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Gamma deexcitation of fission fragments. I. Prompt radiation •. 

Sven A.E. Johansson~ 

Lawrence Radiation Laboratory 

University of California 

Berkeley, California. 

Abstract. 

252 The gamma radiation emitted in fission of Cf has be~n investigated in 

coincidence with the fission fragments. The mass ratio of the fragments was 

recorded, various properties of the radiation being studied as a function 

of the mass ratio. This paper deals with the prompt radiation, i.e. radia

tion wlth a half-life shorter than 10-9 sec. 

The life-time of the gamma-emitting states was measured by time-of

flight technique. Using a collimator, the ·gamma radiation was detected after 

.the fragments had travelled different distances .. In this way, the decay 

curve was investigated and the half-life of the radiation was found to be 

about 1•10-ll sec. Using this information·, it was possible to find a colli

mator setting which permitted a complete separation of the radiation from 

the two fragments. The properties of the radiation could then be studied as 
~ 

a function of mass. This arrangement was used to record gamma spectra for 

a number of different masses. It was found that there is a pronounced 

variation in spectrum shape. The spectra from fragments close to magic 

numbers are shifted to higher energies. With the same arrangement the 

yield of gamma ~ays was determined as a function of mass. The yield curve 

has a saw-tooth shape. 

The significance of the experimental results is discussed. The characte- . 

ristic feature of the deexcitation process seems to be that it involves high 

spin states. It is estimated·that the average value of the initial spin is 

about 10. The results of this work indicate that the radiation mainly con

sists of vibrational.transitions. This fact is explained as a consequence of 

the conditions at scission. 

On leave of absence from and now. at the Department of Physics. 
University of Lund., Lund. Sweden. 

k r, 
£' 

J 
'f 
~· 
! .. . ~ .. . 

} 

I
. 
'i 

.
: .. ... 

~-; 
l' ,;, f't 

t~ 

! 
.. 
····I 
'j 
···I 
~: I 
~

' I , I 
; .. '·I t• 

~···I 
,, f 
·.: r 
~. t 

,·.·rt ,·. 
·-.~· 

:~:.j 
/t 

!·H 
) .. , . 
.~.,..._ 

ii 
'') 

\'·!'" 

:·l 
'(f 
'.1' '·'- ~. ' ~ \ 

;, f. 



• v 

,, 
..... 

UCRL~ll739 
2 •. 

I. Introduction • 

The gamma radiation emitted in the deexcitation of fission fragments 

is of considerable interest, since it exhibits·properties quite different 

from those found in most other nuclear reactions. The study of fission gamma 

radiation is beset with some experimental difficulties and the available in

formation is therefore limited. The shape of the spectrum as well as the mul

tiplicity are known. 1- 6 The life time of the low energy part has been measu

red.5'7 Finally, ~t has been found that the radiation is not isotropic but is 

preferenti~l.ly emitted in the forward and backward directions relative to 
. .· 8-10 

the motion of the fragment. 

What is known about fission gamma radiation suggests that the deexcita

tion process is of a peculiar type. The close analogy with the situation in 

heavy ion induced reactions makes it very probable that the main characteris

tics of the process is that it involves high spin states. A study of fission 

gamma radiation therefore should ~ive information about states which nor

mally are not populated in radicactive decay or nuclear reactions.A limita

tion is that the radiation is a mixture of gamma rays emitted from a great 

number of fragments with different nucleon numbers. However, this limitation 

could be an.advantage, if it were possible to separate the radiation accor

ding to fragment mass. This can be performed by detecting the radiation 

in coincidence with fragment pairs with selected mass ratios. The fission 

fragments cover a large part of the nuclear periodic table. This means that 

in one single experiment, and under the same conditions, it might be possible 

to make a systematic study of the deexcitation process for a great number of 

nuclei of different mass and type~ e.g. magic nuclei und deformed nuclei. The 

aim of the present work was to see to what extent such a program c.an be 

carried through. As will be shown below, the results are promising and a 

systematic study of the fission gamma radiation might open up a new field 

of nuclear spectroscopy. 

During the course of the pres~nt investigation, it was found that the 

radiation could be divided into two classes with greatly different half

lives. The main part of the radia't;ion has a half-life of about·lo-11 seq.· In 
. " . -8 

addition, there is a part with much longer half-life, of about 2 • 10 ~ec. 

;. ·.· 
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1 
A long-lived component has also been reported by Maienschein et al but 

with a half-life considerably longer than the one found here. This discre

pancy will be discussed further in the second part of this paper. 

It was found convenient to divide the account of the present investi

gation into two parts, one dealing with the short-lived component (termed· 

the prompt radiation) and a second one dealing with the long-lived com

ponent (tarmed the delayed radiation). This division has some advantages 

from a practical point of view, since the experimental technique is dif-
; 

ferent in the two cases. The division has also a deeper significance. The 

character of the transitions is distinctly different for the prompt and 

the delayed radiation. 

In the first part of the paper, which is presented here, we will dis

cuss the prompt radiation. 

II. Experimental procedure. 

A. Apparatus. 

The experimental arraneement is shown schematically in Fig. l. 

A Cf252 f h 4 105 f" . . d • d source, o strengt • ~ss~ons per m~nute, was epos~te 

by self-transfer on to a thin nickel foil. The fission fragments were 

detected by two solid state counters of the surface barrier type placed 

symmetrically around the source. The source and the counters were enclosed 

in an evacuated alum.inum chamber, which had thin walls in order to minimize 

the gamma-ray scattering. 

The gamma radiation was, in most cases, detected by a 3" x 3" sodium 

iodide crystal. Sometimes it was necessary to suppress the neutron back

ground. Then a thin crystal, 1 11 x l/8", was used. In some of the measure

ments, it was necessary to select the r,amma radiation from only one of 

the fragments. This was done using a lead collimator, schematically indi

cated in the figure. 

3. 

The mass ratio of the fission fragments was determined from the kine

tic energies measured by the solid state counters. It is easy to show that 

the mass ratio is inverselyproportional to the ratio of the kinetic anergies. 

