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FOREWORD 

The "First International Symposium on the Biological Interpretation 
of Dose f rom Accelerator-Produced Radiation" was sponsored by the 
United States Atomic Energy Commission's Division of Operational Safety. 
The Symposium was held at the Lawrence Radiation Laboratory in Berkeley, 
California, March 13-16, 1967. 

The objective of the meeting was to provide a companion mekting to 
the "F i r s t  Symposium on Accelerator Radiation Dosimetry and Experience" 
which was held November 3-5, 1965, at the Brookhaven National Laboratory. 
This first symposium was limited in scope to an intensified discussion of 
dosimetry techniques. 
radiation was specifically excluded, since it was the original plan to  hold 
a second symposium devoted entirely to  biology. 
was a sequel to  the f i r s t  and they were inseparable in their  objectives. 

The biology which is associated with high energy 

Thus the present Symposium 

Since those attending the BNL Symposium were almost entirely health 
physicists with a background in physical science and actively engaged in the 
solution of radiation protection problems at high energy accelerators ,  it 
was felt that it would be necessary to  begin the BID Symposium with a general  
review session on radiation biology, in order  to  provide a biological back- 
ground for the proper understanding of the l a t e r  sessions.  This first session 
was arranged t o  give the health physicist a meaningful transit ion f rom 
fundamental radiobiological considerations t o  current  new r e  sea rch  activities 
i n  high energy biology. 

fi our  opinion, and also based on the comments of several  of those 
attending The talks by Bond, 
Robertson, Brustad, Wolff, and Patt were quite exhaustive as a n  introduction 
to  the several  a r e a s  of specialization in radiobiology. 

these objectives were quite well attained. 

The overall  purpose of the meeting was of course to  inform the health 
physicists about the state of knowledge in advanced biological r e sea rch  
a s  i t  might apply to  their  problems. It has often been said that it takes a 
long t ime for laboratory findings to  be applied in practical  situations, but 
this is certainly not t rue  in radiobiology. Through this conference and others 
like i t ,  the most  recent understanding of high energy radiobiology is available 
to  the practicing health physicist and is probably used fairly effectively. 
addition, much of this ma te r i a l  app l i e s  equally well to  reactor  and space 
radiation problems, and some of the 9articipants were f r o m  these a r e a s  
as well. 

In 
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It is difficult for  one discipline to know what another i s  doing. 
Such a lack of knowledge sometimes leads to duplication of effort. 
were one o r  two t imes at the Symposium when the radiobiological speakers 
were able to inform a questioner in the audience that information was 
already available on a point which the questioner thought was an unknown 
a rea .  This was t rue of the a r e a  of proton biology. It would seem,  f rom 
the content of some of the questions and comments,  that the Symposium 
was able to somewhat reduce the isolation between the physical and 
biological sciences. 

There 

One of the des i r e s ,  often expressed in the planning of the meeting, 
was to  t ry  to  get the biologists to be very explicit in describing what the 
health physicists should be measuring t o  be of maximum use to the biologist. 
This desire  was expressed to most  of the speakers beforehand, and several  
of them t r i ed  to  satisfy this special request. 
question and there  is still no general  agreement on the instruments and 
measurements  that should be used and made at high-energy accelerators ,  
the Symposium seemed to  throw much new light in this a r e a .  Of all the 
meetings and symposia that we have attended, this one made the most  
definite attempt to c l ea r  up the controversy between those who measure 
dose and those who t r y  to measure distribution of ionization density o r  
spectra.  
who were willing to  speak out. 

While this is a complex 

The measurement-of -dose school of thought had no supporters 

A further conclusion that can be drawn f rom the Symposium is 
that the AEC should be a leader  in this a r e a ,  since radiation is its prime 
concern, and the progress  in radiobiology made by the national laboratories 
shows that this responsbility has been well met. 

The success of this meeting is largely due t o  the many persons who 
participated in its organization and conduct. We give special thanks to 
Miss Charlotte Mauk, editor in the L R L  Technical Information Division, for 
the.many hours she spent assist ing in the editing of these proceedings, 
and t o  members  of: 
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Introductory Re marks  

Martin Biles 

Division of Operational Safety 
USAEC, Washington, D. C. 

Before I give my prepared comments I would like on behalf of the AEC, 
I to join with our host and Dr. McMillan and welcome you to this Conference. 

feel  this i s  a double pleasure,  since I a m  a native of this a r e a  and sti l l  con- 
sider Berkeley a s  my home; therefore i t  i s  a r ea l  satisfaction to welcome you 
to one of the truly pleasant a r e a s  of the world. 

As you a r e  aware,  in more  recent  years  particle accelerator  technology 
has advanced extremely rapidly. 
the Bevatron, AGS, SLAC, and others--which provide the physicist with par t i -  
cle beams of high intensity a.nd energy. 
have become operational new problems of evaluating and interpreting the radia-  
tion environment have evolved. 

Large particle acc le ra tors  have been created-  - 
As these higher-energy acce lera tors  

The a r e a s  of uncertainty, then, a r e  felt to be twofold: one, measuring 
the s t r ay  radiation environment, and, two, interpreting the effects of radiation. 
In the fo rmer  instance some commendable work has been accomplished in the 
past  few years  in particle spectroscopy with high-energy neutron detectors, 
among other things. 
on Accelerator Radiation Dosimetry and Experience held at Brookhaven Labora-  
tory in November of 1965. 
cerned with the second a r e a  of uncertainty, that is, the biological effects. 

Many of the techniques were  presented a t  the Symposium 

In the next few days this Conference wi l l  be con- 

The need for such a Conference as this became apparent during the 
initial planning of the dosimetry Symposium at Brookhaven, when i t  w a s  decided 
to limit the scope of that conference to  a n  intensified discussion of dosimetry 
techniques and give the biology consideration a thorough review at a la te r  date, 
Therefore this meeting i s  a sequel to the f i r s t  Symposium, and the two a r e  
virtually inseparable in their objectives. 

Although there  has  been considerable progress  in the field of radiation 
safety, some salient problems sti l l  remain  to be resolved by the expert ise  of 
the radiobiologist. As an  example: dose equivalent cannot be accurately de te r -  
mined in many cases ,  since the r e m  o r  dose equivalent depends on severa l  fac-  
to rs ,  including the quality factor,  dose distribution, and build-up factor. 
though the absorbed dose in rads  i s  a measurable  quantity, the values for quality 
factor and build-up factor can only be estimated. 
dent largely on biological information. Some of the investigations which were  
intended to improve our knowledge in these a r e a s  of uncertainty inclcded seek-  
ing a better understanding of ths l inear energy t ransfers ,  quality factors,  and 
energy absorption at microscopic dimensions. Much of this work wi l l  be d is -  
cussed at this meeting. 

Al- 

The la t ter  factors a r e  depen- 
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To provide proper focusing of the problems in resolving these uncer- 
tainties in dose -effect relationships, the following few prerequisites must  be 
included: 

(a) A routine exchange of information i s  needed between biologist and physicist. 
(b) Attempts should be made to narrow the gap between physicist and biolo- 

gist, to establish a common basis for developing physical and biological pa ram-  
eters .  

(c) Management should be willing to allot a portion of machine time for p e r -  
tinent biological research on a routine basis.  

"bank you. 
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V. P. Bond and C. V. Robinson 

B r ookhave n National La bora tory 
IJpton, New York  

In the course of this Symposium a number of papers dealing with radio- 
biology, f rom the most  basic physical, chemical, and cellular levels to the 
intact mammal,  a r e  presented. In selection of mater ia l  most  suitable to this 
introductory lecture,  it seemed appropriate to attempt to show that work con- 
ducted a t  these various levels i s  indeed related, and that the radiobiological 
principles developed in so-called "simple systems, particularly cel l  systems, 
can be utilized in predicting (even quantitatively) the effects of radiation in  the 
intact mammal,  including man. Hence this presentation deals principally with 
examples designed to i l lustrate that resul ts  derived f rom studies on cell  popu- 
lations can be utilized in dealing with effects on the intact mammal. Initially, 
ea r ly  effects i n  the mammal. are dealt with, where the data and theses a r e  on 
relatively f i rm  ground. 
l e s s  secure and the hypotheses more  speculative. 

Lat:e effects a r e  then dealt with, in which the data a r e  

Before the principal subjects of this paper a r e  put forth, several  intro- 
ductory statements a r e  appropriate. F i r s t ,  radiobiology and radiological 
physics constitute the basic sciences of applied radiation protection, a s  they 
constitute the basic sciences for  applied radiation therapy. Health physicists 
deal with a se t  of guide lines o r  numbers for  routine work that a r e  "legislated7I 
by appropriately constituted bodies such as the NCRP and the ICRP. One can 
operate by utilizing these numbers without being a t  all concerned with their  
origin or how well their  values may be rooted in radiobiology and radiological 
physics. However, the guide lines provided do not cover all situations. The 
more  one understands of the origins of these numbers in radiobiology, and the 
radiobiological principles upon which they a r e  based, the greater  the flexibility 
the operational individual has in applying the established rules  of radiation pro- 
tection. 
and most intelligently dealt with if the individuals concerned have a firm appre-  
ciation of the present strengths and limitations of radiobiology and radiological 
physic s . 

The myriad of situations encountered in  radiation protection a r e  best  

In radiation protection it is frequently stated that an  effort i s  made to 
balance possible r i s k  versus  possible gain. "Risk" entails the probability of 
effect, and may encompass a.lso some estimate of the relative ser iousness  of 
different types of harm. In any event, the concept entails quantitative dose- 
effect relationships. If this concept is taken at all seriously, then it i s  abso- 
lutely mandatory that quantitative dose -effect relationships in the mammal be 
known to  the best  degree possible. 

-41.~0, in radiation protection one deals with perhaps the most complicated 
situation imaginable. This contrasts with radiobiological experimentation, i n  - 
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I. 1 

which both biological and physical factors a r e  designed to keep variables down 
to a minimum. In routine radiation protection work, on the other hand, all 
factors a r e  almost as wholly undesirable as one could imagine. The absorbed 
dose at any location i s  only poorly known at best. One deals with one of the 
more  complicated biological specimens , the intact human being. Nonuniform 
exposure or even partial-body exposure is the rule, and the dose rates encoun- 
te red  are highly variable and frequently unknown. 
radiation qualities, only poorly defined, i s  frequently encountered. 
plexity i s  perhaps best i l lustrated in the subject mat ter  of this Conference. 
dealing with accelerator  beams and their  effects, one is dealing with nonuniform 
exposure, with markedly different doses derived f rom radiations of markedly 
different quality, to different organs o r  portions of the same organ. Quantifi- 
cation of the effects of such radiations is difficult, to say  the least. 

An ent i re  spectrum of 
The com- 

,In 

There a r e  two approaches to dealing with the highly unsatisfactory con- 
ditions encountered in routine radiation protection. 
completely empirical  approach, in  which one can attempt to guess at or  evaluate 
dose-effect relations under the various degrees of uniformity of exposure, dose 
rates ,  and radiation qualities encountered. In the other, one can attempt to 
develop and understand principles of dose-effect !relationships at the most  basic 
levels of biological organization, and utilize these principles i n  attempting to 
deal quantitatively with the exposures and exposure conditions encountered in 
routine radiation protection. 
disciplines of radiobiology and radiological physics. 

The one encompasses the 

This latter approach involves the essence of the 

Generally speaking, a great  deal is known about the effects of radiation 
a t  the level of the cell,  the organ, and the mammal, a s  well a s  at the physical 
and chemical levels. A hiatus exists,  however, between our knowledge of 
effects a t  the very  basic level, and from the cel l  on up. 
effects on the mammal a r e  understandable and predictable on the basis  of effects 
on underlying cel l  populations. 
satisfactorily effects in the intact mammal on the basis of events occurring at 
the most basic physical and chemical levels. 

A s  i s  shown below, 

Eventually it may even be possible to predict 

Body Cell Populations ; Radiosensitivity 

All organs of the body are composed basically of cells. F o r  purposes 
here,  the organs can be fur ther  divided into two categories,  those in  which in  
the adult the cells continue to divide or "turn over" at a rapid rate, and those in  
whichin the adult the cells divide r a r e l y  if at all. The process  of division of 
course involves mitosis,  and it i s  a fact of radiobiology that mos t  cells that do 
not divide a r e  res is tant  to inactivation o r  killing by radiation (classical  excep- 
tions a r e  the small  lymphocytes and oocytes), and that those that do divide are 
exquisitely sensitive to radiation in  t e r m s  of reduced o r  destroyed ability to 
further proliferate or  to produce additional daughter cells. 
radiation, and when ear ly  effects a r e  considered, i t  is damage to those organs 
with a "rapid turnover rateff--principally the bone mar row and the gastrointesti-  
nal t ract-- that  lead to significant damage and the so-called acute radiation 
syndromes that are seen. 

With large doses of 

1 

It is profitable to look a t  a specific organ whose cells tu rn  over rapidly, 
the bone marrow. In Fig. 1 i s  shown schematically the cellular s t ructure  of 

w 
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I. 1 

this organ. 
and the mature  cel ls  are fed to the peripheral  blood, where they serve  their  
function and die. 
principles involved apply a l so  to the red  cel l  and megakarocyte ser ies ,  
The s tem cel l  that produces ultimately the mature  granulocyte can be defined a s  
a cel l  capable of producing its own kind (another s tem cell) a s  well a s  cells 
that are destined to mature  through the granulocytic s e r i e s  and become func- 
tional granulocytes in the peripheral  blood. 

Cells are produced and allowed to mature  in the bone marrow,  

Only the granulocyte se r i e s  is dealt with here ,  although the 

The granulocytic s t em cells and the entire granulocytic marrow se r i e s  
can be regarded a s  the "factory" whose sole function is to  produce the mature  
granulocytes in  the blood which serve  the cr i t ical  function of protecting the 
individual against infectious disease. 
reason the s tem cel l  population is suddenly reduced to small numbers, the 
effects will be felt successively in  the more  mature compartments,  and then in  
the peripheral  blood. Following high-dose exposure of the entire body it is the 
sudden effective reduction in  the number of s tem cells in  the marrow that is the 
cr i t ical  event that leads in time to the serious symptoms and signs associated 
with such exposure. 

It can be seen  immediately that i f  for  any 

LD50/30 days Uniform Whole- Body Exposure, 

A dose-effect relationship for  marrow s tem cells has been determined, 
and the type of function obtained, shown in Fig. 2, i s  s imilar  to that obtained 
with cells in  t issue culture. 
of producing at  least  r ed  and white cell  precursors .  
p recursors  alone has not yet been determined. ) 

(The curve i s  for  a population of s tem cells capable 
A curve for granulocyte 

Note that there  is a n  initial "shoulder" on the curve, followed by what 
appears to be an exponential falloff. 
of the cells a r e  rendered incapable of proliferation at  doses of the order  of 100 
R or  less.  
kill approximately half of animals exposed to radiation- -the number of surviving 
s tem cells i s  reduced to low levels. 
ber  of s tem cells i s  reduced to some 2 to 3 per thousand of the normal population, 
the animal has a 50-50 chance of surviving o r  dying. 

Note the sensitivity of the cells--some 50% 

At the medium lethal dose for  an animal--i.  e . ,  the dose that will 

Specifically i n  the mouse, when the num- 

Thus it is clear  that with uniform whole-body radiation we a r e  dealing 
with effects of radiation on populations of cells. When the size of a population 
is reduced to some fixed number fo r  a given species,  the remaining number of 
cells i s  no longer able to provide the functions of that organ, and if the functions 
of that organ system a r e  cr i t ical  to survival, the animal dies. 

Bone-marrow failure has been implicated a s  the pr imary  damage leading 
to death. It should not be inferred that other organs go unscathed, or  that im- 
paired function of other organs does not contribute in some measure to death. 
Some organs such a s  the lymphopoietic system and the tes t is ,  in which cells 
a r e  renewed rapidly, a r e  also severely injured. 
are not cr i t ical  for  survival, o r  the s tem cells a r e  able to regenerate fast 
enough SO that the overall  function of the organ i s  not cri t ically impaired. 
age to the bowel o r  other organs m a y  be contributory to lethality f rom the 

However, either such organs 

Dam- 
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bone-marrow syndrome. 
second-order effects, and that the significant damage i n  t e r m s  of mortali ty o r  
survival in the range f rom LDO to LDIOO is damage to the bone marrow. 

However, there is little question that these a r e  

Time Fac to r s  i n  Granulocyte Depletion 

In the above examples i t  was shown that one could predict the organs in  
the body which would play the greatest  role i n  lethality in the animal exposed to 
whole -body radiation, on the basis of radiobiological principles involving the 
nature of the responses of dividing and nondividing ce l l  populations to  radiation. 
In addition, one c n anticipate the t ime course of response on the basis of the 
same principles. ' The granulocyte renewal system can be used as a n  example. 

In Fig. 1 it will be noted that the granulocyte renewal system consists of 
dividing ceRs in the marrow, and nondividing cells in the m a r r o w  and peripheral  
blood. One would expect the dividing cells i n  the m a r r o w  to be quite radiosensi-  
tive, the nondividing cells in both the marrow and the blood to be quite radiore-  
sistant. One might further expect a continuing supply of granulocytes to  the 
peripheral  blood, for a t ime equal to the t ime f rom the "last" mitosis i n  the 
maturing ce l l  s e r i e s  to the t ime of emergence of qranulocytes into the peripheral  
blood. This t ime has been determined precisely by administering a single 
dose of tr i t iated thymidine to the mammal, and noting the t ime of appearance of 
labeled neutrophils i n  the peripheral  blood. This t ime var ies  with species, f rom 
the o rde r  of 1.5 days in the rodent to the o rde r  of 3.5 to 4 days in man. 

Thus, one would expect a ffshoulder" on the curve depicting the granulo- 
cyte count i n  the peripheral  blood versus  t ime after exposure of the mammal to 
whole-body radiation. 
granulocytes in the blood of the pig, as a function of dose a f te r  exposure. 
been observed in a number of species that the width of the shoulder is i n  fact  
equal to the t ime f rom the last mitosis to emergence of neutrophils i n  the periph- 
e r a l  blood. 
cyte count, and as the dose is increased the slope approaches m o r e  and m o r e  
closely that of the normal disappearance rate  of the granulocytes f rom the blood, 
o r  a half-disappearance t ime of about 6 o r  7 hours. 
is l e s s ,  due to the easily observed continued entrance of some cells young enough 
to undergo mitosis at the t ime of exposure, which were injured but not sufficiently 
severely to prevent their  maturation to the granulocyte stage. 
increased, the ratio of injured to killed cells in mitosis decreases.  

In Fig. 3 is shown the t ime course of response of the 
It has 

At the end of this time, there is a precipitous drop in  the granulo- 

At lower doses, the slope 

As the dose is 

The remaining portion of the granulocyte response,  the "abortive r ise"  
and final recovery, have also been explained to a degree on the basis of the known 
changes in  the underlying cell  population. 
somewhat m o r e  speculative than for the initial "degenerative phase" *of the granu- 
locyte response, and more  work must  be done before the precise  cellular basis 
for the la t te r  two phases of the overall  response a r e  satisfactorily documented. 

The explanations a r e  a t  present 

LD50/30 davs Nonuniform Exposure ; 

With nonuniform exposure of the body, the degree of effect (mortality for 
present purposes) is, generally speaking, l e s s  per  given maximum dose. The 

W 
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extreme of nonuniform exposure i s  partial-body exposure, such a s  that used in  
radiotherapy. It i s  this reduction in  effectiveness that accounts in  par t  for  the 
fact that doses of many thousands of R are routinely employed in  radiotherapy, 
despite the fact  that it requires only about 400 R delivered uniformly to the 
entire body to cause death. 

The effect of nonuniform exposure can be quantified by introducing a 

RHE takes into account the effect of radiations of 
factor,  the "distribution effectiveness factor,  'I DEF, analogous to RBE (relative 
biological effectiveness). 
different quality, which can be regarded a s  reflecting different degrees of 
uniformity of energy disposition in  micro volumes of tissue. RBE takes into 
account differing degrees of effect per  unit of average absorbed dose of different 
quality radiations, and i s  determined empirically in  the biological system of 
interest. 
standard o r  low-LET radiation) needed to produce a given effect, divided by the 
average absorbed dose of the given (usually high-LET) radiation required to 
give the same degree of the same biological effect, i s  taken a s  the RBE of the 
given radiation. 

The ratio of the dose of the most  uniformly distributed radiation (the 

A s imilar  approach can bt: used for  nonuniform exposure. One can start 
with the dose of uniform radiation required to  give a cer ta in  degree of biological 
effect (LD50, for instance), and divide this by the average dose (gram-rads per 
gram) of nonuniform radiation that gives the same degree of the same biological 
effect. 
ca l  situations in  the same fashion as does RBE (or QF o r  "quality factor" in 
radiation protection). 

This yields an  empirically determined DEF,  which could serve  in  pract i -  

This empirical  approach h.as serious limitations when the subject of 
p r imary  interest  i s  the human being and the variety of dose distributions to be 
considered is essentially infinite. An approach that could allow calculation of 
the DEF would have obvious advantages. The cellular basis of radiation death 
described above provides such a n  approach for obtaining the required DEF, 
which can be applied to a var ie ty  of distributions of dose to the bone marrow of 
the body. 
and swine has been tested. 

The usefulness of the model in nonuniform exposure of ra t s ,  dogs, 
An outline of the approach i s  given below. 

It i s  assumed that the survival of the animal depends upon survival of 
the same cr i t ical  fraction of the total number of marrow s tem cells in  the 
body, independent of their  distribution among the subunits of the total marrow 
mass.  
can be determined 
marrow,  such as 5bFe in the fo rm of the fe r rous  sal t  o r  technetium-99m PJmTc)  
incorporated into particulate mater ia l  that i s  taken up by the reticuloendothelial 
cells  of the bone mar row (Fig. 3). 
number of s tem cells follows the same distribution, and that the stern ce>ls in  
different par ts  of the bone marrow a r e  subject to the same dose-survival 
relationship determined for  uniform exposure of the marrow and il lustrated in 
Fig. 2. The dose to each subunit of marrow can then be determined. 

The distribution of active marrow throughout the unirradiated individual 
y administration of radioactive isotopes that localize i he 

It is reasonable to assume that the relative 

Knowing the dose to each submi t  of marrow,  the amount of marrow per  

F o r  the given pattern of nonuniform dose and for an exposure 
subunit, and the dose-effect curve f c r  s tem cells (Fig. 2), one can calculate the 
DEF a s  follows: 

'w 
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that is known empirically to yield the specified degree of the given biological 
effect of interest  (50% lethality ra te  in this instance), the number of surviving 
s tem cells in  each subunit of mar row can be calculated. 
over the entire marrow,  to determine the number of surviving s tem cells in the 
total  marrow mass. The average absorbed dose to the marrow (gram-rads  per  
gram)  fo r  this nonuniform exposure can then be calculated. 
value to the dose of uniform whole-body radiation required to reduce the number 
of s tem cells in  the total mar row m a s s  to the same fraction as that calculated for 
the nonuniform exposure will indicate the expected effectiveness of the particular 
dose distribution in producing mortality, the DEF. 

This can then be summed 

The ratio of this 

A comparison of the DEF so calculated with that found empirically is a 
The agreement has been found to be good check on the validity of the approach. 

in the cases  so  far (Ref. 5 and Fig. 4); however, additional data for further 
evaluating the approach are  required. 

It should be noted that whereas values of RBE a r e  usually greater  than 

The above discussions indicate that integral  dose/gram (gram-rads /gram)  

unity, values of DEF a r e  usually less  than unity. 

alone, even if  calculated for the mar row mass  only, is not the significant parame-  
t e r  in t e r m s  of which death f r o m  the hemopoietic syndrome can be predicted. The 
integral  dose to kill will obviously va ry  with the distribution of dose in  the body, 
s o  that integral  dose becomes significant only as a step in finding the meaningful 
parameter ,  average mar row dose, in t e r m s  of which the DEF can be determined. 

Bowel Exposure 

Although in  principle rapidly turning over cell  systems of the bowel a r e  
In Fig.  5 is shown similar  to those of the bone marrow,  r ea l  differences exist. 

schematically a histological section of the wall of the bowel, with the crypts in 
which the s tem cells a r e  located, and the villi covered with the mature  functional 
cells. The s tem cells se rve  to continuously feed mature  cells to the villi, where 
their  existence i s  terminated by their  being sloughed into the bowel lumen at the 
tips of the villi. 

With whole-body uniform exposure, a phenomenon s imilar  to that seen in  
the bone marrow exists. 
efpectively i n  a failure of delivery of mature  cells to the villi. 
have been reduced to a cri t ical  level, breaks in  the covering of the villi occur 
before the s tem cel l  population can regenerate adequately, and death ensues. 

Radiation affects pr imari ly  the s tem cells,  which resul ts  
If the s tem cells 

It should be pointed out that, although all portions of the bone marrow 
pour mature  granulocytes into the common pool, the blood, the s tem cells in  
each crypt feed mature  cells only into those villi directly associated with this 
crypt. Thus it is impossible for the crypts of a portion of the bowel unexposed o r  
lightly exposed to feed mature cells into nonadjacent villi in bowel portions that 
may have received a higher exposure. With nonuniform exposure, those portions 
of the bowel that have received a very  high dose become depleted of mature  villus 
cells,  and the animal will die even if  a large portion of the gut received no, or  
ve ry  little, exposure. Thus the approach outlined for the bone mar row for  
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calculating effectiveness of the distribution factor  does not apply to the bowel, o r  
only to a ve ry  limited extent. It jhould be pointed out also that s imilar  reasoning 
applies to the number of survivinq crypts,  and that a dose-effect curve in  t e r m s  
of number of surviving crypts ra ther  than surviving s tem cells has little meaning 
in  this context. 

Fortunately, lethal damage to the bowel occurs  only at relatively high 
doses, well above those leading t c  death from the bone marrow syndrome. 
the approach outlined for  the mar3'ow i s  applicable in  the dose range of most  
interest ,  that is, in the sublethal ranges o r  in dose ranges where survival i s  pos- 
sible o r  where enhanced survival ts possible by means of suitable therapy. 

Thus 

Late Effe As, Uniform Exposure 

A number of late effects may occur, such a s  cancer,  leukemia, cataract  
formation, life shortening, etc. It is important to  point out that the basic lesion 
most probably i s  still a t  the cellular level. Now, however, instead of pr imari ly  
death of the cel l  o r  lack of prolife *ative capacity, the injury to cells that a r e  still 
capable of continued proliferation is likely of major interest. Also, unlike ear ly  
effects, there  i s  no evidence that 1he organs with rapidly turning over cells a r e  
especially susceptible to late effects. Thus cells in nonproliferating organs such 
a s  the l iver  may be inj  red, and tliere is evidence to indicate that such injury m a y  
lead to life shortening.' There is also evidence that such injury may stimulate 
the cel l  to divide o r  to proliferate independent of regulatory mechanisms that 
prevail  over the normal  cell. Th i j  may resul t  in uncontrolled proliferation, 
namely leukemia o r  cancer. Thus the effects of interest  probably a r e  not the 
depletion of a cel l  population with resultant Lack of function of that organ a s  a 
resul t  of failure of the s tem cells 1:o supply mature functional cells in  adequate 
numbers. Rather, a sublethal injiIry to cells may resul t  in  abnormal growth o r  
other malfunction, leading in  t ime to a process  lethal to the individual. 

It is pointed out, however, that although the basic lesion leading to sig- 
nificant late effects may well be cell  injury, a number of difficulties must  be 
dealt with before quantitative relationships can be developed that approach those 
possible with ea r ly  effects. The cel l  population at r i s k  i s  unknown for  many 
effects of interest ,  particularly leukemia, and the numbers at r i s k  m a y  well va ry  
with age. 
m a r y  factor in  the genesis of many malignancies. 
leading to malignancy may well be a function of age, hormonal state, o r  other fac-  
tors.  
induction of some forms of leukemia may indicate additional complicating factors 
a s  yet unknown. 
cations that must  be taken into account over and above basic cel l  injury, o r  
whether these factors may be of considerable and general  significance o r  even of 
overriding importance. These difficulties, however, should not deter one f rom 
attempting to deal with late effects a t  the cellular o r  f iner level of organization, 
making assumptions that certainly over simplify. 
below, with leukemia induction a s  ;in example. Efforts of this nature have been 
made previously. 7, 8 

Hormonal factors  a r e  known to be at leas t  a complicating i f  not a p r i -  
The probability of cel l  injury 

The fact that partial-body shielding appears to protect against radiation 

It is not yet c lear  if these additional factors represent  compli- 

Such an  approach will be outlined 
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Leukemia. Production, Uniform Expo su r  e 

Although dose-effect curves a t  the cellular level for  leukemia (or other 
neoplasia) induction are not available, dose-effect curves indicating the rate of 
leukemia (or  other 
number of species. '-8 Such a curve for leukemia induction in  individuals exposed 
to atomic bomb radiation in  Japan i s  indicated in  Fig. 6. 
was received over a very  short  interval of time, and the dose-effect relationship 
might well be different at lower dose rates.  
of the dose received by individuals in Japan would a l te r  the dose scale shown in  
Fig. 5; however, this would not a l te r  the shape of the curve. The data a r e  con- 
sistent with a straight-line relationship between dose and effect, although the 
data a r e  far from adequate to indicate if  this i s  in  fact  the cor rec t  function. 
data a r e  absent at very  low doses,  and it cannot be stated whether o r  not a "thresh- 
old" exists below which the incidence of leukemia would be zero. Because some 
data, such a s  those shown, a r e  compatible with a straight-line dose-effect rela- 
tionship, because there  i s  increasing thought that leukemia and other cancer m a y  
resul t  f rom injury in a single cel l  ("somatic mutation"), and because a straight- 
line relationship represents  a simple and conservative approach, the so-called 
Ifno threshold, linearity" hypothesis i s  commonly taken as the dose-effect 
relationship to apply to the induction of leukemia and other neoplasia and to the 
cells responsible. It i s  s t ressed  that this remains hypothesis, however, and it 
i s  not c lear  at present how good i t  is, or the extent to which it agrees  or  disagrees  
with experiment . 

e plasia) production vs  dose have been determined in  a 

The exposure in  Japan 

In addition, m o r e  recent calculations 

Also, 

In Fig. 5 the relative number of individuals developing leukemia i s  
plotted vs  dose, i. e . ,  the curve represents  a leukemia-incidence-vs-dose 
relationship. The curve would also represent  the relationship between dose and 
the number of surviving affected cells of interest  vs dose, provided that the fo l -  
lowing assumptions apply: 
but surviving cells,  i. e. , i ts  origin lies in "somatic mutation, (b) only one af- 
fected cell  i s  necessary  to produce leukemia, (c) all individuals exposed have 
approximately the same number of cells of interest  at r i s k  in  the body, (d) the 
number of cells affected is  a t  most  a very  small  fraction of the number of s u r -  
viving cells (well below l y ~ ) ,  and (e) the highest incidence considered i s  small ,  
i. e. ,  below approximately 30%. 

(a) leukemia following i r radiat ion a r i s e s  f rom injured 

The dose-incidence curve shown in  Fig. 5 a lso represents  a plot of dose 
vs number of cells at r i s k  (as opposed to just-survivin cells a t  r isk) ,  provided 
additionallv that virtuallv every cell  affected a + so survives and m a y  potentially 
produce lekkemia, i. e. , ' there ' i s  negligible cell  death in the i r radiated cel l  
population of interest. 

Additional factors must be taken into account. If the given disease--in 
this case leukemia--is thought of as caused by a single affected cell,  it would 
seem at f i r s t  glance that the incidence I of this disease,  expressed a s  a fraction, 
should equal the probability that an animal has such a cell ,  which in  turn  is equal 
to the average number of such cells per a n h a l .  This is t rue,  however, only if  
two corrections a r e  taken into accoynt, either of which m a y  be quite significant. 
F i r s t ,  one must  find the incidence I which would have been observed in  the ab- 
sence of other causes of death. This c o r r e c m n c i d e n c e  m a y  be determined by 
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an integration involving the age-specific inciderlce of the disease. Necessarily 
I '  > I, and the magnitude of the correction depends in general on the degree to 
which deaths f rom other causes predominate over and precede those f rom the 
given disease. 
than one affected cell. 
ber of cells,  m y  i s  greater  than I . 
bilities that ,an animal has no cell,  one cell, etc. , one has I 
incidence, I 
the difference may be considerable. 
i s  In 2 o r  0.693. 

The second correction is fo r  the occurrence of animals with more  
As a consfquence of such "redundancy" the average num- 

Assuming a Poisson distribution of proba- 
At low 

and m approximate each other closely, whereas for higher values 
When I' = 0.5, for example, the value of m 

= l-e-m. 

Thus, although only incidence-vs -dose curves for late effects such as 
leukemia a r e  available, this type of curve can be used, together with certain 
assumptions, to infer the nature of the dose-effect curve for  the cells at  risk. 
Or, alternatively, one can simp1.y assume the nature of this curve. .The curve is 
commonly assumed to be l inear,  with no threshold. 

Nonuniform Exposure, Leukemia Production - -  

If the curve for net affected cells vs dose is assumed or is known, and 
if  the distribution of the cells at r i sk  within the body i s  known, then the same 
cellular approach outlined above for dealing with nonuniform exposure of the 
marrow can be used to yield the total r i sk  to the individual for a given type of 
nonuniform exposure as compared with the uniform exposure. 

Further ,  however, if the net-affected-cells-vs-dose curve is assumed 
or known to be l inear,  and if  the cells of interest  a r e  known to be uniformly dis-  
tributed in the organ of interest ,  tEen the calculation reduces to a calculation of 
integral  dose per gram, or gram-rads /gram,  that i s ,  the average dose to the 
organ of interest. 
uniform distribution of dose, with :L given average dose, is the same a s  that for 
uniform exposure with the same given average dose. 
the DEF is unity. 

To say  this in another way, the incidence for a given non- 

This means in effect that 

Summary 

In this introductory presentation an  effort  has been made to show that if  
one knows (a) the distribution of absorbed dose throughout the body, (b) the dis-  
tribution of cells of interest ,  and (c)  the dose-effect curves for  these cells and 
the effects of interest ,  one can effectively and quantitatively t ranslate  the pr in-  
ciples and knowledge obtained at the basic cellular level into expected effects in  
the intact mammal. 
true.  Data are available for exact evaluation with respect  to ear ly  effects. 
has been shown that the same approach may be applied more  generally, and per -  
haps even with long-term effects such a s  the development of malignancies. 
However, data a r e  now insufficient for adequate evaluation and the approaches 
at present a r e  highly hypothetical. Throughout, the paramount importance of 
obtaining m o r e  quantitative data, particularly dose-effect curves,  and especially 
at the cellular level, is stressed. 
the m o r e  it will be possible to use radiobiological principles in applied health 
protection work. 

