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Introduction: The presence of neutron contamination in medical linear accelerators poses a significant
challenge in radiation therapy. Numerous studies have addressed the estimation of neutron levels, often
relying on electronic equipment to extract simulation results. This study introduces an innovative neutron
detection method that eliminates the need for electrical system with complex circuit.

Material and Methods: Neutron contamination arises in VARIAN linear accelerators through the interaction
of energetic photons with heavier elements in the accelerator head, such as Tungsten. The primary objective
of this study is to investigate neutron contamination in the VARIAN

linear accelerators using a Thick Gas Electron Multiplier (THGEM) detector in the Self-Quenching Streamer
(SQS) mode through Monte Carlo simulation. The detection system designed in this study involves of two
main parts. 1- Conversion material to convert neutrons to protons. 2- THGEM in SQS mode to detect
protons. In this structure, the detection of protons gives an estimate of neutron contamination.

Results: The findings indicate that, in the designed detection system, a distance of 0.5 cm from the converter
is an optimal location for the THGEM. When the THGEM's minimum voltage is set at 700 volts, SQS mode
occurs in most THGEM holes.

Conclusion: The simple structure is one of the advantages of detection system in this research. Its cost-
effectiveness, featuring fewer electrical tolerances, lightweight design, and adaptability in various sizes are

additional advantages, making it a viable option for neutron contamination detection.

P> Please cite this article as:

Najarzade MH, Rezaie MR, Negarestani A, Akhound A. Neutron Contamination Detection of Medical Linear Accelerators by Thick Gas
Electron Multiplier Detector in Self-Quenching Streamer Mode. Iran J Med Phys 2024; 21: 130-137. 10.22038/1JMP.2023.67706.2178.

Introduction

Within medical linear accelerators (LINAC), the
kinetic energy of electrons can reach levels of up to 25
MeV [1]. As electrons with heightened energy
approach the metal target, they generate energetic
photons. Neutron contamination may occur when
these high-energy photons collide with the heavier
elements present in the accelerator head. Key
components of the linear accelerator head, including
W, Al Au, Fe, and Pb, are capable of producing
neutrons [2-4]. Numerous studies have explored the
nuclear interactions of high-energy Photo neutrons
with heavy elements, particularly focusing on neutron
contaminations around the high-energy range of
linear accelerators [4-22]. Different calculation codes
such as GEANT4 (Geometry and Tracking version 4)
[8] and MCNPX (Monte Carlo N Particle-version X) [2,
9], along with diverse estimation methods like Bobble
detector [10, 11], TLD (Thermoluminescent
Dosimeter) [12, 13], and Nuclear methods [14, 15],
have been employed in these studies. Some
investigations have even compared the neutron
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contamination of LINAC parts from various companies
[20]. Besides computational codes, detectors have
been developed to assess neutron contaminations and
their impact on body organs [23-25]. Overall, all these
studies show the importance of investigating neutron
contamination in the medical linear accelerators. By
detecting the number and energy of neutrons
produced in these accelerators, the risks to the
patient's body can be estimated. To date, significant
research has focused on neutron detection methods.
Converting neutrons to the charged ions such as
protons and alpha is the most used way to detect
neutrons. Therefore, the produced ions can be directly
related to the neutron source. Various materials,
including BF-3 (Boron trifluoride) or layers of Boron,
have been explored as neutron converters [26-28].
Detection methods for these produced ions vary, with
Gas Electron Multiplier detectors (GEM detectors)
being one such option [29, 30]. GEM detectors have
been utilized for detecting fast neutrons and
measuring high-intensity neutrons [31, 32]. A more
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recent and simpler iteration of GEM detectors, known
as Thick Gas Electron Multiplier detectors (THGEM
detectors), was introduced in 2007. THGEM detectors
exhibit a straightforward design, affordable cost, and
high response capability for detection, making them
efficient (Figure 1 illustrates an image of the THGEM
detector).

Figure 1. The THGEM detector holes

The THGEM that make in this investigation can be
characterized as a flat capacitor with a thickness of
0.4mm, comprising two copper plates measuring 5x5
cm? each, separated by an FR-4 dielectric. It features
2601 holes arranged regularly in a 51x51 grid, with a
hole pitch of 1 mm.

