Z. Phys. A 356, 299-308 (1996) ZEMTSCHRIET
FUR PHYSIK A

© Springer-Verlag 1996
Higzhz-ce::nergy gamma-rays accompanying the spontaneous fission
of #>°Cf

A. Hotzel*2*, P. Thirolf2** Ch. Endert?, D. Schwalm-2, M. Mutterer 3, P. Singef, M. Klemens?, J. P.
Theobald®***, M. Hessé, F. Gonnenweirf, H. v. d. Ploe@

Max-Planck-Institut @ir Kernphysik, D-69117 Heidelberg, Germany

Physikalisches Institut, Univergit Heidelberg, D-69120 Heidelberg, Germany

Institut fur Kernphysik, Technische Hochschule Darmstadt, D-64289 Darmstadt, Germany
Physikalisches Institut der UniveraitTubingen, D-72076 @ibingen, Germany

Institut de Physique Nucleaire, F-91406 Orsay Cedex, France

a s W NP

Received: 19 July 1996
Communicated by B. Povh

Abstract. The ~-ray spectrum of?®2Cf(sf) was measured events with fragment mass splits near symmetry show a

in the Darmstadt-Heidelberg Crystal Ball spectrometer, withenergy spectrum with a pronounced bump between 3 and 8
a double ionization chamber mounted inside to detect theMeV, which will be referred to as the "high-energy com-
fission fragments. The measurement was aimed at a beponent” or simply as the+-bump” in the present article.
ter understanding of an unusual component found in thdn a later experiment [2] the intensity of thebump was
high-energy region between 3 and 8 MeV, with fragmentfound to be maximal for mass splits around 120:132 rather
mass splits near symmetry. This component was proved tthan for symmetric fission. In order to gain further infor-
be predominantly emitted by the heavier fragment, to reachmation on the mass dependence, heavy-ion induced fission
its highest intensity at a fragment mass split of 132:120,reactions with different compound nuclei were studied [3].
and to have an almost isotropic angular distribution. Calcu-n all studied reactions a bump in thespectrum was found
lations with the statistical code CASCADE could reproducefor fragment masses around 132, while the masses of the

the main features. complementary fragments varied according to the mass of
the compound nucleus. Moreover, the mass distributions of
PACS: 25.85.Ca the v-bump showed widths which were strongly correlated

to the N/Z ratio of the compound nuclei. These findings
pointed to the shell closures at Z=50 and N=82 as the cause
of the high-energy component. On the theoretical side, the
) strong mass dependence of thdump has triggered several
1 Introduction suggestions as to the origin of this rather intense high-energy
o ] o ] ~v-component. Gissel et al. [1] and later Brosa et al. [4] sug-
In a fission reaction, the majority gfrays are emitted by the - gested that thesg-rays might be emitted in the contraction
excited fragments after the end of neutron evaporation. Theyf the nascent fission fragments connected with the so-called
fall into two categories, com.m(_)nly called thg stansucgl and”superlong" fission channel, which mainly leads to symmet-
the discretey-rays. The statistical-rays originate mainly yic fission and results in very strongly deformed fragments.
from electric dipole transitions, and carry away most of thepomorski et al. [5] speculated that the enhancement might
remaining excitation energy of the fragments. Their energyresult from large amplitude vibrations excited in the fission
spectrum is of the for' (£,) o E,” - exp(—E,/(kT)),  products during the scission process. On the other hand, Hof-
with 3 < = < 4. The discretey-rays originate mainly from  man et al. [6] claimed that the observed enhancement of the
electric quadrupole transitions along the yrast sequence of.gpectra could be understood within the statistical model
the fragments; they carry away most of the angular momenpy, taking into account the different fragmentation energies,
tum of the fragments. They lead to an enhancement of ththough the agreement between the calculated and the mea-
v-energy spectrum in the region below 1.5 MeV. Thus thegreg spectra was rather poor.
v-energy spectrum observed in a fission reaction shows an |, order to get more detailed experimental information on

exponential decrease above 1.5 MeV which continues up t?hey-bump and its possible origin, an improved experiment

energies greater than 8 MeV, where the onset of the GDRy the properties of theserays in the spontaneous fission
again leads to an enhancement of the spectrum. of 252Cf seemed desirable.

In 1988, a striking exception to this general trend was
found in the spontaneous fission BfCf [1]. There, fission

* Present address Fritz-Haber-Institut der MPG, D-14195 Berlin, 2 Experimental method
Germany
** Present address Beschleunigerlabor der Ludwig-Maximilian- . .
Universit Minchen, D-85748 Garching, Germany The experimental setup consisted of two-detectors, a dou-

