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Introduction

I propose to construct and measure the performance of a fission chamber instrumented
with preamplifiers known a Thick Gas Electron Multipliers (THGEM). This fission chamber
is a chamber filled with an inert gas enclosing a fissionable target material, like Uranium
or Thorium. A neutron of sufficient energy has the potential to interact with fissionable
material producing heavy ions known as fission fragments. The fission fragments within
5 micron of the target’s surface may escape the target as ions and ionize the gas in the
chamber. Electrons freed from the ionization gas can enter the THGEM preamplifier
producing secondary electrons and directed to collectors using strong electric fields.

A THGEM preamplifier is a perforated fiberglass board (PC board) clad with a con-
ducting material. The design is based upon the Gas Electron Multiplier (GEM) invented by
Fabio Sauli in 1997.! The GEM preamplifier is a 50 micron sheet of kapton that is coated
on each side with 5 micron of copper. The copper clad kapton is perforated with 50-100
micron diameter holes separated by 100-200 micron in a staggered array . The THGEM
preamplifier is a more macroscopic version of GEM that uses a 2 mm thick fiberglass sheet
perforated with holes that are 2 mm in diameter.

Strong electric fields are established by supplying a potential difference between the two
sides of the kapton, or in the THGEM , the fiberglass. The electric field lines transport
liberated electrons through the preamplifier holes. For the GEM foils, the smaller diameter
of the hole can provide sufficient amplification using a potential difference of 350 V between
the two sides. On the other hand, the THGEM with the larger hole diameter requires a
higher potential difference of about 2000 Volts to achieve similar amplifications.

The objective of this work will be to construct a THGEM based ionization chamber.
The THGEM will follow a proven design? and use a resistive paste to reduce discharge
events. The detector may be made sensitive to neutrons by doping the resistive paste with
a fissionable material. The doping step will take place once a working THGEM equipped
detector has been demonstrated. This fission chamber-like device will have the advantage
of measuring the location of the incident neutrons that induced a fission event within the
chamber by measuring the ionization signal using a segmented charge collector.



Gas Electron Multiplication

An electron from a primary ionization event needs to liberate more charge in order
to create a detectable signal. One method to accomplish this amplification uses strong
electric fields to accelerate the primary electron until it has sufficient energy to liberate
more electrons from the chamber gas. In a traditional drift chamber, an electric field is
established between two or more conducting wires. As an electron is accelerated towards a
wire, it may obtain sufficient energy to ionize the chamber gas producing secondary freed
electrons. The secondary electrons produced may themselves also be accelerated along the
electric field lines and cause further ionization in a process commonly referred to as an
avalanche.
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Figure 1: More than one avalanche in a streamer.3

The Gas Electron Multiplier (GEM)

The Gas Electron Multiplier (GEM), invented by Fabio Sauli' in 1997, is a modern
method using electric fields to create an avalanche condition. A GEM is a 50 micron thick
kapton foil clad on both sides with 5 micron of copper. A staggered pattern of 50 micron
diameter holes, equally spaced by distances comparable to the hole diameter, is etched into
the copper clad foil. The small size facilitates the use of low voltages (300 Volts) to generate
an electric field for amplification. By comparison, the typical drift chamber, operating on
the same principle, would need more than 1 kV to establish a similar electric field.



i D e

™ Y Y F

Y

Y OF

L

Figure 2:

£
}

a-: -
w

Cathode

--ll..i_.wnllllllllil-mu GER
Transfer °
_I-IIIIIlIIII-l GEM
Transfer °
IIIIIIIII GEM
H Inductien

a)Electric field lines distribution in GEM holes.

b) GEM card holes
pattern. ¢)Electron amplification process as GEM in operation.

Some noteworthy advantages and disadvantages of the GEM are given below. The GEM
foil is flexible enough to be curved, allowing cylindrically shaped ionization chambers with
larger active areas. Unfortunately, the micrometer scale of a GEM foil makes it susceptible
to damage from sparking at high amplification voltages. When the voltage increases from
525V to 600V (regardless of the card’s pattern or the hole’s geometry), the operating voltage
range decreases to about 450 V or less as shown in Figure 3.* GEM has a low noise signal
because of the relatively low operating voltage, also the micrometer scale hole diameter
increases the electric field flux through the holes, so a relatively high gain is obtained in

the range of the operating voltage.
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Figure 3: GEM gain and discharge as function of voltage.*
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The Thick Gas Electron Multiplier (THGEM).

