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A MODEL OF HEAVY ION DETECTION IN PHYSICAL AND BIOLOGICAL SYSTEMS 

A b s t r a c t 

Track structure theory (the Kata model) and Its application to the 
detection of heavy ions In phys'ical and biological systems are 
reviewed. Following the use of a new corrected formula describing 
the radial distribution of average dose around the path of a heavy 
ion, based on results o£ Monte Carlo calculations and on results 
of experimental measursments, better agreement is achieved between 
model calculations and experimentally measured relative 
effectiveness, for enzimatlc and viral systems, for the Fricke 
dosimeter, and for alaninę and tharmoluminetscent (TLD-700) 
dosimeters irradiated with beams of heavy charged particles. From 
experimentally measured RBE dependences for survival and frequency 
of neoplddlic ,t r.-msf oriMtions in a mammalian cell culture 
Irradiated with beams of energetic heavy Ions, values of model 
parameters for these biological endpoints have been extracted, and 
a model extrapolation to the low-dose region performed. Results 
of model calculations are then compared with evaluations o£ the 
lung cancer hazard in populations exposed to radon and its 
progeny. The model can be applied to practical phenomenological 
analysis of radiation damage in solid-state systems, and to 
dosimetry of charged particle and fast neutron beams using a 
variety of detectors. The model can also serve as a guide in 
building more basic models of the action of ionising radiation 
with physical and biological systems and guide the development of 
models of radiation risk more relevant than that used presently. 
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MODEL DETEKCJI CIĘŻKICH JONÓW W UKŁADACH FIZYCZNYCH I 
BIOLOGICZNYCH 

Streszczenie 

Omówiono model struktury śladu (tzw. model Katza) I jego 
zastopowanie do detttkcjl e ł ck ich jonów w układach Clzycznych 1 
biologicznych. W wyniku ufcyr/ia nowego poprawniejszego wzoru 
opisującego rozkład tadlalny 'icedniej dawki wokół toru с 1<?йк ie-jo 
jonu, opartego na obliczeniach Moa'c« Casio i pomiarach, uzyskano 
lepszą ni* dotychczas zjodność obliczeń modelowych z 
dobwisdc aalnie ^mier^aną wydajnością vz<} lędną dla układów 
enzymatycznych i wirusowych, dozymetru Frickego, oraz dawkomleizy: 
alaninowego i tecmoluminescur.c/jnego (TLP-700), napromienianych 

ćTni ciężkich jonów. Na podstawie analizy zmierzonych 
czynni к 6w skuteczności biologicznej dla przefcywalnc-icl i 

.i.:! wyL.L<?i)owdn ia transformacji nowot war owych w liodowl i 
komórek ssaka napromienianych wiązkami. wysokoenergetycznych 
ciężkich jonów, uzyskano wartości parametrów modelowych dla tych 
eEektów biologicznych, dokonując następnie ekstrapolacji modelowej 
do sakresu niskich dawek promieniowania jonizującego. 
Skonfrontowano wyniki obliczeń modelowych z oszacowaniami 
zachorowalności na nowotwory płuc osób narażonych na działanie 
radonu 1 jego pochodnych. Model można zastosować do 
Eenomenoioglcznej analizy uszkodzeń radiacyjnych w układach ciała 
stałego, oraz do dozymetrii wiązek promieniowania s i ln ie 
jonizującego 1 neutronów prędkich z zastosowaniem rozmaitych 
dawkomierzy. Model mo£e również być przydatny przy konstruowaniu 
bardziej podstawowych teorl.' oddziaływania promieniowania 
jonizującego z układami fizycznymi i biologicznymi, oraz wskazuje 
kierunki rozwoju modeli -zagrożenia radiacyjnego bardziej 
adekwatnych niż ten stosowany obecnie. 
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МИХАИЛ АНДРЕЕВИЧ ВАЛИГУРСКИИ 

МОДЕЛЬ ДЕТЕКЦИИ ТЯЖЕЛЫХ ИОНОВ В ФИЗИЧЕСКИХ И БИОЛОГИЧЕСКИХ 
СИСТЕМАХ 

Резюме 

Представлена модель структуры трека С так называемая модель Капа} и 
е е применение для детекции тяжелых ионов в Физических И 
биологических системах. Используя новую б о л е е точную формулу, 
представляющую радиальное распределение с р е д н е й дозы в окружности 
трека тяжелого иона, основанную на р а с ч е т а х Монте Карло и 

'измерениях» достигнуто лучшее, чем д о сих лор. с о г л а с о в а н и е 
модельных расчетов с экспериментально определенной относительной 
эффективностью для энзиматических и вирусных с и с т е м , для 
Фрике-дозиметра и для дозиметров' аланинового и термо-
люминесиентного CTLD-7OO5, облучаемых пучками тяжелых ионов. На 
основе анализа измеренных коэффициентов относительной 
биологической эффективности для выживания и частоты появления 
раковых трансформаций в культуре ткани млекопитающих облученных 
пучками высокоэнергетических тяжелых ионов, определены значения 
параметров модели для э т и х биологических эффектов, затем выполнена 
модельная экстраполяция для области низких д о з ионизирующего 
излучения. Проведено сравнение результатов модельных расцчетов с 
опенками заболеваемости раком легких у жителей 'подверженных 
действию радона и е г о вторичных. Модель можно использовать для 
феноменологического анализа радиационных повреждений в твердых 
веществах , а также в дозиметрии пучков ионизирующего излучения и 
быстрых нейтронов с применением различных дозиметров. Модель 
может быть также использована при р а з р а б о т к е более основных теорий 
взаимодействия ионизирующего излучения с Физическими и 
биологическими системами. Она показывает направление развития 
мэде-лей радиационной опасности б о л е е уместных чем принятых 
актуально. 
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GLOSSARY OF SYMBOLS 

Equation numbers are those where symbol is defined or first used. 

A - Dj/E0, eq.(l) 
A - constant, eq.(40) 
a0- radius of sensitive site, a detector parameter, eq.(13) 
a - exponent in electron range-energy formula, eq.Ol) 
S - constant, eq.MO) 
ft ~ relative speed of Ion, In units of speed of light, eq.(20) 
с - number of hits, a detector parameter, eq.(2) 
С - linear enerqy loss constant, eq.(21) 
С - constant, eq.MO) 
D(r) - point-target radial distribution of dose 
DQ(r) - point-target radial distribution o£ dose, eq.(28) 

D1(r) - point-targst radial distribution o£ dose, eq.(23) 

D_(r) - point-target radial distribution of dose, eq.(34) 

D-(r) - point-target radial distribution of dose, eq.(38) 

D - dose of reference (gamma) radiation, eq.(3) 

D^ - ion dose, eq.(A ) 

D - absorbed dose from neutrons, eq.(45) 

Dx - X-ray dose, eq.(52) 

dN,,/dT. - energy spectrum of secondary particles, eq.(45) 

e - electron charge, eq.(21) 

E(t) - extended target radial distribution of dose, eq.(41) 

Kg - characteristic dose, detector parameter, eq.(l) 

I - mean lonlzation potential, eq.(20) 

к - electron range-energy coefficient (power law), eq.(32) 
К - number of transformed cells, eq.(S3) 
KtDj) - probability of cell transformation after dose D^, eq.(53) 
kQ - electron range-energy coefficient (linear law), eq.(26) 
K(r) - phenomenologleal correction to the radial distribution of 

dose formula, eq.(38) 
к - "kappa", detector parameter, eq.(42), cellular model: eq.H9) 
Ł - linear energy transfer, L = LET , eq.(20) 
LAVE ~ a v e r a i 3 e L E T» eq.(44) 
LET^- unrestricted linear energy transfer 
L_ ~ proton stopping power. In water, eq.(39) 
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m - number of tarqets, detector parameter, eq.(l) 

r, - number of electrons (6-rays) per Ion p-athlength, eq.(22) 

N - number oE electrons per unit volume cf detector, eq.(21) 

N1 - number o£ surviving transformed cells, eq.(53) 

Nn - number of available sensitive sites per unit detector 

volume, eq.(8) 

NQ'- number of viable (untransformed) cells, eq.(53) 

N. - number of Inactivated sensitive sites per unit detector 

volume, eq.(в) 
N - number of "surviving" (not activated) sensitive sites per 

unit detector volume, eq.(18) 
P - volume density of Inactivation probability, eq. (1) 
P«̂ - response of peak 5 In TLD-700, eq.(47) 
P6- response of peak 6 in TLD-700, eq.(48) 
П - survival probability In gamma-kill mode, eq.(17) 
П. - survival probability in ion-kill mode, eq.(16) 
r - radial distance, point-target approximation, eq.(28) 
R - ranqe of electron (eq.<26), eq.(3D) or Ion (eq.(44H 
R{D.) - probability (risk) of lung-cancer occurrence, eq.(53) 
R-- relative contribution of the first component in decomposition 

o£ peak 5 In TLD-700, eq.(47) 

Rg- relative contribution of the first component In decomposition 

of peak 6 In TLD-700, eq.(48) 

RBE - radlobioloqlcal effectiveness, eq.(6) 

RE - relative effectiveness, eq.(5) 

S - detector signal, function of D or D,, eq.(5) 

йд - saturation signal of detector, eq.(Ll) 
a - single-particle inactivation cross-sect.'.on, eq.(8) 
c^ - single-particle Inactivation cross-section In lon-klll mode, 

eg.(13)/ cellular model: eq.(50) 
o-Q - saturation value of inactivation cross-section, eg. (14), 

cellular model: eq.(50) 
°AVE " r a n^ e or LET-averaged value of cross.-section, eq.(43) 
t - radial distance, extended target approximation, eq.(7) 
T - detector thickness, eq.(8) 
Tj- initial energy of stopping particle, eq.(43) 
T - maximum electron range, eq.(30) 
В - "range" of electron of energy w = I, eq.(30) 



v - ion speed, eq.(20) 

w - electron energy, eq.(22) 

w - maximum electron energy, eq.(23) 
max J 

Z - charge or atomic number of ion, eq.(20) 
* 
Z - effective charge of Ion, eq.(24) 

Y - number o£ neutron Interactions per cmJ oE detectos: volume, 

eq. (45) 



1. INTRODUCTION 

The term ionising radiation is used to represent streams of 
nuclear particles arid electromagnet ic quanta whose interaction 
with matter leads to lonizatlon of its atoms and molecules. The 
distinction between nuclear particles (heavy ions, I.e. charged 
particles whose rest mass is equal to or exceeds the mass of a 
proton) and electromagnetic quanta (including the electron) 
follows from the veiy different Ioiissation properti aa of these two 
types of radiation. In the;': passage through matter, heavy Ions 
lose far more energy, i.e.,, are able to ionize more atoms and 
ino '.ocule.3 of the medium., per unit path length. Detection of 
ionising iadi-.t iop. is based on tnc- ability to measure the number 
o: ^Ifi'ttors liberated in r.hjr:c; ion 1 sat: ion processes, or co asscsb 
quantitatively other forma of subsequent radiation damags in tha 
medium о С the ctetecior, 

The stoppi;iq power, ол energy loss per: unit path length, of a 
heavy charged particle cransversing the detector medium lo 
described by th-s well-known Bethe-Bloch formula. This formula can 
ba dec Wed either classically or from quantum mechanics. The 
enerqy deposited by the particle leads to physical and chemical 
changes in the atoms and molecules of the detector medium, mainly 
through lonization and excitation processes. Such changes can 
result in a det&dor signal being observed macroscoplcally. 
Blackening of nuclear emulsion grains or a change in the number of 

* CH,-CH -CQOH free radicals in alaninę may thus constitute Й signal 
of a physical detector after its irradiation by a beam of charged 
particles. Irradiation of biological systems, such as enzymes or 
biological cells in vitro, may lead to a partial loss of enzymatic 
activity or cellular reproductive ability, or to the appearance of 
mutated or transformed cells, thus to the generation of a 
biological signal. 

If the detector response (dependence of the detector signal 
on the energy deposited in the detector by ionizing radiation) is 
to be understood properly, knowledge of the spatial distribution 
of deposited energy is required. Volume densities need to be 
calculated as a function of position and time, using doubly-dif-
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ferentlated excitation and ionization cross-sections describing 
these processes In atoms, molecules and free electrons of the 
detector. Next, all events leading to the required signal 
endpolnt ought to be EolKvev •-i.«-'-.Lv-tlcally. Needless to say, 
this task is nowhere near to being solved, even for the simplest 
detectors. 

One. is left with constructing simplified models of detection 
through which the possibility of describing the response oE the 
detector by parameters characterizing the ionizing radiation and 
the detector should be tasted. Like in any model-building ende¬ 
avour, the quality of a model should ultimately be judged by its 
simplicity, generality and ability to reproduce and predict 
results of experimental observations. 

Track structure theory, developed over 20 years ago by Katz 
(Butts and Katz 1967), is such a model. Л relation is proposed 
between the response of a detector irradiated uniformly throughout 
its volume by a "reference radiation" (say, ^-rayfe, or electrons 
of corresponding energies) and the detector response after the 
passage of an energetic heavy ion. In the former case, on the 
average, radiation damage is distributed uniformly throughout the 
detector volume, and in the latter a highly non-uniform radial¬ 
ly-symmetric pattern of average dose distribution, due to <5-rays, 
is assumed around the ion path. It is proposed that the radial 
distribution of signal generation probability be determined as a 
convolution of the measured response of the detector after doses 
of reference radiation, and the assumed radial distribution of 
dose. On spatial integration (over all radii) of the radial 
distribution of signal generation probability the single-particle 
activation cross-section is obtained and used to calculate the 
response of a detector after a beam (fluence) of heavy ions. 

Thus, Katz's model proposes an average spatial distribution of 
energy deposited around the path of a heavy ion, and by 
calibrating the detector with a reference radiation avoids the 
difficulty of determining the energy-signal relationship directly. 

A different approach is that of microdosimetry (ICRU 1983), 
where a direct relationship is seeked between the spatial and 
energy distributions of primary depositions, and the dose-signal 
relationship in biological detectors. Stochastic quantities, such 



as sped fie erv&rgy, s, and lineal energy, y, are defined to 

describe the energy-deposition events in microscopic structures 

representing the "sensitive sites" in a biological detector, and 

an appropriate description o£ particle tracks seeked in terms of 

these quantities. As a result, a conceptual structure for 

radlobiology and radiation protection is proposed where desc¬ 

riptors of track structure such as linear energy transfer CLET) 

are considered to be of major importance in predicting biological 

effects of heavy charged particles. Quality factors CQF2 

presently used in radiation protection are defined as unique 

functions of LET. 

The broad view expressed in this work is that any model of 

heavy ion detection (or radiation damage due to heavy ions) should 

be operational, predictive, applicable to a wide class of physical 

and biological detectors, and suggest relevant parameters for a 

phenomenological description of the detector and of the radiation. 

There is by now ample experimental evidence from solid-state 

heavy-ion dosimetry and from heavy-ion radlobiology that 

sigle-paramater reductions of the radiation field, such as LET, or 

quantities derived from я or у distributions, cannot properly 
account for the diverse response of different physical and 
biological detectors. Indeed, Katz has always stressed that in 
the evaluation of detector response, the parameters describing the 
detector and those describing the radiation are non-separable 
(Butts and Katz 1967). Hence, there may be a fundamental reason 
why parameters derived from mlcrodosimetrlc considerations have so 
far demonstrated little or no predictive value, e.g., In heavy-ion 
radiobiology. Consequently, the appropriateness of LET-based 
quality factors for radiation protection may also be questionable. 

Over the last 20 years the model of track structure developed 
by Katz has ąhown considerable success in describing the response 
of diverse physical and biological systems after heavy ion 
irradiation: enzyme lnactivatlon (Butts and Katz 1967), nuclear 
emulsion (Katz and Kobetlch 1969), Nal(Tl) and liquid organic 
scintillators, silver-activated phosphate glass dosimeter, the 
Fricke dosimeter, free radical creation in solid biological 
substances (Katz, Sharma and Homayoonfar 1972, 1972a), and 
cellular survival after heavy Ion irradiations (Roth, Sharma and 



Katz 1976). Three parameters, two o£ which are essentially 

derived from target theory (the number of "hits" or "targets", and 

the saturation dose, D,_), the third one (radius of "sensitive 

target") being connected with the spatial distribution of dose, 

are used to describe the detector. An additional fourth 

parameter, loosely connected with the radius of the cell nucleus, 

is used to describe biological cells. The heavy ion radiation is 

described by physical parameters ; the charge, atomic mass, speed 

and particle fluence. A central element of the model is the 

description of the radial distribution of dose around the path of 

a heavy ion, which has been essentially derived using classical 

electrodynamics, at a time when no measurements of this 

distribution were available (Butts and Katz 1967). 

In the present wo^k, the principles of track structure theory 

are discussed in § 2, and Katz's model outlined in § 3. 

In § 3.3 of this work a new formula d^.ócribing the radial 

distribution of dose around the path of a heavy ion Is. proposed 

(Waligńrski, Напш and Kata 1986, 1986a), based on a more accurate 
electron energy-range relationship, and on some recent results of 
measurements and calculations of this distribution. In a 
phenomenological manner, this formula also accounts for primary 
effects close to the ion's path. 

Application of the new formula in model calculations of dry 
enzyme and virus inactivation (Wallgórski, Loh and Katz, 1987), 
and of Fricke dosimeter response after heavy ion irradiation 
(Katz, Sinclair and Wallgórski 1986, 1987), discussed in § 4.1 and 
§ 4.2 respectively, yields better agreement with experiment than 
earlier calculations. 

Interesting results are obtained from model calculations of the 
response of the alaninę detector after charged particle and 
neutron irradiations (Waligórskl et al. 1987), as presented in § 
4.3. A technique for manufacturing this free-radical amino-acid 
dosimeter has been developed by the author (WallgArski et al. 
1981) and the suitability of this detector for accurate mixed fast 
neutron-gamma-ray dosimetry in the range 10 - 3000 Gy demonstrated 
(Wallgórski, Hansen and Byrski 1987, Hansen, Wallgórski and Dyrski 
1987). Alaninę appears to be an excellent system for testing the 



new formula and! for suggesting further refinements of the model, 

as discussed In § 5. 

Katz's track structure theory has been used to describe the 

response of H F thermolumlnescence dosimeters (TLD-700), whereby 

the enhancement in the response to heavy Ions is shown, In § 4.4, 

to be related with the supralInearIty in the response after Co 

y-ray doses for this detector (Wallqorski and Katz 1980, 1980a). 

