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ABSTRACT OF DISSERTATION

RESPONSE OF A TISSUE EQUIVALENT PROPORTIONAL COUNTER TO 
DIFFERENT IONS HAVING A SIMILAR LINEAR ENERGY TRANSFER

The Tissue Equivalent Proportional Counter (TEPC) is a part of the active 

dosimetry of current space missions, measuring high-energy charged particles making 

up the proton and galactic cosmic radiation (GCR) fields, as well as the fragmentation 

products produced when these radiations interact with shielding. It is also used to 

characterize high-energy charged particle beams produced by accelerators used at 

many tumor treatment facilities throughout the world. A proper understanding of its 

response to these types of radiation fields is required before an assessment of 

radiation quality and dose equivalent may be made with confidence.

Past studies have characterized detector response to a single high-energy ion, 

56Fe, with energies ranging from 200 to 1,000 MeV/nucleon. It was found that the 

TEPC could be used to accurately determine the average quality of high-energy 

charged particles, and therefore dose equivalent, if the dose mean lineal energy, yd, 

were used. The present study is an analysis of TEPC response to several high-energy 

ions having different charge and velocity, the square of their ratio, Z2/V2, chosen such 

that all ions have a similar Linear Energy Transfer (LET). Four ions, 14N, 160 , 20Ne
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98and Si, all having an LET of about 43 keV/|im were measured at the Heavy Ion 

Medical Accelerator (HIMAC) in Chiba, Japan with a spherical TEPC having a 

physical diameter of 1.27 cm. Results of this study indicate that the proper choice of 

using yf or yd to determine radiation quality and absorbed dose may depend on the 

associated momentum of the ion.

Stephen Brant Guetersloh 
Environmental and Radiological 

Health Sciences Department 
Colorado State University 

Fort Collins, CO 80523 
Summer 2003
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CHAPTER I - INTRODUCTION

Proper understanding of the instruments used in the dosimetry of ionizing 

radiation becomes much more important as technology advances and the types of 

radiations become more diverse. Medical treatment facilities now employ an 

increasing variety of accelerated ions for use in tumor treatment, therapy and 

research. Hundreds of patients per day are being treated with fast charged particles in 

tumor therapy facilities at several locations around the globe.(1) With the frequency 

and duration of manned space activities also increasing, the exposure to fast heavy 

ions from Galactic Cosmic Radiation (GCR) is of growing concern.<2,3) Though the 

relative number of high-energy, high-Z particles (HZE) is only about one percent of 

the GCR, their contribution to dose during a space mission is significant.(2,3) Proper 

interpretation and understanding of the spatial patterns of energy deposition from 

charged particles as they pass through and interact with tissue becomes more 

important for accurate dosimetry in radiation protection, radiotherapy and 

radiobiology.

A quantity representing the distribution of energy loss through ionization by a 

charged particle as it traverses a medium is known as Linear Energy Transfer (LET) 

and is approximated using the Bethe-Bloch stopping-power formula.(4,5) T F T has 

been defined by the ICRU in Report 16 as follows :(6)

1
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"The linear energy transfer or restricted linear collision stopping power (LA) of 
charged particles in a medium is the quotient of dE, by dl where dl is the distance 
traversed by the particle and dE  is the mean energy-loss due to collisions with energy 
transfers less than some specified value."

For a given medium and for the range of energies important in therapy and 

space dosimetry, the important variables in the Bethe-Bloch equation regarding the

incident particle are the charge, Z, and the velocity, Y, of the ion. By choosing the

2 2charge and velocity of two ions so that the ratio of their squares, Z /V , is equal, the 

LET of the two in a given medium are similar. Since they deposit about the same 

amount of energy per unit path length, one would expect each ion to have the same or 

similar effects on the medium. In fact, LET is the quantity typically used to 

determine radiation quality for radiation protection purposes, and is one of the 

dependent variables in the concept of Relative Biological Effect (RBE) in radiation 

biology.(7)

In an effort to compare the biological effectiveness of one ion to another, X- 

rays or 60Co gammas are generally used as the standard. The RBE of a charged 

particle is defined as the ratio of the dose required of X or 60Co irradiation to the dose 

required of the given charged particle necessary to produce the same biological 

effect.® When the dose rate and number of fractions are held constant for the 

accelerated ions, the RBE for a given endpoint is dependent only upon the LET of the 

particle.(7)

As charged particles pass through tissue the primary mechanism of energy 

loss is by Coulomb interaction with the outer electrons of the molecules of the

2
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tissue.(5,7) The result is the ejection of secondary electrons which deposit their energy 

in the medium. The distribution of energies of these secondary electrons is generally 

dependent upon the energy of the incident particle, not the charge.

Different ions having the same LET may have vastly different energies, which 

becomes significant in the assumption that similar LET particles have similar 

biological effectiveness. For an ion having an energy of 800 MeV/nucleon, for 

example, the distribution of delta rays produced has a maximum energy of about 2.5 

Mev, with an approximate range of 12.5 mm in tissue/4-1 For incident ions having 

energies of only 100 MeV/nucleon the maximum energy an ejected electron can have 

is approximately 230 keV, a factor of ten less, with a maximum range of about 0.55 

mm in tissue. While the two particles have the same LET, the different energy 

spectra of electrons produced in the two cases may have a different impact in the 

medium, which may be of critical importance for certain biological endpoints.

Tissue-Equivalent Proportional Counters (TEPC) have been commonly used 

for dosimetry due to their versatility as a radiation detection instrument/9-* They are 

flown aboard manned space missions as part of the active dosimetry program and are 

used to characterize high energy therapy beam s/10 l4) Since charge is amplified within 

the detector, signals are considerably larger than those from an ion chamber and the 

detector can be used in the detection and spectroscopy of low energy X -rays/15) Due 

to the (n,p) reaction in the wall surrounding the gas-filled cavity, the detector may 

also be applied to the detection of neutrons/15-*

The response of a spherical TEPC to high-Z, high-energy (HZE) has been 

characterized using various energies of 56Fe, ranging from 200 to 1,000

3
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MeV/nucleon.(l6,17) Results of these experiments have shown that there are geometric 

and other factors involved in the design and construction of the TEPC that affect the 

pattern of energy deposition measured by the detector. In some cases this may be 

different from the patterns of energy deposited in a homogenous tissue medium. 

Electron production, for example, is augmented due to density differences between 

the fill gas and the surrounding wall of the detector.(16,17) The presence of the 

collecting anode and surrounding helix wire also increase electron production for ions 

interacting with them. Even with these factors, results have indicated that the TEPC 

may be used to accurately determine absorbed dose and to estimate the quality of the 

incident radiation.(16,17)

The objectives of this study focus on the analysis of several high-energy ions 

having similar LET. By simulating volumes on the order of mammalian cells, the 

sensitive volume of the TEPC was much smaller than the volume of energy 

deposition surrounding the track of all ions. Track structure theory indicates that 

particles with similar LET but different velocities may have different energy loss 

properties.(18'20) With velocities of the incident ions ranging from 80 MeV/nucleon to 

800 MeV/nucleon, the amount of energy escaping the volume of the detector was 

therefore different in all cases.

Data were recorded for four charged particle species, 14N, !60 , 20Ne, 28Si, at 

the Heavy Ion Medical Accelerator (HIMAC) in Chiba, Japan. The ions and their 

energies were chosen based on the limitations of the accelerator facility so that the 

LET at the position of the TEPC would be similar. The energy loss for all ions at the 

point of measurement was within few percent of 43.5 keV/|im, the average T F T for

4
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all four. Over lxlO6 energy deposition events were recorded for each ion using a 

1.27 cm diameter TEPC simulating a volume of unit density tissue having a one 

micrometer diameter. Results were compared with past studies of 56Fe(16,17) and with 

track structure m odels/18"20'*

In a similar fashion as in previous studies of energetic 56Fe, energy deposition 

events were recorded on a particle by particle basis to allow a more detailed analysis 

of the response of the TEPC. Position Sensitive Detectors (PSDs) placed both 

upstream and downstream of the TEPC measured both the charge and position of 

each incident particle. Selecting the ion of interest based on charge, and using 

information on the horizontal and vertical coordinates in each PSD, the path of every 

ion with respect to the center of the TEPC was reconstructed.

The first and second moments of the frequency distributions as a function of 

lineal energy (Chapter III) were compared. The quality of the incident radiation was 

determined using several methods and presented with results obtained using the 

method currently recommended by the ICRP, as presented in Publication 60.(21) 

Unlike past studies analyzing 56Fe, the first moment of the energy deposition 

distribution after conversion to lineal energy was in some cases a more accurate 

choice in determining the quality of the incident radiation. Similar to those studies, 

however, the second moment was a good indicator of quality for ions with the largest 

momentum. By selecting yf or yD based on the momentum of the ion, the quality 

factors determined from the measured spectra are within six percent of that calculated 

using the ICRP 60 recommended method. Use of either summary statistic, without

5
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reference to the momentum of the incident ion, gives a predictor of quality that is 

within seventeen percent in all cases.

6
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CHAPTER II - REVIEW  OF LITERATURE

Energy Lost by Ionization

The quantity representing the distribution of energy loss through ionization by 

a charged particle as it traverses a medium is known as Linear Energy Transfer 

(LET). The term was first defined by Zirkle to explain the differences observed on 

exposing bacteria, haploid and yeast cells to a variety of radiations.(22,23) In general, 

cell survival curves exhibited an exponential decrease in survival as a function of 

increasing dose. Furthermore, cells exposed to high LET alpha particles showed 

lower survival than the same cells exposed to low LET x-radiation at the same 

dose.(22)

About the same time that Zirkle introduced the concept of LET, a method of 

calculating the amount of energy transferred to a medium by ionizing radiation was 

proposed by Niels Bohr, later modified by Bethe and Bloch.(24) This was referred to 

as the collision stopping power of a particle in a given medium and described the rate 

of energy lost in the medium per unit track length of the ionizing particle, or dE/dx.(4, 

5) (Appendix-A) For radiation protection and radiation biology, collision stopping 

power for charged particles is generally given in units of keV/pm and the term has 

been used interchangeably with LET.(5)

7
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Use of LET in Radiation Protection and Radiobiology

I. Relative Biological Effect

Radiobiological experiments have shown that for a similar absorbed dose in 

tissue, high LET radiations generally produce a greater effect than low LET 

radiations.(22,25) To compare cellular response to different radiations the concept of 

relative biological effect (RBE) was introduced.(7j The RBE of a radiation is defined 

as the ratio of doses of a specified radiation type relative to a standard radiation that 

produces a certain effect for a specific biological endpoint.(8) Usually he standard 

chosen is 250 kVp X-rays or 60Co gamma-rays. Equal doses of different types of 

radiation produce different levels of response in cells. The biological effects of 

radiation have therefore been described in terms of a dose-response relationship.(4,8,25) 

Historically, cell survival has been the response of interest, though other end points 

are now commonly used depending on the focus of the study.(8)

RBE is dependent upon the dose rate, the number of exposures (fractions), the 

biological endpoint studied and the radiation LET.(8,25) When the same endpoint is 

studied with the same dose rate and number of fractions, the RBE is generally 

dependent upon the LET of the radiation.(7) For the survival of mammalian cells, 

RBE has been shown to increase as a function of LET, having a maximum at an T FT  

of about 100 to 110 keV/itm, then decrease sharply as shown in Fig.2.1.(8) The 

characteristics of this distribution, however, change with the endpoint studied so it is 

relevant only under the given conditions.(8)

8
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Fig. 2.1. Variation of RBE with LET for the Survival of Mammalian Cells. RBE rises to a maximum at 
an LET of about 100 keV/m to 110 keV/m then falls sharply. Black curve represents a survival level of
0.1. Dashed curve represents a survival of 0.8, illustrating that the absolute value of RBE depends here on 
level of damage, (from Hall, E.J., Radiobiology fo the Radiologist, 4th Ed., Lipcott Raven, (1994)



It was later shown that for heavy charged particles having similar LET, 

measured values of RBE might differ. Studying cell inactivation, protons with an 

LET of about 20 keV/pm could be up to 1.6 times more efficient than alpha particles 

at a similar LET.(26) Protons were also seen to be more efficient than neon in the 

induction of chromosome interchanges and breaks when both ions had an associated 

LET of about 30 keV/pm.(27) Plotting RBE as a function of LET for three heavy

-3 12 2 0
charged particles, ~ He, C, and Ne, the point of maximum RBE shifted to higher 

values of LET for heavier ions.(28) For a given LET, the RBE of 3He was higher than 

that of the other ions.(28)

Thus variation in RBE for high-energy charged particles having similar LET 

may be dependent upon the track structure of the incident radiation. Based on 

calculations using track structure models, biological effectiveness has been thought to 

be a function of particle charge instead of LET.<29,30) Current results indicate that 

effectiveness is inversely related to particle velocity.(31) In fact, as early as 1963, the 

RBE Committee of the ICRP-ICRU recommended that RBE be confined to 

radiobiological studies and that for radiation protection the concept of a quality 

factor, Q, should be used.(32) However, determination of quality is also currently 

dependent upon the LET of the incident radiation.

10
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II. Quality

For radiation protection purposes, a correlation is made between absorbed 

dose and the type of radiation delivering energy to the system by use of a radiation 

quality factor. The quality, Q, of a radiation is discussed in ICRU Report 40 as 

relating to the nature and energy of the charged particles that produce the absorbed 

dose.(33) The dose equivalent, H, was then defined as the product of absorbed dose 

and the radiation quality relating biological risk to exposure.

As more results of biological studies have been published, the definition of 

quality has been modified but has always been a function of LET.(21) New methods 

of determining quality based on microdosimetric measurements have also been 

proposed but have not been adopted.(34,33,35,36) Fig.2.2 compares current 

recommendations contained in ICRP Publication 60 and a method proposed by the 

ICRU in Report 40 using direct measurements of energy deposition. Also shown is a 

hybrid method given by Kellerer and Hahn that relates the second moment of the 

microdosimetric lineal energy distribution (Chapter HI) to nine-eighths times LET, 

and adds a term to compensate for energy loss straggling.<34,37)

Energy Deposition in Microscopic Volumes

Variations in the observed values of RBE and Q for different radiations have 

been attributed to differences in the microscopic patterns of energy deposition for

1 1
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radiations of differing LET.(8,38) High LET radiations are said to be more 'densely 

ionizing' than low LET radiations.(8) However, calculations of LET describe only the 

pattern of energy lost, dE, in one direction, dx. In fact, two particles having the same 

LET may exhibit large differences in the patterns of energy loss in the radial 

direction.

Determination of LET is a value averaged over many variables giving the rate 

of energy lost by the charged particle with respect to distance traveled through the 

medium. For a medium of infinite radial dimensions, energy lost by the charged 

particle in the distance dx is equal to energy transferred to the medium. For radial 

distances smaller than the range of the ejected electrons, only a portion of the energy 

lost to the electrons is deposited within the site. Furthermore, energy transferred to 

the site is a stochastic process and may vary considerably.

