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ABSTRACT OF THESIS
MICRODOSIMETRIC MEASUREMENTS OF SHIELDING EFFECTS
FOR IRON PARTICLES AT 500 MEV/NUCLEON INCIDENT UPON

ALUMINUM AND POLYETHYLENE

The radiation environment in space is very different than on the earth. One
portion of the radiation present in space is galactic cosmic radiation (GCR). GCR is
composed of protons, alpha particles, and high Z and energy (HZE) particles. One of
the most significant HZE particle species in terms of absorbed dose is iron.

One of the dosimetry instruments used on the Space Shuttle and the
International Space Station is the tissue equivalent pfoportional counter (TEPC). It is
used to measure absorbed dose and estimate the average quality factor of radiation
exposure during manned space missions. TEPCs measure energy deposition in
volumes of simulated tissue with dimensions on the order of microns. Spectra of

energy depositions are used to calculate values of frequency mean lineal energy, y,,
and dose mean lineal energy, y,,.
The value of y,. can be used to calculate the absorbed dose per particle.

Previous studies have found that the choice of y,. or ¥, to approximate particle
linear energy transfer (LET), and thus the quality factor, depends on the momentum
of the particle and for iron, the value of y, is equivalent. However, the presence of -
material causes HZE particles to slow down and/or fragment. Thus radiation of one
HZE particle species incident on one side of shielding material, insufficient to stop all
radiation, will produce a wide range of particles and energies on the other side.

This study exposed a spherical TEPC, in conjunction with a particle

spectrometer, to iron particles at 500 MeV/nucleon, produced at the Heavy Ion

iil



Medical Accelerator in Chiba, Japan, with and without shielding material. The
shielding material used, in separate measurements, was 1.65 cm Al and 5 cm
polyethylene (each has 4.5 g cm™ density thickness). The density thickness is similar
to what is used on the Space Shuttle and International Space Station. The absorbed
dose per particle was measured and the average LET of the radiation was estimated
for each shielding scenario. For iron particles at 500 MeV/nucleon, the shielding did
not cause a change in the absorbed dose per particle. But the shielding reduced the
average quality factor of the radiation and polyethylene was better than aluminum, at

the same density thickness.

David R. Farrar

Department of Environmental and Radiological Health Sciences
Colorado State University

Fort Collins, Colorado 80523

Fall 2007
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CHAPTER 1

Introduction

The radiation environment in space is very different and more damaging than
what is found on Earth. It is estimated that astronauts on a three year mission to Mars
would receive a dose equivalent of 1 Sv (NCRP 1989) while people living in the US,
who receive 3.6 mSv/yr on average (NCRP 1987), would receive an average dose
equivalent of 10.8 mSv during the same time frame. Outside the earth’s
magnetosphere, the largest source of radiation is galactic cosmic radiation (GCR),
consisting of particles ranging from protons to high energy and Z (HZE) particles.
Iron particles are the most biologically-significant of the HZE particles (NCRP 1989,

NCRP 2000).

The Space Shuttle and International Space Station are composed of hulls
constructed with aluminum, which gives some radiation protection to the astronaut
crews. Polyethylene is used as supplemental radiation shielding and is considered

superior to aluminum for shielding HZE particles (Badhwar 2000).

HZE particles traveling through shielding material undergo two types of
interactions: slowing down and fragmentation (ICRU 1983). Slowing down is when
the particle loses kinetic energy. Fragmentation is when the HZE particle undergoes

nuclear collisions, producing secondary particles.



To measure the radiation dose astronauts received during missions in space,
NASA employs the use of tissue equivalent proportional counters (TEPCs) on the
Space Shuttle and the International Space Station. TEPCs measure discrete energy
depositions in simulated volumes of tissue by radiation. Spectra of these energy
depositions (TEPC response functions) are used to calculate absorbed dose and

estimate the average quality factor of the radiation (Badhwar 1992).

TEPC response functions are used to calculate values of dose mean lineal

energy (; ) and frequency mean lineal energy (; ) of the radiation (ICRU 1983).

Absorbed dose can be calculated with ; - The average quality factor of radiation is
estimated from the average linear energy transfer (LET) of the radiation (ICRP 1991).
The LET of the radiation can be approximated with ; p or ; - Guetersloh et al.
exposed a spherical TEPC to a variety of particle species found in the GCR, each with
similar values of LET, and found that the use of y,, or y, to approximate the value

of LET depended on the momentum of the ion (Guetersloh et al. 2002). Experiments
performed by Gersey et al. exposed a spherical TEPC to iron particles, produced at a

ground-based accelerator, at energies spanning the GCR spectrum and concluded that
; , Was a better approximation to the LET of the iron particles than ; + (Gersey et al.

2002). However, the experiments with iron particles did not include shielding
material and thus did not examine the effect of fragmentation on the response of the

TEPC.



In the current experiment, a spherical TEPC was exposed to 500 MeV/nucleon
iron particles. The beam of particles was incident on a TEPC and a particle
spectrometer that measured the position and LET of particles emerging from the
TEPC. Measurements were taken with various shielding materials upstream of the
TEPC. The materials used were 1.65 cm of aluminum and 5 cm of polyethylene.
These thicknesses of shielding material have the same density thickness of 4.5 g cm™.

Measurements were taken with no shielding material as well. TEPC response
functions and values of ; - and ; > from a spatially uniform radiation exposure,

were calculated from the data collected. This was done for all particles emerging from
the shielding material (primary and secondary particles) and for only the iron particles
that did not fragment in the shielding material (primary particles). These values were
used to determine the effectiveness of the shielding in reducing the equivalent dose

from 500 MeV/nucleon iron particles.



CHAPTER 2

Background

Radiation Environment in Space

The radiation present in space is very different from the natural radiation
found on the surface of the Earth. On the Earth, natural radiation comes from
radionuclides present since the Earth was formed (primordial), radionuclides
produced from collisions of space-born atomic nuclei with atoms in the atmosphere
and the Earth, and energetic electrons, muons, and neutrons created primarily from
the interactions of space-born protons with atoms in the atmosphere (NCRP, 1987).
Radiation present in space can be divided into three classifications: trapped particle

radiation, solar particle radiation, and galactic cosmic radiation (NCRP, 1989).

Trapped particle radiation consists of electrons and protons spiraling around
the geomagnetic field lines and moving between points in the Northern and Southern
hemispheres that mirror across the Equator. These trapped particles occur in two
concentric zones around the Earth. The “inner” zone extends to about 2.8 Earth radii
at the Equator and the “outer” zone spans from 2.8 to 12 Earth radii at the Equator.
The energies of the trapped electrons range from 50 keV to 5 MeV and the trapped

protons can have energies from 7 MeV to 500 MeV (NCRP, 1989).



