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THEORY OF RBE
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The theory of RBE, developed in the present research, describes

the functional form of the response of many detectors, dosimeters,

and biological cells with changes in "radiation quality".  It is

"     based on calculations yielding the spatial distribution of :energy

deposited by delta rays about the path of an energetic ion, developed

from studies of particle tracks in emulsion. For each detector a set

of radiation properties must be determined experimentally. The theory

then predicts the response of the detector to any specified radiation

environment. It has been tested by the prediction of the response of

mammalian cells to 14 MeV neutrons, and to the radiation field in the

Bragg peak of 4 GeV nitrogen ions, with good results. Among the

detectors which appear to be represented by this single, unified theory

are nuclear emulsion, thermoluminescent dosimeters, scintillation

...

counters,· the Fricke dosimeter, radical production in and inactivation

of enzymes and viruses, and the inactivation of a variety of biological

cells (spores, bacteria, yeast, HeLa, kidney, hamster, leukemia), in

culture. Planned research includes the reinforcement of details

of the theory, experimental tests of its predictions for different

and ra iation environmentsdetectors, and a study of the fundamental meaning of its parameters.
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I.  Principal Research Accomplishments

The THEORY OF RBE, developed in the present investigations, des-

cribes the functional form of the response of many detectors with

changes in "radiation quality".

The theory is based on calculations yielding the spatial distrib-

ution in energy deposited by delta rays about the path of an energetic

ion, as developed in the course of studies of tracks. of heavy ions in

nuclear emulsions.

For each detector a compact set of radiation properties must be

determined experimentally. Once these are determined, the theory pre-

dicts the response of the detector to any specified radiation environ-

ment.                                           -
.--

Among the detecting systems whose properties seem to be represented

by the theory are: nuclear emulsion, thermoluminescent dosimeters, scin-

tillation counters, the Fricke dosimeter, radical production in and

inactivation of enzymes and viruses, the inactivation of a variety of
Apt*                                                                                                              biological cellsy(-Eacterial spores, bacteria, yeast,  HeLa, T-1 human

 

kidney, hamster, P388 leukemia).,

-            The theory asserts that secondary and higher generation electrons

are principally responsible for radiation action, whether the incident

radiation consists of a beam of electrons, or of gamma-rays, or of

heavy ions, neutrons, or pions. Detectors whose operation depends on

atomic displacements from nuclear collisions are excluded from the

model.-bif ferences in response associated with changes in "quality"

are attributed to spatial and temporal differences in the distribution

of these electrons through the detector volume.
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In support of these statements, we note that graphs of the cross-

section for a measured action after electron bombardment have a common

overall pattern.  There is typically a threshold electron energy at

which the action is initiated, a rise in cross-section with increasing

electron energy to a maximum which lies between electron energies from

about 5 to about 500 eV, and a decline in cross-section with electron

energy 'increasing beyond the maximum location. Some sub-structure

may exist superimposed on this overall pattern. The principal source

of the observed action is thus the portion of the electron slowing

down spectrum whose energy is in the vicinity of the peak of the action

spectrum.. These considerations imply that the most efficient speed

for the generation of action by any charged particle (in a primary

process) is about 0.02c.

For detectors of similar composition and moiecular construction,

and where a common end-point is observed, the cross-section per unit of

molecular weight may be expected to behave in a similar way from det-

ector to detector. Since "dose" is a measure of the fluence of the

electron slowing down spectrum, the product of the D-37 dose and the

molecular weight should be constant, say, for the inactivation of

enzymes and viruses.

There are, of course, fluctuations in the local energy deposition

in sub-volumes of a larger medium uniformly irradiated with gamma-rays.

Fluctuations of this class are taken into account in the (observed)

dose-dffect relation after gamma-ray irradiation.  It· is imagined

that cylindrical layers surr6unding a narrow beam of ions have the

same effect.at the same (layer or local) dose as in a larger detector

uniformly irradiated with gamma-rays, for in both cases the effect

is producted by the electron slowing down spectrum, associated with
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a tangle of secondary electron paths, loosely intertwined at low dose

and tightly felted at high dose.  The relation between the gamma-ray

irradiated medium and the delta-ray irradiated layer, in the production

of the same effect at the same "dose",is certainly true when the

gamma-ray dose is delivered in a time approximating the passage of an

ion and is often true when the gantma-ray dose is deliveredin a much

longer time.

Thus the gamma-ray dose-effect relationship is used in the theory

as a transfer function, through which the spatial distribution of

e f fect around  an   ion' s   path is found   from, the spatial distribution  o f
...

local (or layer) dose delivered by delta-rays.