Thus, for volumes commonly studied in microdosimetry, energy loss and 

energy deposited are not synonymous since energy deposition on a microscopic scale 

involves not only LET, but also the energy loss straggling and the dissipation of 

energy out of the volume by secondary electrons.(35) While energy loss is readily 

calculated for a known radiation, energy deposition to volumes much smaller than the 

radial extent of secondary electrons, such as biological cells, is not. To accurately 

determine energy deposition, either direct measurement simulating volumes of 

micrometer dimensions, or more complex models employing the full extent of the 

structure of an ion track must be used.

13
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Track Structure Modeling

Using models to determine the structure surrounding the track of an energetic 

charged particle, it can be shown that a difference in LET is not required before 

differences in energy deposition patterns are found. Track structure modeling 

considers not only the forward direction of the incident ion, but also the radial extent 

of energy transfer. Some models require only the energy and velocity of the incident 

particle(18), while others examine the energies and directions of the ejected secondary 

electrons.(19’30,38’39) In all cases, an attempt is made to determine the energy deposited 

in a cylinder surrounding a charged particle track traveling a distance of one 

micrometer. (Details of the models are given in Appendix-C)

I. Structure of Heavy Ion Tracks

Chatterjee, et.al., derived an expression to determine energy deposition, in 

keV, within a cylinder surrounding a one micrometer track of a heavy ion.(18) The 

axis of the cylinder is the path of the ion having a length of one micron and the radius 

is the distance normal to the ion trajectory. It was determined that more than half of 

the energy was deposited in the very near vicinity of the ion trajectory due to a large 

number of low energy electrons with very short ranges. This dense region of local 

energy deposition was termed the core. The radius of the cylindrical volume 

describing this region was related only to the velocity of the ion. (Appendix C).

14
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The other half of the energy liberated by the ion was contained in a larger 

volume surrounding the ion track, referred to as the penumbra. The outer radius of 

the penumbra was determined as a function of only the energy of the ion, in 

MeV/nucleon. Energy deposition within this region was equated with the inverse of 

the square of the radial distance from the track core. The fraction of energy deposited 

within volumes having radii smaller than the outer radius of the penumbra could be 

determined, and therefore, the amount of energy escaping the volume of interest. 

Energy deposition in this region was completely described by the LET of the particle, 

the outer radius of the penumbra based on ion energy, and the radial distance 

describing the volume of interest.

Using this model to compare three elements, Ne, Ar and Fe, energies were 

chosen such that the particles would have the same LET of 800 keV/pm in tissue.

The energies required in the three cases were 4.4 MeV, 20 MeV, and 51 MeV, 

respectively. While the core radius of all three varied only slightly, between 1.1 and 

3.7 nanometers, the outer radius of the penumbra varied between 0.6 micrometers and 

27.0 micrometers. Thus, for a volume of interest having a radius of 0.5 micrometers, 

the energy liberated by the lowest energy ion, Ne, would be almost completely 

contained with the volume. Much of the energy of the higher velocity Fe, having a 

penumbra radius of 27.0 micrometers, would escape the 0.5 micrometer volume.

15
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II. Radial Distribution of Dose

An alternate approach presented by Cucinotta and others also predicts the 

radial distribution of energy deposited in a cylindrical volume surrounding charged 

particle tracks, but does so with variables of energy, charge and mass of the ion.(19) 

Though the model determines dose to cylindrical rings with differential radii, results 

are easily converted to energy deposited. This model is based in part on a description 

of the distribution of ejected electron energies described by Rudd,(39) and in part on 

the method of electron transport in a medium described by Kobetich and Katz.(40) 

Improvements to the early work of Butts and Katz(30) were made in this model for 

electron range-energy relationships and stopping power values where the early work 

showed the greatest error.(19) Good agreement was shown with experimental results 

except for very large radial distances where calculations underestimated dose.(19)

Measurements

Rossi and Rosenzweig developed the first instrument designed to measure the 

spatial patterns of energy deposition in volumes having dimensions comparable to 

that described by track structure models.(41) The device was a proportional counter 

with a solid plastic wall defining a spherical gas filled cavity, the sensitive volume, 

where ionizations due to charged particle interaction were recorded. The gas cavity
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was operated at a reduced pressure to simulate volumes having diameters on the order 

of one or a few micrometers.

The fill gas and the surrounding wall were specifically designed to have 

interaction properties that would approximate those of tissue and the device was 

known as a Tissue Equivalent Proportional Counter (TEPC). ICRU Report 30 

defined tissue-equivalence as:(42)

"... a material, the absorption and scattering properties of which, for a given 
irradiation, simulate as nearly as possible those of a given biological material such as 
soft tissue, muscle, bone, or f a t ..."

Since the properties of the materials chosen do not exactly match the 

properties of tissue, the term tissue-substitute has replaced tissue-equivalence and is 

defined in ICRU Report 44 as:<43)

"Any material used to simulate a particular body tissue with respect to a set of 
physical characteristics is called a tissue substitute. The set of physical characteristics 
chosen will depend on the application. In general, two different sets of physical 
characteristics are in use as criteria for the selection of a material as a substitute for a 
particular body issue, namely (a) the radiation interactions in the body tissue and (b) 
the dosimetric quantities at a point of interest in the body tissue."

Details of the operation of the TEPC are presented in Chapter IV - Materials 

and Methods.

17
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Wall Effects

Even with the characteristics of the wall and fill gas chosen to simulate the 

radiological properties of tissue, the distribution of energy deposited as measured by a 

TEPC differ from the energy deposition patterns that would occur in a homogenous 

biological medium. These differences are due to the design and construction of the 

detector and relate most predominantly to the magnitude of electron production 

occurring in the rigid wall as compared to the evacuated cavity.(44) Secondary 

electrons are produced in much greater quantities in the wall, directly proportional to 

the increased density, and have sufficient range to enter the sensitive volume.(45)

In an effort to reduce these wall effects, Glass and Braby designed a TEPC 

without the presence of a rigid surrounding wall.(45) The sensitive volume of this 

wall-less counter was completely defined by the electric field existing between a 

spherical anode and an opposing spherical cathode, both having a radius of about 150 

micrometers. The sensitive volume of the detector was defined by the use of a 

hemispherical guard electrode that delineated the portion of the electric field outside 

the volume of interest.

One year later, further designs for counters operated without the rigid wall 

were proposed and tested by Gross, et. al.(46) Several designs were presented, but the 

one that became the instrument used in later comparisons with the walled TEPC was 

the grid-wall detector. Instead of having a volume completely defined by electric 

field lines, the sensitive volume was contained within a spherical cathode consisting
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of fine grids instead of a solid surface. The detector was not truly wall-less but the 

area of the grid was generally less than fifteen percent of the surface it defined.(46)

Experiments comparing the distributions of energy deposited measured by 

walled and grid-walled TEPCs have illustrated the effect that the wall has on the 

resulting spectra.(47) Fig.2.3 illustrates the differences in the measured distribution of 

energy deposited within walled and wall-less detec tors.(36) Without the presence of a 

rigid wall, very low energy electrons at the outer radius of the ion track are allowed to 

enter the sensitive volume contributing to the sharp rise in the low energy "tail" 

shown in the figure. With the wall present, many low energy electrons liberated by 

ions with trajectories outside the volume of the detector are screened out. Due to 

density differences occurring at the gas-wall interface, electrons are produced just 

inside the wall in numbers several thousand times that of the gas cavity. These 

electrons enter the cavity and are recorded as a single event causing the increase in 

high-energy events as shown.

Other Construction Anomalies

Differences in distributions measured with a TEPC were also found when 

attempts were made to compare methods of calibrating the instrument.1(48) On 

exposing the TEPC to X-ray energies less than 6.0 keV, a two peaks were observed in 

the spectra. One was due to the primary X-ray. The second, occurring about 2 keV 

less than the X-ray peak, was initially unexplained. The second peak was not
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Fig. 2.3. Comparison of Measurements Made with Walled and Wall-less TEPC. 
Spectra were recorded on 280 MeV/nucleon nitrogen ions in the plateau region of 
the Bragg curve. Plot is made of the energy weighted frequency distribution, 
converted to lineal energy, where d(y) = y*f(y). Wall effects, due to the density 
difference occurring at the gas-wall interface, increase the number of high energy 
events. The presence of the wall also screens out many low energy events from 
particle passing outside the detector cavity.
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observed when measurements were made using detectors constructed without the 

presence of a field shaping helix wire (Chapter IV). The helix wires were then 

disabled on the instruments having them and the secondary peak disappeared.

Though not included in that study, a secondary peak occurring at about half 

the energy deposition of the primary peak is also observable for calibrations using 

alpha-sources (Appendix B). These are believed to be due to alpha particles stopping 

in the central anode and helix wire. With half the path length, energy deposition is 

half that for particles crossing the full diameter of the TEPC cavity.

Studies Tracking Particle Location

Since the walled TEPC is used extensively in radiation protection, much of 

the recent experimental studies have focused on a proper interpretation of the 

measured energy deposition distributions, given that anomalies exist due to detector 

construction. Rademacher undertook a study of wall effects by incorporating the 

TEPC into a larger particle spectrometer.(17) The TEPC was exposed to a beam of 

56Fe having an energy of 1,000 MeV/nucleon. The study was unique in that energy 

deposition events were measured with the TEPC together with a detailed recording of 

the location of every particle with respect to the center of the TEPC. Having this 

amount of information for each event, wall effects were isolated and determined to 

contribute to the distribution of energy deposited in both the very low and very high
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energy regions. Furthermore, high energy deposition events due to ion interaction 

with the anode and helix were demonstrated.

Expanding on the work of Rademacher, Gersey exposed the TEPC to 56Fe 

having energies between 200 and 1,000 MeV/nucleon, also recording the trajectory of 

each charged particle.(16) This study focused on the reliability of the TEPC, when 

used for radiation protection purposes, given that the wall effects are clearly present 

and distort the measured spectra. It was concluded that event though there are 

artifacts in the measured energy deposition distributions, the TEPC may be used to 

accurately determine the average quality of the ionizing radiation, and dose 

equivalent, by using the second moment of the energy deposition distribution, after 

conversion to lineal energy.

The anomalously large energy depositions occurring at the gas-wall interface 

has been the subject of much debate. The source of these events have been proposed 

to be from either spallation, elastic scattering of the incident ion, fragmentation of the 

ion with neutron loss only, fragmentation of target nucleus only, or the increase in 

secondary electron production in the dense wall of the detector.(20) Using ion tracks 

generated by Monte Carlo methods, Nikjoo, et., al. simulated the response both a 

walled and wall-less spherical TEPC.(20) The large energy depositions shown in the 

measurement of 56Fe was present in the simulation only for the case of the non- 

homogenous, walled TEPC. It was further concluded in the simulation that the 

anomalous energy depositions were due to an enhanced production of secondary 

electrons in the dense wall of the detector.
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Contributions from  This Work

This study was designed to further characterize the response of the walled 

TEPC. Precise locations and magnitudes of the distortions caused by TEPC design 

and construction have been determined for 56Fe at 1,000 MeV/nucleon.<l7) The 

response of the TEPC to many energies of 56Fe has also been analyzed.(l6) However, 

track structure theory and radiobiological studies show that particles with similar LET 

may have different energy loss properties. This study therefore focuses on the 

response of the TEPC to particles with different charge and velocity, choosing 

energies so that their LET at the sensitive volume of the detector would be similar.

Four ions were measured, 14N, 160 , 20Ne, and 28Si, at the Heavy Ion Medical 

Accelerator (HIMAC) in Chiba, Japan. The choice of ion was somewhat restricted by 

the combination of charge and energy easily deliverable at the facility, but all ions 

had an LET that was within a few percent of a mean value of 43.5 keV/(im at the gas 

cavity of the TEPC. The simulated volume of the TEPC was smaller than the volume 

of energy deposition surrounding the incident ions. Track structure calculations, 

however, predicted a different magnitude of energy escaping the TEPC volume, 

based on the velocity of the incident ion, even though the LET in each case was 

similar. Since LET is currently used to determine radiation quality, this study focuses 

on whether the TEPC may still be used for radiation protection purposes given that, 

along with anomalies in the measured spectra due to design and construction, there 

are also differences in track structure leading to possible differences in the 

measurement for particles with similar LET.
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CHAPTER III - M ICRODOSIM ETRIC TERM S AND QUANTITIES

Analysis of energy deposition in very small sites differs substantially from the 

methods commonly employed in radiation protection. The usual definitions of 

absorbed dose and dose equivalent do not provide a complete description of energy 

deposition characteristics. They are averaged values more relevant to volumes much 

larger than those studied in microdosimetry. The focus of microdosimetry, on the 

other hand, is not the average energy absorbed per unit mass of tissue, but more 

precisely the nature of the energy deposition by single or relatively few incident ions. 

As the volume of the target to be studied becomes increasingly smaller, the stochastic 

nature of radiation interaction becomes increasingly important.

Specific Energy

For the purposes of microdosimetry, interest is focused on volumes that have 

an energy-deposition event. The energy deposited in the volume by a particle, 

together with all of the secondary electrons produced by it, is called the energy
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imparted. This is denoted by the symbol £. Much like dose, D, the specific energy, z, 

is defined as the quotient of the total energy imparted, £, by the mass of the 

microdosimetric volume of interest, m, o r :(34)

z = £/m Equation 3.1

As the stochastic analogue of dose, z is proportional to the total energy imparted 

during an irradiation.(34) Thus, like dose, z is usually expressed in units of Gy.

As z is a probability distribution, it may have a zero value at any specific time, 

or it may obtain many orders of magnitude greater than its counterpart, D. When 

averaging over a large number of individual targets, such as cells in tissue, all values 

of z may occur. Volumes with no energy deposition are averaged with those having 

higher values and the mean value becomes equal to the average dose. In other words, 

the mean value, z, of the probability distribution f(z) is equal to absorbed dose, D.(34) 

Any statements of z, and its frequency distribution f(z), must therefore contain 

information on the size of the volume irradiated.(34)

Lineal Energy

Another quantity used is the lineal energy, y, and is related to the non­

stochastic concept of restricted Linear Energy Transfer, LA. LET is defined as the 

mean energy, dE, lost in electronic collision by a charged particle traversing a
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distance dx.(6) The restricted LET excludes energies of delta radiation greater than a 

cut-off value, A. The lineal energy, on the other hand, is defined as the quotient of 

energy imparted, e, by the mean chord length, I , of the volume traversed by a single 

charged particle, or:(4’34’49’50)

y = e /I  Equation 3.2

Thus, y is not restricted by an energy limitation but rather a geometric cut-off 

based on the size of the volume studied. Similar to z, y is subject to a probability 

density distribution, f(y), whose mean value, y, carries a specific meaning. It is the 

frequency mean specific energy and is denoted yf. Unlike z, however, y refers only 

to the energy imparted in a single event and is usually expressed in terms of keV/jim.