This effect in many ways resembles the behaviour of 

radiobiological effectiveness (RBE) of heavy Ions in biological 

cells, suggesting that solid-state systems mimicking the 

biological radiation hazard could possibly be developed for 

personal doslmetry (Wallgórskl 1.981), as discussed ir § 5.6. 

Assumptions of Katz's track structure theory make it applicable 
-15 to prompt effects on a time scale of the order of about 10 s. 

Nevertheless, Katz's cellular model, described In § 6.1, appears 

to adequately describe relationships between RBE and heavy ion 

beam characteristics in biological cells in vitro, which may 

indicate the dominant role of prompt physical damage in biological 

effects of radiation, known also to occur on a much slower, hourly 

or even yearly, time scale. 

Using published data concerning measurements of RBE dependences 

for survival and neoplastic transformations in mammalian C3H10T1/2 

cells in -uitro irradiated with BEVALAC heavy ions, a model 

analysis was performed in § 6.2 which yields radiosensitivity 

parameters for these biological endpoints (Waligórskl, Sinclair 

and Katz 1986, 3.987), and appears to consistently describe 

experimental tumour incidence in. vivo (§ 6.2.1). Extrapolation of 

the model to the low-dose region (§ 6.2.2) makes It possible to 

suggest a non-linear (purely quadratic) radiation risk hypothesis 

which is discussed against recent evaluations of excessive lung 

cancer incidence due to inhaled radon and radon progeny In high 

background radiation areas (Waligńrskl : 47) . The general 

implications of Katz's track structure model in radiobiology and 

radiation protection are also discussed, in § 6.3. 

A summary of this work and its conclusions are given in § 7. 

Ir. appears that the model approach presented in this work, 

despite its simplicity and llmi .atlons, has a broad range of 



practical applications, embracing solid-state radiation defects 

(o£ Importance e.g. In nuclear power technology or "soft errors" 

in electronic circuits exposed to radiation), practical 

solid-state doslmetry, personal doslmetry, and heavy-ion and fast 

neutron radiobiology and cancer radiotherapy. In its more basic 

applications, the model can guide the development of more 

mechanistic models of radiation action in physical and biological 

systems, and the development of a more consistent scheme for 

radiation protection. 

2. PRINCIPLES OF TRACK STRUCTURE THEORY • 

The 6-ray theory of track structure, reviewed elsewhere (Katz, 

Shatma and Homayoonfar 1972, Kdtz 1978, Waligórski 1987), relates 

the response of a detector irradiated by a reference radiation and 

the response after energetic heavy ions. The detector is assumed 

to taspond to electromagnetic interactions with photons and 

charged particles rather than to nuclear interactions. It is 

further assumed that this detector is more responsive to X-rays 

that to ultra-violet light on a per dose basis, as is typical for 

most physical and biological detectors (Dertinger and Jung 1970). 

An initial electron or photon of the reference radiation 

generates an avalanche of secondary electrons in the detector. 

Monte Carlo calculations of the electron slowing-down spectra from 

monoenergetic electrons of lkeV to 1 MeV primary energy (1 keV, 10 

keV, 100 keV and 1 MeV) in liquid water (Hamm e-t al. 1978) show 

that all these spectra merge below 1 keV electron energy. Tl.e 

slowlng-down spectra appear to be Independent of the primary 

electron energy after about two decades of enerqy degradation, a 

conclusion which would also be valid for primary photons (X- or 

y-rays) of similar energy range. 

Electron-Induced ionlzation cross-sections in most elements 

feature a threshold at about 10 eV, peak around 100 eV and slowly 

decline up to ca. 104 eV (Kieffer and Dunn 1966). The convolution 

of the slowlng-down spectrum and of the cross-section spectrum is 

responsible for the detected event. Therefore, due to the 



similarity in electron slowing-down spectra below 1 keV, the 
effect of all low LET radiations should be the same, so long as 
the reference radiation and the radiation to which it is compared 

4 
ace both energetic compared to, e.g., 10 eV (Katz 1978). 

Typically, Co y-rays are used as the reference radiation. 
In many detectors the dose-response function is linear at low 

doses and saturates exponentially at high dose. Target theory 
(Dertinger and Jung 1970, Alper 1.979') relates t'.ie value of 
saturation dose (at which, on the average, every target is 
inactivated) with the molecular weight of the target (enzyme) 
molecule. This is to be expected, as the lonizatlon cross-section 
for enzymes is proportional to molecular weight, while the Cluence 
of the slowing-down spectrum is proportional to the doise. The 
product of fluence by cross-section is therefore proportional to 
the product oE dose by molecular weight (Katz 1978). 

From tcrget theory, the detector is asumed to consist of 
randomly (but, on the average, uniformly) distributed sensitive 
elements in an insensitive matrix. The form of the y-ray dose-
response can be derived from Poisson statistics. In a random 
distribution, the probability that one member of a collection of 
identical statistical cells is hit X times when the average number 
of hits per cell is A, is given by AXe~A/X!. The probability that 
there are one or more hits per cell is 1 minus the probability 

-A 
that X = 0, and is given by the expression 1-е . Thus, two 
parameters: the number of hits required to Inactivate the 
sensitive site, с (X > с), and the value of saturation dose, EQ 
(at which A = 1), are sufficient to describe the detector response 
after doses o£ reference radiation. 

It should be emphasized that this dose-response relationship 

arises from stochastic considerations, whereby the fluctuations in 

the hit density generate such a response. The mean value of the 

energy density D provides sufficient knowledge of those aspects 

of the hit distribution to which the detector is sensitive. This 

is not because the iorizatlons are, or should be, randomly 

distributed, but rather because the one-or-more hit test of 

randomness used by detecting systems Is a vet"у weak one (Katz 
1969). 

In a t-hit detector, one hit suffices to inactivate the 



to hits In a binary manner: each site assumes either the unchanged 

(no hits) or changed (1-or-more hits to target) state after 

detector lradlatlon. 1-hlt detectors have no memory of their 

irradiation history. Each inactlvav-ion event takes place 

independently of any previous events. The number c£ sites 

inactivated after the passage of a heavy ion can be described by a 

cross-section. Survival characteristics are described by 

exponential (linear) dependences. 

I£ more than one (2, 3, etc.) hits are required for sensitive 

site inactivation, several states of "subletl-al damage" are 

available to each site after detector irradiation. A site becomes 

inactivated (or "lethally damaged") after the required number of 

hits is accumulated in its volume. The signal of such a detector 

depends therefore on its previous irradiation history, and 

supralCnear response after doses of low-LET radiations is observed 

at doses below saturation. In survival plots, a shoulder Is 

observed at low doses of reference radiation, interpreted as the 

initial stage cf accumulation of sublethal damage in the 

detector's sensitive sites. 

The energy deposited by the heavy particle in the detector 

medium per unit path length, is given by the Bethe-Bloch stopping 

power formula (see reviews of Pano 1963, Rossi 1965, or Ahlen 

1980). This energy is assumed to be deposited by 6-rays 

(secondary electrons) in concentric cylinders around the ion's 

path (Turner and Klotz 1971). A number of rather crude 

experimental and theoretical assumptions are used to arrive at a 

formula which gives the average 6-ray dose in a thin concentric 

cylinder of radius r , the so-called "point- target" radial dist¬ 

ribution of dose, D(r). The classical Rutherford formula, 

calculated from the collision probability of a charged particle 

with free electrons, is used to estimate the number of <5-rays per 

unit path length; <5-ray ejection angles are assumed to be normal 

to the ion path; a simple electron energy-range relationship is 

assumed; the binding energy of the atomic electrons In the 

detector is phenomenologically accounted for. Finally, 

corrections based on experimentally measured and calculated radial 

distributions of dose are incorporated, to phenomenologically 



account tot ус illicit/ 

In general, the assumed radial distribution of "point-target" 
dose Dlr) varies as 7. ft z~ (2 is !•**• "effective" charge numbsr 
o£ the ion and ft Its relative speed) up to a distance t^r Limited 

by a ^-dependent klnematical collision constraint. 

The "extended-target" calculation of the radial distribution of 

dose, E(t), involves averaging the local dose, as given by the 

"point-target" formula, over the volume of a sensitive site Q£ 

radius aQ/ located at a distance t from the ion's path. This is 

the basic Information from which the track structure Is 

calculated. 

The model uses three parameters to specify the detector: c-hit-

tedr.ess, saturation dose Eg, and sensitive site radius, a^. The 

heavy ion parameters are: its charge number Z, or Its /^-dependent 

effective charge number Z which accounts for charge pickup, and 
*2 2 

its relative speed ft. Reduced parameters, such aa ЬЕТда or Z /ft , 
are not sufficient to fully describe track structure. 

The theory is usually compared to experimental measurements» of 
the relative effectiveness (RE - ratio of detector signals after 
equal Ion and reference radiation doses) or of the relative 
biological effectiveness (RBE -ratio of reference radiation dose 
and Ion dose required to arrive at the same detector signal) for 
the heavy ion bombardment In a given detector, in given 
irradiation conditions (track-segment or stopping pax-i id в) . 

Since the <5-ray dose close to the Ion's path may exceed the 
value of the detector saturation dose, energy will be wasted and 
the RE or RBE will be less than 1; whether this occurs, depends on 
the charge and speed of the ion and on the detector sensitivity. 
As the number of ó-rays increases with Increasing Z /ft (or LET) 

of the ion, the region of saturation may extend to larger radii, 

as determined by the value of the action cross-section. Hence the 

RE or RBE of 1-hit detectors declines with increasing LET. The RE 

or RBE of a 1-hlfc detector to heavy Ions of the same LET but o£ 

different cha ges and speeds, will generally be different, due to 

differences In the radial distribution of dose. 

The model predicts that the RE or RBE of 1-hlt detectors cannot 

exceed 1 (Katz 1978a). Only detectors showing a supralinear 

response after do3es of low LET radiations (e.g. 2-hlt detectors 



ос biological cells, where го > 1) can exhibit RE or RBE exceeding 
1 for heavy ions. This 1.3 assumed to follow from the multi-stage 
inactivation process in c-hlt or m-target systems, whereby 
ipn-fcUl (direct) and gaima-kill (cumulative) modes of sensitive 
site Inactlvatlon are Introduced, and from track structure 
considerations (Katz 1978, 1978a). 

Clearly, detector and ion parameters enter the theory in a 
complex and useparable manner. It is not possible to specify a 
high-LET QC low-LET, radiation without reference to the detector. 
In the region of detector saturation, dose may not be a good 
parameter either. As summarized by Kdtz (1978): "...The 
descr lpt. ion o£ track structure and of radiation effects is not 

simple, it is not separable, it is not linear, and it certainly 

does not lend Itself to additive or multiplicative correction 

factors." 

3. THE MODEL FOR PHYSICAL DETECTORS 

In the framework of track structure theory the signal S(D ) 

observed in a detector exposed to a dose D of reference radiation 

corresponds to the number of inactivated sensitive sites N. out of 

a population N. of sites available per irradiated detector volume. 

The number of "surviving" sites, N , is then N = NQ - N.. The 

saturation value of the detector signal SQ observed after a 

sufficiently high dose is interpreted as the inactivation of all 

available sites (Nk=N0). 

3.1. Response of Detectors £д Reference Radiation 

The probability that a sensitive element of a detector will be 
Inactivated after a dose D of reference radiation uniformly 
distributed throughout the detector volume, P=N. /N0 = S(D .)/SQ, is 
represented by two models of target theory (Dertlnger and Jung 
1970): 
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P(m,A) = (1 - e ") 
multi-hit (c-hit): 

(1) 

(2) 

where A = D /EQ, and EQ is the value of the detector's char¬ 
acteristic radlosensltlvlty. 

The m-target and c-hit response of detectors after doses of 
reference radiation (in unita of EQ) is shown in Fig. 1. 

Equation (1) represents a system in which a sensitive site 
contains m sub-elements. The sensitive site becomes inactivated 
after each of its m sub-elements receives a single hit. Equation 
(2) represents a system in which a sensitive site has to receive с 
or more hits to become inactivated. 

For m=c=l both forms reduce to: 

P(c=m=l,A) = 1 - e~A = 1 - e~V_E0 (3) 

representing a t-h.it detector. 

3.2. ftesponse of Detectors to Heavy Ions 

In what follows, we assume conditions of track segmsnt 
irradiation, i.e. energetic heavy ions irradiating a detector of 
thickness much smaller than theJr range. The relative speed of 
the ions, ft, and their effective charge number, Z , are then 
constant along the ion path. The average radial distribution of 
dose E(t) (extended target approximation, see § 3.4.1) is 
calculated by averaging the dose deposited by <5-rays, D(r), 
(point-target distribution, see § 3.3.1) over the volume of 
the sensitive site. The calculation for stopping ions is 
discussed in § 3.4.2. 

The ion dose D, (in water) is the product: 
Dy = F x L (4) 

11 
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detector response (in units o£ detector saturation signal) after 

doses of reference radiation (in units of detector characteristic 

radiosensitlvity). 
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where F is the fluence (number of ions per unit area of detector) 

and L the stopping power o£ the Ions (ЬЕТ^) . 
The detector signal after an ion dose D,, StD^), corresponds to 

the number N. of sites Inactivated, out of a population NQ of 
available sites per unit detector volume. 

The rotative effectiveness (RE) of a detector is defined as: 

RE = 

and Its relative biological effectiveness (RBE) Is: 

RBE = (6) 

where S(D ) Is the detector signal after a dose D of reference 
radiation. 

3.2.1. 1-hit Detectors 

According to the principles of the theory, the radial 
distribution density of i пас Li vat i on probability Is calculated by 
formally introducing the average radial distribution of dose E(t) 
into eg. (3): 

P(t) 1 - e 
E(t) 
E0 (7) 

This density is uniform over a cylindrical shell of length T, 
radius t and thickness dt concentric with the Ion's path. The 
volume of the shell is T2rttdt and the radial distribution of 
inacti-oa-tion probability over this volume Is T2ntP(t)dt. The 
number of sensitive sites inactivated after the passage of a heavy 
ion, Nk, can now be calculated as a product of the number of 
available sites per unit area of detector NQ, the detector 
thickness T and the single particle inactivation cross section a: 

Nk = (8) 



where: 
OD 

о = f2rrtP(t)dt (9) 
t = 0 

In practice, the radial distribution of activation probability 
is Integrated up to т + aQ (т is the maximum range of the ó-rays). 

After a fluence F, or ion dose T>i (eq.(4)), the number of 

inactivated sites Is: 
-oF 

Nk = NQ( 1 - e ) (10) 

and the detector signal, proportional to N. , is: 

-o-D./L 
SfDp = SQ( 1 - e ) (11) 

where L is the stopping power (LET ) of the ions, in water. 

Introducing eq. (3) and eq. (11) into eq.(5) or eq.(6), we 

obtain, in the linear part of the 1-hit detector response: 

E0 RE = RBE = & -*- (12) 

L 

which can be compared with experiment. 

3.2.2. m-target and c-hit Detectors. 

Detectors whose sensitive sites require more than one hit for 

their inactivation can respond to a beam of particles in two ways. 

In regions close to the ion's path the local dose may be 

sufficiently high to Inactivate some sites directly after the 

passage or a single Ion while, over other more distant regions, 

the <5-ray dose may damage other sites only "sub-lethally". The 

two modes of site inactivation take place on different time scales 

?nd are governed by different statistics. Damage in the direct, 

or ton-Mil mode involves Ion transit times (c. 10~ 1 5 s) and is 

\k 



.rdependent of the previous i r r a d ' a t ion h i s to ry (consecutive ions 
in a beam cause damage independently of each o the r ) , while damage 
in the cumulative, or gam/na- tei 11 mode mvolves beam i r r a d i a t i o n 
time and is LrradUtlon-hls tory-depet ident . 

The s t a t i s t i c s of I o n - k i l l mode inac t lva t ion make i t poss ib le 
to define an ion-k i l l s i n g l e - p a r t i c l e inac t iva t ion c r o s s - s e c t i o n : 

(13) --- f 

where P fm/c, A-^r^l is the radial distribution density of 
I. . E o J 

activation probability, calculated by formally Introducing the 
avetaqe radial distribution of dose E(t) into the m-target' (eq. 
(!]» or с hit (eq.(2!) probabilities of site inactivatlon after 
doses of. reference radiation. The number oE sites inactivated 
after the passage of a single ion can then be calculated from eq. 
(10) by replacing o- with о . 

The iitdt ist ics of gamma-kill mode inact ivation are assumed to 
Follow those observed after doses of reference radiation, where 
the survivors of the ion-kill process are understood to constitute 
the initial population foe the gamma-kill process. 

A fraction (o\/oOD. of the ion dose D. acts through the 
ion-kill process, while the remaining fraction, С l-(cr./&.) JD,, is 
the dose which replaces D in eq. (1) or eq. (2) to calculate the 
gamma-kill component. The "saturation cross-section" cr-

corresponds to the geometrical cross-section of the sensitive site 
multiplied by a factor accounting for the "brush" of <S-rays 
surrounding the path of a heavy ion. 

For multi-target detectors (Katz 1978): 

Q J (14) 
For c-hit detectors (Waligórskl and Katz 1980): 

*Q = 1.18naJ (15) 

The probability that out of a population of NQ sensitive sites 

Ng sites survive inactivation is П = Ng/Ng = 1-N^/NQ. After 
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equation (10), we express the probability of survival in 
ion.~k.il I 

nŁ= e l (16) 

The probabi l i ty o/ survival in th© gamma-Mill mode is derived 
from eq. (1) or eq. (2 ) : 

Combining the effects of ion-kill and gamma-kill, the surviving 
fraction of a population o£ NQ sensitive sites is: 

N S = П.П (18) 

and the detector response after an ion dose D^, proportional to 
the number o£ i пасLiuated sites, is: 

^ = SQ(1 - ri^l - (19) 

The RE or RBE of an m-target or c-hit detector can now be 
calculated from eq.(5) and eq.(6), using eq.(19) to represent 
detector response aftec ion dose D.. 