Solar particle radiation is radiation emitted from the Sun due to solar flare
activity. More specifically, solar particle events occur randomly during the active
period of the 11-year solar cycle. The emissions consist of charged particles ranging
from protons to helium and heavier nuclei. The energies of these particles can range
from a few MeV per nucleon to a few hundred MeV per nucleon, where nucleons

refer to the protons and neutrons of the nuclei (NCRP, 1989).

Galactic cosmic radiation (GCR) is omni-directional radiation present
throughout the universe and consists of protons, heavy nuclei, electrons, and
positrons. The fluence rate is greatest from baryonic particles (atomic particles) with
energies from 100 MeV per nucleon to 10 GeV per nucleon. The composition of this
GCR subset is 87 percent protons, 12 percent helium nuclei, and one percent heavier
nuclei. The heavier nuclei in GCR, often referred to as high Z (atomic number) and
energy (HZE) particles, are composed of nuclei of elements ranging in atomic

number from lithium to nickel.

Absorbed dose from HZE particles, at similar velocities, is proportional to the
product of abundance and Z?. Figure 2-1 is a spectrum of the relative abundances of
HZE particles in the GCR along with their relative absorbed doses, over the various
elements. The top three HZE elements that contribute the largest amounts of relative

dose are carbon (Z = 6), oxygen (Z = 8), and iron (Z = 26) (Simpson 1983).
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Figure 2-1: Relative abundances and absorbed doses from HZE particles in
GCR (Simpson 1983).

Radiation Dosimetry Quantities

The amount of radiation a person receives is regulated in the form of radiation
dose limits. The fundamental quantity in radiation dose limits is absorbed dose (D).
Absorbed dose is the amount of radiation energy absorbed per unit mass and its unit
is the gray (Gy). Absorbed dose is measured for individual tissues or organs (7) and
different types and energies of radiation (R), and individual quantities are often stated

as Drg (ICRP 1991).

Absorbed doses are defined for different types and energies of radiation
because different types of radiation, incident on identical tissue and at the same
absorbed doses, may cause differing amounts of biological damage. To account for
these differences, the quantities of radiation weighting factor (wg) and equivalent

dose (Hr) were defined. The radiation weighting factor is a unitless factor that



represents the value of the relative biological effectiveness (RBE) of the type and

energy of the radiation (ICRP 1991). Radiation weighting factors are listed in Table

2-1.
Type of Radiation and Energy Radiation Weighting
Factor
Photons, all energies 1
Electrons and Muons, all energies 1
Neutrons, <10 keV 5
Neutrons, 10 keV to 100 keV 10
Neutrons, >100 keV to 2 MeV 20
Neutrons, >2 MeV to 20 MeV 10
Neutrons, >20 MeV 5
Protons, other than recoil protons, >2 MeV 5
Alpha Particles, Fission Fragments, Nonrelativistic 20
Heavy Nuclei
Table 2-1: Radiation weighting factors for the various types of radiation and energies
(ICRP 1991).

Equivalent dose is a tissue/organ-specific dosimetric quantity, is given in units

of sieverts (Sv), and its equation is shown in Equation 2.1 (ICRP 1991).

Hy =Y wyeDp, Equation 2.1

R

However, HZE particles are relativistic and do not have a defined radiation
weighting factor. The ICRP defined a method for calculating equivalent dose from
radiation without a radiation weighting factor by using the radiation quality factor (Q)
of the radiation (ICRP 1991). The radiation quality factor of HZE particles can be
calculated from their linear energy transfer (LET), energy lost by collisions per unit

track length through the medium, as shown in Table 2-2.




LET (keV pm™) 0
<10 1
10 - 100 032LET-2.2
> 100 300 LET >

Table 2-2: Radiation quality factor (Q) as a function of radiation linear energy
transfer (LET) (ICRP 1991).
Using absorbed dose and the radiation quality factor (both LET dependent),

the equivalent dose can be calculated as shown in Equation 2-2 (ICRP 1991).

Hy= [ _QeD; edLET Equation 2-2

In addition to the differences in biological effectiveness due to energy and
type of radiation, tissues and organs do not respond to radiation equally. Specifically,
tissues and organs have different probabilities of stochastic effects when exposed to
the same equivalent dose. Two additional values were defined: tissue weighting factor
(wr) and effective dose (F). Tissue weighting factors represent the relative
contributions, from the tissues and organs, to the total detriment due to uniform whole

body irradiation (ICRP 1991). Table 2-3 lists the tissue weighting factors.



Tissue or Organ | Tissue Weighting Factor
Gonads 0.20
Red Bone Marrow 0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Bladder 0.05
Breast 0.05
Liver 0.05
Esophagus 0.05
Thyroid 0.05
Skin 0.01
Bone Surface 0.01
Remainder 0.05

Table 2-3: Tissue weighting factors. Remainder indicates tissues/organs not listed
that can be selectively irradiated and/or are known to be susceptible to cancer
induction (ICRP 1991).

Effective dose is a dosimetric quantity that is a summation, over all irradiated

tissues and organs, of the products of tissue/organ specific equivalent doses with their

associated tissue weighting factors, as shown in Equation 2.2 (ICRP 1991).

E= Z wy, e H, Equation 2-2

T

The National Aeronautics and Space Administration’s (NASA) radiation dose
limits for astronauts in manned space missions are defined for bone marrow, eye, and

skin. There are also limits on effective dose (NCRP 2000).

NASA’s radiation dose limits for specific organs are defined in units called

gray-equivalents (Gy-Eq). The gray-equivalent is defined as the product of the



absorbed dose to the organ, in gray, and the value of the relative biological

effectiveness of the radiation. These limits are designed to prevent the late

deterministic effects from occurring in the particular organs of the astronauts due to

radiation exposure, and are shown in Table 2-4 (NCRP 2000).

Bone Marrow (Gy-Eq) | Lens of the Eye (Gy-Eq) | Skin (Gy-Eq)
Career - 4.0 6.0
1 year 0.50 2.0 3.0
30 days 0.25 1.0 1.5

Table 2-4: Specific organ dose limits for NASA astronauts (NCRP 2000).

The other portion of NASA’s radiation exposure limits for astronauts are

based on the total effective doses accrued during manned space missions. The

quantities of these limits are designed to limit the excess lifetime risk of developing
fatal cancer from the radiation exposure to three percent. These limits are a function
of age of first exposure and gender of the astronauts (NCRP 2000). Table 2-5 shows

ten-year career effective doses for astronauts at various ages of first exposure.

Age at First Exposure Female Effective Dose Male Effective Dose
(years) Limit (Sv) Limit (Sv)
25 0.4 0.7
35 0.6 1.0
45 0.9 1.5
55 1.7 3.0

Table 2-5: Ten-year career effective dose limits corresponding to a lifetime excess
risk of cancer mortality of three percent (NCRP 2000).