When analyzing microdosimetric spectra in terms of lineal energy, the 

geometry of the detector must be known in order to find the mean chord length, /.

For any convex body, having surface area S and volume V, exposed isotropically to

particles originating outside the volume, the mean chord length, 1 , may be found 

generally by Cauchy's Theorem (Cauchy 1908):<4,34,49)

/ = 4V/S Equation 3.3

For spherical volumes, the mean chord length is two-thirds the diameter of the site or:
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1 =  2d/3 Equation 3.4

Energy imparted, 8, in the definition of y is due to the passage of a single 

charged particle. In the definition of z, e refers to the energy imparted by the passage 

of any number of particles. In order to relate the two quantities, a distinction must be 

made between the single event and multiple event z distributions. Since the passage 

of charged particles through the detector are statistically independent, measurement 

of the single event spectra translates directly to a distribution as a function of lineal 

energy, f(y), as well as the single event z distribution, fi(z). The relationship between 

fi(z) and f(y) is dependent on the size of the volume irradiated by the following:(34)

4y
z = —  Equation 3.5

pS

where:

y = energy imparted converted to lineal energy (keV/|im), 
p = density of tissue (g/cm3), and 
S = surface area of the volume irradiated (pm2).

The density, p, is usually taken as that of tissue, 1 g/cm3. Since y is 

expressed in keV/pm and the simulated diameter of the detector is in pm, substituting 

the surface area of a sphere (S=47cr2), and making the conversion to Gy, the relation 

becomes:
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z = Gy Equation 3.6
(2r)

Analysis o f Spectral Information

The energy deposition distribution observed by measurement is proportional 

to y and z and is dependent on the stochastic nature of energy deposition events, as 

well as the modification of the distribution by the measuring system.(34) It is, 

therefore, determined by a number of random factors. Six independent processes, 

each of which is subject to statistical fluctuations, are involved in shaping the 

measured spectra.(49) These are:

1. The distribution of the number of energy deposition events,
2. The LET distribution of the particles,
3. The distribution of the path lengths of particles in the site,
4. The distribution of the number of collisions,
5. The distribution of energy imparted in individual collisions,
6. The distribution of the fraction of this energy retained in the site.

For a full discussion of the relation and interaction of these processes see the section 

on Microdosimetry by Kellerer in The Dosimetry o f Ionizing Radiation. (49)

The total variance of the spectra is based on the sum of the variances of these 

individual processes. For extremely small sites, where the change in LET may be 

neglected, the predominant effect shaping the distribution is energy loss 

straggling.(49,59) This is shown graphically in Fig.3.1 where the effects of changes in
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Fig. 3.1. Calculated Effects of Straggling and Variation in LET on Energy Deposition. 
Solid line is an energy deposition spectra of 60Co, converted to specific energy. Dashed 
line shows the effects of including only changes in LET in a simulation of energy 
deposition in a microscopic volume. Dotted line, matching closely with the measured 
distribution, shows the effects of including only energy loss straggling in predicting the 
distribution.
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LET and the effects of straggling compared to a 60Co energy deposition spectra, 

converted to specific energy (Chapter HI). Including only straggling closely matches 

the overall energy deposition distribution for 60Co whereas variations in LET alone do 

not.

Determination of the variance is found by straightforward statistical methods. 

The mean, fi, of any distribution, f(y), is defined as the first moment about the origin 

and is the expected value of y, or E[y], The second moment about the origin is the 

expected value of the square of y, or E[y ]. The second moment about the mean is 

the variance in y, denoted cr2, and is defined as the expected value of the squared 

deviations from the mean, or E[(y-p,)2] .(51)

In microdosimetric studies, the first moment of the lineal energy distribution 

is called the frequency mean lineal energy and is denoted yf.(34) It is an estimate of 

the expected value of y about the origin, u, or:

yf = E[y] = ^  y • f(y) Equation 3.7

The dose mean lineal energy, yd, is the second moment about the origin 

divided by the first, or:(34)

-  _ E [ r ]  _ £ y 2f(y)

y i “  T i T  — T ~  qu
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By the distributive property of expected values, the variance of the 

distribution, E[(y-p)2], is numerically equal to the expected value of the square of y, 

E[y2], minus the square of the expected value of y, (E[y])2, or:(51)

Var(y) = E[(y -  p)2 ] = E[y2] -  (E[y])2 Equation 3.9

From Equation 3.7, the estimate of the expected value of y is yf, and from 

Equation 3.8, the estimate of the expected value of y2 is the product of yf and yd. 

The variance of the distribution becomes:

Var(y) = yf yd -  (yf)2 = yf (yd -  yf) Equation 3.10

Thus the standard deviation, a , which is the square-root of the variance, is therefore:

a  = Vvar(y) = -jy iXyd ~ yf) Equation 3.11

The relative variance of a distribution, VR, is the quotient of the variance by 

the square of the mean. This is equivalent to the square of the coefficient of 

variation.(51) It is a unitless measure of the width of a distribution relative to its mean 

value.

w _ a 2 _ E [ y 2]-(E [y ])2 „
V“ ~  (E[y])2 Equation 3.12
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Which is numerically equal to the ratio of the dose mean lineal energy to the 

frequency mean lineal energy, minus one:

VR — ~ 1 Equation 3.13
yf

An equivalent analysis is had for the moments of the single event specific energy 

distribution, fi(z).
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CHAPTER IV - MATERIALS AND METHODS

Four ions were measured, 14N, 160 , 20Ne and 28Si, at the Heavy Ion Medical 

Accelerator (HIMAC) in Chiba, Japan. The HIMAC accelerator facility was 

constructed by the National Institute of Radiological Sciences (NIRS) for cancer 

research and treatment in 1993.(52) By June 1994 treatments using carbon beams had 

begun and by August 1999 over 600 patients has been treated.(28) The HIMAC 

facility is capable of delivering a wide range of ions, from protons to iron, with 

energies ranging from 100 to over 1,000 MeV/nucleon. It is therefore an excellent 

choice for experiments designed not only to study ions used in tumor therapy and 

cancer treatment, but also primary ions making up the spectrum of particles in the 

galactic environment.

The choice of ion measured in this study was somewhat restricted by the 

combination of charge and energy easily deliverable at the facility, but all ions had an 

LET that was within a few percent of a mean value of 43.5 keV/pm at the gas cavity 

of the TEPC. The beam energies of the ions required to give this LET were 100, 165, 

230 and 800 MeV/nucleon, for 14N, ieO, 20Ne and 28Si, respectively.
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The Tissue-Equivalent Proportional Counter

The choice of using a proportional counter to determine energy deposition in a 

wide variety of situations is due to its versatility as a radiation detection instrument.(9) 

Its main characteristic is the ability to distinguish events based on the amount of 

energy deposited within the detector, unlike Geiger-Mueller tubes which simply 

record the occurrence of an event without conveying any information on energy 

deposited.(9,15) Ionizations in the proportional counter are amplified above system 

noise by a factor related to the anode potential. This multiplication of primary events 

also allows operation in situations where the number of ion pairs generated would be 

too small to permit use of ion chambers.(15)

I. Electric Field Within the Detector

Amplification of the ionization from an initiating event is dependent on many 

factors, but is generally a result of increasing the electric field within the detector to a 

sufficiently high value to generate secondary ionizations when free electrons undergo 

collisions with the neutral fill-gas.(15) When the electrons liberated by an ionizing 

event are accelerated in the applied electric field to energies greater than the 

ionization energy of the fill-gas, an avalanche of secondary ions is produced by the 

free electron collisions with gas molecules. Under proper conditions the number of
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electrons in the avalanche is proportional to the number of primary electrons created 

by the incident ion.

For a cylindrical geometry, The electric field strength within the detector at 

some point, r, radially away from the anode is dependent on anode wire diameter, size 

of detector and applied voltage(15) and is given by the relation:

VE(r) = ----------------------------------------- Equation 4.1
r •ln(b/a)

where: Y = voltage applied between the anode and cathode,
r = radial distance from the anode wire (meters), 
a = anode wire radius (cm), and 
b = cathode inner radius (cm).

Typical gases at atmospheric pressure require field strengths on the order of 

lxlO6 V/m to produce the avalanche of secondary electrons.<15) The detector used in 

these experiments has a 1.27 centimeter diameter and a 0.046 millimeter central 

anode. An applied voltage of 600 V results in the electric field being 4.64xl06 V/m at 

the surface of the anode. At this point, where r is at its minimum, the electric field 

strength is at its largest but drops off with increasing r to a point where the avalanche 

cannot be maintained.
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II. Multiplication Factor

For uniform multiplication to occur for all ion pairs formed by the original 

event, if proportionality is to be achieved, the region of multiplication must be 

confined to a very small volume around the anode as compared with the volume of 

the detector. Since the original ion pairs may be formed at any point within the 

detector volume, requiring multiplication only in the region very near the anode 

ensures the same multiplication for almost all original ions. The charge collected by 

the anode is then proportional to the energy of the primary ionization regardless of the 

location of the originating event.

Gas multiplication within a detector may be predicted based on physical 

detector parameters and applied voltage. Diethorn derived an expression for 

calculating the multiplication factor, M, assuming cylindrical geometry.(15)

ln(M) = — —
ln(b/a) AV

In
v p • a • ln(b/a)

ln(K)| Equation 4.2

where: M - gas multiplication factor;
V - applied voltage (V);

AV - potential difference through which an electron moves 
between successive ionizing events (V); 

a - anode radius (cm); 
b - cathode radius (cm); 
p - gas pressure (atm); and

K - value, E(r)/p, below which multiplication cannot occur (V/cm- 
atm).

36

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



Both AV and K are constants for a specific fill-gas. Using pure propane, AV and K 

have the values of 29.5 V and lxlO5 V/cm-atm, respectively (Knoll, table 6-1). 

Multiplication factors are given in Table-4.1 for various gas pressures applying a 

600V bias.

TABLE-4.1

Gain vs. Pressure for a 1.27 cm Diameter Proportional Counter 
Applying a Bias of 600 Volts

Gas Pressure (atmosphere) Multiplication Factor - M
0.2 8
0.1 47

0.05 267
0.025 1521

As can be seen, larger pressures within the detector result in a reduction in 

amplification of the primary ion. To increase the multiplication factor within a 

detector operated at a fixed pressure, detector bias must be increased. If the applied 

voltage becomes too large electrical breakdown occurs, therefore a balance must be 

found between the desired operational pressure and the multiplication achievable.

For commonly used proportional counters having a spherical geometry, the 

electric field is not uniform at all points radially away from the anode as discussed 

above for the case of cylindrical geometry. The spherical detector must be modified 

to achieve uniform multiplication of the originating event. This is accomplished by
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the addition of a helical wire surrounding the anode, as shown in Fig.4.1. A potential 

is applied to the helix that exists naturally at that radius based on the anode potential 

and the diameter of the sphere.

Though the distance between the anode and cathode is variable, an equal 

distance is maintained between the anode and helix, thereby maintaining a uniform 

electric field in the region of multiplication.(5,34) Uniform multiplication along the 

entire length of the anode is established.

in. Approximating Energy Deposition in Cellular Volumes

Once it is assured that the detector is operating as a true proportional counter, 

it is important to be able to relate the energy deposition occurring in the detector to 

energy deposition in a target of interest, such as a single cell. The energy deposited in 

any site is the product of the mass stopping power of the target material, the target 

density and the path-length of the ionizing radiation across its volume,<9) or:

E =
z_dE_x

pdx
pAx Equation 4.3

where: E - Local energy deposition (MeV);
dE/pdx - mass stopping power of the particle in the medium 

(MeV-cm /g); 
p - target density (g/cm3); and

Ax - path-length across target volume (cm).
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In order to simulate a site of biological interest, the energy deposition in the 

detector gas is set equal to that of the tissue volume:

Eg = E, Equation 4.4

Where Eg refers to the energy deposition in the gas volume and Et refers to the energy 

deposition in a volume of tissue. Thus, we have:

By choosing a fill gas with a proper atomic composition so that the interaction 

properties are similar to those of tissue, the ratio of the mass stopping power of the 

gas to the mass stopping power of tissue will approach unity. A gas having this 

composition is said to be tissue-equivalent, and the mass stopping power term is 

removed from Equation 4.5. The expression reduces to:

Under conditions of Tissue-Equivalence, the diameter of the site of interest 

and its associated density form the conjugate pair of equal effective dimensions.(34,53) 

Since the physical size of the detector and the density of the tissue of interest are 

known, target size may be approximated by adjusting gas density within the detector, 

or;

Equation 4.5

pg Axg = pt Axt Equation 4.6
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p = p   L Equation 4.7
Axg

The gas density, which is a function of gas pressure, becomes the only 

variable in the simulation of microscopic tissue volumes on the order of 1x10"18 cubic 

meters. The spatial patterns of energy deposition within the sensitive volume of the 

detector then become proportional to those that would occur in similarly small 

biological sites.(53,54) When using a fill-gas that is not exactly tissue equivalent, the 

true mass stopping powers should be utilized in Equation 4.5 above to achieve a 

closer approximation.

IV. Experimental Settings

The density of tissue used in microdosimetric studies is generally taken to be

1.0 gram per cubic centimeter.1(34> By Equation 4.7, simulation of a one micrometer 

diameter sphere of tissue using a 1.27 diameter spherical proportional counter 

requires a gas density, pg, of 0.0787 milligrams per cubic centimeter. Propane based 

Tissue-Equivalent gas is commonly used as a fill-gas and has a density of 1.826 

milligrams per cubic centimeter at standard temperature and pressure.(55) The 

quotient of the required gas density by the standard density of tissue-equivalent 

propane gives the pressure reduction factor required to simulate a 1 |um site, or, in this 

case:
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_ P g _ = 0-0787 =aQ431 Equation 4.8
PTE-gas 1-826

Multiplying standard pressure, 760 Torr, by this factor gives the operational pressure 

of 32.7 Torr.

TABLE-4.2

Pressure Required for Site Size Simulation Using a 1.27 cm Spherical 
Tissue Equivalent Proportional Counter

Required Pressure Simulated Site
(Torr) Diameter (pm)
98.4 3.0
65.6 2.0
32.8 1.0
16.4 0.5

Table-5.2 lists the pressures required in simulating tissue volumes commonly 

used in microdosimetric studies. For this study, all experiments were conducted 

using the same spherical proportional counter(56) simulating a 1 pm diameter. As well 

as using a fill gas that is tissue-equivalent, the surrounding spherical wall of this 

detector was made of tissue-equivalent plastic.<57) This was the identical instrument 

used in previous studies of 56Fe.(16,l7)
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Calibration of the instrument was performed using an internally mounted 

244Cm alpha source, (see Appendix B) With the detector in its operational position a 

gravity controlled shutter blocked the alpha particles from entering the gas cavity.(56) 

When mounted in an inverted position, the shutter opens and alpha particles traverse 

the diameter of the cavity. After verifying with a research pulser that the pulse-height 

analyzer was responding linearly (response proportional to the size of the energy 

deposition event), the location of the energy deposited by the alpha particle with 

known LET, 84.15 keV/jim, was determined. Since the alpha particles traversed the 

diameter of the detector, the 1.0 jim path length provided a conversion from channel 

number to energy deposition.

