
Mass of Pm fragments Ref. 32  Ref. 39 Z, Z(=61)-2z, (MeV) (MeV)
148 148.6 151.0 57.18 3.82 161.7 7.2
149 154.6 156.4 57.57 3.43 160.5 7.1
150 156.5 158.1 57.95 3.05 159.5 7.0
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products forces us therefore to make some as-
sumptions. We thought it reasonable to consider
the two extreme cases:

(1) The excitation energy of all fragments of a
given mass division A,/A; is the same for all
charge divisions Z,/Z 1; also the same for very
improbable charge splits as in the case of the Pm
fragments of masses 148-150. The number of
prompt neutrons and ¥ rays emitted by the frag-
ments of mass Ay is the same for all charges Z,,
of this chain. We used a value of ¥,=1.65%3 as
the average number of prompt neutrons emitted
by primary Pm fragments leading to the *Pm™#
products. The average kinetic energy of the neu-
trons was taken from Ref. 27; their binding energy
was calculated by means of Ref. 32. We also used
an average value of 1.5 MeV for the kinetic energy
of the neutrons as explained later in the text.

(2) The average total kinetic energy release E
is the same for all charge divisions Z ,,/Z L for a
given mass split A,/A;, although the total energy
release (Q value) depends strongly on the charge
division. A comparison of the @ values for charge
splits 61/31, with the average total kinetic energy
release E, (Table II), shows that this assumption
leads to an energy deficit of between 3.0 (1.4) and
13.7 (10.7) MeV for Pm fragments of masses 148—
150 in thermal-neutron fission of 23°U, dependent
on the nuclear-mass relation used.3'3° It seems
very unlikely that in fission events with very im-
probable charge splits the primary fragments are
formed without any excitation energy. For that
reason we have assumed that the **Pm products
are formed either from '%°Pm fragments by the
emission of one neutron only or from “*Pm frag-
ments only, which have merely enough excitation
energy so that neutrons cannot be emitted, but
only ¥ rays.

As will be seen later the results do not differ
very much since the 1.65 neutrons, which are
assumed to be emitted in case (1), do not take
along much angular momentum but take mainly
excitation energy. The average spin of the frag-
ments is reduced by not more than one unit of

angular momentum. The main difference of the two

cases will be that in case (1) the calculated angular
momentum distribution has to be attributed to frag-
ments of masses 149 and 150; in case (2) to frag-
ments of masses 149 or 148.

In the case of the medium-energy *He-ion-in-
duced fission of 232Th one could use the energy-
dependent calculations of isomer ratios reported
by Saha and Yaffe.® This model takes into account
the competition between fission and neutron emis-
sion which is important in medium-energy fission,
and hence the formation probability of a primary
fragment of a given mass and charge from all fis-

sioning nuclei in the multiple-chance fission cas-
cade.

The quantities which have to be known for this
model are, however, not known very well in our
case. The pre-fission neutrons are not expected
to lower the angular momentum of the compound
nucleus to any appreciable extent. Therefore and
because of the absence of more exact information
we neglected the emission of pre-fission neutrons.
We have treated all **Th +*He results in terms of
the excitation energy (and/or angular momentum)
of the 23U* compound nucleus. Thus the excitation
energy of the 2*%U* is the basis for comparing the
results from thermal-neutron-induced fission of
2357 and *He-ion-induced fission of 22Th. The
excitation energy of the 23U* nucleus was cal-
culated as E., +Q where E_,, is the center-of-
mass energy and @ is the reaction @ value.®

At present there are only the measurements of
Fraenkel et al.*® available for the number of post-
fission neutrons 7 emitted as a function of frag-
ment mass for fission of 2*2Th by 45-MeV “He
ions. Britt and Whetstone* give 7 for the fission
of 2°Th by « particles of 25.7 and 29.5 MeV and
mention in their paper that the v distribution for
“He-induced fission of 2*2Th is similar to the re-
sults for *He-induced fission of 23°°Th. McHugh
and Michel*? obtained a 7 distribution as a function
of fragment mass by an indirect method for 233Th
+44-MeV a particles. They observed the same
trend as Britt and Whetstone,* namely values for
¥ in the mass region =130 which are approximately
independent of the fragment mass.

Assuming again that the number of prompt neu-
trons as a function of fragment mass is independent
of the charge split for a given fragment mass the
above mentioned measurements give the number of
neutrons for Pm fragments of masses 148-152
as shown in Table III.