NASA has used various types of onboard radiation detection devices to

measure radiation levels during manned space missions in order to determine the

10




radiation dose to the astronauts. These devices can be classified as either passive or

active dosimeters.

Passive dosimeters are devices that utilize radiation sensitive materials that
store information about the radiation exposure. The information is integrated over the
exposure time and can be read only after the radiation exposures. Therefore, these
devices can only be used to determine total amount of radiation dose or time-
weighted average dose rate. These devices do not require a power supply or
electronics to record the dosimetric information and thus tend to be small and robust.
Some examples of such devices used by NASA are plastic track detectors, neutron

activation foils, and thermo luminescent dosimeters (TLD) (NCRP 2000).

Active dosimeters, on the other hand, give radiation exposure data as it
occurs. These devices can be used to measure and report dynamic dose rates as well
as integrated doses. Active dosimeters require power supplies, signal electronics, and
sometimes computers in order to store, calculate, and report the real-time radiation
measurements. One type of active dosimeter that NASA uses during manned space
missions is the tissue equivalent proportional counter (NCRP 2000, Badhwar et al.

1992).

Tissue Equivalent Proportional Counter

11



Tissue equivalent proportional counters (TEPC) are active radiation
dosimeters used during manned space missions that measure the absorbed dose and
equivalent dose (as well as the rates of each of these quantities) of the space radiation
environment. The detectors are composed of a cavity containing low-pressure tissue
equivalent gas and an anode wire assembly, both surrounded by a tissue equivalent
plastic wall. They are designed to measure radiation dosimetry of simulated tissue
with size similar to single mammalian cells (microdosimetry). The plastic wall and
gas are tissue equivalent in that they have elemental compositions similar to
biological tissue. These detectors measure energy deposition events of the radiation
passing through the gas cavity. The events can be compiled into frequency

distribution spectra (often called TEPC response functions) and these spectra can be
used to ascertain estimates of the average linear energy transfer (LET ) of the
radiation field, which can be used to determine the average quality factor (O ) (Knoll

2000) and calculate equivalent dose.
Interactions of HZE Particles in Matter

HZE particles (projectiles) interact with atoms in matter (target atoms) in two
ways: Coulomb interactions and nuclear collisions. Coulomb interactions occur when
the positive charge of the projectile reacts with the negative charge of the electrons
orbiting the target atom. This ionizes the target atom and reduces the energy of the

projectile (ICRU 1983). This energy reduction causes the projectile to slow down and

12



increase its stopping power (energy loss over distance traveled in the medium)

(— %) as shown by Equation 2-3,

Equation 2-3

_dE _ 4k, z%e*n N 2mc? B’ _p
dx mc’ B* I(1- %)

where k is 8.99 * 10° N m* C?, z is the atomic number of the projectile, e is the
charge of an electron, # is the number density of electrons in the medium, m is the
rest mass of the electron, c is the speed of light in vacuum, £ is the speed of the
projectile relative to ¢, and / is the mean excitation energy of the medium (Turner
1995). Because of the increase in the stopping power of the projectile, HZE particles
that undergo Coulomb interactions in the medium will deposit more energy than

before, increasing the absorbed dose.

However, HZE particles can also have nuclear collisions in media. Nuclear
collisions can cause the projectile to fragment, producing particles of smaller atomic
numbers. The fragments have velocities approximately equal to the parent projectile.
The stopping power of HZE particles, as shown in Equation 2-3, is proportional to the
atomic number of the particle squared. All particles produced by fragmentation will
deposit less energy than the parent particle. Therefore, the absorbed dose will

decrease.

13



Microdosimetry Quantities

The energy deposited in the TEPC by a single energy-deposition event is
called the energy imparted (&) (ICRU 1983). The events can be used to produce a

probability density function of energy imparted in the TEPC (f(¢)).

The average path length of random straight lines passing through a simulated
convex cavity, assuming the condition of mean free path randomness or p-
randomness (Kellerer et al. 1968), is called the mean chord length ( 7). Lineal energy

(v) is defined as the quotient of the energy imparted by the mean chord length, as

shown in Equation 2-4 (ICRU 1983).

Equation 2-4

<
il
NIK)

The units of lineal energy are often given in keV pm']. The equation for mean

chord length is shown in Equation 2-5,

4V

(=— Equation 2-5
S

where V' is the volume of the cavity and S is the surface area. For a spherical cavity, /

is two-thirds the diameter.

14



The probability density function of the spectrum of lineal energy, f(y), is used

to calculate the frequency-mean lineal energy (7 ) and the dose-mean lineal energy

(¥p) as shown in Equations 2-6 and 2-7 (ICRU 1983):

Vi = IYf (y)dy Equation 2-6
0

Vp = Tl' Iy f(y)dy Equation 2-7
Yr o

Since the measurements from TEPCs yield spectra of £ and the TEPC used in

the experiment is spherical, Equations 2-6 and 2-7 can be rewritten as shown below

(Gersey 2006),

_ Y. eeN(g)de .

Ve = R R Equation 2-8
=D,
3

_ D & e N(¢)de

Equation 2-9

y
D 2 2 .
EDC ®*Vr

where N(¢g)de is the probability distribution function of £ and D, is the diameter of the

active volume of the spherical TEPC.

15



The value of y,. can be used to calculate the absorbed dose from HZE

particles as shown in Equation 2-10,

3Npam‘cles ¢ Z o Dc .
Absorbed Dose = Equation 2-10
2p g® Vg

where Npariicies is the number of HZE particles, p; is the density of the gas in the

TEPC, and Vj is the volume of the gas in the TEPC (Gersey 2006).

Previous Work

A number of studies have been conducted in order to characterize the TEPC
response functions to various HZE particles at various energies of the GCR spectrum.
Rademacher et al. examined the response of a spherical TEPC (simulating 1, 2, and 3
pm diameter tissue) when exposed to a beam of 1 GeV/nucleon **Fe ions. They
looked at the effects of the plastic wall/gas cavity interface on the response of the
detector and determined that the effective wall thickness required to achieve charged-
particle equilibrium is 2.54 mm (Rademacher et al. 1998). Guetersloh et al. exposed a
spherical TEPC to four heavy ions (14N, 160, 2°Ne, and * 8Si) with the same LET

(about 43 keV/um) and the work indicated that the choice of using y, or ¥, to

determine the average radiation quality factor and absorbed dose depends on the
momentum of the ion (Guetersloh et al. 2002). Taddei et al. analyzed the response of

a spherical TEPC to various ions (4He, 12C, 16O, 288, and 56Fe) at similar velocities.

