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SUMMARY

A growing interest in prompt gamma radiation from fission
fragments has developed during the last five to seven years. This
research field can be penetrated more efficiently since the advent
of the solid state detectors of the surface barrier type, which
facilitate several fission experiments. Moreover, different kinds
of radiation from the fragments can now be recorded with improved
accuracy in the associated mass determination. Data recording
systems have become more effective and the decay of the fragments
can be studied in several parameters simultaneously,

The expression "prompt'" here signifies gamma radiation with
half-lives shorter than 10-9 s and emitted from the fragments
following the prompt neutron emission. Most studies have been

SR 2
performed on the spontaneous fission of 52Cf and to a lesser extent

on the slow neutron induced fission of 235U. Measurements of the
californium fission are easy to perform, mainly because the back-
ground problem is not so serious as in a reactor experiment. The
light mass groups differ in the two fission processes and therefore
a close examination of the uranium fission is worthwhile to give
complementary data.

In the present work the gamma radiation was studied, whereas
in some other experiments the decay of the fragments has also been
studied through measurements of associated processes such as those
of conversion electrons and K X-rays. The emission of prompt neu-
trons, and especially those neutrons which are emitted from the
fragments, can yield information for the interpretation of the
prompt fission gamma radiation. The prompt neutrons also include

the so—called scission or central neutrons which are emitted at the
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instant of scission, but these yield very little information about
the deexcitation of the fragments.

The experimental set-up used to perform work on prompt fission
gamma radiation at the R2 reactor, Studsvik, is described in detail
in the present paper. A short survey is also given of the work done
at other laboratories since 1965, at which time two reviews of ear-—
lier work were published. Finally, a few suggestions for future
researchs are also given.

Two of the main features of the present experimental set-up,
which were used throughout the project, are the gamma collimator
and the time-of-flight technique. The gamma collimator was used
to select different time intervals after the fission event. Such
a technique has previously been used in a few other experiments.
Time discrimination between the fission gamma radiation and the
prompt neutrons released in the fission process was employed to
reduce the background.

The main problems encountered when carrying out these experi-
ments are described in paper II together with some general studies.
The experimental set-up during the first two years of operation
was slightly different from the one used during the later measure-
ments. Data recording was initially often done with a one- or two-
parameter standard analyzer, whereas later a small computer, PDP-8/S,
was used. For the recording of mass spectra a logarithmic amplifier
was first used. It was subsequently replaced by a linear divider
circuit, which is more convenient when relative yields of photons
as functions of mass are to be studied.

Paper III describes measurements of gamma-ray energy spectra

as functions of mass and time after fission. The data are analyzed



on the basis of a model in which the rigidity of the fragments

plays an important role. This model assumes that fragments with
nucleon numbers in the vicinity of the magic ones are more resistant
to deformation than other fragments. It is now generally assumed
that the initial excitation energy of the fragments is taken up

by deformation, and the extent to which this deformation occurs

will thus be of great importance for the estimation of the amount

of initial excitation energy and the ensuing decay of the fragments.

A few studies have dealt with the yield of photons as a
function of the total kinetic energy of the fragments. They are
discussed in paper IV and their object is to provide a better under-
standing of the energy balance in fission. As the total kinetic
energy increases, the photon yield seems to decrease in a regular
manner as would be expected, but there are also certain results
which indicate variations arising from spin effects.

Paper V, finally, presents a short account of the work dealing
with the intensity distributions of the prompt fission gamma radi-
ation as a function of time after fission which has permitted the
derivation of decay curves and values of half-lives. The fission
gamma radiation is emitted from a multitude of states and an inte-—
gral gamma-ray energy spectrum does not reveal any structure. It
is noteable, however, that proper use of the gamma collimator permits
distinct half-lives in the decay curves to be obtained. As shown
in paper III, the gamma-ray energy spectra associated with these
half-lives are very different. There is good reason for believing
that this particular field of nuclear spectroscopy, associated with
the prompt gamma radiation from fission fragments, will yield much
more information in the near future. It may then increase under-—
standing both of fission process and more generally, the nuclear

structure. 5



1. INTRODUCTION

Since Hahn and Strassmann reported the discovery of nuclear
fission (1) in 1938, innumerable papers have been published in this
field. Scientists have learnt to apply the fission process for
purposes both good and bad, and the effort and the amount of money
spent on research and on the application of nuclear fission are
very great. It is remarkable, however, that, during more than
thirty years of intense activity, there has not yet emerged any
complete interpretation of fission, and our understanding of it
is less than that of most other nuclear reactions. In fission
every nucleon in the heavy nucleus is involved in a highly compli-
cated process and, even if many-body theory and other similar ideas
can be applied with considerable success it is still improbable
that a full theoretical description of fission will be available
for a considerable time to come.

Fission can be induced in heavy nuclei at relatively low
excitation energies. These energies can be supplied through the
capture of radiation of low energy. The amount of energy needed
depends on the height of the potential barrier against fission,
which, for the actinides, is seldom more than a few MeV. The cross

sections for fission after capture of thermal neutrons in 233’235U

and 239Pu are very high and even heavier nuclei fission sponta-

neously with increasing probability.
As regards the prompt gamma radiation from fission fragments
the processes most studied have been those from the spontaneous
s 252 2 s 235
fission of Cf and the thermal neutron induced fission of U.
Both of these fission sources are easily accessible nowadays.

252Cf fission is a suitable source as far as background conditions



are concerned, whereas 235U fission has to be performed at a
reactor a requirement introducing background problems.

Unless otherwise stated, the binary fission process will
be dealt with in this work. This is the most common type of
fission, occuring on the average about a few hundred times more
often than the most common type of ternary fission.

After breakup the fragments are accelerated in their mutual
Coulomb fields, and acquire a total kinetic energy of about 170 MeV
in the case of the thermal-neutron induced fission of 235U. The
primary fragments initially acquire a large amount of deformation
energy from the scission act in addition to other forms of energy.
It is assumed that the fragments collapse to their equilibrium
shapes in a very short time. The deformation energy will then
be available in other forms of excitation, and the fragments will
consequently emit neutrons and photons.

The total excitation energy of the fragments is

= + +
Eppe = VE, +E) E,

where v is the number of prompt neutrons, E, and En are their bind-

b
ing and kinetic energies and EY is the total gamma-ray energy. Neu-—
tron emission is presumed to take place within 10_15 s and most of
the gamma-ray emission within about 10—11 s (2). Quite a few of
the fragments emit isomeric gamma radiation after 10_11 s. The
fragments are formed by the fission of nuclei of which the N/Z
ratio exceeds that of the corresponding stable nuclei with the

same mass numbers as the fragments. They are accordingly neutron
rich, and so beta emission will occur. This latter process is much
slower than the prompt processes of neutron and gamma emission.

Sometimes these beta decays lead to states above the neutron thresh-

old, resulting in the so-called delayed neutron radiation. The



half-lives of the delayed neutron radiation correspond to the beta
decays of the parent nuclei.

The prompt gamma radiation from fission fragments has many
and often unusual features. It originates from a large number of
fragments which, since they cover a considerable part of the isotope
chart, differ greatly in shape: deformed and spherical and all
intermediate cases are represented. Furthermore, all these frag-
ments emerge in a single experiment, thus giving rise to complex
radiation spectra which are difficult to resolve.

It has been found that the total energy of the gamma radiation
is higher than might at first be expected. The number of gamma rays
is also extraordinarily high, and it is current belief that these
unusual features are attributable to high spin states (2-7).

Not until the last five years has fission gamma radiation
received any great attention. The advent of the solid state detec-—
tors of the surface barrier type opened up a new era, facilitating
the study of radiation as a function of fragment mass. More recently
it has also been possible to determine both uniquely and easily,
the K X-ray yield from specific fragments using Si(Li)-detectors
(8-15). Ge(Li)-detectors are now mostly in use for study of the
gamma radiation, especially in the energy range up to about 1 MeV
(13,15,16). For higher energies the Nal-scintillator is still
competitive because of its higher efficiency compared to that
of the Ge(Li)-detector. This higher efficiency achieves greater
significance at energies above roughly 1.5 MeV, where the yield
of the prompt fission gamma radiation is very low.

Extensive studies have been made of conversion electrons and
K X-rays, and they have yielded valuable information on the multi-
polarity of gamma radiation (10,12,13,15,17-27).
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The life-time of the gamma radiation has been studied in a
few experiments during the last few years, mostly by the so-called
Doppler shift method (13,15,28). Gamma rays emitted by fragments
moving towards the gamma-ray counter increase their energies com-
pared to the same gamma rays emitted from fragments with zero veloc-
ity, whereas gamma rays from fragments moving away from the counter
decrease their energies.

In the present work a different method has been adopted for
determining the life-time of the gamma radiation, namely that of
using a lead collimator which is moved along the path of the frag-
ments. A decay curve is thus obtained from which half-lives can be

determined (2,29-31).

2. SHORT REVIEW OF FISSION-FRAGMENT GAMMA-RAY WORK

2.1. General

A growing interest in the gamma radiation from fission frag-
ments has developed during the last decade and results have been
summarized in reviews by Johansson-Kleinheinz (32) and Maier-Leibnitz
et al (33), and also in sections of more general reviews on the
fission process (34-37). The most comprehensive reviews on gamma
radiation appeared in the mid-60's (32,33).

The heading of this section refers to fission fragments.

This implies that the gamma rays under discussion have been emitted
from primary fragments, i.e. before the onset of beta decay. They
are emitted, however, after the prompt neutrons, since the gamma
decay is normally a slower process than neutron emission. Most
of the experiments made so far have covered a time region of up

-6 5k
to about 10 s after the fission event, and therefore only fragments



and not products have been studied. According to Johansson (2),
the radiation can be divided into two parts; a prompt and a delayed
component, the limit between them lying at a half-life of about
10_9 s. The present experiment covered a time region in which
only the prompt component was investigated.

Since the reviews by Johansson-Kleinheinz (32) and Maier-
Leibnitz et al. (33) appeared in 1965, no similar summary of the
work from 1965-70 has been published. The Proceedings of the Second
Symposium on the Physics and Chemistry of Fission held by IAEA in
Vienna, 28 July - 1 August, 1969, gives a very short summary of
the situation up to that date (38). It may therefore be of some
value to discuss briefly the work published on fission gamma radia-
tion since 1965.

Most investigations have been performed on gamma rays from

fragments formed in the spontaneous fission of —

Gt (8-13,15,17-21,
30,39). These measurements are easier to perform than those of
uranium fission (14,16,22-26,28,29,31,40,41) because there are no
background problems of the kind encountered in reactor studies.

The investigations have not only been concerned with gamma decays
from the fragments but also with associated processes such as con—
version electrons and K X-rays. Although the fission process may
result in a large number of competing decays the most systematically
studied of these has been binary fission, and consequently gamma
radiation has been studied almost entirely in association with
binary fission. The yield of binary fission events is much larger
than that of any other fission, which is, of course, the main reason
for its study. Another reason is to be found, however, in the geom-

etry of fission chamber construction in addition to which the whole
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set-up directly favours studies of prompt gamma radiation from
binary fission. The only exceptions so far studied deal with
the prompt gamma-ray energy spectrum and K X-ray yield in the
particular case of ternary fission, where the two fragments are

accompanied by an alpha particle (42-47).

2.2 Gamma-ray energy spectra

The advent of new measuring tools, such as solid state detec-
tors of the surface barrier type, Ge(Li)-detectors, Si(Li)-detectors,
and more effective data acquisition systems, have been of very great
value for fission gamma-ray studies. Some excellent set-ups have
been used recently in the USA and Germany and the experiments have
reached the stage at which gamma rays from individual fragments can
sometimes be studied. For this purpose the experiments are performed
by recording gamma-ray energy spectra in association with the frag-
ment mass spectrum. If the gamma detector can see both fragments
simultaneously, it cannot be stated with certainty which of the
two fragments emitted a recorded photon. The gamma detector can
therefore be located behind or in a direction close to a line ad-
joining the two fragment detectors, and then set to study the
gamma radiation. Through an analysis making use of the Doppler
shift method it is possible to state which of the two fragments
in a fission event has emitted certain photons resulting in a
line in the gamma-ray energy spectrum. This technique has been
acopted very efficiently by, for instance, the Karlsruhe (16) and
the Berkeley (10) groups and has resulted in a long table of ener-
gies of photons originating from specific fragments. The energy
range is mostly up to a little over 1 MeV, a region in which the

main bulk of photons is to be found. The Berkeley group has also
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provided supplementary data from studies of conversion electrons
and K X-rays.

The Karlsruhe group has studied the thermal fission of 235U
and found a large number of gamma lines with energies similar to
those of photons from fragments in 252Cf fission and with the same
fragment masses. The indication is that the fission process is so
general that independent of the fission process in which a specific
fragment is formed, it gives roughly the same gamma lines. As a
very general statement this is probably true only to a certain extent.
A detailed study of the same fragment in each of two fission proces—
ses will reveal that there are differences in the respective gamma
decays. These arises from the excitation due to the influence of
the partner fragment which differs from one fissioning nucleus to
another. Depending on the fissioning nucleus the initial excitation
following prompt neutron emission may differ, resulting in different
gamma rays. The lower levels excited in each process, however, are
the same. As a comment it may be mentioned that several of these
gamma rays have energies of about a few hundred keV and life-times
of the order of nano-seconds. They probably originate from the
decay processes of the low-lying members of certain rotational and
possibly also vibrational cascades. As such they should be equal
in the same fragment whether it is produced in the fission of for
instance uranium or californium.

The two projects described may be considered good examples
of how experiments are now performed on fission gamma radiation.

The other investigations referred to above are by no means unimpor-
tant or less interesting, but in some respects they have used tech-

niques similar to those of the Karlsruhe and Berkeley groups.

Detailed information has, for instance, been obtained by the
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Livermore group (48) regarding isomeric transitions, the inter-
pretation of which possesses many features in common with that of

prompt radiation.

2.3 The time distribution

The adoption of a collimator to select different prompt
intervals after the fission event has not been used widely so far.
In addition to the present study there appears to be only two 252Cf
experiments (2,30) and two 235U experiments (31,49). As regards delayed
gamma rays some more experiments have been performed with a colli-
mator, namely those involving "shadowing'" the foil and the first
part of the fragment's flight path to the gamma detector. Examples
of such studies have been reported in refs. 30 and 48.

The time distribution of the prompt gamma radiation has been
studied in very few experiments. In 252Cf a half-life of about
20 ps was found from one of the prompt components (2) as well as
in the present experiment on an early occasion. A faster component
of 7 ps was also reported from the present experiment, while 8.5 ps
was obtained by Armbruster et al. (31). also in uranium fission.

No such short half-life has yet been measured in 252Cf fission.

A 50 ps half-life has been found in the present investigations and

it can be estimated in one of Johansson's figures in ref. 2. Several
isomers have been found with half-lives ranging from a few nano-
seconds to about one microsecond (30,48,50).

By blocking different parts of the flight path of the frag-
ment it has also been possible to estimate the half-lives of some
gamma lines in 252Cf (10,19,48,50). In principle the same technique

as used in the present experiment was adopted, though in the first

two cases only two positions were used. This technique is expected
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to become common practice in the future. In addition to these types
of experiment coincidences between gamma rays and K X-rays have also
been measured in the attempt to find more than one member of specific
cascades. Quite a large number of such coincidences have been found,
which is a great achievement in view of the considerable experi-
mental difficulties. The measurements gave most of their information
in those mass regions of deformed nuclei where rotational cascades
are expected to exist. This type of cascade imposes a natural limit
on the possibility of performing these measurements, as the conver-
sion factors increase with decreasing gamma-ray energies and conse-
wuently the lowest and sometimes also the next lowest members of

a cascade are the most easily detectable. A K X-ray originating

from such a member will have a much longer half-1life than the higher
and more energetic members of the cascade. This problem will be
reflected in the experimental difficulties as the coincidence rates

will fall.

2.4 The spin distribution

Of particular interest when studying the excited states of
the fission fragments is the spin. On rather general grounds the
initial spin distribution of the fragments has been calculated
(3.5-7) and compared, where possible, with known experimental data
(4,31,51). The shapes of the gamma-ray energy spectra, and also the
first unexpectedly large amount of gamma-ray energy released, have been
the subject of many discussions. As far as the large energy is concern-
ed, it is supposed to be attributable to high spins of the initial ex-—
cited states of the fragments. Neutron emission can remove much of the
excitation energy, but only a few units of angular momentum. Fi-

nally, neutron emission will be hindered since states of low energy
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and large angular momenta are not available in the residual nuclei.
The gamma emission will then compete and, in a cascade, remove both
the angular momenta and the energy. This process may start at ener-—
gies well above the neutron threshold. Observed half-lives of the
prompt gamma radiation and their relation to the average energies
are other indications of collective quadrupole transitions (52).
Experiments have been reported which have indicated that the initial
fragment spin is about seven to eight units of angular momentum

(4,31,51).

3. EXPERIMENTAL PROCEDURE

3.1. Apparatus

The principle of the set-up of these experiments is shown
in fig. 1. A neutron beam from the Studsvik R2 reactor was colli-
mated so that no part of the beam struck more than the target and
its mounting frame inside a vacuum chamber. Two solid state detec-
tors of the surface barrier type were placed in parallel and sym-—

metrically around the foil to measure the energies of the fission

FISSION FRAGMENT DETECTOR—p-[ ]

VACUUM \

CHAMBER
FISSION FRAGMENT DETECTOR——-[ ] \

NalI-DET,
NEUTRON BEAM v A\
- 77N \

MOUNTING FRAME — D?H'D PM-TUBE
THN BACKING ‘T’
FISSILE DEPOSIT

LEAD
COLLIMATOR

Fig. 1 Schematic diagram of the experimental arrangement.
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fragments. The detectors+ were about 4 cm2 in area, fabricated
from 400 ohmem n—type silicon and operated at about 70 V bias.

