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Abstract. A spectrometer for detecting charged particles has been developed,
designed for high-precision research in nuclear physics and applied tasks.
The instrument is based on a two-section ionization chamber with a Frisch
grid, providing high detection efficiency, nearly isotropic solid angle (~4m),
and minimal background noise levels, which is critically important for reliable
determination of smallreaction cross-sections. Therelevance ofthis development
is driven by growing interest in studying neutron-induced reactions related to
nuclear energy development, radiation protection, and fundamental research
into nuclear structure, as well as the lack of modern spectrometers capable
of working with both solid and gaseous targets without loss of efficiency. The
device is effectively used in systematic studies of charged particle emission
reactions induced by fast neutrons on light and medium-mass nuclei. It enables
obtaining energy distributions of reaction products, total and differential cross-
sections, as well as angular distributions of charged particles. A key advantage
of the spectrometer is its ability to work with both solid and gaseous samples,
significantly expanding its application scope in scientific research.

Keywords: charged particle spectrometer, fast neutrons, alpha particle spectra,
detector, nuclear reactions.

Introduction

Neutron-induced nuclear reactions play a key role in the release of nuclear energy and
are described by nuclear data such as total and differential cross sections. Comprehensive,
systematic and accurate nuclear data serve as a bridge between fundamental research [1-3]
and engineering applications, being of great importance for nuclear engineering, applications
of nuclear technologies [4], nuclear astrophysics [5-7] and other fields. In nuclear energy,
a-particles from (n,a) reactions, accumulating as helium bubbles, cause damage such as
embrittlement and swelling of structural materials [8]. In nuclear astrophysics, (n,a) reaction
cross sections are typically used in calculations of element evolution processes in the Universe.
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Previous measurements of these reactions in the MeV-range of neutron energies were
performed mainly using activation methods. This method, although simpler in practice, is
feasible only in specific cases when residual nuclei produced by charged particle emission are
unstable [9-11]. The key research challenges are due to, first, the probability of the studied
processes because of small reaction cross sections and limited sample quantity (in the case of
isotopically enriched materials), and second, the complex background characteristic of neutron
sources in this energy range. As a result, standard detector methods are either inapplicable or
do not provide a comprehensive analysis of the processes. Moreover, such measurements do
not allow obtaining energy spectra and angular distributions of emitted charged particles.

To expand our research to (n,p) reactions, we have constructed a new double ionization
chamber. The new spectrometer can withstand higher working gas pressure, has the capability
to study reactions on both solid and gaseous targets, which allows expanding the range of studied
nuclei. Furthermore, the volume of the new spectrometer is smaller, and this has reduced the
amount of required working gas. The developed detector and measurement methodology, in our
view, are optimally suited for investigating (n,a) and (n,p) reactions with neutrons in the MeV
range and allow obtaining both energy spectra and angular distributions of reaction products.

The methodology

The detection system was based on a ionization chamber with a common cathode design,
offering a large solid angle and high detection efficiency for charged particles, as shown in Fig.1.
Adjusting the gas pressure was essential to optimize the stopping of different particles: alpha
particles, which have shorter ranges, were best detected at low pressures, while tritons, with
longer ranges, required higher pressures. This allows the working gas pressure to be selected
and adjusted for each measurement to reduce background reactions. Another big advantage of
this detector is its low sensitivity to gamma background.

Figure 1 (a) shows the internal structure of the spectrometer. The detector consists of a
cylindrical stainless steel chamber with adiameter of 29.2 cmand a heightof 28.2 cm, comprising
two parallel sections with a common cathode. The anodes are made of two aluminum plates
with a thickness of 0.1-0.2 mm. The detector grids consist of parallel gold-plated tungsten wires
with a diameter of 0.1 mm and a pitch of 2 mm, soldered onto rectangular frames made of
copper-clad fiberglass laminate. The chamber design allows for adjustable spacing between the
grids and electrodes over a wide range.

