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ABSTRACT OF DISSERTATION

THE RESPONSE OF A SPHERICAL TISSUE-EQUIVALENT PROPORTIONAL 
COUNTER TO DIFFERENT HEAVY IONS WITH SIMILAR VELOCITIES

A tissue-equivalent proportional counter (TEPC) has been used as an area monitor 

to measure absorbed dose and estimate equivalent dose during Space Transport Shuttle 

and International Space Station missions. This detector measures energy deposition 

events in simulated small volumes of tissue on the order o f the size o f a mammalian cell 

nucleus. A TEPC measures energy deposited in tissue o f simulated microscopic volumes 

on an event-by-event basis and has a large dynamic domain of sensitivity to energy 

deposition events, ranging from hundreds of eV to thousands of keV. An enhanced 

understanding o f the response of the TEPC is necessary to correctly evaluate these 

microdosimetric quantities. The particles o f particular interest to which astronauts are 

exposed in space are high atomic number (atomic number, Z > 2) and high energy (HZE) 

ions originating from galactic cosmic radiation and solar radiation.

The response o f a spherical tissue-equivalent proportional counter to different 

HZE ions having similar energy per nucleon (i.e., similar velocity) was studied using the 

Heavy Ion Medical Accelerator operated by the National Institute o f Radiological 

Sciences in Chiba, Japan. Detector response was measured for 12C, 160 , 28Si and 56Fe at 

376 MeV nucleon'1 (velocity relative to the speed of light, /?= 0.70) and 4He and 12C at 

220 MeV nucleon'1 (/?= 0.59). A particle spectrometer was used to record the charge and 

position o f each incident beam particle. This enabled reconstruction o f the location of the
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track as it passed though the TEPC and ensured that the incident particle survived without 

undergoing fragmentation.

Events with small energy deposition were observed for particles that passed 

through the wall o f the TEPC but not through the sensitive volume. Events with large 

energy deposition were observed for particles that interacted with the anode or helical 

wire or grazed the inside wall o f the gas cavity. Data indicated that the frequency 

averaged lineal energy, y  f , was always less than the linear energy transfer (LET) o f the

incident particles. The dose averaged lineal energy, y  D, was approximately equal to 

LET  for particles with Z greater than 6 and LET  greater than 10 keV pm '1, whereas y  D

was larger than LET  for the lighter particles with lower LET. Part o f this effect is due to 

the low energy deposition events that are often indistinguishable from noise. The small 

energy deposition portion o f the lineal energy distribution had a similar shape for ions of 

similar velocity, indicating that ions of the same velocity have identical delta-ray wall 

effects.

When using a TEPC, a lower threshold for energy deposition must be selected 

below which events are considered indistinguishable from noise and are eliminated from 

the data. Careful consideration must be made when selecting a lower threshold in the 

spectrum of energy deposition response o f the TEPC. The choice o f the lower threshold

has a measurable effect on y f  and y  D.

Although the TEPC is not an LET  spectrometer, it can provide real time 

measurement of dose and estimation of quality for HZE particles. The energy deposition 

response o f the TEPC can be used along with the mass of the active volume o f the TEPC
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to measure absorbed dose. The distribution of lineal energy events may be used to 

estimate the average quality of the radiation and, hence, equivalent dose.

Phillip James Taddei 
Environmental and Radiological 

Health Sciences Department 
Colorado State University 

Fort Collins, CO 80523 
Spring 2005
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and Albert Einstein, who said

I want to know how God created this world (Clarck, 1971).
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lavish demonstration o f the incredible, incomparable, unimaginable exuberance and
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CHAPTER I: INTRODUCTION

Human exposure to radiation fields consisting o f high atomic number (atomic 

number, Z > 2) and high energy (HZE) ions is of concern during manned space missions, 

near particle accelerators used for research and radiation therapy, and on high-altitude 

aircraft flights. The radiation environment in space has three primary components: 1) 

trapped particles in the geomagnetic field o f the earth, consisting of protons in altitudes 

corresponding to low earth orbit and electrons in altitudes corresponding to 

geosynchronous earth orbit, 2) solar particles, 98% of which are protons, 1% are helium, 

and 1% are other HZE ions, and 3) galactic cosmic radiation (GCR) having a 

composition o f cations consisting of 87% protons, 12% helium ions, and 1% HZE ions. 

Fig. 1.1 shows the relative abundance o f elemental ions in the GCR spectrum from 

protons (Z =  1) to nickel (Z =  28) (Wefel, 1978). Also displayed in the plot is the relative 

abundance weighted by Z2. The weighted relative abundance is a measure o f the 

comparative contribution to absorbed dose for each ion. Although the contribution of 

HZE particles heavier than helium is only about one percent o f GCR, their impact on 

dose is significant. Human exposure to HZE particles from GCR is o f concern because 

the frequency and duration o f manned space activities is increasing (National Research 

Council and Space Studies Board, 1996) and human exploration o f Mars is considered to 

be inevitable (Simonsen, et al., 2000; Cucinotta et al., 2001). A major area o f concern
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Fig. 1.1. Histogram showing the relative abundances, J, normalized to Jc  = 100, of the 
even numbered galactic cosmic ray nuclei (solid bars) compared to these abundances 
weighted by the square o f the charge of the ion to give a measure of the contribution 
to dose o f each element (open bars) (Wefel, 1978).
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for the radiation safety o f astronauts is the possible detrimental effects, including cancer 

and other late effects such as hereditary effects, cataracts, and neurological disorders 

caused by exposure to GCR, trapped particles, and solar particle events (SPE). SPEs are 

produced by coronal mass ejections from the sun. They can cause an acute exposure to 

ionizing radiation, and currently their occurrences are unpredictable.

Medical facilities have particle accelerators that generate clinical beams of 

electrons, photons, and neutrons as well as protons and carbon ions for tumor therapy 

(GSI, 2004; LLUMC, 2004; NIRS, 2004). In addition to dosimetry for these situations, it 

is necessary to determine the quality of the incident radiations in order to characterize 

their relative biological effectiveness (RBE). RBE has been investigated as a function of 

linear energy transfer.

The unrestricted linear energy transfer, or LET, o f a particle incident upon a target 

medium is a scalar quantity defined as

L E T . *  (1.1)
ax

where dE is the mean energy lost by the particle through collisions within the medium 

and dx is the distance traversed by the particle through the medium (Zirkle et al., 1952). 

LET  assumes that energy loss occurs only along the trajectory of the primary charged 

particle. In this sense, energy deposition can only be described when the particle 

intercepts a point or volume of interest. It neglects the radial dimensions of a track 

caused by secondary electrons (delta-rays) that can have considerable range when the 

velocity o f the particle is large. Also, it does not consider the random nature o f the
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fluctuations in energy transfer and is an average over large numbers o f primary particle 

interactions (ICRU, 1983). There have been attempts to address this problem by 

introducing the concept o f restricted linear energy transfer, LET a, in which dE only 

includes energy transfers less than some specified value (ICRU, 1968), but this has never 

been applied to recommendations that formally assess radiation quality. Further, it is 

very difficult to directly measure LET  in tissue.

For radiation protection, a radiation weighting factor, wr, has been defined to 

compensate for differences in RBE between different types o f radiation. The value o f wr 

is selected for the type and energy of the radiation incident on the body or emitted by a 

source within the body. Table 1.1 contains the values o f wr for the types and energy of 

the radiation selected by the ICRP (ICRP, 1991) and the NCRP (NCRP, 2002). Note that

TABLE 1.1

Selected values o f wr for representative particles from the radiation 
environment in space (ICRP, 1991; NCRP, 1993).

Particle Type ICRP, 1991

Wr

NCRP, 1993

x- and y-rays, electrons, positrons, muons 1 1
< 10 keV neutrons 5 5
10 keV to 100 keV neutrons 10 10
100 keV to 2 MeV neutrons 20 20
2 MeV to 20 MeV neutrons 10 10
> 20 MeV neutrons 5 5
> 2 MeV protons 5 2
alpha particles, fission fragments, 

nonrelativistic heavy nuclei
20 20
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there is no consideration for relativistic heavy nuclei, or HZE ions. Multiplying the 

absorbed dose averaged over a tissue of organ by the proper wr yields an equivalent dose 

that relates the radiation risk o f stochastic effects to the specific exposure.

For mixed fields and radiations without a defined wr, the ICRP has provided a 

formula for estimating wr using an average radiation quality factor, Q , such that

—  1 00
Q = —  \Q {LET)d{LET)dLET , (1.2)

where D  is the total absorbed dose and d(LET) is the measured dose distribution as a 

function o f LET. The accepted value of Q has been defined as a function o f LET  of the 

incident particle in water (ICRP, 1991; NCRP, 1993). Table 1.2 shows the ICRP formula 

for determining Q(LET).

TABLE 1.2

Formula for calculating Q as a function of LET  in water (ICRP, 1991).

L E T  in water (keV pm '1) Q(LET)

< 10 1
1 0 -1 0 0 0.32 L E T - 2 .2

> 100 300 L E T 'm

It has been suggested that radiation quality be estimated based on the lineal 

energy o f the particle. The lineal energy, y, of a single charged particle is a 

microdosimetric quantity defined as

5
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£
y  =

i
(1.3)

where e is the energy deposited by an event in a specified volume, and I is the mean 

chord length o f the volume that results if  the region of interest is randomly intersected by 

straight lines (Kellerer and Rossi, 1968), i.e. in the condition o f mean free path 

randomness, or //-randomness, //-randomness was defined by Kellerer as the kind of 

randomness such that a chord is defined by a line extending through a convex body, 

where the line is prescribed by a point in Euclidian space and a direction, where the point 

and the direction are from independent uniform distributions (Kellerer, 1971a). For a 

convex object, traversed by isotropic chords, the mean chord length o f the object is given 

by the Cauchy relation (Turner, 1995),

where V  is the volume of the object and S  is the surface area o f the object. Hence, for a 

spherical volume,

(1.5)

6
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where d  is the diameter o f the volume, y  is a stochastic quantity with the same 

dimensions as LET  and has been used as a surrogate for LET  when LET  cannot be easily 

measured.

The ideal approach to radiation protection in mixed fields is to use a detector that 

can measure patterns o f energy deposition within volumes of material that are important 

for biological considerations. It should respond to particles that pass through the volume 

of interest as well as to delta-rays from particles that pass near but not through this 

volume. One solution is a tissue-equivalent proportional counter (TEPC). Rossi and 

Rosenzweig developed the first TEPC to simulate the measurement o f energy deposition 

in volumes o f tissue with dimensions similar to the size o f the nucleus o f a mammalian 

cell (Rossi and Rosenzweig, 1955). The conventional TEPC used today has a rigid wall 

made of tissue-equivalent (TE) plastic surrounding a gas-filled cavity. An anode wire 

extends through the center o f this gas cavity. Spherical detectors often have a helical grid 

wire surrounding the anode in order to form a uniform electric field for ion-pair 

multiplication. Simulation of energy deposition in volumes with dimensions of a few 

micrometers is accomplished by operating the TEPC at a low pressure. However, the 

density difference between the solid wall and the gas cavity can alter the pattern of 

energy deposition from that in a homogenous medium since the spatial distribution of 

delta-rays produced in a volume of material is directly related to density o f the material. 

Nevertheless, this type o f detector has found wide applications in applied dosimetry.

Careful examination o f the response of a TEPC is necessary for a proper 

interpretation o f its response. In recent recommendations for radiation protection for 

astronauts in space, the NCRP suggested that a TEPC be used as an active area monitor

7
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on manned space missions. The NCRP correspondingly issued a call for further study of 

the response o f a TEPC, “Response data for the active and passive devices used should be 

determined for...high-Z, high-energy ions (e.g., helium, carbon, silicon, iron) from 50 

MeV n '1 to 1 GeV n '1.. .in fields that are monoenergetic or quasi-monoenergetic” (NCRP, 

2002). Nikjoo et al. recently made the statement, “O f prime importance are the 

measurements o f absorbed dose and radiation quality (in terms o f lineal energy), 

especially in a mixed field in the environment o f the spacecraft” (Nikjoo et al., 2002).

The response o f a spherical TEPC with a 2.54-mm-thick wall to HZE ions has 

been reported previously (Rademacher, 1997; Rademacher et a l ,  1998; Gersey et al., 

2002; Guetersloh, 2003; Guetersloh et al., 2004). These experiments were unique 

because the TEPC was part of a charged-particle spectrometer which recorded the 

identity and the trajectory of each incident ion. This made it possible to identify and 

reconstruct the trajectory o f each ion as it passed near or through the TEPC.

Rademacher et al. presented results for 56Fe ions at 1050 MeV nucleon"1 (velocity 

relative to the speed o f light, f i  = 0.88) (Rademacher, 1997; Rademacher et al., 1998). It 

was observed that only about 80% of LET  was recorded for ions passing through the 

center o f the detector. The impact parameter, b, is defined as the radial distance from the 

center o f the TEPC. For example, for ions passing through the center o f the detector, b =

0. The reason that events where b = 0 recorded a smaller response than what would be 

expected based on the product of LET  and the simulated diameter was attributed to the 

combined effects o f energy escaping the sensitive volume through high energy delta-rays 

and the enhancement o f delta-rays as the ion passed through the forward wall o f the 

detector. In other words, electrons produced in the wall did not fully compensate for

8
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delta-rays that escaped the gas cavity. However, as b increased, energy deposition 

became larger than what would be expected from LET  alone. There was a pronounced 

enhancement in energy deposition when the impact parameter was very near the radius of 

the gas cavity. This was attributed to the large number o f soft (i.e., low energy) delta- 

rays produced within the wall but close enough to emerge and deposit energy in the 

cavity. This effect was later observed in the results of Monte Carlo computations (Nikjoo 

et al. , 2002). Additionally, energy deposition events were recorded from ions that passed 

through the wall but not through the cavity (b > radius). For a summary o f these so- 

called “wall effects” related to a walled TEPC, see Chapter III: Materials and Methods. 

The TEPC nevertheless did measure absorbed dose as predicted for a uniform beam of 

56Fe at 1050 MeV nucleon'1 when all of the events for ions passing both inside and 

outside o f the cavity were included in the energy deposition response, or the “response 

function,” o f the TEPC.

Gersey et al. extended the above experiment by measuring the response o f the 

TEPC to 56Fe as a function of energy from 200 to 1000 MeV nucleon'1 (Gersey et al.,

2002). The velocity ranged from /? = 0.57 to /?= 0.87. Patterns o f energy escape and 

wall effects for ions that passed through the wall but not through the gas cavity were 

observed for all energies. A class of large energy deposition events was also reported, 

which occurred when the incident ions intercepted the anode wire or helical grid 

surrounding the anode. Charged-particle equilibrium was satisfied when all events were 

included in the measurement of absorbed dose.
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Expected values, or means, of the y  probability density functions,/(yj, were 

computed. The frequency averaged lineal energy, y j  , is the first moment o fy  and is 

determined by (ICRU, 1983)

The dose averaged lineal energy, y  D, is the second moment o fy  divided by the first 

moment and is determined by (ICRU, 1983)

-  V’2 \ y 2 f ( y ) d y

y °  y  \ y f ( y ) dy

y  j  was consistently less than LET, whereas y D was always within 8% of LET  for this

(Guetersloh, 2003; Guetersloh et al., 2004). Ions that passed through the center o f the 

detector (i.e., b < 0.8 mm) deposited only about 80% of the energy that would be 

expected from the product o f LET  and the diameter. A computational model for a 

homogeneous geometry indicated that the energy loss due to escaping delta-rays would 

result in only about 60% of LET  being deposited by ions passing through the center o f the

(1.6)

study. It was suggested that the mean quality factor for 56Fe could be obtained by using

y D as a substitute for LET.

Guetersloh et al. compared the response of a spherical TEPC to 14N, 160 , 20Ne and 

28Si particles with different energies but having similar LET  at 44 ± 2 keV pm '1

10
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sphere. The difference between the measurements and the calculation was attributed to 

forward-moving electrons produced in the front wall o f the detector. Thus for an impact 

parameter o f zero, the forward contribution of electrons was not sufficient to compensate 

for the electrons escaping the sensitive volume. However, energy compensation from 

interactions with the wall exceeded energy loss from outside o f the gas when the impact 

parameter was greater than about 85% of the radius.

The response functions o f the TEPC in terms of the distributions o f energy 

deposition events were found to be similar for all four ions with the same LET, but there 

were differences in the response functions for events with very small and large energy 

deposition. These were shown to be primarily from ions that did not pass through the 

sensitive volume of the detector. The number of events with very small energy 

depositions increased as the velocity of the ion increased. This was due to an increase in 

the energy and corresponding range of the delta-rays produced in the side wall o f the 

detector. Although the incident LET  remained fairly constant, the ratio o f both y  j  and

y  D to LET  decreased as the velocity of the incident ion increased. y  f  was particularly

sensitive to the number o f small energy deposition events. This becomes problematic 

because the signals corresponding to these events can be indistinguishable from 

electronic noise. They are often eliminated from the spectrum with electronic 

discriminators even though they reflect actual small energy deposition events.

The similar -LET  data were used to estimate mean quality factors for applications 

in radiation protection. Mean quality factors that were estimated using y  D as a substitute 

for LET  in the formula given by the ICRP (Table 1.2) seemed to be the most stable and

11
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accurate since y  D was not strongly influenced by changes in the number o f very small

energy deposition events recorded by the TEPC.

Borak et al. measured the response of the TEPC to protons from 50 to 200 MeV

(/?= 0.33-0.55) (Borak et al., 2004). For these data, y ^  was similar to LET, whereas y D

was approximately 3 times greater than LET. This was in contrast to the results for heavy 

ions reported above. Again, y f  was sensitive to the frequency o f small energy 

deposition events that were indistinguishable from noise. If these are not selectively 

discriminated from background, the detector underestimates y  f .

The work presented here is an extension of the experiments described above. The 

objective was to examine the responses of the same spherical TEPC to HZE ions with 

different atomic number but with similar velocities. The experiments were originally 

designed to study the response of the TEPC to ion beams consisting o f monoenergetic 

ions with charge from Z =  2 to Z = 26 and at an energy of 400 MeV nucleon'1. Because 

of insufficient shielding for radiation safety, however, it was not possible to generate the 

lighter ions at this energy. Thus the experiment was divided into two groups. One group 

consisted o f data from 56Fe, 28Si, 160  and 12C ions at 376 ± 15 MeV nucleon"1 (/?= 0.70), 

and the other group consisted o f data from 12C and 4He ions at 220 ± 7 MeV nucleon'1 (/? 

= 0.59). The reasoning was that the two carbon beams would serve as a link between the 

two energies. The gas pressure in the TEPC was adjusted to simulate volumes o f tissue 

having diameters o f 1 pm for ions with /?= 0.70 and 3 pm for ions with p -  0.59. The 

TEPC provided a spectrum of measured energy deposition events, from which were 

calculated the absorbed dose and radiation quality factor for these heavy ions

12
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representative o f the GCR spectrum. The data were measured at the Heavy Ion Medical 

Accelerator in Chiba (HIMAC) facility operated by the National Institute o f Radiological 

Sciences in Chiba, Japan (NIRS, 2004). More than 5x105 energy deposition events were 

recorded for each ion. A summary of the beam characteristics is included in Table 1.3. 

Position-sensitive detectors (PSDs) were placed both upstream and downstream of the 

TEPC so that the trajectory could be reconstructed and the identity o f each incident ion 

could be determined. All data were recorded on an event-by-event basis.

TABLE 1.3

Properties o f the particle beams from previous HZE studies (Rademacher, 1997; 
Rademacher et. al, 1998; Gersey et. al, 2002; Guetersloh, 2003; Guetersloh et. al, 2004) 

and the current HZE study using an identical spherical TEPC.

