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Gamma de-excitation of fission fragments 

~Delayed radiation 

-li' Sven A.E.· Johansson 

L9~rence Radiation Laboratory, University of Caiifornia 

Berkeley, California 

UCRL-11 71,0 

Abstract: The delayed part of the ga~~a radiation emitted from fission 

fr2gnents of C£252 
has been studied. The fission fragment~ were detected 

Hith solid state counters and the gamma radiation with a scintillation 

spectrometer. !1ass-ratio selection was employed so that tne properties 

of the gam!lla radiation could be studied as a function of fragment mass. 

ThG dele.yed radiation was found to have an intensity of 6~ relative to 

the pl'ompt one •.. The half-life varies in the range 15-100 nsec and depends 

on the mass and on the delay. The m.::.ss spectrum of the fragments associated 

with delayed ~amma radiation was fc~nd to exhibit a pronounced fine struc

ture. \lith most of the delayed r;amma emission concentrated in deformed· and 

magic fragments. The gamna-ray spectra have a shape consistent with ~o

tational cascades in deformed nuclei and vibrational cascades in magic 

nuclei~ respect iveiy •. 

Of special interest is the fact that the gamma emission from some 

'of the fragments in the mass range 92-110 has the:! same characteristics 

as the e~ission from the deformed fragments in the rare earth region. 

It is therefore concluded that these f:.'agments have a stable defor_mation .. 

Various theoretical and. experim'3ntal 8'.r.idence for the existence of this 

new region of deformation is discussed. 

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

I 

<' 

! 
f 
\ 



·~· '' 

• 

• 

1. Introduction 

. It was shown by Maienschein et al1 that the gamma radiation· 

emitted in neutron-induced fission of u235 has a delayed component 

with a half-life of aboutlOO nsec, its intensity being as much as 

5.7%. The present paper reports on a detailed investigation of the 
252 gamma radiation from fission of Cf • Here, too, a delayed component 

is shown to.be presen~. 

The results of the investigation of the prompt radiation, reported 
' 2 in the fist part of the present paper, show that the characteristic 

feature of the dcexcitation is that it involves high spin states. It 

is therefore natural that is~meric transitions occur and a study of 

these transitions might give valuable information about the high spin 

states. Since the spin of the fragments is determined by the "'r.i.F" ... ion 

configuration, such a study might also shed light on the 'mechanism of 

the fission process. Another reason for studying the deexcitation of 

fission fragments is that they cover regions of the nuclear periodic 

table which are not accessible in any other way. They can provide 

information about the nuclear properties of very neutron-rich nucleides. 

The aim of the work reported here was to make a preliminary survey 

of the properties of the delayed radiation and to find an explanation 
·~~:, 

for this rather unusual form of dec<~ci tat ion. ' 

2. Experimental_9rrangement . . 

The expe~imental arrangement has been described in the first part . 

of this paper. The fission fragment were detected by two solid-state 

detectors which gave pulses proportional to the kinetic energy of the 

fragments. Sine~ the mass ratio is inversely proportional to the ratio 

of the kinetic energies of the two fragments, it could be determined by 

dividing the pulses from the two detectors. This was done electronically 

in a circuit which produced an output pulse proportional to the mass 

ratio. Selection of a certain pulse height from the divider hence selected 

fission ev'iints with a pcX'tioul.at' mass ratio. 
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The gamma radiation was detected by a 5.0 em x 7.5 em sodium 

iodide crystal placed at 90° relative to the flight-direction of the 

fragments, which orientation.minimised·the neutron background. The 

distance between the source and the scintillation spectrometar was 

10 em. This was chosen to give good detection.efficiency and, at the 

same time, to avoid disturbing summing effects from coincident gamma 

rays. This effect is of some importance since the multiplicity of the 

radiation is high. 

