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ARTICLE INFO ABSTRACT

Keywords: The propagation of electrons through several linear pore densities of reticulated vitreous carbon (RVC) foam
RVC foam was studied using a Frisch-grid parallel-plate ionization chamber pressurized to 1 psig of P-10 proportional
Charge carrier propagation gas. The operating voltages of the electrodes contained within the Frisch-grid parallel-plate ionization chamber
Frisch grid

were defined by measuring counting curves using a collimated 24! Am alpha-particle source with and without
a Frisch grid. RVC foam samples with linear pore densities of 5, 10, 20, 30, 45, 80, and 100 pores per linear
inch were separately positioned between the cathode and anode. Pulse-height spectra and count rates from
a collimated 2*' Am alpha-particle source positioned between the cathode and each RVC foam sample were
measured and compared to a measurement without an RVC foam sample. The Frisch grid was positioned in
between the RVC foam sample and the anode. The measured pulse-height spectra were indiscernible from
background and resulted in negligible net count rates for all RVC foam samples. The Frisch grid parallel-plate
ionization chamber measurement results indicate that electrons do not traverse the bulk of RVC foam and
consequently do not produce a pulse.

Parallel-plate ionization chamber
Gas-filled radiation detector

1. Introduction limitations up to 315 °C and 3499 °C in air and inert environment,
respectively [12]. Currently, RVC foams are used for a variety of
applications such as energy absorbers, heat shielding, and fuel cells [13],
and therefore the manufacturing infrastructure is already in place.

The propagation of electrons through the bulk of RVC foam was
previously studied using a parallel-plate ionization chamber in order to
determine whether RVC foam could be used as a coating substrate with
the potential to possess high intrinsic thermal neutron detection effi-
ciency capabilities [7]. Although measured count rates and pulse-height
spectra provided some insight into the propagation of electrons through
the bulk of RVC foam, further characterization efforts were necessary
to improve the confidence of the observations. The implementation of

Recently, foam structures, particularly reticulated vitreous carbon
(RVC) foam, have emerged as thin-film-coated substrates for neutron
detection applications [1-8]. RVC foam, produced by ERG Aerospace
Corporation, is composed of a semi-randomized network of struts, cells,
and pores, in which the cells and pores within the bulk of the material
are defined by the vacancies between neighboring struts [9] as shown
in Fig. 1. The size and number of struts, cells, and pores contained
within the RVC foam defines the linear pore density of the material
and RVC foams are available with linear pore densities ranging from
5-100 pores per linear inch (PPI). Pore diameters can range in size
from 4.85 + 0.81 mm to 0.63 + 0.12 mm for linear pore densities

of 5 to 80 PPI RVC foam samples [8], respectively, indicating an
inverse relation between linear pore density and average pore diameter.
RVC foams are also suitable for use in high-temperature environments,
such as those experienced in oil-well logging where instruments have
required operational and survival temperatures ranging up to 175 °C
and 200 °C, respectively [10,11], because the material has temperature
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a Frisch grid between a RVC foam sample and a planar anode should
further clarify whether electrons are capable of traversing the bulk of
the RVC foam sample since the measured pulse-height spectra and count
rates are representative of charge induction specifically between the
Frisch grid and the anode [14,15]. Thus, the present work conveys the
examination of the propagation of electrons through the bulk of RVC
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Fig. 1. Structural definition of RVC foam indicating the pores and cells formed
by neighboring struts [9].
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Fig. 2. Operation of a parallel-plate ionization chamber with a Frisch grid
between the anode and cathode. Formation of a measurable signal on the anode
only occurs for charges moving within the detection region. The operating
voltage of the anode, V,, is set higher than that of the Frisch grid, Vg, which
is set above the operating voltage of the cathode, V. (typically maintained at
ground potential).

foam samples, with linear pore densities ranging between 5 and 100
PPI, using a Frisch-grid parallel-plate ionization chamber.

2. Theoretical considerations

The application of a grid to a gas-filled parallel-plate ionization
chamber was introduced in 1942 by Otto Frisch as a means of im-
proving the uniformity of the chamber sensitivity to incident radiation
quanta [14]. The implementation of a Frisch grid between planar anode
and cathode electrodes allows the device to measure induced charge
only between the Frisch grid and anode. Fig. 2 illustrates a typical
parallel-plate ionization chamber with a Frisch grid implemented. As
radiation quanta, such as alpha particles, cause ionization within the
drift region, electrons and positively-charged ions travel toward the
Frisch grid and cathode, respectively, due to the electric field formed
from the potential difference between the Frisch grid and cathode.
The operating voltages of the Frisch grid and cathode, Vy; and V,
respectively, require that V; > V- in order to drift electrons toward the
Frisch grid and positively-charged ions toward the cathode (the cathode
is commonly maintained at ground potential). Once electrons pass
through the Frisch grid, charge is induced on the anode as electrons drift
through the detection region influenced by the electric field between the
Frisch grid and anode, with the required operating voltage condition of
V4> Vig-
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Fig. 3. Test configuration used for measuring the propagation of electrons
through RVC foam. Electrons and positively-charged ions are created due to
ionization from alpha particles injected below the sample location and the
electric field formed between the anode and cathode causes the electrons and
ions to drift toward their respectively-charged electrodes.