Another way to estimate the number of neutrons
which are emitted by fragments leading to the pro-
duct *®Pm consists of a calculation of the excita-

TABLE III. Number of neutrons for fragments of
masses 148—152 in *He-induced fission of 232Th (Refs.
40 and 42) and »°Th (Ref. 41).

7(A)
Fissioning system Ey A=148 150 152
232Th + 45 MeV *He? 39.6 2.76 2.82  2.93
230Th +29.5 MeV ‘He® 24.4 2.1 1.87  1.77
20Th +25.7 MeV *He®  20.7 2.1 2.1 2.0
%32Th + 44 MeV *He ® 38.6 3.5 3.5 3.5

2Reference 40.
PReference 41.
®Reference 42.
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tion energy of the fragments by means of the ex-
citation energy of the fissioning compound nucleus
236y*, the @ value of the fission process in the
two fragments under consideration, and the mea-
sured total fragment kinetic energies E,. Here
again one meets the difficulty of not knowing how
E depends on the charge split Z,/Z, for a given
mass division A,/A;. Moreover, one has to make
an assumption as to how the excitation energy di-
vides among the two fragments.

Such calculations of the excitation energies of
Pm fragments of masses 148-152 were performed
with reasonable assumptions.*® Because of these
assumptions, however, the results of these cal-
culations cannot be preferred to those obtained
with the following simple procedure: Keeping in
mind that the prompt neutrons carry away only a
small amount of the angular momentum of the
primary fragments, it seemed to us quite reason-
able to evaluate the isomer ratios with the as-
sumption that the number of prompt neutrons emit-
ted by the Pm fragments in forming the fission
product '**Pm increases with the excitation energy
of the compound nucleus *U from ¥=1.65, as in
the case of thermal-neutron-induced fission of
35U, to 7=3.0 in the fission of 232Th by 41.4-MeV
“He ions.

The transmission coefficients T,(E) for neutron
emission from the different Pm fragments were
taken from the report of Lindner.** The above
mentioned calculations also showed that the kinetic
energies E, of the emitted neutrons are between
0.9 and 2.0 MeV, assuming that the kinetic ener-
gies of the emitted neutrons are equal to 27, where
T is the nuclear temperature. To simplify matters
we assumed that the fragments emit neutrons of
average energy 1.5 MeV. We also used this value
in the calculations for thermal-neutron fission of
235U (besides the values of Ref. 27) to investigate
the influence of this assumption on the results.

The residual excitation energy of the *8Pm frag-
ments after neutron emission is removed by the
emission of a cascade of ¥ rays. The average
number N, and the average total energy E, of the
Y rays emitted by the fragments as function of
fragment mass has been measured®®3” for ther-
mal-neutron-induced fission of 23U and 233y,
Again we have to assume that these values, which
are obviously obtained by averaging over the most
probable charge splits of each isobaric chain, are
also valid for the improbable charge divisions
which yield Pm isotopes of masses 148-150. No
measurements are known about the number and
energy of ¥ rays emitted by the primary fragments
in fission of 232Th by “He ions. Therefore the fol-
lowing assumption about the ¥ ray yield and energy
of the **Pm fragments in fission of 232Th by «

particles seemed reasonable to us: After the
emission of the prompt neutrons, the fragments
are on the average in the same state of excitation
whether they arise from fission of 2*°U nuclei of
6.5-MeV excitation energy (produced through 23%U
+ny) or from **U nuclei of medium excitation en-
ergy (produced through 232Th+“He). Therefore

the same average number and average total energy
of the ¥ rays could be used as measured for ther-
mal-neutron-induced fission of 23°U .3¢

Pleasanton, Ferguson, and Schmitt®® give as
average values for the number and total energy
of ¥ rays emitted per fission in thermal-neutron-
induced fission of >**U (N,)=6.51+0.3 and (E,)
=6.43+0.3 MeV. The assumption that following
the emission of the prompt neutrons the fission
fragments emit three ¥ rays before reaching the
isomeric level or ground state seems reasonable
in view of these results. Following the statistical
emission of the three y rays, a fourth v ray is
emitted which populates either the metastable state
or the ground state.

