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ABSTRACT

Neutron detectors are simulated using Monte Carlo methods in order to
gain insight into how they work and optimize their performance. Simulated
results for a Micromegas neutron beam monitor using a custom computer code
are compared with published experimental data to verify the accuracy of the
simulation. Different designs (e.g. neutron converter material, gas chamber
width, gas pressure) are tested to assess their impact on detector performance.
It is determined that a '’B converter foil and 1 mm drift gap width work best
for a neutron beam monitor. The Micromegas neutron beam monitor
neutronics are evaluated using the computer code MCNP. An optimized set of
design criteria are determined that minimize neutron scattering probability in
the device. In a best-case scenario, the thermal neutron scattering probability
in the detector is 1.1%10. Lastly, composite neutron scintillators consisting of
fluorescent dopant particles in a lithiated matrix material are simulated using a
custom Monte Carlo code. The effects of design parameters such as dopant
particle size, dopant volumetric concentration, and dopant and matrix material
densities on scintillator characteristics are quantified. For ZnS:Ag particles in
a lithiated glass matrix, it is found that dopant particle radii of 1 micron or less
result in approximately Gaussian-shaped pulse height spectra and dopant
particle radii of 5 microns or less result in practically all neutron absorption
events producing scintillation light emission. Self-absorption of scintillation
light is not treated in the simulation. Both the Micromegas and composite
neutron scintillator simulations use the TRIM code as a heavy-charged particle

transport engine.
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CHAPTER 1
INTRODUCTION TO DISSERTATION

(a) Overview

This dissertation concerns the simulation of neutron detectors using
Monte Carlo methods. The two types of neutron detectors simulated are the
Micromegas, a gas-based parallel plate radiation detector with particular
application to neutron beam monitoring, and composite neutron scintillators
consisting of fluorescent dopant particles embedded in a matrix containing
neutron target material [1-2]. It was decided to model these two particular
neutron detectors for several reasons. First, the author has personal
involvement in developing both of these devices. Second, many hitherto
unresolved questions concerning the optimization of these detectors are
answerable using these simulations. Third, these simulations are very novel
and do not substantial duplicate prior published work.

Neutrons and the ability to detect them are important in materials
structure research, homeland security, power plant operations, nuclear
medicine, particle accelerators, and so forth. In many ways, neutron detection
is more complex than gamma ray, electron, or heavy charged particle
detection. Gammas behave in approximately the same way in different
materials with attenuation nearly proportional to the density of the material
through which they pass, and electrons and charged particles show the same
tendency in that regard. Neutrons, by contrast, are highly sensitive to the
isotopic makeup of the materials through which they pass, have interaction
probabilities (cross sections) that can change very dramatically with only small
changes in neutron energy, and frequently scatter many times with very large
changes in direction prior to being absorbed. @ As these behavioral
characteristics can make it very difficult to accurately calculate neutron

transport and interactions (especially for non-homogeneous materials and



geometries) using deterministic methods, neutron transport is a very natural
application of Monte Carlo techniques. Further, many of the events occurring
inside a neutron detector after the interaction of a neutron inside the detector
(e.g. transport of heavy charged particles from the neutron interaction, electron
showers in gas-based detectors) are also very well suited to modeling using
Monte Carlo techniques.

A brief overview of the Micromegas neutron beam monitor and
composite neutron scintillators is as follows. The Micromegas is a parallel
plate neutron detector with a solid neutron-to-charged particle conversion layer
on one side of the gas chamber. A Frisch grid separates the gas chamber into a
drift gap (several mm wide) where most of the electron-ion pairs are created
and an amplification gap (~100 microns) where electrons liberated in the drift
gap pass through a very strong electric field and create an electron shower.
Anode readout strips collect the electrons in the electron shower and the spatial
distribution of electrons across the anode readout strips indicates where the
neutron absorption event occurred. Composite neutron scintillators consist of
fluorescent particles embedded in a matrix containing neutron target material.
Composite scintillators are more common than Micromegas devices; for
example, ZnS:Ag particles suspended in lithiated epoxies are commonly used
in thermal neutron detection. Composite scintillators allow fluorescent
materials (e.g. ZnS:Ag) that do not contain neutron target materials to be used
for neutron detection, a useful characteristic in a world in which only a small
range of neutron scintillators exist. There are two major downsides to
composite scintillators. First, their optical transparency is frequently limited
due to poorly matched indices of refraction between the matrix and fluorescent
particle materials. Second, if the size and concentration of the fluorescent
dopant particles (based in part on their density) are not chosen judiciously,
scintillation pulse amplitudes may vary widely and make reliable identification
of events difficult. The first factor is reasonably well understood and may be

characterized experimentally without excessive difficulty. The second factor is
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very difficult to investigate experimentally but is readily investigated using
simulations.

Both the Micromegas neutron detector and the composite neutron
scintillator have a number of physical processes occuring within them that are
random with a known probability density function and thus are eminently
suited to modeling using Monte Carlo techniques. (Some examples are neutron
absorption in the target material, heavy charged particle transport, particle
distribution in the scintillator, and electron transport and showers in the
Micromegas.) The value of modeling these two types of neutron detectors lies
in the ability to predict changes in behavior as a result of changes in design
parameters and to characterize the response of the detector to very specific
neutron fields and neutron absorption events. Predicting detector behavior
based on design parameters allows one to get a good idea of the performance
characteristics of very large numbers of different possible device designs
without actually building and testing very large numbers of prototypes, an
approach that is usually not feasible. Comparison of the simulated behavior of
different designs allows one to quickly determine which design paths should be
pursued and which rejected. Response characterization is very useful in cases
in which it is difficult to know precisely where and how a radiation particle
interacts in a detector, this usually being true of neutrons. The simulation of
both the Micromegas and the composite scintillator neutron detectors answers
questions that cannot be easily or readily gleaned from experimentation alone.
Thus, the simulation results described in this work provide useful information

for persons seeking to design detectors based on these technologies.

(b) Organization

There are three major areas of work within this dissertation. The first
involves simulation of a Micromegas neutron beam monitor using an original
simulation code written expressly for this purpose. This simulation is

concerned with what happens inside the neutron beam monitor from the point
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that a neutron enters the device to the point that an output signal is generated.
The theory behind this simulation is discussed in Chapter 3 and results
obtained from this simulation are detailed and analyzed in Chapter 4. The
second area involves the aspects of the Micromegas neutronics that do not
contribute to production of a signal from the detector. This is effectively a
study of the neutron scattering in Micromegas neutron beam monitors using
the MCNP code and of how to minimize such scattering [3]. This is important
because a well-designed neutron beam monitor must have the smallest possible
effect on the beam being characterized by the monitor. Micromegas neutronics
studies are described in Chapter 5. The third area of work is a study of the
characteristics of composite neutron scintillators using a second custom
simulation code. The theory behind this simulation is discussed in Chapter 6
and the results obtained from this simulation are detailed and analyzed in
Chapter 7. Both the Micromegas and composite neutron scintillator
simulations utilize the TRIM code as a heavy ion transport engine [4]. As a
result, Chapter 2 is devoted to a brief overview of TRIM and the means by
which it was used.

The order of work in this dissertation is slightly unusual in that the
grouping of chapters is by topic rather than in the order of methods of
investigation followed by results and discussion. (The conventional order of
methods of investigation followed by results and discussion is followed within
each of the three topical areas discussed in the dissertation.) This order is used
to enhance reader comprehension of the material. The methods of
investigation used in the three topical areas considered are quite different from
one another, although all are based on Monte Carlo simulations. The
properties being studied in each area are also very different from each other.
Grouping material relating to each of the three topical areas together should
make the dissertation much clearer to the reader and more readily

comprehended.



(¢) Novelty and Relevancy

The investigations described in this dissertation are all significantly
novel; that is, no equivalent work has been published. The work in all three
areas of investigation (Micromegas operation, Micromegas neutronics, and
composite scintillator behavior) is also sufficiently interesting and useful to
warrant publication in each case. An analysis of the utility and novelty of the
three topical areas of investigation is as follows.

Limited simulations of the Micromegas have been done in support of
some experimental results [1-2, 5-6]. Based on what is reported in the
literature, the simulation described in this dissertation is significantly more
comprehensive than previous work and can produce results that are
significantly more detailed than those previously reported. It describes the
physics of the Micromegas neutron detector from the neutron interaction in the
detector to signal collection on the anode strips and may be used to predict the
effects of changing many parameters that affect detector response. Such
parameters include incident neutron energy and direction; neutron to charged
particle conversion material type and thickness; detector gas composition,
pressure, ionization energy, gain, and electron diffusion coefficient; gas
chamber thickness; anode readout strip pitch; and detector dimensions.
Responses affected include detector pulse amplitude, pulse topology across the
anode readout strips, and position resolution.

