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Abstract—The slow-neutron flux density and the energy distributions of the fast-neutron flux density have
been measured using an SDMF-1608SN digital spectrometer—dosimeter in the fields of the PIAF ion accel-
erator facility of the National Metrology Institute of Germany (PTB). The results of these measurements
demonstrate the high accuracy in measuring the energy and the neutron flux density in a wide energy range

(from 24 keV to 20 MeV).
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INTRODUCTION

The SDMF-1608SN mobile digital spectrome-
ter—dosimeter of neutrons and yrays was developed by
Center ADC (Moscow, Russia) [1, 2]. The appearance
of the spectrometer—dosimeter is shown in Fig. 1.

A detector based on an organic scintillator is used
to measure the energy distribution of the fast-neutron
flux density in the energy range of 0.1—16 MeV. The
detection technique is based on elastic neutron scat-
tering by hydrogen nuclei. The neutron energy spec-
trum is then reconstructed from the measured spec-
trum of recoil protons using the smoothing-differenti-
ation method [3]. Corrections for the multiple
neutron scattering inside the scintillator and the edge

effects (the escape of recoil protons outside the scintil-
lator) are taken into account and introduced in the
reconstruction process.

The detector on an organic scintillator also mea-
sures the energy distributions of y rays in the range
from 100 keV to 8 MeV. The detection method is based
on the elastic y-ray scattering by free electrons (Comp-
ton scattering). The energy distribution of the y-ray
flux density is reconstructed from the measured distri-
bution of Compton electrons by using the method of
smoothing differentiation with the introduction of
corrections for multiple y-ray scattering inside the
scintillator and edge effects (the escape of recoil elec-
trons outside the scintillator) [3].
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Fig. 1. Appearance of the spectrometer-dosimeter.
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Table 1. Data of the monoenergetic neutron fields

Reaction Target (c;)é; E,, MeV |AE,, keV
Li(p, n)’Be |Li, 70 ug/cm? | 76.5 | 0.024 8
"Li(p, n)"Be |Li, 70 pug/cm? 0 0.144%* 1*
"Li(p, n)"Be | Li, 70 ug/cm? 0 0.250 9
"Li(p, n)"Be |Li, 70 pug/cm? 0 0.565 8
SH(p, n)’He | Ti(T), 1 mg/cm?| 0 1.2 74
3H(p, n)*He | Ti(T), 2 mg/cm?| 0 2.5 103
2H(d, n)*He | D2, 850 hPa 0 5.0 124
’H(d, n)*He | D;, 1830 hPa 0 8.0 100
SH(d, n)*He | Ti(T), 1 mg/cm?| 0 | 14.8 435
SH(d, n)*He | Ti(T), 2 mg/cm?| 0 | 19.0 250

The nominal values are indicated for the angle of incidence of
neutrons ©,,, the mean neutron energy £,, and the half-width at
half-maximum of the distribution of direct neutrons AE,,.

*Since the lithium distribution differed from the nominal one, the
actual mean energy was lower by 3.4 keV than the nominal one,
and the distribution width increased by 6%.

A detector based on an SNM-13 boron counter
with a polyethylene moderator is used to measure the
flux density of slow neutrons in the energy range from
0.03 eV to 100 keV. The detector is calibrated in a wide
range of slow-neutron fields formed behind various
low-Zshielding materials with a thickness of 5—50 cm.
The primary source of fast neutrons is a radionuclide
source 2Pu(o., n)°Be with a mean energy of ~4.9 MeV.
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The energy distributions of the neutron flux density
with an energy above 0.1 MeV behind the shielding
materials were calculated using the VRAD (Virtual
Radiation) code [4], which implemented the Monte
Carlo method for simulating the experiment, and were
measured using the SDMF-1608SN spectrome-
ter—dosimeter. The results of the calculation were
compared to the measured energy distributions of the
fast-neutron flux density and were normalized to
them, which made it possible to combine the results of
measurements with different detectors.

The spectrometer—dosimeter performs measure-
ment of the pulse-height distributions in real time and
their identification, reconstruction of the energy spec-
tra of fast neutrons and y-rays, display of the results on
its screen, and determination (calculation) of the
effective dose rate or the ambient dose equivalent (in
sieverts) from radiation of both types in a neutron and
Y-ray energy range selected by the user.

