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Besdax A.A. u 1p. E13-2022-56

MaccHB IeTeKTOPOB AJs HCC/e0BAHUSI MHOFOHEHTPOHHOrO
pacnaza aapa 'H

Ha nyuke pagnoaktusubeix sigep cenapatopa ACCULINNA-2 JlaGopatopuu
sanepHblx peakuui um.[. H. DnépoBa co3maéress ycraHoBKa, NpenHasHauyeHHas
IS eTaJbHOrO M3yuyeHHs MATHTeJNbHOro pacnafa sjep 'H, obpasymommxcs B
pesyJbTaTe peakUMM Mepejaud MPOTOHA OT HaJjeTaiollero sapa °He Ha sapo
mumeny 2H. B HacTosimiel cTatbe naétcs onucanue ycrpoiictsa ua 100 niactuue-
ckux cuuHTUsiTopoB BC-404, npenHa3HayeHHOro 17151 perMcTpalvyi HEHTPOHOB,
Teseckona Si-neTekTopos snep oTaauu *He, a TakxKe KOMIMJeKTa AeTEKTOPOB AJs
AFE—FE—ToF peructpanuu snep °H, BblIeTaomyX U3 MUIIEHH npH pacnane 'H.
[lokazaHbl pesysbTaTel MonenupoBaHusi MetomoM Mounrte-Kapso, nasuiero oxu-
JlaeMble 3HAUEHHs] HEPTHH W MapaMeTpbl TPaeKTOpPUU BcexX yacTull. [IpuBeneHbl
pe3y/bTaThl MOJYYEHHBIX OLEHOK CBETUMOCTH 00CYXKAaeMbIX IKCIEPHUMEHTOB.

Pa6ora Beinosnena B JlaGopatopuu simepubix peakuuit um.[. H. Dneposa
OUdN.

[penpunt O6beAHHEHHOrO HHCTHUTYTA SIIEPHBIX UccaenoBaHui. [1y6ua, 2022

Bezbakh A.A. et al. E13-2022-56
Detector Array for the “"H Nucleus Multi-Neutron Decay Study

A setup fitting the requirements for the detailed study of the five-body
decay of the "H nucleus obtained as a result of the proton transfer from the
8He projectiles to the deuterium target nuclei is being built at the radioactive
beam line of the ACCULINNA-2 separator at the Flerov Laboratory of Nuclear
Reactions. Described here are the assembly of 100 BC-404 plastic scintillators,
intended for neutron detection, the annular Si detector telescope for the 3He
recoils, and the detector array providing the AE—FE—ToF registration of H
nuclei emitted at the "H decay. Results obtained by the Monte Carlo simulations
made for the energy values and flight passes of all these particles are given
together with the luminosity expected for the experiments discussed.

The investigation has been performed at the Flerov Laboratory of Nuclear
Reactions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2022




1. SETUP WITH THE 75-MM-THICK BC-404 SCINTILLATORS

A modification of the detector array intended for the study of nuclei
undergoing decay with the multi-neutron emission is presented. The
modification assumes the use of the assembly of 100 BC-404 scintillators
which are at the disposal of the ACCULINNA group. The front view of a
single scintillator is shown in Fig. 1. In its cross section, the 75-mm-thick
plastic is the hexagon inscribed in the circle with a diameter of 100 mm,
and it is enclosed in some 1-mm-thick cover. Consequently, 95.5% area of a
compact assembly made with the use of these plastics will be covered by the
BC-404 scintillators.

The Neutron Wall (NW) arrangement, shown in Fig. 1, will be the central
part of the setup being created to satisfy the requirements becoming apparent
as a result of study made on the decay spectra of "H and °H nuclei [1-3].
The setup composition is given in Fig. 2.

The assembly of 100 plastic scintillators shown in Fig. 1 covers a surface
approximated by a circle with a diameter of 93 cm. Its empty central part
opens way for the 8He nuclei to fly free to the beam stopper placed at a 0.5-m

Fig. 1. Left: The 75-mm-thick plastic scintillator having the hexagonal cross section.

