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FOREWORD

The 27th workshop on "Radiation Detectors and Their Uses" was held on

February 5, 6 and 7, 2013 at the High Energy Accelerator Research Organization
(KEK) in Tsukuba, Ibaraki, Japan. The workshop was hosted by the Radiation Science
Center, KEK under the cooperation of the Society of Radiation Science, the affiliate of
Japan Society of Applied Physics, and the Technical Committee related to Nuclear
Energy of the Institute of Electrical Engineers of Japan (IEEJ). The workshop offers an
outstanding opportunity for scientists interested in the fields of radiation physics,
(™ radiation detector, radiation measurement, nuclear science, high energy physics and

their application to meet and discuss with colleagues from all over the country.

The number of the participants who registered to the workshop was 105. 43
presentations were given at the workshop. As the fruits of the workshop, this report
was published as the proceedings of "the 27th Workshop on Radiation Detectors and
Their Uses". All papers submitted for publication in the proceedings received the peer
review process by the independent reviewers. Finally, 17 original papers were

published in the proceedings after the review process.

™ The editors would like to express our great appreciation to the authors who
prepared the manuscripts in good earnest and the reviewers who spent their precious

time to check the papers.

November, 2013

Shinichi Sasaki

Workshop Program Chair

High energy Accelerator Research Organization (KEK)
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1. INTRODUCTION

We have been doing basic investigations with aiming at the development of a fast-neutron survey
meter, which is simple, practical and user-friendly such as a GM tube for photons. Our interest is mainly
centered on the neutrons from 100 keV to 10 MeV because the values of the neutron radiation-weighting
factor exceed 10 in the energy region. Therefore, a daily quick check of such fast neutrons is very
favorable for the radiation protection aspects in various situations including recent medical fields, such as
those of high energy X-ray radiotherapy.

At present, a rem counter is commonly used in medical facilities to survey neutron dose-equivalent
[Sv]. A rem counter is usable for a wide energy range of neutrons from thermal neutron region up to a few
tens of MeV one. On the other hand, when focusing on the fast neutron detection only, another possible
candidate is a recoil-proton proportional counter. Especially, converter-lined type counters, such as a
polyethylene-lined proportional counter, seem to have an advantage in the detection efficiency because
they have high conversion probabilities superior to those of gas-conversion type counters (or gas recoil

counters) owing to the high atomic density of hydrogen in a solid material. When such recoil-proton

* Corresponding author, (tel)092-642-6722, (fax)092-642-6723, (e-mail)nohtomi@hs.med kyushu-u.ac jp
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proportional counters are applied for fast neutron measurements, the most critical issue to be solved is an
elimination of gamma-rays. So far, no commonly available means has been established for the
discrimination of fast neutron signals from gamma signals by recoil-proton proportional counters; a simple
discrimination solely by amplitude does not work well often. In this paper, from the view points
mentioned above, pulse shapes produced by a polyethylene-lined recoil-proton proportional counter, LND
28220, have been studied by both a digital method and an analogue method with various neutron sources.

2, POLYETHYLENE-LINED PROPORTIONAL COUNTER

The counter used in the present study is a polyethylene-lined proportional counter (LND 28220, S.N.
382604) that is a modified version of the LND 2823 [Fig.1]. The original gas filling (P-10 gas in 432 Torr)
has been changed to sole CH, in 760 Torr (101.3 kPa)® because reliable experimental data of electron
drift velocity in CH, are available for the calculation of output pulse shape. The cathode wall is made of a
stainless-steel pipe whose outer diameter is 25.4 mm and the inner diameter 24.4 mm. An anode wire
(50.8 um in diameter) is stretched along the axis to have an effective counter length of 213.4 mm. The
inner surface of the cathode is lined with a 1.5 mm-thick polyethylene layer as a converter. The converter
is properly conditioned by manufacturer so as not to have surface-charge accumulations.

effective counter length 213.4 mm

A
v

[CH4 760 torr] cathode

inner diam.
244 mm ©

anode wire 50.8 um ¢

1.5 mm thick polyethylene layer

Fig.1. LND 28220 polyethylene-lined proportional counter.

