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ABSTRACT

Measurements were made on the gamma radiation emitted

235
from fission fragments in slow neutron induced fission of U. The

fragments were detected with solid state detectors of the surface bar-

rier type and the gamma radiation with a Nal(Tl) scintillator. Mass se-

lection was used so that the gamma radiation could be measured as a func-

tion of fragment mass. Time discrimination between the fission gam-

mas and the prompt neutrons released in the fission process was em-

ployed to reduce the background. The gamma radiation emitted during

different time intervals after the fission event was studied with the help

of a collimator, the position of which was changed along the path of the

fission fragments. In this way a decay curve was obtained from which

the life-time of one of the gamma-emitting states could be estimated. The

relative yield of the gamma-rays was determined as a function of mass

for different gamma-ray energy portions and two specific time inter-

vals after the fission events.

252

Comparisons were made with data obtained from Cf -fission. At-

tention is drawn to some features which seem to be the same in U

and Cf fission.
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1. INTRODUCTION

During recent years much interest has been devoted to the study

of the gamma radiation emitted in the de-excitation of fission fragments

[l - 18], Most of these studies have concerned the K X-ray and conver-

sion electron yields [6 - 9> 12 - 15] in different time intervals within

about 100 nanoseconds after the fission event. The main bulk of data

have come from experiments with Cf spontaneous fission and to a less

extent from studies of slow neutron induced fission of U [5, 10, 11, 17].

Measurements of the latter fission process are rather difficult to

perform because of the severe background always present in reactor

experiments. The light mass groups are different in the two fission pro-

cesses and therefore a close examination of the uranium fission is worth-

while, even if the californium fission may be easier to investigate.

In most fission measurements nowadays mass selection is used and

the yields of photons and electrons are studied in coincidence with the

fragment masses.

The prompt neutrons which are also released during the fission e-

vents cause a background in the gamma detector. In very few cases has

the time-of-flight technique been adopted for discrimination between the

prompt neutrons and the fission gamma radiation [18 - 22]. At any rate

no extensive study with this method has been made so far. To be effec-

tive, distances of about 50 cm or more between the fission foil and the

gamma detector must be used, giving very small solid angles of the gam-

ma detector and thus also low counting rates.

Of great interest are the life-times of the gamma-emitting states

of the fragments. Thev can be studied bv a collimator technique

in the following way. The gamma radiation is emitted from fragments
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in flight and, by changing the position of a collimator along the path of

the moving fragments, one can select different time intervals during

which fission gamma radiation is allowed to reach the gamma detector.

252Such a technique has been used in few experiments up till now: in Cf

235
fission [1, 21] and in ' U fission [10, 19]. As the average velocity of

a fragment is about 1 cm/ns, a collimator with a slit width of 1 mm will

let a fragment be exposed to the gamma detector for a time interval of

about 10 s.

In the present investigation the so-called prompt gamma radiation
o o c

from fragments in slow-neutron induced fission of U was studied.

The expression "prompt gamma radiation" used here was coined by

Johansson[l^). In his studies of californium fission it was found that

the radiation could be divided into two parts: a "prompt" component

with a half-life shorter than 10 s and a "delayed" component. This

division is, of course, somewhat arbitrary, but Johansson found a dis-

tinct difference in the characteristics of the radiation in the two cases.

2. EXPERIMENTAL PROCEDURE

2. 1. Apparatus

The principle of the set-up of this experiment is shown in fig. 1.

A neutron beam from the Studsvik R2 reactor was collimated, so that no

part of the beam struck more than the target and its mounting frame in-

side a vacuum chamber. Two solid state detectors of the surface barri-

er type were placed in parallel and symmetrically around the foil to

measure the energies of the fission fragments. The detectors were

about 4 cm in area, fabricated from 400 ohmcm n-type silicon and

operated at about 70 V bias. The distance between each detector and

+ Type C7904 Heavy Ion Detectors supplied by ORTEC, Oak Ridge, Tenn.
USA
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the fissile foil was 2 cm. The gamma detector was a Nal(Tl) scintil-

lator from Harshaw, 10.4 cm long and 13. 0 cm in diameter, viewed

by a Philips XP1040 photomultiplier tube. The associated electron-

ics , consisting of a pulse-shaping unit and a discriminator, was

coupled directly to the photomultiplier tube socket and gave a fast lead-

ing-edge time pulse and a linear pulse.

In this series of investigations a Nal scintillator was used for gam-

ma radiation detection due to its high efficiency. As the counting rates

are very low it was found to be more important to detect as many e-

vents as possible than to get high resolution but low efficiency as with

a Ge(Li) detector.

A lead collimator, movable in parallel with the direction of the de-

tected fragments and also with a variable slit, was used to select gam-

ma radiation in different time intervals after the fission event.

The fissile deposit was about 1 cm in area and prepared by elec-

trodeposition on 100 p,g/cm nickel foils. In all runs when mass selec-

tion was used the U target was less than 100 |j,g/cm .

It is very important in this type of measurements that the uranium

layer and the nickel foil are thin and uniform. The fragment energy loss

has not been measured but may be estimated to be <_ 3 MeV [23, 24].

As will be discussed below, the fragment energy spectra were used to

get mass spectra, and it was found that an upper practical limit of less

than about 100 |j,g/cm was enough to get energy spectra of good quality.

In some measurements, however,when mass selection was not neces-

sary, or for some reason not possible, thicker layers, of up to about

400 |i.g/cm were allowed.