Most of the delayed radiation was emitted after the fragments 

had already reached the fission counters which were placed at a 

distance of about 1 em from the source. This meant that the two frag

ments of a fission events Here well departed at the time of emission 
... l 

and made it possible to study the radiation from only one of the 

fragments by placing a lead absorber over the other fission counter. 

Selecting different mass ratios then permitted investigation of the 

gamma radiation as a function of mass. 

The time distribution of the gamma radiation was investigated by 

introducing cables with different delay in the fission channels. The 

curves so obtained show a peak corresponding to the prompt radiation and 

a tail of delayed radiation. Since the tail is very small relative to 

the prompt peak, there is a possibility, that it could have resulted 

from some spurious effect in the electronics. It was therefore considered 

desirable to confirm the existence of the delayed radiation using 

another method. The experimental arrangement is shown.in Fig. 1. A very 

Cf
2 52 ( 107 f. . . ) . 1 d . d . strong source ~ ~ss~ons per m~nute was p ace at one en 

of an evacuated tube. At the other end was a fission counter. A heavy 

lead shield was placed so that the gamma radiation and neutrons from 

the source could not reach the scintillation spectrometer. Only radiation 

which was emitted after tha fragments had travelled about 10 em could 

be recorded. Hence the delayed radiation could be studied without inter

ference from the prompt radiation. 

The main correction to the gamma-ray spectra is the subtraction of 

the background caused by neutrons. A sodium iodide crystal is an efficient 

detector of fast neutrons, due, mainly, to inelastic scattering in the 

iocline. qne mi~ht think that th@ neut~on intensity sho~ld be quite small, 

since the time it takes the neutrons to travel from the source· to the 
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scintillation spectrometer is small compared to the delays used here. 

However,, there is also a contribution from neutrons scattered in the 

surroundings and these neutrons take a longer time to reach the spectro

meter-. The number of neutrons decreases with increasing delay, but the 

intensity of the gamma radiation is also decreasing .• The net result is 

that the relative amount of background (about 2596) is virtually indepen

dent of the delay.. The backgY'ound was determined by absorbing the 

gamma radiation in a lead absorber. Since most of the gamma radiation 

of interest here is of low energy, it was in most cases possible to 

use a thin absorber which did not affect the neutron intensity to any 

measurable extent. Sometimes it was necessary to use a thicker absorber-. 

In these cases, a correction was applied for the attenuation of the 

neutron flux in the lead absorber. 

Correction for accidental coincidences was in general of little 

importance. It was determined by introducing a suitable delay in the 

gamma-ray channel and amounted to about 0.03% of the counting rate 

· at the prompt peak. However, when the decay curve was followed to 

long delays the accidental coincidences became increasingly important 

and.they eventually set a limit on how far the decay curve could be· 

investigated. 

. 3·. Results 

3·.1. Decay curve 

The decay curve for all fragments is shown at the top of Fig. 2. 
It exhib'i ts ·a prompt peak and. a tail·. The width of the prompt peak is 

determined by the resqlving time of the coincidence circuit, It could 

be varied from 5 nsec to hundreds of nanoseconds by using clipping 

cables of different length. The decay'curve was recorded with many 

different resoving times and in all cases similar tails appeared. 

The resolving time shovm in Fig. 2 was used in most of the measurements. 

It was determined by the following considerations. Since, under all 

circumstances the tail is of low intemsity, it is important to choose 

experimental conditions v1hich enable the available counting rate to 

be utilisad to the fullest possible extent.~ This means that when investi• 
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gating the properties of the delayed radiation the delay should be 

set to correspond to a point close to the p1•ompt peak. At a given 

delay the counting rate is proportional to the resolving time. However, 

when the resolving time is increased, the prompt peak gets wider and covers 

part of the tail. Hence the delay has to be increased. so that the 

prompt peak does not interfere with the measurements. This, of course, 

leads to a lower counting rate. Consequently there are two tendencies 

which work in opposite directions. A closer analysis shows that the 

highest counting rate is obtained when the resolving time is about 

the same as the half-life of the tail. 

