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Abstract. For the development of future nuclear fission applications and for a respon-
sible handling of nuclear waste the a-priori assessment of the fission-fragments’ heat
production and toxicity is a fundamental necessity. The success of an indispensable mod-
elling of the fission process strongly depends on a good understanding of the particular
mechanism of scission, the mass fragmentation and partition of excitation energy. Exper-
imental observables are fission-fragment properties like mass- and energy-distributions,
and the prompt neutron as well as γ-ray multiplicities and emission spectra. The latter
quantities should preferably be known as a function of fragment mass and excitation en-
ergy. Those data are highly demanded as published by the OECD-NEA in its high priority
data request list. With the construction of the double (v, E) spectrometer VERDI we aim
at measuring pre- and post-neutron masses directly and simultaneously to avoid prompt
neutron corrections. From the simultaneous measurement of pre- and post-neutron fission-
fragment data the prompt neutron multiplicity may then be inferred fully correlated with
fragment mass yield and total kinetic energy. Using an ultra-fast fission event trigger spec-
tral prompt fission γ-ray measurements may be performed. For that purpose recently de-
veloped lanthanum-halide detectors, with excellent timing characteristics, were coupled
to the VERDI spectrometer allowing for a very good discrimination of fission γ-rays and
prompt neutrons due to their different time-of-flight.

1 Introduction

In nuclear fission pairs of fission fragments with different mass and kinetic energy are produced [1].
This process is accompanied by prompt neutrons and γ-rays emitted from the highly excited fission
fragments (FF). The knowledge of the FF yield-distribution, Y(A, Ek), as a function of mass (A)
and kinetic energy (Ek) is a key input to fission models and important data for a better understand-
ing the fission process as such. This information may be obtained by means of different techniques.
By using a recoil mass separator [2] or measuring the time-of-flight together with the kinetic en-
ergy [3] single fission-fragment yields after prompt neutron emission may be obtained. Employing the
double-energy (2E) method, fission-fragment characteristics prior to neutron emission, the so-called
pre-neutron masses A∗ and total kinetic energies, may be obtained, provided prompt neutron emission
data are available for the iterative determination of the fragment mass [4,5]. It is just those latter data,
which are available only for a few major actinides with sufficient accuracy.
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One way to avoid ambiguities introduced in the data analysis by the applied neutron corrections
is to measure not only both kinetic energies, but simultaneously their velocities as well. Theoreti-
cally, from a double-velocity (2v) measurement both fragment masses before prompt-neutron evapo-
ration may be obtained. The subsequent measurement of the fragment kinetic energies provides the
information about the fission-fragment mass after prompt-neutron evaporation. Thus, the difference of
pre- and post-neutron masses is just the number of evaporated prompt neutrons. In such a way, those
important neutron data do not need to be introduced anymore in the data analysis. Instead, they may
be directly deduced as a function of fragment mass and total kinetic energy, from which the excita-
tion energy may be inferred. Such a double time-of-flight (TOF) and energy spectrometer had already
been realized in the 1980s at the Institute Laue Langevin and was called Cosi-Fan-Tutte [3]. With an
impressive mass resolution ∆A well below 1 mass unit, it suffered from a very small geometrical effi-
ciency of about 4 × 10−5 [6]. Therefore, correlated FF-yield measurements were strongly affected by
the non-colinearity of FF emission due to prompt neutron emission. That spectrometer does no longer
exist.

Presently, a double (v, E) spectrometer is being built at the JRC-IRMM called VERDI [7], which
aims at a FF mass resolution ∆A < 2 in conjunction with a geometrical efficiency of at least 0.5 %, i.e.
about 100 times more efficient than Cosi-Fan-Tutte. In order to achieve a high efficiency, the time pick-
up devices should be placed as close as possible to the target under investigation. Since this means, that
such devices would have to be placed directly in the neutron beam, they have to be radiation resistant.
Therefore, an artificial poly-crystalline chemical vapor deposited (pCVD) diamond film is considered
as detector material to serve as fission event trigger.