We note that gamma-kill inactivation occurs with RE or RBE of 
1. It is therefore only from the ion-kill contribution that RE or 
RBE for c-hit or m-target detectors can exceed 1, which may occur 
when this contribution, i.e.the product a./a , is large (close to 
1), for slow particles. In general, due to the shoulder which 
appears in the "survival" response, or the supralinearity in the 
signal-dose depenedence, the value of RE or RBE will increase 
with decreasing value of the ion dose, D,, or of the detector 
signal at which RBS is calculated. 
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3-3. ft)e Radial Distribution of Dose 

3.3.1. A Review of "Classical" Formulae 

The energy loss, due to electronic ionlzatlon and excitation, 
per unit path length, of a heavy Ion of charge Ze, speed v, 
relative speed ft - v/c (c Is the speed of light) traversing 
detector material containing N electrons per unit volume, bound 
with mean ionization potential I, Is given by the Bethe-Bloch 
formula (Fano 1963, Ahlen 1980): 

"ft * L = 2C Ł2 (ln *f^- Ш1^2] ~ *2} (20) 
where 

2*Ne4 7 1 2 - 1 
С - =• = 1.369 x 10 'erg c m 1 = 8,5 x 10 ^MeV cm A (21) 

me 

and m is the electron mass. 

This energy is transferred to the electrons of the detector 
medium, bound with an average lonlzatlon potential I through 
knock-on collisions (see, e.g., Rossi 1965), as expressed by 
Rutherford formula, here represented by the number dn of electrons 
(<5-rays) of energy between w and w+dw produced per unit path 
length of the Ion: 

tor w < w 
max Z Ł dw 

dn = С —r 
(i * (w + I)< 

(22) 

£ o r w > wmax 
dn 

The raaxiitium energy transferred to a free electron by c o l l i s i o n 
with a heavy part ic le , w |nax, Is: 
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( 2 3 ) 

Z is the effective charge number for a heavy Ion of charge Ze, 
expressed by the empirical formula of Barkas (1963) which 
phenomenologlcally accounts for the velocity-dependent ion charge 
pickup: 

* -9/1 
Z = Z[ 1 - exp(-125^Z *'*)] (24) 

It can be shown that electrons (<5-rays) of energy w are ejected 
at an angle Ф to the path of a moving ion according to the 
relation (see, e.g., Rossi 1965): 

2 w 
cos> = - (25) 

max 

From eq. (22) we see that the majority of <5-rays have energies 
much less than w_,„ and therefore have ejection angles 
approximately equal to 90 . To simplify the calculation, Butts 
and Kat2 (1967) assume that all electrons are ejected normally to 
the ion's path. 

To proceed with the calculation of the "point-target" radial 
distribution of dose D(r), a range-energy relationship for 
electrons Is needed. The early (Kobetich and Katz 1968) and 
presently available (Iskef &t al. 1983) data on range vs energy 
for electrons in aluminium are shown in Fig. 2. Butts and Katz 
(1967) fitted a linear relationship to these data in the range 
around 1 keV electron energy (line A in Fig. 2). Zhang, Junn and 
Katz (1985) introduced a two-ccmponent power relationship (line В 
and line С in Fig. 2), while Hansen and Olsen (1984) used only l;he 
second component (line C) of the power relationship to represent 
the experimental data of Fig. 2. 

The linear ia.nge( P.) -&n&rgy( w) relationship for electrons is 
(Butts and Katz 1967, cf. Fig. 2): 

R = kQw (26) 



where: 
kQ = 6230 g cm~2erg~ł = 10~5g cnfHtev"1 (27) 

and the formula derived by Butts and Katz (1967) i s : 

С Z*2 Г 1 1 , 
V r ) Г" <28) 

Taking into account the electron binding potential I , this 
formula is modified as follows: 

С Z * 2 2 (" 1 1 1 
-
г { (E+e) (т+е) J 

( 
D,(r) = s - (29) 1 2n { J 

С and Z are given by eq.(21) and eg.(24), respectively and: 

; a = kQI (30) 

The maximum range of the 6-rays, r, is calculated from eq.(23), 
while в is the "range" of an electron of energy equal to its 
binding potential I. The range contant k. is thus Implicitly 
included in the two above formulae . 

The power ran«re(R)-energy(w) relationship for electrons is 
(Zhang, Dunn and Katz 1985, cf. Fig. 2): 

R = kwa (31) 
where 

к = 6 x 10"6 g cm"2 kev"a (32) 

Por w < 1 keV « = 1.079 and' for w > 1 keV о = 1.667 (33) 
The corresponding formula describing the radial distribution of 
dose, derived by Zhang, Ounn and Katz (1985) is: 

f r+e J - 1 
С Z*2 f f1 - ̂ e ) " 

D2(r) = -=- | (34) 
* 2na(fi r + в 



where the symbols retain their meaning and: 

« 1.079 

T = к wmax ; в = к I (35) 

An ionization potential of 10 eV is assumed, therefore: 

в = к (0.010 k e V ) 1 ' 0 7 9 = 4.17 x 10"8 g cm"2 (36) 
The choice of a (eq.(33)) depends on the maximum <5-ray energy, 

w (eq.(23)), I.e. on the ion velocity ft. Solving these 
equations we calculate: 

for ft < 0.03 a - 1.079 ; tot ft > 0.03 a = 1.667 (37) 

The above-listed formulae describing the point-target radial 
distribution of dose (eq. (28), eq.(29) and eq. (34)) are derived 
in Appendix A 

3.3.2. The Phenomenoloqical Formula 

Using eq.(34), Zhang, Dunn and Katz (1985) found better model 
fits to measured сгозь-sections for the inactivatlon of dry 
enzymes and viruses. Small discrepancies, however, remained 
betwen theory and experiment for the fastest heavy ion 
irradiations. Difficulties arose when attempts were made 
(Wallgńrskl 1984a, unpublished) to fit measurements of the 
high-LET response of alaninę made at Risoe (Hansen 1984, Hansen 
and Qlsen 1985) . 

At the time when the first formula for the radial distribution 
of dose (eq.(28)) was developed by Butts and Katz (1967), no other 
calculations or experimpntal measurements of this distribution 
wore ava i l.ible. 

Due to singularity at r=0, the result of radial Integration of 
the original formula (eq.(28)) depends on the choice of the lower 
limit of integration. When integrated radially, eq.(34! yields 
about SU% of the value of unrestricted stopping p iwer of the Ion 
(Fig. 4). This presumably follows from neglecting primary 
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excitations and ionizations close to the ion's path which may 

contribute as much as 50% to the total energy deposited by the 

heavy ion (Ahlen 1980). Owing to detector saturation in the 

region oC primary effects and to detector lnsensltlvlty to 

excitations, this contribution has been up to now ignored in 

•track structure calculations (Katz 1978). 

A comparison was made (Fig. 3) between recent results of a 

Monte Carlo calculation (Hamm et al. 1985) of the radial 

distribution of energy deposited around the path of a proton of 

energies 1, 10, 20, 50 and 100 MeV in liquid water, and the 

formula of Zhang, Dunn and Katz (eg.(34), which made It possible 

to duvtslop a "phenomenologicdl" formula accounting for the 

"missing" dose (Waligórskl, Hdram and Kata 1986,1986a). 

A correction was sought in the form: 

D 3!r) = D 2(r) Г 1 + K(r)j (38) 

where K(r) was an empirically adjusted expression of the type 
ar*exp(-ar). 

It was required of the form D^(r) that the results of the Monte 
Carlo calculations, shown as histograms in Fig. 3, be reproduced, 
as well as the proton unrestricted stopping power, L , in water: 

2n p3(/?,Z ; г ) г dr S? L {ft) (39) 

* О 

The following expression for K(r) was found to satisfy these 
requirements: 

a) for r > В = 0.1 nm 

M r ) = A I 1 eXp -| 1 (40-1) 
where: 

В = 0 .1 nm 
C = 1 . 5 n m + 5 n m x f l 
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and 
Л = 8 x ^ 1 / 3 for П < 0.03 

or 
А = 19 х |^1/3 for Г» < 0.03 

Ь) for г < В = 0.1 nm 
К(г) = 0 (40-2) 

The phenomenoloqically corrected expression, D,(r) features a 
"hump" at radial distances between 1 and 10 nm which reproduces 
the histograms in Fig. 3 and, for radial distances above 10 nm, is 
identical with the form of Zhang, Dunn and Katz. 

In Fig. 4 the ratios of radially integrated forms (34) and (40) 
and the values of proton stopping power in w?.ter are shown. The 
step at ft = 0.03 corresponds to the different values of the 
exponents a used in the range-energy expressions for electrons 
(eq.(34)). Crosses Indicate the results of Integration of the 
Monte Carlo calculations at proton energies 1, 10, 20, 50 and 100 
MeV. The phenomenologlcal formula reproduces the value of LETe of 
protons In water to within 10% over a continuous range of ft, from 
ca. 10"2 to 0.9. 

3.3.3. Comparison with Calculations and Measurements 

Since the time the model was conceived, several measurements of 
the radial distribution of dose have been made, in air (varma ©i 
al. 1976), hydrogen (Baum et al. 1968) and tissue-equivalent gas 
(Baum et al. 1974; Wingate and Baum 1976; Menzel and Booz 1376; 
Varma et al. 1977, 1980; Varma and Baum 1980), and corresponding 
calculations performed using the Monte Carlo technique (Berger et 
al. 1972; Paretzke et al. 1974; Hamm et al. 1976; Turner ei al. 
1980, 1980a; Todo et al. 1982; Zalder et al. 1983). Other 
semi-empirical calculations have also been made (Fain et al. 1974, 
1974a; Chatterjee et al. 1973). 

At the time of this writing, the complete set of published 
experimental data on the radial distribution of dose consists o£ 

15 different measurements, all of which have been compared with 
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the form of Zhang, Dunn and Katz (eq.(31)J and with the form of 

Wallgórski, Hamm and Katz (eq.(37)), In Fig. 5 and Fig. 6. 

These formulae have also been compared with results of the 

seml-empirlcal calculations of Fain (Fain el al. 1974, 1974a) and 

of Chatterjee (Chatterjee et al. 1973), In Fig. 7 and Fig. 8. 

The published measurements of the radial distribution of dose 

span a fairly wide range of ion species and energies. 

Measurements have been made for protons of energies 1 MeV 

((Wingate and Baum 1976; Menzel and Booz 1976, Fig. 5(A)), 2 MeV 

((Menzel and Booz 1976, Fig. 5(B)), 3 MeV ((Wingate and Baum 1976, 

Fig. 5(C)), deuterons of 1 MeV ((Menzel and Booz 1976, Fig. 5(D)), 

2 MeV( (Menzel and Booz 1976, Fig, 5(E)), ЬеИопя of energies 1 MeV 
((Wingate and Baum 1976, Fig. 5(F)), 3 MeV ((Wingate and Bautn 
1976, Fig. 5(GM and 930 MeV ((Varma et al. 1976, Fig. 6(A)). 

The set of measurements for the heavier ions consists of 377 
MeV/amu neon ((Varma and Baum 1980, Fig. 6(B)), oxygen of energies 
48.4 MeV (Fig. 6(O) and 41.1 MeV (Fig. 6(D)) (Varma et al. 1977), 
42 MeV bromine ((Varma et al. 1980, Fig. 6(E)), and iodine of 
33.25 MeV (Fig. 6(F)) and 61.9 MeV (Fig. 6(G)) (Varma et al. 
1975). 

Agreement between the measured distributions and those given by 
our two forms is quite satisfactory. The same may be said of the 
comparisons between our forms and the semi-empirical calculations 
of Fain et al. (1974, 1974a) for 2 MeV/amu carbon (Fig. 7(B)), 8.1 
MeV/amu neon (Fig. 7(C)) and 90 MeV/amu iron (Fig. 7(D)). The 
results of Zaider's Mont» Carlo calculations for 1 MeV protons 
(Zaider et al. 1983, Fig. 7(A)) are also quite consistent with the 
phenonenologlcal formula, which would Indicate good agreement 
between results from our Monte Carlo code (OREC, Hamm et al. 1985) 
calculated for liquid water and those from the PROTON and DELTA 
codes (Zaider et al. 1933) applicable to water vapour. 

The results of a calculation from the model of Chatterjee and 
Magee1 (1980) developed for the Frlcke dosimeter, who use "core" 
and "penumbra" concepts to describe track structure, are compared 
with the phenomenologleal formula in Fig. 8, for neon ions of 
energies 10 MeV/amu (Fig. 8(A)) and 300 MeV/amu (Fig. 8(B)). 
Differences In the central regions reflect the "core" approach to 
modelling track structure used by the Notre Dame group, and also 
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by Hansen and Olsen for dye-£Urn (1984) and alaninę (1985) 
detectors. 

3,4. Calculations of. Detector 

3.4.1. Extended Target 

The radial dependence of average dose In a senbitlve site (a 
short cylinder o£ radius aQ and cross-section «aQ ) whose centre 
is located at a radial distance t from the ion's path is 
calculated as follows: 

t+aQ 
E(t) = — j f 2nrD(r)dr (41) 

where 0(r) Is the point-target radial distribution of dose. This 
Is the extended target calculation, which Is performed numerically 
(Butts and Katz 1967) according to the method described in 
Appendix B. 

On the basis of extended target calculations aQ can be fitted 
as a parameter characterizing a given physical detector. 

Calculations show that the extended target and point-target 
distributions are Identical beyond t=r > 3aQ, and that up to 
distances where t and aQ are both substantially less than the 
maximum range of 5-rays т, the values o£ E(t)f) /Z as a function 
of t at different (i, calculated for different values of aQ, are 
the same at any one value of aQ. Indeed, if E(t)p2aQ

2/Z is 
plotted vs t/aQ, all E(t) distributions calculated for aQ values 
ranging from 10 nm to 1000 nm and for ft values ranging from 0.99 
to 0.05, form a "universal" curve, the plateau of which lies 
around <2-4)xlO~UGy/cm, or (125-250) keV/cm, except as affected 
by т. This is shown in Pig. 9, which should be compared with a 
similar plot obtained by Katz (Katz, Sharma and Homayoonfar 1972, 
Katz 1978), where curves, calculated using eq.(28) alP saturate 
around 2xlO"7erg/cm = 2xl0"11Oy/cm = 125 keV/cn, for water. 



On the basis of the normalized "universal" radial distribution 
of dose, Katz (1971) Introduces the parameter "kappa": 

Vo 
N * 7= (42) 

2x10 erg/cm 

which characterizes the detector response with respect to l*2/p2 

of the heavy Ion. Namely/ transition from "grain-count" to 
"track-width" regime takes place around 7.*2/н/»2й 2; below this 
value we are In the "grain-count" (unsaturated) regime, or 
"low-LET" reylon. Above, detector saturation sets in, leading to 
a decrease of relative effectiveness or RBE of 1-hit detectors. 
The maximum values of RBE for c-hlt. or m-lurgct detectors occur 
around l*2/*fi2% 2. Still further above, at 1*г/кр2>£ 10, 
"thindowr»" (Katz, Dunn and Sinclair 1985) may be observed. 

3.4.2. Stopping ions and Fast Neutrons, Ranges and LET 

To Interpret theoretically a measurement or detector response 
to hejvy Ions stopping In the detector, i.e. Irradiations of 
detectors whose thickness exceeds tha rang»; R of the ion of 
Initial kinetic energy T,, the detoctoc response has to be 
Integrated over the path length. The valued of cross-section o-
and L (LET^) have to be replaced by their average values: 

- 1 
E-0 

°AVE R - 1°** = J r d B (43) 

x=0 E=T. 
and: 

LAVE = V R 

The total action produced by a stopping particle depends on 
°AVE *' -*ust as the a c t i o n produced In a track segment of length 
dx depends on «ix. The average RE or RBE values are now 
calculated frc#eq.(5) or eq.{6), or, for 1-hit detectors, from 
eq.(12), by replacing с and LET in this equation with a and 

respectively. 
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2 2 *2 When presented in the form E(t)xaQ xf? /Z vs t/aQ, the normalized 
extended-target distributions fall rougly on a single curve, the 
"universal extended-target distribution", which saturates around 
(2-4)x lO" 1 1 Gy/cra. 
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The algorithms for calculating Ion ranges in water, from the 
expressions of Barkas and Berger (1964), and for calculating LET^ 
in water, Erom the tables o£ Jannl (1982) for proton LET, are 
given in Appendix С 

The effect of irradiating the detector with a beam of fast, 
neutrons is calculated by adding the contributions from all the 
charged secondaries stopping in the medium (Katz, Sharma and 
HomayoonCar 1972, 1972a). The number of neutron interactions per 
cubic centimeter of detector volume is denoted by У and the 
absorbed dose from neutrons by DR. Rzi represents the range (in 
cm) of an ion of atomic number Z and Initial kinetic energy T,, 
while dN_,/dT. represents the number of secondary charged 
particles of atomic number I and Initial kinetic energy T, per 
unit initial kinetic energy Interval per neutron Interaction per 
cubic centimeter of detector. Then: 

Dn " * (II ( Л Т1 ) ( d NZl/dVTl) <45) 

and, for 1-hlt detectors: 

P(Dn) - 1 - exp {-Y Q I (ATl) « i N ^ / d V ^ z R.)} (46) 

where <*AVE 2 .Is the average cross-section of a secondary Ion of 
atomic number Z and initial kinetic energy Т.. The detector 
signal after a neutron dose D n is then S(D ) = SQP(D ), and Its 
relative effectiveness or RBE can be calculated by replacing D, by 
D n In eq.(5) or eq.(6). 



4. APPLICATIONS OF THE MODEL TO PHYSICAL DETECTORS 

4.1. Dry Enzvme and У^гцр Ijnacfclvat ion 

Inactlvatlon of dry enzymes and viruses served as an Important 
test of target theory (see Dertlnger and Jung 1970) and of the 
earliest version of the delta-ray track structure theory (Butts 
and Katz 1967). The initial support for target theory came from 
the discovery of a correlation between the molecular weight of the 
irradiated biological system (enzymes, viruses and simple yeasts 
were studied) and the radiosensitlvlty (E-) of the system, as 
determined with gamma-rays (cf. § 2.). As beams of heavy ions of 
energies beyond 10 MeV/amu became available, the possibility arose 
of studying the inactivatlon of biological systems by heavy ions 
in track segment mode of irradiation (for a review, see, e.g., 
Brustad 1962). Unexpectedly, experimental measurements of 
Inactivation cross-sections, as defined through eg.(11), did not 
lead to a confirmation of target sizes determined from target 
theory or electron microscopy (Tlkhonenko 1970). In the wot*, of 
Butts and Katz (1967) this discrepancy was ascribed to the effects 
of track structure, or of 6-rays surrounding the particle track. 
Model calculations reproduced the experimentally measured 
inactivation cross-sections for the enzymes /Э-galactosidase and 
trypsin, and for T-l and ФХ-174 bacterlophages when bombaided with 
Ions ranging from Z = 1 to 18 at energies 2.3 MeV/amu and 10 
MeV/amu, to within 15%. Actual target size was found to be 
unimportant in these calculations, which yielded cross-sections 
far in excess of the geometrical values at high LET of ions. In 
agreement with experiment. 

