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Abstract

Two helium filled proportional counters (3He and 4He) were studied to establish the optimum operating conditions when these

counters are used for fast neutron measurements, as well as to examine the linearity of the pulse height with neutron energy. The

detectors were irradiated with mono-energetic neutrons in the energy range of 230 keV–22MeV, produced via 7Li(n,p)7Be, 2H(d,n)3He

and 3H(d,n)4He reactions in a Tandem Van de Graff accelerator. The gamma ray contribution to the obtained pulse height distribution

and the resolution of the counters as a function of shaping time constant and applied high voltage were studied.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Helium filled proportional counters are widely used in
the field of neutron detection and spectrometry [1,2]. 3He
counter is used mainly in measurements of thermal-
epithermal neutrons. It can be used for fast neutron
measurements, but its efficiency is limited. 4He detector is
suitable for measurement of fast neutrons; above 1MeV
[2]. The different response of the two helium counters
is attributed to the different interaction cross-sections
of neutrons with 3He and 4He in various energy regions
(Fig. 1). In the case of the 3He detectors both 3He(n,p)3H
reactions and 3He(n,elastic) contribute to the pulse height
distribution while in 4He counters 4He(n,elastic) is the main
contributor to the observed pulses. In thermal-epithermal
region 3He(n,p)3H reaction is predominant, while at
neutron energies En�1MeV the 4He(n,elastic) cross-
e front matter r 2006 Elsevier B.V. All rights reserved.
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section is about four times higher than that of the
3He(n,elastic) [3].
As already mentioned, the 3He counter is usually utilized

for thermal-epithermal neutron measurements. For the
correct estimation of the number of thermal neutrons, the
contribution of other sources (gamma rays, recoils, etc.) to
the thermal peak as well as their influence on to the
resolution of this peak needs to be known. Furthermore,
this type of counter could also be used, with reasonable
efficiency, up to 2MeV. In this work the general
characteristics of two commercially available counters, a
3He and a 4He, were studied in order to specify the optimal
operating conditions when they are used for measuring
neutrons with energies up to several MeV. The energy
calibration of the detectors was performed by irradiation
with mono-energetic neutron beams in the energy region
from 230 keV to 22MeV using the Tandem, Van de Graff
accelerator facility at the Institute of Nuclear Physics,
NCSR Demokritos, Athens, Hellas. The influence of the
shaping time constant on the pulse height distribution and
to the behavior of the gamma ray component, which
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Fig. 1. Cross-sections of 3He and 4He reactions with neutrons, as a function of neutron energy [3].
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contributes to the low end of the pulse height distribution,
was studied. Finally, the resolution of the detectors as a
function of neutron energy and applied high voltage was
determined.

2. Experimental

The basic characteristics of the two commercially
available cylindrical proportional counters1 used in this
study are summarized in Table 1. The measurement system
consists of a high voltage power supply, a preamplifier
suitable for proportional counters (Canberra model 2006),
an amplifier (Tennelec model TC243 or Canberra model
2025) and a computer-based multichannel analyzer (Ten-
nelec PCA III or Canberra model Multiport II).

Neutrons with energies En, in the range of 230 keV–
3.3MeV were obtained via 7Li(p,n)7Be reaction. When the
projectile energy is above 2.2MeV, besides the neutrons
from 7Li(p,n)7Be reaction with 7Be at ground state (n0
neutrons) a second group of neutrons are also emitted from
7Li(p,n)7Be* reaction (n1 neutrons, 0.429MeV) [4]. At
projectile energies above 3.68MeV neutrons from 7Li(p, n
3He)4He reaction and at energies above 7.06MeV neutrons
from 7Li(p, n)7Be reaction (n2 neutrons, with excitation of
the second excited state of 7Be) start contributing to the
overall neutron yield. Among these, the n1 neutrons have
the highest yield and at energies below 5MeV, used in this
study, the zero-degree yield of these low energy neutrons is
less than 10% of the n0 neutrons [5].