Several  illustrations have been used to show that this is 
It 

The more  data of this nature that a r e  obtained, 
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BONE MARROW 

I I 

BLOOD 

ING STEM DIVIDING AND 
CELL MATURING ONLY 

Fig .  1. Schematic representation of the bone marrow-hlood granulocyte 
cell-renewal system. 
ma tu re  functional granulocytes to the blood at a steady r a t e  in  the  
normal individual. 

The bone m a r r o w  is the "factory" supplying 
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Fig. 2. Dose-survival curve of "s tem cells" of the mouse bone m a r r o w  (data 
f rom Ref. 2). 
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Fig. 5 .  Schematic of the cell-renewal sys tem of the bowel epithelium. 
dividing cel l  populations of the crypts  furnish ma tu re  nondividing 
functional cel ls  continuously to  the villi. 

The 

I l " " ' ~ ' ' ' '  cn - 
2000- HIROSHIMA - 

- \ 

'I AIR 'I DOSE 

Fig. 6. Incidence of leukemia in  IIiroshima populations, Y S  est imated dose 
(dose estirnates have been revised downward af ter  collection of data 
shown). 
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L a s i c  Physical Mechanisms i n  Radiobiology 

1.2 J. S. Robertson 
Brookhaven National Laboratory 

1: Introduction 

One of the principal objectives of t h i s  symposium i s  t o  re la te  the 

radiation dose t o  the biological. e f fec ts  tha t  ensue as consequences. 

I n  so doing we begin with the assumptions tha t  ultimately the biological 

e f fec ts  are caused, a t  least  stochastically i f  not deterministically, 

by the i n i t i a l  physical events t ha t  are  associated with exposure t o  

ionizing radiation, and tha t  these i n i t i a l  events are  followed by a 

chain of chemical and biochemical. reactions tha t  t ranslate  the physical 

events into the biological effects.  
absorbed 

O f  the physical pa:rameters, t h rdose ,  expressed i n  terms of energy 

absorbed per gram a t  the point of in te res t ,  i s  of prime importance. Ex- 

perience, however, indicates tha t  the radiation dose per se does not 

determine the biological effects.  Instead, many factors must be con- 

sidered. These include other physical parameters such as dose rate and 

-- 

ion track density, and many biological factors  such as species, age, sex. 

and end point. I n  particular,  fo r  the same end point it has been found 

tha t  the dose required Lo produce a given degree of e f fec t  depends upon 

the nature 

radiation, usually 25O-kvp x rays o r  Co gamma rays, t o  the dose of the 

o r  type of radiation. The r a t io  of the dose of a standard 
60 

tes t  radiation required t o  produce a given ef fec t  has been defined as 

the RBE, o r  re la t ive biological effectiveness of the t e s t  radiation, as 

mentioned by Dr. Bond i n  the preceding paper. 

I n  health physics work it i s  often necessary to  accept the existence 

of RBE's as an empirical fact ,  and arbi t rary o r  "legislated" values de- 

pendent on the LET, or l inear  energy transfer rate,  are  used. The 

'v values assigned, however, may be based on exposure conditions i n  which 
15 
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many of t he  v a r i a b l e s ,  p a r t i c u l a r l y  t h e  dose, t h e  dose r a t e , a n d  t h e  end 

p o i n t ,  are q u i t e  d i f f e r e n t  from those  involved i n  t h e  s i t u a t i o n  be ing  
w 

evaluated,  and may no t  be d i r e c t l y  app l i cab le .  

One of the  problems i n  radiobiology i s  t o  seek a t h e o r e t i c a l  ex- 

p l ana t ion  of RBE's. To i n s u r e  genera l  v a l i d i t y ,  t h i s  r e q u i r e s  determin- 

i n g  t h e  BE'S f o r  a wide v a r i e t y  of exposure condi t ions  and end po in t s .  

We may epitomize t h e  problem by asking, "Why a r e n ' t  all RBE's equal  t o  

un i ty?  

I n  t h e  p re sen t  paper  we s h a l l  review t h e  b a s i c  physicochemical 

mechanisms involved i n  the  i n t e r a c t i o n  between i o n i z i n g  r a d i a t i o n  and 

t h e  absorbing material, b u t  may as w e l l  admit a t  t h e  beginning t h a t  a t  

p re sen t  t h e r e  i s  no completely s a t i s f a c t o r y  answer t o  t h e  above quest ion.  

I n  p a r t  t h i s  i s  because al though much i s  known about t h e  e f f e c t s  a t  

each of s eve ra l  s tages-physical ,  physicochemical, chemical, b i o l o g i c a l ,  

c l i n i ca l - the  mechanisms of t r a n s i t i o n  between the  s t ages  i s  o f t e n  not  

w e l l  understood. 

2. Phys ica l  Phase 

I o n i z a t i o n  and e x c i t a t i o n  

I n  t h e  passage of ion iz ing  r a d i a t i o n s  through any absorbing medium, 

the  primary processes  t h a t  occur a r e  i o n i z a t i o n  or i on -pa i r  product ion 

and e x c i t a t i o n ,  which a r e  d i s t ingu i shed  by whether an  e l e c t r o n  i s  

removed from an  atom or merely e l eva ted  t o  an  abnormally h igh  energy 

s t a t e .  I n  i o n  p a i r  product ion t h e r e  i s  removal of a n  e l e c t r o n  from one 

atom and e l e c t r o n  attachment t o  another .  The i o n i z a t i o n  p o t e n t i a l  v a r i e s  

wi th  t h e  m a t e r i a l ,  and i s  about 16 e'i7 air ,  13 eV f o r  water .  However, on 

t h e  average, about 32.5 eV a r e  d i s s i p a t e d  p e r  i o n  p a i r ,  so f o r  each i o n  

16 
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w p a i r  t h e r e  i s  another  lO-X;, e V  t o  be accounted for and which i s  d iss i -  

pa ted  by e x c i t a t i o n .  

d i s s o c i a t i o n ,  fluorescence, o r  energy t r a n s f e r .  I n  complex molecules 

it may appear as v i b r a t i o n a l  o r  o s c i l l a t o r y  energy. Although d i r e c t  

measurements i n  water  a r e  d i f f i c u l t  t o  achieve,  it i s  i n f e r r e d  from 

o t h e r  r e s u l t s  t h a t  i n  aqueous media t h e  energy i s  roughly equal ly  

d iv ided  between e x c i t a t i o n  and ion iza t ion .  

e x c i t a t i o n  i n  producing b i o l o g i c a l  e f f e c t s  i s  not, known. 

Die e x c i t a t i o n  energy i s  disposed of by 

The r e l a t i v e  importance of 

Although, a t  least  i n  such devices  as ro8nt;gen meters, only t h e  

i o n i z a t i o n  i s  a c t u a l l y  measured, dos imet r ic  va lues  are usua l ly  expressed 

i n  terms of t h e  t o t a l  energy absorbed. 

I o n i z a t i o n  t r a c k s  may be s tud ied  i n  cloud chambers, bubble chambers, 

and emulsions. The sepa ra t ion  of i o n  c l u s t e r s  depends on t h e  na ture  

of t h e  r a d i a t i o n ,  wi th  g(amma r a y s  producing r e l a t i v e l y  sparse  t r a c k s  

having only about 10 i o n  p a i r s / p  of pa th  l eng th ,  whereas a lpha  p a r t i c l e s  

may have, t y p i c a l l y ,  about 5000 i o n  pa i rs /p ,  and uranium f i s s i o n  f r ag -  

ments over 100 000 i o n  pa i r s /p .  

0.28 keV/p f o r  X)-MeV 7 rays,  2.8 keV/p f o r  200-kvp x rays ,  150 keV/p 

f o r  5.14-MeV a p a r t i c l e s ,  and 4000 keV/p f o r  uranium f i s s i o n  products .  

Highly acce le ra t ed  heavy charged p a r t i c l e s ,  however, have l o w  LET values. 

A more d e t a i l e d  considerar t ion of s p e c i f i c  types  of r a d i a t i o n  fol lows.  

I n  terms of U T ,  t h e  va lues  run  

Heavy charged p a r t i c l e  

I n  t h e i r  passage through absorbing material, t h e  heavy charged 

p a r t i c l e s  t r a n s f e r  t h e i r  k i n e t i c  energy t o  the  medium mostly by i n e l a s t i c  

c o l l i s i o n  r e a c t i o n s  wi th  e l ec t rons .  This process  i s  descr ibed  by the 

Bethe formula: - 
17 
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h v 2  
2 4  4Kz e 

NZ I n  - a -  -7 r 7  - -  
dx 

dE - = rate of l o s s  of energy by primary p a r t i c l e ,  dx where 

e 

ze 

= charge of e l e c t r o n  (4.8025 x 10-l' abs  esu), 

= charge of p a r t i c l e  ( z  a n  in teger ) ,  

V = v e l o c i t y  of p a r t i c l e ,  

m = mass of e l e c t r o n  (9.1091 x g ) ,  , 

2 = electrons/molecule  i n  medium, 

N 

I = mean e x c i t a t i o n  po ten t i a l .  

= d e n s i t y  of molecules i n  medium, 

The above formula i s  a simplification of the more complete form, 

which inc ludes  a d d i t i o n a l  terms for c o r r e c t i o n s  for very low and f o r  

very high v e l o c i t i e s .  

- - becomes smaller  f o r  high v e l o c i t i e s ,  which i n  t u r n  means high 

energ ies .  

p a r t i c l e s  have - values  t h a t  may be as low as those  f o r  gamma rays.  

Minimal - values  are about 0.22 keV/p. 

Since t h e  v e l o c i t y  appears  i n  t h e  denominator, 

dF: 
dx 

I n  t h e  GeV energy range,protons and o t h e r  acce le ra t ed  

dE 
dx 

dE 
dx 

Pro tons  wi th  ene rg ie s  of 0.5 t o  1 . 5  MeV have shor t ,  t h i ck ,  s t r a i g h t  

values  t y p i c a l l y  30 t o  k, keV/p i n  water .  pa ths ,  wi th  This  r a t e  of 

Alpha p a r t i c l e s  

dx 

energy l o s s  produces about 1000 i o n p a i r s / p  i n  water .  

of t h e  same o r  somewhat h igher  energy t y p i c a l l y  have - values  of dx 

150 keV/p and produce 5000 i o n  p a i r s / p  i n  water. 

t h e  stopping f o m i d a ,  t he  most i n t ense  i o n i z a t i o n  i s  produced near  t h e  

end of t h e  p a r t i c l e ' s  range, where the  v e l o c i t y  i s  low. 

the  t r a c k  a maximum value i s  reached, a f t e r  which t h e  - f a l l s  r a p i d l y  

t o  zero as t h e  p a r t i c l e  comes t o  r e s t .  

A s  may be  seen from 

Year the  end of 

m 
dx 

This  peak i s  known as t h e  Bragg 

peak. 
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w 

Some examples of p a r t i c l e  ene rg ie s  t h a t  may be encountered a re :  

Radioact ive nuc1i:des 5-6-MeV a lpha  p a r t i c l e s ,  

BNL AGS 33- G e V  protons,  

Proposed We s ton  AGS 200 GeV, 

Berkeley Omnitron (1.4- GeV pro tons ,  
(70- GeV uranium nuc le i .  

The above ene rg ie s  are, of course, those  of t he  primary p a r t i c l e s  i n  t h e  

main beam. 

o r d i n a r i l y  permi t ted ,  cons idera t ion  of t h e  b i o l o g i c  e f f e c t s  of such ex- 

posures  i s  more of r ad iob io log ica l  than of h e a l t h  p:nysics i n t e r e s t .  I n  

p r a c t i c e ,  a more f requent  source of r a d i a t i o n  hazard i s  the  secondary 

Since d i r e c t  exposure cf personnel  t o  t h e  beam i s  not  

r a d i a t i o n  t h a t  a r i s e s  from t h e  r e a c t i o n s  of t h e  main beam wi th  sh i e ld ing  

and o t h e r  m a t e r i a l s  i n  i t s  pa th .  

I n  a cloud chamber a - p a r t i c l e  t r a c k s  may be seen t o  inc lude  shor t ,  

f a i n t  s t r a g g l i n g  t r a c k s  branching from t h e  main t r ack .  These a r e  due 

t o  r e c o i l  e l e c t r o n s  and a r e  known as d e l t a  rays .  

can r ece ive  a m a x i m u m  energy corresponding t o  twice the  a - p a r t i c l e  

vel0 c i t y , 

%e r e c o i l  e l e c t r o n s  

2 
= 2mv . 

EMAX 

For a 10-MeVa p a r t i c l e ,  t h e  most e n e r g e t i c  d e l t a  r ay  w i l l  have an 

energy of about 6.3 keV. 

dE 
dx Thus not  on ly  does t h e  - for a given type of r a d i a t i o n  vary d o n g  

the  t r a c k  l e n g t h  as a func t ion  of t h e  r e s i d u a l  energy, b u t  t h e r e  i s  also 

spectrum of LET va lues  wi th in  any small segment of t h e  t r ack .  This  

a spec t  of t h e  problem i s  d iscussed  more ex tens ive ly  i n  o t h e r  papers  at 
dE t h i s  symposium, as i s  t h e  r e l a t i o n s h i p  between U T  and - 

w dx ' 
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3. Elec t rons ,  Pos i t ron% and Mesons LI 

The absorp t ion  of t h e  energy of the l i g h t e r  charged p a r t i c l e s  involves  

e s s e n t i a l l y  t h e  same mechanisms as have been descr ibed f o r  t h e  heavy 

p a r t i c l e s .  

e l e c t r o n s  and p o s i t r o n s  are much h igher  f o r  given energ ies ,  and t h e  

necess i ty  for r e l a t i v i s t i c  v e l o c i t y  co r rec t ions  arises a t  lower energ ies .  

Pos i t rons  and fi- mesons have the  a d d i t i o n a l  feature of energy-releasing 

r e a c t i o n s  a t  the ends of t h e i r  t r acks .  

However, because of t h e i r  lower masses, the v e l o c i t i e s  f o r  

Pos i t rons  r e a c t  wi th  e l e c t r o n s  t o  

produce two 0.5U-MeV gamma rays  which a r e  emit ted i n  oppos i te  d i r e c t i o n s .  

The nII- mesons react w i t h  atomic nuc le i  t o  d i s r u p t  them and produce 

listars," o r  mul t ip l e  t r a c k s  a s soc ia t ed  with t h e  nuc lear  fragments. 

The dece le ra t ion  of high-speed e l e c t r o n s ,  p a r t i c u l a r l y  i n  dense 

t a r g e t  ma te r i a l s ,  results i n  another  kind of r a d i a t i v e  emission c a l l e d  

bremsstrahlung, o r  braking r a d i a t i o n .  This  i s  a continuous spectrum of 

x rays ,  the c h a r a c t e r i s t i c s  of which depend on t h e  e l e c t r o n  energy and 

on the composition of the  absorbing medium. 

50 MeV 

For e l e c t r o n  ene rg ie s  above 

t h i s  mechanism becomes competi t ive wi th  i n e l a s t i c  c o l l i s i o n  as 

a mechanism of energy loss,  b u t  a t  lower ene rg ie s  it i s  of minor impor- 

tance i n  radiobiology. 

4. Electromagnetic Radiat ions 

Electromagnetic r a d i a t i o n s  a r e  gene ra l ly  p re sen t  as a "contaminant" 

of o the r  kinds of beams and are produced by many r e a c t i o n s  of acce ler -  

a t e d  p a r t i c l e s  with sh i e ld ing  ma te r i a l s .  They are cha rac t e r i zed  by 

t h e i r  wavelength, which i s  r e l a t e d  t o  t h e i r  energy: 

V 
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C 

V 
A = -  

0.12354 - E =  2 

where h = wavelengtli (em), 
1 

h - wavelength i n  Angstrom u n i t s ,  Ao, 
c = v e l o c i t y  of l i g h t  (cm/sec), 

E = energy, 

h = Planck's constant,6.6256 x e r g  see.  

It i s  important t o  note t h a t  as the  energy inc reases ,  t he  wave- 

l eng th  decreases .  A s  a rough r u l e ,  t h e  wavelength determines t h e  s i z e  

of t h e  ob jec t  with which ar. e lectromagnet ic  wave w i l l  i n t e r a c t .  

r ad io  waves, wi th  h ' s  i n  ern t o  many meters (1.2 x 

Thus 

t o  0.025 eV) 

r e a c t  w i t h  antennas,  whereas i=lfrared r ays  (0.025 t o  1.75 eV) r e a c t  with 

molecules, and i n  t h e  v i s i b l e  regiorL (1.75 t o  3.55 eV) i s  found the  

beginning of e x c i t a t i o n  i n  atoms. The pho toe lec t r i c  e f f e c t ,  i n  which 

the  inc iden t  photon disappe'zrs and a n  e l e c t r o n  i s  removed from an atom, 

begins  i n  t h e  u l t r a v i o l e t  region (3.55 t o  90 eV). 

regions of 0.5 t o  5 MeV, Compton s c a t t e r i n g  becomes t h e  predominant 

I n  t h e  x-and y-ray 

energy- absorbing mechanism. I n  t h i s  process  t h e  energy of  t h e  inc iden t  

photon i s  divided between t h a t  of a r e c o i l  photon of lower energy and a 

r e c o i l  e l ec t ron .  

t e r i n g  angle ,  m 

With h = i n c i d e n t  photon, h' = r e c o i l  photon, 'p = sca t -  

= e l e c t r o n  r e s t  mass, and e = e l e c t r o n  charge, t h e  
0 

change i n  wavelength i s  given by t h e  formulas 

h - (1 - cos c p )  
mOe 

0.0242 (1 - 

where t h e  f i n a l  numerical value i s  f o r  (A'  - A) i n  A'. 
W 
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Figure 1 shows t h e  Compton s c a t t e r i n g  photo energy p a t t e r n s  f o r  yl 

500-keV, 1-MeV, and 10-MeV i n c i d e n t  photons. 

t he  d i r e c t l y  backsca t te red  photons (9 = 180') t h e  l i m i t i n g  energy i s  

m0c - = 0.255 MeV, where mo i s  t h e  e l e c t r o n  rest  mass. 2 

It can be s h a m  t h a t  f o r  

2 

A t  gamma-ray energ ies  above 1.022 MeV, p a i r  product ion becomes 

poss ib l e .  

B', f3' p a i r ,  and t h e  remaining energy appears  as k i n e t i c  energy of t h e  

p a r t i c l e  s . 

I n  t h i s  process  1.022 MeV of energy i s  transformed i n t o  a 

For low-Z m a t e r i a l s  nuclear  reac t ions ,  (7 ,p) , (r , n) , and (7 ,a) ,  occur 

a t  gamma-ray energ ies  above 10-15 MeV. 

Figure 2 shows t h e  t o t a l  absorp t ion ,  p, and t h e  t r u e  absorp t ion ,  

curves i n  water f o r  photons i n  t h e  0.01- t o  1OO-MeV energy range, pa, 

and t h e  con t r ibu t ions  due t o  s c a t t e r  a,, t h e  p h o t o e l e c t r k e f f e c t  7 ,  

Compton s c a t t e r i n g  oa, and p a i r  product ion 

Since t h e  dens i ty ,  p ,  of water i s  1, t h e  o rd ina te  va lues  may a l s o  be 

given u n i t s  of cm'l, o r  f r a c t i o n a l  l i n e a r  absorpt ion.  

water a r e  approximately c o r r e c t  f o r  s o f t  t issues.  

k, components of  t h e  curves.  

The values  for 

Neutrons 

Because of t h e i r  l a c k  of charge and much g r e a t e r  mass, neutrons do 

not  r e a c t  appreciably wi th  e l e c t r o n s .  Their  absorp t ion  i n  matter t h u s  

involves  nuclear  r e a c t i o n s  only.  There a r e  t h r e e  main processes:  

1. I n e l a s t i c  s c a t t e r i n g ,  

2. E l a s t i c  s c a t t e r i n &  

3. Neutron capture .  

V 
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Neutrons may be c l a s s i f i e d  according t o  t h e i r  energy: 

Slow ( inc luding  thermal) 

Epithermal 

F a s t  0.02- 10 MeV, 

High energy > 10 MeV. 

0 - 0.1 keV, 

0.1 keV - 0.02 MeV, 

I n e l a s t i c  s c a t t e r i n g  occurs  only f o r  neutrons of s eve ra l  keV o r  

more and l e a v e s  t h e  nucleus i n  an exc i t ed  s t a t e .  

E l a s t i c  s c a t t e r i n g  i s  t h e  only process  e f f e c t i v e  i n  reducing 

neutrons t o  thermal energies .  

t i s s u e ,  where hydrogen i s  the  most important cons t i t uen t ,  e l a s t i c  

With fast  neutrons below 20 MeV and i n  

s c a t t e r i n g  accounts f o r  85-9596 of t h e  energy t r a n s f e r .  The energy 

t r a n s f e r r e d  i n  a c o l l i s i o n  i s  

4m h 

where m = neutron energy, 

8 = r e c o i l  angle. 

After n c o l l i s i o n s .  t h e  neutron energy i s  

where To = i n i t i a l  k i n e t i c  energy of  neutron, 

T 1 = median energy of degraded spectrum, 
n 

(A  = 1)2 A + 1 I n  - A -  1’ 5 =  

where A i s  t h e  atomic weight of t h e  s c a t t e r i n g  medium. 

A t  ene rg ie s  exceeding X, MeV, neutrons have s u f f i c i e n t  energy t o  

d i s i n t e g r a t e  nuc le i  on c o l l i s i o n ,  l ead ing  t o  s p a l l a t i o n  o r  star 

formation. w 
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Below x> keV, i n  t h e  epi thermal  region,  t he  most important  mode of  V 

energy t r a n s f e r  i s  by e l a s t i c  c o l l i s i o n .  

not i on ize ,  b u t  i n i t i a t e  atomic and molecular e x c i t a t i o n s .  

capture  by n i t rogen  and hydrogen does l e a d  t o  i o n i z a t i o n ,  b u t  a t  ener- 

g i e s  above 100 e V  the  c ros s  s e c t i o n s  are low. Both of these  processes  

follow t h e  l / v  l a w ,  so a t  lower ene rg ie s  the  p r o b a b i l i t y  of capture  

inc reases  with 1/0. 

before  being captured. 

i n  normal t i s s u e .  

Here t h e  r e c o i l i n g  nuc le i  do 

Neutron 

Neutrons a r e  usua l ly  slowed t o  thermal ene rg ie s  

Table I l i s t s  data p e r t i n e n t  t o  neutron capture  

TABLE I 

Neutron Capture i n  Normal Tissues  

Element Element I so tope  Reaction 

i so tope  t i s s u e ,  $ 4'0 barns  MeV 
and f r a c t i o n  i n  abundance, c r o s s  sec t ion ,  Energy? 

0 17 65 0.037 (n , a )  0 .4  1.6 

H 1  10. 99.98 (n ,7)  0.352 2.2255 

N 14 3. 99.6 b , P )  1.75 .660 

c1 35 0.15 75.5 ( n, 7 1 30. 8.58 

V 

24 



I. 2 

Factors affecting dose- ef f e 2-k relationships 

The above considerations indicate the principal mechanisms by which 

the energy of various kinds of radiation i s  absorbed i n  matter, and the 

reasons f o r  there being diTferences i n  track density. 

FBE’s are associated with these differences, with the denser tracks i n  

general giving the higher IIBE’s. It i s  s t i l l  not en t i re ly  clear,  how- 

ever, why the same amount of energy absorbed i n  a dense track i s  more 

effect ive than i n  a sparse track. 

To a large extent 

The explanation appears t o  l i e  a t  the physicochemical level ,  and 

involves a complicated interat ion of many factors.  

radical  diffusion rates ,  the oxygen effect ,  target  theory, and the 

sens i t iv i ty  of the i r radiated system. 

Among these are free- 

Free-radical diffusion ra tes  and the oxygen ef fec t  are most impor- 

t an t  with indirect  effects ,  those which depend on the i n i t i a l  ab- 

sorption of energy by solvent atoms rather  than direct ly  by ta rge t  

molecules. I n  the denser tracks the i r rad ia t ion  products of water, the 

free radicals  H and OH, have a higher probability of reacting with each 

other and forming oxidative radicals  such as H202, than of diffusing 

and reacting with solutes which may a c t  as protective agents. 

presence of oxygen i n  solution increases the production of oxidative 

radicals  by radiations having re la t ive ly  sparse tracks, but has l i t t l e  

or  no e f fec t  i n  association with the denser tracks. 

The 

The survival curves for  cells, bacteria, e tc .  i r radiated with high- 

UT-type radiations a re  typical ly  exponential, whereas those f o r  low-LET 

radiations often have a shoulder before becoming exponential. 

phenomenon i s  usually interpreted i n  terms of various forms of the h i t  

theory, with e i ther  multiple h i t s  being required t o  a f fec t  a single 

This 
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target  o r  multiple targets  having t o  be h i t  t o  produce the observed 

effect .  

separated i n  t i m e ,  recovery from the f i r s t  h i t s  i s  possible and the 

l a t e r  h i t s  are l e s s  effective. 

effective i n  par t  because the required number of h i t s  are closer to- 

gether i n  t i m e .  

radiations t o  be close enough together i n  space and t i m e  t o  simulate 

high-LET tracks. 

of high-LET radiation begin t o  be simulated a t  dose rates of over 

10 rad/sec. 

theory, indicating tha t  some of the free  radicals have longer l i v e s  than 

had been expected. 

methods support the concept of longer-lived radicals.  

Evidently i f  the required number of h i t s  are too widely 

Thus the denser tracks may be more 

Very large doses are required f o r  the tracks of law-LET 

Studies with low-LET radiations show tha t  the e f fec ts  

8 Even t h i s  i s  somewhat lower than had been expected by 

More recent data with electron spin resonance 

In  summary, it appears tha t  an explanation of RBE i n  physical and 

physicochemical terms i s  going t o  be possible, but considerably more 

data on track structure, free-radical production, dose-rate effects, and 

other related parameters are  needed. 

sented a t  t h i s  symposium are  concerned with recent data and theories i n  

t h i s  area. 

Several of the other papers pre- 
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COMPTON SCATTER 

FIGURE 1 

Compton s c a t t e r  energy d i s t r i b u t i o n  p a t t e r n s  for 

500-keV, 1-MeV, and 10-MeV gamma rays .  
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FIGURE 2 
Mass absorp t ion  c o e f f i c i e n t s  i n  water  f o r  photon 

ene rg ie s  0 .01 t o  100 MeV. The t r u e  absorp t ion  curve 

d i f f e r s  from t h e  t o t a l  absorp t ion  curve i n  not  inc luding  

the  e l a s t i c  s c a t t e r i n g  component, os.  From Hine and 

Brownell, Radiat izn Dosimetrx. 
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J EFFECTS OF ACCELERATED HEAVY IONS ON ENZYMESJ 
IN THE DRY STATE AND IN AQUEOUS SOLUTIONS 

Tor Brustad 

Norsk Hydro's Institute for Cancer Research 
Montebello , Norway 

Introduction 

Most of the studies of accelerator -produced radiations on biological 
macromolecules have been concerned with effects of protons, deuterons, and 
helium ions on dried materials.  Ions heavier than helium ions, with energies 
up to about 10 MeV/amu produced either by cyclotrons, l inear accelerators ,  o r  
tandem Van de Graaffs a r e ,  however, now becoming more  commonly available. 
Because of the short  range of such particles,  few investigations have been con- 
ducted to elucidate the mechanisms of heavy-ion-induced injury on macromole - 
cules in dilute aqueous solutions. It i s  therefore felt appropriate he re  to recapit-  
ulate only briefly some of the resul ts  obtained with accelerated particles on dried 
enzymes. Emphasis w i l l  instead be placed on some recent studies of inactivation 
of enzymes in aqueous solutions with radiations of different LET, although the 
results obtained in this field so far a r e  only fragmentary. 

Effects on Macromolecules Exposed in the Dry State 

The pioneer work of Lea' and the subsequent extensive investigations by 
Pol lard e t  al. 
comes inactivated when a p r imary  ionization occurs anywhere within the confines 
of the molecule, 
only little to the radiation damage, and (c)  excitations a r e  unimportant for the 
inactivation processes.  
a clear  relationship i s  expected between the radiosensitivity of an  enzyme and its 
size o r  molecular weight. 
Yale group; resul ts  a r e  summarized in Fig. 1. A log plot of the radiosensitiv- 
ity, expressed as the "radiation molecular weight" vs the accepted molecular 
weight, i s  shown. The data a r e  c lear ly  somewhat scattered, but nevertheless, 
they provide impress ive  evidence for  a strong correlation between the radiosen- 
sitivity and the molecular weight of dried enzymes. 

led to the general  conclusions that (a) an  enzyme molecule be-  

(b) ionizations occurring outside the enzyme molecule contribute 

Based on this simplest  form of a ''one hit" target theory, 

This relationship has been studied extensively by the 

Experiments by the Yale group and others, however, showed the radiosen- 
sitivity to be modified by a number of physical and chemical factors ,  such as 
a s say  methods, presence of oxygen, and the nature of the solutions f rom which the 
enzymes a r e  dried a s  we l l  a s  properties of the media in which the enzymes a r e  
dissolved af ter  the exposure. I t  was also found that admixtures of various mole- 
cules affected the radiosensitivity of enzymes when exposed to radiations of low 
LET4 as well a s  to radiations of high LET. 5 

In Fig. 2 a r e  shown the inactivation c r o s s  sections of trypsin exposed to 
C ions when the enzymes a r e  mixed with certain foreign molecules in  various - 
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concentrations. 
added molecules so that it becomes greater  o r  smaller  than that character is t ic  
of the pure enzyme. 

As seen, the enzyme radiosensitivity can be affected by the 

Figure 3 shows sti l l  another factor( which modifies the enzyme radiosen- 
sitivity. 6 Here the relationship between the inactivation c ross  section of trypsin 
is plotted as a function of the temperature of the sample during the irradiation. 
Results are presented for s ix  different radiations, and each point on the graph is 
based on a dose-effect curve. As seen, the shape of the curve is s imilar  for all 
radiations. 
of the temperature. 
creasing sample temperature up to the highest temperatures studied. 
average, the radiosensitivity at  room temperature i s  about 2 to 3 t imes that ob- 
served in the temperature -independent region below about 100°K. 

F r o m  about 10°K to about 100°K the radiosensitivity is independent 
F r o m  about 100°K the radiosensitivity increases  with in- 

On the 

A problem of considerable interest  at present i s  to what extent the radia- 
tion-induced radicals in, say, dried enzymes a r e  responsible for the observed 
enzyme inactivation. To shed more  light on this prob,.lem, attempts have been 
made to search for  correlations between the yield of enzyme inactivation and the 
yield of induced f ree  radicals,  when the la t ter  a r e  measured  by ESR technics 
after the end of the exposure to ionizing radiation. 7 - 9  
observed may,  however, in a complicated way be affected more  or l e s s  by secon- 
dary  radical reactions during and after the exposure, but pr ior  to the measure-  
ment on the ESR spectrometer.  Such secondary reactions a r e  known to be slowed 
down by lowering of the sample temperature. 
quantitative studies a r e  not yet reported of enzyme radicals which are induced at 
tempera tures  a s  low a s  that of liquid helium and measured in the ESR spectrom- 
e te r  at the same temperature. 

The ESR centers  thus 

Unfortunately, qualitative and 

- 

In his work Henriksen decided to look for correlations between the yields 
of those radicals which a r e  trapped at room temperature and the yields of enzyme 
inactivation, af ter  ex osure at various temperatures to different accelerator  - 
produced radiations. t!? He found that the f r ee  radicals induced in trypsin and 
lysozyme were  essentially identical and nearly independent of the ionization den- 
si ty of the radiation. 
when i r radiated in vacuum and measured in the ESR spectrometer at room tem- 
perature. 
is due to a sulfur radical in which the unpaired electron i s  localized mainly on 
the sulfur atom in the cysteine residue and that the doublet is due to  a radical i n  
which the unpaired electron is localized in a n-orbital on a n  a carbon atom in  
the protein backbone:8 

The ESR signal consists of a doublet and a broad resonance 

Evidence is now available for  the interpretation that the broad resonance 

H 
1 

0 
11 

I I 
R H 

The group R is pr imari ly  a hydrogen atom. 
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In Fig.  4 a r e  shown two different effects on dried trypsin exposed to C 
ions, namely the relative yields for (a) inactivation of the enzymatic activity 
(data due to  the present author) and (b) induction of f ree  radicals (data due to 
Henriksen8) as a function of the sample temperature during the exposure. 
seen f rom the graph, the yields for induced radicals depend on the irradiation 
temperature in the same way as do the yields for inactivation, discussed above. 

A s  

In Fig. 5 a r e  also shown two different effects on dried trypsin, namely 
the relative yields for (a) inactivation of the enzymatic activity (data due to the 
present author) and (b) induction of f ree  radicals (data due to Henriksen8), as 
a function of the stopping power of various radiations. Here it is seen that the 
yields for  induced radicals depend on the stopping power in the same way as do 
the yields for inactivation, discussed above. 

Figures  4 and 5 show pronounced correlations between yields of radicals 
trapped at room temperature and enzyme inactivation for varying sample tempera-  
tures  and for radiations of different LET. Although our understanding of re la -  
tions between induced radicals and the biological damage i s  very incomplete, the 
data presented suggest that the loss  of enzymatic activity of dried enzymes ex- 
posed to various types of ionizing particles is the resul t  of a sequence of events 
in  which free radicals a r e  important intermediates. 8 

Inactivation of Enzymes in  Aqueous Solutions 

Studies of X-irradiated biological macromolecules in aqueous solutions 
have led to the conclusion that the injury i s  caused predominantly by indirect a c -  
tion due to the radiolysis products of water,  namely: 

OH, H, e -  H2, H202. x rays  
H2° - aq , 

The radical species OH, H, and ea  a r e  assumed to be of particular importance 
for the injury resulting f rom radiaaons of low LET. Our knowledge of the exact 
amount of radiation injury caused by any of these radiolysis products, however, 
is rather  scanty for radiations of low LETlO and almost nonexistent for radia-  
tions of high LET. 

In the following some preliminary results w i l l  be presented of a n  investi- 
gation aiming at a comparison of the enzyme inactivation caused by x rays and by 
various heavy ions. 11 

Heavy ions of energy up to 10 MeV/amu were accelerated in the Berkeley 
heavy-ion accelerator.  An irradiation chamber a s  shown in Fig. 6 was designed. 
The beam entered the chamber through a 1/4-mil Mylar window over which a r e a  
the particle fluence was constant. The thickness of the chamber in the direction 
of the beam i s  about 4 mm. 
than 1 mm, a r e  therefore a l l  stopped in the solution in the chamber. 
solution was bubbled either with oxygen or  with nitrogen during the exposure, by 
flushing the gas through the inlet tube and the sintered glass f i l ter ,  shown in the 
figure. 
irradiation of the entire enzyme solution in the chamber. 

