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ABSTRACT 

LBL-256 

The measured intensities of intra-band cascading transitions in the 

ground state bands of 21 high yield even-even fission products have been analyzed 

by two methods to determine the magnitude of the intrinsic angular momentum of 

the primary products formed in the spontaneous fission of 252Cf . The first 

method was to quantitatively compare the intensities of the intra-band trans-

itions observed in fisSion with those reported in the literature for in-beam 

(particle, xn) reactions for which the primary angular momentum distribution 

was determined by optical model calculations. The second method was based on 

a simple statistical model analysis of the angular momentum distribution 

throughout the neutron evaporation and the pre-ground state band garrlma ray 

transition: phases of the de-excitation process. The two methods gave reason-

ably similar results with the former method yielding a somewhat larger primary 
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angular Iho[llentumfor the fragments. The general conclusions from the statistical 

model analysis are that: (1) the average angular momentum of the products is 

7: ::::: 7 ± 2 n, (2) the heavy, fission products have . ~ 2Cf1/o greater angula~ momentum· ~ 

than the light products, (3) them9re symmetric the mass division the lower 

the initial angular momentum and, (4) ;there are only small cha.nges in angular 

momentum .(~1:-.2ii) with change'S in fragment kinetic energy. An important feature 

of these results is that the fragment -angular momentum does not correlate with 

the number o·f neutrons evaporated by the fragment. Additional measUrements 

have been made to study the angular distribution of individual prompt gamma 

rays. In all observed cases the 2+ ~ 0+ ground state transitions were forward 

peaked with respect to the fission axis~ and this is consistent with the assump-

tion that the angular momentum is aligned in a plane perpendicular to the 

direction -of fission. The results are discussed' in terms of a quaSi-statistical 

model in which the neck width at scission is ~pproximately constant. 
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I. Introduction 

The angular momentum.distributionin the primary fission fragments 

has been of experimental and theoretical interest as it provides information 

on the properties of the fissioning nucleus from the time it goes through 

the saddle point until shortly after scission, The angular momentum dis-

tribution of the fragments in particular bears a close relationship to 

. 1 
vibrations of matter in the neck normal to the fission direction. At 

scission this results in angular momentum of the fragments normal to their 

axis of separation; thus angular momentum is induced even in fragments from 

spontaneously fissioning nuclei such as 252Cf which originally have spin 

zero. A different picture of the fissioning nucleus is one in which the 

fragments at scission have their tips directed along a line of centers. 

A finite distribution of rotational angular momentum is introduced through 

the uncertainty principal relationship between angular position and momen-

2 
tum. Coulomb excitation between the separating fragments can als6 alter 

the angular momentum distribution present at scission. Since the character-

istics of the gamma-ray de-excitation of the fragments are particularly 

sensitive to the magnitude and orientation of the angular momentum of the 

fragments,studies of gamma-ray emission from fission have provided most 

o·f the knowledge about the angular momeritum in fission. Previous estimates 

of angular momentum have been based on three kinds of information concern-

ing the,y-ray'de-excitation: 
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(a) Angular distribl.ltion of the gross unresolvedprompty-rays. 

. tid d f"" f 233U 235U These studies were performed USlng neu ron n uce lSSlon 0 , , 

and 239P\l and spontaneous fission of 252Cf by severalgroups.3-7 In all 

the experiments /3,nisotropy w:ith preferential emission of 10-15% more 

y-rays in the fission direction relative to the direction normal to the 

fragments was found. valskii8 ,9 and AtmbrusterlO have further investigated 

this anisotropy as a function of mass ratio and total -kinetic energy of the 

fission eyents and have found the anisotropy to be rather independent of 

these quantities. The interpretation of these experiments in terms of J is 
ll~ 

based onStrutinskii's derivation of the angular distribution of the broad 

y-rays which to first order is 

WL(Q) = 1+kL(h2J/.~T)2sin2e 

where e is the angle of emission of the y-ray with 'respect to the fragment 

direction; kL =.+1/8,;;;'3/8 and -81/64 for L ,= 1,2,3 respectively where L 

is the multipolarity of the radiation. ~ is the moment of inertia and T 

is the nuclear temperature. The derivation of J depends thus on assuming 

the radiation to be predominantly E2 in character ,and it also depends in a 
I 

very sensitive way on ~Eisumptions regarding the values of T and ~ which are 

quarftities not determined experimentally. The proposed values of J based 

" - 1/2 on the same experimental results varied between (.12) = 4.4 to 20 depend-

ing on model assumptions. 

(b) Studies of y,..ray multiplicities and. total energy in fission. 

It was found that the total Y-ray energy in the thermal neutron induced 
\ 

. fission of 235U was -v7.2 MeV12 and thiS' is larger than that which would be 

expected from the average neutron binding energies if no angular momentum 

'l' 
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were present. Thomas and Grover13 have calculated the y-ray energy and 

multiplicity using appropriate spin dependent level density expressions. 

They found that the experimental results are consistent with assuming 

J = 5.5. 

(c), Isomer yield experiments. The rati060f independent yields 

of isomers relative to independent ground state yields have been studied 

d 818 d 838 •. ~4) for several suitable fission pro ucts such as: e an e, 

134c (15;\ 131T d 133T '16' Th 1 t h b . t t d s,- e an e.\;! ') e experimenta ra ios ave een ln erpre e 

using the method of Huizenga and Vandenbosch.17 This method employs a 

statistical treatment of isomer ratios with spin cut-off parameters that 

are fitted to data for which the input angular momentum is known. From 

this analysis the value of J determined in thermal neutron fission of 

235U and other induced fission cases was in the range of about 5.5 to 

Bh. 

The new approach which we present in this paper for the determination 

of angular momentum is based on the results of recent experiments in which 

the energies and intensities of prompt transitions de-exciting the 2+, 4+, 

·6+ and 8+ levels of the ground state bands 'in many even-even fission products 

18-20 have been measured. Two different methods were then employed to estimate 

the initial angular momenta of the fragments. The first method involved 

comparison of the relative intensities obtained from our experimental data 

with the corresponding relative intensities from the decay of nuclei pro-

duced in reactions for which the initial angular momentum distribution could 

be calculated. The second method involved statistical analysis similar to 

that used by Huizenga and Vandenbosch17 to interpret the isomer ratio data. 

The results are quite similar to those from analysis of isomer ratio data. 

However, since data from· 37 even-even fission isotopes have been obtained 
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from our experiments,a correlation can be obtained for a wide variety of 

specific products covering the region of fission fra,grnents with high 

yields. 

An additional experiment to measure the angular distributions of 

gamma rays of several of the known 2+ ~O+ transitions showed that they 

are emitted preferentially in the fragment direction. This pr'ovides direct 

evidence that. the primary 8.I!gular momentum is aligned normal to the fission 

direction. The magnitude of the anisotropy is consistent with themagni- , 

tude of J obtained hy the statistical analysis method. 

II. Experimental 

Information about the intrinsic angular momentum of the primary 

_ fission products was obtained from two separate experiments. In the first 

experiment the intensities of ground state band transitions in even-even 

fission products were measured. The experiment consisted of three or four 

parameter coincidence measurements'where the kinetic energ~es of the two 

fission products formed in the spontaneous fission of 252Cf were measured 

simultaneously with: a) single gamma rays, b) two gamma rays, and 

c) gamma rays and K x -rays .. The details of these experiments have been pre-

18-20 sented elsewhere and only a brief description will be given here. 

Figure 1 shows a schematic representation of the experimental configuration 

for the four parameter measurements. A source of N105fisSion'S!min was elec

trodeposited on the surface of detector Fi' In this procedure fragments 

entering the detector were stopped in ",10-12 sec and,therefore,transitions 

having life times l<ilnger than this value were not Doppler shifted and were 

sharp when recorded in the photon detectors. 
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The masses of the fission fragments were determined from the 

measured kinetic energies. The measurements of the prompt gamma rays 

in coincidence with a specific K x-ray were used to assign the transitions 

to specific elements. Once transitions were assigned to specific isotopes 

gamma-gamma coincidence measurements were performed to establish cascade 

sequences in the de-excitation process. Quantitative information regarding 

in~ensitie6 were determined using the higher efficiency inherent in a three 

parameter experiment ill which the two fragment kinetic energies were measured 

in coincidence with prompt gamma rays. With this technique the intensities 

of transitions de-exciting ground state bands of 37 even-even fission product 

nuclei have been determined. 