Designed and built at the Research Institute of National Defence,
Stockholm [25],



- 6 -

A block diagram of the electronics is shown in fig. 2. Pulses

from the solid state detectors were amplified in charge-sensitive

preamplifiers followed by linear amplifiers. After delaying one of

the pulses and stretching both of them, they were added and fed into

a logarithmic amplifier, the output pulse heights of which were pro-

portional to the logarithm of the incoming pulse heights [24, 26] „ By

disregarding prompt neutron evaporation and energy losses in the tar-

get material, it can easily be shown that the ratio of the energies of

the two fragments is inversely proportional to the mass ratio.

At an early stage of the experiment a fast coincidence circuit was

used, triggering on time pickoff pulses from both fragment detectors,

to start the time-to-pulse-height converter (TPHC), so that no timing

signal passed unless both fragments from a fission event were regis-

tered C24J. Later the fast coincidence circuit was removed and the

TPHC was started with pulses from one fission detector. In case only

one fragment was detected, i. e. the other fragment missed its detector

no mass pulse was recorded. The only problem with this latter arrange-

ment was that for every run the number of measured fission pulses

counted on the "timing" fission detector had to be checked and related

to the recorded number of mass pulses (when both fragments of an event

were detected). With this geometry there is a factor of 1. 5 - 2 between

these two numbers due to the different solid angles of the fragment de-

tectors.

After amplification the timing pulses were sent into a single chan-

nel analyzer (SCA) with its window set over the gamma peak in the time-

of-flight spectrum. The output of the SCA then served as the coincidence

pulse for the multichannel analyzer.

Data were stored in a two-parameter analyzer the memory of which was
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that of a small computer, PDP-8/S. It should be noted that the PDP-

-8/S was not working as a normal on-line computer, because no data

analysis was done during the measurements, but only recording of e-

vents. Data analysis was done with separate programs after the meas-

urements were completed [27, 28].

The interfacing unit between the computer and the nuclear physics

electronics consisted of two ADC's and their associate registers. Each

ADC had 400 channels and the computer memory consisted of 4 K words,

i. e. 4096 positions or channels. When an analysing signal had passed

its ADC,(or in a two-parameter mode two signals had passed their re-

spective ADC's) it was stored momentarily in its respective re-

gister, from where the computer transferred the information into the

memory. Of the 4096 channels in the computer memory 3200 channels

could be used for data storage. The rest of the memory was used for

programs performing operations such as transfer of data into the mem-

ory from the nuclear physics electronics, for display on a CRT, and

for readout on a typewriter and/or a punch. The 3200 channels could

then be divided into matrices of the following forms when measuring

with two parameters: 8 x 400, 16 x 200, 32 x 100, or 64 x 50. In a one-

parameter mode any of the above-mentioned single configurations was

available.

The Nal detector was placed about 70 cm from the fission foil and

in a direction perpendicular to the direction of the detected fragments

(fig. 1). The main reason for using the time-of-flight technique was to

discriminate the prompt neutrons from the fission gamma radiation,

but in this geometry it was possible to benefit by the form of the angu-

lar distribution of the prompt neutrons. As is well known,it is peaked

in the direction of the fragments.
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It might be mentioned at this point that a change of distance be-

tween the fission foil and the gamma detector did not change the solid

angle for gamma detection according to the inverse square law, as

would be expected, but instead almost linearly. This is due to the

fact that the gamma collimator is mostly set with a narrow slit and

the change in solid angle with distance is almost completely depend-

_4
ent on the length of the collimator. Solid angles of the order of 10

_3
10 sr are normal in these measurements, but,as will be discussed

in a coming report [29],this small solid angle is primarily dependent

on the collimator setting and not so much on the distance between the

foil and the gamma detector.

2. 2. Performance

235

A typical mass spectrum from the thermal fission of U re-

corded with the logarithmic amplifier is shown in fig. 3. The relative

yield of fragments in a particular mass region is, of course, not the

same as it is when the mass spectrum is on a linear scale. This is a

drawback when comparisons are to be made with various relative yields

as functions of fragment mass and the other results have been obtained

with the fragment mass on a linear scale. Direct quantitative compari-

sons cannot be made, though it is possible to calculate a new yield curve

as a function of mass on a linear scale. The variation in the energy of

the prompt photons with fragment mass is, however, a very slow func-

tion, and so part of the drawback will be less important in this experi-

ment as one is allowed to consider these photon yields as functions of

mass regions instead of individual masses [1] . In any case qualitative

comparisons can be made.
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Some typical time-of-flight spectra are shown in fig. 4 and 5. Fig. 4

shows a spectrum of the uncollimated gamma radiation with no gamma-

ray energy discrimination. The gamma detector was "viewing" the whole

region between and including the two fragment detectors. The general

background which has no correlation to the fission events is the level

to the left of the gamma peak, and the broad distribution just to the right

is the prompt neutron yield. The time separation at the Nal detector be-

tween the fission gamma radiation and the prompt neutrons of largest

yield is about 30 ns, which is achieved for a time-of-flight distance of

about 70 cm. In fig. 5 are plotted time-of-flight spectra with the lead

collimator in three different positions, which means that only small

parts of the fragments ' paths are "seen" by the gamma detector.

As indicated in fig. 4 the full width at half maximum (FWHM) val-

ue of the gamma peak is 5 ns. This is due to three basic causes: 1) time

walk due to amplitude variations in the detector signal, 2) different ve-

locities of the fragments giving a spread in the arrival time at the de-

tector, and 3) the resolution of the gamma timing circuit. Time spec-

tra were measured for coincident fission fragments by causing the TPHC

to be started by the signal from one fragment detector and stopped by

the signal from the other, resulting in two-peaked curves of the type-

shown in fig. 6, having a FWHM value of 3. 7 ns. The FWHM value for

each detector can thus be estimated to be a little less than 2 ns. The

time spread in the gamma timing circuit is about 4 ns [,25j.

The question is whether any improvements can be achieved or not

in the FWHM value of the gamma peak in the time-of-flight spectra.