Requests for new measurements on prompt γ-ray emission in the reactions 235U(nth, f) and
239Pu(nth, f) have been formulated and included in the Nuclear Data High Priority Request List of
the Nuclear Energy Agency (NEA, Req. ID: H.3, H.4) [8]. However, a major difficulty in such mea-
surements is, apart from the need to obtain a sufficient mass resolution for fission fragments, the
clear suppression of background γ-rays induced by prompt fission neutrons in the γ-detector. A usual
method here is to discriminate γ-rays and neutrons by their different time-of-flight. The quality of dis-
crimination is strongly coupled to the timing resolution of the detector, which is usually not better than
5 ns for NaI detectors. A promising step towards better data might be achieved by using the recently de-
veloped cerium-doped lanthanum halide scintillation detectors, which have shown to provide a timing
resolution better than 500 ps [9,10] together with a more than 40 % better energy resolution compared
to NaI, i.e. less than 4 % (FWHM) compared to 6.5 % at 662 keV (137Cs) [11]. In conjunction with
the ultra-fast fission trigger made from pCVD diamond excellent γ-ray/neutron discrimination may be
expected.

In the following we report about a first correlation experiment, which has been performed at the
Research Reseqrch Reactor in Budapest. The aim was to test the performance of a single TOF pro-
totype of VERDI and the response of the new LaCl3:Ce detectors operated in a high-flux neutron
environment.

2 Correlation measurements

Measuring fission-fragments in coincidence with promptly emitted neutrons or γ-rays a detector sys-
tem with high geometrical and detection efficiency is required. A fission-fragment detector with high-
est effciency is the double ionization chamber with Frisch-grids. The coincident measurement of
promptly emitted γ-rays and/or neutrons was then possible with NaI detectors positioned at relatively
large distance from the fission source. However, due to the above mentioned prompt-neutron correc-
tion to obtain mass and energy information fragment mass resolution is very much limited. Therefore,
we contemplate single (v, E) or double-velocity measurements to avoid such corrections and to obtain
higher mass resolution. The much less geometrical efficiency might be compensated by using state-
of-the scintillation detectors with a much better timing resolution. They may be placed much closer to
the fission source with at least the same discrimination power for fission γ-rays and prompt neutrons,
hence, leading to an enhanced geometrical detection efficiency.

In the following two subsections the characterisation of the two components of the detector sys-
tem, the time-of-flight (TOF) spectrometer VERDI and the very fast scintillation detectors made of
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cerium-doped lanthanum-chloride (LaCl3:Ce), is briefly recalled before first results of an in-situ test
are presented.

2.1 The time-of-flight (TOF) spectrometer VERDI

The VERDI spectrometer provides a flight-path length of 50 cm. The energy of the fission fragments
is measured with large area silicon (PIPS) detecors. In total 19 detectors will be placed in each TOF
section to achieve the contemplated geometrical efficiency of 0.5 %. The time-of-flight is measured
between a start-detector closely placed at the fission sample and a PIPS detector. The start detector is
made from artifical poly-crystalline diamond (pCVDD).

In nuclear physics diamond detectors are used mainly in high-energy experiments as beam mon-
itors and tracking devices, replacing traditionally employed silicon detectors, because they survive in
high radiation environments, have low leakage current and do not need cooling [12–15]. In particular
the timing properties of artificial diamonds are remarkable and an intrinsic timing resolution better
than 30 ps has been achieved for a mono-energetic 52Cr-beam at incident energy of 650 MeV/u [16].
In view of the properties of this surprising material, it was tempting to see whether a similar timing
resolution may be obtained with low energy fission fragments at energies typically between 0.5 and
2.0 MeV/u.

Since this detector is not yet transparent for FF we restrict ourselves to discuss a single TOF
configuration.