Data Acquisition

The TEPC was part of a larger particle detection system. Since energetic 

charged particles undergo both Coulomb multiple scattering and nuclear 

collisions,(58,59) the location and charge of each individual ion was recorded at several 

points along the beam-line. This detailed information facilitated not only the 

elimination of any unwanted events, but also allowed analysis of energy deposition 

based on the trajectory of the particle through the TEPC.
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I. Particle Identification and Tracking

Identification of charged particles and determination of their position is a well 

established concept.<58,60'63) Knowing the precise location of each particle causing an 

energy deposition event in the TEPC has led to a better understanding of the 

information returned by the detector.(16,17,61) Event coordinates were recorded at 

several locations along the ion trajectories with four pairs of Position Sensitive 

Detectors (PSDs) mounted along the beam axis as shown in Fig.4.2. Two pairs were 

mounted between the beam exit and the TEPC and two pairs were mounted 

downstream of the detector. Numbering of the PSD groups began with the pair 

closest to the exit window of the beam, PSD1, ending with PSD4 furthest 

downstream.

Each PSD pair consisted of two circular lithium-drifted silicon detectors 

having a diameter of 40 millimeters and a thickness of 800 pm to 1050 pm. The total 

charge, Q, collected on the conducting rear face of the detector was proportional to 

the energy lost by the ion in the silicon.(60) Since any fragments created along the 

beam-line had velocities very near that of the incident ion, the energy loss signal, AE, 

was also proportional to the square of the charge, Z, of the particle that traversed the 

detector.(58,62) The resolution of this signal was sufficient to identify different ions 

and select only those events of interest, the primary beam species, in later off-line 

analysis.(<53)

An additional silicon detector, labeled 3mm in Fig.4.2, was mounted between 

PSD3 and PSD4. This detector had a thickness of 3.0 mm and a radius of 1.0 cm and
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Fig. 4.2. Layout of the particle tracking system showing the location of the position sensitive detectors, 
TEPC and the 3 mm trigger relative to the beam direction. Silicon detectors labeled u in each PSD group 
measured the horizontal position of the particle trajectory. Those labeled v measured the vertical. The 
vertical detector of each group was upstream of the horizontal. The distance between PSD groups, Z*j, 
represented the third coordinate of the particle trajectories.



was used to increase the efficiency of triggering. Since the radius of the 3mm 

detector was smaller than the PSD's, incident ions that were well outside the detection 

capability of the TEPC were not processed in the logic pathway. Events could 

therefore be recorded by the TEPC, when it was not included in the trigger 

coincidence, without increasing system dead time.

The front face of each silicon detector was formed by lithium diffusion and 

operated as a resistive divider. The charge collected on this face was divided between 

two opposing leads in proportion to the location of the particle that passed between 

them. The sum of these two charges, qi and q2, was approximately equal in 

magnitude to the total charge, Q collected on the exit face. Their difference, 

normalized by the sum, was proportional to the location, L, that the particle passed 

between the two leads, and is given by the following relation:(60)

L(q1,q 2) = r-sin
r 7u( q, —q 2)  ̂

2 (qi + q2)
Equation 4.9

where:
L(qi,q2) = location of the particle between the collecting leads (mm),
r = radius of the silicon detector (mm),
qi, q2 = divided charge collected at each of two opposing leads, and

The upstream detector of each PSD group was mounted to record the vertical 

dimension o f the plane perpendicular to beam. The second detector was identical to 

the first but rotated about 90° to give information on the orthogonal dimension. Since 

there were errors associated with detector resolution, the coordinates measured were
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later transformed into the laboratory coordinate system, x and y, as discussed below. 

The third dimension, z, is the nominal axis along which beam particles travel.

II. Correction of Particle Location

In theory, information returned by the PDSs should be directly correlated with 

the position that the particle traversed the detector. In practice, however, non­

uniformity in the resistive layer of the silicon, and inefficiencies in charge collection, 

caused distortions in the values re turned.<60,61) The errors were greatest for particles 

furthest from the center of the detector. The coordinates recorded by the PSDs were 

referred to using the notation (u,v). Using non-linear regression techniques,(60,64) 

these coordinates were mapped to the laboratory coordinate system (x, y) by the 

following:

Xi = X(Ui,Vj) = A + Bui + Cvi + Dui2 + Ev 2 + FuiVj ;
Yi = Y(u;,Vi) = G + Huj + Ivi + Ju;2 + Kvj2 + Lum  Equation 4.10

To find coefficients A through L of Equation 4.10, specific information on u, 

v, x and y was required. Since the incident ion had all possible u and v coordinates 

when recorded, a specially designed collimator was used to screen out all particles 

except those having precisely known locations. The collimator was made from a 

brass slab 2.54 cm thick with 0.8 mm holes drilled at 6 mm distances radially around
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the center, as shown in Fig.4.3. During the experiment, the masking-collimator was 

mounted directly upstream of each PSD group to record its response.

The coordinates returned by the PSD after masking were then compared to the 

known coordinates of the mask, x and y. Multiple regression was performed in off­

line analysis to return the recorded positions to their true vales.(16) Fig.4.4a depicts 

the positions as recorded during the masking run for an incident beam of silicon at 

800 MeV/nucleon. Fig.4.4b shows the improvement of the particle locations after the 

transformation. Comparing the size of the locations with the known size of the holes 

the absolute resolution of the PSDs was determined to be 0.2 mm.

III. Recreation of Ion Trajectories

After all PSD coordinates were transformed into the laboratory coordinate 

system, each PSD was aligned with the beam axis. All of the x and y coordinates 

were adjusted so that the center of the beam in each PSD occurred at the point (0,0). 

The center of the TEPC was defined as point (x0, y0, z0), and the coordinates of each 

particle were re-defined with respect to the plane perpendicular to the beam axis at 

the center of the TEPC, point z0. Further details are given in the Data Preparation 

section below.
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IV. Electronics and Triggering

Each of the three signals from a single PSD was sent to an individual charge 

sensitive pre-amplifier, shaping amplifier, and then to a CAMAC-based ORTEC(65) 

analog-to-digital converter (ADC). The four PSD groups, each consisting of two 

silicon detectors having three signals each, therefore required a total of 24 ADC 

channels for processing. The digitized signals were then stored on disk, as were the 

other signals described below.

The signal from the TEPC was attached to an external EG&G ORTEC 142AH 

charge sensitive preamplifier. Preamplifier output was split and sent into two EG&G 

ORTEC 572 shaping amplifiers. Each amplifier was set to a different gain to record 

detailed information on both low and high-energy deposition events. The unipolar 

output signals from each these amplifiers were also split. One branch was sent into 

individual ADC channels of the primary data acquisition system while the other was 

routed to stand-alone MCAs. The shaped signals from the low and high gain 

amplifiers accounted for two more ADC channels.

One 3mm thick lithium-drifted silicon detector was placed between PSD3 and 

PSD4 (Fig.4.2). Since the radius of this detector was smaller than the radius of the 

PSD's, the efficiency of triggering data acquisition was improved when the TEPC was 

not included in the coincidence logic. This eliminated processing of particles that 

were well outside the detection capability of the TEPC, but still provided an adequate 

ratio of events with and without a corresponding signal in the TEPC. The signal from
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this silicon detector, recording only dE, required only one ADC channel after pre­

amplification, shaping and amplification.

The fast timing output from the pre-amplifiers connected to the TEPC and the 

3mm trigger detector were used in the timing pathway as shown in Fig.4.5. A trigger 

was defined in one of two modes. The first mode used only the 3mm detector and 

included information on particles that did not cause a signal in the TEPC. The second 

mode included the TEPC in coincidence with the 3mm detector and recorded 

information only for incident ions producing a signal in the TEPC.

A valid coincidence between the TEPC and silicon trigger detector required 

that both of the signals arrive above a predefined threshold. These threshold levels 

were set and controlled individually for each of the fast timing signals by use of 

discriminators. Each discriminator created a logic pulse when the input signal was 

above the threshold. Only when the logic pulses from both discriminators arrived at 

the first coincidence unit within the proper time was the trigger pathway allowed to 

continue. This was logged as a valid 'event' and caused the gate generator to change 

into its 'busy' state.

Having a valid event, the logic signal continued along the pathway and was 

split. One branch was sent directly into a second coincidence detector. The second 

was sent through a gate monitoring the status of the data acquisition system before 

arriving at the second coincidence unit. If the gate generator was in a busy state the 

event was rejected, adding to system dead time. Scalars recording total events and 

event + busy were incremented. The width of the "busy" gate was set to allow a full
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processing of one event before another trigger could be accepted. This width was 

typically 150 microseconds.

If the gating unit was in a not-busy state, the second coincidence unit allowed 

the signal to continue through the pathway, arriving at the CAMAC controller. In this 

case the scalars recording total events and event + not-busy were incremented. An 

event + not-busy coincidence sent a request to the ADC's to begin conversion of all 

shaped output signals from analog to digital format. Conversion of all data channels 

required approximately 80-100 ps and accounted for most of the system dead time.<61) 

Additional time (2 ps per channel) was allowed for the transfer of data from the 

ADC's to the local storage within the CAMAC crate, provided by the Hytec 1341 List 

Processor.*'66'1

Once the data from all channels had been converted, the list processor 

buffered the data from each channel and reset the ADCs. The gate generator was then 

returned to the not-busy state to trigger the processing of the next available trigger 

signal. With data conversion taking approximately 80 ps and reading out of the 

converted data taking another 60 ps, overall system dead time was on the order of 

150 ps per valid event. This equates with a maximum possible data acquisition rate 

of about 5,000 events per second. Due to the structure of the beam and the 

characteristics of the positional detectors, this rate was not achievable.

Particles were extracted from the accelerator and delivered to the detector 

system in pulses referred to as spills. Each spill lasted approximately one second and 

came in three and a half second intervals, for about 18 spills per minute. Between 

spills there was no incident particle to record allowing the acquisition computer time
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to empty the list-processor memory and catch-up. During a spill there was the 

potential for having several particles traverse the apparatus while the system was in 

the busy state. Thus, data acquisition rates of 600 to 1000 particles per spill were 

achievable. Due to the possibility of burning out the silicon positional detectors, the 

rates were kept at about 500 particles per spill.

Data Preparation

To properly characterize the response of the TEPC for a specific ion it was 

important to eliminate events that could cause misinterpretation of the data. Errors in 

data processing and fragmentation products were first removed, leaving only those 

energy deposition events that were a result of a primary ion. These event samples 

were then reduced to exclude ions that scattered and were no longer traveling parallel 

to the beam axis. An energy calibration was performed on the remaining data, 

converting channel number to energy deposited, £. The beam fluence was then 

adjusted mathematically to give a uniform coverage over the surface of the TEPC. 

The final distribution of event frequency as a function of energy deposited represents 

the response function of the TEPC.
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I. Invalid Events

In order to reconstruct the trajectory of each particle, events with errors in 

positional information were first removed. As discussed above, location of the 

incident particle was determined in relation to charges qi and q2. Equation 4.9 was 

used to convert these values to horizontal and vertical coordinates u and v. When an 

error occurred in either in the data stream itself or in its digital conversion, Equation 

4.9 returned a value outside the bounds of the physical dimensions of the positional 

detectors. Since the position detector operated by charge division, equal, non-zero 

values of qi and q2 indicated a central location. Another error state was therefore 

noted when qi and q2 had equal but zero values. The conversion algorithm was 

designed to assign particles with these associated errors a positional value of -99 so 

that these events could be easily identified and excluded.

II. Selection of Primary Ions

The next step was the removal of events with nuclear collisions or pulse 

pileup. In either case, energy deposited in the PSDs was inconsistent with that of a 

primary beam ion and so they were easily identified by the total charge collected.(60,61) 

Fig.4.6a shows the number of events as a function of energy deposited in the vertical 

detector of PSD2 for silicon having an energy of 800 MeV/nucleon. Events causing 

the prominent peak are single primary ions that have not undergone a nuclear
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Fig. 4.6a. Energy Deposition in Silicon Positional Detector. Number of events 
as a function of energy deposited in the vertical detector of PSD2 for silicon at 
800 MeV/nucleon plotted on a log-linear scale. Prominent peak of the 
distribution represents primary ions. Remaining components in the distribution 
represent ions having a different charge (lower energy depositions) or pileup of 
more than one event (higher energy deposition). The vertical lines represent the 
area considered to be primary ions.
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collision. Particles depositing a higher energy than those in the primary peak were 

due to more than one particle being measured during a single trigger, known as 

pileup.<58)

To the left of the main distribution were fragments having a similar velocity 

as the primary. Fig.4.6b is a plot of total energy deposition in the vertical detector of 

PSD4 for the same events of Fig.4.6a showing an increase in fragmentation further 

downstream. These fragments were easily identified as their energy deposition was 

proportional to Z2.(60,62) Selection of only those events contributing to the prominent 

peak, inside the vertical lines of Fig.4.6a, ensured that only primary ions interacted 

with the TEPC. When possible, this selection was performed for both the horizontal 

and vertical detectors of each of the four PSD's.

III. Elimination of Scattered Events

The next selection removed primary events that were not traveling parallel to 

the beam axis. These events survived the selections above since they had the same 

charge and velocity as unscattered ions and therefore contributed to the prominent 

peaks shown in Fig.4.6. To identify these events, trajectories and scattering angles 

were determined for all events that survived the cuts described so far.

The u and v coordinates recorded by each PSD were first transformed to x and 

y by the masking technique discussed above in Data Acquisition. Fig.4.7 is a 

representative plot of positional information recorded by the vertical detector of
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PSD2 after selecting only the primary ion, applying the masking transform and re­

aligning the PSD to zero. This was done for both horizontal and vertical detectors in 

all PSD groups.

The angle of scatter was determined by comparing the difference between 

similar positional signals of two PSD groups. The result was a second distribution 

representing the deflection of the particles for the distance traveled, z J2, between the 

two PSD groups, as shown in Fig.4.8. The peak of this distribution being centered 

about zero shows that most of the remaining particles had little or no divergence from 

parallel. The tails represent particles that had a significant deflection and were 

therefore eliminated from the analysis.

