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Abstract. We present a direct method to measure fission product yield distributions (FPY) and isomeric yield
ratios (IYR) for spontaneous fission (SF) fragments. These physical properties are of utmost importance to the
understanding of basic nuclear physics, the astrophysical rapid neutron capture process (‘r process’) of nucle-
osynthesis, neutron star composition, and nuclear reactor safety. With this method, fission fragments are pro-
duced by spontaneous fission from a source that is mounted in a cryogenic stopping cell (CSC), thermalized and
stopped within it, and then extracted and transported to a multiple-reflection time-of-flight mass-spectrometer
(MR-TOF-MS). We will implement the method at the FRS Ion Catcher (FRS-IC) at GSI (Germany), whose MR-
TOF-MS relative mass accuracy (∼ 10−7) and resolving power (∼ 600,000 FWHM) are sufficient to separate all
isobars and numerous isomers in the fission fragment realm. The system’s essential element independence and
its fast simultaneous mass measurement provide a new direct way to measure isotopic FPY distributions, which
is complementary to existing methods. It will enable nuclide FPY measurements in the high fission peak, which
is hardly accessible by current techniques. The extraction time of the CSC, tens of milliseconds, enables a direct
measurement of independent fission yields, and a first study of the temporal dependence of FPY distributions in
this duration range. The ability to resolve isomers will further enable direct extraction of numerous IYRs while
performing the FPY measurements. The method has been recently demonstrated at the FRS-ICr for SF with a
37 kBq 252Cf fission source, where about 70 different fission fragments have been identified and counted. In the
near future, it will be used for systematic studies of SF with a higher-activity 252Cf source and a 248Cm source.
The method can be implemented also for neutron induced fission at appropriate facilities.

1 Background

Nuclear fission was discovered in 1939, and has since been
extensively researched and also applied to the design and
construction of nuclear reactors. Nevertheless, there is still
high interest in the basic and applied nuclear science com-
munity to study the fundamentals of this process, generate
new data related to fission and fission products, and de-
velop new measurement methods.

Fission Product Yields (FPYs) and Isomer Yield Ra-
tios (IYRs) form an integral part of the prediction of an-
tineutrino spectra generated by nuclear reactors. Never-
theless, it has been suggested that inaccuracies in the fis-
sion data used in the evaluations of these experiments led
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to discrepancies and anomalies with respect to the best β-
decay model predictions [1].

Fission processes play a significant role in the astro-
physical rapid neutron capture process (‘r process’) of
nucleosynthesis. The inclusion of spontaneous fission
(SF), neutron-induced fission, beta-delayed fission and
neutrino-induced fission, supplemented with realistic dis-
tributions of fission yields, leads to improved predictions
of the r-process elemental abundance in the universe [2].

Though extensive data on fission exists, the Interna-
tional Atomic Energy Agency (IAEA) advocates new fis-
sion experimental efforts, because of existing and emerg-
ing requirements for fission data in reactor technologies,
waste management and safeguards. The IAEA specifically
recommends new approaches such as direct ion counting
of fission fragments, especially for IYRs, which are impor-
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tant for calculations of post reactor shutdown decay heat,
but their experimental data is rather limited [3]. The IAEA
interest includes IYRs for SF as well [4].

Direct ion counting with a Penning trap was used at the
Ion Guide Isotope Separator On-Line (IGISOL) facility at
the University of Jyväskylä [5] for measuring Independent
FPYs of 25 and 50 MeV proton-induced fission of natU
[6], and IYRs of 25 MeV proton-induced fission of natU
and 232Th [7, 8].

FPYs and IYRs are also measured by other methods
at the the recoil mass spectrometer Lohengrin at the In-
stitut Laue-Langevin, Grenoble, France [9]. Unit mass
separation is achieved by the recoil mass spectrometer,
and isotopic fission yields are determined by ionization
chambers, Z-dependent solid absorbers and gamma spec-
troscopy [10]. However, each of the above methods is lim-
ited to a certain nuclide region. In general, γ-ray spec-
troscopy is limited for very rare fission products, whose
energy levels are not well-known a-priori.

Isotope FPY data is scarce due to methodical difficul-
ties in fragment spectroscopy. For 252Cf SF it exists mainly
in the low fission peak (A ∼ 80-125) due to limited resolu-
tion in Z [11]. Experimental data on the high fission peak
is limited to ‘cold fission’ (i.e. without neutron emission)
[12], and to an evaluation based on the measurement of
two nuclides per isobar chain [13].

IYR data for 252Cf SF exist for only ∼10 nuclides, in
a limited region (A = 128-138) in the high fission peak
[14]. It was extracted from γ-ray spectroscopy coupled
with radiochemistry, relied on γ-ray branching ratios that
were not always well-known, and was limited to fragments
with half-lives longer than one minute.

Figure 1. Drawing of the internal instrumentation that is de-
signed for the SF experiments in the existing CSC at the FRS-IC.
The shortened DC cage is seen, covering only half of the CSC
hull. Further depicted is the opening for inserting SF sources,
and a motor for rotating the chopper

2 Description of the Method

The method is realized at the FRS Ion Catcher (FRS-IC)
[15], at the FRagment Separator (FRS) [16] in GSI (Ger-
many). It usually utilizes rare isotopes from the FRS
following in-flight fragmentation or fission of relativis-
tic heavy ions. Thermalization is performed in a cryo-
genic stopping cell (CSC) [17–19]. The isotopes are then
extracted, diagnosed and transported by a versatile RFQ

beam-line [20]. Their mass is measured precisely with a
multiple-reflection time-of-flight mass spectrometer (MR-
TOF-MS) [21] that can also provide an isobarically (and
isomerically) clean beam for further experiments [22].