A Thick Gas Electron Multiplier (THGEM) is basically a GEM foil which has been
scaled from micrometer to millimeter. A THGEM card is made from FR4/G10 clad on
both sides with copper. The THGEM cards for this work are 12x12 c¢m square plate that
is a 1 mm thick and coated with 17 um thick copper cladding.? Each card is chemically
etched to leave a copper trace around the perimeter of the card as a border for a square area
of a side length of 10 cm as shown in Figure 4. A thin layer (around 5 micron) of resistive
paste (ED-7100) is applied to allow potential difference between the top and bottom layers
and provide some spark protection by limiting the current flow along the surface. The card
is machined to have 0.5 mm diameter holes. The resistive paste near the hole is machined
away to form a 0.2 mm thick rim around the hole. The holes are formed in a staggered
array with a pitch of 0.8 mm.
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Figure 4: A copper frame on FRA4. Figure 5: A layer of ED-7100 on FRA4.

The THGEM cards are fixed in place to have the holes of each THGEM card is aligned
by the holders and separators in each corner. The cards are separated from each other
by a vertical distance of approximately 2.6 mm. A drift voltage card, cathode, made of
copper paper is placed at the top of the cards at a distance of 2.6 - 4 mm from the clos-
est THGEM card. The THGEM cards are placed inside a chamber made of two sheets of
machined ertalyte (plastic), with a kapton window on the upper piece as shown in Figure 6.

The gas chamber is constructed using two 29.5 X 29.5 X 1.25 cm sheet of ertalyte plas-
tic and are bolted together by a number of M3 plastic screws located around the detector
window to form a well closed cavity around the THGEM cards away from the surrounding
atmosphere. The ionization gas is a 90/10 percent Ar/CO2 gas flowing the cavity with a
pressure of 1 atm.



Figure 6: THGEM gas chamber.

A read out plane exists on the bottom the detector. It consists of different width cop-
per strips that are organized to have the same pitch such that the upper strip width is 50
micron and lower strip is 150 micron, the two strips are separated by a 25 or 50 micron
thick layer of kapton . Both of the strips are glued on a 100 micron FR4 plate to achieve
reasonable flatness as shown in Figure 8. The read out plane is vertically separated by a
distance of 0.5 mm from the closest THGEM card and it is connected to 16 connectors,
each connector has 20 traces. The 16 connectors are sent to a 130 pin adaptor allowing the
use of a digitization card known as the VFAT card which sends a digital signal to a break
board and then to the DAQ system.

Figure 7: Read out plate design.

With the new design for the THGEM card, it becomes robust with a higher operating
voltage and relatively higher gain. The vertical distance between THGEM and the thickness
of the cards ,in addition to, the rim around the holes prevent any discharge, either in the
card itself or with the other THGEM cards. But the detector may have a higher noise
compared to that of the GEM preamplifier.



THGEM preamplifier is robust with a higher operating voltage and relatively higher
gain with the least discharge. It has 0.2 mm rim, 1 mm thick insulator and 2.6 mm ver-
tically separating distance from the next THGEM card, so the probability of discharge is
minimized either in the card itself or with the other THGEM cards. But the detector may
have a higher noise compared to that of the GEM preamplifier.

Detector Signal
lonization

Ionization is the liberation of an electron from the confines of an atom. The minimum
amount of energy required to liberate the electron is referred to as the ionization energy.
Energy transferred to the electron in excess of this ionization energy will appear in the
form of the ejected electron’s kinetic energy. Photons or charged particles like fission frag-
ments interacting with a gas volume can induce ionization. The ionization process depends
stochastically on the ionization cross section which is mainly affected by the fission frag-
ment energy, type of the fission fragment (heavy or light), the gas pressure in the chamber,
and the atomic properties of the gas. Generally, the amount of energy needed to have an
ionization event in a gas is the same on average, regardless of the incident particle type or
energy as shown in the following table for argon gas.'3

Type of particle and its energy| Energy per ion-electron pair (eV)
X-rays 9 keV 27T+ 1.5

Electrons 10 keV 27.3

Electrons 40 keV 25.4

X-rays with beta (5-7 MeV) | 27.0+0.5

Alpha 7.68 MeV 26.2

Protons 340 MeV 25.5

The Fission Fragments lonization

Fission fragments are a source of ionization when they penetrate an Argon gas chamber.
The energy used for such an event is highly dependent on the fission fragment mass and
velocity. At low fragment velocities, recoiling becomes a competitive process that decreases
the probability of ionization. In the case of a high velocity fragment, the probability of
ionizing the gas increases to be closer to that of the alpha particles as they are penetrating
the same medium. The ionized nuclei that are ejected from a heavy nucleus that has
undergone the fission process can ionize atoms in the vicinity of the fission event. These
ejected nuclei are referred to as fission fragments. The fission fragments have path lengths
in matter which are on the order of few microns. The energy loss process that these fission
fragments undergo over the short range may astochastically be described in terms of three
steps; as the fission fragment is totally ionized, as the fission fragment is exchanging the
charge with the gas atoms, and as the fission fragment is totally neutralized.