The shape of the tail shows that it is composed of several compone~ts 

with different half-lives. In the range 20-30 nsec after fission, the 

half-life is of the order of 15 nsec and in the period 200-300 nsec later 

it has increased.to about 100 nsec. Fig. 2 also shows partial decay 
. . 

curves for the mass ratio intervals 1.0 - 1.2, 1.2 - ls48 1 and > 1.48. 

The reason for selecting these particular intervals is that they correspond 

to well-separated regions with a high yield of delayed radiation~ as will be 

shown in the next section. All these partial decay curves have a pronounced 

tail, but the shape and mean half-life are different. The curve for 

R ; 1.2 - 1.5 has the shortest half-life, 32 nsec, and a rather pu~ expo

nential decay. For R > 1.5 the mean half-life is ~40 nsec, but there 

appear to be components with shorter half-lives. Finally, the curve for 

;. 

' 

R ; 1. 0 - 1. 2 is complex, with a h<...lf-life \:'lat increases to about 100 nGec. ' 

It is evidently difficult to .Jze the decay curves of Fig. 2 in 

the vicinity of the prompt peak. Decay curves were also recorded with 

shorter resolving times and they are more satisfactory in this respect. 

However, the best results were obtained with the method described- above, 

in which the fragments were made to travel a certain distance before the 

gamma radiation was recorded. The resulting decay curve is shown in 

Fig. 3. From intensity considerations, no selection according to mass 

ratio was possible and hence the curve corresponds to the total radiation. 

There is no sign of a prompt peak. The result of this experiment confirms 

that there exists a delayed component and th~t tb:; l.c1.i.J.t:l o:r 'tn~ aecay 

curves in Fig. 2 are real. The agreement between the two methods is 

quite good. In the region where the curves overlap, they· are identical 

., 
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~•i th~n the statistical errors.. The second method makes it possible to 

extend the decay curve down to 10 nsec after fission. There is no 

essential change in shape. The slope of the curve increases with 

decreasing delay and corresponds at 10 nsec after fission to a 

half-life of about 15 nsec. 

A comparison with the results of Mai~nschein et al shows that 8 in 

the region where the two measurements overlap 1 ~ faster decay was 

found in the present work, However, since different fissioning nuclei 

were investigated, there is probably only an apparent discrepancy. It 

can be explained as a result of the differences in the mass yield curves 

f U235 . d Cf252 o + n an . • 

·The intensity of the delayed radiation was determined in different 

ways. ·The ratio of the areas under the delayed distribution and the 

prompt peak in Fig. 2 gives its relative intensity. Since the spectra 

of the prompt and delayed radiation are different 8 a small correction 

has to be applied for the differences in efficiency of the scintilla.tion 

spectrometer. Knowing the geometry of the experimental arrangement and 

the efficiencyc of the spectrometer, it is possible to make an absolute 

determination of the yield of delayed radiation. The data of rig. 3 

·can also be used for a determination of the yield. 

Regardless of the method used, a large uncertainty is introduced 

by the fact that the shape of the decay curve is not known for times 

shorter than 10 nsec and longer than 200 nsec after fission. It is 

therefore necessary· to perform an extrapolati~ns The half-life of the 

decay for times shortly after fission is assumed constant and equal to 

the value for t = 10 nsec, i.e. 15 nsec. For times longer than 200 nsec 

after fission the half-life is also set constant 8 100 nsec. These 

assumptions essentially correspond to limiting the intensity determination 

to the half-life interval 15 - 100 nsecs In· the present work the main 

interest is confined to this interval since the investigations of the 

delayed radiation reported below have been performed with delays in the 

range 40 - 9o nsec. In this region 8 the main contribution comes from 

components with the half-lives mentioned ab~ve. Hence when, in the 

following, we talk about delayed radiation, it is defined by these limfts, 

' T.be different determinations all gave nearly the same result. The 

.average value for the intensity of the delayed radiation relative to the 

prompt radiation was 6,5\~.This corresponds to 0.65 photons per fission.-

s. 
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3. 2. l1ass distribu:tion 

Thc.mass distribution of the fission events associated with_delayed 

gamma radiation was determined with the arrangement described above. 