Shown in yellow is the plastic cross section enclosed in the lightproof (aluminum)

shield. Right: Assembly of 100 BC-404 plastic scintillators suggested for the detection
of nuclear decay events with multiple neutron emission
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Fig. 2. Setup for the study of the "H decay events: / — 2H cryogenic deuterium target;
2a — 0.140-mm-thick annular Si detector backed with the 1-mm-thick annular Si
detector; 2b — 1.5-mm-thick annular Si detector; 8 — 0.18-mm-thick stainless-steel
vacuum window of the ACCULINNA-2 reaction chamber; 4 — plastic-scintillator array
stopping the "H-decay tritons; 5§ — Neutron Wall (NW); 6 — beam stopper. Neutrons
emitted from the target within the angular range 6., < 11.5 deg at the "H decay
hit the NW. The distances from the target to the items enumerated in this figure are
given in millimeters on the right side. Shown on the right, in insert, is the front view
of array 4 with the NW installed behind

distance behind the NW without making background distorting the detection
of multiple neutron events.

The detection probability e, ~ 0.28 is estimated for single neutrons
with energy 20-30 MeV hitting the array. This estimate is based on the
known [4,5] cross section values of the elastic 'H(n,p) scattering and
12C(n,n'3a), 2C(n, a)’Be, 2C(n,np)"'B, 2C(n,p)!?B, 2C(n,nv) reactions
induced by neutrons bombarding the hydrogen and carbon nuclei making
the BC-404 plastic composition in amounts of 5.23 - 10*2 cm™3 and 4.74 x
x 10%2 cm—3, respectively.

The depletion rate of neutron flux in the BC-404 plastic is calculated by
the use of the depletion constant . The value of this constant is obtained as
the sum of contributions made to the decrease in the neutron flux due to the
neutron elastic scattering on the hydrogen nuclei and neutron reactions with
carbon nuclei giving rise to the charged-particle emission. The values of this
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Table 1. Depletion constant and flux-decrease factor in the material of plastic
BC-404 obtained for the neutrons at five energy values

E,., MeV
Parameter
10 20 25 30 35
A, mm~! 0.00760 | 0.00770 | 0.00738 | 0.00724 | 0.00630

F, factor of flux reduction

0.56 0.56 0.57 0.58 0.68
at a plastic depth of 75 mm

depletion constant obtained for neutrons with five different energy values are
given in Tablel.

The values of the flux reduction factor obtained as F' = e~*"7® for neutrons
passing through the 75-mm-thick BC-404 scintillator are given in Table 1
in the last row. Thus, the probability that neutrons with energy 20-30 MeV
could produce any of the reactions specified above is estimated as 1 —F = 0.43.
The detection probability €, ~ 0.28 was obtained by comparing these reaction
probabilities with those which were typical for the neutron modular detector
DEMON [6].

2. TRIGGERING ARRAY

The suggested choice for the detector array, giving trigger signals
produced by the 3He recoil nuclei emitted in the 2H(®He, *He)’H reaction,
is to place at position 2a (see Fig.2) a detector telescope made of a pair of
annular Si detectors. Each detector is segmented in 64 rings and 64 sectors
and has the 28-mm central hole and sensitive area with the 32-mm inner
diameter and 125-mm outer diameter. The 0.140-mm-thick front detector is
the source of trigger signals generated from the recoil *He nuclei. The second
detector will be 1.0 mm thick.

The energy range 9-22 MeV is inherent to the 3He recoils emitted in
the 2H(®He, 3He)"H reaction populating the "H nucleus excitation spectrum
in a range of 0-9 MeV above the *H+4n decay threshold. Such recoils
with energy > 14 MeV pass through the 0.140-mm front Si detector and are
stopped in the second, 1-mm-thick Si detector. These nuclei will be identified
by the AE—FE method against the background made by the other recoil nuclei
(*H, 3H, “He, %He, etc.) which are emitted from the target. The 9-14 MeV
3He recoils, stopped in the front Si detector, will be safely discriminated from
the 3H recoils, emitted from the target with similar energy, because for these
3H recoil nuclei the AE—FE identification signals are provided by the detector
telescope placed in position 2a.