7



First, the total energy of a fission fragment without a bound electron is given by

. 1{5212262 1

E + §MU2

r
where Z71,M and v are the atomic number, the mass and the velocity of the fission fragment
directly after the fission reaction, Zs is the atomic number of the gas atom. The coulomb
force represents the repulsion force between the ionized gas atoms and fission fragments,
as well as the attraction force between the fission fragment and electrons. The second
term dominates until the fission fragment begins to probe the charge within the neutral
ionization gas atoms.

When the fission fragment decelerates, a charge exchange starts between the fission
fragment and gas atoms, as the electrons are either scattering away from the fission frag-
ment nucleus or attached to it as it is in motion. The total energy loss of the fission
fragment suggested by Bohr in 1940 is given as®
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where N is the number of particles of the stopping medium per cubic centimeter, M, My
are masses of the fragment and the absorber, Z;, Z5 are the atomic number of the fragment
and the absorber, e is the electron charge, v is the fragment velocity, Z7 ¥ is the charge of
the fragment, changes from 20 for the beginning of the track to a value of 2 close to the end
of the track.® a$S" is an impact parameter which tells at what distance the energy loss in the
nuclear collisions is effectively zero owing to the screening of the charges of the nuclei by the

atomic electrons, w = I /h is the average oscillation frequency of the electrons in the atom.

This formula is an initial estimation of the total energy loss by the fission fragment un-
der each stage of charge carrier exchange between the fission fragment and the gas atoms.
It relies on how well Z-effective is estimated at each ionization stage. Consequently, the
first term is dominant in the beginning of the interaction between the fission fragment and
the ionization gas. The second term dominates close to the end of the fission fragment
track.5

Bethe’s theory is commonly used to estimate the energy loss for fission fragments. it
involves using a diverse model for the effective charge obtained based on experimental data
analysis for energy loss data.”
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Z is the nuclear charge of the fission fragment, v, is the speed of the electron in first
Bohr orbit, v is the speed of the ion, Z,,, A,, are the nuclear charge and the atomic
mass of the medium, m, is the mass of the electron, I = K Z,, is the mean excitation
energy of the atomic electrons of the medium of atomic number Z,,. A, B are the fitting
parameters dependent on the medium, for example A=0.92, B= 0.72 for Light fission frag-
ments. A=0.99, B= 0.82 for heavy fission fragments are they are passing Ar/CH, (95/5
%) medium.'

The Final step describes the neutral charged fission fragment. The probability of ion-
ization is very low during this step because of the fission fragment’s neutral charge and low
kinetic energy.The lowest energy at which a fission fragment can ionize a gas is expected to
be equivalent to the energy of its weakest bound state electron which can be between 15.7
eV and 3.2 keV. In more specific studies that are based on classifying the fission fragments
into light and heavy fission fragments, the researchers tried to measure the amount of fis-
sion fragment energy consumed by processes other than ionization. The energy is referred
to as the ionization defect energy AE (ionization defect).®

AE = F — w,

Where E is the energy of the primary particle, I is the number of ionization events,
and wg, is the mount of energy use to produce an ion pair.Light fission fragments have a
measured AE of 2.5 MeV when their initial energy was energy 67 MeV.® and heavy fission
fragments have measured AFE of 4.2 MeV when their initial energy on average was 98
MeV .8 The ionization defect energy experimentally indicates that you need lowest kinetic
energy a fission fragment need to ionize the gas is actually higher than the fragments least
bound electron binding energy.

The Neutron fission Cross Section for U-238 and Th-232

The cross section is defined by the following equation

do
where
do _ 1dN
dQ @ dQ

® is the number incident particle per unit area per unit time, dIN is the average number
of particles per unit time that interacted per unit solid angle, and €2 is the solid angle.
Since the cross section has an area unit (barn), some authors define this quantity as the
area to which the particle is exposed to make an interaction.'® The cross section values are
represented as a function of energy that gives the value of the cross section for each energy
value and shows the resonance peaks. Theoretically, there is not any model that gives a
detailed prediction of neutron fission cross section curve, but statistically it is
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possible to evaluate the parameters for an assumption that describes part of the cross sec-
tion curve within a certain error.®

Neutron fission is one of the interactions that commonly takes place spontaneously or
under certain experimental conditions. An incident neutron with a certain kinetic energy
hits a nucleus, and if the energy is enough to go over Coulomb barrier then the neutron
produces new nuclei (fragments) and particles. The new products interact with the sur-
rounding medium depending on their energy and the type of the medium that contains
them.