The peak due to neutrons from 7Li(p,n)7Be* reaction is
clearly distinguishable from the peak of the main neutron
group (Fig. 2), due to the energy difference between the
neutrons emitted from these two reactions as well as due to
the relatively smaller cross-section of the second reaction
[6]. Thus, the second neutron group does not affect the
13He was manufactured by LND Inc., New York, USA and 4He by

Eurisys Mesures, France.
measurements on the characteristic peak values of the main
neutron group. As an example, in Fig. 2 the two peaks
corresponding to 2019 keV (due to 7Li(p,n)7Be) and
1561 keV (due to 7Li(p,n)7Be*) are marked with arrows.
The reason for attributing these peaks to n1 neutrons and
not to wall effect is that, in all pulse height distributions
shown in Fig. 2, the energies of the small peaks appearing
prior to the main peaks, are equal (within experimental
errors) to those expected for n1 neutrons. Due to the large
diameter of the 3He detector used (5 cm), its high pressure
(6 atm) and high Kr content the probability of wall effect is
significantly less than the cases one can observe in a smaller
detector with lower pressure of the gas content.
Neutron energies in the range of 3.75–10.7MeV were

produced from 2H(d,n)3He reaction. The mean energy loss
of the projectile energy in the target gas cell (Mo,
5.1mg cm�2) was calculated using the SRIM/TRIM code
[7]. When the deuteron energy is above 4.45MeV its break-
up produces a neutron continuum. As a result, the mono-
energetic range of the above reaction extends up to neutron
energy of 7.7MeV, produced at projectile energies
p4.45MeV. The maximum energy of neutron continuum
(resulting from the deuteron break-up) has an energy
difference of �7MeV for neutrons parallel to the primary
reaction neutrons [8]. Therefore, this neutron continuum
does not interfere with the peak of the primary neutrons.
Larger neutron energies, up to 22MeV, were obtained via
3H(d,n)4He reaction.
The detectors were positioned with the anode wire

parallel to the projectile beam direction at 01. Due to the
geometrical arrangement of the detectors with respect to
the projectile beam direction and because of the size of
openings of the detectors, neutrons with energies other
than the 01 neutron energy can also enter the detector
volume (Fig. 3). In each of the irradiations the deviations
from the 01 neutron energy and mean energies of these
neutrons were calculated by weighting the neutron energies
with their intensities at relevant directions. Angular
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Fig. 2. Some of pulse height distributions obtained with 3He counter. The two group of neutron energies that are emitted from 7Li(p,n)7Be and
7Li(p,n)7Be* reactions are clearly distinguishable in each distribution.
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Fig. 3. Arrangement of the detectors with respect to the beam direction.

As an example neutron energy as a function of the emission angle is

presented for the case of 7Li(p,n)7Be reaction when proton energy is

2MeV.

Table 1

Characteristics of the counters

Pressure

(atm)

Gas content (%) Cathode material/

thickness (cm)

Anode material/

diameter (mm)

Effective length (cm) Effective diameter (cm)

3He 6 3He 64.7 Stainless steel 304/

0.089

Tungsten/0.025 15 5

Kr 33.3

CO2 2.0

4He 18 4He 99.2 Stainless steel 304/

0.125

Tungsten/0.050 60 5

CO2 0.8
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dependences of laboratory cross-sections and energies were
calculated using the DROSG-2000 code [6]. The calculated
difference between mean neutron energies and the energies
of neutrons at 01 varied from 0.1% to 0.3%.

The detectors were also irradiated with gamma rays
from a 137Cs source (100 mCi) and with a collimated
electron beam from a 90Sr–90Y source (5mCi), in order
to determine the appropriate shaping time constant (t)
for neutron–gamma discrimination. The t varied from
2 to 12 ms.

3. Results and discussion

3.1. Analysis of pulse height distributions

In gas proportional counters both neutrons and gamma
rays give rise to detected pulses. Typical pulse height
distributions collected with 4He and 3He counters are
presented in Fig. 4a and b, respectively. In 4He counter the
major part of registered pulses originate from the recoiled
4He nuclei due to 4He(n,elastic) reaction. In the absence of
other phenomena, such as partially deposited energy due to
the wall effect or electronic effects, the expected shape of
the pulse height distribution has the same shape as
differential cross-section, ds(En)/dO, of the