Using 2.0 standard deviations from the mean, about 98 percent of the events, 

many events with large deflections were included in the analysis. Data contained 

within only 1.0 standard deviation of the mean, 68 percent, eliminated many parallel 

primary ions. Thus, 1.6 standard deviations, containing 85 percent of the events, was 

chosen as a balance between maximizing the number of primary ions analyzed while 

eliminating most of the events with large angles of scatter.

IV. Particle Trajectory Through the TEPC

Selections thus far removed all events except those that constitute a parallel 

beam of primary particles. The next step was to recreate the trajectory of each ion 

and define its coordinates with respect to the transverse plane of the TEPC (the plane

61

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



Nu
m

be
r 

of 
Ev

en
ts

o
1 0 15 -10 5 ■§ 1®0 15

Deflection, y4-yi (mm)

Fig. 4.8. Number of events as a function of deflection between PSD1 and PSD4. As 
can be seen, the vast majority of particles had relatively straight trajectories. The tails of 
the distribution represent particles that scattered somewhere between PSD1 and PSD4. 
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perpendicular to the beam axis). The x and y locations at z0 were determined for each 

event based on interpolation of the trajectory between adjacent PSD's. The impact 

parameter (IP) was then determined for each event, defined as the radial distance that 

the particle traversed the x,y plane at z0.

V. Energy Calibration

An energy calibration was performed on the remaining data, converting the 

TEPC pulse heights into energy deposited. Linearity of the response of both 

CAMAC ADC's connected to the TEPC was determined using an EG&G ORTEC 

Model 448 Research Pulser. The distribution of energy deposited from the internally 

mounted alpha source was then used to associate a known quantity of radiation with 

specific pulse heights. Details of the calibration are presented in Appendix B.

VI. Beam Fluence Normalization

The final step in preparing the data was to determine the response of the 

TEPC under conditions of uniform irradiation. Fig.4.9a shows a three-dimensional 

projection of the beam at the transverse plane of the TEPC (z = z0). The number of 

events per square millimeter at the outer radius of the TEPC, 8.89 mm, was about half
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Fig. 4.9a. Three-dimensional plot showing the spatial distribution of the beam. 
The plot represents the number of events in a grid having 1 mm by 1 mm 
intervals. The radius of the silicon position detectors, 20 mm, is apparent. At 
a radius of 9 mm the outer surface of the TEPC sphere was fully covered by 
the beam. Each grid interval at this radius contains only about half the number 
of events that are found at the center of the beam.
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the number occurring in the center. To account for this, the x,y plane through the 

center of the TEPC was sub-divided into 1 mm by 1 mm grids. The total number of 

events in each grid was found and normalized to a unit count. The overall 

distribution was then re-assembled and divided by the total number of grids used. 

The resulting event weighted beam represents a uniform fluence over the surface of 

the TEPC as shown in Fig.4.9b. The distribution of energy deposited in the TEPC 

under uniform irradiation, the response function, formed the basis from which all 

further analysis was derived.
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Fig 4.9b. Representation of the beam after normalizing the counts in each grid interval. 
The number of counts in each interval was first normalized to unity. Each grid interval 
was then divided by the total number of intervals containing a non-zero value. The result 
is a uniformly irradiating beam normalized to one event.
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CHAPTER V - RESULTS AND DISCUSSION

Table-5.1 gives a summary of the properties of the ions used in this study. 

Prior to the experiment it was determined that three millimeters of lead would be 

required to reduce the energy of the oxygen beam so that the LET at the TEPC cavity 

more closely matched the other ions. At the time of beam delivery, the energy of 

oxygen at the exit window was less than expected and not precisely known.

Observing energy deposited in the TEPC, it was determined that only two millimeters 

of lead should be used to adjust the LET of the beam. Using the Bethe-Bloch 

equation to determine energy loss in all components upstream of the TEPC the energy 

of oxygen at beam exit was later found to be 165 MeV/nucleon instead of the 180 

MeV/nucleon expected. The average energy deposited in the TEPC was in turn 

slightly lower but still within ten percent of the other ions.
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Table-5.1 
Characteristics of Ions Studied

Location

Beam Line TEPC Gas Cavity

Maximum
Energy Energy Velocity LET Residual Energy

Ion (MeV/nucleon) (MeV/nucleon) (V/C) (keV/pm) Range Electron
(cm-H20) (keV)

Nitrogen 100 79 0.386 43.1 1.4 179
Oxygen 165 119 0.461 40.9 2.7 276

Neon 230 211 0.577 43.8 5.6 511
Silicon 800 781 0.838 46.4 32.6 2,407

Fig.5.1 shows the response of the TEPC to a uniform fluence of particles. 

There is a prominent peak of the distributions occurring at an energy deposition of 

approximately 30 keV. The frequency of low energy events differs for all ions, 

believed to be due to differences in the track structure, but the pattern of energy 

deposition is similar for all ions. The properties of the response functions presented 

in Fig.5.1 are shown in Table-5.2. The frequency mean lineal energy, yf, dose mean 

lineal energy, yd, and the relative variance in the distributions were found as 

discussed in Chapter EH by converting the response of the TEPC as a function of 

energy deposited, e, into distributions of lineal energy, y.
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Fig. 5.1. TEPC Response Functions. Represents the response of the TEPC to a uniform fluence of parallel particles having similar 
LET. Each distribution has been normalized to unity, with the energy at the TEPC in parenthesis in the inset. The larger frequency 
of low energy events occurring in the detector in response to silicon is due to an increase in delta-ray influx caused by the much 
larger track structure associated with the ion, resulting in the distribution taking the shape of the wall-less distribution of Figure-L3. 
The narrower shape of the nitrogen distribution, and the lack of low energy events were due to the low energy of the beam.
Nitrogen was nearing the end of its range in the longest paths through the detector wall.



Table-5.2 
Summary of Data Analysis

Ion
Calculated

LET
(keV/pm)

yt

(keV/pm)

yd

(keV/pm)
yf/LET yd/LET

Relative 
Variance 

of the 
Distribution

Nitrogen 43.1 43.7 46.8 1.01 1.09 0.071
Oxygen 40.9 39.1 43.9 0.96 1.07 0.123

Neon 43.8 42.4 47.6 0.97 1.09 0.123
Silicon 46.4 39.4 46.7 0.85 1.01 0.185

Cumulative distributions of the response functions are plotted in Fig.5.2. The 

large differences between the four response functions for low energy events are 

shown to have a minimal effect on when plotted cumulatively. Though variations in 

the low energy region are present, 50% of the energy is deposited below an energy of 

about 28 keV for all ions. The distributions become very similar above this point.

For higher energy events, more important in dose assessment, cumulative plots show 

that most of the energy is deposited in much the same manner for each of the ions.

Multiplying the event frequencies by the energy deposition associated with the 

event, or e*f(e), shows the distribution of energy deposition as a function of event 

size. This is shown in Fig.5.3. The difference in the number of events observed in 

the low energy deposition region are shown once again to be minimal in an 

assessment of how dose is delivered. The mean value of these distributions, in terms 

of lineal energy, is given in Table-5.2 as y^
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Fig. 5.2. Cumulative Distributions of TEPC Response. Cumulative probability as a function of energy deposited, £, in the TEPC 
shows minimal effect of low energy differences. Thin horizontal line represents the point in the data sets corresponding to 50% 
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event, £, by the frequency of its occurrence, f(£), gives a determination of how the dose is delivered.
The variability between the spectra in the left tail is minimized due to their low energies. The means of 
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four.



Selected Trajectories

Selecting events with impact parameters less than 0.8 mm results in particles 

having simulated path lengths of one micrometer, varying less than 1.0 percent. 

Plotting these events in Fig.5.4, the peak for all ions occurs at approximately 36 keV.

For particles having these impact parameters, the idealized energy deposition 

would be equal to LET times path length, the diameter of the detector. Since many of 

the high-energy delta rays produced by the ions had ranges larger than the simulated 

dimension of the TEPC, a portion of the energy that was liberated within the sensitive 

volume was deposited outside the TEPC and was not recorded. Based on mean 

values of the selected events, presented in Table-5.3, the data indicated that there was 

about a 17% loss in energy deposited from that expected by the LET times path 

length approximation. For silicon there was about a 22% loss. Previous 

measurements of 56Fe having energies from 200 to 1,000 MeV/nucleon, recorded 

with the same TEPC, showed an average loss of about 20% for particles with these 

impact parameter s.(16)

Track Structure Modeling

Track structure and radial dose models were used to compare the data to estimates 

from calculations. (Appendix C) The track structure model described by 

Chatterjee(18) predicts 24 percent loss for the lowest energy ion, nitrogen, up to a loss
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Fig. 5.4. Distribution of Energy Deposited for Particles Having Impact Parameters Less Than 0.8 mm. This impact 
parameter gives path lengths across the diameter of the detector, 1pm, varying less than 1.0 percent. The average energy 
deposition of oxygen was slightly lower due adjustment of beam energy at the time of the experimental run with a Pb 
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all cases..



Table-5.3
Events with Impact Parameters less than 0.8 mm

Ion Beam Energy 
(MeV/nucleon)

Peak
(keV)

Median
(keV)

Mean
(keV)

Standard
Deviation

(keV)

LET times 
path length 

approximation 
(keV)

Percent
Radial
Loss

Nitrogen 100 34.0 35.0 35.7 5.19 43.1 17.2
Oxygen 165 33.0 33.0 33.5 5.42 40.9 18.1

Neon 230 36.0 36.2 36.9 5.63 43.8 15.8
Silicon 800 35.0 35.9 36.4 5.40 46.4 21.6

of 32 percent for silicon having the highest energy. The Cucinotta(19) radial dose 

model predicts losses of 30 to 39 percent for the lowest to highest energy ions, 

respectively. The differences observed between measured data and calculations 

stems from the assumptions used in the models. Both models use an infinite 

homogenous target medium and calculate the energy liberated by the ion in 

cylindrical volumes surrounding the ion trajectory.

These radial models were adjusted to simulate a spherical geometry by using 

very small track segments. Using track segments ten nanometers in length and 

varying radii to simulate the shape of a sphere using very thin cylinders, energy 

escaping the volume as predicted by Chatterjee increases and ranges from 29 to 36 

percent while the model presented by Cucinotta predicts 38 to 44 percent energy loss.
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Energy escaping is increased since volume of a one micrometer diameter sphere is 

less than a one micrometer cylinder with equal height and diameter.

Though energy escaping the volume is considered in both models, no energy 

influx due to electrons created outside the cavity is included. The TEPC, however, 

exhibits a change in density on the order of 104 times at the wall-cavity interface. A 

much greater number of electrons of all energies are liberated in the dense wall than 

in the evacuated cavity. Many of these electrons have sufficient energy to traverse 

the wall and enter the gas cavity. At the cavity-wall interface, even the low energy 

electrons enter the TEPC in much greater numbers and are recorded. The models 

therefore under predict energy deposited in the TEPC.

Using Cucinotta's approach to describe the radial distribution of dose, the 

response of a spherical TEPC to a uniform irradiation was simulated, as described in 

Appendix C. The radial dose distribution was first converted into a radial distribution 

of energy. A trajectory with respect to the center of a one micrometer diameter 

sphere was chosen at random and the structure of the track was superimposed on the 

sphere. The intersection between the sphere and the calculated ion track was found 

and energy deposition to the sphere found. The simulated response of the TEPC, 

which assumes a homogenous medium is presented in Fig.5.5.

The results of Nikjoo, et.al., comparing the simulated response of a TEPC 

considering homogenous (wall-less) and non-homogenous (walled) volumes indicates 

that it is not the model that under predicts energy deposition to the TEPC, but the 

assumption of homogenous conditions. Eighty percent of energy deposition in both 

wall-less and walled cases was due to secondary electrons generated within the
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Fig. 5.5. Simulation of TEPC Response for an Irradiation by Silicon in a Homogenous 
Medium. Black line shows the response of a walled TEPC to silicon at 800 MeV/nucleon. 
Points represent a simulation of TEPC response using the radial distribution of dose described 
by Cucinotta. The shape of the simulation is similar to the measured distribution but with a 
lower mean value. This is due to the underlying assumption in the radial dose model of a 
homogenous medium. Particles crossing the cavity of a walled detector would be enhanced by 
an increased influx of electrons created in the detector wall, (see reference 20).

77

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



detector cavity when the primary ion crosses the volume. The other twenty percent, 

however, was due to secondary electrons produced in different locations depending 

on whether the wall was present or not.

For the homogenous, wall-less detector the remaining twenty percent of 

energy deposition was primarily due to electrons created by ions passing outside the 

cavity. These electrons entered the cavity normal to the ion trajectory. When 

simulating the non-homogenous, walled detector, the remaining twenty percent of 

energy deposition was shown to be from electrons created in the wall, outside of the 

cavity, from ions crossing the volume. These electrons were preferentially in the 

forward direction and entered the cavity along with the primary ion. Adjusting the 

simulation of energy deposition shown in Fig.5.5 by about twenty percent for ion 

trajectories crossing the detector volume results in a closer approximation to the 

measured data. Fig.5.6 shows the improvement of the simulation of silicon at 800 

MeV/nucleon plotted against measurements of the same ion at the same energy.

Measured Wall Effects

Fig.5.7 is a scatter plot of measured energy deposited versus impact parameter 

for neon. The mean energy deposition as a function of impact parameter and the 

mean impact parameter as a function of energy were compared for these distributions 

in a similar fashion as in the work of Gersey(16) and Rademacher.(17) From the center 

of the TEPC outward, the transverse plane of the TEPC was divided into annuli
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Fig. 5.6. Adjustment of Simulated TEPC Response for a Non-homogenous Medium. Black line 
represents measured TEPC response to silicon with an energy of 800 MeV/nucleon. Gray points 
show the simulated TEPC response to the same ion for a walled detector by enhancing energy 
deposition for particles crossing the detector volume.

79

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



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

00O

180

160

140

1  120 
(/> o
© >

Q  ©
>* w  
O)
© c 
LU

10 0

80

60

/  • v * .  •
1  . . . .  •k .*k • v !W* • ; • ./ • • *.
• ■ * . v  ‘

&

10 15

Impact Parameter (mm)

20

Fig. 5.7. Scatter-plot of Energy Deposited versus Impact Parameter for neon at 211 
MeV/nucleon. The sharp drop occurs at the gas wall interface with a pronounced peak due to 
delta ray influx.



having equal areas. The mean energy deposition within each annulus was then 

calculated and plotted for an impact parameter occurring at the midpoint of the inner 

and outer radii of the annulus where the events occurred.

Due to the very low frequency, very large energy deposition events shown in 

Fig.5.7 at an impact parameter near the cavity-wall interface, 6.35 mm, were not 

visible after the method of averaging discussed above. To overcome this, the range of 

energy deposition was divided into equal areas and the average impact parameter 

found. Energy deposition events above about 55 keV/|im occurred only in the region 

of the gas-wall interface and could be clearly distinguished. Both methods of 

averaging were combined into the composite plot of Fig.5.8.