The distance between each detector and the fissile foil was 2 cm.
The gamma detector was a NaI(TI) scintillator from Harshaw, 10.4 cm
long and 13.0 cm in diameter, viewed by a Philips XP1040 photomul-
tiplier tube. The associated electronicsx, consisting of a pulse-
chaping unit and a discriminator, was coupled directly to the photo-
multiplier tube socket and gave a fast leading-edge time pulse and

a linear pulse.

A lead collimator, movable in parallel with the direction of
the detected fragments and also with a variable slit, was used to
select gamma radiation in different time intervals after the fission

event.
The fissile deposit was about 1 cm2 in area and was prepared
by electrodeposition on 100 ug/cm2 nickel foils. In all runs em-

235U target was less than 100 ug/cmz.

ploying mass selection the
It is very important in this type of measurements that the
uranium layer and the nickel foil are thin and uniform. The frag-
ment energy loss has not been measured, but may be estimated to be
not more than 3 MeV (54-56). As will be discussed below. the frag-
ment energy spectra were used to derive mass spectra, and it was
found that an upper practical limit of less than about 100 ug/cm2
was enough to get energy spectra of good quality. In some measure-
ments, however, when mass selection was either unnecessary, or for

some reason impossible. thicker layers, of up to about 400 ug/cmz,

were allowed.

* Type C7904 Heavy Ion Detectors supplied by ORTEC, Oak Ridge,
Tenn., USA.

b4 ; . . X
Designed and built at the Research Institute of National Defence,
Stockholm (53).
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Fig. 2 Block schematic of the electronic equipment.

A block schematic of the electronics is shown in fig. 2.
Pulses from the solid state detectors were amplified in charge—
sensitive preamplifiers followed by linear amplifiers. The ampli-
fied pulses were then fed into a linear divider circuit’ which per—
formed the operation of dividing one pulse by the sum of both. By
disregarding prompt neutron evaporation and energy losses in the
target material, it can easily be shown that the ratio of the ener-
gies of the two fragments is inversely proportional to the mass

ratio. Consequently, if E1 and E, are the kinetic energies of

2

the respective fragments, and M1 and M2 are the associated mass

numbers, one readily gets

i.e. the spectrum from the output of the divider circuit is simply

the mass spectrum.

* Designed and built at the Physics Department, University of

Lund, Lund, after an idea by Gere and Miller (57).
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During the first two years of the experiment a logarithmic
amplifier was used instead of the linear divider circuit. The
output pulse heights from that circuit were proportional to the
logarithm of the incoming pulse heights (55,58). When this circuit
was used one of the incoming amplified pulses was delayed and both
of them stretched, after which they were added to give rise to a
two—step function. After differentiating the output waveforms the
first pulse from the step function was proportional to log El and
the second was then proportional to log (E1 + Ez) - log E1 = log

(E1 + EZ)/EI = constant - log M,.

Fig. 2 includes more apparatus than can be used in one meas-—
urement when a two-parameter analyzer is available. When gamma-ray
energies as functions of fragment mass were studied, the summing
amplifier was not used; and when gamma-ray energies as functions
of the total kinetic energy of the fragments were studied, the
linear divider instead was not used.

A time-to-pulse-height converter (TPHC) was started on time
pickoff pulses from one of the fragment detectors and stopped on
timing pulses from the gamma detector. By incorporating a discrim-—
inator (DISC) with its level set to allow the fragment energy spec-—
trum to pass from the detector which had no time pickoff unit, and
by running this discriminator in slow coincidence with the time
spectrum, it was insured that the recording system did not start
unless both fragments from a fission event had been detected.
Whenever necessary, use was made of a single channel analyzer (SCA)
with its window set over the region of gamma-ray energy of interest.
Also run in slow coincidence with the timing circuit this served

to keep track of background pulses.
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After amplification the timing pulses were passed into a
single channel analyzer (SCA) with its window set over the gamma
peak in the time-of-flight spectrum. The output pulse of the SCA
were then passed to the slow coincidence circuit.

Data were stored in a two-parameter analyzer the memory of
which was 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 events. Data analysis was done with separate programs
after the measurements were completed (59,60).

The interfacing unit between the computer and the nuclear
physics electronics consisted of two ADC's and their associated
registers. Each ADC had 400 channels and the computef memory
consisted of 4 K words, i.e. 4096 positions or channels. When an
analyzing signal had passed its ADC (or in a two-parameter mode
two signals had passed their respective ADC's) it was stored mo-
mentarily in its register, from which 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 memory from the nuclear physics elec-
tronics, 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-
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of-flight technique was to discriminate between the prompt neu-
trons and the fission gamma radiation. but in this geometry it

was possible to benefit by the form of the angular distribution
of the prompt neutrons. As is well known, it is peaked in the

direction of the fragments.

It is noteworthy that changing the distance between the fis-
sion 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 gen-—
erally narrow slit setting of the gamma collimator, the change in
solid angle with distance being almost completely dependent upon
the length of the collimator. Solid angles of the order of 10.5 -
10_4 sr are normal in these measurements. As is discussed elsewhere
(61), however, this small solid angle is primarily dependent on
the collimator setting rather than on the distance between the

foil and the gamma detector.

2:2. Performance

3.2.1. The mass circuit

; S 2
A typical mass spectrum from the thermal fission of 35U re-

corded with the logarithmic amplifier is shown in fig. 3. The rela-
tive yield of fragments in a particular mass region is, of course,
not the same as that obtained when the mass spectrum is on a linear
scale. This is a drawback when comparisons are to be made between
various relative yields as functions of fragment mass some of which
are expressed on a linear scale. While direct quantitative compari-
sons cannot be made, 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

20



610° .-
50 |
AT "
(2] '. “
2 .
3 ’ T
3 30" - .
-
<< . .
(= .
o < ‘
= P ;
210 | .
4 ' ’
110" ? . . .
L S T f T T o bt
160 140 120 100 80
MASS NUMBER

Fig. 3 Pulse spectrum from the logarithmic amplifier.

very slow function. Part of the drawback will therefore be less

important in this experiment since these photon yields may be con-

sidered as functions of mass regions instead of individual masses (2).

In any case qualitative comparisons can be made.

Mass spectra recorded with the linear divider circuit were

acceptable in shape for performing this type of measurement and

need no further discussion.

3.2.2. The time-of-flight system

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 "viewed"

the whole region between and including the two fragment detectors.
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Fig. 4 Time-of-flight spectrum Fig. 5 Time-of-flight spectra for the
for the uncollimated collimated fission gamma radiation with

fission gamma radiation. three different collimator settings.

The general background which has no correlation with the fission

events is the level to the left of the gamma peak. The broad

distribution just to the right of this peak is the prompt neutron

yield. The time separation at the Nal detector between 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. Fig. 5 represents plots of time-of-flight spectra with

the lead collimator placed in three different positions; only

small parts of the fragment paths are "visible" to the gamma detector.
As indicated in fig. 4 the full width at half maximum (FWHM)

value 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 velocities of the fragments which produces a spread
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Fig. 6 Time spectrum from coincident fission fragments.

in the arrival time at the detector, and 3) the resolution of the
gamma timing circuit. Time spectra 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.
The result is a two-peaked curve 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 (53).

3.2.3. The gamma collimator

With the help of the collimator for selection of gamma radi-
ation from different time intervals after the fission event, time-
of-flight spectra were recorded with the collimator in different
positions. The average velocity of the fragments is known to be
about 1 cm/ns. Estimation of the intensity of the gamma peak gave
the intensity variation with the collimator setting i.e. the varia-

tion with time after fission.
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Three main decay components have been found so far, having
tentative half-lives of 7, 20, and 50 ps. Measuring the fastest
radiation was rather a mechanical than any other problem. The
collimator had to be narrow - slit widths down to 0.15 mm were
used - and well aligned with the plane of the foil. The foil had
to be plane and its surface free from shrinkles. The adjustment
of the foil in its holder was done in a darkroom with light falling
through the collimator slit, and by moving the foil "towards" the
collimator it was possible to see when and how the light "touched"
the foil. Every little speck of dust and shrinkle on the foil
first came into the light and reflected it from points and small
areas. If the foil was smooth, clean and well aligned the reflec-—
tion of the light came gradually from the whole surface.

This tedious and circumstantial procedure was carried out
only once for every series of measurements, namely at its start.
The decay curve was then obtained from the time-of-flight spectra,
which in turn were recorded for consecutive collimator settings
controlled by a micrometer screw. The accuracy of the screw is
0.01 mm. The settings of the collimator were performed in one
direction, thus making it possible to benefit from the precision
of the micrometer screw. The relative accuracy of the settings
is thus of the order of 0.01 mm.

The gamma collimator was placed in the vacuum chamber and
very close to the fission foil in order to minimize the solid
angle subtended by the gamma detector (in reality by the colli-
mator) and ensure the best possible time resolution. The distance
between the nearest edge of the foil frame and the collimator was
about 1 mm. The frame was about 5 mm between the inner and the
outer radii. The setting of the foil was almost always performed
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with the micrometer screw, particularly when the shortest half-lives
were studied. In those cases the gamma radiation of interest came
from the fragments. when they were within two mm from the foil.
These various settings resulted in small changes in the solid angle
from the foil subtended by the fission detectors, but they could
be considered as negligible in comparison with the foil - detector
distance of two cm.

The measurements were initiated with a series of studies
performed with a thick uranium foil in order to achieve a high
counting rate. The data were stored in the two-parameter analyzer

the time-of-flight spectra being registered on one axis and the

gamma-ray energy spectra on the other. From these measurements it
was easy to sum time-of-flight spectra in different portions of
gamma-ray energy to obtain an estimate of the half-lives of dif-
ferent gamma rays. When, in addition, mass selection was employed
thinner uranium layers were used in order to avoid recording dete-
riorated fragment-energy spectra.

Measurement of these time-of-flight spectra in the two-param-
eter mode has the particular advantage that besides the energy
spectra themselves a direct estimate is obtained of the background
in different regions of gamma-ray energy. This information is
useful when counting rates are low, since background measurement
becomes an increasingly time-consuming operation. Background is
namely practically always best estimated from time-of-flight spectra.
These background data were then employed in the analysis of the
gamma-ray spectra measured as functions of mass, where low coun-—

ting rates prevailed.
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3.2.4. Considerations for the choice of a Nal-scintillator for

gamma detection

The present experimental set—up has been very simple. As
mentioned earlier there are some experiments now running, mainly
in the USA and Germany, in which very sophisticated equipments
and techniques are used. The present work has been directed to-
wards a particular study of the fragment gamma radiation with
regard to its time variation with energy. In none of the US or
German experiments has a gamma collimator of the present type been
used, simultaneously with the photons detected in Ge(Li)-counters.
When studying such small time intervals as are relevant to the

present work the gamma intensity diminishes to very low levels

and the low efficiency of a Ge(Li)-detector rapidly becomes a
disadvantage as compared with the efficiency of a Nal-scintillator.
As mentioned earlier higher fission rates and as a consequence
higher triple coincidence rates are possible. There remains,
however, the practical limit set by the fission detectors and
their rather fast deterioration when bombarded with fragment radi-
ation. Thus in order to use the Ge(Li)-detector efficiently, it

is necessary to place it fairly close (within roughly 10 cm) to

the fission foil. This raises a serious difficulty, namely that

of exposing the detector to different kinds of heavy radiation,
which may lead to its rapid destruction. This argument indicates
that the role of the Nal-scintillator in fission gamma-ray studies
is not yet exhausted, and that certain important applications still
remain. It is to be expected, however, that in the conceivable
future some of the above-mentioned problems with the Ge(Li)-detec-
tor will be overcome, rendering it more acceptable for use in this
type of experiment.
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The immediate requirement for the use of Ge(Li)-detectors
is effective data acquisition systems such as computers with large
memory areas. Ancillary demands on the electronics system are for
the inclusion in the set-up of pulse circuits for control purposes
and stabilizing circuits to control the energy spectra from the
fission counters and the gamma detector. The value of a big com-—
puter cannot, of course, be overestimated. since several parallel
experiments can be performed, when the fission detectors and gamma
detector are working. For each event the computer can calculate
the mass and the total fragment kinetic energy. Use can then be

made of different energy portions from the gamma detector. This

is of particular value when a Nal detector is employed, since it

is essential to make use of its different resolution in the differ-
ent energy regions. It is not unreasonable to run the gamma spectrum
in at least two portions simultaneously such as 50-800 keV and

0.5 - 5 MeV. This serves to reduce the measuring time by a factor

of two.

3.2.5. Counting rates and circuit stability

The experimental equipment has been placed in tandem in the
reactor channel behind a neutron crystal spectrometer. The neu-
trons falling on the uranium layer have therefore been those trans-
mitted through the monochromator crystal. A monochromator held
steady in any position offered no problems, but this was unfor-
tunately seldom the case. When the crystal was turned, the dis-
tance through which the transmitted neutrons had to pass within
the crystal, was altered, and the fission rate changed be a factor

of 2-3 as a result of this operation.
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This is not necessarily bad in itself as most studies are of the
type in which yields are expressed as functions of fission events,
and the total number of such events was monitored by a scaler. Un-
fortunately the background also changed by a similar factor and
during long measurement periods such as were used here, the back-
ground could fluctuate seriously. These fluctuations were produced
by the monochromator crystal which acted as a filter for all kinds
of radiation. Thus while the thermal neutron flux and hence the
fission rate were in process of varying, the fast neutrons and the
gamma radiation also varied, thus giving rise to changes in the
relative background level as counted by the Nal-scintillator.

When the R2 power was increased in the autumn of 1969, the
number of thermal neutrons in the channel increased by a factor
of two, thus enabling the neutron spectroscopists to run experi-
ments over wider ranges of monochromator angles. At the same
time the overall background level from the reactor increased, so
that the background fluctuations in the present experiment fre-
quently became unacceptable.

In the experimental set-up which was in use until December
1969 the reactor background from fast neutrons and gammas was
reduced efficiently by means of a cooled quartz filter placed in
the reactor channel. This filter worked well and gave an acceptable
background level in the gamma detector particularly in the period
up to the summer of 1969. when the reactor power was increased
from 30 to 50 MW. After this the filter was still operative, but
the transmitted background radiation increased to a level which
unfortunately reduced the possibility of performing some experi-
ments which had previously been possible.

When the neutron crystal spectrometer in the same reactor
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channel was rebuilt, the quartz filter was removed; this led to a
very marked increase in the background. It became impossible to

use the present set-up, because the counting rates in the gamma
detector went up by a factor of ten, and the Nal-scintillator started
to become activated.

Some figures are included here which give an idea of the
various counting rates. They are given in ranges owing to the
variations in monochromator settings of the neutron crystal spec-
trometer, which in turn caused variations in the intensities of the
beams both of the thermal neutrons and the background. The fission
experiment has suffered from these variations because the background

level as sensed by the gamma detector has been changed. On many

occasions these variations have been unimportant, since the gamma
peak in the time-of-flight spectrum was superimposed on the back-
ground, and with acceptable statistics the number of fission gamma
rays could still be estimated. When measuring gamma-ray energy
spectra, however, the problems were many, since the background
spectrum exhibited a tendency to change in shape slightly from
time to time, depending on the amount of material in the monochro-

mator crystal acting as a filter.

Total number of counts in the gamma detector 2000-5000 cps
Counting rates on the fission counters 140-380 cps
Coincidence fission counting rates (mass spectrum) 75-200 cps

Triple coincidence counting rates (uncollimated
fission gamma radiation) 0.3-1.0 cps
When the gamma collimator was included the triple coincidence
counting rate fell to different values depending on the type of ra-
diation studied, i.e. which half-life was enhanced. For the slowest
radiation studied here it decreased to roughly 0.5-1.0 counts per minute.
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A knowledge of the drift in the electronic component is ex-—
tremely important. Many of the results given in this report take
the form of a relative yield per fragment mass. In order that com-—
parisons can be made between photon yields from all the fragment
masses, the photon yield from a given mass is divided by the yield
of that particular mass. Accordingly two functions are used, namely
the photon yield as a function of mass and the mass yield curve,
the first function being divided by the second, point by point. The
two functions, and especially the mass yield function, are steep
for symmetric and very assymetric fissions. It is very important
therefore that the change in position of the respective curves should
be as small as possible during a measurement period. For this
reason 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 7 during a period of two weeks.

3.2.6. Miscellaneous

All measurements have been made in the coincidence mode,
including accumulation of single spectra such as calibrations of
fragment mass and gamma-ray energies. The reason for this is two-
fold. First, the data recording system needed a coincidence (opening)
signal for each pulse to be analyzed. This coincidence pulse was
obtained from the timing circuit. With the TPHC® used in this
experiment an output pulse is generated on the arrival of a start
pulse (fission pulse). If no stop pulse has arrived within the
range of time set on the converter, the output pulse is derived
from the automatic reset of the TPHC. The second, and often more

important, reason for using the coincidence technique is the fre-

* Type 263, purchased from ORTEC, Oak Ridge, Tenn., USA.
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quent need for making comparisons between coincidence (gated) and
single spectra. In order to avoid uncertainties in the pulse heights
brought about by the use of these different measuring modes, all
spectra were therefore recorded in the coincidence mode. As
described earlier comparison is made between yields as a function

of fragment mass, and yield functions were also divided by one
another. Thus by conducting all the experiments in the same way

one possible source of error should be avoided.

As noted, the results are given as functions of fragment
groups and not of individual masses. This is acceptable for phys-
ical reasons since, as was discussed by Johansson (2) several prop-
erties of the prompt gamma radiation varies slowly with mass number.
This is fortunate in view of the impossibility of studying indi-
vidual fragments with the present type of apparatus. Even if it
were possible to select a single mass, the need to account for the
charge dispersion remains. The best mass resolution which can be
achieved in an experiment of this kind corresponds to a FWHM value
of about 5 mass units, depending mainly on prompt neutron emission,
the mass defect of the solid state detectors and the energy losses
in the fissile foil and its backing (2,10). No thorough inves-—
tigation of mass resolution has been made in the present experiment,
but results from earlier studies of this kind have been published
elsewhere together with a detailed description of the experimental

equipment used (55,56).