Details about the identification of ~e ground state band transitions 

in even-even fission fragments were reported in Ref. 18 for light fragment 

and Ref. 19 for heavy fragments. The summary of the intensities of the 

ground state band trans\itions from nuclei produced by the spontaneOus fission 

of 252Cf was presented in Table 1 of Ref. 21. The intensities presented there 

have been corrected for internal conversion and for any delayed transitions 

in the de-excitation process. Systematic errors are perhaps present in the 

-12 case of any transitions with half lives shorter than 10 sec. since such 

gamma rays could still be emitted by the moving fragment before it stopped 

in the plated detector. Thus these gamma rays would appear partially Doppler 

shifted and broadened. Since only sharp unshifted transitions were ;studied 

an underestimate of the total transition inte~6ity was possible. This 

remark applies specifically to the intensities of the 2+ ~ 0+ transitions 

in 98
Zr (1223 keV), 134Te (1278 keY) and 136Xe (1313 keV). 
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The second experiment was an angular distribution study in which 

the intensities of individual y-rays were measured relative to the fission 

fragment axis ... The experimental configuration is schematically presented 
. . 6 

in Fig, 2. Asaurce with ~diameter of about 2mm and approximately 10 

fission~ /min of 252Cf was electrodeposited onto a 0.005 inch thick platinum 

foil. Prompt fi(3sion gamma rays were recorded in coincidence with fission 

fragment kinetic energies. A 1 cm3 Ge(Li) detector having resolution of' 
, 

1.2 keV at 280 keV was used for the gamma ray measurements. The fission 

fragment kinetic energies were. recorded in any of three phosphorous diffused 

30b ohm-cm fission fragment detectors which werelpcated approximately 3.5 

cm from the source foil. 
, 2 

Each detector had an area of 30Q mm. The fragment 

detectors were used for timing purposes to insure; that only' prompt fission 

gamma rays were recorded and also to estabUsh the fission axis about which 

the gamma ray distributions were obseryed. By using three fission fragment 

detectors the intensities of transitions were determined at three different 

angles in one experimental run. Since the kinetic energy of only one fragment 

from each pair was measured (the other fragment was always stopped in the 

Pt backing) the gamma rays were sorted only according to whether th~y were 

associated with light or heavy fragments. Two experimental runs, each of 

about one week duration, were performed ih order to obtain information on 

transition intensities at six different angles (900
, 67.50

, 450
, 22.5°, 00 

and-22.50) one of which (-22.50
) was chosen to be redundant for consistency 

determinations. The data were stored in an on line PDP-9 computer. The 

intensities of gamma transitions were obtained using a computer code for 

gamma ray analysis developed by Routti and Prussin. 22 Three y-ray spectra 

\ 
! 

~'. 
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associ&ted with light fragments stopped in the Pt backing and obtained at 

angles Ot?, 450
, and 900 to the fragment are shown" in Fig. 3. 

It was not possible to determine experimental angular distributions 

for all transitions observed in the experiment. There were two reasons 

for this limitation. The first was that the very complex ga.mma-ray spectra 

could not be sort<ed according to mass; and therefore only intens'ities of 

strong transitions which were ascertained in the mass sorted data of the 

three and four parameter experiments to be relatively free of interfering 

radiations could be accur.ately determined. The second difficulty was 

that the gamma rays emitted in flight by the complementary fragment were 

Doppler shifted due to the high fragment velocity. The energy shift 

observe,d in the laboratory frame was dependent on the angle of observation. 

Therefore ,many gamma rays emitted from fragments stopped in the Pt back-

ing had interfering radiations shifted into their peak positions at certain 

observation angles thus obscuring intensity determinations. Even with 

these limitations it was possible to obtain angular distribution data 

for 12 discrete transitions where interferences were small. Of these 

transitions seven were associated with the ground state bands of even-even 
I 

fission products and all of these showed forward peaking. The measured 

inte'nsi ties of the fitted gamma rays are presented in Table 1 as a 

function of angle relative to the fission axis. The uncertainty of the 

relative intensities was assumed to be 10%. This value exceeds the 

statistical uncertainty of the fits but was deemed necessary due to the 

arbitrary requirements of linear background imposed by the fitting routine. 

The angular distribution coefficients were extracted by making least 
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squares fits to the meaSured gamma ray intensities as a function of angle 

with respect to the fission axis. The expression used was: 

(l) 

Since some of the fits to the data do not lead to a significant value of 

8
4 

the fits were also made with a4 = o. 

The a
2 

and a4 coef'ficients:were corrected for the finite solid 

angle subtended by the detectors. The solid angle correction factor for 

a2 was 0.917 and for a4 = 0.744. The corrected values of a2 and a4 are 

shown in Table 1. 
. 

The anisotropy in the angular distribution of some'of the transitions 

could possibly be influenced by attenuation due to extra-nuclear effects. 

All the 2+ ~ 0+ transitions that were observed have half life values of 

0~2 2 nsec. (The iife time was found in previous experiments-from Doppler 

shift considerations). The attenuation in the angular distributions inside 

the pt host is dependent on the electronic structure and is, for anyele-

ment, largest for transitions with longer hal:tr life values as can be seen 

. 104 106 for the cases of the two J.sotopes Mo and Mo. The results of aniso-

tropies can thus be looked upon as lower limits of the real values with 

-110 . a2 values of shorter lived 2+ -'70+ transitions such as Ru belng close 

to the actual values. Angular distribution results are shown in Fig. 4 

for some transitions. -The results clearly show that there is alignment 

of the angular momentum in the fission pro~ess. The two transitions shown 

associated with the even-even isotopes are the 2+ ~ 0+ ground state trans-

itions and therefore are lowest members of a cascade of stretched E2 

transitions. The observed intensities for these stretched E2 transitions 

are forward peaked implying that the angular momentum is 

"'i ; 
i 
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initially aligned in a plane perpendicular to the fission axis. The 95 keY 

transition associated with the odd A isotope 105Mo is seen to have an 

anisotropy peaked at 900
. This is consistent with its being a stretched 

predominately M1 transition that is possibly a member of a cascading 

band. 

III . Analys is 

A schematic representation of the de.,.excitation process of the 

primary fission fragments is shown in Fig. 5. The fragments after scission 

can be visualized as tumbling about the axis of separation with the~r 

angular momentum aligned in a plane perpendicular to this axis. In 

addition to the high kinetic energy of the initial fragments they also 

possess substantial internal excitation energy which is dissipated 

through evaporation of neutrons and emission of gamma rays. Since only 

th~ last stages of the de-excitation process are observed in these experi-

ments the quantitative determination of the angular momentum after 

scission requires consideration of the changes in angular momentum induced 

in the evaporation and statistical gamma emission processes. As mentioned 

previously this analysis was performed utilizing two methods. 

A. Reaction Comparison 

The first method of analysis which was used to interpret. the' 

experimental data simply consisted of a comparison of the intensities 

of the prompt-fission gamma rays with those observed in in-beam gamma-ray 

studies of (charged particle, xn) reactions. In recent years in-beam 

gamma-ray spectroscopy has become a fruitful area of research and 

appreciable amounts of nuclear structure information are being currently 
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obtained. The significa.nt features of these reactions are: (1) A sub-\ 

stantial amount of angular momentum is introduced in the compound nucleus 

through the reaction collision; (2) the angular momentum is aligned in 

a plane perpendicular to the beam axis; (3) the majority of th'e excita~ 

tion, 'ene;r'.gy is removed by neutron evaporation; (4) the angular momentum 
\ 

is dissipated through cascading band transition as the residual nucleus 

de-excites toward its groun4 state. This situation.is therefore quite 

analogous to the de-excitation of the prompt fission products. By com-

paring the intensities of transitions de-exciting the ground state bands 

of even-even fission products with those observed in reactions of the type 

A(charge particle, xn),B fo;r which the initial angular momentum could be 

calculated and B is even-even, it is possible to obtain information on 

the primary angular momentum of the fission products. 
\ 

T)iis method of estimating. the angular momentum of the fragments 

is direct and requires no model assumptions regarding the de-excitation 

process. The only assumption implicit in this method is that the induced 

distribution of angular momentum in the reactions is not radically differ-

ent from the fission product primary angular momentum distribution. The 

former distributions tend to be of the form (2L+l)TL, with TL the optical 

model transmission coefficient, usually resembling a Fermi function of 

unity for low L values and zero for high L values, The latter distribution 

has been suggested by Nix ~d Swiateckil to have the shape of (2L+l) exp 

( _L2/BG) ,. h' h 1n w 1C B is a parameter related to the nuclear stiffnesses about 

normal modes. Despite the differences in distribution functions we assume 

that average L values in fission can be deduced by these comparisons to 

an accuracy consistent with other uncertainties from the statistical 

de-excitation paths. 
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Figure 6 presents the experimental data on the observed intensities 

of transitions de-exciting ground state bands in even-even nuclei. All tran-

sition intensities are normalized so that the 2+ ..... 0+ transition intensities 

in each nucleus are assigned the value of one. Tbe lines join the rep0rted 

experimental intensities of transitions associated with specific reactions. 