The MCNP simulations of the Micromegas neutron beam monitor
determine what materials are suitable for device construction from a neutronics
standpoint. In designing a neutron beam monitor there is an inherent tension
between minimizing neutron scattering in the detector, accomplished in part by
minimizing the amount of material in the beam monitor, and producing a
rugged device for operational use. To achieve the optimum Micromegas
neutron beam monitor design, it is necessary that the neutronics consequences

of various designs be known and that a design be selected exhibiting both low



disruption of the neutron beam and reasonable strength. While the simulations
in this area do use MCNP as opposed to a custom Monte Carlo code, custom
codes are used to automate the running of large numbers of MCNP cases and
the analysis of the MCNP output files. This allows very large numbers of
possible designs to be evaluated without excessive need for user intervention.
There are no publications in the literature dealing with the effects of
Micromegas design on transient neutron beams.

Finally, the composite scintillator simulation is significantly novel;
there is no comparable work reported in the literature. Composite scintillators
(mostly ZnS:Ag/°Li) are widely used for neutron detection [7]. The
investigations are significant because of the lack of information (until now)
concerning the effect of critical design parameters (e.g. fluorescent dopant

particle size and concentration) on the performance of such scintillators.



CHAPTER 2
ABOUT TRIM

(a) Reasons for Using TRIM

In developing the Micromegas and composite neutron scintillator
simulations, it seemed most valuable to focus on creating new tools rather than
functional equivalents of existing tools. Both types of neutron detectors
contain target atoms (e.g. °Li, '°B) for converting neutrons into energetic heavy
charged particle reaction products, and in each case it is necessary to track
these products as they move along and deposit energy. Since an accurate
simulation of heavy charged particle transport is very complex to develop
entirely from scratch and since simulation codes already exist, the TRIM code

was used for heavy charged particle transport calculations [4].

(b) Introduction to TRIM

TRIM (Transport of Ions in Matter) is part of the SRIM (Stopping and
Range of Ions in Matter) code package developed by Dr. J. F. Ziegler of the
US Naval Academy located in Annapolis, Maryland [4]. The SRIM code
package is based on work by J. F. Ziegler on stopping theory and by J. P.
Biersack on range algorithms [4, 8]. Descriptions of the calculational methods
used in SRIM are found in the book “The Stopping and Range of Ions in
Solids” [4].

The SRIM manual includes the following description of SRIM:

SRIM is a group of programs which calculate the stopping and
range of ions (10 eV - 2 GeV/amu) into matter using a full quantum
mechanical treatment of ion-atom collisions... This calculation is made
very efficient by the use of statistical algorithms which allow the ion to

make jumps between calculated collisions and then averaging the



collision results over the intervening gap. During the collisions, the ion
and atom have a screened Coulomb collision, including exchange and
correlation interactions between the overlapping electron shells. The
ion has long range interactions creating electron excitations and
plasmons within the target. These are described by including a
description of the target's collective electronic structure and interatomic
bond structure when the calculation is setup (tables of nominal values
are supplied). The charge state of the ion within the target is described
using the concept of effective charge, which includes a velocity
dependent charge state and long range screening due to the collective

electron sea of the target [9].

(c) Methods for Using TRIM

TRIM is capable of calculating many different parameters associated
with ion transport through matter. For example, it can calculate:
(1) the stopping points of ions directed into a target material

(and produce a graphical plot illustrating the path of the

ions),
(2) sputtering from a surface,
3) recoil atoms from ion-atom collisions,
(4) locations, directions, and energies of transmitted and

backscattered ions from an ion beam directed into a layer of
material of finite thickness.
At my request, Dr. Ziegler kindly provided a modified version of TRIM that
produces an output file that lists the position, energy, and direction of
simulated ions at periodic intervals of energy loss along their path [10].
Results that include a series of position-energy pairs at regular intervals along
the path of an ion permits one to obtain a very good approximation of the

energy transfer history of the ion. In the case of the studies described in this



dissertation, ions typically begin life with energies in the MeV range, and
position-energy pairs are calculated at energy loss intervals of around 50 keV.

Several issues relating to how the TRIM calculations are handled
should be noted as follows. In the case of the Micromegas neutron beam
monitor simulation, the materials used in the TRIM calculations (e.g. '°B,
Ar/isobutane gas) are the same as those of which the Micromegas consisted
(specified by the user). By contrast, the composite scintillator simulation uses
a different method for ion transport. Travel distances of reaction product ions
in 1 g/cm’ silicon are divided by the density of the scintillator material (i.e. the
matrix and fluorescent dopant materials) through which they travel. This
method of scaling assumes that the ranges of the reaction product ions are
inversely proportional to the material through which they travel. Since ion
ranges usually scale as Z*/A, this is a reasonable approximation for the
scintillators considered as they largely consist of materials (e.g. O, S, Si, C)
with Z numbers the same as or similar to Si.

Thus, ion-electron creation and electron migration are treated in the
Micromegas simulation. As TRIM describes the trajectory of ions using a set
of position-energy pairs, the creation of simulated ion-electron pairs in the
detector gas is handled by randomly distributing the appropriate number of
ion-electron pairs along each ion path segment between a set of position-
energy pairs. By contrast, the scintillator simulation calculates the total energy
deposited in the fluorescent (scintillator) dopant particles by each neutron
capture event and uses the results from a large number of events to generate
pulse height spectra and other data. The number of photons emitted by a
scintillator is predicted from the energy deposited in the scintillating material,
the average energy needed to produce a photon (this varies with the linear
energy transfer, or LET, of the radiation particle depositing energy), and the
Fano factor of the scintillator, which describes the statistical variance. Thus,
the scintillator simulation does not include specifics on the number of

1onizations and excitons formed in the scintillator nor on their behavior as this
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is unnecessary for obtaining the desired outputs. Energy deposition in a
fluorescent dopant particle is calculated by multiplying the fraction of an
individual path segment (i.e. between two position-energy pairs) that falls
within fluorescent dopant particles (adjusted for matrix and dopant material
densities) by the energy lost within that path segment.

Ions traveling through matter sometimes produce recoil atoms, and the
ions produced by neutron interactions in the Micromegas neutron beam
monitor and in the composite neutron scintillator are no exception. The
significance of recoil atoms in the simulations is investigated by using TRIM
to find the rate of generation of recoil atoms in typical detector materials by
common ions from neutron capture (e.g. alpha particles) that have energies
consistent with production from '°B and °Li (n, alpha) reactions. It is found
that less than one in a hundred produce a recoil atom and that the energy of
most recoil atoms is small (several tens of keV or less). It is determined that
following recoil atoms is very time consuming in terms of the effort involved
in adding them to the simulation and that their effect on calculated results is
minimal. It was therefore decided to ignore recoil ions in the simulation.

When creating TRIM input decks in the Micromegas simulation for a
new target material, ions that drop below 1 keV are discarded. This is done
since calculating tracks for ions with very low starting energies results in ions
that wander around in the simulated volume and never stop, presumably
because their energy does not exceed the minimum for which TRIM can
accurately simulate them. Since TRIM is only accurate for ion energies above
10 eV/amu and since in all of the cases considered (or likely to ever be
considered) the final 1 keV of energy makes no appreciable difference to the
final answer, this threshold is used to cease tracking ions. When an ion has an
initial energy above the minimum that TRIM can accurately simulate and it
remains in a single material, TRIM correctly finds its stopping location; thus
particles are only dropped when a material boundary is crossed and a new

TRIM run begun.
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(d) Mechanics of Using TRIM

The details of how TRIM is used in the Micromegas simulation are
quite complex. (The scintillator simulation is simpler for several reasons; for
example, one standard target material is used.) Multiple TRIM input files are
constructed based on the information provided by the user, after which TRIM
runs are initiated. After TRIM has finished, the simulation code reads data
from multiple input files to construct the path each particle followed and to
determine what happened to it along the way. Since the Micromegas
simulation includes the different regions in the detector and since ion transport
in each layer of material is run as a separate TRIM calculation, TRIM is
usually run numerous times in any individual Micromegas simulation run.
This entails repeatedly setting up input decks based on the output of the
previous TRIM run. TRIM numbers ions in its output files based on the order
in which they appear in the input file, starting at one and increasing by one
each time. This cannot be changed. Thus it is necessary to include a scheme
for keeping track of each ion as its number changes to link it back to the
correct initial neutron capture (ion-producing) event so that parts of different
pulses are not inadvertently mixed together. To explain what is meant here, all
of the ions of a particular type created by neutron capture events in a specific
layer of material are run in a single batch TRIM run. As the ions travel
through the detector, they end up in different regions composed of different
types of materials. This results in TRIM input decks that may have, for
example, ions number 2, 5, and 7 in them, but not 1, 3, 4, and 6. The potential
for mistakes in ion identity can be appreciated when the information for ions 2,
5, and 7 is labeled as numbers 1, 2, and 3 in the TRIM output files and this
process is repeated numerous times in any given simulation run. Since only
one type of ion in one specific material is included in any single TRIM run,

many particles must be banked while awaiting their turn in TRIM.
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A detailed explanation of how to set up and use TRIM, including
creation of the input files and interpretation of the output files, is found in the
TRIM manual and is not described here [9]. Examples of important TRIM
input and output files may be found in Appendix A. A very brief overview of
the input and output files is as follows. (See Figure 2.1 for a diagram that
illustrates this.)