The delay in the fissio~ cha~nels was adjusted to select a time interval 

between 30 and 70 nsec after fission. The mass ratio for coincident 

·6. 

events was recorded by a multichannel analyzer. Since the two complementary 

fragments are "ell separat8d at the time of gamma emission, it was easily 

arranged l-li th a lead abGorber that gamma radiation from oply one of the 

fragments was recorded by the scint..L.llation spectrometer. The mass-ratio 

distribution could then be transformed directly into a mass distribution. · 

The mass distribut.i.on a3sociated l-Ti th the neutron background was determined 

in a separate e:~rsrir::ent c:.nd subtracted. Division by the normal mass 

d . 'b . . -· ' ~ Cf252 . h . ld f d l d d' ~str~ l.!t~on ~n ::~so~on o~.- g~ ves t e y~e o e aye gamma ra l.a-

tion ~s a fl.!~ction of mass. 

Fig. 4 shm;s the !'esult of this experimente Similar• curves were 

obtaiP-ed for' other delays. The delayed !'adiation is evidently mainly 

associated \-lith particu.::.ar mass !'egions. Noteworthy is the fact that 

at the peaks of tt.e mass y.i.eld curve (A "' 106 and 142) the yield of 

delayed radiation is low. There is a prominent peak at mass 132. The 

fl"agments in this region are tin nuclei, especially the doubly-magic 
. 132 
nucleus Sn • An even higher yield is exhibited by fragments with 

A > 148. It is vel"Y inter:::sting to note that these fragments should 

be deformed.· As a matter of fact tr~ limit A = 148 corresponds for 

fission fragments to neutron number 90 which is known to be associated 

"Yrith the transition from spherical to deformed nuclei. For the light 

fragment the delayed ga~a radiation is mainly associated with low 

mass values. There is a broad distribution with peaks at 92, 96 ~nd 

110. As will be discussed in detail below, there is strong evidence 

that fragments with these masses are deformed. Hence there appears 

to be a st!'ong correlation between fragment deformation and.delayed 

gamma emission, The significance of this correlation will be discussed 

below. 

3.3. Energy spectra 
;. 

Energy spectra of tho delayed radiation were studied for a few 

selected mass regions. In generalt the delay was 50 nsec, but a few 
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measurements with slightly different delays gave similar results. 

The neutron background was determined in a separate experiment and 

subtracted. 

A few spectra are shown in Fig. s. It is evident that they exhibit 

a great deal of fine structure, in contrast to the spectrum of the 

prompt radiation. Especially the two lower spectra have a rather regular . 

shape. They consist of a series of peaks with a spacing, which decreases 

reg.ularly with increasing energy. This structure resembles that of 

rotational spectra. It is therefore interesting to note that fragments 

with A~ 152 are certainly· deformed .and that there are reasons to 

believe fragments with A 1\. 110 to be deformed also, as will be discussed 

in detail below. If the lowest peak is identified with the ground 

state rotational·transition, the energy values of the other transitions 

in the rotational cascade can be calculated. They are indicated with 

arrows in Fig. s. 

4. Interpretation .. 

The existence of delayed gamma radiation is not entirely unexpected. 

It has recently become evident that a characteristic feature of the 

~ission process is that the fragments are formed in states with a high 

spin.. The neutrons evaporated take away most' of the excitation energy, 

but only a little of the available angular momentum_. At the beginning 

7. 

of the gamma-ray cascade the fragment have a high spin and it is natural 

that· various isomeric states are populated. However 8 the delayed radiation. 

has many unusual and interesting features which warrant a more detailed 

discussion. 