Primarily designed for detecting protons and
heavy ions, the THGEM has also found application in
neutron detection, including thermal neutrons.
Various methods for utilizing THGEM in neutron
detection exist, often requiring complex electrical
circuit structures [33-34]. In this research, a novel
approach to neutron detection using THGEM is
proposed, wherein the holes of the detector are
employed in the Self-Quenching Streamer (SQS) mode
[35-37]. SQS mode operates similarly to other gas
detector modes by ionizing gas atoms using an electric
field. In gas detectors, uncontrolled initial ionization
can lead to an ion avalanche across the detection
space, causing the detector to operate in Geiger-Muller
mode as a simple counter. In another case of gas
detectors, the electron avalanche is controlled in a
way that is proportional to primary ionization. In this
case, the detector is in proportional mode [38].
Another new approach involves the use of a
combination of noble gases that absorb UV photons,
preventing additional avalanches and producing only
a column of visible light (streamer) at the ion entry
site. This mode of operation of the gas detector is
called SQS mode. In this mode approach created
streamer depends on initial charge density and
electrical field. which aims to provide a simpler
structure with fewer electrical circuits. In this method.
Protons produced from the neutron-to-proton
converter layer are detected when the THGEM
detector is in SQS mode. The calculations for this
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research are conducted using the MCNPX code, which
is designed based on Monte Carlo simulation
principles [39].

Materials and Methods
The process of producing and detecting contaminated
neutrons

In this segment,
contamination induced by the VITAL model of the
VARIAN LINAC operating at 15 MeV energy is

the assessment of neutron

scrutinized utilizing the THGEM in SQS mode.
Essential components of the linear accelerator head,
including flattening filter, target and collimators are
composed of materials such as Tungsten, Iron, and
Copper, all possessing a threshold energy for neutron
production [4,20]. Figure 2 illustrates the constituents of
the Varian LINAC head through a cutaway diagram.

«——— Electron beam
+— Target

+— Primary Colimator
Flattening Filter
Ionization Chamber
Mirror

+ Y Jaw Colimator
+——— X Jaw Colimator

e Multi L'eaf Colimator

Figure 2. Diagram of VARIAN LINAC head

In this particle accelerator, energetic electrons are
directed towards a metal target, generating energetic
photons [3]. Photons with increased energy may collide
with elements of the accelerator, giving rise to photo-
neutrons (neutron contamination). Figure 3 illustrates
the suggested detection system designed to estimate the
presence of these neutrons.
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Figure 3. Schematic of the neutron detection system

According to Figure 3 the neutron contamination in
collision with neutron-to-proton converter layer,
produces accelerated protons.  Neutron-to-proton
converters can be made of materials containing
Hydrogen compounds, such as plasticc, CR-39
(Columbia Resin 1939), or Plexiglas. When neutrons
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collide elastically with converter elements, their
Hydrogen bonds are separated and accelerated protons
are produced.

The accelerated protons proceed to ionize noble gas
atoms in the vicinity of THGEM holes, generating
secondary electrons within this sensitive region
(Sensitive region: The cube enclosing the THGEM
hole). By applying the appropriate voltage, the THGEM
holes can be set in the Self-Quenching Streamer (SQS)
mode, resulting in the creation of a spark or streamer.
The intensity of these streamers depends on the
secondary electrons density (Caused by ionization) and
applied voltage to the detector. These streamers can be
recorded with a camera during the detection period [35-
37]. The number of streamers in THGEM, represents the
amount of neutron contamination in treatment room.

Application of MCNPX code in the design of detection
system

In this study, Monte Carlo N Particle-version X
(MCNPX) is used for calculations. The MCNPX code is
a simulation code based on Monte Carlo calculation
methods, capable of tracking 32 nuclear and atomic
particles [39]. There are three main components in input
file: cell, surface, and data cards. The geometry of the
detection system is designed using the surface and cell
cards, while the data card includes items essential for
dosimetry calculations and problem-solving. Key data
card items involve defining the source, material, and the
percentage composition of elements in the material. In
this section, the effectiveness of the detection system
presented in Figure 3 was evaluated through the
MCNPX simulation code.