The external view of the cathode is shown in Figure 1 (b). The cathode, shared by both sections,
is equipped with a rotating sample holder disk mounted between two aluminum plates with 48
mm diameter apertures. The design features five positions on the disk, each accommodating
two samples in a "back-to-back" configuration, enabling the simultaneous loading of up to
ten samples for various purposes: a-sources for energy calibration, test samples, background
measurement samples, 233U samples for absolute neutron flux determination, and others.
The rotation mechanism allows for sample changes during experiments without opening the
chamber, ensuring identical conditions for primary, background, and calibration measurements.
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Figure 1. (a) Internal structure of the spectrometer, (b) internal structure of the cathode

Selection of Working Gas

When selecting the composition of the working gas mixture, the following fundamental
physical processes affecting the accuracy of measuring energy lost by charged particles in the
gas were considered: ion recombination and electron capture by molecules of the primary gas
and impurities. Special requirements for the gas mixture are also determined by the operating
conditions in a fast neutron field. The considerable cross-sections of (n,p) and (n,a) reactions
for the chamber filling gases lead to background nuclear reactions. These reactions occurring
with nuclei of the gas mixture components produce additional a-particles, which complicates
the extraction of the useful signal from the nuclear reactions under study on the sample.

Noble gases (Ar, Kr, etc.) are typically used as working gases in ionization chambers [12-13].
To improve detector characteristics, mixtures containing small additives of CO,, methane, and
others are employed. However, in our case, methane-containing mixtures are rarely used due to
the background caused by recoil protons, despite their high drift velocity. The Ar+CO, mixture
is also not always suitable due to the presence of oxygen in carbon dioxide, which has a large
(n,a) reaction cross-section at neutron energies above 3 MeV. Therefore, it is relevant to identify
new effective mixture gases that would expand measurement capabilities.

Signal registration and analysis system of the alpha spectrometer

Signals from the alpha spectrometer are first amplified and then digitized using a PIXIE-16
digitizer. The electronics block diagram is shown in Figure 2. Two signals from the anodes and
one from the common cathode of the ionization chamber (IC) are fed through charge-sensitive
preamplifiers and fast amplifiers to four inputs of the digitizer. A fifth input is used to connect a
neutron counter for neutron flux measurements.

The input signals are digitized by a 14-bit 250 MHz ADC (and an 11-bit 200 MHz ADC). Each
event can be stored in memory. The PIXIE-16 supports spectroscopy in both independent and
coincidence modes for pulses across different input channels.

Signals from the EJ-309 scintillation detector are fed into an 8-channel 12-bit 500 MHz
digitizer (CAEN DT5730S), which serves as a neutron flux monitor and enables the separation
of neutron and gamma-ray spectra.
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Figure 2. Schematic diagram of a-spectrometer with electronics:
FC - cathode of additional IC section with 238U; PA- charge-sensitive preamplifier;
A, G, C - anode, grid, cathode; CTU - trigger control; SA, TFA - fast amplifiers ORTEC 474;
PIXIE- digitizer PIXIE-16; DT - digitizer CAEN DT5730S; PC- personal computer

Application of a-spectrometer in the study of (n,a) reactions

The experimental setup shown in Figure 3 provided two configuration options: (a) for solid
samples [14] (placed on the detector cathode) and (b) for gaseous samples with a collimator
installed between the neutron source and the detection system. In measurements on solid
samples, the collimator helps reduce background on the detector components, but the neutron
flux also decreases due to the geometry. In the case of measurements on gas samples, the
collimator helps define the irradiated volume of gas, which subsequently aids in data processing.
Neutron flux monitoring was performed by a *He detector positioned along the beam axis, while
system calibration was carried out using a reference 2*®U target mounted on the rotating cathode
disk. Fast quasi-monoenergetic neutrons were produced via the D(d,n) nuclear reaction using a
gas target, achieving a neutron flux of approximately 10° neutrons per second.

Figure 3. Schematic diagram of the experimental equipment setup, (a) for measurements
on solid samples, (b) for measurements on gas samples with a collimator
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Discussion

Measurements of (n, a) reaction

As an example, let's consider the study of the 3°Cl(n,a)®?P reaction using neutrons with energy
E =5.0 £ 0.26 MeV. Also, studies of (n,a) on various nuclei using this detector are presented in
the works [14-17]. The experiments were conducted with a Kr + 5% CH, gas mixture at 0.65
atm pressure. The rotating cathode disk contained: a *°Cl target (707 pg/cm? thickness, 99.4%
enrichment), an a-source for calibration, a tantalum substrate for background measurement,
and a reference #®U target (99.999% enrichment) for absolute neutron flux determination. The
measurement results and their analysis are presented in Figures 4 and 5, showing a-particle
spectra and corresponding distributions.