*** Deceased ble ionization chamber to detect the fission fragments and



300

the Darmstadt-Heidelberg Crystal Ball. The crystal ball specproportional to the number of electrons produced during the
trometer has been described in detail elsewhere [7]; it iddeceleration of the fragments and thus proportional to their
a 4r-detector made of 162 Nal-scintillator crystals, which kinetic energies. From momentum conservation, the ratio of
form a sphere with an inner diameter of 50 cm. The crys-the primary fragment masses is inversely equal to the ratio
tal ball served asy-ray detector with high efficiency and of the kinetic energies. However, the measured kinetic en-
angular resolution. ergies are reduced and smeared out by neutron evaporation.
The correction for this effect was carried out with data tables
listing the mean neutron multiplicity as a function of frag-
2.1 The double ionization chamber ment mass and total kinetic energy (TKE) [8]. Throughout
this article, the mass valued refer to the fragments be-
For the detection of the fission fragments, a double ionizatiorfore neutron evaporation, unless otherwise stated. The TKE
chamber (DIC) was built into the crystal ball. The outer wall values refer to the fragmenédter neutron evaporation.
of the DIC was made of 1 mm aluminum and had an almost
spherical shape with a diameter of 30 cm. It was filled with

methane at 570 torr. 100 ——
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Fig. 2. Energy—time spectrum of one anode (see text). The origin of the

Fig. 1. Inner setup of the DIC. Conducting areas are black. The AHaf } ; X o i
time scale is arbitrary. Logarithmic contour lines (powers of 10)

source was mounted in the hole in the center of the cathode

Figure 1 shows a sketch of the inner setup of the DIC. It ~ Figure 2 shows the energy—time spectrum of the anode
consisted of 5 round disks with a diameter of 15 cm mountedPn the backing side (this term refers to the backing of the
on ceramical rods. The middle disk was the cathode, to eaci™°Cf source, as opposed to the source side). For the energy
side of which a Frisch grid and an anode plate were mountedealibration, time cuts were set in the two-dimensional spec-
The cathode consisted of a printed circuit board of 1.6 mmitrum, and the maxima of the resulting energy distributions
thickness with a central hole of 16 mm diameter. The twowere identified with the most probable kinetic energy values
sides of the cathode were subdivided into four quadrant®f the heavier and the lighter fragment, taken from the liter-
and a central ring each; while the 8 quadrants were read owture [9]. With these data points, a linear energy calibration
individually, the two rings were connected and processedvas performed, where the two calibration parameters were
together. The?>2Cf source had a diameter of 5 mm and a allowed to be functions of the anode tiriie
fission activity of 400/s. It was mounted on a thin back-  The two parallel ridges in Fig. 2 correspond to the most
ing (30 ug/cn? Al,Os, with 10 pug/cn? Au evaporated onto  probable kinetic energies of the heavier and the lighter frag-
both sides) in the hole in the center of the cathode and wagent, the latter having the higher energy. The bottom edge
electrically connected to the central ring. The whole setupof the spectrum (large negative anode times) is formed by
was reflection symmetric to the cathode plane and, with theevents with fission axes in the direction of the symmetry
exception of the segmented cathode, axially symmetric.  axis, i. .6 = 0°. Its energy dependence reflects the fact that

The operating principle of the chamber is as follows: lighter fragments with higher kinetic energies have longer
At fission, the two fragments recoil with roughly 4% of the tracks. The top edge is formed by events with: 75°. At
speed of light into the two opposite hemispheres. The ki-this angle, scattering on the cathode sets in (on the source
netic energies of the fragments are converted into ionizatiorside, there is practically no scattering up tto= 90°, be-
energy, and the fragments stop before reaching the Frischause the thin source was mounted in the plane formed
grids. The free electrons start drifting towards the anode®y the source side of the cathode). The scattered particles
and induce the common “start” signal in the central sectorsuffer energy losses and their tracks are shortened, so that
of the cathode. The anode time signals are caused by the firfiese events are accumulated in the upper left corner of the
electrons which pass the Frisch grids and are thus linearlgnergy—-time spectrum.
dependent on both the lengths of the fragment tracks and the For thef-calibration, a linear dependence betweeen the
cosine of the polar anglé. The anode energy signals are anode time and caswas assumed. The (energy dependent)
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time values ford = 0° andf = 90° were obtained directly of an individual Nal crystal, which determines the accuracy
from the spectra (the time values fér= 90° could be de-  with which the direction of ay-quant can be measured.
duced on the source side only; the values for the backing The coincidence of a signal from the central cathode sec-
side were extrapolated). tor (where the threshold was set above the signal amplitudes
Thus not only the two fragment energies, but also thecaused byr-decays) with at least one signal from the crys-
polar angle of the fission axis could be determined from thetal ball was required as a trigger. The main measurement
anode signals. For the determination of the azimuthal angl¢asted 5 days, with an average event rate of 240/s. After the
¢ of the fission axis, the four outer sectors on each side ofntroduction of all cuts, 33- 10’ "good” events remained.
the cathode were used.