3. Experimental procedure

The propagation of electrons through the bulk of RVC foam was
studied using a parallel-plate ionization chamber without and with
a Frisch grid, as shown in Figs. 3 and 4, respectively. The planar
electrodes, each 12.7-mm diameter, were fabricated using 3.18-mm
(0.125-in.) thick aluminum and were specifically designed to ensure
that the resulting electric field would only penetrate through the bulk of
the 6.35-mm (0.25-in.) thick RVC samples. A distance of approximately
29 mm was maintained between the planar electrodes and the Frisch
grid was positioned between the electrodes, approximately 0.79-mm
below the surface of the anode. The custom-designed, 25.4-pm thick
BeCu Frisch-grid electrode shown in Fig. 5 was fabricated by Tech-
Etch, Inc. [16] and contained 25.4-um wide strips of metal with vertical
and horizontal pitches of approximately 1.6 mm. Teflon™ collars were
positioned around the Frisch grid, as shown in Fig. 4, to ensure that
electrons were streaming through, rather than around, the bulk of the
RVC sample. The Teflon™ collars measured 0.79-mm thick with internal
and external diameters of approximately 12.7 mm and 50.8 mm, respec-
tively. Furthermore, the application of the Teflon™ collars above and be-
low the Frisch grid negated the need to surround the entire RVC sample
with a Teflon™ collar, as was previously implemented [7], and reduced
the probability of obstructing the incident beam of alpha particles. A
collimated-241 Am alpha-particle source was positioned approximately
10-mm above the cathode in such a way to allow for the 5.48-MeV alpha
particles to deposit a majority of their energy within the electric field
between the electrodes as defined by the characteristic Bragg curve [17].
The collimator contained a 2-mm diameter aperture with a collimation
length of 10 mm, resulting in a beam of alpha particles with a chord
length of 15.6 mm at the extent of the range of the emitted alpha
particles (43.9 mm) in 1 psig of P-10 proportional gas (90% argon and
10% methane) [17]. The testing apparatus and collimated 24! Am alpha-
particle source were contained within a sealed aluminum enclosure
backfilled with P-10 gas at a constant pressure of 1 psig throughout
the duration of each measurement.

The parallel-plate electrode configuration without the Frisch grid
was characterized via a counting curve to verify the expected operating
voltage required to attain an electron saturation velocity of approx-
imately 0.3 V cm™! Torr™! in 1 psig of P-10 [15,18]. The distance
between the planar electrodes was held constant with and without the
Frisch grid to maintain the resulting electric field strength. The resulting
anode operating voltage, V,, was set to 700 V to achieve a sufficient drift
electric field strength between the planar electrodes, with the cathode
operating voltage, V-, maintained at ground potential. Next, the Frisch
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Fig. 4. Modified test configuration to measure the propagation of electrons
through various linear pore densities of RVC foam using a Frisch grid positioned
between the sample and the anode. The Frisch-grid operating voltage, V, is
set below that of the anode, V,, in order to drift electrons from the Frisch grid
to the anode.

Fig. 5. BeCu Frisch grid fabricated by Tech Etch containing 25.4-um wide strips
of metal with vertical and horizontal pitches of approximately 1.6 mm.

grid was installed between the planar electrodes and a second counting
curve was produced in which the Frisch-grid operating voltage, Vg,
was maintained at 700 V, the cathode was again maintained at ground
potential, and the anode operating voltage was increased in increments
of 50 V from 0 to 1650 V. The resulting anode applied voltage was
determined to be 1500 V.

With these operating voltage parameters defined, a two-hour mea-
surement was conducted without a RVC sample present to establish a
control for the experiment and the measured count rate and pulse-height
spectrum were recorded. The control measurement was conducted for
the electrode configurations with and without the Frisch grid. Subse-
quent two-hour measurements were also performed for 6.35-mm (0.25
in.) thick RVC foam samples with linear pore densities of 5, 10, 20, 30,
45, 80, and 100 PPI with and without the Frisch grid installed. In each
scenario with a RVC sample installed in between the cathode and Frisch
grid, the sample position was maintained at a distance of approximately
17 mm from the cathode surface to ensure that any charge induction
occurring from the site of charge injection to the bottom surface of
the sample was maintained throughout all trials. The measurements
conducted without the Frisch grid served to ensure that the system was
functioning similar to previous measurements [7].
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Fig. 6. Pulse-height spectra measured using the testing configuration without
the Frisch grid installed. The presence of pulses above background indicates that
charge induction occurred. The location of charge induction was suspected to
have occurred between the cathode and RVC foam position as well as potentially
at shallow depths within the RVC foam sample.