The lines are labeled with the average angular momentum induced in the com-

,pound nucleus. 
. 23 

These values have been calculated using optical model codes. 

The reactions and bombarding energies used for Fig. 6 are presented in Table 

2. The most important feature of the reaction data presented in Fig. 6 is 

that there appears to be a good positive correlation between the intensities 

of transitions observed in the ground state bands with the average angular 

momentum present in the compound nucleus. It should be pointed out that this 

correlation persists even though a wide range of. projectiles and bombarding 
14 . 

energies were used [(p,2n) at 12 MeV to ( N,5n) at 93 MeV]. Furthermore 

there were a variety of residual nuclei produced ranging from isotopes consid

ered nominally spherical (llBTe) to deformed isotopes in the center of the 

rare earth region. This correlation is not perfect. It is seen that the line 

labeled I = 11.0 crosses two other lines which implies that some transitions 

in the ground state band appear to have an intensity which is slightly too 

large, Also the line labeled t.= 22 is seen to have a local maximum inten-

sity at £ = B which is inconsistent with the assumptions that once the nucleus 

is in the ground state band it can on~y cascade through the lower spin members, 

The implication of the local maximum .is that part of the population of 

the a+ level does not cascade to the 6+ member of the ground 

1::.". 
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state band. It should be emphasized that these apparentanomalfes could 

well be attributed to experimental uncertainties. No attempt was made to 

adjustor make value jUdgments on the reported literatur~ results. Also 

shown in Fig. 6 are relative intensities of the complamentary fission 

d t 1 · 104M and l44Ba . Th d t . t· t b b t . pro uc nue el. 0 ese a. a pOl.n s are seen 0 e e ween 

the lines labeled £ = 8.0 and £ = 9.6. A linear interpolation of the 

experimental intensities for r144Ba giyes an £ value of 9.2. 

B. Statistical Model Analysis 
r 

The second method consisted of a simple statistical modelahalysis 

which was based on methods developed by Huize-Jga and Vandenbosch17 to explain 

isomeric yield ratios in neutron capture and charged particle reactions. 

This model assumes that the distribution of levels with specific spin 

is given by: 

p(J) ex ( 2J +1) exp [(~J + 1/2)2/20'2] (2) 

wperep(J) is the probability distribution of levels with spinJ and 0 is 

a parameter which limits the population of high spin levels and is in prin-

ciple related to the moment of inertia and the temperature of the excited 

nucleus. The de-excitation from a specific spin level by a transition is 
I 

assumed to populate residual spin levels with a probability dependent on 

the availability of the specific levels as given in equation 2. A further 

assumption is that following neutron capture or after completion of the 

neutron evaporation the residual nucleus emits three El gamma rays before 

reaching the .isomeric level· or ground state. With these assumptions a 

large variety of isomeric yield data were empirically correlated using 

for 0 a value of three or four. Once the value of o was experimentally 

established for cases 'in which the initial angular momentum was either 
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known or could be calculated this technique was applied, using the prede-

termined value of 0, to extract information on the magnitude of the angular 

momentum in fission. This method was applied to fission products by Warhenek 

15 and Vandenbosch to interpret the.prlmaryangular momentum of fission 

products. They experimentally determined the prompt independent yields 

of the isomeric level and ground state in 13
4
cs for the reactions: 

233 233 (, 235 238 ) 231 ( ) u(a42 ,f), U Y16,f), u(a21 ,f), u(a30 ,42,f and Np d21,f . 

They assumed the probability distribution of initial angular momentum 

states of the fragments could be represented by: 

p(J) a (2J+ 1 ) exp [-J(J+l)!B2] 

Where p(J) is the probability distribution for each spin value J and B 

is approximately equal to the rms'value of (J, + 1/2). This fWlctional 

form which was originally chosen from statistical considerations has, 

however, also been predicted on theoretical groWlds by Nix and Swiatecki
l 

2 and by Rasmussen et al. 

This statistical analysis was also applied to fission fragment angu-

16 
lar momentum determinations by Sarantities, Gordon and Coryell. They 

experimentally determined the independent yields of the isomeric levels 

and ground states in 13~e and 133Te for the following induced fission 

reaction: 

Using the same fWlctional. form for the primary angular. momentum as Warhanek 

and Vandenbosch, they extracted a value of B = 6 ± 1.5 for the 235Th(n f)13~e 
th' 

reaction. This value corresponds to an average primary angular momentum 

of 5.0 ± 1.5 h for fission events leading to the formation of the Te iso-

topes. They found, similar to the results of Warhanek and Vandenbosch, 
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that there was an apparent slight increase in the fragment angular momentum 

with increasing excitation epergy and angular momentum of the compound 

232 l3~-nucleus. For the reaction Th(a
33

,f)Te they found the average angular 
~ 

momentum of the primary fragment to have increased to ~7 from the value 

of 5 ± 1.5 for the reaction 235u(nth,f). 

We have also applied this statistical analysis to interpret 

the primary fragment angular momentum using instead of the population 
\ 

of isomeric ,levels, the experimentally determined intensities of transitions 

de-exciting the ground state bands in even-~ven fission product nuclei. 

By using the prompt gamma ray data we have four principal advantages 

when compared with the previous methods: 

(1) it is not necessary to have a fission product which has a convenient 

isomer, (2) it is possible to obtain information on the highest yield 

prompt products, (3) for each product we have population information for 

up to four spin levels (the 2+, 4+, 6+, 8+ from the gamma ray intensities) 
. . : 

instead of just two pointsaS in the isomer studies, (4) it is in principle 

possible by using the presented technique to correlate the angular momentum 

with other fission variables such as kinetic energy. We have evaluated 

the intensities of the members of the ground-state bands of even..;,even fis-

sion products and using equation 3 have'extracted the value ofB, the only 

free parameter in the model. ExplicitLY, the calculational procedure 

consisted of: (1) determining the average number of neutrons emitted 

from each residual nucleus by correcting the average neutron emission re

sults of Bowman et aL 29 using current results on post neutron emission 

mass determinations for the even-even fission products; (2) evaluating 

1\ 

h 

i' 
I 
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the angular momentum removed by each neutron by determining the partial 

wave amplitudes using transmission coefficients derived from a simple 

square well potential;30 (3) for neutron evaporation a value of C1 = 4 

was used in equation 2 to determine the availability of specific levels; 

(4) as a function of the parameter B(equation 3), coupling the probability 

of emission of various partial wave neutrons in proportion to the availa

bility of the allowed spin levels (Fig. 7 presents a schematic example 

for the spin distribution in the residual nuclei for various steps in 

the neutron evaporation); (5) after neutron emission it is assumed that 

there are three dipole transitions statistically emitted before reaching 

the ground state band (the results are not changed significantly if E2 

transitions are assumed); (6) the change in aqgular momentum from the 

emission of each of these gamma rays is determined by coupling the £ = 1 

multipolarity for each transition in proportion to the availability of 

allowed spin levels as given by equation 2 using a value of C1 = 3; (7) 

after the statistical emission of gamma rays it is assumed the ground 

state band is fed directly and the intensities of the cascading intra-band 

transition are evaluated. 

An example of the results of this analysis are shown in Fig. 8 

f th '. d- l' t 144B ft· f th t B Th or e reSl ua lSO ope a as a unc lon 0 e parame er. e 

experimental data are within a band defined by B = 6 and B = 8, and a 

simp~elinear interpolation gives a value of B = 7.2 for this isotope. 