16



For incident particles with LET greater than 10 keV pum’’, they found that the value of
¥ was always less than the LET and the value of 3, was approximately equal to the
LET (Taddei et al. 2006). Gersey at al. exposed a spherical TEPC to *°Fe energies
from 200-1000 MeV/nucleon, compiled TEPC lineal energy spectra and the values of
¥ and y, of the various iron energies (Gersey et al. 2002). They determined that
charged particle equilibrium was achieved for each of the iron energies examined,
allowing for the calculation of absorbed dose from these particles to be proportional

to the LET and fluence of the particles.

Wilson et al. discussed shielding of HZE particles. They stated that shielding
materials with low atomic number, when exposed to HZE particles, produce a range
of low LET particles that are less biologically damaging in relation to the HZE

particles (Wilson et al. 1995).

Contributions From This Work

The purpose of this work was to examine the effects of shielding material on a
species of HZE particles with a TEPC, a type of microdosimeter. A spherical TEPC,
along with a particle spectrometer, was exposed to a beam of iron particles with
energy of 500 MeV/nucleon. This particle type and energy is a part of the GCR and
gives considerable radiation dose to astronauts during manned space missions. TEPC
response functions were measured with 1.65 cm-thick aluminum, 5 cm—thick

polyethylene, and no material shielding the TEPC. Aluminum is used to construct

17



spacecraft hulls. In comparison to aluminum, polyethylene is considered a superior
GCR shielding material (Badhwar et al. 2000). Aluminum with a thickness of 1.65
cm and polyethylene with a thickness of 5 cm have a density thickness of 4.5 g cm’.
This density thickness is within 10 % of the typical density thickness of material
surrounding the human-occupied area of a space vehicle (5 g cm™) (Wilson et al.

1999). Density thickness of a quantity of material is the product of the density and

thickness.

TEPC response functions of each shielding scenario, from uniform irradiation
of iron particles, were compiled from the data collected. Response functions were
constructed from all of the particles emerging from the shielding materials (primary
and secondary particles) and from only the unfragmented iron particles (primary
particles) emerging from the shielding material. Those response functions were then
used to calculate values of y. and y,. These quantities were used to evaluate the
effectiveness of aluminum and polyethylene, with equivalent density thickness, in

reducing the equivalent dose from 500 MeV/nucleon iron particles.

18



CHAPTER 3

Methods & Materials

The experiment was designed to measure the effects of shielding on iron
particles at 500 MeV/nucleon (B = 0.76) with a tissue equivalent proportional counter
(TEPC). The shielding materials, used in separate measurements, were 1.65 cm-thick
aluminum (4.5 g cm™) and 5 cm-thick polyethylene (4.5 g cm’?). The TEPC was also
exposed to iron particles with no shielding material. The beam of iron particles was
generated at the Heavy Ion Medical Accelerator (HIMAC) located at the National

Institute of Radiological Sciences (NIRS) in Chiba, Japan.

The HIMAC is the first heavy ion accelerator dedicated to medicine in the
world (NIRS 1992). The facility is capable of accelerating ions, ranging from protons
to iron nuclei, to energies ranging from 100 to over 1000 MeV/nucleon. Not only
does this ion acceleration capability allow for treatment of deep-seated and radiation-
resistant tumors (NIRS 1992), these ions and energies are also apart of the GCR
spectrum. Therefore, experiments involving the GCR spectrum can be conducted at

this ground-based facility.

The TEPC used in the experiment was spherical and had a %2” (12.7 mm)

active volume diameter, as shown in Figure 3-1.
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Figure 3-1: Diagram of TEPC used in the experiment.

In order for an instrument to simulate a volume of tissue for dosimetry
purposes, the energy deposition (AE ) in the active volume of the instrument (av) and
in the simulated tissue () by identical radiation must be the same as shown in

Equation 3-1,

AE, =(S/p),pd, =(S/p), p.d, =AE Equation 3-1

av

where (S / p) is the mass stopping power, p is the density, and d is the diameter

(ICRU 1983).
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The active volume of the TEPC consists of gas with a similar elemental
composition as tissue. Thus the mass stopping power of the active volume is the same
for tissue. After simplifying Equation 3-1, a relation between the properties of the

active volume and the tissue being simulated is shown in Equation 3-2.

pd, =p,d, Equation 3-2
Using this relation, the pressure of the tissue equivalent gas in the 12.7 mm-

wide active volume of the TEPC must be 33 Torr in order to simulate a spherical

volume of tissue with a diameter of 1 um. Therefore, the TEPC was filled with tissue

equivalent gas at that pressure prior to the experiment.

The instrument setup used during the measurements with and without

shielding material is shown in Figure 3-2.
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Figure 3-2: Diagram of instrumentation apparatus used in measurements
with and without shielding material.

The iron particles were incident on a series of detectors and shielding material
(if any). First in line was a 3 mm-thick silicon detector (3mmSi). This detector
measured how much energy was deposited by particles incident on itself. Not only
did the response from this detector indicate that a particle was traversing the
instrumentation apparatus, but it allowed for the determination of whether that
particle was iron or a fragment. Next along the beamline was the shielding material
used in the run (if any). After that was the TEPC. The final instruments downstream
in the beam line were a pair of positional silicon detectors (PSDs). Each PSD
measured the energy deposition of particles incident upon itself as well as their
positional coordinate in the plane perpendicular to the beam line. The PSDs were
placed as close to the TEPC as possible and were oriented so they could determine if

and where particles emerged from the TEPC. The trigger the DAQ used to record an
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event was the coincidence of the signal from the 3mmSi and the TEPC (both above a

set threshold).

The DAQ recorded the signals from the 3mmSi, TEPC and PSDs (after they
were amplified and processed) each time the conditions for a trigger were met
(Taddei 2003). The data was stored event-by-event and analyzed offline with Physics
Applied Workshop (PAW). All analyses, involving the measurements with the iron
beam, stated in this thesis were begun by selecting events that the 3 mm Si detector
measured as an unfragmented iron particle and discarding the remainder (unless
stated otherwise). Since these analyses were performed with events that the 3 mm Si
detector measured to be unfragmented iron particles, the fragmentation of iron

measured was due to the shielding material, TEPC, and/or PSDs only.

Calibration of PSD Positional Data

The PSDs measure energy deposited by particles incident on themselves as
well as their locations in the plane perpendicular to the particle beam. The positional
measurements made by the PSDs (U, V) are orthogonal to one another, but require
calibration in order to yield accurate coordinates of the particles (Xp, Yp). To do this,
a measurement run was taken with the iron beam incident on the 3 mm-thick silicon

detector, a brass “mask”, and the PSDs, as shown in Figure 3-3.
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Figure 3-3: Diagram of measurement with brass mask.
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The mask is a 2.54 cm thick slab of brass with 0.8 mm wide holes drilled in it.

The holes are in a radial pattern, emanating from the center and in 6.35 mm intervals.