First, the diamond detectors were irradiated with β-particles (the so-called priming) before ex-
posed to highly ionizing particles like fission fragments [17,18]. Then, we monitored the pulse-height
signal stability up to more than 109 fission fragments from a 252Cf source together with the corre-
sponding number of α-particles and fission neutrons for which no signal degradation was observed.
Next, we measured the fission-fragment time-of-flight with a symmetric set-up consisting of two iden-
tical pCVDDDs. The intrinsic timing resolution was then inferred by means of a Monte-Carlo sim-
ulation based on published post-neutron data from the reaction 252Cf(SF). The experiment has been
performed two-fold: first, using standard analogue electronics and second, using a digital oscilloscope
with a bandwidth of 1GHz. From various simulations an intrinsic timing resolution σint<300 ps for
the analogue and σint ≈ 150ṗs for the digital measurement was obtained. The spectrum obtained with
digital electroniques is dipicted in Fig. 1 together with the results from the Monte-Carlo simulations.
The timing resolution is comparable with the better micro-channel plate detectors, but diamond detec-
tors are much easier to handle and to operate.

In a next step the TOF spectrum of fission fragments from spontaneous fission of 252Cf was mea-
sured with a configuration consisting of one pCVDDD and a small PIPS detector of size 25 mm2

Fig. 1. Fission fragment time-of-flight for the reaction 252Cf(SF) taken with a waveform digitizer with a bandwidth
of 1 GHz.
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Fig. 2. Experimental fission-fragment mass distribution from the reaction 252Cf(SF) obtained from a TOF mea-
surement with a pCVDDD as fission trigger and a 25 mm2 silicon-type energy detector, compared to results from
Refs. [19–21].

separated by only 33 cm. The obtained timing resolution was around 500 ps with conventional
analogue electronics. The resulting fragment mass-distribution is shown in Fig. 2 as red dots and
compared with several data existing in literature [19–21]. The comparison with data from a 2E mea-
surement shows good agreement and suggests an improved mass resolution already at the reduced
flight-path length. In the region of symmetric masses and at the distribution wings random triggers
with α-particles are visible. From this test measurement a mass resolution ∆A < 3 may be expected
with analogue electronics.

2.2 Lanthanum-halide detctors for prompt-fission γ-ray measurements

In preparation of prompt fission γ-ray measurements two 1.5′′ × 1.5′′ lanthanum-cloride detectors
from the company SCIONIX[22] have been characterized, which is described in detail elsewhere[24].
They were found to have an intrinsic timing resolution of about 440 ps, measured with a 60Co source.
The energy resolution was determined for γ-energies from 81 to 6919 keV, exhibiting more or less
the expected E−1/2 behaviour. For 662 keV (137Cs) the obtained energy resolution was around 4 %
(FWHM), in agreement with values provided by the manufacturer[22]. Together with a dynamical
range up to more than 11 MeV, these detectors showed a good linearity with residuals far below 1 %.
The full intrinsic peak efficiency was observed to be 53 % better than the one for NaI:Tl detectors of
the same size[25].

3 First in-situ test with reactor neutrons

The experimental set-up was installed at the cold neutron beam of the IKI Research Reaktor
in Budapest. The neutron flux at the entrance window of the VERDI spectrometer was
5 × 107 neutrons/s/cm2.

During the experiment VERDI was operated in a single (v, E) configuration. Ten 450 mm2 large
PIPS detectors are placed at a distance of 50 cm from the fission source. As fissile target a 113 µg
235U, mounted on a 34 µg/cm2 thick polyimide backing, was used and placed directly on the diamond
detector. On top of the fissile sample a 6Li sample was placed to use the 6Li(n, t)α reaction for time
calibration. The shaped pulse-height (PH) signals of the PIPS detectors were fed into an analogue
signal-router before fed into a single ADC. In total five words, one PH information and three TAC (FF
TOF) values and a bit-pattern for detector identification, were stored by the DAQ in listmode for later
off-line treatment.
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Fig. 3. Pulse height calibration spectrum of the 3′′ × 3′′LaCl3:Ce detector. The different colours of the energy
assignments refer to γ-peaks from the calibration sources, 60Co and 207Bi, and from activation in the detector and
its environment, respectively.