The input file trim win.in contains specifications concerning the
characteristics of the target material, the characteristics of the ions impinging
on the target, and the type of output desired. Examples of target material
characteristics are the types of atoms present and their concentrations.
Descriptive information for impinging ions includes the type of ion and its
energy, initial location, and initial direction. Types of output can include recoil
atoms, position-energy pairs for the ions, and other information as listed in
Section (c¢).

If the file trim.dat is present, TRIM will use the information in it
concerning the initial location, direction, and energy of the ions instead of
using the information in trim win.in.  Trim win.in allows only one
specification to be given concerning the initial location, direction, and energy
of the ions (necessitating that all ions start with these exact parameters). By
contrast, trim.dat allows the initial parameters for each ion to be specified
individually. Thus trim.dat is employed by the simulations.

When TRIM is run, it produces a number of output files concerned with
the path and interactions of the ions, such as backscat.txt and transmit.txt,
which record, respectively, the ions backscattering out of and transmitting
through the layer of material in the simulation. Of special interest is exyz.txt
which records the position-energy pairs for ions traveling through the material,
this being the file from which the substantial majority of the ion path data is

collected.
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Trim_win.in Trim.dat

Provides materials, geometry, Provides information concerning
and some ion information. individual ions.
v
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lons transmitted through the material
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Figure 2.1. TRIM input and output files. Block diagram of the major TRIM

input and output files used in the simulations and their relationship to TRIM.
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CHAPTER 3
MICROMEGAS SIMULATION: MONTE CARLO
METHODS

This chapter is heavily based on a paper entitled “Monte Carlo studies
of a Micromegas neutron beam monitor” by A. C. Stephan (myself), R. G.
Cooper, and L. F. Miller and accepted for publication in Nuclear Instruments
and Methods in Physics Research A. Some portions of this chapter are taken
from that paper verbatim (with some minor editing), while other portions are
written from scratch. Drs. Cooper and Miller provided guidance to me during

this project; otherwise, all work is my own.

(a) Introduction to the Micromegas Neutron Beam Monitor

History

The Micromegas (MICRO MEsh GAseous Structure) detector is a gas-
based ionizing radiation detector first introduced in 1995 for use in high-rate,
high-energy physics experiments [1]. After initial application to charged
particle and x-ray detection, the Micromegas has been used for neutral particle
detection, most recently for time-of-flight measurements for neutrons ranging
from 1 eV to 250 MeV at CERN [1-2, 5-6, 11]. (CERN, the European
Organisation for Nuclear Research, is located near Geneva, Switzerland, and is
the world’s largest particle physics research center.) Micromegas neutron
beam monitors are currently slated for use at the Spallation Neutron Source
(SNS) under construction at Oak Ridge National Laboratory (ORNL) in Oak
Ridge, Tennessee.
Design and Design Considerations

The Micromegas design consists of two parallel plate electrodes
separated by a gas chamber. (A diagram of the Micromegas layout may be
found in Figure 3.1.) The gas chamber is in turn separated by a Frisch grid

into two regions: a drift gap and an amplification gap. The Frisch grid is a
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Figure 3.1. Micromegas neutron beam monitor layout, cross-sectional view.
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wire mesh that acts as a third electrode between the anode and cathode and
allows the electric field strength in the drift and amplification gaps to be set
independently of each other. This design is very similar to a parallel-plate
proportional counter, the primary difference being the use of the Frisch grid.
The amplification gap, where gain occurs, is typically very small (~75 um
width) whereas the drift gap is several mm wide (where no gain occurs). The
large region in which no gain occurs results in ionization pulses that are
proportional to the energy deposited by an incident radiation particle in the
drift gap. The separation of the drift and amplification gaps by the drift
electrode (the Frisch grid) allows pulses to be generated solely from the motion
of electrons and ions in the amplification gap and not in the drift gap, thus very
fast pulses are produced that enable the detector to operate at a very high count
rate due to the thinness of the amplification gap.

The Micromegas concept is quite flexible and can be used to detect
many different types of ionizing radiation with the following caveats:

(1) The detector walls should be thin relative to the particle mean free path
(neutrons, x- and gamma rays) or the particle range (charged particles).

(2) If spectroscopic information is desired, the width of the drift gap must
be on the order of the range of the charged particles depositing the
energy. (Neutral particles relinquish their energy via a small number of
primary charged particles that produce many ionizations.)

(3) For particles traversing the detector from one side (e.g. charged
particles), the drift gap width should ideally be equal to the track length
of the particles. (This assumes the intent is to stop the particles as
opposed to transmitting them.)

(4) For particles originating at random locations within the detector (e.g. x-
rays), the drift gap width should ideally be large relative to the track
length of the particles to maximize detection efficiency.

(5) As drift gap widths are decreased, particle energy resolution will fall

and eventually be lost.
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Neutron sensitivity in a Micromegas detector is achieved by placing a
converter foil, a thin layer of neutron target material (e.g. '°B), over the
cathode that faces the gas chamber in the detector. When a neutron is absorbed
in the converter foil, the target atom emits one or more reaction products,
which are energetic ions that then travel a short distance as they relinquish
their energy. Neutron-induced pulses are produced in the detector when a
reaction product travels into the gas chamber in the detector and produces
electron-ion pairs that travel across the gas chamber and are collected on anode
readout strips.

Neutron Beam Monitoring

The purpose of a neutron beam monitor is to gather important
information about the characteristics of the beam with minimal beam
disruption. Typically beam intensity and distribution in space and time are
used for normalizing data from experiments performed with the beam. At a
pulsed neutron source facility, the time of arrival of the neutrons at the monitor
may be used to determine their energy. The beam parameters that are
considered important vary with the type of facility and experiment; for
example, at non-pulsed neutron sources, total current fluence is more
significant that neutron time distribution, while in other cases neutron spatial
distribution information may not be needed. At the SNS, which produces a
pulsed source, Micromegas neutron beam monitors are intended to be used
where beam intensity and distribution in time and space are all important.
Ideally, neutron beam monitors should capture only as many neutrons as are
needed to obtain reliable statistics concerning the beam parameters and should
avoid any effect on transient neutrons not captured for this purpose. In reality,
scattering some of the transient neutrons and capturing others by means that do
not produce a count in the monitor is unavoidable. Another unavoidable
compromise concerns the neutron detection efficiency. In general, a detection
efficiency that is independent of neutron energy is preferred. However, the 1/v

dependence of neutron capture cross sections for many neutron target materials
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(e.g. 9B, °Li) means that if the incident neutrons are not monoenergetic, a
compromise in detection efficiency must be made. The form of the
compromise will most likely be the acceptance of higher neutron detection
efficiencies than desired over certain energy ranges (and thus greater neutron
beam attenuation). Another unpleasant reality that must be faced is that any
in-beam neutron beam monitor must inevitably scatter some neutrons; thus, the
question in design is how to minimize the probability of a neutron being
scattered and what value is acceptable. Neutron absorption in monitor
materials other than the neutron target material should be considered, although
there are a number of materials available for making monitor walls and other
components that have absorption cross sections that are practically zero.

The neutron beamlines at the SNS will have a very wide intensity range
and accordingly the desired neutron detection efficiencies for the different
beamlines vary from approximately 0.5x107 to 10°. The energies of the
neutrons in the beams will vary from less than 10 to 10 eV, although each
individual beamline will have a significantly narrower range than that. SNS
staff would prefer to keep the neutron scattering probability in the beam
monitors at or below the neutron detection probability, although this will often
be unachievable as a realistic best-case is 10~ scattering probability at thermal
[12]. (See Chapter 5 for a detailed analysis.)

Utility of Simulation

Micromegas performance characteristics are strongly dependent on
design parameters such as converter foil type and thickness, anode strip pitch,
gas type, and drift gap width. While the effects of some parameter changes
may be easily measured, others necessitate expensive detector modifications or
very time-consuming data analysis. An accurate, comprehensive Monte Carlo
Micromegas detector simulation is of considerable value as it allows some
detector design modification effects to be investigated much more easily than
through hardware changes. While simulation can never completely replace

experimentation, it can provide valuable direction when seeking an optimized

18



detector design by indicating which combinations of design parameters are

likely to perform particularly well and which are best avoided.