Also shown in Fig.5.8 is energy deposition approximated by multiplying the 

LET of the particle by its path length across the detector cavity. Particles passing 

through the gas cavity have energy depositions lower than predicted by this 

approximation due to more energy escaping the detector volume than enters from the 

production of electrons in the dense the wall. As the impact parameter approaches 

the radius of the detector cavity, energy influx begins to overcompensate losses and 

the average energy deposition becomes larger than predicted. At trajectories equal to 

the cavity radius, a large number of low energy electrons liberated in the dense wall 

enter the cavity and are recorded as large single energy depositions giving rise to the 

sharp peak observed. This anomalously large energy deposition was confirmed in 

Nikjoo's simulation of the response of a spherical walled TEPC, but was absent in 

simulating a wall-less detector.<20)
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Fig. 5.8. Mean Energy Deposited by a 211 MeV/nucleon 20Ne Particle for a Given Impact Parameter. 
Circles represent measured data. Smooth thick line represents a simple LET times path length 
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time path length for particles crossing the sensitive volume due to energy transported out of the site 
by high-energy delta rays. Close to the gas-wall interface, more energy in recorded than predicted 
due to an increase in delta-ray influx with a sharp peak occurring just at the cavity radius.



Comparison o f Individual Distributions

Because of the many processes involved in energy deposition within the 

sensitive volume of a TEPC, no single function adequately describes the measured 

spectra and population summary statistics such as the mean and variance do not 

completely describe the shape of the distributions. However, since there are over 

5x l05 data points for each measured response function, the distributions do not 

require statistical fits to determine if they were sampled from a specific family of a 

known distribution. With this many data points, the spectra are themselves known 

distributions and may be analyzed directly.

Tests were performed, however, to confirm this position. A function 

completely describing the distribution of energy deposition is not known since the 

response of a TEPC is the result of many underlying processes. Non-parametric 

approaches were therefore used to compare the measured response functions. The 

Kruskal-Wallis test, a non-parametric equivalent to the ANOVA procedure, was used 

in a four-way comparison to test equality of means.(67) An underlying assumption of 

the Kruskal-Wallis test is that the distributions have the same shape but possibly 

different locations. The test statistic, based on a sum of ranked scores of the data, 

gets larger as the differences between the population means increase. The resulting 

test statistic is distributed Chi-squared with degrees of freedom equal to the number 

of samples minus one (3 in this case). The null hypothesis that the distributions had 

the same mean value could not be rejected.
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The Kolmogorov-Smirnov goodness-of-fit approach was used to test the 

cumulative distributions of the response functions against each other.(68) The two 

sample test measures the maximum deviation between the cumulative empirical 

distribution functions to determine whether the distributions are derived from the 

same function. The null hypothesis that the distributions were the same was rejected 

in all possible two-way comparisons with a calculated probability-values less than 

0.001.(69) Thus, the response functions created by different ions having similar LET 

are different distributions, having the same mean. Results of both tests are shown in 

Table-5.4

Table-5.4.
Kolmogorov-Smirnov and Kruskal-Wallis Test Statistics

Comparison Critical Value Calculated 
Test Statistic

P-value

Kolmogorov-Smirnov

N - 0 0.1453 0.2906 < 0.001
N - Ne 0.1074 0.2147 <0.001
N - Si 0.0778 0.1557 < 0.001
O - N e 0.0515 0.1030 < 0.001
0 - S i 0.0737 0.1474 < 0.001
Ne-Si 0.0357 0.0714 <0.001

Kruskal-Wallis

Four-Way 7.8150 5.3310 0.2289
(a=0.05)
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These distributions, presented in Fig.5.1 exhibit clear differences when plotted 

on a log-linear scale as shown in Fig.5.9. The nitrogen data shows a large divergence 

in both the high and low energy regions. Previous experiments measuring 56Fe from 

200 to 1,000 MeV/nucleon with the same TEPC showed that both very low and very 

high energy events were due to particles having impact parameters equal to the radius 

of the cavity, the gas-wall interface/16-* This was verified in the present study by 

careful selection of events based on energy deposition.

Fig.5.10a shows the coordinates of particles having energy depositions 

between 3 and 5 keV, taken from the response of neon. Fig.5.10b shows the location 

of neon ions having energy depositions greater than 60 keV, twice the average energy 

deposition. Both types of events occur in the region of the gas-wall interface. Due to 

the lower energy of the nitrogen beam, many of the particles were nearing the end of 

their range in many of the longest paths through the dense detector wall. Energy 

deposition by nitrogen at these trajectories was therefore greatly reduced and plots 

such as Fig.5 .10a and Fig.5.10b could not be made.

This illustrates the point that the range of electrons ejected by the primary ion 

passing through material is dependent upon the velocity of the ion. Thus, the 

competing processes of energy loss for ions having impact parameters less than the 

inner radius of the cavity and energy influx for particles passing outside the cavity 

occur in different magnitudes for the different energy ions, even though their LET is 

similar. For higher velocity ions, energy is deposited further from the path of the ion 

than in the case of lower velocity ions. Higher energy ions may therefore cause
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shown.
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Fig. 5.10a. Location of Particles Having Low Energy Depositions. Data taken from 
the response of the TEPC to neon with an energy of 211 MeV/nucleon at the detector 
volume. Points represent the location of ion traversal with respect to the center of the 
TEPC (x,y = 0,0) for particles depositing 3 and 5 keV in the detector. All of the 
particles have trajectories through the wall of the detector very near the cavity/wall 
interface (6.35 mm).
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Fig. 5.10b. Location of Particles Having High Energy Depositions. Data taken from the 
response of the TEPC to neon with an energy of 211 MeV/nucleon at the detector volume. 
Points represent the location of ion traversal with respect to the center of the TEPC (x,y = 0,0) 
for particles depositing greater than 60 keV in the detector. Most of the particles have 
trajectories through the wall of the detector, as in the plot of low energy events. Unlike the plot 
of low energy events, there are also particles that passed through the center of the detector. 
These represent particles interacting with the central anode and helix wire.
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energy deposition events within the TEPC from distances further outside the TEPC 

volume, as well as exhibit a larger amount of radial loss for particles crossing the 

cavity.

These differences are also seen in the TEPC response functions. Silicon, 

having a much greater energy than the other ions, shows a higher frequency of events 

with low energy deposition. Selecting only these events shows trajectories in the 

region of the wall, (as in Fig.5.10a for neon) As shown in Table-5.3, silicon also 

shows larger energy escaping the volume of the TEPC for particles crossing the gas 

cavity due to the larger volume of energy deposition associated with its track.

Even in the presence of these differences, the frequency mean and dose mean 

values for lineal energy are very similar. Due to the very large number of counts 

within each response function the summary statistics exhibit very small standard 

errors as presented in Table-5.5. The frequency means of all response functions were 

within four percent of their calculated LET for all ions except silicon, which was 

within fifteen percent. Silicon, at 800 MeV/nucleon, showed larger radial losses 

resulting in a larger divergence between the calculated frequency mean of the 

measured distribution and the LET of the particle. The calculated values of the dose 

mean lineal energy, yd, showed the opposite trend. For the lower energy ions, yd 

was within nine percent of calculated LET while that of silicon was within one 

percent. Thus, yf was a better predictor of LET for the lower energy ions in this 

study and yd was closer for the higher energy ions.
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Table-5.5 

Error in yfand yd

Ion yf Error in yf yd Error in yd

Nitrogen 43.7 0.021 46.8 0.019
Oxygen 39.1 0.024 43.9 0.024

Neon 42.4 0.025 47.6 0.024
Silicon 39.4 0.025 46.7 0.022

Determination o f Average Quality o f the Radiaiton

Recommendations of ICRP Report 40 would have assessed a quality between 

5 and 10 for ions having an LET between 23 and 53 keV/|j,m in water.(33) Current 

recommendations contained in ICRP Publication 60 give exact values as presented in 

Table-5.6 under the heading Q(LET). Previous studies measuring 56Fe with energies 

ranging from 200 to 1,000 MeV/nucleon indicated that yd gave a more accurate 

determination of the average quality of the incident radiation, and thereby dose 

equivalent, as yf consistently underestimated LET.(16) Results of the present study 

indicate that, for all ions with energies less than and including neon, replacing LET 

with yf may be a more accurate determinant of radiation quality than yd.

Also shown in Table-5.6 are determinations of Q using alternative approaches. 

The first is based on the current ICRP60 definition of quality with the assumption that
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y is equal to LET, or Q (LET = y).(2l) The second is based on a method derived by 

Kellerer and Hahn where quality is based on the lineal energy spectra, Q(y) with a 

modification for energy loss straggling.(34) These two methods weigh the quality 

associated with a specific lineal energy by its frequency of occurrence. These 

weights are then summed to determine the average quality of the radiation. Quality 

factor as a function of the frequency mean lineal energy, Q(LET = yf), and the dose 

mean lineal energy, Q(LET = yd), using the ICRP60 definition are shown in the last 

columns of Table-5.6. These last methods simply replace the average LET with the 

appropriate summary statistic, yf or y(i.

Table-5.6

Derived Quality Factors Based on LET, Lineal Energy, yf, and yd

Ion Q(LET) Q(LET=y) Q(y) Q(LET = yf) Q(LET = yd)

Nitrogen 11.6 11.8 11.7 11.8 12.8
Oxygen 10.6 10.3 10.5 10.3 11.8

Neon 11.8 11.4 11.3 11.4 13.0
Silicon 12.6 10.5 10.5 10.4 12.7

For nitrogen, oxygen and neon, all methods of determining the quality factor 

are in good agreement with recommendations of ICRP Publication 60, within four 

percent, except for the use of yd, which is within ten percent. For the much higher
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energy silicon, yf estimates quality within about twenty percent of the ICRP60 

suggestion, while yd gives a quality within six percent. This trend is shown 

graphically in Fig. 5.11 by plotting the ratios of yf and ya to LET, as a function of ion 

energy.

Combining this data with past studies of TEPC response for iron, the trend 

seen in the ratios of yf and ya to LET as a function of energy does not hold. Plotting 

the ratios as a function of the momentum of the ion, however, fits the combined data 

as shown in Fig.5.12. Once again, yf is a better predictor of quality when ion 

momentum is low and ya is more accurate for larger momentum ions, y f , however, 

diverges from LET much faster than yd as the momentum of the ion increases. In all 

cases, ya remains within 10 percent of LET.

Dose Equivalent

Absorbed dose, D, delivered to the TEPC per unit fluence was calculated by 

integrating the response functions, based on energy deposited, and dividing by the 

mass of a one micrometer diameter sphere of tissue. Since the response functions are 

normalized to unity, determination of dose in this manner represents the dose 

delivered to a one micrometer volume of tissue per unit fluence. These numbers were 

numerically equal to a determination of the specific energy, z, based on yf from the 

distribution of lineal energy, (see Chapter Terms and Quantities).

92

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



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

Yd/LET
Yf/LET

0.9

0.8 Nitrogen
Oxygen
Neon
Silicon

0.7

0.6
0 10000 20000 30000 40000 50000

Momentum (MeV/C)

Fig. 5.11. Ratios of yf and ya to LET for each of the four ions as a function of momentum. For ions having a lower 
associated momentum yf is a closer approximate to LET while ya is a better predictor for higher momentum ions.
The horizontal dashed line representing a ratio of 1.0 is plotted for reference.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

Trend in Yf and Yd

Yd/LET
Yf/LET

0.9

0.8

-N 79 
-O 119 
-Ne 211 
-Fe 200 
-Si 781 
-Fe 360 
-Fe 540 
-Fe 700 
-Fe 790 
-Fe 1000

0.7

0.6

0.5

0.4
0 20000 40000 60000 80000 100000

Momentum (MeV/c)
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and possibly 56Fe with an energy of 360 MeV/nucleon. The inset in the lower left comer of the graph gives the ion 
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plotted for reference.



Multiplication by the quality, Q, gives dose equivalent, H, in Sieverts. Table- 

5.7 lists the dose to tissue for the four ions, followed by the dose equivalent.

Radiation quality was determined by the ICRP60 recommendations based on LET, yf 

and yd.

Table-5.7 

Determination of Dose Equivalent

Ion
Dose to 1 |xm Dose Equivalent (Sv)

Tissue
(Gy) Using

Q(LET)
Using 

Q(LET = yf)
Using 

Q(LET = yd)

Nitrogen 8.91 103.4 105.1 114.5
Oxygen 7.98 87.8 83.8 94.2

Neon 8.65 102.1 98.6 112.5
Silicon 8.04 101.3 83.6 102.1

As can be seen from Table-5.7, since yf more closely approximates the ICRP 

recommended method for determining Q for the first three ions, dose equivalent, H, is 

also more accurate. Errors in quality and dose equivalent were calculated using yf to 

determine Q and H for nitrogen, oxygen and neon, and yd for silicon, and are 

presented in Table-5.8. Since the standard errors associated with the summary 

statistics were low due to the high number of counts, the respective errors in Q and H 

were also low.
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Table-5.8

Errors Associated with the Determination of 
Quality and Dose Equivalent

Ion Error in Dose
(Gy)

Error In Quality 
(ICRP Method, 
based on yf )

Error In Dose 
Equivalent 

(Sv)

Nitrogen 0.0043 0.0067 0.0784
Oxygen 0.0049 0.0077 0.0800

Neon 0.0051 0.0080 0.0904
Silicon 0.0045 0.0070 0.0775
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CHAPTER VI - CONCLUSIONS

In radiobiological studies, variations in RBE have been shown to exist for 

heavy charged particles having similar LET. Track structure calculations show that 

the radial extent of energy deposition is different for similar LET particles having 

different charge and velocity. In this study, the fraction of energy lost by the incident 

particle that escapes the detector volume was seen to be larger in relation to the 

velocity of the ion studied.

However, due to the construction of the TEPC used in this study, similar to 

those used in the active dosimetry of manned space missions, as well as those used to 

characterize high-energy therapy beams, the measured energy deposition distributions 

are very similar for ions having similar LET. Though a greater fraction of energy 

liberated by ions having larger track volumes escapes the detector, the means of the 

distributions are similar. Simulation of detector response confirms that although the 

TEPC measures only a fraction of energy liberated by charged particles crossing the 

sensitive volume, an enhanced production of electrons in the dense wall of the 

detector gives back much of the energy lost.
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Particles that passed through the center of the detector deposited only about 

80% of the energy expected from LET times the diameter. The decrease was 

attributed to high-energy delta rays escaping from the sensitive volume. The radial 

dose model indicated that the energy escape from delta rays would result in only 

about 60% of the LET being deposited by particles passing through the center of the 

sphere. The difference between the data and calculation was attributed to forward 

moving electrons produced in the front wall of the detector. This forward 

contribution of electrons was not sufficient to compensate for the electrons escaping 

the sensitive volume. However, energy compensation from the wall exceeds energy 

loss from the gas when the impact parameter is greater than about 85% of the radius. 