Hence the mass ratio can be obtained by dividine the two pulses from the 

fission counters. This division was perfo~ed in a special electronic cir

cuit. Each of the two pulses from the counters' charges a condenser. that 

is discha~eed through ~ resistor. The time constant is the same in both 

·., 

1 
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channels. When the voltage over one of the condensers has dropped to one 

volt, the voltage over the other ·conde-nser appears at the output of the 

divider. It is easily shown that this .... ~put voltage is proportional to 

the ratio between the input pulses. The output pulse goes to a pulse 

height analyzer, which selects pulses of a certain height, corresponding 

to a certain mass ratio •. The gamma-ray pulses are fed to a stretcher.·. The 

output gate of the stretcher is operated by the pulses from the single 

channel analyzer, so that only gamma-ray pulses, which are in coincidence 

with a certain mass-ratio, are recorde~ by the multichannel analyzer. 

A simplified block diagram of the electronics is -shown in Fig. 2. 

The coincidence system is of-the fast-slow type. The resolving time 

of the system was 5 nsec. The number of accidental coincidences was very 

low and could practically always be neglected. 

B. Performance. 

The pulse spectrum from the fission counters is shown in Fig. 3a. 

4 • 

It will be noted that its shape agrees well with the established kinetic 

energy distribution of the fission fragments. During the course of the 

experiment, it became evident that the pulse spectrum was not quite constant. 

After some time, the valley began to be filled in and the spectrum changed 

in shape •. The cause of this change was found to be a considerable reduction 

of the resolution because of radiation damage. During the experiment the 

detectors were continously bombarded with fission fragments at a rate of 

10.000 per min., It is natural that this leads to severe damage of the 
• crystal material •. This difficulty was overcome by frequent changes of de-

tectors and constant monitoring of the pulse spectrum. 

The mass ratio spectrum obtained from the divider is displayed in 

Fig. 3b. ·It agrees reasonably well with other determinations of the mass 
. . f" . f. Cf252 Th" . . d. . h h rat~o ~n ~ss~on o . •' ~s agreement ~s an ~n ~cat~on t at t e equip-. 

· ment worked properly •. 

C. Resolution ... · 

It is of some importance to discuss the, resolution of the mass ratio 

moasux-emants· •. I<leally one would. lil<0 to bo able 1:0 ·aeleot a very narrow 

mass-ratio interval. Accepting gamma radiation from only one of the frag-

. ..... 

·'· 
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ments, a well-defined mass ratio should enable the study of radiation from 

fragments of a unique mass. This is, ·however, impossible for several 
'-7. 

reasons. 

One fundamental difficulty is the dispersion introduced by neutron 

emission. In determining the mass ratio from the fragment energies, the 

observed kinetic energies are employed. These differ from the initial 

energies by the amount carried away by the neutrons. The use of observed 

energies in the expression for the mass ratio therefore introduces a 

mass dispersion~ This problem has been treated in detail by Terre11. 11 

Another factor influencing the resolution is the mass 'defect of the 

solid state counters, which introc1ces some uncertainty in the energy 

measurements •. 

The radiation damage discussed. above might also have some influence 

on the resolution. Frequent replacements of the counters should eliminate · 

this effect, but a small variation of the resolution cannot be excluded. 

These various effects have not been studied in detail and no attempt 

has been made to correct the measurements for the mass dispersion. The 

reason why it was not necessary' to tackle this difficult problem is that 

. the effe.cts studied in the present work do not vary rapidly with mass. 

As will be shown below, most of the gamma radiation seems to be of collec

tive nature, and it is well known that the parameters of the collective 

motion vary only slowly with mass. 

In this connection it should be realized that,. even if one could 

select a single mass for study, this would not be the same as selecting 

a single nucleide. The reason is, of course, charp,e.dispersion. The charge 

distribution is so wide that 2-3 isobars have yields· of the same order of 

magnitude. 

D. Corrections. 

The main correction .in the present measurements was the sUbtraction 

of the neutron background. The sodium iodide crystal is an efficient 

detector for fast neutrons. The predominant reaction is inelastic scatteri~g 
in iodide. It was found that the relative intensity of the neutron back- · 
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ground varied with energy, but that.it was, on average, about one third 

of the gamma ray intensity. 

A helpful circumstance is that the spectrum of the neutron back

ground shows a pronounced structure~ It has peaks at 210, 435 and 632 kev, 

d . · . · I 127 Th. h . . h k •t correspon ~ng to trans~t~ons ~n • ~s c aracter~st~c s ape rna es ~ 

easy to identify the back~round, and to check that there is no under- cr 

over-correction of the spectrum. 

· The determination of the neutron background was made by absorbing 

the gamma radiation in a lead absorber. The fission gamma ~ays have 

a relatively low mean energy and furthermore, the low-energy part of the 

spectrum was the most thoroughly investigated in the present work. There

fore, in most cases a rather thin lead absorber (less than 1 em) was suffi

cient to absorb the gamma·radiation. Such an amount of lead will not affect 

the neutrons to any great t:!Xtent. In some cases, the measurements required 

the use of a thicker lead absorber, and then it was necessary to know how 

it attenuated the neutron flux. This was determined either experimentally, 

by studying the ·neutron intensity as a function. of absorber thickness and 

then extrapolating to zero thickness, or theoretically from cross-section 

data~ Satisfactory a~reement between the two methods was obtained. 

One possibility of eliminating the background is to discriminate 

between the neutrons and the gam~a radiation by time-of-flight technique. 

Some preliminary measure~ents along this line were performed with the 

present apparatu~, but the distance.between the source and the sodium 

iodide crystal \-laS too small to give any 'significant improvement. It was 

not possible to increase this distance because of intensity considerations. 

However, a stronger source, a bigger crystal and a shorter resolving time 

'(at the expense of the efficiency at low energies) should enable the ~J·e 

of the time-of-flight technique. This would be of advantage in some of 

the measurements, but it is no crucial problem, since the subtraction 

method used here worked satisfactorily:. 

The rate of accidental coincidences was very low compared to the 

total counting rate. It could therefore be neglected in most measure

ments. Only when the decay curve was followed to very low intensities 

was it necessary to correct for the accidental coincidences. The correc

tion was determined in the usual Hay by introducing a suitable delay in 

the gamma-ray channel. 