This is important to know, because a "narrower" gamma peak is an

improvement on the signal to background condition in the gamma ener-

gy spectra. One approach would be to put the "time detector" as

close as possible to the fission foil. That would give a reduction of the
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interval of the time of arrival of the fragments. But the TPHC would

start more often and consequently let through more background pulses.

This can be circumvented by means of an extra coincidence require-

ment, e. g. by letting the time signal arrive in coincidence with a pulse

from the other fission detector. The drawback is, however, that the

time resolution of the gamma collimator will be worse, because gam-

ma radiation from fragments in a larger solid angle than with the pre-

sent geometry will be analyzed.

If, for any reason, it is considered to be important to have the

"time detector" very close to the fission foil, the other detector could

be put further away from the foil and then about the same geometry

as now would be used. But in both these cases the "time detector" must

be put very close to the foil, which would mean that the detector would be

partly in the neutron beam. This is not acceptable, because in the vi-

cinity of the foil, where the fission gamma radiation is mostly studied,

there should not be any extra material to give rise to more background.

Besides, it is better for the detector itself to be clear of the neutron

beam to reduce radiation damage to it.

In a future version of this set-up there are possible improvements

to be made ini the time resolution, e. g. by use of anti-walk circuits [30].

A factor of two or more may be possible. These improvements were not

found to be very important at this stage of the experiment, and so they

were not tried.

With the help of the collimator, to select gamma radiation from dif-

ferent time intervals after the fission event, time-of-flight spectra were

recorded with the collimator in different positions. The average veloci-

ty of the fragments is known to be about 1 cm/ns. By estimating the in-
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tensity of the gamma peak the intensity variation with the collimator

setting was obtained, i, e. the variation with time after fission.

Of extreme importance is the knowledge of the drift in the electro-

nics. Many of the results given in this report are of the kind: relative

yield per fragment mass. To be able to make comparisons between pho-

ton yields from all fragment masses, the photon yield from a certain

mass is divided by the yield of that particular mass. Accordingly two

functions are used, the photon yield as a function of mass and the mass

yield curve, and the first function is divided by the second, point

by point. The two functions, especially the mass yield function, are

steep for very asymmetric and symmetric fissions. Consequently it is

very important that the change in position of the respective curves should

be as small as possible during a measurement period. Frequent checks

of the mass yield curve were made during the measurements. The drift

in the mass channel was found to be less than 1 % during a period of two

weeks.

All measurements have been made in the coincidence mode, even

accumulation of single spectra such as calibrations of fragment mass

and gamma-ray energies. The reason for this is twofold. First, the

data recording system needed a coincidence (opening) signal for each

pulse to be analyzed. This coincidence pulse was obtained from the tim-

ing circuit. With the TPHC used in this experiment there is always an

output pulse as soon as a start pulse (fission pulse) has arrived. Incase

no stop pulse has arrivedwithin the range of time seton the converter,

the output pulse is derived from the automatic reset of the TPHC. The

second reason for using the coincidence technique, which is often more

Type 263, purchased from ORTEC, Oak Ridge, Tenn., USA.
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important than the first one, was that quite often comparisons had to

be made between coincidence (gated) and single spectra. In order to

avoid uncertainties in the pulse heights brought about by different meas-

uring modes, all spectra were recorded in the coincidence mode. As

discussed above, yields as functions of fragment mass were compared,

and yield functions were also divided by one another, and by making all

experiments in the same way one possible source of error was avoided.

As noted, the results are given as functions of fragment groups and

not of individual masses. For physical reasons this is acceptable, be-

cause, as was discussed by Johansson [_l~\, the character of the prompt

gamma radiation varies slowly with mass number. This is fortunate be-

cause one cannot study individual fragments with the present type of ap-

paratus. Even if it were possible to select a single mass, one still has

to account for charge dispersion. The best mass resolution which can

be achieved in an experiment of this kind is a FWHM value of about 5

mass units, which mainly depends on prompt neutron emission, the mass

defect of the solid state detectors and the energy losses in the fissile

foil and its backing[l, 7]. No thorough investigation of the mass resolu-

tion has been made in this experiment, but results from earlier studies

of that kind have been published elsewhere together with a detailed de-

scription of the experimental equipment £24],

3. RESULTS

3. 1. General

The main object of the work presented in this report was to examine

the number of prompt photons of different gamma energy portions as
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functions of fragment mass. All the investigations have been performed

-11 -9

in a time interval of about 10 - 10 s. In an integral measurement,

the result of which forms the basis for most of the discussion in the fol-

lowing section, a mass spectrum was accumulated in coincidence with

fission gamma-rays, by taking the coincidence signal from the "timing"

SCA as mentioned in section 2. 1. The resulting mass spectrum was in

coincidence with all fission gammas irrespective of their energies.

Another, more or less preliminary investigation was a two-parame-

ter measurement in which mass was one parameter and gamma-ray

energy the other. For each mass it was possible to add the number of

pulses in parts of the respective gamma-ray energy spectra, giving the

total number of gamma-rays emitted, but now in different energy portions.

3. 2. Mass-dependent yield of prompt photons of all energies

The above-mentioned integral measurement started with the accu-

mulation of a direct mass spectrum and after division of the gated mass

spectrum by this direct spectrum, the relative number of photons per

fragment mass was obtained, and the result in the form of a gamma-

ray yield curve is shown in fig. 7. The time interval analyzed here is

about 10" - 10" s, corresponding to the gamma decays at practical-

ly the first mm of a fragment's flight path. The first striking feature

of the curve in fig. 7 is the similarity with the so-called saw-tooth

curve which is obtained in the study of the prompt neutron yield per

fragment mass. Such curves have also been found in earlier fission

gamma radiation studies of Cf [1] and U [11]. In the uranium

experiment [11] the errors were rather large, due to difficulties in
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determining the exact number of fission gamma pulses over background.

