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Due to the ITER radiative environment, in particular during high D-T power phase classic X-ray detectors
such as semiconductor diodes might be too fragile and are thus not viable. Instead, advanced detectors such as
gas-filled detectors are nowadays considered. The Low Voltage Ionization Chamber (LVIC) is one of the
most promising candidate for X-ray measurement during the ITER nuclear phase. A complete model of the
detector recently developed at IRFM now requires experimental validation. Experimental testing at the IRFM
laboratory of an ITER industrial LVIC prototype and comparison with modelling are presented. In particular,
an original approach to extract information on the X-ray spectrum from current-mode LVIC measurement is

validated experimentally.

I. INTRODUCTION
A. Background

In tokamaks with tungsten (W) plasma facing
components such as the International Thermonuclear
Experimental Reactor (ITER), pollution of the plasma by
heavy impurities is a major concern as it can lead to
radiative breakdown. A diagnostic allowing reconstruction
of the impurity distribution is thus of high interest. The
radiation emitted by such impurities is mainly composed of
X-rays in the 0.1 - 100 keV range. Due to the ITER radiative
environment, in particular during high D-T power phase,
classic X-ray detectors such as semiconductor diodes might
be too fragile and are thus not viable. Instead, advanced
detectors such as gas-filled detectors are nowadays
considered. The Low Voltage lonization Chamber (LVIC)
is one of the most promising candidate for X-ray
measurement during the ITER nuclear phase [1]. A
complete model of the detector recently developed at IRFM
[2] now requires experimental validation.

Experimental testing at the IRFM laboratory of an
industrial LVIC prototype filled with argon and comparison
with modelling are presented. In particular, an original
approach [3] to extract information on the X-ray spectrum
(and thus indirectly on impurity distribution) from current-
mode LVIC measurements is validated. Finally,
conclusions are drawn on the potential application to the
ITER tokamak.

B. Low Voltage lonization Chamber (LVIC)

A schematic representation of the LVIC concept is
introduced in Fig. 1, for which X-ray photons are the
radiation of interest throughout this paper.
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FIG. 1. LVIC schematic representation.

The detection in the LVIC of an incident photon
flux ¢ of energy hv is given by:

¢t () = T(h) - A(hv) - ¢ () (1

where ¢4 is the detected part of the photon flux, T is the
transmission coefficient through the filter and A is the
coefficient of photoelectric absorption in the gas. The
coefficient of transmission T through the filter is expressed
as:

T(hU) = exp(_Nm : O-tot(hv) : lfilter) (2)

where N,, is the density of the material in m ™, g, is the
total cross section in m? and lfiter 1s the thickness of the
filter in m. The coefficient of photoelectric absorption A in
the gas is expressed as:



A(hv) =1 — exp(—N, - app(hV) - Lyic) (3)

where N, is the density of the gas in m™, g, is the
photoionization cross-section in m?, and I}, is the length
of the ionization chamber in m. The total cross sections used
in this work were extracted from the theoretical XCOM
photon cross-sections database developed by the National
Institute of Standards and Technology (NIST) [4].

During photoionization of a gas atom by a photon
of energy hv, a bound electron is emitted with a kinetic
energy Ey;, = hv — Ejg, with Ep the electron bound energy.
The ionized atom can go through de-excitation either by
Auger electron emission or by X-ray fluorescence with a
given probability Pr. In the case of X-ray fluorescence
(above a threshold hv > Ey) the lost charge is ACy =
Eg/W, with W the mean ionization energy of the gas,
leading to the so-called escape peak in the measured
spectrum. For argon, the probability Pr = 14%, Ey =
32keV,Eg =29 keV and W = 26 eV [5]. The statistical
fluctuations ¢ in the number of charges N induced by
photoionization of the gas are described by:

oy _ F “4)
<N>2 <N>

where F is the so-called Fano factor, which has a value of
0.23 for argon [6].

