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Abstract

Due to its exceptional properties, *He propor. ..~ counters are the golden standard for neutron
detection, particularly in homeland sertirity applications where large area detectors are
deployed. However, in recent years *h. has become severely scarce, which led to a
tremendous price increase and acquisition resuictions of this material. Motivated by this, the
development of *He-free solutions b.can.” a priority. In a previous work, we have established
a novel concept for neutron detect n: a [ ‘oportional counter with boron carbide (B4C) fine
powder suspended in the proporti.nal y.~ forming a neutron sensitive aerosol that relies on the
19B neutron capture reaction. C.mp iter simulations and prototype exposure to a cold neutron
beam yielded favorable results, v.." dat’ng the detection concept, which may also be applied to
hard x-ray and gamma ray d fection vy using fine particles made of a heavy element, such as
Bi or Au. In this work we swdy .~ effect of the presence of B4C microparticles in the charge
gain and energy resoluti.in of a proportional counter filled with Ar-CHs (90%-10%), by
irradiation with x-rays f 'm 1 °°Fe source. For the same applied voltage, an average gain loss
by a factor of 36% a"d ei.cray resolution (FWHM) increase by 15% (absolute value) was
observed with the in us?un of B4C microparticles. Intrinsic energy resolution was calculated,
obtaining 15% for pui. "¥10 peration and 32% in the presence of the microparticles. While the
gain drop is recov:idble by increasing anode voltage, energy resolution degradation may be a
drawback in lov' enercy applications, were energy resolution is favored over detection
efficiency.
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1. Introduction

1.1. The 3He shortage crises

Neutron detectors are used in a wide range of applications, with the main consdmers being
homeland security instruments, such as Radiation Portal Monitors (R™Ms and handheld or
backpack radiation monitoring systems. The *He gaseous proportiona. < ounter is the most
common neutron detector deployed, due to its excellent detection efficic~cy, yood gamma-ray
discrimination, non-toxicity and the fact that it can be used to pr.av~e laige area detectors.
However, ®He reserves are in decline which, in association witt. the great number of RPMs
deployed, has led to an unsustainable situation, with the current “2ma,." for 3He surpassing its
worldwide supply [1-8].

Since the scientific community became aware of the ®He shor’age crises, research and
development on 3He-free neutron detection solutions 'ecare a priority and innovative
alternatives are being developed. A variety of technig.~. ha e been reported, including
boron-lined detectors coupled to multi-wire proportiona ~aui..crs (MWPC) [9,10] and to gas
electron multipliers (GEM) [11,12], arrays of boron-coat d straws [13-15], aerogel and
saturated foam detectors [16-18], scintillators [1° 20), ~ucpended lithium foils coupled to
MWPC [21-23] and lithium backfilled microstructures ;21.25].

This research is heavily restricted by the fac. ™at only a few isotopes have the ability of
absorbing neutrons and inducing nuclear ranture -eactions. In addition, for detection
applications, the products of these reactions =hruiu comprise exclusively heavy charged
particles, rather than gamma-rays or beta r 'iatio.>. Based on these considerations, the list of
alternative isotopes that can be used in neutrcn u~tection is narrowed to ®Li and 1°B. Among
these, 1°B has a higher thermal neutror. ... 22°- ection (3840 barn, versus 940 barn), which
implies a greater detection efficiency potentic.

1.2. B4C fine powder aerosol: a nov :l app.9ach

A novel concept for neutror. detec.un has been proposed in a previous work, which
consists on a proportional cou *ter fill .d with P10 (Ar-CHas, 90%-10%) in which a boron-
based fine powder is dispersed (bo:>r -carbide was used), forming a neutron sensitive aerosol
[26]. A detection efficiency ¥ 4% was reported while irradiating a prototype with cold
neutrons (5 A). The boror ~arbide (B4C) fine powder is made of natural boron, of which the
198 fraction is approxir atel ' 20%. Commercially available °B enriched boron-carbide fine
powder would lead up to « " -fold increase in detection efficiency.

