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(n,y) for this isotope. In such co

The 2*° Pu(n, y) reaction cross section is very important for operation of both thermal and fast reactors, when
loaded with MOX fuels. According to the NEA/OECD High Priority Request List the precision of cross section

improved. The cross section of (n, f) reaction is much higher compared to
nditions the fission tagging technique could be applied to identify the fission

background. In the past, this technique was successfully used for capture measurements at the n_TOF facility
at CERN. The multi-section fission ionization chamber was constructed and used in the combination with Total

Absorption Calorimeter (TAC) for detecting gamma rays for the precise measurement of >* Pu(n,y) reaction
cross section at the n_TOF facility.

1. Introduction

The reduction of uncertainties in the radiative neutron capture cross
section measurements of fissile isotopes plays an essential role for
safer and more economic design of modern nuclear systems such as
Gen-IV reactors and Accelerator Driven Systems [1,2]. However, these
measurements are challenging due to the disadvantageous competition
between the (n,y) cascades and prompt fission y-rays.

As was mentioned at the beginning, 2*°Pu plays a dominant role in
the reactor industry. Existing experimental data from EXFOR [3] are
not consistent. Hence, more accurate 2*Pu capture and fission cross
section data are needed [4,5]. For that reason, the 2°Pu(n, y) reaction
cross section has been listed in the NEA/OECD High Priority Request
List, where authors claim that these data should be improved in neutron
energy range 1 meV + 1.35 MeV [6]. However for this isotope, cross
section of (n, f) reaction is much higher compared to (n,7) up to 10 eV,
and similar for higher energies, what is shown in Fig. 1. To identify sig-
nificant background contribution due to the fission, the fission tagging
technique can be used. It has been previously successfully applied at
the n_TOF facility at CERN. Namely, the measurement of 2>U(n, ) and
235U(n, f) cross sections were determined using the simultaneous use
of Total Absorption Calorimeter (TAC) [7-9] and MicroMegas fission
detector [10] or ionization chamber [11].

The main goal of this experiment was to reduce the uncertainties
of 23*Pu(n, y) reaction cross section, providing a capture yield with an

overall uncertainty 3% in the range from thermal energies to 10 keV. In
order to achieve the required precision, we performed measurement of
239Pu(n, y) reaction at the n_TOF facility, using newly developed multi-
section fission ionization chamber built at the University of Lodz in
Poland. Like in the past in the previous n_TOF measurements, this ap-
paratus was working in coincidence mode with the TAC. This detector
of fission fragments improves some characteristics of the previously
used experimental detection systems at the n_TOF facility [7,8,11]. For
example, compared to previous detectors, it contains less material in
the flux of neutrons as well as in surroundings of the samples, thereby
reducing a background observed in the TAC. Moreover, it provides a
better differentiation between alphas and fission fragments by their
energy. This paper does not give results of the experiment performed at
CERN, but describes the features and achievements of the multi-section
Fission Ionization Chamber (mFIC).

2. The multi-section ionization chamber

Gamma rays from fission significantly contribute to the generation
of background during measurement of 23°Pu(n,y) reaction cross sec-
tion, that is why fission must be tagged. Therefore, we used fission
fragments (f f) detector in order to exclude fission-related y-events
registered by the TAC. We decided to develop a new multi-section
fission ionization chamber (mFIC) which was used as the veto detector
and placed in the centre of the TAC. To fulfil many requirements
posed by the experimental conditions, multi-section ionization fission
chamber should:
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Fig. 1. The evaluated cross section of **Pu(n,y) and (n, f) reactions at low neutron
energies, from ENDF/B-VIII database [3].

(a) be fitted into a 10 cm radius sphere available inside the TAC
detector;

(b) have as small as possible mass of construction materials inter-
cepting the neutron beam, to minimize the gamma background
in the TAC detector caused by the scattered neutrons;

(c) have active electronic elements outside the TAC crystal ball;

(d) assure assumed accuracy of the measurement and maximize the
efficiency of detected fission fragments;

(e) separate a-particles from the fission fragments (f f) on the basis
of their energy deposition in the gas;

(f) handle a-decay rates of order of 10° — 107 /s for assumed mass of
239py 1 mg of each target, due to the half-life of 23°Pu (24 ky);

(g) achieve the best possible time resolution in optimum a few ns
to obtain the best performance of the coincidence with the TAC
and for reduction of pile-up of signals;

(h) minimize overcharging pulse called the gamma-flash, emitted
while the proton bunch from PS interacts with the spallation
target.