As for the 3He and *He recoil nuclei emitted from the target with
energy Espe < 14 MeV and Eype < 16 MeV, respectively, their identification
will be performed on the basis of the E—ToF method consisting in the
comparison of the measured energy deposit made by the recoil nucleus in the
front, 0.140-mm detector, and its flight time (ToF) expended on the 155-mm
distance from the target to this detector. The “start” (zero-mark) time is given
by the radioactive-beam (RIB) diagnostic array situated upstream the target,
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Fig. 3. The ToF spectra simulated for the *He and *He nuclei emitted from the target
and stopped in the 0.140-mm annular Si detector. Further explanations are given
in text

and the signal coming from the front, 0.140-mm AFE detector will provide
the stop mark for the ToF evaluation. The zero-time start signal is provided
by the ACCULINNA-2 RIB diagnostic with a root-mean-square error 0.2 ns,
and the time measurement made with the AE Si detector gives the 0.5-ns
stop-signal time spread. This will result in the safe separation of individual
nuclides between the whole group of the *He, *He, ®He, 8He, SLi, and "Li
recoil nuclei hitting the 0.140-mm Si detector. Results obtained by means
of Monte Carlo (MC) simulations testify in behalf of this estimation. All
simulations assumed that the 8He beam, having emittance 757 mm - mrad in
both transverse phase-space planes and energy spread AE/E = 5% (FWHM),
was focused on a target within a circle with a diameter of 15 mm.

One simulation result is presented in Fig.3. Shown are the energy-ToF
distributions simulated for the *He recoil nuclei and *He background nuclei
emitted from the target and detected by the 0.140-mm-thick annular Si
detector 2a shown in Fig.2. The source of the 3He recoil nuclei is the
2H(®He, 3He)"H reaction populating the "H 2.2-MeV ground state in the
center-of-mass angular range 0-20 deg. These nuclei are assumed to be
formed in the thick, 2.5-mg/cm? cryogenic deuterium target. It is evident
that the distributions, simulated for the two recoils, only weakly overlap in
this two-dimension plot. More than 95% of these ®He recoil nuclei can be
separated without a noticeable *He impurity. Being taken in 1.0-MeV 3He
energy bands, these distributions have roughly 0.5-ns width (FWHM).

3. INFORMATION DEDUCED ON THE “H SPECTRUM
USING THE COMBINED MASS METHOD

We will discuss now the application of the combined-mass method,
originally developed in [7], to the study of "H spectrum obtained in the
2H(®He, 3He)’H reaction. Discussed here is the experiment which will be
carried out with the 25 AMeV radioactive 8He beam bombarding a 2.5 mg x
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x cm™2 (7.5-10% c¢m~2) deuterium gas target. So thick target leads to
the "H missing mass determination practically useless with very bad energy
resolution. However, the poorly measured energy and emission angle of
the 3He recoil nucleus cause the good determination of the center-of-mass
momentum value and the trajectory angle made for complete pattern of five
decay products (*H + 4n) emitted by the "H nucleus in the ?H(®He, 3He)"H
reaction. The precision achieved by this procedure depends on the errors
inherent to the measured 3He energy (Ei.;,) and angle (A1ap).

Realistic estimates come out for these errors from the complete MC
simulation made for the 2H(®He, ®He)"H reaction populating the known "H
resonance states [2] with energies 2.2 and 5.5 MeV above the 3H + 4n decay
threshold. The 6. vs. Epap distributions obtained for *He recoils showing the
population of these "H states are presented in Fig.4. The pattern displayed
in Fig.4 shows that less than 1.5% of 5.5-MeV states populated in the
2H(®He, 3He)"H reaction mix with the 2.2-MeV states. With 6y, measured
with a 20 mrad precision, one knows, with precision better than 4 mrad,
the center-of-mass emission angle of the produced "H nucleus. At that time,
the "H momentum value in laboratory system is defined with an accuracy
of 0.05%. For that reason, the accurate knowledge of the "H momentum
vector together with information about only four of the five "H — 3H 4 4n
decay products enables one to reconstruct the "H excitation energy with high
resolution.