Ion
Energy a 

(MeV n 1)
d b L E T  

(pm) (keV pm '1)
Q (LE T)C

14n 79
Previous Studies 

0.39 1 43.1 11.6
,60 119 0.46 1 40.9 10.9

20Ne 211 0.58 1 43.8 11.8
28Si 781 0.84 1 46.4 12.6
56Fe 200 0.57 1 302 17.3
56Fe 360 0.69 1 214 20.5
56Fe 540 0.77 1 179 22.4
56Fe 700 0.82 1 163 23.5
56Fe 790 0.84 1 157 23.9
56Fe 1000 0.87 1 149 24.6
56Fe 1050 0.88 1 149 24.6

4He 225
Current Study 

0.59 3 1.68 1.00
12c 215 0.58 3 15.6 2.79
12c 389 0.71 1 11.2 1.38
16o 385 0.71 1 19.9 4.17
28Si 375 0.70 1 61.9 17.6
56Fe 355 0.69 1 219 20.3

a Energy at the active volume of the TEPC. 
b d  is the simulated tissue diameter o f the TEPC. 
c Q(LET) was calculated using the definition from the ICRP 

(ICRP, 1991).
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CHAPTER II: REVIEW OF LITERATURE

R a d ia t io n  Sa f e t y  in  S p a c e

Radiation Environment in Space

Space is the region beyond the atmosphere of the earth. Ionizing radiations in the 

space environment are classified into three primary categories: trapped particles, solar 

particles, and GCR.

Particles contained by the magnetosphere of the earth are called trapped particles. 

They are composed o f mostly protons in low earth orbit and electrons in geosynchronous 

earth orbit. A special region, called the South Atlantic Anomaly, exists over the South 

Atlantic Ocean off the coast o f Brazil, where the magnetosphere dips into lower altitudes. 

As a result, the fluence o f trapped particles for spacecraft that pass through this region is 

high. Spacecraft with orbits having inclination between 35 and 60 degrees travel through 

this region. For example, the International Space Station passes through the South 

Atlantic Anomaly.

The particle spectrum originating from the sun, or solar particle spectrum, 

consists mostly o f protons but also has a small HZE component. The paucity o f HZE 

data for solar particles makes quantifying their contribution to absorbed dose difficult.

As a result, the contribution to dose o f HZE ions originating from the sun is considered 

negligible (NCRP, 2000). O f primary concern for radiation protection for astronauts are 

solar particle events (SPEs). SPEs are caused by coronal mass ejections o f the sun and

14
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are periods o f immense flux o f solar particles. The occurrence o f SPEs is not predictable, 

and they can cause extremely dangerous and even potentially-lethal radiation exposures 

for astronauts. Solar particles are o f concern especially for space travel outside the 

magnetosphere o f the earth.

GCR is isotropic, meaning that it travels in all directions with the same 

probability, and does not have a known source. It is hypothesized that GCR has existed 

in space since the creation o f the universe. Ninety-eight percent o f GCR is made up of 

protons and HZE ions while the remaining two percent is composed o f electrons and 

positrons. Electrons and positrons are not a concern for radiation safety for astronauts 

inside spacecraft because they are adequately shielded. The composition o f the elemental 

portion o f GCR is 87 percent protons, 12 percent helium, and one percent larger HZE 

particles (Simpson, 1983). Fig. 1.1 shows the relative abundances o f each element o f the 

GCR spectrum. Energies o f these particles are on the order o f hundreds o f MeV 

nucleon'1. GCR are o f concern mainly for space travel outside o f the magnetosphere of 

the earth, for example Lunar or Martian missions.

Shielding and other material in the spacecraft are secondary sources o f ionizing 

radiation in the astronaut habitat (Miller et al., 1998; Cucinotta et al. , 2003; Miller et al.,

2003). Fragments are created by HZE ions and protons having nuclear interactions with 

target material. There is no practicable means of shielding the astronauts from radiation 

in space while avoiding the production o f these secondary particles. During an extra­

vehicular activity, on the other hand, astronauts are not exposed to secondary ions from 

the shielding o f the spacecraft but are exposed additionally to electrons in space. It is the 

aim of the National Aeronautics and Space Administration (NASA) in shielding design to
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maximize the protection from primary particles incident upon the spacecraft and 

minimize the production o f secondary particles (Wilson et a l,  1997).

Dose Assessment and Limits for Astronauts

The objective o f NASA in dose assessment for astronauts is to “determine the 

necessary radiation protection quantities for the limitation o f stochastic and deterministic 

effects” (NCRP, 2002). NASA’s overall objective in the assessment and control o f the 

radiation exposure to astronauts is to

1) keep individual doses below the established dose limits to avoid deterministic 
effects;

2) keep accumulated doses over an astronaut’s career below the established dose 
limits for stochastic effects; and

3) keep all astronaut doses as low as reasonably achievable, economic and social 
factors being taken into account (NCRP, 2002).

Stochastic effects are effects o f radiation such that the probability of the incidence of a 

biological effect is a function o f absorbed dose. For example, cancer and genetic effects 

are stochastic effects. Deterministic effects are effects o f radiation such that the severity 

of the effect is a function o f absorbed dose, which includes a threshold below which the 

biological effect will not occur. For example, cataracts and sterility are deterministic 

effects.

The current recommended model of the NCRP for estimating risk o f stochastic 

effects involves the concepts of effective dose and equivalent dose. Effective dose is 

defined as the following:

16
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E = 'Z wtH t ,
T

(2 .1)

where wt is the tissue weighting factor (Table 2.1) and Hr is the equivalent dose in an 

organ or tissue,

H t = '^J wrDT r , (2.2)
r

where D jr is the absorbed dose in an organ or tissue for a radiation type, r. The career

TABLE 2.1

Tissue weighting factor, wt, values (ICRP, 1991; NCRP, 1993).

Organ or Tissue wt

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
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limits for stochastic effects based on effective dose, which correspond to a lifetime excess 

risk of cancer mortality of three percent and are specified by sex and age, are given in 

Table 2.2.

TABLE 2.2

Ten-year career effective dose limits corresponding to a lifetime excess risk of cancer 
mortality o f three percent (NCRP, 2000).

Age at First Exposure 
(years)

Female E  limit 
(Sv)

Male E  limit 
(Sv)

25 0.4 0.7
35 0.6 1.0
45 0.9 1.5
55 1.7 3.0

Dose limits for deterministic effects for astronauts are based on the quantity gray 

equivalent, which is “the mean absorbed dose in an organ or tissue modified by a 

recommended value, for radiation protection purposes, o f the relative biological 

effectiveness o f a given particle type as given in NCRP” (NCRP, 2002). The 

conventional notation used for gray equivalent is

Gj  = RjDj , (2 .3)

where Gt is gray equivalent and R, is the recommended value o f the RBE for particle type

i. The unit o f D t is the gray (Gy), and the unit o f G j is the gray equivalent (Gy-Eq). The 

values o f Rt are given in Table 2.3, and the dose limits for deterministic effects are given 

in Table 2.4.

18
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TABLE 2.3

Recommended RBE, Rh values for various particle types i (NCRP, 2002).

Particle Type Rj (range fo r  the value)

1 to 5 MeV neutrons 6.0 (4-8)
5 to 50 MeV neutrons 3.5 (2-5)

HZE ions 2.5 (1-4)

Protons > 2 MeV 1.5 (—)

TABLE 2.4

Recommended Gt limits for three deterministic effects (all ages) (NCRP, 2000).

G t Limit 
(Gy-Eq)

Bone Marrow Lens of the Eye Skin

Career a 4.0 6.0
1 year 0.50 2.0 3.0
30 days 0.25 1.0 1.5

a The career limits for stochastic effects are sufficient for 
protection o f the bone marrow against deterministic effects for a 
career.

Quality Factor

Quality factor, Q, is a multiplicative factor that is interrelated with RBE in that it 

is used to relate a stochastic biological effect of a radiation to a physical absorbed dose.

Q was originally useful in estimating a dose equivalent applied to an absorbed dose at a 

point rather than averaged over a tissue or organ from the radiation at that point. It is a 

dimensionless quantity, but units of sieverts per gray (Sv Gy'1) may be assigned. For
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radiation types where wr is not defined or in mixed or unknown fields o f radiation such as 

in space, an approximation of wr may be obtained by calculating an average Q as in 

Equation 1.2,

—  1 00
wr * Q  = —  jQ (L E T)d(LE T)dL E T .

In 1977, the ICRP defined Q as a function of LET  of the radiation in water at the 

point of interest (ICRP, 1977). This definition is in Table 2.5. Interpolated values of Q

TABLE 2.5

Previous definition o f Q as a function of LET  in water from the ICRP (ICRP, 1977).
Interpolated values o f Q may be obtained by plotting Q versus LET  on a linear-

logarithmic plot.

L E T  in water (keV pm'1) Q(LET)

<3.5 1
7 2

23 5
53 10

> 175 20

may be obtained by plotting Q versus LET.

It is difficult to directly measure LET  in tissue in a mixed radiation field. The 

ICRU has made a suggestion for estimating quality, q, as a function o f lineal energy, y. 

Lineal energy was defined (Chapter 1: Introduction) as the energy deposited in a volume 

o f interest divided by the mean chord length of that volume. Lineal energy has the same
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units as LET  and has been used as a surrogate for LET  for estimating radiation quality. 

The suggestion o f the ICRU for a quality function for a spherical volume o f tissue with a 

diameter o f 1 pm is

y
(2.4)

where y  is in keV pm '1, with the coefficients:

ai = 5510 keV pm '1 
&2 = 5 x 10‘5 pm2 keV'2 
a3 = 2 x 10'7 pm3 keV'3

(ICRU, 1986). This relation was based on general observations and theoretical 

considerations in radiobiology. In particular, special consideration was given to 

observations on chromosomal aberrations in human lymphocytes.

In response to the urgency of the search for a more consistent convention for 

estimating radiation quality, Keller and Hahn (1988) made a slight adjustment for small 

values of.y to the ICRU suggestion above. The quality function was estimated as

- 0.4

(2.5)

where y  is in keV pm’1.

21
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Quality as a function o f y  may be used to estimate wr in the microdosimetric 

event-based approach to estimating equivalent dose described by the NCRP (NCRP,

2001). The concept o f having radiation quality decrease below 1 for small and large y  

has been controversial.

The ICRP has defined Q as a function of LET  as shown in Table 1.2 (ICRP,

1991). This definition is currently used as the standard approach for estimating wr and 

the accepted value o f Q for radiation protection in mixed or unknown fields o f radiation. 

To estimate Q in the situation where y  is measured rather than LET, an approximation is 

made that the dose distribution ofy, d(y), is identical to the dose distribution o f LET.

This approximation is tested in this study.

A summary of these radiation quality functions is given in Fig. 2.1.

Applications of a Tissue-Equivalent Proportional Counter

A TEPC is a useful device for simulating the measurement o fy  in small volumes 

of tissue. The NCRP continues to recommend a TEPC for use as an active area monitor 

in the measurement package of radiation safety management for astronauts (NCRP,

2002):

Recommendation 8: Tissue equivalent proportional counters (TEPC) should be 
utilized during manned space flight for real-time measurements of absorbed dose 
and absorbed dose rate, and estimates of quality factor and dose equivalent to a 
small mass o f tissue [s/c].

Later in the same report, the NCRP suggested, “A TEPC can be placed at fixed locations 

within the spacecraft or can be operated as a survey meter if  necessary.”

22
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 ICRP, 1991
—— Kellerer and Hahn, 1988 
—o-»ICRP, 1977 

ICRU, 1986
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LET or y  (keV |anr1)

Fig. 2.1. Summary of four methods of estimating radiation quality. The definition of 
Q(LET) from the ICRP (ICRP, 1977) is shown in the lightest shaded line and open 
circles. The suggestion from the ICRU (ICRU, 1986) for q(y) is shown with a dashed 
line and is nearly identical to the recommendation o f Kellerer and Hahn (Kellerer and 
Hahn, 1988) shown in the moderate shade of gray. The current standard definition o f 
Q(LET) from the ICRP (ICRP, 1991) is shown with a solid black line.
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A TEPC has been flown in recent years on NASA manned space flights, including 

Space Transport Shuttle and International Space Station missions (Badhwar, 2000; Doke 

et al., 2001; Badhwar, 2002). Other applications of the TEPC have included 

microdosimetry on MIR (Bottollier-Depois et a l,  1996; Badhwar et al., 1997; Cucinotta 

et al., 2000), on aircraft flights (Chee et al., 2000; Lindborg et al. , 1999; Tume et al., 

2000; Walters et al., 2000), and near therapy beams (Burmeister et al., 2002).

Contributions from this Work

This dissertation is a report of the characterization of the response o f a spherical 

TEPC to different HZE ions having similar velocities. It is a contribution to a broader 

collection o f studies o f the response o f an identical TEPC to HZE ions o f various 

energies and atomic numbers from 4He to 56Fe. Incident ions used in this particular study 

were 56Fe,28Si, 160  and 12C at 376 MeV nucleon'1 (/?= 0.70) and 12C and 4He at 220 MeV 

nucleon'1 (/? = 0.59). Previous experiments focused on the response o f a TEPC to a 1.05- 

GeV nucleon'156Fe beam (Rademacher, 1997; Rademacher et al., 1998), the response of 

a TEPC to HZE ions having the same atomic number but with different energies using 

56Fe beams of between 200 and 1000 MeV nucleon'1 (Gersey et al., 2002), and the 

response o f a TEPC to HZE ions o f the same LET  o f 44 keV pm '1 (Guetersloh, 2003; 

Guetersloh et al., 2004). The ions used in this collection of studies are summarized in 

Table 1.3.

Also related to this study is an investigation involving the response of the same 

TEPC to protons o f energies characteristic of protons in the South Atlantic Anomaly 

(Borak et al., 2004).
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CHAPTER III: MATERIALS AND METHODS

Facility and Ion Beam Properties

Experiments were performed at the HIMAC facility operated by the National 

Institute o f Radiological Sciences in Chiba, Japan (NIRS, 2004). HIMAC employs two 

synchrotrons along with an Alvarez-type, standing wave drift tube linear accelerator. The 

facility is capable o f accelerating a large selection of ions from protons to xenon with 

energies ranging from 100 to 800 MeV nucleon'1. The entire accelerating system has a 

cycle of 3.3 seconds. Beams o f protons and heavy ions can be focused to create small, 

uniform beams. The ion beams serve two purposes—they are used for charged-particle 

therapy during the day and for scientific research at night and on weekends, including 

physics, chemistry, biology, and engineering experiments. It is therefore possible to 

design research experiments for radiation physics and biology using heavy ions that are 

similar to ions characteristic of the radiation environment in space. For these 

experiments, HZE beams were defocused to uniform distributions approximately 20 mm 

in diameter, and the beam intensity was adjusted to approximately 1000 particles per spill 

(i.e., beam extraction). Each spill lasted approximately one second.

A TEPC was exposed to accelerated beams o f 12C, 160 , 28Si, and 56Fe ions at /?= 

0.70 (376 ± 15 MeV nucleon'1) and 4He and 12C ions at p =  0.59 (220 ± 7 MeV 

nucleon'1), where p  is the velocity o f a ion relative to the speed of light

25
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E  is the total energy o f the ion, Mo is the rest mass of the ion (for specific beam 

characteristics, see Table 1.3), and c is the speed of light. The maximum energy of the 

delta-rays from an incident ion may be determined using the following equation (Attix, 

1986):

2 n l

' ' S,max
2me /5

I - / ? 2

. 2m 1
1 +  = =

M
• +

M
(3.2)

where m is the mass o f an electron and M is the mass o f the incident ion. For HZE ions 

( M »  m) where the velocity of the ion is not approximately equal to the speed of light {p  

n o t« 1), this equation may be simplified to

„ /I I 7 r l  2mc2 p 1
Ed,maA H Z E ) = -i _ ^  . (3.3)

This is the case for the HZE ions characteristic of the GCR, which have energies on the 

order of hundreds o f MeV nucleon’1 or a few GeV nucleon'1. The maximum energies of 

delta-rays from ions with velocities, p -  0.70 and P=  0.59, are 0.979 MeV and 0.546 

MeV, respectively. The ranges based on the continuous slowing down approximation for
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the maximum energy delta-rays in low-Z materials, e.g., A-150®1 TE plastic, are (Turner, 

1995)

R id cm '2 ) - 1 0412 ^ . S ; 0 0954 0 < E , „ < 2 . 5
10.53 ESmax 0 .. 06. E S„ >  2.5 ^

and are equal to 3.76 mm and 1.78 mm in A-150 TE plastic for /?= 0.70 and /?= 0.59 

ions, respectively.

Tissue-Equivalent Proportional Counter

A TEPC is a gas-filled detector operated in the proportional region. It is filled 

with TE gas, and it measures energy deposited in the gas. TEPCs are manufactured in 

various sizes and shapes, most commonly of cylindrical or spherical shape. The physical 

dimensions o f a TEPC may vary from fractions of a centimeter to tens o f centimeters. 

Because o f its large dynamic range in energy deposition response, which extends from a 

few hundred eV to thousands of keV, a walled TEPC is sensitive to photons, neutrons, 

and charged particles from electrons to protons and heavy ions. For spherical TEPCs, 

often a helical grid wire is added around the anode wire in order to produce a uniform 

electric field near the anode. Data from a TEPC are recorded on an event-by-event basis 

so that a distribution o f energy deposition events may be displayed, stored, and 

transmitted. The distribution of energy deposited may be integrated to generate absorbed 

dose and absorbed dose rate and may be used to estimate quality factor.

1 Standard Imaging, Inc., 7601 Murphy Drive, Middleton, Wisconsin 53562-2532
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Target media with similar compositions and density thicknesses (i.e., density of 

media x thickness o f media) have similar cross sections for ionization at the atomic and 

molecular levels and similar energy transfer characteristics. Therefore, media composed 

of TE materials may be used to simulate tissue for the purposes o f radiation protection. 

The gas pressure o f a TEPC may be adjusted to simulate small volumes o f tissue with 

dimensions on the order o f the size of a mammalian cell nucleus. Modem detectors are 

now being designed to simulate small volumes of tissue with dimensions on the order of 

a nanometer, which is on the order of the diameter of a DNA molecule (Garty et al.,

2002). For a tissue sphere o f diameter, dr, and a gas sphere o f diameter, do, the condition 

of simulation, where the energy loss o f passing charged particles is identical in the tissue 

sphere and the gas sphere for equivalent trajectories is

AEt =
s s \

\P J

g
p Td T = Pg^ g = ^ g (3-5)

\ P  ) g

where AEt and AEg are the mean energy losses of the charged particles in tissue and gas, 

are the mass stopping powers of the tissue and gas, and pr  and pc  aref s > and
kP , T ,P J G

the densities o f the tissue and gas, respectively (ICRU, 1983). Therefore, when using a 

gas that has a mass stopping power equal to and an atomic composition similar to that of 

tissue (i.e., tissue-equivalent), to calculate the simulated tissue diameter for a TEPC the 

following relationship may be used:
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P rd r  -  P c4 g - (3-6)

For example, for a spherical detector that is 12.7 mm (one-half inch) in diameter, a

c *5
propane-based TE gas pressure of 33 Torr, or a gas density of 7.78 x 10' g cm' , may be 

used to simulate a tissue diameter o f 1 pm (For a detailed calculation, see Appendix A: 

Simulated Diameter Calculation). Ideally, then, the response o f a TEPC can characterize 

energy deposition patterns from incident radiation in a cell nucleus for the purpose of 

radiation protection.