4. COMMENTS AND SUGGESTIONS FOR FUTURE EXPERIMENTS

4.1 Improvements in experimental procedure

Counting rates present a crucial problem in many fission exper-
iments. With uranium layers of thicknesses less than 100 ug/cm2
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it is possible to have acceptable fission rates with a slow-neutron
beam whose intensity is about 108 n/cm2 s. Such an intensity is

by no means unusual from reactor channels today. A problem arises,
however, in the form of the strong background radiation emanating
from the reactor core, and reduction of this is generally sought

by inserting appropriate filters into the channel. Unfortunately
such a measure will affect the flux of the thermal neutron, although
not to the same extent as that of the gamma radiation and the fast
neutrons.

The main problem involved in experiments aimed at studying
the fission gamma radiation is therefore seen to be one of obtaining
a sufficiently low general background rather than obtaining a
high flux. 1In an experiment of the type described in the present
report the general background is easily estimated from the time-of-
flight spectra and if interest is attached to a study of the prompt
gamma radiation alone it becomes essential to maximize the signal/
background ratio. For studies of delayed radiation, say in time
intervals from 1-100 nanoseconds, the problem becomes even more
serious.

The use of appropriate filters represents one widely adopted
method, as for example the use of cooled filters of materials such
as bismuth or quartz. Another, more effective, technique which is
discussed more frequently nowadays, is the use of curved neutron
guide tubes (62); the thermal flux is not decreased in this in-
stance, but may even be increased. The main advantage behind
the use of the guide tube lies, however, in the quite marked dec-—
rease produced in the fast neutron and gamma background.

It is not difficult to obtain thermal neutron fluxes of 108

--109 n cm2 * s. It should be pointed out, however, that due to
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experimental difficulties it is unnecessary to increase the neutron
intensity, and as a consequence the fission rate, beyond this level.
The fission counters, which are mostly silicon detectors of the
surface barrier type, have rather limited life times, owing to the
destructive effect of the fragments. Normally, the detectors dete-
riorate to such a degree that after an accumulated dose of about
109 fragments/cm2 the energy spectra are unacceptable for data anal-
ysis. The course of this deterioration can be periodically followed
by measuring the leakage current through the detectors. The life
of the detectors can be increased by keeping them constantly cooled.
The temperature should then be of the order of -30° Cc. If the fis-
sion rate is very high the fragment detectors will deteriorate more
rapidly, which implies a rapid loss in the quality of their energy
spectra. This in turn means that the studied mass spectra are
destroyed. While this phenomenon must be checked frequently it
is in fact unnecessary to have higher counting rates than can be
easily followed by the leakage current. When running the experi-
ment overnight the mass spectrum can easily be completely spoiled by
using fluxes of more than 109 n/cmz's.

It may be asked whether any improvements can be achieved
in the FWHM value of the gamma peak of the time-of-flight spectra,
figs. 4 and 5. The significance of this question lies in the width
of the gamma peak which, as it becomes narrower, leads to an improv-
ment in the signal to background condition in the gamma-energy
spectra. One approach would be to locate the "time detector' as
close as possible to the fission foil which would afford a reduc-
tion in the time interval for the arrival of the fragments. The
TPHC would, however, be triggered more often and consequently let

through more background pulses. This problem can be avoided by
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means of an extra coincidence requirement, namely that of letting
the time signal arrive in coincidence with a pulse from the other
fission detector. A new problem now arises in the form of reduced
time resolution of the gamma collimator, the analysis being per-—
formed on gamma radiation from fragments in a larger solid angle
than used in the present geometry.
If it is considered essential to have the '"time detector"

very close to the fission foil, the other detector could be placed

further away from the foil and then the geometry would be about

the same as at present. In both instances, however, the "time
detector" must be located very close to the foil, and therefore
partly in the neutron beam. Such a location is unacceptable since
additional material capable of increasing the background should
not be permitted in the vicinity of the foil, where the fission
gamma radiation is mostly studied. It is moreover, preferable

for the detector itself to be clear of the neutron beam in order
to minimize radiation damage.

In a future version of this set-up it should be possible to
improve the time resolution, as for example by the use of anti-walk
circuits (63). An improvement by a factor of two or more may be
attainable. These improvements were not regarded as being vital
to the experiment at this stage, however, and no attempt at their

introduction has been made.

4.2. Suggestions for future research

It may be of interest to discuss briefly some of the meas—
urements that can be performed in a continuous series of studies.

As mentioned earlier, several investigations are in progress in
which Ge(Li)-detectors are used. So far practically all of these
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studies have been made on the integrated prompt gamma radiation,
but with no time separation as for instance with gamma-collimator
technique. Several experiments have demonstrated that there are
different time components even in the bulk of the radiation within
1 nanosecond after the fission event. It must be worthwhile there-
fore to try to eliminate a great part of the prompt gamma radiation
in order to be able to select one time component after the other.
As was observed in the present studies, the gamma-ray energy spectra,
with the enhanced radiation of half-lives 7 and 50 ps respectively,
are very different, and an investigation of their Ge(Li)-spectra
would seem to be of considerable value. It is obvious from the
present work that the spectra recorded with the Nal-scintillator
from fragments with mass numbers of roughly 110 and 150 have very
pronounced peaks for gamma-ray energies about 250 keV, while in
each case the background is very low over the whole region from

70 keV and upwards. In this region the Ge(Li)-detector could be
used efficiently, and even with low counting rates, the peaks can
be expected to stand out clearly.

Another investigation which was tried, but did not lead to
any successful result was that of studying the (n,y f)-process.
This process has received little attention, even though it is
important to the investigations of the fission process. Some
earlier authors, (64,65) pursuing theoretical arguments, came to
different conclusions as far as the occurrence of this process is
concerned. Soon after their results were published a (d,p)-reaction
study was performed on 238Pu (66), though with results having un-—
certain interpretations (67). Since then the shape isomers have
come into the picture more and more, and at present there is an

interest in trying to record the gamma radiation from the decay
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within the second potential minimum. It is perhaps here that effort
should be concentrated in the future.

As regards the gross structure of the prompt gamma radiation
from fission fragments the shape of the spectrum should be of great
value for nuclear spectroscopists studying (n,y)-reactions in 235U.
When studying the capture reactions from thermal neutrons a heavy
background from fission gamma radiation is to be expected. A num-
ber of mass-dependent lines in the gamma-ray energy spectra are
probably "burried" in the integrated fission gamma-ray energy
spectrum. It is also possible, however, that some of these lines
will be strong enough to emerge above the integrated spectrum.
Knowledge of these lines will clearly be of some value when con-
sidering background in the capture gamma-ray spectra.

Prompt fission gamma radiation is most easily studied in the
spontaneous fission of 252Cf. where the background is low and con-
siderably less than that in the vicinity of a reactor. There are,
however, reasons for investigating gamma components from the thermal
fission of 235U other than those mentioned above, one being that
the light mass group is different and the uranium fission will
therefore yield complementary data to californium fission. As
mentioned earlier, the background in the reactor channel should
be reduced for this purpose to as low a level as possible and for
the near future, with the new research reactors going into opera-—
tion, one can have great expectations in this respect.

It should not be forgotten, however, that the study of prompt
fission gamma radiation should not be regarded as an end in
itself, but as a part of the investigation of the fission process,
in which it is an important component in the total energy decay.

Studied as a function of the fragment mass, it can therefore give
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valuable informations concerning the fission process.

There is one type of study of fission gamma radiation which
is of significance to an understanding of the fission process in
general, namely the study of the yield of the gamma rays in asso-
ciation with the total kinetic energy of the fragments. Some in-
vestigations were begun in these laboratories and reported earlier
(68). The purpose of this study was to gain some knowledge of the
gamma-ray yield as a function of the spin distribution. The part

played by the spin distribution of the fragments has been discussed

by several authors and a summary is given in section 2 of this
paper. These studies concern the fundamental aspects of nuclear
physics and are therefore of significance in a wider sense than

is covered by the fission process alone. Many interesting results

are to be expected from this field of study in the near future.
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ABSTRACT

Measurements were made on the gamma radiation emitted
from fission fragments in slow neutron induced fission of 2?’SU. The
fragments were detected with solid state detectors of the surface bar-
rier type and the gamma radiation with a NaI(TI) scintillator. Mass se-
lection was used sothat the gamma radiation could be measuredas 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 positionof which was changed along the pathof the
fission fragments. In this way a decay curve was obtained from which
the life-time of one ofthe 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,

Comparisons were made with data obtained fromZSZCf‘fission. At-
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tention is drawn to some features which seem to be the same in U

and 252Cf fission,
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1., INTRODUGCTION

During recent years much interest has been devoted to the study
of the gamma radiation emitted in the de-excitation of fission fragments
[1 - 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

: s LD b
have come from experiments with ? Cf spontaneous fission and to a less

35U 5, 10,11, 171

extent from studies of slow neutron induced fission of r
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
pfompt 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. They can be studied bv a collimator technique

in the following way. The gamma radiation is emitted from fragments



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.
Such a technique has been used in few experiments up till now: in 252Cf
fission [1, 21] and in 2'35U 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 T

In the present investigation the so-called prompt gamma radiation
from fragments in slow-neutron induced fission of 235U 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_95 and a '"delayed'" component. This

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

tinct difference in the chara_.cteristics 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 thatno
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 c:m2 in area, fabricated from 400 ohmcm n-type silicon and

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

B Type C7904 Heavy Ion Detectors supplied by ORTEC, Oak Ridge, Tenn.,
USA



the fissile foil was 2 cm. The gamma detector was a NaI(TI) 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 c:m2 in area and prepared by elec-
trodeposition on 100 p,g/cm2 nickel foils. In all runs when mass selec-
tion was used the 235U target was less than 100 p,g/cmz.

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 [Z3, 247.
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 p,g/cm2 was enough to get energyspectra 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 ug/cmz, were allowed.

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



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 [24]. 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 whichwas



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, 287.

The interfacing unit betweeﬁ 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 Kwords,
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,



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-
ent on the length of the collimator. Solid angles of the order of 10*4 -
10-3 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

A typical mass spectrum from the thermal fission of 235U 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,



Some typical time-of-flight spectra are shown in fig, 4 and5. 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 thé 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 d.etector 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 [25].

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 '"marrower' 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 in 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 asymmetricand 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 | % 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 garﬁma—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 arrived within 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,



o 1

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 [1], 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 em:ission, 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

b 10-95. In an integral measurement,

in a time interval of about 10
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—11 - 10-105, 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

252 235

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) was lessthen 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 [1, 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-

252Cf fission, but on the other hand there is a relatively

ly seen in
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 thenum-
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 whichare 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 whichis of ultimate interest
in this fission study. As will be discussed later [29] theyield 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 vyield
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 107 _ 1074 9%,

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 [1, 2], but to

our knowledge only brief investigations have been made (32 - 35].

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,
€. g the binary fission of 236U into the fragment pair with mass num-
bers 110 and 126, The light fragmenf, 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 110is 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 resﬁlt 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
233’U to spontaneous fission of 252Cf,

The description given here of the excitation of the fission fragments
and their consequences on the prompt neutron decay can be borrowed to
discuss the prompt gamma decay following neutron emission. In prin-
ciple the discussion is the same, but, as was pointed out above, one
must never forget that the photon energy should be included. The fission
gamma radiation of shortest half-life, which can be selected with the
available collimator without making it too narrow for intensity rea-
sons [29], seems to have about the same energy for all fragments. The
yvield curve looks similar to the prompt neutron yield curve, because the
fragments are still highly excited after the neutron emission, the exci-
tations being higher the higher the original excitations have been. Ashas
been pointed out by Johansson [1], one might expect that at the first mo-
ment the fragments emita 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 is no other
closed nucleon shell than N = 50 in the mass region where the light mass
group islocated. 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 corfeSponding 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 seleniumyone 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 ~51, 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 nuc;leus, 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,

252Cf fission have given rather

because the fission gamma studies in
strong evidence that this mass region may have stable deforma-
tion [2, 39]. In the g 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 235U fission, while in 2SZCf fission the
same maés 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,

! . 23 —_
some interesting and differing features occur. In the 5U fission there

is an anomalously high gamma-ray yield, contrary to the case in ZSZCf
fission. This difference can probably be explained by studying the two
fission modes in 235U and 2E'ZC£ fission resulting in a light fragment
with mass number around 110, The sister fragment in 23'SU fission has
a mass number of 126, which means that it must be almost spherical
(Z = 48, N = 78), while in 22Cf 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
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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
the stiff fragment. 252Cf symmetric fission results in the two stiff

235

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 = 110, In U fission one must expect to have rel-

atively more excitation energy in the fragment with mass number 110

252'Cf fission.

than the same fragment would have if it was formed in

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 largestval -
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 = 145,0ne 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 nuciei have been found.

2
4.3. Comparisons between prompt photon yields in 235U and 52Cf

fission

In order to try further to illuminate the situation regarding the fis-

v BB%er o L. !
sion-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-
tion in 252Cf fission. The yields of the KX-rays and the conversion
electrons as functions of fragment mass are both strongly increasing
functions in the heavy mass region [4, 6-9, 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 252Cf 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 towhich 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]concerningtherel-
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
(fig. 7), comparisons made with delayed gamma radiation in Zsch fis-
sion[Z} favoured the argument that, both in 235U and 252Cf fission, the
heaviest fragments are slow gamma emitters. The mass region around
A = 110 is interesting from this point of view. In 252Cf 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
prompt gamma radiation in 252Cf fission corresponds to the increased
yield in the same mass region for delayed radiation. The question is
how can fhis increased yield correspond to the same fragments having
a large yield of prompt photons in 235U 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 110 is 142,which is probably
more deformablg than 126.

The other mass regions in 252Cf fission giving large yields of de-
layed gamﬁna 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 beta-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 252Cf fission. The large yield of de-

-

layed gamma radiation in LSZCf fission in the fragment mass regions
around 92 and 96 seems to have no correspondence in the present 235U
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 =
= 96 corresponds to Z = 38 and N = 58, In 25ZCf 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 235U 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
can only be concluded that the light fragments are less excited in Z52Cf
fission than in 235U fission.

Unfortunately there is no result of the delayed gamma-ray yield in
235U fission of similar accuracy to that in 252(3f 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, andthe number of photons canhelp to geta 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 discuséed 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 thé 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-dépendent 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 4 x 10 10 “s and
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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 verylarge
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 [1, 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 IJAEA Fission Symposium in Vienna, 1969 [191].
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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

252
in 2 Cf fission due to the low background, but complementary data from

235 . ... . ;
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 tho.se 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 w;cxy 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 onenow

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
Schematic diagram of the experimental arrangement,

Block diagram of the instrumentation for the measurement

of fission gamma radiation,
Pulse spectrum from the logarithmic amplifier,

Time-of-flight spectrum for the uncollimated fission gamma

radiation.

Time-of-flight spectra for the collimated fission gamma

radiation with three different collimator settings.
Time spectrum from coincident fission fragments.
The relative gamma-ray yield as a function of fragment mass.

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.

The energy spectrum of the uncollimated gamma-rays emit-

ted within 5 x 10—95 after the fission event,

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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ENERGIES AND YIELDS OF PROMPT GAMMA RAYS

FROM FRAGMENTS IN SLOW-NEUTRON

INDUCED FISSION OF 23°y

H. Albinss on»<

ABSTRACT

Measurements were made on the gamma radiation emitted from
fission fragments in slow-neutron induced fission of 235U. The frag-
ments were detected with solid state detectors of the surface barrier
type and the gamma radiation with a NaI(Tl) scintillator. Mass selec-
tion was used so that the gamma radiation could be measured as a
function of fragment mass. Time discrimination between the fission
gammas and the prompt neutrons released in the fission process was
employed to reduce the background. The gamma radiation emitted dur-
ing 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' it was possible to select various
collimator settings and let gamma radiation of different half-lives be
enha\nced. Gamma-ray energy spectra from these time components
were then recorded as function of mass. The spectrum shape differed
greatly depending on the half-life of the radiation and the fragrﬁent
from which it was emitted.

The results of the present measurements were discussed in the
light of existing fission models, and comparisons were made with

prompt gamma-ray and neutron data from other fission experiments.

; Chalmers University of Technology, Gothenburg

Printed and distributed in April 1971.
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1% INTRODUCTION

Prompt gamma radiation from fission fragments is of interest to
study for two reasons. First, a knowledge of this radiation should be
of value for any detailed theory of the fission process. and second, it
can provide information for designing shielding around a reactor.

The gamma-ray energy spectra are very complicated owing to the
many nuclei (fragments) which emit this radiation. Furthermore these
nuclei can start emitting their radiation from states in a rather wide
energy range, depending on the way in which the fragmeﬁts were form-
ed. Studies of gamma rays from fragments formed in a fission process
induced by neutrons from a reactor often involve experimental difficult-
ies, because the background at a reactor is mostly very heavy. All these
problems have probably hindered a faster progress of the knowledge of
prompt fission gamma radiation from the thermal-neutron induced fis-
sion of 235U, and so far most sfudies have concerned gamma rays from
fragments formed in the spontaneous fission of 252Cf.

Measurements of the prompt gamma radiation have been made vre-
cently with Ge(Li) detectors on 252Cf fission [1, 27, and also on 235U
fission [3]. The experimental technique has been improved consider-
ably during the last five to seven years, for instance by the introduction
of Si(Li) detectors, with which K X-ray energy spectra from the frag-
ments can be recorded in a simple way [1,2,4-9]. These X—raYs are
formed through conversion of the prompt gamma rays, and studies of
them can therefore yield complementary data to the knowledge of the
prompt gamma radiation. Recently experiments have also been perform-
ed with X-rays and gamma rays in coincidence [1, 2, 7], and so it is
now possible to determine a few of the lower gamma-ray cascades in

some mass regions.



The main difference between the present experiment and most
others reported so far is the use of a collimator to select different time
intervals after the fission event. This technique has been used in few
experiments up till now [10-137. The present study follows in basic
principle the ideas outlined by Johansson [10]. With the collimator it
is possible to study the time distribution of the gamma radiation, such
as Vdecay curves of the integral radiation from all fragments or from
certain fragments, and also to record gamma-ray energy spectra from
certain fragments during different time intervals after the fission event.
Tl'_'x‘iAs'f»means that gamma radiation of different half-lives as a function of
fragment mass can be studied.