FPY distributions of SF are obtained by installing an
SF source in the CSC, identifying the fission fragments
(including isomers) in the MR-TOF-MS mass spectra, and
counting the amount of each identified nuclide. Usage of
SF fragments by installing a SF source in a gas cell has
been realized before at "Miss Piggy" [23] and CARIBU
[24]. Further, there is a recent proposal to measure IYRs
of 252Cf SF at CARIBU.

Nevertheless, the unique features in our implemen-
tation are broadband and high-resolving-power measure-
ments in a non-scanning manner [21], fast extraction at
the FRS-IC [15],fast mass measurement at the MR-TOF-
MS [21], and extraordinary cleanliness of the CSC [25].
The latter feature is the source for the essential element
independence of the CSC, including comparison of a no-
ble element (Rn), and a most reactive one (Th) [26].

These features will enable the derivation of FPY distri-
butions of ground and isomer states, in addition to IYRs,
which are anyway not affected by chemical dependence.
The measured fragments half-lives may be as low as 10
ms, more than an order of magnitude shorter than in
IGISOL [5] or CARIBU [24]). Furthermore, The CSC’s
high stopping ability and extraction efficiency, and com-
pact gas-filled RFQ based beam line, will enable the mea-
surement of FPYs and IYRs of rare fission products, even
with a SF source in the range of tens of MBq.

The procedure for identifying, mass measuring and
counting the amount of identified nuclides, including
isomer-to-ground ratio calculations, and the correct esti-
mation of the uncertainties, is described in detail in [27].

For SF studies, special internal CSC instrumentation
is under design. It will include a short longitudinal DC
field region (∼50 cm, rather than 100 cm for thermalizing
projectile fragments), which will thermalize almost all SF
fragments in the planned geometrical configuration. Its
higher electric field will enable extraction times down to
∼10 ms. It will further include a radioactive source holder
for SF sources, which will include cone collimators at var-
ious opening angles, and foil degraders in front of the
source that are optimized for maximal stopping of fission
fragments in the buffer gas (Fig. 1).

For measuring FPYs at different times after the fis-
sion process, we will install a rotatable chopper in front
of the source, with a wedge opening whose relative size
will define the source’s ‘duty cycle’. The chopper’s fre-
quency sets the absolute durations in which the source is
blocked. Synchronizing the chopper radial position with
the voltages at the CSC extraction opening (‘nozzle’), will
enable recurrent extraction of fission products within the
SF source ‘pulse’. Lowering the chopper’s frequency in
synchronization with the CSC nozzle voltages, will enable
recurrent extraction of fission products at longer times af-
ter the fission process, up to ∼10 seconds [25].

The above temporal dependence, to be measured for
the first time in this time range, will enable evaluation
and benchmarking of procedures that are used today to de-
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Figure 2. Section of the chart of nuclides. The red-marked nuclides are those measured in a method-demonstration run at the FRS-
IC, with a 37 kBq 252Cf SF source. Approximately 70 different fission fragments were identified and counted within a ∼50 hour
measurement period.

duce independent FPYs from measured cumulative FPYs
[28]. Such procedures employ complex network calcula-
tions that depend strongly on the half-lives and β-delayed
single- and multi-neutron emission branching ratios of
short-lived neutron-rich fission products, whose uncertain-
ties increase significantly for rarer fission products.

We intend to perform systematic measurements of var-
ious SF sources. The first ones will be a 10 MBq 252Cf
source and 248Cm. These measurements will extend un-
derstanding of FPY and IRY dependence on the nuclear
structure of the fissioning isotope. Further, insights from
this project will be invaluable input for future facilities and
experiments that generate and study fission products, en-
abling optimal choices of proper fissioning nuclides and
fission inducing reactions.

An example is the foreseen future facility for neu-
tron induced fission at Phase II of the Soreq Applied Re-
search Accelerator Facility (SARAF). It will use its espe-
cially high-flux neutron source in combination with an ion
catcher system that includes a thin fissionable irradiation
target within the CSC [29].

3 First Demonstration of the Method

The method was recently demonstrated with a low-activity
37 kBq 252Cf SF source, installed in the existing FRS-IC
with its standard DC cage. We operated the system for
approximately 50 hours and identified and counted ∼70
different fission fragments, with FPYs down to the level
of 10−3, both in the low and high fission peaks. They are
depicted in Fig. 2. Analysis of this data is ongoing, in or-

der to extract coarse FPY values, as a preparation towards
experiments with a high-activity 10 MBq 252Cf SF source.

4 Summary
We describe a novel method to measure FPYs and IYRs
via direct simultaneous mass measurements in the FRS-
IC. We recently demonstrated the method with a low-
activity SF source at the existing CSC, identifying and
counting fission fragments with FPYs as low as the level
of 10−3. We are currently preparing a special DC cage for
the CSC for measurements with a high-activity SF source,
which will enable reaching fission yields several orders of
magnitude lower, and studying the temporal dependence
of FPYs and IYRs. This method could be used for sys-
tematic studies of various SF isotopes at the FRS-IC, and
may set the stage for similar studies of neutron induced
fission at the appropriate facilities.
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