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Measurement of the Energy Dependence of the Neutron Counter

Sensitivity at Neutron Beams of the Electrostatic Generator

The sensitivity of the neutron 3He counter within the polyethylene moderator was

tested in the energy range 0.2–1.0 MeV with the neutron beam of electrostatic genera-

tor. For the monoenergetic neutron production the reaction p + 7Li = n + 7Be was used.

The high-pressure 3He-filled reference counter was applied to the neutron beam spec-

trometry and to the neutron flux measuring. The technique of the experiment and the

data processing are described. A good agreement between the experimental and calcu-

lated results is shown.

Monoenergetic neutrons were used for calibration of the High Energies Neutron

Detector (HEND) — one from the set of scientific instruments, installed on board

of Mars Odyssey 2001 spacecraft.

The insvestigation has been performed at the Frank Laboratory of Neutron

Physics and at the Division of Radiation and Radiobiological Research, JINR.
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Èçìåðåíèå ýíåðãåòè÷åñêîé çàâèñèìîñòè ÷óâñòâèòåëüíîñòè

íåéòðîííûõ ñ÷åò÷èêîâ íà ïó÷êàõ íåéòðîíîâ

ýëåêòðîñòàòè÷åñêîãî ãåíåðàòîðà

Îïèñûâàþòñÿ èçìåðåíèÿ ÷óâñòâèòåëüíîñòè íåéòðîííûõ 3He-ñ÷åò÷èêîâ âíó-

òðè ïîëèýòèëåíîâûõ çàìåäëèòåëåé íà ïó÷êàõ íåéòðîíîâ ýëåêòðîñòàòè÷åñêîãî ãå-

íåðàòîðà â äèàïàçîíå ýíåðãèé 0,2–1,0 ÌýÂ. Äëÿ ïîëó÷åíèÿ ìîíîýíåðãåòè÷åñêèõ

íåéòðîíîâ èñïîëüçîâàëàñü ðåàêöèÿ p + 7 Li = n + 7Be. Äëÿ ñïåêòðîìåòðèè íåé-

òðîíîâ è èçìåðåíèÿ èõ ïîòîêà ïðèìåíÿëñÿ îáðàçöîâûé 3He-ñ÷åò÷èê âûñîêîãî

äàâëåíèÿ. Â ðàáîòå èçëîæåíû ìåòîäèêè èçìåðåíèé è îáðàáîòêè ýêñïåðèìåí-

òàëüíûõ äàííûõ. Ïîëó÷åíî õîðîøåå ñîãëàñèå ìåæäó ðåçóëüòàòàìè èçìåðåíèé

è ðàñ÷åòàìè.

Îïèñàííàÿ ìåòîäèêà èçìåðåíèé áûëà ïðèìåíåíà äëÿ ãðàäóèðîâêè äåòåêòîðà

íåéòðîíîâ âûñîêèõ ýíåðãèé (HEND) — îòå÷åñòâåííîãî ïðèáîðà, óñòàíîâëåííî-

ãî íà áîðòó àìåðèêàíñêîãî êîñìè÷åñêîãî àïïàðàòà «Ìàðñ–Îäèññåé-2001».

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè íåéòðîííîé ôèçèêè èì. È. Ì. Ôðàíêà

è â Îòäåëåíèè ðàäèàöèîííûõ è ðàäèîáèîëîãè÷åñêèõ èññëåäîâàíèé ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004



INTRODUCTION

It is planned to study Mars surface composition during the NASA Mars
Odyssey 2001 orbital mission. The research on Martian chemical composition,
especially including the search for water (the NASA strategy ®Follow the Wa-
ter¯), is a key item of Mars exploration. Scientiˇc equipment complex consists
of Gamma-ray Spectrometer, Neutron Spectrometer (NS) with thermal neutron
detector and High Energies Neutron Detector (HEND), created in the Institute
for Space Research of RAS (Russia) with participation of the specialists from the
Joint Institute for Nuclear Research. The set of various neutron detectors for de-
tection of the albedo neutrons from cosmic rays interacting with the planet surface
is placed on the orbiter board for the search of the Martian water-ice locations [1,
2]. HEND includes three neutron detectors on the basis of the proportional 3He
ˇlled counters and the stilbene spectrometer. The 3He counters with different
combinations of the polyethylene moderator and the cadmium absorber are used
for detection of neutrons in the energy ranges 0.4Ä10.0 eV, 10.0 eVÄ5.0 keV,
and 5.0 keVÄ3.0 MeV. The stilbene single crystal spectrometer with CsI antico-
incidence active shielding is intended for detection of fast neutrons at energies
1.0Ä10.0 MeV. The experimental testing of the detector sensitivity was carried
out at the JINR electrostatic generator.