The mask was designed so that iron particles incident on it do not penetrate except

when they travel through the holes. Figure 3-4 shows the raw coordinate data from

the PSDs (U, V) collected during the measurement run with the mask.
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Figure 3-4: Raw PSD coordinate data (U, V) from measurement with mask.

Only 11 of the holes in the mask showed up in the raw PSD coordinate data
due to the sagging of the mask mount during the measurement, the lack of uniformity
of the beam, and possible divergence/convergence of the beam. The coordinates of
the centers of the holes in the raw PSD data were found by selecting the points
corresponding to a hole, fitting Gaussian distributions to the distributions of U and V
of those points, and repeating the process for each of the other holes. Because the
holes in the mask were drilled in a known pattern, the centers of the holes, in the view
of the PSDs (U, Vi), were fitted to their actual locations (Xp, Yn), as shown in

Equations 3-3 and 3-4

X,=A+BxU, +C*V, +DxU,> + ExV,’ Equation 3-3
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Y, =F+G*U,+H*V, +J*U," +K*V,’ Equation 3-4

where 4-K are constants.

Figure 3-5 displays a plot of the fitted PSD coordinates of the holes (X, Yr)

with their actual locations (the center mask hole being the origin) and their raw PSD

coordinates.
15 |
@ Actual
m PSD
o Fitted PSD
o
@
| ]
© o
= [ ]
>
o3 s .
E r . T -—© o :
~— [ ]
s -15 - = 15
=
. © - | * )
. Q
45
Xn, X¢ (mm) & Uy,

Figure 3-5: Plot of raw PSD (Uy, Vp), actual (X, Yh), and fitted PSD (X, Y¢)
coordinates of mask holes.
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The mean difference in distance between the actual coordinates and the fitted
PSD coordinates is 0.134 mm with a standard deviation of 0.078 mm. Equations 3-3
and 3-4, using the constants derived from the fit of the holes, were applied to all raw
positional measurements made by the PSDs (U, V) to yield corrected coordinates (X,
Y,) of the particles. However, the sagging of the mask in relation to the TEPC caused
the origin of the corrected coordinates to not correlate to the center of the TEPC.
Therefore, all of the corrected coordinates of the particles need to be translated in
order for the origin to correspond to the center of the TEPC. This is addressed later on

in this chapter in the section entitled Impact Parameter.

Energy Calibration of TEPC

Before and after the experiment, energy calibration measurements of the
TEPC were performed. This was done by exposing the active volume to an internally
mounted <1 pCi ***Cm o-particle source and taking measurements of the energy
deposition with the TEPC. Because the iron beam was not present during these
measurements, the recording of data by the DAQ was initiated by the TEPC only. The
spectra of energy deposition in the TEPC during the calibration measurements before

and after the experiment are displayed in Figure 3-6.
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Figure 3-6: Spectra of energy deposition in the TEPC during the calibration
measurements before and after experiment.

The large peak of each TEPC calibration spectra was fit to a Gaussian
distribution. **Cm is effectively a monoenergetic alpha emitter and the peak
corresponds to the alpha particles from the internal source traversing the diameter of

the active volume, depositing 84.15 keV in the process (Taddei 2004).

Another known amount of energy deposition in the TEPC, correlated to a
channel # of energy deposition in the TEPC, is zero energy deposited in the TEPC.
This channel # was determined by finding the lowest channel # of energy deposition
in the TEPC at which events were recorded. Using this channel # to be zero energy
deposited in the TEPC and the previously found channel # corresponding to 84.15

keV, a linear calibration of the energy deposition in the TEPC data was created and

used in the offline analysis.
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Impact Parameter

The amount of energy deposited in the TEPC by individual heavy charged
particles depends not only on the particle charge and energy but also on the path
through the TEPC. The path length of a particle through the active volume of the
TEPC is related to the impact parameter or distance of closest approach to the center

of the TEPC, as shown in Figure 3-7.
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Figure 3-7: Display of the impact parameter of a particle passing
through the TEPC.
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Heavy charged particles passing near the wall/gas interface of the TEPC
generate a large number of §-rays (liberated electrons) that reach the active volume.
These collections of 3-rays register as events with large energy deposition by the
TEPC. Likewise, particles traveling through the gas cavity create a smaller number of
d-rays in the gas cavity, registering as events with smaller energy depositions. Also,
particles that pass through the wall but miss the gas cavity produce an even smaller
number of d-rays that reach the cavity, producing a relatively small measurement by
the TEPC. A diagram of these three types of interactions in the TEPC is shown in

Figure 3-8.
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Figure 3-8: Diagram of d-rays from a heavy charged particle, traveling though
a spherical TEPC, and passing near the gas/wall interface, through the gas
cavity, and passing through wall but missing the gas cavity.
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In order to calculate the impact parameters of the events, the center of the
TEPC had to be located in the corrected PSD coordinate system (X, Yp). This was
done by examining events that traveled near the wall/cavity boundary of the TEPC.
These events were selected in the data from the measurement run with no shielding
material. This was done by choosing events that deposited more than 400 keV in the

TEPC. Figure 3-9 displays the corrected coordinates (X, Yp) of these events.
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Figure 3-9: Corrected PSD coordinates (X, Yp) of events depositing more than 400
keV in TEPC during the measurement without shielding material.
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The bottom portion of the TEPC wall/cavity boundary does not show in the
figure due to the lack of spatial uniformity of the iron beam. Nevertheless, the center
of these “grazer” events was located by performing a least squares analysis. The
analysis calculated how far away each event was from the perimeter of a circle with a
radius of 6.35 mm (active volume of TEPC) centered on a test TEPC center
coordinate (A, B). These differences in distance were squared and then added
together, yielding a sum-of-squares (SOS) value indicating how well the circle,
centered on (A, B), fit the events. Equation 3-3 shows how the sum-of-squares values

were calculated

sos=3 (J(Xg,aze, —AY +(,.. - Bf -635 mm)2 Equation 3-5

grazer

where Xgrazer & Ygrazer are the corrected PSD coordinates of an event that deposited

over 400 keV in the TEPC.

A computer program stepped through values of A and B and calculated an

SOS value for each of them. Figure 3-10 displays a contour plot of the results.
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Figure 3-10: Sum of squares (SOS) values of the considered coordinates of the TEPC
center (A, B).

The TEPC center coordinate where the SOS value was the smallest, denoting

the best fit to the events, was (0.48 mm, -1.18 mm). Using this coordinate as the

center of the TEPC, all of the corrected PSD coordinates were shifted so that the

TEPC center corresponded to coordinate (0, 0).

With the origin of the coordinate system set to the center of the TEPC, the

impact parameter (IP) of each event was calculated with Equation 3-6,
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IP=\X'+Y} Equation 3-6

where X; & Y are the corrected PSD coordinates of the event, after being shifted.