2.2 Mass and TKE spectra

Figure 4a shows the measured fragment mass — total ki-
netic energy (TKE) distribution. The mean value and the
variance of the TKE show the well-known fragment mass
dependence [8, 9]. As overall TKE cuts seemed inappropri-
ate to investigate the TKE dependence of{k&pectrum, we
introduced fragment mass dependent TKE cuts: The mass—
TKE plane was divided into 4 regions, as seen in figure
4a. The boundaries correspond to the mean TKE (central
boundary),+fwhm/2 (upper and lower boundary) as func-
tions of fragment mass. The fwhm of the TKE distribution

Fig. 3. Determination of the fission axis from the cathode signals was calculated with the formula
The principle of the angle determination with the cathodefwhm =v8-In2- A 2

is sketched in Fig. 3: The energy signals of the outer sectors _ _ S
depend on the orientation of the fission axis, i. e.foand ~ Where A? is the variance of the distribution.
¢, and also on the kinetic energy of the fragment. From the  The TKE regions were numbered 1 to 4 with increasing

heights of the signals; of the cathode sections(i =1, ..., TKE. All TKE cuts in this work refer to these regions.

8), the quantitiesyy3 and ¢24 for the backing side, as well Figure 4b shows the measured mass distribution. The
asgs7 andgeg for the source side of the DIC are calculated, mass variablet, refers to the fragment detected on the back-
which are defined by e. g. ing side of the DIC. Here — and whenever statistics permitted

g — mass symmetry of the spectra was not imposed but used
L (1) as a test for the symmetry of the experimental procedure.
S1+ 53 The measured mass spectrum has a peak-to-valley ratio of

where the sectors 1 and 3 lie on the same surface of thd2- Mass and TKE spectra are in very good agreement with

cathode, but opposite to each other; the other quantities ai€Vious measurements [8, 9]. _ _
defined accordingly. The four quantities depend not only The mass resolution was determined experimentally with
on the orientatior, ¢ of the fission axis, but also on the lat- the help of the fission produg“Te, in which an isomeric
eral position of the fissioning nucleus in the extend&gf  State is populated which decays via a-Gascade with a
source. However, since the effect of the latter on the "sourcéalflife of 160 ns [11]. Figure 4c shows the fragment mass
side” quantities;sz, ges is Opposite to its effect on the "back- SPectrum gated on th€Te-lines taken with a delay time of
ing side” signalsqiz, go4, this influence can be minimized = 100 ns (after background subtraction). The peaks occur at
by an appropriate averaging procedure of the four quantitiesds values of 135 and 252-135=117, i. e. they are shifted by
Using furthermore a calibration procedure based on specifid mass unit, which agrees well with the average evaporation
f-values determined via the anode signals and by exploiting®f 1.2 neutrons preceding the formation'8fTe [12]. The
the cathode symmetries and the isotropic distribution of fis-Widths of the two peaks yield a fragment mass resolution of
sion directions, the azimuthal angeis obtained, as well as 5.0 (fwhm).
an independent value for the polar angléor more details The finite mass resolution is caused by two effects, which
see [10]). For smaW, thed-values given by the cathode are are of the same order of magnitude. One is due to the energy
more accurate than the ones taken from the anodes. In th@solution of the DIC, the other due to the neutron evapo-
final analysis a weighted average of the tdwvalues was ration. With an estimate for the latter contribution, the TKE
used. resolution could be deduced from the mass resolution. The
Because of the scattering of the fragments on the backingesulting relative value is 4% (fwhm).
side of the cathode, &cutoff was introduced. Only events The mass resolution itself is TKE-dependent. Its fwhm
with 8 < 66° were accepted, which still corresponds to a decreases from 6.1 to 4.2 when going from region 1 to region
solid angle of 06 - 47. Within this solid angle, the fission 4, as was determined with the help of théTe lines. The
direction is determined with a resolution better thar? 12 improvement with increasing TKE is expected as the mean
(fwhm). This has to be compared to the opening angle &f 18 neutron multiplicity decreases.

q13 =
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e H N B sufficient amount of energy, the Nal time signal is pushed
out of the prompt region and therefore does not contribute

= to the measured-spectra (for a detailed discussion see [13,
o 200 14]).Thus the parameters of the summing correction had to
= be chosen carefully. In particular, the exact choice of param-
Ll ; eters was crucial for the angular distribution of the corrected
%E 150 spectra, whereas it had only a weak influence on the energy

e T spectra, and particularly on the differences of the energy
L s sy spectra for different fragment mass splits.

The spectra were also corrected fery-summing. How-
ever, the influence of thg-y-summing on the form of the
spectra was small.

A global correction for the absolute detection efficiency
was not generally performed, because the deconvolution pro-
7 cedure can introduce systematic errors in domains of weak
statistics. Some selected deconvoluted spectra will be shown
7 in Sect. 4. Since the absolute efficiency is a smooth function
of they-energy, and the same for all kinds of fission events,