For general use o f a TEPC, it is important that the wall o f a TEPC be 

manufactured with material that is electrically conductive, able to be easily constructed, 

and be reactive to incident uncharged particles such as photons and neutrons. In this 

study, since the response of tissue was being simulated, it was additionally imperative 

that the TEPC wall be composed of TE material.

The signal generated by a TEPC is proportional to the energy deposited in its gas 

cavity through ionization events. A first approximation of the energy deposition response 

of the TEPC is related to LET  o f the incident ion, such that

s  = LET  x x, (3.7)

where e  is energy deposition and x is the path length through the volume.

Four types o f wall effects can distort the response of gas cavities used to 

simulated small volumes, such as in the case of a TEPC (Rossi, 1967; Oldenburg and
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Booz, 1970; Kellerer, 1971a; Kellerer, 1971b; Kellerer, 1971c; ICRU, 1983). First, the 

“delta-ray effect” occurs when one or more delta-rays produced in the wall enter the gas 

cavity with or without the incident charged particle. In an actual microscopic region, for 

example a cell nucleus, only one of the particles would enter the target o f interest. 

Secondly, the “re-entry effect” occurs when an delta-ray exits the gas cavity and, because 

of the high relative density of the wall, has sufficient curvature in its track to re-enter the 

gas cavity. In a true microscopic region, the electron has a much lower probability o f re­

entering the gas cavity. The third type of wall effect, called the “V-effect,” occurs when 

the incident charged particle interacts with at least one atomic nucleus such that two or 

more nuclear fragments enter the gas cavity. In reality, only one particle would likely 

enter the microscopic region o f interest. Finally, the fourth effect, called the “scattering 

effect,” occurs when two or more charged particles enter the gas cavity as a result of a 

primary uncharged particle, for example a photon or a neutron, interacting with the wall. 

A combination of effects could also occur in a single recorded event. In the case o f the 

response o f a walled TEPC to HZE ions, two of these wall effects, the delta-ray effect 

and the V-effect, are most common. The effects o f these two on the response of the 

TEPC are detailed in Chapter IV: Results and Discussion.

In summary, a TEPC is advantageous for radiation protection purposes in that it 

can simulate the measurement o f energy deposition in small volumes o f tissue, its data 

are recorded on an event-by-event basis and can be displayed, stored, and transmitted, 

and it has a large dynamic range. The disadvantages of using a TEPC to simulate energy 

deposition patterns in a small volume of tissue are that the wall effects that would not 

occur in an actual microscopic target, its response in lineal energy depends on the
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geometry o f the site, and it does not directly measure LET, making an estimation of 

quality factor difficult.

Detectors used in this study 

Tissue-Equivalent Proportional Counter

The orientation o f the detectors used in this investigation is shown in Fig. 3.1. 

The same spherical research TEPC2 (Rossi type, serial number 1376) with a sensitive 

volume diameter o f 12.7 mm (0.5 inch) and wall thickness of 2.54 mm (0.1 inch) was 

used in all experiments and was identical to the instrument used in previous studies 

(Rademacher, 1997; Rademacher et al., 1998; Gersey et al., 2002; Guetersloh, 2003; 

Guetersloh et al., 2004; Borak et al., 2004).

Fig. 3.2 is a diagram of the active components o f the TEPC. The TEPC signal is 

collected to a single anode wire encircled by a helical grid wire. The diameter o f the 

helix is 1.3 mm (0.05 inches) and the coil density of the helix is 0.7 mm coil'1 (0.03 

inches coil’1). The diameter of the wires is 0.046 mm (0.0018 inches). The wall o f the 

TEPC used in this study is composed of A-150 TE plastic. For this particular TEPC, 

there is a small fill hole in the wall through which the gas within the wall can be in 

equilibrium with the gas outside o f the wall. Additionally, there is a slit in the wall that 

acts as a collimator, allowing alpha particles emitted from a 244Cm alpha source to enter 

the active volume and cross its diameter. The detector is housed in a vacuum-tight, 

0.007-inch-thick aluminum shell. The aluminum shell and attached 10-inch-long stem 

are completely submersible and capable o f operating in any common fluid.

2 Far-West Technology, Inc., 330 South Kellogg Avenue, Suite D, Goleta, CA 93117

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HZE Beam

PSD1

u 1 v 1

PSD2 PSD3

U2 V2

TEPC

O
trigger

u3 v 3

PSD4

U4 V4

Fig. 3.1. The experimental arrangement o f the detectors, showing the position (not to 
scale) o f the TEPC relative to the position-sensitive silicon detectors, labeled PSDi. 
The detector labeled “trigger” was a 3-mm-thick lithium-drifted silicon detector 
whose signal allowed or denied the processing o f an incident ion event.
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gas inlet
A-150 TE plastic wall

helix wire

anode wire 
TE gas

244Cm alpha source

Fig. 3.2. Diagram o f the spherical tissue-equivalent proportional counter used in this 
study. The detector is housed in a vacuum-tight aluminum shell. The gas cavity is 
surrounded by A-150 tissue-equivalent plastic wall and filled with propane-based 
tissue-equivalent gas. The pressure o f the gas may be adjusted to simulate small 
volumes o f tissue with dimensions on the order o f the size o f a mammalian cell 
nucleus. On the lower-right o f the detector is a 244Cm alpha source with a gravity- 
controlled shutter. Traversing the diameter o f the gas cavity in the detector are the 
anode and helical wires held in place by insulating material. Two holes exist in the 
wall: 1) an opening to bring the gas inside the wall into equilibrium with the gas 
outside the wall (upper-left) and 2) a gap that acts as a collimator to allow alpha 
particles originating in the alpha source to cross directly through the gas with a 
pathlength through the active volume equal to the diameter o f the cavity (lower- 
right).
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A Tennelec TC 954A3 high voltage power supply for the TEPC was set to 595 V 

for the y6=  0.70 ions and 610 V for the p  = 0.59 ions. These high voltage levels were 

chosen so that the TEPC would operate in true proportional mode, achieve a gas gain 

high enough to record small energy deposition events above the electronic noise, and yet 

remain slightly below the high voltage level that causes electrical breakdown o f the gas, 

or “arching” (Gerdung et al., 1995).

The composition of the propane-based TE gas used at HIMAC is essentially 

identical to the ICRU standard TE gas composition (Srdoc, 1970; ICRU, 1984; ICRU 

1993) and is shown in Table 3.1. The density o f the propane-based TE gas in the TEPC

TABLE 3.1

Composition of propane-based, tissue-equivalent gas.

Compound
ICRU, 1984; ICRU, 1993 HIMAC gas

%  by volume

Propane, C3H8 55.0 54.9
Carbon dioxide, CO2 39.6 39.8
Nitrogen, N2 5.4 5.34
a The standard propane-based, tissue-equivalent gas mixture recommended by the

ICRU was optimized by Srdoc (Srdoc, 1970).

was adjusted to 33 Torr to simulate a tissue diameter of 1 pm for the higher-velocity ions 

and 99 Torr to simulate a tissue diameter of 3 pm for the lower-velocity ions (Waker, 

1995). A larger simulated diameter was used for the lower-velocity ions in order to

3 Oxford Instruments, Inc., Nuclear Measurements Group, 601 Oak Ridge Turnpike, P.O. Box 2560, Oak 
Ridge, Tennessee 37831-2560
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increase the signal by about a factor of three. This is particularly important for low-LET 

ions because the response function of the TEPC for these ions extends into the noise 

distribution o f the detector. Over 5x105 events were recorded for each ion.

The TEPC was calibrated using an internal 244Cm alpha source as well as an 

external plutonium-beryllium neutron source, giving a total o f four calibration points. 

Alpha particles from the internal 244Cm alpha source passed through a very small hole in 

the TEPC wall that acted as a collimator. These alpha particles had trajectories through 

the diameter o f the gas cavity and thus a simulated path of 1 pm or 3 pm for a density of 

1 g cm'3. These alpha particles are stopped by a gravity-controlled shutter when used in 

normal operation mode. A distribution o f alpha particles interacting with the central 

anode o f the TEPC provided a calibration point corresponding to a path o f approximately 

one half o f the diameter since these alpha particles stopped in the anode wire. An alpha 

edge was also observed for alpha particles nearing the end of their range. For the 

external neutron source, the point o f maximum energy deposition by recoil protons, or 

the “proton edge,” was the fourth calibration point (for a detailed description of the 

calibration technique, see Appendix B). An EG&G ORTEC4 research pulser was also 

used to further establish the linearity of the data acquisition system, ensuring that the four 

calibration points found by the source method could be related to energy deposition 

events in all other channels.

EG&G ORTEC, 801 South Illinois Avenue, Oak Ridge, TN 37830
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Silicon Detectors

The TEPC was placed within four pairs of position-sensitive lithium-drifted 

silicon detectors (PSDs) that served as a charged-particle spectrometer (Wong et al.,

1990; Zeitlin et al., 1994). Each pair is labeled “PSD1,” “PSD2,” “PSD3,” and “PSD4” 

in Fig. 3.1. Two PSD pairs were mounted upstream of the TEPC, and two downstream. 

PSD2 and PSD3 were placed a few centimeters away from the TEPC while PSD1 and 

PSD4 were placed about 50 cm away from the TEPC.

The PSDs were fabricated in the shape o f circular disks having active areas with a 

radius of 22 mm and thicknesses between 800 and 1050 pm. The total charge from 

interactions with the incident charged particle was collected on one side o f the detector 

and was proportional to the total amount o f energy deposited in the PSD. Since the 

amount of energy deposited is proportional to Z , this signal was used in off-line analysis 

to identify the ion. On the opposite side of the detector, charge was divided between the 

left (qi) and right (qj) o f each horizontal PSD, or the top (qj) and bottom {qi) of each 

vertical PSD. The relative amounts o f charge collected in qi and q2 were used to 

determine the horizontal (U,) or vertical (V,) coordinates o f the incident ion while passing 

between each PSD pair, i. The total energy deposited as well as the transverse locations 

within the detectors were recorded for each event. The third spatial dimension (Zo) o f the 

ion was provided by the physical location of the PSD along the beam axis.

An additional lithium-drifted silicon detector (Zeitlin et al., 1994), labeled 

“trigger” in Fig. 3.1, was mounted downstream of the TEPC. This detector had a 

thickness of 3.0 mm and an active area radius of 12.7 mm. The silicon detector was used
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primarily to increase the efficiency of data acquisition system by allowing it to process 

only events that had energy deposition characteristic o f the incident ion.

Data Acquisition System

Two trigger signals were used with the data acquisition system— one from the 

trigger silicon detector and one from the TEPC. Triggering was done both with and 

without the trigger silicon detector and the TEPC in coincidence for all ions with the 

exception o f 160  at 385 MeV nucleon'1 (an explanation for this exception is in Chapter 

IV: Results and Discussion). The fast-timing signal from the preamplifier of the TEPC 

was selected for use as the TEPC trigger signal. For each trigger, the energy signal from 

the TEPC was sent first to an external EG&G ORTEC 142AH charge-sensitive 

preamplifier and then split into two EG&G ORTEC 572 shaping amplifiers, one with a 

lower gain and one with a higher gain. The difference in amplification between the two 

shaping amplifiers was optimized to obtain detailed information on the full spectrum of 

energy deposition events. Each signal from the PSDs, the trigger detector, and the 

shaping amplifiers were sent to dedicated peak-measuring analog-to-digital converters. 

The data were saved to disk on an event-by-event basis. A schematic o f the data 

acquisition system is shown in Fig. 3.3.

Off-line Analysis

Off-line data analysis began by selecting events where only the incident ion of 

interest interacted with the silicon detectors. Since energy deposition in each PSD was 

proportional to Z of the ion, a prominent peak in the total energy deposited signal
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Fig. 3.3. Logic pathway for triggering data acquisition. Fast-timing outputs are used for 
the logic pathway eventually arriving at the ADCs. Shaped outputs are sent directly 
to their dedicated ADCs waiting for the state “EVENT+NOTBUSY’ to trigger signal 
conversion to digital. If “EVENT+BUSY' is found, then only the scalars are 
incremented (Guetersloh, 2003).
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corresponded to the primary incident ion (see Fig. 4.1). Spurious events from fragments 

and noise contributed to smaller, less developed peaks and wide tails in the energy 

deposited spectra o f the PSDs. Only signals that were within the full width at five 

percent o f the maximum of this peak were chosen as incident ion events. Elimination of 

all events that were not in the peak corresponding to the primary ion for each PSD 

ensured that the incident ion passed through the entire spectrometer. PSD4 was placed 

far downstream of PSD3. Because of the possibility of interactions downstream from the 

TEPC, its energy deposition signal was not used to eliminate spurious events.

The PSDs also measured each Cartesian coordinate of the incident ion as it 

traveled through each PSD pair. A procedure using a carefully machined 25.4-mm-thick, 

brass grid collimator (Fig. 3.4) was used to calibrate the coordinates recorded by each 

PSD (Wong et al., 1990). Dedicated runs were taken for each ion beam and each PSD 

pair with the collimator placed immediately upstream of the PSD pair with the exception 

of 160  at 385 MeV nucleon'1 (an explanation for this exception is in the next paragraph). 

During off-line analysis, events with a smaller total energy deposition in the PSDs 

indicated incident ions o f higher energy. These ions did not slow down in the brass 

collimator because they traveled through the holes. They had a noticeable peak in the 

total energy deposition spectra of each PSD and were selected from the data. The mean 

coordinates, Ur Vh for each PSD pair, i, corresponding to each hole in the collimator was 

calculated. With these data from each collimator run, in order to calibrate the position 

signals from the PSDs a third-order multiple regression model for each PSD pair, i, o f the 

form
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Fig. 3.4. A diagram o f the brass grid collimator that was used in the position calibration 
runs for the PSDs. The radius o f each concentric circle through the holes o f the 
collimator increases radially stepwise by 6.35 mm.
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Xi = nU i + y2v, + YsUiVi + y4uf + y5V,2 + y6U?Vi + y7UtV 2 + y8U,3 + y9V 3 (3.8)

for the horizontal coordinate and

Y, = yioU, + yn V, + y M V , + yl3U 2 + yI4V,2 + y15U?V, + y,6U,V2 + y17U 3 + y,8V 3 (3.9)

for the vertical coordinate was selected and the coefficients, yi through yj8, were 

calculated by both taking into account the results of the backward elimination method 

with a = 0.5 (Ott, 1993) and minimizing the Cp statistic (Mallows, 1973). All interaction 

terms were considered in the model selection, and lower-order hierarchical terms were 

included in the final models. The result was in effect a mapping of the measured 

coordinates, Ut and F„ into the true coordinates, X, and Yh within each PSD pair, i (e.g., 

Fig. 3.5).

This entire procedure was undertaken for all ion beams with the exception o f 160  

at 385 MeV nucleon'1. For the 160  data, position mapping was performed using the

f Z  1 f Z

regression from the Fe at 355 MeV nucleon' data. The Fe data was recorded with an 

identical experimental setup and gain settings on position signals o f the PSDs.

Since it was not possible to mount the PSDs such that their centers were 

absolutely on the beam axis, each PSD pair had its own coordinate system. Therefore, it 

was necessary to align the PSD coordinate systems relative to each other. The 

coordinates o f PSD2, PSD3, and PSD4 were aligned to the PSD1 coordinates by first
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Fig. 3.5. A comparison of the Y3 vs. X 3 coordinates of the holes in the brass mask (solid 
circles), the actual response of PSD3 (open circles), and the mapped coordinates by 
the selected model (open squares) for 28Si at 375 MeV nucleon .
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projecting a 2-mm x 2-mm area about the origin (-1 < X /  < 1,-1 < Y j  < 1) o f events in 

PSD1 onto the two-dimensional positional response of the other PSDs, then taking the 

means o f the horizontal and vertical coordinates of each projection, and finally shifting 

the origin o f the coordinates o f each PSD pair vertically and horizontally as necessary. 

For example, Fig. 3.6 shows the projection o f the selected region in PSD1 onto PSD2 for 

12C at 389 MeV nucleon'1. In this case, 26 was shifted by subtracting 0.89 mm, and Y2 

was shifted by subtracting 2.64 mm.

After aligning the PSD coordinate systems, transverse positions recorded in PSD2 

and PSD3 were used to reconstruct the transverse coordinates, Xo  and Yo, of the ion at the 

longitudinal position corresponding to the center o f the TEPC (Zo = 0) using the 

equations,

for the vertical transverse coordinate, with Z,y such that j  denoted either the horizontal or 

vertical coordinate in the PSD pair, i.

(3.10)

for the horizontal transverse coordinate and

(3.11)
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Fig. 3.6. Events selected from PSD1 before alignment, where -1 < X/ < 1 and -1 < Yi < 1 
shown in the PSD1 coordinate system (A) and projected onto the PSD2 coordinate 
system (B) for the 12C at 389 MeV nucleon'1 data.
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Finally, the center o f the transverse coordinates, (.Xo,Yo), were transposed so that 

(0,0) corresponded to the center o f the TEPC. The center of (Xo,Yo) was determined by 

selecting small energy deposition events from the response function o f the TEPC, where 

the incident ion traveled through the wall of the TEPC. A two-dimensional circular plot 

o f Yo versus Xo was created (Fig. 3.7). The center of these events was estimated, tested 

by other distributions that corresponded to the wall o f the TEPC, and adjusted 

accordingly, and theXo-Yo coordinate system was shifted from the center o f these events 

to (0,0). In the case o f 28Si at 375 MeV nucleon'1, Xo was transposed by adding 4.1 mm, 

and Yo was transposed by adding 1.0 mm.

The impact parameter, b, was defined as the radial distance from the center of the 

TEPC to the location o f the event at Zo = 0, so

(3.12)
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system for 8Si at 375 MeV nucleon1.
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CHAPTER IV: RESULTS AND DISCUSSION

Incident Ion Selection

An example o f a distribution o f total energy deposited in a PSD is found in Fig.

AO
4.1. The height of the primary ion peak for the horizontal PSD of PSD pair 3 for Si at 

375 MeV nucleon"1 was 1.29 x 105 events. Five percent of maximum was 6450, so that 

the full width at five percent of maximum was between 105 MeV and 117 MeV. Incident 

ions of interest were identified in each horizontal and vertical PSD and the trigger silicon 

detector as events that populated the prevalent peak in the energy deposited distribution 

o f each detector. Other events not in this primary ion peak were eliminated from the 

data.

Noise and Background

Because the stem of the TEPC used in this study is long (Fig. 4.2), a long anode 

wire extended from the TEPC active volume to its base. This long anode wire acted as an 

antenna for electronic noise. As a result, a moderate amount o f noise distorted the TEPC 

signal. Other than using a very short BNC cable to connect the energy signal from the 

base of the TEPC to the preamplifier o f the TEPC, no attempt was made to actively 

suppress electronic noise in the TEPC and its amplifiers.
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Fig. 4.1. Total energy deposited in the X  detector o f PSD pair 3 for the 28Si at 375 MeV 
nucleon'1 experiment. The prominent peak is populated by events o f incident 28Si 
ions. Events with energy deposition between the two dashed lines (from 105 MeV to 
117 MeV) were identified as incident ion events.
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Fig. 4.2. Photograph o f the Far-West Technology half-inch Rossi-type TEPC (serial 
number 1376) used in all o f the experiments.
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As stated in Chapter III: Materials and Methods, two trigger signals were used 

with the data acquisition system— one from the trigger silicon detector and one from the 

TEPC. Triggering was done both with and without the trigger silicon detector and the 

TEPC in coincidence for all ions with the exception of 160  at 385 MeV nucleon'1. To 

increase the efficiency of data acquisition for 160  at 385 MeV nucleon'1 {fi=  0.71, LET -  

19.9 keV pm’1), because large-f events in the TEPC were of greatest scientific concern 

when the data was recorded, no data was processed without the TEPC included in the 

triggering. As a result, the response function o f the TEPC for 160  was inadequately 

measured at small s. To compensate for this the small-e  portion o f the response function 

of the TEPC for 12C at 389 MeV nucleon'1 (j3= 0.71, LET = 11.2 keV pm '1) was adjusted 

for the difference in LET  and applied to the response function for 160 .