6 •. 
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III.. Results. " 

A. Time distribution. 

Very little is known about the life-time of the gamma-emitting 

levels in fission fragments. Skliarevskii et a15 have estimated the 

life-time·, using a crude time-of-flight method. For radiation belm-r 
. . . -9 -9 
250 kev they found a half-life between 0.5 • 10 and 2.5 • 10 · sec. 

This assumes, however, a simple exponential decay, but it might quite 

well be more complex. The life-time of the low-energy radfation, in 

this case between 2.5 kev and 100 kev 1 was also investigated by Desi 

et al7 using the method of delayed coincidences. The half-life was 

found to decrease·with increasing energy; the measured values range 

· from 10-9 to 10-lO sec. 

Hence nothing has been reported about the life-time of the bulk of 

the gamma radiation. One can expect that it is shorter than for the low-
. -10 

· energy part of the spectrum, probably below 10 sec. 

For the short time intervals involved here, the best method is 

the time~of-flight technique. A flight path of l em for a fission fraf!:-
-9 mont corresponds to about 10 sec. and, if collimating systems with 

a definition of 0.1 mm can be used, one should be able to measure decay

times of the order of 10-ll sec. This is considerably better than what 

can be achieved by electronic methods. A further advanta~e is that the 

gamma radiation can be recorded by .a sodium iodide crystal, which makes 

it possible to obtain good energy spectra. 
·. 

The experimental arrangement is shown schematically in Fig~ 1. The 

collimator, with the sodium iodide spectrometer attached to it, can be 

·moved along the direction of flight of the fragments. In the first experi

ment, the collimator had a thickness of 5 em and the slit was 3 mm 

wide. The counting rate as a function of the collimator position is 

shown i Fig. 4 (circles). The neutron background has been subtracted. 

The curve shows clearly that the life-time ·of the gamma radiation is 

very short. The width and .shape correspond closely to the geometrical 

dimensions of the collimator slit. The tail of tte curve can largely 

be accounted for by edge penetration and scattering. To see if any finite 

decay time could be detected with this equ~pment, the following method 

.. 

.. !_ 
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was used. A thin aluminium foil, which stopped the fission fragments, was 
' . 

mounted o.s mm from the source foil. The distribution sho~m in Fig. 4 

as triangles was obtained. There is indeed a change of the type that is 

expected if the gamma radiation has a measurable life-time. With the colli

mator slit placed right above the sourc;<~ , the counting rate increases, 

since the gamma radiation previosly emitted outside the view-field of the 

collimator is now emitted in the catcher foil. With the collimator slit to 

the side· of the source, the catcher foil preven.ts the fragments from 

reaching this region thereby decreasing the counting rate. It is obvious 

that this arrangement is too crude to give any details of the decay curve. 

Some important information can be obtained, however. The differenc~ in 

counting rate with the slit right above the source shows that 13% of the 

gamma radiation is emitted after the fragments have travelled 1.5 mm. 

With the assumption of an exponential decay with only one component this 

corresponds t~ a half-life of 4 • 10-ll sec. Obviously the decay might 

be more complex. A fast decay followed by a long.:.lived component with an 

intensity of 13% would give the same experimental results. 

To obtain an improved decay curve a better collimator was used. It 

had a thickness of 7 em and a slit width of O.B mm. Here the neutron 

background presents a serious problem. Since the slit is so narrow, only. 

a very small fraction of the gamma radiation reaches the detector, but 

some of the neutrons can pass throught the lead and therefore give a high 

backgroun·d counting rate. The b "'lckground is roughly proportional to the 

volume of the sodium iodide crystal and it could be minimized by choosing 

the crystal as thin as possible. With a crystal thickness of 3 mm, the 

bakcground was 40% of the total counting rate with the slit placed above 

the source. 

The interpretation of the time distribution requires knowledge of 

the distribution for a point-source. 1bis distributicn can be calculated 

from the geometry of the collimator, but an experimental determination 

· is safer. To do this, .the fission source was replaced with a simila'r 

f H 203 Th · d. . f H 203 h f 275 k source o g • e gamma ra ~at~on o g as an energy o ev, 

'' 

' 
which is close to the effective mean energy of the. fission gamma radiation. J[ 

The distribution obtained for Hi03 is shown in Fig. 5 a. Th~ points ·j 

are the measured values, the line is the calculated distribution. The good 

·r 
i 
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agreement shows that the collimator is working properly. The distribution 

obtained with D. fission source is shown in Fie. 5 b. A comparison of the 

distributions in Fig. 5 cleurly shows the effect of the life-time of the 

gamma radiation •. 

It is clear, however., that the life-time is so s.hort, compared to 

the time definition of the collimutor, that it is impossibla to see any 

details in the time distribution.. This has the effect that, to correct 
I 

for the width of the slit., one has to assume a certain functional form 

for the decay curve. One can., for example, assume a simple exponential 

decay. After correction for the width of the collimator slit~ the decay 

cur~e in Fig. 6 is obtained. The decay seems to be a pure exponenti.:1l 

with a half-life of 2.3 • 10-ll sec. The accuracy of this value is about 

± 50%. The fact that the decay mainly consists of a single exponential 

component is notewortty. With a multiplicity of about ten, one would 

expect a rather wide spread in life-time of the gamma-rays and conse

quently a complex decay curve. Great caution is necessary in this connec

tion, however. In correctine for the resolution of the collimator, it vtas 

~£sumed that the decay was a simple exponential .. The correction tends to 

force the curve to assume this shape. However, this effect cannot produce 

a simple curve if the decay consists of components which differ widely 

in life-time, and we can therefore conclude that the gamma-emitting states 

involved here have half-lifes of the same order of magnitude. 

In the decay curve of Fig.. 6, there is a1so some sign of a slower 

component, but the accuracy is not high enough to resolve it4 As mentioned 
-9 -10 . 

above, half-lives between 10 and 10 sec~ have been measured for the 

low energy part of the gamma spectrum. The slow component seen here might 

have a half-life in this range. In the measurements with the wide colli-

mator, it was found that 13% of the radiation was emitted after 1.25 • l0-10sec .. 