The size of the sehsitive element of a detector plays only an

indirect role in determining its response to gamma-rays,  through its

influence on the dose-effect relationship. Size plays an explicit role

in heavy ion bombardment, especially where sensitive elements within

a few radii of the ion's path are principally responsible for the

observed signal, as in the "grain-count regime".  It is assumed that

the (space) average value.of the local dose, over the volume of the

sensitive element, is the quantity to which the gamma-ray dose-effect

relationship is to be applied. The theory is then based upon the

calculated value of the average local dose in a sensitive volume, as

a function of the effective charge z, the speed of the ion B, the

radius of the sensitive element ao, the distance of the center of the

element from the ion's path t, and the composition of the medium.

Calculation shows that 1) sites for which t/ao<1 experience a dose

which varies as z28-2a02, independent of t, while 2) sites for which
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222t/a23 experience a dose which varies as z 8- t- ,.independent of ao.

2   2The dose always varies as z /B . The dose is delivered within a

volume which depends only on the speed  of the primary particle, for
222

the maximum energy which can be delivered to delta rays is 2mc B y,

where  y-2 =1- 82. .The slower the primary particle, the smaller the

tylindrical volume to which its lost energy is delivered.

Some  conclusions  may be drawn immediately:

1) While the quantity z2/82 plays a dominant role in the understanding

of radiation effects, a secondary, but important, influence is the

range of the delta-rays, as determined by B . For example, the

maximum radial distance to which energy is deposited by delta-rays

by a bombarding particle at 1 MeV/amu is about 0.15 microns in water,

much less than the diameter of the nucleus of a mammalian cell.

2)  In the "track-width regime", where all sensitive elements along

the ion's path are (in)activated, and the differences in response

generated by ions of different valies of z2/82 are from sensitive

elements at several radii from the ion's path, the detector is insen-

sitive to the size of the sensitive element. To measure the size of

the sensitive element (or the exciton diffusion length, or the radius

of a coherent volume of a liquid) the response of the detector must
2   2

be studied at low values of z /B .

While any dose-effect relation may be incorporated into the theory,

the present studies have focussed on three discrete cases; 1-hit-1 target,

1-hitimany target, and many hit (threshold).

It has been assumed that the formation of etchable tracks in

dielectrics by single incident ions is a many-hit process, in which

a large number of bond breaks are required to make a measurable

dfference in etching rate over the unirradiated material.  The cri-
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terion of a minimal dose at a minimal distance from the ion's path.,

suggested by these considerations, is in good agreement with experiment.

The functional form  P = [1 - e-D/Do 1 m , for the probability P

that a sensitive element experiencing a local dose D is (in)activated,

when D0 is the characteristic dose and m is the multiplicity  of

a collection of m subtargets in the sensitive element, each of which

must be "hit" for inactivation of the sensitive element, has been

used to describe the response of most of the detectors studied in this

work. Thus far, m>1 is a condition which has been applied only to

biological cells, while the condition m=1 has been applied to a wide

cliss of detectors, including some biological cells.  The function is

taken to represent the observed gamma-ray dose-effect relationship.

It. is  .inter.pret.ed .»as  a  .1-hit rel:ation, meaning  that a single activation

event serves to produce the observed action when m = 1, and that

more than 1 such event is required_when m>1, so that the sensitive

elements of the detector may be said to be capable of accumulating

"sub-lethal damage".

To find the effect produced when a single heavy ion passes through

a medium, we apply the above equation as a transfer function, to the

calculated spatial distribution of the dose deposited in the sensitive

elements of the detector by delta-rays. In Lthis way we calculate

the cross-section for the inactivation of the sensitive elements of

a detsctor by a single passing ion.

Since 1-hit detectors cannot accumulate sub-lethal damage, the

response of a detector to a beam of particles of fluence F is given
-GFin terms of e , where c is the single particle cross-section.
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Detectors which can accumulate sub-lethal damage require more

careful analysis.

Just as in the case of the 1-hit detector, the sensitive element

of the cellular detector can be inactivated by the passage of a single

ion, when the fluctuating delta-ray production is of sufficient

intensity.  In the event that the delta-ray production from a single

ion passing through a cell is not sufficient to inactivate it, the

cell may nevertheless be "bruised" though not killed by its passage.

Should a sufficient number of additional delta-rays from other passing

ions be delivered to the cell, it may also be inactivated. The first

of these modes, the inactivation by a single ion (though by many delta-

rays),is called "ion-kill". The second of these modes, the inactivation

by  the partici·pa-tien ·of  delta-rays  from ·many  ions, is called"gamma-kill" .

The theory of particle tracks in emulsion, extended to apply to the

multi-target formula for the gamma-ray dose-effect relationship, makes

it possible to calculate the cross-section for ion-kill, and to find

the fraction of the energy lost by the incident ion which ··is delivered

to the gamma-kill mode.  From this knowledge the functional form of

an expression for cellular survival may be written, both for a

"track-segment" bombardment for monoenergetic heavy ions, and then

for a mixed radiation environment, when the spectrum of heavy secondary

particles and gamma-rays is known.