4He(n,elastic)
reaction [9]. The pulse height distributions obtained with
4He detector (Fig. 4a) are composed of:
(1)
 A peak due to the recoiled 4He nuclei with recoil angle
ylab ¼ 01, when all of their energy is deposited within
the sensitive volume of the detector. These nuclei
produce the peaks appearing in Fig. 4a. The maximum
energy, Emax, transferred to the recoiling 4He nucleus
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Fig. 4. (a) Pulse height distributions obtained with 4He counter when the detector was irradiated with neutrons of different energies. The abscissa units are

different for each distribution. (b) Pulse height distributions obtained with 3He when the detector was irradiated with neutrons of different energies.
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traveling in the direction of the incoming neutron, is
En�(4mM)/(m+M)2 ¼ 0.64�En where En is neutron
energy, M and m are the masses of 4He and neutron,
respectively. A fitting procedure was applied to these
peaks in order to calculate the centroid channel and the
FWHM value.
(2)
 4He recoil nuclei that deposit part of their energies
within the detector volume and the rest in the detector
wall (the wall effect). These recoils can have a
continuum of all possible energies up to Emax.
(3)
 Recoil nuclei of the other gases (C,O) present in the
detector volume.
In the case of the 3He detector as well as all the above-
mentioned processes (i.e. pulses due to the recoils of the
nuclei present in the detector gas: 3He, Kr, C, O) a peak
due to the 3He(n,p)3H reaction can also be seen (which will
be referred to as the full energy peak) . As the Q value of
this reaction is 764 keV, the total kinetic energy of the
reaction products is En+764 keV. A peak due to this
energy is formed when both of the reaction products (i.e. p
and 3H) deposit all their energies within the detector
volume. This peak appears towards the higher end of the
pulse height distributions shown in Fig. 4b. As the
maximum proton energy which can be totally absorbed
in our 3He counter is about 7MeV, the probability of
registering pulses at full-energy peak decreases rapidly for
neutrons above this energy because of increased prob-
ability of the wall effects (Fig. 4b). Finally, at neutron
energies above 4.4MeV the 3He(n,d)2H reaction starts to
take place. As the Q value of this reaction is �3.27MeV,
the total kinetic energy of the reaction products produce a
peak in the pulse height distributions at energy En-

3.27MeV.
In a way similar to the 4He recoils, the 3He recoils

have a maximum energy of 0.75�En. The maximum
energy of the recoil of other nuclei in the gas mixture
is significantly less, that is 0.05�En for Kr, 0.29�En

for C and 0.22�En for O. Finally, in all pulse height
distributions of the 3He counter a peak is observed
at 764 keV which is due to the thermal-epithermal
neutrons. These low energy neutrons result from neutron
scattering by material present in the irradiation hall
(e.g. floor, walls, etc.).
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3.2. Irradiations with gamma and beta rays

Gamma rays interacting mainly with the counter wall
produce small pulses which are registered in the low energy
end of the pulse height distributions. Helium nuclei scattered
at wide angles as well as the recoil nuclei of the other gases
present in the detectors, also contributes to this part of the
distributions. The gamma ray contribution to the pulse
height distribution of 3He counter can extend almost up to
the thermal neutron peak [10]. Under normal operating
conditions neutrons and gamma rays are effectively distin-
guished from each other by rise time discrimination, since,
typically, pulses originating from gamma rays have longer
rise times [9]. Spectra collected using gamma and beta rays
show similar behavior in both detectors. They contribute to
the low energy end of the pulse height distribution with the
count number exponentially decreasing as channel number
increases. Data collected with various shaping time constants
were very well fitted (R2499:95%) with the function

Counts ¼ a e�b channel. (1)

In Figs. 5a and b the variation of b in Eq. (1) as a function
of shaping time constant t, are presented for 3He and 4He
detectors, respectively. The two data sets in each figure
correspond to cases when the detectors were irradiated with a
collimated electron beam (90Sr/90Y source) in directions
perpendicular and parallel to the anode wire. The same
figures show the corresponding dead time of ADC. There is a
sharp decrease of b values as the shaping time increases from
2 to 4ms, indicating that the majority of gamma and beta
rays produce pulses with rise times approximately of this
value. As expected, the dead time increases proportionally
with t, due to the increase in the processing time of the pulses
and also because, of the number of pulses with height greater
than the lower level discriminator of the ADC (which was set
at 100mV).
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time. Detectors were irradiated with electrons in direction parallel J and perp
The difference in the dead time observed between the
two detectors should be partially attributed to the different
fraction of the electron beam absorbed in the detector wall
due to the variation of the wall thickness (Table 1). For
example, from electron range calculation (csda) in stainless
steel it is deduced that electrons with energy lower than 1.1
and 1.5MeV for 3He and 4He counters, respectively, are
totally absorbed in the detector wall. Hence the fraction of
90Y beta decay spectrum (maximum energy 2.28MeV) that
would penetrate the detectors cover would be 38% and
17%, respectively.
Another important factor which can increase the