The average yield is rather high, but since ~he yield curve (Fig. 4) 

has pronounced peaks, the yield will be particularly high in certain 

regions. For example, the heavy fragments in.the rare earth region emit 

20% delayed radiation. This means that in each gamma-ray cascade on 

the average one isomeric level is populated. Such a situation is quite 

unusual, especially in view of the ~eculiar yield curve. Most of· the 

delayed radiation is emitted from deformed or magic fragments •. However, 'the 

systematics ·of isomex-ic. transitions, show t.hat , fpro .. t~ese types of nuclei 

the number of· tso111ers is relatively very small. .On the other hand one . .. . . ·. . . 

would ex.nect most .of. the delaved radiation. to .. be emitted from fra~ents 

. ... .,., 
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in the "islands of isomerism" just before the closure of a shell. Such 

a region should exist for A = 120 but there the. yield.of delayed radiation . . ' . 
is particularly low. 

Another peculiar feature 'is that the half-llfe of the delayed radiation. 

shows such a small variation. Host of it appears to have a half-life 

in the comparatively narrow ~ange 15-100 nsec. Here, however, some 
... 

experimental limitations are of importance .. As. discussed above t it is 

difficult to investigate the decay -fo\" t[nies shorter than 10 nsec after 

fission. If this were possible; one would probablyfinq delayed radiation 

with shorter half~lives. Similarly, there are iri al+ probability delayed 

components with half.-lives longer. than 100 nsec, but they· are difficult 

to detect. The counting rate decreases with increasing half~life and 

the background therefore sets a limit ·on how far the decay curve can be· 

followed. 

Hence the small spread in half-life is partly of instrumental 

origin. However; this does not change the fact that 6% of the total 

ganuna radiation•is delayed, with a half-life in the range 15-100 nsec. 

This high yield has to be explained regardless of the presence of 

·delayed radiation of shorter or longer half-life. 

The delayed radiation emitted by fragments of mass ~ 132 is 

perhaps easiest to explain. In this mass region~ the line of most 

probable charge goes close to the magic numbers 50 and 82, as is 

illustrated in Fig. 6. A clue might therefcre be obtained from level 

schemes of magic nuclei, particularly those in which high spin states 
. 90 92 120 

are populated. ·In several of these, 'for example Zr . il Mo and Sn , 

there· is a regular series of states 2+, 4.+ 8 6+ etc., which resembles 

a vibrational cascade. Since it is·kno~ that t~e fission fragments 

have a high initial spin, it is not unlikely that these states are 

populated in the deexcitation of the fissio~ fragments. The interesting 

fact is that the level distance decreases with increasing spin. The 2-t 

state comes atcbout 1.5 Mev, but the distance between the 4+ and 6+ and bet~ 

ween the 6+ and 8+ states is only 100 - 300 kev. Transitions between the · 

higher states will therefore have a comparatively long half-life. Using 

the well-known expression for the transition probability and normali-

zing to the experimentally known half-lives of .the first 2+ state 

in spherica~ nuclei; ·the half-life of a 100 kev transition is found 

•. 
~.: 
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to be ·so ~sec~ This isivery close to the half-life of the delayed gamma 

radiation. In this energy region~ the half-life does not depend too 

much on the energy .because of the influence of internal conversion •. A 

change of a factor of two in energy changes the half-life only about the · 

same amount. This might explain why there is s~ little apparent variation 

in the half-life, despite the fact that the delayed radiation probably 

comes from a number of different fragments. 

9. 

If the delay is .indeed caused by a transition be·cween these high-spin 

states, then the· corresponding energy spectrum would be expected to. 

exhibit this transition together with the following transitions in 

the cascade.· The experimental spectrum (Fig. 5) is seen to consist 

of some peaks between 100 and 300 kev and a high-energy part. If the 

low-energy gamma-rays are E2 transitions, they will cause a delay in 

good agreement with the experimental value. -The high-energy distribution. 

extends up to 1.6 Mev which is a very reasonable energy value for the 

first 2+ state in magic nuclei. Hence both ·the half-life and the shape 

of the spectrum are in agreement with the interpretation proposed here. 