2.1. The characteristics of multi-section ionization fission chamber

To complete all the above requirements a new multi-section fission
ionization chamber was proposed. Its schematic view is presented in
Fig. 2, and corresponding picture of the chamber is shown in Fig. 3.
The detector housing is on the left side with a connected cylindrical
box containing preamplifiers on the right side. The neutron beam comes
from the left side and runs along the entire length of the set-up along
its symmetry axis. Neutrons move in the gas along the entire length of
the detector between two thin mylar windows. The detector housing
is placed at some distance from the preamplifier part to complete the
requirements (a, b, ¢ and h). The signal cables which connect the
electrodes of the mFIC with the preamplifiers goes through the pipe
shown in the middle, but special holder ensures that the cables do not
cross the neutrons flux. High-voltage power supply cable and the plastic
pipes for the gas flow are also visible in Fig. 3.

The dimension of the outer housing of the cylindrical chamber with
10 simple ionization chambers inside is 94 mm in diameter and 110 mm
in length. These sizes/dimensions were strictly related to 10 cm radius
of the sphere available in the centre of the TAC. The thickness of
the wall of duralumin housing is 1 mm. To minimize the construction
materials in the neutron beam, each of ten electrodes collecting the
electric charge (anode) was made of 10 pm thick Al foil. The entrance
and exit window of the detector was closed with 25 pm thick aluminized
Kapton foil. This thickness of windows requires to use a pressure of the
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Fig. 2. Schematic view of the compact multi-section ionization chamber together with
the cylindrical box for preamplifiers (on the right).

Fig. 3. Picture of the multi-section ionization chamber with connectors, two gas pipes
and HV cable. The design of set-up ensures gas flow between the detector housing with
electrodes and the part located in the immediate vicinity of the box with preamplifiers.

gas close to the atmospheric one. To achieve demanded statistics, 10
plutonium samples were used, each with a diameter of 20 mm deposited
on 10 pm thick aluminium foil. Foils were stretched on duralumin rings
with an internal diameter of 45 mm. More detailed information about
the targets will be given in Sections 3 and 4.

The 90% Ar + 10% CF, gas mixture was used to fill the detector.
This mixture is characterized by high drift velocity of electrons V;, ~
12 cm/p in maximum [12], which, with the applied distance between
the electrodes equals 4.5 mm, allows to obtain ~40 ns of rise time for
the observed pulses. In addition, this gas mixture allowed to minimize
overload of the detector usually generated by recoil protons when fast
neutrons interact with hydrogen nuclei. In our case, the absence of
hydrogen atoms in the gas eliminated this effect, which affects the
ability to record fission fragments in a wide range of neutron energies.
The gas flow ensured the stability of the gas mixture composition
during measurements and was regulated by means of a needle valve.
The gas pressure was kept by means of the height of the oil column in
the liquid manometer. This solution prevents oxygen from entering to
the detector. Any admixture this gas causes a drastic loss of operating
parameters of the ionization chambers. The gas outlet in an open con-
tinuous flow system was protected by a filter approved appropriately
in advance by the dosimetry service.

2.2. Determination of distance between electrodes

The distance between the cathodes and anodes was selected based
on simulations carried out using the SRIM software [13]. This distance
of 4.5 mm between the electrodes was chosen as a compromise between
two opposing characteristics of ionization chamber for a fixed electric
field:

 the smaller the distance between the electrodes, the shorter the
rise time of pulses,

« the greater the distance, the better the energy resolution of the
chamber, since the higher energy of alpha particles and fission
fragments will be deposited in the gas.
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Fig. 4. Measured rise times of signals from fission fragments as a function of cathode
voltage.