Three LaCl3 detecors are placed outside of the VERDI spectrometer at a distance of 30 cm from
the fission source. One detector was of size 3′′ × 3′′ [23] and the others of size 1.5′′ × 1.5′′ [22].
The properties of the larger LaCl3:Ce detector were not fully known at the time of the experiment,
its efficiency, however, could be expected to be more than three times higher compared to the smaller
detectors around 1 MeV[26], mostly for geometrical reasons.

Additionally, a 2′′ × 2′′ large LaBr3 [23] detector was placed for testing in a neutron field. The
detector was delivered just before the start of the experiment and was, thus, not characterized yet.
Nevertheless, from previous studies it is known that these detectors are even better than LaCl3:Ce
detectors in terms of both energy and timing resolution, with about 2.8 % (FWHM) at 662 keV and
coincidence resolving times of <300 ps [10].

The signals from the four γ-detectors were fed into constant fraction discriminators (CFD) and
further into the same time-to-analog converter (TAC) of range 1 µs. They were giving the start signal,
while the signals from the diamond detector, with an appropriate delay, provided the stop signal of the
coincidence. For all four scintillation detectors the pulse height was stored in listmode, together with
three pulse shape discrimination signals for the LaCl3:Ce detectors only, as well as the TAC signal in
a separate DAQ.

Prior to and right after the beamtime the detectors were energy and efficiency calibrated using
different radioactive sources. Figure 3 shows the calibration spectrum of the large LaCl3:Ce detector,
taken with a 60Co and a 207Bi source after neutron irradiation of the target. The γ-peaks are assigned
to the corresponding source and energy, the assignments in a lighter colour, however, belong to peaks
that were not observed before the neutron beam was opened. They were identified to correspond to
activation and successive decay of atoms in the crystal by the reaction 139La (nth, γ) and induced by
fission neutrons through the reaction 56Fe(n, p)56Mn in the wall of the vacuum chamber of VERDI,
respectively. Apart from that, we noticed that the conversion from pulse height to energy practically did
not change over the period of 10 days of experiment. Moreover, from the counts under the 1596.2 keV
peak, the known volume and efficiency of the detector we could estimate the thermal neutron flux
impinging on the detectors to be less than 0.2/cm2/s.

In Fig. 4 the VERDI spectrometer is shown together with the four γ-ray detectors.
In Fig. 5 a fission-fragment TOF-spectrum is shown together with two Monte-Carlo simulations

each with a differentvalue for the timing resolution of the spectrometer. Due to problems with the
priming source the discriminatorthreshold had to be set relatively low. This increased the number of
accidential coincidences between one fission-fragment and an α-particle from the 6Li(n, t)α reaction or
the natural activity of the 234U present in the 235U target, which explaines the tails visible on the right
side of the spectrum peaks shown in Fig. 5. From the Monte-Carlo simulations a timing resolution
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Fig. 4. Photograph of the experimental setup with four lanthanum halide scintillation detectors (upper left part)
and the fission fragment spectrometer VERDI. The neutron beam enters from the lower edge.

Fig. 5. Raw TOF spectrum obtained from the reaction 235U(nth, f) together with Monte-Carlo simulations made
for two different timing resolutions (see text).

of VERDI of about 400 ps is deducted. The off-line analysis of all 10 detectors to obtain the post-
neutron mass distribution, which permits to gate out a major part of the accidential coincidences, is
still ongoing.

The prompt fission γ-ray spectra were obtained from the measured time spectra. For each detector
the data treatment was carried out as follows:

– first a selection was made on the pulse shape signal (where available) in order to discriminate the
γ-rays from other incident particles, including α-particles from the intrinsic activity of the crystals

– then the dependence of the TAC-signal from pulse height was determined and corrected for
– different windows were set in order to distinguish events from different γ-ray producing reactions,

i.e. prompt fission as well as thermal and fast neutron induced process such as (nth, γ), (n, n′) and
(n, p)