Another interestingv parameter in these investigations is the total
fragment kinetic energy. This will be reported separately [14]. The
d‘at'ar écquisition system was a two-parameter analyzer, so that there
is simply no possibility to add more parameters to the two whose inter-
relations were studied: gamma-ray energy and fragment mass.

It is sometimes possible to use more than one existing model in
nuclear physics for the interpretation of fission data. One often used
model is the collective model, the reason being of course that the fis-
sion process is really a collective, many-particle process. Some extra
problems arise, however, as the fragments, just after their formation,
are>very neutron-rich, and it may be difficult to compare results of
fission gamma-ray studies with those of other nuclear reactions. Of
great interest for purposes of comparison are the data from prompt

'neutroh emission studies, and quite a lot of the discussion from these
studies can be adopted for the interpretation of prompt fission gamma
radiation. Unfortunately the situation surrounding prompt neutron emis-

sion is far from clear, and it seems as if more effort will have to be



put into the studies of the prompt decays of the fragments.

The gamma radiation studied in the present work is the part which
is characterized as prompt. Somewhat arbitrarily the radiation is usu-
ally divided into two parts, namely a prompt part whose components
have half-lives shorter than 1 ns, and a delayed part with longer half-
lives. This division is further justified by the fact that the experimen-
tal techniques for study of the two parts differ and that the properties
of the radiation in the two cases show a distinct difference [10].

In the present experiment a special technique was adopted, namely
that of using time-of-flight discrimination between the prompt neutrons
and the fission gamma radiation. This was done by placing the gamma
detector about 70 cm from the fission foil. This technique has not been
used extensively so far, probably because of the small solid angles in-
volved and, as a consequence, the low counting rates in the gamma de-

tector [ 12, 03,-156-177.

2, EXPERIMENTAL PROCEDURE

78 [ Apparatus

Fig. 1 shows a block diagram of the electronics used in this experi-
ment. The details of the design and the system performance have been
discussed recently [18], and it will suffice to describe briefly some of
the specific features of this set-up.

The fissile deposit was 1 crn2 in area and prepared by electrode-
position on 100 u,g/cmz nickel foils. The thickness of the uranium layer
was about 100 u.g/c:m2 in order to allow measurements of mass spectra
with acceptable resolution. Two solid state detectors of the surface

barrier type were placed in parallel and symmetrically around the foil



to measure the energies of the fission fragments. The detectorsﬂ< were
about 4 cm2 in area, fabricated from 400 ohmcm n-type silicon and
operated at about 70 V bias. The distance between each detector and
the fissile foil was 2 cm. The gamma detector was a NaI(Tl) scintilla-
tor, 10.4 cm long and 13.0 cm in diameter, viewed by a Philips XP
1040 photomultiplier tube. The associated electronics**, consisting of
a pulse-shaping unit and a discriminator, was coupled directly to the
photomultiplier tube socket and gave a fast leading-edge time pulse and
a linear pulse.

Pulses from the solid state detectors were amplified in charge-
sensitive preamplifiers followed by linear amplifiers.

The amplified pulses were then fed into a linear divider circuit
which performed the operation of dividing one pulse by the sum of both.
By disregarding prompt neutron evaporation and energy losses in the
target material, it can easily be shown that the ratio of the energies of
the two fragments is inversely proportional to the mass ratio. Conse-
quently, if E] and E2 are the kinetic energies of the respective frag-
ments and M] and M2 are the associated mass numbers, one readily
gets

E] M, i

= o<
E]+E2 M]JrM2 2

i.e. the spectrum from the output of the divider circuit is simply the
mass spectrum. As distinguished from an earlier divider circuit [18],
which was mainly a logarithmic amplifier, the present divider circuit

L. seokok
was linear

Type C7904 Heavy lon Detectors supplied by ORTEC, Oak Ridge,

Tenn., USA.

i Designed and built at the Research Institute of National Defence,
Stockholm [19].

ks

Designed and built at the Physics Department, University of Lund,
Lund, after an idea presented by Gere and Miller [20].



In all these measurements a Nal scintillator was used for gamma
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 events
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 data recording system was the same as in ref. [18], namely
a two-parameter analyzer, the memory of which was that of a small

computer, PDP-8/S.

2.2, Performance

As will be demonstrated in some figures in the following section,
the resolution of the gamma peaks is in general very poor. The reason
for this is that a Nal scintillator has been used for gamma detection in-
stead of a Ge(Li) detector, and furthermore that the gamma radiation
has been accumulated as function of mass groups rather than siﬁgle
masses. The reason for measuring in this way was discussed briefly
in an earlier paper [18], and some additional arguments will now be
presented which are pertinent mainly to the gamma-ray energy spectra
which are the subject of the present study.

That the resolution of the gamma-ray spectra is poor need not
necessarily be a serious drawb;ck in the present studies, as one can
obtain a lot of information about the excitation of the fragments without
doing any ''mormal'' nuclear spectroscopy. As has been discussed by
Johansson [10], the fragments de-excite mainly through vibrational

cascades just after the prompt neutron emission, and these transitions



seem to be similar for all fragments. Instead of presenting level
schemes for individual fragments, one can calculate and show yields
of photons in specific energy regions as function of fragment mass and
thus study gamma-energy variations over the mass spectrum. These
yield functions have been calculated by summing up the number of re-
corded photons in specific gamma-ray energy portions and then divid-
ing these functions by the yield of the mass spectrum.

There are many ways of making the summation, depending on the
gamma-ray energy regions of interest, and the interest usually arises
gradually when studying the behaviour of the gamma-ray energy spec-

tra. Several of these yield functions will appear in the following section.

3. RESULTS

3l General

The gamma-ray energy spectra of all prompt fission gammas is
presented in fig. 2. It was recorded in coincidence with the gammas
of the time-of-flight spectrum and no lead collimator was used. The
over-all background is less than 1 %. No corrections have been made
for the response function of the detector, because the only intention in
presenting it here is to demonstrate its general appearance and the
similarity to the same spectrum recorded earlier, for instance by
Mainschein [217]. The latter reference contains a review of these types
of spectra together with theoretical comparisons. The shape of the
spectra has often been fitted to analytical expressions, and the spec-
trum iﬁ fig. 2 fits well into those expressions. But the analytical equa-
tions have no significance from the fission physics aspect other than
that they might be used in reactor shielding calculations [21].

As mentioned above, the gamma-ray energy spectrum in fig. 2 is



very complex, but some details can be obtained through certain pro-
cedures. One procedure is to record the gamma spectra in coincidence
with the mass spectrum in a two-parameter analyzer, and another,
which can also be used together with the first one, is to select certain
time regions after the fission event by use of a lead collimator. The
collimator will then enhance gamma radiation with a certain half-life,
and figs. 3 and 4 show examples of such gamma-ray energy spectra.
The enhanced radiation has a half-life of about 50 ps and the spectra
are integrated over the whole mass spectrum. The only difference be-
tween figs. 3 and 4, as seen, is the gamma-ray energy range. Com-
parison of the figures of these two spectra with the spectrum in fig. 2
shows very clearly that the structure of the '"whole' spectrum in fig. 2
can be revealed by proper use of a collimator. For the respective half-
lives the different fragments, in turn, can give very different spectra.
It might be mentioned at this point that mass separation is not fully ef-
fective without the collimator, because the mass spectrum is obtained
by dividing the fragment energy pulse heights electronically. In a cer-
tain fission event, however, the gamma detector can never tell which
of the two fragments emitted a recorded photon, unless one of the frag-

ments has been shadowed by a collimator.

3.2, Gamma rays associated with half-lives of about 50 ps

One series of measurements, consisting of the accumulation of
gamma-ray energy spectra as function of mass, were recorded for a
time interval after fission corresponding to a fragment flight path of
2 to 15 mm. The half-life of the radiation enhanced with this collimator
setting was 50 ps and more. The average velocity of the fragments is

about 1 cm/ns, and this collimator setting means that the time interval
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covered after fission is 0.2 -1.5 ns on the average. The length of the
collimator is about 13 cm and therefore there is about 1 mm more

on both sides of the studied flight path which is seen by the gamma de-
tector. Anyway, with this collimator setting the prompter half-lives of
the gamma radiation have very low intensities, even if it may be said
that the experiment might not have been optimized as far as the inten-
sity is concerned. This collimator setting was chosen so as to reduce
the background in the recorded gamma-ray spectra, due to faster ra-
diations, to a very low level, namely less than 5 %. The main contribu-
tion to the background was the general reactor background and amount-
ed to less than 20 %.

The measurement was performed in two steps covering the gamma-
ray energy ranges of 0-4.2 MeV and 0 - 0.8 MeV respectively. The
integrated gamma spectra with no mass selection are those shown in
figs. 3 and 4, and examples of mass-sorted spectra are presented in
fig. 5. The division of the gamma-ray energy portions was performed
somewhat arbitrarily, but with the aim, if possible, of resolving gam-
ma lines in the two regions in the most effective way with regard to the
resolution of the detector and the number of channels available in the
data recording system. In the spectrum covering energies up to 4.2 MeV
it is impossible, even theoretically, to resolve lines of gamma rays of
energies less than about 0.5 MeV. On the other hand it should be pos-
sible to resolve peaks in the energy region 0.5 to 2 MeV, while peaks
in regions of higher energies should appear as broad bumps, unless
they are very intense.

The spectra in fig. 5 are from the raw data, and the absolute inten-
sities of each curve have not been corrected for the mass distribution.

The 1.2 MeV bump is present in several gamma-ray spectra and
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will therefore be presented under a separate heading in this chapter.

Gamma rays of energies around 200 keV have been found in a con-
siderable proportion in some mass regions. The relative yield of such
photons as a function of fragment mass is shown in fig. 6. This func-
tion is seen to be strongly mass-dependent and has a sawtooth type
appearance.

The relative number of gamma rays of energies in the region of
about 400 to 800 keV is also mass-dependent, as can be seen from fig.
7. The shape of this curve will be considered in detail in the discus-
sion, but it is noticeable that it looks similar to the corresponding yield
of photons of energies around 1200 keV (fig. 8).

The selection of energy region is a very important task, and one
must be very careful in drawing conclusions from the above-mentioned
results. To illustrate the problem a little, fig. 9 has been included.
To obtain the yield presented there, namely the relative yield of pho-
tons with energies less than about 400 keV, a summation of the number
of counts was made for the first ten gamma-ray energy channels in the
spectra of gamma-ray energies between 0 and 4.2 MeV. as function of
fragment mass. The relative yield covered goes from about 1 to 4 in
this figure, while in fig. 6 it goes from about 1 to about 2. 5. It might
seem self-explanatory that the yield ranges should be different, be-
cause the energy regions covered are not the sames but when starting
the analysis one may be tempted to overlook this significance, as the
recorded spectra do not differ too much except as regards the yield of
the 200 keV photons. These yield curves, however, clearly show that
there is more difference in the spectra than just the photons of lowest
energy.

One reason for choosing such a wide gamma-ray energy range as
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up to 4.2 MeV was to look for possible octupole transitions. With this
collimator setting, which enhances radiation with a half-life of about
50 ps and more, one can estimate that the corresponding collective
octupole radiation has an energy of about 2-3 MeV. There are rea-
sons to believe that these radiations should exist as a result of the
breakup of the fissioning nucleus. Besides quadrupole-shaped, pear-
shaped fragments might be formed and the asymmetric part of the lat-
ter nuclei would be sloshing back and forth. Unfortunately no clear evi-
dence of such radiations was found, for the main part probably because
of intensity reasons. The recorded number of counts per channel was

low in these gamma-ray energy portions.

3.3. Gamma rays associated with half-lives of about 20 ps

One series of measurements was performed with a 1 mm wide col-
limator slit placed so close to the fission foil that radiation with half-
lives around 20 ps was enhanced. The gamma-ray energy spectra do
not differ very much as a function of the fragment mass investigated,
even though a small difference does in fact exist, as can be found from
a closer analysis (fig. 10). Differences can be observed, however, by
studying the yields of photons of certain energies as function of frag-
ment mass. One study covered the energy region from about 0.2 to 2.0
MeV. The yield curve of all those photons is shown in fig. 11 together
with yield curves for specific gamma-ray energy portions.

In all gamma-ray energy spectra a broad distribution of photons
has been found, with energies from about 200 to 1800 keV and, espe-
cially in mass regions around 105 and 145, an abundance of 400 keV
photons superposed over the broad distribution.

Two measurements were performed with this collimator position,
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but with different gamma-ray energy ranges. One was the above-men-
tioned study covering 0.2 to 2.0 MeV and the other covered 70 to 700
keV. Where the two measurements overlap in gamma-ray energy, the
relative yield curves of the number of photons are identical within the
error limits.

The general background in the time-of-flight spectra was about
15 %. The signal-to-background ratio was normally an increasing func-
tion with gamma-ray energy in the present set-up [22] and for energies
above about 400 keV the background was about 10 % or less.

One may argue that the collimator slit width in this measurement
was too widey; and even if gamma radiation with a half-life of 20 ps was
mainly enhanced, there could be a considerable contribution of slower
radiation as well. However, by studying the shapes of the gamma-ray
spectra and also the yield curves of the number of photons as function
of fragment mass, one is readily convinced that the contribution of
slower radiation, i.e. mainly with T]/2 = 50 ps, must be quite small.
The adjustment of the collimator for the enhancement of the T]/2 =.50
ps radiation is very easily done, and consequently the shapes of those .
gamma-ray energy spectra are well known.

The distribution around 200 keV from the heaviest fragments in
each mass group are probably coming from the above-mentioned 50 ps
component. The intensity of those bumps in fig. 5 are roughly equal to
what caﬁ be estimated from the intensity distribution of each of these

two components [22].

3k, Gamma rays associated with half-lives of about 7 ps

Measurements of gamma radiation with a half-life of about 7 ps

are very difficult to perform mechanically. Some of the difficulties
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have been described briefly in ref. [227]. One measurement was done
with a gamma-ray energy window covering about 0.2 to 2.0 MeV. The
integrated gamma-ray energy spectrum is shown in fig. 12. There it
can be seen that the recorded spectrum is a broad distribution center-
ed around 1 MeV. Examples of mass-sorted spectra are shown in fig.
13. There is not much difference between them; there is a slight shift
in medium energy, so that the average gamma-ray energy is slightly
larger over the heavy mass peak than over the light one.

The relative yield of photons within the whole gamma-ray energy
range is typically of the sawtooth type as demonstrated in fig. 14. More
limited gamma-ray energy portions show in general the same behaviour,

even though the yield curves differ in details.

3.5 The uncollimated gamma radiation

One short measurement has been devoted to the study of gamma-
ray energy spectra as function of the fragment mass ratio. The gam-
ma-ray spectra appear in two groups, but one spectrum in one group
should have a correspondence in the other group. The two groups, of
course, resemble the mass spectrum. It should therefore be possible
to add the two corresponding spectra to one spectrum in order to im-
prove the statistics. This has been done in a few cases. Of particular
interest has been that the 1200 keV photons are enhanced for the mass
combinations around 104 + 132, and this bump stands out very clearly
for mass combinations around these mass numbers (fig. 15). The 1200

keV photons will be treated under a separate heading.

3.6. The 1200 keV distribution

In the integrated gamma-ray spectrum (fig. 2) one notices the
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presence of a small bump around 1200 keV. This bump has not receiv-
ed any particular attention earlier, even though it can be seen in the
first fission gamma-ray spectra presented, for instance, by Maien-
schein. The reason for the lack of its discussion is probably that it is
not very pronounced and that spectra covering energy ranges of more
than 1 MeV have seldom been recorded earlier as function of mass.

As the 1200 keV gamma rays show up both in spectra in which the 7 ps
and in which the 50 ps half-life is enhanced, the bump deserves some
special attention.

First one must be convinced that these gamma rays come from
fission fragments and not from background. This is, of course, not at
all clear from the integrated gamma-ray spectrum (fig. 2). The rela-
tive yield of 1200 keV photons, however, has been found to be a func-
tion of fragment mass (fig. 8), and so one has a firm ground on which
to base the assumption that the 1200 keV gammavrays come from the
energy release of particular fragments. The largest yield was found
for the lightest mass in the heavy and light mass groups, respectively,
but a broad bump also appears around mass number 95. There is a ten-
dency to an increase in yield for mass numbers above 145, but the num-
ber of recorded photons was very low and therefore the yield value con-
tains a large error in that mass region. The structure between mass
numbers 80 and 95 is noteworthy and will be dealt with in the discus-
sion. The yield, especially from the radiation with the 50 ps half-life,
and its mass dependence, will be discussed in greater detail later on.

As has been discussed earlier [187], with the present technique
there is no possibility of resolving individual lines in the gamma-ray
spectra, as the mass dispersion is too poor. On the other hand this

limitation need not be too much of a drawback. Instead one can take
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advantage of the high efficiency of this type of gamma detector as com-
pared to the low efficiency but high resolution of, for example, a Ge(Li)

detector.

4. ANALYSIS OF THE DATA

4.1. Comparisons with prompt neutron data

It has been pointed out earlier that the prompt fission gamma ra-
diation exhibits features which in many respects are unusual compared
to those of the radiation in other reactions. On the assumption that the
gamma emission can occur only after the prompt neutron emission is
energetically impossible, a total energy release in the form of gamma
emission may be calculated at about 5 MeV [23]. The total energy is,
in fact, about double this figure and the discrepancy is nowadays ex-
plained as being due to decays from high-spin states [10, 247.

