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In recent measurements of prompt γ rays from the spontaneous fission of
252Cf, the focus was put on the study of angular correlations between γ rays
and the nuclei from which they were emitted, and the dependence between
prompt fission γ-ray characteristics and fission fragment mass, respectively.
First preliminary results are presented and compared to results from other
experiments as well as from model calculations.
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1. Introduction

The energy release in nuclear fission is distributed in kinetic and exci-
tation energy of the two fragments. The latter manifests itself in fragment
deformation and intrinsic excitation energy. In an early and quite sim-
plified picture, it was assumed that the fragments are first de-excited by
the emission of neutrons until the fragments’ remaining excitation energy is
lower than the neutron binding energy, i.e. on average at about half of it.
Only then de-excitation would continue by the emission of γ rays, eventually
reaching the ground state [1]. These γ rays may be divided into two cat-
egories, commonly called statistical and discrete γ rays, respectively. The
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first ones originate mainly from electric dipole transitions and carry away
most of the remaining excitation energy of the fragments, while the latter
stem mainly from electric quadrupole transitions along the yrast line and
carry away most of the angular momentum of the fragments [2]. This so-
called prompt γ-ray emission is a fast process, which basically takes place
within the first few nanoseconds after scission [3] and is followed by β de-
cay(s), and thereafter by delayed emission of neutrons and γ rays towards
the valley of β stability. The average prompt fission γ-ray multiplicity, i.e.
the average number of photons per fission, amounts typically to eight [4],
as corroborated by our previous measurements [5–10]. Figure 1 shows the
part of the Nuclear Chart that contains the compound systems investigated
so far as well as upcoming projects, together with the cause of fission, i.e.
spontaneous or induced.

Fig. 1. Overview of compound systems, whose fission process was investigated by
us during the past years as well as ongoing and planned work. Here, it is also
indicated, whether it was spontaneous or induced fission, and in the case of the
latter which reaction was employed.

The comparison of prompt fission γ-ray spectrum (PFGS) characteris-
tics from different fissioning systems makes it possible to establish and/or to
refine systematics, which allows estimating prompt fission γ-ray character-
istics for systems that are difficult or even impossible to study experimen-
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tally. Based on this systematics, a quite simple model allows to predict these
characteristics for different excitation energies, as recently demonstrated for
238U + n [11]. Results from experiments with different probes and/or at
different incident energies [12–14] are in rather good agreement with our
calculated values. An overview on our past and future activities within this
field of research is also given in Ref. [15].

In this paper, we report on the first preliminary results from recent mea-
surements of prompt γ-ray spectra from 252Cf(sf), in which the focus is put
on the measurement of angular correlations between fission fragments and
prompt γ rays, and the dependence of prompt fission γ-ray characteristics
from the mass (or rather mass bin) of the fission fragments, respectively.

2. Angular correlation measurement

This measurement was performed with a 76.2 mm × 76.2 mm (diameter
× length) LaBr3:Ce scintillation detector that was placed perpendicular to
the plane of the 252Cf sample along its symmetry axis. This experimental
setup allowed measuring the angular distribution of prompt γ rays, in order
to study the de-excitation of fission fragments by prompt γ-ray emission
and to deduce information about the relative contributions from radiation
of different multipolarity. The sample was mounted inside a cylindrical twin
Frisch-grid ionization chamber (FGIC) [17] in the center of a common cath-
ode. Fission fragments from a thin 252Cf sample are emitted to both sides of
the cathode, ionizing the P-10 counting gas, and being detected by means of
the electrons moving towards the respective anodes. A Frisch grid is placed
in front of each anode in order to shield the latter from the influence of the
ions, but it also allows determining the (polar) emission angle of the frag-
ments. The FGIC provides the fission trigger for the coincident measurement
of γ rays, for which energy and time-of-flight (TOF) between sample and
detector are recorded. The latter information is used to distinguish prompt
γ rays from other photons, emitted e.g. in prompt fission neutron induced
reactions, i.e. mainly inelastic neutron scattering. The experimental tech-
niques applied here are, in principle, the same as described in Refs. [5–10],
where more details may be found.