0.0 : — : : it can be neglected in the direct comparisonyedpectra. For
200 7T T T comparison with calculated spectra, however, the measured
~-spectra had to be deconvoluted with the response matrix
of the crystal ball. This matrix was created by a GEANT
simulation of the bare crystal ball und renormalized accord-
ing to the full energy peak efficiencies of the actual experi-
ment, which were taken from the calibration measurements.
Moreover, the differences in efficiency between the individ-
ual v-detectors had to be removed in order to determine the
angular distribution. The relative efficiencies were directly
deduced from the data of the main experiment. This was
possible because the DIC covered practically 100% of the
total solid angle when requiring only one correctly detected
fragment; only events with fission axes lying very close to
Fig. 4. aFragment mass—-TKE distribution. The dotted lines are the bound-the cathode plane were lost. Thus the total ensemble of the
aries of the TKE regions labelled 1 to 4 (see also text; logarithmic contourrecorded events represents an isotropic distribution of fission
lines - powers o_f 1Q)I_3 Frag4men_t mass distribution (all TKE) Mass spec- axes and thus of-rays. From this, the relative detector effi-
trum, gated on individuat®*Te-lines from the decay of an 160 ns-isomer. ciencies were determined, which in turn yielded the relative
The mass variable refers to the fragment detected on the backing side o . . .
the DIC detection efficiency as a function ofenergy, and of the

angle with the fission axis. The relative efficiency correc-
tion was carried out after the summing corrections had been
2.3 Analysis of the crystal ball data made.

Counts,qgs
126

A

1500

1000

Counts

500

The Nal-detectors were calibrated with varioysources,

and with the aid of the two inelastic scattering reactions3 Experimental results

12C(p,p")t2C* and®O(p,p’)'80*, using standard procedures.

The neutron signals were clearly separated from+ttray 3.1 Fragment mass dependence and spectral shape

signals by time-of-flight. However, serious problems wereof the high-energy component

caused byy—neutron summing, i. e. by double hits of the

Nal-detectors byy-quants and neutrons from the same fis- Figure 5 showsy-energy spectra observed for different frag-
sion event. In this case, the energy signal of the detector coment mass splits. The spectra were normalized according to
responds to the sum of theand the neutron energy, while the number of fissions recorded with the respective mass
the time signal may still be in the "prompt” region, indicating split. The mass valued, at the right-hand side of the spec-

a y-event. Despite the large granularity of the crystal ball,tra refer to the fragment masses measured on the backing
this effect was quite strong for-energies above 4 MeV, and side of the cathode. Spectra of complementary mass splits
at 7 MeV, 70% of the raw-spectrum were summing events. are placed side by side. The requirement of fragment mass
Moreover, it dominated the angular distribution at higher symmetry is well fulfilled. As a reference, the spectrum for
energies, as the neutrons are strongly focussed in the direthe fragment mass region 106-108 is superimposed on all
tion of the fission axis. Individual summing events could not other spectra (dotted line). All spectra for fragment mass
be discriminated. Therefore, the measusedpectra had to  splits with 4, < 114 or A, > 138 are very similar. The

be corrected for this effect by an iterative folding procedure.high-energy component starts to rise up for fragment mass
This was complicated by the fact that whenever the neutrorsplits with 4, around 114-116 (it should be remembered,
arrives within the CFT delay time of 50 ns and deposits athough, that the mass resolution has a fwhm of 5.0). The
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- trum for the fragment mass region 106-110 (or 142-146).
E] 1u6-148 All events which fulfill the given fragment mass conditions
are included, no matter which fragment was detected on
| 14a-150 which side of the cathode. The-bump starts around 3—4
MeV and terminates around 8 MeV. (Note that 8 MeV is

104-106
108 ™ 102-104

ii2| 150-152

10° 1100102 approximately the amount of excitation energy taken away
o 1] og-100 ol 152-154 by an evaporated neutron). Arourdd, = 6 MeV the en-
, hancement of they-spectrum by they-bump amounts to
102 ) 9608 | 154-156 almost one order of magnitude.
> . ] Gamma-spectra deconvoluted from the response matrix
10° R 5 948 Ly 156-158 of the crystal ball, as discussed in Sect. 2.3, are shown in
7. - Sect. 4.
107 He s R Figure 7 shows integrals of thespectrum for different
0 Tl 90-02 T t60-62 energy ranges as a function of the fragment mégsEach
T If channel is normalized according to the number of fissions
10¢ N - ) A L e2-164 recorded with the respective mass split. Vertical bars denote
0 2 4 & 8 1 statistical errors. Aty-energies below 3 MeV and above 8
E; MeV] E; MeVl MeV, no characteristic fragment mass dependences are visi-

ble. The high-energy component obviously starts around 3.5
Fig. 5. Normalized ~v-energy spectra for different fragment mass splits MeV; between 4 and 8 MeV, its fragment r_nass distribu-
scaled up by factors of 1, 100, 10000, etc. The it dotted line shows thion has the shape of two overlapping Gaussians centered at
spectrum observed for 106 A4, < 108 120 and 132, respectively, which sit on top of an almost flat

background of statisticaj-rays. Also for extremely asym-

metric fragment mass splits, beyond the ratio of 160:92, the
bump is most pronounced for fragment mass splits with  y-spectrum is enhanced between 4 and 8 MeV, though not
between 120 and 122, or 130 and 132, respectively. For thesas dramatically as for mass splits near symmetry.
mass splits, the-spectrum seems to be further enhanced by  The distributions displayed in Fig. 7 are not corrected for
a second, narrower bump centered at approximately 4 MeVthe absolute detection efficiency. In Fig. 12 of Sect. 4, we
This might be due to transitions in the doubly magic nu-show the integral from 3.5 to 8 MeV of the-spectrum, de-
cleus32Sn, which has a high-lying first excited state at 4.04 convoluted from the crystal ball response matrix, as a func-
MeV. Roughly 10% of the fission products with mass 132tion of fragment mass. For the deconvolution procedure, the
are32Sn nuclei [12]. ~y-spectrum was symmetrized in the mass dimension, i.e. no