The IP of each iron particle that grazed the wall/active volume boundary
during the measurement without shielding material were analyzed to determine the
spatial resolution of the PSDs. Figure 3-11 displays the distribution of IP of these
events. The events with impact parameters less than 5 mm are from particles that hit

the anode wires in the active volume of the TEPC.
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Figure 3-11: Distribution of impact parameters of the events that grazed the boundary
of the active volume and the wall during the measurement without shielding material.

The IP distribution was fit to a Gaussian distribution and it had a mean of 6.34
mm and a standard deviation (c) of 0.34 mm. The full width at half maximum

(FWHM) was 0.798 mm (FWHM = 2.355 * o) and the FWHM/mean was 0.126
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(12.6%). The value of the FWHM/mean is a measure of spatial resolution of the

PSDs.

Previous experiments, performed by Taddei, exposed an instrument apparatus,
similar to the one used in this experiment, to various species of heavy ions. In those
experiments, the measured values of FWHW/mean of the PSDs were around ten
percent (Taddei 2003). Since the value of FWHM/mean measured in this experiment
is similar to the same values measured by Taddei, the spatial resolutions of the PSDs

are similar.

Beam Uniformity Correction

The iron beam used in the experiment was not spatially uniform in the plane
perpendicular to the beam. In order to obtain spectra of energy deposition in the
TEPC (to get TEPC response functions which are used to determine dose equivalent)

due to a spatially uniform beam, the events were initially sorted by IP.

For each measurement run with the iron beam, events that hit the TEPC (IP <
8.89 mm) were sorted by IP. The ranges of IP that the events were sorted into were all
initially 1 mm wide (0-1 mm, 1-2 mm, etc.). The reason for sorting the events by
impact parameter was due to the spherical symmetry of the TEPC. The selection of 1

mm wide ranges of IP was so that the product of the spatial resolution of the PSDs
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(12.6%) and the largest value of IP of an event that hit the TEPC was smaller than

any range of IP.

However, the 6-7 mm range of IP contained the TEPC active volume/wall
boundary (IP = 6.35 mm). Since the events with IPs less than 6.35 mm pass through
the active volume and events with IPs greater than 6.35 mm do not, their patterns of
energy deposition in the TEPC are different from one another (as shown in Figure 3-
8). To account for these differences, the events that fell into the 6-7 mm range of [P

were subdivided into 6-6.35 mm and 6.35-7 mm ranges.

After the events were sorted into ranges of IP, a normalized spectrum of
energy deposition in the TEPC was compiled for each range of IP. This was done by
first creating a histogram of energy deposition in the TEPC from the events in the
range of IP. Then, the histogram was normalized by the number of events in the range
of IP. The result was the normalized spectrum of energy deposition for that range of

IP.

Next, the normalized spectra of energy deposition in the TEPC for each IP
range were individually weighted. The weighting was done by multiplying each
spectrum by their respective fraction of the total cross-sectional area of the TEPC. For
example, the normalized spectra of energy deposition in the TEPC compiled from

events with IPs of 2-3 mm were multiplied by a factor of & * [(3 mm)* — (2 mm)?] / [r
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* (8.89 mm)’] = 0.0633. Table 3-1 shows all the IP ranges the events were sorted into

and their respective fractions of the total cross-sectional area of the TEPC.

IP Range | Total TEPC Cross-
Section Fraction

0-1 mm 0.0127

1-2 mm 0.0380

2-3 mm 0.0633

3-4 mm 0.0886

4-5 mm 0.1139

5-6 mm 0.1392
6-6.35 mm 0.0547
6.35-7 mm 0.1098

7-8 mm 0.1898
8-8.89 mm 0.1902

=1

Table 3-1: Ranges of IP the events were sorted into and their respective fractions of
the total cross-sectional area of the TEPC.

After the normalized spectra of energy deposition in the TEPC (from events
sorted by IP) were weighted, the spectra from all the ranges of IP were added
together. The resultant spectrum was the used as the spectrum of energy deposition in

the TEPC from a spatially uniform beam of iron particles.

This process, starting with event sorting and ending with combining of

spectra, was performed with the data collected from measurement with and without

shielding material in the iron beam.
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CHAPTER 4

Results & Discussion

Background & Noise

During each measurement run with the iron beam, a 10 Hz pulser triggered the
data acquisition in addition to the coincidence of a signal from the 3 mm Si detector
and a signal from the TEPC. In over 99.9% of the events triggered by the pulser, the 3
mm Si detector did not measure an iron particle. Therefore, events triggered by the
pulser could be used to measure the response of the TEPC when there were no iron
particles traversing the instrumentation apparatus. Figure 4-1 shows the spectra of
energy deposition in the TEPC from events triggered by the pulser and from events
triggered by 3 mm Si/TEPC coincidence, both obtained from the measurement run
with no shielding material in the beam line. Figure 4-2 is the complimentary

cumulative distributions of the spectra in Figure 4-1.
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Figure 4-1: Spectra of energy deposition in the TEPC from events triggered by 10 Hz
pulser and 3 mm Si/TEPC coincidence during measurement with no shielding
material.
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Figure 4-2: Complimentary cumulative distribution probabilities (CCDP) of spectra
shown in Figure 4-1.

Both frequency distributions of energy deposition in the TEPC have the same

peak at 1 keV. This peak was observed in the measurements with both shielding
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materials as well. A reason for the presence of events, triggered by the 3 mm
Si/TEPC coincidence, in the peak is the cross-section of the 3mm Si is larger than the
cross-section of the TEPC (both in the plane perpendicular to the beam). Therefore an

iron particle incident on the 3 mm Si detector may not travel through the TEPC.

The presence of the peak in all the measurement runs indicated that events
with energy deposition in the TEPC less than 1 keV were indistinguishable from
background radiation and electronic noise and could be discarded. To test this
observation, calculations of y, and y, with the data from the unshielded iron beam
run were made as a function of threshold or cutoff of energy deposition in the TEPC.
Events with energy deposition in the TEPC below the cutoff were not considered in

the calculations. Figure 4-3 shows the results of the calculations.
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Figure 4-3: Calculations of y,. and y,, with data from measurement without
shielding material, over changing cutoff of energy deposition in the TEPC.
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The value of y,, changed insignificantly due to the change in energy
deposition in the TEPC cutoff. However, the rate at which the value of y,. increases
with the raising cutoff lowers at the 1 keV cutoff. This indicates the events with
energy deposition in the TEPC up to 1 keV have a pattern different than the events
with greater energy deposition. This change in determination of 3., along with the
peak in frequency of events at energy deposition of 1 keV in the TEPC from both
triggering conditions, gave evidence that most of the events with energy deposition in
the TEPC equal to or less than 1 keV were due to background radiation and electronic
noise. Therefore these events were not considered in the formulation of the energy

deposition in the TEPC spectra and the calculations of ¥, and y, derived from

them.