The total intensity of the slow component depends on the half-life~ which. 

cannot be determined very well. A rough estimate based on Fie. 6 gives a 

value of 20%~ 

A more realistic anulysis of the decay curve qas to take into account 

the multiplicity of the radiation. On the average 4-5 gamma rays are emit

ted from each fragment. Such a cascade cannot give a simple exponential 

decay unless the first member of the cascad~ is considerably slower that 

the other ones. This is a very unlikely situation. If there is a considerable 

j 
' l . I 
ll 
ij 
[, 
r~ 
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difference in life-timat"the slowest decays should come late in the cascade. 

However, the shape of the decay curve shows that it is not composed of 

several components with greatly different half•lives. We have therefore 

analyzed the decay curve assuming that the decay consists of a cascade 

of four gamma-rays with the smne half-life. After a correction for the 

collimator resolution the decay curve in Fig. 7 is obtained. Here, also, 

we note a fairly good fit to the experimental points and, again, the 

presence of a long-lived component. If OQe instead assumes a multiplicity 

of 3 or 5 the results are similar. The half-life of the gamma-emitting . ) 

states is then found to be 1.3 • 10-ll sec., and this value does not 

.depend very much on the multiplicity. 

Evidently one can obtain a good fit assuming either a simple decay 

or a cascade of gamma rays. This illustrates the fact that the definition 

of the-collimator is not good enough to see the details of the decay 

curve. Unfortunately., for intensity reasons, it is very difficult to 

improve on this point. 

The two cases treated here are, of course, only two of the many 

possible combinations in a cascade of gamma-rays. However, they serve 

. the purpose of demonstrating that t.he life-time of the states involved 

does not depend too much on the assumptions of the analysis. 

Another difficulty connected with lack of sufficient time resolu

tion is that one cannot exclude the existence of a very fast component 

in the decay curve. One can only set an upper limit, which is determined 

by.the statistical errors of the measured points. This limit depends on 

the shape of the main part of the decay curve. If there is a simple 

exponential decay, the upper limit for the fast component is 15%, but 

if there is a cascade of gamma-rays with e~ual life-times, the limit 

increases to 25%. 

The results of this analysis can be summarized as follows. The gamma 

radiation, which' corresponds to the main part of the decay curve, has a 

·half-life of about 1 • 10-ll sec., the exact val~e dependin~ somewhat on 

the multiplicity. This component comprises 60-70% of the prompt gamma 

radiation. In addition there.is a slow component comprising about 15% 

with a half-life in the region 10-9 - 10-lO sec. Finally, there might be 
. ·-11 

a fast component with a half-life consideraple shorter than 10 sec. 

The upper limit for this component is lS - .25%. 

I. 
I 
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It is, of cours~, self-evident that this analysis does not imply 

that one can divide the decay curve in well-defined.components with 

certain half-lives. There is probably a smooth transiti.on between the 

components and w.ithin each component there is a certain spread in 

life-time .• The purpose of this analysis has only been to emphasize 

that the decay curve is not as smooth as one would expect from a . 
statistical distribution of life-times, but shows a certain amount 

of structure. 

B. Ene~gy spectra. 

An inspection of the decay curve in Fig. 5 shows that it should 

be possible to obtain a complete separation of the gamma radiation from 

the two frap,ments. A choice of 0.5 mm for the collimator setting gives 

complete.separation, while keeping the contribution of the slow compo

nent to a minimum. This arrangement was used to record the energy of 

the gamma radiation as a function of mass. The output of the divider 

was displayed on one .dimension of a two-dimensional pulse-height ana~ 

• lyzer and the spectrum of the scintillation spectrometer on the other 

dimension. 

Fig. 8 shows the spectra for a number of fragment masses. Unfortuna~ 

tely one cannot expect to get high quality spectra with the present 

arrangement. As discussed above~ it is necessary to use a thin sodium 

iodide crystal in order to suppress the neutron background. With 

11. 

such a crystal the correction for the response of the spectrometer is 

rather uncertain. Furthermore, the thin slit will introduce a considerable 

scattering, which distorts the spectra. The neutron background is not 

subtracted in Fig. 8. It is mainly.concentrated at low energies, and 

there the scattering gives such a lar~e uncertainty that it did not 

seem worthwhile to make a separate determination of the background. 

It is also important to realize that the collimator position has 

a great influence on the spectrum shape. With the setting used here, 

the collimator accepts gamma radiation emitted in the time interval 

(1-7) • 10-ll sec. If the half-life of the transitions in the cascade 

is about 10-ll sec., most of the radiation is emitted within this 

interval. However, if the transitions are considerably faster or slo

wer, only part of the radiations is accepted by the collimator. Hence 

one would expect that in the spectra those parts a.re enhanced which 

l 
I 
l 
I 
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correspond to-transitions having a half-life of 10-ll sec. The bump 

at 700 kev can probably be _accounted for in this way. 

Because of these uncertainties, not too much attention should 

be paid to the general shape of the spectra. It is mainly variations 

with mass that are significant, and they will be discussed below. 

C. Gamma-ray yield. 

The same experimental arrangement, which was described above in 

connection with the energy spectra, can be used for deterrilininp, the 

yield as a furiction of ~ass. By setting the collimator in the posi

tions + Q.5 and - 0.5 mm one can select the radiation from the heavy 

and light fra[ryT!ent, respectively. The mass ratio distribution from 

the divider was recorded on a pulse height analyzer for the coi~cident 

events .• Dividing this distribution, after correction for the neutron 

backp,round, with the normal mass ratio distribution recorded for all 

fission events, gives the relative gamma-ray yield per fragment. 

The difficulty with this experiment is that the effect found 

is rather small. Furthermore, the variations in yield are such that 

the changes they produce are the same as a shift of the curve cau

sed by a variation in amplifier gain. Hence it was necessary to have 

the electronics very stable and to make frequent checks~ The experi

ment was performed so that .the collimator was repeatedly alternated 

between the two positions. A change in collimator position always 

produced a distinct change in the mass ratio curve •: Finally, all 

the curves were added separately for the two positions. 