The heavy ions, which have a range in water less  
The enzyme 

The bubbling action was insufficient, however, to ensure homogeneous 
A small  magnet s t i r r e r  L 
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shown in the figure w a s  therefore  used. 
sample was calculated f r o m  (a) the number of heavy ions stopped in  the sample,  
(b) the energy of the heavy ions then entering the solution, and (c) the thickness 
of the chamber holding the enzyme solu.tion. The average dose ra te  w a s  kept at 
about 85 krad/min. 
in a buffer made up f rom cit:ric acid and sodium phosphate. 
mental procedures  a r e  described elsewhere. 

The dose delivered to an  i r radiated 

The enzymes were  dissolved in a concentration of 0.1 mg/ml 
Details of the experi-  

The dose -activation curves of lysozyme irradiated in  oxygen-saturated 
solutidn with x rays were  usually exponential. 
solutions saturated with nitrogen, on the other hand, the curves were always 
found to be of the type shown in Fig. i'a, e. g . ,  a low efficiency for inactivation 
in the low -dose region, followed by an  exponential o r  nearly exponential portion 
with higher inactivation efficiency a s  the dose increased. On the other hand, 
when the enzyme solution was i r radiated with heavy ions, the dose-inactivation 
curves were  always exponential. 
over the entire dose range investigated, a s  shown in Fig. 7b, whereas under 
other conditions a "resistant tail" was observed i n  the high-dose region. 
not studied the conditions under which these tails appear ,  but they may, a t  l ea s t  
in part ,  be ascr ibed to insufficient mixing of the enzyme solution during the ir-  
radiation. 

When exposures were  made in 

Sometimes the exponential portion extended 

We have 

The present  finding, that densely ionizing radiations result  in exponential 
dose -inactivation curves under conditions that cause sparsely ionizing radiation 
to give r i s e  to "multiple hit" curves ,  parallels results obtained on the cellular 
level, for instance for inactivation of the reproductive capacity of human kidney 
l r ~ l l '  cells. 12 

Figure 8 shows the radiosensitivity of lysozyme in N2 -saturated solution 

different heavy ions all entered the 
as a functionof the average stopping power of the solution for x rays  and for three 
different types of accelerated particles; the 
solution with near ly  the same velocity. 
sensitivity decreases  considerably with increasing stopping power. 
that the radiosensitivity of dr ied enzymes decreases  by l e s s  than a factor of 3 
over the same range of stopping power. 
stoppin 
called d i rec t  effect. I '  

These experiments show that the radio- 
It i s  known 

Thus, the data show that for increasing 
power a g rea t e r  fraction of the enzyme inactivation i s  caused by the so-  f 

Figure 9 shows the radiosensitivity of lysozyme exposed to various rad ia-  
tions a s  a function of the pH of the enzyme solution. 
sitivity of lysozyme exposed in  the d ry  state to C ions. 
case r e fe r s  to the medium f rom which these samples  were  dried. 
the radiosensitivities in aqueous solutions a r e  all s imi la r  in  shape in the sense 
that they show a broad minimum in the middle of the pH range studied. 
solutions at neutral  pH the radiosensitivity decreases  by somewhat l e s s  than 2 
orde r s  of magnitude when the stopping power is increased f rom that of x rays  to 
that of Ar  ions. The figure a l so  shows that the sensitivity of lysozyme, exposed 
in aqueous solutions to Ar ions, even at neutral pH, i s  at leas t  2 orde r s  of mag-  
nitude grea te r  than that of dr ied enzymes. In other words,  even for the very  
densely ionizing Ar  ions, a considerable degree of the enzyme inactivation in 
aqueous solution i s  due to the presence of water. 

Shown a l so  is the radiosen- 
The pH in this la t ter  

The curves of 

In aqueous 

- 
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Figure 10 shows the radiosensitivity a t  pH=2.5 as a function of the a v e r -  
The curve drawn through 

The curve through the filled circles  r e fe r s  to carbon ions of 
F r o m  the data h e r e  presented it can be 

age stopping power of helium,carbon, and argon ions. 
the open circles  r e fe r s  to  different heavy ions of approximately equal velocity 
(8 to 9 MeV/amu). 
different velocities (9 to 0.8 MeV/amu). 
concluded that heavy ions which, by virtue of differences in charge state and 
velocity, have equal average stopping power do not produce the same degree of 
enzyme injury per  unit energy absorbed. This result  may have a n  important 
bearing on problems encountered in  radiation protection, in the sense that i t  
underlines the difficulty involved in assigning meaningful tolerance doses for  
charged heavy ions. In this connection it should, however, be pointed out that 
Todd has shown that lithium ions of various velocities appear to have the same 
effectiveness in inhibiting the colony-forming abilit 
as do heavier ions having similar stopping powers. 

of human kidney "T 1" cells 
1 2  

Figure 11 shows the radiosensitivity of lysozyme as a function of the pH 
of the enzyme solution, saturated either with oxygen o r  with nitrogen, during the 
exposure. Contrary to what applies in cellular radiobiology the present  resul ts  
show that the radiosensitivity is g rea t e r  in nitrogen than in oxygen atmosphere,  
for  x r ays  as well as for carbon ions. These resul ts  show that compared with 
nitrogen, oxygen ac t s  a s  a radioprotective compound over the ent i re  pH range 
studied, but the degree of this oxygen protection i s  smaller for  carbon ions than 
for x rays.  

The data presented in the preceding figure show therefore that i t  is pos- 
sible by chemical means to provide protection against enzyme injury resulting 
f rom radiations of high LET. 
fectiveness of various known chemical radioprotectors in reducing the degree of 
enzyme inactivation caused by heavy ions. Studies were  performed of the effect 
of ethanol, glycerol, histidine, and cysteine on the radiation injury of lysozyme 
irradiated in oxygen-free solutions. 
three o r  more  concentrations of each of the chemicals under investigation. F r o m  
such curves plots of the radiosensitivity as  a function of the protector corcentra-  
tions were obtained. Figure 12 shows an example of how the radiosensitivity of 
lysozyme depends on the concentration of glycerol during the exposure to C ions. 
It is seen that the radiosensitivity decreases  considerably even for ra ther  mod- 
erate  concentrations of glycerol, and levels off as the protector concentration is 
increased. 
about 5% of that of an unprotected enzyme solution. It i s  of interest  to note that 
the radiosensitivity a t  neutral pH, i n  the presence of such a high concentration 
of glycerol, st i l l  i s  about 35 t imes that of dry enzyme. 
each of the four protectors tested the concentrations required to  reduce the radio- 
sensitivity of lysozyme to 50% of that value character is t ic  of the unprotected 
enzyme solution. F r o m  this table two conclusions can be drawn: 
compounds protect lysozyme against radiation injury resulting from rays as 
well a s  f rom C ions, Surprisingly, l e s s  than double the concentration of p ro -  
tector appears  to  be required to provide the same degree of protection against 
injury f rom C ions as from x rays.  (b) Ethanol and glycerol a r e  about equally 
effective radioprotectors. 
tive, whereas cysteine (which also is known to participate in repair  processes)  
i s  m o r e  effective than glycerol by almost  two orde r s  of magnitude. 

These resul ts  prompted a n  investigation of the e f -  

Dose -effect curves were determined fo r  

At the highest concentrations tested the sensitivity i s  reduced to 

In Table 1 are shown for  

(a) all four 

Histidine is about one o rde r  of magnitude m o r e  effec- 
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Table 1. Concentrations of protectors  which 
reduce sensitivity to 5070~ 

Concentration (1 o -4 M) 

Protector  pH=2.5  pH = 5.0 pH = 9.4 
t C6 - x Rays - C6' x Rays C6+ 

Ethano 1 60 7 5  90 13 5 

Glycerol 60 100 90 125 

His tidine 2 1  7 1 2  4 

Cysteine 1 1 1 1 4 

Discussion 

When radiations ac t  "indirectly" upon enzyme molecules (e. g. , through 
water radicals  like H, OH, or  eas) the major  reaction presumably involves the 
removal of a hydrogen atom f r o m  the molecule forming a f ree  radical in which 
the f r ee  bond lies on a carbon o r ,  perhaps, a nitrogen atom. When radiations 
ac t  "directly" upon enzyme molecules s imilar  enzyme radicals a r e  presumably 
a l so  formed. When enzyme solutions a r e  i r radiated by x rays ,  enzyme radicals 
a r e  formed almost  uniformly throughout the volume, mainly by indirect action 
of water radicals which under these conditions pervade the entire solution. It i s  
not unreasonable, therefore ,  that oxygen o r  other radical scavengers can ac t  
efficiently a s  protectors  against x-ray-induced injury. 
strong protection against the x-ray-induced injury of lysozyme (Fig. 11) has been 
interpreted to indicate that lysozyme is  sensitive to attack by diffusible reducing 
species,  in par t icular  H and e- Io 

That oxygen provides a 

aq- 

F r o m  studies of simple solutions, such a s  f e r rous  sulphate, exposed to 
polonium CY particles it is known that very  few water radicals escape the t racks 
of such radiations. *3  Since the average stopping powers of water for C and Ar  
ions, used 'in the present  investigation, a r e  grea te r  than that of polonium CY parti-  
cles, it may be suspected that very few water  radicals escape from the ' 'core" of 
the t racks of these heavy ions also. However, heavy ions of en rgy about 10 
MeV/amu produce secondary electrons of energy up to 2 1  keV. ' These secon- 
dar ies ,  which have relatively low LET,  extend out of the core  of the t rack of the 
heavy particle. The "track anatomy'' of different heavy particles is  illustrated 
in Fig.  13, which shows that the apparent diameter  of the t rack decreases  as the 
heavy ion i s  slowed down. 14 In line with this reasoning i t  may be expected that 
C o r  Ar  ions create  enzyme radicals by direct  action to a much grea te r  extent 
than do x rays ,  and more so  the lower the energy of the heavy ions. The observa-  
tion that the radiosensitivities in nitrogen atmosphere a t  neutral pH after exposure 
to Ar  ions and C ions a r e  respectively 270 and 5% of that for x rays  (Fig. 9 ) ,  

W 
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and, fur thermore,  that the radiosensitivity decreases  with decreasing energy of 
the carbon ions (Fig. 10) i s  in line with this reasoning. Since the injury to the 
enzyme molecules after heavy-ion exposure (which is  g rea t e r  than injury after 
x-ray irradiation) is assumed to s tem from direct  action, one expects he re  less 
protection by radical scavengers. This expectation is borne out i n  the data p r e -  
sented (Fig. 11). The surprising observation that a number of chemical protec- 
t o r s  provide considerable protection against heavy-ion-induced injury may pos - 
sibly suggest cer ta in  cooperating mechanisms: 

Hypothesis 1: Fast heavy ions produce high-energy b r ays  of low LET, which 
in turn create  reactive w a t e r  radicals which can escape f rom the t rack of the 
pr imary  heavy ion. Radical scavengers can protect enzymes against heavy-ion 
injury by inactivation of the water radicals formed by the 6 rays.  

H pothesis 2 
ab e to  di fuse in  time out of the t racks where they are formed and he re  r eac t  
with oxygen o r  other solute molecules present  i n  low concentrations. This is 
possible because the enzyme radicals have a longer lifetime than the highly reac - 
tive water radicals. Oxygen molecules, for instance, a r e  known to react ve ry  
rapidly with carbon radicals to form peroxy radicals. Subsequent reactions of 
such peroxy radicals may be such that the activity of the enzyme is not destroyed, 
whereas in  the absence of oxygen the enzyme radicals may undergo some spon- 
taneous rearrangement  which has  a certain deg ree  of probability of destroying 
the enzymatic activity. 

Enzyme radicals,  formed by direct  action of heavy ions, may be 
+--7+ 

Further  experiments a r e  being planned to shed m o r e  light on the mech-  
anisms of protection against heavy-ion-induced injury. 
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Fig .  1. The observed relationship between molecular weight and "target 
molecular weight" for a wide variety of dried biological macromolecules. 
This graph i s  due to Pollard (Ref. 3 ) .  

Fig. 2. Inactivation c ros s  section of trypsin mixed with dextran, r ibose,  
cysteine, and pinacyanol a s  a function of the ratio of number of foreign 
molecules pe r  trypsin molecule. The samples were exposed in high 
vacuum to 115-MeV carbon ions (Ref. 5 ) .  - 
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?ig. 3 .  Inactivation c ross  section of trypsin, irradiated in vacuum a t  various 
temperatures with stripped nuclei of deuterium, helium, boron, carbon, 
neon, and argon. 
other ions impinged upon the saniples with an energy of 8.3 MeV/amu. 
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Fig. 4. Effect of the temperature of dried trypsin samples during irradiation 
with C6-t ions on 
(a) relative yields of induced secondary radicals (data due to Henriksen, 
Ref. 8 ) ,  and 
(b) relative yields of enzyme inactivation (data due to this author). 
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Fig. 5. Effect of the stopping power of dried trypsin for various radiations on 
(a) relative yields of induced secondary radicals (data due to Henriksen, 
Ref. 8), and 
(b) relative yields of enzyme inactivation (data due to this author). 
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Fig. 6. Drawing of the exposure chamber used when irradiating enzyme solu- 
tions with heavy ions. 
mi l  Mylar window. 

The heavy ions entered the chamber through a 1/4- 
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Fig. 7. Dose-inactivation curves of lysozyme, exposed in N saturated aqueous 
solution of pH 3.5: ( a )  150-kV x rays,  (b) 120-MeV Cbt 6;s. 

I I l l l l l ,  g l , l , , g l  , I , , ) )  I, - 
I 

C- ions 
4 

X-rays He-iom 
I 4 

Q 
\ 
\ 
\ 
\ 
\ 
,/pH=2.5 
\ 
\ 
\ 

Average stopping power, MeV g”cm2 

Fig. 8. The radiosensitivity of lysozyme in N2-saturated solution as a func- 
tion of the average stopping power of the solution for x rays  (150 kVp), 
He ions (9 .2  MeV/amu), 
The average stopping power (E/K) is calculated a s  the ratio between the 
energy of the particles when entering the solution (E) and the range of the 
particles (R). 

C ions (9 .2 MeV/amu),and A r  ions (7.8 MeV/amu). 
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Fig. 9. The radiosensitivity of lysozyme in N2-saturated solutions of various 
pH, for  x rays (150 kVp), He ions (9.2 MeV/amu), C ions (9.2 MeV/amu), 
and A r  ions (7.8 MeV/amu). The radiosensitivity of lysozyme, dr ied f rom 
solutions of various pH and irradiated in  high vacuum with C ions, is shown 
for comparison 

Fig. 10. The radiosensitivity of lysozyme in N2-saturated solution of pH 2.5 
as a function of the average stopping power of the solution. 
through the open circles  refers to ions of nearly equal velocity (He ions: 
9.2 MeV/amu; C ions: 9.2 MeV/amu; and Ar  ions: 7.8 MeV/amu). 
curve throu h the filled circles  re fers  to C ions of different velocities (9.2 
to 0.8 MeVkmu) .  

The curve 

The 
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Fig. 11. The radiosensitivity of lysozyme in N and 
of various pII for 150-kV x rays  and 110-Me5 C 6 t  
ity of lysozyme dried from solutions of various pH 
vacuum with C6+ ions i s  shown for comparison. 
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Fig. 12. The reciprocal of the 6 3 %  i.nactivation dose of lysozyme, irradiated 
with 110-MeV C ions in a N~.-saturated solution of pH 2.5 as a function of 
the concentration of glycerol in the solution. 
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JCHROMOSOME DAMAGE 

Sheldon Wolff 

Laboratory of Radiobiology and Department of Anatomy 
University of California Medical Center 

San Francisco, California 

Because a large segment of the audience does not consist of biologists, 
Dr. Wallace asked me to give an  introductory lecture on the effects of radiation 
on chromosomes rather  than to go into detail on experiments that are presently 
being car r ied  out. I think a good way to follow his injunction i s  to point out that 
when cells a r e  irradiated,  one of the things that is readily noticed i s  that radia- 
tion can break the chromosomes that a r e  found in the nucleus of the cell. 
mat ter  of fact, studies on the induction of different types of chromosomal aber -  
rations have been important in the development of a t  least  two fields, biophysics 
and genetics. 

As a 

In the field of biophysics, these studies have been invaluable in the devel- 
opment of the target  theory, which explains the effects of radiations in te rms  of 
a simple direct  interaction of the radiation with cer ta in  specific loci, o r  targets,  
within the cell. In the usual target  experiment, cells  a r e  irradiated and then the 
survivors a r e  studied to obtain dose action curves for killing. 
studies only survivors a r e  observed, we look a t  cells  that a r e  not hit, and then 
make inferences about those that have been hit and about what targets  have been 
inactivated. If, however, in an experiment we look a t  the chromosomes, which 
a r e  essentially giant molecules that can be seen with the compound microscope, 
we see the targets  right before our eyes and do not have to make any inferences 
at all. 
Douglas Lea' s The Actions of Radiations on Living Cells, deals with the effects 
of radiations on genetic material .  

Since in these 

Because of this, about a third of the classical  book on target theory, 

In the field of genetics, radiation studies have been important because 
radiation can induce gene mutations. 
a s  mutations has been the stuff upon which genetic studies a r e  made. 
tations induced can be classified broadly into two groups, those that a r e  suppos - 
edly t rue point mutations, o r  intragenic changes, and the much broader c lass ,  
the so-called intergenic mutations that come about f rom the breakage of the 
chromosomes and the subsequent rearrangement of the broken ends into new 
configurations. 

The genetic variability that i s  manifested 
The mu- 

I think that a t  the outset it should be pointed out that when an organism is 
irradiated,  very  low doses can be lethal. F o r  instance, doses a s  low a s  400 
rads may very  well be the LD50 (the dose that will kill one-half of the organisms) 
for mammals  that a r e  given such a dose. 
seeds. 
putting in  enough ionizations to knock out. enzyme systems. 
made a calculation for one large group of enzymes, the SH enzymes that require 
sulfhydryl groups for  their  activity, and found that it would take the ionizations 

Such low doses can also kill soaked 
At these low doses we a r e  not causing any general  sytemic effects or  

At one time Patt  

W 
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f r o m  about a million rads to inactivate all of these enzymes in the cell. 
reason  that such a large number of ionizktions i s  required is that Avogadro' s 
number is such a big number. That is, although there  will be a low molar  
concentration of enzymes within the cell,  there  will be a ve ry  large number of 
molecules present. 
be caused by a direct  effect on enzyme systems a t  these low doses, we have to 
look for a system that i s  going to be sensitive to the radiation and also going to 
be capable of magnifying any effect that has been inflicted upon it so a s  to lead to 
the drast ic  systemic effects that cause death. 
and the chromosomes, a r e  just such a system. Cells can be irradiated with low 
doses, and the chromosomes damaged, i. e . ,  broken. The cells then cannot 
exist without the genes that were lost, because i t  is the genetic apparatus that 
controls all the chemical reactions that go on within the cell. 

The 

Since we cannot, therefore,  reasonably expect cell  death to 

The genetic apparatus, the genes 

If we i r radiate  an  unreplicated interphase chromosome, we can induce 
chromosome breakage. After the chromosome replicates,  i t  shortens and con- 
t rac ts  and becomes a metaphase chromosome. 
somes can be seen, we find the fragments induced by the radiation. 
numbers of such fragments induced a r e  plotted against the dose of radiation, it 
is found that they generally increase l inearly with the dose of radiation, indica- 
ting that there  is a cer ta in  probability (P) that a chromosome can be broken, and 
P is directly proportional to dose. 
kD. Fur thermore ,  i t  is found that the numbers of aberrations induced in a given 
experiment a r e  distributed randomly within the cells,  that i s ,  the distribution 
fi ts  the Poisson formula of E-m(mr) / r ! ,  where m is the mean number induced 
in the experiment and r indicates whether the cell  has 1, 2, 3, etc. ,  aberrations. 

At metaphase, when the chromo- 
If the 

The yield (Y) will then simply be equal to 

There i s  another group of aberrations that a r e  induced. This consists of 
the two-break aberrations that a r i s e  when two chromosomes close by each other 
a r e  broken. 
another so that the genes that were on one chromosome become translocated to 
the other. 
and resultant genetic consequences. Occasionally we can find that, by chance, 
instead of rejoining to form a symmetr ical  translocation, the broken ends can 
rejoin to form a dicentric chromosome. If the numbers of these dicentric 
chromosomes a r e  plotted against the dose of sparse ly  ionizing radiations, such 
a s  x or  y rays,  it is found that the yield increases  a s  the square of the dose 
(at least  a s  a first approximation). This is ve ry  much what we would expect, 
since the probability of producing a single break  would be P, and, therefore,  
the chance of producing another break  would also be P, making the chance of 
obtaining both breaks concurrently P2, which would be proportional to the 
square of the dose. 

If this happens, sometimes the broken ends can rejoin with one 

This is a t rue intergenic mutation, with changes in linkage relations 

Many years  ago, Karl  Sax found that there  a r e  two factors involved in 
the production of these two-break, or two-hit, aberrations that increase a s  the 
square of the dose. 
aberrations. 
tance factor. 

These two factors a r e  not noticed in studies on one-hit 
One of the factors is a time factor and the other a space or  dis-  

The t ime factor reveals itself in dose fractionation, or  dose intensity 
studies. 
of the radiation exposure, o r  independent of whether or not the dose i s  

One-hit aberrations have been found to be independent of the intensity - 
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fractionated. F o r  two-brea:k aberrations,  however, this is not the case. The 
rationale is that i f  the radiation is given at low intensities o r  split into two por-  
tions, it will produce only par t  of the breakage, and repair  of the breaks can 
occur in which the broken ends rejoin in the original configuration (restitution). 
Therefore, by the t ime the r e s t  of the dose, o r  the second fraction, is given, i t  
i s  possible to find that all the breaks were not open in  the cel l  concurrently and 
so  not capable of rejoining with one another to fo rm two-hit aberrations.  As a 
matter  of fact, the t ime during which breaks remain open can be measured in  
these studies. F o r  instance, i f  breaks s tay open 5 minutes, you can break the 
chromosome a t  the beginning of an  experiment and then break another nearby 
5 minutes la ter ,  and it i s  just a s  though the dose were never fractionated. If, 
however, breaks have closed within this period of time, then the two groups 
cannot interact with each other and the yield i s  somewhat less.  

The distance factor was noticed in experiments that have shown that al- 
though breakage occurred randomly within the cell  and was distributed according 
to the Poisson formula there  was a nonrandomness in the rejoining of the broken 
ends. Breaks that were close to each other could rejoin with each other, but 
those far ther  away could not. This was f i r s t  shown in some experiments Sax 
performed on Tradescantia microspores.  Tradescantia i s  a plant, the spider- 
wort, that has very large chromosomes. Th e microspore,  which i s  a cell that 
is  to become the pollen grain, i s  haploid and has only s ix  of these instead of the 
twelve that are usually found in  normal somatic tissue. 
somes had two a r m s  that were of about equal length, that i s ,  they all had median 
centromeres.  When Sax checked the numbers of dicentric versus  ring chromo- 
somes formed, he found that instead of observing 10 dicentric chromosomes for  
every ring, a s  would be expected if rejoining were random, he found only two o r  
three dicentrics per  ring. 
break, there  would be ten other a r m s  with which it could rejoin to form a dicen- 
t r i c  whereas there  was only one other a r m  with which it could rejoin to form a 
ring chromosome. 
only breaks close to each other could rejoin and that the two a r m s  of the same 
chromosome would be closer  to each other than would be two a r m s  from separate  
chromosomes. 

Each of the chromo- 

Some 10  to 1 was expected, because for any given 

Sax attributed the excess number of rings to the fact that 

Other evidence that rejoining is not random comes f rom the shape of 
curves obtained when we i r radiate  cells with more  densely ionizing radiation 
than x o r  y rays.  When cells a r e  i r radiated with neutrons (which produce their  
ionizations by projecting protons within the cell), it is found that the two-break 
aberrations increase l inear ly  with dose instead of a s  the square of the dose. 
This indicates that both breaks that take par t  in  the exchange a r e  produced by 
the same ionizing particle. If rejoining were a random process ,  then we might 
not expect to  find l inear  kinetics, because a break that is produced in  one par t  of 
the nucleus might ve ry  well wander around and find a break that was induced in  
another par t  of the nucleus by another proton projected by a neutron. 
should give r i s e  to some two-hit kinetics. Actually, the curve i s  l inear over a 
large range of doses, which essentially rules  out random rejoining of breaks. 

This 

We performed some experiments in  which we looked not a t  the simple 
breaks that were produced by the radiation, but at the two-break chromosome 
aberrations induced in the ea r ly  par t  of interphase before the chromosomes 
replicated. W e  found that although most chromosome breaks a r e  distributed 

W 
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according to  the Poisson formula, this group that requires  both breakage and 
rejoining for their  formation were not distributed according to the formula, and 
therefore were not distributed randomly among the cells. We always found that 
there  were too few cells having multiple aberrations,  indicating to  us that i n  
addition to the formation of the aberrations not being random there  was only 
a limited number of places within the nucleus where the chromosomes did come 
close enough to rejoin if  broken. The ea r l i e r  experiments had indicated the 
chromosomes had to be close to each other to rejoin, and this present result  
indicated there were not many places in  the nucleus where this happened. 

There is something else  i n  neutron experiments that was notable other 
than that the curve was linear. 
duced by a given dose of neutrons was far greater  than those induced by the 
same dose of x o r  y rays,  that is, that t he re  was a higher relative biological 
effect (RBE) of neutrons in producing aberrations. 
production of a break is going to take m o r e  than one ionization. 
that if the effect observed took only one ionization (and this is t rue  for  the t rue  
point mutations), we would find that as we changed the l inear energy t ransfer  
(LET) of the radiation, there would be no RBE effect, but i f  it required m o r e  
than one ionization, there  would be. 
target  to  be a sphere. If i t  required two ionizations to  produce the effect, then 
m o r e  densely ionizing radiation would be m o r e  likely to deposit two ionizations 
within the volume hit, and therefore m o r e  densely ionizing radiations would be 
m o r e  efficient at producing mutations. If, however, it required only one ioni- 
zation to  produce the effect, then m o r e  densely ionizing radiation would not be 
more  efficient, and, as a matter of fact, might be found to be l e s s  efficient 
than sparsely ionizing radiations in  that they might deposit all of their  energy 
within a single target  and so effectively waste ionizations o r  dose. True point 
gene mutations did not show a n  RBE effect, but chromosome breakage did. 
F r o m  such studies, calculations have been made of the numbers of ionizations 
that a r e  necessary to break a chromosome. Some of the calculations made by 
Lea indicated that it took approximately 1 5  to 20 ionizations to produce a break, 
even with x rays.  The belief was that the breaks came not f rom individual ion- 
izations, but f r o m  clusters  of ionizations that were formed in the densely 
ionizing tails of the radiation tracks.  
that what we observe a r e  real ly  only those aberrations o r  breaks that end up as 
aberrations at metaphase. This does not real ly  reflect  the pr imary  breakages 
induced because, as we noted f rom the intensity experiments, breaks can r e s -  
titute, i. e. ,  repair  can occur. 
every single break that the radiation produced. 
such a way as to become visible as an aberration at metaphase. 

It was found that the numbers of aberrations in- 

This is a n  indication that the 
The argument is  

One way to  visualize this is to consider the 

The trouble with this kind of calculation is 

Thus, we do not s ee  in  our aberration studies 
We only s e e  those that rejoin in  

Rather careful RBE studies for chromosome aberrations were ca r r i ed  
out by Conger, who plotted the coefficient of aberration production at various 
LETF s .  With densely ionizing radiations this was rather  easy  to do, since the 
aberrations increase l inearly with dose and the coefficient, k, was the same a t  
all dose points. For sparsely ionizing radiations, however, i n  which the abe r -  
rations increased as the square of the dose, the calculations became a little 
m o r e  difficult because the yield of aberrations changed according to where one 
was on the dose curve. Therefore, a t  low doses, the RBE might ve ry  well be 
high, but would become negligible a t  higher doses, since the aberrations induced 
by sparsely ionizing radiations a r e  increosing m o r e  rapidly than the first power - 
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of the dose. It is even possible to find RBEI s l e s s  than 1 at extremely high 
doses. In order  to obtain his RBE' s while working with two-break chromosome 
aberrations,  Conger found it necessary to use a biological cr i ter ion and to 
look always at the point where only 5070 of the cells had aberrations.  When he 
did the experiment, he found that as LET increased he got an  increase in RBE 
up to a cer ta in  point. 
radiations he found the RBE curves fell, that i s ,  it took more  than one ioniza- 
tion to produce a break, but that when the radiations were sufficiently densely 
ionizing, dose would be wasted. 

F r o m  that point on with even more  densely ionizing 

There was something else  that came out of studies on chromosome aber -  
rations and that is that their  formation i s  subject to the well-known oxygen effect. 
As a matter of fact, it was while working with Vicia faba chromosomes that 
Thoday and Read first found the oxygen effect, whereby there  is an  increased 
yield of biological damage (in this case chromosome aberrations) when mater ia l  
is i r radiated with sparse ly  ionizing radiations in  the presence of oxygen rather  
than under anoxic conditions. Thoday and Read and others who then followed in 
the study of this phenomenon found that the numbers of aberrations induced by a 
given dose of radiation increased as the oxygen tension increased from zero  to 
2070 oxygen, which is just about the amount of oxygen that is present in  air. At 
this point the curve saturated, and there  was only a slight increase a s  the oxygen 
tension increased to 10070. It has been found that this particular saturation point 
is real ly  an  art ifact  because the cell  is respiring constantly, burning up oxygen 
as i t  does. Therefore, the outside concentration i s  not the same as that inside 
the cel l  and, as a matter  of fact ,  there  a r e  oxygen gradients within the cell. If, 
however, cellular respiration i s  poisoned so  the cell  cannot burn up the oxygen, 
then the inside of the cell  can equilibrate with the outside and we find the satura-  
tion point real ly  occurs at about 270 ra ther  than 20% oxygen. 

With CY r ays  that a r e  very  densely ionizing, we find there  i s  no oxygen 
effect. One of the arguments for  this i s  that the oxygen effect itself is caused by 
the production of H02  o r  even hydrogen peroxide, and with sparsely ionizing 
radiations, far less  of these compounds is produced when cells a r e  i r radiated 
under anoxic conditions. When they a r e  i r radiated with CY rays,  however, we 
find that there  is essentially just as much peroxide produced anoxically a s  in  
the presence of oxygen. 
With neutrons that a r e  not so densely ionizing as CY r ays  we find that there  is an  
oxygen effect, but not near ly  so great  as that seen with sparsely ionizing radia-  
tions. Ordinarily, we find about a two- o r  threefold increase in  oxygen effects 
when x o r  y rays  are used, whereas in  a neutron experiment the increase might 
be only about i.4-fold. 

The foregoing, I think, does give some idea of the types of things that 

Therefore,  with cy rays  we don1 t find any oxygen effect. 

can be done and have been done in  experiments on chromosome aberrations.  I 
did not, however, present  much about effects found with more  densely ionizing 
radiations, although from the title of this symposium, this la t ter  might very  
well be one of the major  concerns of the people who a r e  in attendance. One of 
the reasons,  however, that I did not spend much t ime considering these effects 
i s  that in  the past, at least ,  there  just has not been so much work done with 
these more  densely ionizing radiations as has been done with x and y rays. 

w 
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FUNDAMENTAL ASPECTS OF T H E  /’ DEPENDENCE OF BIOLOGICAL RADPTION 
DAMAGE IN HUMAN CELLS O N  THE LINEAR ENERGY TRANSFER OF 

D IFF ERE NT RADIATIONS 

G .W. Barendsen 

INTRODUCTION 

Ioniz ing radiations are capable of producing a var iety of effects i n  l i v i ng  cel ls.  
When germ cel ls of an intact  organism are irradiated, mutations may arise which 
can be transmitted to  offspring. These effects are therefore ca l led genetic effects. 
I r radiat ion of other cel ls i n  an organism may result i n  the development of tumors 
or death of the organism due to  damage t o  the  reproductive capaci ty of cel ls i n  
some specif ic tissues. These types of  effects are ca l led somatic effects. 

Suff ic ient  knowledge w i t h  respect t o  the act ion of ion iz ing radiations on l i v i ng  
cel ls i s  not yet avai lab le about whether various types of effects are in i t ia ted by 
the same mechanism. It appears l i k e l y  that a t  least for the effects mentioned, the 
chromosomal material i n  the c e l l  i s  the primary target. This does not imply how- 
ever that  dose-effect relat ions for the various types of effects must be  similar. 
Nevertheless i n  the present paper dose-effect relations w i l l  be discussed concern- 
ing impairment of  the reproductive capaci ty of cultured mammalian cells and i t  i s  
suggested that insight gained from these studies may be useful for  the interpretat ion 
of avai lab le data w i th  respect to  other effects as w e l l .  

stems from the wel l -known fact  that for equal absorbed doses of two types of radia- 
tions the degrees of damage may be di f ferent,  though no fundamental differences 
have been demonstrated between the types of effects produced by  various radiations. 
I n  general any type of b io log ica l  ef fect  produced b y  X-rays or y-rays can also be 
produced by  other ion iz ing radiations, be i t  w i th  a lower or higher degree of 
effectiveness. 

assumed to be  due t o  differences between the spatial distributions on a submicro- 
scopic scale of the energy deposition i n  the irradiated mater ia l .  The absorption 
of ion iz ing radiat ion i n  a given material results i n  energy-dissipation events which 
are not distr ibuted a t  random, but are loca l ized along the tracks of ind iv idual  
charged part ic les.  The distr ibution along the tracks of the ind iv idual  energy- 

Interest i n  the  comparison of b io log ica l  effects produced b y  di f ferent radiations 

The variations observed in  the effectiveness of dif ferent radiations are general ly 
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dissipation events i s  dependent on the  charge and ve loc i t y  of the par t ic le .  I n  order 
to  evaluate the b io log ica l  effects of dif ferent radiations i t  i s  necessary t o  charac- 
ter ize the  pattern of energy deposition of d i f ferent radiations. For this purpose the 
concept of LET has been introduced) which i s  commonly expressed i n  keV/p of un i t  
density tissue. Because a l l  radiations w i l l  show a spread i n  L E T ,  a single value of 
the LET i s  certainly not suff icient t o  characterize a given type of  radiation,and a 
complete analysis of the distr ibution of dose i n  LET presents many fundamental and 
pract ica l  d i f f icu l t iesz.  The concept of local  energy density distr ibution, introduced 
by  Rossi, i s  certainly preferable for  fundamental as w e l l  as pract ica l  reasons, but 
insuff icient data for  very small volumes are yet avai lab le t o  compare the b io log ica l  
effects i n  mammalian cel ls w i th  these distributions. I n  the present paper we w i l l  
therefore use the LET concept, but  i t  i s  important t o  note that i t  i s  only a first 
approximation. 