In the interpretation of the results of the prvesent measurements it
is plausible to introduce arguments given when discussing the yield of
prompt neutrons from fission fragments, as the gamma raciiation fol-
lows the neutrons. There are several reasons, however, to be very
careful in making such comparisons. Studies of prompt neutrons are
beset with considerable experimental difficulties, as the neutrons can
only be assumed to be emitted from moving fragments with a certain
amount of probability. Several experiments have shown that, depending
on the fissioning nucleus, a considerable fraction of the prompt neutrons
is also emitted at the instant of scission. Nowadays one makes a clear
distinction between the two types of neutrons. The term fragment neu-
trons is used to describe the neutrons emitted from the fragments,
whereas scission neutrons or central neutrons describe the neutrons

appearing at scission. It has been concluded that, on average, 85-90%
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of the neutrons in uranium fission are emitted from moving fragments
[25, 26]. In a detailed description of the de-excitation of the fragments
this fact must be taken into account. It has recently been estimated that
in an event in the thermal fission of = 5U, resulting in a total kinetic
energy of about 190 MeV, about one half of the total number of the emitt-
ed neutrons are scission neutrons [27]. This has given rise to some
interesting discussions about the excitation energies of the fragments.
As is well known, the yield of prompt neutrons decreases as the
fragment total kinetic energies increase. When the total kinetic energy
has its maximum, it is also known that it is associated with a nearly
asymmetric fission event. According to Maslin et al. [28] the average
number of prompt neutrons emitted is then about 1.2 and so, according
to Blinov et al. [27], there would be no more than about 0. 6 fragment
neutrons emitted per fission event. The average number of prompt neu-
trons in all uranium fission events is about 2.4. As mentioned above,
several experimentalists have reported that about 85 - 90 % of these are
fragment neutrons, which means that about 0.3 neutrons per fission
event are scission neutrons. It cannot be stated that the number of
scission neutrons should increase, as it seems here, from 0.3 to 0.6
when the total kinetic energy increases. One can only assume that a
fission event resulting in the highest kinetic energies may arise from
a more than ''normally' violent process. In general it is believed that
the scission neutrons are emitted at the time of scission because of
disturbance associated with the breaking of the neck and the consecu-
tive retraction of the stumps into the fragments [29, 30]. The high to-
tal kinetic energy may result in a lower than expected average number
of fragment neutrons. Another possibility, however, is that the high

total kinetic energy is associated with a higher than average initial
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spin value of the fragments, which may constitute a hindrance factor,
and instead the gamma decay will be enhanced. Problems associated
with the total kinetic energy have been discussed in detail elsewhere

[147.

A complete discussion of the fission gamma decay can therefore
hardly be based on the fragments emitting all the prompt neutrons and
the consecutive decay coming in the form of gamma emission. These
two decays are, of course, linked together,neutron decay being the
faster, followed by the gamma decay. As mentioned earlier, the initial
spin distribution of the fragments will then be one of the '""means"
through which the fragments select their decay modes.

Some of the features of the yield curves in figs. 6-9, 11, 14 show-
ing the relative number of photons as a function of fragment mass for
the different half-lives can be interpreted on the same basis as dis-
cussed in an earlier work [18]. The important physical idea behind
this interpretation is that the fragments are more or less susceptible
to deformation, depending on whether they consist of closed nucleon
shells or not. This idea was put forward by Vandenbosch and Terrell
[31, 32] and has been very successful in interpreting data on de-exci-
tation of fission fragments. Most of the excitation energy of the frag-
ments is, according to this idea, taken up by deformation directly after
the scission act. A spherical nucleus, with one or both nucleon shells
closed or almost closed, is resistant to deformation and its initial ex-
citation energy should not be so high as in a nucleus which can easily
be deformed, i.e. with one or both of its nucleon numbers far from be-
ing magic. The sawtooth curve reflecting the yield of prompt neutrons
and also the yield of prompt photons as a function of fragment mass is

well described by this model.
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As far as the prompt gamma radiation is concerned, it is well in-
terpreted according to this model. It has often been assumed that the
prompt neutron is the result of an evaporation, and in a first simple
approximation one often describes the prompt neutron emission in terms
of a Maxwellian spectrum. It is known, however, that the prompt gam-
ma emission can compete with the prompt neutron emission at excita-
tion energies well above the binding energy of the neutron in the frag-

ments, and this effect seems to be the result of the spin distribution.

4.2. Fragment spin and gamma-ray energy yield

The spin distribution of the fragments has not been measured in
this work. As the spin plays an important role in the de-excitation of
the nuclei, some of the spectra will be discussed on the basis of what
is known today about it.

One of the latest papers on the initial spin distribution of the fis-
sion fragments is that by Armbruster et al. [33]. An average value of
seven units of angular momentum was obtained, which increased strong-
ly within each fission mass group from values of about 5- 10 units of
angular momentum. Another interesting conclusion drawn by Armbrus-
ter et al. was that the de-excitation mechanism of the fission fragments
is not governed by the level density following from a statistical model,
but that the fragments mainly de-excite by emission of quadrupole ra-
diation from stretched collective cascades. This idea has also been put
forward earlier [10, 24].

It is interesting to study the relationship between the average ener-
gies of the main groups of the gamma rays in the three spectra and
their associated half-lives. Such a study may yield information which

can form a basis for interpretation of the type of gamma radiation in-
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volved. It was found that the time component with a half-life of about

7 ps was associated with a broad bump in the gamma-ray energy spec-
trum around 1100 keV, whereas for the 20 ps component there was an
abundance of photons around 800 keV, and for the 50 ps component the
photon yield was very large around 200 keV. In a plot of the logarithm
of the half-life as a function of the gamma-ray energy in the three cases
mentioned above, namely (200 keV, 50 ps), (800 keV, 20 ps) and (1200
keV, 7 ps), these three points will fall in a region having values taken
from data sheets for the energy of the lowest excited 2" levels and their
corresponding half-lives for gamma decay in even-even nuclei. This
could be a strong indication that collective quadrupole radiation consti-
tutes a very great part of the prompt fission gamma radiation, i.e. the
same conclusion as arrived at by, for instance, Armbruster et al. [33]
in their measurements, and also suggested by Johansson [107.

As mentioned in the previous section and also discussed above, a
considerable difference seems to exist in the shapes of the gamma-ray
energy spectra, depending on whether the 7, 20 or 50 ps half-lives were
enhanced. The paper by Armbruster et al. [33] presents a figure show-
ing that the gamma-ray energy spectrum for the uncollimated beam is
practically the same, as far as the shape is concerned, as the one with
the collimator selecting photons in the time region 10-100 ps after
scission. This collimator setting means that the 20 ps half-life compo-
nent is enhanced, which can be easily checked by studying fig. 6 in
Johansson’s work [10], which concerns 252Cf fission. The present
work on 235U fission gives a similar intensity distribution leading to
a half-life of about 20 ps. Johansson presented gamma-ray energy spec-
tra with the collimator set to enhance radiation in practically the same

time interval, 10-70 ps. In Armbruster”s work the corresponding
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time interval was 10-100 ps, which should not give any significant dif-
ference in the energy spectra because the intensity distribution is a
strongly decreasing function with time after scission, and so the extra
30 ps from 70 to 100 ps should not make much difference. The energy
spectra in the present work resemble those presented by Johansson
[10] when this time component was enhanced, but the broad distribution
of photons with energies around 800 keV seems to have no similarity to
the spectra presented by Armbruster et al. [33]. The collimator sett-
ing used in the present work was practically the same as the one used
by Armbruster et al. [33]. Moreover, the energy spectrum recorded
without the collimator by Armbruster et al. does not look the same as
the one presented in ref. [18], whereas the uncollimated spectrum
from the present work does. Unfortunately Armbruster et al. did not
comment on this matter in their paper, as the main object of their work

was to study the primary spins of the 235U fission fragments.

4, 3. Comparisons with gamma-ray data from 252Cf fission

A few recently published papers have given the half-lives of some
gamma transitions in 252Cf fission [1, 2, 6]. Several of these half-lives
are of the order of nanoseconds and the associated energies are around
100 keV. Some of the measurements were performed in such a way that
the energies of coincident internal conversion electrons and K X-rays
were recorded. In one of the most recent reports giving data on the
ground-state bands of nuclei in the mass region around 100, information
is given which at first glance should be of great value for the interpreta-
tion of the present results. Differences exist, however, in the ways in
which the present and the californium measurements have been perform-

ed. The californium work included studies of K X-rays, and therefore a
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certain selection of the transition type has been made. X-rays formed
as a result of conversion are favoured for the lower gamma-ray ener-
gies. The californium work has resulted in a set of gamma-ray energy
values and associated half-lives, especially in the mass region around
100, where predictions for ground-state rotational bands have been
given with great confidence. Gamma-ray energies and half-lives were
also given, however, for many other low-energy photons from fragments
elsewhere along the mass distribution of the spontaneous fission onSZCf.
A direct comparison cannot be made in all respects between the present
data and those of the 252Cf work. As far as the radiation of T]/2 = 50

ps and more is concerned, several of the gammas found around 200 keV
in the present work are probably the same as those found in the cali-
fornium experiments.

The Karlsruhe measurements [3] concern thermal-neutron induced
fission of 235U, and the results in the form of gamma lines show that
there are several similarities between californium and uranium fission.
The Karlsruhe as well as the Berkeley group used a Ge(Li) detector and
therefore obtained a set of gamma lines of well defined energies, es-
pecially in the low energy portion. The energies found in the uranium
work very often coincide with those of the californium studies, and there-
fore one may assume that several of those lines are the same as those
of the present measurement. Most of these lines have been found in
mass regions around the heaviest masses in each mass group, where

fragments easily susceptible to deformation are expected to occur. They

may then originate from the slowest time component.

4.4, Gamma rays of energies around 1200 keV

The 1200 keV photons deserve special attention in this analysis.
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From the results of the present measurements it is clear that these
gammas play a very important role in the de-excitation of the frag-
ments, and in fig. 3 the broad distribution stands out very clearly. In
the mass-sorted spectra the 1200 keV photons show up mostly in mass
regions around 82, 94 and 130. Of particular interest is that the rela-
tive yield of gamma rays of energies in the region 400 - 800 keV is a
similar function, except that the yield is low from the very lightest frag-
ments. This yield curve was obtained with the same collimator setting
as that for the 1200 keV photons. No specific conclusion should be

drawn from this fact, even though it is tempting to venture the guess
that these gamma rays form part of a cascade. With a slightly different
collimator setting one would have seen a difference in the respective re-
lative intensities of these gamma rays, and from this difference it would
be possible to calculate whether and how these gamma rays are associat-
ed in a cascade. The difference in gamma-ray energy would be associat-
ed with a consecutive difference in half-life, the 1200 keV being the fas-
ter decay.

The gamma-ray energy spectra in the mass regions showing an
abundance of the 1200 keV also show a slight shift towards higher ener-
gies in the average gamma-ray energy for the photon distribution in the
energy portion of less than 400 keV (fig. 16). The 1200 keV gamma rays
may therefore be associated with gamma rays of energies of around 300
keV. That the 1200 keV gamma rays are present in the spectra where
the 50 ps half-life gamma component is enhanced is an extraordinary
feature. On the assumption that the 1200 keV gamma rays are of the
collective quadrupole type, one would assume a half-life of no more
than 10 ps, and the 1200 keV photons would never be recorded with any

measurable intensity with this collimator setting. There are therefore
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reasons to believe that the 300 keV photons precede the 1200 keV pho-
tons in a cascade, and that the collimator setting is suitable for detect-
ing the low-energy photons, whereas the 1200 keV photons are delayed.
A slightly different collimator setting would be of great help in indenti-
fying this proposed cascade. As was suggested by Johansson [10], one
may assume the possibility of a vibration of the beta type among the
stiff fragments with mass numbers around 82 and 132, from which frag-
ments the 300 and 1200 keV photons appear in greater abundance than
elsewhere.

The 1100 keV gamma rays appearing in the spectra for which the
7 ps half-life is enhanced are probably of more normal vibrational type.
The relative yield of these gamma rays is a typical sawtooth function
and reflects directly the excitation energies of the fragments soon after
the prompt neutrons have been emitted. They must be among the first
members of the gamma cascades, and their relative yields from mass
to mass depend on the relative excitation energies of the fragments.
When the collimator is set to enhance gamma radiation with a half-life
of about 20 ps, the 1200 keV gamma rays have low yields compared to
the photons of energies of 800 keV and below. When the 50 ps half-life
is enhanced, most of the yields of photons are of energies around 200
keV from the heaviest fragments in each mass group, whereas the 1200
keV photons have low yields compared to the 200 keV photons, but still

of the same order as the associated 300 keV photons.

4.5. Average gamma-ray energies

The average energies of the gamma rays were estimated in some
of the gamma-ray energy spectra. In the case when radiation of half-

life T]/2 = 7 ps was enhanced, the variation of the average gamma-ray



« 25 =

energy with fragment mass was within about 0.1 MeV, with the highest
energies for the lightest fragments in each mass group and the lowest
energies for the heaviest fragments (fig. 17). A similar calculation for
the radiation of half-life T]/2 = 20 ps showed a similar curve with the
average energy around 0. 85 MeV (fig. 18).

Maier-Leibnitz et al. [34] arrived at the conclusion that the un-
collimated radiation showed no essential dependence on mass. The av-
erage energy in the mass region around 130, however, was appreciably
higher than in other mass regions, namely around 4 MeV. The present
measurement and that of Maier-Leibnitz et al. have been performed in
different ways, and the average photon energies estimated in this study
are smaller for masses around 130 than those obtained by Maier-Leib-
nitz et al. The aim of the present work has been to study the gamma-ray
energies as function of mass and time after fission, and therefore gam-
ma-ray energy portions have been selected bearing in mind previous
knowledge obtained from the work of, for instance, Maier-Leibnitz et
al. Figs. 17 and 18 only show where the bulk of the gammas in these
energy spectra are centered, i.e. they tell which average energy is as-
sociated with most of the photons emitted when the radiations of T]/2 =
=7 and 20 ps, respectively, are enhanced.

It is reasonable to assume that, if a gamma-ray energy portion of
about 10 MeV had been studied, i.e. as in fig. 2, the average gamma-
ray energy for the whole spectrum would vary more in fig. 17 and 18.
Such a measurement should be performed, as it would result in a total
gamma-ray energy release associated with the half-lives of 7 and 20 ps.
In the present work this measurement was omitted because of lack of
time. In principle such a measurement differs from the one performed

only in the respect that the gamma-ray energy range of the data re-
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cording system should be differently chosen.

When an estimate of the average photon energy has been obtained,
and also the relative yield of photons as a function of fragment mass,
one can qualitatively get the variation of the energy release of the frag-
ments in the form of gamma radiation in the respective time regions
studied in the present work. As far as the 7 and 20 ps components are
concerned, the respective average gamma-ray energies vary but little
from one mass region to another, and the average energy release in
the form of gamma radiation as a function of fragment mass will be a
curve of the sawtooth type. A rough estimate of the total energy release
within the first one-tenth of a nanosecond would give an average for the
light and heavy mass groups of about 3 MeV, with a sawtooth variation
in each mass group going from about 1 to 5 MeV. By studying the decay
curve of the prompt fission gamma radiation one finds that at least 75%
of the total energy has been released within this time region, and this
value agrees rather well with the accumulated yields meﬁtioned by

earlier authors [10, 35].

4.6. Possible octupole vibrations

During recent years more and more attention has been paid to cc-
tupole vibrational states in deformed nuclei [36 - 39]. It is reasonable
to expect these states to be formed also in fission fragments as, just
after scission, there is a large probability that easily deformable frag-
ments may assume shapes resembling pears. Recent calculations, which
agree well with experimental results, give energies for the first 3™ states
in the rare-earth region of about 1.5 MeV [39]. As far as the energies
are concerned, the 1~ states could coincide with the 1.2 MeV photons,

but the yield curve of those photons is in disagreement with this picture,
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as the 1.2 MeV photons are mainly released from nuclei containing
closed or almost closed nucleon shells. On the other hand it is reason-
able to expect the E3 transitions from the 3~ states to be of the order
of 2 MeV. A calculated yield curve, however, covering the gamma-ray
energy region of about 1.6 to 2.4 MeV, as a function of fragment mass
showed practically no variation over the whole fragment mass distribu-
tion. Studies of other energy portions up to about 4 MeV showed very
little variation with mass.

As far as the heaviest fragments are concerned, one may expect
their lowest octupole states to have excitation energies of about 1.2 to
1.5 MeV, and the yield curve of the 1200 keV photons as a function of
fragment mass (fig. 8) there is indeed the beginning of an increase in
yield when the mass number goes from 145 and upwards. Unfortunately
the number of counts is not very large and it is not possible to state, or
even assume, anything indicative of the pres ence of this kind of radia-
tion in that region.

The half-life of this radiation is expected to be larger than that of
the quadrupole radiation, and in a future experiment, one should be
able to select this radiation by using a narrower collimator slit. The
collimator could first be positioned at the '"beginning' of the time inter-
val chosen in the experiment presented here. With the same narrower
collimator, but placed further away from the foil, one can then get the
slower radiation enhanced and very little contribution from the quadru-
pole radiation, and the variation in intensity between the two types of

radiation would come out clearly.

5 DISCUSSION

One may remark that the yield curves presented do not show up
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so much structure as the one presented in an earlier work [18]. The
collimator settings were, however, slightly different from the one used
in ref. [18], as in the present work the settings were chosen carefully
to allow enhancement of the two time components with half-lives of 7
and 20 ps. As mentioned in ref. [18], the selected time interval was

Sl 0-] g s, but it was found later that the 'IO'] 0 s limit was slightly

10 1
higher, so that the intensity of the 20 ps component was decreased rela-
tively more than that of the 50 ps time component. In the present work
the gamma-ray energy ranges were limited to the first two MeV, which
should have some, though a small, effect, whereas in the earlier work
there was no limit on the gamma-ray energy portion selected.

As has been mentioned earlier [18], the resolution of the gamma
detector is about 10 %. Since several fragments can contribute to one
gamma-ray energy spectrum, it is impossible with this system to re-
solve single gamma lines in a spectrum. The mass resolution is about
4 -5 amu [18] and it is no use trying to look for single lines which might
belong to specific fragments. It may be remarked, for instance, that
within the mass regions where the nuclei seem to have deformed shapes,
the variation in mass number of 4 - 5 amu may cﬁange the energy of the
first 27 levels in even-even nuclei by about 10 keV. Bearing this in mind
it is easy to understand that the distributions around 200 keV in the gam-
ma-ray spectra of figs. 4 and 5 probably come from decays of several
fragments.