This methodology provided precise measurements of nuclear reaction parameters at fixed
neutron energy with background control and equipment calibration. The rotating cathode with
different samples allowed sequential recording of useful signals and background components
under identical conditions. The obtained two-dimensional spectra can be used to determine the
total cross section of the 35Cl(n,a)32P reaction [14].
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Figure 4. Experimental cathode-anode a-particle spectra from the 3*Cl(n,)*?P reaction
atE =5.0 MeV: (a) forward-direction spectrum, (b) backward-direction spectrum. Both spectra
include corrections for background reaction contributions
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Figure 5. Anodic spectrum of a-particles from the reaction *Cl(n,a)*P at E =5.0 MeV, forward
direction (a), backward direction (b), with the contribution of background reactions
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Fission chamber

A key feature of this spectrometer is its capability for precision measurement of fast neutron
flux using an integrated fission chamber. To implement this function, a highly enriched 32U
sample (99.999% enrichment) was mounted on the guard electrode of one spectrometer
section, while the space between the anode and guard electrode was utilized as the detection
chamber. The neutron flux was measured separately for each energy. The combination of the
fission chamber and 3He counter provided exceptional measurement reliability and accuracy,
which is crucial for precision experiments with fast neutrons. The obtained neutron flux data
were subsequently used for cross-section analysis of the studied nuclear reactions [14-17].
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Figure 6. Spectra of fission fragments at E =5 MeV. (a) from the fission chamber;
(b) from the spectrometer cathode

The uncertainty in the measured cross sections for the (n, o) reaction arises from multiple
sources. The most significant contribution stems from the determination of the number of
detected alpha particles, tritons. This includes both statistical errors and uncertainties related
to background subtraction, as well as event selection criteria such as energy thresholds and
valid-event-area cuts.

Table 3. Principal sources of uncertainty and their estimated magnitudes

Source of Uncertainty Relative Error (%)
238U (n,f) reference cross section 0.7
Determination of number of fission events 3.0
Alpha/triton event statistics 3.0-5.0
Background subtraction and neutron flux 3.0
normalization

Atom number of ?**U in the ***U_0, sample 2.0

Atom number of sample 2.0

Total combined uncertainty 7.5-9.8

Measurement of (n,a) reactions on gas samples

In this experiment, instead of a solid target, the working gas mixture Ar+1%CO was used
as the target material. For measurements with gas samples, the experimental setup shown
in Figure 3 (b) consists of four main components: a neutron source, a steel collimator with
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an internal copper cone, a spectrometer, and a *He counter [1]. A steel collimator positioned
between the neutron source and the spectrometer serves to collimate the neutron beam and
limit the irradiation area of the working gas within the spectrometer. Also, the study of (n,a) on
a gas sample using this detector is presented in the paper [18].

The detector's active reaction volume is defined by the collimated neutron beam path, as
illustrated in Figure 3 (b). Neutron fluxes were determined using the 2*U(n,f) reaction. The
(n,a) events were identified through anode spectra measured by the spectrometer. Figure 7
presents both 2D and 1D projections of the obtained spectra. As evident from the figures, the
spectrometer and electronics system effectively discriminates background reactions.
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Figure 7. Two-dimensional spectrum of alpha particles (a) at E =5 MeV and one-dimensional
spectrum (b)

Conclusion

The two-section ionization chamber spectrometer is a modern and highly efficient tool
for studying nuclear reactions, particularly (n,a) reactions. An important advantage of this
configuration is the ability to quickly change targets without the need to break the vacuum or
alter operating parameters. This allows optimal use of beam time and economical consumption
of expensive working gases (Kr, Xe, CF,). Particularly noteworthy is the built-in fission chamber
based on highly enriched 2*®U, which provides precise measurement of neutron flux. The
combination of this chamber with a *He counter enables exceptional measurement accuracy.
Together with a modern event registration system, this detector makes it possible to obtain
a-particle spectra corresponding to transitions to various energy levels of the daughter nucleus,
as well as detailed information about angular distributions of nuclear reaction products.
Experiments conducted with various targets (including gas samples) demonstrate the broad
research capabilities of the setup. The results obtained make a significant contribution to
understanding the mechanisms of nuclear reactions and can be used to verify theoretical models.
Thanks to its characteristics, this spectrometer is a valuable tool for conducting research aimed
at developing new nuclear technologies and improving the safety of existing ones. In particular,
the data obtained can be used to improve nuclear reactor models and develop more effective
radiation protection methods.
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Kbl1jaM HEUTPOHAAP TYAbIPAThIH AAPOJIBIK peaKusaapAbl 3epTTeyre apHaJIFaH 3apaTaaraH
6eJIlIeKTep CIEKTpoOMeTpi