Shape, magnitude, and mass dependence of the highlistinction was made which fragment was detected on which
energy component are in excellent agreement with the preside of the cathode. Each channel in Fig. 12a was normal-
vious crystal ball results [1, 2]. ized according to the number of fission events recorded with
In Fig. 6 we show the energy spectrum for the fragmentthe respective mass split.

mass region 118-122 (or 130-134), where the high-energy The resulting mass dependence of thenultiplicity is
component is largest, together with a typical "ordinary” spec-still smeared out by the finite fragment mass resolution of
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— centers:A =120.2 , 131.8

nf E, <1 Mev : 1-2 Mev — width (fwhm): AA =6

| ] I ] — height: 0.40y/fission
; M—» e TY — background of statisticaj-rays: 0.20y/fission.
0 L . L Thus 40% of the fission events with a primary mass split
oS O of 132:120 are accompanied by an additional high-energy
0s[ 2 -3 MeV 4 oosf 3 - 35 Mev v-quant. Assuming the-rays to be emitted after neutron

evaporation and taking into account the mean neutron multi-
plicities from [8], the maxima of the distribution correspond
to the masses 117 and 131, respectively.

3.2 TKE dependence of the high-energy component
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Fig. 8. Normalized integrals of they-spectrum from 3.5 to 8 MeV, as

. . . . functions of fragment mass, for the TKE regions 1 to 4 defined in Fig. 4
Fig. 7. Normalized integrals of the-spectrum over different energy ranges

as a function of fragment mass (see text)
Figure 8 shows the integrals of thespectra between 3.5

and 8 MeV as functions of the fragment maksfor the four

TKE regions defined in Fig. 4. Each channel is normalized
5.0. In order to get the parameters of the real mass depenyccording to the number of fission events with the respective
dence, we proceeded in the following way: The unnormal-mass split and TKE. Both the double hump and the smaller
ized integrals of the deconvolutegspectrum were deter-  eppancement for extremely asymmetric fragment mass splits
mined as a function of fragment mass. A background pro-re found in all four TKE regions. The mass dependence of
portional to the measured fragment mass yield, adjusted g high-energy component is similar in the TKE regions 1
the mass region 105-110, was subtracted. The re.sulting Uy 3, only between region 3 and region 4 it decreases by a
normalized fragment mass dependence of the high-energyctor of 3/4. On the other hand, the width of the distribution
component was then described by two overlapping Gausgecreases by a factor of 2 between region 1 and region 4
sians, and analytically corrected for the mass resolution ofthe TKE-dependence of the experimental mass resolution is
5.0. Moreover, the measured fragment mass spectrum (s§fgligible in this context).
fig. 4b) was corrected for mass resolution by an iterative The rather weak TKE dependence does not support a

unfolding procedure. Fmall_y, the corrected, unnormahz:.adC nnection between the high-energy component and the
mass dependen'ce of the _hlgh—energy component, descnb(% ape of the fragments at the scission point. Judging from
by two overlapping Gaussians, was divided by the unfolde he TKE data, it seems more likely that this component is
fragment mass spectrum. emitted after the equilibration of the fragments, and even

As a result, the above analysis yields the mean multiplic-after neutron evaporation has taken place. This allegation is
ity per fission event of bump-rays with an energy between also backed by the fact that the upper energy limit of the
3.5 and 8 MeV as a function of fragment mass. This mass debump is approximately equal to the energy needed for the
pendence of the-multiplicity could again be well described evaporation of a neutron and by the findings described in
by two symmetric Gaussians, with the parameters: the following subsection.
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3.3 Effective velocity and angular distribution The assumptions leading to equations (7) and (8) are
of the high-energy component well fullfilled: The fragments are slow enough to justify a

) ] ) ) ] limitation to first-order terms in3. Moreover, from parity
Two different kinds of information can be derived from the ¢onservation, it is ensured that the partial spectra of the frag-

angular distribution of the-rays with respect to the fission ments are, in the respective rest frames, forward—backward-
axis. On the one hand, the angular distribution is Doppler-symmetric with respect to the fission axis.

shifted as a consequence of the motion of the fragments. In the case of spontaneous fission, there is not only one
The magnitude and the sign of the mean Doppler shift Ofemittin nucleus, but two fragments moving in opposite di-
the 5-spectrum depend on the relative contributions of therectiong Identifyin the ositigve Z-axis Withgthe diegction of
two fragments, which can thus be deduced. On the othe : 9 P

hand, the form of the Doppler-corrected angular distribution{mhggg%??d?_r]smé’(:g Sr.n(;)nziiﬂzl?ni(;/ral:cejtg(fj Zilltggr;g[srsatleof
is determined by the multipolarities of the transitions which P b 9

the angular correlation functions of the two fission products
cause they-rays. ; . : .
I . . . . in their respective rest frames. Moreover, an effective veloc-
This information was deduced in the following way:

\ | ; . ) 77 ity Begf. can be assigned to thespectrum, by inserting the
Consider /a_y quant emitted with an energy and a PO"  otal measured spectrum fof in formula (8). The value of
lar anglef’ in the rest frame of the emitting nucleus which B will vary for different ~-energy regions according to
is moving in positive z-direction. This-quant is measured . eff. y J gy reg 9

to have the energg and the polar anglé in the laboratory the relative contributions of the two fragments to the spec-

. . S trum at thesey-energies. The valuggss must lie between
system which are given by the relations: " et T
the two fragment velocities, and in the limiting case of all

E'=(1—-p3-cosh)-E (3)  ~-rays coming from the same fragment, must be equal to
cost’ = cosh — 3+ 3 - cog b (4) the velocity of this fragment. Note that the fragment on the

where (3 is the velocity of the nucleus in units of ¢, and source side has, by definition, a negative velocity.

only first-order terms ing are kept. Thus the/-spectrum

Y'(E’,cos®’) in the rest frame of the decaying nucleus is T = S Y = I L
transformed into the laboratory spectruyi{ £, cosf) ac- I R B e I D
cording to the formula: 0.00 e =i {9‘#«* s 1
Y (E, cosb) = Y'(E,cost) - (1 + 3 - cosh) E S IS SR Al B |
oy’ -00s| Ey<l MeM 5= ~d [1-2 MeV [T -
- ﬂ ’ E ’ COSG ’ / 'y T T T : : : : T T T T : : : :
oE E,cosf D05 e - 1 ?‘- N
oYy’ S~ T - | eoomEz T
—B-(1—cogl) —— (5) 000 Lisga" ! = 3 _,}_g;;e : %Tg
0cost | coso T - i
’ e oo%” e e 1
Integration ofY" over the energy rangeF}, E»>] and the 005[2-3MeV | & ] ‘ﬁﬂr MeV T
angular range [ca% = 0, cosf, = 1] yields the integral - S . R
B, g1 e fﬁ e
I1(F41, E,,0,1) = dE/ dcost - Y'(E, cosh) I & ¢ 1T g i by % I
E 0 0.00 MIL.z 2 %{ﬁ%g{ 11 1s 3 il
N i L P
1 5 . A { — { ¢
" cos) 2 e ~ - -
-3 /O dcosh - cosh - [E -Y'(E, cosé))] B -005| 4-5 MeV f"fﬁ\gl-\-T 4 |5-6 MeV f‘}ggj-\, L
.05 FIT T T T ] 100 120 140 160
E ) T ‘i}%} _____ Ab
- / dE - Y'(E, cos = 0) (6) ITTIL jﬁ‘
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If the angular distribution is forward—backward-symmetric in [ ]r »ﬁ@[; _____ HM
the rest frame of the nucleus, the integral over the angular %[ 6-8 | Y ’%‘ &l
range [co®; = —1, cosh, = O] differs only by the sign of To 10 ue %60
the Doppler term. Solving equation (5) & and equation Ab
(6) for 3 yields Fig. 9. Effective velocityBe¢f as a function of fragment mass for different
1 ~-energy regions, as derived from the Doppler shift of thepectrum (see
Y'(E,cosb) = = - [Y(E,cost) + Y (E, — cost)] @) text, only statistical errors are given). The mass variabjerefers to the
2 fragment on the backing side. The dashed lines denote the two average
and fragment velocities.

ﬁ = [I(E17 EZ» _1a O) - I(Ela E2a 07 1)]
1 For the analysis of the angular distribution, our data were
. { / dcosh - cosh [E (Y (E,cost) + Y (E, — cosh))] gf corrected for the relative Nal-detector efficiencies (see Sect.
0 2.3). Figure 9 shows the value ok deduced from our
B, -1 data as a function of fragment mass for differepénergy
_2. / dE - Y (E,cos = 0)} (8) regions. The dashed lines are the velocities of the two frag-
E, ments, calculated from the measured kinetic energies.
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The extracted values g generally lie between the The resultinga,-coefficients are shown in Fig. 10 as
two limits given by the fragment velocities, indicating that functions ofy-energy for two different fragment mass cuts.
the underlying assumptions are well fulfilled — it should be (Note that the influence of the finite opening angle of the
emphasized thabeg was derived solely from the crystal Nal modules onta is only a few percent and can therefore
ball data, the fragment velocities solely from the DIC data.be neglected in the following discussion.) The open circles
The symmetry aroundl;, = 126 is also well fulfilled. belong to mass splits with 106 A, < 110 or 142< A, <