The inherent bad resolution of this system was of course known
when the present studies started, but, as mentioned earlier [187], the
aim of this work has been to study gamma-ray yields as function of frag-

ment groups and time of fission. For physical reasons this can be ac-

ceptable, as the energy of the gamma radiation from rotational and vi-
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brational cascades varies slowly with mass number in regions of de-
formed nuclei. Even though a unique determination of the fragment mass
number could be made, the charge dispersion is not known very accu-

rately.

6. CONCLUSIONS

Studies have been performed of the gamma radiation from fission
fragments in slow-neutron induced fission of 235U. Gamma-ray energy
spectra were recorded as function of mass and time after fission. The
main conclusions from the investigation may be summarized as follows:

1. The gamma-ray energy spectra vary in shape with time after
fission.

2. The gamma-ray energy spectra vary in shape with mass within
each time interval, the variation being stronger the later the time in-
terval studied.

3. When a time interval is selected in which half-lives of the radia-
tion of 50 ps and more are enhanced, there is a strongly mass-dependent
yield of 1200 keV photons, which might come late in a cascade of gam-
mas.

4. There is a very strong dependence on mass of the yield of pho-
tons of a few hundred keV in the time interval in which half-lives of 50
ps and more are enhanced.

5. The relationship between the average gamma-ray energies and
the associated half-lives gives a strong indication that the bulk of prompt
photons from fission fragments are of the quadrupole type.

6. Yield curves of the photons as function of mass can be inter-
preted on the basis of a model including the property of the varying re-
sistance to deformation of the nuclei, depending on whether they con-

tain nucleons of magic numbers or not.
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Investigations in this field are in progress at various laboratories,
which will add to the information on excited states in nuclei far from
the line of beta stability. It is hoped that, with some luck, it will also
be possible to make some contributions to the understanding of the fis-

sion process.
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FIGURE CAPTIONS

Block schematic of the electronic equipment.

The energy spectrum of the uncollimated gamma-rays emitt-

ed within 5 x IO_9 s after the fission event.

The energy spectrum of the gamma radiation from all frag-

ments associated with half-lives of 50 ps and more.

The low energy part of the spectrum of the gamma radiation
from all fragments associated with half-lives of 50 ps and

more.

Gamma-ray energy spectra of the same radiation as in fig.

3 for a number of different masses.

The relative gamma-ray yield of the energy portion 100 - 230
keV as a function of fragment mass associated with the half-

lives of 50 ps and more.

The relative gamma-ray yield of the energy portion 0.4 - 0.8
MeV as a function of fragment mass associated with half-

lives of 50 ps and more.

The relative gamma-ray yield of the energy portion 1.0-1.4
MeV as a function of fragment mass associated with half-

lives of 50 ps and more.
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Fig. 9 The relative gamma-ray yield of the energy portion 50 - 400
keV as a function of fragment mass associated with half-

lives of 50 ps and more.

Fig. 10 Gamma-ray energy spectra of the radiation with a half-life

of about 20 ps for a number of different masses.

Fig. 11 Relative gamma-ray yields as function of fragment mass
from the radiation shown in fig. 10 and for different energy
portions: (a) 0.2-2.0 MeV, (b) 0.2-0.6 MeV, (c) 0.2-0.4

MeV, (d) 0.4-0.6 MeV, (e) 0.6-0.8 MeV, (f) 0.8-1.0 MeV.

Fig. 12 The energy spectrum of the gamma radiation from all frag-

ments associated with half-lives shorther than 10 ps.

Fig. 13 ~Gamma-ray energy spectra of the radiation with half-lives

shorter than 10 ps for some different masses.

Fig. 14 The relative gamma-ray yield of the energy range 0.2 -2.0
MeV as a function of fragment mass associated with half-

lives shorter than 10 ps.

Fig. 15 A portion of the gamma-ray energy spectrum of the uncolli-

mated radiation from the fragment mass regions 104+ 132,

Fig. 16 The average quantum energy as a function of fragment mass
for the energy distribution from 100 - 400 keV associated

with half-lives of 50 ps and more.
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Fig.

17

18
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The average quantum energy as a function of fragment mass

associated with half-lives shorter than 10 ps.

The average quantum energy as a function of fragment mass

.associated with half-life of about 20 ps.
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YIELD OF PROMPT GAMMA RADIATION IN SLOW-NEUTRCN

INDUCED FISSION OF 23'SU AS A FUNCTION OF THE

TOTAL FRAGMENT KINETIC ENERGY

H Albinsson¥*

ABSTRACT

Fission gamma radiation yields as functions of the total fragment

235U thermal-neutron induced fission.

kinetic energy were obtained for
The fragments were detected with silicon surface-barrier detectors
and the gamma radiation with a NaI(T1) scintillator. In some of the mea-
surements mass selection was used so that the gamma radiation could
also be measured as a function of fragment mass. Time discrimination
between the fission gammas and the prompt neutrons released in the fis-
sion process was employed to reduce the background. The gamma radia-
tion 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.

Fission-neutron and gamma-ray data of previous experiments were
used for comparisons of the yields, and estimates were made of the vari-

ation of the prompt gamma -ray energy with the total fragment kinetic

energy.

*¥Chalmers University of Technology, Gothenburg
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1. INTRODUCTION

Experiments on nuclear fission can give a variety of information
on many aspects of nuclear structure. One of the main reasons for per-
forming the present experiments on 235U was to obtain a better under -
standing of the energy balance of this process. A fissioning nucleus con-
tains a certain amount of energy, which will be shared between the kine-
tic and the excitation energies of the fragments. The release of the fission
gamma radiation, like the release of the prompt neutrons, is a measure.
of part of the excitation energy in the fragments. A study of the prompt
fission gamma radiation as a function of the total kinetic energies of the
fragments can give information regarding the energy balance in the fis-
sion process. Very few experiments have so far been tried along this
line (1 - 5).

A big computer is most suitable as a data recording system when
simultaneously collecting information on the following three parameters:
the kinetic energies of each of the two fragments in a binary fission event
and the associated gamma-ray energy. The computer can be pro-
grammed to calculate the fragment masses and the total kinetic energy
of this fission event. However, a three-parameter data recording sys-
tem was not available in the present study, only a two-parameter analyzer;
but by choosing the measured conditions in certain ways it was not neces-
sary to suffer too much from the limitations of the data system.

The present report is a preliminary survey of one aspect of a larger
project for study of prompt fission gamma radiation as a function of mass
and time after fission. As few similar measurements (2 - 4) have pre-
viously been reported, one of which appeared recently and was not known

to us before this investigation was undertaken, it was felt that this pre-



liminary study would be of interest. All previous investigations suffer
from the same weakness, namely that of using an incomplete mass sepa -
ration. When fission gamma radiation is recorded in coincidence with the
fragments, one can never with certainty state which of the two fragments
has emitted the detected photon unless one can discriminate between the
fragments, for instance by use of a collimator. Thus, a mass divider
circuit arrangement can only be used with full efficiency in fission gamma
radiation studies when a collimator is incorporated. Without using a col-
limator, the gamma radiation is studied as a function of the mass ratio;
and even if it is possible to obtain information on certain gammas as a
function of fragment mass, by use of an unfolding technique in the analy-

sis, the results must be uncertain and contain considerable errors.

2. EXPERIMENTAL ARRANGEMENT

Fig. 1 shows a block schematic of the electronics used in this experi-
ment. The details of the design and the system performance have been
discussed previously (6), and so only some of the specific features of this
set-up will be described briefly.

The fissile deposit was 1 cm2 in area and was prepared by electrodeposi-
tion on 100 L_,,g/cm2 nickel foils. The thickness of the uranium layer was
about 100 |.Lg/cm2 in order to allow measurements of mass spectra with
acceptable resolution. Two solid state detectors of the surface barrier
type were placed in parallel and symmetrically around the foil to meas-
ure the energies of the fission fragments. The detectors® were about 4
cm2 in area, fabricated from 400 ohmcm n-type silicon and operated at

about 70 V bias. The distance between each detector and the fissile foil

* Type C7904 Heavy Ion Detectors supplied by ORTEC, Oak Ridge,
Tenn., USA



was 2 cm. The gamma detector was a NaI(T1) scintillator, 10.4 cm
long and 13.0 cm in diameter, viewed by a Philips XP 1040 photomul-
tiplier tube. The associated electronics, consisting of a pulse-shaping
unit and a discriminator, was coupled directly to the photomultiplier
tube socket and gave a fast leading-edge time pulse and a linear pulse.

Pulses from the solid state detectors were amplified in charge sen-
sitive preamplifiers followed by linear amplifiers. The amplified pulses
were then fed into a summing amplifier. Depending on the type of expe-
riment the pulses could also be fed into the divider circuit in order to
record mass spectra.

Apart from the time interval which is fixed with each collimator setting,
there are three basic parameters involved in these measurements, viz.
fragments mass, total kinetic energy of the fragments, and the gamma-
ray energy. Two types of measurements were performed: 1) gamma-ray
energy spectra in coincidence with the total kinetic energy of the frag-
ments, and 2) a two-parameter study of fragment mass and the total ki-
netic energy associated with gamma rays of energies above a certain
threshold.

The data recording system was the same as in ref. 6, namely a two-
parameter analyzer,the memory of which was that of a small computer,

PDP-8/S.

3. RESULTS

The first measurement in the present work was done without the
gamma collimator and in a gamma-ray energy range of 0 - 2 MeV. The

yield of photons with energies less than about 2 MeV as a function of the



total kinetic energy is a smooth function, decreasing slowly with total
kinetic energy (fig. 2). The shape of the curve did not change notice-
ably for more limited gamma energy ranges.

The ensuing measurements dealt with practically all the prompt

1 P S
s, after the fission event

gamma radiation except that within about 107!
which is found to be of similar type for all fragments (7). As the fission
gamma radiation intensity within this time interval is less than 30% of all
the prompt gamma radiation (8), a considerable part of the radiation is
thus studied. The radiation with half-lives of more than IO_” s, on the
other hand, varies greatly from mass to mass as regards the half-life,
intensity and average photon energy. The measurement was performed
with the gamma collimator placed so as just to '"shadow'' the foil. The
yield of photons with energies less than about 2 MeV as a function of the
total kinetic energy was very similar to that in the first case (fig. 3).

As there was no three-parameter data acquisition system available
it was not possible to record simultaneously the energy of the prompt
fission gamma radiation associated both with the fragment mass and with the
sum of the fragment kinetic energy. One measurement, however, was
made over a few days in which the total fragment kinetic energies were
recorded as a function of the mass spectrum and in coincidence with the
fission gamma radiation, but the variation with gamma-ray energy was
not included. The yield of photons as a function of fragment mass and
total kinetic energy is presented in the contour diagram in fig,4. The
statistics is not overwhelming, but a clear structure can be seen, simi-
lar to the one obtained when studying the yield of fragments as a func-
tion of the fragment mass and the total kinetic energy.

From the contour diagram relative yield curves of two types were

obtained. They came out as cuts in the diagram parallel to the respec-



tive axes and they are 1) the relative yield of prompt photons as a func-
tion of fragment mass for a certain total kinetic energy interval, and
2) the relative yield of prompt photons as a function of the total kinetic
energy with certain fragment-mass regions as parameters. The two
sets of yield curves are shown in fig. 5 and 6. In fig. 7 and 8 are
presented the integrated relative yield curves. The saw-tooth type
curve in fig. 7 is not so well demonstrated as one would expect. The
yield of the heaviest fragments in the light mass group is lower

than would be expected from earlier fission gamma-ray studied (6, 9).
In fig. 8 the yield curve seems to decrease less with increasing total
kinetic energy than the yield curve in fig. 2.

In fig. 9 is shown a calibration curve of the total fragment kinetic
energy as a function of fragment mass. The measurement was perform-
ed as a two-parameter recording of events where fragment mass was
one parameter and the total kinetic energy the other. For each mass
the location of the peak value in the total kinetic energy curve has been
plotted and fig. 9 shows the distribution around the heavy fragment group
only, as the distribution is of course symmetric around mass number
118. The difference in the average total kinetic energy, between symme-
tric fission and the fission in which the heavy fragment has a mass number
around 130, is about 24 MeV. This value must be considered to be in
good agreement with the latest data from other laboratories. A list of
such values is given in Table 1. .

The signal-to-background ratio in the measurements presented in
figs. 4 - 8, as determined in the time -of-flight spectra from the Nal
scintillator, was less than 15%. This is the average value with no re-
ference to the gamma-ray energy. The signal-to-background ratio im-

proves with increasing gamma-ray energy, and as an example it may be



mentioned that it improves by about a factor of two when the gamma-ray
energy is changed from 0.4 to2.0 MeV (7). The signal-to-background

ratio for the uncollimated gamma radiation (fig. 2) was less than 1% (6).

4. DISCUSSION

4.1. General

The total kinetic energy of the fragments in uranium fission as a
function of the heavy mass group has, as is well known, low values for
symmetric and very asymmetric fission. The behaviour of this function
can be understood on the basis of the model introduced by Vandenbosch
(19) in which the rigidity of the fragments is an important parameter.
This model has been fully described in Vandenboschts paper and only
some of the most important features of it will be mentioned here.

One of the assumptions in fission theory is that the excitation energy
of the fragments just after scission is tied up in the form of deformation.
A rigid fragment, i.e. a fragment having closed or almost closed nu- .
cleon shells, is not able to take up so much deformation energy as mid-
shell fragments. If a certain fission event results in two rigid (spherical)
fragments one assumes that after scission the acceleration in their mu-
tual Coulomb field starts, as their centres are at a distance of about the
sum of the two radii from each other. A fission event may result in both
fragments being less rigid (more deformed) than in the previous case.,
After the break-up of the fissioning nucleus the fragments are probably
elongated, and they will start their acceleration with their respective
centres further away from each other than the spherical fragments will
do. The spherical fragments will acquire more kinetic energy than the
deformed ones, but on the other hand the deformed fragments will ob-

tain more excitation energy in the form of deformation. As one studies



all fragments along a fission mass spectrum, all possible energy combi-
nations between these two extremes will appear. The model is present-
ed here in a simplified form to give a physical outline of it, though a
better description, of course, includes such sophisticated features as
the acceleration of the fragments before the rupture of the neck between

the fragments has taken place.

4.2. The total fragment kinetic energy distribution

The study of the properties of the prompt neutron and gamma emis-
sion as a function of the sum of the fragment kinetic energy may cast
some light on the way in which the different forms of energy are dis-
tributed in fission, and thus be a way to test the Vandenbosch model.
The discussion must, however, start on the basis of what is known
about the distribution of the sum of the fragment kinetic energy as a
function of fragment mass. This distribution has its lowest values for
symmetric and very asymmetric uranium fission, while in californium
fission the same distribution has decreasing values as the asymmetry
increases. Symmetric fission in californium results in two rigid frag-
ments (A = 126), while in uranium the two fragments are less rigid
(A =~ 118). As the two distributions are "mirrored" around the respec -
tive symmetric fission, it is enough to study them around the heavy
mass peak. The values for uranium fission increase as one approaches
the mass number 132 (Z = 51, N =~ 81) and then decrease.

The dip in the average total kinetic energy curve in fig. 9, i.e. the
difference in the total kinetic energy at maximum and at symmetric fis-
sion, is 24 MeV. This value is somewhat higher than 21.2 MeV reported
by Signarbieux et al. (17), 21 MeV reported by Apalin et al. (14), but in

good agreement with 24 MeV by Schmitt et al. (16). Apalin et al. and
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Maslin et al. (18) discussed their respective results in some detail,
and came to the conclusions that some of their '"'spurious' events for
symmetric fission must be deleted, giving the respective results of 21
and 22 MeV. Signarbieux et al., on the other hand, used a different
measuring method in which the velocities of the fragments were included
as an additional parameter and which eliminated some of the difficul-
ties introduced by false events in the symmetric fission.

It should be emphasized that even though a well established value

of the energy dip is in itself a measure of the quality of the experiment,

it is not very important when fission gamma radiation is studied. The
measured intensity of the gamma radiation is often decreased by an

order of magnitude or more when using than when not using a collimator,
and consequently very few events are recorded for symmetric fission

in the collimator case (6). The number of these events is in fact so

few that it is very seldom possible to use them in the final analysis.

4.3, The prompt photon yield as a function of

the total fragment kinetic energy

Measurements of the prompt gamma radiation as a function of the
total fragment kinetic energy has not yet received much interest. Four
reports have been made of studies of the thermal fission of 235U (1. =3, 5)
and one of the spontaneous fission of 252Cf (4). Papers 3 and 4 became
known while the present paper was being prepared for publication. As
far as the study of K X -rays associated with the total fragment kinetic
energy is concerned (5), it gives some additional information about the
type of gamma radiation mainly involved.