In a series of publications, the functional form of the theory

  has been shown to fit the behavior of many detectors, dosimeters, and

biological cells. From experimental data, parameters describing

these detectors have been evaluated. In several cases the theory

' .        has accounted for observations which had been a puzzle on earl
ier
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models. It has been possible to calculate survival curves for the

irradiation of kidney, HeLa, and leukemia cells after irradiation

with neutrons, with good agreement with experimental measurement,

from cellular radiation parameters evaluated from survival data

obtained from heavy ion bombardment. Most sigbificantly, the model

has been inco<porated into a Monte-Carlo description of the beam

of 3.9 GeV nitrogen ions from the Princeton Particle Accelerator

to yield the first verified prediction of cellular survival in a

mixed radiation environment ever made; in the specific case of the

survival of hamster cells as a function of depth in a phantom in

the Bragg peak of the beam.

II. Plans for Future Work

Studies of the theory of RBE andother track formation phenomena

have proceeded interactively. It is proposed to continue the research

in the same vein, seeking to extend the theory to new detectors, while

. refining and testing the foundations of the theory and the details of

older work. It is proposed to explore fundamental aspects of the

interpretation of the parameters of the mod&1.  Finally, it is proposed

to apply the theory to practical problems in dosimetry and the evaluation

of radiation hazard.

Certain biological systems exhibit a survival curve after gamma-

ray irradiation which is better described by a "two-component model",

consisting of the product of an exponential by a multi-target single-hit

function. Other biological systems, described by the multi-target

single-hit function, nevertheless do not respond to the present theory

of RBE because the value of the extrapolation number after gamma-ray

irradiation is very large.  We expect to study ways to incorporate these
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systems into the theory. It will be of interest to determine whether

there are biological cells whose response to high LET radiation does

not fit the pattern of the theory of RBE, and further to attempt to

characterize the differences between cells that do and cells that

do not behave as the theory demands.

In the past year a number of dosimeters and detectors have been

tentatively identified as 1-hit detectors on the basis of limited

experimental information on their response to gammeray irradiation,

or their response to high LET radiation. Included in these-identif-

ications were the production of radicals in some dry biological prep-

arations, the silver activated phosphate glass dosimeter, the thermo-

luminescent dosimeter, the liquid organic scintillator, and the Fricke

dosimeter.  There appear to be other systems having similar character-

istics, according to published data.  The precision with which we have

been thus far able to assign radiation parameters to these detectors

is somewhat limited.  We shall attempt to improve the precision of

these assignments both for practical and for fundamental purposes.

Practically, the identification of a detector as a 1-hit detector and

the evaluation of its parameters Do and ao enable us to predict its

response to an arbitrary radiation environment, and further, to apply

the detector to the specification of the energy and particle spectrum

of that environment.  From a fundamental point of view, we hope to

be able to identify the meaning of these parameters in different

detectors.  It seems clear that a0 is a measure of the exciton

diffusion length in inorganic scintillators. According to present

ideas it may also measure the size of the region which acts collectively

in water, in regard to energy absorption and radical production.
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For the Fricke dosimeter, there seems to be a consistency between

the suggestion of the theory of RBE, that a decline in the yield of

ferric ions with an increase in the LET of bombarding particles

arises from a 1-hit response characteristic to gamma-ray irradiation,

and an observed decline in yield with an increase in gamma-ray dose,

when the dosimeter is irradiated with pulses of a few nanoseconds

duration. These questions are being explored in collaboration with

others. Present indications are that the Fricke dosimeter and the

scintillation counter are both cases in which'-the temporal difference

between secondary electron production from gamma-ray and heavy ion

irradiation plays an important role in the theory of RBE.  The extensive

experimental and theoretical study of the Fricke dosimeter which has

already  been  done, and which continues, makes it,a likely system  for

which to attempt to understand the meaning of the parameters of the

present theory from a fundamental viewpoint.  Scintillation counters

have also been studied extensively.  Though the fundamental mechanisms

of radiation action in these two detectors seem to be quite different,

the dependence of radiosensitivity upon z2/82 follows parallel patterns.

As yet no consideration has been given to the radiation response of

other chemical dosimeters. Only very preliminary consideration has

been given to the potential that desensitized photographic emulsions,

or those having very fine grain respond as 2-hit detectors. It is

proposed to explore these questions in the future.