The studied enzymatic and viral species demonstrate properties 
of 1-hit detectors. Changes in enzyme activity after Irradiation 
are measured spectrophotometrlcally; for viruses, loss of 
Infective activity is the biological endpolnt. 

Using their formula for the radial distribution of dose 
(eq.(34)), Zhang, Dunn and Katz (1985) re-calculated the 
cross-sections for dry enzyme and virus Inactivatlon, comparing 
them with about 70 values measured by Deer ing (1956), Brustad 
(1960), Dolphin and Hutchinson (I960), Fluke, Brustad and Blrge 
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(1960), Schambra and Hutchlnson (1964), Brustad (1967), Marshal, 

Holt and Gibson (1970) and Fluke and Forro (1960). While the fit 

between theory and experiment was found to be vecy satisfactory, a 

systematic deviation between calculated and measured values of 

cross-sections at low LET was found. 

Using the phenomenologically corrected formula foe the radial 

distribution of dose (eq.(40)), Wai Igor ski, Kim Sun Loh and Katz 

(1987) have again analyzed the published cross-sections for 

inactlvatlon of dry enzymes and viruses. Agreement to within 

experimental accuracy was found for the whole set of data and the 

systematic deviation between theory and experiment at low LET 

eliminated. The results of this investigation are summarized in 

Table I and Fig. 10, Fig. 11 and Fig. 12. 

In the first column of Table I the specimen and source of 

experimental data are given. The next two columns list the 

experimentally measured (where available) and best-fitting values 

of radlosensltivity Eo (or D^3? dose), EOEXP
 a n d E0TH' 

respectively. Next, the best-fitting value of sensitive site 

radius, a., is given. The last two columns give the number of 

measurements of cross-sections to which the radiosensitivity 

parameters were fitted simultaneously, and the mean value of the 

theoretlcal-to-experImental cross-section ratios and their 

standard deviation. A complete list of the bombardments and o£ 

the experimental and calculated cross-section values is given in 

the paper of WaiIgorski, Loh and Katz (1987). 

In Fig. 10 the complete set of experimentally measured and 

calculated Inactlvatlon cross-sections for dry enzymes Is 

displayed vs the LET of the bombardment. Groups of data for 

different enzymes are offset by factors on the ordinate (S) and 

abscissa (L). 
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TABLE I. FITTED RADIOSENSITIVITY PARAMETERS AND AVERAGE RATIOS OF 
CALCULATED AND MEASURED VALUES OF CROSS-SECTIONS FOR 
DRY ENZYMES AND VIRUSES 

Sample & Source 
of Data 

UOEXP 3
 bOTH "0 

x 10 Gy nm 
No. of w?H/ 
exp c/s Std. Dev. 

ENZYMES: (Fig. 10) 
Tr ipsln 
Dolphin and 
Hutc-hinson (1960) 360 
Brustad (1960) 
Brustad (1967) 
й~aalactos Idase (F1 cj . 11) 
Dolphin and 
Hutchinson (1960) 31 
DNA-ase 
Brustad (1960) 
Lvaozvme (Fig. 11) 
Brustdd (1967) 
ft 1 bpnuclease 
Marshal et at. 
(1970) 230 
Deer ing (1956) 
Invertase 
Deering (1956) 

400 
260 
360 

1 
1 
1 

3 
7 
6 

1 
0 
0 

.08+0 
,96±0 
.96+0 

.25 

.05 

.08 

41 

180 

340 

3 

1 

1 

3 

5 

7 

1 

0 

1 

.17+0. 

.95+0. 

.01+0. 

04 

09 

05 

320 
320 

47 

1 
1 

3 

2 
12 

11 

0 
1 

1 

.82±0. 

.02+0. 

.02+0. 

16 
08 

08 

VIRUSES: (Fig. 12) 
T-l Phdue 
Schambra and 
Hutchinson (1964) 3.9 3.9 10 
Fluke, Brustad 
and Binge (1960) 5.3 3.9 10 
ФХ-174 Phaue 
Schambra and 
Hutchinson (1964) 5.0 6.8 10 

1.00+0.21 

0.92+0.14 

1.02+0.13 
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Using the best-fitted parameters, E» and a-, cross-sections 

were calculated by continuously varying the relative speed ft of 

the Ions for which measurements were reported, and cross-sections 

displayed as a function of the Ion stopping power in water. 

Results o£ these calculations, extending past the range of 

measurements, together with experimental data, are shown In Fig. 

11 (enzymes: fi-galactosidase and lysozyme) and in Fig. 12 (all 

virus data). A prominent feature of these g:aphs i& thw cine of 

the cross-section values with ЬЕТда well past the <jeometcical value 
naQ , ending with "hooks" which indicate the f. hind own region 
(Katz, Dunn and Sinclair 1985) at low ion velocities. 
Irregularities In the plotted curves at the thlnduwn region occur 
at point oE /4=0.03 where different exponents a are used In 
equation (40) (c£. eq.(33)). This thlndown region is due to the 

kinematic constraint on the maximum energy of 6-rays (eq.(23)) and 

the corresponding range т (eg.(35)). The "hooks" are the more 
prominent the heavier the bombarding ion and the lower the value 
of detector radiosensitivity (Katz, Sharma and Hoinayoonfar 1972). 

The presented results depend more on the choice of EQ than on 
the value of aQ. This Is consistent with the point-target 
calculation for enzymes and viruses of Butts and Katz (1967), 
indicating that the actual size of the sensitive site (size of 
molecule) plays a relatively minor part in the theory. Thus, 
detailed analysis of target size (Thomas and Watt 1985) may not be 
necessary for enzymatic and viral systems. 

For further details, the published paper of Waligórski, Kim Sun 
Loh and Katz (1987) should be consulted. 

4.2. The Fricke Dosimeter 

Of the chemical systems available for doslmetry, the ferrous 

sulphate, or Fricke, dosimeter (Fricke and Hart 1976, Broezklewlcz 

1971) Is recognised to be the most suitable with respect to 

accuracy, repcoduclblllty and linearity. The system Is 0.8 N 

H2SO4, all saturated, and contains 10"
3M ferrous sulphate. The 

response of the Fricke dosimeter Is usually given in terms of the 

number of Fe +molecules produced per 100 eV of absorbed energy of 



radiation, G(Fe 3 +). The G-value for Co gamma irradiations has 

been repeatedly measured by several authors (see Broszklewlcs 

1971) and the accepted value Is 15.6. The response of this 

detector Is the relative number of FeJ ious which is measured 

*pectrophotometrically at UV wavelengths (for a description of the 

measurement procedure, see, e.g. Wai ig<±>rski, Sagrodzkl and Byrski 

1987) . 

<\ detailed modal, based on an analysis of the chemical 

leactions accompanying radiation decorrip J.> it ion Q£ water, diffusion 

kinetics, and a track model involving "core", "penumbra", "spurs", 

"Mobs" a ".short tracks", has been developed, mainly by the Notre 

Lame grovip (Mozumder and Magee 1966, Chatterjee and Schaefer 1976, 

Chattel.. ее and Maqee 1980), yielding Eair agreement with measured 
response of the detector dftpr hoavy iori irradiations (Hart, 
Ramler and Rocklln 1956, Schuler and M i e n 1957, Shuler 1958,1957, 
Gordon and Hart 1961, Anderson and Hart 1961, Kochanny e( at. 
1953, Chatterjee and Magee 198C, Chriatnun, Afpleby and Jayko 
1581, La Verne and Echuler 1983). 

In terms of track structure theory, the Fricke dosimeter is a 
1-hit detector (Katz, Sharira ridd Hortidyoonfar 1972a), whereby the 
target is assumed to ba a sphere of water o£ radius a_ surrounding 

an Fe Ion such thau a hit within the adhere can initiate an 

array of events which diffuse to the Fe ion, interact, and 

transform it to an Fe + ion. Thus, all complexities of diffusion 

kinetics are avoided, but the detailed knowledge of the dynamics 

of the chemical processes involved is lost. 

A track structure study of the Fricke dosimeter exploiting the 

newly developed formula describing the radial distribution of 

dose, has recently been performed by Katz, Sinclair and Waligńrski 

(1986). 

Applying the phenomenologlcally corrected formula (eq.(40)), 

radlosensltivlty parameters, E Q and aQ were fitted using eq.(ll) 

to the experimental results of Christman (1981) who measured 

differential yields from track segment Irradiation of the aerated 

Frtck'. dosimeter with carbon, neon and argon Ions In the energy 

range 60-300 MeV/amu. The extracted values of EQ = 8000 Gy and aQ 

= 6.5 nm allowed experimental results to be reproduced to within 

8% for C, 1% for Ne, and 5% for A* bombardments, I.e. to an 

kz 



accuracy comparable to that obtained from the diffusion kinetic 
model calculations (Chatterjee and Magee 1980). 

In Fig. 13 the calculated values of G_ (low dose) ace shown for 
track segment Irradiation with a range of ions and Ion energies as 
heavy lines. Shown аз dashed lines for H and He are values 
obtained Erom the stopping particle work of Schuler and Allen 
(1907) by Chatterjee and Magee (1900). Dashed lines tor C, He and 
Ar are calculated values, also from Chatterjee and Magee. The 
data points are from Christman (1981). 

A comparison of the slopping particle calculation with recent 
measurements £or a series o£ Ions (He, LL, Be, В and С of energies 
ranging from 5 to 1.6 MoV/эти) showed discrepancies exceeding 10% 
for the lighter ions and of about 211 for carbon, which should be 
attributed to uncertainties in I'.he knowledge of the effective 
charge, the radial dose distribution and the stopping power at ion 
energies below 0.5 MeV/amu. 

Projections of the response o£ the Fr.lcke dosimeter to stopping 

particles from the 1-hit model and from the model of Chatterjee 

and Magee (1980) are summarized in Fig. 14, where v d n u ^ 

experimental results are also included. At energies above 1-? 

MeV/amu, curves calculated from both models are similaz in 

character but differ quantitatively, though the differences are 

limited since both models seek to fit the same set of data. At 

low ion velocities, in the "penumbra cutoff region" of the 

diffusion kinetic model, no information Is available for making 

track structure calculations. 

The response of the Fricke dosimeter after fast neutron 

irradiations was measured experimentally, for the neutron beams of 

the Hammersmith MRC cyclotron (Greene et ol. 1975), Eor the U-120 

cyclotron in Kraków (Waligórski, Zagrodzkl and Byrski 1987), and 

for 3 MeV and 14 MeV neutron beams (Pejuan and Kuhn 1981). A 

seml-empirleal calculation of the response of this dosimeter to 

fast neutron beams of mean energies In the range 0.1-18 MeV was 

made by Lawson and Porter (1975). 

The G-value measured by Waligórski, Zagrodzki and Byrski for 

the neutron component in the mixed (neutron+gamma) field of the 

U-120 cyclotron beam of mean energy 5.6 MeV Is G =8.1±0.8, 

somewhat below the corresponding value measured by Greene el al.at 

«13 
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Calculated values of G_(lov dose) for track segment Irradiation of 
the aerated Fricke dosimeter with H, He, C, Ne, Ar and Fm, using 
eq. (40)-heavy lines. Data points are from Chrlstman (1981), 
dashed lines for C, Ne and Ar are calculated from Chatterjee and 
Magee (1980). Dashed lines for H and He are track segment values 
extracted by Chatterjee and Magee from stopping particle data of 
Schuller and Allen (1957). 



the MRC cyclotron ( mean energy 7.6 MeV, Gn=9.4±0.6). Using 

eq,(45) and eq.(46) and energy spectra of secondary charged 

particles generated in water by the MRC fast neutron beam (Dennis, 

private communication to Dr. Katz, see also Dennis 1973), a 

theoretically calculated value of Gn=8.61 was found (Walbjótaki, 

Zagrodzki and Byrskl 1987), which underestimate» the experimental 

value by 8 V 

There are independent justifications £or the choice of the 

cadlosensitlvity parameters aQ and EQ. In a study of the effect 

of ferrous sulphate concentration on the yield o£ oxidation o£ the 

ferrous ion from recoil radiations from the absorption of neutrons 

in boron, it was found (Schuler 1958) that the yield approached 

"saturation11 at 1 mM concentration o£ Fa' * Ions. Th'.j Is 

interpreted as an Implication of the exlater.ee of a diffusion 

length which limits the "reach" of the Initial lonlilng evant In 

water. A 1 mM concentration Implies a mean separation of 11.3 nm 

for Fe' ions, or a "target" radiut of 6 nm as compdi«d t.o our 

fitted value of aQ = G.5 nm. Seheated el al. (1969) and H-nrt 

;1963) found a decline in G with an increase in dose per pulse 

from electron accelerators delivering pul&es at about 100 krads 

per pulse o£ microsecond duration. At a doae of 290 krads: per 

pulse. Hart found a G-value of 11.3t0.5. The model of a 1-hlt 

detector implies that there will be an exponential decline in 

yield with dose D, of the form G - GQexp(-D/Eg), which yields a 

value of G at 290 ktads of 10.9, within the range of Hart's 

measurement. 

The presently fitted values of a. and E. are not very different 

from those found earlier by Katz, S heir ma and Homayoonfar (1972a), 

who used eq (28) to describe the radial distribution of dose (а_-6 
nm, E0=5000 Gy), but better agreement with experimental findings 
for ion energies above lMeV/amu is now achieved.. 

It appears that since track theory and the diffusion kinetics 
model yield essentially the same results, both models may be doing 
the same thing, especially in the "penumbra" region. Track 
structure theory offers a simpler approach, at the cost of 
overlooking the radiation chemistry aspects of the Interaction of 
radiation with matter. ЛЬ initio explanation of the parameters oE 
track theory could perhaps follow from modelling the gamma-ray or 
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Calculated G-values at low dose (GQ) oE the aerated Fricke 

dosimeter for stopping particles; H, He, C, Ne, Ar and Pm ions vs 

initial kinetic energy of the Ion (MeV/amu). Solid lines: this 

work, dashed lines: ChatterJee and Magee (1980). The experimental 

data points are, for H: Hart el at (1956), Anderson and Harl 

(1961), Kochanny ©i al. (1963); for He: Schuler and Allen (1956), 

Gordon and Hart (1961), Anderson and Hart (1961); for C: Schuler 

(1967). 



electron radiation effects by detailed diffusion kinetics. Track 
structure strongly suggests, however, that the "core" concept used 
in the diffusion model is superfluous. No special treatment of 
ion Interactions in the "core" appears to be necessary, nor are 
arbitrary definitions of "spurs" "blobs" or "short tracks" needed 
for interpreting track effects in the Fricke dosimeter. 

4.3. The Alaninę Detector 

Alaninę dosiraetry has by now reached a stage of development 
which could make it an attractive alternative to the Fricke system 
with respect to accuracy, repeatability and useful dose range. 
The chemical composition of this amlno-acid (CH,-CH(NH2)-COOH Is 
quite close to that of tissue, which makes alaninę very suitable 
for neutron dosimetry. Among the radical species generated In 
alaninę by ionizing radiation the stable radical CH.,-CH*-COOH 
predominant at room temperature gives a prominent pattern when 
measured using an electron spin resonance (ESR) spectrometer. The 
concentration of this free radical measured by ESR-spectrometry 
represents the dose absorbed In the alaninę dosimeter. 

Alaninę has been first used as a solid-state dosimeter by 
Bradshaw &t al. (1Э62) who developed this system for measuring 
doses of X, y, (i and proton radiations. Rotblat and Simmons 
(1S62) found that a simple exponential formula describes the 
response of alaninę after ?—ray doses. Snipes and Horan (1967) 
studied the free radical kinetics in ^-irradiated alaninę and 
concluded that radical saturation in alaninę at Co doses above 
10 Gy is due to a process of radical destruction by radiation. 
Thus, exponential response, according to the 1-hlt formula 
(eq.(3)), can be justified by the kinetics of radical formation In 
this detector. 

The relative effectiveness of alaninę to different radiation 
qualities, including photons, r-rays, energetic heavy ions 
(ranging from 10B to 40Ar, of energy 10.4 MeV/amu), lighter ions 
of lower energies, and neutrons, has been measured by several 
authors (Ebert, Hardy and Cadena 1965, Henrlksen 1966, Miiller, 
Schambra and Pletsch 1964, Simmons and Bewley 1976, Bermann 1978, 
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Katz and Bermann 1976, DefEner and Regulla 1980, Regulla and 

DeEfnec 1982, Wallgńrakl e* at. 1981, Напзеп 1984, Напьеп and 
Qlsen 1985, Hansen, Olsen and Wille 1987, Katsumura «?t al 1Э86, 
Wallgótskl, Hansen and Byrskl 1987, Напзеп, Wallyórskl and Byrskl 
1987). 

Alaninę In powdered form was used In early measurements. 
Bormann (1978), and Id ter DeEEner and Regulla (1980), developed i 
technique for manufacturing alaninę detectors by mixing alaninę 
powder with parafflne. Another technique Eor bonding alaninę with 
a commercial binder to form mechanically stable dosimeters was 
Introduced by Wallgócskl ot at (1981) and further developed by 
Hansen, Olsen and WLlla (1987). 

Track structure calculations of the response o£ alaninę after 
irradiations with protons, «-particles and East neutrons were made 
by Kata and Berman (1976), using the Butts and Katz formula 
(eq.(28)). Alaninę is a good system for testing track theory 
calculations (Waligórski 1984, 1985, Wallgórskl and Katz 1987). 
Recently, basing on all the available measurements, a theoretical 
analysis was performed (Waligórski et a'.. 19 87) using the newly 
developed radial distribution of dose formula, eq.(4G)> 

Experimental data for alaninę Irradiated with slopping 
heavy Ions was gathered mainly from the work of Hansen and Olsen 
(1985, 1987) and extracted from results for proton irradiations 
published by Henrlksen (1966), Ebert, Hardy and Cadena (1965) and 
Bradshaw et al. (1962). 

Using a fixed value of characteristic radiosensitlvity after 
Co Irradiations measured by Hansen (1984), E=l.05x10 Gy, no 

satisfactory fit could be found to the experimental data set. 
Therefore, the radial distribution of dose formula, eg.(40), was 
modified by limiting the maximum <5-ray range т in eg.(35) to half 
its value (T о т/2) and the set of radiosensitlvity parameters: EQ 
= 1.05x10 Gy, aQ= 2 nm found to reproduce the data set within 
experimental accuracy, except for the rather inconsistent proton 
data, as illustrated in Fig. 15. 