1. NEUTRON SOURCE

For the monoenergetic neutron production the reaction 7Li(p, n)7Be with the
threshold of 1881 keV was used. The detailed review of this reaction was made
in [3] and neutron energies, yields, and angular distributions were calculated with
laboratory differential cross sections compiled in [4]. The method of calculations
offered in [5] was used in the present paper to calculate neutron yields.

Four proton energies were applied at the detector sensitivity testing: 2.000,
2.240, 2.600, and 2.707 MeV. It corresponds to neutron energies at 0◦: 229.7,
506.8, 891.1 and 1030.0 keV. The neutron yield averaged within a 0.214 sr
(±15◦) solid angle is given in Fig. 1. The angular dependence of the neutron
energy from 7Li(p, n)7Be reaction at different proton energies is shown in Fig. 2.
At proton energies lower than 1.921 MeV there are two branches of neutrons
emitting in forward direction, so in our experiments the lowest proton energy was
2.00 MeV. Corresponding neutron energy at 0◦ is equal to 0.230 MeV. Starting
from the proton energy 2.373 MeV 7Li(p, nγ)7Be∗ reaction comes into play, but
even at the highest proton energy used in our experiments Å 2.707 MeV, it gives
admixture of 4% of neutrons with an energy of 0.5 MeV to the main branch with
an energy of 1.003 MeV. Taking into account the energy dependence of counter
sensitivity, the contribution of low-energy neutrons to the detector counts could
be estimated at the level less than 6%.
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Fig. 1. Neutron yield from a thin 7Li target in 7Li(p, n)7Be reaction at 0◦ averaged over
a 0.214 sr solid angle

Fig. 2. Angular dependence of the neutrons emitted from a thin 7Li target in the reaction
7Li(p, n)7Be; solid lines are for protons with energies indicated in the ˇgure, dash-dotted
lines are for protons passing through 7Li target of 10 keV in thickness

The neutron-producing target was made by the natural lithium evaporation on
the copper backing plate. The proton energy was stabilized with an accuracy of
0.1%. The target thickness changed from 5 to 10 keV during the experimental run.
The exact thickness of the target was deˇned before and after the experimental
run by means of measuring the neutron yield Å proton energy dependencies
near the threshold (Fig. 3). The change of the curves is evidence of the target
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Fig. 3. Neutron detector counts vs. proton energy near the threshold of 7Li(p, n)7Be
reaction. Target thickness is determined as FWHM of the corresponding curve

variable characteristics during the run. To understand the in�uence of the 7Li
target thickness on neutron yield one needs to look at the neutron yield vs. proton
energy dependence (Fig. 1). The highest variation of neutron yield takes place
in the proton energy range 2.1Ä2.3 MeV, i.e., for proton energy 2.240 MeV in
our case. The estimation at this proton energy and at the target thickness change
from 5 to 10 keV gives a 0.88% decrease of the neutron yield to the end of the
experimental run. For other proton energies the neutron yield variations owing to
this effect are smaller. The angular range that HEND overlaps at testing (±15◦

maximum) and the target thickness variation during the run bring the neutron
energy deviation. The maximum deviation can be estimated from Fig. 2, where
the same curves shifted by 10 keV of proton energy are presented as well (by the
short-dashed lines).

2. CALIBRATION

The experimental testing of the HEND sensitivity was fulˇlled at the JINR
electrostatic generator EG-5. The layout of the accelerator experimental hall
arrangement is shown in Fig. 4. To measure the neutron �ux from lithium target
the SNM-16 3He-ˇlled counter with polyethylene moderator was used (Fig. 5). Its
energy response calculated by MCNP4B code at lateral irradiation is presented in
Fig. 6. The comparison of the calculated counter sensitivity to the 252Cf neutrons
with the experimental result shows a very close agreement. In view of the counter
designation it is called hereinafter as test counter (TC).