To perform the experiment with a required statistical accuracy and
considering the available neutron beam intensity and the beam time,
we have calculated the needed mass of ***Pu. In order to provide
an acceptable rate of alpha signals that could be processed by each
sector of ionization chamber and an optimal thickness of the samples
for fission fragment registration, 10 ionization chambers with 2**Pu
samples were found to the appropriate solution. This, in turn, limited
the maximum distance between the electrodes in the detector. The used
gas mixture (Ar + CF,) allowed to obtain the rise time for pulses
from fission fragments of about 40 ns (HV = -210 V(470 V/cm))
for the distance between the electrodes of 4.5 mm, what is shown
in Fig. 4. Our measurement confirmed the literature data, that the
maximum drift velocity of electrons is V;, ~ 12 cm/ps for the used
gas mixture at atmospheric pressure [12]. These simulations showed
that a 4.5 mm distance between the electrodes gives good separation of
signal amplitudes from alpha particles and fission fragments. The alpha
particles from the Pu decay can deposit in the gas their total energy
of 5.2 MeV on trajectories only very different from perpendicular to
the target. Their ranges in the used gas mixture and normal pressure
are about 36 mm. Contrary to this, the minimum energy that can be
deposited by the fission fragments at the electrode spacing applied
(4.5 mm) is greater than 20 MeV. For example, the fission fragments
range is 17 mm for 50 MeV Cs and 25 mm for 100 MeV Cs. Therefore,
the alpha particles and fission fragments can be separated in the pulse-
height spectrum. The spectrum obtained during first tests of the mFIC
were performed at University of Lodz with using Pu-Be neutron source
and only availably 2°U sample is shown in Fig. 5.

2.3. The electronic pulse processing system

The signals from 10 independent section of the mFIC were amplified
by the standard A1422H CAEN preamplifiers, located inside the cylin-
drical housing connected to the chamber extension. This construction
was used to put the preamplifiers outside the TAC crystals. Such
solution allowed to decrease the gamma-ray background generated by
the interactions of scattered neutrons with material of preamplifiers.
The 12 charge-sensitive preamplifiers (2 of them spare) implemented
on a single in-line package (2 are spare) were placed inside cylindrical
housing and soldered to the round motherboard with a hole inside
it. This hole was specially designed to guarantee no interaction of
neutron beam with the box of preamplifier. This used CAEN electronic
module supports detectors up to 200 pF capacity and with sensitivity
45 mV/MeV (Si). These preamplifiers ensure about 5 ns minimal rise
time of signals and can afford a very high count rate. The scheme of
the round motherboard and a picture of the mounted preamplifiers is
presented in Fig. 6. After amplification by a fast analogue amplifier,
signals were sent to the digitizers.

Nuclear Inst. and Methods in Physics Research, A 1067 (2024) 169649
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Fig. 5. Pulse-height spectrum of alphas and fission fragments from 2°U. The fission
reaction was induced by neutrons from Pu-Be source. This measurement was performed
without any high gamma background and the gamma-flash present at EAR1. The noise
(up to channel ~10), alpha particles (between channel 10 and 110) and fission pulses
(the broad spectrum from about channel 150) could be easily separated for all sections
of the mFIC.

Fig. 6. Scheme of the round motherboard, left panel. Photo of the interior of cylindrical
housing with the preamplifiers, right panel.

Table 1
Atomic abundances of used Pu material determined by TIMS at JRC Geel.

Isotope Amount fraction
n(***Pu)/n(Pu) <0.00002
n(Pu)/n(Pu) 0.9990259 (14)

n(***Pu)/n(Pu)
n(**'Pu)/n(Pu)
n(***Pu)/n(Pu)
n(***Pu)/n(Pu)

0.0005818 (4)
0.0002501 (5)
0.0001288 (7)
<0.000002

3. Target preparation and characterization

The 2Pu samples were prepared at the JRC Geel target prepa-
ration laboratory by molecular plating on an aluminium backing in
isopropanol (C3;HgO) using an in-house made polyacetal molecular
plating cell with rotating Pt anode [14]. A mask on top of the backing
incorporated in the molecular plating cell defined the diameter of the
plutonium deposit. The Pu layers with a diameter of 20 mm consisted of
deposited Pu material with some remaining isopropanol. As mentioned
in Section 2.1 the backing was a 10 pm thick aluminium foil and it
was stretched and glued on a duralumin ring with an internal diameter
of 45 mm and an external diameter of 53.5 mm. The Pu base material
was analysed for its atomic abundances by thermal ionization mass
spectrometry (TIMS) at the JRC Geel nuclear chemistry and nuclear
mass spectrometry laboratories and its composition is given in Table 1.