The neutron background was determined as described above by 

blocking the collimator slit with a piece of lead. This was done 

for the two collimator settings. One should expect no difference 

in the mass ratio curve for the two settings. Since the slit is so 

narrow, mcst of neutrons giving the background in the sodium iodide 
' 

crystal penetrate through the lead and the position of the slit is 

therefore of little importance as far as the background is concer

ned. This expectation was borne out by the experiment; the neutron 

background turned out to be practically independent of collimator 

position. This fact is a strong indication that the changes·observed 
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with the slit open indeed can be attributed to·a variation of gamma

ray yield as a function of mass. 

The final result is shown in Fig. 9. The yield curve has a saw

tooth form. It resembles the neutron yield curve .. The significance of 

this similarity-will be discussed below. 

It is \Wrth mentionine that the yield determination here refers 

not to the total gamma radiation but to the part selected by the par

ticular collimator setting used here. It corresponds to radiation emit

ted in the time interval (1-7) • 10-ll sec. Hence it should be represen

tative for the main component of the decay curve. However, since this 

component compri;:;es the major part .of radiation, the yield curve obtained 

here should be typical also for the totai radiation. 

IV. Interoretation of the data. 

A. Life-time and energ¥ of the radiation. 

The results of the present investigation show that the p,amma deexci

tation proceeds in an ordered fashion. Both the decay curve and the 

energy spectra are not such as one would expect if the deexcitation in 

the normal way took place via statistically distributed levels. Such 

normal cases are, for example, the gamma emission in (p,y) and (n,y) 

reactions. There, the energy spectra peak at 2-3 Mev. The different 

situation in fission might be explained by the assumption that the fis

sion fragments are formed with a high spin. The neutron emission takes 

away most of the excitation energy but little angular momentum. Hence, 

at the beginning of the gamma-ray cascade, the nucleus is left with 

relatively little energy but with .a hieh spin, which during the cascade

must decrease to the ground state spin. This situation naturally has a 

profound influence on the deexcitation path. However, one cannot from 

these general ideas draw any conclusions about the detailed properties 

of the radiation. 

The fact that the deexcitation seems to be more ordered than expec

ted for single-particle transitions between statistically distributed 

levels suggests that collective transi+.ion,s m~y play an important r8le. · 

Rotational transitions have such a low energy that they cannot account 
; 

for- any greater part of the spectrum. Furthermore,,most of the fragments 

13 • 
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have a spherical equilibrium shape and hence have no rotational transitions. 

However,. .vibrational transitions might well be of importance. _We will 

now proceed to show that the various properties of the gamma radiation 

investigated here agree with what can be expected for vibrational transi

tions. 

Practically all information about vibrational transitions comes from 

studies of the transition from the first 2+ state in even-even spherical 

nuclei. Since most of the fission fragments are spherical, _'ire will at first 

limit the discussion to spherical nuclei. Fig. 10 shows a plot of the 

half-life of the 2+ transitions against the energy for those cases where 

both quantities are known, the data being limited to regions where the 

fission fragments occur. The main cGmponent of the fission gamma radiation 

has been found to have a half-life of about 1 • .lo-11 sec. From Fig. 10 it 

can be seen that this corresponds to an energy of about 600 kev which is 

close·to the mean energy of the fission gamma radiation. 

We will now see if the assumption that a great part of the radiation 

is of vib~ational type is consistent with the shape of the total gamma-ray 

spectrum. First we have to find the energy_ of the vibrational transitions 

for all the fission fragments •. In the harmonic approximation the members 

of the vibrational cascade have the same energy, which then simply ca~ be 

found from the well-known energy of the first 2+ state in even-even nuclei. 

However, for actual nuclei, this is not exactly true. An inspection of some 

well studied level schemes shows that there is a tendency of increasing 

energy for the higher members of the vibrational band. For magic or near

magic nuclei, on the other hand, the sharp increase in energy of the first 

2+ state is·not accompanied by a.corresponding increase for the higher 

transitions. It is impossible .to take these effects into account, however, 

and, in order to get a rough idea about the ·situation, the energy of 

the first2+ state is a reasonably good measure of the mean energy of the 

vibrational transitions~_Therefore the location of the 2+ state was deter

mined from the well~known systematics of ~his state. Since the fission 

fragments have a neutron excess, it is necessary to perform a small extra

polation of the experimental data, but the energy varies so smoothly with 

nucleon number that this extrapolation cannot produce any error of im

portance. 

Furthermore, we have to know the gamma-ray Yield as a function of 

:, ... 
'' ::.-;_:) 
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fragment mass. It is evident from Fig •. 9 that the yield per .fragment is 

not constant •. The difficulty here is that the curve gives the yield for 

only part of the radiation. Hotvever, it is obvious that the variations 

must be small compared to the variations in the mass yield curve. Hence 

the gamma-ray yield is mainly.determined by the yield of the fragments. 

This means that most of the radiation is emitted by fragments at the 

peaks of the mass yield curve, i.e •. in two rather narrow regions around 

A "' 108 and A "' 142. An inspection of Fig. 9 shows that the q;amma-ray 

yield per fragment in these two regions is very nearly the same and 

that the variations within these two regions cannot be of any importance •. 

Hence we take the yield of a certain mass as a measure of the gamma 

ray yield associated with that mass. 

Sorting the gamma radiation in a number of energy intervals and 

adding the yields in each interval.gives the spectrum shown as a histo

gram in Fig •. 11. In the same figure is shown the experimental gamma 

spectrum taken from the investigations of Smith et al2 and Bowman and 

Thompscn3• It will be noted that in the energy range 500-1500 kev the 

shape of the calculated and experimental spectra agree very \.Yell. This 

shows that,, from this point of view, the as.sumption of. the vibrational 

character of the gamma radiation is not met with any difficulty. 

Further information can be obtained from the measurements of the 

energy spectra for different masses (Fig. 8). Before interpretin~ the 

results, .. it is worth while discussing what kind of changes one can expect 

when the mass is changed •. First of all it must be realized, as discussed 

above,that the shape of the spectrum is determined to a great extent 

by the collimator setting. A certain setting favours transitions with 

·a certain half-life and this means an enhancement at the corresponding 

energy in the spectrum •. .The peak at about 700 kev can therefore not be 

expected to change too much. However, despite this distortion of the 

spectra, any appreciable changes in shape should be clearly visible. 