The other high-pressure 3He-ˇlled reference counter (RS-P4-0810-204) was
applied to the neutron beam spectrometry and the neutron �ux measuring. The
precise determination of the 3He content within the reference counter (RC) was
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Fig. 4. EG-5 experimental hall plan view. Headroom is 5.5 m. Target height is 1.6 m
over the �oor

Fig. 5. Schematic desing of the TC based on SNM-16. Sensitive volume lenght is 110 mm,
diameter is 17.4 mm. Cd shell thickness is 0.5 mm

preliminary done at the IBR-2 diffraction scattering neutron beam with an energy
of 0.06 eV. The pressure of 3He was found to be equal to 10 atm corresponding to
the ratings, given by manufacturer. The density of 3�¥ at 20◦‘ and 10 technical
atm is equal to 1.2079·10−3 g·cm−3. The sensitive volume of the RC is 25.4 cm
in length and 2.54 cm in diameter; the stainless steel wall thickness is 0.04 cm.
The optimal voltage bias was 1250 V. The ORTEC base ampliˇer with 3 µs
time constant was used for signal ampliˇcation. After that signal was sent to the
multichannel pulse height analyzer. The condition for the counter irradiation was
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Fig. 6. The TC response function (points is calculation, curve is spline ˇt)

such that its counting rate did not exceed 500 imp·s−1.

The apparatus pulse-height spectrum of the 3He gaseous proportional counter
irradiated with the monoenergetic neutrons has the peak corresponding to the
sum of the energies of the n + 3He → p + 3H + 0.764 MeV capture reaction
products. The neutron spectrometry with 3He counter is based on this peak shift
measurement at various neutron energies. The energy calibration of the analyzer
scale must be done for these measurements. Furthermore, the neutron energy
dispersion results in widening of the peak in comparison with the resolution of the
thermal neutron peak. It gives the possibility to estimate the energy dispersion of
the neutrons from the target. Owing to the peak asymmetry the closest estimation
is realized by the examination of the right slopes of the peaks.

The RC was placed upright at a 0.5 m distance from the target under 0◦ to the
proton beam direction. The neutrons repeatedly scattered in the experimental hall
contributed signiˇcantly to the counter readings because of their closely-thermal
energies and the high cross-section value of the 3He(n, p)3H capture reaction in
this energy region. The reference counter was entirely covered with cadmium
shell in order to suppress this effect. The perfect response function of the counter
can be found with the thermal neutrons. In this case the peak resolution and its
position are deˇned by the proper characteristics of the counter and electronics
only. In our experiment this condition was imitated by the disposal of the thick
block of polyethylene between the counter and the target. The neutron beam
energy was about 200 keV. The apparatus spectrum of the RC is shown in Fig. 7.
With the right half-width of the peak at the half-height (RHWHH) it was found
that σth = 2.966 channels at an energy of 764 keV. This value was used as the
proper resolution of the counter. The closely-thermal peak position and the 3H
edge effect border (191 keV) allowed the energy calibration of the analyzer scale.

Two monitors were used in the experiment: the monitor of the proton beam
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Fig. 7. The apparatus spectrum of the RC from closely-thermal neutrons

Fig. 8. The apparatus spectrum of the RC from the 217.6 keV neutrons

intensity and the monitor of the neutron yield from the target. The apparatus
spectra of the RC at different neutron energies are presented in Figs. 8Ä11. There
are two peaks in the graphs: the big peaks from the background epicadmium
neutrons and on the right of them the small peaks from the beam neutrons. The
small-peak maximum correlated with the value of E +764 keV (E is the average
energy of the beam neutrons) and E can be deˇned with the calibration line. The
contribution of the elastic scattering process to the apparatus spectrum forming
grows quickly with the increase of the neutron energy. The upper border of the
elastic part of the spectrum (corresponding to 0.75E Å neutron elastic scattering
on 3He) can be one more calibration point.

It was assumed as a rough approach that the energy dispersion of the beam
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Fig. 9. The apparatus spectrum of the RC from 497 keV neutrons

Fig. 10. The apparatus spectrum of the RC from 874.6 keV neutrons

neutrons corresponds to the normal distribution. The energy resolution of the
beam neutron δE can be estimated in this case from δ2

E (E) = δ2
Σ (E)− δ2

RC (E),
where δΣ is the resolution of the beam neutron peak (measured on the right slope),
δRC (E) is the dispersion of the peculiar counter response function at energy E.
If consider δ0

RC = δRC (0) Å dispersion of the response function measured with
thermal neutrons Å and assume as the ˇrst approximation that δRC (E) ∝ E−0.5,
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Fig. 11. The apparatus spectrum of the RC from 985.5 keV neutrons

then

δRC (E) = δ0
RC

(
764 + E

764

)0.5

, [E] = keV.

The conditions of the experiment and the main characteristics of the obtained
neutron beams are give in Table 1.

Table 1. The main characteristics of the neutron beams obtained with the RC.