In this neutron ser sitiv e aerosol detection technique, the B4C particles are suspended in the
proportional gas by >~ apr.ropriate gas flow which counter-acts the gravity force. As an
incoming neutror ...eraci. with the °B atoms of the microparticles, 2 products are released in
opposite directic1s: a 'L i ion (0.84 MeV) and an a-particle (1.47 MeV). The main benefit of
this detection concont °s that both reaction products can escape the B4C particles, since their
range in this nateri | is greater than the particles size. This allows for the deposition of a large
fraction of th enerr y released by the neutron capture reaction in the filling gas, resulting in a
full enerc:’ denosition peak (2.3 MeV) in the pulse height distribution of the detector. This
feature is 1. ' ossible to achieve with alternatives based on boron coating, in which the neutron
capture occu ~ in a solid layer deposited on the walls of the detector. In these alternatives, for
each reaction product that reaches the gas volume, the other one is inevitably lost to the
detector walls, due to their ejection into opposite directions [27,28]. This leads to a two-step
plateau in the pulse height distribution which extends to the low energy region (wall-effect)
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and reduces the ability to discriminate between neutron captures and gamma-rays induced
events.

The presence of the B4C fine powder in the proportional counter caused no operational
issues, such as electrical discharges or a drastic gain decrease that preven‘ad its operation.
Nonetheless, it is essential to understand how the detector is affected by * .~ presence of the
fine powder in order to delineate an effective strategy for prototype optimizatio... The impact
of the presence of B4C particles in the gas gain and energy resolutic.1 ¢ the proportional
counter are assessed in this work. Tests were performed by irradi.*ir4 the proportional
counter, filled with an aerosol composed by B4C microparticle. disporsed in a P10
atmosphere, by soft x-rays (5.9 keV) from a >>Fe source.

2. Methods

A scheme of the proportional counter used in this work is orc>er*.d in Fig. 1. It consists of
a stainless-steel cylinder with an inner diameter of 47.6 'am ~...' a 50 um diameter tungsten
anode wire stretched along its axis. The anode is
electrically insulated from the walls (at ground |- feeathrough] []
potential) by ceramic feedthroughs. When a positi: ~ /
voltage is applied to the anode, an electric fiela is | I'!—"'74
established inside the proportional counter reachinn

values above the threshold for charge multiplicativ.” in —| 1 | < -

a small region around the anode wi': The P el

proportional counter is equipped with a 10 mm <

diameter window made of a 50 um thick ...mir,"zed

Mylar film, glued to the detector with a co.dudtive

epoxy. The primary electron clouds resui.ny 1..m the LY

interaction of x-rays emitted by a %°Fe rauioactive ¢ 1 h

source are multiplied through w2 avalanche £ | Y.

processes around the anode and th resulti 19 charge is & W N> chamber wal

collected with a charge sersitive Jre-amplifier & |-. .- (stainless steel)

(Canberra 2006). The pre-ampl’ier sigrals are fed to a Anode wire

linear amplifier (Ortec 454), v-hie,. 2u’ put is connected < (tungsten )

to a multichannel analyser. Bottom fixing
The proportional gas used w.> P10, continuously v |l 1 4~ ine (copper )

flowing at a rate of 5 1h. The gas outlet was » B

connected, via a reserve’” illed with low outgassing S0 Tt

oil, to the atmosphre. The inlet and outlet were
equipped with 2 pum €iltr rs tr prevent the B4C particles

from escaping. ——
The detector was i -adiated with 5.9 keV Xx-rays

from a 5Fe sourc> whi' : the anode voltage was varied

from 2000 \ 10 2400 V. Pulse height distributions \l e
were acquire 1 for 61 seconds for each anode voltages,
initially withou. *'.e microparticles inside the detector
and subse.'uer uy after depositing 3 grams of B4C fine
powder (Pla. maChem GmbH), in the hollow funnel-
shaped part ot the b(_)ttom flange. Th_e method u_sed for removal of the field cage copper
particle dispersion in the gas consisted on violently i 20 the addition of a thin
opening the gas flow for a few seconds and  \jyiar window.

subsequently reducing it to 8 I/h, the rate used during

Fig. 1. Schematic of the
proportional counter used in this
work. Differences from [26] are the
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data acquisition.