(b) Description of Micromegas Design

General Layout

Figure 3.1 shows a cross sectional diagram of the basic Micromegas
neutron beam monitor design. The Micromegas design is much like that of a
parallel plate proportional counter since it consists of a gas chamber located
between two parallel plate electrodes with an electric field across the gas being
responsible for the charge collection on the electrodes by which a signal is
produced. It deviates from a parallel plate proportional counter in that it
contains a Frisch grid (usually nickel mesh) that divides the gas chamber into
two regions, a drift gap and an amplification gap. The drift gap between the
cathode and the nickel mesh is typically several mm wide. The amplification
gap between the mesh and the anode is 75-100 microns wide. The voltages on
the three electrodes are set such that the field strength is around 1 kV/cm in the
drift gap and 50 kV/cm or higher in the amplification gap. The significance of
this is that gain occurs mostly in the amplification gap and pulses are very
nearly proportional to the energy deposited in the drift gap (enabling the
collection of spectroscopic information) due to the small size of the
amplification gap compared with that of the drift gap.
Neutron Sensitivity

When employed as a neutron beam monitor, a Micromegas has a thin
layer (a converter foil) of neutron target material (e.g. '°B, °Li) deposited on
the cathode. When an atom in the converter foil absorbs a neutron, it emits one
or more energetic heavy charged particle reaction products (ions). The two
most common reactions used (also the two that are of greatest interest to us)
are as follows.
"B +n— "Li+a, Q=2.310/2.792 MeV 94%/6% at thermal (3.1)
°Li+n— H+a, Q=478 MeV (3.2)
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In the case of the ''B reaction, the lesser Q value of 2.31 MeV that
accompanies the majority of neutron absorptions at or near thermal is made up
for by the "Li reaction product being produced in an excited state. The "Li
quickly decays to a ground state by emitting a 0.482 MeV gamma ray.

Since the two reaction product ions are usually emitted in very nearly
opposite directions, one ion will usually exit the converter foil and enter the
drift gap. Reaction product ions usually travel in an approximately straight
path with only small changes in direction as they interact with electron clouds
around atoms, although they occasionally strike an atomic nucleus and undergo
a large deflection. If the reaction product is sufficiently energetic to have a
range in the gas that extends beyond the other side of the detector, it will exit
the other side of the gas chamber, and if not, it will stop before reaching the
other side. The range of the reaction product in the gas is a function of its
atomic and Z numbers, initial energy, and direction of travel, along with some
statistical variation due to underlying randomness in its interactions with the
material through which it passes.

Signal Generation

As a reaction product travels through the drift gap it loses energy
through the creation of electron-ion pairs in the gas. Under the influence of the
electric field, the ions move towards the cathode and the electrons toward the
anode. As the electrons travel through the drift gap, they undergo lateral
diffusion. Additional lateral translation occurs when the electrons travel
through the nickel mesh Frisch grid as the electrons follow the electric field
lines that curve into and through the holes in the nickel mesh [6]. As the pitch
of the nickel mesh is usually small compared to both the average lateral
diffusion of the electrons and the pitch of the anode readout strips in a
Micromegas neutron detector, the effect of the nickel mesh on position
resolution is quite small.

After passing through the nickel mesh, the electrons enter the

amplification gap. The high electric field in this region accelerates the
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electrons, causing them to start electron avalanches that grow exponentially as
the avalanches approach the anode readout strips. The electrons collect on the
anode readout strips and produce a pulse that can be read on each anode strip
individually. In most cases only a small fraction of the anode readout strips in
a Micromegas detector collect electrons as a result of a single neutron capture
event; that is, the area over which electrons are liberated by a reaction product
and through which they travel on their way to the anode is small relative to the
size of the detector. Position resolution is achieved by estimating the location
of the neutron capture event using the topology of charge collection on the
anode readout strips [1-2]. To date, Micromegas neutron beam monitor work
has used anode readout strips, as opposed to other anode shapes. Anode
readout strips give only 1D position resolution, although stacking two beam
monitors against each other with their anode readout strips aligned at right
angles will give some 2D resolution and this is being considered for some SNS
beamlines [12]. Anode readout pixelation will give 2D; the main reason this
has not yet been done being the complexity that the large increase in the
number of anode elements from a 1D case would add to the detector design.
Neutron-Gamma Discrimination

Neutron-gamma discrimination in a Micromegas beam monitor is
readily accomplished using a lower-level discriminator (LLD) set to reject
detector pulses that do not exceed some minimum amplitude [2]. The LLD
level is set such that gamma pulses produced by the detector fall below the
LLD and most pulses produced by neutrons exceed this level. The amount of
energy deposited in the detector drift gap as a result of a neutron capture event
varies with the neutron target material and detector design and will be
discussed in Chapter 4. For a 10 cm square Micromegas, an electron traveling
in a straight line deposits at most around 250 keV of energy in the drift gap
under the most favorable circumstances (electron path length in the gas is
roughly 60 cm/MeV). The LLD used in experimental work is 235 keV [2].

Thus, neutron-gamma discrimination in a Micromegas device is much better
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than from a neutron scintillator and is probably comparable to an He-3
proportional counter. Since an event may produce pulses on many different
anode readout strips, the signal from the nickel mesh (essentially a sum of the
signals on the anode readout strips) is normally used [2]. The ability to
differentiate pulse origin (neutron or gamma) by pulse amplitude is based on
two factors. Neutron capture reactions release much greater amounts of energy
than gamma ray interactions. The higher LET of the neutron reaction products
compared to electrons from gammas results in greater energy deposition in a
thin target (i.e. the gas chamber) by the reaction product than by the electron.
Pulse topology is strongly dependent on particle LET and the analysis of pulse
topology independently of total pulse amplitude will also prove very effective
in separating gamma-induced events from neutron-induced events. Further,
combining these methods will yield very satisfactory results.
Pulse Duration

An important feature to note about the Micromegas design compared
with other gas-based radiation detectors is that the division of the gas chamber
into drift and amplification gaps dramatically speeds up the detector pulses and
increases the maximum count rate. The reasons for this are as follows.
Following the creation of electron-ion pairs in the gas by a reaction product,
the electrons move much more rapidly than the ions. In a conventional gas
detector (e.g. proportional counter), the detector pulse lasts as long as it takes
for all of the ions created in the gas to reach the cathode; usually several
microseconds at a minimum. In a Micromegas device, pulses can be generated
solely from the motion of electrons and ions in the amplification gap and not
the drift gap. (Differences in electron transit times in the drift gap have only a
minor effect on pulse duration.) Since the amplification gap is quite small
compared to the overall width of the gas chamber, Micromegas detector pulses
are very fast compared with those of other gas-based detectors. Experimental
work with Micromegas radiation detectors (not specific to neutrons) has shown

that the component of pulse associated with electron drift in the amplification
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gap is around one nanosecond and the component associated with ion drift

around one hundred nanoseconds [5].

(¢) Qualitative Effect of Design Parameters on Detector Response

The Micromegas neutron beam monitor Monte Carlo simulation is
intended to provide quantitative data concerning the effect of detector design
parameters on detector performance. General qualitative effects of design
parameters on detector performance are predictable by persons familiar with
the detector design and the underlying physics but are not sufficient when
seeking to optimize a detector design. However, a qualitative understanding is
important — if not essential — to properly comprehend quantitative data. This
section discusses the qualitative effects of Micromegas design parameters on
detector behavior in order to prepare the reader for the quantitative data that is
presented in Chapter 4.

The type and thickness of converter foil used for neutron detection has
a very significant impact on detector behavior for several reasons. The neutron
absorption cross section of the material used in the converter foil (dependent
on the type of material used), and its thickness, together determine the
probability that an incident neutron will be absorbed in the Micromegas
neutron beam monitor. Thicker converter foils will capture more neutrons, as
will materials with higher neutron absorption cross sections. If converter foils
become too thick, they will start to significantly self-shield the reaction
products they emit and neutron capture events may fail to produce useful
pulses in the detector. The type of converter foil material used is significant
for another reason also. Upon absorption of a neutron, different neutron-
sensitive materials emit different types of reaction products with different
energies. Since reaction product ranges and LET values can vary dramatically
with particle type, different converter foil materials can produce very different

pulse characteristics in the detector.
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The characteristics of the gas chamber in the Micromegas device are
also very important. If the chamber is thin relative to the reaction product
ranges in the fill gas, the amplitudes of many detector pulses will be
constrained by the amount of energy a reaction product can deposit in the
chamber before exiting the other side. (This is one means by which the type of
reaction product can have a significant impact on the detector pulse
characteristics.) By virtue of limiting reaction product track lengths in the gas
chamber due to the products exiting the other side, a thin chamber also limits
the average lateral motion of reaction products and by extension the spatial
extent of the electron showers created, thus improving position resolution. As
gas chamber width is increased, neutron pulses first increase in size and then
level off as the chamber width becomes greater than the reaction product path
lengths. Neutron position uncertainty follows a very similar pattern, although
instead of leveling off it rises at a much slower rate due to lateral electron
diffusion while crossing the drift gap. Since the electrons from gamma
interactions have a much longer range than most neutron reaction products,
gamma pulses continue to increase in amplitude well past the point at which
neutron pulse amplitudes level off. Given all of the prior considerations, it is
clear that some optimum gas chamber width exists at which the best
combination of neutron and gamma pulse amplitudes and position resolution is
achieved. It is also clear that this optimum gas chamber width will vary with
the type of neutron reaction product (and therefore the type of converter foil
used), gamma background (energy intensity), specific detector application, and
other factors.