The effective dose rate and the ambient dose equiv-
alent are calculated using the conversion coefficients
(in terms of sieverts—square centimeters) per unit flux
of neutrons and 7y-rays at different radiation energies
for domestic (NRB-99/2009) or international (ISO-
8529(3)-2001; ICRP 74, 1995) radiation safety stan-
dards depending on the user’s equipment. The expo-
sure dose rate in air (in roentgens) is also calculated for
v rays using the values of the exposure dose per unit
v-ray flux at different radiation energies (in micro-
roentgens—square centimeters), i.e., the so-called
Snyder’s dose curve.

The effective dose rate is calculated with allowance
for the geometry of the radiation source (selected by

Fig. 2. Experimental hall of the PTB accelerator facility.
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Fig. 3. Measurement of background neutrons.

the user): an isotropic radiation field or a unidirec-
tional radiation beam. For a unidirectional radiation
beam, it is also possible to select the conditions of
human irradiation: chest, back, right side, left side,
and circular irradiation (also selected by the user).

The absorbed dose (in grays) of neutrons and y rays
for a whole body is calculated based on the definition
of the effective dose

Der(E) = Q(E)Y w Dy (E),

where D F) is energy spectrum of the effective dose,
O(F) is the energy distribution of the radiation quality
coefficient, w, is the weighting factor for various
human tissues, and D, ((E) is the energy spectrum of
the absorbed dose for various human tissues. For ¥
rays, the absorbed dose (in terms of rads) in air is also
calculated.

Table 2. Results of measurements of the charged-particle
beam current (PTB results)

Nfév dc?sgi(;(i)(:n MS) s %‘7(/6‘3’5) Trin = fins %
1.2 | Detector 1 BG | 9 | 351.48 |—0.73 |—0.29 x 10!
2.5 | Detector 1 BG | 6 | 477.01 | 0.73 |0.44 x 10!
14.8 | Detector 1 6 |1474.01 |—0.346 | —7.62
14.8 | Detector | BG | 7 [1149.04 | —0.402 | —6.84

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

The spectrometer—dosimeter is capable of making
online measurements, and this feature has been
actively used in this study.

The SDMF-1608SN spectrometer—dosimeter is
applicable, in particular, for measuring the energy dis-
tribution of the fast-neutron and y-ray flux density at
nuclear power plants, accelerators, and fast-neutron
generators as well as for calibrating integral dosimeters
of Y rays and neutrons.

In this paper, we describe the results obtained for
neutrons.

MEASUREMENT CONDITIONS

The measurements with the SDMF-1608SN spec-
trometer—dosimeter were performed in the fields of
the PIAF ion accelerator facility of the National
Metrology Institute of Germany (PTB) at neutron
energies of 0.024, 0.144, 0.250, 0.565, 1.2, 2.5, 5.0,
8.0, 14.8, and 19.0 MeV from June 7 to June 14, 2021
[5, 6]. The information on the used targets, neutron-
generating reactions, and neutron energies is pre-
sented in Table 1.

The measurements were taken in the fields of
monochromatic neutrons in accordance with the gen-
eral recommendations of international standards: ISO
8529-1:2001 Reference Neutron Radiations, Part 1:
Characteristics and Methods of Production; ISO
8529-2:2000 Reference Neutron Radiations, Part 2:
Calibration Fundamentals of Radiation Protection
Devices Related to the Basic Quantities Characteriz-
ing the Radiation Field; ISO 8529-3:1998 Reference
Neutron Radiations, Part 3: Calibration of Area and
Vol. 65
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Table 3. Results of measurements with the irradiation (PTB results)

E, keV Detector designation MS | d,cm t,s 0, mC |Dy, 10° cm™2 Dy /1, cm 257!

24 Detector 1 5 200 946.58 3.4677 0.194 2.04 x 10!

Detector 3 6 200 1048.24 3.7927 0.213 2.03 x 10!
Detector 3 BG 7 200 1042.45 3.7634

Detector 3 from the side 8 200 1060.67 3.8261 0.216 2.03 x 10!