Uncertainty in Position of Low LET Particles

In addition to the energy deposition in the TEPC, uncertainty can present itself
in the positional data of the fragmented iron particles (secondary particles) measured
by the PSDs taken during the measurements involving shielding material.
Specifically, secondary particles with values of LET less than 10 keV/um, produced
from fragmentation in the shielding material, do not have their positions accurately
measured by the PSDs (Taddei et al. 2006) and thus do not have certainty in whether
they traversed the TEPC or not. Therefore a particle with low LET measured by the

PSDs as emerging from the TEPC may have actually missed the TEPC altogether.
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This phenomenon could lead to events from particles with low LET being used in the

formulation of TEPC response functions when they should not.

To determine the contribution to the TEPC response functions from particles
of low LET, spectra of energy deposition in the TEPC from the low LET particles
were compiled and then the similar spectra from background/noise were subtracted
from them. Events from particles with low LET were determined by converting the
spectra of energy deposition in the PSDs to spectra of LET. The measurements of
energy deposition in the PSDs were calibrated by first locating the peaks in the
spectra of energy deposition in the PSDs from unfragmented particles of each
measurement. Figure 4-4 displays the spectra of frequency of the energy deposition in
the PSDs of each measurement with the beam of iron particles. The channel # of each
peak was found and assigned with their corresponding value of LET of unfragmented
iron. The LET of the unfragmented iron emerging from the shielding material were
calculated with Equation 2-3. Table 4-1 shows the calculated LET of unfragmented
iron particles passing through the various shielding materials and their corresponding

channel # of the peak in frequency of energy deposition in the PSD.
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Figure 4-4: Spectra of energy deposition in PSDs during measurements with various
shielding materials in the iron beamline.

Shielding Material | LET (keV/um) | PSD Energy Deposition Peak Channel #
None 190 1718
1.65 cm Al 220 2165
5 cm Polyethylene 243 2489

Table 4-1: Calculated LET and channel # of the peak of energy deposition in the
PSDs from unfragmented iron particles during measurements with shielding material
in the beam.

Also, the value of zero LET was correlated to PSD energy deposition channel
# zero. Using this and the data in Table 4-1, a linear calibration of the energy
deposition in the PSDs to particle LET was created. Figure 4-5 shows a plot of the

calibration and the points used to construct it.
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Figure 4-5: Linear calibration of energy deposition in PSD to particle LET.

This calibration was used to determine which channel # of energy deposited in
the PSDs correlated to a particle LET of 10 keV/um. Events at or below this channel
#, in the data from the measurement runs with Al and polyethylene in the beamline,
were selected as the particles with LET < 10 keV/um. Table 4-2 displays the
percentage of events from particles with LET < 10 keV/um for each run with

shielding in the iron beam.

Shielding % events with LET < 10 keV/um
Aluminum, 1.65 cm 5.8
Polyethylene, 5 cm 5.0

Table 4-2: Percentage of events from particles with LET < 10 keV/um measured
during the runs with shielding.

These events were used to compile spectra of energy deposition in the TEPC.

Additionally, spectra of energy deposition in the TEPC from events triggered by the
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10 Hz pulser (background/noise) were compiled from the measurements with
shielding material. The spectra from particles with LET < 10 keV/um and the spectra
from background/noise were then normalized by the number of events used in their

compilation.

Next, the normalized spectra compiled from particles with LET < 10 keV/pm
were scaled up such that the values of frequency at 2 keV energy deposited in the
TEPC was the same as the value of frequency at 2 keV energy deposited in the TEPC
in the normalized spectra compiled from background/noise. The scaled-up spectra
was subtracted by the normalized spectra compiled from background/noise. The
resultant spectra were normalized by frequency and then used as the spectra of energy
deposition in the TEPC from particles with LET < 10 keV/um. Figure 4-6 shows this
subtraction with the data from the measurement with 5 cm polyethylene in the

beamline.
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Figure 4-6: Spectra of energy deposition in the TEPC from particles with low LET
and background/noise along with the spectrum of their subtraction, during
measurement run with 5 cm polyethylene in the beamline.

The objectives of this process was to subtract the spectra of energy deposition
in the TEPC, compiled from background/noise, from the similar spectra compiled
from the particles with LET < 10 keV/um and use the resultant spectra as the
contribution to the TEPC response function of particles with LET < 10 keV/um. How

the resultant spectra were incorporated into the TEPC response functions is addressed

in the next section.

TEPC Response Functions

The TEPC response functions (spectra of lineal energy in the TEPC) were
compiled from measurements taken with 1.65 cm Al, 5 cm polyethylene, and no
shielding material in the iron beam. These response functions were determined for

two conditions: all particles emerging from the shielding material (primary and
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secondary particles) and only unfragmented iron emerging from the beam (primary

particles). The compilations took into account the lack of uniformity of the beam.

In the cases of measuring the response of the TEPC to all particles with Al
and polyethylene in the beamline, the spectra of energy deposition from particles with
LET <10 keV/um were folded into the similar spectra from the other particles,
corrected for spatial uniformity of the beam. This was done by multiplying each
spectrum by the number of events used in their compilation, adding them together,
and then dividing the resultant spectra by the total number of events. The end results
were the TEPC response functions from all particles emerging from the Al and

polyethylene.

The TEPC response functions to all particles during the runs with 5 cm
polyethylene, 1.65 cm Al, and no shielding in the iron beamline are shown in Figure
4-7. Similarly, the TEPC response functions to just unfragmented iron particles
(determined by examining the energy deposition in the PSDs) during the
measurements with 5 cm polyethylene, 1.65 cm Al, and no shielding in the iron

beamline are shown in Figure 4-8.

47



—None
s 4,68 cm Al |
—o— 5 cm Polyethylene

Frequency

T

(] 50 100 150 200 250 300 350 400
Lineal Energy (keV/um)

Figure 4-7: TEPC response functions for all particles emerging from various
shielding materials when exposed to iron particles at 500 MeV/nucleon.
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Figure 4-8: TEPC response functions to unfragmented iron particles emerging from
various shielding materials when exposed to iron particles at 500 MeV/nucleon.

The TEPC response functions each have two peaks in frequency, one at low

lineal energies (y < 50 keV pm™) and the other in the 100-325 keV/um lineal energy
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span. Figure 4-9 displays the TEPC response function with no shielding material in

the beamline, from all particles, and highlights the two peaks.

Peak 1 Peak 2
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Figure 4-9: TEPC response function from all particles during iron particle irradiation
(no shielding material) with the two peaks labeled.