The 23°Pu alpha activities were determined by alpha-particle count-
ing at a defined solid-angle and were calculated from the integrated
count rate between 1 MeV and 6 MeV deposited alpha energy. In this



J. Perkowski et al.

Table 2
Characteristics of the Pu targets prepared at JRC.

Sample position Activity 2Pu mass Areal density
in the mFIC [MBq] [ngl [ug/cm?]

1 2.238 (7) 975 (3) 310.5 (10)
2 2.214 (3) 964.3 (13) 307.3 (4)
3 2.199 (3) 957.9 (12) 305.2 (4)
4 2.099 (3) 914.4 (12) 291.3 (4)
5 0.2862 (4) 124.65 (17) 39.72 (6)
6 1.935 (3) 843.0 (12) 268.6 (4)
7 2.186 (5) 952.3 (2) 303.4 (7)
8 2.110 (3) 919.0 (12) 292.8 (4)
9 2.094 (3) 911.9 (13) 290.5 (4)
10 2.253 (4) 981.1 (19) 312.6 (6)

energy region there are additional contributions due to the decay of
such contaminations as 238Pu, 240py, 24Py, 2*2Pu and 2**Pu as well to
the decay of 24! Am. The contribution from the decay of Pu isotopes was
derived from the atomic abundances of used Pu material determined
by TIMS. The ingrowth and decay of >*' Am was derived from the beta
decay of >*'Pu, the purification date, and the Am/?°Pu activity ratio
determined by gamma spectrometry. The background was measured
with a blank target. The solid angle was calculated according to the
diameter of the deposit, the diaphragm in front of the detector and
the distance between both. This calculation is based on numerical
integration and its practical algorithm is described to calculate the solid
angle for an axially symmetric set-up with one or more diaphragms,
taking into account the true radial activity distribution of the source.
The integration of the solid angle is done over the angular degrees
of freedom in the spherical coordinate system. The description of
this procedure could be found in the publication [15]. The intrinsic
detection efficiency of the alpha-particle detector was assumed to equal
1.0. The 23°Pu masses were obtained from the measured alpha activities
and the specific activity of 2°Pu = 2.2960(10) - 103> MBq/g. The 2°Pu
areal densities were calculated from the *Pu masses and the diameter
of the Pu deposit. The surface of these samples was uniform with an
accuracy around 5% [14]. An overview of the 23°Pu alpha activity, mass
and areal density of individual samples is given in Table 2. The 2°Pu
alpha activities are calculated on the date of the « particle counting
measurement. The quoted uncertainty is the combined uncertainty due
to the counting statistics and a 0.12% random uncertainty component
due to the reproducibility of the measurement conditions evaluated
in Ref. [16]. For the total uncertainty of the 2*°Pu alpha activity,
the quoted uncertainty has to be combined with common uncertainty
components: 1.30% due to the correction for the background, 0.35%
due to the correction for the solid angle. The correction for the 2*3Pu,
240py, 241py, 242py, 2%py and 2*'Am contributions can be neglected
because it is very small, so the total combined uncertainty equals
1.35%.

4. Mounting of °Pu targets in the detector

The example one of mounted sample in the mFIC is easy seen
in Fig. 7. A schematic diagram of the multi-section fission ionization
chamber and a picture of its structure is presented in Fig. 8. The
detailed characteristics of the targets used in the experiment at CERN is
given in Table 2. Intensity of the emitted alpha particles from the 23°Pu
decay is about 2-10%a/s for each section of mFIC with thicker samples.
The lowest mass sample (position 5) was placed intentionally in the
centre of the experimental set-up. The data obtained from this sample at
almost one order of magnitude lower thickness will allow to determine
influence of effect of anisotropy of emission gamma photons from
fission fragments on registering efficiency by the TAC. This correction
will be applied to the data from others sectors of the mFIC.