response of 3He detector is the higher probability of
photons produced by ionization–excitation processes by
electrons, which have passed through the metal cover,
to interact with the gas mixture in the 3He detector with
its high Kr (Z ¼ 36) content. The absolute dead time in
both detectors is smaller when the beta ray source is
placed on the base of the detector (parallel irradiation).
In this case a fraction of the electrons and/or electrons
kinetic energy is absorbed in the dead layer of the gas
as they pass through it, before entering the effective
volume of the detector. For example, electrons with
residual kinetic energy (after penetrating the base) less
than 60–70 keV would be totally absorbed in this
layer (csda). In addition, photons produced on the
cylindrical side of the counter (perpendicular irradiation)
have about 1.5 times larger probability of interaction
with the gas or the metal cover than the ones produced
on the base due to the different geometry factor.
Finally, the dead time growth rate, or equivalently the
count rate growth, in case of the irradiation performed
perpendicularly to the 3He detector axis, is much
more rapid, indicating that in this case there is rela-
tively larger number of smaller pulses than in the case of
the parallel irradiation, in accordance with the above
justification.
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3.3. Irradiations with neutron beams

The influence of t on the pulse height distributions
obtained with 4He counter for neutron beam energies of 4.4
and 10.7MeV is presented in Figs. 6a and b, respectively. A
ballistic deficit was observed with the variation of the
shaping time. Significant loss of resolution with small
shaping time settings is statistically significant only in
higher energies.

The energy resolution of the 3He counter for thermal-
epithermal neutrons as a function of high voltage and
shaping time constant is presented in Fig. 7a. These
measurements were performed by exposing the detector to
thermal neutrons from a 241Am–Be source, covered with
paraffin moderator. In Fig. 7a higher values of FWHM
with decreasing high voltage settings should be attributed
to statistical fluctuations in the gas amplification, recombi-
nation and electronic noise, effects that broaden the peak
in a Gaussian mode. Higher resolution values are observed
when high voltage increases due to an enhanced asymmetry
in the peak shape. The same phenomenon, observed by
Dietz et al. [1], was ascribed to space charge effect since,
they found a correlation, although weak, of the asymmetry
of the peak with a larger number of preamplifier pulses
having long rise times. Due to the negligible momentum of
thermal-epithermal neutrons the reaction products, proton
and triton, are emitted in opposite directions. Longer rise
times are attributed to those cases where the proton and
the triton travel almost perpendicularly to the anode wire,
with maximum of the ionization near the end of their track.

In order to clarify if the reason for increasing peak
asymmetry is the same in our case, we did some
measurements using thermal neutrons. Rise times of the
preamplifier pulses and the amplitudes of the correspond-
ing amplifier pulses were measured at two HV settings
using a Tektronix oscilloscope (model TDS3052B). Only
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Fig. 6. Pulse height distributions obtained using 4He counter with different

10.7MeV. The abscissa units are different for each distribution.
those pulses belonging to the thermal peak (764 keV) were
counted. The amplifier gain was adjusted in such a way
that the right-hand side of the thermal peaks coincide in the
two HV settings. We measured 1000 pulses at each HV
setting. The measurements for each HV setting were
grouped in two parts, according to their amplitude with
respect to their centroid amplitude. The results, presented
in Table 2, show that enhanced asymmetry of the peak
(higher HV) is correlated to larger number of longer rise
time pulses.
The observed difference in the mean rise time between

the lower and higher amplitude pulses can be qualitatively
explained by the self-induced space charge effect. The
avalanches created by the first primary electrons arriving in
the multiplication region prevent the avalanche growth of
the subsequent primary electrons, when the proton and
triton trajectories are almost perpendicular to the anode.
As HV increases the electron density in the avalanche
region becomes higher and thus enhancing this phenom-
enon and resulting in lower amplitude pulses and increas-
ing peak asymmetry. When the trajectories are almost
parallel to anode wire the primary electron density is less,
resulting in a larger avalanche size [11]. These cases
correspond to the larger amplitude pulses.
The difference in the pulse rise time of the preamplifier is