Another attempt at fitting radiosensitlvity parameters by 
varying both EQ and aQ values while maintaining eg.(35) in its 
original shape, yielded EQ = 7.5 x 104Gy and aQ = 0.5 nm. Using 
these parameters, the experimental data set could also be 
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Fig. 16 
Calculated average relative effectiveness of alaninę after 
Irradiation by monoenergetic neutrons of energies ranging from 60 
KeV to 2 MeV. The line is the average relative effectiveness 
calculated for a "particle" of charge 2=1.5 and mass A=3 amu 
stoppl.a in the detector, vs the "particle's" Initial energy 
(MeV/amu). Alaninę radiosensitlvity parameters and radial dose 
used in this calculations are those of Fig. 15. 
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reproduced with an accuracy similar to that of the previous 
calculation. 

The experimental data for alaninę irradiated by neutrons was 
gathered from the work of Bermann (1978), Simmons and Bewley 
(1976), Wdligtaskl «>( al. (1981), Wallgórski, Hansen and Byrski 
(1987) and Katsumura ft at. (1986). Model calculations of the 
response of alaninę after neutron irradiations, according to 
eq.(45) and eq.(46), rely on the availability of energy spectra of 
secondary charged particles generated In alaninę by the neutron 
beams. Spectra of secondary particles generated in tissue by the 
fast neutron beam of the MRC cyclotron at Hammersmith, calculated 
by Dennis (see Dennis 1973), and generated by monoenet'jetic 
neutrons in the range from 60 KeV to 2 MeV, calculated by Caswell 
(see Bach and Caswell 1968, Caswell and Coyne 1972) are available, 
and were used in computer programs adapted from the work of 
Krauter (1977) to run on the IBM-PC/XT microcomputer. 

Results o£ neutron calculations using both sets of 
radiosensitivity parameters differed by less than 1%. The 
theoretically calculated values of relative effectiveness 
underestimate those measured experimentally by Simmons and Bewley 
(1976) for alaninę Irradiated by the MRC fast neutron beam (REE„p 
= 0.55 ± 0.05) by about S% (RET„=0.61) and the experimental values 
measured for 14 MeV beams (as quoted by Katsumura et al. 1986) by 
about 17 %. in an intercomparison experiment using detectors 
manufactured at Rlsoe and In Kraków, the values of RE measured by 
Wallgórskl, Hansen and Byrski (1987) for alaninę Irradiated by the 
U-120 cyclotron- produced fast neutron beam and by 250 JiVp X-rays 
are 0.60±0.05 and 0.76+0.06, respectively, the latter value 
agreeing with that measured by Bradshaw «t al. (1962). 

Results of calculations of relative efficiency of alaninę after 
irradiation with monoenergetlc neutron beams in the range 60 keV-
2 MeV are presented in Fig. 16. 

An attempt was made at finding a radiation "equivalent" to 
neutron beams, i.e. a particle of initial energy T.(MeV/amu) 
stopping in the detector which would yield RE of alaninę similar 
to that measured or calculated for a neutron beam of the same mean 
energy En(MeV). A "particle" of charge Z = 1.5 and mass 3.0 amu 
was found to fulfil these requirements. Except for energy regions 
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Experimental data points are quoted after Katsumura ©t al. (1986) 
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where neutron resonance cross-sections dominate, one could use a 
simple stopping particle calculation ualng this "equivalent 
radiation" to estimate t'.ie response o£ alaninę from a known energy 
spectcum o£ a neutron beam even if secondary charged spectra were 
unavailable for making a calculation according to eq.(45) and 
eq.(46). Results of such "equivalent radiation" calculations ace 
shown in Fig. 16, together wiLh monoenergetic neutron 
calculations, and In Flq. 17, toqether with experimental values of 
fast-neutron-irradiated alaninę. 

For further details on track structure calculations of the 
response of alaninę after heavy ion and neutron Irradiations, the 
paper of Wallgórskl e-t al. (1987) should be consulted. 

It Eollows from the presented results that the model Is able to 
reproduce the experimentally measured response of alaninę after 
charged particle and fast neutron Irradiations practically to 
within experimental accuracy (10%), somewhat underestimating the 
measured response at higher ion energies. A comparison of model 
calculations with measurements of alaninę response after hlgh-LET 
irradiations suggests that further modifications of the radial 
distribution of dose formula (eq. (40)) may be necessary in the 
future. From this point of view, experimental measurements of 
alaninę response after lrradiati'on with protons and heavier Ions 
In track segment mode would be most advantageous. The imp¬ 
lications of the present analysis on the correctness of eq. (40) 
are further discussed in § 5. 

4.4. The Thermolumlnescence (TLD-700) Detector 

It is more often than not that thermolumlnescence materials 
show supralinsar response after high X- or r-ray doses. In terms 
o£ track theory, this could indicate the presence of c-hlt 
(eq.(l)) (Larsson and Katz 1976) or m-target (eq.(2)) traps 
corresponding to peaks observed In thermolumlnescence glow-curves. 
Though in a number of books (Cameron, Suntharalingam and Kenney 
1968, Becker 1973, McKlnlay 1981, OberhoEer and Scharmann 1981, 
Horowitz 1984) and in several TLD conference proceedings, most 
aspects of practical TL dosimetry and instrumentation have been 
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covered, very little attention has been paid to heavy-ion 

dosimetry with this solid-state detector. A review of 

experimental work on the response o£ TL materials (mainly 

LlF;Mg,Tl) to heavy Ion irradiations can be Cound in Vol. II of 

Horowitz's book and in the article o£ Kalef-Ezca and Horowitz 

(1982) . 

The response of L1F to fast charged particles has been measured 

for 798 MeV protons (De Castro »t al. 1976), 745 MeV protons 

(Tochllin, Goldstein and Lyman 1968), 600 MeV protons (Pernicka 

and Spumy 1980), 137 MeV protons (Parker, Blake and Nelson 1968), 

184 MeV, 115 MeV and 43 MeV protons (Schmidt et al. 1986), 910 MeV 

a-partlcles (Wlngate, Tochilin and Goldstein 1965), some energetic 

(c.10 MeV/amu) heavier ions (C, Ne, Ar ) (Tochilin, Goldstein and 

Lyman 1968), C, 0, Ne and Ar of energies above 20 MeV/amu 

(Stephens and Thomas 1975, Henson and Thomas 1979, Patrick &t al. 

1976), low-energy heavy ions (Montret 1980, Hubner, Henniger and 

Newger 1981) and for a-particles o£ energies about 5 MeV 

(JShnert 1971, 1972, Lucas and Rainbolt 1968, Majborn, 

Botter-Jensen and Christensen 1977, Bartlett and Edwards 1979, 

Jain 1981). The relative effectiveness of LiF, if plotted as a 

function of the stopping power of the charged particle, appears to 

be of the order of that for Co at lower values of LET and then 

to decrease with increasing LET (Jahnert 1971, 1972, Jain 1981). 

Enhancement of the ratio of heights of peak 6 (c. 290°C) to 

peak 5 (c. 185°C) is observed for LiF Irradiated with a-particles 

(Lucas and Rainbolt 1968, J&hnert 1972) and fast neutrons 

(Ayyangar, Reddy and Brownell 1968, Furuta and Tanaka 1972, Jain 

1981), compared with this ratio for gamma-irradiation. A decrease 

of supralinearlty and loss of sensitivity, relative to Co, are 

seen for LIF (TLD-700) exposed to 3.7 MeV a-partlcles and 13.3 MeV 

protons stopping in the material (Jiihnert 1972). 

High-temperature peaks in LiF exhibit progressively higher 

suprallnearlty In their 60Co or X-ray response, which decreases 

after Irradiation with 4 MeV a-partlcles (Moskovltch, Horowitz and 

Dubi 1982) and disappears completely after Irradiation with heavy 

ions (9.5 MeV/amu Ne, 4MeV/amu Ne, 9.4 MeV/amu Kr) (Montret 1980). 

Track structure theory relates the suprallnear response of TL 

detectors after doses of б0Со у- or X-rays with thelr response 



after heavy ion doses and predicts that relative effectiveness 
exceeding t can be observed for Ilyht energetic 1опз (Wallgórski 
and Katz 1980, 1980a , wallgórski 1981). This prediction has 
recently been confirmed experimentally, for peak 5 and peak 6 In 
L1F (TLD-100, TLD-600, TLD-700, MTS-N), and CaFjiDy (TLD-200) 
phosphors irradiated with protons o£ energies ranging from 43 to 
184 MeV (Schmidt <*t al. 1986, Schmidt and Felllnger 1987), in 
agreement with earlier results obtained for teflon-coated LiF 
irradiated with 600 MeV protons (Pernicka and Spumy 1980). 

To extract radiosensitlvlty parameters с and EQ from the Co 
/'-ray response of peak 5 and peak б in TLD-700, detectors were 
exposed over a rancie 0.03 - 10 Gy, their glow-curves plotted at 
ramp speed 5.5°C/nun, as shown in Fig. 18, and their responses 
(peak height vs y-ray dose) evaluated (Fig. 19). An assumption 
was made that the response for each peak could be represented as a 
sum of two components: a 1-hit and a 2-hit component for peak 5 
and two 2-hit components for peak 6. This decomposition is shown 
in Fig. 19. 

Thus, considering eg.(2), the response of peak 5 is represented 
by the probability: 

"VE01 "VE02 V01 V02 
P 5 ( D y ) = R 5 ( l - e r U i ) + ( l - R 5 ) { l - ( l + D / , / E ( ) 2 ) e Г U<£ } ( 4 7 ) 

and t h a t o f peak 6 by: 

""VEul -D,/En9 
E^Je r 0 1} + (1-R) {1- r 02 

(48) 

where R& and Rg represent the relative contributions of the first 
components In peak 5 and peak 6 decompositions, respectively. В.. 
is the radlosensitivlty (EQ) of the first (1-hit) component oE 
peak 5, E Q 2 is the radiosensitivity of the second (2-hlt) 
component of peak 5. E ^ and E^2 are the radlosensitivltles of 
the first and the second 2-hit components of the response of peak 
6 after doses of Co y-rays, D . 

After fitting eg.(47) to the measured response for peak 5 (Fig. 
19) in the range of gamma-ray doses 0.3 - 1000 Gy, the following 
values were obtained: Rg= 0.360, EQ1= 632.3 Gy, Eft_= 121.5 Gy. A 
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Fig. 18 
60, Glow-curves, for TLD-700 exposed to doses of Co j—rays in the 
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dose range 3x10 Gy (3) to 3x10 Gy (3M), plotted at ramp speed 
5.5°C/min. Absorbed dose for each curve Is given un units of 
10~2Gy. 
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Fig. 19 
Gamma-ray dose response for peak 5 and peak 6 in TLD-700. Peak 
heights are normalized to saturation values at 1 kGy (100 krad) 
for peak 5 and 104Gy (lMrad) for peak 6. Heavy lines Uirough 
experimental points are respective two-component c-hlt mixtures 
representing peak 5 A+B) and peak 6 (C+D), light lines show 
individual components.. Best fitted values of hlUedness. percent 
contribution and characteristic dose (rads), are Indicated for 
each component. 
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fit of eq.M8) to the data tor peak 6, in the range ЗО-1О4 Gy, 
yielded: Rg = 0.102, E(J1= 95.22 Gy, E£2= 809,4 Gy. This analysis 

would suggest that four (or possibly three) trap structures 

contribute to the response of peak 5 and peak 6 after 

^-irradiation o£ TLD-700. The dominating 2-hit component in peak 

5 and the small contribution (10%) to peak 6 being could perhaps 

be due to the same 2-hit trap structure, as indicated by similar 

values of radiosensitivity. 

The heavy-Ion response of peak 5 and peak 6 structures is 

calculated by adding products of contributions from each of the 

tvo components by their respective fractions, R (first component), 

or (1-R) (second component). For peak 5, Sc(D.) = R^i + 

(l-Rclk,, where k-, the signal contributed by the 1-hit component, 

is calculated from eq.(ll) using Б-, ĆIS the value of EQ, while k«, 
the signal contributed by the 2-hlt component, is calculated from 
eq.(19) substituting E Q 2 for the value of EQ, c= 2 and exploiting 
eq. (15). Similarly, the heavy ion response of peak 6, made up of 
two 2-hit components, Sgd^) = RgkJ + (l-Rg)k', is calculated from 
eq.{19), substituting appropriate fitted values of radiosen-
sitivity for each 2-hlt component. 

The value of aQ for the above representation of peak 5 was 
estimated from a fit to the experimental results o£ Patrick et at. 
(1976) who measured RE forvTLD-700 exposed to С, О and Ne ions of 
energies above 250 MeV, in track-segment conditions. A value of 
aQ = 10 nm for both components gave a good reproduction of the RE 
values measured experimentally. On the basis of this £lt, 

relative effectiveness for track-segment irradiation was 

calculated for H, He, С, О and Ne Ions by varying the speed of 
these ions continuously over the range ft = 0.9Э down to the Bragg 
peak, and plotted as a function of LET in water in Fig. 20, 
together with the data of Patrick (1976) and of Wingate, Tochllin 
and Goldstein (1965). The calculations predict a gradual decrease 
in supralinearlty of peak 5 with decreasing energy of light Ions, 
protons or «-particles, and RE > 1 for fast protons, at Ion doses 
below .a. 1 Gy, As mentioned earlier, this last prediction has 
been recently confirmed by the Dresden TUD group (Schmidt et al. 
1986, Schmidt and Felllnger 1987). 
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calculated at Dp- 0.1 Gy (10 rad). For peak 6 (broken lines), aQ= 
40 nm, RE calculated at Dn=10 Gy (1 krad). 
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Due to lack of experimental data, fitting a value of aQ foe the 

representation of peak 6 Is much more tenuous. The choice of aQ = 

40 nm for both components In this representation gives a 

"threshold" of supralinearIty for 5 MeV a-partlcle irradiation, as 

based on Jaihnert's observation (1972) of residual suprallnearity 

in TLD-700 irradiated by a-particles of 3.7 MeV, measured by 

glow-curve integration over a temperature range embracing peak 5 

and peak 6. As no supralinearity from peak 5 is observed at these 

a-particle energies (Jain 1981), it is assumed to follow from the 

higher-temperature peak. A dose level of 10 Gy was assumed In the 

calculations of RE for peak 6 after heavy ion irradiations 

presented in Fig.20. The much higher values of RE for this peak, 

as compared with peak 5, is Immediately apparent from Flq. 20, 

especially for slow liyhL ions, which the c«*lculation relates with 

the higher suprallnearity of peak 6 In its y-ray response. These 

two results of the theoretical calculation suggest an explanation 

for the enhancement in the peak 6-to-peak 5 height ratio and the 

Increase of sensitivity, observed experimentally in LiF irradiated 

with a-particles and fast neutrons (Lucas and Rainbolt 1968, 

JShnert 1972, Ayyangar, Reddy and Brownell 1968, Bartlett and 

Edwards 1979, Furuta and Tanaka 1972, Jain 1981). 

It is not evident that both traps contributing to peak 5 should 

have the same value of an. This was assumed only for reasons of 

simplicity. A similar assumption is less important in the case of 

peak 6, as here the second component clearly dominates in the 

calculated response. There is a speculative justification for the 

chosen values of aQ In the representations of peak 5 and peak 6. 

If, after Crittenden ©t al. (1974) and Niewiadomski (1976), the 

doping of L1F in TLD-700 Is taken to be 80 ppm Mg and 3ppm Ti, 

then Mg and Ti Impurities would occur roughly every 25 and 70 

lattice spaclngs, i.e. every 10 and 30 nm (the cubic lattice 

constant in L1F is =0.4 nm). 

The possibility of applying the tnicrodosimetr1c approach (Li, 

Kllauga and Rossi) and a track-interactlon-based model (Horowitz, 

Moskovltch and Dubi 1982, Moscovitch and Horowitz 1986, 1987) have 

lately (Waligórski 1986a) been invoked to relate supralinearity 

and high-LET response in TL detectors. The latter model advocates 

the use of 20 kVp X-rays as the reference low-Li T radiation 
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(Kalef-Ezra and Horowitz 1982), employs the track-Interaction 
model or Attix (1974), introduces a "relative Irradiated volume", 
the radius of which (of the order 15 nm) Is a free parameter, and 
yet another free parameter (of the order 500 nm) describing the 
average charge carrier migration distance in the recombination 
stage. While the model appears to reproduce measurements of the 
relative TL response of peak 8 In L1F after 5 MeV a-partlcie 
irradiation, its applicability to other traps and irradiations 
remains yet to be tested. 

5. A DISCUSSION OF THE MODEL FOR PHYSICAL DETECTORS 

Track structure theory is a purely phenomenologlcal model, 
therefore the correctness of any of its elements must ultimately 
be tested by the correctness with which the model is dble to 
reproduce experimental findings for as wide a class of detectors 
as possible. In this discussion, partlclular attention is paid to 
the radial distribution of dose, the most recently modified 
element of Katz's track structure theory applied to physical 
detectors (Wallgórskl, Hamm and Katz 1986,1986a). 

5.1. Design of Experiment 

In order to extract radiosensitivity parameters of track theory 
to describe a detector, two types of measurements have to be 
performed: measurement of the response of the detector to test 
radiation up to detector saturation, and a set of measurements of 
relative effectiveness or RBE after heavy ion Irradiations in 
specified conditions, I.e. In track-segment or stopping - particle 
modes, for as wide a range of ion species and energies as 
possible. The charge and energy of the ion must be known: 
knowledge of reduced parameters, such as LET, average LET, lineal 
energy distribution, or Z2/^2, Is not sufficient. 

Henriksen (1966) In an otherwise carefully performed and 
reported experiment, gives results of measurements o£ alaninę RE 
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for heavy ion irradiations without specifying which of the 
bombarding ions were fully stopped in the detector, In the form of 
a plot of RE vs average ion LET. To extract data for track 
structure calculations presented in Fig. 15 (§ 4.3), ranges and 
L.VE had to be calculated, according to eq.(44), and 0, P, Ne, S 
and Ar ions of 10.4 MeV/amu were accepted as stopping particles. 
Fig. 21, where average alaninę RE is displayed vs average LET for 
stopping particles, illustrates the difficulty of interpreting 
such a plot. For any given ion species, the НЕдуЕ"ЬдуЕ d e P e n d e n c e 

is steep, and comparison between experimental results of Henriksen 
and of Hansen and Olsen (1985,1987) by interpolating between data 
points for different ions (Simmons 1987) is unjustified and highly 
misleading. 