The peak at low lineal energy in the spectrum (Peak 1) is primarily from

events that pass through the wall of the TEPC (IP > 6.35 mm), as shown in the PSD

positional data measured by the PSDs of Figure 4-10.
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Figure 4-10: Coordinates of events, during measurement with no shielding material,

in the first peak (y < 50 keV/um) of the TEPC response function as measured by the
PSDs and their distribution of impact parameters.

Peak 2 in Figure 4-9 is primarily due to particles traveling through the active
volume of the TEPC and is centered around 180 keV/um lineal energy. Figure 4-11
displays the PSD positional data of the events in the peak and shows that the vast
majority of these events passed through the active volume of the TEPC (IP < 6.35

mm).
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Figure 4-11: Coordinates of events, during the measurement with no shielding
material, in the second peak (100 <y <250 keV/um) of the TEPC response function
as measured by the PSDs and their distribution of impact parameters.
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The relatively small # of events seen in the lower portion of the fitted PSD

positional coordinates of Figures 4-10 and 4-11 is due to the lack of spatial uniformity

of the iron beam.

Calculation of y. and y,,

The TEPC response functions displayed in Figures 4-7 and 4-8 were used to

calculate the value of y, and y,. The results are summarized in Table 4-3 and

Figures 4-12 and 4-13.

Shielding Particles Emerging LET Ve o
From Shielding (keV/pm) (keV/pm) (keV/um)
None Unfragmented Iron Only 190 123 180
None All - 120 179
1.65 cm Al Unfragmented Iron Only 220 172 221
1.65 cm Al All - 119 206
Scm Unfragmented Iron Only 243 210 261
Polyethylene
5cm All - 124 221
Polyethylene

Table 4-3: Calculations of y,. and y, from measurements of all particles and only

unfragmented iron emerging from various shielding materials irradiated with iron
particles at 500 MeV/nucleon along with the calculated values of LET of
unfragmented iron particles.
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Figure 4-12: Calculations of ¥, from measurements with various shielding materials
in the beamline.
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Figure 4-13: Calculations of ¥, from measurements with various shielding materials
in the beamline.

Figure 4-14 shows the values of y,. and y,, calculated from the exposures of
TEPC to the various energies of iron particles (and their LET) performed in this

experiment and the experiment performed by Gersey et al. (Gersey et al. 2002).
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Figure 4-14: Values of y,, ¥, and linear energy transfer (LET) of iron particles at

various energies in this experiment and the experiment performed by Gersey et al.
(Gersey et al. 2002)

The value of y,, calculated in this experiment is consistent with the values in
the other experiment and is equivalent to the LET. However, the value of y, from
this experiment is less than the pattern of y,. values found in the other experiment.
The difference may be from the instrument apparatus used in the experiments. The
apparatus used in the experiment performed by Gersey et al. was similar to the one
used in this experiment except there was a pair of PSDs upstream of the TEPC as well
as downstream. With the two PSD pairs, they were able to determine the path of each
particle through the TEPC (Gersey et al. 2002). This allowed for greater accuracy in
determination of the impact parameter of each event they measured with the iron

beam.
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The measurements of all particles emerging from the shielding resulted in the

calculated values of ¥, not changing when the iron beam was shielded with any of

the two materials used in this experiment. Since the value of y,. did not change when

measuring all particles and it is proportional to absorbed dose, as shown in Equation

2-10, the presence of shielding material did not change the absorbed dose per particle.

However, the increase in the value of y,, when comparing the measurements
with shielding material to the measurement without it, indicates that the presence of
shielding material increases the average LET of the radiation. As shown in Table 2-2,
radiation with an average LET greater than 100 keV/um decreases in the quality
factor when the average LET increases. Since the presence of shielding material
decreases the quality factor while keeping the absorbed dose constant when exposed
to iron particles at 500 MeV/nucleon, the dose equivalent from the radiation

decreases, providing biologically significant protection.

Furthermore, comparing the values of ¥, measured with the 1.65 cm Al and 5

cm polyethylene (both with 4.5 g/cm2 density thickness) in the beamline show that
the polyethylene reduced the average quality of the radiation more than the same
density thickness of aluminum. This is consistent with observations made by Wilson
et al. that shielding of HZE particles improves as the atomic number of the shielding
material decreases (Wilson et al. 1995). Therefore, polyethylene was better at
reducing the dose equivalent from 500 MeV/nucleon iron particles when compared to

the same density thickness of aluminum.
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Considerations for Future Work

In order to further examine the shielding effects of shielding material on HZE
particles found in space, additional measurements should be made with additional
HZE particle species and energies. The species of HZE particles used should be the
elements with significant relative absorbed doses, as shown in Figure 2-1. The LET
of the particles examined should be 10-100 keV/um and greater than 100 keV/um.
This would allow for the examination of how the quality factor would change on both
sides of the peak in quality factor over particle LET, as shown in Table 2-2.
Additionally, measurements should be made with differing thicknesses of the same
shielding material. Changing thicknesses of the same type of shielding material would
allow for analyses to determine the optimum amount of the shielding material for

HZE particles.
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CHAPTER §

Conclusion

An experiment was designed to measure the effects of shielding a beam of
iron particles at 500 MeV/nucleon, a dosimetrically-significant species of particles
found in space, with a microdosimeter. The shielding material used, in separate
measurements, was 1.65 cm aluminum and 5 cm polyethylene (both 4.5 g cm™
density thickness). The microdosimeter used was a tissue equivalent proportional
counter (TEPC) that simulated 1-pm size tissue and was apart of a particle
spectrometer that measured the linear energy transfer (LET) and position of particles
emerging from the shielding material. The experiment was performed at the Heavy
Ion Medical Accelerator at the National Institute for Radiological Sciences in Chiba,

Japan.

The iron beam used was not spatially uniform. Analysis was done offline to
produce TEPC response functions from a uniform beam. Low LET particles,
produced from the fragmentation of iron particles in the shielding material, did not
have their positions measured accurately. Offline analysis was done to account for the
uncertainty. The analyses prodﬁced TEPC response functions for all particles and for

just unfragmented iron emerging from each shielding material.
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The TEPC response functions were used to calculated the frequency mean
lineal energy, .., and dose mean lineal energy, ¥, of each shielding scenario. The
value of y,. can be used to calculate the absorbed dose per particle and the value of
¥p can be used to approximate the average LET of the radiation, which is used to
determine the average quality factor of the radiation. The calculations of y, and y,,
showed that the Al and polyethylene shielding reduced the quality factor of the iron
particles, but had no effect on the absorbed dose per particle. The polyethylene was
found to be better at reducing the quality factor than aluminum at the same density
thickness. Future work should be done to measure the effects of shielding the other
dosimetrically-significant species of particles found in space, at various values of

LET, and with varying thicknesses of shielding.
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