Two dif ferent methods of ca lcu lat ing mean LET values have been commonly 
used, y ie ld ing the track-average LET and the dose-average LET respectively. 
These have been discussed i n  deta i l  elsewhere31 4 ,  5 ,  6.  Mean LET values are 
obviously of greatest value if re la t i ve l y  narrow distributions of dose i n  LET are 
obtained. This can b e  at ta ined if the irradiated object i s  t h in  and i f  monoenergetic 
heavy charged part icles are used i n  conditions whereby only a small part of their  
t rack traverses the  c e l l .  

experimental conditions i n  which these narrow distributions of dose i n  LET are 
attaineQ and subsequently we w i l l  discuss ef fectsof  other radiations w i th  wide L E T  
distr ibutions. 

I n  the next sections we w i l l  first consider dose-effect relat ions obtained w i t h  

RBE-LET RELATIONS FOR IMPAIRMENT OF THE PROLIFERATIVE CAPACITY OF 
CULTURED HUMAN CELLS 

I n  order to  describe quant i tat ively the differences i n  effectiveness between d i f -  
ferent radiations, the concept of "relat ive b io log ica l  effectiveness" has been 
introduced. The RBE of a radiat ion Y for a specif ied b io log ica l  ef fect  i s  defined 
as the ra t i o  of two absorbed doses of dif ferent radiations which y ie ld  equal effects: 

dose of "standard radiat ion" required for specif ied ef fect  
(1) RBE 

The effect for which the RBE-LET, 

= dose of radiat ion Y required for equal effect 

ed as: impairment of the prol i ferat ive capaci ty of ind iv idual  cel ls. The cel ls we 
have investigated have been derived or ig ina l ly  from a human kidneyb. The c e l l  
culture technique employed has been introduced by  Puck and Marcus i n  19567 and 
during the past ten years the  appl icat ion of this method has yielded a vast amount 

jf 
relations w i l l  be  discussed i s  usually describ- 

8 LETo3 implies that 6 rays are a l l  included . * 
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of radiobiological  data.  Br ief ly this technique consisbin the p la t ing of a known 
number of cells i n  a suitable environment, fo l lowed by an incubation period af ter  
which the clones which have developed are counted. Figure 1 shows the results 
of a typ ica l  experiment, i n  which the number of clones obtained decreases as a 
funct ion of the dose. The results of these experiments are usually plot ted as a 
survival curve which represents the f ract ion of surviving cel ls as a funct ion of the 
dose. 

i n  Figure 2. From these curves i t  i s  possible to  derive RBE values for the di f ferent 
radiations employed, but it w i l l  be clear that no single value can b e  assigned to  
each radiat ion.  W i th  radiations which correspond to  LET, values of 60 keV/p or 
more, exponential survival curves are obtained,whereas w i th  radiations which have 
LET, values of less than 20 keV/p the curves show a dist inct curvature which i s  
most pronounced i n  the low dose region. As a consequence of these differences i n  
shape between the survival curves and because 200-kV X rays are taken as a stand- 
ard of reference in the def in i t ion of the re la t ive b io log ica l  effectiveness, the R B E  
of densely ion iz ing a part icles, deuterons, protons,and neutrons 
level  of damage considered.'' 
presented i n  Figure 3 for respectively 8094, 20%, 5%,and 1% survival.  The RBE 
values for all percentages survival increase sharply between 10 and 100 keV/p of 
tissue to  a maximum at 110 keV/p and fol lowed by a decrease beyond 120 keV/p 
of tissue. 
percentages survival,  which correspond to  low levels of damage and low doses. I n  
relation to Health Physics problems the question must be considered whether a t  the 
s t i l l  lower doses and a t  low dose rates, which are relevant t o  conditions encountered 
i n  radiat ion protection, the R B E  increases further and whether or not a l im i t i ng  value 
does exist.  O n  the  basis of general considerations concerning energy-dissipation 
characteristics of d i f ferent radiations i t  i s  possible t o  conclude that a l im i t i ng  value 

ion iz ing radiations, e .g. X 
energy electrons which have LET'S suf f ic ient ly high t o  cause a "single event" type 
of damage i n  the  same way as produced by densely ion iz ing a-part icles and deuterons. 
Thus for  X 
l im i t i ng  maximum value of the RBE is equal t o  the rat io  of this i n i t i a l  negative slope 
and the slope of the exponential survival curve obtained w i t h  a radiat ion which has 
a LET of  110 keV/p. The experimental results obtained w i th  doses of 25 and 50 rads 
of 200-kV X rays 
t i ce l y  . From these data a D37 of 450 i- 100 rads can be calculated, 

A selection of the many survival curves obtained w i th  this technique i s  presented 

changes w i t h  the 
T h i s  var iat ion of the RBE as a funct ion of LET i s  

I n  addition, however, the RBE values are shown to  b e  highest a t  h igh 

must exist 9 . These general considerations lead t o  the conclusion that sparsely 

and y rays, dissipate part of the i r  energy through low 

and y rays an  i n i t i a l  negative slope a t  low doses must exist, and the 

show survival percentages of 94.3 2 2.3 and 89.7 + 2.1 respec- - 
The D37 of - 

4. 

"- N o  signi f icant dif ference 
X rays and 250-kVp X rays. 

has been observed to  exist between the R B E  of 200-kV 
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a radiat ion a t  a L E T  of 1 1  0 keV/p is 57 2 4 rads and  from these  va lues  a maximum 
R B E  of 8 - + 2 may b e  c a l c u l a t e d .  
maximum R B E  va lue  obta ined  fo r  ce l l s  in oxygenated  condi t ions is not much i n  ex- 
cess of t he  v a l u e  of 8 obta ined  a t  80% surv iva l .  

It may b e  concluded  from these  da t a  tha t  t h e  

VARIATIONS OF T H E  R B E  D U E  TO VARIOUS EXPOSURE C O N D I T I O N S  

a .  Dose Fract ionat ion and  Dose Rate 

From t h e  def ini t ion of t h e  R B E  it is ev ident  t ha t  a n y  f ac to r  which inf luences t h e  
effect iveness  of the  s tandard radiat ion and  t h e  effect iveness  of t h e  radiat ion con- 
s idered to  a different  e x t e n t ,  wil l  cause a var ia t ion  of the R B E .  
factors  is t he  distribution of dose i n  t ime .  As first demonstrated by Elkind and  
SuttonTO for Chinese  hamster ce l l s  and  subsequent ly  shown by others  9 ,  11 f o r  a 
var ie ty  of cell l ines ,  f rac t iona t ion  of the dose and  var ia t ion  of t h e  dose r a t e  may 
profoundly i n f l u e n c e  the ef fec t iveness  of rad ia t ions  with a low m e a n  L E T  An 
example  of a n  experiment  designed t o  demonstrate  this  e f f ec t  is g iven  in Figure 4 .  
This phenomenon is interpreted t o  result  from repa i r  of suble tha l  damage  which 
occurs  within a few hours a f t e r  exposure.  
dose is less i n  f rac t iona ted  exposures a s  compared with s ing le  exposures lo .  
a l so  will  app ly  t o  exposures a t  very low dose ra tes  which  a r e  equ iva len t  t o  a small 
dose pe r  ce l l  gene ra t ion .  
phenomenon does not occur  with radiat ions of high L E T ,  which  g i v e  exponent ia l  
survival curves .  This implies t h a t ,  i n  contrast  with low LET rad ia t ions ,  t he  effec- 
t iveness  of high L E T  rad ia t ion  does n o t  dec rease  with decreas ing  dose r a t e .  Con-  
sequent ly  t h e  R B E  of densely ionizing radiat ions will  b e  h igher  a t  low dose rates  
a s  compared with high dose r a t e s .  As discussed e a r l i e r ,  however ,  even  with low 
L E T  rad ia t ion  a f rac t ion  of t h e  damage  wi l l  b e  produced by  a "s ingle  event"  t ype  
of mechanism and  this  f r ac t ion ,  which should a l so  b e  independent  of the dose r a t e ,  
will  de te rmine  t h e  u l t imate  maximum R B E  ob ta ined .  This v a l u e  cannot  b e  h igher  
than  abou t  8 ,  a s  ca l cu la t ed  from t h e  r a t io  of t h e  in i t ia l  slopes of t h e  survival 
curves  a and  b of Figure 4 ,  i .e.,equal t o  the r a t io  of slopes of a and  c .  

b Environmental  Condi t ions of C e l l s  

One of these  

As a result  t h e  e f fec t  of a given total 
This 

It has fur ther  been  demonstrated tha t  the recovery 

In  addi t ion  t o  dose r a t e  , several  environmental  condi t ions ,  e .g . t empera ture  , 
oxygen concentrat ion a n d  pro tec t ive  compounds , a r e  known t o  modify t h e  e f fec ts  
of ion iz ing  radiat ions on b io logica l  systems. I n  genera l  it is found tha t  the effec- 
t iveness  of sparsely ionizing rad ia t ions ,  e .g . X 
grea te r  ex ten t  than t h e  effect iveness  of densely ionizing rad ia t ions ,  e .g a rad ia-  
t ion or  fas t  neutrons. This isshown in Figure 5 where  the effect of anox ia  o n  rad ia-  
t ion-induced damage  t o  cul tured ce l l s  is demonst ra ted .  With densely ionizing 
a par t ic les  a protect ion f ac to r  of only 1 .15 is found ,  i .e.  a 1 .15 times higher  
dose is required t o  produce t h e  same level  of damage  in ce l l s  equi l ibra ted  with 

or y rays ,  can b e  a f f ec t ed  t o  a 

w 
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nitrogen as compared w i t h  a i r .  W i t h  250-kV X rays a protect ion factor of  2.6 i s  
obtained. These factors are ca l l ed  "oxygen enhancement ra t i o  s" (OER) . 
consequence of  these differences i n  the OER values, the RBE of 3.4-MeV a part icles 
i n  these extreme conditions i s  increased b y  a factor of 2.6/1 .15 = 2.26. 
maximum RBE value of about 7 for a part icles of 140 keV/p of tissue a t  low doses 
w i th  oxygenated cel ls 

between OER and LET, i s  given i n  Figure 6. It i s  shown that the OER decreases 
w i t h  increasing LET from about 2.6 a t  a LET, of 5.6 keV/p of un i t  density tissue 
t o  a value of 2.05 a t  61 keV,/p, fo l lowed by  a more rapid decrease of 1 .O a t  
165 keV/p12. 

ness may become even larger. 
sured w i t h  25 mM cysteamine for cultured cel ls irradiated w i t h  a part icles a t  
140 keV/p of tissue and 200-kV X rays w i t h  an average LET of  3.5 keV/p of tissue 
respect ive ly l3 .  Thus the RBE of 3.4-MeV a radiat ion under these conditions may 
be calculated a t  about 21. I t  w i l l  be clear,however,that this value i s  of l i t t l e  
pract ica l  importance, because the extreme variat ions at ta ined i n  these experiments 
w i l l  not be  at ta ined in  conditions w i th  which we are concerned i n  radiat ion pro- 
tect ion.  

As a 

Thus the 

i s  found t o  be increased t o  about 16 for anoxic cel ls. 
The OER values have been measured for a var iety of radiations and the re la t ion 

W i t h  protect ive compounds in  high concentrations t h e  differences i n  ef fect ive- 
Protection factors of 1 .2 and 3.7 have been mea- 

c .  General  Aspects of RBE-LET Relations 

From the experimental data discussed an insight has been obtained w i th  regard 
to  the RBE-LET relat ionsand the i r  variations w i t h  dose, dose-fractionation , dose 
raterand various experimental conditions. 
interval  i n  f i v e  main parts. I n  the  lowest LET range, i .e ., below about 10 keV/p, 
designated I i n  Figure 7, the energy dissipated can contr ibute to  c e l l  k i l l i n g  only 
through accumulation of damage and the OER i s  high, usually between 2.5 and 
3 .O. I n  region I l l ,  between 20 and 80 keV/p, damage i s  produced b y  traversals 
of single part icles result ing i n  exponential survival curves. I n  this region the OER 
i s  s t i l l  r e la t i ve l y  h igh but already decreases from about 2.5 t o  1 .8. The RBE-LET 
curve rises sharply i n  this region. I n  region V , i n  excess of about 160 keV/p, 
damage i s  produced b y  traversals of single part icles, result ing i n  exponential 
survival curves. The RBE-LET curve decreases i n  this region and the effectiveness 
per un i t  dose i s  almost independent of oxygen. Between these regions we have re- 
gions II and N i n  which rapid variat ions i n  RBE or OER occur, which may be ca l led 
transit ion regions. 

It i s  possible to  d iv ide the  to ta l  L E T  

RBE A N D  OER VALUES FOR RADIATIONS WITH WIDE DISTRIBUTIONS OF DOSE 
IN LET 

The radiat ions discussed i n  the preceding parts were used i n  conditions i n  which 

W 
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narrow LET distributions are at ta ined except for the 200-kV X rays which are taken 
as a standard of reference. A characteristic property of the energy dissipation b y  
ind i rect ly  ion iz ing radiations , e .g. X rays , y rays , neutrons , mesons as w e l l  as 
of d i rect ly  ion iz ing part icles i n  conditions where the t rack i s  not much longer than 
the dimension of the irradiated object, i s  the presence of a wide distr ibution of 
dose i n  L E T .  It w i l l  be c lear that the R B E  as w e l l  as the  OER and the ef fect  of 
f ract ionat ion and dose rate of these radiations w i l l  depend on the distr ibution of 
the dose in  LET.  W i t h  X rays, y rays,and fast electrons this distr ibution w i l l  
extend from a minimum determined by  the maximum energy of the electrons l ib -  
erated i n  the b io log ica l  material up to a maximum determined b y  the LET of 
electrons a t  the  end of the i r  paths where they are slowed down. The minimum 
theoret ica l ly  possible i s  about 0.2 keV/p , the maximum i s  about 50 keV/y6. This 
i m p l i e s  that  the OER of these radiations i s  uniformly high and that a considerable 
part of the damage corresponding to  the energy dissipated i n  region I i s  dependent 
on dose rate.  
regions I, II,and Ill. 

Data which have been obtained w i th  fast neutrons are more d i f f i c u l t  t o  classify 
because the distr ibution of the  dose in  LET i s  even more complex and may extend 
over an even wider range than i s  the case for y rays or fast electrons. The min i -  
mum of this distr ibution i s  determined by  the maximum energy of protons set i n  
motion i n  the  irradiated b io log ica l  material, and the maximum depends on the LET 
of heavy nuc le i  , e .g. C , N, and 0 .  Thus for  15-MeV neutrons the minimum value 
i s  3 keV/p whi le  the maximum may b e  as high as 1000 keV/p. Depending on the 
exact distr ibution of the dose i n  LET , the R B E  , the OER,and the effects of frdc- 
t ionat ion may vary.  A surprising fact  is, however, that  the  OER and the R B E  vary 
re la t i ve l y  l i t t l e  between about 1 and 15 MeV as shown i n  Figure 814, 15. This 
does not correspond a t  a l l  w i t h  either the track-average LET value or the energy- 
average LET values which have been calculated4. This again indicates the 
necessity to  obtain adequate measurements of loca I energy density distr ibution as 
discussed b y  Rossil6. The same remark applies t o  radiations about which even 
less i s  known , e .g. mesons, which may produce also wide distributions of dose i n  
L E T .  

The RBE may vary depending on the distr ibution of the dose i n  
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F igure 1 : Pictures of  dishes w i t h  clones developed from cel ls  i r rad iated w i t h  
3.4-MeV a pa r t i c l es  , LET, 140 + 30 keV/p e A , B , C,and D are 
examples of  dishes i r rad iated w i t K O  , 100 , 200, and 300 rads respec- 
t i v e l y ,  E represents a magn i f i ca t i on  of  one c lone,  F i s  a larger 
magn i f i ca t i on  of  par t  of  this c lone  w h i c h  shows i n d i v i d u a l  ce l ls  more 
c l e a r l y .  
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Figure 2 :  Survival curves for cultured cells of human origin obtained with 
radiations of different LET,. 

Figure 3: Relative Biological Effectiveness as  a function of LET, of different 
ionizing radiations with respect to  impairment of the proliferative 
capacity of human kidney cells (T-1 cells) in culture. Curves 1 ,  2 ,  
3, and 4 correspond to  surviving fractions of 0.8, 0 . 2 ,  0.05, and 0.01. 
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Figure 5 :  Survival curves obtained from exposures of cultured cells in oxygen- 
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Figure 6 :  Oxygen enhoncement ra t io  as c1 funct ion of LET, for  impairment of 
the pro l i ferot ive capacity of cultured cel ls of human or ig in  by d i f -  
ferent radiations. C i r c l e r :  monoenergetic chorged part icles employ- 
ing the track-segment method, t r iongle:  250-kVp X rays assumed 
mean LET 1.3 keV/p (ofter Barendsen, Koot, van Kersen, Bewley, 
F i e l d a n d  Pornel l  1966). 
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Figure 7: The re la t ion of R B E  and OER w i t h  LET in dif ferent regions of  LET. 
curve i s  ident ica l  w i t h  curve 1 of Figure 3. 
the curve of Figure 6 .  
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Figure 8: Relot ive Bio log ica l  Effectiveness and Oxygen Enhancement Ratio of 
fast neutron beams (IS CI funct ion of the mean energy w i t h  respect t o  
impairment of the pro l i ferat ive capacity of cultured ce l ls  of human 
or ig in .  
f roct ion of ce l ls  of 0.8, i.e. equivalent t o  100 rads of 250-kVp X rays. 
Speci f icat ion of the beams: "Fission spectrum" fort neutrons from 235U, 
spectrum w i t h  (I maximum intens i tyat  1.5 M e V ;  3-MeV monoenergetic 
neutrons produced b y  bombarding Deuterium w i t h  400-kV deuterons; 
fast neutrons produced b y  bombarding Be w i t h  15-MeV deuterons, 
spectrum w i t h  0 maximum intensity a t  6 M e V ;  I S M e V  monoenergetic 
neutrons produced b y  bombarding Tri t ium wi th  400-kV deuterons. 

RBE values correspond t o  o dose l e v e l  producing a surviving 

' 
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Abstract 

The concept of linear energy transfer (LET) was introduced in radiation dosimetry 

to describe the local density of energy deposition along the path of an ionizing particle. 

There is a certain fuzziness about the LET concept which arises from the interpretation 

of the word "local" insofar as biological radiosensitivity is concerned. It is possible to 

specify the extent of a local reg9on around the path of an ionizing particle by restricting 

the energy transferable to the electrons in the atoms of the stopping medium. 

The fractional linear energy transfer (FLET) is the ratio of the restricted 

stopping power to the total stopping power, 

for a charged particle moving at a given velocity is proportional to the total stopping 

power. The proportionality factor is essentially independent of the velocity of a heavy 

charged particle if the restricted energy transfer is equal to the root-mean-square 

(rms) energy transfer, and it has only a slight depmdence on the primary particle 

velocity if the restricted energy transfer is equal to the mean energy transfer. In 

these circumstances, the fact that the FLET is insensitive to the velocity of a heavy 

charged particle means that only a scale factor distinguishes the restricted stopping 

power from the total stopping power; hence, a biological effect that depends on some 

function of the total stopping power will have the same functional dependence on the 

restricted stopping power with energy transfers resfsicted either to the rms or  to the 

mean energy transfer. 

The restricted stopping power of a medium 
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FRACTIONAL LINEAR ENEKGY TRANSFER 

Richard hiIadey 
Dcpar tnieiit of Physics 

Clarkson College of Technology 
Potsdain, New Yorli 13676 

It is well luiown that a charged particle nioving through matter loses energy 

priinnrily by inelastic collisions with the electrons in the atoms of the material. In 

an inelastic collision, the charged particle transfers energy to a bound electron and 

thereby raises i t  either to an excited bound state o r  to an unbound state. 

state of the struck electron depeniLs on the aniount of energy ti-ansferred in thc collision. 

The term ionization refers to both degrees of excitation. In ionizing collisions involving 

large energy transfers to  a single electron, the struck electron ionizes othcr atoms 

outside the path of the original charged particlc. It is this situntioii which led to thc: 

introduction of the coiicept of linear energy transfer (LET) in radiation dosimetry to 

describe the local dcnsity of energy deposition along the path of an ionizing particle. 

There is a certain fuzziness about the LET concept which arises from the inter- 

pretation of the word "local" insofar as biological radiosensitivity is concerned. 

is possible to specify the extent of a local region around the path of an ionizing par t ide 

by restricting energy transfers to values less than some arbitrary value \V 0' 11c1Icc, 

W 

The final 

It 

represents the maximum energy transfer that contributes to the l'loeal'' ionization. 
0 

The niaxiiiium energy transferable to an atomic electron of iiiass m by an 

incident particle of mass hl, momeiituni P, and total enei-gy E is given by 

For incident heavy (hf > > m) particles with energies satisfying the condition - .  
2 (E/hk ) < < 1/2 (M/ni), the maximum 

2 2 2 w = 2mc (P/Rlc) = 2111c m 

energy transfer is 

P 2/(J -P 2, 
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where p is the particle velocity in units of the light velocity c. In Table I, we list 

values of W 

proton, 196 kev for an 100-Mev proton, and 3340 liev for an 1000-Mev proton. 

versus p . The maximuin energy transfer is about 22 kev for a 10-Mev m 

We use the symbol (LET) to rekr  to thc LET that admits all possible energy W m 

transfers upto W The literature usually refers to (LET) as (LET),. It includes 
m m' W 

the ionization from both the primary particle and all of the secondary electrons ejected 

by the primary particle. (LET) is the same as  the "stopping power" of the medium 
Wm 

for the particle, which is equal to - dT , the loss of kinetic energy per unit path length dx 
of the particle in the medium. Hence, for charged particles heavier than electrons, 

where 

A =  

P =  
mc2 = 

- - r e 

z =  
I =  

Avogadro's number = 6.023 x 

mass number of the medium, 

v/c = particle velocity in units of the velocity of light, 

rest energy of the electron = 0.5110 MeV, 

e /mc2 = classical electron radius = 2. 818 x 10 

charge of the particle, 

atomic number of the absorbing medium, 

average of the excitatioii potential over all electrons in the atoms of 
the medium. 

atonis/niole, 

2 -13 
cm, 
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Note that we have written Eq. (4) for the stopping iiumber B without the shell correction 

term and the density effect correction term. 

effect a t  low energies where the particle vdocity is of the order of the velocity of the 

atomic electroils in the I< and L shells. The density effect term does not become 

significant until the particle velocity approaches the extremely relativistic rcgion. 

Barlras (1960) has tabulated numerical values for the sum of the two correction terms 

for protons in nuclear track emulsion with an ioiiizatioii potential I = 331 ev. FOY 

this calculation, the density effect correctioll is negligible for 1-BcV (f3 = 0. 87504) 

protons and is about 4. 5 per cent for 10-BeV (F = 0. 99631) protons. 

The shell correction tcrni has a small 

We use the symbol (LET) to refer to  the LET whcn the energy traiisfcr is 
IV0 

restricted to values less than W . 
POIYer" (ww(W < wo) of the iiiedium for the. particle. It neglects ionization from 

Secondary clectroiis greater than W 

"restricted stopping powerTf sild obtained the following result in the approximation 

(LET),v is the same as t1ie"restrictcd stopping 
0 

0 

Bethe (1930; 1932) dcvcloped the theory Of the 
0 

The stopping number B in Eq. (6) is for charged particles heavier than electrons. 
1 

It is convciiient iiow to introduce the fractional linear energy traiisfcr with the 

notation (PLET) : 
WO 

(LET) 
- - (FLET) E w* - 

Wo (LET) 
Wm 
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In terms of the well-lulowii stopping-power theory, the fractional linear energy transier 

is simply the ratio of the stopping number for the "restricted stopping power7! to that 

for the total stopping power; thus, for chai-ged particles heavier than electrons, the 

fractional linear energy transfer is 

1 In (W0/U 
(FLET) - - - B1 B - - - 2 1 - k  WWm/I) -1- - P 2  (8)  

wO 

2 
For p < < In (W /I) , we may rewrite the fractional lincar energy transfer: m 

J I ~  Table I, we list values of In (W /I) for water with a mean excitation potential 

I = 65.1 e V  versus the particle velocity p. We note that p 
to In (W /I); for water, the ratio /3 /111 (Wm/I) is 0.2 percent at p = 0.100, 2 pcrcent 

at p = 0.400, 6.2 percent at /3 = 0.800, 7 . 3  percent at  p = 0.900 and 7.2 percent at 

2 
m 

is always small compared 
2 

m 

p = 0.990. 

The above expressions for the fractional liazar energy transfer contain the 

restricted energy transfer w In order to evaluate the fractional linear energy 
0' 

transfer, it is necessary to specify W 

scattering collisions of the primary charged particle of velocity v with an atom, the 

atomic electrons are ejected with a distribution of kinetic energies given by the classial 

Rutherford formula; thus, the number of delta rays (or ejected electrons) with kinetic 

energies between T and T + dT produced per unit differential path length of a heavy 

particle (of charge ze and velocity pc in a material of atomic number 2- and 

nuclei per unit volume) is 

First, we note that in the inelastic coulomb 
0' 

' n  
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where 

2 2  
0.153 z 2 

z . (11) NO -2 - z z 2 = -  - 2are mc 

A 
P2 

A w (Mev/gm-cm ) = 

P 2  S 

Since the derivation of the classical Rutherford formula neglects the binding energy of 

the atomic electrons, i t  applies to the ejection of atomic electrons with energies large 

compared to the ionization potential. Integration of the Rutherford formula, Eq. (lo), 

over the electron kinetic energies gives the total number of 6 rays produced per unit 

' 

path; thus, 

The lower limit of this integral is the minimum kinetic energy transfer, which is of 

the order of the mean excitation potential I, since I is a measure of the least energy 

that can be transferred on the average to a bound electron. 

For large energies of the primary particle and for very close collisions, 

Bhabha (1938) showed quantum-mechanically that the classical Rutherford formula 

needed an additional term dependent also on the spin D of the primary particle: 

n (T) dT = W + f (TYo , p, z) - 
S 3s 

For simplicity, we shall restrict our present treatment to primary particle velocities 

such that f(T, ~ , p ) z )  < < 1. 

The absorbed dose D is the energy deposited per unit mass A m of the medium 

by delta rays produced per unit path of the primary particle; hence, 

where N( >I), the total number of delta rays produced per unit path of the primary particle, - is 
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N(>I) E lwm n (T) dT 

I 

and where 5, the average kinetic energy of a delta-ray, is 

- tfwm Tn(T) dT 
T S  

lwm n(T) dT 

* 

I 

If we evaluate the integrals in Eq. (X6), we find that 

Stopping power theory is valid for values of the primary particle velocity B large 

compared with the velocity of atomic electrons. Stopping power theory begins to 

breakdown near p = 0.04. We se,e from Tab1 e I that W /I > >1 is a good approximation 

for p 9 
energy transfer T , we find that the value of W 

m 
0.04. If we set the restricted energy transfer Wo equal to the mean - 

is given in good approximation by 
0 

where the right-hand member follows by substituting Eq. (2) for W In this form, we 

see that the mean energy transfer depends on the natural logarithm of the momentum P 

of the primary ionizing particle expressed in units of its rest mass. The possible role 

rn' 

of momentum in radiation dosimetry has been discussed by Turner and Hollister (1962), 

Ivanov (1963), and Turner (1965). 

With W specified by the mean energy transfer, we find upon substitution of 
0 

Eq. (18) into Eq. (9) that the fractional linear-energy-transfer is given by 

(19) 
1 
2 

0 

-c 
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We find that, the (FLET)w = - has a value which varies only slightly with the 

velocity of the primary particle from 0.69 for B = 0.040 to 0.60 for B = 0,990. 

0 

The mean-squared energy transfer is 

energy 

JWm T 2 n(T) dT 

- 2  E I T = W m I .  
cwm 
3 n (T) dT I 

If we set the restricted energy transfer W 

transfer T , we find that the value of W becomes 

equal to the root-mean-square (rms) 
0 

rms  0 

I f 2  
(21) 

- 2  I f 2  If 2 2 
(T ) = wm I) = (2mc I) (P/Mc), 

rms  Wo = T 

where the right-hand member of Eq. (21) follows from Eq. (2) for Wm. In this form, we 

see that the root-mean-square energy transfer is proportional to the momentum of the 

primary ionizing particle expressed in units of its rest mass. 

see that the root-mean-square energy transfer is equal to the geometric mean of the 

maximum and least energy transfers. Comparison of Eqs. (18) and (21) reveals the 

following simple relation between the mean and rms  energy transfers: 

From Eq. (21) also, we 

In Table II, we list the maximum, the mean, and the root-mean-square energy 

transfers to an atomic electron by heavy charged particles versus the particle velocity. 

We see that the mean energy transfer T and the root-mean-square energy transfer T rms  

are both small in comparison with the maximum energy transfer W m’ Since we have 

evaluated the restricted stopping power for values of the restricted energy transfer W 
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equal either to 5 or Trms, we have verified that these choices satisfy the condition 

of the theory of the restricted stopping power that W < < W With W specified 

by the root-mean-square energy transfer, we find upon substitution of Eq. (21) into 

Eq. (9) that the fractional linear-cnergy transfer has a value equal to 3/4,independent 

of the velocity of the primary ionizing particle. 

0 m' 0 

The restricted stopping power of a medium for a charged particle of velocity p 
is proportional to the total stopping power. 

independent of the velocity of the heavy charged particle if the restricted energy 

transfer is equal to the rnis energy transfer, and i t  has only a slight dependence on 

the primary particle velocity if  the restricted energy transfer is equal to the mean 

energy transfer. In these circumstances, the fact that the ratio of the restricteci to the 

total stopping power is insensitive to the velocity of a heavy charged particle means 

that only a scale factor is involved between these two quantities; hence, a biologial effect 

that depnds on some function 01 the total stopping power will have the same functional 

dependence on the restricted stopping power with energy transfers restricted either to 

the rms or to the mean energy transfer. Since extensive tabulations of the total 

stopping power have been compiled by physicists, i t  is more convenient to relate 

biological effects to the total stopping power rather than to the restricted stopping 

power. 

The proportionality factor is essentially 
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TABLE I 

The Maximum Energy Transferable to an Atomic Electron by an Incident 
Heavy Particle, the Ratio and the Natural Logarithm of the Ratio of 
the Maximunl Energy Transfer to the Mean Excitation Potential I (=65.1 ev) 

for Water versus the Particle Velocity 

Particle Velocity 
p =v/c  

.010 

.020 

.040 

.050 

.080 

.090 

. l o o  

.200 

.400 

.500 

.800 

.goo 

.990 

Maximum Energy Transfer 
to an Atomic Electron 

wm (kev) 

0.102 
0.409 
1.64 
2.56 
6.58 
8.35 

10.32 
42.58 

194.6 
340.6 

1817 
4357 

50335 

Wm/I 

I=65.1 ev 

1.57 
6.28 

25.2 
39. 3 
62.6 

101  
128 
159 
654 

2990 
5233 

27,909 
66.927 

In (Wm/I) 

I = 65.1 ev 

.45 
1.84 
3.23 
3. 67 
4.62 
4.85 
5. 06 
6.48 
8.00 
8.56 

10.24 
11.11 
13.56 
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TABLE I1 

The Maximum, the Mean, and the Root-Mean-Square Energy Transfers 
to an Atomic Electron by Heavy Charged Particles versus the Particle Velocity 

. 
Mean Energy Root- Mean- Squar e Maximum Energy 

Transfer - Energy Transfer Transfer 

wm Particle Veloeity T T 
/3 =V/c (lev) - (kev) 

.010 

.020 

.040 

.050 

.080 

.090 

. l o o  

.200 

.400 

.500 

.800 

.goo  

.990 

,0809 
.142 
.219 
.245 
.303 
.318 
.331 
.420 
.511 
.540 
.625 
.671 
.819 

.0816 
,163 
.326 
.408 
.654 
. 736 
.818 

1.65 
3.42 
4.41 
8.97 

13. 0 
40.9 

0.102 
0.409 
1.64 
2.56 
6.58 
8.35 

10.32 
42.58 

194.6 
340. 6 

1817 
4357 

50335 
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JTISSUE, ORGAN, AND ORGANISM EFFECTS 
' 

Harvey M. Patt 

Laboratory of Radiobiology 
University of California Medical Center 

San Francisco, California 

The disturbance of the organism consequent to  irradiation assumes  a 
distinctive t ime course,  which depends upon the dosage and manner of exposure, 
and upon the temporal relation between the various processes  o r  injury and 
recovery. dromes after whole-body 
irradiation. With a massive exposure, e. g., 10  rads ,  death occurs within 
seconds or minutes and i s  believed to involve effects on the central nervous 
system. The dose required for  immediate killing is sufficient to  denature pro- 
tein and to cause wide-spread injury to membranes.  With doses of the order  of 
i o 4  rads ,  death occurs within severa l  hours to  a day, with signs of circulatory 
collapse. Early circulatory disturbances and death may occur in some species, 
e. g., rabbit and chicken, after even smaller  doses. 
additional factor in the 1-day lethality in.birds. 
thousand rads lead to death in a few days which is associated with wide-spread 
denudation of intestinal epithelium. With doses of a few hundred rads,  lethality 
occurs some 2 to 3 weeks la te r  and is referable to bone mar row damage. 
locytopenia and, to a l e s se r  extent, thrombocytopenia are leading factors  in  this 
mode of death. 
not necessarily escape unscathed; there  a r e  subacute and chronic effects which 
can lead to a shortening of the life span. 

There is a ser ies  of possible lethal s Tl 

Renal failure can be an  
Exposures of one or  a few 

Granu- 

The immediate survivors of an acute whole-body exposure do 

Of the several  acutely lethal syndromes, those associated with "intes - 
tinal death" and Ilmarrow death" a r e  of the greatest  interest ,  since they require 
only moderate doses of radiation. Lethality in  these instances is a direct  r e -  
flection of what Quastler and I re fer red  to a s  the aplastic cytopenia syndrome, 
a t e r m  which character izes  the acute radiation responses of cell-renewal sys-  
tems in general. F o r  the most  part ,  my  remarks  will be oriented to radiation 
effects on such systems after a total-body exposure to x rays. 
cytopenia syndromes provide an excellent example of the interplay of cellular 
and mammalian radiobiology. 

The aplastic 

The intimate connection between radiation and processes  of growth and 
development was appreciated ve ry  ea r ly  in the history of radiobiology. 
Bergonie and Tribondeau suggested that x r a y  sensitivity var ied directly with the 
rate  of proliferation and the number of future divisions, and inversely with the 
degree of morphological and functional differentiation. 
although not absolute (there a r e  exceptions), is a useful generalization which 
can be derived f rom an association of radiosensitivity with activity pattern. 