The collected prompt fission γ rays were sorted into energy spectra for
cosθ bins between 0 and 1 in steps of 0.05. In order to obtain emission
spectra, the response function of the detector has to be determined, which
is usually done by means of Monte Carlo simulations of the actual setup
with computer codes like e.g. Penelope [18] or Geant4 [19]. Thereafter the
response function must be unfolded from the raw spectra. However, as a
first step, we have chosen here a different, less time-consuming approach.
Adding up all spectra gives an angular integrated raw spectrum that may
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be compared with others, obtained previously for the same fissioning system.
Since they all turned out to exhibit a very similar appearance, we may ben-
efit from the fact that similar raw spectra lead to similar emission spectra,
provided that detector and setup are comparable [7]. This is the case here.
From a previous measurement [5], for which the proper unfolding was car-
ried out, both measured and emission spectra are known, whose ratio gives
a transformation function (see Ref. [7] for details). Multiplying this function
with the recently measured PFGS gives then the emission spectrum. In the
same way, angular-dependent emission spectra were created for each bin,
from which PFGS characteristics were determined. A detailed inspection of
the obtained angular distribution is performed below.

As described above, emission spectra of prompt fission γ rays were cre-
ated for cosθ bins, covering the polar angle range of 0◦ < θ < 90◦. The
integrated total multiplicity, i.e. the average number of emitted photons per
fission, was determined to Mγ = 8.28 ± 0.51, where the statistical uncer-
tainty is 0.07 and the systematic one, mainly due to the transformation
function, amounts to 0.44. This result is in good agreement with our last
published value Mγ = 8.29± 0.13 [6]. The angular distribution of radiation
may be expressed according to

W (θ) = A0[1 + {A2/A0}P2(cos θ) + {A4/A0}P4(cos θ)] , (1)

where Pk(cos θ) denote Legendre polynomials for k = 2, 4 and θ is the
emission angle of the fission fragment relative to the γ-ray direction, i.e.
perpendicular to the cathode plane of the FGIC. Any possible attenuation
coefficients are assumed to be 1. The coefficients {Ak/A0} are determined ex-
perimentally and may be compared to theory for different types of radiation.
For instance, {A2/A0} ≈ −0.3 for pure dipole radiation and {A2/A0} ≈ +0.3
for pure quadrupole radiation, while {A4/A0} is close to zero [20]. The ob-
tained coefficient is {A2/A0} = 0.13 ± 0.03, which may be considered as
the result of a superposition of dipole and quadrupole photons (higher mul-
tipolarities are less probable and neglected here). Accordingly, it follows
that (+0.3) × p + (−0.3) × (1 − p) = 0.13, with p denoting the probability
for quadrupole radiation. This leads to p = 0.72, corresponding to 72%
quadrupole (L = 2) and 28% dipole (L = 1) radiation.

In the next step, we tried to assess how the ratio between quadrupole
and dipole radiation depends on the energy of the prompt fission γ rays.
For that reason, the PFGS was rebinned into 500 keV intervals, for which
the corresponding angular distributions were fitted according to Eq. (1) as
described above for the entire spectrum. As a consequence, the coefficient
{A2/A0} was determined for each energy bin and the contributions for L = 1
and L = 2 deduced. More detailed information may be found in Ref. [21].
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The obtained fitted angular distributions for both the entire energy spec-
trum and the individual energy bins are shown in Fig. 2. Although it needs
to be stated that statistics deteriorates with increasing γ-ray energy due
to the exponentially decreasing slope of the spectra, the differences in the
angular distributions indicate clearly that dipole and quadrupole radiation
exhibit different energy spectra, which should be reflected in their respective
characteristics. The corresponding results are shown in Table I, which apart
from our — preliminary — experimental values contains even results from
calculations with the Monte Carlo Hauser–Feshbach code FIFRELIN [16].
Being rather successful in reproducing experimental results for PFGS char-
acteristics as well as the distinct peak structure of the low-energy part of
the energy spectra for 235U(nth, f) [8] and 252Cf(sf) [6], also multipolarity-
dependent spectra were generated [22]. However, here it must be noted
that, apart from γ rays of known multipolarity 1 and 2, there is a consider-
able amount of photons, whose multipolarity is not assigned (denoted with
“experimental” in Table I), since they correspond to transitions between lev-
els taken from the RIPL-3 database [23]. In fact, they constitute about
44% of the calculated total average PFGS multiplicity. Since a dominating
contribution of quadrupole radiation has been observed even in other PFGS

Fig. 2. Pseudo-3D plot of the fit results to the measured angular distributions of
prompt γ rays from 252Cf(sf) according to Eq. (1). Shown is the angular distri-
bution obtained for the entire energy spectrum to the left together with those for
the individual energy bins. Please, observe that for the latter, the axis description
gives the center of each bin.
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measurements (see e.g. Refs. [24, 25]), we tend to conclude that most of these
transitions of unknown multipolarity should lead to quadrupole radiation.
Therefore, the sum of these “experimental” transitions and the calculated
ones with L = 2 should be compared to the experimentally obtained contri-
bution for L = 2. With this condition comparison of the values given Table I
shows indeed rather good agreement.