Considering the thickness of the used electrodes and the 3 mm
distance between two anodes, alpha particles and fission fragments

Nuclear Inst. and Methods in Physics Research, A 1067 (2024) 169649

Fig. 7. Picture of the part of the detection system during the mounting process at the
JRC in Geel. Plutonium material is the yellow region in the middle of aluminium target
disk.

cathode(HV s - sample 5)
cathode (HV 4 - sample 4 )
4.5 mm

anode ( signal 4)

anode( signal 3)

4.5 mm

cathode (HV 3 - sample 3) &
cathode (HV 2 - sample 2 ) =2
4.5 mm

anode ( signal 2)

anode( signal 1)
4.5mm
cathode (HV 1 - sampie 1)

Fig. 8. Scheme of the fragment near one supporting rod of internal structure of the
mFIC (left picture) and a photo of all 10 mounted sectors of ionization chamber
(right picture). The rods and supporting structure made of non-conductive material are
labelled in blue, whereas cathodes are marked in yellow. The positions of Pu samples
on cathodes are shown as red lines. Only half of structure is shown to simplify the
picture. The upper half is mirror reflection of the presented bottom part.

could penetrate the volume into the gas layer between individual
sections of mFIC, but cannot reach the neighbouring section of the
detector. The particles entering this area did not induce an electrical
signal at the electrode of the next detector, because there was a zero
difference of electric potential between the anodes.

5. Results from experiment at n_Tof facility, CERN

The n_TOF neutron time-of-flight facility is located at CERN [9,17,
18], where neutrons are produced in spallation reactions, by imping-
ing the lead target with a bunch of protons (7 ns rms) from Proton
Synchrotron. The spallation target, that is cooled by gas nitrogen, is
surrounded by borated and water layers to moderate the initially ener-
getic neutrons, reduce y - induced backgrounds. The moderated neutron
spectrum is characterized by an almost isolethargic energy dependence
and ranges from thermal energies to several GeV. The n_TOF facility
consists of two experimental areas; Experimental Area 1 (EAR-1) is
located at a distance of 185 m from the target, while Experimental Area
2 (EAR-2) for measurements requiring larger neutron flux is located
at a distance of 20 m [9,17]. Recently, another measuring station
called NEAR has been constructed very close to the spallation target
for activation measurements [19]. Our experiment was performed at
EAR-1, taking into account advantage of the excellent relative neutron
energy resolution, which ranges from 3 - 107* at 1 eV to 3 - 1073 at
100 keV [20].
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Fig. 9. The multi-section fission ionization chamber (mFIC) inside a spherical neutron
absorber surrounded by half of BaF2 scintillators of the TAC.

5.1. The gamma-flash impulse and processing raw signals from detectors

To measure 2°Pu(n,y) reaction cross section in tagging method,
the mFIC was placed inside the TAC detector [7-9]. The TAC is a
segmented 4r scintillator array consisting of 40 BaF, crystals 15 cm
thick [7-9]. The crystals cover 95% of the solid angle, detecting cascade
of y-rays with high efficiency of typical total energies between 5 and
10 MeV and multiplicities that may range up to 6 or 8, depending on
the investigated nucleus. To reduce the gamma background in BaF,
crystals, traditionally used absorber of elastically scattered neutrons has
been replaced with a special that allows the placement of mFIC. This
20 cm diameter absorber, made of polyethylene with lithium content,
fills almost completely the space between the ionization chamber and
the TAC crystals. It was designed at CIEMAT in Spain. The mFIC
detector connected with neutron beam pipe in the centre of the TAC
is shown in Fig. 9.

The presence of a pulse called the gamma-flash, arising from an
interaction of 20 GeV proton bunch from PS with the spallation tar-
get, very often overloads the detectors and electronics at EAR1 and
EAR2 [9]. This phenomenon represents an important challenge for
detection, limiting the maximum neutron energy for which the detec-
tor can start registration of pulses. Therefore, this maximum neutron
energy is the key parameter for each detector at n_TOF facility. The
massive crystals of the TAC and the long slow light component (630 ns)
contributed to significant pile-up effects of its signals, limiting the study
of radiation capture in the >**Pu(n, ) reaction to neutron energy only
up to several tens of keV. Due to the small amount of material in the
neutron beam and the used additional electronic filters of low and
high voltage supply in the preamplifiers, no pulse overloading mFIC
was observed in the time spectrum. This difference is visible in Fig. 10
presenting the time spectra of raw pulses from the multi-section fission
ionization chamber and the TAC detector simultaneously triggered. The
TAC detector reaches equilibrium state after gamma flash signal in
much longer time (~10 ps), what it could be noticed in Fig. 10.