In 1906, 

This formulation, 

Although radiation in the proper amount can depress  any biological ac-  
tivity, activities in progress  a r e  generally l e s s  susceptible than the prepara-  
tions for such activities. This means that a biological sys tem should be most  
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sensitive at a t ime preceding the change f rom one activity pattern to another, 
since during this period the new activity pattern must be implemented. This 
rule applies both to the original causation of damage and to the unmasking of a 
previously caused latent damage, and i t  applies to a var ie ty  of noxious agents 
including radiation. Viewed in  this light, it is not surprising that perturbations 
of growth and development can be brought about most dramatically by exposure 
to ionizing radiation. Both proliferation and differentiation involve sharp  t ran-  
sitions in  patterns of activity. The association of radiosensitivity with r eo r -  
ganization i s  a useful concept. Although it does not te l l  us much about specific 
mechanisms, it brings the problem into sharper  focus by telling us where to 
look further.  

Cell production i s  notoriously susceptible to interference by radiation. 
The interference may be very brief or  quite prolonged. 
(a) ea r ly  necrobiosis, i. e . ,  interphase death or  cell  killing without regard to 
the mitotic process  itself, (b) blockage of different transit ions in  the prolifera- 
tive cel l  cycle, o r  (c) asymmetr ic  mitoses,  e. g., incomplete o r  unequal separa-  
tion of chromosomes a t  anaphase. 

It may resul t  f rom 

Considerable attention has been given to analysis of radiation effects on 
the proliferative cel l  cycle. Indeed, present concepts of the cel l  cycle a r e  an  
outgrowth of such studies. 
to the development of autoradiographic techni ues for study of DNA labeling in  
individual cells,  f i r s t  with 32P and then with q4C and H thymidine. The staging 
of the cell  cycle--i. e.,  G I ,  S ,  Gz, and M--which was f i r s t  described by Howard 
and Pelc, provides a useful framework for  analysis of basic parameters  of pro- 
liferation, chromosomal aberrations,  and mitotic abnormalities generally. For  
example, by marking the periods of chromosome replication, i. e . ,  the S period, 
it has been possible to analyze the types of aberrations in  relation to the posi- 
tion of a cel l  i n  i t s  proliferative cycle. 
some aberrations;  irradiation in  S or  G2 leads to chromatid aberrations. 
a lso been learned that the sensitivity of a cel l  a s  measured by i ts  reproductive 
capacity can differ by a factor of 3 to  4 depending on the stage of the cycle at 
which i t  is irradiated. 
(late G I )  and mitosis ( G z )  a r e  the most  sensitive. 
radiation doses,  cells  will not initiate DNA synthesis o r  mitosis for a time, but 
cells  in synthesis o r  mitosis will continue a t  normal ra tes .  This phenomenon is 
dose-dependent; with large doses, ongoing activities of DNA synthesis and 
mitosis will a lso be depressed. 

The ea r ly  interest  in  effects on DNA metabolism led 

3 

Thus, irradiation in  G I  leads to  chromo- 
It has  

In general, the periods just pr ior  to DNA synthesis 
With comparatively low 

The proliferation rate ,  i. e. ,  the reciprocal  of the cel l  cycle t ime, can 
be an  important factor in  the development and repair  of lesions. 
severa l  reasons for  this. 
stages of the cel l  cycle, i. e., G I ,  S, G2, or  M. 
tribution depending on whether the cel l  cycle is long o r  short  could therefore 
influence the overall  sensitivity of the cel l  population. 
times among normal  mammalian cells are due largely to variation in the G I  
phase (this may not 6e so  with tumor cells). Thus, the "differential count" of 
the population in  respect to  cell  cycle stage would shift toward the G I  when the 
proliferation ra te  is low, and G 
for  example, G2. There i s  a n o h e r  consideration owing to the fact that some 
forms of damage a r e  manifest only after the cell  resumes  mitosis. 

There are 
Cells may differ in  radiosensitivity at different 

Possible changes in  stage dis- 

Variations in  cell-cycle 

on the whole i s  a l e s s  sensitive stage than, 

The 
W 
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duration of the initial mitotic block i s  related to the cel l  cycle time. Mitoses 
re turn  ear l ie r  (and the cell  cycle t ime is shor te r )  in t issues considered to be 
more  radiosensitive. Recovery of cells may also depend on the proliferation 
rate. 

There a r e  many systems in the body in which cel l  production and loss  
a r e  in dynamic equilibrium. Such steady-state populations a r e  easi ly  perturbed 
by irradiation and, in  first approximation, the acute response can be reduced to 
a simple basic scheme: impaired cell  production, with l i t t le change in  ra te  of 
cell  decay, leading to cell  depletion; the degree of depletion will depend on the 
degree to which production is impaired. 
aplastic cytopenia or ,  if a cell  population vanishes completely, acytosis. This 
should not suggest that radiation, in doses sufficient to  interfere with cel l  pro- 
duction, does not affect other aspects of a cell-renewal system. 
e. g., in the lymphoid system, effects on mature  cells a r e  important. Indeed, 
in analyzing the response of a t issue to a perturbation such as irradiation, the 
sensitivity of individual cells must  be distinguished f rom that of the system a s  a 
whole. In the blood lymphocytes, there  is a biphasic t ime response: rapid de- 
pletion during the f i r s t  day followed by a much slower depletion. 
rapid phase is due mainly to direct  killing of lymphocytes, and the slower sub- 
sequent phase to the disturbed lymphopoiesis. 

In other words, radiation causes 

In some cases ,  

The initial 

Although effects on individual cells can be significant, in the majority of 
renewal systems it i s  the impairment  of cell  production that is of cr i t ical  physi- 
ologic importance. 
and then to  restoration, of the mature  functional components is related to the 
normal  kinetics of the system. 
complexities owing to the general  fact that the kinetics of i r radiated sys tems 
can deviate in a number of ways f rom normal. The "first  approximation model" 
of aplastic cytopenia i s  complicated by the fact  that radiation-damage prolifera- 
tive cells may still be capable of some proliferative activity; moreover ,  such 
cells can mature. A succession of abortive attempts at proliferation and subse- 
quent maturation can give r i s e  to abnormal mature  cells which may deviate 
f r o m  normal kinetics. Since the interplay between depletion and regeneration is 
crucial  for the system as a whole, minor proliferative activity and minor devia- 
tions f r o m  normal  kinetics can decide the fate of the system. The fate of the 
organism in which the system is located will, of course,  be determined by the 
essentialness of the functional cell  whose production has been impaired. The 
death of an  organism is hardly a simple m i r r o r  image of the death of its s tem 
cells. 
blood granulocytes - -is needed for survival, what really ma t t e r s  i s  the number 
of viable s tem cells that remain  in relation to the manner in  which the develop- 
mental pathway between s tem cel l  and functional cell  i s  structured and con- 
trolled. 

The evolution of the response that leads first to  depletion, 

Within this framework, however, there  a r e  

When a minimum number of functional cells--e. g. , villus cells o r  

All steady-state populations can be structured into compartments o r  
c lasses  with specific attributes of form, function, o r  location. 
s t ructure  resulting f rom this separation is: proliferation - maturation 

-- function. 
into self -maintaining elements. 
proliferative deficiency and functional deficiency overlap. 
intestinal epithelium and bone marrow. In other systems, e. g., spermatogenic 
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The proliferation compartment can be subdivided further 
In some irradiated systems, the periods of 

This happens in the 
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epithelium, there  may be a distinct separation such that the functional deficit 
occurs some time af te r  repopulation of the proliferating elements has begun. 
These differences reflect  differences in length of the developmental pathway, 
which is known to increase f rom intestinal epithelium to bone marrow to 
testes. 

The rate  of re lease of maturing elements f rom a renewal system is not 
As a rule, onset of depletion of functional 

A cytokinetic basis of this 

a simple matter  of growth pressure.  
cells after moderate irradiation depends on the t ime normally required for 
completion of maturation of the postmitotic cells. 
latency period is clear ly  shown by the correspondence between the t ime needed 
for onset of granulocytopenia and the t ime required for postmitotic granulocyte 
maturation in various species. This relationship suggests that there  is little, 
if any, disturbance of the turnover kinetics of the functional, as well as of the 
maturing, cells  during the initial period after irradiation. 

The correspondence between depletion rate  and normal turnover ra te  of 
functional cells  may become complex with the passage of time. As the orga- 
nism reacts  to the injury and the system attempts to recover,  the kinetics can 
deviate f rom normal. For example, in the intestinal epithelium, there  is a 
discrepancy by a factor of two between the t ime when complete denudation i s  ex- 
pected (no production--normal exit) and the t ime when it actually occurs. 
comes about mainly because radiation-damaged proliferative cells a r e  still 
capable of some proliferative activity and because such cells can mature  into 
normal and abnormal forms. 

This 

The depletion of functional cells f rom a steady-state population i s  in- 
fluenced by a number of cytokinetic factors. 
if the potential for  s tem cell  turnover and recruitment is small. 
curs  i f  there  i s  normally a long t ransi t  time, large number of divisions, o r  
small  potential for amplification in the proliferation compartment. 
time in the maturation compartment enters  the kinetic equation only by deter-  
mining the t ime for onset of functional cel l  depletion, i. e. , the latency period. 
On the other hand, the t rans i t  t ime in the functional compartment is an  impor-  
tant factor in the relative magnitude of depletion, the la t ter  being increased 
when the t ransi t  t ime is short. 

The relative depletion is increased 
This a lso oc- 

The t ransi t  

It i s  of interest  that sensitivity to  acute lethal action among the various 
species s eems  to be related more  to differences in ra tes  of recovery than to 
differences in  the extent of initial injury. 
response of cer ta in  cr i t ical  systems, e. g. , intestinal epithelium and bone m a r -  
row, in  a given species. The phenomenon of ear ly  intracellular recovery is by 
now well known. However, I am inclined to believe that the differences in  r e -  
covery to which I have alluded a r e  a reflection mainly of the nature of the system 
and of the essentialness of the functional cell. 

This may apply also to  the relative 

The restitution of a depleted cell  population after irradiation poses some 
A cell  renewal system can recover only if a fraction 

Under normal  
important basic questions. 
of the progenitor cells have retained their reproductive integrity. 
conditions, progenitor or  s tem cells a r e  induced to differentiate at a cer ta in  
rate. When the progenitor compartment is reduced in size, there  must  be a 
compensatory increase in proliferation ra te  or  a decrease in the rate  of 
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withdrawal of cells by maturation i f  the system i s  to recover.  The latter is 
known to occur in  some systems and if  the dose of radiation has been severe 
enough, the focus of regeneration may show hyperplastic tendencies suggestive 
of neoplasia. This hyperplastic phase m a y  be fleeting, a s  in  the intestine, o r  
pers i s t  for a considerable time, a s  in  cartilage. In other systems, e. g. , bone 
marrow, the requirement for functional cells  may be such that the pressure  fo r  
differentiation m a y  take precedence for  a time over the pressure  for  s tem cel l  
reconstitution. Thus, it is necessary to think in  t e r m s  of a pull a s  well a s  of a 
push in  the maintenance of a steady-state population. 

Apropos of recover'y, it is instructive to consider briefly some adaptive 
patterns of response to a second exposure or  to a sustained irradiation. Several  
lines of evidence a r e  indicative of a transient radioresistance in respect  of acute 
lethality and the response of s y s t e m s  such a s  the intestine and bone marrow af- 
ter a single irradiation. With continuous irradiation, damage, instead of in- 
creasing progressively,  appears to reach a steady state, at least  for  a time. 
This has been seen with indices such as blood counts, organ weights, renewal of 
intestinal epithelium, and male fertility. The compensatory response may re- 
flect an increased s tem cel l  turnover or  recruitment. An adaptive response is 
not seen in the ovary, apparently because there  a r e  no s tem cells f rom which 
depleted cells can be replaced. 
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RECENT STUDIES ON THE EFFECTS OF RADIATION IN MICE L/ 
W. L. Russell  

Biology Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

The genetic hazards of radiation have been estimated by many indi- 
For viduals and repeatedly by both national and international committees. 

example, the United Nations has published three extensive scientific reports  
on the genetic effects of atomic radiation. i-3 It therefore seemed sensible to 
devote the space available here  to a discussion of results of recent experiments, 
with emphasis on current  studies in my own laboratory. 

My work has been concerned primarily with factors that affect mutation 
frequency. Significant recent advances have been made in our knowledge of the 
effect of radiation dose rate, the effect of the interval between irradiation and 
conception, and the effect of low doses. All of these have a strong bearing on 
the estimation of the genetic r isks  of radiation exposure. 

In the experiments described here,  mutation frequency w a s  scored by 
our standard specific locus method. 

Dose Rate -- 
When the first United Nations report  on the biological effects of radiation 

was prepared, it was generally believed that the radiation induction of point 
mutations w a s  independent of dose rate. This had been regarded as a basic 
principle of radiation genetics for  several  years.  
Drosophila spermatozoa had shown that the mutation frequency induced by a 
given totardose of radiation is  the same regardless  of whether that dose is de- 
l ivered in  a few seconds or spread out over hours, days, o r  weeks. 

Extensive work with 

Our first experiments on the effect  of dose rate i n  the mouse showed the 
contrary to be t rue for  spermatogonia and oocytes (the reprpductive ce l l  stages 
important in human hazards). 5 Spreading the dose out gave a marked reduction 
in  mutation frequency. All of ou r  subsequent experiments have supported the 
results of the original ones. 6 Further  confirmation of a n  effect of dose ra te  on 
mutation has come f rom independent work on mouse spermatogonia by P h i l l i p ~ , ~  
f r o m  studies on silkworms by Tazima, Kondo, and Sado, 8 and f rom experiments 
by Baldwin9 on the wasp Dahlbominus. 

The extensive information on the mouse that has already been published 
will be reviewed briefly he re  as a background for the presentation of the new 
re s ult s . 

Radiation-induced mutation frequency f rom x and y rays in spermatogonia 
was measured with dose rates  ranging from approximately 90 R/min to 0.001 
R/min. Mutation frequency at 9 R/min is significantly lower than that at 
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90 R/min. 
one-third and one-quarter of that at 90 R/min. 
R/min and even to 0.001 R/min gives no further reduction in  mutation frequency. 

At 0.8 R/min the mutation frequency is further reduced to between 
Reducing the dose rate to 0.009 

In  oocytes only three dose rates  have been tested: 90, 0.8, and 0.009 
R/min. 
R/min is similar to that observed in spermatogonia, but, unlike spermatogonia, 
the oocytes show a fur ther  reduction in mutation frequency to a very low value 
when the dose rate  i s  lowered to 0.009 R/min. 

There a r e  two new se ts  of data. 

The difference between the mutation frequencies at 90 R/min and 0.8 

One of these, which will be reported in  
detail elsewhere, came f rom a repetition of the 0.001-R/min dose-rate experi-  
ment on spermatogonia. This is a tedious experiment, the 600-R dose used re- 
quiring an e q o s u r e  t ime of more  than a year,  but it was important to obtain as 
reliable a figure a s  possible at this low dose rate. The new results a r e  in close 
agreement with those obtained ear l ie r ,  and therefore support the conclusion that 
lowering the dose rate  below 0.8 R/min gives no further reduction in  mutation 
frequency in  spermatogonia. 

The second new s e t  of data i s  presented in  Table 1. The experiment was 
our f i r s t  t es t  of the effect  of an x-ray dose rate  highe 
served mean mutation frequency per  locus of 9.0X lp-’ is not significantly dif- 
ferent f rom the frequency of 8.7X 10-5 (40 mutations in  65 548 offspring) obtained 
f rom ear l ie r  experiments with the same x-ray dose of 300 R delivered at a dose 
rate  of 90 R/min. 
no noticeable increase in mutation frequency in mouse spermatogonia. 

than 90 R/min. The ob- 

Thus, raising the dose rate  above 90 R/min appears to give 

Analysis of the cause of the dose-rate effect i s  important for  the clues it 
may provide to an  understanding of the nature of the mutation process  and for  the 
application of the mouse results to the estimation of genetic hazards in  man. 
Evidence i s  mounting in  support of the view that the dose-rate effect, o r  at l ea s t  
a large par t  of it, is  due to repair  of mutational o r  premutational damage. 10 At 
the higher doses and dose rates  the repair  process  is postulated to be saturated 
o r  itself damaged by the radiation. If repair  i s  the mechanism responsible for  
the dose-rate effect, then the important question a r i s e s  as to whether complete 
repair  might be possible at very low dose rates ,  such as  those to which man is 
exposed a s  a resul t  of peacetime radioactive fallout. 

There would, of course,  be no possibility for complete repair  if  some of 
the mutations were of a qualitatively i r reparable  type. 
information that bears  on this problem has come out of the work on mice. 
spermatogonia, where the data a r e  extensive enough for comparisons, it i s  found 
that the distribution of mutations among the seven loci tested is not affected by 
dose rate even thou h the distribution itself i s  characterized by marked differ- 
ences between loci.%O In  other words, the relative frequencies of mutations at 
the seven loci a r e  constant regardless  of dose rate. 
tations that fail to be repaired at low dose rates  a r e  not qualitatively different 
f rom those that a r e  repaired. Of course,  without fur ther  information, it could 
s t i l l  be argued that the unrepaired m u t a t i q s  and the repaired ones a r e  qualita- 
tively of different types, but then a further assumption would be required, 
namely, that the ratio of the two types is the same a t  all loci. 

An interesting piece of 
In 

This suggests that the mu- 

There is, 
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however, the important additional observation that when the conditions (e. g. , 
ce l l  stage) a r e  changed so that the proportions of qualitatively different types of 
mutation (e. g. , deficiencies versus  nondeficiencies) a r e  affected, then the rela-  
tive frequencies of mutations among the seven loci a r e  a lso affected. This would 
seem to support the tentative conclusion reached above that, since change in dose 
ra te  does not a l t e r  the relative frequencies of mutations among the loci, the un- 
repaired mutations occurring at low dose rktes may be qualitatively like the r e -  
paired ones, i. e. a originally capable of repair ,  

If this conclusion is correct,  then the way is theoretically open for  the 
occurrence of complete repair  at very low dose rates.  
experimental results on oocytes that argues against this possibility. 
tion frequency drops progressively with reduction in dose rate,  and a t  the lowest 
dose rate tested (0.009 R/min) the mutation frequency, even with moderately 
large total doses, is not significantly higher than the spontaneous rate in males. 
(The spontaneous ra te  in females has not yet been accurately determined. ) In  
spermatogonia, on the other hand, the mutation frequency is still appreciable 
at 0.8 R/min, and it is not reduced by further lowering of the dose rate as far as 
0.001 R/min. 
of course, imagine seve ra l  possible mechanisms that would account for  a n  ir-  
reducible minimum mutation frequency. 
invoke the evidence obtained by Kimball11 in Paramecium that mutational damage 
i s  fixed when DNA replication occurs and that the probability of mutational 
damage not being repaired is Large when the time interval between irradiation 
and DNA replication is short. 
spermatogonial population there mayalways be some cells so close to DNA 
replication that i f  mutational damage occurs there may not be enough time for  
repair .  

There is nothing in the 
The muta- 

Why is this so if  all mutations a r e  potentially reparable? One can, 

To give just  one example, one could 

Thus it could be postulated that in the dividing 

In  summary, it can be stated that, s o h r  as hazards a r e  concerned, applica- 
tion of the experimental resul ts  for speiymato onia seems to be uncomplicated. 
The data at the very low dose rate of 0.001 Rfmin have been augmented and still 
show no reduction in mutation frequency compared with that at 0.8 R/min. 
Furthermore,  since plausible hypotheses can be advanced to account for  such a 
result  i n  spermatogonia, there is no reason for  not believing t k t t h e  minimum 
mutation frequency has been reached in  spermatogonia with the dose rates  already 
tested. The realist ic conclusion suggested by the data is that, although mutation 
frequency may be very low in  females exposed to low dose rates ,  i n  males  there  
is evidence against a threshold dose rate, and the irreducible minimum mutation 
frequency occurring even at lowest dose rates  is a n  appreciable one, namely, 
between one-third and one-quarter of the maximum frequency obtained at high 
dose rates.  

Effect of the Interval Between Irradiation and Conception 

Extensive data on spermatogonia show no significant change in mutation 
frequency with time af te r  irradiation. In  contrast, recently published resul ts  
on female mice exposed to fission neutrons show that the interval between ir-  
radiation and conception has a tremendous effect on mutation frequency. 12  
Conceptions in the first seven weeks after irradiation with approximately 63 rads 
yielded 59 specific locus mutations in 89 301 offspring. 
were found in a total of 1 2 0 4 8 3  offspring. 

After that, no mutations 
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It w a s  obviously important to find out whether the resul t  was a pecu- 
l iari ty of neutron irradiation o r  a general  radiation effect. Experiments with 
x rays were accordingly started,  despite the handicap of having to work with a 
dose no higher than 50 R. With higher do'ses the females become s te r i le  too 
soon after irradiation. This difficulty was greatly reduced in the neutron work 
because the relative biological effectiveness for mutation induction was much 
higher than that for  effects on fertility. An additional handicap w a s  discovered 
during the x-ray experiment which was, however, of great  importance in  itself. 
This was the finding that the mutation frequency in  the ear ly  mating period was 
b w e r  than expected f rom the frequencies at higher doses on the assumption of 
a straight-line relation between mutation frequency and dose. 
cussed in the next section. 

This will be dis-  

The extensive data collected to overcome these difficulties a r e  presented 
They have finally reached the point where the mutation frequency in 

Thus, 
in Table 2. 
the la te r  period is significantly below that in  the ear ly  period (P = 0.028). 
the phenomenon appears to be general, and therefore of much greater  importance 
than if  i t  had been solely a neutron effect. 

The cause of the effect presumably l ies  in the nature of the oocyte follicle 
stages involved. 
The low mutation frequency in the la te r  period must  have come f rom oocytes that 
were in  less  mature follicle stages a t  the time of irradiation. It is not yet known 
whether the marked difference in  mutation frequencies i s  due to a low mutational 
sensitivity of oocytes in ear ly  follicle stages,  to an  efficient repair  mechanism 
in these stages,  o r  to cell selection. 

It w a s  pointed outl2 that 

The ear ly  period is long enough for  the conception of two l i t ters .  

Whatever the cause, it is extremely effective. 
in the neutron data even the upper 99% confidence limit of the zero  mutation 
frequency in the la te r  period is lower than the spontaneous rate in male  mice. 
Almost half a s  many offspring in this period have now been added by the x- ray  
experiment, and sti l l  no mutations have been observed. 

Application of this resul t  to the estimation of genetic effects in  women 
should be made with great  caution until more  is known about the comparability 
of the oocyte stages involved in  the two species. 
obtained by analyzing the genetic data f rom human radiation exposures in te rms  
of the time interval between irradiation and conception. 

Some information might be 

Small  Doses 

In  describing the new x-ray experiment on females, brief mention was 
made of the fact  that, in  the ear ly  mating period, the mutation frequency in- 
duced by 50 R of 90-R/min x rays was lower than expected on the basis of results 
at higher doses. This finding has already been reported at an  ear l ie r  stage in 
the experiment. 13 The pooled data f rom severa l  experiments on females ex- 
posed to a single dose of 400 R of 90-R/min x rays gave 23 specific locus mu- 
tations in  14 842 offspring f rom conceptions occurring in  the f i r s t  7 weeks after 
irradiation. 
frequency and dose, approximately 25 mutations would have been expected in  
the 127 391 offspring now recorded in the ear ly  mating period in  the 50-R 

On the assumption of a straight-line relation between mutation 
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experiment, This is significantly lower than 
the expected number (P  = 0.011). Since the offspring in the 400-R experiments 
came mostly f rom conceptions occurring within the f i r s t  3 weeks a f te r  irradia- 
tion, a m o r e  rigorous comparison can be made by restricting both se t s  of data 
to this period. In the 400-R experiments there were 2 1  mutations in the 14 591 
offspring conceived in  this period. In  the same period in the 50-R experiment 
there were 4 mutations in 67 391 offspring. Although this reduces the numbers 
for  comparison, the difference f rom the frequency expected on the basis of the 
400-R results is still significant (P = 0.022). 

Only 10 were actually observed. 

This finding was not entirely unexpected. In the f i r s t  publication in which 
a repair  mechanism was suggested as a possible cause for  the dose-rate  effect 
on mutation, i t  w a s  postulated5 that repair  might occur with small doses of acute 
irradiation as well as with irradiation at low dose rates.  A hypothetical curve 
w a s  drawn to i l lustrate this. However, no attempt was  made to speculate on the 
dose level below which repair  would be noticeably effective. 
indicate a substantial effect a t  50 R in females. 

The new results 

This finding is  obviously of g rea t  importance in  the estimation of genetic 
hazards,  and a n  attempt has been made to check i t  in a n  experiment designed to 
avoid the vast  numbers of animals required to establish a reliable mutation f r e -  
quency with a dose as low as 50 R. In this new experiment a total dose of 400 R 
of 90-R/min x irradiation w a s  given to female mice in eight fractions of 50 R 
spaced 7 5  minutes apart .  The rationale was that, since females exposed to a 
continuous dose of 400 R of 0.8-R/min irradiation give a reduced mutation f r e -  

compared to that f r o m  90-.R/min irradiation, perhaps 50-R fractions of quen7 90-R min irradiation distributed over the same total t ime of exposure as that 
required in the 0.8-R/min irradia.tion might also give a low mutation frequency. 

The results obtained for conceptions occurring within the first 3 weeks 
a f te r  irradiation a r e  shown i n  Table 3.  
interval for  comparison with the data f rom single 400-R exposures which were 
similarly restricted.  The observed number of mutations, 13, is significantly 
(I? = 0.005) below the approximately 34 that would have been expected on the 
basis of the frequency obtained f r o m  single 400-R exposures (21 mutations in 
14 591 offspring). 

The data were restr ic ted to the 3-week 

Thus the fractionation experiment confirms the finding f rom the 50-R 
single-dose experiment that srnall doses of high-dose-rate irradiation give 
fewer mutations than would be expected on the basis of a straight-line relation 
with the mutation frequency f rom large doses a t  the same dose rate. 

In  estimating human genetic hazards it would now appear that the r i s k  
f rom small doses of acute irradiation may, in females at least ,  be lower than 
had been estimated on the basis of large doses. 
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Table 1. Mutation frequency in mouse spermatogonia 
exposed to a dose of 300 R of 1000-R/min x irradiation. 

Number of 
offspring 

Number of Mean number 
mutations of mutations 
a t  7 loci p e r  locus 

%ox 38 207 24 

Table 2 .  Mutation frequency in female mice exposed 
to a dose of 50 R of 90-R/min x irradiation. 

Int e rval between 
irradiation and Number of mutations 
conception off s p ring at 7 loci 

Number of 

U p  to 7 weeks 1 2 7  391 10  

More than 7 weeks 54 621 0 

Table 3 .  Mutation frequency in  conceptions occurring in the 
f i rs t  3 weeks a f te r  irradiation of female mice with 90-R/min 

x rays. 

Number of 
Total Number of mutations 
dose Fractionation offspring at 7 loci  

400 R 8 x 5 0  R a t  
75-min intervals 23 387 13 
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Howard P a r k e r  

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 

Despite the word I'data'' i n  its title, I mus t  warn that my  talk will be a 
hard one for you to draw definite conclusions from. 
ficult fo r  m e  to approach the subject systematically, since I do not want to repeat 
descriptions of a number of radiation accident cases  that have already been 
covered in excellent fashion by talks ea r l i e r  i n  the week. However, I will be 
content i f  I can leave you with certain general  impressions.  
the radiation protection problems, particularly with accelerators ,  as they are 
seen by an occupational physician for  Lawrence Radiation Laboratory in Berkeley, 
one of the AEC prime contractors. 

It will be particularly dif- 

I want to describe 

F r o m  the cases that I see  and know about, I have the impression that the 
l a rge r  accelerators  must, with present  safeguards, be very safe machines. We 
know that the principal population r i sk  throughout the world f rom external radia- 
tion results f rom the use of x-ray machines. We also know that the bulk of low- 
level radiation exposure of an occupational s o r t  is due to industrial radiography 
and occupational exposures to medical x rays. 

F r o m  histories that I have heard, i t  seems evident that i n  the ea r ly  days 
of the modern accelerators  there was some tendency to line such machines up by 
eye, and in other ways to disregard the risks,  in contrast  to our present 
practice. 
the victim had some good, though not sufficient, reason to think that the machine 
was off a t  the time the accidental exposure took place. 
of the l a r g e r  machines, and the long distances that there sometimes a r e  between 
the operator and the point of delivery of the radiation, have contributed to the 
confused circumstances that have caused some of the accidents. 

In a number of the important accelerator  accidents it appears that 

The complicated nature 

As was pointed out by Dr. Lushbaugh in  his talk, there a r e  some 7 5  
accident ca ses  that we can study, collected f rom USAEC and other sources  in  
this country during approximately the last 20  years .  
profitable lessons about radiation accidents. 
few of these cases  a r e  the result  of accelerator-produced radiation. 

F r o m  them we can l ea rn  
It should be noted that relatively 

One knows, of course, that there a r e  f rom time to t ime some l e s s e r  
episodes of radiation exposure from which the physician and health physicist 
might be able to learn,  and I think it w a s  og that basis that Dr. Wallace asked 
m e  to informally present to you our experience and impressions.  

I am going to t ry  to put the radiation accidents and other data that can be 
obtained f rom occupational groups in perspective against the broader viewpoint 
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of occupational health in  general at Lawrence Radiation Laboratory. What 
r isks  does one actually accept in coming to work at LRL here in Berkeley? 
dramatize rather  than exhaustively cover this point, I am going to read to you 
some of the "serious injuries" that occurred f rom October through December, 
1966, as l isted in the Laboratory Safety News: 
"A machine operator received a contusion to his finger when a co-worker 
s tar ted a machine while the injured had his hands in  it. . . . A custodian received 
a contusion and a fracture  of his finger when a windblown door shut on his 
finger.. . . A  biochemist fractured her  arm when she slipped in a corridor.  ~. . 
A laborer  cut his finger seriously on the rough edges of a tamper. .  . . A  laborer  
developed a painful left upper a r m a f t e r  using a jackhammer and dragging a 
hose. . . . An electrician received a laceration of his forearm whenhe fell and 
s t ruck his arm on a step. . . An electrician severely lacerated his finger while 
trying to keep a manhole cover f rom falling. . . .An electrician received a pain- 
ful left knee, preventing him f rom walking, after crawling inside the magnet 
platform in the Bevatron. . . . A machinist s t ruck a chip with his finger and r e -  
ceived a severe laceration. . . . A machinist s t ruck and lacerated his right hand 
on a tool bit.. . . An assembly machinist sustained a serious laceration to his 
right hand when he bumped it against a tool bit. . . . A machinist sl iced his finger 
on a b ras s  bar. 
Well, I read to you about half of the i tems in this particular issue of the Safety 
News. It seems quite typical of our experience with accelerators  that the only 
i tem concerning one of them in  this 3-month period w a s  the one about the elec- 
tr ician who injured himself crawling inside the magnet platform of the Bevatron. 
This, of course, did not involve radiation, but on a week-to-week, month-to- 
month basis you must  realize that we do not s ee  medical problems related to 
radiation f rom the accelerators.  

To 

Le t  m e  list briefly some statist ics on visits to our department: There 

Of them 831 were industrial first visits and 806 were re- 
were 14 100 visits to the Medical Facility in Fiscal  year  1966. 
were for  f irst  aid. 
visits, totalling 1637 visits related to occupational illness o r  injury out of the 
slightly m o r e  than 8 000 first aid visits. 
were fo r  routine physical examination. 
ular  period none of the visits listed was for  a radiation exposure or radiation 
injury of significance . 

Of these, 8 011 

During this same time 2 319 visits 
I want to emphasize that in this par t ic-  

In  o r d e r  to show our experience over a longer time span, and f rom 
another point of view, I would like to now summarize the accident history of 
LRL - Berkeley as it appears to the University's insurance c a r r i e r  fo r  indus- 
t r ia l  accidents and i l lnesses.  During this same f i sca l  year ,  1966, the in su re r  
dealt with 80 cases.  

Thirty-seven of them were so-called lost-t ime injuries, and 13 have 
necessitated temporary disability payments. 
in temporary disability payments during the fiscal  year.  And, actually, three 
of these a r e  cases  held over f rom previous yea r s ,  as i t  is necessary to do in  
this insurance work These 
cases  consist of two back injuries, one in lifting and one f rom a fall, and one 
injury of a hip f rom a fall suffered by a clerical  worker. 
was spread among 13 cases. 
time project his probable cost  fo r  medical care ,  hospitalization, payments on 

There were approximately $7  900 

and three of them account for $4790 of the total. 

The remaining $3  100 
Based on that experience, the insurer  can a t  this 
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permanent and temporary disability, and the various administrative costs. 
will all add up to between $10  000 and $45 000 in that particular f iscal  year. 
The advance premium paid by the Laboratory was approximately $58 000 during 
that f iscal  year,  and eventually a fraction of it will be refunded. 

It 

I have reviewed some of these figures to sketch for you the nature of 
occupational health in an  organization like ours. 
that might be helpful, butthese have caught my eye in recent months. 
point is that none of these costs has to do with radiation injuries or  exposure 
to beryllium, an associated problem. 

There a r e  other statist ics 
The big 

- 

Now le t  US look for a moment at total LRL experience from 1940 to date, 
27 years.  
a whole, in Berkeley and Livermore,  and I will be discussing only the radiation 
cases.  The insurer  reports he has had to deal with some 20  cases. Six of them 
involved litigation, and all s ix  were closed on the basis of no proof. They were 
radiation injury claims made by various people against the University. There 
were 14 cases  that were not litigated, and the insurer  accepted liability for  
radiation injury in  13 of them during these 27 years .  
Livermore,  and six here in Berkeley. 
in Berkeley currently, and Livermore has about 5 500 employees. 
tor ies  have, of course,  grown very much in  those 27 years.  I haven't t r ied to 
base this presentation on total man-years for  you, but those a r e  our present  
employee population figures, and they have been fair ly  stable at that level for 
the last few years .  So, a s  I mentioned, the insurer  accepted some liability 
in 13 of these cases  of radiation accident. 
had anything to do with accelerators ,  your particular interest ,  and I was able to 
find five that do. 
be 41 r e m  in an  accelerator  a t  Livermore.  
Summary of Operational Accidents in 1964. 
of a man exposed to about 5 r e m  of.moderately energetic p radiations to one of 
his eyes f rom an  accelerator.  
insurer  because it i s  necessary to pay for  examination by an  ophthalmologist 
f rom time to time. 
which I unfortunately cannot tell  you more  about at this time. 
x-ray burn of the hand that has taken place fairly recently at Livermore.  
fifth case is a case of leukemia in a researcher  who worked here  f o r  many years  
in  Berkeley, and who had substantial exposure to both accelerator-produced 
radiation with the 60-inch cyclotron, various radioisotopes, and x rays.  In this 
case a death benefit was paid by the insurer .  