Other gas chamber characteristics affect detector behavior as well. For
example, pressurized gases have higher densities than unpressurized gases of
the same type. Thus increasing pressure decreases the range of reaction
products in the gas, improving position resolution and, if the gas chamber is
narrow, increases neutron pulse amplitudes. The main drawback to

pressurization is the additional detector wall thickness needed and this
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necessarily increases the probability that neutrons will scatter or be absorbed in
the detector walls, which is an undesirable outcome. (Increases in neutron
scattering probability with detector wall thickness may be calculated from data

presented in Chapter 5.)

(d) Monte Carlo Methods Used in Simulation

Introduction

The Micromegas neutron beam monitor simulation uses Monte Carlo
methods in a series of calculations that track an event from the point at which a
neutron enters the detector to the point at which signals are produced on the
anode readout strips. Many different physical processes occur along the way,
all of which can be modeled with known physical laws with reasonable
assumptions. Specific processes include:

(1) neutron interaction in the converter foil,

(2) reaction product creation,

(3) reaction product transport,

(4) creation of electron-ion pairs in the gas chamber,

(5) transport of electrons across the gas chamber to the anode readout

strips under influence of the electric field in the detector,

(6) electron shower creation in the amplification gap,

(7) collection of electrons on the anode readout strips.

The Micromegas simulation includes neutron absorption in the
converter foil but does not include neutron scattering. There are several
reasons for choosing this approach. Calculations of neutron scattering can
already be easily and very accurately accomplished with MCNP, as can
neutron absorption in other detector regions (e.g. detector walls). The
probabilities of neutron scattering and absorption in other detector regions are
quite low when appropriate detector materials are chosen (around 107 at
thermal, see Chapter 5) and thus the probability of affecting any individual

neutron that goes on to be absorbed in the converter foil is quite low. Inclusion
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of neutron absorption in the simulation — as opposed to coupling it to MCNP —
enables the simulation to operate as a stand-alone product. It also significantly
reduces the complexity of setting up and running the Micromegas simulation.
Neutron Absorption

The simulation uses neutron absorption cross sections for °Li and '°B
over an energy range from very cold to 20 MeV and takes advantage of the
normal methods for calculating if and where a neutron absorption event takes
place. For neutron transport (absorption only; scattering is neglected) through

the neutron target material layer, the probability of neutron absorption is given

by

p=l-e’, (3.3)
where

[=2t/n_, (3.4)

in which X, is the absorption cross section, ¢ is the thickness of the converter
foil, and #, is the direction vector x component. (The variable / represents the
distance through the converter foil in neutron absorption mean free path
lengths.) Given a random number ¢ (0,1), if & < p then neutron absorption
occurs. To obtain a correct distribution of the depth of penetration (x
direction) in the target material by the neutron, the equation used to find the

distance of penetration in the x direction is

_—tin-¢)
1 (3.5)

Once the distance of x travel is known, calculating travel distances in the y and
z directions is straightforward.

Since the probability that a neutron will interact in the Micromegas
neutron detector can be very low (e.g. when being used as a neutron beam
monitor), an option is included in the simulation to force neutron absorption in
the target material (i.e. disallowing transmission). In this case the resultant
particle weight becomes p from Equation (3.1) and the equation for travel in
the x direction becomes
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x =M. (3.6)

The Micromegas neutron beam monitor simulation includes the ability
to handle two layers of converter foil (and could readily be extended to n
layers, if desired). When two layers are present and forced neutron absorption
is not used, transport calculations are run for the first layer and then, if the
neutron passes through the first layer without being absorbed, for the second
layer. When forced neutron absorption is used, the total neutron absorption
probability in both layers is given by Equation (3.3) but using instead for /,

[=C 4, +Z,,t,)/n,, (3.7)

where the definitions are the same as for Equation (3.4) with subscripts 1 and 2
denoting the first and second converter foil layers. The probability of neutron
absorption in the first converter foil layer is calculated using Equations (3.3)
and (3.4). The probability of the neutron being absorbed in the first layer
given forced absorption is given by

Prforced = Pt/ Prosar» 3.8)

where p; is the unforced probability of neutron absorption in the first layer and
Prar 18 the unforced probability of neutron absorption in both layers. Given a
random number & (0,1), if & < p; forcea then neutron absorption occurs in the first
layer, otherwise in the second. A second random number ¢ (0,1) is generated
and the location of neutron absorption within the appropriate layer is
determined after the manner of Equation (3.5) (with / and ¢ for the chosen
layer).

When a neutron is absorbed in the converter foil of the Micromegas
neutron beam monitor, the atom that absorbs the neutron undergoes a nuclear
reaction in which energetic reaction products are released. The two neutron
target materials (i.e. converter foil constituents) of interest to us are '°B and
SLi. Their reactions are listed in Equations (3.1) and (3.2), respectively. When

a low energy (e.g. thermal) neutron is absorbed, its contribution of energy and
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momentum to the reaction is minimal and the reaction products are emitted in
almost exactly opposite directions (which is necessary for conservation of
momentum). When an energetic neutron is absorbed, its energy contributes to
the energy of the reaction products (along with the Q value of the reaction) and
its momentum alters the emission direction of the reaction product. To make
the simulation accurate for neutrons above thermal energy, all of these effects
are included in the simulation.

Results of the Neutron Absorption Reaction

The nuclear reaction follows a standard @ + b — ¢ + d + Q reaction,
where a is the incident neutron, b is the target atom, ¢ and d are the reaction
products, and Q is the energy released in the reaction. One way to calculate
the effect of the additional energy and momentum from the incident neutron on
the reaction product directions and energies is as follows. The target atom and
the neutron are transformed from the laboratory (LAB) coordinate system to
the center-of-mass (COM) coordinate system and the total kinetic energy is
determined in the COM system. The Q value of the reaction is then added and
the two reaction products are given random but opposite directions in the COM
system, their energies being determined by the law of conservation of energy.
Following that, the reaction products are transformed back into the LAB
system and their energies and directions in that system determined. This will
correctly determine their energies and directions using the laws of the
conservation of energy and of momentum while including the random nature
of the direction of reaction product emission.

The speed v, s of the incident neutron and its individual directional
velocity components Ve jub, Vay,iabs Vaiab- are calculated. The initial speed vy iup
of the target atom and its directional velocity components are all zero.

The speed of the center of mass (COM) of the neutron and the target is
given by

vcam = (mav

p)/(m, +my), (3.9)

a,la
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where m, is the neutron mass and m;, is the target atom mass. The x direction
component of the COM velocity is given by
V. =v_n (3.10)

where n,, is the x component of the unit direction vector for the neutron. The
y and z components are calculated in the same fashion using the obvious
substitution.

The velocities of the neutron and target atom are then transformed from
the LAB system to the COM system using the velocity components of the
COM system relative to the LAB system that were just found. Thus

vax,cam = vax,lab - Vcom,x (31 1)
and
va,com = va,lab - vcom,x . (3 12)

Equivalent transformations are made for the y and z speeds. Finally, the total

speeds of the particles are calculated by
RSP SV L (3.13)

Vacon = Vaecon + Vaycon T Ve com
At this point it is necessary to know the type of reaction that takes place
(see Equations (3.1) and (3.2)), the mass of the products (symbolized by m,
and my), and the Q value of the reaction. For the '°B reaction a constant
94%/6% branching probability between the 2.310 and 2.792 MeV Q values is
assumed. This is a simplification as in actuality the branching probability
varies with the neutron energy.
Next, the total energy that the reaction products will have in the COM

system after the reaction is calculated by summing the kinetic energies of the

neutron and target atom and adding the Q value, thus

E, =05my.  +05myv,. +0. (3.14)

The speeds of the two reaction products produced by the nuclear
reaction are governed by the laws of the conservation of energy and of

momentum and are given by
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v, = (2E,,,m.)[(mg +mm,))" (3.15)

and

v, =(m,/m,)v,. (3.16)

It is then straightforward to calculate the energies E. and E,. If the energy of
the incident neutron is minimal (e.g. in the thermal range), E., will be
minimal and the laws of the conservation of energy and of momentum require
that energy be distributed as follows: for '°B with 2.310 MeV Q, 1.47 MeV is
acquired by the o (*He) particle and 0.84 MeV is acquired by the "Li; for '°B
with 2.792 MeV Q, 1.777 MeV goes to the o and 1.015 MeV goes to the 'Li;
and for °Li, 2.73 MeV to the *H and 2.05 MeV to the a.