A sample of the fine powder used in this work was subject to characterization by laser
diffraction (Beckman Coulter LS 13 320). Assuming sphere-like particles, the results yield a
mean diameter value of 1.056 um (dio = 0.553 um, dso = 1.029 pum and do = 1.602 um). It
should be noticed that the size characterization was performed using ethanc. s the suspension
fluid. Despite the use of rollers, magnetic stirrers and tube rotators to assuie the . 'spension of
sampled powders, it is impossible to guarantee that the agglomerat’'on behaviour of the
particles while suspended in liquid ethanol and in gaseous P10 is iden.’ =7« [29]. In addition,
this behaviour also depends on environmental factors such as teni.~ratu.2 and humidity.
Thus, the 1.056 um diameter should be considered as nominal valuv-..

3. Results

A comparison of the pulse height distributions recorded fo, =~ .node voltage of 2375 V
without and with B4C microparticles in the proportional count.. 's presented in Fig. 2. Along
with the data points, a double peak Gaussian fit is showrn or e7ch pulse height distribution.
The main peak corresponds to the full absorption of the b.C kev x-ray in the proportional gas,
while the lower amplitude peak corresponds to the Kc -fluores zence escape peak of Ar.

| [ - o LS T T [ [orm

3000 4! 0 P10+B,C AR A NS T TN O O O O S . P10+B,C
| %Fe ] ; : Pl 55Fg

2500 4 HY=25375 v HV=2375V
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[ | .

N

Counts

1500
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500 i

S S S A B S
MCA 7 .ic. nel Energy (keV)

Fig. 2. Pulse height disti."* ons recorded with x-rays irradiation from a *°Fe source and an anode

voltage of 2375 V v .thout \'ue circles) and with (red squares) B4C fine powder dispersion.

Acquisition time = 1,0 <. Le‘t: Unnormalized data; Right: Normalization of P10+B4C data, to

match the counts and cetro’d of the Gaussian fit taken with just P10.

The pulse hei |ht dis. “ibution is shifted to the lower energy end on the acquisition recorded
in the presence L* the 34C particles, which was verified throughout all the anode voltage
range. As shrw, the presence of the particles suspended in the gas resulted in a lower charge
gain achieve ' by the electron avalanche.

In Fig. 2-riy..%, :ne pulse height distribution taken with the B4C microparticle aerosol was
normalize.* 1w vertical and horizontal axes so that its amplitude and centroid match the
correspondi. Y parameters of the Gaussian fit obtained without the microparticles. The MCA
(Multichannel analyzer) axis was also calibrated to the energy scale. A broadening of the 5.9
keV peak after the fine powder dispersion is clearly visible, which implies an energy
resolution degradation. This effect was observed for the whole range of applied anode
voltages.



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145

146
147
148
149
150
151
152
153
154
155
156
157
158
159

160

161
162
163
164
165
166
167

Fig. 3 illustrates the gain obtained with
and without B4C microparticles as a
function of anode voltage. A gain drop by
a factor of 36%, independent of the anode
voltage, is observed in the presence of B4sC
microparticles. Fig. 3 also suggests that
this microparticle induced gain drop can
be compensated by increasing the anode
voltage by approximately 75 V. A similar
analysis was performed for the energy
resolution (R). The results, depicted in Fig.
4, show an average degradation of the
energy resolution by 15% (absolute value)
in the presence of B4C microparticles, with
little dependence on the applied anode
voltage.