Here I am moving from Berkeley LRL experience to that of LRL a s  

Seven of them were at 
We have about 3 500 people working here  

Both labora- 

I looked through them to see i f  they 

There was one case of an exposure to what i s  estimated to 
You can find that case in  the AEC 
There was a case here  in Berkeley 

He has no observable injury, but i s  l isted by the 

There was one case of radiation cataract  in Livermore,  
There was an 

The 

That, briefly, summarizes  the 
-kind of experience LRL has had. 

Many of you a r e  familiar with the summaries  that the Division of Opera- 
tional Safety of the USAEC prepares  f rom time to time about their  operational 
accidents, including radiation exposure. There i s  much to be learned from their  
experience because of the greater  number of man-years accumulated in it, and 
I am going to briefly present  here  today some pertinent mater ia l  f rom their 1965 
report. 
deserving of study that I can only briefly touch on here. 
that the death rate  of the AEC and its  contractor personnel, a s  compared with 
the United States in  general, runs about one-half to one-third during theseyears .  

The report  covers 22 years  of experience and l is ts  a number of things 
F i r s t  they point out 
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They l i s t  the causes of fatalities in A E C  programs and, of course,  they l i s t  
separately the construction workers,  those in plant and in laboratory ope r a -  
tions o r  in dir,ect governmental activities. 
251 deaths during these 23 years ,  7 1  a r e  due to falls or falling objects, 38 to 
motor vehicles, and 20  e lectr ic  shock. Actually the distribution of causes in 
plant and laboratory operation i s  ra ther  s imilar  to the construction figures. 
In a l l  categories only three radiation deaths a r e  listed. (Perhaps one should 
add in the other three people f r o m  the SL1 accident, who were irradiated,  but 
who a r e  l isted under death due to explosion. ) The publication lists approximately 
15 800 lost-t ime injuries in this 22-year period. Thirty-six radiation injuries 
a r e  listed. 
tion. 
tiny amount of the total. 
which underline some of the points I a m  making here  today. 
you look a t  f i re  loss you see that these losses  a r e  quite substantial in comparison 
with any loss due to radiation accident. If you then look a t  the radiation accidents 
listed, to see which have to do with accelerators ,  you find very little useful in- 
formation. 
publication there is a l i s t  of 24 known criticality accidents. 

In  the construction a rea ,  of the 

So 1/2 of 1% of the injuries in the AEC experience are due to radia- 

I t  l i s ts  some interesting things about property damage 
I t  also l is ts  such things a s  time lost  f rom radiation injuries,  also a very 

F o r  example, if  

They a r e  pr imari ly  criticality accidents. In one section of the 

Then they l i s t  all their fatalities, a s  well a s  the radiation exposures 
over 15 rems.  
down according to the size of the r e m  dose recorded on the personnel film 
badge. 
be more interested in that than in  the accident statist ics.  F r o m  0 to 1 r e m  
they l i s t  a total of 922 000 exposures, f r o m 1  to 5 r e m  only 50000, and then 
f rom 5 to 1 0  r em,  13 000; f rom 1 0  to 15  r e m  it is 110 cases,  and above 1 5  rem,  
42 such situations a r e  listed. 
helps to  review i t  for  you in this context. 

There is  a lso a small  chart  here  of radiation exposure broken 

When you a r e  thinking about long-term effects of radiation, you might 

This mater ia l  i s  well-known now, but I think it 

People often say  "here you have this long experience in  a laboratory 
like LRL and surely there must  be some statist ics on leukemia incidence that 
have come f rom it ;  something o f  that  kind would be usefulinformation f o r  all of 
us. '' Well, i t  appears there a r e  not actually enough people working for  the 
entire AEC and i ts  contractors during these 22 years  to give a really adequate 
picture of leukemia incidence o r  help to elucidate the problem of radiation- 
induced leukemia. Dr .  Mancuso has begun a pilot study f o r  the Atomic Energy 
Commission to study the morbidity and mortali ty experience of AEC contractor 
personnel. 
and there a r e  many people who agree.  However, it maynonetheless be of con- 
siderable value to be able to say f rom such data, for  example, that, with a 
high degree of probability, the leukemia incidence in the AEC and i ts  contrac- 
tors  was not tripled. The statist ical  information that you can gather f rom ex- 
amination of your employees does not so  far seem to be very helpful in  com- 
parison with the other epidemiological and experimental studies we've talked 
about ear l ie r  this week. 

I personally think this will be largely nonproductive scientifically, 

George Bar r ,  who is working with us now, has done some thesis work, 
lookingatabout 100  people who have the highest radiation exposures in this 
Laboratory (incidentally, a sizable fraction of those a r e  people who worked with 
the 60-inch cyclotron o r  radiation generators of that kind, who have actually 
worked fairly close to permissible levels for  some years . )  He is  not able to 
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show a definite decline due to radiation (that is, correlated with dosimetric 
information) in such things as total white blood count o r  total lymphocytes. 
There is some kind of a decline in these figures,  but the radiation effect and 
the age effect and probably some other things a r e  mixed, s o  it is almost im- 
possible to make any determination of the effect of radiation. 
that he may have turned up a definite age effect i n  studying the population in a 
vertical  way through the years.  That is, a n  age effect on such things a s  total 
white blood count--they slowly decrease.  Indeed, 
it may be a time effect related to something about the Laboratory's program 
rather  than aging of the employees. 

He does feel  

This effect is very slight. 

It appears that when karyotype analysis can be done widely on radiation 
workers,  it will be a very sensitive test ,  and perhaps helpful in making radia- 
tion protection decisions; this is not yet the case,  however. 
w i l l  be talking to you on that subject, I w i l l  certainly not t ry  to go further into 
its implications now. 

Since Dr.  Norman 

Well then, f rom the point of view of long-term results,  what kind of 
information does presently come f r o m  occupational exposure? 
ical  point of view the original information - did come f rom occupational exposure. 
The broad base of our experience in those ear ly  yea r s  w a s  - occupational exposure 
and the dangers were very clear.  Books have been written about the so-called 
"martyrs  to science through the Roentgen rays.  
this with accelerators  seems to have so  far been minimal, so the idea of being 
a m a r t y r  to  science in this way seems to have gone out of style in the late 3 0 ' s  
and 40's and i s  fine testimony to increasing awareness during those yea r s  of 
what constitutes adequate occupational health practice. There is, of course,  
information f rom radium dial painters which is helpful when dealing with pe r -  
missible levels of radioactivity. 
story. 
formation f rom mine r s ,  but i f  you look through the UNSCEAR reports  you see  
that quantitative information f rom miners  is very sparse .  
to be able to say that i t  is probably the radon and its daughters that a r e  the 
principal troublemakers,  and not the various other things that can happen to 
you in the mines. 
this type of exposure. 

F r o m  a his tor-  

The tendency to repeat all 

Most of you a r e  probably familiar with the 
There is some in- These data a r e  s t i l l  being improved and refined. 

I t  seems to be enough 

It is very hard to get quantitative data about lung cancer f rom 

One type of occupational exposure that i s  s t i l l  providing interesting in- 
formation is that described in the studies on leukemia incidence and life span 
of radiologists in the United States. There is a definite increase in leukemia 
incidence and a definite shortening of life span of radiologists. 
been confirmed in Brit ish radiologists, a difference which may be real. 
Archives of Environmental Health, October, 1966, Dr. Shields Warren summa- 
r izes  his recent studies on the radiologists. 2 
teresting now is that the life-span-shortening effect on U. s. radiologists seems 
to be disappearing. 

This has not 
In the 

The thing that is especially in- 

When he plots the average age at death i n  5-year periods f rom 1930 
through 1965, i t  can be seen that although the average age at death of the U. S. 
male population is rising slightly during this period, the age at death of radio- 
logists is lower but increasing more  steeply, and is indistinguishable f rom the 
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r e s t  of the population in the final 5-year period. 
to the e a r l i e r  conclusion that radiologists did die younger, and suggests in 
addition that they a r e  probably no longer doing so. 

This appears to lend weight 
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J J SOME BIOLOGICAL END POINTS O F  DOSIMETRIC V A L U E  - I 

DERIVED FROM CLINICAL DATA 
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Since the discovery of radioactivity late in the 19th Century, man 
has become increasingly aware of the potential for this type of energy to 
cause biologic damage. 
a t  f i r s t .  One year after the discovery of x rays ,  reports  of their harmful 
effects began to appear in medical journals. Becquerel and P i e r r e  Curie 
produced radiation dermatit is  and ulcers  on themselves in one of the first 
experiments with radiation in man in 1901. Gastrointestinal d i s t r e s s  (now 
called the prodromal response) occurred f i r s t  in an x-ray technician in 1898, 
and Walsh reported2 that the man unwittingly cured himself by wearing a 
lead apron while another man who a t  the same time had headaches while 
working alongside a Crookes tube was unable to prevent them by using a 
block of wood as a shield! Radiobiology has come a long way since then 
and we have explanations for some of these historical  clinical events, but 
most  a r e  st i l l  not completely understood and some not a t  all. 

This aspect of ionizing radiation was not anticipated 

Nonetheless, the vast  amount of clinical data that has been accumulat- 
ed in the last 70 years  is  rife with information that defines the radiosensitiv- 
ity of man in practical  t e r m s  mutually understandably by physician and 
physicist. 
damage to the whole patient receiving 
other to avoid acute o r  chronic occupational exposures that could lead to 
premature death by acceleration of aging and other degenerative processes.  

These observations a r e  used by the one group to avoid i r reparable  
radiotherapy for cancer,  and by the 

This large clinical experience has been used extensively to provide 
a firm basis for our occupational radiation health program that has proven 
so remarkably successful since exploitation of atomic forces  was begun. 
I t  has also been useful in re t rospect  in interpreting biologic damage in 
atomic disasters  - -intentional, accidental, o r  incidental. In our t ime this 
biologic dosimetric information has been put to the tes t  in about 14 accidents, 
involving more  than 50 individuals. Few recent observations have changed 
the radiobiological concepts founded on past clinical observations, although 
many have helped establish more  precise dose-response relations than have 
previously been known to man. A l l  of the studies show that, without doubt, 
all mammals  including man react  in a similar fashion to radiation exposure, 

3 differing apparently only in relation to amount of exposure. 
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Unfortunately, accidents by definition a r e  not designed, but occur in 
spite of the best  precautions. Since they occur only when they a re  not 
anticipated, they usually occur when the film badge is in the victim's locker,  
the gamma alarms and interlocks a r e  not working, o r  the victims have 
ignored warning signs. A s  a resul t  dosimetry immediately after an accident 
is either nonexistent o r  s o  poor that no physician can base his plan of therapy 
upon it. 
and progress  of anatomical and physiological events and in this sense these 
events hahe become "biolcgical dosimeters.  I '  

Instead, his  treatment of the victim is reactive to the sequence 

Most biologic radiation effects at the morphologic o r  anatomical 
level can be used as dosimetric end points, because most  of them require  
direct  exposure and few resul t  f rom the exposure of some other organ. 
The outstanding exceptions to this statement a r e ,  of course,  (a) the changes 
in numbers  of circulating blood cel ls ,  since these reflect total (or  average) 
lymphocytic and bone marrow damage, and the consequences of radiation- 
induced failure to replenish the constant l o s s  of blood cells; (b) the symptoms 
and signs of the gastrointestinal prodromal responses that appear to reflect 
irradiation of a diffusely distributed autonomic nervous system, and (c)  
radiation death, which we all know reflects many different lesions that a r e  
determined by whether the whole body o r  a particular pa r t  of the body was 
exposed, by the radiation dose given, and by the r a t e  o r  number of fractions 
of the total exposure. So, what do I mean when I say that biologic responses 
can be used as dosimeters?  I mean even considering all these variables,  
complicated as they a r e  by unpredictable variations in the radiosensitivity 
of individuals, accurate dose analysis 
f rom the course of clinically observable 
in radiation - expo sed ti s sue s . 

a physician can make a meaningful, 
events and the changes that occur 

Historically, this ability to  appraise  dose was found t rue  first for the 
skin and i t s  component par ts .  
a postirradiation event that in the absence of physical dosimetry and of any 
international agreement on the definition of a physical unit the radiologist 
coined his own unit--the S. E. D. o r  skin erythema dose. It is now we l l  
known that the slow appearance of erythema within 4 weeks after exposure 
to a single radiation dose indicates that 400 to  750 r a d s  was deposited in  the 
skin. In half the cases  the dose will have been l e s s  than 575 rads.  Most 
radiologists consider an S. E. D.- 600 r a d s ,  
of erythema followed by blisters,  moist  desquamation, and ulceration 
follows doses between 1600 and 2000 rads.  In half the patients, skin exposed 
to  2000 rads  o r  l e s s  will heal in 4 to 6 weeks with only moist  dressings for 
treatment--defining the so-called skin tolerance dose for man (TD50 w 2000 
rads).  
a r e a  is l e s s  than 400 cm . 

The production of erythema was so constant 

A more  rapid appearance 

This effect is de endent on the a r e a  of skin i r radiated only i f  the f I t  i s  also dependent on the energy and quality 
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of the radiation and upon the dose ra te  and number of fractions in which the 
dose i s  given. 
also learned f i rs t  f rom studying the skin responses clinically after fractionated 
exposures. 
the skin-tolerated dose was increased a s  a power of the number of daily 
dosage fractions administered, according to the formula 

The knowledge that man can repa i r  radiation damage w a s  

Strandquist showed in  a now classical  study5 that the size of 

0 ,32  TD50 = 2000 t (days) 0 

The hands of a technician who handled fi l ters contaminated by an unknown 
amount of fission products a r e  shown in F i g .  1. 
within a week after erythema that occurred almost immediately after about 
2 hours of exposure, was followed by ulceration that required years  of 
plastic surgery for repair. 
much grea te r  than the TD50 of 2000 rads ,  and i s  estimated to have been 
between 20 000 and 30 000 rads.  
who was manipulating a par t  of a fissionable assembly when it  reached 
criticality. The ulcerated blisters,  edema, and l ifeless appearance i s  
now known to reflect a dose far  in  excess of 50 000 rads, I hope Dr. Sagan 
w i l l  tell us  la ter  about a s imilar  lesion that occurred recently in a man who 
made the mistake of adjusting a target while it was being exposed to accel-  
erated particles. The two most recent victims of fatal reactor  accidents, 
who received whole-body average doses in excess  of 4400 and 8800 r ads  
respectively, each showed intense erythema within 15 minutes of exposure. 
They both also had intensely scarlet-appearing conjunctivae "welder's 
eyeballs" a sign of radiation exposure of the eyes after exposures equivalent 
to o r  grea te r  than 10 000 R. 

This appearance of blisters,  

The dose here  i s  unknown, but was obviously 

Figure 2 shows the right hand of a man 

6 

Among the oddities of medical practice that I a m  afraid a r e  still  
being practiced i s  the exposure of the scalps of children suffering from 
"ringworm" to 300 R of 8 0 -  to 100-kVp x rays.  Because the fungus grows 
in the hair follicle and because 300 R stops skin mitosis, hair growth stops 
and epilation then occurs. 
hat i s  also destroyed and reinfection i s  not allowed). 
of hair i s  another biologic dosimeter that says the dose in the skin a t  the 
level of the hair follicle was about 300 rads.  
baldness i s  a direct  measure  of an excessive epilating dose and an embar-  
rassment  to the radiotherapist o r  dermatologist. 

The disease i s  cured (providing the child's 
So, temporary loss  

The permanence of the 

Permanent  baldness cannot always be avoided when a deep-seated 
tumor i s  treated. 
would like to mention that an  atrophic skin lesion thought to be due to 
radiation damage can be considered a s  such only i f  the small  smooth-muscle 
bundles that e rec t  the hair during fright have been spared. 
muscles ,  like the muscle in our hear ts  and extremities, a r e  resistant to 

Before leaving the skin a s  a radiation dosimeter,  I 

These microscopic 
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radiation doses even in excess of 20 000 rads.  
demonstrate their  selective survival, ionizing radiation was not involved 
in producing the dermal  lesion. 

If surgical biopsy fails to 

Let  us  go on now to the prodromal responses as dosage indicators. 
By prodromal we mean medically a prognostically useful group of symptoms 
that protends the severity of things to  come. 
"prodromal response" is used instead of the old t e r m  "radiation sickness" 
because this t e r m  has been used loosely to  mean almost anything that happens 
after radiation exposure and no longer has the original meaning of the German 
"Strahlenkater" which means,  as fa r  as I can determine, "radiation hangover." 
Who would not define a "hangover" as a combination of anorexia, nausea, 
vomiting, diarrhea,  and fatigue? This combination of symptoms and signs 
also defines the human prodromal response to clinically significant amounts 
of radiation exposure. 

In human radiobiology today, 

Because the threat  of radiation exposure in space also c a r r i e s  with 
it the threat  of the occurrence of the prodromal response in a weightless, 
artificial environment where aspirated vcmitus could be fatal, an attempt 
has been made recently t:, establish as precisely as possible the population 
distribution for the probability for this type of response to increment 
radiation dosages. 

To establish this biologic response as a predictable human radiation 
dosimetry system, we have had more  than 35 collaborators who have con- 
tributed m o r e  than 1600 case  studies w h e r e  total-body irradiation w a s  used 
as a means of treating disseminated malignant diseases.  By studying the 
clinical char t s  of 800 patients who have received single total-body exposures, 
we have found dose-response relations for the various symptoms of the 
prodromal response.  

In the paper that follows, concerning an  important segment of these 
patients, the differences between total- and partial-  body irradiation will be 
emphasized. In the study reported here,  only total-body irradiation of 
patients t reated for widely desseminated malignant disease i s  considered. 

Figure 3 shows t h a t a i t h  radiation exposures in  excess of 300 R, 
the average t ime toemes i s  is about 144 minutes. 
response the highest doses caused the earliest responses.  In m o r e  recent  
studies we have found that total-body irradiation with exposures of less than 
300 R have a remarkably constant 120-minute latent period, and that if  
vomiting occurs  it is most  likely to occur within an 8-hour period after 
exposure. 
of 300 R, o r  a midline dose grea te r  than 200 rads.  

In this distribution of 

Vomiting in l e s s  than 2 hours indicates an exposure in excess  
Figure 4 shows that 
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the incidence of emes is  in a previous study of 163 patients exposed to  
various amounts of radiation (expressed a s  the average dose in the upper 
abdominal compartment) indicated that the effective dose (ED50) for this 
symptom was close to 200 rads.9 The other line lying within the 95 percent 
fiducial l imits of the slope variance of these data i s  the probit regression 
line for the incidence of vomiting in respect  to dose for normal  men acciden- 
tally exposed to total-body irradiation in nuclear accidents. The ED50 is 
about the same. The increased slope of their dose-response line implies 
a decreased variance in responsiveness, as would be interested in healthy 
men. 

So f a r  w e  have determined the single dose-response relationships 
for five prodromal responses as shown in the table. 

In addition, we have attempted to tes t  the hypothesis first stated by 
after study of the Hiroshima and Nagasaki experiences, Warren in 1948, 

that the lethal radiation dose (LD50) for man i s  approximately 450 R (300 
rads) .  
that all of these patients had a large,  unknown probability because of their  
diseases  that they might die unexpectedly and soon in spite of therapy. 
statement that a dose-response relationship for human radiation death has 
been developed from these data requires ,  therefore,  that the investigators 
have a firmly entrenched faith in the magic of statist ics.  
deaths between 10 and 60 days after radiation exposure are  assumed to be 
both "naturally" and radiation-induced, then the resul ts  can be used to t e s t  
whether Warren's lethal dose estimate of 450 R (300 rads)  for normal man is 
too low. The resul ts  shown in the table and F i g .  5 indicate that his estimate 
is remarkably close to that made by probit analysis of the patient's data 
here  in which a 
occurred. 
most  sensitive o r  worst  situation for man and make him appear m o r e  radio- 
sensitive than he really is. Such a death probability line could, however, 
be used a s  the upper probability bound for clinically serious hematopoietic 
darnage. The lowest bound in this hematopoietic death syndrome would be 
the dose-response probability for loss of appetite (anorexia), the most  
innocuous symptom of the prodromal symptom complex, 
dose-response probability "envelope" is shown along with confidence l imits 
in Fig. 6. 

Obviously to use these clinical data in this way it must  be remembered  

The 

I f ,  however, 

significant but unknown incidence of non-radiologic deaths 
Even though nonrealistic for healthy man, these data define the 

The resulting 

A s  with the skin, dose protraction of fractionation will increase thz 
total dose necessary to produce these end points and will displace the entire 
dose-response "envelope", as in Fig.  7 .  A decrease in i ts  slope would 
indicate that greater  increments in fractionated doses than of instantaneous 
single doses would be required to obtain the same proportion of responses 
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in the populace. A study of fractionated total-body doses of about 700 
patients, exposed over about 30 years  of radiologic practice, l ed  Drs .  
Focht, Nickson, and Langham" to conclude recently that dose fractionation 
permits  radiation repair ,  and requires  total dose for lethal effect to be 
increased as a power function just  as in the case of necrotizing skin dose. 
This relationship is shown in Fig. 8.  Only the experience of one normal 
man affords us  an approximate confirmation of this model: a Mexican man 
who inadvertently was exposed about 8 hours each day for 11 6 days in the 
now famous Mexican cobalt-60 accident and survived exposure to about 1000 
rads  (minimal estimate) l 2  His fit to the LD50 curve, where his survival 
chances at the t ime his exposures were stopped were l e s s  than 50:50, may 
be fortuitous, but his hospital course was that of a severe aplastic anemia. 
F r o m  all of this and from what you heard yesterday from Dr. Bond concerning 
the radiation death syndromes, the t ime of death of an i r radiated normal 
person i s  also a measure  of his dose. 
various syndromes has not been developed so well for man as for other 
animals, but is loosely accepted as shown in Fig. 9 .  

This temporal relation for the 

Doses up to 600 rads  cause death if  untreated within a 20-to 60-day t ime 
period; more  than 600 but l e s s  than 2000 rads  cause death between 7 and 20 
days; more  than 2000 but l e s s  than 10 000 rads  within 36 to 7 2  hours, and 
greater  doses within one day. 
have typical histopathologic lesions o r  combination O f  them that can be 
documented surgically o r  a t  autopsy. 
they need not be mentioned. 
two that intrigue me: 

A l l  of these dose-related lethal syndromes 

Most of these a r e  so well known that 
Among many others,  I would like to  show you 

(a) the death of the acid-secreting cell of the stomach that occurs  after 
exposure to about 800 R (F ig ,  10); and 

(b) the development of a myocarditis and meningitis (Fig.  11) that occurs 
in man at doses of about 4000 rads  and greater  in a recently described 
human vascular death syndrome. 6 

However, among all the morphologically based response-versus-dose 
relations none is considered more  quantitative than the temporal changes 
in the peripheral  lymphocyte count, a s  shown in Fig. 12. The change in 
absolute lymphocyte count during the f i r s t  48 hours has many t imes the 
prognostic value of the first film badge reading. 
veracity than the first sodium-24 estimate, which in the past has been off 
by a factor of 10 because of failure to lexclude residual radiochloride counts 
o r  because of e r r o r s  in ari thmetic.  
invariable way that lymphocyte death begins a t  about 50 rads  and is virtually 

It has a much greater  

This reliability is the resul t  of the 
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complete at about 1000 rads  a f te r  a single prompt dose-a dose beyond which 
no man has survived without injection of foreign marrow grafts. 

At 1000 rads  the temporal sequence of events occurs in the peripheral’ 
blood as shown in  Fig. 13. The degree of change is progressively propor- 
tional to  dose, as shown in Fig. 14, and l e d  to the generalization for biological 
dosimetry, shown in Fig. 12 ,  that in essence shows that the lower the 
lymphocyte count at 48 hours the worse the prognosis, and that the complete 
disappearance of lymphocytes within 48 hours of exposure indicates a hopeless 
prognosis. 
out by their  deaths within 33 and 49 hours respectively. 

In the two most  recent accident victims thig prognosis was borne 

I have not been able in this rapid review to spend much t ime on any 
one facet of the problem, and have had to pass  lightly over the biological 
dosimetric information of the various death syndromes and their  basis in  
t issue damage, hoping that Dr.  Bond and others would have indoctrinated 
you in these a r e a s .  I passed over completely discussion of the germinal 
epithelium, spermato-genesis,  cataractogenesis, carcinogenesis, and 
leukemogenesis. But l e s t  you forget, allow m e  to remind you that ear ly  
radiologists found it convenient to  tes t  their  machines by taking a daily x r a y  
picture of their  left hands, and thereby discovered that the skin erythemic 
dose has no relation to  the epidermal carcinogenic dose; but daily minute 
doses to  the skin that do not cause erythema can be extremely carcinogenic 
and quite fatal. 

100 



111.3 

Probi t  analysis of effective doses for gastrointestinal and systematic 
clinical responses  to total-body irradiation in man (using arithmetic dose). 

Clinic a1 Equation 
Response P = a (dose) t b ED50 - f S. E. (m) 

.Midline a 
Probi t  Units Epigastric dose air dose 
( a) - (bJ ( rads)  (R)  

82 + 32 124 0.017 3.609 

0.008 3.837 138 - + 20 209 
- 

b 
Anorexia 

Nausea b 

0.008 3.588 

0.004 4,428 

Vomiting b 

Fatigue C 

0.008 3.441 

0.006 3.347 

C Diarrhea 

Death 
d 

173 + 18 - 
136 t 36 - 
1 9 4 +  19 

281 t 44 
- 

- 

262 

206 

29 4 

42 5 

a. As i f  all doses were  f rom cesium-137 y rays ,  so 66 absorbed t issue rads  
= 100 R measured  in air a t  theoretical midline without the patient present.  

b. Incidence of response through 2 days. 

c. Incidence of response through 42 days. 

d. Incidence of response through 60 days. 
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Fig. 2. Ulcerations about 2 weeks after exposure to radiations from 
fissionable material in an inadvertent criticality excursion. The 
details of this accident were described by Hempelmann et a1 (Ref. 14). 
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Possible Dose- Response Relationships in Man 

PROPOSED EFFECT CONJECTURED EFFECTS OF 
OF PROMPT DOSE DOSE PROTRACTION 

( )  I RADIMIN)  0 I RAD (( IO RADSIDAY) 

DISPLACEMENT ? 

I I I I I I I I I  I I 1 1 1  1 1  

0 100 200 300 400 500 600 700 800 900 I( 
DOSE (RADS) 

00 

I l l l l l l l l l l l l l l l l ' I I '  
0 300 600 ' 900 1200 1500 

EXPOSURE (ROENTGENS) AEC/NASA-ORINS 

Fig.  7 .  The conjectured e f fec ts  of dose protraction o r  fractionation upon the 
dose-response probability envelope fo r  the hematopoietic syndromr.  
In (A) the envelope is shifted chiefly becaosr  low-dose r a t e  and 
fractionation magnify the var iance in radioresis tance by allowing 
r epa i r .  
I r r epa rab le  damage being reached in  the bone mar row or btber 
organs as might he expected with high-LET par t ic les .  The l a rge  
0 denotes the position of the War ren  LD50 est imate .  The f i r s t  X 
indicates the possible shift  in LD50 a f t e r  1 week of dose protract ion,  
and the second X locates  the LD50 displaces by 52 weeks of i n t e r -  
mittent exposures  as est imated by the LASL model (F ig .  8). 

In (B) the en t i re  envelope shifts due to  threshold of 
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LASL MODEL OF HUMAN LETHALITY FOR FRACTIONATED 
EXPOSURES-AFTER FOCHT AND NICKSON 
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Fig. 6 .  Thr  e f fec t  o f  fra,Ltionatioii of total-body radiation exposures upon 
the est imated human LD5,).  
fortuitously withm the scl ema.  
es t imates  a r e  based on the slope of thc probi t - regression line i n  
Fig.  5A.  

The Mexican accident surxivor "fits" 
The 10% and 90% probability 

DOSE IN rads 

CEREBRAL DEATH 

Fig. 9. The relation of t ime of death to  whole-body radiation dose that 
defines the major  lethal modalit ies.  
defines the a r e a  in  which symptomatic therapy of radiation damage 
i s  known to  reduce human and animal mortali ty (Ref. 16).  

The dashed l ine over "therapy" 
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Fig.  10. Photomicrographs of two well-known histologic dosimeters :  (A)  

norma l  human gas t r ic  gland contrasted with that (B) of a man who 
received g rea t e r  than 800 r a d s  to  the stomach, causing par ie ta l  
cel l  necros is ;  (C) a colonic gland crypt an$(D) a jejunal gland crypt,  
showing mitotic arrest  at doses  grea te r  than 400 r a d s  (Ref. 17) .  
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F i g .  11. P h o t o m i c r o g r a p h s  of h u m a n  m y o c a r d i u m ,  showing in  A and  B 
the  n o r m a l  a p p e a r a n c e  and  i n  (C)  the  s e v e r e  e d e m a  of t he  
m y o c a r d i a l  f i b e r s  and  in  (D) the  i n t e r s t i t i a l  exudat ion  of l eukocy tes  
tha t  o c c u r s  in  t h e  h e a r t  of h u m a n  r a d i a t i o n  acc iden t  v i c t i m s  e x p o s e d  
to g r e a t e r  t han  4000 r a d s  a v e r a g e  whole-body d o s e  (Ref .  17) .  
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Fig.  12 .  Graphic prognosis cha r t  b a s r d  on clinical  experience,  bhowiny thdt 
depression in  degree of per ipheral  lymphocyte count i s  a measu re  
of severi ty  of whole-body radiation injury (Ref.  4). 
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HEMATOLOGIC EFFECTS OF 300rads 
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Fig.  14. Char t  of the usual  changes i n  p a r a m e t e r s  of per ipheral  blood 
morphologic contents xf ter  300 r a d s  to the whole body in man 
(Ref .  4). 
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Cincinnati, Ohio 

It is  thought-provoking to consider the reasons for  presenting experiences 
derived f rom therapeutic total-  and partial-body radiation in man to the problems 
of accelerator  radiation. 
exclusively with human beings is  derived f rom extensive work with sparse  radiation. 
In these circumstances we can draw on knowledge of total, partial ,  and regional 
radiation given for a variety of diseases  and on an extensive l i t e ra ture  in experi-  
mental  radiobiology car r ied  out in animals.  In the use of accelerators  experience 
with both human beings and animals has necessar i ly  been far more  limited. 
this la t te r  circumstance,  radiation effects have been studied in small animals and 
in various cultures of t issues and organisms, and--to an even more l imited degree- -  
in regional radiation therapy in humans a 

The experience of radiobiologists concerned almost 

In 

1 

In this communication, some findings resulting from total-  and partial-body 
exposure of human beings a r e  presented and implications for  workers in acce lera-  
to rs  a r e  discussed. 

The program a t  the University of Cincinnati was initiated in 1960 to study 

It i s  our belief that these studies concerning radiation effects in the 
the effects of radiation on patients who received total-  and partial-body irradiation 
f o r  cancer.  
human being can yield valuable information in  these subjects,  even though the 
character is t ics  of cancer must  be kept in mind in the evaluation of the data. 

The major  objectives of this investigation a r e  to study 

(a )  therapeutic effects on the clinical course,  

(b) hematological changes, 

( c )  protective effect of autologous bone marrow,  

(d) psychological and psychiatric changes, 

(e )  effects of total-  vs partial-body radiation. 
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Design of Study 

Each patient se rves  as  his own control, utilizing a preirradiation period 
of 1 to 2 weeks. During this t ime several  sham irradiations a r e  given to permit 
accurate dosimetry and to obtain cooperation of the patient. There i s  no discus-  
sion with the patient of possible subjective reactions which might be attributable 
to  radiation. However, patients a r e  appraised of the r i sks  of therapy. 

Patients with metastatic o r  incurable neoplasms a r e  given total- o r  partial-  
body radiation for palliation 01: their  disease. 
selected f rom the above group i f  they satisfy the following cr i te r ia :  

Patients f o r  detailed studies a r e  

(a) presence of "solid" tumors  (patients with lymphoma a r e  excluded); 

(b) relatively good nutritional status (ability to maintain weight); 

(c) normal  renal function; 

(d) stable hemogram in the control perj.od. I 
Absorbed midline t issue doses of 50 t o  200 rad of total-body radiation (TBR) 

and 100 to 300 rad of partial-body radiation (PBR) were  given, using a cobalt-60 
teletherapy unit and dose ra tes  of 3 to 6 R/min. 
patient midline is  282 cm.  Half the planned dose is given to each la te ra l  aspect. 
The relative depth-dose distribution for  the la te ra l  fields i s  shown in Fig.  1. 
beam a r e a  f o r  the 50% isodose curve at  the patient midline i s  a square of about 
73X 74  c m  (Fig.  2). 
head tilted slightly forward. 
i s  used to r e s t r i c t  the beam. 
tions for  upper and lower body radiation2 (Figs. 4 and 5 )  show that for  the upper 
body about 4070 of the body volume is  included and for the lower body about 6070 is 
included. 

The distance f rom the source to 

The 

The patient i s  placed in a sitting position with legs ra ised and 
For  partial-body radiation, the teletherapy collimator 
The isodose curves (Fig.  3 )  and relative dose distribu- 

Clinical Findings 

Forty patients have received total-body radiation. Three patients received 
upper -body radiation and ten received lower -body radiation. 

The relation to dose of the frequency and severi ty  of prodromal symptoms 
of anorexia, nausea, and vomiting a r e  of particular interest .  No prodromata were 
found below 100 rad.  
prodromal symptoms. 
showed these symptoms (Table 1). 
of prodromata for  the midline dose in rads  and for  integral doses in megagram 

In 14 patients receiving 100 rad, only four patients showed 

Table 2 shows the probability of development 
A t  doses of 150 and 200 rad,  two-thirds of the patients - rads. 
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Many of these patients had previously received extensive courses of regional 
radiation therapy and systemic chemotherapy. 
seemed that patients who had received such ea r l i e r  treatment had a higher incidence 
of prodromata; yet, a s  the study progressed, this trend did not continue. 
individuals who have received extensive previous therapy have not shown an 
increased incidence of prodromata. 

In the ear ly  part  of this study it 

Hence 

F o r  the three patients who received upper-body radiation with doses of 
100 to 200 rad,  none showed prodromata. 
radiation, five showed prodromal symptoms (Table 3). 

Of the ten patients receiving lower-body 

Symptoms during the stage of manifest illness were minimal. In many 
individuals it was difficult to  distinguish symptoms of radiation from those attr ibu- 
table t o  the neoplasm. 