Signals from the mFIC sections were processed with high perfor-
mance digitizers, ADQ412 or ADQ414 [21], with 12 or 14 bit resolution
respectively which are operated at 500 MSamples/s. The waveforms
from digitizers were stored at CERN’s computer centre. Later, these data
are processed off-line to determine signal amplitudes and arrival time
used in time-of-flight technique (TOF) for determination of incoming
neutron energy. The dedicated Pulse Shape Analysis (PSA) routine
special developed for this experiment are used for reconstructions of
signal also from alphas and fission fragments detected by the mFIC.

5.2. Analysis of pulse-height spectra from mFIC

The spectrum of time differences between TAC and mFIC signals in
the energy region close to the 0.3 eV resonance of 2*Pu is presented
in Fig. 11. For the results presented in this paper we used 20 ns-wide
coincidence window. The amplitude spectrum of alphas and fission
fragments from 2*Pu, obtained using the mentioned earlier new ded-
icated PSA routine, is shown in Fig. 12. This spectrum allows easy
separation of ff from alphas particles and the noise, This separation
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Fig. 10. Example of the signals from four mFIC sections and from one of the TAC
crystal registered during the experiment at n_ TOF. In the initial part of the signals
from sectors of mFIC, small oscillations are seen, which have not got much impact on
the discrimination of observed signals from fission fragments.
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Fig. 11. The time coincidence spectrum between the TAC and the mFIC signals in the
energy region close to the 0.3 eV resonance of **Pu.

is fully consistent with identification of ffs using coincidences with
the TAC. Furthermore, this spectrum has got a similar structure to the
spectrum shown in Fig. 4, which was obtained in conditions without
the gamma-flash pulse. This discrimination between alpha and fission
fragments was the one very important requirement in the performed
measurement.

5.3. Time spectra of fission fragments and gammas

The efficiency of registration of the ffs by the one of the mFIC
sections of with the thicker samples was determined experimentally
based on coincidences with TAC, and it equals 0.90(5). The uncertainty
of this value was estimated using the statistical and systematic error.
The preliminary fission cross section from all the channels of the multi-
section fission ionization chamber as function of neutron energy is
presented in Fig. 13. It is worth to notice the very good agreement of
our data with the ENDF/B-VIII data [3]. Data collected with mFIC are
to be used mainly to identify and eliminate significant y background
contribution due to the fission in the 23°Pu(n, y) reaction cross section
measurement. However additionally, based on these new data, the
239Py fission cross section could be determined at least to E, = 5 keV
energy. Fig. 14 presents yields measured by the TAC and those from
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Fig. 12. Example of the pulse-height spectrum recorded by one of the mFIC section
for neutrons energies from 0.1 eV to 10 keV. For comparison, the coincidence spectrum
with signals from the TAC detector, and also spectrum registered without neutron beam
are shown. The peak observed at amplitudes of 4 (blue squares) is artificial due to
the threshold of the routine, so counts under this value are underestimated. It could
be also noticed similar level of separation of alpha particles and fission fragments in
pulse-height spectrum as in Fig. 5.

coincidence of TAC with the mFIC as a function of neutron energy.
Only TAC events with 2.5-7 MeV deposited gamma-ray energy were
considered here. The two spectra present the gamma events collected
under condition of coincidence with mFIC and also total registered
gamma spectrum (without coincidence). By comparison these spectra,
it can be concluded that the new multi-section fission ionization cham-
ber fulfilled its task in the measurement of radiative neutron capture
reaction of 2Pu with TAC at the n_TOF facility at CERN.

6. Conclusions

The multi-section fission ionization chamber was constructed and
used in determination of the Z°Pu(n, y) reaction cross section as veto
detector at the n_TOF facility at CERN. This paper presented description
of the multi-section Fission Ionization Chamber (mFIC) layout and
summarized the its most important properties. It is characterized by
a high efficiency (~90%) for the thickness of the Pu samples that
have been used, very good separation of alpha particles from fission
fragments, short rise time of signals (40 ns) and resistance to the gamma
flash signal appearing at the n_TOF facility. Results of the experiment
performed at the n_TOF facility at CERN proof that this detector is very
useful for the fission tagging technique applied for radiative neutron
capture cross section measurements and we are going to publish soon
the data for of the 23°Pu(n, y) reaction.
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