The intrinsic energy resolution, a
statistical limit associated with the
minimum amount of fluctuation that will
always be present on the detector signal,
arising from the discrete nature of the
measured signal itself, was determined for
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Fig. 3. Logar.."mic plot of the gas gain measured
for eac.. anode soltage without (blue circles) and
with \.~d syudres) B4C fine powder dispersion.
An averan.- 9ain decrease by a factor of 36% was
obsc ed.

each case. Overlooking electronic noise, whici 1s ' y..cally a small contributing factor to the
output signal of proportional counters; intrir<ic er 2rgy resolution can be derived from [30]:

1

R = 2.355 X ﬁ%fz+ — (1)

TloG_

where no represents the number of prima>/ ion-electron pairs created by the incident
radiation, G the average gas gain, F t»~ Fano factor, f the multiplication variance, associated
to the relative variance of the nur.iber o. electrons produced in an avalanche assuming a

Polya distribution and 2.355 the ratir
between the full width at half m"xirm um of
a Gaussian distribution and tne “@nrard
deviation.

The number of prima.y 1u.-electron
pairs produced is proro fonal to the
energy deposited by the ‘nci sent radiation,
Ex. The proportional’.y coi.>tant between
them is given by w, ‘ne mean energy
required to form one 1. "-e'zctron pair (26
eV inargon [30]".

=2 @)

4

The irtrinsic ciiergy resolution can be
experimer all/ uetermined by considering
the proporticality between the centroids
of the 5.9 keV peaks in the pulse height
distributions (A) and the detector gain (G):

50 — ‘ —
! | ; ; o P10+B,.C
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Fig. 4 — Energy resolution of the proportional
counter versus applied anode voltage without (blue
circles) and with (red squares) B4C microparticles
dispersion. An average energy resolution
worsening of 15% (absolute value) was observed
when dispersing the B4C.

5




168

169
170

171

172
173

174

175
176

177

178
179
180
181
182
183
184
185
186
187
188
189
190
191

192

193
194
195
196
197
198
199
200
201
202
203
204

205

206
207
208

A o noé . A = noG_Ke (3)

where Ke is a constant exclusively dependent on the electronics chain detector output. After
the replacements expressed in equations (2) and (3) we can rewrite equation (1) as:

R =2.355 [“EH | Ke g2 = 5545k, 4 5545220 @)
Ex A A Ex

From equation (4), one can see that if, for the same incident e, .~rgy [Fy), A is varied
throughout a set of acquisitions (accomplished by varying the anodrs *altay ), a linear relation
between R? and % is expected. Thus, a plot of R? versus % IS a ' 2asr naw.e approximation to
extrapolate the intrinsic resolution of the detector, correspr=ding *o value of R? when
(1/A4) - 0, i.e. the y-intercept of the function:

Rine = 2.355 [22XE)

Ex

()

Since parameters w, F and f depend 020 ——1 _—
exclusively on the filling gas/aerosol, a
variation of the w x (F + f) factor in
the presence of the B4C microparticles 0,161
is expected and therefore a variation of
the intrinsic energy resolution.

Data in Figs. 3 and 4 was processed
according to the method above and the
results are presented in Fig. 5. The
intrinsic  energy resolution  (Rj,¢)
obtained when the detector was filled
with P10 gas was of 15%, increasi-.y
with the microparticles dispersio . to
32%. Only the linear region of erch x”~

1 ..
versus — curve, limited by the ver'.cal
0,00

dashed lines in Fig. 5, was ronsiacd 0 T 2 3 4 5 6
for fitting. This was b'.cac<e the 1A (a.u)

effects that cause IO§S of ! ”:e_arlty are Fig. 5. Square of the energy resolution versus 1/A
not contemplat_ed In- ggqugrion 4, without (blue circles) and with (red squares) B4C fine
namely fluctuations ir the umber of o der dispersion. The extrapolated intrinsic energy
primary  electrons  reiching the  resolution values are 15% and 32%, respectively.
avalanche region for .~ v vc.tages and

fluctuations in th. elecu.. field due to the spatial positive charge accumulated for high
voltages.

As expected .~ 'near portions of the curves are almost parallel, since the slope
determined k y Ke i< similar for both cases.