For gas-conversion type counters, such as a hydrogen-filled proportional counter, the difference of
ionization track lengths in neutron and gamma events has been conventionally utilized for their
discrimination®. The long electron track in a gamma event causes a relatively long rise-time (typically a
few micro seconds). On the other hand, the short proton track in a neutron event gives a rather shorter
rise-time of around a microsecond or less. A typical example of such discrimination based on the
difference of rise-time information is given in Fig. 2®. This rise-time discrimination, or pulse-shape
discrimination, is usually applicable to low energy neutrons only, because the long proton tracks created
by high energy neutrons are not distinguishable from electron tracks in the rise-time information.
Therefore, it should be kept in mind that the conventional method cannot be applied to the present
measurement of fast neutrons from such a theoretical background, primarily.
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Fig.2. An example of two-dimensional plots of the rise-time and the pulse amplitude (energy) obtained from the
™ 3-atm SP2 counter exposed to 144 keV neutrons @,

3. EXPERIMENTAL

The pulse-shape observation was camied out in a low-scatter room at the National Physical
Laboratory (NPL) in the United Kingdom using a variety of neutron sources: *’Cf, *'Am-Be, *'Am-B,
X Am-F and "Am-Li ®. Excepting the *?Cf , these neutron sources were commonly set with a 6.6
mm-thick lead cap in order to reduce the gamma-ray intensity. A *’Cs source was also used to check the
response to pure gamma-rays. The counter was arranged close to the middle of the low-scatter room. The
cylindrical-shape sources were put near the counter; the distance between counter-axis and source-axis
was fixed to be 83 mm for all measurements.

Fig. 3 shows a diagram of the electronics used in this experiment. The pulses from the counter (LND

m_’SZZO) were fed into a charge sensitive preamplifier (OKEN 703-1C). For the digital method, the output
of preamplifier was connected to a timing amplifier (ORTEC 574) followed by a 12-bit high speed
digitizer (Agilent U1070A Acqiris DP310, 400 MS/s) which was inserted to a PCI slot of a control PC;
data acquisition and analysis were also done by using this PC. For the analogue method, the output of the
preamplifier was sent to a spectroscopy amplifier (ORTEC 572). After a shaping with the time constant of
1 ps, the unipolar output was connected to a rise-time to height converter (OKEN 723-1C) for the
rise-time measurement, or to a pulse shape analyzer (ORTEC 552) combined with a time to amplitude
converter (ORTEC 457) for the fall time measurement. Two constant-fraction discriminations of the
pulse-shape analysis were set to 10% and 90% commonly for both rise-time and fall-time measurements;
the same settings of discrimination levels were also used for the off-line analysis by the digital method.
Resultant pulse heights of the analogue method were recorded by a multi-channel analyzer system
(ORTEC Easy-MCA). Above three pulse-shape analyses were carried out in order to confirm the
consistency of the observations of an identical phenomenon by different means.
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Fig.3. Diagram of electronics used in the experiment.

4. RESULTS AND DISCUSSION

4.1 Rise-time distributions by the digital method

Fig. 4 (a) shows the rise-time (10% - 90%) distributions obtained by the digital method for ' Am-Be,
“'Am-B, *'Am-Li and *’Cf sources. About 5000 events were recorded for each measurement. The
vertical axis was normalized by the number of total events. Two separate distributions are clearly
noticeable in the figure. One has a peak at about 0.5 ps with ranging from around 0.3 ps to 0.8 ps (referred
as “Peak-A” hereafter). The other has a peak at about 1.6 ps with ranging from around 1.4 ps to 3 ps
(referred as “Peak-B” hereafter). When the "'Cs gamma-ray source (0.662 MeV) was put, Peak-B
disappeared and only Peak-A remained as shown in Fig. 4 (b); about 1000 events were recorded for the
¥'Cs measurement and the vertical axis was normalized by the number of total events. From these
observations, we can straightforwardly say that Peak-A corresponds to gamma events and Peak-B
corresponds to neutron events. Low energy gamma events from *'Am (dominant energy ~ 60 keV) were
efficiently reduced by the 6.6-mm thick lead shielding. Gamma events from **Cf were also not so much
because the radio activity of °Cf is relatively far smaller (0.121 MBq) in comparison with the activity of
other *!Am sources (185 GBq for *'Am-Li, 37 GBq for *'Am-B and *'Am-Be). In addition to these
gamma-rays, the 2! Am-Li source emits rather high energy gamma-rays (dominant energy ~ 0.478 MeV)
through Li (0, o' 7) 'Li reaction® and the 6.6-mm thick lead was not sufficient for shielding these
gamma-rays. The significant contribution of such a gamma event is evident in Fig. 4 (a).
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Fig.4. Rise-time (10%-90%) distributions obtained by the digital method.

The data in Fig. 4 are reproduced in a two-dimensional form of the rise-time and the amplitude for
' Am-Be, ' Am-Li, *’Cf and "*’Cs in Fig. 5. Because the internal trigger input of the high speed digitizer
accepts the amplitudes larger than about 10% of the full-scale setting, small pulses were discriminated and
missing for these measurements. In those plots, neutron regions indicate a nearly triangle-like shape, which
are common to *!Am-Be, ' Am-Li and *’Cf. With an increase of the rise-time from 1.4 ps to 1.6 ps, the
largest values of amplitude extend up to about 0.25 V. This is related to the increase of rise-time when the
track of recoil-proton becomes longer in the counter. The maximum amplitude of 0.25 V may correspond
to the largest energy-loss of a recoil proton in CH, gas; that can be roughly calculated to be about 0.9 MeV