Using this analysis procedure similar information was extracted for 21 

isotopes. The results of the analysis are presented in Table 3. 
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.A further application of the statistical model is a prediction 

of th~. degree of nuclear spin alignment at each stage of the de-excitation 

process. As pointed out by Hoffman 
4 

and Nix and. Swiatecki 
1 

the angular 

momentum of the primary fragments would.be expected to be initially aligned 

in a plane perpendicular to the fission axis. ,This initial alignment will 

be partially destroyed through the neutron evaporation and gamma ray tran-

sitions steps. If we make the assumption that the reduced nuclear 

transition matrix eleme;nts between various states are constant, the 

quantitative determination of the disalignment reduces to a geometry prob-

lem which can be evaluated by summing over Clebsch-Gordon coefficients 

weighted by the probability distribution of the available states. 'This 

distribution can be repres~nted as: 

Jr = Jmax Jr 

P(J'M') =2 ~. PCJI~) 
Jr=Jmin ~=JI 

J'= 

··(4) 

... 

t. 

~, . 
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Ji=J' 
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.;...J 
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J' 

P(J'M') 

M'=-J' 

where the P(J,M) terms are the relative population of the specific states 

(J,M) at the initial, intermediate and final values for the transitions; 

T(.e) 's are the transmission coefficients for. the neutron evaporation; 30 

and ois the spin cut off parameter which was assumed equal to 4 for 

neutronevaporatiori and equal to 3 for gamma emission. After scission the 

initial spin distribution is given by Eq. 3 with the assumption that all 

M f 0 states are zero. The above expressions were summed for each evapor-

ated neutron. For the statistical gamma emission Equation 4 was used 

with the sum over .e and the T(.e) terms eliminated since only dipole radia-

tions were considered. 

With the angular distribution expression 

it is possible to calculate the angular correlation coefficients a2 and 

a4 for cascading quadrupole ~ransitions within the ground state band if 

the relative population ot the M substates are known. Rasmussen and Sugi

hara31 give the general formula for the angular correlation coefficients: 

~(J) (6) 
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-
yrhere k is the order of the coefficient, Pk is the Legendre polynomials, 

W(M) is the normalized distribution of magnetic substates with spinJ, and 

a~ (J) is the angular correlation coefficient for stretched quadrupole 

transitions from levels of spin J which are perfectly aligned. 31 

It should be emphasized that these alignment calculations involve 

no additional assumptions and include no new free parameters. They there-

fore can be regarded as a further test for any statistical model analysis. 

The experimental angular distribution of the 2+ ~O+ transitions provides 

direct evidence that the fragments' primary angular momenta are aligned 

predominantly normal to the axis of separation of the fission fragments. 

Defining the axis of quantization along the,fission direction the popu

lation of the various m - magnetic substates of the 2+ state can be calcu

latedexactly from the observed angular distribution of the 2+ ~O+ 

transition which has the form wee) = 1+a2P2(cose) + 8,4P4(cose). 

Following de Groot et al, 32 the population of the various m compon-

ents am can be represented as: 

CX±l = 0.20 + 0.20 a2 + 0.20 a4; 

a±2 = 0.20 - 0.40 a2 - 0.05 60
4

, 

The populations of the substates of the 2+ 144 
various m level of . Ba are 

shown in Fig. 9, clearly ~emonstrating that the angular momentUm of that 

state is preferentially aligned n?rmal to the fission axis. The de-excita

tion sequence preceding the 2+ ~ 0+ transition and the extra nuclear effects 

could only disperse the original nuclear alignment, so that independent 

of any model one assumes for thede-excitation process, the origi~al 
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angular momentum was aligned preferentially perpendicular to the fission 

axis. A calculation of the population of the various m substates of the 

2+ level was obtained from analysis of the statistical de-excitatio'n 

process using Eqs. 4 and 5 and assuming complete alignment before the 

de-excitation process. The results for an initial value of B = 6 are 

shown in Fig. 9 and are in good agreement with the experimental results. 

Therefore the observed magnitude of the alignment of the 2+ level is con-

sistent with an initial angular momentum compa:rable to that obtained from 

analysis of the gamma ray intensity measurements. 

The two general methods used to determine the magnitude of the 

angular momentum yielded somewhat different results. The statistical 

144 
model analysis forBa gave.a value of B = 7.2 (a rms value of £ =6.7) 

where the reaction comparison results implied an average\angular momentum 

for this nucleus of I, = 9.2. The discrepancies between the methods can 

be attributed, on one hand, to inadequacies in the assumptions of the 

statistical model analysis used and, on the other hand, in the case of 

the reaction comparisons, possibly to the "resolution" available for 

interpolating such a wide variety of experimental data and also to dif-

ferences in the actual population distribution of the angular momentum 

in fission and (charged particle, xn) reactions. Therefore tbeabsolute 

uncertainty of the determination of the magnitude of the angular momentum 

is implied by these discrepancies. However, the variation of the angular 

momentum asa function of products is essentially independent of the 

method of analysis as long as the pupp:>sition is valid that the intensities 

of the transitions in the ground-state band reflect the primary angular 

momentum distribution. 
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IV. Kinetic Energy Effects 

The experimental results have also been used to study the effects 

of fragment kinetic energy on the primary angular momentum of the fission 

productlJ~ For the formation of the Same primary fission fragments the 

total energy release, Q, of the fission process is fixed and can be 

considered as the sum of the kinetic energy of the products, EK, and 

their internal excitation energ;i.es, Ex.: 

Therefore it is seen that for a fixed Q the events with high relative 

kinetic energJ" are those haying low internal excitation energy. One con-

sequence of this is that since the internal energy is primarily dissipated 

through the evaporation of neutrons, fragments with higher kinetic energy 

will have low internal energy and therefore evaporate fewer neutrons. An 

example is shown in Fig. 10 which presents a portion of a gamma ray spec-

trum for .three total kinetic energy release intervals. The indicated 

peaks are the 2+ ~ 0+ ground state transitions of three adjacent even-even 

Ru isotopesj 108, 110 and 112. If the three spectra were summed the photo 

peak height would be representative of the fission yields of these isotopes. 

Since the total Q value for th,= formation of adjacent isotopes is reason-

ably cons,tant the relative yields of these transitions in the three spectra 

reflect the neutron. evaporation probabilities as a function of kinetic 

energy. It is seen that the he.aviest Ru isotope has its highest yield in 

the high kinetic energy interval while the transi tiOD from the lightest 

Ru isotope, which appears as a shoulde~ relative to 110Ruin the high 

, 

• 1 
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kinetic energy interval, is the dominant peak in the, low kinetic energy 

interval. We interpret these yields as supporting the contention that the 

heaviest Ru isotope has had the lowest internal excitation energy and 

has evaporated the fewest neutrons and conversely the lightest Ru isotope 

is associated with the lower kinetic energy and has had the highest internal 

energy and has evaporated the most neutrons. 

There is therefore a strong correlation in fission product yield 

with total kinetic energy release in' fission. We have also studied the correla-

tion between fragment angular momentum and kinetic energy release. The 

relative intensities of the ground state band transitions as 'a function 

of three kinetic energy intervals (low 150 - 180 MeV, medium 180 - 190 MeV, 

high 190 - 225 MeV) are presented in T~ble 4. The data were obtained by 

sorting the y-ray spectra according to both mass and kinetic energy. For 

each line a relative intensity was obtained in those mass intervals where 

significant data were available. The experimentally determined relative 

intensities of 4+ ~ 2+ and 6+ ~ 4+ transitions in each EK interval were 

divided b~the 2+ ~O+ relative intensity in that interval. The results 

are finally presented ?y normalizing the ratio of EI ~ I"'2/E'2+ ..-70+ (1=4,6) 

to unity for the medium interval of EK (180 - 190 MeV) . In this way the 

results are independent of detector efficiency. For several isotopes 

results were obtained in two independent ,experiments utilizing two d'ifferent 

geometries and different Ge(Li)detectors (the experimental data labeled 

HR were obtained with a 1 cc detector and those labeled GX were obtained 
I. 

with a 6 cc'detector). The mean deviation between results of the. two 
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experiments for a given isotope is 0.10 which is an indication of the 

uncertainty of the experiment. On the whole the!r'e is perhaps a tendency 

of slightly h'igher ratio for the light fragments. A higher ratio implies 

relatively higher feeding of high angular momentum states and consequently 

higher angular momentum. 

A 15% change in the ratio Ilj:i:-+2+fI2+-O+corresponds, according to 

the statistical model calculation, ,to a change of'" 2 units in the initial 

angular momentum. In such a case a larger change should be observed in 

the 16+ ~ 4+/12+ -+ 0+ ratio. As this is not observed in the experiment 

the conclusion is that the value of J is on the average (within ±l units) 

independent of the fragment total kinetic energy. This result should be 

compared with the clear dependence of yields of the isotopes on the total 

112 kinetic energy, e. g,. Ru shows a change in relative yield of factor'" 50 

. between the high ,and the low kinetic energy intervals. 