A number of standard psychological tes t s  were utilized according to  the 
design of the study; certain new psychiatric tes t s  have been developed to attempt 
evaluation of performance decrement following radiation. It. has been difficult to 
evaluate these studies, in part because of the low educational levels and intelli- 
gence quotients of these patients. Psychic depression seemed to  parallel changes 
in physical state. 
subs e quently . 

Anxiety was high prior to sham o r  actual treatment and decreased 

Mortality 

The eIfect of radiation on lethality in this group of selected patients has  
3 been difficult to interpret .  

assume that any patient dying in l e s s  than 60  days has died of radiation. 
difficult aspect of this problem is to determine the effect of cancer  on mortali ty 
and also the possible effects of radiation on the course of the neoplasm. 
hypotheses can be that the cancer process itself leads to ear ly  death and also that 
total- o r  partial-body radiation in some way tends to defer the t ime of death. 

Several models can be considered. Lushbaugh et al. 
The 

Other  

In the TBR patients the median survival t ime of 37  patients was 200 days. 
Eleven patients died within 40 days. 
died respectively on the 9th and 10th days. 
tion since, at those doses,  radiation death is too early.  Three patients, given 
25, 100, and 100 rad ,  a r e  alive at this t ime surviving 1074 days, 514 days, and 
2099 days (as of March 1, 

Two patients receiving 50 and 150 rads each 
They were eliminated f rom the calcula- 

1967). One patient was lost  to  follow-up. 

When the mean and median days to  death of 36 patients were calculated 
(Table 4), a progressive decrease in survival was found, as would be expected 
were radiation the principal factor, except for  the 200-rad group. 
the mean and median survival t imes show a marked increase.  
es i s  of death under 60 days due to radiation is accepted, one must  also accept the 

In this group 
Thus i f  the hypoth- 

W 
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hypothesis that in properly selected patients, this type of radiation may prolong 
life. 
progressive increase in survival with increase in dose. 

Similar calculations of mortality following partial -body radiation show a 

It is possible that the higher radiation doses were given to patients whose 
clinical condition seemed better to  the therapist. Once the patient was selected 
for  this type of treatment,  the determination of the dose to  be administered was 
made by the radiation therapist. One difficulty in this type of study is that there 
a r e  no survival figures available for comparable groups of patients who have been 
treated by other methods, as any selection method would introduce biases in either 
direction. It would be possible to  select  controls who were either much s icker  o r  
l e s s  sick than these patients. 
with neoplasms similar in extent and pathological type. 
given in Table 4 seems to  be about as reliable a s  one can obtain. 

It would a l so  be difficult t o  obtain concurrent patients 
Hence the type of data 

If, however, one follows the absolute lymphocyte count, one observes a 
marked and persistent lymphopenia ranging f rom 800 to 200, often remaining low 
for 40 to  60 days. In two of the partial-body cases ,  the lymphocytes did not begin 
to  fall for 48 to  72 hours after exposure, and it would have been difficult to detect 
radiation in this manner.  
the lower body,) 

(These cases  received 100 and 200 rad respectively to  

If one compares the hematological changes in partial-body radiation with 
those in total-body radiation, one is struck by the paucity of change in  total white 
count, platelets, and hematocrit,  particularly since four of the eight patients 
receiving 200,  300, and 300 r ad  had prodromal symptoms. 
established the partial-body radiation dose which produces the degree of change 
seen at 100 to  150 rad of total-body radiation in the human being. 
amount of marrow being i r radiated in the human being been similarly evaluated. 
It is quite likely that the degree of hematological depression i s  more a function of 
the volume of marrow irradiated for a given dose than of dose alone. 
of prodromal symptoms seemed dose -dependent for both total- and partial-body 
irradiation. 
o r  absent in partial-body irradiation. 
l e s s  marked for comparable doses in partial-body irradiation. 

We have not yet 

N o r  has the 

The incidence 

On the contrary,  depression of granulocytes and platelets was minimal 
Even lymphocyte depression seemed to  be 

Michelson e t  al. 4 y  have irradiated beagles and compared lethality of 
partial- and total-body radiation. The dividing point for upper - and lower -body 
radiation was the xiphoid. The LD50/60 for  total-body irradiation was 310 rad; 
for  upper-body irradiation it was 2150 rad,  and for  lower-body irradiation 900 rad. 
If one compares the fall in white blood cell  counts i n  dogs receiving doses a t  the 
LD50/60 level, one finds in the totally irradiated dog (receiving 225 to  300 rad)  
that the W B C  fell  t o  2070 of the pretreatment level in 7 to  25 days, after which t ime 
recovery began. In the dogs in whom treatment was given t o  the upper body (1700 
to 1850 rad),  the WBC fell to  30% of the initial value for 5 to  10 days, followed by 
recovery. In dags receiving treatment to  the lower body (700 to  875 rad)  the WBC - levels fell to  3570 a€ about the 15th day and then recovery began. It is of course 
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impossible to give radiation doses t o  humans of the same order  of magnitude a s  
used in these animals. 
of upper- vs lower-body irradiation in humans had more patients been studied; 
additional comparisons will have to await further studies 

It i s  possible that there  would be differences in the effects 

Discus s ion 

The reason f o r  presentation of these observations to this meeting is to  
point out that carefully controlled clinical observations on human beings can continue 
to expand our understanding of acute radiation injury,  in addition to yielding informa- 
tion on the palliative effect of this form of treatment.  

In al l  of 
It has not been possible to study 

6 , ‘7 
There have been a number of other studies s imi la r  to ours .  

The effect of dose rate  under carefully 
these studies there  a r e  important limitations. 
cer ta in  aspects of the radiation event. 
controlled circumstances is not known. 
over about 30 to 6 0  minutes. What clinical effects would be different i f  the dose 
rates  were much higher? In respect to symptoms, signs,  psychological behavior, 
o r  laboratory findings, would the results differ if  200 rad were administered in 
1 minute o r  l e s s ?  A t  present,  our thoughts a r e  inferential. Recently I participated 
in a discussion of a mass  of experimental data involving about nine species of 
animals exposed under a great  variety of conditions. It was difficult to obtain 
opinions regarding species differences, and even more  of a problem to extrapolate 
pertinent information to the human being. 
viewpoint of a theoretical  radiobiologist but a s  a clinician whose responsibility i s  
to care  for colleagues who a r e  injured by radiation. 

F o r  example, our radiation has  been given 

My opinion i s  not presented from the 

Dosimetry, relative biological effectiveness, and degrees of injury can be 
estimated for  exposures a t  an occlipational level. 
lack information, 
studies of supervoltage therapy by Milton Friedman,  which provided t issue tolerance 
for supervoltage and neutron therapy, and studies by the late R. S. Stone, which 
provided human data for late effects of neutron irradiation. Yet, with increased 
understanding, supervoltage therapy has  become a life -saving contribution to many 
cancer patients. 

A t  the level of clinical injury we 
To i l lustrate this point, one need only recal l  the interesting 

A t  present,  neutron therapy is  being re-evaluated. 

A s  in a l l  great advances in physics, the family of accelerators  i s  developing 
primarily because of interest  t o  physicists e Gradually cer ta in  biomedical problems 
and interests  develop--usually years  after the advances in physics and engineering. 
With the esoter ic  particles and their  complicated interactions,  the biological 
investigations lag behind those interests  which cer ta in  of us have a t  a clinical level. 
With the exception of certain human studies utilizing very-small-field irradiation 
and relatively low energies,  little work appropriate to the type of studies described 
here i s  being planned o r  car r ied  out. A distinguished physicist once told me that 
with our present biological knowledge, it is  entirely possible to foretell  a l l  effects 

I 
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in humans f rom any of these newer radiations. 
only af ter  several  episodes of human injury have been recorded. 

This viewpoint may be questioned 

Thus serious consideration needs to be given now to providing increased 
opportunity for clinical investigation of many of these radiations, both for  their  
possible clinical benefits in cancer patients and for concomitant evaluation of their  
deleterious effects. It is  doubtful that a principal problem i s  one of exchange of 
information between physicist and biologist, o r  even of getting time on existing 
machines for  biological experiments. 
effectiveness and l inear  energy t ransfer ,  it mat ters  little whether we provide 50 
o r  100 inches of shielding o r  whether the quality factor i s  2, 10, o r  20 for occupa- 
tional exposure. 

A s  we have seen f r o m  relative biological 

These a r e  the easy problems. 

The difficult problems a r e  diagnosis, therapy, and prognosis of acutely 
and seriously injured man. 
and pertinent radiations which can be applied therapeutically to add pertinent 
clinical understanding for  ac:ute human overexposure ! 

The need i s  for  more  accelerators  with large fields 
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a 
Table 1. Frequency of prodromal symptoms following total-body 

i r radiat ion (Cincinnati data). 

Midline 
dose 

( r ads )  

50 

100 

Frequency 

018 

4/14  

150 8 / 1 2  

200 416 

a.. Nausea, vomiting, etc.  

b. Patients with syndrome /total patients in group. 
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a Table 2. Stimulus (prodromal symptoms ) a t  which proportion P 
would be expected to  respond (Cincinnati data).  

0.10 

0 . 2 0  

0. 30 

Oa 4 0  

0. 5 0  

0 . 6 0  

0 .70  

0. 80 

0 . 9 0  

0 . 9 9  

Midline 
dose 

( r ads )  

58 

86 

107 

125 

14 1 

157 

175 

195 

2 24 

292 

Integral  
dose 

(Mg - r ads )  

1.4 

4 . 3  

6 . 4  

8. 1 

9 . 7  

1 1 , 4  

13. 1 

1 5 . 2  

18. 1 

24 .9  

a. Nausea, vomiting, etc.  

Y 
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a Table 3 .  Incidence of prodromal symptoms following partial-body 
irradiation (Cincinnati data). 

Midline 
dose 

( r ads )  

100 

150 

200 

300 

~~ ~ ~ 

F re  que nc y 

a .  Nausea, vomiting, etc.  

b. Patients with syndrome /total  patients in group. 
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Tab le  4. E l a p s e d  t i m e  t o  dea th  following t o t a l -  and  pa r t i a l -body  
r ad ia t ion .  

Midl ine Days  f r o m  i r r a d i a t i o n  to  dea th  
dose  

( r a d s  1 N - 
T o t a l  -body 

5 0  6 

100 

150 

200 

12 

12 

6 

P a r t i a l  -body 

100 3 

150 2 

200 6 

300 2 

M e a n  Median  

242 96 

257 

197 

3 48 

7 2  

101 

138 

2 12 

198 

6 4  

246 

38 

- -  

133 
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F i g .  4. Relative doses fo r  “Co partial-body (upper) irradiation as  Fig. 5. Relativddoses fo r  “Co partial-body (lower) irradiation as 
measured  with TL- 100 powder a t  center of Rando phantom lateral  
irradiation. irradiation ~ 

measured with TL-100 powder at cenrer of Rando phantom lateral  
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J. F. Fowler ' I  

Postgraduate Medical School <" 
Hammer smith Hospital 

London, W. 12.  

1. htroductidn 

I shall attempt to deal only with somatic damage in  animals, and that 
only in  the organs with which I am familiar. 
and gonadal aspects, and Dr. Sullivan with intestinal and gonadal injury. 
experience is mostly concerned with the fast neutron beam f rom the M. R. C. 
Cyclotron a t  Hammersmith Hospital; in addition we have ca r r i ed  out experiments 
jointly with Dr. Barendsen, both on the neutron beam and on beams of deuterons 
and CY particles of six different well-defined LETs.  

Dr. Oakberg has  dealt with genetic 
My 

The spread of LET in a fast neutron beam is wide (Fig.  1) and "mean 
LETS" cannot be satisfactorily specified either to obtain RBE values o r  to cal-  
culate other effects such as the oxygen enhancement ratio ( s e e  below, also 
Ref. 6 ) .  

This paper presents  some resul ts  f rom the skin of pigs, mice, and rats 
irradiated with cyclotron neutrons, and wi l l  discuss the relevance of these to 
more fundamental cell -survival studies. 

2 ,  The Distinction Between RBE and Q F  

An RBE value i s  the resul t  of one se t  of experiments on a given biological 
Quality Factor,  on the other hand, is a n  a rb i t r a ry  s e r i e s  of dose ratios system. 

of the same dimensions as RBE values, but chosen by the ICRPi7 to represent  a 
s e r i e s  of reasonable values, solely for the purpose of radiation protection p r e -  
cautions. QFs a r e  specified for given values of LET. They apply only to such 
low doses as a r e  appropriate to personnel monitoring. There a r e  two main 
problems about QF. One is that LET is difficult to specify, since all radiation 
fields contain a mixture of LETs, and there is no satisfactory way of obtaining 
a useful mean value, Neither track average nor dose average is  adequate for 
calculating both oxygen enhancement ratio and RBE in mammalian cells. 
i s  likely that methods will be necessary which take account of distributions of 
local energy density a t  the submicroscopic level. 22 
uring distributions of LET in  mixed radiation fields?'also techniques by which 
each component of LET is multiplied by the ICRP value of Q F  before summing 
to give a single figure in  "rem. 
summing doses in  very-low-dose monitoring, but the information is blurred, 
and should appreciable doses be recorded further analysis would be necessary.  

It 

e r e  a r e  methods of m e a s -  

This l a s t  method i s  convenient, e spec id ly  for 
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The second problem about Q F  is that i t  is, by definition, no guide what- 
ever to the possible clinical outcome of any significant ojerexposure.  It would 
be grossly misleading to use the Q F  of 20  in the event an appreciable dose were 
received accidentally by the whole body- 4. e. , by the haemopoietic system- -or 
locally by the skin. 

Figure 2a shows the variation of RBE with LET summarised by Alperl  
for plant, mammalian, and enzyme systems. Figure 2b shows more detailed 
experimental values for LD50--30 days in mice plotted against LET, together 
with the ranges of LET of several  types of radiation. 
sumed to be correlated with depletion of leucocytes following cellular depopula- 
tion of bone marrow. 

The. LD50/30d is p r e -  

Figure 3 shows more recent data on RBEs for somatic damage. 
lower dotted l ines a r e  the RBEs for proliferative survival of human kidney T 
cells in t issue culture obtained f rom Barendsen's experiments with track seg-  
ments of charged particles.  
as for  the LD50 in mice. The increase of the peak RBE with decreasing level 
of damage - -i. e. , with decreasing dose, specifically dose per cell cycle - - i s  
clearly shown. 
range of RBE and dose, although the choice of mean LET for Bateman's neutrons 
w a s  difficult to make. The significant result  is that Neary, Munson, and Mole 
found RBEs of about 10 in  mice ex osed to dose r a t e s  of the order  of 1 rad per  
day of fission neutrons or x rays.2g These RBEs a r e  higher than those for cell 
killing by l a r g e r  doses,  and the curve relating Q F  and LET goes through the 
chronic irradiation values. Q F  then remains high, although the RBEs for so-  
matic damage decrease a t  higher LETS, where the length of single-particle 
track becomes l e s s  than the diameter of a nucleus. 

The 

' The peak in  RBE occurs a t  about the same LET 

Some RBEs for thymus weight loss in the rat4 fall into the same 

3. Principles of Dependence of RBE upon LET 

a. RBE depends upon the "LET distribution, or ,  better, upon the d i s t r i -  
bution of local energy density at the submicroscopic level. 
factory "mean value of LET. 

There is no sa t i s -  

b. RBE depends upon th.e size of individual dose necessary to produce the 
This is  due to a greater  curvature in the x-ray dose response given end point. 

curves than in those for higher LET radiation (Fig. 4). In cell survival, this 
means a smaller  relative am.ount of intracellular recovery f rom sublethal injury 
( see  below). 

c. RBE depends upon dose rate. This is  obvious when the time of i r r a d i a -  
tion r i s e s  above about an hour, so that intracellular recovery occurs before all 
the dose is given, and similarly when the dose per  cell cycle becomes small, 
as in  continuous irradiation. There a r e  a lso some unexplained findings i n  dose- 
ra te  dependence of 4-day death in mice, presumed due to killing of the cells 
populating the crypts and villi i n  the intestinal mucosa, 
30% increase in  LD50 4d when the dose ra te  was 6000 
rad/min.15 Sondhaus k t al. reported a similar effect. '' Marcus and Sticinsky18 
and F r i t z  -Niggli l4 have reported increased efficiency in killing drosophila eggs 
a t  high dose rates.  Marcus'  experiments involved spacing dose fractions apa r t  
by seconds o r  by milliseconds. 

Hornsey e t  al. found a 
ad/min instead of 100 

More experimental work is required here. 
W 

129 



IV. 5 

d. RBE depends upon the cellular sensitivity of cel ls  in an organ, i. e. , 
upon Do and extrapolation number, which in  turn may depend upon the phase of 
cell in the cell cycle, i. e. ,  upon whether the cell  i s  "resting in  Gof '  o r  in  some 
equivalent state;  and upon whether the cel ls  have been partially synchronized by 
previous irradiation or by any other means. 

e. RBE may also depend upon the kinetics of the cel ls  in  an organ. This 
dependence may be in  subtle ways connected with synchrony perhaps, since the 
g ross  proliferative ra te  of a cell  population does not appear to be different after 
x r ays  o r  af ter  high-LET radiation. 
for  mouse skin irradiated with 250-kV x rays  or  by cyclotron neutrons with a 
modal energy of 6 MeV and a maximum energy of 18 MeV. Further ,  Westra 
and BarendsenZ7 have found no difference in  cell colony size distribution for the 
kidney cel ls  after irradiation by x rays  or  polonium CY part icles.  These obser -  
vations a r e  consistent with our ear l ie r  resul ts  on the skin of swine. 7 '  
intact animal, the variation of RBE with LET may take the form that a different 
organ becomes predominant as a cause of death a s  the LET or  dose is  changed. 

Figure 5 i l lustrates  this lack of difference 

In an  

4. Evidence for Less  Intracellular Recovery of 
Sublethal Iniurv After High-LET Radiation 

Experiments with split doses on the skin of mice, pigs, and r a t s  have 
shown that the amount of recovery which takes place in 24 hours--this includes 
the intracellular repair  of sublethal injury, which is complete within a few hours, 
followed by progression of the partially synchronized cell  population through the 
metabolic cycle, together with a cer ta in  amount of repopulation--is between 
half and two-thirds of that after x rays  o r  15-MeV electrons. 

Figure 6 i l lustrates such experiments;  the single -dose response curve 
i s  shown on the left,  the split-dose response curve with a 24-hour interval be- 
tween two equal fractions is shown on the right. If D1 is the single dose r e -  
quired to produce the same average skin reaction (over 8 to 30 days--see Fig. 5) 
as the dose D2 given a s  two fractions 24 hours apart ,  then D2 - D1 gives the 
24-hour "recovery. Table 1 summar ises  the resul ts ,  and shows that the r e -  
covery after cyclotron neutron irradiation is approximately half of that after x 
rays  or  electrons, in mouse skin. 
pig skin, where six individual fractions of about 180 rads  of neutrons or 600 
rads  of 8-MV x rays  were found to give the same skin reaction a s  single doses 
of 800 o r  2000 rads  respectively. Again, the short- term 'lrecovery' '  averaged 
over the five 3 -  or 4-day intervals i s  for the neutrons half as great  as that for 
k rays ,  In rat skin, for five fractions in  4 days the average recovery in  the 
24-hour intervals i s  smaller ,  being about one third instead of one half. 

The lower half of the table gives resul ts  for 

In both the two-dose and six-dose fractionations, a proportion of the 
"recovery" i s  due to synchrony induced by the f i r s t  dose and to some cellular 
repopulation. 
after a large f i r s t  dose such a s  in the two-dose experiments is unlikely to in-  
c r ease  (D2 - D1) 4h by a s  much a s  the value of DO. 28  The relative magnitudes 
of synchrony pro8uced by x r ays  o r  fas t  neutrons a r e  not known, and constitute 
a field where study is needed. It i s  possible that the two-fraction experiments 
demonstrate more  synchrony and the six-fraction experiments more repopula- 
tion, so that the ratio of one half found in  both cases  for  the recovery after fas t  

The proportions of these a r e  not known, but synchrony even 

W 
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neutrons compared with x r ays  may be a coincidence. 
"recovery" which corresponds to the "'shoulder" of the cell survival curve may 
be somewhat l e s s  than one half, as suggested by the resul ts  on rat skin. It is, 
however, a practical  value for considerations of radiotherapy using fast neutron 
beams. 

If so, the amount of 

Hornsey e t  al. found, i n  split-dose experiments on 4-day death of 
mice, much l e s s  recovery aEter cyclotron neutrons than after x rays. Their 
values of DZ - D1 were 0 to 30 rads of neutrons and about 400 r ads  of x rays.  
The resul ts  were consistent with no recovery a t  all f rom the fast neutron i r ra-  
diation, for a n  interval of 6 hours, during which most  of the recovery in  skin 
has already occurred. This shows that different organs show different degrees 
of short- term recovery, and we know little about such differences as yet. 

5. Variation of RBE With Size of Single Dose 
in  Mouse and Rat Skin. and in  Rat Tumors 

It has  previously been pointed out that for skin reactions in pigs, the 

Figure 7 shows this trend for the lower 
RBE decreased as the size of individual doses increased (Sec. 3b; Ref. 7). 
Table 2 summar ises  these results.  
levels of damage, but a t  higher doses the hypoxic component of skin t issue con- 
t ro l s  the response, and the x-ray dose-response curve flattens out. This leads 
to higher RBEs a t  higher single doses--in some c a s e s  very much higher RBEs. 
This is to  be expected i f  a proportion of the t issues is hypoxic, but would not 
be seen for rather small  individual fractions. 

9 
The RBE decreases  to a minimum value of 1.48 jus t  before the ttbreakawayl' 
level a t  which the hypoxic response begins to predominate. Figure 9 shows 
that in a tumor in  the same ra t s ,  where a greater  proportion of hypoxic ce l l s  
is present  (>,I%), the same effect i s  even more marked. 
Thomlins o n s RI B5, an anapl as ti c fa s t -growing transplantable fibr o s ar c oma . 
The end point measured is the delay which the irradiation causes in the time to 
grow to 2 5  mm diameter. 

Figure 8 shows an entirely similar resul t  for the skin of r a t s '  feet. 

The tumor is Dr. 
24,25 

Figure 10 compares  the resul ts  ( a t  top) with schematic cell survival 
curve expectations, and shows that they a r e  in good agreement. 

6. Comparison of the Effects of Fast Neutrons and 
x Rays on Skin and Tumors in  Rats 

Field, Thomlinson, and Jones have c a r r i e d  out a careful study of the 
relative ski.n and tumor responses in r a t s  as described above, for one, two, 
and five fractions. They a r e  seeking the best  combination of high tumor r e -  
sponse and low skin damage as a guide to application of cyclotron neutrons in  
radiotherapy. 5 9  lo* 12, 13, l9' The resul ts  mentioned above, together with similar 
resul ts  for the two- and five -fraction schedules (with 24-hour intervals) allow 
a rather complete picture to be presented, with two provisos. 
these two t issues  in  the r a t  a r e  compared; other pairs  of tumor and normal t i s -  
sue may give different results.  
for larger numbers of fractions, especially to determine whether multifraction- 
ation with x rays can give better resu1t.s than any number of neutron fractions, 
large o r  small. 

One is that only 

The second is that experiments a r e  required 

v 
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Bearing these provisos in mind, we see in  Fig. 11 a plot of tumor 
response (ordinates) vs skin damage (abscissa).  The most  advantageous resul ts  
in radiotherapy a r e  of course for maximum tumor response and minimum tumor 
injury, i. e. ,  resul ts  in the upper left corner  of the graph. Figure 10  shows that 
two o r  five fractions of x rays a r e  better than a single dose; that one o r  five 
fractions of fast  neutrons a r e  better than the x rays;  and that two fractions of 
neutrons give the best  tumor response for a given degree of skin injury. 
fact that the two-fraction curves a r e  relatively high both for x r ays  and for neu- 
trons may indicate some induced synchrony. 

The 

These resul ts  can only be taken to apply to the skin of r a t s '  feet  and to 
the fast-growing fibrosarcoma RIB5. 
encouraging for fast-neutron therapy, but different pa i r s  of normal t issues and 
tumors may give different results. 
in  accidental overdoses, would have to be evaluated on the basis of a knowledge 
of the effect of x r ays  or fast-neutron doses of the appropriate magnitude on the 
irradiated organs. 

These resul ts  a r e ,  as far as they go, 

Other exposures, such as might be received 
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Tab le  1. R e c o v e r y  i n  skin.  

Radiat ion 

Cyc lo t ron  
neu t rons  

250-kV x r a y s  

15 -MeV 
e l  e c tr on s 

24-Hour  r e c o v e r v  i n  m o u s e  sk in  

( D e n e k a m p  e t  al., Ref. 8 )  

Single Dose D2 - D1 ( r a d s )  ( D 2  - D1) X RBE 

1100 - 1700 135 - 190 230 - 325 

2000 - 3000  

2500 - 3500 

420 - 540 

480 - 680 

420 - 540 

380 - 540 

Cyc lo t ron  
n e u t r o n s  

S h o r t - t e r m  r e c o v e r y  i n  pig sk in  

(from 6 f r a c t i o n s  i n  17 d a y s - - B e w l e y  e t  al. , Ref. 7) 

- Dl X RBE 
5 

D6 

800 60 15 0 

8-MV x r a y s  2000 300 300 

S h o r t - t e r m  r e c o v e r y  i n  rat s k i n  ( f r o m  5 f r a c t i o n s  

i n  4 days  - -F ie ld ,  Thoml inson ,  and  J o n e s ,  Ref,  9 )  

Cyc lo t ron  
n e u t r o n s  

Dl D1 X RBE D5 - 
4 

1000 60 120 

250-kV x r a y s  2 000 400 400 
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Tab le  2. V a r i a t i o n  of s i n g l e - d o s e  RBE in  skin with s i z e  of dose .  

Skin of r a t s '  f e e t  (Ref .  91 

Neutron  d o s e  x -Ray  d o s e  x R a y s / n e u t r o n s  
r a t i o  -- 

600 1260 2.10 

900  1440 1.60 

1200 1770 1.48 

1500 2540 1.70 

1800 3770 2.10 

Skin of m i c e ' s  f e e t  (Ref .  8) 

Neut ron  d o s e  RBE r e l a t i v e  to RBE r e l a t i v e  to  
x r a y s  15 -MeV e l e c t r o n s  -- ( r a d s )  

800 - - -  1.62 - 2.34 

1000 1.35 - 1.57 1.56 - 2.0 

1200 1.5 - 1.7 1.67 - 2.57 

1400 1.6 - 1.7 1.7 - 2.9 

1500 1.9 - 2.3 - - -  

- - -  1700 2.2 - 2.4 
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LET, keV/p 
Fig. 1. F a s t  neutron spectra  (calculated a f t e r  Howard-Flanders).  Below: 

a s  measured by a t issue -equivalent proportional counter.  

T. Alper,  1960 503 

I O 0  - 
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a c e l l s  
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LET, KeV/p 
Fig. Za. RBE ve r sus  LET for  three different types of biological system: 

schematic (Ref .  1). Upper curve:  Plant  systems.  Middle curve:  
Mammalian systems.  Lower curve:  Virus  and enzymes. 

136 



W 

LINEAR ENERGY TRANKEF) OF 'TWCMEE. Kd/p 
I IO 100 Kl 
71 I 

G M A  RAYS , 
I 250 KV X-RAYS 
7 
l2 

F r n  
$ MeV PARTWS 
'7 . 

Fig.  2b. RBE fo r  LD50 - 30  day death of mice versus LET (Ref. 13). 
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Fig. 4. Proliferative survival of kidney T-ce l l s  in  t issue ciilture a t  various 
values of LETm (par t ic le  track-segment experiments,  Ref. 3). 
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Fig.  5. Daily sk in  r e a c t i o n s  in  two g r o u p s  of m i c e  i r r a d i a t e d  by c y c l o t r o n  
n e u t r o n s  and one by 2 5 0 - k V x  r a y s .  
m a t c h e d ;  the t e s t  is to  s e e  whe the r  the r a t e s  of i n c r e a s e  and  d e c r e a s e  
d i f fe r  (Ref .  8). 

The m a x i m u m  r e s p o n s e s  a r e  

Fig. 6. Sp l i t -dose  e x p e r i m e n t  on m o u s e  sk in  with c y c l o t r o n  n e u t r o n  i r r a d i a -  
tion. Lef t -hand  c u r v e ,  s ing le  d o s e s .  Right -hand c u r v e ,  two equal  d o s e s  
g iven  at 24 -hour  i n t e r v a l s .  The d i s p l a c e m e n t  of t h i s  s econd  c u r v e  g ives  
the to ta l  " r e c o v e r y "  (D2 - D1) o c c u r r i n g  i n  24 h o u r s  a f t e r  a f i r s t  dose  of 
1000 to 2000 r a d s  of fast n e u t r o n s  (Ref .  8). 

139 



c 
/,‘+ I 

4 

3 -  

2 -  

I -  

0 

3 9 E  

c- 2 - 1 0  

- 2 - 0 1  

c- I . 7 2  - 1 . 5 8  - 1 - 4 8  - 1 - 4 9  - 1 - 5 0  - I e 7 5  - 2 -10 

N E U T R O N S  
- f E X P E R I M E N T  51-1 

f -  
4 .  

E X P E R I M E N T  1-1 

, 
I I 

8 
8 

’ 0 

8 
/ 

0 . 
I . 

0 

I’ I 

2000 3000 4000 000 

Fig.  7. S ing le -dose  r e s p o n s e  c u r v e s  f o r  s k i n  r e a c t i o n s  ( 8  to  30 d a y s )  i n  
m o u s e  fee t ,  f o r  n e u t r o n s ,  250-kV x r a y s ,  and  15-MeV e l e c t r o n s .  
i n c r e a s e  of RBE above x - r a y  o r  e l e c t r o n  d o s e s  of abou t  2000 r a d s  i s  
a t t r i bu ted  to hypoxia  of the s k i n  (Ref .  8). 

The  

M E A N  
SKIN R E A C T I O N  

EARLY S K I N  R E A C T I O N S  
7 - 3 0  D A Y S  

Fig.  8. S ingle-dose  r e s p o n s e  c u r v e s  f o r  sk in  r e a c t i o n s  i n  rat f e e t  a f t e r  fast 
n e u t r o n  o r  250  kV x - i r r a d i a t i o n  ( R e f .  9) .  
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Fig.  9. Delay i n  g rowth  of RIB5 rat f i b r o s a r c o m a  to 25 mm d i a m e t e r  ( d i f f e r -  
ence  f r o m  u n i r r a d i a t e d  t u m o r s )  v e r s u s  s ing le  d o s e  of f a s t  n e u t r o n s  o r  
250-kV x r a y s .  
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Fig. 10. Upper half:  Single-dose response curves  for  delay in  tumor growth 

.tion of oxygenated 
a f te r  fas t -neut ron  or 250-kV x irradiation. Lower half: - .  Schematic d ia -  . ~ 

gram based on cell-survival curves  for a mixed popula 
and hypoxic ce l l s ,  showing the s imi la r i ty  of resu l t s  (Ref.  9). 
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AMONG PERSONS EXPOSED RADIATION 
OR INDUSTRIAL SOURCS’A REVIEW 

LEDNARD A. SAGAN, M. D. 
DIVISION OF B I O W Y  AND MEDICINE 
U. S. ATOMIC ENERGY COMMISSION / 

The largest  group of persons exposed t o  large amounts of radiation have received 
such exposures f o r  therapeutic purposes. 
exposed persons, however, provides information not otherwise available. Radia- 
t ion effects examined i n  persons therapeutically irradiated are subject t o  bias 
because of patient selection, possible effects of other therapeutic modalities 
and of the underlying disease i t s e l f .  
information not handicapped by these confounding variables. 
review summarizes recent studies among persons exposed externally e i ther  i n  
industr ia l  accidents o r  from military sources. 
among accidentally exposed persons has recently been summarized.1 

The smaller group of non-clinically 

Accidents t o  healthy humans provide 
The following 

The acute radiation syndrome 

Sources of information: 

1. 

2. 

3. 

4. 

Industrial  exposures. (Table 1) 

Marshall Island exposures. On March 1, 1954, due t o  an unexpected s h i f t  
of winds, sixty-four persons on Rongelap Island, 105 miles from the Bikini 
Test Site,  were accidentally exposed t o  fa l lout  irradiation.l4 The mean 
dose t o  the population was estimated t o  be 175 rads whole-body gamma 
radiation plus contamination of the skin sufficient t o  resul t  i n  beta burns 
and s l igh t  in te rna l  absorption of radioactive materials through inhalation 
and ingestion. 
from the island a t  the time but who subsequently returned and serve as 
controls, have been examined a t  yearly intervals since. 

These persons, i n  addition t o  Marshallese who were away 

I n  the same episode as cited above, 23 Japanese fishermen were irradiated 
aboard the fishing boat, Lucky Dragon.l5 Estimates of the doses fo r  the 
individual crew members range from 170 t o  700 rads. 
irradiated men subsequently died &though the relationship of h i s  death t o  
previous radiation exposure is  not clear. 
examined a t  regular intervals. 

One of the heavily 

These survivors have also been 

Hiroshima and Nagasaki survivors of the atomic bomb. Under auspices of the 
National Academy of Sciences, a selected sample of Japanese survivors of 
the two bombings of Hiroshima and Nagasaki together with controls have been 
carefully studied f o r  l a t e  effects of radiation exposure a t  the Atomic Bomb 
Casualty Conmission (ABCC) . 
a consideration of shieldAng,has been calculated, but remaimtentative. 

Radiation dose f o r  each individual, including 
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TABLE 1 

ACCIDENTAL EXPOSURE TO I O N I Z I N G  RADIATION I N  -'-------' 

Loca t  i o n  

1. 

2. 

3. 

4. 

5 .  

6 .  

7 .  

8. 

9 .  

10 .  

11. 

12 .  

13. 

Los Alamos 

Los Alamos 

Argonne 

U.S.S.R. 

Oak Ridge  

Vinca 

Los  Alamos 

Lockpor t  

Wiscons in  

Ha n f o r  d 

Mexi eo 

I1 1 i n o i s  

Belgium 

D a t e  

1945 

1946 

195 2 

? 

- 

1958 

1958  

1958 

1960 

1961  

1962 

1962 

1965 

1965 

P e r s o n s  
Expo s e d  

2 

8 

4 

2 

8 

6 

3 

9 

1 

3 

5 

1 

1 

5 3  

- 

LNUUS'I'KY 

R e  f e re n ce -- 
2 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 
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5.  Residents of southwestern U t a h .  
from the Nevada Test series ending i n  1962. 
ta inty exists,  one estimate of mean exposure t o  the thyroid gland o 
children l iving i n  the area from radioiodine (195 2-6) is 50 rads.lg Others 
have speculated that certain individuals may have received far more. 