144 Detector 1 5 200 | 2594.41 3.1252 1.78 6.86 x 10!
Detector 1 BG 6 200 330.22 0.4060

250 Detector 1 5 200 1332.43 4.0737 1.07 8.1 x 10!
Detector 1 BG 6 200 636.34 1.9370

565 Detector 1 5 200 820.16 2.5368 3.36 4.10 x 102
Detector 1 BG 6 200 533.06 1.6331

Detector 2 7 200 427.58 1.2944 1.73 4.03 x 102

1200 Detector 1 8 200 805.23 2.6548 3.38 4.20 x 102
Detector 1 BG 9 200 351.48 1.1528

Detector 2 5 200 1344.92 4.4242 5.64 4.19 x 102
Detector 2 BG 6 200 387.08 1.2816

2500 Detector 1 5 200 884.55 1.4015 7.44 8.4 x 10?
Detector 1 BG 6 200 477.01 0.7703

5000 Detector 1 5 200 1318.68 1.9531 13.5 1.02 x 103
Detector 1 BG 6 200 371.03 0.5534
Detector 1 without gas 7 200 504.82 0.7652

8000 Detector 1 7 200 1024.11 0.5913 14.8 1.43 x 103
Detector 1 BG 8 200 604.38 0.3463
Detector 1 without gas 9 200 407.27 0.2322

14 800 Detector 1 6 200 1474.01 4.9269 10.8 7.3 x 102
Detector 1 BG 7 200 1149.04 3.4659

19000 Detector 1 5 200 | 2603.84 7.6217 5.39 2.07 x 102
Detector 1 BG 6 200 623.00 1.8102
Detector 1 empty 7 200 602.60 1.7428

Personal Dosimeters and Determination of Response
as a Function of Energy and Angle of Incidence.

The measurements were carried out under the
“open geometry” conditions (in a room measuring
24 x 30 X 14 m with low neutron scattering) at the
PTB PIAF accelerator facility (Fig. 2). The tempera-
ture in the room during the measurements was main-
tained within 21.5 + 1.0°C.

Three spectrometer—dosimeter detectors were
used during the measurements for different regions of
the entire energy range:

1. detector 1 for fast neutrons and 7y rays was
adjusted for the neutron energy range from 100 keV to
2 MeV;

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

2. detector 2 for fast neutrons and 7y rays was
adjusted for the neutron energy range from 500 keV to
21 MeV;

3. detector 3 for slow neutrons with a range of neu-
tron energies from thermal neutrons to 100 keV.

The measurement conditions and procedure, as
well as the results based on the PTB reports [7—9] and
measurement data, are presented in what follows.

The detector (1 and 2) of the tested instrument was
placed in the air in each measurement, so that its front
wall (the end face) was located at the measurement
point. The distance between the measurement point
and the reactive target layer for the neutron produc-
tion was 200 cm.

Neutrons were incident perpendicularly to the axis
of the cylindrical detector 3 in the measurements of
Vol. 65
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Measurements at the National Metrology Institute of Germany (PTB), Braunschweig (Nationales Metrologieinstitut Germany)
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Fig. 4. Energy distributions of the fast-neutron flux density measured with the SDMF-1608SN spectrometer—dosimeter.

slow neutrons with an energy of 24 keV. The detector
was placed so that the measurement point was located
on the detector surface at a distance of 6 cm from the
front wall (the end face), which was the effective cen-
ter of the slow-neutron detector.

The detectors of the tested instrument were irradi-
ated by neutrons with energies of more than 100 keV at
an angle of 0° relative to the ion beam and with lower
energies (24 keV) at an angle of more than 0° (see
Table 1).

A shadow cone was used to determine the number
of neutrons scattered in the air or in the structural ele-
ments of the room (BG). The shadow cone was placed
in these measurements between the target and the
detector of the spectrometer—dosimeter (Fig. 3), and
the detector was located within the shaded area.
Shadow cone measurements were not performed for
some neutron fields in which the number of scattered
neutrons was small.

Deuterium gas was used as a target at irradiation
energies of 5 and 8§ MeV. Measurements with targets
without the gas were performed to determine the con-
tribution to the total detector response from neutrons
produced by interactions of deuterium nuclei with the
material of the entrance window (a molybdenum foil)
and the gold beam absorber.

At an energy of 19 MeV, the field contains ions pro-
duced by interactions between the beam of deuterium
nuclei and the titanium body of the tritium target,
Ti(T). Exposure of an empty titanium target with the
same thickness was carried out to eliminate the influ-
ence of these neutrons. In addition, such a field con-
tained monochromatic neutrons produced in the D(d,
n)3He reaction with deuterium that was present in tri-
tium due to its imperfect purity. The mean energy of
these neutrons is 5.81 MeV, and their flux density is as

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

high as 3.6% of the flux density of monoenergetic

19-MeV neutrons produced by the T(d, n)*He reac-
tion.

MEASUREMENT PROCEDURE

All measurements were made online. The spec-
trometer—dosimeter was tested at PTB (Braunsch-
weig, Germany), whereas the experimenters who con-
trolled the spectrometer—dosimeter stayed in Moscow
(Russia).