V. Discussion 

The variatiOfis in the primary angular momenta are presented in Fig. 

11 using values derived from the statistical model analysis (Eq. 3). The 

data are plotted as a function of Z and each experimental point represents 

the average of the parameter B as determined from the various measured 

isotopes of that element (Table III). The graph is presented such that 

complementary elements lie on the same abscissa. The most obvious features 

presented in Fig. 11 are: (1) the variation in angular momentum between 

products is not large; (2) the heavy fragments have a somewhat greater 

angular momentum than the light fission products; (3)' the angular 

momentum appears to decrease slightly for both the light and heavy fission 

fragment groups as symmetric division is approached. 

! 
I 

• I 
. I 
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An important feature to note is that the angular momentum does 

not correlate with the internal excitation energy of the products. The 

multiplicity of neutron evaporation by fission products is usually inter-

preted as a measure of the amount of internalexci tation or deform-

ation energy they possess. Figure 12 presents a plot of the neutron mul

tipliciti9 and of tne ang111ar momentum distributions as a function of 

atomic number. Whereas the neutrons show the well known "saw-tooth" behavior 

with the highest multiplicity occurring at z=48, the angular momentum 

distribution is not in phase with this behavior. In fact, the fragments 

evaporating the largest number of neutrons have essentially the lowest 

primary angular momentum. 

We have noted in previous publica.tions that the lightest ifission 

products (Mo and Zr) as well as the heaviest fission products (Ce, Nd, Sin) 

. 18-20 
are appljU'ently permanently deformed in their ground states. Wi th 

this knowledge it is possible to seek a correlation of the angular momentum 

with the amount of ground state deformation. We wish to see if the magndtude 

of the intrinsic quadrupole moment in a residual nucleus correlates with 

the average angular momentum of the fragment. The quadrupole moments of 

the primary fission products were calculated (rom the variable moment of 

inertia model of Mari'scotti et a1. 33 using the known experimental energies 

of the members of the ground state bands. The results of these calculations 

~re presented in Table V. The i~plicit assumption is that the quadrupole 

moment of the primary fragment is the same as'if the average angular 

momentum was present in the ground state band. 
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Figure 13 presents a plot of the data presented .in Table V. The 

line is a non-weighted least squares fit to the seven more accurately known 

experimental points.. It is seen that there is a reasonably good correlation 

with none of the better known points having a deviation of over 10% from 

the fitted line. The two remainin,g poin~s have a largerd~via.tion from 

the line (Z = 48 is 31%, Z = 62 is 15%) but since these points are known 

with less accuracy these deviations may not be significant. This correla-

tion emphasizes the discrepancy between the liquid drop "deformation energy" 

~which is largest for Z = 46 and 48) and the magnitude of the angular momen-

tum. 

To summarize, the general experimental conclusions are 'that there 

are apparently only moderate deviations in the fragment ,angular momentum. 

This is seen in our' current studies in which the product angular momentum 

as a function of ~lement varied by less than a factor of two and that the 

deviation in angular momentum as a function of kinetic energy was only 

. 16 
.... 1-2 h. From the preVious studies of Sarantities, Gordon, and Coryell 

there~ is also only .... 1-2 h deviation in the product angular momentum for 

cases in which the fissioning compound nucleus is produced with varying 

excitation energy and angular momentum. The majority of the angular momen-

tum of the compound nucleus "goes into orbital angular momentum of the 

separating products instead of intrinsic fragment angular momentum. It 

should be pointed out that even for the spontaneous fission of 252
Cf which 

has an angular momentum of zero the products do not have to have identical 

and cancelling angular momentum. Whatever deviations tha.t do exist between 

the two primary products can be made up by orbital angular momentum of the 

system. 
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In the discussion to follow we argue that these results are consis

te-nt with the quasi statistical equilibrium at scission mode12 in which 

(1) there is an approximate constancy in neck width at the scission point 

(here defined as the point at which the nuclear matter density on the axis 

of the thinnest portion of the neck has fallen to half the central nuclear 

density) and (2) there is only a relatively minor role for post-scission 

Coulomb excitation. 

We had expected that the average angular momentum might show a 

positive correlation with v, the average number of neutrons emitted, but 

such a correlation is clearly absent. Either of two models (A a...'1d B) 

would lead to such a correlation. The quantity v is generally assumed to 

be a measure of the shape distortion energy at scission, hence the 

higher v the more distorted is the fragment. 

Model A would assume near scission. some sort of equilibration of 

energy among collective degrees of freedom (though not among all degrees 

of freedom). It would further assume that the rotational moment of inertia 

increased with distortion. Various rotational angular momentum states 

would then be populated according to a Boltzmann factor of some appropriate 

"temperature" for the collective modes. Clearly, the more distorted the 

fragment, the more rotational angular momentum it would receive on the 

average. 

h Z 
= (21 + 1) exp [- -' 1(1 + l)/e] 

~ 

Model B would focus attention on the zero-point motion in the 

bending and wriggling modes at scission. Treatment of related cases has 

been made by Nix and SWiateckil and by Rasmussen, Mang, and Norenberg. 2 

The former authors treated symmetric division of nuclei in the region of 

astatine, where saddle and scission points are sufficiently close that 
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statistical equilibrium at scission is justified. The latter authors 

treated the case of asymmetric division of heavy elements in the idealized 

situation of one fragment (in the 132Sn region) remaining spherical. These 

models are appealing because of the very few adjustable parameters . The 

harmonic potential essentially depends only on curvature 'of the touching 

tips, fragment charges, and the center to center distance of the fragments. 

Reasonable estimates of fragment moments of inertia can be made. The greater 

tip curvature and increasing moment of inertia that go with increasing dis-

tortion cause a decrease of the Gaussian zero-point amplitude b in-the bending 

mode, The fragment angular momentum distribution just after scission may be 

taken from expansion of the wave function in symmetric-top rotor functions; 

hence, the narrower the zero-point angular wave packet the larger the" average 

angular momentum, 

e 

-2 2 
Const. X (21+1) exp [-(1+1/2) /b ] 

Nix and Swiatecki arrived at angular momentum distributions in a 

( 8) 

formally different way, but one that is equivalent. They used the zero-point 

coordinate and momentum distributions as a starting point for integration 

of the classical equations of motion of the separating fragments. 

'I'h . 1 1" ti t· f' f d 213 elr ca cu a ons on symme rlC lssion 0 excite At using the touching 

spheroids at scission predicted a most probable value for I of 15 ilif 

the spheroids had infinite viscosity and were "frozen" into their deformed 

shapes. They predicted a most probable value for I of 8.5 il if the 

electrostatic interaction between fragments were ~ero, The difference 
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of these two calculations represents in their mode the maximum effect pos-

sible for post-scission Coulomb excitation. 

From the general magnitude of our observed I values in 252Cfcom_ 

pared with the two cases of Nix and Swiatecki we would infer a minor role 

for Coulomb excitation. Secondly, if fragments were very viscous and Coulomb 

excitation became important, the I values should then correlate with ave. . 

v, and we have seen they do not. 

We may rescue model B only by assuming that the zero-pointvibra-

tion amplitudes that go over into rotation are practically constant for 

all degrees of mass asymmetry in division. Perh~ps the zero-point uncer-

tainty of fragment tips with respect to the center-to-center axis is a 

distance about equal to the diffuseness of the nuclear surface. Certainly 

it cannot be less. 

From Eq. 8 we can calculate the average spin 

Let us make some estimates. The r.m.s. average I is about the reCiprocal 

of b. At scission a first estimate of b is the angle subtended by the nuclear 

surface diffuseness length at the distance of the neck from the center of 

mass of the fragment. For surface diffuseness length we take the parameter 

ao in the Fermi density function 

Experimentally a is around 0.5 - 0.6 Fm. The simple Coulomb energy estimate o 

of center-to-center scission distance in 252Cf is around l7Fro. On this 

basis the neck is about 8.5 Fm from the centers and the angular widthb 

of the bending wave packet would be 1/15 radian. This answer is too small 

by a factor of two, and we eonsider alternatives. For the neck density 
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to falloff as rapidly with radial distance as the density falls from half 

density in the nuclear surface is unreasonable, since that implies unusually 

high kinetic energy of the nucleons in the neck region. For an orbital 

at the Fermi energy of 40 MeV in the neck region let us neglect energy associ-

ated with motion along the Z-axis. Thus, we consider the width of the Gaussian 

zero-p~int motion in the two-dinensional harmonic potential across the neck. 