The fission gamma radiation studied earlier (1 - 4) has been record-

ed without the use of a gamma collimator and consequently all prompt



gamma rays have been recorded. A yield function obtained in such a
way may be expected to be very different from the one obtained for a
specific time interval. This was also neticed when the relative number
of prompt photons as a function of fragment mass was investigated. The
same gamma radiation is involved in both cases, giving rise to a certain
type of yield as a function of fragment mass, and this must also mean
that there should exist a related yield as a function of the total kinetic
energy, as the two quantities, mass and kinetic energy, are interrelated.
The yield function in fig., 2 resembles that of prompt neutrons as a
function of the total fragment kinetic energy. This resemblance can be
understood on the basis of the similarity between the prompt neutron and
the prompt photon yields as functions of fragment mass, and if the under-
lying arguments are accepted (19). Fig. 2 shows the yield of the uncolli-
mated radiation. No observable fine structure is present, but only a
smooth variation with the total fragment kinetic energy. Fig. 3 looks
the same as fig. 2 for the greater part of the studied kinetic energy re-
gion. This is remarkable in view of the fact that the radiation studied
in fig. 3 concerns the part of the total prompt gamma radiation between
30 and 75 % in the accumulated yield curve (8) according to the collimator
setting in section 3 of the present paper. However, if the mass-dependent
photon yield curves are 'folded" around the respective symmetric fission
mass numbers, added up, and then plotted as a function of the heavy
mass group, one may assume that the fine structure of the original func-
tions would probably be smoothed out. This smoothing out would be due
to the fact that the low yields in one of the mass groups would often be
balanced by high yields from the partner fragment. A three-parameter
study is therefore of very great value, viz. a study of mass, total ki-

netic energy of the fragments, and the associated gamma-ray energy.
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In fig. 4 is plotted the variation of the prompt photon yield as a func-
tior both of total fragment kinetic energy and of fragment mass. As men-
tioned earlier one important parameter, the gamma-ray energy, is miss-
ing. Even though this parameter is essential when discussing the total
energy release, in the form of gamma radiation from fragments, one
can do without it in the first approximation if the studied time interval
after fission is chosen as close as possible to the scission time. As dis-
cussed earlier (6, 21), the "first" photons are of similar energy for all
fragments and their respective numbers are proportional to the energy
release by gamma radiation.

The curves of the relative yields in fig. 5 and 6 look different from
the yield curves of prompt photons as functions of fragment mass and
total fragment kinetic energy, respectively, and therefore figs. 5 and 6
deserve some extra attention.

In order to test the over-all functioning of the experiment,the respec-
tive integrated yield curves were calculated, the results of which are pre-
sented in figs. 7 and 8. There is no drastic difference in these curves as
compared to previous ones. One noticeable result in fig. 7 which differs
from those of earlier measurements is that the yield from the heaviest
light fragment may be unusually low. It must be pointed out, however,
that the absolute yields in this mass region were low and consequently
beset with large errors. Another feature which is not so well established
in this curve, but has been found previously (6), is the decrease in
yield for mass numbers above 150. This last point is, however, not so
important, as the collimator slit width is wider than used in (6). So the
general trend of the relative photon yield as a function of fragment mass
is, on the whole, as would be expected from the earlier reported measure -

ments.
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As regards the relative yield of the prompt photons as a function of
the total fragment kinetic energy (fig. 8), the only data available for com-
parison are those of figs. 2 and 3 of this work. They are the only mea-
surements in which a gamma collimator has been used. Once again it may

be said that no significant differences are observable.

The curves in fig. 5 are interesting from many points of view. First
of all they show no similarity with the saw-tooth curve as does the relati-
ve yield of prompt photons as a function of fragment mass. Recently a
study of the prompt neutron emission from 235U fission fragments has
been reported (18) which very clearly demonstrated the saw-tooth curve
for the yield of all neutrons, and also the same characteristics when
different total kinetic energy groups were considered. Very typical of all
these curves was that the first half of the saw-tooth stood out clearly.
One might then expect that a similar feature would appear in the yield
curves from the present experiment, but it does not. This expectation,
however, may be based on too far -reaching conclusions of the similari-
ties in some of the properties of prompt neutrons and prompt photons.

Fig. 5 shows readily that the highest excitations are found in the asym-
metric fission fragments, when the total fragment kinetic energy is low,
and that the maximum of the relative yield of prompt photons comes from
more symmetric fission fragments as the total kinetic energy increases.
Unfortunately the statistics in the yield from light fragments with mass
numbers above 108 is too low to give a fair detailed curve in this mass
region, but it would be interesting to know whether those fragments con-
tribute significantly when the total kinetic energy is below 160 MeV. In
the lowest energy region, below 151 MeV, there is a very distinct differ -
ence between the yields from fragments formed in symmetric and very
asymmetric fission. The fragment yield in this energy region is low,
though it is easily measurable, but the coincident gamma rays in the pre -

sent time interval are very few. The photon yield from fragments with mass
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numbers around 132 is very low, and when a fission event of this type
takes place, viz. fragments with A = 132 and 104, these fragments
are resistant to deformation, especially the heavy one, and so little
excitation energy will be gained (19). It is interesting to notice that in
the fission mode resulting in the fragment pair, A »~ 80 and A » 156,
the heavy partner has released many more photons than the light one;
and if the gamma-ray energies are not too different, this means that
the heavy partner has gained far more excitation energy than the light
one. It is known that the heavy fragment is easily deformable, and may
evern be deformed in its ground state. This directly reflects the same
situation as was observed in the study of prompt neutron and prompt
photon yields as functions of fragment mass.

Turning to the other extreme energy region, i.e. for the total kinetic
energy above 192 MeV, fragments with mass numbers around 132 and
their associate partners are studied. The prompt photon yield as a func-
tion of fragment mass demonstrates that only these fragments were ex-
cited, and once again it is clear that most of the energy has been imparted
to the light fragment, which is in accordance with earlier observations
of the prompt neutron and the prompt photon yields.

In general all the yield curves in fig. 5 fit into the above-mentioned
description.

Fig. 6 needs no specific explanation, as it is in agreement with fig.
5 and the discussion relating to it. The two figures are, of course, inter-
related, so there should not be any significant discrepancy between the

underlying assumptions for their explanations.



|

4.4. Comparisons with earlier reported neutron

and gamma yields in fission

Unfortunately there exist only few data of the prompt photon yield
as a function of the total fragment kinetic energy. K X-rays in coinci-
dence with the total kinetic energy from thermal fission of 2'35U have

25

been studied (5), but not in “cy fission. K X-rays and conversion elec-

trons from 252Cf fission should be possible to study and would give new
and interesting information about the decays of fission fragments.

The prompt neutron distribution as a function of the total fragment
kinetic energy has been studied by some physicists (18, 22). All results
are in agreement with one another and can be explained on the basis of
the Vandenbosch model (19) outlined above.

Figs. 2, 3 and 8 do not show any significant increase in photon yield
as the total kinetic energy decreases below 150 MeV. On the contrary
fig. 2 shows a plateau around 150 - 169 MeV. This result is in contra-
diction to the one shown in fig. 1 of ref. (2). The reason for this dis-
crepancy is not understood and more work is needed to clarify the
situation.

For comparison: one can again study experimental results on the
prompt neutron emission from fission fragments (18). It is hard to find
any significant increase in the neutron yield when the total fragment ki-
netic energy decreases below 150 MeV. Instead,the neutron yield shows
a decrease when the total kinetic energy decreases from about 150 to 135
MeV where a plateau is reached (18).

On the basis of energy considerations, a fission mode resulting in
two fragments with their total kinetic energy as low as 150 MeV or
less must signify very asymmetric fission. In the contour diagram in

fig. 4 there are very few gamma events from symmetric fission in
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a total kinetic energy region below 150 MeV. From fig. 5 a it can be
seen that the heavy fragment has carried most of the available excita-
tion energy and the reason for this has already been discussed. The
point is, however, that when the total fragment kinetic energy has values
below about 155 MeV the fission is very asymmetric. The lightest frag-
ments have very low excitation energies and thus low prompt neutron

and prompt photon yields. The heaviest fragments, on the other hand,are
highly excited, but in the studies of prompt photon yields one must take
into account the effect of the gamma collimator. The heaviest fragments
have been found to be slow gamma emitters and,by using a particular col-
limator setting, one may prevent a great deal of the gamma radiation
from being detected. Masiin et al. (18) suspected the possibility of de -
letion of some of their recorded events from symmetric fission, on the
grounds that they corresponded to energy degradation, although the cause
of the degraded energy remained uncertain. The data of Schmitt et al.
(16), however, support their idea.

Blinov et al. (23) have recently studied the dependence of the aniso-
tropy of fission neutron emission on the total kinetic energy of the frag-
ments in the fission of 235U by thermal neutrons. They came to the con-
clusion that, as the total kinetic energy is made larger, an increased
part of the emission of neutrons may take place at the instant of fission,
and the number of "evaporated' neutrons from the fragments may amount
to about only one half of the number of neutrons emitted at a total kinetic
energy of 190 MeV. Maslin et al. (18) made no distinction in their work
between '"'scission' and 'fragment' neutrons. If their yields of neutrons,
emitted by fragments in near-symmetric fisssion and at high total kine-
tic energies, were to be divided by two to get the actual number of "frag-

ment' neutrons emitted, there would be no more than 0.2 - 0.3 neutron
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from each fragment. This is a very low number. From figs. 6c and 6d
in the present work it can be roughly estimated that 1.5 - 2 photons are
emitted at a total kinetic energy of about 190 MeV. The total gamma-
ray energy released is therefore about 1 - 1.5 MeV. The slopes of
curves 6c and 6d are opposite to those for neutron emission (18). The
reason for this discrepancy may simply be that at these high total ki-
netic energies there is a small amount of excitation energy available.
Moreover, the fragments in the mass region 119 - 132 are quite stiff
and the total excitation energy may be around or even below the neutron
threshold, and so gamma emission will compete favourably with neutron
emission. As regards the light partner in this fission mode, it is more
susceptible to deformation, but nevertheless it may have acquired a
rather low excitation energy. Both more neutrons and more photons are
emitted at a total kinetic energy of 190 MeV than from the heavy frag-
ment, but the total excitation energy may still be so low that gamma
emission is a strong competitor for neutron emission also from the light
fragments.

In another recent work (24) Armbruster et al. have experimently veri-
fied that the initial spin distribution of the fragments depends on the mass
value and strongly increases in both mass groups. In the case of near-
symmetric fission the light fragment may have a value of ten units of angu-
lar momentum, whereas the heavy fragment has only five units. This fact
will at least not be in contradiction but support the arguments about the
neutron and photon yields in near-symmetric fission when the total kinetic
energy is high. The light fragment is able to have more initial excitation
energy andseven if it may be excited to an energy well above the neutron
threshold,the initial spin value of the fragment may be a hindering factor

for neutron emission.
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To sum up the situation as regards the differences in the prompt
photon yields for low total fragment kinetic energies as obtained in the
present investigation and in that by Val! skii et al., some experimen-
tal results from prompt neutron yields are in support of ours, but fur-
ther experiments are needed.

The available data from the K X-ray yield as a function of the total
fragment kinetic energy in 235U fission cannot be used tc compare the
results of this report, because even if the K X-ray yield function pro-
vides a test of the excitation energy of the fragments, the internal con-
version must also be considered.

To clarify the situation involved in fission giving rise to low total ki-

netic energies, data from 233U, 239}I-"u, and 25

ZCf fission are desirable
to see whether any possible variation with mass and related total fragment
kinetic energies can be found. The study of fragments in the mass region
A =115 - 135 is in itself very interesting, because depending on the fis -
sile nuclei used, one may get certain fragments which derive from sym-
metric fission in one case and from asymmetric fission in another. The

excitations of the fragments will differ according to whichever heavy

(or light) partner fragment is involved.

4.5. Estimate of the variations of the prompt gamma-ray

energy with the total fragment kinetic energy

Valrskii et al. (24) calculated the quantity

1

dEK Ey,tot

where E 1is the average energy of the prompt gamma rays from fission,

E_, is the total fragment kinetic energy and E is the total energy re-

K

lease of prompt gamma rays. In the case of uranium fission they obtained

'\/,tOt
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a value of - 0.0097 MeV-] , whereas the present investigation gives
- 0.0084 MeV_] , Which is within the uncertainty reported by Val!' skii et
al. The corresponding value from the study of californium fission is
- 0.0075 MeV ™.

The quantity

dE
aE.
o 2

is equal to - 0.068 in the present experiment and is a measure of the
rate of decrease in gamma-ray energy with the increase in total frag-
ment kinetic energy. This last quantity is more correct to use in compa-
risons between data from fissile nuclei which differ in total number of
prompt photons. Unfortunately this matter is not discussed by Val! skii

et al. (2, 4).

dE

y 1
S B et

on the other hand is a measure of the change in energy of the respective
photons with change in total kinetic energy.

The total gamma-ray energy decrease when the total fragment kine-
tic energy is increased from 160 to 200 MeV is about 2.7 MeV. A rough
calculation of the error of this value indicates that it should not exceed
0.4 MeV. A more precise determination of the error must wait till more
data are available on the numbers and energies of the photons in the diffe-
rent fission modes. One may argue that the present experiment has not
revealed any possible change or lack of change in the average energy per
photon. It is known, however, that a fission event resulting in such large
total kinetic energies has resulted in a fragment pair with mass numbers

around 110 and 126. According to Maier-Leibnitz et al. (9) this fission
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mode does not have any particularly large values of the total gamma-ray
energy, and the number of photons both from the light and the heavy
fragment is not unusual either. So it is reasonable to think that there

is an energy decrease per fission event in the form of gamma-rays of
about 2.5 MeV when the total fragment kinetic energy has increased by
40 MeV.

Unfortunately there are no new data of this type from 252Cf fission,
except one by Milton and Fraser (11), which is - 0.0029 MeV ™! ydn faie
agreement with the célcula.ted value of - 0.0042 MeV-] by Leachman and
Kazek (25). Both these values, however, seem to be doubtful, as they
use E = 4.0 MeV, which is much lower than the measured values of

'Y,tOt
around 9 MeV (8).

5. CONCLUSIONS

When studying the literature covering prompt fission gamma radia-
tion, it is a great surprise to find how little has been done so far to in-
vestigate the contributions to the energy balance of the fissioning nuclei.
Preliminary measurements of these kinds are among the easiest that can

be undertaken on fission gamma radiation and are as follows:

1. two-parameter recordings of the fragment mass and the total frag-
ment kinetic energies in coincidence with the uncollimated fission
gamma radiation and

2. two-parameter recordings of the total fragment kinetic energy and
the gamma-ray energy spectrum in coincidence with the uncollimated

fission gamma radiation.

These preliminary studies concern properties of the mass ratio,as

the gamma radiation is not collimated and one cannot directly tell which
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of the two fragment in a fission event has emitted the recorded photon.
The energy release in the form of fission gamma radiation is a
quantity of great interest in the study of the energy balance of the fissio-
ning nuclei, In order to obtain a measure of the total energy, the as-
sumption has often been made that the total gamma -ray energy of the
fragment is one half of the binding energy of the first neutron not emit-
ted after the prompt neutrons (16, 26, 27). This assumption may be
reasonable, but it is not satisfactory that a direct measurement has not
been tried. Even though a result of the total gamma -ray energy will be
beset with large errors, it will nevertheless be less uncertain than the
assumption mentioned above, and it will probably also show better how

the energy varies with the mass ratio.
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TABLE I

The difference between the maximum average kinetic energy and

that at symmetry.

Ref. no. Energy "dip"
MeV

(10) 2%
(11) 36
(12) 23
(13) 21
(14) 21
(15) 32
(16) 24
(17) 2142
(18) (33) 22*

Present work 24

* value in parenthesis observed in experiment, whereas the other value
obtained after a rather arbitrary deletion of the degraded events around
symmetric fission
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FIGURE CAPTIONS

Fig. 1 Block schematic of the electronic equipment.

Fig. 2 Relative yield of the uncollimated gamma radiation as a function

of the total fragment kinetic energy for EY <2 MeV.

Fig. 3 Relative yield curves of part of the collimated gamma radiation
as a function of the total fragment kinetic energy. The gamma

collimator was set to enhance radiation with half-lives of 10—]2

< T]/2 £85. 10-” s. The gamma-ray spectra were divided into
three consecutive pulse-height intervals in which the total number

of counts were added. Pulse-height intervals are: (a) 100 - 600

keV, (b) 600 - 1200 keV, (c) 1200 - 2000 keV.

Fig. 4 Contour diagram representing the distribution of recorded gamma
events as a function of the fragment mass and the total fragment
kinetic energy. The mass spectrum was recorded on 64 channels
and the total kinetic energies on 50 channels. The gamma collima-

tor was set to enhance radiation with half-lives of 10-12 < T]/2

Fig. 5. Mass-dependent yield functions of gamma emission for different
kinetic energy groups. Cuts in contour diagram fig. 4. Energy
groups are: (a) < 151 MeV, (b) 152 - 159 MeV, (c) 160 - 167 MeV,

(d) 168 - 175 MeV, (e) 176 - 183 MeV, (f) > 184 MeV.

Fig. 6 Gamma-ray yield curves as functions of total kinetic energy for
different mass groups. Cuts in contour diagram fig. 4. Mass groups
are: (a) < 89, (b) 90 - 103, (c) 104 - 117, (d) 119 - 132, (e) 133 -

- 146, (f) > 147.
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Fig. 7 The integrated gamma-ray yield from fig. 4 as a function of frag-
ment mass. Yield on a relative scale.

Fig. 8 The integrated gamma-ray yield from fig. 4 as a function of the

total kinetic energy. Yield on a relative scale.

Fig. 9 The total fragment kinetic energy as a function of mass of the

heavy fragment.
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DECAY CURVES AND HALF-LIVES OF GAMMA-EMITTING STATES

FROM A STUDY OF PROMPT FISSION GAMMA RADIATION

H. Albinss on*

ABSTRACT

Measurements were made on the time distributions of the prompt
gamma radiation emitted from fragments in the thermal-neutron
induced fission of 235U. The gamma radiation emitted during differ-
ent 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
fragments. In this way decay curves were obtained from which half-
lives could be estimated. Time components with half-lives of 7.5, 18
and 60 ps were found and their relative intensities were calculated.
Half-lives and associated intensities are in good agreement with ear-
lier data from uranium and californium fission.

Problems involved in this type of study are discussed. The colli-

mator technique has proved to be effective for determination of half-

lives down to less than 10 ps.