The discussed approach will allow one to see the real profiles of the ground
state (2.2 MeV) and the first excited state (5.5 MeV) "H resonances with the
FWHM resolution making 0.45 and 0.75 MeV, respectively. These values are
almost 2 times better than the resolutions achieved in [1,2].
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Fig. 4. The 6iap Vvs. Elab distributions obtained by the complete MC simulations

made for He recoil nuclei appearing in the 2H(®He, *He)"H reaction resulting in the

population of the "H resonance states with energies 2.2 and 5.5 MeV. Simulations

were made for the cryogenic Dy target with a thickness of 2.5 mg-cm™2, in the
center-of-mass angular range 0-20 deg



4. 3H NUCLEI AND NEUTRONS EMITTED AT THE "H DECAY

The detection of "H decay neutrons, their time-of-flight and trajectory
measurement, is the principal function of the Neutron Wall presented above.
Operating together with the RIB diagnostic system of the ACCULINNA-2
separator, the Neutron Wall placed at a distance of 230 cm downstream the
target will provide one-percent precision in the velocity measurement done
for the neutrons. Their trajectory angles will be measured with an accuracy
of £20 mrad.

The 1.5-mm-thick annular Si multi-strip detector 26 (see Fig.2), having
the same sensitive area as the recoil detectors 2a, will give AE signal for the
main part of the H nuclei emitted from the target offering the measurement
of their specific energy loss (AE) and emission angle (f.,) made with an
accuracy of 150 keV and 7.5 mrad, respectively. Some of these 3H nuclei,
emitted at the "H decay at larger lab angles, will miss 2b. But information
on their specific energy loss and emission angles will come from the AE—F
array 2a.

The plastic detector array 4 is placed in front of NW (see this in Fig.2)
denoted in the whole setup and shown in front view in insert given in the
Fig. 2 right side. It is intended for measuring the rest energy E and the flight
time (ToF) of 3H nuclei at the distance from the target making 225 cm. It
is made of ten 1-m-long and 88-mm-wide BC-404 scintillator plates having
a thickness equal to 20 mm. Being disposed as two groups in five plates,
these plastics will be placed on the two sides of Y axis, marked in Fig. 1.
Each scintillator plate is viewed from two sides by the PMTs, resulting in the
definition of ®H stop time made with 0.2-ns accuracy. The *H nuclei emitted
from the target with energy < 100 MeV are stopped in the 20-mm-thick
plastic.

The pair of 45-cm-long, 20-mm-thick plastics, each coupled with PMT on
one side, will be placed in front of NW to cover its middle area left uncovered
by the 1-m plastics. This plastic pair will leave open free way for 8He nuclei
to pass to the beam stopper. Thus, the ToF—AFE—FE identification will be
provided for the *H nuclei coming from the target. The ToF values measured
with a resolution of 0.4 ns will give energy determination made for the 3H
nuclei emitted at the five-body decay of "H nucleus.

MC simulations were made for the "H five-body decay in the framework
of phase-space volume approximation. In particular, shown in Fig.5 are
the MC simulated radial distributions obtained at a distance of 225 cm
from the target for the "H decay tritons being detected by the annular Si
multi-strip detector 2b. Patterns in Fig. 6 allow one to see the energy values
of these tritons shown against their emission angles. This figure presents
the simulation results where the detection of the 3He recoils, emitted at the
reaction center-of-mass angles 0-20 deg, is supplemented with the arrival of
all "H decay products, >H and four neutrons, to the plastic array 4 and NW 5,
respectively (see Fig.2).
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Fig. 5. MC simulated radial distributions obtained at a distance of 225 cm from the

target for the "H decay tritons. On the left and right sides shown are the distributions

obtained for the decay of the ground (2.2 MeV) and first (5.5 MeV) "H states,

respectively, populated in the 2H(®He, ®He)"H reaction in the center-of-mass angular
range 0-20 deg

100 100F
80 80
> - = r
[ - [} -
= =
= 60 = 60
o0 - 1<) -
g g I
= i = L
(5] 5]
= 40 = 40
201 201
0-|||I|||I|||I|||I|||I||| 0-|||I|||I|||I|||I|||I|||
0 2 4 6 8§ 10 0 2 4 6 8§ 10
3H laboratory angle, deg 3H laboratory angle, deg

Fig. 6. Energy vs. angle distributions obtained by MC simulation for the *H nuclei
emitted at the five-body decay of "H nuclei produced in the 2H(®He, ®He)"H reaction
in their 2.2-MeV ground state (left) and in the 5.5-MeV first resonance state (right)

Distributions simulated for the neutron arrival positions at the Neutron
Wall are shown in Fig.7.