The characteristic oscillator energy fu will be 40 MeV and the zero-point 

amplitude is ~ ~ 1.0 Fm. This width gives a reasonable angular packet of 

1/8.5 radians. A third estimate would consider that the nuclear potential 

is not at its full central depth at the scission neck. Perhaps, then the 

wave packetwlll not be narrower than the r.m.s. radius of the alpha particle, 

, which is 1. 6 F:m. This width gives the most reasonable value of scission r .m;~ S. 

angular momentum 5.3 (= ~:~:). 
We feel that we now can qualitatively interpret these results in a con-

sistent manner in terms of the universal neck size for all scission splits. 

That the lightest and heaviest fragments have somewhat larger I than the ave. 

others may mean that Coulomb excitation does add another 2-4 units of average 

angular momentum where the ground states of the fragment have stable deformed 

shapes. 

Is there any special significance to the observation that complementary 

fragments have near equal I values? We think not. The conservation of angu-ave. 

lar'momentum requires that three vectors, the angular momenta of the fragments 

and the orbital angular momentum of the system sum to, zero after separation 

but before neutron emission. 

AIA2 2 
Because the inertial parameter Al+A2 r 12 for orbital motion is 

always much larger than the moments of inertia of ,the two fragments, 

.' I 

i 

i 
,'" I 
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conservation of angulat momentum will not pose a serious constraint on the 

fragment angular momenta. The fragment angular momenta can be governed, 

as discussed above, by 'their angular wave packets at scission, and the 

orbital angular momentum of the system adjusts to satisfy overall L 

conservation. 

It is not clear that we have much to gain now by further refinements 

in the. theory. The Nix-Swiate.cki vibrational normal-mode calculations 

could be generalized to unequal mass division and to more realistic shapes 

than touching spheroids. The Rasmussen, Norenberg, Mang model could be 

generalized to both fragments deformed. The restoring force for angular 

rocking acts as a spring between centers of curvature of the two tips. 

Thus, the general problem can be reduced to tb.e problem of two two -dimen-

sional isotropic harmonic oscillators with harmonic coupling. The bending 

and wriggling normal modes then separate in this formulation. The zero-

point wave functions can finally be expended in products of symmetric top 

rotor functions for the fragments. It does not seem worthwhile here 

to refine model B to this extent, for it has been argued34 thae for the heavi

est elements the scission point is so far from saddle point tha.t the 

statistical picture, equilibrating energy among various modes of motion, 

does not apply and one must solve the detailed dynamics of motion from 

saddle to scission. We would like to hope that the statistical approach 

at scission still retains validity in the sense that the system will tend 

to adiabatically minimize the energy tied up in the bending modes, so long 

as their potential and inertial parameters do not sharply change on the 

path from saddle to scission. 
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Appendix 

Calculation of Coulomb-Excitation Effects. 

We observe that there is no correlation between average angular 

momentum of fragments < £ > and theirscission~point deformation, as 

inferred from average number of neutrons v. There seems, however, to be 

some correlation between < £. > and the ground band deformation of the 

fragments. This correlation would indicate to us the need to examine 

carefully the possibility of significant Coulomb excitbtion effects after 

scission. A number of calculations of Coulomb excitation effects have 

been made. The additional angular momentum thus coming in the post-scission 

period depends greatly on assumptions about the time behavior of the frag-

ment shapes. If the prolate fragments maintain most of their deformation, 

the Coulomb excitation effects can be large. If the fragments undergo 

quadrupole shape vibrations, either damped or undamped, Coulomb excitation 

effects are small. Despite the above qualitative understanding afforded 

by previous calculations, we felt it of value to reformulate and study 

the fission Coulomb excitation problem in the light of the new data. 

Rasmussen and Sugawara-Tanabe35 have given a WKB method of calcu-

lating multiple Coulomb excitation in the limit of infinite moment-of-inertia. 

The phase shift due to the quadrupole potential is calculated in the one-

dimensional radial wave equation with potential energy that obtaining for 
f 

a spherical nucleus along the line of the symmetry axis of a spheroidal 

nucleus. 

In treating the mutual Coulomb excitation of fission fragments we 

shall restrict ourselves to the quadrupole-monopole interaction, ignoring 

quadrupole-quadrupole or higher order interactions with their shorter range 

nature. Furthermore, we ignore effects of the nuclear potential and neglect 
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rotational energy. As with. alpha decay of spin-zero nuclei the problem 

may be solved in the ntlclear frame e 'w' . Tbus , the Hamiltonian is 

(A.l) 

where e' is the angle of the sYll1IlJetry ax;is of fragment 2 with respect to 

the line of centers, ~ is the reduced mass, and ~ is the intrinsic quad

rupole moment of fragment 2. The presence of the quadrupole interaction 

term displaces the classical tu:rning radius, and Coulomb excitation matrix 

elements may be approximated by evaluating tpe resulting shift in phase 

at infinite radius for the regular solutions of the wave equation. 

By Fr<:Sman's36 approximation for the three-dimensional wave equation 

the solution for a single i-value at its turning radius is continued out 

to large distance by solvitng the one-diDl.ensiorial wave equation along 
/ 

constant e' rays. 

Thus, invoking also the WKB appr'oximation we get the asymptotic 

wave function 

'Ijr ( r ,e ' ,f/J') = Y Em (e ' , ¢' ) 

Where k = ~ \' E tl: 

Z
l

Z2e2 ' 
2~[E - --r-

exp[iJ~E k£dr + i 1(/4J 
2 ~Q 2 

_ ti '£(£+1) _ 1.2e 
2~r2 2r 3 

(A.2) 

PZ(cOSB' 1 \1/2 

We designate kE(O) as the corresponding wave number without the quadrupole 

term. Also r" (e ,) and r£ (0 ) are turning radii with and without quadrupole 
I 

:interaction. 

Without the quadrupole term the phase factor is j\Ast-the Coulomb 

phase factor 
with 1'} = 

, 
I. 

I 
l 
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Thus, the Froman matrix elements are found by projection from the 

asymptotic wave function 

lim 
r~ 00 

00 

-io dw ec 

00 

= fY~'m exp [i!rn k~~I) dr- i I . (0) k/O)dr]Y£m dw 
~ r'i; 

The Appendix of Ref. 35 outlines the method of evaluation of the Coulomb 

excitation phase shift 6.eCE in terms of I~lementary integrals. 

We shall be concerned only with ~. = 0 waves, so 

(A.4) 

If the expansion coefficients of the angular wave function at scission are 

all' then the amplitudes at infinity b£ are given by multiplication by the 

Froman matrix. 

b:.e L 
£' 

It is commonly assumed that the angular wave function at scission 

must be some sort of peaked function, su£h as, a Gaussian in e' 'or sin e' 

[(cf. Ref. 2 Eqs. (10) and (13)]. 
$12 

\)rsc 
- 2T = e ,9 

TJlus, 

= J dw 

=Const .. 2 2 2 (2£'+1) y exp [-(£+1/2) y] 
o 0 

(A.6) 

(A.7) 



We can alternatively derive an expression directly for the amp1i-

tudes b~ without the intermediary Froman matrix .. 

0CE P2 (cos e.')] dw' (A.8) 

We have numerically evaluated these integrals for various 'parameter sets 

comparable to fissioning nuclei. The resulting probability destributions . 

Ib£1 2 were found in all cases to be very close to the standard form 

Ib£1 2 : (2£+1) exp[-(£+1/2)2yoo]. 

Table A 1 gives the results of numerical integrations of Eq. (A.8) 

(with the quadrant 0 to J(/2 subdivided bto 60 intervals and the ordinary 

Simpson's r~le used, £ values 0 through 18 being evaluated). The center-

of-mass energy was taken as 200 MeV in all casesZ
2

, A
2

, and Q2 refer to 

the charge, mass, and intrinsic quadrupole moment of the fragment being 

Coulomb excited. Zl and Al refer to the complementary fragment. The 

2 calculations are carried out for several values of y ,the mean square o 

angular width,of the rotational wave packet at scission according to Eq. 

(A.6). In the last column is the final average angular momentum according 

to Eq. (14) of Ref. 2. The differences of final average angular momentum 

with and without Coulomb excitation are small, even for the last case of 

unrealistically large quadrupole moment of 15.1 barns. 