A more recent result [19] also showed the saw-tooth character even

though the mass resolution was of poorer quality. The general back-

ground in the present experiment as estimated from its level in the

time-of-flight spectrum (section 2. 2) waslessthen 10 % of the intensi-

ty under the gamma peak.

One notices two kinds of deviations from the general appearance of

the saw-tooth curve. The first is characterized by the dips at mass

numbers 88 and 102. The second is the relatively low yield for both

the very lightest and the very heaviest fragments, if they also were to

give yields according to a curve of the saw-tooth type, like most of the

other fragments do. The curve also seems to have a plateau around

mass number 145, i. e. in the so-called transition region.

In some mass regions this yield curve is difficult to compare with

the other similar curves [l , 11], e.g. in the regions of closed nucleon

shells around mass numbers 132 and 82. The main difficulty in making

comparisons with other experiments lies in the fact that these mass

spectra are on a logarithmic scale • The fragment mass of 82 is hard-
o c o

ly seen in Cf fission, but on the other hand there is a relatively

high yield of fragments up to a mass number of about 115 in the light

mass group, and these fragments have very low yields in uranium fission.

In the course of preparing this report a linear divider circuithas be-

come available for the experiment, so now it is possible to make direct

comparisons between results from these studies and those of other fis-

sion laboratories. Furthermore it has also become possible in these

studies to compare yields in terms of numbers from different frag-

ment mass regions of particular interest, such as mass numbers 132

and 82.
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3. 3. Mass-dependent yield of prompt photons of specific energies

As mentioned above measurements have also started with the aim

of looking at the gamma radiation for different energy portions. These

studies will continue and only one preliminary result will be giv-

en here. The measurements were made with full use of all circuits shown in

the block diagram in fig. 2. As soon as there was a gamma pulse in the

time-of-flight spectrum, the "timing" SCA opened the ADC's of the two-

parameter multichannel analyzer, to let in for analysis the linear pulses

from the mass circuit and the gamma-ray energy amplifier. The data

were then stored in a matrix, of the kind described in section 2. 1, in

the computer memory and were thus available in the form of two-para-

meter spectra, e. g. gamma-ray energy spectra as functions of frag-

ment mass. In each gamma spectrum it was possible to add up the num-

ber of pulses in different gamma-ray energy portions, and by doing so

for the various gamma spectra, i. e. for the spectra obtained by the dif-

ferent fragment mass groups, the yield of gammas of a particular ener-

gy portion was obtained for the respective mass groups. Dividing these

yields by the yields of the mass groups, the latter given by a direct

measurement of the mass distribution, resulted in a relative gamma-ray

yield as a function of fragment mass. Two examples of such yield dis-

tributions are shown in fig. 8, which also indicates the respective

gamma-ray energy portions for which these functions have been cal-

culated. The lower part of the figure presents the relative gamma-ray

yield as a function of mass for photons of energies less than 0. 33 MeV,

and the shape of the curve is roughly of the saw-tooth type. When pho-

tons of energies above 0. 33 MeV but less than 1. 35 MeV are studied,

the yield function is not at all of the saw-tooth type. The time range

studied here is from about 0. 4 to 1 ns.
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3. 4. Time distribution

The half-life of one fission gamma component has been estimated

by recording time-of-flight spectra with the lead collimator in different

positions. The intensity variation of the gamma peak with the collima-

tor setting gave the same variation with time after fission and in a de-

cay curve of the same shape as shown in ref, 1 the half-life was esti-

mated to be about 20 ps. The studies of the time distribution of the gam-

ma radiation have been continued with a more sophisticated collimator

system than was used in the present experiment, and those results will

be published elsewhere [29] .

3. 5. Gamma-ray energy spectrum

In fig. 9 is shown a gamma-ray energy spectrum of all prompt fis-

sion gammas. It was recorded in coincidence with the gammas of

a time-of-flight spectrum of the same type as shown in fig. 4. The over-

all background is very low, namely less than 1 %. No corrections have

been made for the response function of the detector. The shape of the

spectrum is the same as those recorded earlier by, e. g., Maienschein [31].

4. DISCUSSION

4. 1. General

The observed fine structure of the relative gamma-ray yield as a

function of fragment mass can be described in terms of the collimator

definition, i. e. it is caused by geometrical effects of the collima-

tor, which for each setting selects photons from a certain time interval

and in which the gamma decay rates differ from one fragment mass re-

gion to another. Fragments which are slow gamma emitters compared
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to the time associated with the collimator setting and fragment veloci-

ty will give rise to dips, as will also fragments which are fast emitters.

The former fragments have emitted few gamma quantas when they have

just passed the collimator opening and the latter fragments have emit-

ted a larger number even before they pass the collimator. A certain half-

life will be dominant at a particular collimator setting and other half-

lives will be suppressed. This feature of fast and slow gamma emitters

is, of course, directly related to the properties of the fragment masses

and their excitations. Deformed nuclei seem to be slow fission gamma

emitters [2, 29]. e.g. in a time interval after scission, when a 50 ps

half-life is selected, there is a large intensity of low energy photons,

with energies of about 200 keV, emitted by fragments with mass num-

bers around 110 and above 150.