During each experiment, the data acquisition system was also triggered by a pulse 

generator running at a fixed rate of either 1 or 10 Hz. These events were identified in off­

line analysis as having a noise signal from the TEPC but with a signal from the trigger 

silicon detector that was below the lower threshold of its discriminator. For example, for 

4He at 225 MeV nucleon'1 (Fig. 4.3), the trigger was set to record only events where the 

pulse height signal from the trigger silicon detector was greater than approximately 

channel 700 (one-third o f the channel number of the peak). Therefore, for 4He at 225 

MeV nucleon'1, when the pulse height was less than channel 500 and the total energy 

deposited signals in PSD 1-3 were near zero, the data acquisition system recorded events 

that were triggered by the pulse generator. The energy deposited distribution o f the 

TEPC corresponding to these events constituted background and noise.
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Fig. 4.3. Pulse height spectrum of the trigger silicon detector for all events for 4He at 225 
MeV nucleon'1. The trigger was set to record events with pulse heights that were 
only greater than approximately channel 700.
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Based on these background and noise signals, a lower threshold was determined 

for each experiment such that the signals corresponding to energy depositions below this 

value could not be distinguished from noise. The value o f this lower threshold, smin, for 

each ion is listed in Table 4.1. An example of a plot that was used to determine smm is

TABLE 4.1

Results of experiments for each particle beam from previous HZE studies (Rademacher, 
1997; Rademacher et. al, 1998; Gersey et. al, 2002; Guetersloh, 2003; Guetersloh et. al, 
2004) and the current HZE study using an identical spherical TEPC. Also listed are the 

properties o f the particle beams from all o f the experiments from Table 1.3.

Ion
Energy a 

(MeV n'1)
P d b

(pm)
Smin
(keV)

L E T  y f  y D 

(keV pm'1)

14n 79
Previous Studies 

0.39 1 3 43.1 43.7 46.8
16o 119 0.46 1 3 40.9 39.1 43.9

20Ne 211 0.58 1 3 43.8 42.4 47.6
28Si 781 0.84 1 3 46.4 39.4 46.7
56Fe 200 0.57 1 0 302 199 328
56Fe 360 0.69 1 0 214 146 216
56Fe 540 0.77 1 0 179 134 173
56Fe 700 0.82 1 0 163 125 159
56Fe 790 0.84 1 0 157 118 153
56Fe 1000 0.87 1 0 149 106 147
56Fe 1050 0.88 1 0 149 79 143

4He 225 0.59
Current Study 

3 0.3 1.68 1.56 2.58
12c 215 0.58 3 0.6 15.6 13.4 16.1
12c 389 0.71 1 0.35 11.2 9.93 12.4
160 385 0.71 1 0.4 19.9 17.9 20.8
28Si 375 0.70 1 0.02 61.9 50.4 59.8
56Fe 355 0.69 1 3 219 184 224

a Energy at the active volume of the TEPC. 
b d  is the simulated tissue diameter o f the TEPC. 
c Smm is the selected lower threshold for energy deposition below 

which events were considered indistinguishable from noise and 
were eliminated from the data.
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found in Fig. 4.4. For 12C at 389 MeV nucleon'1, an smin of 0.35 keV was selected based 

on the location o f the approximate maximum the noise and background signals. For each 

ion, particles that missed the detector entirely (i.e., b > 8.9 mm) provided signals in the 

TEPC that were essentially identical to noise and background signals (Fig. 4.5). 

Therefore, events that were below emm in the TEPC were eliminated from the data.

Energy Deposited Response Functions

The distribution of energy deposition events in the TEPC, or ‘response function,’

19 1for a broad uniform beam of C ions at 215 MeV nucleon' is shown in Fig. 4.6. The 

solid line in this plot shows the predicted distribution o f energy depositions if  s  — LET  • x, 

where x is the path length through the gas cavity. The shape o f this response function is 

similar to those reported earlier (Rademacher, 1997; Rademacher et al., 1998; Gersey et 

al., 2002; Guetersloh, 2003; Guetersloh et al., 2004; Borak et al., 2004). Three 

significant differences were observed between the actual data and what would be the 

expected distribution based on LET  and the path length distribution through the gas 

cavity. First, the broad peak, indicated as region A, was shifted to smaller energy 

deposition than what would be expected if e = LET  • x. Also, there were a large number 

of small energy deposition events, or a ‘leading edge,’ in the spectrum (region B).

Thirdly, a significant number o f events were found that were much larger than the 

maximum energy deposition based on LET  and maximum x of the incident ion (region 

C).
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Fig. 4.4. Low energy deposition portion of the TEPC distributions o f 389-MeV- 
nucleon'1 12C incident ion signals (solid line) and background and noise signals 
(dashed line). Only events where e < 1 keV are shown. This plot was used to 
determine the noise and background lower threshold, smin,, for the energy deposited 
distribution o f the TEPC for 1 C at 389 MeV nucleon'1.
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Fig. 4.5. Comparison between the ^-distributions for 28Si at 375 MeV nucleon'1 data with 
b > 8.9 mm (black line) and the noise and background distribution (gray line) for the 
same experiment.
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Fig. 4.6. The distribution o f energy deposition for events measured in a spherical TEPC 
operating with a simulated diameter of 3 pm for 12C ions at 389 MeV nucleon'1 (only 
£•<20 keV is displayed). A solid black line represents the predicted distribution 
based on the first approximation for energy deposition, s  = LET ■ x. Three regions, A, 
B, and C, represent events with different classes of trajectories through the detector.
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The broad peak (region A) was populated by events in which the incident ion 

passed through the gas cavity of the TEPC. Fig. 4.7 shows the transverse position at the 

middle of the TEPC (Zo = 0) for events in this broad peak for I2C at 389 MeV nucleon'1. 

These events were within the inside wall of the active volume. A narrower selection of 

events that populated the highest portion (5.5 keV < s< 1 .5  keV) of this broad peak (Fig. 

4.8) shows that these events were passing through the center o f the detector. Ions from 

region A lose some energy deposition when their delta-rays escape the active volume and 

deposit energy in the wall, and the ionization in the TEPC is reduced, causing a decrease 

in the energy deposited in the TEPC. For ions traveling through the gas cavity o f the 

detector, some o f this energy loss is compensated by the delta-ray influx from forward- 

moving delta-rays originating from interactions of the primary ion with the upstream half 

of the wall o f the detector.

Region B, corresponding to small values of s, was populated by events where the 

incident ions missed the gas cavity but passed through the side wall o f the detector and 

produced delta-rays that entered the gas cavity. By selecting these small s  events their 

transverse position may be displayed at Zo = 0 (Fig. 4.9). The impact parameters o f these 

events were between 6.35 mm and 8.9 mm, corresponding to the wall o f the detector. 

Although the primary ion missed the active volume of the TEPC, delta-rays from 

interactions between the primary ion and the side wall o f the detector traveled into and 

deposited energy in the gas.

Region C, corresponding to very large values of e, was populated by events where 

the incident ions either grazed the inside wall of the gas cavity or happened to hit the
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Fig. 4.7. Two-dimensional histogram of region A (see Fig. 4.6) events, 2 keV < s<  15 
keV, at Zo = 0 for 12C at 389 MeV nucleon'1. The vertical axis is the number of 
events per bin. It is clear from this plot that these were events in which the incident 
ion traveled through the gas cavity o f the detector, i.e., b < 6.35 mm.
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Fig. 4.8. Two-dimensional histogram of the highest portion o f the peak of region A (see 
Fig. 4.6) events, 7.25 keV < s<  7.35 keV, at Zo = 0 for 12C at 389 MeV nucleon'1. 
The vertical axis is the number of events per bin. It is clear from this plot that these 
were events in which the incident ion traveled through the center o f the gas cavity of 
the detector.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 4.9. Two-dimensional histogram of region B (see Fig. 4.6) events, 0.35 keV < s<  2 
keV, at Zo = 0 for 12C at 389 MeV nucleon'1. The vertical axis is the number of 
events per bin. It is clear from this plot that these were events in which the incident 
ion traveled outside o f the gas but through the walls of the detector, i.e., 6.35 mm < b 
< 8.90 mm.
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anode or helical grid wires within the cavity. Fig. 4.10 shows the transverse location of 

these ions as they passed through the middle o f the TEPC. Because of the low number of 

events, it is difficult to see the wires in this plot. They extend along Yo -  0. Ions 

corresponding to these events, where the primary ion passed through the relatively high 

density wall or wires, produced a large number of delta-rays and deposited a large 

amount of energy in the gas.

The response functions of the TEPC,f(e), representing distributions o f s, are 

shown in Fig. 4.11 for all ions in this study. They have a similar shape. There is a 

leading edge of small energy deposition events corresponding to region B in Fig. 4.6. 

There is a broad peak corresponding to region A in Fig. 4.6 with events that had smaller 

energy deposition than expected based on LET  and the path length distribution through 

the gas cavity. There is a significant number o f events with energy depositions that were 

larger than the maximum based on the product of LET  and the simulated diameter, d, as 

in region C of Fig. 4.6.

Relative Energy Deposition 

Probability Density Functions

The coefficient o f variation of the distribution o f e  is defined as

c r , A ,  (4.1)
£
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Fig. 4.10. Two-dimensional histogram of region C (see Fig. 4.6) events, 25 keV < s, at 
Zo = 0 for 12C at 389 MeV nucleon’1. The vertical axis is the number o f events per 
bin. These were events in which the incident ion either grazed the inside wall, i.e., b 
= 6.35 mm, or interacted with the anode or helical wire of the detector. The wires 
extended along Yo = 0 .
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Fig. 4.11. Probability density functions,/fe), o f energy deposition, or “response 
functions,” o f the TEPC, were smoothed (Savitzky and Golay, 1964). Response 
functions for ions o f velocity /? = 0.70 (A) and ions o f velocity /?= 0.59 (B).
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where ae is the standard deviation and s  is the mean of the distribution o f s. For 

comparison purposes, the distributions of scan  be adjusted by creating a new 

standardized random variable. In Fig. 4.12, the random variable, s, has been adjusted by 

dividing by the maximum predicted energy deposition based on LET • d  of each ion. 

Here, the relative energy deposition with respect to LET  • d  has been defined,

along with its probability density function, g(r]). The coefficient o f variation of r] is 

numerically equivalent to the coefficient of variation of c.

1

c v n = - J - L E T -d
1

= ^  = C K , (4.3)

L E T -d

where an is the standard deviation and r/ is the mean o f the distribution o f rj. The

coefficient o f variation is a measure of the relative spread in the broad peaks o f each 

distribution with respect to its mean. Therefore, the relative spreads in the broad peaks of 

the distributions o f tj may be used to qualitatively compare the spreads in the broad peaks 

of the distributions o f s  for each ion.

For ions o f the same velocity, as Z decreased, three effects were observed in the 

broad peaks of the distributions of rj. First, the spread of the broad peaks of the
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Fig. 4.12. Probability density functions, g(rj), of the relative energy deposition with 
respect to LET - d  were smoothed (Savitzky and Golay, 1964). Distributions for ions 
of velocity >0= 0.70 (A) and ions of velocity f} = 0.59 (B).
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distributions increased. This effect was due to the changing effects o f energy straggling 

and ion-pair production with decreasing atomic number. Holding velocity constant, as 

atomic number decreases, LET  decreases. As a result, ion-pair production in the gas 

cavity decreases, which causes the signal and, hence, the resolution o f the signal sent by 

the TEPC to be reduced. Also, energy straggling increases, which has the effect of 

reducing the resolution o f the energy signal from the TEPC (Knoll, 2000). Second, for 

events where ^ > 0.2, the means of the distributions, J]()2, remained constant (see Table

4.2). The averages o f the values o f rjQ2 were 0.64 ± 0.02 for the /?= 0.70 ions and 0.66

TABLE 4.2

Properties of the distributions o f rj, where rj > 0.2.

Ion Z P L E T  
(keV pm '1) 0.2 m edian(^02) m ode(7702 )

4He 2 0.59 1 .6 8 0 .6 8 0.53 0.41
12C 6 0.58 15.6 0.64 0.64 0.63
12c 6 0.71 1 1 .2 0.65 0.61 0.60
160 8 0.71 19.9 0.64 0.62 0.60
28Si 14 0.70 61.9 0.62 0.62 0.62
56Fe 26 0.69 219 0 .6 6 0 .6 8 0.71

± 0.03 for the /?= 0.59 ions. The means of the broad peaks o f the distributions were the 

same because ions o f the same velocity eject atomic electrons in a particular target with 

the same distribution o f energy (Kraft et al., 1992; Craven and Rycroft, 1996).

Therefore, tracks o f the delta-rays emitted along the path of the incident ion through the 

detector had the same range and energy deposition patterns independent of the charge of 

the incident ion. Finally, a greater number of events were measured where e  was greater
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than the maximum based on LET ■ d  (i.e., 77 > 1). This effect is also because o f the 

spreading o f the broad peak, both to smaller and larger 77, with decreasing atomic 

number. In addition, the median and mode of the distribution o f 77 decreased slightly 

with decreasing Z, indicating that the spreading of the data is somewhat skewed toward 

larger 77 and s.

For ions o f the same velocity, after transforming to the random variable, 77, the 

regions o f small energy deposition of the distributions (region B in Fig. 4.6) were nearly 

identical. These events corresponded to incident ions that did not pass through the gas 

cavity o f the detector but instead traveled through the wall of the detector. The regions of 

small energy deposition o f the distributions of 77 were the same because, again, ions of 

the same velocity eject atomic electrons in a particular target with the same distribution 

of energy. Therefore, tracks o f the delta-rays ejected from the wall had the same range 

and energy deposition patterns independent o f the charge of the incident ion.

Cumulative Distribution Functions

Energy deposited frequency distributions may be used to determine absorbed dose 

distributions by multiplying the frequency in each bin by the respective s  o f the bin. 

Cumulative distribution functions (CDF) for the dose distributions of energy deposited 

for each ion are shown in Fig. 4.13. Again, a random variable, 77, has been defined 

(Equation 4.2) by dividing s  by LET ■ d  for each incident ion. For /?= 0.70 ions, events 

with e up to 30% of LET  • d  have approximately the same impact on absorbed dose. This 

is true up to about 20% of LET ■ d  for /?= 0.59 ions. As charge increased, holding (3 

constant, e  events corresponding to the broad peak as in Fig. 4.6 (region A) had a greater
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Fig. 4.13. Cumulative distribution functions of the dose distributions for /3= 0.70 ions 
(A) and /3= 0.59 ions (B). The random variable, rj, has been defined (Equation 4.2) 
by dividing s  by LET • d  for each incident ion.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



impact on dose, and as charge decreased, large-e events had more o f an impact on dose. 

For lower-Z (and lower-LET) ions, a considerable contribution to dose was from events 

where e was greater than LET ■ d. For example, for 4He, 35% of the dose was from 

events where s  was greater than LET  • d.

Complimentary Cumulative Distribution Functions

The response functions of the TEPC for 12C and 56Fe ions with velocity, J3= 0.70, 

are compared in Fig. 4.14. In this plot, the random variable, 77, has again been defined 

(Equation 4.2) by dividing e  by LET ■ d (d =  \ pm) for each incident ion and presented as 

complimentary cumulative distribution functions (CCDF). The data indicate that at high 

LET  (56Fe) there is a larger number of small energy deposition events that are 

distinguishable from noise. The energy interval between 0.1 • LET ■ d  and 1.0 ■ LET  ■ d  

represents the region where ions are passing through the gas cavity o f the TEPC, i.e., 

broad peak events. Again, the spread in the data in this region are a convolution of 

variations in energy loss and detector resolution due to ion pair multiplication.

Spatial Resolution

The grazing ions that produce large energy depositions must have an impact 

parameter very close to the radius of the gas cavity. Otherwise, the soft delta-rays 

contributing to the large energy deposition would be stopped in the wall before reaching 

the gas cavity. A track model for the radial extension o f an ion in water indicated that the 

dose from delta-rays is reduced by a factor of 1 0 4 at a distance o f 10  nm from the 

trajectory of an ion at 400 MeV nucleon' 1 and by a factor o f 1.3 x 104 for ions at 240 

MeV nucleon' 1 (Cucinotta, 1995). This provides a narrow limit on the location o f the
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Fig. 4.14. The complimentary cumulative distribution for the probability density 
function, g(rj), measured by the TEPC for 12C and 56Fe at 376 MeV nucleon'1. The 
random variable, 1), has been defined (Equation 4.2) by dividing s  by LET  • d ( d -  1 
pm) for each incident ion. The ordinate is the probability that events will have 
energy deposition greater the corresponding value of rj on the abscissa.
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track for grazing events, i.e., region C in Fig. 4.6. Fig. 4.15 shows an example of the 

distribution of impact parameters in region C for 56Fe at 355 MeV nucleon'1. The broad 

plateau occurring for impact parameter less than 5.5 mm is due to wire hits, and the peak 

centered near 6.26 mm is due to grazing events. Events in this peak can be used to 

determine the spatial resolution o f track reconstruction assuming that these events occur 

exactly at the radius o f the gas cavity. Fig. 4.16 shows the full width at half maximum 

(FWHM = 2.35c) divided by the mean value in the peak for these events as a function o f 

LET  for all o f the incident ions in this study. For ions with LET  greater than 10 keV pm '1 

(i.e., Z > 6 ), the resolution using this figure-of-merit is around 10%. There is a large 

increase in the FWHM for the 4He ions due to the limitations o f the charge separation 

technique used with the silicon PSDs. For this reason, position related analyses were not 

performed with the 4He data.

A plot o f Yo versus X q o f small-e events for 56Fe at 355 MeV nucleon'1 (Fig. 4.17) 

illustrated the merit o f the technique of determining the transverse position o f the incident 

ion at Zo -  0. This plot may be compared to an x-ray radiograph o f the detector (Fig. 

4.18) as a qualitative demonstration of the spatial resolution o f the positional 

spectrometer. In both figures, the gas fill hole in the upper-left corner of the wall of the 

TEPC can be seen, however it is difficult to see the alpha particle collimator in the lower- 

right comer. The events that are directly to the right o f the active volume and vertically 

in the center represent events where the incident ion traveled near or through the 

extension o f the anode wire o f the detector. Outside of the wall, to the lower-right o f Fig. 

4.17 are the locations o f events that interacted with the alpha source. The delta-rays of
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Fig. 4.15. The distribution of impact parameters for 56Fe at 355 MeV nucleon1 events 
with large energy deposition (e>  270 keV) corresponding to region C (see Fig. 4.6). 
The broad plateau occurring for impact parameter less than 5.5 mm is due to wire 
hits.
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Fig. 4.16. The spatial resolution of the position-sensitive detectors for different ions as a 
function o f LET  using the width of the distribution o f impact parameters for events 
with large energy deposition corresponding to region C (see Fig. 4.6). A solid line 
was added to guide the eye.
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Fig. 4.17. Location, (Xo,Yo), of incident p =  0.70 56Fe ions, where 2 keV < e < 15 keV.
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^ I

Fig. 4.18. Negative image o f an x-ray radiograph o f the half-inch (12.7 mm) Rossi TEPC 
used in this study. The gas chamber is surrounded by a 2.54-mm A -150 TE plastic 
wall with two holes— one is a gas-fill hole in the upper-left comer, and the other is an 
alpha particle collimator in the lower-right comer. Directly outside of the latter is a 
24 Cm alpha source with a gravity-controlled shutter. Crossing the horizontal 
diameter are the anode and helical grid wires. To the right o f the active volume 
extends the stem. The darkness to the left o f the active volume is due to the curvature 
in the aluminum shell.
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these events had enough energy to reach the active volume of the detector by traveling 

through the alpha particle collimator in the wall.