The rest of the delayed radiation is associated with either deformed 

fragments or fragments which; most probably ti are deformed (see the sub

sequent section)-~ In this case it is more difficult to get a quantitative 

interpretation. One can find a plausible explanation for the occurrence 

of isomeric transitions& but the details depend on factors which are 

not knoWn very well. Let us first consider the deexcitation of a high-spin 

state in an even-even deformed nucleus. At first one expects a cascade 

of fairly fast transitions of relatively high energy which take away 

most of the excitation energy but only a small part of the available 

angular momentum. When the excitation energy has_decreased to 1.5-2.0 Mev, 

i.e·. just above the energy gap in thE;} level diagram, there are only a 

small number of high spin states available. At this point there is a 

very limited choice of levels for further transitions and the natural 

-;. 
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way of deexci tation appears to be a transition to one of the higher '· 

members of the ground state rotational band.and then a cascade of rotational· 

transitions to the ground state .• The delayed transition should be the one 

leading to ·the rotational band. Several cases of such isomeric transitions 
. . 178 180 190 are known, for example l.n ;Hf 1 Hf and Os 1 where El and 1-12 

·transitions go·to·the 8+ rotational level ... The'difficulty in predicting 

the delay stems from the 'fact that large hindran'ces can occw:- because 

· of 1<-for:biddenness.;, · Since ·the K•value of the states involved in the 
; 
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deexcitation is not known, nothing can be predicted about life-times 

and multipolarities. If the K-forbiddenness is small, the transitions 

here are most likely to be of E2 type 3 and if large, El or Ml• 

If this interpretation is correct. the spectra of the delayed 

radiation should exhibit.a series of rotational transitions. That 

this is indeed the case is the strongest single piece of evidence~for 

the interpretation proposed here. In Fig. 5 the calculated ~nergy 

values of the rotational transitions are indicated by arrows. The 

details of the calculation arc discussed below. Even if the statitics 

are poor, there is an agreement which cah hardly be fortuitous. Although 

this discussion has been limited to even-even nuclei, the situation 

is similar for other types of nuclei. However, since they have no energy 

gap, there are high spin states also at low energies.· The limitations 

imposed on the deexcitation by the high initial spin are therefore not 

'quite so important .and isomeric transitions are less likely to occur.· 

The interpretation of the isomeric tr~,sitions discussed here is 

not limited to deformed nuclei. However, experimentally the isomeric 

transitions seem to oc.cur in deformed nuclei only~ There must therefore 

be some fundamental difference between the deexcitation of deformed and · 

spherical fragments. Since the basic reason for occurence of isomeric 

transition is a high initial spin, .the most natural assumption is that 

deformed fragments have a higher initial spin. Considerations of the 

conditions at scission makes such a• assumption rather plausible. Fragments 

with .. a stable deformation are at that point very elongated, which should 

favour a high spin. Classically a high spin can be thought of as a rapid 

rotation ,caused by a scission config\lration which does not possess axial 

symmetry •. This problem has been treated by Strutinski3.and Hoffman4• It cqn 

be shown that the initial spin increases.with increasing deformation. · 

Hence the difference in delayed gamma emission for spherical and deformed 

fragments is, according to this view. 'caused by differences in the 

elongation at scission •. 

5. Evidence for a new region of stable deformation. 

The ·experimental results·presented here suggest that part of the 
. . 

light fragments.have a stable deformation. The main evidence is the 
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g~eat simi1a~ities which exist in the emission of delayed gamma radiation 

from these fragmetns and from the rare earth fragmetns, which certainly 

are deformed. Of especial importance is the fact that the. radiation fro:n 

some light fragments has a rotational-type spectrum similar to the 

spectrum of the rare earth fragments. There are also other reasons for 

believing the fragments in question to be deformed. Since it is of a 

considerable interest to estabilsh the existence of a new region of 

deformation, a more detailed discus's ion seems warranted. 