Il. EXPERIMENTAL SETUP

The experimental setup is introduced in Fig. 2. A soft
X-ray (SXR) source SRI SB-50-1k was used, with a beam
of accelerated electrons hitting a W target, producing X-ray
bremsstrahlung and characteristic W line emission. First, a
Si-PIN diode XR-100CR was used as the reference detector
and was positioned 8/ ¢m away from the source, to acquire
the spectrum and characterize the SXR source in the energy
range 1 — 30 keV. In a second phase, the Si-PIN detector
was swapped with the LVIC prototype. Pictures of the Si-
PIN diode and of the LVIC prototype, filled here with argon
at 1 bar of pressure and with an applied voltage of 600V,
are presented in Fig. 3. A set of aluminium filters with a
total thickness of up to 969 um could be placed between the
source and the detector, to play the role of a high-pass filter.
As depicted in Fig. 4, the aluminium filters practically damp
all SXR radiation below ~ 10 keV, while the layer of 81 cm
of air only cuts the signal below ~ 5 keV.
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FIG. 2. Experimental setup for SXR generation and measurements.
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FIG. 3. Left: photo of the LVIC prototype. Right: photo of the Si-pin diode.
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FIG. 4. Transmission coefficients of Si-Pin, air and aluminium widths.

An experimental SXR spectrum acquired by the
Si-pin diode for the source parameters I = 10 p4 and Ug =
10 kV is presented in Fig. 4. Two peaks are visible at about
hv; = 10 keV and hv, = 11.5 keV, likely corresponding
to the W line emission LS (9.96 keV) and Ly (11.42 keV).
The signal is strongly attenuated for hv < 10 keV due to
absorption by the filters and likely only noise is recorded.
For 20 keV < hv < 30 keV, the spectrum is rather flat with
a low intensity close to the noise level. The peak observed
at 30 keV simply corresponds to the detection limit of the
system and is related to the pile-up effect.
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FIG. 5. SXR spectrum acquisition (over 15 sec) with the Si-PIN diode,

for aluminium filters of 969 pm thickness and source parameters [ = 10

pA and Us = 10 kV. The peak observed at 30 keV simply corresponds to

the detection limit of the Si-PIN and is related to pile-up.

The spatial distribution of the SXR source was also
checked, as reported in Fig. 5. The detection area of the Si-
PIN (7 mm?) is represented by the small colorful squares.
It can be seen that the source exhibited a relatively good
spatial homogeneity inside a radius of 25 - 30 mm from the
emission axis (at a distance of 8§/ ¢m from the source). The
red circle corresponds to the detection area of the LVIC
(24 cm?). The worst deviation is observed in the vertical
direction, with a total number of count decreasing from
4.1x10* to 3.8x10* (i.e. < 10%) for a vertical shift of 40
mm. This is a satisfactory results given the LVIC
dimensions and the source was considered as spatially
uniform in this setup.
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FIG. 6. SXR source spatial distribution measured with the Si-PIN,
showing a relatively good homogeneity up to 25 - 30 mm away from the
emission axis. The colourful squares correspond to the Si-PIN detection
area (7 mm?) while the red circle denotes the LVIC area (24 cm?).

lll. METHODOLOGY

A. Incident spectrum deconvolution

The purpose of this work was to recover spectral
information about the incident photon flux from LVIC
measurements in current-mode. The proposed approach is
to measure the LVIC current I,,,,,; with different aluminium
filter thicknesses, in order to collect information about
different parts of the spectrum. It can be noted here that this

simple approach is equivalent to the use of a multi-chamber
LVIC for spectrum reconstruction, as discussed in [3]. Such
study is therefore a first step to validate the multi-chamber
concept.

Since the reconstruction problem is ill-posed, it is
proposed to model the incident spectrum ¢ (before
absorption by air and Al filters) using a simple mathematical
function, defined for hv < hvy;,, by:

(hv—hvy)? (hv—hv,)? 5
¢(h17) =Xle ZD—% +X2€ 26% +X3_X4h17 ( )

with a decreasing linear slope to approximate the
bremsstrahlung in this energy range and where the values
hv; =9.961 keV, hv, = 11.42 keV, o, = 0.1225 keV,
0, = 0.2739 keV have been chosen to fit the observed W
emission lines with Gaussian functions. {X;, X, X3, X, } are
unknown parameters to determine. The spectrum is also
assumed to be flat at higher energies up to 30 keV/, i.e.
¢(hvyy, < hv < 30 keV) = X5 and ¢p(hv > 30keV) =0
with hvy, = (X5 — Xs)/X, to ensure continuity of the
spectrum at hv = hvy;,,, such that the modelled spectrum is
fully determined by a set of five parameters {X; }i_f;_s7. It is
therefore necessary to collect at least five LVIC currents
with different aluminum filter thicknesses to reconstruct the
parametric spectrum. The following available Al
thicknesses have been chosen: lritter =
{0,396,800,896,969 um} as reported in Fig. 4.