Table 1

Net count rates measured for a collimated 24! Am alpha-particle source using the
testing configuration shown in Fig. 3. The alpha-particle beam was positioned
between the cathode and RVC foam sample locations.

Sample Net count rate (counts second™")
No Sample 3.47 + 0.02
5 PPI 3.31 +£0.03
10 PPI 3.37 £ 0.03
20 PPI 3.00 + 0.03
30 PPI 2.74 +£0.03
45 PPI 3.25+ 0.03
80 PPI 3.04 £ 0.03
100 PPI 2.89 +0.03

4. Results and discussion

Shown in Fig. 6 are the pulse-height spectra measured without the
Frisch grid installed for the various RVC foam linear pore densities
compared to the no sample case. The measured net count rates are listed
in Table 1. These results are similar to those previously measured [7]
and suggest that charge induction occurred for each measurement.
Given the down-shift in peak-channel number of the pulse-height spec-
tra measured with the RVC foam samples relative to the no sample
case, it was previously suspected that these results indicate that charge
induction was occurring between the sample and the cathode and
potentially at shallow depths within the sample.

Shown in Fig. 7 are the measured pulse-height spectra with the Frisch
grid installed for the various RVC foam linear pore densities compared to
the no sample case. Negligible net count rates were measured for each of
the RVC foam samples due to the blending of the measured pulse-height
spectra with the background signal. The substantial reduction in pulse
amplitude, compared to the case with no sample, indicates that minimal,
if any, charge induction occurred between the Frisch grid and anode
for all RVC linear pore densities tested. Therefore, given the measured
pulse-height spectra and negligible net count rates for charge induction
occurring between the Frisch grid and anode, electrons do not traverse
the bulk of RVC foam with linear pore densities ranging from 5-100 PPIL.

The lack of capability for electrons to drift out of the bulk of
RVC foam presents a challenge for these substrates to be considered
as a compact substrate capable of possessing an abundance of active
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Fig. 7. Measured pulse-height spectra produced from electrons that traversed
beyond the Frisch grid for various linear pore densities of RVC foam.

thin-film-coated surfaces. A potential solution would be to use several
of the thin-film-coated RVC foam samples with collecting electrodes
positioned adjacent to each sample, similar to the orientation of foils and
anode wires within lithium-foil multi-wire proportional counters [19].
However, this solution requires several RVC foam samples in order
to be capable of achieving the neutron detection performance of
commercial 3He proportional counters [15,20].

One alternative solution to overcoming the issue of electrons not
being capable of traversing through the bulk of RVC foam is to incorpo-
rate so-called “macrostructures”, such as channels or cylindrical voids
oriented in the direction of the electric field lines, into the bulk of the
sample. These macrostructures would allow for charge carriers produced
within the bulk of the sample to possess a higher probability of escaping
the sample and subsequently inducing charge as they drift toward
their respectively-charged electrodes, unimpeded by sample features.
Although the incorporation of macrostructures would reduce the overall
amount of thin-film-coated surface area within a sample, the quantity
of active thin-film-coated surfaces within the sample would increase.
A second alternative solution would be to consider other compact
substrate types containing an abundance of surface area for applying
thin-film coatings. Recently, honeycomb substrates have emerged as
thin-film-coated substrates due to the large amount of surface area
contained within a compact sample [3,21-27]. The substrate can thus
be oriented in such a way that allows charge carriers created within
the sample to drift out of the substrate and toward their respectively-
charged electrodes.

5. Conclusions

The ability for electrons to traverse the bulk of 6.35-mm thick RVC
foam samples with linear pore densities ranging from 5-100 PPI was
studied using a parallel-plate ionization chamber with and without
a Frisch grid installed between the RVC foam and anode positions.
The measured pulse-height spectra and net count rates with the Frisch
grid installed indicate that electrons do not traverse the bulk of RVC
foam samples with linear pore densities ranging from 5-100 PPIL As
a result, RVC foam samples that are used as coating substrates for
neutron detection applications will only be sensitive to conversion of
measurable reaction products at approximately the exterior surfaces of
the RVC foam sample that are exposed to the surrounding backfill gas.
Thus, the maximum intrinsic thermal neutron detection efficiency of
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RVC foam samples are limited to 4%-5% which is common for thin-
film-coated devices [20]. Proposed solutions to the limited intrinsic
thermal neutron detection efficiency of a thin-film-coated RVC foam
sample include (a) using several thin-film-coated RVC foam samples, (b)
incorporating macrostructures into the bulk of the neutron absorbing
sample, and (c) the consideration of other compact substrate types
containing an abundance of surface area for applying thin-film coatings
(such as honeycomb structures). These latter two proposed solutions
would allow for charge carriers produced within the bulk of the sample
to possess a higher probability of being capable of drifting outside of the
sample to their respective electrodes.
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