assuming the full-energy deposition of a proton whose range is just equivalent to the diameter of
‘..ounter cross-section of gas region, 21.3 mm. In contrast with this, for the furthér increase of rise-time
beyond 1.6 us, the largest values of amplitude show a distinctive decrease that is approaching to the
discrimination level by around 3 ps. That means such relatively long rise-time is caused by a high energy
proton which penetrates the gas region and loses only a part of its energy in CH,. A possible explanation of
this observation may be given as follows. Inevitably, such a high energy proton hits the wall and may
deposit a large part of its energy there. As the result, it may be quite possible that a certain amount of
electrons are emitted from the surface of polyethylene-wall by the impact of proton. Those electrons can
effectively prolong the pulse rise-time because such electrons create additional ionization at the farthest
place from the anode wire, and the ionization reaches to the gas-multiplication region with a relatively long
delay after the arrival of ionization from the nearest part.
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Fig.5. Two-dimensional plots of rise-times and amplitudes by the digital method.

Regarding the gamma events, the very quick rise-time in Fig. 4 (~ 0.5 ps) is unexpected and quite
difficult to understand, in conjunction with an unusual observation in the two-dimensional plots of gamma
events in Fig. 5, which is obviously different from the correlations obtained by conventional gas recoil
counters in Fig. 2. Further discussion on this matter will be attempted in Section 4.3 with a calculation of

output pulse shapes.

4.2 Rise-time and fall-time distributions by the analogue method

Rise-time distributions measured by the analogue method are shown in Fig. 6 (a) [for *' Am-Be] and
Fig. 6 (b) [for *'Am-Li]. Fig. 6 (c) displays that of gamma-rays for ’Cs together with other four
gamma-ray distributions which were obtained by subtracting the rise-time distributions with the lead-cap
from those without the cap for *Am-Be, *’ Am-B,  Am-F and *'Am-Li sources; all distributions were
normalized by the maximum values in the vertical axis. One can notice that all curves are almost identical
and overlap each other. The dashed line in Fig. 6 (c) indicates a fitted curve of the average of above 5
distributions by an “Extreme function”®, Extreme function y(x) is defined as follows:

y(x)= Aexp[ —exp(-z)-z+1]+B
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: In the rise-time distribution for 2’ Am-Be [Fig. 6 (a)], neutron events may essentially dominate
(W owing to very efficient shielding of gamma events by the lead-cap; the peak is located at 1.36 ps with
ranging from about 1.2 ps to 1.6 ps. Similar peaks were also found in the rise-time distributions for
X Am-B and ?Am-F. On the other hand, a significant contribution of gamma events is apparent for
%1 Am-Li, as shown in Fig. 6 (b). Therefore, after subtracting the corresponding neutron peak (1.2 ps ~1.6
us) from it, the remained distribution was fitted by the Extreme function determined in Fig. 6 (c). By this,
the neutron events and the gamma events were separated appropriately and plotted in the same figure with
their count rates. The separated neutron distribution also has a peak at 1.36 ps.
Similar distributions were also observed for the fall-time measurements. The results are plotted in
Fig. 7 (a) [for *'Am-Be], Fig. 7 (b) [for *? Am-Li] and Fig. 7 (c) [for gamma rays] by the same manner
with the rise-time measurements. In the fall-time measurements, the neutron peak is commonly located at
3.4 us. Because the neutron peak ranges relatively wider in cdmparison with the rise-time measurements, a
considerable overlap with the gamma peak exists. So, in Fig. 7 (b), the separation of both peaks was
carried out by carefully taking account of the consistency of their count rates with those for Fig. 6 (b).
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From the above observations by the analogue method, we notice a remarkable separation between
the neutron peak and the gamma peak still remains even after a differential pulse-shaping of T =1 ps,
although it is significantly blurred. The shapes of both peaks do not vary so much for various neutron
sources having quite different energy spectra.

43 Calculation of output pulse shape

Fig. 8 indicates typical pulse shapes of neutron events (a), and gamma events (b), observed by the
digital method. As shown in the figure, both are apparently distinguishable. In order to study these
observations, the shapes of the output pulse for the present proportional counter were calculated on the
basis of Eq. (6.37) of Ref. (7). In the calculation, the mobility of CH,; molecular positive-ion was chosen to
be 2.26 cm’/s/V at the normal condition ®. The electron drift velocity in CH, was obtained from the
experimental data by Hunter et al. ®. A differential pulse shaping was also taken account into the
caleulation, which was built in the preamplifier used.
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12 : : . 1.2 . ; —— A
(@) (b)
= r 3 1 ]
3 Calculated S o I
; 08 | . ]
= pe |
£ L i
Sosf L os i ]
g g
.4 y 1
% “r Eg_ o4 / Calculated
[}
5 02 - H.V.=1800V E 02/ H.V.=1800V
J ‘ 10% '
1 N ) 1.57us y
0 o 1 1 1 |
10 S 0 5 10 0 05 1 15 2
Time (micro sec) Time (micro sec)

Fig.9. Calculated results of pulse shapes. The solid line represents initial ionization formed at a single radius. The
dashed line assumes a uniform ionization along the diameter.