It was shown that for a uniform fluence of particles at 800 MeV/nucleon, the 

measured distribution of energy deposition, f(£), could be reproduced 

computationally using the radial dose model if energy deposition for tracks passing 

through the sphere were enhanced by 35% and events that did not pass through the 

sphere were not enhanced at all.

Four ions were recorded, all having an LET within six percent of a mean 

value of 43.6 keV/pm. Due to the large number of counts contained within the 

measured distributions, the standard error of summary statistics yf and yd, were very 

small. Values of the frequency mean lineal energies, yf, of the four ions were all 

within six percent of a mean value of 41.2 keV/pm. The dose mean lineal energies 

were within about five percent of an average of 46.3 keV/pm.

For all ions except the higher energy silicon, yf was within four percent of the 

calculated LET of the ion, and yd was within nine percent. The frequency mean of
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silicon was within fifteen percent of the LET of the ion, while the dose mean lineal 

energy was within one percent. Thus, while yf diverged from the calculated LET by 

as much as fifteen percent, ya remained within ten percent of LET for all ions. It is 

interesting to note, however, that one standard deviation of either yf or ya for any ion 

includes the respective LET of the ion, and the average LET of all four, 43.5 keV/pm.
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APPENDIX A 

LINEAR ENERGY TRANSFER
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The term Linear Energy Transfer (LET) was introduced by Zirkle, et.al., 

(1952) to explain the energy lost by a charged particle passing through a 

medium.(22,23) Charged particles traversing matter lose energy either by inelastic 

nuclear collision, or, more predominantly, by Coulomb interaction with the electrons 

of the target medium. In the latter process, the Coulomb electric force field 

surrounding the charged particle interacts with one or more of the orbital electrons of 

the target atoms causing excitations or ionizations.(5)

Charged particles lose energy in random interactions. The LET of a particle is 

the expectation value of the rate of energy loss per unit distance traveled by a particle 

in a specific medium, or dE/dx, in interactions with orbital electrons.(36) It is 

typically referred to as the stopping power of the particle in the given medium, and 

has units of MeV/cm or keV/|Lim. Dividing the stopping power by the density, p, of 

the target medium gives a quantity called the mass stopping power, which is usually 

given in units of MeV-cm2/g and is useful in determining the stopping power of a 

particle passing through a medium composed of more than one element.

A theoretical expression for mass stopping power has been derived by Bohr, 

Bethe and Bloch to explain charged particles.<24> It is dependent upon the charge and 

velocity of the projectile and the atomic number and atomic weight of the target 

medium(5), and is given by the following relation:

f  A r?2dE ™ ^
vPdx j

= 0.307— -^r- 
A p 2

13.8373 + In
1 -P 2 P2 -  ln(l)|j Equation A. 1
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where:
p = density of the target medium,
I = mean excitation potential of the target medium,
A = atomic weight of the medium, 
z = atomic number of the medium (charge),
Z = charge of the projectile, and
(3 = velocity of the projectile with respect to the speed of light, C.

Frequently it is important to determine the stopping power of a charged 

particle interacting with a medium composed of more than one element. The mass 

stopping powers of each constituent is first determined and multiplied by the weight 

fraction of each element in the compound Fj, as given in Equation A.2. To determine 

the stopping power of the particle in that medium, the total mass stopping power is 

multiplied by the density of the compound.(4)

dE
VpdXyT i=1I  dE

v P d x y ,

Equation A.2

When studying the rate of energy loss for different charged particles 

interacting with the same medium, variables describing the medium, p, z, A and I, 

become constants. The expression is then dependent only upon the characteristics of 

the projectile, Z2/p 2. Fig.A. 1 shows stopping power as a function of Z2/p2 for oxygen 

and silicon. As can be seen in the plot, for a given value of the stopping powers of 

the particles are not exact, but very similar.
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Fig.A.l. Stopping Power as a Function of Z2/(32. In the same medium the Beta-Bloch 
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energies in the range of interest to radiation protection and radiation biology there is a 
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different ions.
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Choosing the LET of a particle to study in turn fixes the value of the square of 

the ratio of charge to velocity. Since the charge is unique for a given ion, choosing 

the velocity becomes the controlling factor in setting the LET of the particle. To find 

the energy of the beam to give the chosen LET requires a determination of the 

velocity with respect to the speed of light, p, by use of relativistic kinematics and is 

given by the relation:

P = .
M0C2 

T + M0C2

\ 2

Equation A.3

where: •j
M0C = the rest mass of the projectile, in MeV, and 
T = the kinetic energy of the projectile, in MeV.

Fig.A.2 shows the variation in stopping power as a function of p for the ions 

studied. The solid dots indicate the point at which each ion has the same LET. It is 

also important to note from this plot that care must be taken in the choice of LET 

studied. Choosing a stopping power less than 40 keV/pm precludes the study of 

silicon. No value of P exists that would give silicon this LET, except where the 

function is rapidly approaching zero at a very low velocity.
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Table-A. 1
Beta and Energies Required to give an LET of 45 keV/pm

Ion Beta
(v/c)

Energy Incident 
upon the Detector 

(Mev/nucleon)
Beam Exit Energy 

(Mev/nucleon)

Nitrogen 0.375 73 95
Oxygen 0.437 105 129
Neon 0.566 200 221

Silicon 0.851 830 841

The velocities of all four ions that would give an LET of 45 keV/|im are 

presented in Table-A. 1. The energies, in MeV/nucleon, associated with this stopping 

power are shown in the second column. For a study of similar LET, the energies are 

chosen so that the stopping power is similar at the point of measurement. In many 

modern experiments, there are some components associated with the detection system 

located between the detector and the beam exit window. A calculation of energy loss 

in each of these components is therefore required to arrive at the beam exit energies 

giving the required stopping power at the point of measurement. Performing this 

calculation for the energies above gives beam exit energies shown in the last column.

The energies ordered at HIMAC were not exactly as listed in Table-A. 1, 

however, but energies easily delivered at the facility. The LET of all particles were 

within 6.0 % of 43.5 keV/|am.
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APPENDIX B 

ENERGY CALIBRATION
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Tissue Equivalent Proportional Counters used in microdosimetric studies 

measure the number of ions created in the sensitive volume of the detector by the 

passage of charged particle.(70) Volumes on the order of 10'18 cubic meters are 

simulated to achieve a relationship with the spatial patterns of energy deposition that 

would occur in biological tissue of similar dimensions.(9) In radiation protection 

dosimetry, the goal of calibration is to determine a factor that converts the measured 

pulse height spectra into a distribution of energy deposition events for later 

determinations of dose, radiation quality and dose equivalent.*71}

When accelerated charged particles interact with the TEPC fill gas and 

surrounding wall to form ionizations, electron-ion pairs are produced.(15) The 

electrons are multiplied in the electric field of the detector and collected on the anode. 

The corresponding charge collected is converted into a voltage pulse by the pre­

amplifier. The amplifier then conditions and increases this pulse to be recorded in a 

specific channel of a pulse height analyzer. The recorded data is a distribution of 

voltages sent by the amplifier based on the number of original ion-pairs produced in 

the detector by a single traversing charged particle.<9)

Conversion of the recorded pulse height spectra into energy deposition 

requires the measurement of a quantity of radiation with a known energy deposition 

to measure the TEPC response.(48) Several methods have been discussed that use 

neutrons, alpha emitters and low energy photons.(70'73) Research pulsers are also 

used to verify the accuracy of the electronic system.<45) Since there are errors 

associated with each process,(74,75) more than a single method should be used to 

accurately determine TEPC and system response.
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Neutron Calibration

Because they are uncharged, neutrons do not create ionizations in the sensitive 

volume of the TEPC. Secondary particles, primarily protons, are liberated when the 

neutron collides with the nucleus of the atoms that make up the dense surrounding 

wall of the detector. Some of the secondary protons ionize the fill-gas and 

surrounding wall, creating ion pairs that may be recorded. A representative pulse 

height distribution, on exposing a spherical TEPC to neutrons, is shown in Fig.B.l. 

The spectrum of neutron energies from the PuBe source results in the distribution of 

energy deposition primarily by proton recoils.

The sharp drop in number of events occurring between channels 150 and 200, 

the "proton edge", represents the point at which the energy deposited by a recoil 

proton is reaching its maximum. The location of the edge in the spectrum is 

dependent on TEPC geometry and cavity pressure. Particles with high LET and short 

trajectories produce voltage pulses similar to those from particles with lower LET and 

longer trajectories. This overlapping of event types having similar energy depositions 

gives rise to the slope of the proton edge seen in F ig .B .l.(71)

The point at which the number of counts approaches background is called the 

proton drop point/7^ The energy associated with this channel can be found by 

integrating the Beta-Bloch equation (Appendix A) in the region where the stopping 

power is a maximum, the Bragg-peak. Fig.B.2 is a plot of proton stopping power as a 

function of residual range. The vertical dashed lines show the region of maximum
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Fig.B.l. Neutron Calibration Spectra. Pulse height spectra of TEPC exposed to PuBe 
neutron source. The proton drop point represents the maximum energy that a proton can 
deposit in the detector. This energy is due to a proton having maximum LET, crossing the 
longest path of the detector volume. For a sphere, this is the diameter of the cavity.
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Fig.B.2. Proton Stopping Power in Water. The dashed vertical lines show the region 
encompassing the Bragg peak for a path of one micrometer where stopping power is 
maximized. Integrating the Bethe-Bloch equation in this region gives a maximum energy 
loss of 97.65 keV. This is the energy associated with the proton drop point measured by a 
spherical TEPC simulating a one micrometer diameter volume of tissue when exposed to 
neutrons.
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energy deposition for a path of 1 pm. Thus for the example presented in Fig.B. 1, a 

maximum energy deposition of 97.65 keV (Fig.B.2) occurs in about channel 185, 

giving a calibration factor of 0.528 keV per channel, under the conditions of 

measurement.

Alpha Calibration

Internally mounted alpha sources are a common calibration method offering 

an easy, fast and reproducible calibration.(73) Inverting the TEPC exposes a small 

bore hole in the rigid surrounding wall allowing the alpha particles to cross the 

sensitive volume.(70,73) With a known stopping power, and a known path length 

across the detector, the energy deposition is readily calculated. Though there are 

small uncertainties in alpha energy deposition in Tissue-equivalent gas as well as path 

length,(75) this method offers the advantage of having three energy deposition 

points.(73)

A typical pulse height distribution measured as a result of alpha particles 

emitted by an internally mounted 244Cm source is shown in Fig.B.3 for a spherical

12.7 cm diameter TEPC. Peak B represents unscattered alpha particles traversing the 

cavity diameter.(73) The average energy deposition under this peak is simply the 

energy loss of the alpha particle for the distance traveled, LET times Ax. The 5 MeV 

alpha particle emitted by the 244Cm source has an average energy deposition of 84.15 

keV/jim.(76)
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Fig.B.3. Alpha Calibration Spectra. Pulse height spectra from internally mounted 244Cm source. 
Peak A is due to alpha particles stopped in the central anode of the TEPC. With path lengths half 
the diameter of the TEPC cavity, energy deposition is half that of the primary peak. Peak B 
represents alpha particles crossing the full diameter of the detector cavity. Simulating a one 
micrometer diameter volume of tissue, the average energy deposition under this peak is 84.15 
keV from this source (LEt of 84.15 keV/
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Simulating a volume of tissue having a 1 m diameter, the conditions of measurement 

of Fig.B.3, the energy deposition under peak B would therefore have an average value 

of 84.15 keV.

Peak A of Fig.B.3 is a result of unscattered alpha particles that are stopped in 

the central anode and surrounding helix wire of the detector.(73) Since the path 

traversed is about half the diameter of the cavity, the mean energy deposition 

associated with peak A corresponds to roughly half that of peak B, or 42.1 keV. Due 

to variations in path lengths for particles stopping in the anode compared with 

particles stopping in the helix wire, there is a larger error associated with the average 

energy deposition under peak A.

The sharp drop occurring at point C of Fig.B.3 represents the maximum 

energy that an alpha particle can deposit in the cavity of the detector. This alpha edge 

is caused by scattered alpha particles crossing the diameter of the cavity that are 

slowed down to energies such that their stopping power is maximized.(73) The energy 

deposition associated with these events is found in the same manner as discussed 

above in determining the proton edge for a neutron calibration, by integration, over 

the maximum path length, of the Beta-Bloch equation in the region of maximum 

stopping power.
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X-ray Calibration

Calibration may also be carried out with X-ray sources as long as the X-ray 

energy is low enough that the range of the secondary electrons is much less than the 

simulated diameter of the TEPC cavity.(36) When X-rays interact with the counter gas 

they liberate electrons with known energies. The requirement that the range of these 

secondaries be much smaller than the effective diameter of the TEPC means that they 

are fully stopped in the detector volume, resulting in a distinct peak with a very small 

uncertainty.(48,70) One inconvenience associated with this type of calibration is that 

most methods require a modification of the detector and an external source.(48,70,77) 

Another problem is that they generally test only a part of the counter volume.<77)

It has been recommended by the International Commission on Radiation Units 

and Measurements, in Report 36, that for the measurement of low-LET radiations, 

soft x rays should be used to calibrate the detector thereby minimizing difference in 

W values between the radiation studied and the calibration source.(36) A simple 

method that avoids the problems discussed above is the incorporation of 37Ar into 

the counter gas. 813 keV X-rays are emitted by the argon within the detector. 

Calibrations are therefore representative of the entire counter volume and no 

modification of the detector is required. Furthermore, it has been shown that 

mixtures containing a volumetric ratio of less than 0.01 37Ar do not affect the 

operation of the proportional counter.<77)
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Experimental Method

The primary calibration method in this study entailed the use of an internally 

mounted alpha emitter in conjunction with an ORTEC Research Pulser. Since the 

study was based on the measurement of heavy charged particles, the internal alpha 

source afforded a quick, reproducible energy deposition with only a small difference 

in W value from that of the accelerated charged particle.(36>

The alpha source gave a correlation between known energy deposition events 

and the channel numbers corresponding to the charge that was collected. The 

research pulser provided a means to check the linearity of the pulse height analyzers, 

ensuring that the energy deposition by the alpha particle in a few channels could be 

related to energy depositions in all other channels.

Immediately after each experiment, a number of pulses at varying voltages 

were sent through the data acquisition system to determine linearity of the low-gain 

and high-gain pulse height analyzers. A linear regression of the data for each of the 

analyzers was preformed returning an equation relating the pulser setting as a 

function of the channel number recording the pulse. Fig.B.4 shows the results of this 

analysis.