The reconstruction of the incident spectrum is achieved
thanks to a chi-square minimization procedure:

{Xi}i=[[1..5]] = arg minHImeas - Isynt ((P(X))”z (6)

where the strategy is to iteratively optimize the set of
parameters {X;}j=[1_sj to minimize the discrepancy between
LVIC experimental measurements I,,,; and LVIC
synthetic measurements I, expected from the modelled
spectrum.

B. LVIC synthetic measurements

The X-ray detection process in the LVIC is modelled
using matrix computation as described in [7]. The expected
current sy, that should be collected by the LVIC for a

given incident photon flux ¢ is determined by:
Igyne = € Mc - My - My - My - ¢ (7

where My is the matrix associated to filter transmission and
M, to photo-electric absorption in the gas, My is the matrix
describing the effect of X-ray fluorescence and Auger
emission on the photon flux (i.e. including the argon escape
peak), M. is the matrix associated to charge collection and
statistical fluctuations due to the Fano factor and e denotes



the elementary charge. Further details about the exact
expressions of these matrices can be found in [7].

IV. RESULTS

In a first step, the capability to simulate the LVIC
measurements with the SXR source characterized by the Si-
PIN was investigated. For this purpose, the gain of the
preamplifier was determined experimentally in an
electronic lab. The preamplifier had an estimated gain of
G =~ 130 M. The measured LVIC voltage could then be
compared with the simulated one, after deconvolution of the
acquired spectrum ¢ with the Si-PIN response function and
the use of Eq. (7). The results are presented in Table 1, with
and without the aluminium filters. It is found that the
experimental voltage is retrieved in both cases with a
relative error of about 5%, validating the simulation
procedure.

TABLE 1. Experimental results — model validation.

Al filter width Measured Simulated Relative error
(um) voltage (mV) voltage (mV) (%)
969 7.36 7.71 4.5
0 191.22 203.29 5.9

In a second step, five LVIC measurements were collected
with  different Al  filters  thicknesses  lrjpr =
{0,396,800,896,969 um} in order to reconstruct the
parametric spectrum as described in Section III. The chi-
square minimization procedure led to the following set of
optimized  parameters: {X1, X5, X5, X4, X} = 10° x
{26,4.1,7.7,0.4,0.045} and therefore hvy;,,, = 19.14 keV.
The parametric spectrum reconstructed in this way (and
convolved with air + Al filter transmission coefficients) is
presented in Fig. 7, together with the estimated incident
spectrum on the LVIC based on the Si-PIN experimental
spectrum of Fig. 5 - after deconvolution by the Si-PIN
detection efficiency and multiplication by the LVIC over Si-
PIN surface ratio ~ 343 (and where the unphysical “pile-up”
peak at 30 keV has been cleared out). It can be observed that
the incident spectrum is reconstructed in a consistent
manner by the Si-PIN and the multi-LVIC measurements
with this approach.

— Incident spectrum reconstructed from LVIC measurements
— Incident spectrum estimated by Si-PIN deconvolution
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FIG. 7. Estimated incident spectrum on the LVIC entrance window (after
air + Al filters), as obtained by the Si-PIN spectrum deconvolution (in
orange) and reconstructed with the multi-LVIC measurements (in blue).

V. DISCUSSION

In this work, LVIC synthetic modelling has been
experimentally validated with a relative error of 5% in the
proposed experimental setup relying on an argon-filled
LVIC prototype. It has been shown that a discrete set of
current  measurements  associated to  chi-square
minimization can be used to get spectral information about
the incident SXR radiation. In particular, the inversion
method developed in [3] has been successfully applied to
experimental measurements. This is a first promising result
to demonstrate the capability of a multi-chamber LVIC to
extract spectral information from a discrete set of measured
current, which could be of great interest for ITER and future
fusion reactors.

Therefore, the next steps of this work could include the
design and construction of a multi-chamber LVIC prototype
and its experimental testing in a X-ray laboratory and on a
tokamak.
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