Assumption of any universal RE-LET dependence across different 
ion species for any detector is untenable. 

5.2. Choice of Reference Radiation 

As based on the electron slowing-down spectrum (cf.§ 2), gamma 
radiation from a Co source is chosen here as reference 
radiation. This choice is contested by Horowitz (Kalef-Ezra and 
Horowitz 1982) who notices, after Suntharalingam (1968), that the 
response (supralinearity) in thermoluminescence detectors depends 
on X-ray energy, and .argues that "...the dependence of (the 
response] on electron energy in TL demands a test radiation 
sufficiently low in energy to approximate reasonably the HCP 
(heavy charged particle 1-liberated electron spectrum.", opting for 
20 kVp X-rays or 3H beta-rays. In fact, the energy distribution 
of ó-rays around a particle track in a solid-state detector is not 
known accurately enough (Turner and Klotz 1971) to decide upon 

such a choice. If phenomenologlcal arguments are to prevail, one 

notes that the choice of 60Co as test radiation for TLD-700 

(Waligórski and Katz 1980), like for all other detectors, appears 

to reproduce experimental findings well enough, while any other 

choice introduces a degree of freedom into track structure 

calculations," arguably unwarranted at this stage of model 

development. 
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It Is, however, difficult to explain the dependence of 
suprallnearlty In TL detectors on X-ray or electron energy in 
terms of -lectron slowing-down spectra. It Is also intriguing 
that the measured relative effectiveness for alaninę irradiated 
with 250 kVp X-rays is only 0.76 (Bradshaw «t al. 1962, 
Wallgćtrskl, Hansen and Byrskl 1987). Explanation of both effects 
through mlcrodoslmetrlc considerations (Zalder and Brenner 1985) 
Is not easy either, If the sizes of sensitive sites Involved are 
of the order of 1-20 nm. 

5.3. Detector Svstsmatics 

As discussed In § 3.4.1, the "kappa" parameter is useful In 
describing the general response of detectors. Figure 9 in § 3.4.1 
demonstrates that phenomenological correction of the radial 
distribution of dose formula does not invalidate the possibility 
of scaling, hence « (eq.(42)) may still be regarded as a 
generalized detector radiosensitlvity parameter In calculations 
involving the new dose distribution formula, eq.HO). 
The values of м for the physical detectors studied In this work 

are given In Table II. Theoretically fitted values of EQ and of 
aQ ate listed, for the 1-hlt enzyme, virus, Frlcke and alaninę 
detectors and for the (l+2)-hit and the dominant (2+2)-hit 
components fitted to peak 5 and peak 6 in TLD-700. 

For most detectors listed in this table the values o£ * lie 
around 200. The dependence of cross-section (eg.(9)), which for 
the Frlcke dosimeter is represented by the ratio of G-values for 
Ion and gamma-irradiations (RE} multiplied by the ratio of LET and 
Eo (cf. eq.(12)h on 2*2//32 , shown in Fig. 22, Is typical of 
these detectors. Cross-sections for 1-hit detectors Increase 
linearly with Z /n(i up to saturation values occurring at a range 
from- Z /*/J2S 5 for protons to Z*2/«^2S 1000 for U (Z=92), and 
then decrease due to thlndown, which arises from the klnematlcally 
constrained variation of maximum 6-ray range (т) with Ion speed. 
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TABLE It. RADIOSENSITIVITY PARAMETERS; EQ(er'j/cm ), .iQ(cm) 
FOR PHYSICAL DETECTORS STUDIED IN THIS WORK 

and 

Detector 

Tr ipsin 
ft- galactoslda 
DNA-ase 
Lysozyme 
Rlbonuclease 
Inverta.se 
T-1 phaqe 
«X-174 phage 

ae 

Fricke dosimeter 
Alaninę 
TLD-700 peak 

peak 
peak 

5 tl-hlt) 
5 (2-hit) 
6 (2-hU) 

V 
4 
4 
1 
3 
3 
4 
3 
6 
8 
1 
6 
1 
3 

arg/cm3) 

x 109 

.lxlO8 
,8xlO9 
.4xlO9 
,2xlO9 
,7xlO7 
.9xlO7 
.8xlO7 
x 107 

.lxlO9 

.3xlO6(3G%) 

.2xlO6(64%) 

.1х10б!90%) 

a 

1 
3 
1 
1 
1 
3 
1 
X 

6. 
2 
1 
1 
4 

0 

X 
X 
X 
X 

X 
X 
X 

(cm) 

10 
10 
10 
10 
10 
10 
10 
10 

5x10 
X 
X 
X 

* 

10 
10 
10 
10 

-7 
7 
-7 
-7 
- 7 
•7 
-6 
G 

-7 
-7 
S 
- G 
-6 

H 

200 
180 
90 
170 
160 
220 
20O 
П40 
170 
210 
3? 
r, 

6 50 

Due to thlndown, the Br,i<j<j pe^k is not usually registered by 
1-hit detectors. The "Bragg peaks" in the range curves 
(InactivatLon cross-section va depth o£ beam penetration), 

observed by Fluke, Brustad and Birge (1976) for С and He beams, 
Eollow in tact Crom the increase in cross-sections witl) LET. All 
Irradiations In the enzyme and virus work quoted in § 4.1 lie fan 
below the cross-section saturation regions. Close to saturations 
is only the inactivation of T-1 phage by 35 MeV oxygen Ions of LET 
=? 7000 Mev cm2g X (Fly. 12), where Indeed Fluke et at. note no 
"Bragg peak" in their range curves. 

In the сeg Ion of thlndown there is practically no guidance as 
to the validity of track structure calculations. Measurements of 
dry enzyme and virus inacti vat ion cross-sections in this reg i or. 
could provide most efEectlve Input to the theory. 
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Calculated action cross-section for the aerated Prlcke dosimeter 

*2 2 vs Z /ft , displaying the "hooks" predicted for the thlndown 
region. 
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The maximum value of RE or RBE Eoc 2-hit detectors occurs at 
Z*2/*/*2 Э 2 {Katz 1978). Considering the values o£ « for the 
2-hlt components o£ peak 5 and peak 6 In TbD-700, one could expect 
maximum RE values for peak 5 and peak 6 after track-segment-
Irradiations with ca, 80 HeV and ca. 1 MeV protons, respectively. 
In agreement with the experimental findings of Schmidt e< m 
(1986, 1987). For further development of track structure 
calculations of TL detectors, exposures to light particles 
(ptotons or helium Ions), preferably In track-segment mode, would 
be most valuable. 

5.4. Validity ai £lia Radial Distribution oj. Dose Formula 

Improvement, of the description of the radial distribution of 
dose around the path of a heavy Ion is the main thrust of the 
present work. From Fig. 5, Fig. 6 and Fig. 7 one may judge that, 
despite the simplicity of underlying assumptions, the new lormula 
adequately reproduces all measured and calculated radial dose 
distributions. The uncertain regions are those most central and 
mos>t distant, which are difficult to verify by measurement or 
calculation. 

The "hump" In the radial range 1-10 nm, introduced in a 
strictly phenomenologlcal fas Ion, Is designed to reproduce the 
shape of the radial distribution of dose as calculated by the OREC 
code of Hamm et al. (1976) and by the PROTON and DELTA codes of 
Zalder et al. (1983) in that range, and to satisfy the condition 
given by eq. (35), which has some theoretical support (Turner and 
Klotz 1971). 

The stimulus for introducing the correction term into Zhang and 
Katz's formula, eq. (34), came also from track structure 
interpretation of the heavy-ion response of alaninę, measured by 
Hansen and Olsen (1984, 198S), an example of which Is shown in 
Fig. 23. The pronounced effect of including the term K(r) In eq. 
(38) Is explained qualitatively In Fig. 24. Here, the corres¬ 
ponding radial distributions of dose averaged over the volume of 
the sensitive site (an=0.5 nm), calculated using both forms, 
eq.(34) and eq. (40), are shown for He and S ions at their initial 
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energies of 6 MeV/amu. The relative positions of the flat central 

parts of the radial distributions o£ average dose, E(t), and the 

detector saturation doae (EQ=7.5xl0 Gy) determine the value of the 

calculated response. For the sulphur ion, the flat portions of 

the E(t) curves lie high a6ow the saturation dose value, 

therefore the calculated RE is much less than 1 and does not 

depend much on differences in the shapes and positions of the two 

upper curves. The central parts of the E(t) distributions 

corresponding to the helium ion both lie below Eg. Here,the calc¬ 

ulated RE strongly depends on differences in the shapes of E(t) in 

relation to the value of EQ. 

Another approach, used by Chatterjее (1976, 1980) for 
calculating the response of the Frlcke dosimeter, is to introduce 
the "core" and "penumbra" regions, as illustrated in Fig. 3 (§ 
3.3.3). The "core" region presumably accounts Cor primary 
interactions, while the "penumbra" region is essentially given by 
eq. (34). An algorithm involving Bohr's adlabatlc radius is used 
to calculate the radius of the "core", and the dose in both 
regions Is normalized to the stopping power of the Ion (Chatterjee 
and Schaefer 1976, Chatterjee and Kagee 1980). 

A variant of the "core" approach has been used by Hansen and 
Olsen (1984, 1985) who employ a "hat" extending to aQ joining it 
with a radial distribution of dose given by eq. (34), where a = 
1.67 and к = 5.2xl0"10kgm"2eV"cl (see eq.(31)), normalize this 
construct to the Ion stopping power, and calculate the average 
radial distribution, E(t), according to Appendix B. 

While both "core" approaches yield satisfactory reproduction of 
experimentally measured heavy Ion response of the Frlcke dosimeter 
(Chatterjee and Magee 1980) and of dye-film (Hansen and Olsen 
1984) and alaninę (Hansen and Olsen 1984, Hansen, Olsen and Wille 
1987) detectors, there appears to be no evidence of a "core" 
structure In the results of Monte Carlo calculations, nor any 
clear, physical justification for Introducing a well-defined core 
region In the radial distribution of dose. Measurements of this 
distribution In gases are unable to resolve the "core" issue 
conclusively. 

Interpretation of alaninę response presented In § 4.3 where a 
modification of the maximum range т (eq.(35)) to hale Its value 
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allows a "physically" measured value of EQ to be used in the 
calculations, raises interesting questions. A comparison between 
the radial dose distributions measured in gases and the 
"corrected" radial distribution of dose formula, eq. (40), where т 
Is unchanged ("range factor" =1), divided by 2 or by 5 ("range 
factors" of 1/2 and 1/5, respectively), is shown in Fig. 25. It 
appears that modifying the shape of the radial distribution o£ 

dose by dividing т by a factor of up to 5 would still be 
compatible with measurements and results of Monte Carlo 
calculations. Modification of r does not change much the value o£ 
the Integral in eq. (35) (Wallgórski <?t at. 1987). 

From Fig. 25 it is also possible to analyze the validity of the 

Z*2.'ft2 term which has been used to "normallzts" the radial 

distributions of dose measured experimentally for ions of energy 1 

MeV/amu, 0.5 MeV/amu and 0.25 MeV/amu, presented in this figure. 

It would appear that the phenomenologieal formula of Barkas, 

eq.(24), is able to yield a reasonably accurate description of ion 

charge pickup effects down to ion energies of about 0.25 MeV/amu, 

and that scaling detector response through the Z /{i factor may 

have some phenomanologlcal justification. 

5.5. Sitnulafcion of Particle Tracks 

It is of interest to display, in Fig. 26.a, Fig. 26.b, and Fig. 

26.с calculated representations of tracks of single ions (He, Ar 
and U, respectively) in the T-l phage. These are made from the 
radial distribution of dose and the radiosensitlvlty parameters 
representing thits virus species. Each small circle represents an 
inactivated virus molecule, and aach panel in the figures 
represents a track-segment slice through the medium of one target 
thickness (10 nr*1 The panels contain the Same information as 
that represented by the calculated cross-sections in Fig. 12, 
except that the cross-section represents an average value while 
the Illustrated tracks "recover" the individual fluctuations in 
each track. No attempt has been made here to group interactions 
alony individual delta-ray paths. The Illustrations are made from 
the avaragt* dose distribution, and therefore from the average 
single-particle probability for T-l virus lnartlvatlon (eq.(7)), 
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Fig. 26.a 
Simulated track of a He ion in T-l phage. The parLicle enters 
at the lower rightmost panel and stops at the upper leftmost 
panel. Residual distances, particle speeds •> and energies ate 
indicated for each panel. Note the gradual progression from 
"grain-count" to "track-width" regime. 
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Fig. 26.b 
Simulated track of an Ax Ion In T-l phage. The particle 
enters at the lower rightmost panel and stops at the upper 
leftmost panel. Residual distances, particle speeds p and 
energies are indicated for each panel. Note the gradual 
progression from "grain-count" to "track-width" regime. 
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converted Into this display by use o£ random numbers, In a manner 

similar to that developed earlier by Purtak and Katz (1971). 

Proqreaslon £rom "grain-count" (Fig, 26,a) to "track width" 

(Fig. 26,c) regimes In track appearance Is apparent, as Is the 

lack of any Bragg peak "widening" o£ tracks In this 1-hlt 

detector. For the He Ion, this peak occurs around ft = 0.02 

(second upper panel In Fig. 26.a), for the Ar Ion around ft = 0.03 

(third upper panel In Fig. 26.b), and for uranium at ft - 0.09 

(first lower panel, Fig. 26.c). 

5.6. TLD-fftO ftnd Simulation of 

while track structure calculations can convincingly reproduce 

the response of 1-hlt detectors, track analysis of supralinear 

systems, such as TL detectors, Is more tenuous. To generate RE 

values exceeding 1, Katz's model Invokes a "saturation 

cross-section" oQ and relates Its value with a. through eq.(14) or 

eq. (15). The ratio c/o^ then determines the relative 

contributions of lon-klll and gamma-kill In the overall response 

of the detector. 

A thorough experimental verification of these concepts demands 

detectors which show a "clean" 2-hlt response to test radiation. 

A very promising thermoluminescent system, NaClsCa, showing 

precisely such a response has been described by Josh! et al. 

(1983). 

Further studies of supralinear or "near quadratic" detectors 

are of considerable radlobiologlcal Interest. The upper part o£ 

Fig. 27 illustrates the well-known RBE-LET curves quoted by ICRU 

(1970) for different biological systems. It appears that peak 6 

In TLD-700 could potentially mimic the radiation damage in 

biological systems. In £act# the difference in the values of и 
for this peak (650, Table II) and for mammalian cells (ca. 2000, 
see Katz 1978 and § 6) limit the similarity in the response of 
these two systems to hlgh-LET radiations. 

Nevertheless, a search for supralin-"' physical detectors with 
suitable radlosensltlvlty parameters could perhaps yield a 
personal "biologically equivalent" system for purposes of 
radiation protection. 
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6. THE MODEL FOR CELLULAR SURVIVAL 

6.1. Xbfi. Model 

Detailed descriptions o£ the cellular track structure model 

have been given elsewhere (Katz and Sharma 1973, Roth, Sharma and 

Katz 1976). Here, only the relation of the cellular model with 

the previously discussed model for physical detectors is 

discussed. Following earlier studies of the appearance of 

particle tracks in nuclear emuluslon (Katz and Kobetich 1979, see 

§ 3.4.1), the model distinguishes between the grain-count re-gim» 

where inactlvatlons occur randomly along the particle's path, and 

the track-width regime where the inactivatlons are distributed 

like a "hairy rope". The transition from the grain-count to 
*2 2 track-width regime takes place In the neighbourhood of Z /«ft of 

about 4 (for the definition of «, see eq.(42)); at lower values we 
are in the grain-count regime, at higher values - in the 
track-width regime. 

The model for cellular survival requires the knowledge of four 
radiosensltlvlty parameters, two of which (m, the number of 
targets per cell, and E Q, the characteristic radiosensitlvity, see 
eq.(l)) are extracted in principle from the response of the system 
to X-ray and Co radiations. The remaining two (<?0, the 
"plateau" value of the cross-section at the onset of the 
track-width regime, loosely interpreted as the cross-sectional 
area of the "container" for the inactlvatlon sites, and *, a 
measure of the size of the Inactlvatlon site Itself) are found In 
principle from survival measurements after track-segment 
irradiations by energetic charged particles. In practice, all 
four parame. rs are fitted to the entire set of data. 

In the grain-count regime, the probability that an emulsion 
grain (or cell) becomes inactivated along the path of the heavy 
ion, 4s described phenomenologically by: 

( 1 - e-2/*") (49, 

which represents eq.(l) with the substitution A = z*2/*(C. 
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In most biological systems m > 1, so direct {ion hill) and 

cumulative {gamma-kil I) modes of cell inactivation have to be 

accounted for, as discussed In § 3.2.2. In Che cellular model, 

however, the single-particle Inactivation cross-sections, a., in 

the grain-count regime,is represented by: 

<ri = PwQ (50) 

rather than by the integral In eq. (13), where P Is given by eq. 

(49). The grain-count regime is defined as a region where o7«»n < 

0.98. 

In the track-width regime, where o/a. > 0.98, a. reaches and 

exceeds the value of o-Q, P now being represented by a polynomial 

("Ratio") given in Appendix D, to finally decrease due to 

thlndown. In the track-width regime the probability o£ survival 

in the gamna-kill mode, П = 1, while In the grain-count regime П 
is given by.eq. (17). The probability of survival in the ion-kill 
mode is given by eq.(16) where a. is now taken from eq.(50). 
Combining the effects of ion-kill and gamma-kill, the surviving 
fraction N of a population of N„ cells is given by the product of 
П. and П as in eq. (18), enabling RBE to be calculated, according 
to definition (eq.(6)), from the expression: 

RBE = D^Dj^ (51) 
where: 

Dx= -Eo [ ln{ 1- (1 - N s / N 0 ) 1 / m } 1 (52) 

and D, is the ion dose, given by eq.(4). 

In short, the principles of cellular survival model closely 
follow those outlined in § 3.2.2., but with eq.(50) replacing 
eq.(13) and cQ introduced as a free parameter rather than 
calculated from eq.(14) or eq.(15). "Kappa" rather than aQ is 
used as fitted parameter in the cellular model, the remaining two 
parameters, m and EQ being Identical with those in the m-target 
version of the model for physical detectors. 