* Chalmers University of Technology, Gothenburg
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1 INTRODUCTION

The time distribution of the gamma radiation from fission frag-
ments has been studied in several experiments during the past fifteen
years. Results of photon yields in different time intervals after the
fission event have been obtained. It has been difficult, however, to
fit these results into one time distribution covering the first micro-
second of the life-time of the fragment. The disagreement might be
due to experimental difficulties such as contributions to the photon
yields from the prompt neutron emission and poor time resolution
when measuring decays within the first 100 ps after the fission event.
Another reason for the insufficient agreement between the earlier re-
sults could be that the gamma-ray energy ranges have been defined
differently. This latter argument is seldom put forward in the discus-
sion of the various results,

As far as the prompt gamma radiation is concerned about 75 % of
it is emitted within 100 ps [ 1] according to estimates by Maienschein
[2] and Johansson [ 3] . It has also been shown, however, that very
few of these gamma-rays are emitted before 1 ps [4, 5] . The prompt
radiation comes from a very large number of states and a first glance
at the integrated gamma-ray energy spectrum, from all fragments and
within 1 ns from the fission event, does not reveal any interesting struc-
ture. It is therefore notable that by use of collimator technique one can
resolve the spectrum into different energy and associated time compo-
nents. Johansson found radiation with a half-life of 20 ps in 252Cf
fission in the gross spectrum [ 3] , whereas 8.5 + 1.5 ps was found
in a study of thermal neutron induced fission of 235U [6] . Val® skii

et al. stated that most of the gamma radiation in uranium fission is



emitted within a time shorter than 50 ps [7] . Higbie reported a
half-life of 150 ps within the first manosecond after fission [8].
Spectra of the gamma radiation have been recorded in which,
which simple blocking technique, half-lives of several gamma lines
have been obtained [ 9, 10] . In an earlier reported work from this
laboratory okl gamma-ray energy spectra have been recorded in
association with different half-lives, resulting in further support for
the argument that the bulk of prompt gamma radiation consists of
collective quadrupole radiation [3] . The present report will discuss
the basis for selection of the different half-lives and how the actual
measurements were performed. In the present studies the collimator
technique has been used, and its significance for the time resolution
and possible improvements will be discussed. The time range covered
is from a few picoseconds to two nanoseconds, the higher limit being
imposed by the average time it takes for a fragment to move from the
fission foil to the fragment detector. Time-of-flight technique was
adopted in order to discriminate the prompt neutrons from the prompt

gamma radiation.

2 EXPERIMENTAL ARRANGEMENT

2o s Apparatus

Fig. 1 shows a block diagram of the electronic system used in the
present experiment. The details of the design and the system perform-
ance have been discussed previously [11] and therefore only some of
the specific features of the set-up will be briefly described.

A solid state detector of the surface barrier type was placed with

its active surface in front of the foil to measure the energies of the



fission fragments. The detector* was about 4 cm2 in area, fabricated
from 400 ohmcm n-type silicon and operated at about 70 V bias. The
distance between the detector and the fissile foil was 2 cmm. The gam-
ma detector was a Nal(T1l) scintillator from Harshaw, 10.4 cm long
and 13.0 cm in diameter, viewed by a Philips XP 1040 photomulti-
plier tube. The associated electronics, consisting of a pulse-shaping
unit and a discriminator, was coupled directly to the photomultiplier
tube socket and gave a fast leading-edge time pulse and a linear pulse.

A lead collimator, movable in parallel with the direction of the
detected fragments and also with a variable slit, was used to select
gamma radiation in different time intervals after the fission event.

The fissile deposit was 1 cmz in area and prepared by electro-
deposition on 100 ;,x,g/crn2 nickel foils, The thickness of the uranium
layer was about 100 p,g/cm2 in most runs.

It is very important in this type of measurements that the urani-
um layer and the nickel foil are thin and uniform. The fragment energy
loss has not been measured, but may be estimated to be no more than
3 MeV [ 12, 13] . It was found that an upper practical limit of less
than about 100 ug/cm2 was enough to get energy spectra of good qual-
ity in which not too much of velocity degradation was introduced.

The recording of time-of-flight spectra was often done in asso-
ciation with the gamma-ray energy. It would have been of interest,

however, to include simultaneous recording of mass spectra, but as

the available multichannel analyzer could handle only two parameters

at a time, the measurements had to be adapted accordingly.

* Type C7904 Heavy Ion Detectors supplied by ORTEC, Oak Ridge,
Tenn. , USA



The Nal detector was placed about 70 cm from the fission foil
and in a direction perpendicular to the direction of the detected frag-
ments (fig. 1), The main reason for using the time-of-flight tech-
nique was to discriminate the prompt neutrons from the fission gam-
ma radiation, but in this geometry it was possible to benefit from
the form of the angular distribution of the prompt neutrons. As is
well known, it is peaked in the direction of the fragments.

The data recording system was the same as in ref. 11, namely
a two-parameter analyzer, the memory of which was that of a small

computer, PDP-8/S.

2l Performance

With the help of the collimator for selection of gamma radiation
from different time intervals after the fission event, time-of-flight
spectra were recorded with the collimator in different positions. The
average velocity of the fragments is about 1.2 cm/ns. By estimating
the intensity of the gamma peak the intensity variation with the colli-
mator setting was obtained, i.e. the variation with time after fission.

Three main decay components have been found so far, having
half-lives of 7.5, 18 and 60 ps. They will be discussed further in
the following section. Measurement of the fastest radiation was rath-
er a mechanical than any other problem. The technique used and its
performance have been discussed in detail in an earlier report [11]
and a few of the main features will be mentioned here.

A great part of the prompt gamma radiation is known to have an
average half-life of less than 10 ps. As the fragments have velocities
of a little more than 1 ¢m/ns the choice of collimator depends on

which type of radiation is to be studied.



The foil had to be plane and its surface free from shrinkles. The
adjustment of the foil in its holder was made in a darkroom with
light falling through the collimator slit. The decay curve was ob-
tained from the time-of-flight spectra, which were recorded for
consecutive collimator settings controlled by a micrometer screw.
The actual setting of the collimator was done by moving the foil
holder, and the control by the micrometer screw was in fact done
on this holder. The foil holder is a light device, whereas the colli-
mator is heavy, weighing about 7 kg, Thus it is easier to perform
the settings on the holder. The changes in the solid angle from the
foil subtended by the fission detector through this operation may be
regarded as negligible.

The response curve for the collimator slit width of 0.5 mm is
shown in fig. 2. This curve has been calculated from the gamma de-
tector solid angles with a gamma-emitting source in different positions.
The curve was tested by using a source, and the results is shown in
fig. 2a by the points which fall on the theoretical curve. This is an
indication that the collimator worked as it should. The collimator
response function for fission fragment radiation is shown in the same
figure and clearly demonstrates that the fragments emit gamma radia-
tion long after they have left the foil.

One problem when performing these studies is to move the foil
""close' enough to the collimator without the gamma detector re-
ceiving radiation from both fragments, If the radiation is not well
enough collimated, but radiation from both fragments can reach the
detector, it is difficult with the present type of set-up to distinguish

which of the two fragments actually emitted a recorded photon. By



placing the gamma detector behind one of the fragment detectors or
close to a line adjoining them, one can analyse the gamma-ray energy
spectra by use of Doppler-shift technique and often say, with a great
probability, which fragment has emitted a particular gamma line.

The gamma detector must then be a Ge(Li) detector owing to its su-
perior energy resolution compared to that of a Nal-detector. It is

not possible, however, with Doppler-shift technique alone, to obtain
the half-life of the recorded radiation.

It is essential in the analysis of the gamma-ray energy spectra
to know the background distribution as a function of gamma-ray
energy. The background is best estimated by recording time-of-flight
spectra and from them estimating the background level [ U
time -of-flight spectrum for the gross gamma-ray energy distribution
gives an average value of the background. The spectra in the present
experiment were often recorded with a bias set at about 70 keV, and
all photons with energies above that level were recorded. By record-
ing a time-of-flight spectrum as a function of gamma-ray energy por-
tions, estimates can be obtained of the signal/background ratio for
the prompt fission gamma radiation with a particular collimator sett-
ing. In the present work this variation could only come from average
values in every gamma-ray energy portion. The present set-up was
run in tandem with a neutron crystal spectrometer. The background
level - taken over all gamma-ray energies above 70 keV - could vary
by a factor of 2 - 3 because of the angular variation of the monochro-
mator crystal, through which the reactor radiation (thermal and fast
neutrons and gamma radiation) was transmitted.

The time definition obtained by the collimator depends on the ve-

locity spread of the fragments, but also on the geometry of the colli-



mator. Some relevant numbers may explain the situation, which is
illustrated in fig., 3. The uranium sources used in the present work
have had a circular shape of 1 cm in diameter. The length of the colli-
mator (x) has always been more than 10 cm in order to obtain a good
reduction of the intensity of the radiation which penetrated the shield,
The gamma peak in the integrated time-of-flight spectrum was re-
duced to less than 5 % with a collimator of 10 cmm and more. The av-
erage gamma-ray energy of the integrated prompt spectrum is about
0.9 MeV, and there are about 8 photons on the average per fission
event [2] . It is therefore essential to have good shielding of the un-
wanted radiation. As will be readily understood, the time resolution
of the collimator in terms of geometry is improved the longer the
collimator. The length of 13.5 cm chosen in the present set-up is a
compromise between acceptable shielding of the unwanted radiation
and good time resolution. Table I gives some figures in connection
with fig. 3.

The actual measurements of the various time components of the
prompt fission gamma radiation are reported in the following section,
together with the collimator settings chosen., The accuracy of the half-

lives is about + 25 %.

2.3, Analysis of data

In quite a few of the earlier reported measurements [3, T, 8, 14]
an analysis of the data was made on the basis of decay functions of
the exponential form exp [- -\—:%] where v is the average velocity of the
fragments, x is the distance from the fission foil to the axis of the
collimator, and T is the lifetime of the radiation under study. The

gross radiation is a sum of a number of decay functions, one function
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for every half-life. The present experimental data have been analysed
with respect to one average velocity of the fragments namely 1.20 cm/ns.
It is well known, however, that the average velocity varies by a fac-
tor of almost two over the mass distribution. As regards the deter-
mination of half-lives, they are obtained from the change in the inten-
sity distributions with different collimator settings, and the average
velocity distribution should be practically the same within the first

2 mm of the flight path of the fragments. Determination of absolute
intensities for each collimator setting, however, requires a correc-
tion factor in which the velocity distribution is used. This correction
was also considered when the absolute intensities of the different time

components were calculated.

3% RESULTS

To measure life-times of the fission gamma radiation shorter
than 10-]0 s, the best method is to use the time-of-flight technique.
A flight path of 1 cm corresponds to a time interval of about 1 ns, and
a collimator slit width of 0. 1 mm will therefore correspond to 10-] : Se
By use of the accuracy of the micrometer screw it was possible to set
the collimator consecutively with points as close as 0.01 mm, corre-
sponding to a change of 10-]2 s in the time interval. In principle it
should therefore be possible to estimate half-lives of a few tenths of
a ps.

With a collimator opening of 0.25 mm the decay curve of the fis-
sion gamma radiation was that shown in fig. 4. The setting of the
collimator was performed in steps of 0.05 mm. Assuming a simple

exponential decay of the gamma radiation gives a calculated curve

best fitting the measured points and yielding a half-life of 7.5 ps.
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A collimator slit width of 0.5 mm gives the calculated response
curve presented in fig. 2. The decay curve of the fission gamma ra-
diation is plotted in the same figure. There is a remarkable struc-
ture on top of the curve, caused by the reduced intensity sensed by
the gamma detector due to scattering in the frame of the fission tar-
get holder as it just ''passes'' the collimator. Measurements of half-
lives depend only on one half of the decay curve; for instance, in the
case presented in this figure the right hand part of the curve is the
one of interest. After corrections for contributions from general
background and fission gammas of longer half-lives that part of the
decay curve is drawn in fig. 5. Assuming a simple exponential decay
gives a half-life of 18 ps.

Finally, in fig, 6 is shown the interesting part of the decay curve
yielding a half-life of 60 ps. The collimator slit width was here 1.0 mm
and the settings were performed in steps of 0.2 mm. The points in
fig. 6 are the net results, i.e. background from the componénts of
longer half-lives plus the general background have been subtracted.

To illustrate the variation in background as a function of gamma-
ray energy, fig. 7 has been included. As regards measurements of
gamma-ray energy spectra, this collimator setting represents a bad
case, as it is not optimized to enhance radiation of a specific half-
life, The reason for presentation of the figure is, however, to de-
monstrate the background variation. The average background as es-
timated from the time-of-flight spectrum was 47 %. The time=~of-flight
spectra were run, however, in the two-parameter mode, with gamma-
ray energy on the second axis. By summing up time-of-flight spectra
in energy portions, the background in the respective portion was ob-

tained and plotted in fig, 7. This figure clearly demonstrates the im-
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provements in the signal/background ratio as the gamma-ray energy
is increased, It is reasonable to assume that, if the counting rate
can be increased to something like 104 fissions/second, it would be
possible to perform a measurement of fission gamma-rays in an
energy region around 3 MeV and obtain a statistically acceptable
number of counts within a week. Compared to the present work this

means an increase in the fission rate by about a factor of 30,

4, DISCUSSION

In a recently published paper Skarsviag [14] obtained a half-
life of 80 ps in a time interval where the present experiment has
given 60 ps. In the present measurement when the longer-lived com-
ponents had not been subtracted, the decay curve of the raw data gave
T]/Z. = 80 ps. In an earlier experiment at this laboratory [8] a value
of 150 ps was obtained.

As regards the component with a half-life of less than 10 ps the
present experiment has yielded 7.5 ps, whereas 8.5 ps was obtained
by Armbruster et al. [6] . A value of 18 ps was then obtained in the
present study for a slower component. A similar value was also es-

25200 Pieston

timated from Johansson's study of
As was reported elsewhere [15] , the respective half-lives and
their associated yields of the bulk of gamma-rays strongly indicate
that a very great part of the prompt fission gamma radiation consists
of collective quadrupole radiation. It should be noted, however, that
further measurements are required in order to draw a final conclu-
sion about the multipolarity of the radiation consisting in studies of

X rays and conversion electrons as well as time distributions of

the gamma=-rays. As regards the fastest components of the prompt
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gamma radiation, they are not so easily converted as are the slower
ones with half-lives of 50 ps and more. This is due to the larger
energies associated with the faster components compared to the
slower,

There are a few factors affecting the resolution of the gamma
peak in the time-of-flight spectra, most of which have been discussed
elsewhere [ 11] . One factor which was not discussed is the spread
in the time resolution brought about by the geometry of the gamma
collimator, the extensions of th¢ solid state detectors and the fission
foil, and, moreover, that the two latter components are located rath-
er close to each other. Fig, 8 illustrates the problem. The uncertain-
ty depending on this will introduce an error in the absolute intensity
determination of less than 30 %. The half-life determination, however,
is not much affected, since it depends on relative measurements of
the intensities.

‘The error in absolute intensity can be reduced by placing the frag-
ment detector further away from the fissile foil or by using a smaller
detector. With the detector further away the time resolution of the
gamma peak in the time-of-flight spectrum will be reduced, so a
smaller detector is therefore the better choice. As regards problems
related to the time resolution of the gamma peak in the time-of-flight
spectrum they have been discussed earlier [ 11] .

The estimates of the absolute intensity of the different components
of the prompt gamma radiation are important to know in the study of
the energy release of the excitation energy of the fragments. As re-
gards the prompt components of half-lives of 7.5 and 18 ps it is pos-
sible to obtain a fairly good estimate of that energy release since the

photons of these half-lives have similar energies within each com-
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ponent. It should be noted, however, that the average energies of
the photons of half-lives around 60 ps vary strongly from one mass
region to another. Therefore it is not possible to obtain a very good
estimate of that energy release by simply multiplying the average
number of photons by their average energies, but in the absence of
any detailed results of these particular gamma-rays, this may
therefore be the only method to use.

The average intensities of the various time components given
in per cent of the total fission gamma radiation within the first
nanosecond after scission are as follows: 35, 25 and 10 % for the
respective half-lives of 7.5, 18 and 60 ps.

Johansson [ 3] stated that 55 = 65 % of the prompt photons are

emitted with a half-life of about 10_” s in 252

Cf fission, That value
may be an average of the 7.5 and 18 ps found in the present measure-
ments, if a slightly different collimator was used. The sum of the

relative intensities of these two components is in fair agreement

with that obtained for the 10 ps component in 252Cf fission,

5% CONCLUSIONS

Measurements of the time distribution of the prompt gamma
radiation from fragments in the thermal fission of 235U have given
half-lives of 7.5, 18 and 60 ps, and the relative intensities of these
components are 35, 25, and 10 % respectively. The collimator tech-
nique has proved to be effective for determination of half-lives down
to less than 10 ps. The half-lives determined agree well with those

obtained at other laboratories.
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TABLE I

For notations, see fig., 3

x (cm) d (mm) a (cm) y (mm) Q (10-4 sr)

4 1.0 4 1 1.69

3 1.0 4 0sh 1..23

20 0..5 4 0.1 0.307

40 0.5 4 0.05 0.165

1.3. 5 1.00 1.60 0.118 0.985

¥3. 5 0.50 1.60 0.059 0.493

13.5 0.25 1.60 0.030 0.246

1.3.5 0.15 1.60 0.018 0.148
(2 = the largest solid angle in each case in which a fragment is

visible through the collimator.

y = the minimum distance between the foil and the nearest edge

of the detector at which only one fragment can emit radiation

through the collimator.



Fig. 1

Fig, 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8
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FIGURE CAPTIONS

Block schematic of the electronic equipment.

(a) The response curve for the 0.5 mm collimator for a
60Co source. The line is the calculated response. (b) The

response function for fission fragments with the same

collimator.

The collimator geometry drawn to illustrate the figures
given in table I and the factors affecting the time resolu-

tion.

The decay curve of the fission gamma radiation obtained
with the 0.25 mm collimator. The value from each setting
has been corrected for background from components of
longer half-lives and general background. Assuming a sim-

ple exponential decay yields a half-life of 7.5 ps.

The decay curve of the fission gamma radiation obtained

with the 0. 50 mm collimator. T]/2 = 18 ps.

The decay curve of the fission gamma radiation obtained

with the 1.0 mm collimator. T]/2 = 60 ps.

Background levels in different gamma-ray energy portions
with a 1.0 mm collimator located with its nearest edge

about 1 mm from the foil.

An illustration of two extreme flight paths of the fragments
and the corresponding distances they are visible in the col-

limator,
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