Exposure number 1 2 3 4
Proton energy, keV 2000 2240 2600 2707
E, keV (experiment) 229.8 489.7 868.0 973.4
E, keV (calculation) 229.5 482.6 862.2 975.0

σΣ, (channels) 4.24 7.54 11.38 13.36
σ′

th (channels) 3.37 3.80 4.33 4.47
σE (channels) 2.57 6.52 10.52 12.59

∆E =2.36σΣ/E, % 2.72 5.47 6.77 7.54
∆E, keV 6.24 26.79 58.76 73.41

The apparatus spectra of the RC allow estimating the average neutron �ux
FRC during the exposure. It is possible to resolve three partial spectra in every
apparatus spectrum:

1. The spectrum of events from the residual background neutrons with the
peak close to 764 keV and the �at remainder down to 191 keV (energy of the
residual 3H in 3He(n, p)3H capture reaction);
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2. The spectrum of events from the beam neutrons with the peak close to E
+ 764 keV and the �at remainder with the lower border depending on E (products
of 3He(n, p)3H capture reaction);

3. The spectrum of events from the beam neutrons similar to rectangle with
the upper border close to 0.75E (recoil nucleus from elastic nÄ3He scattering).

The cross-sections of the 3He(n, p)3H capture reaction for 229.8, 489.7,
868.0, and 973.4 keV neutron energies are equal to 1219, 960.4, 825.4, and
834.5 mb according to ENDF60. The numbers of captured neutrons within the
RC volume are 5.58·10−4, 4.51·10−4, 4.056·10−4, and 3.987·10−4 events per
neutron for E = 229.8, 489.7, 868.0, and 973.4 keV. Hence, the number of
events from the 3He(n, p)3H reaction in the apparatus spectra gives us estimation
of the average neutron �ux per monitor count. Both proton and triton can
have the minimal energy losses (down to zero) owing to the edge effect at the
neutron energies more than several hundreds of keV. The lower bounding channel
corresponds to minimum value from

Ep (keV)= 573 + 0.25E ± 0.8664(764E)0.5,

ET (keV)= 191 + 0.75E ± 0.8664(764E)0.5.

These restrictions were taken into account at the calculations of the remain-
ders. The monitor counts during the RC exposure were adjusted to the ®living¯
time (tliv) of the analyzer.

The numbers of the elastic events in the spectra were calculated for 489.7 and
868.0 keV only. The cross-sections of the elastic reaction for 489.7 and 868.0 keV
are 1 901 and 1 926 mb and 8.96·10−4 and 9.35·10−4 events per neutron occur
within the RC. It was assumed that all these events are spaced uniformly from
zero-channel up to channel corresponding to 0.75E for the calculation of their
amount. The neutron �uxes obtained with the inelastic and elastic events were
similar and for 489.7 and 868.0 keV the average values were taken as the results.

To check the validity of the MCNP4B calculations for monoenergetic neu-
trons the measurements of the TC sensitivity were taken using the data of the
RC. The measurements with the TC were carried out at three distances 0.5, 1.0,
and 1.5 m for every neutron energy. The counter readings were ˇtted by the de-
pendence N/Nm = a + b/r2, for their correction for the background contribution.
Here N and Nm are the counts of the counter and monitor (or the integrator)
correspondingly, a and b are ˇtting coefˇcients. The N ′/Nm = b/r2 were taken
as the true values of the TC readings. The average neutron �uxes (FTC) through
the TC during its exposures were determined with the help of FRC and the mon-
itor count ratios. The TC sensitivities (ε, imp·cm2) were found as N ′/FTC. The
ε accuracy is within ±10% limits. The results of the TC reading correction, the
FRC and FTC calculations (both at a distance of 0.5 m), and ε measurements are
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presented in Table 2 and in Fig. 6. Thus, the TC was used with decision as the
gauge detector during the HAND testing.

The authors are grateful to Bamblevski V. P. for the useful discussion.

Table 2. The parameters of the TC irradiation

Neutron energy, keV 229.8 489.7 868.0 973.4
A 4.2±0.4 4.0±0.3 3.5±0.3 3.2±0.2

b, m2 23.5±0.5 18.3±0.4 15.0±0.3 14.4±0.3
Nm during the RC exposure, imp. 2179 2828 3303 2436

N , imp. 213102 216480 212047 146519
N ′, imp. 204826 207010 198180 140314
tliv, s 3592 42000 51000 600

FRC, cm−2 2.12·106 7.51·106 8.08·106 3.96·106

Nm during the RC exposure, imp. 7.36·104 2.83·106 2.68·106 1.18·104

FTC, cm−2 6.28·104 7.50·104 9.95·104 8.21·104

ε (experiment), cm2 3.26 2.76 1.99 1.71
ε (calculation), cm2 3.41±0.49% 2.54±0.53% 1.92±0.56% 1.77±0.58%
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