Another assumption that was made is to estimate
that E,, the total energy emitted in the form of
prompt ¥ rays, is approximately one-half of the
binding energy of the first neutron not emitted.
The average energy and number of prompt y rays
emitted from the fragments of initial excitation
energy E can be estimated by means of the form-

ula®®

E 1/2
Er=4(; - 552'> ) (3)

where a is the level density parameter. The en-
ergy of each succeeding v ray is found by comput-
ing the new excitation energy by subtracting from
the residual excitation energy the average energy
of the ¥ ray calculated by use of Eq. (3). For the
excitation energy at which the isomer-deciding v
transition takes place the assumption a of Ref.

38 has been used.

There is evidence that a significant component
of the prompt ¥ rays is quadrupole,’ e.g., be-
cause the primary fragments are formed with a
high spin® (see Table VII) which cannot easily be
dissipated by dipole transitions only. The share
of the quadrupole transitions in the deexcitation
of the fission fragments is, however, not known.
We have assumed a quadrupole component of 10%
so as to keep the calculation parameters similar
to those we have used in “calibrating” the isomer-
yield ratio technique for the isomer pair *#¥Pm™#
in our studies of the reactions **Nd(d, 2z)***Pm™*
and '*®Nd(p,n)'**Pm™¢ where the initial angular
momentum distribution can be calculated 2°

To be able to compare our calculations with
those of other investigators®-® who have used
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dipole transitions we also assumed the ¥ radia-
tion to be dipole only. The influence of pure quad-
rupole transitions was also investigated by assum-
ing that three E2 transitions take place statistically
before the emission of the isomer-deciding v ray.

Spin cutoff parameter

In the present analysis we have used different
values for the spin cutoff parameter ¢. Informa-
tion about the spin cutoff factor comes, among
others, from isomer ratio studies in nonfission
reactions.!® We have determined ¢ by measure-
ments of the isomer ratio of **Pm for the
148Nd(d, 2n)***Pm™¢ and *®Nd(p,n)"**Pm™* reac-
tions.?° In other words, we take the parameter for
the calculation of the fission fragment isomer ratio
from corresponding calculations of the same iso-
mer ratio in nonfission reactions in which the in-
itial angular momentum distribution of the com-
pound nuclei '*°Pm and **Pm can be calculated
and is, as well as their excitation energy, of about
the same magnitude as in the primary fission frag-
ments **Pm and °Pm. It is to be hoped that the
results are more independent of the particular
suppositions made in the calculations.

In the calculations described in our other paper?®
the spin cutoff parameter has been assumed either
to be constant, independent of excitation energy,
or—more realistic—energy dependent. For de-
tails see Ref. 20. Calculations of the fission iso-
mer ratio were also done for values of 0,=4 for
the neutron evaporation and o, =3 for the 7 ray
transitions, respectively, to be able to compare
our results better with the results of other au-
thors.> Table IV summarizes the values of the
spin cutoff parameters used in the present analy-
sis. The computer code of Hafner, Huizenga, and
Vandenbosch®® was used to calculate the spin dis-
tributions after the emission of neutrons and ¥
rays.

TABLE IV. Spin cutoff parameters used in the present
analysis.

Spin cutoff parameter

Transition o=const o=f(E) Remarks

150pm 20 149pm 0,=0,=3.9 0=0.706,>  Ref. 20
0,=4 Ref. 3

49pmim? ¥pym  g,=0,=4.2 6=0.656,>  Ref. 20
0,=4;0,=3 Ref. 3

WSpm* =y U8pm ¢, =4 Ref. 20

29 is the moment of inertia of the nucleus; 6, is the
rigid body moment of inertia.

TABLE V. Values of the fission fragment angular momentum parameter B for thermal-neutron-induced fission of 235y and 38U derived with different parame-

ters for the deexcitation cascade.

Number, total energy, and multipolarity

Number and energy
of emitted neutrons

{=]
=
b
l

S

L]

235U

Spin cutoff
parameter

233U

E, (MeV)
U

23

of emitted y rays
35y 283y 5

233U

E, (MeV)

N, 235U

Primary
fragments

9.9
10.5
9.1

9.3
9.9
8.3

10.0

3.9/4.2°¢

f(E)®
f(E)®

o,=0,=f(E)°

4.2¢
7,=4.0¢

4.2¢

=0,
=0,
=0,
=0,

UY

Op =

On

On
On
On

E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2
E1+10% E2

4.3/5.5°
4.3/5.5°
5.5°

Eq. (3)