Looking at the neutron energy spectra shown in Fig. 8, one can see quite
a large spread in the energy and ToF values.
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5. LUMINOSITY ESTIMATION

Basic for the estimations made on the setup efficiency is the chance that
minimum four of the five "H decay products arrive at the detectors 2a, 2b,
4 and 5 (see Fig.2) when the *He recoil emitted in the 2H(®He, 3He)’H
reaction is detected. The results of such estimations made on the basis of MC
simulation are given in Table 2.

Table 2. Probabilities of having the "H decay products arriving at the position
in front of the Neutron Wall in coincidence with the *He recoil detection

P "H states
arameter

Ground state, 2.2 MeV | l1st state, 5.5 MeV | 2nd state, 7.5 MeV
Ocm, deg 0-20 20-30 0-20 20-30 0-20 20-30
SHe + t4n 0.25 0.27 0.049 0.032 0.019 0.012
SHe +t3n 0.32 0.36 0.29 0.22 0.18 0.14
SHe + 4n 0.065 0.027 0.013 0.019 0.008 0.009

Knowing these results and taking from Table 1 the values of neutron flux
decrease and depletion constant A, the detection probabilities were estimated
for the particle groups indicated in Table 2. These results are given in Table 3.

Probabilities (c;) estimated for the >He-triggered detection
of minimum four particles emitted at the five-body "H decay

Table 3.

"H states
Ist state, 5.5 MeV

Parameter

Ground state, 2.2 MeV 2nd state, 7.5 MeV

Ocm, deg

0-20

20-30

0-20

20-30

0-20

20-30

SHe + t4n

t4n 0.0015
t3n0.022

t4n 0.0017
t3n 0.024

t4n0.0003
t3n0.0043

t4n0.0002
t3n0.0028

t4n 0.0001
t3n 0.0017

t4n 0.0001
t3n.0.0011

3He + t3n

t3n0.0070

t3n.0.0079

t3n0.0064

t3n0.0048

t3n0.0040

t3n0.0031

3He + 4n

41 0.0004
3n0.0057

4n 0.0002
3n0.0024

4n,0.0001
3n0.0011

4n.0.0001
3n0.0017

4n,0.0000

4n,0.0001

Ed, all-
together

0.037

0.0362

0.0122

0.0096

0.0065

0.0052

The detection probabilities presented in Table 3 (last row) offer the way

to calculate the luminosity achievable in the experiment planned for the study
of "H energy spectrum populated in the transfer reaction ?H(®He, 3He)"H.
Predictions made for the luminosity L appearing for the "H formed in the
three energy states, 2.2, 5.5, and 7.5 MeV, are presented in Table 4.

The luminosity is calculated as the product:

L=cg-t-I-AQ,



Table 4. Luminosity estimations

"H states
Parameter
Ground state, 2.2 MeV | 1st state, 5.5 MeV | 2nd state, 7.5 MeV
Ocm, deg 0-20 20-30 0-20 20-30 0-20 20-30
ga-detection | 37 00362 | 00122 | 0.009 | 0.0065 | 0.0052
efficiency
AQ, sr 0.35 0.08 0.33 0.27 0.31 0.46
L,em™2-s7185-10%| 2.2-102 [3.0-10%(2.0-10®|1.5-10%|1.8-10%

with the detection probability 4 given in Table 3, assumed target thickness
t=7.5-102° cm~2, the 8He beam intensity 7 = 2-10° s~!, and with the
estimated values of the solid angle covered by the triggering array 2a shown
in Fig. 2.