The measurements were performed according to
the following procedure.

1. The operator of the neutron source (a PTB spe-
cialist) installed the detector of the spectrome-
ter—dosimeter at a required distance from the acceler-
ator target and turned the spectrometer-dosimeter on,
establishing a connection between it and a computer
of the spectrometer—dosimeter’s operator in Moscow
(a Center ADC specialist).

2. The operator of the neutron source (the PTB
specialist) launched the beam and informed the oper-
ator of the spectrometer—dosimeter (the Center ADC
specialist) by conference call.

3. The operator of the spectrometer—dosimeter
performed measurements with the installed detector.
Upon completion of the measurements, he reported
this to the operator of the neutron source.

4. The operator of the neutron source turned the
beam off.

5. All measured values were associated with the
time between the moments when the beam was
switched on and off. The actual duration of the mea-
surement was not reported. Therefore, the mean val-
Vol. 65
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Table 4. Comparison of the source parameters (PTB measurements) and the measurement data with SDMF-1608SN spec-
trometer—dosimeter

Source Measurement Source Measurement
E, MeV AE,, MeV E, MeV AE,, MeV ®, cm25~! ®,cm2s! | AD,, cm 257!
0.024 0.008 0.024 - 20.3 18 2.7
0.144 0.011 0.133 0.00665 68.6 63.7 3.185
0.25 0.009 0.26 0.013 81.4 86.4 4.32
0.565 0.008 0.49 0.0245 410 450 225
1.2% 0.073 1.1 0.055 419 428 21.4
1.2+ 0.073 1.16 0.058 420 447 22.35
25 0.103 2.5 0.125 840 888 44.4
5 0.124 5.16 0.258 1020 1030 515
8 0.1 8.2 0.41 1430 1430 71.5
14.8 0.435 14.7 0.735 730 741 37.05
19 0.25 18.2 0.91 203 206 10.3

E is the neutron energy, AE,, is the absolute error, @ is the measured neutron-flux density, and A®,, is the absolute error in measuring
the neutron-flux density.

* Detector 1.

** Detector 2.
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Fig. 5. Comparison of the flux density from the source (PTB measurements) with the results of measurements with the SDMF-
1608SN spectrometer—dosimeter.
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ues of the flux density in the intervals when the beam
was applied and the measurement was taken could differ.

MEASUREMENT RESULTS

The results of the measurements taken by PTB spe-
cialists are shown in Tables 2 and 3. Their reliability has
been repeatedly confirmed by the results of international
intercomparisons (CCRI(III)-K10, CCRI(II)-KI11)
[10, 11]. The information in the tables helps to identify
the exposure by the number of the spectrometer-
dosimeter’s detector as well as by the number of the
start of irradiation MS. For the influence of neutrons
scattered in the air or emitted by constructions in the
room to be eliminated by placing the shadow cone
between the detector and the target, the tables contain
the beam charge Q, i.e., the integral of the beam cur-
rent over time. The influence of neutrons emitted by
the accelerator target can be eliminated in a similar
way if the scattering in the gas is ignored.

The ¢ value corresponds to the measurement time,
and d is the distance between the target and the detec-
tor site. The density of the direct neutron flux @, is
given for a point located at distance d from the neu-
tron-producing target. The standard error u, in mea-
suring distance d is 0.2 cm. The measured time # and
charge Q are informational in nature.

Monitoring of the beam current 7 for all fields,
except for the neutron field with an energy of 24 keV,
was performed by measuring charge Q with a 1-min
interval. In most cases, the relative standard deviation
for these current measurements was less than 1.5%.
In some cases, a linear deviation of magnitude / was
observed. The corresponding measurement results
and the observed deviations relative to the average cur-
rent for each measurement are presented in Table 2 to
allow correction and calculation of the uncertainties.

The measured energy dependence of the fast-neu-
tron flux density is shown in Fig. 4. Table 4 and Fig. 5
present the flux density from the source (PTB mea-
surements) in comparison with the corresponding
measurements using the spectrometer—dosimeter. At
a neutron energy of 1.2 MeV, the neutron detectors
were changed (detector 1 was replaced with detector 2).
The measurement data and their comparison with the
source parameters show the high accuracy of the mea-
surements. They also confirm the ability of the spec-
trometer—dosimeter to measure the energy depen-

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

dences of the absolute neutron-flux density in a wide
energy range.
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