The type of change one expects is an increase of the mean energy ... 

in the vicinity of magic numbers. An inspection of Fig. 8 shows that 

the predicted changes indeed occur. For A = 95 the fragments are close 

toN= 50 and for A= 128 close to Z =50 and N = 82 •. The spectra for 

these masses exhibit a decrease at the low energy end and an increase 
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.at the high energy end exactly as expected. The spectrum for A= 153 is 

cspecialiy interesting. Although the statistics are poor, it gives n 

clear indication of the s2me increase in ·enerr,y as for the magic fragments. 

The mass 153 corresponds for fission fragments to Z "- 60, lJ "- 93. Nuclei 

of this·. constitution .must be deformed. For deformed nuclei vibrational 

excitation is of two different types, 8- and y-vibrations. It is difficult 

to say which one is most likely to occur in excited fission fragments, but 

for the present discussion the distinction between the two types is not 

so important. The main point is that they have roughly the same energy . 

. variation •. The energy ~ncreases, when the mass·increases from the border

line of the deformed region towards the center. For fission fragments vri th 

.A = 153 the energy can be estimated to be 1200 kev. This is not inconsistent 

with the experimental spectrum. · 

If one assumes that the deexcitation goes via a statistical distri

bution of quasi-particle levels no such variations with mass are expected, 

A theoretical study of the spectrum shape in this case shows that the mean 

energy is proportional to the temperature at the initial excitation energy. 

For a given energy the temperature is higher for magic nuc;J..ei. However, 

this. te~dency is counteracted by the fact, discusse~ below, that the total 

gamma-ray energy has a minimum for magic fragments~ A closer study of 

this problem shows that the experimental variations cannot be accounted 

for in this way. Hence the energy spectra support the assumption that 

vibrational transitions pluy a predominant role in,the deexcitation of 

fission fragments. 

B. Yield. 

The interpretaticn of the yield curve is made ~omewhat difficult by 

the fact~ pointed out above, that it refers to only pa:t:>t of the gamma 

radiation. However, this part is as great as 75%. It seems very unlikely 

that the remaining part of the radiation could have a yield vri th such 

large fluctuations that the yie~d curve of the total radiation could be 

basically different from the curve in Fig. 9. In the following, \le will 
. . '~ . . 

therefore assume that this curve represents the total yield. 

Here important than the yield ofgamma rays is the total gamma-ray 

energy. A calculation of the total.energy requires knowledge of the mean 
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gamma-ray energy as a f~nction of mass. The difficulties in interpreting 

the spectra in Fig. 8 have been discussed. It was only possible to find 

some general trend, for example, that the mean energy is higher for ma~ic 

and near-magic nuclei. This brings up the question if the structure in the 

yield curve is, perhaps, just a reflection of the differences in the mean 

gamma-ray energy. The minima at mass 90 and 130 could be connected.with 

the magic numbers N = 50 and Z = SO, N = 82, respectively. If the total 

gamma-ray energy is constant, minima would appear because of the higher 

mean energy. A closer inspection shows that it cannot be so. The minima 

are not at all as narrow as one would·expect on such a view. A more de

tailed examination of the curve shows this more clearly. It is obvious 

from ~ig. 8 that the gamma-ray spectra for A = 102 and A = 118 are prac

tically identical. The mean-ener?;;y must be closely the same. Yet the yield 

curve shows a considerable increase betvteen A = 102 and A = 118. The same 

is true if one compares the masse~ 128 and 153. Undoubtedly, the varia-· 

tions in gamma-ray energy will be of some importance, but in its 

general appearance the total energy curve will have the same saw-tooth 

shape as the yield curve in Fig. 9. 

In order to explain the variations of·the total gamma-ray energy 

it is necessary to take up the problem of the competition between neutron 

emission and gamma emission. Normally, it is assumed that neutron emission 

always takes place, whenever it is energetically possible. Calculations 

of Leachman and Kazek12 and Tere1113 based on this assumption and statis

tical theory show that roughly an energy amount equal to the neutron 

binding energy or about 5 Mev is left for gamma emission, whereas twice 
1-3 6 as much is found experimentally. ' It is very probable that this 

discrepancy is caused by the neglect of spin effects. Each emitted neutron 

carries off a considerable energy (binding energy + mean kinetic energy) 

but only little angular momentum. If theexcited fragment starts with a rather· 

high spin, the result will be, that at the end of the neutron emission the 

energy is relatively low but the spin still high. This makes it increasingly 

difficult for the last neutrons to find suitable high spin states for the 

transitions. Quantitatively this situation can be treated by introducing 

a level density formula includinP, the proper spin dependence. The spin 

dependent part has the form: 

(2I-rl) exp - ......... (1) 
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where J is the moment of inertia and T the temperature. Obviosly this 

formula leads to a decrease in the density of high spin states, especi~l

ly at low energies. Inserting the rigid body value of J and a resonable 

value for I (about 10) shows that the situation is not basically improved 

by this modification. Only if a value about one tenth of the rigid body 

value is used for J will any significant improvement occur. It is very 

interesing to note in this connection that, in several cases, it has 

been found that the value of the moment of inertia appearing in the 

level density formula turns out to be remarkably small. This has been 

noted by Vandenbosch and Huizenga14 in their work on is0mcr production, 

by Leachman and Sanmann15 in an analysis of the angular distributions in 

fission and also in some nuclear reac~ions studies. The cause of this 

discrepancy is that the nuclear spin is a result of the coupling of a 

small number of nucleon spin vectors• At each energy there is a maximum 

spin value corresponding to a complete alignment of the spin vectors of 

the unpaired nucleous. This effect leads to a lower density of the high 

spin states than given by eq. (1). Unfortunately nothing is known quantita

tively about ho"t-r much the moment of inertia has to be reduced in order 

to account for this effect. 

For our purpose it is better to study directly the maximum possible 

spin values at different energies. Knowing this, one can estimate to what 

extent the neutron emission is reduced. The average spin at the beginning 

of the gamma-ray cascade should be about 10 (see the subsequent discussion). 