Up to y-energies of 4 MeV, the larger fraction gfrays 146, where the high-energy component does not appear, the
is evidently emitted by the lighter fragment, especially for full circles to mass splits with 118 A, < 122 or 130<
fragment mass splits near symmetry. The shapes of the distrid, < 134, where the bump is most pronounced.
butions correspond to thesawtooths known from literature The horizontal error bars denote theenergy regions to
[15]. which the az-values belong. The vertical error bars denote

Above 4 MeV, the scenario changes for near-symmetricthe statistical errors only. As we mentioned in Sect. 2.3,
fragment mass splits, whereas for more asymmetric splitsthe angular distribution at high-energies might be affected
the majority of they-rays still come from the lighter frag- by y-n-summing effects. However, while thg-values for
ment. The situation is particularly telling for-energies be- the more asymmetric mass splits were found to be indeed
tween 6 and 8 MeV, where the relative intensity of the high-sensitive to variations in the set of parameters used for the
energy component reaches its maximum. Thgs values correction, for fragment mass splits near symmetry, where
observed are a clear indication that the high-energy compothe ratio between real and~-n-summing events was more
nent is emitted predominantly by the heavier fragment, i. efavourable, theup-values stayed qualitatively the same for
by fragments with masses close to 132. In fact, by comparall reasonable sets of parameters. Therefore, we feel safe
ing the dependence of the effective velogity on E., for to conclude that the angular distribution of the high-energy
the (symmetrized) mass splits with 1424 < 145 (no~- component between 5 and 8 MeV for near symmetric mass
bump) and 130< A < 134 (maximaly-bump), taking into ~ Splits is isotropic within the statistical errors, as expected
account the correspondingyield ratio, our data are found to in case they-rays are emitted in statistical decay processes
be fully consistent with the assumption that the high-energyoccurring e. g. during the cooling phase of the thermally
~y-rays originate from the fully accelerated heavy fragmentsequilibrated fission fragments. In particular, the measured
aroundA4 =132. angular distribution does not support an interpretation of the

For the evaluation of the anisotropy of theradiation, 7y-bump as the low-energy component of the giant dipole
Legendre polynomials were fitted to the Doppler-correctedresonance being shifted down in energy due to a large prolate
angular distribution of the-rays, determined relative to the deformation. The slightly positive,-value around 4 MeV
fission axis. Since our procedure assumes forward—backwar@hight be connected with the additional bump seen in the
symmetry via (7), only even polynomials were considered.energy spectrum at this energy.

Moreover, the coefficients of the fourth and higher orders

were compatible with 0 within the statistical errors, so finally

the fits were limited to the second-order Legendre polyno4 Comparison with CASCADE calculations

mial, i. e.
Statistical model calculations with the CASCADE code [16]

Y'(E.,,cos) = ao(E,) - (1 +ay(E,) - PZ(COSG)) (9) using standard input parameters [17] did not reproduce the
observed enhancement of the high-energetiays con-
nected with the?>’Cf fission fragments with masses around

0.20 — . . . . . . . . symmetry, while good agreement between measured anq cal-
| | culated y-spectra were obtained for all other mass splits.
015 L i Therefore, it was speculated in [1] that theseays might
| i be of non-statistical origin. However, our new data clearly
010 L == i show that the bump-rays are emitted isotropically and orig-
| | inate from accelerated fragments with (post-neutron) masses
S 005} —— % i aroundA ~ 131+ 3, i. e. from nuclei with proton and neu-
L F—% 5 | tron numbers close to the magic values Z=50 and N=82.
0.00 o D This suggests that the observed enhancement in this nar-
L _ row mass region might be caused by the special structure of
-0.05 | 4 these fragments, and that also theseys might be due to
L ] the statistical decay of the equilibrated fission products. In
-0.10 L~ L L L L L L L L fact, in 1988 Budtz-Jgrgensen and Knitter [18] deduced the
o 1 2 8 4 5 6 7 8 dependence of the level density parameter on the fragment
E'r [MeV] mass from a careful and detailed measurement of the neutron

energy spectra and the neutron multiplicities accompanying
S 5
Fig. 10. The correlation coefficienta, as a function ofy-energy (see the s_pontaneous flss.lon 61°Cf. They found that the level
text). Open circles: fragment mass splits with 1064, < 110 or 142< density parameters in the mass region betwder: 125
A, < 146. Full circles: fragment mass splits with 1¥8 4, < 122 or ~ and A ~ 135 are smaller by up to a factor of 3 than those
130 < A, < 134. The horizontal error bars denote thenergy regions — determined by Dilg et al. [17] which had so far been used
integrated over, the vertical ones are the statistical errors. in statistical model calculations. Using the level density pa-
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rameters from [18], Hofman et al. [6] and in particular van tal kinetic energies as well as over the two equivalent mass
der Ploeg [19, 20] have shown that indeed an enhancememsplits; they were unfolded from the crystal ball response ma-
of the statisticah-spectra fory-energies between 4 and 8 trix and then normalized to the number of fission fragments
MeV is predicted for mass splits involving fragments aroundobserved for the given mass splits. The mass values given to
A =130. the right of Fig. 11 correspond to the lighter fragment mass.