A complete analysis of the gamma-ray yield curve in fig. 7 must

include the following properties and their interrelations: the distribu-

tions of time of the fission gamma radiation, of the photon energy, and

of the fragment mass. The yield curve in fig. 7, however, reflects, the

integrated number of photons in a specific time region after fission as

a function of mass. The reason for showing just this curve is its asso-

ciation with a time region which is very interesting as far as the prompt

gamma radiation is concerned. As was discussed in ref. 1, during the

first 25 ps or so the fragments emit photons of rather equal energy. This

is an important consideration because, if it were not so, to mention the

number of photons would have no meaning at all. The number of photons

times their energy corresponds to the total amount of energy released

by the gamma decay, and that is the quantity which is of ultimate interest

in this fission study. As will be discussed later [29] the yield of photons

of different gamma-ray energy varies with time after fission and thus
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the collimator setting is a parameter of great importance.

The number of photons and their energies is worth some extra at-

tention before discussing the details of the yield curves in fig. 7 and 8.

As was pointed out in section 3,the yield curve in fig, 7 looks similar

to the well-known curve of the saw-tooth type representing the yield

of prompt neutrons as a function of fragment mass. The gross appearance

of the curve is about the same for both cases. In many respects the pre-

sent discussion will run along the same lines as that when study-

ing the yield of prompt neutrons per fragment mass. The prompt neu-

tron yield curve does not show up so many details as this gamma-ray

yield curve. The absence of this structure in the neutron yield curve

as compared with the gamma-ray yield curve is probably due to the

fact that the neutron yield concerns all neutrons, -while the gamma yield

concerns the number of photons emitted in a relatively short time inter-

val. Consequently it can be expected that most of the "unusual" effects

discussed here will disappear if the relative number of photons as a

function of fragment mass is studied in a time interval which is longer

than that for which fig. 7 is valid, namely 10 - 10 s.

So far very little attention has been paid to the mass-dependent

structure of the gamma-ray yield function and its association with time

after fission. Short mention of it was made by Johansson[_l, 2J , but to

our knowledge only brief investigations have been made {J>2 - 35J.

4. 2. Mass-dependent yield of prompt photons of all energies

The discussion will now deal with the yield of the prompt gamma-

rays as a function of fragment mass (fig. 7) from the point of view of

nuclear structure, and specifically in terms of spherical and non-sphe-

rical nuclei.
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One of the assumptions in fission theory is that most of the origi-

nal excitation energy of the fragments, directly after the scission act,

is taken up by deformation [36]. In this respect every fission mode

must be considered by studying the joint contribution from the frag-

ment pair. The shape of the nuclei as described by the shell theory or

the collective model, whenever any of them fits into the description,

can be applied in the following way. A spherical nucleus, with one or

both nucleon shells almost closed, is resistant to deformation, and its

excitation energy directly after fission should not be so high as in a nu-

cleus which can easily be deformed, i. e. one or both of its nucleon num-

bers are far from magic. If the excitation energy of certain fragments

is high, due to the fact that they are easily deformable (soft fragments),

they are able to emit more neutrons and photons than fragments which

are not easily deformable (stiff fragments), because in the latter one or

both nucleon shells are closed or almost closed. A full discussion of this

problem has been given by Vandenbosch and Terrell [37, 38] . The saw-

tooth curve reflecting the yield of the prompt neutrons as a function of

fragment mass is well described by this picture. Take one example,

236

e. g. the binary fission of U into the fragment pair with mass num-

bers 110 and 126. The light fragment will probably have the proton num-

ber Z = 44 and the neutron number N = 66, and the heavy partner will

then have the respective nucleon numbers Z = 48 and N = 78. The heavy

fragment is rather stiff, while the light fragment is more soft. The

prompt neutron yield for fragments in the mass region around 110 is much

larger than around 126. The whole prompt neutron yield curve can then

be discussed in the same way as in this particular example. Further sup-
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port for this model is given by the application of a so-called "universal"

yield curve [36] . The absolute number of prompt neutrons from a par-

ticular fragment is about the same, no matter in which fission process

it was formed. A "universal" saw-tooth type curve is the result of prompt

neutron yields known so far in low-energy fission, from fissile nuclei

with mass numbers all the way from thermal neutron induced fission of

233TT A ^ ,. . , 2 5 2 _ .

U to spontaneous f ission of Cf.

The descr ip t ion given h e r e of the excitation of the fission f ragments

and the i r consequences on the prompt neut ron decay can be bor rowed to

d i scuss the prompt gamma decay following neutron emiss ion . In p r in -

ciple the d i scuss ion is the s a m e , but, as was pointed out above, one

mus t never forget that the photon energy should be included. The fission

gamma radia t ion of shor t e s t hal f - l i fe , which can be se lec ted with the

available co l l imator without making it too n a r r o w for intensi ty r e a -

sons [ 2 9 ] , s e e m s to have about the same energy for all f ragments . The

vield curve looks s imi l a r to the prompt neutron yield c u r v e , because the

fragments are still highly excited after the neutron emission, the exci-

tations being higher the higher the original excitations have been. As has

been pointed out by Johansson [1], one might expect that at the first mo-

ment the fragments emit a similar type of radiation, and the basic reason

for this is that all fragments are probably deformed in a similar manner,

giving rise to neutron emission because the excitations are high enough,

and then prompt gamma emission of similar type over the whole mass

spectrum.

On the basis of the above-mentioned model, in which the rigidity of

the fragments is an important quantity, the discussion will now turn

to a direct application of that model. In order to see things more clear-
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ly, a figure is drawn to explain the locations of the fission fragments

on an isotope chart. Fig. 10 shows the part of the chart of particular

interest in this investigation. The line of beta stability is drawn as a

solid curve and the light fragment group in uranium fission is repre-

sented by the dashed line. The mass regions for which low gamma-ray

yields have been observed, as presented in fig. 7, are shaded in fig. 10.

One such portion is around mass number 82 where the neutron number

is expected to be about 50, another around 88 where the two nucleon

shells may start to be deformed and a third portion is around 102 where

the proton number is about 40.