States closely above the neutron emission threshold in a nucleus have to 

dec~y to the ground state or to low-lying state in the daughter nucleus.· 

These states neve~ have spin values as high as 10. This me~ms that the 

neutrons have to carry off several units of angular momeri.'bim. The penetra- .1 

tion of the low energy neutrons through the resulting centrifugal barrier 

is so small that neutron emission is practically forbidden. Only for states, 

which are so high above the neutron emission threshold that their position. 

corresponds to such energies in the daughter nucl.eus, that levels with spin 

about 10 begin to appear, can neutron emission take place unhindered. An 

·inspection of known level schemes sho~rs, that practically no levels with 

sp·in 10 or higher are known. This is partly explained by the fact that 

such levels·are very difficult to populate. On the other hand~ high spin 

states often give rise to isomers, which are easy to detect experimentally. 
' ~ . In any ease, it seems· obvious that .~tates of spin lO or higher are very 

~-' 
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rare for the first two Mev of excitation. A very interesting case has 
. 16 . . h . 18 . recently been found by Perlman et al. It ~s a state w~t sp~n appear~ng 

3 M · p 212 I "ll · . h " 1 t d f th. bl at ev ~n o • n an ~ um~nat~ng t eoret~ca s u y o ~s pro em, 

Glendenning17 has shown how the two protons and the two neutrons outside the 

core combine to ·give spin values up to 18. In the mass region of the fission 

fragments the single particle spins are lower, but the same principles apply. 

One can easily see that, in order to get a spin of 10, in general at least 

three nucleon spin vectors have to be combined. This means that in an even

even nucleus at least two pairs have to be broken up, and in other nuclei 

at least one pair. Hence on the average one sho~ld expect states of spin 

10 to start to appear at about 2 Mev. Gamma emi§ionwill therefore be able 

to compete succesfully with neutron emise.ion in an energy interval of ab:?1't: 

2 Mev above the neutron emission threshold. The.previosly mentioned estimates 

of the total gamma-ray energy have therefore to be encreased by 4 Mev, t::!ich 

is roughly what is required to bring them in agreement with experiments. 

For other spin values the energy values will, of course, be different. If 

the initial spin is smaller the total energy will be smaller, and if the spin 
L 

is higher the energy will be higher. 

We are now 'able to discuss the saw-tooth curve of the total gamma-ray 

energy. It resembles the curve for the total excitation energy. HoTtrever, 

high excitation does not in itself give a high gamma-ray energy. On the 

contrary, a high excitation means more neutrons, which can carry off slightly 

more angular momentum and that favours neutron emission over gamma emission. 

Therefore, the only way to account for the variations of the gamma-ray energy 

appears to.be, to assume that it is ca~sed by a similar variation of the 

spin of the fragments so that a high total gamma-ray energy corresponds 

to a high spin. Since the curves for the total gamma-ray energy and the 

total excitation energy are similar, the interesting conclusion is that 

spin and excitation energy vary in the same way with mass. 

The relation between spin and excitation energy established here should 

be of value for the understanding of the conditions during scission. At 

present our knowledge of this stage of the fission process is so limited 

that any interpretation of the data necessarily will be very speculative, 

and therefore we refrain from discussing various possible explanations 

of this experimental results. 
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With the results of the present paper added to what has been 

known before, one can attempt to get a consisten~ picture of the deexci- · 

tat ion process. · 

It is instructive to compare the fission gamma radiation with the 

radiation emitted in two other processes, neutron capture and heavy 

ion induced reactions. In neutron capture the multiplicity is low and 

the spectra peak· at 2 - 3 Mev. In heavy ion reactions the multiplicity 

is high (10-20) and the spectra peak at low energy. The gamma radiation 

in fission seems to be an intermediate case, but is closer to the second· 

type. The· basic difference between these two reactions is the amount 

of angular momentum of the excited nucleus. In the first case it is low 

(up to 4 11) but in the second case it can be very high ( 20-40 1'i.) •. A closer 

comparison of the fragment deexcitation with the other two reactions 

gives as a rough estimate of the spin the·value 10-15. 

A better estimate could, in principle, be obtained from an analysis 

of the angular distribution of the gamma radiation. Unfortunately,. the 

analysis of the experimental results is beset with many difficulties. 

One such difficulty is that the results depend on various assumptions 

concerning the orientation of the initial spin and about the path of 

d . . s . k" 18 d . d f b d h . eexc~tat~on. trut~ns ~ er~ve a ormula ase on t e assumpt~on 

of a deexcitation via a statistical distribution of levels according to 

eq. (1). The spin dependence of the level density has the effect that, in each 

step of the deexcitation, there is a tendency of the transitions to go 

to the levels with the lowest possible spin compatible with the multi

polarity of the radiation. The difficulty is that, with the high spin 

and relatively low excitation occuring in fission, the assumption of 

a statistical distribution of levels is questionable. The limitations on 

the maximum possible spin, discussed above, come in here, too. The result 

is that the value of the moment of inertia, which appears in the expres

sion for the anisotropy, is very uncertain. The spin values then have a 

corresponding uncertainty. 

Hoffman8 fitted his measured angular distributions with a theoretical 

expression containing a dipole and a quadrupole term. With some assumptions 

about the orientati~n·of the spin vector he could deduce a spin value 
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by varying the parameters to get the best possible fit. It turned out 

that the quadrupole term was the dominating one. 

Unfortunately, it seems that the analysis of the angular distributions 

are of a somewhat limited value for providing information,about the fragment 

spin. However, in this connection it should be noted that, despite the 

difficulties of the analysis, the angular distributi~n strongly indicates 

that the greater part of the radiation consists of quadrupole transitions. 

The best way of estimating the fragment spin appears to be to use 

the information about the multip~larity and the multiplicity of the 

radiation. Both the angular distribution of the radiation and the life-time 

determination in the present work show that we mainly have quadrupole 

transitions. The multiplicity is knmm to be about ten. The yield curve 

of'Fig. 9 ~hows that for the most probable mass ratio the yield is the 

same for the tHo fragments. Hence the average multiplicity per fragment 

should be about five. For quadrupole radiation this gives a maximum initial 

spin of 10. This corresponds to the case in which the spin is always 

decreasing regularly. However~ this is probably also the most likely 

case. The scarcity of high spin states, expecially at low excitation 

gives a strong tendency favouring transitions in which.the spin is 

decreasing~ Therefore the initial spin is probably not too much below 

the upper limit. On the whole a spin of about io is in good agreement 

with all experimental facts. 