5.5°

1.3/1.12
1.3/1.12

1.1/1.32
1.1/1.3%
1.32
1.32
1.32
1.32

150/149
150/149
149
149
149

9.0

8.9
8.6
8.2
9.7

-

149
148
148

4.0¢
o,=f(E)®

o, =f(E)®

oy

148
148

10.0
13.3
10.0 10.8

0,=4.0;0,=3.0
0,=4.0,0,=3.0
0,=4.0;0,=3.0

1.1/1.32
1.1/1.32
1.5/1.59

150/149 1.65
1.65
1.65

150/149
150/149

E1l
E2
E1l

1.5/1.5¢

150/149

14.1

13.3

=3.0

Op=

E2

1.65

4.0;0,

dSee text.

2Values taken from Ref. 27.

®Three statistical y rays plus the isomer-deciding 7y ray.

bValues taken from Refs. 36 and 37.

®See text and Ref. 20.
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TABLE VI. Derived values of the fission fragment angular momentum parameter B (calcu-
lated with the number of neutrons as given in the table, average neutron kinetic energies of
1.5 MeV, three statistical plus one isomer-deciding y-rays, spin cutoff parameters g,=4.0
and 0, =3.0, and dipole radiation).

Excitation energy Number
Fissioning of ¢y compound Experimental isomer of emitted
system nucleus (MeV) ratio (om/og) neutrons B (n)
33U 44y 6.8 3.0+ 0.5 1.65 10.8+2.0
55U 4 gy 6.5 2.6:0:2 1.65 10.0+2.5
B2Th + ‘He 20.8+1.7 6.8+1.2 2.0 16.5£2.5
23.9+1.4 6.6+0.7 2.0 16.3+2.5
26.7+1.5 5.3+0.5 2.0 14.6 +2.5
31.8+1.0 8.5+0.9 3.0 19.9+2.5
36.1+1.0 8.5+0.9 3.0 19.9+2.5

V. THEORETICAL CALCULATION:
RESULTS AND DISCUSSION

The results of our calculations of the angular
momentum parameter B are presented in Table V
for the isomer ratio of !**Pm in thermal-neutron-
induced fission of 23U and, partly, of **U. The
dependence of the derived angular momentum pa-
rameter B on the various values of the different
parameters within reasonable limits is shown to
be rather insensitive. Being unable to favor one
of the different reasonable assumptions with re-
gard to the various parameters, the results of

Table V reflect the uncertainty due to the analysis.

are between B=8.2 and 10.0, implying an uncer-
tainty of the calculation of the magnitude of the
angular momentum from the isomer ratio of about
+17. Including the error in the experimental value
of the isomer ratio the uncertainty in the average
initial spin value is estimated to be about + 2.0-
2.571.

For the above reason we calculated the angular
momentum parameter B for the isomer ratio of
148pm in *He-induced fission of 2*2Th for one set
of parameters only. The results of Table VI were
calculated with 2—-3 emitted neutrons, an average
kinetic energy of 1.5 MeV, three statistical plus
one isomer-deciding ¥ rays, spin cutoff paramet-

If the pure E2 alternative is left out, the values
of B for thermal-neutron-induced fission of 23U

ers 0,=4.0 and 0,=3.0, and dipole radiation. The
resulting variation of the root-mean-square ang-

€ 2Ff
~
513- -7
§ | ~ -
§11.—
g "
< 10 F
@
s
3
? 6f
g
£
oS
g%
B S 1 I 1 1 '} 1 s 1 ' 1 1 1 1 1 1 1 1 -
0 10 20 30 40

Excitation Energy (MeV)

FIG. 1. A plot of the derived root-mean-square angular momentum of Pm fragments as a function of the excitation
energy of the 23U compound nucleus in thermal-neutron-induced fission of 235U (open circle) and He-induced fission of
232Th (closed circles). The value for neutron fission of 233U is also plotted (triangle). The full line gives the calculated
root-mean-square angular momentum of the 23U compound nucleus as a function of its excitation energy. The dashed
curve is the solid curve displaced by the amount necessary to make it pass approximately through the values of @1
derived from the isomer ratios.
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of K? on (E,- E;), where E, and E, are the excita-
tion energy and the fission threshold of the fission-
ing nucleus, has been deduced for *He-ion-induced:
fission by Vandenbosch, Warhanek, and Huizenga.®®
Using their functional dependence of K2 the aver-
age value of (K2)'/2 for the excitation energies
20.8-36.1 MeV of the compound nucleus 23°U*

used in this work (taking E,=5.7 MeV for the nu-
cleus 2°%() was _obtained as between 9.2 and 12.47.
The values of (J2)*/2 derived for the Pm fragments
from the isomer ratio are between 16.5 and 207.
Assuming that the complementary light fragments
also have similar values for the angular momen-
tum, it seems that there is apparently some can-
cellation of J, by J;.