Neutron contamination energy spectrum: In the
first step, the neutron contamination energy spectrum
produced by the VITAL model of VARIAN LINAC is
required. In this accelerator when high-energy electrons
hit a target, they emit high-energy X-rays or gamma
rays. The produced gamma rays cause the production of
neutrons while they pass through the accelerator
components, by (y, n) interaction. Some examples of
photo-neutron interactions with accelerator components
are given as W (y, n)'®W, *°Ba (y, n)'*°Ba, ®Br (y,
n)®Br, 2Na (y, n)*?Na, etc. Also, there is another
possibility of interaction between the produced neutrons
(Secondary neutrons), and the components of
accelerator, by the (n, p), (n, np), (n, a), (n, pa), (n, n),
(n,2n), (n,3n), etc. interactions. Some examples of
Secondary neutrons interactions with accelerator
components are given as W (n,2n)'®wW, ¥Ba
(n,2n)'%Ba, &Br (n,2n)®Br, 2Na (n,2n)?’Na, etc. that a
is for alpha, pa is for proton and alpha, and np is for
neutron and proton production. Moreover, the spallation
process with gamma and neutron particles could happen.
The presence of diverse elements in the linac head, such
as Br, Ba, etc., enables photon and neutron reactions. In
the photon or neutron spallation process with linac
elements, a range of particles with mass numbers lower
than the target mass number are produced. The
probability of producing each of these particles depends
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on the energy of primary particle. Probability of the
earlier mentioned reactions in VARIAN LINAC, could
be expressed using the cross-sectional area meaning.
These calculations were done in a research and neutron
contamination spectrum for 15 MeV electron beam
energy of VITAL model of VARIAN LINAC has been
obtained [40]. This energy spectrum was obtained at a
distance of one meter from the LINAC head, i.e. at the
location of the patient's bed. (Figure 4).
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Figure 4. The energy spectrum of neutron contamination from
VITAL model of VARIAN LINAC (SSD=1m) [40]

Proton production: The detection system is placed
on the treatment bed so that the converter layer is one
meter away from the accelerator head (SSD=1 m). In
this situation, the energy spectrum of figure 4 was
considered as the neutron source and the 1 mm thick
Plexiglas converter layer as the target. When neutrons
collide elastically with converter elements, their
Hydrogen bonds are separated and protons are
produced. The transferring energy (E) to mass number
(A), is obtained as equation 1 [38].

E = [4A/ (1+A)?] [Cos? 0] Ey, @)

In the equation, E, is the neutron energy and 6 is the
scattering angle of neutrons after hitting the target. This
equation states that protons receive the most energy
when they are produced by direct impact of neutrons
with the target (6=0). In this step, the energy spectrum
of the produced protons was determined using Tally F-.

Deposited energy of proton in gas: In fact, the
absorbed energy by the detector gas (deposited energy
of protons) is the ionization energy of the gas particles.
In the simulation code, the energy spectrum of protons
obtained from the converter was considered as a source
and gas elements as targets. P-10 is the noble gas used
in these calculations, this gas consists of a combination
of 90% argon and 10% methane. The mesh tally card
types 1 PEDEP command, has been used to extract
deposited energy data in the active volume of the gas
detector. By performing calculations, the maximum
energy deposited (MeV/cmd) in the gas elements at a
certain distance from the converter was obtained. This
distance is the best place to put THGEM.

THGEM applied voltage to achieve SQS mode:
For THGEM holes to achieve SQS mode, the necessary
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conditions must be met. 1- Filling the detector space
with P-10 gas 2- Placing THGEM at a suitable distance
from the converter, where the most energy of protons is
deposited in gas elements 3- Rather condition. The first
two conditions were examined in the previous sections.
In this part, the third condition is examined. Khezripour
et al found the function of voltage applied (V(v)) to the
THGEM versus the remain energy in the sensitive
region (E(MeV)) of the THGEM, by studying Rather
condition in the THGEM detector. It is expressed by
Equation 2 [41].