An example for the results of this procedure is shown in the upper part of Fig. 6. There, the rectangular
regions are indicating in which TAC-signal regime the different processes were expected. During data
analysis, however, these windows were chosen as large as possible. For each of them pulse height spec-
tra were generated and energy calibrated and, the processes were verified by identifying the character-
istic γ-spectra. The thermal-neutron induced γ-rays (including the ones from the activation of VERDI)
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Fig. 6. Upper part: Two-dimensional representation of γ-rays detected with the large LaCl3:Ce detector by their
TAC-signal versus pulse height. To the right a projection on the TAC-axis is shown, indicating the prompt fission
γ-rays together with some corresponding events from other detectors. The three rectangles denote areas, where
prompt fission γ-rays (upper) and γ-rays from fast neutron (middle) and thermal neutron (lower) induced reactions
are observed; lower part: Normalized, energy-calibrated and background-subtracted spectra for the 3 in. × 3 in.
LaCl3:Ce detector from both inelastic scattering of fast neutrons and prompt decay of fission products together
with the result of simulations.

were not correlated with fission fragments and thus independent from time. They were considered as
background, normalized per TAC-channel and subtracted from the other spectra. Also the γ-rays from
inelastic neutron scattering were subtracted from the prompt γ-rays, which results in the energy dis-
tribution of prompt fission γ-rays. The lower part of Fig. 6 shows normalized, energy-calibrated and
background-subtracted spectra for the large LaCl3:Ce detector from both inelastic scattering of fast
neutrons and prompt decay of fission products. To guide the eye, the result of a simulation [27] is
included and compared to the experimental fission γ-ray spectrum, which is described by

N(E) =





38.13 (E − 0.085) e1.648E E < 0.3MeV

26.8 e−2.30E 0.3 < E < 1.0MeV

8.0 e−1.10E 1.0 < E < 8.0MeV

(1)

as obtained from previous measurements [28]. Although the experimental spectrum is not corrected
for efficiency yet and only a part of the taken data is analyzed so far, the good agreement is promising.
What remains to be done is the analysis of all acquired data as well as determining the response
functions for all detectors and applying them to the spectra.
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4 Summary and conclusions

In this paper we have presented a set-up for measuring correlated fission-fragment characteristics.
The instrument consists of very fast timing and γ-ray energy-resolving lanthanum halide detectors
coupled to the fission-fragment time-of-flight spectrometer VERDI. The time pick-up detector is made
from artificial diamond. The intrinsic timing resolution of pCVDD detectors determined with standard
analogue electronics is well below 300 ps. The use of state-of-the-art low-noise broadband electronics
may bring the resolution down to well below 150 ps as suggested by analysing signals taken with a
1GHz waveform digitizer. Radiation hardness was verified for typical fission fragment, α-particle and
neutron doses. A first in-situ test of the single time-of-flight prototype of the VERDI spectrometer
demonstrated the suitability of the spectrometer components. Today a timing resolution of VERDI
as good as 400 ps was deducted from Monte-Carlo simulations, which may be translated into a mass
resolution ∆A ≈ 3.

First and preliminary results from the measurement of prompt γ-rays from the reaction 235U(nth, f )
were presented. Despite the early stage of data analysis the comparison with a simulation of the en-
ergy distribution appears encouraging. This makes us optimistic to provide eventually new and more
precise data to resolve present deficiencies in γ-ray production data in evaluated nuclear data files.
The employment of fast detectors like lanthanum halide detectors in conjunction with pCVD diamond
detectors will account for that.

We may conclude, that the double time-of-flight spectrometer VERDI coupled to a set of lanthanum-
halide detectors is a promising instrument for correlated measurements of fission fragment charac-
teristics with a relatively high geometrical efficiency. The instrument will be best suited for use at
medium- and high-flux neutron facilities.

This work was supported by EFNUDAT (agreement number 31027) and NAP VENEUS05 (agreement number
OMFB 00184/2006).

References

1. The Nuclear fission process, editor C. Wagemans, CRC Press, ISBN 0-8493-5434-X (1991).
2. E. Moll, H. Schrader, G. Siegert, H. Hammers, M. Asghar, J. P. Bocquet, P. Armbruster, H. Ewald

and H. Wollnik, Kerntechnik 8, (1977) 374.
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