The data reported in [3] allow for rough estimations made on the cross
sections of the ?H(®He, 3He)’H reaction resulting in the population of
the "H ground state and its first excited state having energy ~ 2.2 MeV
and ~ 5.5 MeV, respectively, above the 3H+4n decay threshold. The
average differential cross section estimated for the 2H(®He, 3He)"H reaction
populating the “H ground state in angular range 6., = 0—20 deg is 1 x
x 10729 cm?/sr. Such an estimate made for the first excited state population
is 3-1072° cm?/sr. Consequently, the total statistics gained during the
one-month time length of data taking done with the ®He beam intensity
2105 s7! on the target will contain ~ 50 five-body decay events recorded
for each of these two "H states.

6. CROSS-TALK AND PILE-UP CAUSED LOSSES

The Neutron Wall composition made with the 75-mm-thick plastics results
in the fact that less than 5% of the total number of detected 3-fold and 4-fold
neutron events are spoiled by the occurrence of such events when a single
neutron is detected, due to re-scattering, in two adjacent scintillators (the
so-called cross-talk). Time difference <1 ns between the two neutron signals
distinguishes these cross-talks from the overwhelming part of events obtained
with two “H decay neutrons detected in adjacent scintillators. Throwing out
all events looking as cross-talks will not result in any noticeable loss in the
luminosity of the experiment. The loss occurring from this ejection in the real
collected data will be less than 2%.

The probability of having two neutrons hitting a single plastic makes
about 8% when four neutrons emitted at the “"H decay arrive at the Neutron
Wall. More than one-half of such pile-up events will be stored with the
complete data set, characterizing the 3He recoil, and with four (three neutrons
and *H) of the five "H decay products. About 4% of pile-up events are possible
when three neutrons, emitted at the "H decay, arrive at the Neutron Wall.
Therefore, the conclusion is made that the neutron pile-up results in a 4%
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reduction of detection efficiency as compared with the data given in the last
row of Table 3.

In summary, taking into account the cross-talk rejection and the losses due
to pile-ups, one should take luminosity estimates reduced by 6% as compared
with the numbers presented in Table 4.

In addition, we expect only a small contribution from the gamma-ray
background. The main sources of gamma-ray background could be materials
1, 2a, 2b and 3 (Fig.2). In this case, the time of flight to the Neutron
Wall will be less than ~ 9 ns, which is far from the typical time of flights
corresponding to neutrons, see Fig. 8.

7. EXPERIMENTAL TEST AND CONCLUSIONS

The above estimations of cross-talk and detection efficiency, made for the
Neutron Wall looking as a very compact assembly of BC-404 plastics, should
be checked experimentally in a wide range of neutron energy 15-45 MeV.
For this task, the measurements of the 'H(®*H, ®He)n reaction, induced
by the 3H beam obtained at ACCULINNA-2 with energy 25-60 MeV and
intensity 10® s~!, are foreseen. The recoil *He nuclei are emitted from the
target showing the neutron energy and flight direction. In the 'H(®H, 3He)n
reaction cross section making ~ 1 mb/sr and at the thickness of hydrogen
target ~ 102! ecm~2, about 1 neutron per minute will be detected by a single
BC-404 detector module included in an array of 7 plastics shown in Fig. 1.
In these measurements, the triggering process (detection of low energy,
~ 10—20 MeV, 3He recoil nuclei) using Si annular telescope will be optimized
as well.

The proposed detector systems’, together with the existing array of
stilbene modules [8], will increase significantly the luminosity of the
ACCULINNA-2 setup, which plays a key role in the experiments with
radioactive beams [9]. These simulations, carried out for the 2H(®He, 3He)"H
reaction, are the first approximation to the detailed studies made on the
multi-neutron decay of exotic nuclei like "H, "He* and ®H, produced with the
8He beam bombarding deuterium target, and on the 4n excitation spectrum
obtained in the 2H(®He, %Li)4n reaction.
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1

"The present status of the new detector array is as follows: 1) there are all
components of NW, i.e., 100 BC-404 plastics and ETE-9822B photomultipliers; 2) the
annular Si detectors with 32/125 mm inner/outer diameter segmented in 64 rings and
64 sectors will be ready in fall 2023; 3) the array of ten 1-m-long plastic scintillators,
88 mm wide and 20 mm thick, is under design.
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