T P10+B,C
< P10

048] S S W T -

4. Discussio. *

One significant concern regarding this detection concept was that dispersing fine powder
in a proportional counter could lead to the occurrence of electrical discharges, compromising
its operation. In effect, B4C fine powder was selected in [26] not only for the presence of the
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neutron sensitive 1°B isotope, but also due to its insulating properties. In this work, the
presence of the fine powder did not severely affect the proportional counter by causing
discharges or other electrical instabilities during acquisition using soft x-rays.

The microparticles affected however the proportional counter perform:.ace, influencing
the achievable charge gain and energy resolution. Despite the observed che.ge 2ain reduction,
the 5.9 keV peak still exhibits a symmetric Gaussian shape (Fig. 2). T+:> indicates that the
gain drop is not due to electrons of the avalanches being captured by mic oparticles. If that
were the case, a tail at lower energies would be present on the pulse ! ~igh. Yistribution as the
number of captured electrons would depend on the path travelled.

An analysis of the intrinsic resolution without and with micrc sart’cle Jispersion provides
an insight on the reasons behind the degradation of these paramete,. From equation (5) we
conclude the factor w x (F + f) has increased by a factor « f 4.8 . /ith the inclusion of the

microparticles:
Waerosol X (F+f)aerosol
=4.8 6
wpio X (F+f)p1o ()

An increase in w due to the inclusion of microparticle. is excluded by a pulse height
distribution analysis. The discrete nature of the miu.~nart.cles would cause any process
induced by their presence to be also of non-continuous nature, affecting each event according
to its degree of interaction with the micropartic’ . v ns would create changes in the pulse
height distributions, most notably a tail for low enery:~s on the 5.9 keV peak and an increase
of the escape peak relative amplitude, which w. re 1 o. gresent in Fig. 2.

Therefore, we conclude that the increase in the w X (F + f) factor is due to an increase in
the avalanche gain fluctuations (F + f), co.se>ttence of the electric field distortion in the
region near the microparticle, dependir = ~n vrarticle shape and relative orientation to the
electric field.

5. Conclusions

The operation of a prope doral ~ounter with neutron sensitive B4C microparticles
suspended in P10 gas was stuiieu "V . radiation with soft x-rays (5.9 keV). We compared the
detector gain, energy resc..tion and intrinsic energy resolution with and without the
dispersion of B4C microparticles. o gain decrease by a factor of 36% and an energy resolution
increase by 15% (abso’dte value) are observed. Intrinsic energy resolution worsens by
approximately 17% (abs. "' v 2 value) in the presence of microparticles.

The degradation r these parameters is justified by the increment of the w X (F + f)
factor, which indica. s 7 rise on the fluctuations in the avalanche charge gain, associated with
(F + f), due to inh~moy . cities in the electric field created by the microparticles.

It is importan’ to nou e that the fine powder did not compromise the detector operation by
causing electrical Yisch~.rges or drastically affecting its charge gain.

This work contributes to the validation of the fine powder aerosol as a radiation detection
medium in roporti nal counters. The detection technique can, in principle, also be used to
increase detecuc.. <fficiency of gaseous detectors to distinct radiation sources. For instance,
we can in.2r " ia. detection of hard x-rays and gamma-rays based on this concept is possible
using adequ. te micro/nanoparticles, made of high Z number materials, such as Bi or Au.
While an increase in detection efficiency is expected, it would not come without
compromising the achievable gain and energy resolution. The former can be compensated by
increasing the electric field, while the later cannot.
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Ultimately, the discussed technique is an interesting solution for applications in which
detection efficiency is favored over energy resolution. Further tests focusing on hard x-
rays/gamma-rays irradiation must be carried to validate of the practicability of this detection
technique for application in this energy range. In addition, the buildup of deposits or the
development of micro/nanoparticles induced corrosion of the mechanica’ ~omponents will
also be evaluated by means of microscope and SEM images of the anode wire, .thode wall
and insulator elements, as a function of detector operation time.
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