As remarked above, the experimental spectra agree well l-rith the 

values calculated for a rotational spectrum. Since this is a crucial 

point, this calculation will now be discussed in more detail. The 

low energy peak in the spectra is identified with the transition from 

the 2+ state. For the fragments with A ~ 152 an energy of 95 kev is 

obtained. This. value cannot be compared directly with the deformed 

rare earth nuclei, since the fragments are slightly lighter and have 

a different neutron excess, but a closer study of how the energy varies 

with the nucleon numbers makes it appear very reasonable. The value of 

B, the coefficient in front of the second order term, is extrapolated 

from the well-known spectra in the rare-earth region •. A value of 

0.02 kev is' obtained. 

For the fragments with A ~ 110, the values of the energy of the 

2+ state and of B must be ~xtrapolated from those of the heavier fragments. 

The energy of the 2+ state varies with mass as A-513 •· if one assumes that 

the deformation is constant. Since this is not the case, it is better to 

use an empirical relation. The best fit for the well-known deformed 
. . . -1.54 f regions is obta~ned w~th the express~on A • The energy o the 2+ 

state for A ~ 110 should then be 140 kev. The experimental value is 

130 kev which must be considered as a satisfactory agreement. The 

constant B varies as A-3 and should have a value of 0.06 kev in this 

mass region5• The theoretical energy values calculated with these constants 

fit well with the experimental spectrum (Fig. 5). On the whole, the 

interpretation of the spectra as rotational transitions gives a consistent 

account of the spectrum shape. 

Another important piece of information is the yield curve for 

emission of delayed gamma radiation (Fig. 4). This shows that in th~ 

mass region of interest here, the delayed radiation is preferentially 

~:. 
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emitted from fragments of certain masses, ·implying that only part 

of the nuclei in this mass region are deformed. We will first see 

if it is possible to decide from theoretical considerations which 

nuclei are most likely to be deformed. Fig. 6 shows part of the nucle~r 

periodic table with the line of beta stability and the location of the 

fission fragments. qne would perhaps guess that the most favourable 

position for occurence of a stable deformation would be somewhere in 

the middle of the region bounded by the magic numbers Z = 28~50 and 

N = 50,82. However, this is not the case since the nucleon number 

40 is known to have semimagic properties. It is therefore necessary 

to investigate in more detail how the various orbitals influence the 

deformation. In Fig. 7 we reproduce part of the .level diagram of 

Nilsson6• It is known7 that a straightforward addition of the singlr

particle energies gives a curve for the total energy which can be u~ed 

to get a surprisingly accurate estimate of the deformation,. Even 

without quantitative calculations, one can see that nuclei with Z = SC 

and 38 are the ones most likey to have a stable deformation. The 

deforming forces should be considerably less for Z = 40 but should 

increase again slightly& so that nuclei with Z = 44 and perhaps Z = 46 

might be deformed. The influence of the neutrons is more regular. The 

first orbitals above N = 50 have a strong deforming tendency and a stat a 

deformation could occur as low as N = 56, provided that the protons 

also had a configuration favouring deformation. From about the middle 

of the neutron shell (N = 66), the deforming tendency should decrease 

again. This might make it less likely that fragment s with Z = 46 are 

deformed. In conclusion we can say that the greatest probability for 

the occurrence of a stable deformation is to be found for fragments 

with Z = 36, 38 and 44. Fig. 6 shows that this corresponds to the 

masses 91, 96 and 110. 

We can now compare these results with the yield curve in Fig. 4. ·. 

The delaye~ radiation yield has pronounced peaks at the masses 92; 96· 

and 110. The agreement with the mass values· above is perfect. It is 

hard to believe that this agreement could be fortuitous and it is 

therefore a strong support for the assumptiqn of a correlation between 

delayed gamma-emission and deformation. 