We have chec~ed that these results are consistent with the classi-

cal formula of ECi. (15) of Ref. 2, if we take into account that a factor 

J' ~ was erroneously omitted from the deIlominator of that expression. It 

should read 
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(A.9) 

where we have also replaGed Yo by sin Yo cos Yo' Here y is the angle o 

between the cylindrical symmetry axis and the center-to-center vector and 

"c is the classical turning radius. The average angular momentum change 

due to Coulomb excitation does not s~mply add to the average angular 

momentum at scission, as we shall see by an approximate analyticalrinte-

gration of Eq. (A. 8) . 

Provided y2 «1 so as to confine the main integrand to small angles, 
o 

and provided £ is not too small, we can substitute the asymptotic expression 

for the spherical harmonic as follows: 

Y (m') _/21-+1 P (cos e) ",.j2£+1 J o[(£+1/2)e] £0 _. ~ £ '" 4;! 

where Jo is as ordinary Bessel function. Since the integral mainly comes 

around e= 0, with an equal contribution (even £) around e = :rc, we can put 

the upper limit at infinity and double the result. We also approximate 

sin e by e 

00 . 

= 2 . [:rc(2£+1)]1/2e -i6CE j 30[£+1/2] exp[ -002] 

wi th C;X 

We find from integral tables that the integral has the value 

Hence, 

1b \2 '" (2.e+l):rc 
£ '" \a\2 

2 
exp[-(£+ t/2 ) (! + ! )] = (2£+1):rc 

a a*. lal 2 

. ~aexp[ -( £-1) 
2 /4«] . 

2 
exp[_(£+1!2)] (A.ll) 

4lal2yo 
2 
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For parameters encountered in fission the Coulomb excitation phase 

shift BCE will not depend very much on .e, so we may as well use the simple 

expression for l = 0 as used in Ref. 35. 
'. . 1/2 

BCE = 1/3 (2M;rE ) 'Ar+Jfi (A.12) 

with E the kinetic energy, Mr the reduced !Dass, and ri the displacement 

of the classical turning point at e=:o due to the quadrllPolepotential . 

. To lowest order in the intrinsic quadrupole moment 6rt = QB/Za~' 

If· in Eq-. (A.12) we substitute also for E the following 

(A.12a) 

The correspondence of (A.12a) with the classical formula (A.9) is obvious. 

For1nulas(A.ll) and (A.12) give results very close to those of: the numeiri-

cal integration. Since CoulOmb excitation only affects the angular momentum 

distrib~tion through 1012 = (~ + t Bci), it only becomes significant 
4y 

as the second term becomes compgrable to the first term in the \0\2 sum. 

Under special forms of the angular wave packet .. at scission the 

Coulomb excitation could become more significant. Conc_eivably the second-

saddle-point fission barrier could be unstable with respect to the lower 

symmetry bending displacement of the neck, just as it is unstable with 

respect to mass asymmetric displacements. In such a situation the angular 

pa,cket at scis.£)ion IJ1~ght not be a Gau~st8.Il; centered on e ::= 0 but could be 

of form 

with a positive integer. (A.13) 

This function has a maximum at e = J,2n Yo' In this case we can also 
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derive an approximate expression, similar to Eq. (A.ll). Here the integral 

in (A.10) becomes 

This integral is equal to the following37 

J'" Jo [ (£+1/2) 1 exp[ -<>e2 le2n
+

1de = ~:P 1F 1 [n+1; 1; - (£+~2) 
2 

1 

where the F fUnction is a degenerate hypergeometric function. We have not 

made numerical studies with the boundary conditions of (A.13), but by the 

Correspondence Principle we would expectEq. (A.9) to be a good approxiIila-

tion where we replace Yo in Eq.(A.9) by the angular maximum in (A,13), 

'namely, J2n y • 
o 

,other variants in the post scission Coulomb excitation problem 

mainly reduce the amount of Coulomb excitation. Secondly, if the prolate 

spheroidal scission shapes are unstable and there is oscillation toward 

spherical, the Coulomb excitation is reduced,' However, the time for 

fragments to move from scission to where torque is halved is comparable 

to characteristic vibEation times 11m so the quadrupole shape vibration 

will not cause a large reduction below fixed-shape calculations. 
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TABLE I. Angular distribution of specific transitions. 

Y Intensitt {counts) 2R. a2 and a4 Fits a2 Only ( 
Isotope E 

(keV) 0° n.f ~ ~.~ 90°' nsec az a4 az 
2+ ~ 0+ Transitions 

l00Zr 213.0 665 876 602 450 0.52 .456 ± 0.088 0.559± 0.189 0.334 ± 0.:1,75 

102Zr 152.0 1392 1494 1303 0.86 

104Mo 192.6 2176 2076 1686 1636 0.45 0.269 ± 0.115 0;068 ± 0.215 0.274 ± .115 

10~o 171.9 2670 2670 2450 2367 2456 0.75 0.065 ± 0.099 0.058 ± 0.151 0.083 ± 0.088 
I 

110Ru 
+" 

240.9 1392 1370 1005 1040 980 0.23 0.229 ± 0.101 0.195 ± 0.153 0.267 ± 0.096 I-' 
I 

144Ba 199.5 1863 1819 1775 1503 1474 0.49 0.204 ± 0.097 -0.060 ±.0.153 0.187 ± 0.089 

148ce 158.7 1862 1778 1527 1472 0.9 0.151 ± 0.182 0.113 ± 0.211 0.221 ± 0.126 

Other Transitions 

(107)TC 91.7 1477 1863 1700 1641 1514 0.077 ± 0.094 -.194 ± .138 0.094 ± 0.088 

105Mo 95.0 2360 3275 3537 4158 3824 -0.209 ± 0.093 -.204 ± .127 -.312 ± 0.078 

10~ } 
109R: 

98.3 2175 2620 3190 4054 3735 -.320 ± 0.093 -.100'± .128 -.372 ± 0.064 

l1~u i04.2 2332 2277 2139 2188 1846 .152 ± 0.095 -.058 ± .146 .. 138 ± 0.088 

(108)TC 138.1 2909 2430 2730 2724 2890 -.080 ± 0.098 .106 ± .153 -.045 ± .084 
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TABLE II. Data for reaction comparison. 
,4. 

'::"'. 

;; Reaction 
Energy of 
Projectile. . Ref. " 

(h) (MeV) 

3 159Tb(p,2n)158DY 12 a 

8 184w (a, 2n ) 186 Os 27 b 

9.6 ' 126Tc (a,2n)128xe 28 c 

11 116sn(a,2n)118Te 33 . .5 d 

13 161ny(a,3n)16~r 40.5 e 

22 159Tb ( 14N,5n)16~f 93 b 

a Ref. 24, b Ref. 2~,c Ref. 26, d Ref. 27, e Ref.,28. 
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TABLE III. Derived values of the angular momentum parameter B. 

Isosope 

100Zr 
102 Zr 

104Mo 
106Mo 

108,110Ru 

112Ru 

112Pd 

l14Pd 

l16pd 

Number of Levels Used 
for Determination 

2 

4 

3 

3 

4 

2 

3 

3 
2 

2 

2 

2 

3 
4 
2 

3 

3 

3 

2 

3 

3 

ja) 
V 

1.81 

1".41 

2.4 

1.8 

2.8 

2.8 

3.8 
3.6 

3.2 

3.6 

2.0 

1.0 

2.0 

1.4 

.9 

2.8 

1.9 
1.2 

2.0 

2.5 

2.8 

13 
n 

6.15 
6.60 

6.70 
5.80 

5.50 

6.35 

5.60 

5.40 
2.80 

6.15 

6.10 
10.05 

8.20 

7.20 

5.90 

8.80 

8.90 

8.90 

8.85 

9.75 

11.1 

Weighted average (b) 

of B for each Element 

6.45 

6.25 

4.82 

6.15 

8.37 

7.24 

8.87 

9.39 

11.1 

a)The V values are the average number of neutrons emitted by the corresponding 
isotopes. These values are taken from· the experimental results of Ref. 29 and 
have been corrected to be consistent with the results from Ref. 18-20. 

b) 
. The average has been weighted by the number of levels used for determination 

of 13 for each isotope of the element. 
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" 

TABLE IV. Relative intensi'ties of ground state band transitions for three kinetic energy intervals. 
See text for details. 