The TEPC was then inverted so that the internal alpha calibration source could 

be measured under the same conditions. The mean value in the pulse height analyzer 

corresponding to the primary peak of the alpha spectrum was equated with the 

average energy deposition of the calibration source, 84.15 keY, as shown in Fig.B.2.
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Fig.B.4, Pulsar setting as a function of histogram bin number. White diamonds 
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represent the bin that the same pulsar setting occurs in for the high-gain ADC. 
Both equations returned an R2 of 1.0 showing linear response across the full scale 
of both ADCs.

125

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



For the calibration shown in Fig.B.l the pulser settings giving rise to a voltage 

pulse at the mean value of the primary alpha peak for the low gain and high gain 

pulse height analyzers were 91.1 and 90.2, respectively. Dividing these pulser 

settings into the average energy deposited by the alpha particle gave the conversion 

factor, in keV per unit pulser setting, to be applied to the regression equation. For the 

low-gain ADC this value was 0.924 keV/pulser-setting, while the high-gain scaling 

factor was 0.933 keV/pulser-setting.

This process was repeated using the secondary peak of the alpha distribution 

shown in Fig.B.2. The mean energy deposition of 42.1 keV was equated with pulser 

settings of 45.7 for the low gain analyzer and 45.17 for the high gain analyzer. The 

scaling factors derived were 0.921 keV/pulser-setting for the low-gain analyzer and 

0.932 for the high-gain, showing good agreement. The equations were transformed to 

keV as a function of channel number and applied to the each individual event.
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APPENDIX C 

TRACK STRUCTURE M ODELING
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The delta-ray theory of track structure attributes energy lost by a charged 

particle to the ejection of secondary electrons from the material the ion is passing 

through/19) Calculations and models based on track structure have provided correct 

descriptions of a variety of phenomena associated with heavy ion irradiation. 

Experimental measurements of radial dose and energy loss through matter, as well as 

heavy ions response of physical detectors such as scintillators, thermoluminescence 

detectors and the Fricke dosimeter have been explained using track structure 

theory/19) Recently, track structure has been used to explain the differences observed 

between measurements with walled and wall-less tissue equivalent proportional 

counters.(20)

Track Structure o f  Heavy Ions

To limit energy deposition in microscopic volumes in terms of geometry, 

instead of using energy restricted LET, Chatterjee, et. al., proposed a model to 

calculate energy deposition radially around the trajectory of a heavy charged particle 

in tissue.(78) Later revisions partitioned energy deposition into two distinct regions, an 

inner core and an outer penumbra/18) Roughly half of the total energy loss by 

ionization was assigned to each region.

The core referred to a central region of dense energy deposition very close to 

the track of the ion. Energy deposited in this region was due primarily to the very 

low energy electrons with short or negligible range. All energy deposited by these
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electrons, energies less than 1600 eV, was considered locally deposited. The radial 

distance, in nanometers, describing this dense region of energy deposition was given 

by:

R c =0.0116(3 Equation C.l

Where: (3 = velocity of incident ion with respect to the speed of light (V/C).

The penumbra was the region outside of the core where energy deposition 

radially away from the track was described in relation to the inverse square of the 

distance normal to the ion trajectory. The maximum radius of the penumbra was 

related only to the ion energy, in MeV/nucleon, given by:

Where: E = energy of the incident ion (MeV/nucleon).

The fraction of energy deposited within a micrometer cylinder of tissue with 

radius r surrounding the ion track was then given by:

R p = 0.768 • E —1.925 • •’/ e  +1.257 (micrometers) Equation C.2

l + 21n(r/rc)
Equation C.3
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Table-C. 1 presents the dimensions of the core and penumbra for the four ions 

of this study. Also included in the table is the LET of the particle and the amount of 

energy deposited in a one micrometer diameter cylinder of tissue.

Table-C.l
Radial Dimensions of the Core and Penumbra of Four Ions

Ion Energy
(MeV/nucleon)

LET
(keV/pm)

Core Radius 
(nm)

Penumbra
Radius
(pm)

Energy 
Deposited in 

1.0 pm 
Cylinder of 

Tissue 
(keV)

Nitrogen 79 43.1 4.48 44.8 32.7
Oxygen 119 40.9 5.35 71.6 30.3

Neon 211 43.8 6.69 135.3 31.5
Silicon 781 46.4 9.72 547.3 31.5

Radial Distribution o f Dose

A more detailed description of the pattern of energy deposited at distances 

normal to a charged particle track was given by Cucinotta, et.al., in terms of the radial 

distribution of dose.(2I) The distribution of electron energies ejected from the path of 

a charged particle in water, based on the calculations of Rudd,(34) was included in the 

model. The angular distribution of ejected electrons was determined by first
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assuming that the most probable angle based on electron energy was given by 

classical kinematics as:

cos2(0) = w/ wm Equation C.4

where:
0 = angle of ejection relative to the forward direction of the ion,
w = energy of the given electron (eV), and
wm = maximum energy the ion can transfer to a free electron (eV).

The double differential cross section of electron ejection, based in part on 

experimental measurement, was given as:

——— = -^ - f(0 ,w ) Equation C.5
dwdf2 dw

and;

N = normalization constant,
K = 15 eV, determined from experiment, (79'82)
0c(e) = the root of Equation C.4

Results of Equations C.5 and C.6 are presented in Fig.C.l as probability 

density distributions, as a function of angle of ejection, for electrons with an energy 

of 50 eV and 50 keV ejected from the path of silicon at 800 MeV/nucleon. For very 

low energy electrons there is almost an equal probability of the electron being ejected 

at any angle. Higher energy electrons are primarily distributed about the peak value

f ( 0 , w )  =
N

Equation C.6

where:
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Fig.C .l. Frequency of Electron Production as a Function of Angle of Ejection. Calculations are 
based on an incident silicon ion accelerated to 800 MeV/nucleon traversing a volume of tissue. 
Maximum energy delta ray produced is about 2.5 MeV. The angle of ejection is with respect to the 
forward direction of the primary ion. Dashed line shows that for very low energy electrons, 50 eV, 
there is almost an equal probability of the electron being ejected at any angle. The solid line 
indicates that for higher energy electrons, 50 keV, the angle of ejection is peaked about the value 
found by classical scattering kinematics.
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described by classical kinematics. Solving Equation C.6 for 0, the probability density 

distribution as a function of electron energy for a given angle may be found as 

presented in Fig.C.2 for ejection angles of 30 and 60 degrees from the forward 

direction of a silicon ion at 800 MeV/nucleon.

All energy deposition from all electrons intersecting a point ejected with 

energy w and angle 0, was assumed to be due to a events normal to the ion track with 

magnitude w/sin(0). All possible ejection angles were considered and summed to 

give the portion of energy deposited at radial distance r. The mass of the cylindrical 

ring with a length of one micrometer and radius of r to r+dr was then included to 

arrive at dose.

Applying the radial dose model to the four ions analyzed in this study gives 

the distributions shown in Fig.C.3. Fig.C.4 shows the similarities between this model 

and Chatterjee's approach for silicon at 800 MeV/nucleon.

Simulated TEPC Response

Energy deposition in the volume of a spherical TEPC was simulated by 

Nikjoo, et. al., using track structure models.<20) The study was motivated by the 

experimental results of Rademacher(17) that showed anomalously large energy 

depositions for ions with trajectories equal to the radius of the TEPC cavity. This 

phenomena was attributed to either spallation, elastic scattering of the incident ion, 

fragmentation of the ion with neutron loss only, fragmentation of target nucleus only, 

or the increase in secondary electron production in the dense wall of the detector.(20)
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Fig.C.2. Electron Production as a Function of Energy for 30 and 60 Degree Angles of 
Ejection. Calculations were based on an incident silicon ion at 800 MeV/nucleon traveling 
through tissue. Higher energy electrons have smaller angles of ejection with respect to the 
forward direction of the incident ion. At 30 degrees, the most probable energy of electrons 
ejected is about 1.8 MeV (light line). At 60 degrees, however, the energy of ejected 
electrons is on the order of 650 keV (dark line).
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Fig.C.3. Radial Distribution of Dose for Ions Studied. The dose as a function of radial
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distance from the path of N, O, Ne and Si are plotted on a log-log scale to show the 
full extent of the distributions. The dose is is shown to be an inverse function of distance 
from the path of the ion. The distributions are very similar for all ions out to a radius of 
about 50 micrometers.
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Fig.C.4. Comparison of Chatterjee and Cucinotta Methods of Determining Energy Loss of 
a Heavy Charged Particle. The dark line shows the method described by Cucinotta for an 
incident silicon ion at 800 MeV/nucleon interacting in a water media. The light line shows 
the results of the Chatterjee method, converted to a distribution of radial dose. The 
horizontal portion of the Chatterjee model is a result of the assumption that roughly half of 
the energy lost by the primary ion is in the dense region close to the ion path labeled the 
"track core".
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The Monte Carlo code PITS(83) was used to generate locations and magnitudes 

of energy depositions surrounding a single charged particle track due to secondary 

electron emission. Results of energy loss calculated by PITS were in good agreement 

with values of energy loss published in ICRU report 49.(84) Furthermore, calculations 

of the radial distribution of dose surrounding the generated path of the ions compared 

well to experimental data.<20)

To simulate experimental conditions, a spherical volume with a diameter of

12.7 millimeters was incorporated into the model. Ion trajectories were chosen 

randomly representing a uniform irradiation. The range of the electron tracks ejected 

by the incident ion was expanded on intersection with the TEPC volume, mimicking 

the reduced pressure of the TEPC. For each incident ion, the location with respect to 

the center of the TEPC and total energy deposition in the sensitive volume was 

recorded. This process was repeated until the total response of the TEPC was logged.

Results modeling a walled TEPC was compared to a model of a homogenous 

wall-less detector. Results indicated that the large increase in energy deposition for 

particles with trajectories equal to the cavity radius was only observed in the case of 

the walled detector and was present due to an enhanced production of electrons in the 

dense wall. These results confirmed experimental findings of Rademacher studying 

the response of a spherical TEPC to 1,000 MeV/nucleon 56Fe.(17)

Four locations of enhanced electron production were discussed. In relation to 

the volume of the detector, these were:
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1) in front; enhanced energy deposition from electrons generated in the path of 
the ion track in front of the cavity,

2) inside; from primary ion and secondary electrons created inside the cavity,
3) behind; electrons created in the path of the track behind the cavity, and,
4) outside; from electrons generated by ion trajectories outside the cavity.

Both the walled and wall-less models showed that roughly 80% of the total 

energy deposition was due to condition (2), ions crossing the detector cavity with 

secondary electrons generated inside the volume. The remainder of energy deposited 

in the detector was partitioned differently depending on the presence or absence of 

the dense wall. For the wall-less model, the majority of the remaining energy was 

due to electrons generated by ions passing outside the detector cavity, item (4). The 

walled model showed most of the remaining energy deposited from ions crossing the 

detector volume, due to electrons created before the primary ion entered the cavity, 

item (1). There was a small contribution from item (3) in both cases, though larger 

in the walled detector.

This Study

Though the Chatterjee and Cucinotta approaches described above assumed a 

cylindrical geometry, both were, used to model energy deposition to a sphere. Thin 

cylinders (10 nm) with varying diameters were stacked together to simulate a one 

micrometer sphere. Energy deposition was calculated for each cylinder, given its 

radius, and divided by a factor of 100 to return energy deposition in the thin slice.
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Energy deposition to each slice was added representing total energy deposition to the 

sphere for particles passing through its diameter. Results of the original cylindrical 

model and the spherical modification are given in Table-C.2. Since the volume of a 

one micrometer diameter sphere is less than the volume of a one micrometer, height 

and diameter, cylinder, energy deposition to the sphere was seen to be less.

Table-C.2
Applying Track Structure Models to a Spherical Geometry

 Energy Deposited in 1 pm Volume (keV)

Cylindrical______  Spherical

Ion
LET 

at TEPC 
(keV/pm)

Chatterjee Cucinotta Chatterjee Cucinotta

Nitrogen 43.1 32.7 29.2 30.8 26.2
Oxygen 40.9 30.3 27.3 28.6 24.8

Neon 43.8 31.5 28.0 29.7 25.6
Silicon 46.4 31.6 28.1 30.0 25.8

Expanding on this approach, a code was written in C++ that repeats the 

process using very thin cylinders to determine energy deposition in a sphere, but does 

so for all possible ion trajectories. Cucinotta's approach to radial dose was first 

converted into the radial distribution of energy. A random ion trajectory was chosen 

with respect to the center of the sphere. The area of intersection of the sphere and one 

cylindrical shell of the track structure model was used to determine the fraction of 

energy retained in the sphere from total energy dissipated in the cylindrical shell.
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Intersection with all possible radial shells were determined and added to give total 

energy retained in the sphere. A new trajectory was randomly chosen and the process 

repeated for a uniform irradiation.

A histogram was created, as shown in Fig.C.5, that represents the total 

response of the spherical volume in a homogenous medium to an irradiation by 

silicon at 800 MeV/nucleon. Since the simulation gives discrete values of energy 

deposition for a given impact parameter, the output was convoluted with a normal 

distribution representing the combined effects of energy loss straggling and detector 

resolution. The mean of the distribution used for folding assumed to be the energy 

occurring for the specific ion trajectory. The variance of the distribution was se equal 

to half the value of the mean as this reasonably modeled experimental conditions.

The location of about twenty percent of the energy deposited in the volume of 

the detector, in Nikjoo's study, was determined to be dependent upon the presence of 

the detector wall. For a homogenous medium, the wall-less detector, this energy was 

due to indirect events. In the non-homogenous case, the wall blocked many of these 

electrons, because of their short range. However, this loss of energy was 

compensated for by an increase in electron production in the wall for ions crossing 

the detector cavity. These were higher energy electrons ejected in the forward and 

backward directions. These energy depositions combine with the energy deposited by 

the ion crossing the volume and recorded as a single event. Thus, the average energy 

deposited from particles crossing the cavity of a homogenous detector should be 

eighty percent of the non-homogenous case. The energy deposition distribution of
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Fig.C.5, Simulation of TEPC Response Function in a Homogenous Medium Using the Radial 
Dose Model. Black line shows the response of a walled TEPC to silicon at 800 MeV/nucleon. 
Points represent a simulation of TEPC response using the radial distribution of dose described 
by Cucinotta. The shape of the simulation is similar to the measured distribution but with a 
lower mean value. This is due to the underlying assumption in the radial dose model of a 
homogenous medium. Particles crossing the cavity of a walled detector would be enhanced by 
an increased influx of electrons created in the detector wall, (see reference 20).
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Fig.C.5 was augmented by this amount, only for cavity crossers, and compared to the 

measured distribution of silicon at 800 MeV/nucleon, as shown in Fig.C.6.
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Fig.C.6. Simulation of TEPC Response Function Adjusting the Radial Dose Model for a Non- 
homogenous Medium. Black line represents measured TEPC response to silicon with an energy 
of 800 MeV/nucleon. Gray points show the simulated TEPC response to the same ion for a 
walled detector by enhancing energy deposition for particles crossing the detector volume.

143

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