TABLE I

Prompt γ-ray characteristics for the spontaneous fission of 252Cf. Experimental
results from this work for the average γ-ray multiplicity Mγ , the average energy
per photon εγ , and the total energy Eγ,tot released in fission, are given for the
integral spectrum as well as for the multipolarity-dependent spectra and compared
to corresponding values recently calculated with FIFRELIN [22] (see the text for
details). Relative multiplicities are also given, under the assumption that higher
multipolarities may be neglected.

Multipolarity L Experiment Calculations
(this work) (FIFRELIN)

Mγ all 8.28± 0.51 8.28 (adjusted)
Mγ 1 2.31 (28%) 3.20 (39%)
Mγ 2 5.97 (72%) 1.45 (17%)
Mγ experimental 3.63 (44%)

εγ all 0.79± 0.10 MeV 0.76 MeV
εγ 1 0.86 MeV 0.94 MeV
εγ 2 0.76 MeV 1.03 MeV
εγ experimental 0.50 MeV

Eγ,tot all 6.51± 0.76 MeV 6.30 MeV
Eγ,tot 1 1.99 MeV 3.00 MeV
Eγ,tot 2 4.52 MeV 1.49 MeV
Eγ,tot experimental 1.81 MeV

3. Mass-dependent prompt fission γ-ray emission

In the second measurement discussed here, PFGS from 252Cf were mea-
sured with two LaBr3:Ce scintillation detectors of the size of 50.8 mm ×
50.8 mm (diameter × length) which this time were placed in plane with
the transparent sample, mounted again on the common cathode inside a
double-sided FGIC. The remaining experimental details correspond to those
given in Sect. 2. Using the 2E-method, the masses of both fission fragments
could be determined, however with a mass resolution not much better than
5 (FWHM). For that reason, but also in order to increase statistics, mass
windows were set with bin size ∆A > 1, for which PFGS were collected and
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their characteristics determined. So far, data from only one of the LaBr3:Ce
detectors have been analyzed and uncertainties have not been assessed yet.
Figure 3 shows first preliminary results for the total γ-ray energy for a pair of
fission fragments as a function of the heavy fragments mass. Here, mass bins
were chosen with a width of ∆A = 2 (for both light and heavy fragments),
except for most asymmetric fission with ∆A = 14. Our work is compared to
experimental values from Nifenecker et al. [26] and the results from Point-
by-Point model calculations [27]. The general agreement between all three
sets of data is obviously good, although differences are apparent for sym-
metric fission; in particular, for Ref. [26], Eγ,pair is much higher in this mass
region. The average total γ-ray energy, obtained as the sum of the depicted
energies weighted with the fission-fragment mass distribution, is for our re-
sults normalized to the previously published value Eγ,tot = 6.65 MeV [6],
which is in good agreement with 6.68 MeV for the data from Ref. [27]. In
contrast, for Ref. [26], Eγ,tot = 6.83 MeV is obtained, which may easily be
accounted for by the visible enhancement for symmetric fission.
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Fig. 3. Total γ-ray energy for a pair of fission fragments as a function of the heavy
fragments mass. Our preliminary experimental results, denoted as black dots, were
obtained for mass bins ∆A > 1 due to the limited mass resolution of the FGIC
(see the text for details). They are compared to data from Ref. [26] and values
calculated with the Point-by-Point model [27], represented by squares and triangles,
respectively.

4. Discussion and outlook

In this work, first results have been presented from two PFGS measure-
ments with a 252Cf source. Although the results must still be considered
preliminary, the agreement with other results — experimental and calcu-
lated — is good.
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As far as the angular distribution of prompt fission γ rays is concerned,
this agreement would have been even better, if a probably more realistic as-
sumption for the coefficient for pure dipole radiation, {A2/A0} ≈ −0.2, had
been made, considering the value {A2/A0} = −0.212(26) from the example
given in Ref. [20]. With this value, Mγ,L=1 ≈ 2.8 and Mγ,L=2 ≈ 5.5 would
have been obtained, corresponding to relative contributions of 34% and 66%,
respectively. This result must be compared with other related information
on fission fragments, such as average neutron separation energies and aver-
age moments of inertia, in order to verify the deduced energies carried away
by dipole and quadrupole photons during the de-excitation process of fission
fragments. Concerning the mass dependence of the released γ-ray energy,
the full data must still be analyzed; this is in progress. Hence, both activities
are to be continued.
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