Events with b < 0.8 mm

Ions with impact parameters less than 0.8 mm passed near the center of the 

detector (b * 0). These ions had a minimum path length through the gas cavity at b = 0.8 

mm,

Xmax = 24 r 2 - b 2 = 2-y/(6 .35 mm )2 -  (0.8  mm )2 = 12.6  m m , (4.4)

which is within 1% of the diameter of the gas cavity. Fig. 4.19 shows the mean value of 

energy deposition for these events with the values o f the ordinate divided by LET ■ d  for 

each incident ion. The standard error of the mean is smaller than the size o f the symbols 

because of the large number of events used to compute the mean. The error bars 

represent the standard deviation of the sample o f events. It can be seen that the mean 

energy deposited for these events was always less than 80% of the value that would be 

expected if s=  LET ■ d. There does not appear to be any trend in these data if  the results 

are plotted as a function o f Z, p, f t  or LET. This 20% reduction in mean energy 

deposited compared to the predicted maximum energy deposition is due to a combination 

of energy loss by delta-rays that escape the active volume of the detector and an energy 

gain from forward-moving electrons produced in the front wall o f the detector 

(Rademacher, 1997; Rademacher et al., 1998; Gersey et al., 2002; Guetersloh, 2003; 

Guetersloh et al., 2004).
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Fig. 4.19. The mean energy deposition in the TEPC for events where the incident ion 
passed through the center of the detector (b < 0.8 mm). The ordinate values o f the 
data have been divided by the expected value of energy deposition based on the 
product o f LET  and the simulated diameter of each ion.
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Lineal Energy 

Distributions

The distributions o f energy deposition for all ions were converted into 

distributions o f lineal energy, y, and renormalized and are shown in Fig. 4.20. In order to 

see the full range o f events recorded by the TEPC for ions of a wide range o f LET, a 

logarithmic-linear plot o fy  • f(y) vs. y  was created (Fig. 4.21).

Mean Values

Expected values, or means, of the y  probability density functions, f(y), were 

computed. The frequency averaged lineal energy, y  f , was defined in Equation 1.6  as 

the first moment ofy,

The predicted distribution for a spherical TEPC based on L E T  and the path length 

distribution o f the ion is

(4.5)

Therefore, the predicted yj- for a spherical TEPC based on f predicted(y) is
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Fig. 4.20. Distributions o f the lineal energy response of the TEPC, smoothed (Savitzky 
and Golay, 1964). Lineal energy responses of the TEPC to ions o f velocity /?= 0.70 
(A) and ions o f velocity /?= 0.59 (B).
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-LET -LET

y  f  .predicted = \ y f ( y ) d y =  J  - y - j = = j y 2dy
(4.6)
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= LET.

The dose averaged lineal energy, y D, was defined in Equation 1.7 and is the second

moment o f y  divided by the first moment,

-  y 2 \ y 2f (  y )dy  

y °  y  \ y f ( y ) d y

The predicted y D for a spherical TEPC based on fpredicted(y) is

-L E T
3
-L E T  2 8
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\ y 2f ( y ) d y  J  — f j ^ f dy

-LE T
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y j

(4.7)
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Frequency and dose mean values for lineal energy are listed in Table 4.1.
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Fig. 4.22 shows a plot of y  j  and y  D as a function of charge, Z, for all ions. In

each case, the averaged values o f y  were divided by LET  for comparison purposes. Data 

for protons at p =  0.53 (172 MeV nucleon'1) (Borak, 2004) were also included in the 

same plot. It can be seen that y  f  consistently underestimated LET  by as much as 19%.

There is a slight indication that y  f  approaches LET  as Z decreases. For Z = 6  and

higher, y  D was within 5% of LET. However, y  D was substantially greater than LET  for 

4He and 1H.

A plot o f the measured values of frequency and dose mean lineal energy from all 

o f the HZE studies with a TEPC are in Figs. 4.23 and 4.24. Again, y  f  approaches LET

as Z decreases, and the same is true as /3 decreases.

Noise Threshold

Although selecting a lower threshold for noise and background (see Noise and 

Background section above) in the y-distribution,

has little effect on y  D, where one selects a lower threshold in the y-distribution has a

significant effect on y  f . Fig. 4.25 shows the values of the ratio o f y  f  to LET  for each

ion for several thresholds where events with s  less than the threshold were eliminated. 

Values labeled “selected threshold” were the actual lower threshold values selected for
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Data Summary for HZE Studies with a TEPC
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Fig. 4.23. Summary of mean lineal energies of all data for HZE studies with the same 
spherical TEPC (Rademacher, 1997; Rademacher et al., 1998; Gersey et al., 2002; 
Guetersloh, 2003; Guetersloh et al., 2004). Frequency mean lineal energy (closed 
symbols) and dose mean lineal energy (open symbols) are compared to LET  (dashed 
line) by dividing them by LET  and plotting them versus atomic number.
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Data Summary for HZE Studies with a TEPC
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Fig. 4.24. Summary of mean lineal energies of all data for HZE studies with the same 
spherical TEPC (Rademacher, 1997; Rademacher et al., 1998; Gersey et a l,  2002; 
Guetersloh, 2003; Guetersloh et al., 2004). Frequency mean lineal energy (closed 
symbols) and dose mean lineal energy (open symbols) are compared to LET  (dashed 
line) by dividing them by LET  and plotting them versus velocity with respect to the 
speed o f light.
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Fig. 4.25. Frequency mean lineal energy relative to LET  o f the incident ion versus 
atomic number for several background and noise threshold elimination levels. 
‘Selected smin’ refers to the elimination of events less than the selected lower 
threshold based on the respective background and noise distribution o f each ion.
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the response functions o f the TEPC in this study, chosen based on the values of the edge 

of the respective noise and background spectrum of each ion. For ions o f low atomic 

number, y  j  varied greatly depending on the selection o f the lower threshold. On the

other hand, only for 4He was there a significant change in y  D when adjusting the noise

threshold level (Fig. 4.26). In this case, the threshold levels disrupted the broad peak of 

the y-distribution. In other words, for higher noise threshold levels, some events where 

the incident 4He ion traveled through the gas cavity were eliminated from the data. A 

protocol o f assigning a universal threshold value to all TEPCs in all situations may be 

problematic since the noise distributions of the TEPC change in different circumstances, 

e.g. with various amplifier gains.

Quality Factor

The distributions o fy  were used to estimate mean quality factors for applications 

in radiation protection. The accepted value of Q was determined from LET  o f each 

mono-energetic ion using the relationship between quality factor and LET, Q(LET), 

recommended by the ICRP (Table 1.2) (ICRP, 1991). Radiation quality based on the 

distributions and frequency and dose mean values o f y  were determined using four 

approaches. One approach was to assume that LET  is equal to y  f  and then determine

Q (y f  )- This was repeated by assuming that LET  is equal to y D and then determining

Q (y  i:). The third method was based on computing an averaged value, Q , using the 

complete dose response function o f the TEPC, d(y), and the assumption that y  was
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numerically equivalent to L E T , Q [d(LET) = d(y)\. The fourth method used a radiation 

quality function based on lineal energy, q(y), recommended by the ICRU (ICRU, 1986) 

such that Q= q [d(y)].

The results for mean quality of all ions in this study are shown in Fig. 4.27. At 

376 MeV nucleon'1 (fi=  0.70), Q (y j )  underestimated the accepted value o f Q for each

ion except 56Fe because y  j  was always less than LET. When LET  o f the incident ion is 

less than 100 keV pm '1 (i.e., Q(LET) with positive slope), Q ( y f )  will be less than 

Q(LET), and when LET  o f the ion is greater than 100 keV pm ' 1 (i.e., Q(LET) with 

negative slope), Q (y  j )  will be greater than Q(LET). Q ( y D)  provided the most 

consistently accurate estimation of Q with the exception o f 12C, for which Q was 

overestimated by 28%. Although y D was significantly greater than LET  for 4He, it did 

not influence Q because Q(LET) has constant value o f 1.0 below 10 keV pm '1. For the 

ions in this study, Q [d(LET) = d(y)] followed a pattern similar to Q ( y D),  and Q = 

q [d(y)J made a poor estimate o f the accepted quality.
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Fig. 4.27. Bar graph showing estimates of quality factor. The accepted quality factor is 
obtained from the exact value of LET  for each ion and the Q(LET) relationship
recommended by the ICRP (ICRP, 1991). Q (y  j )  and Q ( y D)  used the mean values

of lineal energy to estimate LET. Q [d(LET) = d(y)] used the complete response 

function of the TEPC and the assumption that d(LET) -  d(y). Q= q [d(y)]  is based 
on the ICRU method o f determining quality directly from lineal energy (ICRU, 
1986).
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CHAPTER V: CONCLUSIONS

The response o f a spherical tissue-equivalent proportional counter (TEPC) was 

measured for several ions that had different charge, Z, but with similar velocities. 

Specifically, data were collected for 12C, 160 , 28Si and 56Fe at 376 ± 15  MeV nucleon1 (/? 

= 0.70) and 4He and 12C at 220 ± 7 MeV nucleon'1 { f t -  0.59). The gas pressure was 

adjusted to simulate a volume of tissue having a diameter of 1 pm for ions with velocity, 

p =  0.70, and 3 pm for ions with velocity, /?= 0.59. Position-sensitive silicon detectors 

were used to determine both the trajectory and the identity of the incident ions through 

the detector. The spatial resolution of these detectors based on FWHM/mean was about 

10% for all ions except 4He.

Incident ions that passed through the center of the detector deposited only about 

80% of the energy that would be expected from the product o f LET  and the simulated 

diameter. This was attributed to high energy delta-rays escaping from the sensitive 

volume and the fact that forward-moving electrons produced in the front wall o f the 

detector did not provide complete energy compensation.

The responses o f the detector in terms o f energy deposition, f(s), were similar in 

shape for all ions. All had events with small values o f energy deposition corresponding 

to ions that passed through the side wall of the detector but not through the gas cavity. 

Events with very large energy deposition were shown to be from ions that just grazed the 

inside wall o f the detector or interacted with the anode or helical wire.
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The responses o f the detector, g(rj), in terms o f the relative energy deposition with 

respect to LET ■ d(rj  = a /  [LET • d]) were used to compare response functions of the 

TEPC for ions of the same velocity. As atomic number decreased, three effects were 

observed in the broad peaks o f the distributions. First, the spread of the broad peaks of 

the distributions increased. This effect was due to the changing effects o f energy 

straggling and ion-pair production with decreasing atomic number. Second, for events 

where rj > 0.2, the means o f the distributions, rj02, remained constant. The averages of

the values of 7702 were 0.64 ± 0.02 for the J3= 0.70 ions and 0.66 ± 0.03 for the /?= 0.59

ions. This effect was the result o f the consistency of range and energy deposition 

patterns for ions o f the same velocity independent of their charge. Finally, a greater 

number o f events were measured where a was greater than the maximum based on LET ■ 

d  (i.e., r) > 1). This effect is also because of the spreading of the broad peak, both to 

smaller and larger rj, with decreasing atomic number. In addition, the broad peaks of the 

distributions became more right-skewed as atomic number decreased for ions of the same 

velocity.

For ions o f the same velocity, the small energy deposition portion o f the 

distributions o f 77 were nearly identical. This is because tracks o f the ejected delta-rays of 

these ions have the same range and energy deposition patterns independent o f the charge 

of the incident ion.

The frequency mean lineal energy, y  j , was lower than the corresponding value

of LET  for all ions. It was noted that this quantity was particularly sensitive to the low 

energy threshold that was used to distinguish events with small energy depositions from
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background and noise. For example, changes in this threshold could change the value of 

y  j  by a factor o f 1.5 for 56Fe (LET=  219 keV pm '1) and up to a factor o f 5 for 4He (LET

= 1.68 keV pm '1). A protocol of assigning a universal threshold value to all TEPCs in all 

situations may be problematic since the noise distributions of the TEPC change in 

different circumstances, e.g. with various amplifier gains.

It was observed that y  D was within 10% of LET  for Z = 6 to Z  — 26. However,

y D was about 50% greater than LET  for 4He. Previous results showed that y  D was 

more than a factor o f two greater than LET  for !H (Borak, 2004).

The possible influence o f using a simulated diameter o f 3 pm for the ions at 220 

MeV nucleon'1 has been investigated as opposed to 1 pm for the ions at 376 MeV 

nucleon'1. When the simulated diameter was increased from 1 pm to 3 pm for 56Fe ions 

at 1050 MeV nucleon’1, y  j  decreased by about 4% and y  D decreased by about 2% 

(Rademacher, 1997). The data for 12C, shown in Table 1.3, were consistent with these 

observations. It is thus concluded that the increase in y D observed for 4He was not due 

to changes in the simulated diameter.

The dose averaged lineal energy, y  D, is the second moment o f the frequency

distribution, y 2 , divided by the first moment, y  . The second moment is very sensitive 

to the number o f events with large energy depositions. Even though there are 

compensating events with reduced energy deposition, this spread in the data causes y D 

to increase as LET  becomes small. At low LET, real events in the detector overlap with
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noise. This has the effect of decreasing the denominator faster than the numerator in the 

definition o f y  D.

The data were used to estimate quality factors for applications in radiation 

protection. All o f the methods using the data from the TEPC produced results that were 

within 20% of the value o f the accepted quality factor based on the value of LET  for each 

ion and Q(LET) from the ICRP. Q (y  D)  seemed to be the most consistent estimator of

quality factor. When LET  was greater than 20, y  D was not strongly influenced by 

changes in the number o f very small energy deposition events recorded by the TEPC. 

Although y  D was significantly larger than LET  for 4He and 'H, this result fortuitously 

did not affect quality factor since Q(LET) has a constant value equal to 1.0 in that domain 

of LET. For the ions in this study, Q [d(LET) = d(y)\ followed a pattern similar to 

Q( y  D), and Q = q [d(y)] made a poor estimate of the accepted quality.

Summary of HZE Studies with a Tissue-Equivalent Proportional Counter

It is helpful to summarize the conclusions made in this and in previous studies of 

the response o f an identical spherical TEPC to HZE ions (Rademacher, 1997;

Rademacher et al., 1998; Gersey et al., 2002; Guetersloh, 2003; Guetersloh et al., 2004; 

Borak et al., 2004). The following list o f conclusions for monoenergetic HZE ion beams 

are compiled from these studies:

• The response functions of a TEPC have a similar shape for all ions with a small 

energy deposition leading edge, a broad peak, and some very large energy 

deposition events.
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o Small energy depositions are from events where incident ions missed the 

gas cavity but passed through the side wall of the detector and produced 

delta-rays that entered and deposited energy in the gas cavity, 

o The broad peak o f medium energy depositions is populated by events in 

which the incident ion passed through the gas cavity o f the TEPC. 

o Large energy depositions are from events where the incident ions either 

just grazed the inside wall of the gas cavity or happened to hit the anode or 

helical grid wires within the cavity.

• Energy loss from delta-rays that escape the active volume o f the TEPC are 

compensated for by delta-rays that enter the gas from interactions with the wall. 

As a result, charged-particle equilibrium was satisfied when all events were 

included in the measurement of absorbed dose, confirming that the TEPC 

accurately measures absorbed dose.

• Current models overestimate radial energy loss from the TEPC.

• For ions o f the same velocity, after dividing by LET ■ d, the small energy 

deposition portion o f the response functions of the TEPC are nearly identical.

• Ions o f the same velocity have similar delta-ray wall effects.

• The distribution of the energy deposition response of the TEPC does not follow 

the expected distribution based on LET  and the path length distribution o f the 

detector, demonstrating that the TEPC is not an LET  spectrometer.

•  The frequency mean lineal energy underestimates LET  by as much as 40%, and 

the amount that it underestimates LET decreases as atomic number decreases.

• The dose mean lineal energy approximates LET  to within 10% for ions o f higher
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atomic number, but it overestimates LET  for ions o f low atomic number.

• Mean quality factor for the response o f a TEPC to HZE ions is most accurately 

estimated using the definition from the ICRP (ICRP, 1991) with the assumption 

that LET  is equal to the dose mean lineal energy.

• Careful consideration must be made when selecting a lower energy deposition 

threshold in the TEPC response. The threshold value must be adjusted with 

respect to the gain settings o f the shaping amplifiers o f the TEPC.

Recommendations for Future Work

Since the positional response of the PSDs depends on the characteristics o f the 

incident ion, masking calibration runs should be performed for each ion beam of interest. 

Because the small energy deposition events are important, sufficient data without the 

TEPC included in the triggering should be recorded for each ion. To enhance the signal 

to noise ratio the preamplifiers of the position signals of the PSDs and of the TEPC 

should be mounted as near as possible to the detector outputs. Another method of 

increasing the signal to noise ratio for the TEPC is to use an EG&G ORTEC 142PC 

preamplifier, which has an internal gain, rather than an EG&G ORTEC 142AH 

preamplifier. The 142PC preamplifier, however, does not produce a fast-timing signal.

The significant effect that the noise and background threshold assignment has on 

the mean values o f the response o f a TEPC is important for radiation protection 

applications, especially for low-ZET ions, and is worth further investigation with other 

types of TEPCs. A protocol of assigning a universal lower threshold value to all TEPCs 

in all situations is problematic since the noise distributions of the TEPC change in
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different circumstances, e.g. with various amplifier gains. The selection of a lower 

threshold value should be altered for different environments and gain settings.
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APPENDIX A: SIMULATED DIAMETER CALCULATION

General

A range o f tissue diameters may be simulated by adjusting the pressure o f the gas 

in the active volume of a TEPC. The composition of the gas is designed so that incident 

charged particles that pass through the active volume deposit energy in the gas with the 

same patterns as through tissue. Thus, the gas is called “tissue-equivalent.” In this study, 

two gas pressures were used in the TEPC gas cavity, 33.0 Torr and 99.0 Torr, to simulate 

spheres o f tissue with diameters of 1 pm and 3 pm, respectively.

Calculations

In the calculation of the simulated tissue diameter, the following relationship was

used:

Podc -  pidj, 

P g ^ gor dT =
P t

(A .l)

where pG and p j  are the densities of TE gas and tissue, respectively, and do and d j  are the 

diameters o f TE gas and tissue, respectively (see Equations 3.5 and 3.6). In the spherical 

TEPC used in these experiments, do was 12.7 mm. For a constant volume and
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temperature, the density o f tissue is 1.04 g cm' . The density o f the gas depends on the 

pressure o f the gas and the gas composition.