The next step in the process is to determine a random direction vector
for the reaction products. Random x, y, and z vector components are picked
after the manner
n., =25-1, (3.17)
where ¢ is a random number (0,1). If the sum of the squares of the vector
components is less than or equal to one, the vector components are normalized
to a unit vector (i.e. the sum of their vector components is one), otherwise new
sets of vector components are generated and tested in the same manner until
one is found satisfying that condition. This method picks a direction vector by
finding a random location within a sphere and finding the direction vector
pointing from the center of the sphere to the random location, thus giving an
isotropic distribution for random direction vectors. Once a unit random
direction vector is found, it is assigned to one of the reaction products and its
exact opposite to the other reaction product, giving <nc, Hey, ne> and <ngy,
Nay, Ng->, where ng. = —n., and so forth.

Knowing the speeds of the two reaction products, the directional
components of their velocities are calculated after the manner

v =V . n._. (3.18)

cx,com c,com cx
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Knowing the directional components of the reaction products in the COM
system enables them to be transformed into the LAB system after the manner

(3.19)

ch,lab =V

cx,com + vcom,x s

from which we obtain the speeds in the LAB system after the manner
Vedab = (fo,lab + vczy,lab + sz,lah)o.s' (3.20)

It is then straightforward to calculate the unit direction vectors and energies of
the reaction products in the LAB system.
Energy Deposition by the Reaction Products

Following creation of the reaction products, an input file is created for
each type of reaction product and, if two converter foil layers are present, a set
of two files is created for each layer. TRIM calculations are then run to
determine where the reaction products travel and how the energy they
relinquish is distributed. This process is described in greater detail in Chapter
2. Information regarding energy deposition in the gas chamber is extracted
from TRIM output files and passed back to the Micromegas simulation in the
form of individual segments of reaction product tracks. These segments
consist of two points (the track is assumed to be a straight line between the
points) and an amount of energy that the reaction product lost while traveling
between the two points, usually around 50 keV.
Free Electron Creation and Migration

To simulate the creation of electron-ion pairs, the number of ionization
events is calculated using the ionization energy of the gas and statistical

variations added. Thus the number of ionizations is

=AE/e

ionization

" +E(AE e, (3.21)

ionizations ionization )0.5
rounded to the nearest integer, where ¢ is a random number of standard
deviations picked according to a two-tailed normal distribution. This is a
standard method for estimating statistical variations in the number of

information carriers in radiation detectors [7]. In cases where e€jonizarion 1S @
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significant fraction of AE, the calculated 7jouizqaii0n Mmay be less than zero, in
which case it is taken as zero.

Once the number of ionizations has been determined, locations are
selected for each ionization event. Ionizations are assumed to occur randomly
along each track segment. (Changes in reaction product LET over energy drops
of 50 keV are fairly small so an equal probability of ionization was used along
the entire track segment.) Coordinates in X, y, and z for each individual
ionization event location are found after the manner

=X, + &Ax, (3.22)

xi()nization
where x; is the start point, Ax is the track length in the x direction, and ¢ is a
random number in the interval (0, 1). The obvious substitutions are made for y
and z and the same & is used in each case.

As the electrons cross the gas chamber, they drift laterally. Given the
electron diffusion coefficient in units of microns/em (obtained from the
literature) or an equivalent, the lateral diffusion for an individual electron is
given by
Al = &d A Ax (3.23)
where ¢ is a random number of standard deviations picked according to a two-
tailed normal distribution, d; is the diffusion coefficient, and Ax is the distance
traveled by the electron from the ionization location to the nickel mesh [6].
(The x axis runs directly through the detector perpendicular to the planar

electrodes in our coordinate system.) Final electron locations are given by

y=y,+Alsin(&2r) (3.24)
and
z=2z_+Alcos({2rx), (3.25)

where y; and z; are the y and z start locations of the electron and ¢ is a random
number (0, 1), with the same ¢ being used for both equations.
Once electrons reach the nickel mesh side of the amplification gap,

they are sorted according to the anode readout strip towards which they are
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headed and the total number of electrons thus associated with each strip prior
to gas multiplication is determined. As discussed earlier in this chapter, some
lateral translation of electrons also occurs when the electrons pass through the
nickel mesh [6]. This lateral translation is quite small compared to the anode
readout strip pitch used or anticipated to be used in Micromegas neutron beam
monitors and thus was judged to make little difference in the electron
distribution among the strips.
Gas Amplification

Gas gains of around 100 are most appropriate for Micromegas neutron
detectors given the number of primary ionizations produced by the neutron
reaction products. No publications were located that define the appropriate
statistical fluctuation that should be added to the number of electrons generated
in the electron shower striking each targeted anode strip; thus, simple
simulations were performed to estimate an appropriate statistical fluctuation as
follows. The distance between the nickel mesh and the anode readout strips
(normally 75-100 microns) was divided up into individual layers of one
micron, and the average number of electrons that leave the layer per electron
that enters the layer was calculated based on the gas gain (supplied by the user)
and on the number of such layers. (The one micron layers in the amplification
gap did not correspond to any physical structure but were selected as evenly
spaced points at which secondary electron liberations could be calculated.)
Thus, this multiplication constant for electrons in each layer is given by
c=g"", (3.26)
where g is the gas gain and #n is the number of one micron layers in the
amplification gap (an integer number). For the gains and amplification gap
thicknesses considered, ¢ was quite close to one, thereby ensuring that the
omission of cases where more than one secondary electron was created would
have a minimal effect on the estimates of statistical fluctuation. Another

advantage of having ¢ close to one was that the probability that an electron
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would create a secondary electron while traversing a one micron layer could be
readily calculated using the equation

p=c—1. (3.27)
Given this probability, a group of electrons can be followed as they pass
through the amplification gap and each electron can be tested by using p and a
random number ¢ (0, 1) to see if it created a secondary electron while
traversing each one micron layer. (Secondary electrons created in each layer
are added to the primary electrons before being tested to determine their effect
in the subsequent layers.) Repeated runs are made for different cases with
starting numbers of electrons between 100 and 10000 and gains of 100. It is
found that the following expression provides a good empirical predictor of 7.,

the number of electrons reaching the an individual anode strip:

n,,=1+gm,, +8[en,, . (3.28)
where n., is the number of electrons entering the amplification gap at the
nickel mesh aimed at that anode strip, and £ is a random number of standard
deviations picked according to a two-tailed normal distribution. (All other
terms have been previously defined.)
Simplifications

Several simplifications are incoporated into the simulation. First, it is
assumed that no crosstalk occurs between the electron showers aimed at each
anode. In reality some electrons do end up being collected on an anode strip
adjacent to the anode strip at which they were initially aimed. However, the
probability of any individual electron doing this is low for several reasons.
First, the distance between the mesh and the anode readout strip (75-100
microns) indicates a typical lateral diffusion of no more than a few tens of
microns if the diffusion constants in the amplification gap are the same as in
the drift gap. Second, investigations of the electric field shape between the
mesh and the anode strips and its effect on transient electrons indicate that very

little electron crosstalk between strips will take place [13]. Third, most
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collisions by electrons while crossing the amplification gap are electron-
electron collisions; that is, transient electrons collide with electrons associated
with gas atoms in the amplification gap. Electron-electron collisions are
highly forward biased due to the equal mass of the two particles, thus typically
limiting the extent to which an electron acquires a lateral motion component as
a result of such a collision. Fourth, were an electron to acquire a significant
lateral motion component, its lateral travel distance would not be all that great.
The potential difference between the mesh and the anode readout strips is
typically around 500 V and most electrons will undergo several or more
collisions while crossing the amplification gap, thus usually preventing their
energies from building up to more than several hundred eV. This energy
corresponds to a range in the gas on the order of a couple of hundred microns,
which is significantly less than the average width of an anode readout strip.
However, another type of indirect crosstalk does occur between the anode
readout strips. Previous experimental work has demonstrated that the
capacitance between adjacent anode readout strips is sufficient for signals to be
induced on anode strips that collect no electrons from the event itself by nearby
strips that do collect electrons, which increases the measured spatial extent of
the electron shower [2]. No attempt is made to include this in the simulation.
Finally, some noise is present in the signals on the anode strips, including
strips that are not affected by the neutron capture event. This is not included in
the simulation.
Use of Simulation

Following the simulation methods outlined in this section enables one
to generate information describing the distribution of electrons collected on a
series of anode readout strips (an anode strip topology) as a result of a neutron
capture event in a Micromegas neutron beam monitor, given certain
information about the design of the device. To understand how changes in
design affect the detector response, many simulation runs of different designs

must be run and the predicted behaviors compared. This is done in Chapter 4
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where such parameters as position uncertainty and probability of the detector
registering a count given a neutron absorption event are studied as a function
of design. The simulation enables many different aspects of Micromegas
neutron beam monitor design to be studied besides those covered in this work
and many opportunities exist for follow-up work. For example, although
anode strip topologies are already used for neutron capture location, more
sophisticated analysis methods will enable determination of radiation particle
type, improve position resolution, and so forth. Large numbers of events and
the anode strip topologies they produce can be evaluated to identify
correlations for use in estimating event parameters (e.g. neutron absorption

location) from anode strip topologies.