Anpgartna. 3apsaaThl GeJslleKTepAi Tipkeyre apHaslfaH CHEKTPOMETP SAAPOJbIK (HU3UKajAa KoHe
KOJIZIaHOaIbl MaceJsiesiep/ie KOFapbl JRJJIKIEH 3epTTey KYprisy yuiH a3ipjenfi. KypblIFbIHBIH
Heri3ziHge @puil TOpJbl eKi CeKIMAJbl MOHAANY KaMepachl »KaTbIp, 0J1 XKOFaphbl TipKey THIMZALMIIrIH,
ic »Ky3iH/le U30TPOMNTHI KeHicTiK OypbiluIbIH (~41) x9He QOHABIK IIyJAapAblH €H TOMEHTI AeHreliH
KaMTaMachI3 eTe/li, 6yJ1 peakUUsIap/blH KillliripiM KUMasiapblH CeHiM/Ii aHbIKTAy YIlIiH 6Te MaHbI3/[bl.
JlaMyablH, 63€eKTiJiri AApoJbIK 3HEepPTeTUKAHbIH, Cay/ieJleHy/leH KopFay »KyHeJiepiHiH koHe saapoJiap
KYpPbLJIBIMbIH 3epTTEY/IiH HeTi3ri MacesesiepiHiH JaMyblHa 6al/JaHbICTBI HEUTPOH-UHAYLUPJIEHTEH
peakuusaapbl 3epTTeyre JereH KbI3bIFYLIbLIBIKTbIH apTybIMEH, COHbIMEH KaTap KaTThbl dHe ras
TOpi3/li HbICAaHAApMeH TUIMAIIIKTI »KOFa/lTHaM KyMbIC icCTel ajlaThlH 3aMaHayU CIEKTPOMeTpPJIEP/IiH,
6osMaybIMeH TYyciHAipineni. Kypan »keHin »9He opTalla Maccajap/blH, fApoJapblHJa >XbLIJaM
HEUTPOH/Iap 9CEpPiHEH TYBIHJAUTBIH 3apAATHI G6JIIEKTEP/iH YIIBIN HIbIFY peaKIUaJapbiH KyHhesi
3epTTeyAe TUIMAI KoJsJaHbuiaZbl. OHbIH, KeMeriMeH peaklys 6HIMJEpPiHiH 3HEpPreTUKaJbIK TapaJyblH,
TOJIBIK XoHe JubdepeHLHaNAbl KUMaNTap/Abl, COHbIMEH KaTap 3aps/AThbl OeJlleKTepAiH OYpbhIITHIK

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N23(152)/ 2025 151
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



LA. Chuprakov, Yu.M. Gledenov, E. Sansarbayar, A.K. Bekbayev, B. Mukhametuly, E.S. Korshikov, N.T. Temerbulatova

TapaJyblH asiyFa GoJsiafibl. CIEKTPOMETP/IiH, MaHbI3/Ibl apPTHIKIILIIBIFBI — KAaTThl X9HE ra3 Topi3ai
y/rijiepMeH KyMbIC iCTeH asybl, 6YJ1 FBIJIBIMH 3epTTeyJiep/e OHbIH KOJIAAHBIC asChbIH alTapJbIKTal
KeHeHnTei.

TyiiH ce3aep: 3apsATaNFaH GeJIIIeKTep CIEKTPOMETPI MKbUIIaM HEUTPOoHAAp, abda GeJleKTepiHiH
CIEKTpJIepi, IeTEKTOP, HEUTPOHJapMeH SAAPOJIbIK peaKIusiiap.