Both U-238 and Th-232 are members in the actinides group. They are characterized by
relatively high neutron fission cross sections for fast neutrons with fission thresholds above
the thermal neutron energy. The fission reaction in both elements is expected to eject 1-2
neutrons when the incident neutron energy is between 5-10 MeV as shown in Figure 7 and
Figure 8.
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Figure 8: Simulated (dotted) and ENDF data for U-238 neutron fission cross section.’
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Figure 9: Th-232 neutron fission cross section.!”

The Signal Size

An electron, freed by ionization and immersed in an external electric field, can ionize
other atoms in a gas volume as a result of its acceleration in the external electric field. The
number of additional freed electrons can be determined in terms of the external electric
field E, the pressure of the surrounding gas P, the parameter a is known as the Townsend
coefficient and two fit parameters A and B which are dependent on the gas properties as
shown in the equation'?

—BP
=BP)

a = APel

In the case of a THGEM preamplifier, an electric field of 4X10% % is established when
a potential difference of 2 kV is applied between the top and bottom sides of the plate
that are 0.1 cm apart. In this work, the gas chamber contains a 1 Atm mixture that is
90/10 Ar/CO; by volume. The parameters from reference'® are not given for this mixture.
To estimate the THGEM pre-amplification, the A and B parameters for a 96/4 Ar/CO,
mixture gas which are 5.04 em~'Torr~! and 90.82 Vem ™ Torr~! respectively.

Using the above equation we would expect « to be about 121 per cm (which is a factor
of 30 less than the coefficient for a GEM foil). A free electron traveling through the 0.1 cm
THGEM hole should produce 12 additional freed electrons due to the electric field of the
THGEM pre-amplifier. We would expect a single freed electron to produce a maximum of
10% electrons if it traverses three THGEM preamplifiers.

The number of electrons emitted from a fission fragment is 5.1X10* em™2.s7! as re-
sult of a 30 MeV proton projected toward a1[II—238 target,'® while GEANT4 simulation of



Cd-123 ionization gets the same result when it is traveling in 50 atm Ar/CO, gas (Cd-
123 with 81.6 MeV is one of the fission fragment of a fission event for a 1 MeV neutron
projected toward U-238). So the expected signal for the fission fragment detected by 50
ohm oscilloscope is roughly 2-20 mV at 50 ns. For a single ionization event, the THGEM
detector signal would be small, while for a fission event the number of freed electrons will
be substantially larger resulting in a large signal.

The Efficiency of THGEM

The efficiency of a detector is the ratio of the detected events to the total number of
events entering the detector. In order to detect a neutron entering the gas chamber the
neutron must induce fission and the resulting fragments must ionize the gas. The cross-
section for U-238(n,f) is given in Figure 7. The probability of a fission event for a 1cm?
U-238 target varies from 1 to 5% as shown in Figure 9.
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Figure 10: The probability of fission interaction for U-238.
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The probability of a fission fragment escaping into the ionization gas is also required
to calculate the detector’s efficiency. The number of fission fragments that escape from
the surface of a UQO;3 film relative to the number of fission events is given by the following
formula!”

N ln(% +0.5)
A 8x[l— %] + RLT
where N is the number of fission fragments that escaped from the surface per unit area, A

represents the number of fission interactions per unit volume, d is the thickness of film in
micron and Ry is The mean range of the fission fragments (12.07 pm).

Assuming that the number of fission fragments is given by the following

N — Acos@ av + Acos@

dVv
vi  4mr? Vo  Amr?

and the average range of the fission fragment through the emulsion Rp is represented by
<Rgp>=<Rpr>—<r>
where < r > is the fission fragment’s range in the thin film.

The detector’s intrinsic efficiency can be roughly estimated based on the figures above.
The probability of neutron fission (1-5%), and the probability of a escaping fission frag-
ment, when the thickness of U-238 thin film is 0.5 micron, is 0.1; the detector intrinsic

efficiency is 0.1-0.5% (assuming that the probability of a fission fragment to ionize the gas
is 1).
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Figure 11: The probability of a escaping fission fragment as a function of film thickness.

Summary

Thick gas electron multipliers (THGEM) will be used to preamplify a fission chamber
used to detect the location of fast neutrons within the detector. The detector will be built
using a U-238 or Th-232 fission target, depending on availability, to take advantage of
the large neutron fission cross section between 0.1 - 1 barn. A fission event, in the above
targets, stochastically ejects a fission fragment having an energy of 65 to 100 MeV that may
lose energy in the form of ionization in a Ar/CO2 gaseous medium surrounding the fission
interaction and free on average 10* electrons. The electrons are directed by a drift electric
field towards a THGEM preamplifier and, using three TGEMS, are amplified 10 to 107
times. The electrons are collected by a wire mesh read out producing a signal between
2 —20mV.
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