Another way of getting information about the deformation is to 

study the energy of the first 2+ state in even-even.· nuelci. It is 
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well known that this energy decreases towards the deformed regions 

and, when it reaches a certain critical val~e, there occurs a sudden 

transition to a rotational type spectrum. The critical value is given 

by Alder et a18 as 13 h2 
/J . · · where J . is the rigid body moment of 

r~g' rag 
inertia. The level diagrams in the transition ~egions can also be 

used to get a.value of the critical energy. In the rare earth region 

the highest energy of a 2+ state belonging to a well developed 

rotational spectrum is 186 kev (Os190 ) and the lowest energy of a 

2+ state belonging to a spectrum definitely-showing no rotational 

structure is 300 kev (Nd148 ). Hence we can conclude that the 

critical energy in the rare earth region is somewhere between 

200 .kev and 300 kev and, for the mass region of interest here, somwwhat 

higher, around 300 kev. In order to use this criterion, we have 

plotted the energy of the first 2+ state for a number of nuclei 

with Z = 42-48 (Fig. 8). It will be noted that the nuclei with 

Z = 44 have the lowest energy values and hence are the ones most 

.;.:.!~ely to be deformed in agreement with the discussion above. Fragments 

with Z = 44 have N values around 66. It is evident that if the 

curve for Z 44 is extrapolated toN= 66 with the-same slope as 

the curve for Z = 46, the energy of the first 2+ state is predicted 

to be close to 200 kev. Since this is well below the critical value, 

it seems to be very likely that fragments with Z = 44 are deformed. 

For Z = 46 the situation is less clear, but it appears most likely 

that these fragments are not deformed. 

Hence there are several facts 8 both theoretical and experimental, 

which speak in favour of a new region of stable deformation. 

Conclusions. 

The present investigation of the delayed gamma radiation in 

fission demonstrates that this radiation has many unusual and interesting 

properties. If both mass and time selection are employed systematically,· 

it should be possible to disentangle the ,complicated radiation mixture 

and to study the deexcitation of particular fragments. The gamma 

transitions seem to be mainly of-rotational and vibrational type 

and the study of their- propex-ties should be of value for- the systematics 
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of collective transitions. Since the fission fragments cover regions 

of the nuclear periodic table which are not accessible in any other 

way, the fission gamma radiation can give information about nuclear 

properties in these regions. Of special interest is the mass region 

90-110 which appears to be a new region of stable deformation. Further 

study of the delayed radiation will probably she.d more light on these .. 

problems. 
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The author also likes to express his gratitude to Professor I. Perlman 

for the pleasant hospitality of the Chemistry Division of T.he 

Lawrence Radiation Laboratory • 
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Figure captions 

E~perimental.arrangement for studying the decay 

curve of the delayed radiation. 

Decay curves for the fission gamma radiation. The upper 

curve shows the prompt peak and the delayed component 

for the radiation from all fragments. The other curves 

show the shape of the delayed component for a number 

of mass-ratio intervals. 

Decay curve recorded with·' the apparatus shown in Fig. 1-.-

Relative yield of delayed radiation as a function 

of mass. 

Pulse height spectra of .the delayed radiation for a 

number of fragment masses. The arrows indicate the 

calculated position of the peaks in a rotational-type 

spectrum. 

Nuclear periodic table with the line of beta stability. 

(full curve) and line of most probable charge in fission 

of cf252 (dashed curve). The circles indicate fission 

fragments, which are most likely to be· deformed. 

The single~particle level diagram in a deformed potential 

between the nucleon numbers 28 and 50 according to ref 6. 

The circles indicate the highest occupied proton level 

in the nuclei most likely to be deformed • 

The energy of the first 2+ state as a function of neutron 

number for> even-even nuclei with Z~values froni 42 to 48. 
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f 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 process 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. 
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