First, the density o f the gas at 33.0 Torr will be determined. The density of any 

gas is defined as

mG
Pg = t t ~  (A.2)

where mo is the mass o f the gas and Vq is the volume of the gas. In these experiments, 

the composition o f propane-based TE gas (see Table 3.1) was approximately the same as 

the ICRU standard composition (percent fractions by volume) (ICRU, 1984):

% c 3h 8 : 55.0 %

%co2: 39.6 %
%n2: 5.4 %

Applying Boyle’s Law, assuming that this gas may be considered essentially ideal, and 

assuming a room temperature o f 20.0 °C, the entire gas volume had the following number 

o f moles:

PVG (33.0 T o r r ^ / 6 ) - (1.27 cm)3 1L , , „ - 6 ,
nG = —̂ & z=- r ------------  1 V \  r- = 1.94x10 mol. (A.3)

RT  (62.37 L Torr mol'1 Kj(293.2 K) 1000 cm3
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Therefore, each component of the gas was of the amount,

n C3H8 =  % C 3H8 • «G := 55.0% • 1.94 x  10'6 mol = 1.06 x 10'6mol

nco2 =  % C 0 2 ’ n G = 39.6% • 1.94 x  10'6 mol = 7.67 x 10'7 mol
n  n 2 = % n 2 • riG = 5.4 % • 1.94 x 10'6 mol = 1.05 x 10'7mol

The total mass o f the gas was

m G = m C3H s +  m C 02 +  m N 2 ( A -4 )

=  n C3H s ^ C 3H s + n C 02 ^ C 0 2 + n N2 ^ N 3

= (l.06x 10'6 mol)(44.096g mol'1)+ (7.67 x 10'7 mol)(44.010g m ol'1)

+ ( l.0 5 x l0 '7 m olj^S .O D gm ol'1)

= 8 .3 6 x l0 '5 g.

Therefore, the density o f the gas at 33.0 Torr was

mG 8.34x10 5 n n o  i n _5 .3  
p G = —H- = ----- — ----------— = 7.78x10 gem  ,

VG {n/ 6) • (l .27 cm)

and the simulated tissue diameter at 33.0 Torr was

d j  = PgdsL =  (7 -80 x l 0 "5 8 )(!2 1  cm >. 104 Mm = „  9 g
P T 1.04 g cm '3 1 cm
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The same procedure was used to calculate the gas density and simulated tissue 

diameter for a gas pressure of 99.0 Torr. At that pressure, the density o f the gas was 2.34 

x 10'4 g cm-3, and the simulated diameter was 2.86 pm.

Simplification

For a half-inch-diameter spherical TEPC filled with the propane-based TE gas 

used in this experiment and at a temperature of 20 °C, the calculations for pa  may be 

simplified.

_ m G _  n C3H 8 A C3H 8 +  n C 02 A C 02 +  n N 2 A N2 
PC - T T ~  y

VG y G

PVg
RT  

■P.

Therefore,

Pc = Kr P, (A. 5)
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Vg

% c 3h 8 + %co2a c o 2 + n N A N 2
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where

„  0/ / ° c 3h 8 A -c3h s + 0//°co2 ACo2 + n N 2 A n  6 _3
K ; = — — — — -----^ 7 ------2 2 — -  = 2.36x10 gem  Torr. (A 6 )

Under the same conditions, the calculations for dr may also be simplified:

, P r io r i  _

Pt Pt

Therefore,

dT = K2 -P, (A. 8 )

where

K 2 = ^ g_ = 0  028g m  Torr-i
Pt

Conclusion

For the /?= 0.70 experiments described in this study, the TEPC gas pressure was 

33.0 Torr. At that pressure, the gas density was 7.78 x 10'5 g cm'3, and the simulated 

tissue diameter was 0.952 pm. Throughout this work this simulated tissue diameter is
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called “ 1 pm.” For the /? = 0.59 experiments, the TEPC gas pressure was 99.0 Torr, 

producing a gas density of 2.34 x 10"4 g cm'3 and a simulated tissue diameter of 2.86 

Throughout this work this simulated tissue diameter is called “3 pm.”
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APPENDIX B: CALIBRATION OF THE TEPC

To calibrate the response o f the TEPC, four calibration points related known 

energies deposited to the amplitude of the voltage pulses o f the TEPC shaping amplifiers, 

or pulse heights. Pulse heights were recorded into bins, or channels, using a multichannel 

analyzer (MCA) so that the number of events in the pulse height channels could be 

displayed versus the channel number values. The result was a pulse height distribution. 

Since the pulse height was ultimately proportional to the energy deposited in the TEPC, 

the pulse height distributions could be calibrated into energy deposited distributions.

Three calibration points were obtained from the response o f the TEPC to the 

alpha particles emitted from an internal 244Cm alpha source. One additional calibration 

point was obtained using the maximum energy deposition, or the “proton edge,” of 

secondary protons originating from incident neutron interactions with the wall o f the 

detector. The linearity o f both the MCA and TEPC shaping amplifiers were also 

confirmed. A linear regression between channel numbers in the MCA and channel 

numbers o f the analog-to-digital converters in the data acquisition system used in the 

experiments finally associated the data acquisition system channels to energy deposited 

in the TEPC.

For the following data, the TEPC energy signal was sent first to an external 

EG&G ORTEC 142AH charge-sensitive preamplifier and then split into two EG&G 

ORTEC 572 shaping amplifiers— all the same devices that were used in the experiments.

I l l
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Background spectra were recorded in the same environment with identical settings and 

subtracted from each recorded spectrum. For simplicity and since the energies deposited 

that were used for calibration were from ions of low energy, the assumption was made in 

determining the calibration points that all energy lost by the incident ion while traveling 

through the gas cavity was deposited in the detector.

Alpha Spectrum

The response o f the TEPC to 5.805-MeV (76.4%) and 5.763-MeV (23.6%) alpha 

particles emitted by an internal 244Cm alpha source was recorded for gains in each 

shaping amplifier o f x2.5, x5, and xlO and for simulated diameters, d, o f both 1 and 3 

pm. For each spectrum, the alpha peak was determined to be the mean o f the highest 

peak, the half-crossing alpha peak was the mean of the secondary peak populated by 

alpha particles that stopped in the anode or helical wire, and value corresponding to the 

maximum energy deposition o f an alpha particle, or the “alpha edge,” was determined to 

be at the very edge o f the distribution. For gains of x5 and x 10, the alpha edge was off- 

scale. The pulse height distribution for the TEPC at d  = 1 pm operating with a gain of 

x2.5 in the shaping amplifier that was used for low gain in the experiments is shown in 

Fig. B. 1. For this case, the alpha edge was channel 315, the alpha peak was channel 97, 

and the half-crossing alpha peak was channel 51.6.
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Fig. B .l. Pulse height distribution of the TEPC with a simulated diameter o f 1 (am and a 
shaping amplifier gain o f x2.5 for the internal 244Cm alpha source o f the TEPC. Pulse 
heights were recorded into 512 channels by a multichannel analyzer, and a 
background distribution was subtracted. The locations of selected calibration points 
are shown on the plot.
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Proton Spectrum

The response o f the TEPC to charged particles produced by interactions in the 

wall of uncharged particles emitted by an external plutonium-beryllium neutron source 

was recorded for gains in each shaping amplifier o f x2.5, x5, and xlO and for simulated 

diameters of both 1 and 3 pm. From these plots, the proton edges were determined to be 

at the very edge of the distribution. For d  = 1 pm and gain = x2.5 in the shaping 

amplifier that was used for low gain in the experiments (Fig. B.2), the proton edge was 

channel 111.

Calculation of e for Each Calibration Point

Calculations o f energy deposition were made based on mass electronic stopping 

power data determined using the online version o f ASTAR for alpha particles and 

PSTAR for protons (Berger et al., 2004), which are stopping power and range calculators 

for 4He ions (alpha particles) and protons, respectively. The equation for finding energy 

deposited in a target, assuming that all energy lost by the incident ion is deposited in the 

target, is

r d E ' X X

f S )
K d x ,

dx = J LETdx
0

* p \
0 P ,

d x ,

where x  is the pathlength o f the ion through the target. This was approximated by the 

following relationship:
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Fig. B.2. Pulse height distribution of the TEPC with a simulated diameter o f 1 pm and a 
shaping amplifier gain o f x2.5 for a plutonium-beryIlium multienergetic (see Fig.
B.4) neutron source from the TEPC. Pulse heights were recorded into 512 channels 
by a multichannel analyzer, and a background distribution was subtracted. The 
location o f the selected proton edge is shown on the plot.
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e = p Z  — (Ax)t
i=x\ P J i

(B .2 )

for a sufficient number o f n iterations.

Alpha Particles

In calculating e  for calibration points from the alpha spectrum, an average original 

energy o f 5.795 MeV was used for the alpha particles. At the gas chamber, the energy of 

the alpha particles are reduced to about 5.750 MeV. For alpha particles with an initial 

energy o f 5.750 MeV, the energy deposited across 12.7 mm of propane-based TE gas at 

99 Torr ( d ~  3 pm, p =  2.34 x 10'4 g cm'3) is 255 keV. For the same alpha particles 

traveling only half-way across the same target, the energy deposited across 6.35 mm of 

propane-based TE gas is 126.5 keV.

By reducing the pressure in order to simulate a volume o f tissue that has d=  1 pm

c 1
the gas pressure is reduced to 33 Torr (p = 7.80 x 10' g cm' ) for the TEPC used in this 

study, and the energy deposition is decreased by about a factor o f 3. In this case, the 

energy deposited in the gas for these alphas that cross the diameter o f the gas, e = 84.0 

keV. For alphas that cross only half o f the diameter o f the gas, e = 42.0 keV.

The maximum e for alpha particles in the gas was the maximum value o f s  

calculated using Equation B.2 for all possible initial energies. The maximum e o f alpha 

particles for d  = 3 pm is from the slowing down of alpha particles with an initial energy 

o f 1060 keV. The initial energy required to deposit the maximum e o f alpha particles for 

d=  1 pm is 750 keV (Fig. B.3). These energies can be achieved by alpha particles from
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Fig. B.3. ZZT-distribution for alpha particles in 33-Torr propane-based TE gas. The 
shaded region represents the integral of LET  from initial energy, E  = 750 keV, (or 
initial position, x  = 0) to final energy, E  = 496 keV (or final position, x = 12.7 mm).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

117



the internal alpha source o f the TEPC that pass partially through the wall o f the detector. 

Of course, it is extremely rare for an alpha particle to graze a portion of the wall and also 

have a pathlength equal to the diameter of the detector as shown in Fig. B. 1. For alpha 

particles traveling through propane-based TE gas, the maximum e for d  -  3 pm is 741 

keV, and the maximum s for d  = 1 pm is 255 keV.

Protons

Protons are produced by elastic collisions (n,p) between incident neutrons and 

primarily hydrogen and nitrogen nuclei of the A -150 TE plastic wall o f the TEPC. A 

plutonium-beryllium source produced neutrons of a range of energies from 0.025 eV to 

11 MeV (Anderson and Neff, 1972), which had a mean energy o f 4.5 MeV. The energy 

distribution o f these neutrons was similar to Fig. B.4. The secondary protons had energy 

distributions that ranged with uniform probability from zero to the incident neutron 

energies.

The maximum e for protons crossing the gas cavity was the maximum value o f s  

for protons o f all possible initial energies calculated using Equation B.2. The maximum e 

o f protons for d  = 3 pm was determined to be from the slowing down of protons with an 

initial energy o f 265 keV. For d = 1 pm, the maximum e was from protons with an initial 

energy of 137 keV. The range of possible proton energies from the neutron interactions 

with the wall encompasses these energies. For protons traveling through propane-based 

TE gas, the maximum e for d  = 3 pm is 251.6 keV, and the maximum e for d  = 1 pm is 

96.8 keV.
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Fig. B.4. Neutron energy distribution of a plutonium-beryllium source containing 80 g of 
plutonium (from Anderson and Neff, 1972). The curve is a smooth curve through the 
data points obtained with a single crystal, fast neutron stilbene spectrometer. A 
nuclear emulsions spectrum is also shown.
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Calibration Regression

Table B .l summarizes the energy deposition and MCA channel numbers for all of 

the calibration points for d -  1 pm and a gain on the shaping amplifiers o f x2.5. For each

TABLE B .l

Data used for the calibration regression for a simulated diameter o f 1 pm and a gain of 
x2.5 for the low gain and high gain shaping amplifiers.

Calibration Point D e  
(pm) (keV)

MCA Channel +, Weight

proton edge
low gain amplifier 

1 95.8 111 3
half-crossing alpha peak 1 41.5 50.6 6
alpha peak 1 83 97 1
alpha edge 1 252 315 4

proton edge
high gain amplifier 

1 95.8 107 3
half-crossing alpha peak 1 41.5 46.5 6
alpha peak 1 83 89 1
alpha edge 1 252 292 4

amplifier setting and simulated diameter, a weighted least squares estimation was 

determined using SAS for the coefficients, yo and //, o f the regression,

£=yo+yi-Ch, (B.3)

where Ch is the MCA channel number. Approximations were made for standard error in 

channel number, and the weights for e  shown in Table B. 1 were used, with a smaller 

weight having more o f an influence on the regression. Table B.2 lists the results. Fig.
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B.5 displays the results along with the calibration points. The slopes, yj, o f resulting 

regressions were tested for equivalence with an independent samples modified t-test 

(Satterthwaite’s method). This test had an extremely small p-value, demonstrating that 

the slopes o f the regressions for the two shaping amplifiers were not significantly 

different.

TABLE B.2

Coefficients o f the weighted least squares regression o f s  (keY) versus MCA channel
number for both shaping amplifiers.

Coefficient Value

low gain amplifier
Yo 7.6
Yi 0.788

high gain amplifier
Yo 8.7
Yi 0.85

This regression may be approximated for each amplifier by using one calibration 

point and extrapolating to the origin. The easiest calibration point to obtain for the 

particular TEPC used in this study is the alpha peak from alpha particles emitted by the 

internal alpha source.
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Fig.B.5. Calibration points for the low gain (solid circles) and high gain (open circles) 
TEPC shaping amplifiers shown with the results o f a weighted least squares linear 
regression (black and gray lines, respectively) for energy deposited versus channel 
number on the multichannel analyzer.
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APPENDIX C: STOPPING POWER CALCULATION

The following set o f code, “bbwin,” was used to calculate the mass electronic 

stopping power o f the 1-pm and 3-pm diameter sphere of simulated tissue for HZE ions. 

For calculations in this paper, LET  is assumed to be equal to the product o f the mass

g
electronic stopping power, — , and the density of the target, p.

P

L E T (keV pm '1)«  f - W v  cm2 g '1 )• p (g cm '3 )• 0.1 keV , (C.l)
\ p )  MeV cm

neglecting the nuclear component of the mass stopping power.

g
This program is useful in calculating J3, LET, and — for ions (not electrons)

P

incident upon a target and the energy, /?, and LET  of ions leaving a target (Fig. C .l).

Also included in the result of the code is the energy transferred from the incident ion, 

calculated using 1 0 ,0 0 0  iterations o f energy deposition through the entire path o f the 

incident ion. Targets included as options in the program are all elements from Z = 1 to Z 

= 98, all compounds listed in Table 1.2 of ICRU Report 49 (Fig. C.2) (ICRU, 1984; 

ICRU, 1993), and custom targets.

This code is based primarily on information obtained from ICRU Report 49 

(ICRU, 1993), including the target material constants. Bragg’s rule from ICRU 37
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beta(inc) = 0.707151
S_p(inc) «= 111.8224 MeV cmA2 gA-1

LETfinc) = 11.16224 keVmicronA1

Etms => 0.011182 MeV

E(exit)= 388.9930 MeV nucleonA-1
beta(exit)* 0.707150

LET(exit]= 11.16226 KeVmicronM

Fig. C .l. Screen shot o f bbwin graphical user interface. Results calculated in this
in i

example are for C at 389 MeV nucleon' in 1 -pm-thick liquid water.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

124



@
. 1 ' y .  ¥-98'(ISHWi NuErtes (note: normal physical state) 
'oJsS  99 : A-150 tissue-equivalent plastic 

”  101! acetylene
103; adipose tissue
104 : air, dry (near sea level)
106: aluminum oxide
1 1 1 ! B-100 bone-equivalent plastic
119: bone, compact (ICRU)
130: bone, cortical 

. l# sC -5 !$ 2  air-equivalent plastic

IS4 rcarbco dioxide 
i38!telk teseratfat«

- . 139 i cene suffate dosimeter solution 
141-; e e » m  iodide 

■ IsS ieth y len e '
1 6 0 1 ferteus sulfate dosimeter solution 
169; glass, boroafcate (pyrex)
179 r kapton polylmide film 
IBS t lithium fluoride 
1 8 9 1 Ifeium tetraborate 
1 9 1 1 M3 wax 
19?! methane (gas)
200 MS20 tissue substitute 

;.2|) s muscle, skeletal 
.U ' 202: muscle, striated '

203 :musde-equlvalent liquid, with sucrose :
• -204 f muscte-equivatiht lii îdii Wltllitt'suetQse, . •

■ mylon, type 6 and type 8/6'
.barrfffOl.rtdx;. \  .. ;
■photographic emulsion
plastic scintillator (vinyltoluene based) . ? 
polycarbonate (makrolon, lexan) 
polyenthylene
■polyehtKsftene terephthalisfe fm^sr) , 
■polymethyl mefhacralate (lucjto, perspex) • ■■■ 
polypropylene ■ ■. •
polystyrene - 
polytetrafluproethylene 
polsrvinyf cNbride 
propane 
sisbn-dloxide 
sodium iodide 
stilbene
tissue-equivalent gas (methane based) 
tissue-equivalent gas (propane based) 
toluene 
wafer, Iqrfd
: wafer vapor . ,
TEqas (propane based) at 33, torr 
JEggs (propane based) at'99 Torr 
liquid hydrogen 

.g fip h le  .

r

■ -213.
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223
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282 
255
263
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266  
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25?? 
800

. SOI 
600 
906

ICRU 37  I n d e c e s

Fig. C.2. Screen shot o f the indices supported by the bbwin program (ICRU, 1984; 
ICRU, 1993).
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(ICRU, 1984) was implemented in calculating the stopping powers o f mixtures and 

compounds. The shell corrections from Walske (Walske, 1952; Walske, 1956) were 

applied in this program. And finally, much aid was received from Bichsel (1963).

Not included in this code are the approximations necessary to estimate mass 

stopping power for low energy ions. Therefore, it should not be used for calculations 

with respect to ions less than 10 MeV nucleon"1 in energy. Another limitation o f the code 

is that there is no inclusion of a density effect correction. Therefore, it should not be used 

for calculations with respect to very fast ions, or at least this limitation should be 

considered when obtaining the final result. Also not considered in this code is the nuclear 

stopping power. A final limitation of this code is that the target is considered infinitely 

wide and tall. Thus, LET  and energy transferred is calculated, rather than energy 

deposited in the target.