A summary of the root-mean-square angular
momenta of fission fragments as deduced from
independent isomer-yield ratio studies in thermal-
neutron- and charged-particle-induced fission is
given in Table VII. The data are deduced from

IELD RATIO OF !48pPm IN...

263

measurements with rather different target-pro-
jectile combinations. The data can also be com-
pared with the results of Ref. 3 in which the in-
trinsic angular momentum of primary fragments
for spontaneous fission of #2Cf was deduced for
21 different even-even fission products by statis-
tical-model analysis of the population of ground-
state bands.

The root-mean-square angular momenta of fis-
sion fragments deduced by isomer ratio experi-
ments in thermal-neutron- induced- fission of 23U
2357, and 2%°Pu are plotted in Fig. 2 as a function
of fission product mass. The values from Ref. 3
for 21 even-even fission products in spontaneous
fission of 252Cf are plotted as well. The plot is
presented such that fission products which are
equidistant from symmetry of the mass distri-
butions of the different fissioning nuclei are ap-
proximately on the same abscissa.

Upon examining Table VI and Fig. 2 one can

Mass of light fission product
123 18 13 108 103 98 93 88 252¢
L T T T T T T T 1
Light fission products of 252Cf N
. 239py o Nth - e
£ Heavy fission products of 252¢¢ . g
|Nr“' 239Pu + Ny @
12+ e BBy, Nth
£
5 ° 233y 4 n
£ nr u s ¥ th
é 10} °® v ¢©
= 9 v 9 9 w9
S
3 8}
=
o
o 7T
o
3 6F
7
& S5
o
[
E L}
1
El
2 F [ ]
1 -
"l 1 1 1 1 y 1 1 A
125 130 135 140 145 150 155 160 252
120 125 130 135 140 145 150 155 39py vy
118 123 128 133 138 143 148 153 2350 4 ny,
17 122 127 132 137 142 147 152 BYany,

Mass of heavy fission product

FIG. 2. A plot of the root-mean-square angular momenta of fission fragments deduced by isomer ratio experiments
in thermal-neutron-induced fission of *3y, 23y, and ?*°Pu as a function of fission product mass. The values from Ref.
3 for 21 even-even fission products in spontaneous fission of ?52Cf, which are deduced from the population of ground-
state bands, are plotted as well. The plot is presented such that fission products which are equidistant from symmetry
of the mass distributions of the different fissioning nuclei are approximately on the same abscissa. The solid line
which connects the values for the light fission products is merely drawn to guide the eye.
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conclude that (see also Ref. 3):

(1) The average angular momenta of fission frag-
ments are higher in medium-energy-induced fis-
sion than in low-energy-induced fission.

(2) There seems to be a correlation between the -
angular momentum of the initial compound nucleus
and the fragment angular momentum as shown
clearly in this work.

(3) The fragment angular momenta in thermal-
neutron-induced fission of ***U, #*°U, and **°Pu
and in spontaneous fission of 252Cf do not depend
significantly on the fissioning nucleus.

(4) The heavy fission fragments have a somewhat
greater angular momentum than the light frag-
ments.

(5) The fragment angular momentum appears to
increase slightly as symmetric and very asymme-

tric fission is approached.

(6) There are not enough data to find any clear
trend in the fission fragment angular momenta
within a larger range of the Z, A, and excitation
energy of the fissioning system.

Because of the uncertainty of the absolute mag-
nitude of the fragment angular momenta as de-
duced from isomer ratio measurements it is dif-
ficult to compare these data with the calculations
of the average angular momentum of fission frag-
ments by Zielinska-Pfabé and Dietrich.*® The best
agreement between our experimental data in neu-
tron fission of 2**U and 2*°U and the theoretical re-
sults in the mass region 148-150 is obtained for
their adiabatic case or nonadiabatic case with a
value of kT =1 MeV.
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