The same formalism is applied to calculate the fraction of 
transformed cells К In an Initial population NQ' of viable cells 
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which survived the Irradiation (i.e., К represents the fraction of 
transformants per surviving cell): 

К = 1 - N'/No' (53) 
where N (/N' Is the fraction of surviving non-transformed cells. 
The set of transformation radlosensitlvity parameters la now 
<mT, E0T, o-0T and *T) and eq.(18) represents the fraction of 
non-transformed cells, I.e. 1-K. In eq.(49) and eq«(50), P, * a 
and o-p are replaced by PT, *T, o^ and oQT, respectively. 
Similarly, lneq.(52), EQ, 1-Ng/NQ and m ace replaced by E0T, 
K=1-N7NJ and m™, respectively, allowing RBE to be calculated at 
a given transformation frequency К. 

The remaining details of the calculation pertaining to heavy 
ions, have been described in § 3.2.2. A simple program Coc the 
HP-41C hand-held calculator Incorporating the calculation of 
survival and transformations In cells under track-segment mode of 
irradiation, according to equations listed in Appendix D, has been 
designed (Waligórski 1935a). 

6.2. Survival адД Neoplastlc Transformations jfl СЗН10Т1/2 Cells 

Yang et al. (1985) have Investigated the effect of heavy-ion 
radiation on neoplastic cell transformation with confluent 
cultures of the C3H10T1/2 mammalian cell line. Beams of heavy 
Ions were generated by the Berkeley BEVALAC accelerator. Cells 
were also Irradiated with 250 kVp x-rays. The repair capacity oC 
cells after heavy Ion and X-ray irradiations was investigated by 
plating cells either Immediately after Irradiation or by delaying 
plating by 24 hours. It was found that transformation lesions 
Induced by heav charged particles were possibly not repairable. 
To evaluate transformation frequency per surviving cell, survival 
and transformations were assessed Independently for a range of 
particle fluences. Transformation RBE values were then calculated 
for each heavy ion irradiation, at an X-ray dose at which 50* 
cells survived. The paper of Yang et al. contains more details on 
the experimental procedure. 

Wallgórskl, Sinclair and Katz (1986, 1987) have used this data 
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to evaluate radlosensltivity parameters oE the cellular theory, 
for survival and neoplastlc transformations in the C3H10T1/2 cell 
line. 

Using the values of Ion ranges reported by Yang, beam energies 
at the point of irradiation were evaluated as follows : С (438 
MeV), 2°Ne (358 MeV), 28Si (569 MeV), 28Si (223 MeV), 40Ar (210 
MeV), 56Fe (453 MeV), 56Pe (217 MeV), 56Pe (103 MeV), 238U (943 
MeV), and their respective values. oE relative velocity ft, 
effective charge Z and LET calculated from tha algorithm 
described in Appendix C. From the reported survival data, by 
simultaneously fitting to all data points, the following 
radlosensltivity parameters were found: m = 3, * = 750, o-n = 5 x 
10"7cm2 and EQinst= 1.7 Gy for cells plated Immediately after 
Irradiation ("Instantaneous" plating) and E-. .щ 2.8 Gy, for cells 
plated 24 hours after irradiation (delayed plating). 

By varying the speed of the Ion species listed above and using 
model calculations with the evaluated radlosensltlvlty parameters, 
the survival RBE-LET dependences were calculated at 10* surviving 
fraction, for cells plated immediately after irradiation, a? shown 
In Fig. 28. Agreement between theory and experiment is within 15% 
or better, and the values of best fitted radiosensitivity 
parameters for survival are quite similar to those obtained for 
survival of other mammalian cells (Roth, Sharma and Katz 1976). 
The "splitting" of calculated RBE-LET dependences is evident and 
perhaps would have been confirmed experimentally if a suitable 
experimental choice of irradiations were made, like in another 
experiment (Wulf et al. 1985). 

The transformation data were much harder to interpret due to 
the scatter of experimental data points. Over a range of possible 
assignments, the set: 4̂ ,= 2, *T= 750, o-QT= 1.15xlO~7cm2, B 0 T lnst= 
180 Gy and E 0 T del= 260 Gy, reproduces the experimental data set 
well enough, including the measured RBE values, as shown In Fig. 
29. In this figure data for "instantaneous" and delayed plating 
are displayed, showing agreement to within 25% for all 
bombardments except Ar, and a "splitting" with LET similar to that 
for survival. 

The apparently Increased radioreslstance of cells plated 24 
hours after irradiation is accounted for by modifying the value of 
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E-, In a phenomenologlcal manner employed earlier for calculations 

of survival under aerobic and anoxlc conditions (Roth, Sharma and 

Kata 1976). 

In general, after track segment Irradiation of a system with 

specified tadlosensitivlty parameters, one expects the RBE of the 

lighter ion to be greater than that for the heavier ion, at the 

same value of LET (Katz 1980). (This may not be the case for 

stopping particles, where the number of cells killed or 

transformed per track will vary along the length of the track and 

also depend on the range o£ the particle (Katz and Sharma 1973)). 

The assumption underlying these calculations is that the 

transformation and survival processes are independent o£ each 

other. While a cell that does not survive cannot become 

transformed, the assumption stipulates that the same fraction o£ 

transformed cells would be found in any sample of the original 

population, if such an assay could be made for cells that cannot 

form colonies. This assumption may be valid for a calculation 

describing the number of transformed cells per survivors, where 

the surviving fraction is reasonably high, say, above 50%. 

Prom the presented analysis of transformation after X-ray and 

hlgh-LET irradiation of the C3H10T1/2 mammalian cell system one 

may conclude that the extrapolation to low X-ray doses is most 

likely quadratic, and that a calculation of transformation 

frequency can be made for an arbitrary radiation environment, as 

long as dose-modifying factors, e.g. due to variation in dose rate 

or dose fractionation, can be ignored. The considerable 

difference between the fitted values of oQ for survival (5x10 

cm2) and transformation (1.15xlO~10 cm2) could indicate that 

different mechanisms ace Involved in cell killing and cell 

transformation. 

6.2.1. Tumour Incidence in vivo 

It Is Interesting to demonstrate the manner in which track 

structure calculations can be applied to evaluate in vivo cancer 

Incidence In an experimental animal (mouse). Simple propor¬ 

tionally/ is assumed between the probability of cell trans¬ 



formation In an organ and the probability of finding a tumour 
growth in it. One may then ask how many transformations at the-
cellular level are needed to "generate" observable radiation-
induced cancer in vivo. 

Fry et al. (1981, 1985) have studied the incidence of tumours 
induced In the Harderian gland of feaale B&CF.. pltuitary-
isografted mice and found for a dose of S cCy of 600: HeV/antu " Fe 
ions in the ionization plateau region, a cancer incidence of 14\. 
Let us assume the mammalian cell dimensions to be 10x10x10 до' 
(i.e. that the number of cells in 1 cm3 is H = I09), and' that the 
volume of the Harderian gland is 1 mm . The itombex o>£ gland cell.-:-
in which transformations occur is I = HoF, where F, the particle 

5 2 

fluence (eq.(4)) is ca. 1.5x10 ions/cm , and ащ is the cross 
section, equal to © „ P . (see eq*(5GJ), where ©•„=1.15x10" cm , 
from the earlier analysis. From eq.(49), P_=G.82. If all cells 
were available as targets for transformation., 7 would be equal to 
about 2x10 transformations pet cm , or about 20 cells in the 
Harderian gland would become transformed under these irradiation 
conditions. As the observed cancer incidence is 14*, it would 
take about 150 transformed cells to Initiate an observable turacur 
in this gland, or a larger number if the gland volume Is larger. 

This example, while by no means claVmlng to represent the 
actual mechanisms Involved in radiation-Induced carcinogenesls» 
illustrates the manner in which track structure calculations can 
be used to estimate in vivo radiation c^rclnogenesis.. e.g. to 
evaluate the relative merit or hazard of different Ion species at 
different energies, in cancer radiotherapy o-r In radiation protec¬ 
tion. Several qualifications ate necessary, of course: the 
Harderian gland is an extremely radiosensitive system (Fry 1981), 
different sizes of organs In man and In the animal have to be 
accounted Eor, as well as differences in physiological processes, 
dose-rate dependences, etc. 

6.2.2. Extrapolation to the Low-Dose Limit 

The model of cellular survival has bee» applied (Katz and 
Hoffmann 1982, Hofmann and Katz 1982, Hofmtnn, R'afrz and Zhang 



1985) to analyze the radiation-induced lung cancer risk after 

exposure to radon and Its progeny. Recently, t-he author has used 

in this analysis (Wallgórskl 1987) the radiosensltivity parameters 

extracted from survival and neoplastlc transformations in the 

C3H10T1/2 system. 

Excess lung cancers in uranium miners have been studied in USA 

(BEIR II 1972, BEIR III 1980), Czechoslovakia (Kunz, Sevc and 

Placek 1977) and Canada (Ham 1976). Recently, an assessment of 

the risk of total lung cancers has been made for a high background 

area and a control area in China (He Welhu et al. 1982, see also 

Hofmann, Katz and Zhang 1985, for other references, see UN3CEAR 

1977, 1982 and ICRP 1986). A linear estimate of the average cancer 

risk for different organs and types of radiation usually accepted 

In the literature Is 10 cancers per cGy and per 10 persons (BEIR 

II 1972). 

The track structure approach to low-dose phenomena implies here 

that lung cancer risk follows from radiation damage to \unq 

tissues after low fluences of alpha particles. At low fluenees of 

charged particles, the gamma-kill contribution, П = 1, and only 
ion-kill effect needs to be included. The probability of cancer 
occurrence is understood to be proportional to the product of the 
probability of cell transformat ion K(D.) and the probability of 
cell survival n,(D.), where D, is the ion dose. Hence, according 
to preceding notation, K^(01)=l-exp(-PTo-oipF) , and ni(Oi)=exp(-
PgO-QgF), where subscripts T and s refer to transformation and 
survival, respectively. The ion dose is D.=FL.,_, where 

1 AVfc represents the value of LET averaged over the range of the 
particle, eq.(44). 

The "radon daughter" alpha particles shall be represented by an 
alpha particle of energy 6.72 MeV, relative speed ft=0.06, L-..= 

«2 2 150 keV/м and Z /ft =1000. Representing cell transformation by 
the parameter sat (m_=2, o-Q =1.15x10" cm , * =750) and cell 
survival by the parameters of aerated T-l kidney cells (Roth, 
Sharma and Katz 197S) (nts=2.5, erQs= 5.4xlO~7cm2, xs=1400), one 
finds from eq. (49) P_=0.59 and P =0.22. The product: 

T S 
(53) 
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can now be evaluated numerically. If, after Jacobl (quoted by 
Hofmann, Kat z and Zhang 1985) the excess lung-cancer (LC) data Is 
plotted as excess LC-risk per 10 person-years per WLM vs 
potential alpha energy exposure in WLM, then the form f.R(D,)/D, 
is appropriate for comparison. The proportionality constant, f = 
5.77 xlO , is chosen so that at 200 WLM the calculated excess risk 
is equal to 10 excess cancers per 10 person-years, the 
exposure-to-dcse conversion factor being 0.5 cGy/WLM (Hofmann and 
Katz 1982, Jacobl 1972). The comparison is made in Fig. 30. In 
this representation, the linear risk hypothesis is represented by 
a horizontal line, where linear risk factors proposed by UNSCEAR 
(1977) BEIR П (1972) and by Evans et at.(1980) are Indicated In 
the figure. Equation (53) suggests a decreased hazard per WLM at 
higher exposures, which is due to the onset of cellular 
inact1 vat ion, limiting the number of cells able to transform. 
(Incidentally, for this reason radiation therapy at high dose 
levels kills malignant tissue rather than generates more cancers). 

The data In Fig. 30 could also support a quadratic 
extrapolation for low doses of alpha-particles. In this case, 
cancer induction is assumed to be a "multicellular" event- (Mole 
1984, Katz and Hofmann 1985, Rossi and Hall 1984), Involving two 
or more adjacent cells. A "two-cell" process Is represented by; 

R(DL) = (К(0£) ] 2 x n ^ D ^ (54) 

where symbols retain their former meaning. The plot of this 

functional dependence, in the form f-R(D,)/D,, Is also shown in 

Fig. 30. Again, the curve is normalized at 200 WLM by choosing f~ 

= 2.05 x 10 . The quadratic-exponential form appears to offer a 

better fit to the data below 100 WLM, though, clearly, one is not 

able to resolve this issue conclusively. Both forms suggest a 

decrease in LC hazard per WLM above 500 WLM. 

Despite a gross over-simplification of the complex problem of 

lung cancer risk due to radon and Its progeny, the above-presented 

calculation may offer some insight and suggest means of gathering 

and analyzing relevant data In a region where model guidance Is 

unavailable or, at best, minimal. 
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In this context, one should note that the extracted 
radlosensitlvlty parameters for cellular survival and 
transformation point to cellular inactlv3tlon being more probable 
than cellular transformation at valuea of heav> ion LET above, 
say, 500 keV/м. Therefore, one should expect RBE (and, 
consequently the Quality Factor) to dtfcr&a&e at high LET values 
(Hofmann and Katz 1983). Together with the quadratic (m=2) 
extrapolation of transformation probability to low X-ray doses, 
this could significantly change the assessment of the low-dose 
radiation hazard, also that due to radon and its progeny. 

6.3. Radioblologlcal Controvers^eb Around the Model 

Th.e sucess of л simple four-parameter model in describ'<:q RUE 
dependences in cellular survival and, recently, cellular tians-
fionnatlon, is evident but often regarded as fortuitous (GUnther 
and Schulz 1983), If the physical basis of the model is over¬ 
looked. In fact, eq.i49), the basic equation of this model, has 
sound phenomenological justification from work on nuclear 
emulsions. The more intuitive ion-kill and gamma-kill aspect of 
the model, presently justified by Its sucess in describing RBE in 
biological systems, awaits direct confirmation by measurements of 
"clear." c-hit or m-target physical detectors other than LIF or 
specially developed nuclear emulsions. 

The main shortcoming of the model is in its inability to 
Incorporate time-dependent processes, such as cellular repair or 
dose-rate effects on cellular survival curves. Correcting the 
model In this aspect could involve modifying the formulation of 
the gamma-kill term by making E Q time- or dose-rate- dependent and 
would introduce at least one more phenomenological parameter. 
Host radloblologlsts agree that biological lesions after heavy 
charged particles (corresponding to the ion-kill, in this model) 
are not easily repairable. 

The number and the meaning of the parameters of the cellular 
track model has often been questioned (see, e.g. Alper 1979, 
1980). The model makes no claim other than being a purely 



phenomenologlcal description, the success of which should be 
judged solely on the quality of its quantitative predictions. 
Unlike In some other models (tor a review, see Goodhead 1987), the 
parameters of Katz's model are clearly specified, its mathematical 
structure is straightforward and its predictions are falsifiable. 

The simplicity of the model is at a price of its loose con¬ 
nection with actual molecular mechanisms responsible for the 
biological effects of radiation. Identification of the model 
parameters with specific biological structures is either premature 
or impossible. Identifying the saturation cross-section with the 
cell nucleus, or "kappa" with elements in the cellular membrane or 
in the DNA complex is unjustified, or 3t best premature, not only 
in this model, but also in other models which make similar 
mechanistic assumptions, e.g.strickly identify the sensitive sites 
with the double DNA-hellx, Interpreting single- and double-strand 
breaks in the DNA hulix as following from direct effects of 
radiation (Chadwlck and Le^nhouts 1981). On the other hand, the 
cellular model strongly suggests th4t sites connected with cell 
transformation are either different (of smaller size) than those 
related to cell killing, or that significant biological factors, 
such as "time windows" or "multlcellular effects" (Rossi and Hall 
1984) are involved In cellular transformation. 

The model makes extensive use of the hit concept which has a 
long tradition In radiobiology. In general, three parameters (c 
or m, Б- and a.) are insufficient to generate RBE larger than 1 in 
a target model (Gunther and Schulz 1983). Katz (1978a) states 
this constraint in the form of a theorem (see also Wallgórski 

1980), which Is however violated by many biological systems (see, 

e.g., Alper 1980), where, despite exponential survival curves 

after X-ray doses RBE > 1 has been observed. Katz (1978a) 

questions the reliability of these observations. 

A less serious concern (Goodhead 1984) Is that the track 

structure model implies RBE values tending to infinity an low 

doses. This follows from the representation of X-ray survival by 

'"The probability of cell killing relative to abr rbed dose, 
after gamma irradiation must be suprallnear in an RBE reater than 
1 is to be observed for any high LET radiation." 



the m-target model whereby the mathematical form o£ the survival 

curve has zero Initial slope. It Is experimentally difficult, to 

measure this Initial slope with sufficient accuracy. The Issue is 

. more likely a conceptual one, as RBE relying on dose-averaged 

quantities may have limited validity at truly low doses lnvolvinq 

individual particle tracks. 

There is a number of biological phenomena, such as individual 

variability of cellular radlosensitivlty within groups of cells, 

even in an in vitro culture, or throughout the cell cycle, which 

are clearly beyond the scope of a simple phenomenologlcal model 

based on physical premises. It is difficult to judge the relative 

Import ice of such effects. In biology, unlike In physics, 

flrst-c der and second-order effects cannot be readily distin¬ 

guished 

It clearly follows from track structure considerations that 

specification of radiation quality is possible only In strict 

relation to the properties of the detector. Hence, the use ot ion 
* 2 2 dose, LET, Z /ft or any other combination of radiation tieId 

parameters is meaningless if It is not accompanied by the 

specification of detector parameters. In this sense, there nas 

been unjustified preoccupation with RBE-LET, QF-LET or average LET 

dependences in radlobiology, radiotherapy and radiation 

protection. Microdoslmetric specifications of radiation fields, 

which can be accurately measured (Booz 1984) have not given so tac 

any quantitative predictions of radiation hazard or RBE (Goodhead 

1982). There appears to be no easy way out: like In physics, л 
full specification of the high-LET radiation field. In terms or 
ion charge, velocity and fluence is mandatory, as well as «* 
specification of the detector and the biological endpolnt, through 
appropriate parameters. Perhaps up to now the uncertainty in 
distinguishing between the "radio-" and "biological" terms in 
radlobiology has obscured this point. 

Track structure theory, well-supported by analysis of the 
response of physical detectors, offers a reasonably clear 
distinction between the physical and biological aspects of radi¬ 
ation damage. It should therefore continue serving us as a theor¬ 
etical guideline in these Investigations. 