Superfluous lines in the code for most targets were omitted (denoted ..”). The 

results o f this program are meant to be first approximations. The author is not 

responsible for their misinterpretation. The “bbwinlDlg.cpp” code below was compiled 

along with its supporting files to create a graphical user interface using Microsoft® Visual 

C++® 6.0. The executable program is available by contacting the author.

bbwinlDlg.cpp

//bbwinlDlg.cpp : implementation file
//

/////////////////////////////////////////////////////////////////////////////

#include "stdafx.h"
#include "bbwinl.h"
#include "bbwinlDlg.h"
#include "math.h"
#include "string.h"
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#ifdef_DEBUG
#define new DEBUG NEW
#undef THISFILE
static char THIS_FILE[] = _ F I L E _ ;
#endif

/////////////////////////////////////////////////////////////////////////////
// CAboutDlg dialog used for App About

class CAboutDlg : public CDialog 
{
public:

CAboutDlg();

// Dialog Data
//{ {AFXDATA(CAboutDlg) 
enum { IDD = IDD_ABOUTBOX };
//}}AFX_DATA

// ClassWizard generated virtual function overrides
/ /{ {AFXVIRTUAL(CAboutDlg)
protected:
virtual void DoDataExchange(CDataExchange* pDX); // DDX/DDV support 
//}} AFXVIRTUAL

// Implementation 
protected:

/ /{ {AFXMSG(CAboutDlg)
//}}AFX_MSG
DECLAREM ESSAGEM APO

};

CAboutDlg: :CAboutDlg(): CDialog(CAboutDlg::IDD)
{

/ / { {AFXDATAINIT(CAboutDlg)
//}} A F X D A T A IN IT

}

void CAboutDlg::DoDataExchange(CDataExchange* pDX)
{

CDialog: :DoDataExchange(pDX);
//{ {AFXDATAJMAP(CAboutDlg)
//}} A F X D A T A M A P

}

BEGIN_MESSAGE_MAP(CAboutDlg, CDialog)
//{{AFX_MSG_MAP(C AboutDlg)

// No message handlers 
//}} A F X M S G M A P  

END_MESSAGE_MAP()

/////////////////////////////////////////////////////////////////////////////
// CBbwinlDlg dialog

CBbwinlDlg::CBbwinlDlg(CWnd* pParent /*=NULL*/)
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}

: CDialog(CBbwinlDlg::lDD, pParent)

//{ {A F X D  A T A IN IT  (CBbwin 1 Dig)
m_dA = 0.0;
m_dAmat = 0.0;
m_dEin = 0.0;
m d lp ot = 0.0;
m drho = 0.0;
m_dthick = 0.0;
m_dZ = 0.0;
m dZm at = 0.0;
mbChkcustom = FALSE;
m sm essage = _T("");
m d b in  = 0.0;
m dletin  = 0.0;
m d sp in  = 0.0;
m dbout = 0.0;
m dE out = 0.0;
m_Etms = 0.0;
m dletout = 0.0;
m im at = 0;
//}} A F X D A T A IN IT
// Note that Loadlcon does not require a subsequent Destroylcon in Win32 
m_hIcon = AtxGetApp()->LoadIcon(IDR MAINFRAME);

void CBbwinlDlg::DoDataExchange(CDataExchange* pDX)
{

CDialog: :DoDataExchange(pDX);
//{{AFX_DATA_MAP(CBbwin 1 Dig)
DDX Text(pDX, IDC_A, m_dA);
DDX_Text(pDX, IDC AMAT, m dAmat);
DDX Text(pDX, IDC_EIN, m dEin);
DDX Text(pDX, IDCJPOT, m_dIpot);
D D X T  ext(pDX, IDC_RHO, m_drho);
DDX Text(pDX, IDC_THICK, m dthick);
DDX Text(pDX, IDC_Z, m_dZ);
DDX_Text(pDX, IDC_ZMAT, m dZmat); 
DDX_Check(pDX, IDC_CHKCUSTOM, m bChkcustom); 
DDX_Text(pDX, IDC_MESSAGE, m smessage);
DDX Text(pDX, IDC_BIN, m_dbin);
DDX Text(pDX, IDCJLETIN, m dletin);
DDX Text(pDX, IDC_SPIN, m dspin);
DDX_Text(pDX, IDC_BOUT, m_dbout);
DDX Text(pDX, IDC__EOUT, m dEout);
DDX Text(pDX, IDC ETRNS, m_Etms);
DDX Text(pDX, IDC_LETOUT, m_dletout);
DDX Text(pDX, IDC MAT, m imat);
//} }AFX_DATA_MAP

}

BEGIN MESSAGE_MAP(CBbwin 1 Dig, CDialog) 
//{{AFX_MSG_MAP(CBbwin 1 Dig) 
ON_WM_S Y SCOMMAND()
O N W M P  AENT () 
ON_WM_QUERYDRAGICON()
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ON_BN_CLICKED(IDC_CHKCUSTOM, OnChkcustom)
ON_BN_CLICKED(ID_RUN, OnRun)
ON_BN_CLICKED(IDC_INDECES, Onlndeces)
//}} AFX_MSG_MAP 

END_MESSAGE_MAP()

/////////////////////////////////////////////////////////////////////////////
// CBbwinlDlg message handlers

BOOL CBbwinlDlg::OnInitDialog()
{

CDialog::OnInitDialogO;

// Add "About..." menu item to system menu.

// IDM ABOUTBOX must be in the system command range.
ASSERT((IDM_ABOUTBOX & OxFFFO) == IDM ABOUTBOX); 
ASSERT(IDM_ABOUTBOX < OxFOOO);

CMenu* pSysMenu = GetSystemMenu(FALSE); 
if  (pSysMenu !=NULL)
{

CString strAboutMenu;
strAboutMenu.LoadString(IDS_ABOUTBOX); 
if  (!strAboutMenu.IsEmpty())
{

pSysMenu->AppendMenu(MF_SEPARATOR);
pSysMenu->AppendMenu(MF _STRING, IDM ABOUTBOX, strAboutMenu);

}
}

// Set the icon for this dialog. The framework does this automatically 
// when the application's main window is not a dialog 
SetIcon(m_hIcon, TRUE); // Set big icon
SetIcon(m_hIcon, FALSE); // Set small icon

// TODO: Add extra initialization here

mbChkcustom = FALSE;

UpdateData(FALSE);

return TRUE; // return TRUE unless you set the focus to a control
}

void CBbwinlDlg::OnSysCommand(UINT nID, LPARAM IParam)
{

if  ((nID & OxFFFO) == IDM_ABOUTBOX)
{

CAboutDlg dlgAbout; 
dlgAbout.DoModal();

}
else
{

CDialog::OnSysCommand(nID, IParam);
}
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}

// If you add a minimize button to your dialog, you will need the code below 
// to draw the icon. For MFC applications using the document/view model,
// this is automatically done for you by the framework.

void CBbwinlDlg::OnPaint()
{

if  (IsIconic())
{

CPaintDC dc(this); // device context for painting

SendMessage(WM_ICONERASEBKGND, (WPARAM) dc.GetSafeHdc(), 0);

// Center icon in client rectangle
int cxlcon = GetSystemMetrics(SMCXICON);
int cylcon = GetSystemMetrics(SMCYICON);
CRect rect;
GetClientRect(&rect);
int x = (rect.Width() - cxlcon + 1) / 2;
int y = (rect.Height() - cylcon + 1) / 2;

// Draw the icon 
dc.DrawIcon(x, y, m hlcon);

}
else
{

CDialog: :OnPaint();
}

}

// The system calls this to obtain the cursor to display while the user drags 
// the minimized window.
HCURSOR CBbwinl Dig: :OnQueryDragIcon()
{

return (HCURSOR) m hlcon;
}

void CBbwinlDlg::OnChkcustom()
{

// TODO: Add your control notification handler code here

UpdateData(TRUE);
if  (m bChkcustom == TRUE) {

GetDlgltem(IDC ZMAT) ->EnableWindow(TRUE);
GetDlgltem(IDC AMAT) ->EnableWindow(TRUE);
GetDlgltem(IDCIPOT) ->EnableWindow(TRUE);
GetDlgltem(IDCRHO) ->Enable W indow(TRUE); 
GetDlgltem(IDCTARGETZ) ->EnableWindow(TRUE); 
GetDlgltem(IDCTARGETA) ->EnableWindow(TRUE); 
GetDlgltem(IDCTARGETI) ->EnableWindow(TRUE);
GetDlgltem(IDC TARGETRHO) ->EnableWindow(TRUE);
GetDlgltem(IDC MAT) ->EnableWindow(FALSE);
GetDlgltem(IDC INDECES) ->EnableWindow(FALSE);

}
else {
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GetDlgltem(IDCZMAT) ->EnableWindow(FALSE);
GetDlgltem(IDCAMAT) ->EnableWindow(FALSE);
GetDlgltem(IDC IPOT) ->EnableWindow(FALSE);
GetDlgltem(IDCRHO) ->EnableWindow(FALSE);
GetDlgItem(IDC TARGETZ) ->EnableWindow(FALSE);
GetDlgItem(IDC TARGETA) ->EnableWindow(FALSE);
GetDlgItem(IDC TARGETI) ->EnableWindow(FALSE); 
GetDlgltem(IDCTARGETRHO) ->EnableWindow(FALSE); 
GetDlgltem(IDCJVtAT) ->EnableWindow(TRUE);
GetDlgltem(IDCINDECES) ->EnableWindow(TRUE);

}
}

void CBbwinlDlg::OnRun()
{

// TODO: Add your control notification handler code here
const double pi=3.14159, N0=6.02205e23, r0=2.81794e-13; //1/mol, cm
const double mn=939.574, mp=938.281, me=0.511004; //MeV
const double k0=8.98755e9, echarge=1.60218e-19, mkg=9.10939e-31, c=2.99792e8;
const double bins= 10000.;
const int cnsttnts=13;
int iintjint,num,mat;
double f_i[cnsttnts],Zmat_i[cnsttnts],Amat_i[cnsttnts],Ipot_i[cnsttnts],mstoppow_i[cnsttnts];
double rho,Zmat,Amat,Ipot,thick,Z,A,Ein; //input parameters
double Etms; //output paramater: MeV
double dx, dE, b, Etot, E, mc2; //calculation parameters
double i;
double mstoppow;
double Ry, ZKeff, ZLeff, ZMeff, etaK, etaL, etaM, x, RK, SK, BK, P, Q, RL, SL, BL, KA; 

//calculation parameters
double CK, CL, CM, delta; //output parameters

UpdateData(TRUE);

iint=0;mstoppow=0.;i=0.;dx=0.;dE=0.;b=0.;Etot=0.;E=0.;mc2=0.;
rho=0.;thick=0. ;Ein=0. ;Z=0. ;A=0. ;Etms=0. ;num=0;
jint=0;
while (jint<cnsttnts) {

Zmat_i[jint]=0.;
Amat irjinf|=0.; 
f_ifjint]=0.;
Tpoti [j int]=0.; 
mstoppow_i[jint]; 
jint++;

}
Ry=0.;ZKeff=0. ;ZLeff=0. ;ZMeff=0. ;etaK=0. ;etaL=0. ;etaM=0. ;x=0.; 
RK=0.;SK=0.;BK=0.;P=0.;Q=0.;RL=0.;SL=0.;BL=0.;KA=0.;
CK=0. ;CL=0. ;CM=0. ;delta=0.; 
m_smessage =

UpdateData(FALSE);

//Use input parameters 
Z = m_dZ;
A = m_dA;
Ein = m dEin;
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mat = m im at; 
thick = m dthick; 
if  (m_bChkcustom) { 

mat = 0; 
num = 1;
ZmatifO] = mdZmat; 
Amat_i[0] = mdAmat; 
lp°t_i[0] = m dlpot; 
f_i[0] = 1.; 
rho = m drho;

}

//Determining constants for the material 
if  (mat == 1) {

num = 1;
Zmat_i[0] = 1.; 
Amat_i[0] = 1.0079;
Ipot i[0] = 19.2;
f_ i[0 ]= l.;  
rho = 8.3748e-5;

}
else if  (mat == 2) {

num = 1;
Zmat_i[0] = 2.; 
Amat_i[0] = 4.0026; 
lpot_i[0] = 41.8;
f_i[0] = 1-;
rho = 1.6632e-4;

}

else if  (mat == 98) {

num = 1;
Zmat_i[0] = 98.; 
Amat_i[0] = 251.; 
Ip°t_i[0] = 966.; 
f_i[0] = 1.;
rho = 14.;//estimate!!

}
if  (mat <= 98); 
else if  (mat == 99) {

num = 6;
Zmat_i[0] = 1.; 
Amat_i[0] = 1.0079; 
Ipot i[0] = 19.2; 
f_i[0] = 0.101327; 
Zmat_i[l] = 6.; 
Amat_i[l] = 12.011; 
Ipot_i[l] = 78.; 
f_i[l] = 0.775501; 
Zmat_i[2] = 7.; 
Amat_i[2] = 14.0067;
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Ipot_i[2] = 82.; 
f_i[2] = 0.035057; 
Zmat_i[3] = 8.; 
Amat_i[3] = 15.9994; 
Ipot_i[3] = 95.; 
f_ i[3]=  0.052316; 
Zmat_i[4] = 9.; 
Amat_i[4] = 18.998403; 
Ipot_i[4] = 115.; 
f_i[4] = 0.017422; 
Zmat_i[5] = 20.; 
Amat_i[5] = 40.08; 
Ipot_i[5] = 191.; 
f_i[5] = 0.018378; 
rho = 1.1270;//g/cmA3

}

else if  (mat == 906) {

num = 1;
Zmat_i[0] = 6.;
Amat_i[0] = 12.011; 
lpot_i[0] = 78.; 
f_i[0] = 1.; 
rho = 1.7;

}

//Calculations
dx = thick/bins; //cm 
E = Ein;
mc2 = (A-Z)*mn + Z*mp; //mass o f incident particle in MeV 
while (i<bins) { 

jint = 0;
if  (i/100. == int(i/100.)) UpdateData(FALSE); 
while (jint < num) {

Zmat = Zmat_i[jint];
Amat = Amat_i[jint];
Ipot = Ipotijjint]; 
iint=0;
Etot = (A-Z)*(E+mn) + Z*(E+mp); 
b = sqrt((Etot*Etot-mc2*mc2)/(Etot*Etot));

//Shell Correction Calculations 
Ry = 13.6e-6;//MeV 
ZKeff = Zmat - 0.3;
ZLeff= Zmat-4.15;
Z M eff=Z m at- 14.;
etaK = me/(2*Ry*ZKeff*ZKeff)*b*b/(l-b*b); 
etaL = me/(2*Ry*ZLeff!ZLeff)*b*b/(l-b*b); 
etaM = me/(2*Ry*ZMefPZMeff)*b*b/(l-b*b);

//K-shell
x=l/etaK; 
if  (etaK >= 5.) {

CK = 1.22e-4*Zmat*Zmat*(l-b*b)/(b*b);
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else if  (etaK < 5. && etaK >= 0.5) {
if  (Zmat <= 21.5) CK = -0.1978*x*x*x*x + 1.2545*x*x*x

- 3.0704*x*x + 3.037*x - 0.0457;
else if  (Zmat >21.5  && Zmat <= 66.) CK = -0.2033 *x*x*x*x + 

1.2836*x*x*x - 3.1219*x*x + 3 .1163*x - 0.0493;
else CK = -0.1994*x*x*x*x + 1.2538*x*x*x -

3.0559*x*x + 3.0809*x - 0.0368;
}
else {

RK = -5.8441e-7*Zmat*Zmat*Zmat + 0.000150 l*Zmat*Zmat -
0.01274*Zmat+ 1.9223;

SK = -3.5706e-7*Zmat*Zmat*Zmat + 0.00009456*Zmat*Zmat -
0.008643 *Zmat + 2.5397;

if  (Zmat <= 21.5) BK = -3.3411 *etaK*etaK*etaK +
4.4452*etaK*etaK - 0.2293 *etaK - 0.001329;

else if  (Zmat >21.5  && Zmat <= 66.) BK = -2.3932*etaK*etaK*etaK 
+ 3.6737*etaK*etaK - 0.2616*etaK + 0.001678;

else BK = -0.3730*etaK*etaK*etaK +
2.1818*etaK*etaK - 0.1207*etaK - 0.0002797;

if  (BK < 0) BK=0;
CK = RK*log(etaK) + SK - BK;

}
//L-shell

x=l/etaL; 
if  (etaL >=3) {

P = 2.838e-6*Zmat*Zmat*Zmat - 0.0007292*Zmat*Zmat +
0.05798*Zmat + 0.6449;

CL = P*x + 1.5*x*x - 4.0*x*x*x + 4.4*x*x*x*x;
}
else if  (etaL < 3 && etaL >= 0.7) {

Q = 2.704e-6*Zmat*Zmat*Zmat - 0.0006958*Zmat*Zmat +
0.05542*Zmat + 0.8811;

CL = Q*x;
}
else {

RL = 4.7132e-7*Zmat*Zmat*Zmat*Zmat - 1.4767e- 
4*Zmat*Zmat*Zmat + 0.01651*Zmat*Zmat - 0.7879*Zmat + 20.2980;

SL = 5.9323e-7*Zmat*Zmat*Zmat*Zmat - 1.9148e- 
4*Zmat*Zmat*Zmat + 0.02252*Zmat*Zmat - 1.1704*Zmat + 43.9810;

if  (Zmat <= 25.) BL = -8.7076*etaL*etaL*etaL -
19.205*etaL*etaL + 49.817*etaL - 0.3814;

else if  (Zmat > 25. && Zmat <= 37.5) BL = -12.954*etaL*etaL*etaL - 
8.1364*etaL*etaL + 39.949*etaL - 0.3758;

else if  (Zmat > 37.5 && Zmat <= 72.5) BL = -16.681 sNetaL*etaL*etaL
- 1.5168*etaL*etaL + 33.112*etaL - 0.3647;

else BL = -25.443*etaL*etaL*etaL +
10.027*etaL*etaL + 27.209*etaL - 0.525;

if  (BL < 0) BL=0;
CL = RL*log(etaL) + SL - BL;

}
//M-shell

if  (etaM > 0.3) {
KA = 1.6;
CM = KA* 1 e-4*(Zmat-14)*(Zmat-14)*( 1 ,-b*b)/(b*b);

}

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



else {
CM = 0;

}

//Calculate Mass Stopping Power in MeV*cmA2/g
delta = 0.; //density effect is neglected in this version 
mstoppow_i[jint] =

4.*pi*r0*r0*me*N0*Zmat/Amat*Z*Z/(b*b)*(log(2.*me* ] 000000.*b*b/(Ipot*(l ,-b*b)))-b*b-
(CK+CL+CM)/Zmat-delta);

jint++;
}
jint = 0; 
mstoppow = 0.; 
while (jint < num) {

mstoppow = mstoppow + mstoppow_i[jint] * fijjint]; 
jint++;

}
i f  (i =  0) {

m d b in  = b; 
m d sp in  = mstoppow; 
m_dletin = mstoppow*rho/10.;

}
dE = dx * mstoppow * rho;
Etms = dE + Etms;
E = (E*A - dE)/A; // assumed that energy deposited is equal to Kinetic Energy loss 
if  (mstoppow <= 0.) {

m_smessage = "Note: At this depth into the target the energy o f the charged
particle fell out o f the range o f  this program.";

mstoppow = 0.;
Etms = Ein*A;
E = 0.; 
b = 0.; 
break;

}
if  (Etms >= Ein*A) {

Etms = Ein*A;
E=0.;
b=0.;
break;

}
i++;

}

//output results
m E tm s = Etms;
if  (E != 0) {

m dE out = E; 
m dbout = b;
m dletout = mstoppow*rho/10.;

}
else m_smessage = "**The particle stopped in the material**";

UpdateData(FALSE);
}

void CBbwinlDlg::OnIndeces()
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{
// TODO: Add your control notification handler code here
CString indeces;
indeces = "1-98 Atomic Numbers (note: normal physical state)\n99 : A-150 tissue-equivalent 

plastic\nl01 : acetylene\nl03 : adipose tissue\nl04 : air, dry (near sea level)\nl06 : aluminum oxide\nl 11 : 
B-100 bone-equivalent plastic\nl 19 : bone, compact (ICRU)\nl20 : bone, cortical\nl26 : C-552 air- 
equivalent plastic\nl30 : calcuim fluoride\nl34 : carbon dioxide\nl38 : cellulose nitrate\nl39 : eerie sulfate 
dosimeter solution\nl41 : cesium iodide\nl55 : ethylene\nl60 : ferrous sulfate dosimeter solution\nl69 : 
glass, borosilicate (pyrex)\nl79 : kaptonpolyimide film\nl85 : lithium fluoride\nl89 : lithium 
tetraborate\nl91 : M3 wax\nl97 : methane (gas)\n200 : MS20 tissue substitute\n201 : muscle, skeletal\n202 
: muscle, striated\n203 : muscle-equivalent liquid, with sucrose\n204 : muscle-equivalent liquid, without 
sucrose\n209 : my Ion, type 6 and type 6/6\n213 : paraffin, wax\n215 : photographic emulsion\n216 : plastic 
scintillator (vinyltoluene based)\n219 : polycarbonate (makrolon, lexan)\n221 : polyenthylene\n222 : 
polyenthylene terephthalate (mylar)\n223 : polymethyl methacralate (lucite, perspex)\n225 : 
polypropylene\n226 : polystyrene\n227 : polytetrafluoroethylene\n232 : polyvinyl chloride\n238 : 
propane\n245 : silicon dioxide\n252 : sodium iodide\n255 : stilbene\n263 : tissue-equivalent gas (methane 
based)\n264 : tissue-equivalent gas (propane based)\n266 : toluene\n276 : water, liquid\n277 : water 
vapor\n500 : TE gas (propane based) at 33 Torr\n501 : TE gas (propane based) at 99 Torr\n600 : liquid 
hydrogen\n906 : graphite";