V = (0.2 -log E) /0.999 2

If the voltage applied to the THGEM is sufficient, a
single ion can create a streamer in one of the THGEM
holes. All the results of MCNPX code calculations are
given in the results section.

In this section, the results of the MCNPX simulation
code for the design of neutron contamination detection of
VARIAN LINAC are presented. The results have shown
that a Plexiglas layer with a thickness of 1 mm has an
acceptable performance as a converter. Collision the
neutron contamination of VITAL LINAC with this
Plexiglas layer causes the product of accelerated protons.
These protons can be absorbed by P-10 gas particles and
ionize some of them. The absorbed energy by P-10 gas
(deposited energy in P-10 gas) was obtained at various
distances below the converter. The amount of energy
deposited in the P-10 gas, as a function of the distance to
the converter, is shown in Figure 5.
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Figure 5. Relationship deposited energy in P- 10 gas as a function of
distance to the converter

According to Figure 5, at distances closer to the
converter, more energy is deposited in the gas elements. In
other words, accelerated protons ionize more gas particles
at closer distances to the converter. Of course, the best
location for THGEM is the place where the most energy is
deposited in the gas atoms. According to this result, a
distance of 0.5 cm from the converter layer is a best
position to place the THGEM. In Figure 6, the amount of
deposited energy in P-10 gas elements is shown at a
distance of 0.5 cm from the converter layer.
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Figure 6. Deposited energy in P-10 gas by accelerated protons at the
different locations of the THGEM

Considering the deposited energy in the sensitive
region (Fig. 6), the voltage required to reach the SQS mode
in THGEM holes was calculated using Equation 2. These
results are shown in Figure 7.
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Figure 7. Voltage distribution to achieve SQS mode in the THGEM

According to Figure 7, by placing the results of these
calculations on the THGEM board, the number of holes
achieved the SQS mode in different voltage ranges is
obtained. The relationship between voltage and number of
holes that achieved to SQS mode is shown in Figure 8.
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Figure 8. The plot of the number of holes that achieved to SQS mode
and applied voltage to THGEM

According to Figure 8, when the voltage reaches 430
V, the THGEM holes are at the threshold of the SQS mode.
At this moment a single ion can create a lighting (streamer)
in one of THGEM holes. In the range between 430 and 700
volts, the number of streamers is proportional to the
voltage. In other words, in this range, with increasing
voltage, more holes of THGEM are placed in SQS mode.
Streamer is occurring in almost every hole of the THGEM
when the minimum voltage of it is 700 volts. In this case,
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about 2150 holes of THGEM are placed in SQS mode. In
general, the simulation results show that: neutron
contamination for 15 MeV electron beam energy of
VARIAN LINAC at SSD=1m, can create 2150 streamers
in THGEM holes.

These streamers can be recorded by the camera at
regular intervals. In fact, streamers of THGEM holes could
represent the effect of neutron contamination on the
converting layer. In other words, the number of streamers
is a scale of the neutron contamination in the treatment
room.

Discussion

In this research was tried to investigate the efficiency
of THGEM in SQS mode to detect neutron
contamination of medical linear accelerators by the
simulation method. The simulation calculations
(MCNPX code calculations) have confirmed the
effectiveness of the proposed detection system for
measuring Neutron contamination of VARIAN LINAC.
Some of the most important results are: 1- The best
distance between the converter and THGEM 2- The
applied voltage in the best efficiency of the detection
system 3- Number of THGEM holes in SQS mode
(Number  of  streamers), caused by neutron
contamination for 15 MeV VARIAN LINAC beam
energy at SSD=1m.To reach clear achievement using
THGEM for neutron detection, a part of the study
results can improve the results of pervious research .In
this study, the detection system of Figure 3 was built
and the results were analyzed by using the Am-Be
neutron source at a distance of 2 cm above the

converter. These results were compared with the results
of a recent study.

Using the data in Table 1, the detection system was
designed at the highest THGEM efficiency for the Am-
Be neutron source. Some of the SQS modes in the
THGEM holes recorded by the camera in this research
are shown in Figure 9.