When the mass number increases from 82 and upwards one would

anticipate effects in the yield curve in fig. 7 which may be due to

the deformation of those nuclei. Such effects would set in at mass

numbers around 88, and then last through the rest of the light part of

the mass curve as, according to the shell theory, there i s no other

closed nucleon shell than N = 50 in the mass region where the light mass

group is located. A change of yield takes place, however, around the mass

number 96, and the gamma-ray yield curve has there come up to val-

ues corresponding to an average saw-tooth type curve drawn through

most of the values plotted in the figure. The presence of the two dips

at mass numbers 88 and 102 may indicate the existence of variations

in the deformation of nuclei in these mass regions. Z = 40 should be

the proton number for fragments of mass number around 102. The rel-

evant neutron number for A = 102 is N = 62. The proton shell is almost

spherical, but the neutron shell with 12 neutrons outside the closed shell

of N = 50 might be easily deformable.

Under the condition that the fragments with mass numbers around
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102 have nucleon shells, Z . 40 and N .* 62, it may be interesting to

study available data on level schemes from nuclei in their vicinity on

the nuclide chart. Take, for instance, the fragments with mass numbers

around 102. The proton number is expected to be about 40, and the neu-

tron number to be about 62. This neutron-rich mass region is not easi-

ly accessible with today's accelerator technique. The line of beta-stability

(fig. 10) goes through Z = 40 and N = 50. These stable nuclei have few

excited levels at low energies, which is explained by the shell theory

as being due to the resistivity of closed shells to excitation of one or

two nucleons. The neutron number is 50 and magic, but the proton

number of 40 can, according to the shell theory,be called a semi-magic

number. The presence of this semi-magic number may indicate the dif-

ficulties which will be encountered when one tries to extrapolate the

energies of certain types of excited states of nuclei at the beta-stabili-

ty line into the regions where these fragments have been formed. Anoth-

er example is the fragment mass region around A = 88 with Z = 34 and

N = 54. If one tries to extrapolate the energies of certain types of levels

in different isotopes of selenium,one soon approaches N = 50 where the

energies of the excited levels go up due to the fact that one approaches

a closed neutron shell. Instead the extrapolation can start with fixed

neutron number, say N = 54. Very soon one sees effects setting in close

to Z = 40, and then there are few data available when Z is less than 40

and N still 54. Of particular interest is the fact that the sister fragment

to 102 is 134,which is close to being double-magic (Z . 5 1, N . 83). With-

out being able to give any exact numbers for comparison, the relative

yield, as seen in fig. 7, is larger from the fragment with mass num.-
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ber 102 than it is from 134. This particular fission mode consists of a

spherical nucleus, A = 134, which is thus stiff. As regards the partner

fragment with A = 102 its yield of both prompt neutrons and prompt gam-

ma radiation is larger than that from the fragment with A = 134.

The mass region around A = 110 deserves some extra attention,

because the fission gamma studies in Cf fission have given rather

strong evidence that this mass region may have stable deforma-

tion [2, 39]. In the Cf gamma-ray yield curve there is a dip in this

mass region with about the same collimator setting as was used in the

present experiment. Unfortunately the fragment yield in the mass re-

gion around 110 is very low in U fission, while in Cf fission the

same mass region is almost where the fragment yield is the largest in

the light mass group. Even though it may be difficult to make any de-

tailed comparisons between the two yield curves in this mass region,

235
some interesting and differing features occur. In the U fission there

252
is an anomalously high gamma-ray yield, contrary to the case in Cf

fission. This difference can probably be explained by studying the two

235 252
fission modes in U and Cf fission resulting in a light fragment

235
with mass number around 110. The sister fragment in U fission has

a mass number of 126, which means that it must be almost spherical

(Z = 48, N = 78), while in 252Cf fission the number is 142 which prob-

ably corresponds to a nucleus which is slightly more susceptible to

deformation. This is because this mass region is close to the so-called

transition region. Under the condition that quantities like energy and

linear momentum are conserved in the fission process, it is very in-

structive to study the respective combinations of fragments in binary

fission under these cirumstances. If a certain fission mode results in



- 24 -

one spherical (stiff) fragment and one fragment with both nucleon num-

bers somewhere between the magic numbers 50 and 82 (soft fragment),

the soft fragment will be able to tie up more deformation energy than

252
the stiff fragment. Cf symmetric fission results in the two stiff

o o c
fragments with A = 126, while in U fission, resulting in fragments

with A = 126 and 110, most of the deformation energy is imparted to

235

the fragment with A = 11 0. In U fission one must expect to have rel-

atively more excitation energy in the fragment with mass number 110
252

than the same fragment would have if it was formed in Cf fission.

When the gamma-ray yield from the fragment mass region of 102

was discussed, it was seen in fig. 7, that the partner fragment with mass

number 134 had a lower yield than 102. The heavy fragment emits a smal-

ler number of photons and from this reasoning one can only conclude that

the light partner is relatively soft compared to the heavy one. So-called

deformation parameters characterizing the resistivity of the fragments

to deformation have been calculated [38] and they have their largest val -

ues for N = 50, Z = 50, and N = 82, but there is a slightly larger value

for Z = 40 than would be expected if Z = 40 was not a semi-magic

number. It must be mentioned that these deformation parameters

were calculated directly from fission data, and not through the use

of extrapolations.

Now it is easy to complete the discussion of the appearance of the

gamma-ray yield curve in fig. 7 with the fragment structure in mind.

With increasing mass number the prompt neutron yield curve falls off

sharply when the region of symmetric fission is reached. The gamma-

ray yield curve in fig. 7 does the same, which is in agreement with the

discussion above.
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The relatively low yield in the mass region around A = 132 has al-

ready been discussed in relation to the partner fragments. The pla-

teau around mass number 145, which is where the transition region is

reached, is difficult to explain. It is a bit too low in mass number to

be the partner fragment of 88, where another of the dips in fig. 7 oc-

curred, and which could be due to some susceptibility to deformation.