more obvious in the 3He detector used in this study
probably because of the Kr content, in which the electron
drift velocity is low. Other factors that enhance such self-
induced space charge effect are those that result in higher
primary electron density along the anode; such as the
geometry of the tube and the magnitude of the gas
multiplication [9].
The energy resolution of 4He recoil peaks as a function

of HV for neutron energies of 5.6 and 6.7MeV are
presented in Fig. 7b.The relatively large values of resolu-
tion for 4He counter should be partially attributed to the
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Fig. 7. (a) The energy resolution of 3He counter at 764 keV, as a function of high voltage and shaping time constant. The lines are third-order polynomial

fittings to guide the eye. (b) The energy resolution of the 4He-recoil peaks in 4He counter as a function of high voltage for two neutron energies of 5.6 and

6.7MeV. The measurements were performed with shaping time constant of 6ms.

Table 2

The variation of mean rise time of preamplifier pulses for 764 keV peak (thermal neutrons) grouped according to the amplitude of the corresponding

amplifier pulses, in two HV settings

High voltage Pulses with amplitude less than that

of the centroid

Pulses with amplitude greater than

that of the centroid

1760 V

Mean rise time (71s) (ms) 2.23(70.46) 1.93(70.33)

Percentage of pulses counted in each group 53.9 46.1

Confidence intervals for difference of means 99% (ms) Lower limit: 0.22 Upper limit: 0.37

1640 V

Mean rise time 71s (ms) 2.09(70.50) 1.91(70.59)

Percentage of pulses counted in each group 50.2 49.8

Confidence intervals for difference of means 99% (ms) Lower limit: 0.06 Upper limit: 0.28
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origin of the recoil peak, as this is not mono-energetic due
to ds(En)/dO distribution. There is, however, no statisti-
cally significant variation of the resolution of the counter
with the applied high voltage. For both detectors the
measurements were carried out in the proportionality
region.
From the above findings it seems that, although a
shaping time constant of 2 ms would be more appropriate
for neutron–gamma discrimination, larger values are
needed in order to avoid deterioration in resolution and
departure from linearity, when neutron energies up to
several MeV are being measured. Thus, for both counters
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the shaping time constant of 6 ms was selected as a
compromise between the resolution loss and dead time
increment (Fig. 5).

The energy resolution of the two counters as a function
of neutron energy is presented in Fig. 8. As expected, the
resolution of 3He counter clearly decreases with neutron
energy. Although the resolution of 4He counter seems to
follow a similar trend, significant conclusion cannot be
drawn because of the relatively high statistical uncertainty.

The energy calibration of the detectors was performed
with the neutron beam parallel to the anode wire. For all
peaks (i.e. 3He and 4He recoils and 3He(n,p)3H) a linear
response with the neutron energy was observed (Fig. 9).

4. Summary

The operational characteristics of 3He and 4He counters
were studied for neutron energies up to 22MeV. Gamma
ray contribution to the pulse height distributions for both
counters exhibited an exponential behavior with irradia-
tions both perpendicularly and parallel to anode wire. A
higher response of the 3He detector to beta and gamma
rays is attributed mainly to a smaller cathode thickness and
to relatively high Kr content in the gas mixture. Gamma
ray contribution can be minimized with small shaping time
constant settings. On the contrary, a larger shaping time
constant is needed to improve the resolution of both
counters. In view of this the shaping time constant for this
study was set at 6 ms.

A linear response with incident neutron energy was
observed for both detectors in the energy range studied,
with the incident irradiation beam parallel to the anode
wire. The 3He counter studied in this work can be used for
neutron spectroscopy up to 7MeV. The centroid of the
peak formed by the 4He nuclei recoiling in neutron beam
direction, has a linear dependency on neutron energy up to
22MeV.

For 3He detectors the resolution for the thermal-
epithermal neutron peak deteriorates at large high voltage
settings, a behavior attributable to the effect of self-induced
space charge. At neutron energies up to 7MeV the
resolution of 3He counter was in the range of 4–11% for
the full-energy peak. The resolution for 4He recoil peaks in
the 4He counter varied from 52% to 22% for the neutron
energy in the range of 4–22MeV.
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