MessageBox(indeces,"ICRU 37 Indeces",MB ICONINFORMATION);
}

bbwinlDlg.h

// bbwinlDlg.h : header file
//

# i f ! defined(AFX_BB WIN 1 DLG_H _2073 5C59_4BF3_4FAA_8077_12FA850C5 A20_INCLUDED_) 
#defme AFX_BBWIN1DLG_H_20735C59_4BF3_4FAA_8077_12FA850C5A20 INCLUDED_

#if MSC VER > 1000 
#pragma once
#endif // _MSC_VER > 1000

/////////////////////////////////////////////////////////////////////////////
// CBbwinlDlg dialog

class CBbwinlDlg : public CDialog 
{
// Construction 
public:

CBbwinlDlg(CWnd* pParent = NULL); // standard constructor

// Dialog Data
//{{AFX_DATA(CBbwin 1 Dig)
enum { IDD = IDD BBWIN1 DIALOG };
double m_dA;
double m_dAmat;
double m dEin;
double m dlpot;
double m drho;
double m dthick;
double m_dZ;
double m dZmat;
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BOOL m bChkcustom;
CString m smessage; 
double m dbin; 
double m dletin; 
double m dspin; 
double m dbout; 
double m dEout; 
double m Etms; 
double m_dletout; 
int m im at;
//}}AFX_DATA

// ClassWizard generated virtual function overrides
//{ {AFX_VIRTUAL(CBbwin 1 Dig)
protected:
virtual void DoDataExchange(CDataExchange* pDX); // DDX/DDV support 
//}} AFXVIRTUAL

// Implementation 
protected:

HICON m hlcon;

// Generated message map functions 
//{{AFX_MSG(CBbwin 1 Dig) 
virtual BOOL OnInitDialog();
afx msg void OnSysCommand(UINT nID, LPARAM IParam);
a fx m sg  void OnPaint();
afx msg HCURSOR OnQueryDragIcon();
afx msg void OnChkcustom();
afx msg void OnRun();
afx msg void OnIndeces();
//}}AFX_MSG
DECLARE_MESSAGE_MAP()

};

/ /{ {A FXINSERTLO CATIO N}}
// Microsoft Visual C++ will insert additional declarations immediately before the previous line. 

#endif //
!defined(AFXJBBW INlDLG_H_20735C59_4BF3_4FAAJ077_12FA850C5A20_INCLUDEDJ
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APPENDIX D: STOPPING POWER MULTIPLE CALCULATION

The following set o f code, “bb multi,” was adapted from bbwin (see Appendix C: 

Stopping Power Calculation) to automatically include calculations related to mass 

electronic stopping power o f several successive targets. This code was primarily used to 

calculate the energy o f HZE ions in this study at the upstream side of the TEPC 

immediately before entering the gas cavity and after traveling through all upstream 

detectors and the TEPC components.

The program requires an input file, “infile.txt,” in the following format:

first line: 
second line: 
third line: 
fourth line:

last line:

index l thick_l 
index_2 thick_2 
index_3 thick_3

index n thick n

where Z is the atomic number, A is the atomic mass in amu, and E is the energy in MeV 

nucleon'1 of the incident ion, in d e x / is the ICRU ID Number (Fig. C.2) (ICRU, 1984; 

ICRU, 1993), and thick / is the thickness in cm of the /th of n targets. This input file 

must placed in the same directory as the code’s executable, “bb_multi.exe.” An example 

of infile.txt is given in Fig. D. 1. The resulting output file, “outfile.txt,” corresponding to 

this input file is shown in Fig. D.2. The output file is written in the same directory as the
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1 1 200 
276 1 
276 20 
82 3 
73 5

Fig. D .l. An example o f an input file “infile.txt” to be used with the b b m u lti program. 
In this example, an incident 200-MeV proton successively passes through 1 cm of 
liquid water, 20 cm of liquid water, and 3 cm of lead.
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Incident ion: Z=l, A=l, E-dOO IVieVAi.

water, liquid 
water, liquid 
lead

index 
27 6 
276 
82

thickness (cm) 
1 
20 
3

E(iruc) {MeV hi) 
200
195.438
76.6346

b(irtc)
0.566158
0.561298
0.381202

S_p(inc) (MeV*cmA2/g)
4J2B91
4.59677
4.2665

**The particle stopped 0.5216 into the material**

*Note: At 09216 cm into the lead target the energy o f the charged particle fell out o f the range o f this program.

LET (me) (keV/micron) Etms (MeV) E(exit) (MeV/u)
0.452891 45625 195.438
0.459677 118.803 76.6346
4.84248 76.6346

beta(exit) LET(exit) (keV/micron) 
0.561299 0.459676 
0.381242 0.896607

Fig. D.2. The results of the bb multi program written in the output file “outfile.txt” using the input file in Fig. D .l. In this example, 
the incident proton was slowed to 195 MeV after 1 cm of liquid water, was slowed to 77 MeV after an additional 20 cm of liquid 
water, and stopped about 1 cm into the following lead target.
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code’s executable, “bb_multi.exe,” and may be easily copied and pasted into a 

spreadsheet program.

This code is based primarily on information obtained from ICRU Report 49 

(ICRU, 1993), including the target material constants. Bragg’s rule from ICRU 37 

(ICRU, 1984) was implemented in calculating the stopping powers o f mixtures and 

compounds. The shell corrections from Walske (Walske, 1952; Walske, 1956) was 

applied in this program. And finally, much aid was received from Bichsel (1963).

Superfluous lines in the code for most targets were omitted (denoted “ .. .”). This 

code has the same limitations as bbwin (see Appendix C: Stopping Power Calculation). 

In addition, the executable program does not support custom targets. The results o f this 

program are meant to be first approximations. The author is not responsible for their 

misinterpretation. The “bbm ulti.cpp” code below and its supporting files were compiled 

using Microsoft® Visual C++® 6.0. The executable program is available by contacting 

the author.

bb_multi.cpp

// bb multi.cpp : Defines the entry point for the console application.
//

//MASS ELECTRONIC STOPPING POWER
//
//Note: For density o f  H (not H2), rho should be cut in half

#include "stdafx.h"
#include "stdlib.h"
//include "iostream.h"
//include "stdio.h"
//include "math.h"
//include "string.h"
//include "fstream.h"

int main(int argc, char* argv[])
{
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ifstream infile; 
ofstream outfile;
const double pi=3.14159, N0=6.02205e23, r0=2.81794e-13; //1/mol, cm
const double mn=939.574, mp=938.281, me=0.511004; //MeV
const double k0=8.98755e9, echarge=1.60218e-19, mkg=9.10939e-31, c=2.99792e8;
const double bins= 10000.;
const int cnsttnts=13;
int iint jint,mat,num;
char matname[50];
double f_i[cnsttnts],Zmat_i[cnsttnts],Amat_i[cnsttnts],Ipot_i[cnsttnts],mstoppow_i[cnsttnts];
double rho,Zmat,Amat,Ipot,thick,Z,A,Ein; //input parameters
double Etms; //output paramater: MeV
double dx, dE, b, Etot, E, mc2; //calculation parameters
double i;
double mstoppow;
double Ry, ZKeff, ZLeff, ZMeff, etaK, etaL, etaM, x, RK, SK, BK, P, Q, RL, SL, BL, KA; //calculation 
parameters
double CK, CL, CM, delta; //output parameters

mat = target material index number
rho = target density (gases for 20 C and 1 atm)
ft] = fraction by weight o f each constituent
Zmat[] = target atomic number
Amat[] = target atomic mass
Ipot[] = target ionization potential, *mean excitation energy*
thick = target thickness
Z = CP atomic number
A = CP atomic mass
Ein = CP kinetic energy in MeV/nucleon
Etms = energy transfered to target
dx = stepping distance traveled in target
dE = energy transferred in dx in MeV
b = CP speed relative to the speed o f light in a vacuum
Etot = CP total energy
E = CP kinetic energy in MeV
mc2 = CP mass in MeV
ins = iterations in calculating stopping
i = step number
mstoppow = mass stopping power o f target with CP o f Ein

//Initializing values
Ein=0.;Z=0.;A=0.;

//Explain...
cout«  "MASS ELECTRONIC STOPPING POWER" «  endl«  endl;
cout«  "\nThe text file 'infile.txt' should have the below format and should be in the bb_multi.exe 

directory.'';
cout«  "\n\n\tZ A(amu) E(MeV/n)"

«  "\n\tindex thickness(cm)"
«" \n \tin d ex  thickness(cm)"
« "\n\t..." «  endl;

infile.open("infile.txt"); 
outfile.open("outfile.txt"); 
if  (infile.failQ) {
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cout«  "\n****The input file does not exist. Save it as infile.txt in the bb program 
directory, and run the program again.****"«  endl; 

exit(l);
}

infile »  Z »  A »  Ein;

outfile «  "Incident ion: Z=" «  Z «  ", A=" «  A «  ", E=" «  Ein «  " MeV/n." «  endl; 
outfile «  "\ntarget\tindex\tthickness (cm)\tE(inc) (MeV/n)\tb(inc)\tS_p(inc) 

(MeV*cmA2/g)\tLET(inc) (keV/micron)\tEtms (MeV)\tE(exit) (MeV/n)\tbeta(exit)\tLET(exit) 
(keV/micron)";

while (!infile.eof()) {
//Initializing values

iint=0;mstoppow=0.;i=0.;dx=0.;dE=0.;b=0.;Etot=0.;E=0.;mc2=0.; 
rho=0. ;thick=0. ;Etms=0. ;num=0;mat=0;

infile »  m at» thick;

//Determining constants for the material 
if  (mat == 1) {

strcpy(matname,"H2 (gas)"); 
num = 1;
Zmat_i[0] = 1.;
Amat_i[0] = 1.0079; 
lp°t_i[0] = 19.2;
f j [ ° ]  = i-;
rho = 8.3748e-5;

}
else if  (mat == 2) {

strcpy(matname,"He (gas)"); 
num = 1;
Zmat_i[0] = 2.;
Amat_i[0] = 4.0026; 
lp°t_i[0] = 41.8; 
f_i[0] = l.; 
rho = 1.6632e-4;

}

else if  (mat == 98) {
strcpy(matname,"californium"); 
num = 1;
Zmat_i[0] = 98.;
Amat_i[0] = 251.;
Ip°t_i[0] = 966.; 
f_i[0] = 1.;
rho = 14.;//estimate!!

}
if  (mat <= 98); 
else if  (mat == 99) {

strcpy(matname,"A-150 tissue-equivalent plastic"); 
num = 6;
Zmat_i[0] = 1.;
Amat_i[0] = 1.0079;
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Ipot_i[0] = 19.2; 
f_i[0] = 0.101327; 
Zmat_i[l] = 6.; 
A m atJ[l] = 12.011; 
Ipot_i[l] = 78.; 
f_ i[l] = 0.775501; 
Zmat_i[2] = 7.; 
Amat_i[2] = 14.0067; 
Ipot_i[2] = 82.; 
f_i[2] = 0.035057; 
Zmat_i[3] = 8.; 
Amat_i[3] = 15.9994; 
Ipot_i[3] = 95.; 
f_i[3] = 0.052316; 
Zmat_i[4] = 9.; 
Amat_i[4] = 18.998403; 
Ipot_i[4] = 115.; 
f_i[4] = 0.017422; 
Zmat_i[5] = 20.; 
Amat_i[5] = 40.08; 
Ipot_i[5] = 191.; 
f_i[5] = 0.018378; 
rho = 1.1270; //g/cmA3

}

else if  (mat == 906) {
strcpy(matname,"carbon - graphite"); 
num = 1;
Zmat_i[0] = 6.;
Amat_i[0] = 12.011; 
lp°t_i[0] = 78.; 
f_ i[0 ]= l.;  
rho = 1.7;

}
else {

if  (mat) {
cout«  "The targetmaterial" «  m at«  " that was chosen is not included in this

program."«  endl;
outfile «  "\n\t\t[[The target material that was chosen next is not included in this

program.]]";
outfile «  "\n\t\t[[Please either add a target to the source file and compile or use 

a similar target material substitute.]]";
}
outfile «  endl; 
infile.close(); 
outfile.close(); 
exit(l);

}

//Calculations
dx = thick/bins; //cm 
E = Ein;
mc2 = (A-Z)*mn + Z*mp; //mass o f incident particle in MeV 
while (i<bins) {

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



jint = 0;
while (jint < num) {

Zmat = Zmat_i[jint];
Amat = Amat_i[jint];
Ipot = Ipot ijjint]; 
iint=0;
Etot = (A-Z)*(E+mn) + Z*(E+mp); 
b = sqrt((Etot*Etot-mc2*mc2)/(Etot*Etot));

//Shell Correction Calculations 
Ry = 13.6e-6;//MeV 
ZK eff= Zmat-0.3;
ZLeff = Zmat - 4.15;
ZM eff = Zmat - 14.;
etaK = me/(2*Ry*ZKeff*ZKeff)*b*b/(l-b*b); 
etaL = me/(2*Ry*ZLeff*ZLeff)*b*b/(l-b*b); 
etaM = me/(2*Ry*ZMeff*ZMeff)*b*b/(l-b*b);

//K-shell
x=l/etaK; 
if  (etaK >= 5.) {

CK = 1.22e-4*Zmat*Zmat*(l-b*b)/(b*b);
}
else if  (etaK < 5. && etaK >= 0.5) {

if  (Zmat <= 21.5) CK = -0.1978*x*x*x*x + 1.2545*x*x*x
- 3.0704*x*x + 3.037*x - 0.0457;

else if  (Zmat > 21.5 && Zmat <= 66.) CK = -0.2033*x*x*x*x + 
1.2836*x*x*x - 3.1219*x*x + 3 .1163*x - 0.0493;

else CK = -0.1994*x*x*x*x + 1.2538*x*x*x -
3.0559*x*x + 3.0809*x - 0.0368;

}
else {

RK = -5.8441e-7*Zmat*Zmat*Zmat + 0.0001501 *Zmat*Zmat -
0.01274*Zmat + 1.9223;

SK = -3.5706e-7*Zmat*Zmat*Zmat + 0.00009456*Zmat*Zmat -
0.008643*Zmat + 2.5397;

if  (Zmat <= 21.5) BK = -3.3411 *etaK*etaK*etaK +
4.4452*etaK*etaK - 0.2293 *etaK - 0.001329;

else if  (Zmat > 21.5 && Zmat <= 66.) BK = -2.3932*etaK*etaK*etaK 
+ 3.6737*etaK*etaK - 0.2616*etaK + 0.001678;

else BK = -0.3730*etaK*etaK*etaK +
2.1818*etaK*etaK - 0.1207*etaK - 0.0002797;

if  (BK < 0) BK=0;
CK = RK*log(etaK) + SK - BK;

}
//L-shell

x=l/etaL; 
if  (etaL >=3) {

P = 2.838e-6*Zmat*Zmat*Zmat - 0.0007292*Zmat*Zmat +
0.05798*Zmat + 0.6449;

CL = P*x + 1.5*x*x - 4.0*x*x*x + 4.4*x*x*x*x;
}
else if  (etaL < 3 && etaL >= 0.7) {

Q = 2.704e-6*Zmat*Zmat*Zmat - 0.0006958*Zmat*Zmat +
0.05542*Zmat + 0.8811;

CL = Q*x;
}
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else {
RL = 4.7132e-7*Zmat*Zmat*Zmat*Zmat - 1.4767e- 

4*Zmat*Zmat*Zmat + 0.01651*Zmat*Zmat - 0.7879*Zmat + 20.2980;
SL = 5.9323e-7*Zmat*Zmat*Zmat*Zmat - 1.9148e- 

4*Zmat*Zmat*Zmat + 0.02252*Zmat*Zmat - 1.1704*Zmat + 43.9810;
if  (Zmat <= 25.) BL = -8.7076*etaL*etaL*etaL -

19.205*etaL*etaL + 49.817*etaL - 0.3814;
else if  (Zmat > 25. && Zmat <= 37.5) BL = -12.954*etaL*etaL*etaL - 

8.1364*etaL*etaL + 39.949*etaL - 0.3758;
else if  (Zmat > 37.5 && Zmat <= 72.5) BL = -16.681*etaL*etaL*etaL 

- 1.5168*etaL*etaL + 33.112*etaL - 0.3647;
else BL = -25.443*etaL*etaL*etaL +

10.027*etaL*etaL + 27.209*etaL - 0.525;
if  (BL < 0) BL=0;
CL = RL*log(etaL) + SL - BL;

}
//M-shell

if  (etaM > 0.3) {
K A = 1.6;
CM = KA*le-4*(Zmat-14)*(Zmat-14)*(l.-b*b)/(b*b);

}
else {

CM = 0;
}

//Calculate Mass Stopping Power in MeV*cmA2/g
delta = 0.; //density effect is neglected in this version 
mstoppow_i[jint] =

4.*pi*r0*r0*me*N0*Zmat/Amat*Z*Z/(b*b)*(log(2.*me*1000000.*b*b/(Ipot*(l.-b*b)))-b*b-
(CK+CL+CM)/Zmat-delta);

jint++;
}
jint = 0; 
mstoppow = 0.; 
while (jint < num) {

mstoppow = mstoppow + mstoppow_i[jint] * f_i[jint]; 
jint++;

}
if  (i == 0) {

outfile «  "\n" «  matname «  "\t" «  m at«  "\t" « thick «  "\t" «  Ein «  
"\t" «  b «  "\t" «  mstoppow «  "\t" «  mstoppow*rho/10.;

}
if  (mstoppow <= 0.) {

cout«  "\nNote: A t" « thick/bins*i «  " cm into the target the energy o f the 
charged particle fell out o f  the range o f  this program." «  endl;

mstoppow = 0.;
Etms = Ein* A;
E = 0.; 
b = 0.; 
break;

}
dE = dx * mstoppow * rho;
Etms = dE + Etms;
E = (E*A - dE)/A; // assumed that energy deposited is equal to Kinetic Energy loss 

// Ein = E; //Set beginning energy for next itteration/target to end o f last itteration
if (Etms >= Ein*A) {
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Etms = Ein* A;
E=0.;
b=0.;
break;

}
i++;

}

//output results
outfile «  "\t" «  Etms;
Ein = E;
if  (E != 0.) outfile «  "\t" «  E «  "\t" «  b «  "\t" «  mstoppow*rho/10.; 
else {

outfile «  "\n\t\t**The particle stopped " « thick/bins*i «  " into the material**"; 
if  (mstoppow == 0.) outfile «  "\n\n*Note: A t " « thick/bins*i «  " cm into the " «  

matname «  " target the energy o f the charged particle fell out o f the range o f this program." «  endl; 
break;

}
}

outfile «  endl;
infile.close();
outfile.close();
cout«  "\nOutput file outfile.txt has been created in the bb_multi.exe folder.\n" «  endl; 
return 0;

}
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