Obviously, the agreement between the statistical model cal-

culations and the data is remarkably good up-energies of
T about 7-8 MeV. In particular, the-bump observed around
1016 B symmetric mass splits is well reproduced.
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Fig. 12. aEfficiency corrected total number gfrays with energies between
90-94 3.5 and 8 MeV per fission event as a function of the fragment mass split.

1
2 4 6 8 10 Dots: measured values deduced from Fig. 11 (note that these values are not
unfolded from the experimentahassresolution). Solid curve: CASCADE
E [Me\/] calculation, folded with the experimental mass resolutiolCASCADE
¥ calculation of they-yield between 3.5 and 8 MeV for the individual frag-

ments as a function of mass

Fig. 11. Comparison of the experimentatspectra with CASCADE calcu- .
lations. Dots: measured, deconvoluteenergy spectra for different mass The mass dependence of the calculatedy yield for+-
splits (see also text). The spectra are scaled up by factors of 1, 100, 1000@nergies between 3.5 and 8 MeV is displayed in more detail
etc. Dotted lines: reference spectrum ( 186 A < 110). Full curves:  in Fig. 12. In Fig. 12b the calculated yield gfrays emitted
CASCADE calculations. by an individual fission fragment is shown as a function of
the primary mass of the fragment; this yield peakd at 128

In the following we compare our measurements to CAS-and A = 131, where the level density parameters deduced in
CADE calculations where both the level densities and thg[18] reach a minimum. Note that, assuming a uniform charge
initial temperatures were taken from [18]. In Fig. 11 the distribution, fragments wittZ = 50 correspond tol = 128,
deconvoluted, mass-symmetrizedray spectra are shown and that fragments wittv = 80 have mass numbers around
for various mass splits and compared to the correspondingl = 131. For comparison with our data the calculated
CASCADE predictions without adjusting any further param- multiplicity was symmetrized around = 126 and folded
eter. The experimentaj-spectra displayed in Fig. 11 were with the experimental mass resolution, taking into account
obtained by summing over all emission angles and all tothe fragment mass distribution 8¥°Cf(sf). As can be seen
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in Fig. 12a, the general trend of our data is well reproducedabout 8 MeV, the level density actually determines the shape
by the statistical CASCADE calculations, although we find of the y-spectra [19, 20], and that the strong enhancement
— as already shown in our analysis presented in Sect. 3.1 —abserved for fission fragments around A=131 is explained
slightly more pronounced maximum at the somewhat higheiby the strongly reduced level densities in the vicinity of the
mass ofA =131. It must be remembered, though, that theshell closures aZ = 50 andN = 82.

level density parameters were extracted from neutron energy Our conclusion that the enhancement is due to properties
spectra, and thus from a domain of higher excitation energyof the equilibrated fission fragments rather than to effects
For the lower-energy regime where therays are emitted, connected with the fission process itself, is also borne out by
the best fit of level density parameters might be slightlythe results of [3]. Here, for different fusion-fission reactions
different. an increase in the-ray intensity between 3 and 9 MeV has

Above E, =8 MeV the CASCADE calculations lie, for been observed as well for fission events with one fragment

almost all mass splits, below our data. As shown in [19, 20],nearA = 131.

this energy region is strongly influenced by the details of the
initial excitation energies assumed for the fragments — in

distinct contrast to tha-energy region below 8 MeV. which This work was partly supported by the BMBF under contract nr. 06HD525I,

mainly depends on the level densities. Although it seems
possible to improve the agreement in the high-energy range
by a fine tuning of the excitation energies within the border
lines allowed by our present knowledge of this quantity,
one should keep in mind that because of the-summing 1
corrections we had to apply to the data, the evaluateay
yield above 8 MeV might be subject to systematic errors. 2.
3.

5 Summary ‘5"
Using a position sensitive double ionization chamber with an ¢
active solid angle of 60% of# together with a 4 ~-array

built of 162 Nal detectors (crystal ball), the high-energy 7.
spectra accompanying the spontaneous fissigi?af have 8.
been measured as a function of the mass split and the totaf:
kinetic energy. We could show that the previously observed,

and 8 MeV [1] are caused by-rays emitted from a group

of fully accelerated fragments with an average mass numbet2.
13.

_ " i 14.
At A = 131 the total probability per fission event for the 15, Jonansson S. A, E.. Nucl. Phys, 378 (1964)

. . 16. Ruhlhofer F., Nucl. PhysA280, 267 (1977
(as compared to 20% for asymmetric mass splits), and thg;. v (e7n)

of A =131 (after neutron emission) and a fwhmA4# = 6.
emission of ay-quant between 3.5 and 8 MeV reaches 60%

angular distribution of thesg-rays with respect to the fission

axis was found to be isotropic within the accuracy of the18.

experiment. The dependence of the enhancement on the tot&:
20. van der Ploeg H., Bacelar J. C. S., Buda A, Laurens C. R., van der

kinetic energy of the fission products is weak.

These findings could be reproduced in their main features
by statistical model calculations using the CASCADE code
and realistic input values for the level densities and initial

06DA461, and 06TU669.
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