According to these results, 903 THGEM holes were
in SQS mode, by using the Am-Be neutron source with
5 Ci activity at a distance of 2 cm from the converter
layer; which was in agreement with MCNP code
calculations. Moreover, the activity of this neutron
source in THGEM holes was recorded at the rate of 31
SQS/s (THGEM activity in detecting neutron flux of
Am-Be source = 31 SQS/s). The Am-Be neutron source
with 5 Ci activity produces a neutron flux of about
1.1x107 n/s [42]. Therefore, the neutron flux at the
location of the converting layer is about 2.2x10° n/cm?s.
Based on the conducted studies, the maximum dose of
linear accelerators with 15 MeV energy in SSD=1 m is
about 1000 MU/min [43] and in another research
conducted with this energy, the total neutron
contamination through the head of accelerator has been
obtained 2.8x10° n/cm?/Gy [44]. Therefore, the neutron
contamination flux in SSD=1 m is estimated at 4.7 x10°
n/cm?s. Using these data and the data available in the
results section, it is possible to compare both neutron
sources (Am-Be neutron source with 5 Ci activity and
Neutron contamination of VARIAN LINAC) in
detection by THGEM (Table 2).

Table 1. THGEM structure in SQS mode at the best efficiency for detecting neutron contamination of VARIAN LINAC in comparison with

detecting Am-Be neutron source

Neutron source

Source-Converter

converter-THGEM Voltage applied to THGEM

distance (cm) distance (cm) (volt)
Am-Be neutron source with 5 Ci activity 2 3 1020
Neutron contamination of VARIAN LINAC 100 0.5 700
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w
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Figure 9. some SQS modes created in the THGEM holes during the process of detecting neutrons from the AM-Be source

Iran J Med Phys, Vol. 21, No. 2, March 2024

134



Gas Detector for Neutron Contamination Detection

fpp

Mohamad Hadi Najarzade, et al.

Table 2. THGEM output in the detection of neutron contamination of VARIAN LINAC compared to the detecting neutron of the Am-Be source

Neutron source

flux at the converter site

Number of THGEM holes Percentage of THGEM holes

(n/cm?s) in SQS mode in SQS mode (%)
Am-Be neutron source with 5 Ci activity 2.2x10° 903 34
Neutron contamination of VARIAN LINAC 4.7 x105 2150 82
Results showed that the number of streamers have a
direct relationship with neutron contamination. For this  INIAANES

purpose, the detection system proposed in this study was
practically tested with the Am-Be neutron source. Based
on Table 2 results, the ratio of the VIRIAN LANIC
neutron flux to the Am-Be neutron flux ((4.7 x 10°) /
(2.2 x 10° = 2.14) is in acceptable agreement with the
ratio of the number of SQS holes created by these
neutron sources ((2150/903) = 2.38). Therefore, the
accuracy of THGEM detection system in SQS mode is
acceptable and the simulation results in this study can be
confirmed to estimate Neutron contamination using the
proposed detection system. Results show in detecting
the neutron flux of VARIAN LINIC, THGEM activity is
60 SQS/s that is twice the value obtained from the Am-
Be neutron source flux THGEM activity.

Conclusion

The most important challenge of detecting neutron
contamination in medical LINAC is neutron neutrality.
In this study, by using THGEM in SQS mode, a new
idea to detect neutron contamination was investigated.
This method proposes simple systems of neutron
contamination detection because this method requires
less electrical circuits, compared to other neutron
detectors. Also placing THGEM in SQS mode
introduces small structures of neutron detectors. The
main part of the detection system proposed in this study
is the gap between the THGEM and the converter.
According to the results, the highest efficiency of the
detector is at short distances between the converter and
THGEM (about 0.5 cm). Therefore, the volume of the
detection system is acceptable for detecting the neutron
contamination of LINAC. On the other hand, by
considering the structure and price of THGEM, this
system could be used in a larger detection area. Due to
the short distance between the converter and the
THGEM, the Streamer generated in the THGEM holes
can determine the approximate location of proton
production in the converter. In other words, the location
of the holes in the SQS mode shows the approximate
location of the neutron collision with the converter.
Therefore, this study can suggest a suitable approach in
location of neutron contamination. To achieve this goal,
further research on this detection system in larger
dimensions is needed.
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