(e) Simulation Code Organization

The Micromegas simulation is broken into five parts. The form
MicromegasSim.frm contains the code associated with interacting with the
user to gather all necessary information before running the simulation,
calculating neutron interactions and reaction products created thereby, and
setting up some of the initial input files for TRIM. The TrimAutomation.bas
module contains all of the code associated with calling TRIM to process the
input decks created by the EntryForm form and then analyzing the TRIM
output files, including creating new TRIM input files from the data in the
TRIM output files as needed until all the reaction products have either exited
the Micromegas or stopped. TrimAutomation creates its own output files
containing lists of reaction product segments (including energy loss along each
segment) and which neutron capture event each segment was associated with.
The module AnalyzeTrimData.bas combines all of the output files from
TrimAutomation into a single file and then processes each event sequentially,
processing including ionization events in the gas and electron transport to the
nickel mesh. The module PulsesUserEditable.bas is, as its name implies,

intended to be easily changed by the user if desired. For example, after being
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passed information on the arrival location of each electron at the nickel from
AnalyzeTrimData, PulsesUserEditable sorts electrons into their corresponding
anode readout strip and then creates an electron shower at each strip according
to the gas gain specified by the user. If a Micromegas with 2D position
sensitivity (i.e. anodes divided into pixels rather than strips) is simulated,
PulsesUserEditable  could be changed to accommodate  this.
PulsesUserEditable would also be the appropriate code to add lateral electron
translation due to the curvature of the electric field around the nickel mesh and
through the holes in the mesh, crosstalk between anode readout strips, and
background noise not related to the neutron capture event itself. Finally, the
module MicromegasSimModule.bas contains declarations of global variables
and constants. (These types of declarations are required to be in modules.
Also, separating the global variables and constants in such a manner makes it

easier to keep track of them.)

(f) Code Verification by Testing Calculational Methods

There are two aspects to code verification and validation. Verification
involves testing of routines in the code to verify that they are indeed doing
what they are intended to do. Validation involves comparing simulated results
with real, measured data, or, in the absence of any such data, performing
simulations for which expected results may be readily calculated by hand.
Since there are many random processes that take place between the point at
which a neutron enters a Micromegas neutron beam monitor and the point at
which a signal is read out of the device, hand calculation of expected results
for a simple case is not feasible. Experimental results are, however, available
in the literature and validation through comparison with simulated results is
dealt with in Chapter 4.

Significant effort is expended in verifying the code by testing
individual routines in the code dealing with critical aspects of the simulation

calculations. For example, routines for determining lateral drift of electrons
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were repeatedly tested to ensure electron transport routines are functioning
correctly. In some cases, checks are built into the code such that if
unanticipated events or inconsistent variable values are encountered, an error
indicating the nature of the problem is returned to the user and code execution
ceases. The simulation code was tested during its development to quickly
expose errors when they occurred and to allow problems to be corrected

quickly.
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CHAPTER 4
MICROMEGAS SIMULATION: RESULTS AND
DISCUSSION

This chapter is heavily based on a paper entitled “Monte Carlo studies
of a Micromegas neutron beam monitor” by A. C. Stephan (myself), R. G.
Cooper, and L. F. Miller and accepted for publication in Nuclear Instruments
and Methods in Physics Research A. Some portions of this chapter are taken
from that paper verbatim (with some minor editing), while other portions are
written from scratch. Drs. Cooper and Miller provided guidance to me during

this project; otherwise, all work is my own.

(a) Introduction

The usefulness of a Micromegas neutron beam monitor simulation is a
direct function of its ability to accurately predict how the device will perform,
given a set of design criteria. Thus, a significant portion of this chapter is
given over to a comparison between experimental results from a Micromegas
neutron beam monitor (acquired by a research group developing
instrumentation for CERN) and results from the Micromegas simulation that
were generated using the same design criteria. (The team that built and tested
the Micromegas neutron beam monitor prototype is affiliated with a number of
different research institutions in three different countries. Since the device is
intended for use at CERN, I hereafter refer to them as the CERN group.) Since
the number of different possible designs (e.g. converter foil thickness, gas
chamber width, anode strip pitch) is practically limitless, the design used by
the CERN group is used as a starting point for calculations of the effects of
changing various design parameters [2]. Since these calculations are intended
to be helpful to the Micromegas neutron beam monitor development project
underway at ORNL and since the energy of the SNS neutron beams at which

the Micromegas neutron beam monitors will be used over the cold to 10 eV
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range, calculations are restricted to neutron energies falling within that

interval.

(b) Validation by Comparison with Experimental Data
Design Parameters for Simulation

Simulation results for the neutron beam profiler (monitor) design tested
at CENBG (Centre d’Etudes Nucleaires de Bordeaux-Gradignan), intended for
use at the n_ TOF (neutron time-of-flight) facility at CERN, are compared with
published experimental data as described below. Design parameters of the
experimental device included an active area of 12 cm x 14 cm, a 500 nm °Li
converter foil, a 3 mm drift gap filled with 90/10 Ar/isobutane gas, and an
anode readout strip pitch of 317.5 microns. Several different gas gains are
tested using different voltage settings on the detector electrodes. A variety of
neutron energy ranges in the hundreds of keV are used for testing [2]. To
generate simulated results that are comparable to those used by the CERN
group and are useful for the SNS neutron beam monitor design work, the
following design parameters are used in the simulation. Detector walls
consisting of 50 microns of Al are placed on either side of the detector,
allowing backscatter of °Li reaction products into the detector. A detector size
of 10 cm x 10 cm is used since many SNS neutron beamlines are to be that
size. The 3 mm drift gap is filled with Ar/isobutane at 1 atm pressure, the
anode strip pitch is 317.5 microns, and the gas gain is 100. The gas is taken as
having a 22.4 eV ionization constant and a 370 microns/Nem diffusion constant
based on published data [6, 14]. All incident neutrons are assumed to be
thermal and normally incident. These parameters are almost the same as the
parameters used in the published experiments. The only differences likely to
affect results are the detector size and neutron energies. In the former case,
size only affects the magnitude of the edge effects in the detector and the

difference in edge effects between detector sizes of 12 cm x 14 cm and 10 cm
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x 10 cm will be quite small. In the latter case, the energy of the neutrons is, in
any case, only a fraction of the °Li Q value, which will produce fractional
increases in pulse size and in the probability that both °Li reaction products

enter the gas chamber.
Anode Strip Topologies

Neutron capture events in which one or both °Li reaction product
particles enter the drift chamber result in charge collection on the anode
readout strips. The collection of electrons on the anode strips (the number
collected and their distribution across the anode strips) is the defining
characteristic of an individual event from the standpoint of the signal output by
the detector. Estimates of neutron capture event location and time and
discrimination between genuine neutron capture events and false events (e.g.
gamma interactions) are made on the basis of the pattern of the electron
deposition on the anode strips (the anode strip topology) or an aggregate of the
electron deposition on the strips, the total pulse amplitude. Since, in essence,
all other measurements flow out of the anode strip topologies, the ability of the
simulation to generate anode strip topologies that accurately depict what
happens is essential to the validity of the simulation.

The number of electrons collected, and their distribution on the anode
strips, varies greatly from event to event and is most heavily influenced by the
type of particle entering the drift gap and its direction. Particles entering the
drift gap at a shallow angle and perpendicularly to the anode strips maximize
both the number of anode strips producing a signal (i.e. that collect electrons)
and the total charge collected while minimizing the signal on each strip.
Particles traveling straight across the drift gap minimize both charge collection
and the number of anode strips producing a signal. Particles traveling at a
shallow angle parallel to the anode strips maximize charge collection while
producing signals on only a few anode strips. The type of particle that enters

the drift gap has a strong influence on the signal topology. Tritons have a
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much greater range than alpha particles and are correspondingly much less
densely ionizing, thus tending to produce signals on a very large number of
anode strips if entering the drift gap at a shallow angle and to produce small
pulses if traveling directly through the drift gap. Figure 4.1 shows the anode
strip charge collection distribution for four typical event types. Note the Bragg
peak in (c¢) produced by a reaction product passing through its energy range of
maximum stopping power. (Stopping power is the closest descriptive term but
is not completely accurate as secondaries are not followed.) These four charge
collection distributions are very similar to the experimental results in the paper
by Andriamonje et al which are reproduced in Figure 4.2 [2].
0 vs. FCS Plots

Using the anode strip signals (see Figure 4.1 for examples), single
neutron capture events can be quantified by the total charge (cluster charge)
collected on the anode strips, Q, and by the number of anode strips registering
a signal, the Fitted Cluster Size (FCS). Since the FCS is determined by
applying a fitting function to the topologic anode signal data, it varies for the
same topologic data with the type of fitting function used. In the paper by
Andriamonje et al, a convolution of a Gaussian and a step function is fitted to
the anode strip signals to produce an FCS value [2]. In this work, a fraction
method is used whereby a strip was counted if it collected more than a given
fraction of the maximum number of electrons collected on any strip. As
Micromegas neutron detectors will likely have gains of 10% or more and large
numbers of electrons are collected on the strip with the largest signal, a
fraction of one one-thousandth is used. Figure 4.3 shows the resulting plot of
total charge collected (Q) vs. FCS. The triton and alpha particle signals are
well separated with only a few triton events appearing in the predominantly
alpha region and no alpha events appear in the triton region. Tritons on
average deposit much less energy in the drift gap than alphas due to the much
longer triton range, although the largest triton pulses are bigger than any alpha

pulses due to the higher initial energy of the triton. Approximately 0.6% of the
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Figure 4.1. Simulated typical event types; net signal (electrons collected,
relative scale) vs. anode strip number. Micromegas with °Li converter foil.