The probability that the dip at A = 88 and the plateau at A = 145 are due

to a specific fragment combination cannot be completely ruled out at

this stage, because if the mass calibration is changed by one unit down-

wards around A = 88 and A = 145,one is close to the fragment combi-

nation which would fit into this picture. The prompt neutron release

may also contribute to give the proper mass around A = 145, The pla-

teau at A = 145 can consequently be due to the fact that the light part-

ner fragment is slightly soft and therefore able to pick up some extra

deformation energy which will be obtained at the expense of the excita-

tion of the heavy partner.

Finally the decrease of the prompt gamma-ray yield as a function

of fragment mass in fig. 7 when the mass exceeds 148 should be men-

tioned. This is probably most obvious on the basis of the models used

So far in this paper. The fragments with mass numbers above 148 are

deformed and belong to the same mass region where many other de-

formed nuclei have been found.

o o c o c o

4. 3. Comparisons between prompt photon yields in U and Cf

fission

In order to try further to illuminate the situation regarding the fis-
235sion-fragment gamma-decay in U fission, it is interesting to make
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comparisons with some of the known data from prompt gamma radia-

252
tion in Cf fission. The yields of the K X-rays and the conversion

electrons as functions of fragment mass are both strongly increasing

functions in the heavy mass region [4, 6-9J 12, 14, 16] , until mass

numbers around 148 are reached, when the yields suddenly drop.

There have been discussions in the literature about this effect, and

even though most authors seem to believe that it is a physical one, ar-

guments have been put forward as to its origin. Whatever the reason is

for this drop of yield, in some measurements it was found to be less

drastic when the studied time region after fission was longer. This

maybe due to the fact that many of the converted transitions come from

rather long-lived states with life-times of the order of some tens ofns.

Comparisons between the K X-ray and conversion electron yield curves

as functions of fragment mass with that of the delayed gamma radiation

in Cf fission [2] may support this assumption. Around the mass num-

ber A = 155 a large yield of photons was found. This fits well into the

description given at the beginning of this section, according to which it

is expected that most of the "unusual" effects showing up in fig. 7 will

disappear when longer time intervals are studied. This statement was

made in connection with the prompt neutron yield discussion and has

now found further support.

Some arguments have been advanced [8, 9, 12, 41]concerning the rel-

atively low K X-ray and conversion electron yield in the heaviest frag-

ment mass region. The energies of the first excited states of these frag-

ments are believed to be so low that a proportionally small number of

electrons are converted [41]. This is a plausible result, which cannot

be tested further for the time being owing to the absence of this type of in-

formation from fission fragments or similar nuclei.
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As was mentioned above, when the relatively low yield of prompt

photons from fragments with mass numbers above 148 was discussed
p C O

(fig. 7), comparisons made with delayed gamma radiation in Cf fis-

sion^"] favoured the argument that, both in U and Cf fission, the

heaviest fragments are slow gamma emitters. The mass region around
O (T o

A = 110 is interesting from this point of view. In Cf fission [2] a

large yield of delayed gamma radiation was found there too. On the as-

sumption that deformable fragments are slow emitters, the dip in the

relative gamma-ray yield curve as a function of fragment mass for
252

prompt gamma radiation in Cf fission corresponds to the increased

yield in the same mass region for delayed radiation. The question is

how can this increased yield correspond to the same fragments having

a large yield of prompt photons in U fission. As mentioned earlier,

it is probably an effect associated with the particular fission mode in

uranium, where the fragment with mass number 110 has a partner with

mass number 126, the latter being very stiff,and thus most of the exci-

tation energy, in the form of deformation just after scission, is im-

parted to the lighter fragment. In californium fission the heavy part-

ner of the fragment with mass number 11.0 is 142,which is probably

more deformable than 126.

The other mass regions in Cf fission giving large yields of de-

layed gamma radiation are 92, 96 and 132 [2] . The delayed radiation

emitted by fragments of mass numbers around 132 was thought to be

caused by vibrations in the double-magic nuclei, in which the gamma

transitions from the third to the second, and from the second to the first

excited state in a b eta-vibration cascade have energies in the range of

100 - 300 keV, and are thus rather slow. The ground-state transition
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energy is expected to be something between 1 and 1.5 MeV. Indications

of all these transitions showed up in the gamma-ray energy spectra for

the delayed gamma transitions in Cf fission. The large yield of de-

252layed gamma radiation in Cf fission in the fragment mass regions

around 92 and 96 seems to have no correspondence in the present U

data. Nor need it have, as the two fission processes result in unequal

modes. Both fragments are in a region about five units or more

from the magic numbers, A = 92 corresponds to Z = 36, N = 56 and A =

252
= 96 corresponds to Z = 38 and N = 58. In ' Cf fission both fragments

have partners in the deformed mass region, as the partner of 92 is 160

and of 96 is 156. The respective partners in U fission are 144 and

140. On the same basis as before,that in a particular fission mode the

softest fragment ties up most of the available deformation energy, it

252
can only be concluded that the light fragments are less excited in Cf

235
fission than in U fission.

Unfortunately there is no result of the delayed gamma-ray yield in

U fission of similar accuracy to that in Cf fission [.2] to make a

detailed comparison between the yield curves. A direct comparison is,

however, very difficult between yields of prompt and delayed phot-

tons. The first part of the prompt gamma decay seems to take place

in a similar way in the case of all fragments as far as the energy is con-

cerned, and the number of photons can help to get a rough estimate of the

original excitation of the fragments. As discussed in ref. 1, this is prob-

ably due to the fact that the fragments, as they are formed in a scission

act, are probably all of them deformed in a similar way. The soft frag-

ments can take a relatively long time to come down to their ground states.