When the quadrupole character of the transitions has been established, 

the problem is, if it is possible to say anyting further about the pro

perties of the transitions. As has been discussed in some detail above, 

the experimental results seem to indicate that the transitions are of 

the vibrational type. The strongest evidence is probably the life-time. 

It was found that the main part of the radiation has a half-life of 

about l·· 10-ll sec. The average energy of the spectra in Fig. 8 is about 

500 kev. An inspection of the relation between half-life and energy for 

known vibrational transitions (Fig. 10) shows, that these values agree 

very well \oli th this relation. On the other hand the single particle 

estimate for the half-life of a quadrupole transitions of 500 kev is 

5 • 10-9 sec. Therefore the fission gamma rays seem to be enhanced 

'quadrupole transitions and vibrational transitions is then the only 

possibility. As discussed above this interpretation is further supported 

by the shape of the total gamma-ray spectrum and by the variation of the 

energy spectra .as a function of mass. 
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The interesting question is now, why vibrational transitions are 

preferred in the deexcitation of the fission fragments. The most likely 

explanation can be found in the conditions during scission. At that point, 

the electr.ostatic repulsion deforms the fragments. When they separate, a 

vibrational motion will be set up. In addition the fragments can obtain 

a rotational motion, corresponding to a high spin. Finally, it is likely 

that there is not time enough for the fragments to adjust adiabatically 

to the rapid changes and that therefore some nucleons are left in higher 

levels giving an intrinsic excitation of the fragments. Therefore, at 

the moment of scission, the fragments are formed in very complex states 

with intrinsic, vibrational and rotational excitation. Most of the exci

tation energy is then taken away by the neutrons. It is likely that the 

energy needed to evaporate the neutrons is taken at first hand from the 

intrinsic excitation. The reason is, that the intrinsic excitation corres

ponds to a small number of excited nucleon~; whereas many nucleons take 

part in the collective motion. Since neutron emission requires that a 

large part of the excitation energy is concentrated on a single nucleon, 

it should take place m3inly at the expense of the intrinsic excitation. 

This implies that, at the end of the neutron emission, the fragments are 

left in states having mainly or perhaps even exclusively collective exci

tation. In this connection, vibrations are the most important mode of 

collective excitation (in spherical fragments it is the only possibility). 

It is therefore quite natural that the gamma deexcitation proceeds via a 

cascade of vibrational transitions. 

If the vibrational transitions account for the main part of the 

spectrum from 300 to 1500 kev, it is interesting to ask about the charac

ter of the remaining parts. In the low energy range rotational transitions· 

can be expected to be of importance. This question will be treated in the 

second part of this.paper. Very little can be said with certainty about 

the high energy gamma rays. They could be single particle transitions. 

Another possibility is that they are octupole vibrations, The en~rgy of 

the octupole vibrations (2-3 Mev) is in ~grcement with this view. As a 

matter of fact one woulc'l Pxpact to gat octupole vibrations for the same 

reasons as one expects quadrupole vibrations. At scission the deformation 

of the fragments is probably not of the second order only. It is more 

likely that the fragments are slightly pear shaped. This would t~cd to 

induce ootupole. vibration as a part of the very complex excitation of 
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the fragments. It should be possible to get some experimental information 

on this point by investigating the slow component of the gamma radiation 

more in detail • 

VI. Conclusions. 

The present investigation has given some information about the 

deexcitation of the fission fragments. These results are of value for 

the understanding of the conditions at scission. Perhaps more important 

t~1: ·~ the results themselves is the fact that they show that the techniq_u3 

used here is capable of giving detailed information about the deexci- . 

tation process. The present work can only be considered as a preliminary 

survey .and various improvements are possible. The crucial point is the 

time resolution of the collimator. With some effort it should be possibJ.c 

to achieve an improvement with a factor of 2 or 3. This would ma~e it 

possible to study the decay curve in much greater detail. A systematic 

study of the radiation for different collimator settings would then bring 

forth a wealth of information about decay times, energy spectra, and 

yields of the various components of the radiation. Another improvement 

would be to study the gamma radiation also as a function of the excitation 

energy of the fragments. 

Investigations of the present type lead to a new type of nuclear 

spectroscopy dealing with the properties of highly excited collective 

states in a great number of different nuclei. The information \.,.hich is 

~btair.ed should be of value for the systematics of the collective states 

as well as for the understanding of the fission process. The results of 

this work indicate that it should be worth while to push this technique as 

far as possible. 
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Fig. l. Schematic picture of the experimental arra~gement. 
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Fig. 2. ' Block diagram of the electronic circuits • 

Fig. 3. 

Fig. 4. 

Fig. 5 

a •. Pulse spectrum from the fission detectors. 

b. Pulse spectrum from the divider. 

Decay curve determined with the 3 mm collimator. 

Circles: Counting rate as a function of collimator setting. 

Triangles: Counting rate with a catcher foil in front of 

the source. 

a. The response of the 0.8 mm collimator for a Hg203 sour

ce. The line is the calculated response. 

b. The decay curve of the fission gamma radiation determined 

with the 0~8 mm collimator. 

Fig. 6 Analysis of the decay curve assuming a simple exponential 

decay. 

Fig. 7. Analysis of the decay curve assuming a cascade of four gamma 

rays with equal life-time. Thecurve shows the theoretical 

decay curve for such a cascade. 

Fig. 8. Energy spectra of the radiation for a number of'different 

masses. 

Fig. 9.. The gamma-ray yield as a function of mass. 

Fig. 10. Half-life of the first 2+ state in even-even nuclei as a function 

of the energy of the state. Data for the following elements are 

included: Se, Mo, Ru, Pd, Cd, and Te. 

Fig. 11. A comparison of the spectrum of the total gpmma r-:1diation (the 

curve) with the spectrum calculated on the assumption that the 

gamma radiation consists of vibrational transitions (the histo

gram). 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or p~ocess disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
"Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 