Isotope Exp. 4+ .... 2+/2+ .... 0+ 6+ .... 4+/2+ .... 0+ 
Low Medium High Low Medium High 

(150-180' MeV) (180~190 MeV) (190-225 Mev) (150-180 MeV) (i80-190 Mey) (190-225 MeV) 

100' Zr HR 1.14 1.00 
GX 1.29 1.00 1.23 1.37 1.00 0.85 

102Zr HR 0.\16 1.00 
OX 1.17 1.00 1.04 

104Mo HR 1.14 1.00 1.04 
_GX 1.14 1.00 0.93 1.00 1.00' 0.85 

106Mci ' 
HR 1.13 1.00 0.93 1.00 1.00 0.84 
GX 1.14 1.00 0.95 1.13 1.00 0.84 

10~u 
GXr 0.96 1.00 0.97 

1l0Ru GX ' 1.14 1.00 0.68 
IJ,2Ru GX 1.00 0.70 
112Pd GX 1.37 1.00 1.24 

'1l4Pd GX 1.00 0.84 1.00 1.33 
116pd OX 1.00 0.63 
138xe OX 0.92 1.00 ' 0.96 
140xe GX 1.00 0.93 
142Ba OX 0.95 1.00 1.02 1.24 1.00 1.28' 
144Ba HR 1.12 1.00 1.09 

GX 1.00 1.00 1.02 0.94 1.00 0.89 
146Ba HR 1.00 1.06 ' 

GX 1.00 0.9-1 
146Ce GX 0.98 1.00 
148ce HR 0.88 1.00 0.98 

OX 1.10 1.00 1.07 1.15 1.00 1.17 
150ce HR' 0.88 1.00 1.11 0.88 1.,00 1.14 

Average All 1.07 1.60 0.98 1.10 1.00 1.00 

Light 1.15 1.00, 0.95 1.16 1.00 0.91 

Heavy 0.97 1.00 1.05 1.05 1.00 1.12 

':The 4+ .... 2+ transitions in 10~u and ll~u could not be 'experimentally resolved and therefore have ueen' ratioe'd 
to the comb'ined 2+ .... 0+ transition intensities of the two isotopes. 
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TABLE V. Average determined angular momentuIil. of fission products, (j3) 
and calculate~ quadrupole moments of ground state bands 
evaluated at B. 

Calculated 
Z B Quadrupole Moments 

(barna2 

4Q 6.45 6.47 
42 6.25 5·70 
44 5·78 5.47 
46 4.82 4.70 
48 (6.15) (4.60) 

56 7.24 6.40 
58 8.87 7·33 
60 9·39 8.66 
62 (11.1) (8.50 ) 
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TABLE Al. Post-Sqission Coulomb Excitation Calculations. 
l~' 

Al Z~ A2 Q2 
2 

J Zl Yo ave. 

40 '102 58 150 5·1 ~.05 2.82 ' 

40 102 58 150 0 .05 2·31 

58 150 40 -102 4.8 .01 6~01 

40 102 58 150 0 .01 5·77 c· 

40 102 58 150 5·1 .01 5.60 

40 102 58 150 5·1 .0167 4.40 

40 102 58 150 0 .0167 4.30 

40 102 58 150 15·1 .0167 5.18 .. 

Kin~tic energy, is taken as 200 MeV. Q2 is in barns. 

,w" .' 
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Fig. 1. Schematic representation of the experimental detector configuration. 

252 Detectors Fl (with electrodepos·ited Cf) and F2 were used to measure 

the fragmen~ kinetic energies. Detectors Yl and Y2 measured en~rgies of 

y-rays and/or x-r~ys. The sources and detectors indicated at the bottom 

of the figure were used for external stabilization of the photon detect-

ors. 

Fig. 2. Experimental configuration for the angular distribution studies of 

the prompt fission gamma rays. The dashed line is the second location 

of the Ge detector thus allowing the angular distribution to be studied 

at 6 angles; 

Fig. 3. Portions of gamma ray spectra recm~ded at three angles relative to 

the fission axis for the cases when light fission fragments have entered 

the pt backings. The labeled transitions are associated with the indi-

cated isotopes. Gamma rays from light fission products appear as sharp 

lines at all angles, however, gamma rays from heavy fission products (e.g. 

144 ... 
Ba) are Doppler shifted and are recorded at varying energies depending 

on the angle of detection. 

Fig. 4. Angular distributions of three prompt fission gamma rays relative 

to the fission axis. The lines represent least squares fits of the 

experimental data to Eq. 1. 

Fig. 5. A schematic representation of the de-excitation of the fission frag--

ments. The primary fragmentEl can pe visualized as tumpling as tttey 

separate. They possess ~15-20 MeV excitation energy which is predominantly 

dissipated through evaporation of neutrons. After neutron evaporation 

the remaining energy and angular momentum is removed by gamma ray transi-

tion. If the residual fission product is even-even the de-excitation 
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(process will eventually strongly feed the grotuld state band. These 
I 

intra-band gamma ray transitions are what are observed in the experiment. 

Fig. 6. A comparison of the observed relative intra grotuld state band trans-
! 

ition. intensities from the current experimental results (triangles) with 

those observed in various charged particle, xnreactions (lines). The 

reaction data are labeled with the average angular momentum of, the teac-

tion as calculated from optical model codes. A tabulating of these data 

are presented in Table 2. 

Fig. 7. The calculated angular momentum distribution for an initially formed 

fission product and for the residual products after evaporation of the 
, 

first and second neutron. In the bottom portion of the figure the hori-

zontallines represent the location of the grotuld state band of the resid-

ual nucleus. The dashed line is an approximate "yrast" line caiculated 

using a rigid body moment of inertia. 

Fig. 8. The points are the observed grotuld state band transition intensities 

in the de-excitation of the fission product 144Ba . The lines are a 

family of calculated transition intensities as a ftulction of the angular 

momentum parameter B(Eq. 3). The calculations were performed using Eq. 

4 and 5 with the experimental parameters indicated. or and on are respec

tively the spin cutoff parameters associated with r-ray emission and 

neutron evaporatd.on and v is the average number of neutrons emitted. 

Fig. 9. The points are the calculated populations of the I various ~ substates 

of the 2+ level'lon 144Ba • Th I d t ° d " fOt d ese va ues were e ermlne ' using the 1 te 

experimental ,angular distribution of the 2+ ~ 0+ gamma ray. The solid 

line represents the predicted population of the "m states as calculated 

I 
~ I 
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from the statistical model analysis of the de-excitation process using 

Eqs. 4 and 5 with an assUmed value of B = 6 (Eq. 3) for the initial 

angular momentum distribution. 

Fig. 10. Portions of prompt fission ganna ray spectra obtained for three 

intervals of total kinetic energy release. The labeled peaks are the 

2+ ~O+ transitions in ad~acent even-even Ru isotopes. The heaviest 

, t' 112R h 't h'gh t 'ld I t~· t th ' t· , ~so ope, u, as ~ s ~ es y~e ,re a :Lve 0 0 er ~so opes, ~n 

high kinetic energy interval. Conversely the lightest isotope, 10~u, 

the 

has its maximum relative yield in the low kinetic energy interval. These 

yields are interpre~ed to reflect the effects' of internal excitation of 

the primary fragments. The fragments with the largest internal excitation 

energy evaporate the most neutrons and form the lightest products. Energy 

.conservation requires that these products have the lowest total kinetic 

energy. 

Fig. 11. A plot of the derived angular momentum parameter B [~ms(J)+1/2] 

as a function of atomic number. Each datum point represents an average 

of the parameter B as determined from various measured isotopes of that 

element (Table 3). The data in parentheses joined by dashed lines repre-

sents determinations from limited experimental data and are therefore 

taken to be ~ess certain. The plot is presented such that complementary 

elements are on the same abscissa. 

Fig. 12. A plot comparing the neutron multiplicity and angular momentum para

meter (B) ,as a fUnction of atomic number. The neutron multiplicity data 

show the well know "saw tooth" behavion, while no such effects are present 

in the angular momentum distributions of the products. It should be noted 

that fragments evaporating the largest number of neutrons have essentially 

the lowest angular momentum. The arrows indicate which ordinate values 

apply to the curves. 
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Fig. 13. AI?16t of the angular momentum (B) as a function of calculated quad- .~!) 

rupole moment. Each point is labeled with the atomic number with which 

-
it is associated. The line represents the results of a least Squares fit 

. (excluding the two points in parentheses) to the experimental data points. 
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