The calculated results are shown in Fig. 9 (a), whose axis range and appearance are adjusted for a
direct comparison with Fig. 8; the vertical axis is normalized by the maximum amplitude. In the figure, the
solid line represents initial ionization formed at a single radius. On the other hand, the dashed line assumes
a uniform ionization along the diameter. For the calculation, the time constant of a differential shaping is
chosen to be 40 ps instead of the default value of 50 ps in order to reproduce experimental more
adequately. Consequently, we find that the calculation in Fig. 9 (a) explains well the neutron pulse in Fig. 8
(). A magnified view around the leading edge of the same calculation is presented in Fig. 9 (b). In the
figure, 10%-90% rise-time of the solid line is 1.5 ps. This value is roughly equivalent to the shortest
rise-time of neutron events observed in Fig. 4, i.e. 1.4 ps. That of the dashed line is 1.57 ps. This may
correspond to the rise-time of a neutron pulse having the largest amplitude (~ 0.25 V) in Fig. 4, i.e. 1.6 ps.

From the calculated results in Fig. 9, we also notice that the pulse shape of gamma-ray event, Fig. 8
(b), is very difficult to explain properly by a conventional theory of the proportional pulse formation used
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here. If the pulse originated from the normal proportional mode, the shortest rise time should be simply
given by the single-radius ionization, a solid curve in Fig. 9. Therefore, a short rise-time less than 1.5 us is
out of scope. Another inexplicable observation is the large amplitudes of gamma events exceeding the
maximum amplitude of neutron events. Moreover, such large pulses indicate very short rise-times as well
[ Fig.8 (b)]. This is contradictory to a general understanding that a large pulse of gamma-ray event is
accompanied with a long electron track in a proportional counter, and then a long rise time. From these
reasons, it seems that as if the gas multiplication of this detector occurs in an unusual way for gamma-ray
events only.

12 T T
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. 10 ;
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Fig. 10. A simplified model assuming the contribution of electron drift, and the calculated results.

In order to understand the curious behavior of gamma-ray events mentioned above, as an attempt,
we carried out some additional calculations on the basis of a simplified model as described in Fig. 10. In
the model, the contribution of electron drifting to pulse formation was tentatively assumed to be equivalent
to that of ion drifting; the initial ionization was generated at the inner surface of cathode wall and the gas
multiplication factor M was unity. The electron-drifting behavior was evaluated from experimental data in
CH, by Hunter et al. ©, Then, the calculated result of Fig. 10 is reproduced in Fig. 11 for a direct
comparison with observed pulses in Figs. 8. After the differential pulse shaping, we notice that the
calculation explains the pulse by gamma rays in Fig, 8 (b) rather adequately.
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5. CONCLUSION

Output pulse shapes of a polyethylene-lined proportional counter have been studied by both a digital
method and an analogue method for various neutron sources. The results suggested that the time behaviors
of neutron events and gamma events were apparently different in this counter. Consequently, two kinds of
pulse shapes were distinguishable each other. A clear and straightforward observation of rise time by the
digital method was an evidence of this conclusion. Other measurements by the analogue method were
consistent with those by the digital method and also supported such a conclusion. The experimental facts
found in the present study may be very useful for the practical discrimination of fast neutrons from gamma
rays. On the other hand, however, a proper interpretation of such unconventional separation has not been
achieved yet. Especially, it seems likely that the very short rise time of gamma-ray events is rather hard to
explain within the framework of conventional understandings on a proportional counter. A rough and
tentative assumption (the contribution of electron drifting is equivalent to that of ion drifting) successfully
led to a proper calculation of pulse shape for gamma-ray events. But, for such a theoretical calculation, a
possible electron-feeding mechanism is lacking at the distant position from the anode. Moreover, it is
unknown why a similar event does not occur for neutron events; the pulse shapes for neutrons seem to be
reasonable and rather easy to be explained by the conventional theory of a proportional counter.

To get more sufficient understanding on this subject, further careful works should be done in the
future. For example, the gas multiplication characteristics must be measured for gamma-rays by some
means and compared with the theoretical expectations. The influence of existence of a polyethylene layer
on the gas multiplication process may be also another essential subject to be examined. In addition, as a
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possible explanation, an unusual but significant contribution of electrons, as well as ions, to the pulse
formation should be discussed more thoroughly, including the electron-feeding mechanism.
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