7. SUMMARY AND CONCLUSIONS 

This work is a review of recent developments in track structure 

theory contributed by the author. A new, phenomer.ologically 

corrected formula describing the radial distribution of average 

dose around the path of a heavy Ion, has been developed. The 

formula is found to adequately represent all the reported 

measurements of radial distribution o£ dose in gases, and those 

calculated using Monte Carlo techniques, in liquid water, water 

vapour and tissue-equivalent gas. Application of this formula has 

enabled more accurate model calculations of the high-LET response 

of 1-hil detectors. Thus, the radial distribution of dose, only a 

model conjecture in the initial stage of model development, is now 

supported by experiment and by Independent Monte Сэгlo 
calculations. 

While phenomenologlcal correction of the radial distribution 
formula only improved somewhat on the earlier model descriptions 
of the lnactivatlon of enzymes and viruses by heavy lens and of 
the heavy-ion respose o£ the Frlcke dosimeter, it Is the new 
development that made it possible for the model to accurately 
describe the response of alaninę after doses of heavy ions. The 
author has contributed to developing the technique of alaninę 
doslmetry and demonstrated its usefulness for accurate 
intercomparison dosimetry of X-ray, y-ray and fast neutron fields. 
Model analysis of the response of alaninę after heavy ion 
irradiations suggests further improvements in the description of 
the radial distribution of dose. 

An earlier version of the model calculation has been applied by 
the author to analyze the high-LET response of thermolum-
inescence dosimeters. It follows from the premises of the model 
that supralinearlty observed in the response of this detector 
after x- or y-iay doses is closely related to the enhancement in 
its response to heavy ions. The author's prediction that relative 
efficiency of the more supralinear peak в in L1F (TLD-700) can 
exceed 1 has recently been confirmed experimentally. Supralinear 
detectors have the capability o£ mimicking the high-L^T response 

of biological cells, suggesting that a "biologically equivalent" 

personal dosimetry system might be feasible. 
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By applying the cellular model to a recently published set of 
experimental data, the author was able, for the first time, to fit 
radiosensltIvlty parameters for neoplastlc transformations In a 
mammalian cell culture. From model fits it follows that 
extrapolation of transformation probability to low X-ray doses Is 
purely quadratic, which could bear on risk models in radiation 
protection. An attempt has been made at a model interpretation of 
excess lung-cancer risk from radon and its progeny, using the 
extracted radlosensltlvity parameters for transformations. 
Despite its crudeness, this attempt suggests new insight» tc 
cancer radiotherapy and to radiation protection. 

The following conclusions may be drawn from results preset &d 
In this work: 

1. The radial distribution of dose around the path of a heavy ion 
is a central element of track structure theory. The new 
formulation, eg.(40) developed in § 3.2.2, is based on a more 
accurate electron energy-range relationship, now given by a 
two-component power law, and on the results of a Montp Carlo 
calculation of energy distribution around proton tracks in liquid 
water, for protons of energies ranging from 1 MeV to 100 MeV. On 
integration (eq.(39)), the new formula reproduces the proton 
stopping power in water, over a wide range of protone speeds (Fig. 
4). As demonstrated in § 3.3.3, the formula adequately reproduces 
all the reported measurements and calculations of radial dose 
distribution. Future work should concentrate on better 
specification of this distribution in the central region, where 
primary effects dominate, and on better specification of the 
maximum range of this distribution, preferably through direct 
measurement. Results of model calculations for alaninę (§4.3 and 
§5.4, Fig. 25) suggest that the new formula may overestimate dose 
in the central region, as well as the maximum range of «5-rays, 
both perhaps by a factor of about 2. The phenomenologleal 
"effective charge" formula of Barkas, eq.(24), appears to be 
reasonably correct down to ion energies about 1 MeV/amu (Fig. 25). 
Experimental measurements of the response of alaninę to light ions 
(protons or a-partides) would be most valuable for further 
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indirect specification of the shape of the radial distribution of 

dose around the heavy ion. 

2. The response of 1-hi t de-tectors after doses of heavy charged 

particles is well described by the 3-parameter model cal¬ 

culation. Clearly, the statistics of energy deposition are 

adequately represented by the formalism of 1-hit target theory, 

and the remaining elements of the model are accurate enough. 

Track structure theory offers a useful classification scheme for 

1-hit detectors and can guide practical solid-state high-LET 

dosimetry with such detectors. Future work should be directed at 

elaborating detailed models of radiation damage in 1-hit 

detectors, as guided by the present model. Measurements in areas 

where the model is least certain (thindown, low-energy photon and 

electron response) would be most Interesting. 

3. Model description of c-h.it detectors needs further exper¬ 

imental verification. While results of model calculations £c- LiF 

(TLD-700) presented In § 4.4, lend support for this model, the 

complex decomposition of the y-ray response into 1-hlt and 2-hit 

parts obscures t-he phenonenological description of ion-k'll and 

gamma-kill modes of trap activation. A calculation using the new 

radial distribution of dose formula and the newly reported 

measurements, though worthwhile, is unlikely to resolve this issue 

conclusively. The key to future work in this area is the 

development of detectors showing "pure" quadratic response after 

X- or r-ray doses, such as the NaCl:Ca system described in § 5.6. 

So far, the effort in developing new detectors for personal 

dosimetry has been directed at finding systems with a linear, 

rather than supralinear low-LET response at low doses. The model 

postulates that only the latter are likely candidates for 

"biologically equivalent" personal dosimeters which could 

discriminate between high-LBT and low-LET components of the 

radiation field. In developing "biologically equivalent" 

dosimeters, a parallel effort In describing biological systems 

through the cellular track model Is necessary. 

4. Description of neoplastlc transformations in a mammalian cell 



culture through the cellular track structure moctel supports 

earlier conclusions of Kdtz derived from model studies o£ cellular 

survival, Indirectly, results o£ parameter fits to in vitro 

cell-killing and cell transformation, presented In § 6.2, indicate 

that different mechanisra^ may apply to each effect. Future effort 

should be directed to relating model parameters with more detailed 

models of radiation damage in biological systems. Out of such 

efforts one could perhaps devise a phenomenological description of 

cellular repair processes and include it in Katz's model, roost 

likely in the gamma-kill component, adding at least one more 

phenomenological time-dependent parameter to the model. 

5. Results of fitting the cellular model to transformations in 

the mammalian cell line in. vitro support several general 

observations found earlier by Katz from his work on cellular 

survival, of Interest to model-building in radlobiology and 

to radiation protection: 

a. There can be no sigle parameter reduction of the radiation 

field capable of predicting the system's response. The inadequacy 

of average LET values in this respect is clearly demonstrated In 

Fig. 21, and in Fig. 28 and Fig. 29, where "splitting" of RBE with 

ion LET is evident. Consequently, specification of quality factor 

solely through LET appears to have no justification. 

b. In the description of radiation damage in a detector, 

properties of the detector and properties of the radiation field 

are neither separable nor linear variables. One cannot describe 

detector response by a product of factors describing the detector 

and of factors describing the radiation. It is therefore 

meaningless to quote neutron or a-pactlcle RBE or QF without 

specifying the end-point or dose level. 

c. The cellular model of track structure clearly points to m >2 

both for cellular survival and transformations in vitro at high 

dose levels. This Implies a purely quadratic extrapolation to low 

X- or y-zay doses for both end-points. RBE values at low doses 

increase. The concept of RBE, based on auero^e dose and 
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response may not be valid at truly low doses involving individual 

particle tracks. 

d. Radiation effects are statistical in character. There are no 

thresholds of radiation response. The fluctuation in energy 

deposition is incorporated in the reference radiation dose-

response curves of target theory. Therefore, use of average 

quantities in Poissonian statistics obviates the need for more 

detailed statistical studies of energy deposition wherever the 

application of "standard" reference radiation is reasonable. Out 

of a calculation based on averages, predictions of averaye 

responses result. 

e. As indicated by "thlndown" (a decline in ctoss-sections with 

aii increase in ion LET), experimentally obbt-Lved in physical (.>»:•;• 

Fig. 11, Fig. 12, Fig. 22 and Fig. 2G) and biological detectort,, 

delta-rays are the principle agent in the radiation damage due tc 

heavy ions. 

f. If concepts of radiation protection are to follov from 

radioblology at higher doses, a thorough revision of the concept 

of the quality factor is necessary. In its present form, It 

cannot properly describe the response of any biological system 

since it ignores differences in relative response at differebt 

dose levels, assumes separability of detector and radiation 

parameters, ignores the multi-valuedness of response to different 

ions at the same LET, and Ignores thindown. 

g. A revised approach to the quality factor and radiation 

protection could Include a full physical specification of the 

radiation field (fluences, energies and charges of its components) 

or its "equivalent" (see, e.g. Fig. 16-17) with respect to a 

specified endpoint, and be based on a model approach similar to 

that presented In this work. Track theory would therefore seem a 

good starting point in the revision of concepts of radiation 

protection. 
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APPENDIX A 

DEVELOPMENT OF THE POINT-TARGET FORMULAE 

In this appendix, the formulae for the point-target 
distribution of 6-ray dose around the path of a heavy ion, D ( r ) , 
given in § 3.3.1. are derived analytically. 

Ti4*' U n e a r range(R)-energy(w) relationship for electrons is 
J s.l, eq.(26)): 

R = kw (A-l) 

I-'I.-JMM .1 or 'Л-1) can also be represented as: 

dw 1 
— = - (A-2) 
dR к 

I' v? is the energy of an electron of initial energy w and 
f'.'!.i саг.дь R after penetrating a thickness r of material, then: 

wr = M R - r) (A-3) 

and 

dw 
dr = "k ( A~ 4 ) 

The expression for the dose E>n(r) in a concentric cylindrical 
shell around the ion's path, of radius r, thickness dr, is then: 

wmax 
1 ГГ d wr 1 dn 

Dn(r) = z dt — dw (A-5) 
u 2nz dr I dr J dw 

where w^x is given by eg. (23) in § 3.3.1 
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Straightforward Integration leads to: 

С Z 
D (Г) = J 

2rc (Гz I (r+в) 
(A-6) 

where С and Z are given in § 3.3.1 by eg.(21) and eq.(24), 
respectively and: 

kwr = r ; kl = в ; (A-7) 

In the work of Butts and Katz (1967) no electron binding was 
assumed (1=0), therefore their formula (equation (28) in § 3.3.1) 
is equation (A-6) (or eq.(29) in § 3.3.1), where в = 0. 

The power range(R)-«nergy(w) relationship for electrons is 
(§ 3.3.1, eq.(3D): 

R - kw" (A-8) 

We note that: 

and 

dR dw 
— = a — 
R w 

kwr = R - r 

R - r 
1 r I a 

« v I 1 - -

(A-9) 

(A-10) 

(A-ll) 

therefore: 

— I 1 - -dr aft 

1 . 
(A-12) 

Taking I = 0 in equation (22) of § 3.3.1, we find: 



D(r) = 
2na ft" r 

Substituting from eq.(A-9) we obtain: 

С Z *2 
D(r) = 

2m*2/?2 г 

(A-13) 

(A-14) 

which is integrated by the substitution у = 1/R to yield: 

С 2 
D(r) (A-15) 

From the linear range-energy case we note that the transition from 
the free to the bound electron case is made by replacing r and 
T in the final bracket by r+6 and т+в , respectively. We 
make the same substitution in eq.(A-15) to yield: 

С Z *2 
D(r) = 

Inafrr 

I1 " ^ i " J 
1 - 1 

r + в 
(A-16) 

This is equation (34) of § 3.3.1, which is the formula developed 
by Zhang, Dunn and Katz (1985). 

Thus, while equation (A-16) is not derived directly by 
Integration for the case of bound electrons, it is written so as 
to yield the correct functional form in the limiting cases where 
a=l and 1=0. The use of the ionlzation potential makes it 
possible to find the total energy deposited by «5-ray without an 
even more arbitrary specification of the lowe. limit of 
integration. 



APPENDIX В 

CALCULATION OF THE EXTENDED TARGET APPROXIMATION 

To calculate the average dose deposited In a target of 
а„ placed at a distance t from the path of the ion, E(t), 
divide the volume of the target into sections having the 
distance r from the ion's path (see Fig. B-l). The length of tie 
arc of the segment of the annular cylindrical ring is dl. Fro* 
analytical geometry: 

dl = 2r arctg(u) for u>0 
dl * 0 for u«0 (A-17) 
dl * 2r{n-arctg(-u)) for u<0 

where: 

and: 
u = z-1(r2 - z 2 ) 1 / 2 

z « (г2 - a Q
2 + t2)/(2t) (A-19) 

Summing over the products of arc length dl and point-target 
doses D(r)rdr and then dividing by total arc area (equal to naQ 
after integration) yields the average dose E(t) deposited in a 
cylinder of radius an whose center is at a distance t from the 
ion's path, as given by equation (41) in § 3.4.1. 

This method of calculation (Sharma 1971) Is used In DOSE.FOB 
and BBRCYL.FOR functions in the TRACKLIB.LIB program library 
implemented on the IBM-PC/XT microcomputer. 



Pig. B-l 
Principle of calculating the extended target approximation. The 
ion moves along the у axis, perpendicular to the (x,s) plane. The 
thick circle represents the sensitive site of radius aQ placed at 
a distance t fro» the ion's path. 
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APPENDIX С 

ALGORITHM FOR CALCULATING LET AND RANGE OF HEAVY IONS 

Least square polynomials were fitted to the values of stopping 
power. LET and range R of protons in water, as given in the 
tables of Janni (1982). 

proton LET (MeV g~1cm2): 

In LET p(E k) = a k Q + $ a
k j < l n E

k > j CA-20) 

p r o t o n r a n g e (g cm ) : 

ln W • bk0 + 2bk3(ln Ek)j (А"П) 

where the values cf energy ranges E. and power expansion 
coefficients are given in Table A.I. 

To calculate the values of LET(E) and range R(E) for an ion of 
atomic mass amu and energy E (MeV/amu), "rest" charge number Z and 
relative speed ft, select the appropriate energy range B^ <Ełt_i< E 

< E.+1) and use the expressions (Barkas and Berger 1964): 

LET(E) = (Z*/Z *)2LET (E) (A-22) 
P P 

R(E) = (amu/Z)2(Rp + С) (А-23) 
where 

if ft < Z/69 then С * 2.284x10"" 3/JZ5/3 (А-24) 
else 

С * 3.341xl0"5Z8/3 (A-25) 

Z and Z are calculated using the "effective charge" fozanla 
(eg.(24)) for the ion "rest" charge and proton "rest" charge Z «1, 
respectively. 



Tables of stopping power and range of ions in water have been 
generated (Katz 1965), and a program using this algorithm 
implemented on the Hewlett-Packard HP-41C pocket calculator 
{Waligorski 1985). Both are available from the authors on 
request. 

TABLE A.I. POWER EXPANSION COEFFICIENTS FOR LET(E) AND RANGE, 
R(E), FOR PROTONS IN WATER. 

Units: LET(MeV g~ cm ), range(g cm" ), energy E(MeV/amu) 

1.Е-3<Е<6.Е-2 б.Е-2<Е<1.Е-1 i.E-KE<l.E+3 l.E+3<E 

-0.374474E+1 
-0.115638E+2 
-0.471453E+1 
-0.911414E О 
-0.869548E-1 
-0.328797E-2 
0.0 

+0.553740E+1 
-0.712500E 0 
+0.8862935-3 
+0.190340Е-2 
-0.108231Е-1 
+0.141793Е-2 
+0.649495Е-3 

+0.549002Е+1 
-0.670708Е 0 
-0.210655Е-1 
-0.501344Е-2 
+0.1i3600E-2 
0.0 
0.0 

+0.163141Е+2 
-0.541066Е+1 
+0.618546Е 0 
-0.232769Е-1 
0.0 
0.0 
0.0 

-0.664955Е+1 
+0.157200Е+1 
+0.338162Е 0 
+0,536396Е-1 
+0.283165Е-2 
0,0 
0 0 

-0.6О3737Е+1 
+0.163896Е+1 
+0.770354Е-1 
-0.350977Е-1 
+0.304331Е-2 
+0.192069Е-2 
0.0 

-0.608610Е+1 
+О.171916Е+1 
-0.493530Е-2 
+0.860489Е-2 
-0.114098Е-2 
0.0 
0.0 

-О.141562Е+2 
+0.498610Е+1 
-0.390014Е 0 
+0.124950Е-1 
0.0 
0.0 
0.0 

Standard computer notation In the "EH format, 
tab"1.?. 

is used in this 
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APPENDIX D 

CALCULATION OP TRACK-SEGMENT CELLULAR SURVIVAL, KILL AND RBE 

For convenience in developing a calculation code, all formulae 
necessary for a track segment calculation of cellular survival, 
transformation frequency (kill) and RBE are gathered below. 

The cellular system is represented by four radiosensitivity 
parameters : E Q, m, cQ and *. 

The ion parameters are : Z, ft and LET. If necessary, these can be 
calculated from the particle's energy (MeV/amu) and Z using the 
algorithm in Appendix С and the following conversion formulae: 

E (MeV/amu) to /) : ft = (1-031.6/(931.6 + E)) 2 ) 1 / 2 (A-26) 
/?to E (MeV/amu) : E = (l-( l/( 1-/32) )1/2) * 931.6 (A-27) 

* -9/1 
Effective charge : Z = Z(l-exp(-125 V?*Z i/J)) (A-28) 
Ion dose: Dj(erg/cm3) = F(l/cm2)*LET(erg/cm) (A-29) (in water, 1 MeV=1.6E-6 erg/cm3) 

P = (l-exp(-Z*2/(*/?2))m (A-30) 
Track-Width Regime: if P > 0.98 then P = Ratio (A-31) 

Ion-Kill Probability: 

(A-32) 
Ratio = l+(Z*2/(*tf2)* * (Тх+т*Т2+т2*Т3) 

If Z*2/{xfl2) > 22 then : 
X =1.25, T1=6.9597E-2, T2=-2.3527E-2, T3=2.5044E-3 
else: 
X =1.65, T1=2.3849E-2/ T2=-8.55ЭЗЕ-3, T3=9.0910B-4 

Survival: 
S = (exp(-co*P*F))*U-(l-exp<-(l-P)*Di/Eo)m 

if P > 0.98 then: (A-33) 
S = exp (-erQ*Ratio*F) 

Kill: К = 1-S (A-34) 
RBE: RBE * D^Oj ; Dx * -En*( 1п(1-(1-8)1/Ж)) (A-35) 
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