The substantial advances which have been made in the present

investigation in the extension of the theory to the inactivation

of biological cells by heavy ions have made it necessary to defer

two important aspects of the research based on emulsions. One

1
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of these is the study of the relativistic rise in grain count in

emulsion (and bubble count in bubble chambers) and the other is

the study of the spatial distribution in developed grains about the

path of an energetic heavy ion.  No progress has been made in the

former case.  For the latter case, several plates of emulsions of

different sensitivities have been exposed to the nitrogen beam of

the Princeton Particle Accelerator.  Tracks of energetic nitrogen ions

are now being photographed in preparation for the measurement of

track width as a function of range. These studies become more

fruitful with the availability of suitable accelerators, and the

priorities assigned to them will be reexamined as suitable particle

beams become available.

There are additional interesting questions, some of which can

be answered only after the theory has been fitted (or not fitted)

to many different detectors, as , for example, the systematic
-

structure of the num5rical values of the parameters. We note, but

do not understand, that the product of Do and Go for biological

  cells is close to 100 erg/cm; for all the cells we have investigated.

The nature of the response of detectors depends on both pre and post

irradiation treatment conditions. In photographic emulsion these

effects are sensitization, latensification, and development. In

bacteria.both pre and post irradiation culture conditions altbrr

both the shape of the survival curve and the radiosensitivity. We
.--.

do not understand the mechanism of the oxygen effect. There is

controversy over the relative importance of indirect effects, nuclear

DNA, and the nuclear membrane (in cells where there is a nucleus).

As yet the present theory has not been applied to genetic damage.
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To these questions the unified approach of the present theory may

make a useful contribution.

Finally, there is the question of the application of the

theory to problems of dosimetry and radiation protection.

The theory has already exposed flaws in the widely held view

that the LET is a universal radiation parameter, or that there

exists (only to be identified) a meaningful definition of "radiation

quality".  It has demonstrated the impossibility of defining radiation

quality in a way which is independent of the detecting system. The

uni formity  of the radiation parameters of mammalian cells, cultured

in vitro and assayed both in vitro and in vivo, suggests that it

may be possible to evaluate radiation hazard in terms of the survival

of mammalian cells. It is necessary that the predictions of the

theory., for both das.imetErs .and .biological ..ce.11-s; .in a few widely

different radiation environments.  To this end we require knowledge
\....

of the radiation environment  in some .selected cases, including  the

secondary particle spectrum. Some calculations of cellular survival

after irradiation with 14 MeV neutrons, using the present theory with

parameters fitted to data obtained with gamma-ray, cyclotron, and

Hilac bombardments, and a secondary particle spectrum for tissue

based on experimental neutron cross-sections. Similar calculations

must be made for other detectors and dosimeters, for comparison

with experimental response data. Since the prognosis for such a

comparison appears favorable,     we  hope to develop an algorithm

for the use of 1-hit detectors such that the readings of a pair of

these detectors will provide the input to a calculation of the

survival of mammalian cells in the environment to which the detectors

are exposed.
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V.  The Present State of Knowledge

The literature of track effects is vast, particularly when radiat-

ion damage by gamma-rays and electrons is considered as an essential

part of this area of study. Many phenomena have been investigated,

many models have been postulated. But the studies have been fragmented.

There is often a bit of information from one laboratory reporting the

result of gamma-ray irradiation of a particular detector, a bit from

another laboratory arising from cyclotron irradiation,   a  bit  frcm a third

perhaps reporting the result of neutron irradiation. What is needed
-».

is a systematic, unified track theory, which speaks at once to invest-

igations in chemistry, physics, and biology. The present research is

directed to this end, taking the view that a unified conceptual frame-

work would itself serve to stimulate appropriate experiments.
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'   Much of the available dose effect data lacks the precision needed

by the theory, either as to the specification of the radiation enviroh-

ment, the character of the irradiated specimen, the absorbed dose,

or the observed effect. It would be helpful if dose and effect were

reliably known to 10%, in all cases. We do not have adequate data

giving the initial slopes of survi.val curves, the "RBE" of nanosecond

electron pulses, the -survival after neutron irradiation, and so on.
There is no published data for the yield of the Fricke dosimeter after

HILAC irradiation. And so on. The theory of track structure needs

the kind of data that could have been supplied by the Princeton Particle

Accelerator. Hopefully there will be a national heavy ion accelerator

facility to fulfill this need.

Contributions are needed from both theory and experiment on

the investigation of electron interactions in matter as a function

of the end-point for detection and of the electron ehergy, on the

production of delta rays, on the sp-atial deposition of ionization

energy, on the "effective charge" of a heavy ion as a function of

its energy and the matter through whith it passes. Thus far it

has been necessary to infer, or to extrapolate, some of the needed

information.

Track studies are an essential part of Health Physics, through

their relevence to the bahavior of both detectors; and cells to the

evaluation of radiation hazards.  Tracks in cloud chambers have long

been uked as the model for biological interactions.  The present

work implies that emulsion is a better model, and that track studies

in emulsion may be the most direct route to an understanding of

molecular and cellular radiobiology.
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