Compare with corresponding measured typical event types in Figure 4.2.
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Figure 4.1 Continued.
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the experimental results in Figure 4.4.
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events for thermal neutrons involve energy deposition in the drift gap by both
SLi reaction products. Most of these events appear in the triton signal region
and some are of greater amplitude than any of the pulses produced by a single
reaction product.

Comparison of the simulated Q vs. FCS data in Figure 4.3 with the data
from Andriamonje et al (reproduced in Figure 4.4) shows that the plots are
quite similar [2]. One significant difference does appear in the alpha signal.
For example, in the experimental data the minimum FCS increases with Q and
is roughly half the maximum FCS, whereas the minimum FCS is constant in
the simulation data. The minimum FCS in the data from Andriamonje et al,
for an alpha particle that travels parallel to the anode strips and that deposits all
of its energy in the drift gap, corresponds to an electron shower width of 4 mm
perpendicular to the direction of particle travel. For a drift gap width of 3 mm
and an electron diffusion coefficient in the gas of 370 microns/Nem, the
minimum electron shower width should be much smaller than this, suggesting
a significant overestimation of the FCS in this case. Two possible reasons for
this are as follows. First, FCS, is an approximation to the cluster size that
varies with the fitting method for a given anode strip signal topology; thus, the
FCS can be overestimated (or underestimated) if a non-optimal fitting function
is used. Second, it is known that capacitance between neighboring strips
induces signals on anode strips that did not actually collect any electrons [2].
In this work a fitting function is used on the simulated anode strip topologies
that corresponds to that used by Andriamonje et al, and it is found that it does
not overestimate FCS, leading us to conclude that crosstalk between the anode
strips is the responsible factor [15]. (If the number of anode strips affected by
crosstalk is about the same for different FCS values, the overestimation in FCS
is around 5-10% for large clusters.) A second small difference is that the
simulated results suggest slightly longer maximum reaction product ranges in
the gas since the very largest clusters span a wider number of anode strips than

those of Andriamonje et al. This is easily explained by a small difference in
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gas pressure (e.g. altitude), error in the predicted reaction product range of a
few percent, and possibly an underestimation of cluster size for large clusters
by the fitting function.

Q/FCS Distribution

Average stopping power values for the reaction product motion
perpendicular to the anode strips is estimated by dividing the total charge
collected by the number of anode strips in the cluster, Q/FCS. (Note that this is
only an approximation to the true stopping power as the reaction products have
additional direction components that can be quite large.) The simulated Q/FCS
distribution in Figure 4.5 is in good agreement with the experimental shape
reproduced in Figure 4.6 [2]. Good separation is seen between the triton and
alpha particles.

Comparison of simulation data in this work with published
experimental results shows good agreement between the two. This indicates
that simulation results can be useful for understanding aspects of Micromegas
neutron detector behavior that are not easily deduced from experimental results

and for behavior prediction to assist in Micromegas design optimization.

(c) Detection Efficiencies for ®Li and "B Converters

Limitations Due to Self-Shielding

The detection efficiency of Micromegas neutron detectors is limited by
the neutron absorption cross section of the neutron converter material and the
range of the reaction products in the converter. Since the mean free path of
neutrons in '°B and °Li is much greater than the range of the reaction products
from those materials for neutron energies of thermal and above, self-shielding
of the reaction products by the converter foil limits the neutron detection
efficiency that can be achieved. For '°B and °Li, the maximum neutron
detection efficiency is less than ten percent for thermal neutrons. This is
suitable for neutron beam monitoring but is inadequate for many other

applications.
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Dependence on Lower-Level Discriminator

Detection efficiency is also dependent on the lower level discriminator
(LLD) setting used for distinguishing neutrons from gamma events since
neutron events that do not deposit sufficient energy in the detector chamber to
produce a pulse amplitude that clears the LLD will not be counted. Since the
simulation does not include energetic (keV to MeV) electron transport, it could
not be determined from simulations what the necessary LLD will be for
different Micromegas neutron beam monitor designs and configurations.
Experiments have shown that a minimum signal threshold equivalent to 235
keV of deposited energy will eliminate all discernable gamma contamination
when a 3 mm drift gap of 90/10 Ar/isobutane is used [2]. Since the average
energy to create an ion pair in gases is not greatly different for particles of
widely differing LET values, neutrons and gamma rays depositing the same
energy in the gas will produce nearly equal pulse amplitudes. Lower LLD
thresholds may very well be possible and pulse topologic analysis for rejection
of very low stopping power particles (e.g. electrons) will almost certainly
allow significant reductions in threshold. (It is known that x-rays of at least 22
keV are capable of depositing all of their energy inside a Micromegas gas
chamber and thus the LLD must be well above this unless pulse topologic
analysis can reject these events [16].) Changes in detector design also change
the LLD level necessary for elimination of the gamma signal. For example,
increasing the gas chamber width or gas pressure will allow gamma-induced
electrons to deposit greater energy in the gas chamber before they exit it.
Similarly, decreasing the chamber width will decrease the necessary LLD.
Since no data are currently available on how the minimum LLD for
elimination of the gamma signal varies with Micromegas detector design, an
assumption is made herein of a 235 keV LLD for all detection efficiency
calculations. (The simulation is accurate down to at least 10 keV for energy
deposited as a result of neutron interactions so good calculations of how LLD

affects neutron detection efficiency can be made as soon as more information
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on gamma pulse amplitudes becomes available.) The LLD primarily affects
neutron counting when using °Li target material (as opposed to '°B) due to the
much lower stopping power of the triton reaction product from °Li as
compared with the '°B reaction products.
Calculations and Results

The probability of a neutron being absorbed in the converter material
foil varies with neutron cross section and thus neutron energy and is easily
calculated for various cases. For low energy neutrons (<10 keV), the
probability of an absorption in the converter foil resulting in 235 keV or more
of energy deposition in the drift gap, and thus exceeding the LLD and
producing a count, will be quite sensitive to converter material type and to
thickness but relatively insensitive to neutron energy. Simulations are
therefore run for normally incident thermal neutrons impinging on '°B and °Li
converter layers between 1 nm and 300 microns thick at half-decade intervals.
Figure 4.7 shows the fraction of neutrons absorbed that produce a useful pulse
(one exceeding the LLD and thus producing a count), along with 95%
confidence intervals. As can be seen in the graph, '°B has a much lower useful
thickness than °Li, with significant decreases in useful count probability
beyond 300 nm versus almost 10 microns for °Li. (The thicknesses giving the
maximum neutron detection efficiency occur beyond this due to gains from
increased neutron capture initially exceeding losses from self-shielding as
described in Section (g) of this chapter.) The greater useful thickness for °Li
stems from the longer range of the °Li reaction products compared with those
of '’B due to the greater reaction Q value and the low stopping power of the
SLi triton. The high fraction of °Li events not producing useful pulses at low
converter layer thicknesses is due to the triton stopping power being so low
that many tritons escape the drift gap before depositing 235 keV. Remedies
for this include increasing the drift gap width and increasing the pressure of the

gas.
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(d) "B Converter Layer Event Characteristics

FCS Characteristics

"B converter foils produce characteristic cluster size vs. charge
distributions that are quite different from those from °Li converter foils. Figure
4.8 shows a plot of fitted cluster size vs. cluster charge for a 0.5 micron '°B
converter foil with the same design parameters as the °Li-based device
discussed in Section (b) of this chapter. The two reaction products have very
similar distribution patterns, unlike the °Li reaction products in Figure 4.3.
Due to a lower Q, the pulses from the '°B(n,alpha)’Li reaction alpha particles
are generally smal