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Experiments studied of neutron production in collisions of heavy nuclei
at high and intermediate energies

. Method &
Lab./Accelerator Reaction lon Energy Neutron Data
(Year) Neutron Detector
LBN/Bevalac Nb + Nb 0.8 A GeV TOF, d2c/dEdQ
(1988) Au + Au Plastic scintillators 6 =0°, E>200 (20) MeV
LBN/Bevalac Nb + Nb 0.8 A GeV TOF, d?c/dEJQ2
(1990) Au + Au Plastic scintillators 0 =0-42°, E> 200 (20) MeV
LBN/Bevalac Au + Au 0.15, 0.25, 0.4, TOF, d2c/dEdQ
(1995) 0.6 Plastic scintillators 0 =3-90°, E>30 MeV
CERN/SPS (NA49) Pb + Pb 158 A GeV Veto hadronic <M,> = f(b)
(1998) calorimeter 0 =0°
BNL/AGS Au + Pb 11.5 A GeV/c Hadronic calorimeter d?N/dydpr
(1999, 2018) 0 =0-10°
NIRS/HIMAC Ar, Kr, Xe + Cu, Pb 0.4 A GeV TOF, Liquid organic d?c/dEJQ2
(2001 — 2006) scintillator 0 =5-80°, E>5 MeV
CERN/LHC (ALICE) Pb + Pb Vsyy = 5.02 TeV ZDC hadronic <M, > = f(b)
(2020) calorimeter 0=0°
GSI/SIS 1071245y 124| 3 + Spy 0.6 A GeV TOF, LAND d2N/dydpr <Mp> = f(Zoound)
(2023) 9 <20
JINR/Nuclotron Xe + Csl TOF, d2c/dEAQ
(BM@N) (Bi + Bi) 3.8 AGeV Stilbene 0 >90°, 2<E<200 MeV
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Beamions:  12%Xe Cel
Energy: 3.8 AGeV D32 x 1.75 mm

Intensity: ~ 6 x 10° ion/spill
Spill duration: ~2.5s

TOF measurements:

BC2(TO) — beam start detector

ND1 — ND4 — neutron stop detectors

Hits of Xe ions in the target position
obtained with Si- trackers
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Min. Bias trigger:
MBT = BC1 * VC * BC2 * FD

FD, amp

BM®@N interaction trigger

used for selection and readout of events

BM@N interaction trigger:
IT = MBT * BD(N>3)
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[Mamaev M., Taranenko A. et al., Presentation at the 12" BM@N Collaboration meeting, 13/05/2024]
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Neutron Detectors

Neutrons
SiPM board
/
FEE board == Fastpulse ™
VD | Plastic scintillator [/—‘ ¢ SiPM voltage
LV (FEE)

—p Fast pulse 1
—p Full pulse 1

f
TQDC 16VS

Stilbene 1 Stilbene 2

N D —tp Fast pulse 2
SiPMboard . Fullpulse 2|
FEE board SiPM voltage

I I <_ LV (FEE)

Detector Stilbene* Angle © Flight path

ND1 D3x1 cm 110° 22.1cm
ND2 D2.5x2.5cm 121° 31.9cm
ND3 D2.5x2.5cm 110° 31.2cm

Detection of scintillation photons with
ND4  D2.5x2.5cm  95° 28.6 cm

four SiPMs 6x6 mm?2, SensL, J ser.




Efficiency

Neutron Detector Efficiency
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Pulse shape n/y- discrimination

) . .. . 1 1
Quality of pulse shape discrimination: o -
o ND1 (110°) L ND2 (121°)
08 k | 08k 1
Qfast I Y -rays I C L5 maied
PSD = —— 0.6 0.6- Y- rays
Qtotal i A i
a L L
£ 0.4- B, £ 04-
L : : Neutrons I : --Neutrons -
Waveform of Neutron Detector (TQDC) ol : , 0.2~ |
R roo |
5 : 1 i I pe i ki»I\ \ ! | x1003
100007 | % so oo 80 200 280 %50 H00 150 20 20
3 - _
2 sooof Qo | Ora Qras
g 8000 5
< ] ]
6000 - ] 1 : 50 1 : 60
- QL e ] A ND3 (110°) |® ; | ND4 (95°) 140
4000 0.8 | 40 0.8 I ’
] 1 i | - i = 120
] ] i 35 i 5 8
] ] = . - L - rays 100
2000 \\ 1 0.6l y -rays 30 0.6 g, I S TRYS
- 1 B S 25 I 80
Ok = ' 2 | 2 |
3 1 1 1 1 1 1 1 | 1 1 1 1| 1 1 1 | E m [ 20 m 04__ 60
1500 2000 2500 3000 3500 0.4 7 . Ar o
0.2~ | . 0.2 : ' 20
N | i ‘
Trast =0.12 us : time window for charge integration Qg i I 0 L I 0,
. . . . cI\\\‘ll!ll‘l\llll\l\ll\l\X103 00""|I""““‘\\II'IIIIX1o
Tiotat = 1,5 us. :time window for charge integration Qtom 0 5p 100 150 200 250 50| 100 150 200 250
1

QFast QFast



Pulse shape n/y- discrimination

Figure of Merit:
|lly — Up]|
FOM =
0 FWH My + FWHM,,
1200+

1000"

800"

600"

400

200

ND1 ND2 ND3 ND4
FOM(1MeV,) [ 1.98 2.17 2.28 2.47
6
Stilbene + SiPM
5 4
4 4
—@— our result for ND4 ®
S 34 /
O I
2 -
1 4
oO+——F——7— T T T T T T T 1 1
0 100 200 300 400 500 600 700 800 900 1000 1100

E, keV_,



Time resolution

Time and Energy resolution
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TOF spectra and neutron background contribution

Neutron background is estimated by MC simulation with DCM-QGSM + GEANT4
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Energy spectra of neutrons

Data processing procedure

d*c AN
dEdQ AE- A0 - €(E) -n-I-ki-k,

Corrections:

Time - pulse height correction to improve time resolution
Pulse shape n/y- discrimination

Neutron background contribution

E - the kinetic energy of neutrons
AN - the number of events in the energy interval AE,

AQ - the solid angle,

€(E) - the detector efficiency at neutron energy E,

n - the number of target nuclei per 1 cm?,
I - the number of beam ions,
k, - the factor for the dead time of the spectrometer

k, - the factor for the selection of events with one

incident beam ion in a time interval of = 1.5 us
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Energy spectra of neutrons

The measurements with different stilbene and flight path prove absence of methodical errors.

And it is clearly seen that results for ND1 and ND3 (110°) show good coincidence of energy spectra.

124Xe + Csl, 3.8 A GeV
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Energy spectra of neutrons

124Xe + Csl, 3.8 A GeV
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Summary and Outlook

» The developed compact neutron TOF spectrometer with detectors based on stilbene and SiPMs

has ~ 110-ps time resolution with fully suppression of gamma-rays by PSD method.

» The spectrometer was successfully used in BM@N run with Xe ion beam and Csl target for

measurement of neutron energy spectra at large angles in wide energy interval from 2 to 200 MeV.

» The data analyses is continued and in our plan to study dependence of neutron spectra on the
collision centrality using information from other BM@N detectors.

Also, we plan to use this spectrometer for study of neutron emission in Bi+Bi collisions in future

BM@N runs.
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