U.A. Yynpakos'?*, 10.M. I'ne geHoB?, 3. CaHcap6asp??, A.K. Bek6aes'**,

B. MyxameTtyabi'*4, E.C. Kopmukos*, HT. Temep6ynaToBa'?
THHcmumym adepHotl pusuku, 2. Aamamol, Kazaxcmau
206BeduHeHHbIT UHCMumym sidepHbix uccaedosaHut, 2. /ly6Ha, Poccus
SHayuoHaavHblll yHUgepcumem MoHzoauu, 2. Yaau-bamop, MoHzoaus
*Kazaxckull HQYUOHAAbHLIU yHUBepcumem uM. aab-Papaéu, 2. Aamamol, Kasaxcmau
(E-mail: nitro-chupa@mail.ru)

CneKTpoMeTp 3apsiKeHHBIX YacTHUL, AJI8 MCC/IeJOBAaHUS AAEePHbIX peaKI Ui, BbI3BaHHbIX
GBICTPBIMHU HEHTPOHAMU

AHHOTanus. Pazpa6oTaH clieKTpoMeTp AJisi peErUCTPAI[MU 3aps?KEHHbIX YaCTHUI, TpeJJHa3HAUYEeHHBIN
JJ1s1 BBICOKOTOYHBIX MCC/Ae[J0BaHUU B AZlepHOH Pu3MKe M NPUKIAJHBIX 3ajadax. B ocHoBe npubopa
JIEXXUT [ BYXCeKLMOHHAas WOHM3alMOHHasA KaMepa c ceTKod Ppuma, obecneyrBarwoliasd BbICOKYIO
3¢ eKTUBHOCTb perucTpanuy, NpakTUYeCKd U30TPONHbBIN TesleCHbIA yroJ (~41m) 1 MUMHUMa/bHbIN
ypoBeHb GOHOBBIX MOMeEX, YTO KPUTUYECKHA BAXKHO JJIsT HAZ€XKHOT'O ONpeJesieHHus] MaJbIX ceueHUU
peakuui. AKTyaJlbHOCTb Pa3paboTKH 06YyCJO0BJEHA pPacTyLUM HWHTEPecoM K U3yYeHUI0 HeUTpPOH-
WHJAYLUHMPOBAaHHBIX peaKLUUd B CBsI3M C pa3BUTUEM fJlepHOU 3HepreTHKH, pajHallMOHHOM 3allUThbl
U QyHAaMeHTa/JbHBIX HCCAeJ0BAaHUU CTPYKTYpbl fAJep, a TaKXe OTCyTCTBUEM COBPeMEHHBIX
CIIEKTPOMETPOB, CIIOCOOHBIX paboTaTh KakK C TBEpPAbIMH, TaK M C ra3o00pasHbIMU MHULIEHAMU 6e3
notepu 3pdexTuBHOCTU. [IpHUGOp 3PPEKTUBHO MPUMEHSIETCH B CUCTEMATHUYECKUX HCCIAE0BAHHUAX
peakuui C BbLIETOM 3apsiKEHHbBIX YaCTUL, UHAYLUPOBAHHBIX ObICTPBIMU HEMTpPOHAaMH, Ha sjpax
JIETKUX U cpeJHUX Macc. C ero NoMolLblo MOXKHO I10/1y4aTh 9HepreTUYeCKUe paclpeieeHHs IPOAYKTOB
peakuul, noJjiHble U AuddepeHMalibHble CeUeHHs, a TaKKe yIJI0Bble pacnpezesieHUs 3apsKeHHbIX
yacTul,. BakKHbIM penMylecTBOM CIEKTPOMETpa fABJISIeTCA BO3MOXXHOCTb pab0Thl KaK C TBEPAbIMHY,
TaK M C ra3oo6pasHbIMM 00pasliaMH, YTO 3HAYMUTEJbHO paclIMpseT 006J1acTb ero NpUMeHeHHUs B
Hay4YHbIX UCCJIe[0BaHUSAX.

Kiio4deBble c/10Ba: CIEKTPOMETp 3apsi>KEHHbIX YacTHL, ObICTPble HEUTPOHBI, CIIEKTPHI ajbda yac-
TUL, JeTEKTOP, i/lepHble peaKLUu.
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