They have more deformation energy than the stiff nuclei if a pair of these
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two types of fragments have been formed in a scission act. The spher-

ical nuclei may aLso be slow gamma emitters, as discussed above. Their

deformations, however, are normally less than those of soft fragments,

causing less excitation energy. It is here, after the first decays, that

one must start to consider the energy of the photons, when direct com-

parisons between the gamma-ray yield curves become more or less ir-

relevant, at least if one tries to compare numbers. One example will

show this. The gamma-ray energy spectra [29] show a very large

yield of photons of energies around 200 keV in the mass regions around

110 and above 148. The half-life of the integral gamma radiation is about

50 ps. The low yield for fragments with mass numbers above 148 will

increase if the yield curves from a prompt and a slow gamma decay are

added. In the same time region in which the gamma radiation with the

50 ps half-life was enhanced,there was an increased yield of photons of

energies around 1. 2 MeV and 250 keV from fragments in the mass region

around 132. It does not make sense to add up numbers of photons of such

different energies and then compare with numbers obtained from other

kind of spectra. The crucial quantity from the beginning of the gamma

decay is the total excitation energy which is obtained through the fission

act, even though in this experiment it is studied after the prompt neutrons

have been released.

4. 4. Mass-dependent yield of prompt photons of specific energies

The gamma-ray yield curves in fig. 8 have not been discussed ex-

plicitly so far, but an analysis indicates that the prominent features of

those two curves have more or less been considered while discussing

-10 -9
fig. 7. The time region studied goes from 4x10 -10 s and



- 30 -

the above-mentioned half-life of 50 ps is enhanced. The lower yield

curve shows a large relative yield of photons of energies less than

0. 33 MeV from the heaviest fragments in both the light and the heavy

mass group. As was mentioned above a later but not yet fully analyzed

experiment indicates that both these types of fragments have very large

yields of photons of energies around 200 keV. The mass number is on

a logarithmic scale, so the yields above the mass numbers 148 will in-

crease relative to the 110 yield if the data are taken with the mass

number on a linear scale. The newer data have given yields of 200 keV

photons which are about equal in these two mass regions for a certain

collimator setting enhancing the gamma radiation of 50 ps half-life. As

far as the higher energies are concerned the yield of photons of ener-

gies between 0. 33 and 1. 35 MeV is somewhat larger in some particular

mass regions, such as A = 90 and A = 135. In later experiments the di-

vision of gamma-ray energy intervals, and also the energy spectra, has

shown that there is a relatively large yield of 1. 2 MeV photons from

fargments with mass numbers around 132, and then also from the very

lightest fragments.

5. CONCLUSIONS

In this report a presentation has been given of one way of studying

prompt gamma decays from fission fragments. One of the basic ideas

behind the experimental set-up, namely that of using a collimator for

the separation of the radiation from the two fragments of a fission event,

has been applied earlier [ l , 2] , but the technique has here been devel-

oped by the incorporation of time discrimination between the prompt

fission gamma radiation and the prompt neutrons. Recently a similar

set-up was reported to the IAEA Fission Symposium in Vienna, 1969 Ll9].
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The experiment performed with it was, however, different in most re-

spects from that presented in this report. One of the most important

points in the present measurement is the collimator definition and the

associated time resolution. It has shown that it is possible to get

acceptable signal to background ratios even with rather narrow slits and

in a reactor surrounding, where the background is very high.

Fission gamma radiation as such can most successfully be studied

in Cf fission due to the low background, but complementary data from

U fission is of great value for several reasons:

1) the light mass group is different in the two types of fission,

2) one wants to know as much as possible about the total energy release

of the fragments,

3) details of the fission gamma energy-spectra can be of help in the

analysis of the neutron capture gamma-ray spectra to determine

background,

4) as a by-product one may be able to study the (n.yf) process, which

is of great importance for the knowledge of the fission process.

Some of the difficulties encountered in fission-gamma data analysis

have been discussed, and particularly those concerning the extrapolation

of energies of certain types of excited states in nuclei at the line of be-

ta-stability, when going out to mass regions involving the light fragment

group. A fruitful way will be opened in the near future when more and

more data have come out of the experiments now in progress at the

on-line isotope separators, such as ISOLDE, TRISTAN, OSIRIS and oth-

ers [42]. A completely new kind of spectroscopy has started, as one now

studies neutron-rich nuclei far off the stability line.
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Investigations with the present technique have continued and data

analysis is in progress. Special emphasis has been laid upon the stu-

dy of gamma-ray energy spectra as functions of mass, time after fis-

sion, and the total kinetic energy of the fragments.
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of the experimental arrangement.

Fig. 2. Block diagram of the instrumentation for the measurement

of fission gamma radiation.

Fig. 3. Pulse spectrum from the logarithmic amplifier.

Fig. 4. Time-of-flight spectrum for the uncollimated fission gamma

radiation.

Fig. 5. Time-of-flight spectra for the collimated fission gamma

radiation with three different collimator settings.

Fig. 6. Time spectrum from coincident fission fragments.

Fig. 7. The relative gamma-ray yield as a function of fragment mass.

Fig. 8. The relative gamma-ray yield of two different energy portions

as a function of fragment mass for a collimator setting not

so close to the fission foil as was the case shown in fig. 7.

Fig. 9. The energy spectrum of the uncollimated gamma-rays emit-

-9ted within 5x10 s after the fission event.

Fig. 10. The nuclide chart showing the line of beta stability (full curve)

and the area of the light fission fragments (dashed curve). The

locations of the dips in fig. 7 are indicated by shaded areas.
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