Residents of Utah were exposed t o  fa l lout  
Although considerable uncer- 

Leukemia 

Because the leukemogenic effect  of radiation, being rather weak, can only be 
detected i n  large populations, one would not anticipate s t a t i s t i c a l  evidence 
of t h i s  effect  i n  a population l e s s  than several thousand i n  size. Therefore, 
of the various populations under consideration here, only the AJ3CC population 
i s  of suff ic ient  s i ze  and character t o  allow study of radiation leukemogenesis. 

of leukemia studies a t  the Atomic Bomb Casualty Within the past  year, 
Commission has been published. 7 
work tha t  are  of interest :  

a s-Y Several conclusions can be drawn from t h i s  

1. In  addition t o  the first incidence peak that occurred i n  about 1952, there 
was a second peak i n  1958. 

2. Whereas the first peak consisted about equally of cases of chronic and 
acute leukemia, the second peak was predominantly of acute leukemia. 

3. There were f ive t i m e s  as many persons l e s s  than t h i r t y  years of age a t  
the t i m e  of bombing who developed acute leukemia during the first peak 
whereas during the second peak acute cases among younger and older persons 
were about equal. 

Chronic leukemia was found most commonly among those very young a t  the t i m e  
of bombing during both peak periods. 

4. 

I n  conclusion, the relationship between radiation and subsequent leukemogenesis 
i s  a complex one and involves many variables, all of which are  not understood; 
fo r  instance, t he  ab ve noted studies are a t  considerable variance with the 
data of Court-Brown$ who noted a peak incidence of leukemia a t  3-5 years 
following i r radiat ion i n  contrast with a peak among Japanese survivors a t  8 
years. 

Although hematologic effect  during the acute response t o  whole-body i r radiat ion 
has long been recognized, more subtle cytogenetic changes have'only recently 
been recognized as techniques have become available fo r  t h e i r  demonstration. 
Cytogenetic studies i n  several populations have demonstrated persistent chromo- 
somal anomalies. These several studies are  summarized i n  Table 2. A t  the 
present time all of these persons seem t o  be otherwise w e l l  and there seems t o  

The explanation f o r  this difference is  not clear. 
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TABLE 2 

CYTOGENETIC CHANGES IN ACCIDENTALLY EXPOSED PERSONS 

Population 
Fraction of Persons 
Expo sed Demonstrating Con t ro 1 Ref ere nce 
Exchange-Type Anomalies 

1. Japanese Fishermen 1954 7/11 
m 

0/11 15 

2. Atomic Bomb Casualty Commission 1945 3 3/94 1/94 19 

3. Oak Ridge Employees 1958 6 / 6  - 20 

4. Marshallese 1954 16/43 0 / 8  21 
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be no c l e a r - c u t  r e l a t i o n s h i p  between dose  and degree  of abnorma l i ty ,  nor i s  
t h e r e  any unde r s t and ing  of a r e l a t i o n s h i p  between k a r y o t y p i c  changes and 
leukemias ,  i f  any. D r .  Goh of Oak Ridge I n s t i t u t e  of Nuclear S t u d i e s  h a s  
desc r ibed ,  i n  a d d i t i o n  t o  exchange-type chromosomal changes ,  an  abnormal ly  
formed chromosome of t h e  G group which resembles  t h e  P h i l a d e l p h i a  chromosome 
of c h r o n i c  myelogenous leukemia.20 
a l l  s i x  of t h e  exposed Oak Ridge workers  who have so  f a r  been examined. Whether 
o r  not  t h e s e  forms a r e  i d e n t i c a l  t o  t h e  P h i l a d e l p h i a  chromosome o r  wliat r e l a -  
t i o n s h i p  t h e y  may bea r  t o  it i s  not known. 

These abnormal forms have been found i n  

Thyroid  

Although t h y r o i d  d i s e a s e  had been d e s c r i b e d  i n  c l i n i c a l l y  i r r a d i a t e d  popula- 
t i o n s 2 2  t h e r e  were no r e p o r t s  of t h y r o i d  pa thology i n  n o n c l i n i c a l l y  i r r a d i a t e d  
p o p u l a t i o n s  u n t i l  1963, since which t i m e  t h r e e  d i f f e r e n t  s t u d i e s  have g e n e r a t e d  
new i n f o r m a t i o n  on t h e  e f f e c t s  of b o t h  X i r r a d i a t i o n  and r a d i o i o d i n e  on t h e  
t h y r o i d  g l and .  

I n  1963, r e p o r t i n g  a summary of c l i n i c a l  examina t ions  of s u r v i v o r s  i n  bo th  
Hiroshima and Nagasaki,  S o c c ~ l o w ~ ~  noted  h i s t o l o g i c ’  demons t r a t ion  of. t h y r o i d  
carcinoma i n  seven  s u b j e c t s  under 20 y e a r s  of age  and i n  1 2  s u b j e c t s  ove r  20 
y e a r s  of a g e ,  i nc idence  r a t e s  about e q u a l .  These were d e t e c t e d  through c l i n i c a l  
examinat ion  and b iopsy  and were l a r g e l y  asymDtomatic l e s i o n s .  

A second s t u d y  of t h y r o i d  carcinoma among s u r v i v o r s  was c a r r i e d  o u t  i n  t h e  ABCC 
au topsy  p o p u l a t i o n  by Z e l d i s  .24 
was examined. Although t h y r o i d  carcinoma showed a dose  dependency, none of t h e  
l e s i o n s  had c o n t r i b u t e d  t o  m o r t a l i t y .  

The t -hyroid g l and  i n .  1253 c o n s e c u t i v e  a u t o p s i e s  

These ABCC s t u d i e s  noted above a r e  q u i t e  c o n s i s t e n t  w i t h  c l i n i c a l  e x p e r i e n c e s  
i n  which t h y r o i d  c a r c i n o g e n e s i s  has  been noted  w i t h  x-ray exposures  above 100 
r a d s  .22 
of r a d i o i o d i n e  h a s  not been a v a i l a b l e  u n t i l  r e c e n t l y .  Animal s t u d i e s  would 
i n d i c a t e  f a r  less n e o p l a s t i c  p o t e n t i a l  from r a d i o i o d i n e  t h a n  w i t h  x ray .25  
T h e r e f o r e ,  t h e  f o l l o w i n g  two s t u d i e s  a r e  of p a r t i c u l a r  interest. 

On t h e  o t h e r  hand, i n fo rma t ion  r e g a r d i n g  t h e  r e l a t i v e  n e o p l a s t i c  e f  f e e t  

Wi th in  t h e  p a s t  y e a r ,  a r e p o r t  of f i n d i n g s  of t h y r o i d  pa tho logy  among M a r s h a l l e s e  
who were exposed t o  whole-body e x t e r n a l  r a d i a t i o n  a s  w e l l  a s  t h a t  from absorbed  
r a d i o i o d i n e  has  been publ i shed .26  
w i t h  e s t i m a t e d  t h y r o i d  dose  of 700 t o  1400 r a d s ,  p l u s  an a d d i t i o n a l  175 r a d s  
whole-body r a d i a t i o n ,  68 p e r c e n t  have now developed  t h y r o i d  nodules  and an  
a d d i t i o n a l  two c h i l d r e n  were found t o  have hypothyro id ism.  27 

Of  t h e  19 c h i l d r e n  a c c i d e n t a l l y  i r r a d i a t e d  

Among t h o s e  above age 10 a t  the ‘time of exposure, 3 of 44 o r  about  9 p e r c e n t  
deve loped  t h y r o i d  nodules-one of which was found t o  be  ma l ignan t .  Es t imated  
dose  t o  t h e  a d u l t  t h y r o i d  was 300 r a d s .  

V 
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Another population presumably exposed t o  radioiodine from fa l lou t  which has been 
recently studied i s  the xxx) children l iving i n  the area of Utah northeast of 
the Nevada test s i t e .  
preliminary analyses o f  the data do not indicate the presence of r ad ia t ion  
related lesions .28 A single case of previously unsuspected hypothyroidism was 
uncovered. 3 

Hypothyroidism has a lso  been found among two of the Marshallese children26 and 
one of the persons accidentally irradiated30 a t  Los Alamos i n  1946 was subse- 
quently found t o  be myxedematous i n  1956. All of these cases have appeared a t  
about 10 years post-irradiation; however, a causal relationship remains highly 
speculative. Nevertheless, these c l in i ca l  findings together with some recent 
experimental Studies i n  dogs31 i n  which thyroid atrophy followed o d y  moderate 
doses of x irradiation ju s t i fy  attention. 

Although no publications of t h i s  data are yet available, 

Early Aging 

Although a great deal of information has been collected demonstrating accelerated 
aging among various animal populations,30 this effect  has not yet been persuasively 
demonstrated among humans, e i ther  through physiologic measurements3 o r  through 
mortality studies. 32 A recent publication does indicate increased hexosamine : 
collagen rat ios  among tissues of survivors as compared with controls,33 but the 
significance of this finding remains t o  be elucidated. 

F e r t i l i t y  

Recently published studies of spermatogenesis following accidental radiation 
bear on radiation effects on the gonads. 

Survivors of the Hiroshima bombing demonstrated depressed sperm c o u n t s ~  
par t icular ly  within 0.9 mile,where only 13% of men tested had sperm counts 
above 4O,OOO/cm2 compared t o  60$ beyond that distance. 
and was manifest only during the immediate post-attack period. 

4 

This e f f ec t  w&s transient 

O f  the 23 Japanese fishermen accidentally radiated on the Lucky Dragon on 
March 1, 1954, with estimated whole-body radiation of 170-700 R, all became 
relat ively aspermic, sperm counts returning t o  normal levels i n  about two years. 
No children were born t o  the wives of the group during 19% o r  all of 1955; 
however, several normal children were born subsequently. 

These data are i n  agreement with experimental human data35 which indicate 
aspermia universally with exposures above 100 rads with duration of suppression 
related t o  degree of exposure. 
oligospermia. 

Doses of 1 5  R Will produce a moderate 
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Morphologic ev idence  of t e s t i c u l a r  a t rophy  f o l l o w i n g  an a c u t e  r a d i a t i o n  i n s u l t  
37 has  been long  known36 b u t  o n l y  r e c e n t l y  have chronic: changes been d e s c r i b e d .  

Jo rdan  e t  aL,examining au topsy  m a t e r i a l  among atomic: bomb s u r v i v o r s ,  have found 
a h i g h l y  s i g n i f i c a n t  excess of t u b u l a r  s c l e r o s i s  and v a s c u l a r  h y a l i n i z a t i o n  i n  
t e s t i c u l a r  tissues. These d i f f e r e n c e s  became even more s i g n i f i c a n t  when t h e  
s t u d y  sample was l i m i t e d  t o  exposed s u r v i v o r s  w i t h  e s t i m a t e d  exposures  of more 
than  300 r a d s .  

S t u d i e s  of l i v e  b i r t h s  t o  s u r v i v o r s  of bo th  c i t i e s  shows no r e l a t i o n s h i p  t o  
d i s t a n c e  from t h e  hypocenter  a t  t i m e  of bomb. B i r t h .  r a t e s  f o r  t h e  sma l l  
number of exposed women of Rongelap have been g r e a t e r  t h a n  t h o s e  of t h e  
Marsha l l e se  a s  a whole. 

It would a p p e a r , t h e n , t h a t  r e p r o d u c t i v e  c a p a c i t y  i s  ua impai red  among i r r a d i a t e d  
females  a l t h o u g h  a temporary i n f e r t i l i t y  f o l l o w i n g  exposure  i s  not  exc luded .  

Growth and Development 

The f i r s t  s u g g e s t i o n  of growth r e t a r d a t i o n  among i r r a d i a t e d  c h i l d r e n  was 
pub l i shed  by Reynolds3' i n  1954. H i s  s t u d y  of a tomic  bomb s u r v i v o r s  was 
hampered, however, by t h e  problem of matching c o n t r o l s  f o r  n u t r i t i o n a l  and 
o t h e r  socio-economic f a c t o r s .  
c h i l d r e n  s u b s t a n t i a t e s  such  an e f f e c t ,  p a r t i c u l a r l y  among younger boys ,  b u t  
not  among g i r l s .  Fol lowing  p u b l i c a t i o n  of t h o s e  f i n d i n g s ,  two of t h e  most 
s e v e r e l y  r e t a r d e d  boys were found t o  be h y p 0 t h y r o i d 2 ~  and two o t h e r  c h i l d r e n  
have what appea r s  t o  be i n c i p i e n t  hypothyro id ism,  t h u s  supp ly ing  a p o s s i b l e  
mechanism f o r  a t  l e a s t  some of t h e  growth r e t a r d a t i o n .  Subsequent t o  t h e r a p y ,  
bo th  hypothyro id  boys have shown a growth s p u r t .  

More recent study4' of exposed Marsha l l e se  

Cat a r a  c t  s 

Although t h e r e  can be no q u e s t i o n  t h a t  r a d i a t i o n  produces c a t a r a c t s ,  dose- 
r e sponse  r e l a t i o n s h i p s  h e r e  have been  ex t r eme ly  d i f f i c u l t  t o  e s t a b l i s h .  
Changing c l i n i c a l  p rocedures ,  i n t e r - o b s e r v e r  v a r i a t i o n , a n d  l a c k  of a c l e a r  
d e f i n i t i o n  of r a d i a t i o n  c a t a r a c t  makes in te rpre ta t iomn of d a t a  d i f f i c u l t  i f  
not  imposs ib l e .  

Seve ra l  s t u d i e s  from ABCC have produced c o n t r a d i c t o r y  r e s u l t s , a l t h o u g h  i n  
each  c a s e  r a d i a t i o n  c a t a r a c t s  were de tec t ed .41  
The most r e c e n t  and e x t e n s i v e  s t u d y  has  not  y e t  been pub l i shed .  C a t a r a c t s  
have a l s o  been r e p o r t e d  among t h e  M a r s h a l l e s e ,  and t h e  Los Alamos c r i t i c a l i t y  
v i c t i m s .  Woods42 r e p o r t  of a s t u d y  of 13  c y c l o t r o n  workers  e s t i m a t e d  t h a t  80 
r a d s  of f a s t  neu t rons  i s  a c a t a r a c t o g e n i c  dose  producing v i s u a l  impairment.  

V i sua l  impairment was r a r e .  

D i scuss ion  and Summary: 
e f f e c t s  m u s t  awa i t  an  unde r s t and ing  of t h e  mechanism of a c t i o n  of r a d i a t i o n  

Although a c l e a r  unde r s t and ing  of human r a d i a t i o n  
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a t  a c e l l u l a r  and s u b c e l l u l a r  l e v e l ,  s t u d i e s  of pe r sons  exposed t o  r a d i a t i o n  
th rough  i n d u s t r i a l  and m i l i t a r y  s o u r c e s  w i l l  c o n t i n u e  t o  shed l i g h t  on s e q u a e l a e  
of r a d i a t i o n  exposure.  It i s  t h e r e f o r e  i m p o r t a n t  t h a t  r e c o r d s  of  such p e r s o n s  
so exposed and t h e  degree of  exposure be  ma in ta ined .  
h e a l t h  of t h e s e  pe r sons  w i l l  p rov ide  i n f o r m a t i o n  n o t  o t h e r w i s e  a v a i l a b l e  on 
a c u t e  r a d i a t i o n  e f f e c t s  among h e a l t h y  pe r sons .  

S t u d i e s  of t h e  subsequent  

Animal s t u d i e s  and human s t u d i e s  s u g g e s t  problem a r e a s  t h a t  l e n d  themselves  
t o  

1. 

2. 

3. 

4. 

5. 

i n v e s t i g a t i o n  among t h e s e  human p o p u l a t i o n s .  They a r e  a s  f o l l o w s :  

Dose - r e s p o n s e  r e l a t i o n s h i p s .  
problem f a c i n g  i n v e s t i g a t o r s  of human r a d i a t i o n  e f f e c t s ,  t h e  d i f f i c u l t y  
of assembling s u f f i c i e n t l y  l a r g e  p o p u l a t i o n s  w i t h  low-level  exposure  and 
s u i t a b l e  c o n t r o l s  may be  in su rmoun tab le .  

Although t h i s  may be t h e  most c r i t i c a l  

S y n e r g i s t i c  e f f e c t  of o t h e r  env i ronmen ta l  h a z a r d s  w i t h  r a d i a t i o n  i n  t h e  
i n d u c t i o n  of l a t e  e f f e c t s .  

Dose - r a t e  e f f e c t s .  Although it i s  w e l l  known t h a t  t h e  a c u t e  r a d i a t i o n  
syndrome i s  h i g h l y  dose - ra t e -dependen t ,  it i s  no t  known whether  o r  no t  
l a t e  e f f e c t s  a r e  a l s o  dose-rate-dependent  t o  t h e  same d e g r e e ;  r e c e n t  
e v i d e n c e  w i t h  r e s p e c t  t o  r e p a i r  mechanisms would s u g g e s t  t h a t  i t  i s .  

A c c e l e r a t e d  ag ing .  Although a c c e l e r a t e d  ag ing  i s  wide ly  accep ted  t o  
be  an e f f e c t  of r a d i a t i o n ,  a t  l e a s t  a s  i n t e r p r e t e d  from animal  s t u d i e s ,  
n e i t h e r  t h e  n a t u r e  of a g i n g  nor t h e  mechanisms of  r a d i a t i o n  e f f e c t s  a r e  
understood.  The m a t t e r  has  widespread b i o l o g i c  s i g n i f i c a n c e  and r e q u i r e s  
r e s o l u t i o n .  

R e l a t i v e  b i o l o g i c  e f f e c t i v e n e s s  of p a r t i c u l a r  r a d i a t i o n .  
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1 
We have shown that the dosimetry and the biological effects of protons of 

140 to 600 MeV a r e  practically the same as those of y rays,  provided that we use 
the first part  of the proton beam, where the LET is  about 0 , 5  keV/p and var ies  
only slightly ac ross  the dosimeter o r  ac ross  the animal. 
the experiments of Tobiw et a1-2 that high-energy particles have virtually the 
same biological effect a s  200-keV x rays. 
observation that, with both these types of radiation the KBE for LD50 to  mice is 
close to  unity. There is general  agreement today among the majority of authors 
that an RBE of about 1 f 0. 2 should be ascribed to most  of the path of high-energy 
protons. When the energy does not exceed a few hundred MeV, the nuclear reactions 
(cascades and evaporation) caused by inelastic collision do not play an important 
part  in the production of biological effects 
radiation such as a particles,  neutrons, and protons contributes little (a few 
percent) to the absorbed dose. 3 Thus we have found, in experiments performed 
in collaboration with Baarli  at CERN, that 392-MeV protons have the same ef€ect 
on C57/BL6 mice behind a 1-cm aluminum absorber  as with no absorber.  
a r y  radiation may become significant a s  the energy of the pr imary radiation 
increases ,  since this increases  the frequency of the nuclear interactions. 
irradiating mammals with 2.2-GeV protons, Legeay e t  al. 
radiation is responsible for  more  than 25% of the total effect. 
tion has  a lso been found significant by the same authors and Baarli  at CERN in  
experiments in which mice were i r radiated with 600-MeV protons e 

This work has confirmed 

This is proved by the experimental 

With irradiation in a i r ,  secondary 

Second- 

Thus, 
found that secondary 

Secondary radia- 

However, the above remarks do not apply i f  the dosimeter o r  the animal 
is irradiated with the terminal  p a r t  of the proton t r ack ,  i . e . ,  the Bragg region, 
where the absorbed dose and the LET a r e  greatly increased. 
end of the t ra jectory of high-energy beams was first exploited by the Berkeley 
group, who used narrow beams of well-defined geometry in cancer  therapy and 
for  neurosurgery.  The present authors have studied effects of the ends of the 
t ra jector ies  of broad proton beams in connection with the hazards near  accelera-  
t o r s  and in space flight, as well as with fundamental radiobiology. The flux, the 
LET, and the absorbed dose of such proton beams a r e  significantly different over 
the last few centimeters of the trajectory,  and s o ,  thereEore, a r e  the biological 

This property of the 

W effects. More specifically, the following changes a r e  observed: (a) the flnx 
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decreases ,  at first slowly (region of nuclear reactions) and then rapidly (region of 
increasing ionization); (b) the mean LET of a proton steadily increases ,  at first 
slowly and then rapidly; and (c) the absorbed dose follows the usual Bragg curve,  
with a peak as seen in Fig. 1. 
end of the track, the LET increases  to about 15 and 25 keV/p, respectively 
(Table 1). 
by a drast ic  drop in the proton flux and in the absorbed dose (as seen in Fig .  2), 
making it difficult to  predict the biological effect in this terminal  region. 
check this experimentally, we measured the absorbed dose and the RBE in the 
region of the Bragg peak by exposing various parts of the animals to  protons at 
the ends of their  trajectories.  

In the region of the Bragg peak and toward the 

Near the end of the proton's range the LET increase is counterbalanced 

To 

Experimental Arrangement 

A proton beam was led through an evacuated tube f rom the synchrocyclotron 
without being focused. 
passing through a 6-mm-thick lead screen and a 4.5-m-thick air layer ,  the beam 
was broad and homogeneous, as shown in Figs.  3 and 4. The isodose curves were 
approximately circular ,  as seen in Fig. 5, and the initial energy of 152 MeV had 
been reduced to  about 140 MeV. 
behind Lucite walls in such a way that the Bragg peak fell at the selected depth in 
the animal. The surface dose was measured with various small  air-ionization 
chambers (Baldwin-Farmer, Victoreen, and Philips) o r  with f i l m  glass,  and L i F  
dosimeters.  These results a r e  compared in F i g .  6. The comparison also 
includes the ferrous sulfate dosimeter,  with which we found G = 15.8 * 0. 3 for  
150-MeV protons. 

After leaving the tube through an aluminum window, and 

The dosimeters and the animals were placed 

Determination of the Absqrbed Dose 

The absorbed dose in  the region of the Bragg peak was determined with 
thin dosimeters,  namely Kodak C B and dental dosifilms (about 1 mm thick), 
L iF  (2.5 mm), French glass ( 3 . 9  mm), and Japanese glass (4 mm), as seen in 
Figs.  7 through 11. These dosimeters were calibrated with 6oCo y radiation 
and the readings were expressed in rads.  

(a) Dosifilms 

Fifty such films a r e  arranged in a stack with an aggregate thickness of 
about 5 c m ,  behind a Lucite screen,  in such a way as to incorporate the Bragg 
pe'ak. The Lucite screen was composed of 1-cm-thick sheets with films placed 
between them, so  as to  determine the curve of the absorbed dose for  the whole 
t r ack  (see F i g .  12). C B films were fitted with water-tight ca ses ,  and the same 
experiment was done with water instead of Lucite. 

V 

156 



fV. 7 

Table 1. 
(RBE) as a function of the residual range in mm of water. 
to r i s e  monotonically through the Bragg peak. 

Linear energy t ransfer  (LET)  and relative biological effectiveness 
The LET is seen 

b I 

Bragg 

-0 
Residual 
Range, 30 20 10 8 6 4 
mm 

1. 4 1. 6 3 4. 5 7 10 LET 
W / P  

RBE 
(ICRP) 1 1 1 t o 2  2 to 5 
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(b) Glass dosimeters and L i F  

These dosimeters were placed in Lucite blocks fitted with holes and suitable 
The holes were s o  arranged that each dosimeter fell  in a different range. covers.  

The dosimeters were offset by 5 rnm, but additional holes fo r  LiF dosimeters 
reduced this distance to 2 mm in the vicinity of the Bragg peak, as seen in Fig. 13. 
These devices permitted determination of the response curve of each dosimeter 
along the entire proton trajectory,  and notably around the Bragg peak. F r o m  
these curves one could establish the distribution of the various absorbed doses 
f rom broad beams in soft t issues ,  since the reaction of  Lucite with respect to  
high-energy particles is very s imilar ,  i f  not identical, to  the reaction of soft 
tis sues . 

I t  has thus been found that the dosimeters all together indicate a Bragg- 
type curve,  with a maximum and with an abrupt decline toward the end of the 
proton range. 
of energy. However, the shapes of the curves differ f rom those of the theoretical  
curves ,  and the experimental values a r e  as yet insufficient to fix the exact heights 
of the peaks, except for the C B film, whose curve i s  practically the same as the 
theoretical curve and has the same peak height. 

The measured values agree with the theoretical values as a function 

The complete absence of a response beyond the proton range shows the 
absence of diffused secondary radiation downstream from the Bragg peak. 
over, the response curve for the C B film shows the absence of diffused radiation, 
which could flatten the peak. 
Japanese glass and film dosimeters:  whereas French  glass and particularly C B 
film dosimeters give well-defined peaks, the Japanese g l a s s  and dental-film 
dosimeters indicate curves with virtually no peaks. 
of this phenomenon has yet been proposed. 

More - 

There is a surprising difference between French and 

No satisfactory explanation 

Though only preliminary, these results show that the absorbed-dose 
curves a r e  not modified around the Bragg peak by an increase in  the LET o r  by 
secondary radiation. 
the theoretical curve with a peak height of about 4 t imes the level of the entrance- 
surface dose. 

The curve recorded with C B film coincides perfectly with 

However, the region of the Bragg peak must  be investigated further.  

Determination of RBE 

The experimental RBE values around the Bragg peak were determined by 
observing the lethal effect of a proton beam on a thin layer  of bacterial  culture. 
A suspension of E. coli in physiological s e r u m  having a concentration of l o 9  
microorganisms per ml was placed in flat Lucite cells.  The overall thickness of 
the cells was 5 mm, and the I -ml  suspension formed in them a 2-mm layer .  The 
cells were placed along the proton beam, with Lucite screens between them in the 
first part of the path. The radiation dose received by some of the Lucite cells was 

v 
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determined by replacing them with identical cells filled with ferrous sulfate 
solution and irradiating them under the same conditions. 

The survival rate after irradiation with an entrance dose of 25 000 rad 
was est imated by counting in P e t r i  dishes. 
vs the lethal effect on this E. coli s t ra in  was determined with 6oCo y rays ,  S O  

that one could cor re la te  with each survival rate a y dase having the same effect. 
Figure 14 shows the resulting proton doses along the track. The experimental  
curve i s  seen to  virtually coincide with the expected Bragg curve, and has the 
same peak height (4 t imes the surface dose). 

The curve for the absorbed dose 

It has thus been found that the increase in the LET near  the Bragg peak 
does not appreciably affect the RBE of protons, which retains i ts  value of 1, 
observed at  the beginning of the t r ack  for lethal effect on a bacterial culture. 
F o r  bacterial populations, however, the RBE probably increases  only slowly with 
the LET, and may even decrease.  

Guppies 

Corresponding experiments a r e  being ca r r i ed  out with more  complex 
organisms,  namely guppies, which, because of their  sturdiness and small  size,  
lend themselves to this work. The thickness of these aquarium fish i s  l e s s  than 
2 mm at 1 month and 4 to 5 rnm when adult. The radiosensitivity of these fish to 
y rays needs to be studied, since the effects a r e  different f rom those in mice.  
The temperature  factor,  for example, i s  very important in the determination of 
the radios ens itivity . 

Experiments on Mice 

Male C57BL6 mice were placed in Lucite tubes or  blocks, and these were 
placed parallel o r  perpendicular to the beam axis in  $such a way that the section of 
the beam corresponding to the Bragg peak passed through various parts of the 
mice (abdomen, side, head, and hindquarters). See Figs. 15 through 22, which 
summarize these experiments.  The i r radiated mice were then kept under the 
same conditions a s  the controls, and were examined periodically for local skin 
and general effects, specifically mortality in  30 days, average life span, leuco- 
penia (the leukocyte level on the third day), shrinkage of testicles by the 30th day, 
skin lesions, and "bleaching" of Observations of the carcinogenic effect 
a r e  in progress .  

hair .  

The integral absorbed doses for some parts of the animals were determined 
with the aid of tubes of the same size a s  the mice,  filled with a solution of ferrous 
sulfate. When the Bragg peak fe13 inside the tube, ratios beween the integral and 
the surface dose were 1.95, 1.7, and 2. >!. Checking was done by attaching f i lm,  
glass,  and LiF  dosimeters  to the animals. 
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Local Effects 

The increase in the dose in the region of the Bragg peak is c lear ly  mani- 
fested by enhanced bleaching and well-defined a r e a s  of epilation and radionecrosis 
(sublethal doses 5 6 0 0  rad)  (see Figs .  18, 19, 21, and 23). By contrast ,  general  
irradiation in the initial parts of proton beams leads to uniform bleaching without 
epilation and radionecrosis (see Fig. 17). 
bleaching sooner than the same surface dose of 6oCo y rays.  

It may be added that protons cause 

General Effects 

Irradiation of the entire animal with protons in the initial parts of the beam 
was compared with the irradiation of only certain parts of the animal with the 
section of the proton beam that incorporates the Bragg peak. 
showed that the dose increase in the region of the Bragg peak m o r e  than compen- 
sates for halving the i r radiated volume of the animal. This is why general  i r r ad ia -  
tion with 600 rad is not lethal, whereas irradiation of only the anter ior  par t  of mice 
with the same dose in such a way that the Bragg peak l ies  in the abdomen leads t o  
75% mortali ty and a lifespan of 14 days, and l a t e ra l  irradiation with 530 r ad  (with 
the Bragg peak region lying lengthwise through the center of the body) leads to  
100% mortali ty and a lifespan of 6.5 days, as summarized in Fig. 22. 
maximum effect i s  therefore obtained when the Bragg peak l ies at the center  of 
the mouse e 

This comparison 

The 

The weight decrease of the testicles (cri t ical  organs) caused by partial  
irradiation varies according to whether o r  not the testicles lie in the beam. If  
they do not, the damage appears to be l e s s  than with general  irradiation. The 
testicles showed an appreciable decrease in  weight even when they were not 
directly irradiated.  The testicles were never placed in the Bragg region. 

Leukopenia arising f rom partial irradiation of the abdomen is m o r e  
serious than that caused by general  irradiation. Leukopenia offers an interesting 
quantitative indication of the biological effect, since a constant l inear  relationship 
has now been found between the number of leukocytes on the third day and the 
logarithm of the absorbed dose of protons, photons, and deuterons. 

The observations described above prove that partial  irradiation with the 
Bragg region of a beam involves a g rea t e r  hazard than general  irradiation with 
the same surface dose i f  the terminal  part of the beam falls in the abdominal 
region, where most  of the radiosensitive t issues a r e  situated. 

The dose of whole-body irradiation that produces the same biological 
effect as a given dose of partial irradiation can be found f r o m  the dose-effect 
relationship based on mortality, life span, and leukopenia. 
note that the doses thus calculated a r e  higher than the surface dose, but l e s s  
than twice the la t te r ,  i. e. , of the o rde r  of the integral  doses found with a ferrous 

It is interesting t o  
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sulfate dosimeter.  It should be mentioned, however, that the position of the 
Bragg peak inside the animals was fixed only roughly, and a m o r e  accurate  
location in  the region of the rnost highly radiosensitive t issues  may lead to  more  
pronounced effects e 

Conclusions 

Mice and E. coli cultures were i r radiated with monoenergetic unidirectional 
protons at the ends of their t ra jector ies ,  and the results suggest that the increase 
in the biological effects at the Bragg peak i s  explained qualitatively and quantita- 
tively by the increase in the absorbed dose in this region. 
LET at ends of t ra jector ies  seems to  play an insignificant part ,  and the RBE seems 
t o  retain a value close to  1 even in the terminal  part  of proton beams. 

The increase in  the 
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Fig. 1. The mean LET,  absorbed dose, and particle fluence a s  a function of 
the depth in  water for 140-MeV protons. 
seen  a t  higher energ ies  in the f i r s t  pa r t  of the proton t rack  i s  relatively 
unimportant a t  140 MeV. 
closely as the particle fluence dec reases  a t  the end of the track. 

The region of nuclear reactions 

The absorbed dose and mean LET follow each other 

I 
4CM 

Fig. 2. The absorbed dose and LET as a function of the residual range i n  
water,  shown in  grea te r  detail than in  Fig. 1. 
both quantities in  the first 0. 25 c m  of residual range makes  the evaluation 
of the biological effect in this te rmina l  region difficult to predict .  

The very  rapid change i n  
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Fig. 3 .  Thr  experimental  a r r a n g e x e n t  fo r  irradiating mice  with the cyclotron 
beam. 

\ I I I I I  ' 1  

Fig. 4. Experimentally determined isodose curves  for  the 152-MeV proton 
beam after it has  been reduced to 140 MeV by the lead  screen .  
seen  t o  be a close approximation to cylindrical  symmetry.  
were  measured  near  the lead  screen .  

There  is 
These values 

V 
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Fig. 5. Dose r a t e  as a function of the radius measured  a t  the position of the 
experimental  animals a f te r  the beam has  spread  out through 4. 5 m of a i r .  
The beam has  passed  through 6 mm of lead, 4. 5 m of a i r ,  and 30 m m  of 
Lucite. The dose distribution has  become much flatter than that shown in  
Fig. 4. 

FiMS C.B 
VER’ TAP. 006 
GLASS C.E.C. 0 0 0 

TL.D. P L i  0 0 0 

Fig. 6. A comparison of severa l  dos imeters  used to evaluate the sur face  dose. 
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Fig. 7 .  The depth-dose response of C B  f i lm (about 0.8 m m  thick) in Lucite to 
protons. The theoretical  dose curve is shown a s  a light line. 

1 

Fig. 8. The depth-dose response  of Kodak dental f i lm (1.3 nim thick) in Lucite 
It  is seen  to protons. 

that this film does not show the peik  s o  c lear ly  a s  in Figs.  7, 9, and IO. 
The theoretical  dose curve is shown as a light line. 
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Fig. 9. The depth-dose response of L i F  dos imeters  (cy l inders  18 mm long, 
5 mrn in  d iameter ,  with long axis perpendicular to the beam) in  Lucite to 
protons.  The theoretical  dose curve is shown a s  a light line. 

I 

Fig. 10. The depth-dose response of CEC glass  rods  ( 6  m m  long, 3.7  m m  i n  
diameter) with long axis perpendicular to the beam) in  Lucite to protons. 
theoretical  dose curve is shown as a light l ine.  

The 
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Fig. 11. The depth-dose response of Japanese g l a s s  ( rec tangles  9x9  mm by 
5 mm in  the beam direction) in Lucite to protons. 
curve  is  shown as: a light line. 
Bragg peak so c lear ly  as in Figs.  7, 9, and 10. 

The theoretical  dose 
It i s  seen  that this g lass  does not show the 
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Fig. 13. Lucite block containing holes t o  space both g lass  and LiF dos imeters  
throughout the region of the Bragg peak. 

u I I\ 

Fig. 14. Experimental  depth-dose curve measured  with E .  coli  by use ofthe 
lethal effect  calibrated against  6 0 ~ 0  y rays. 
seen  t o  corre la te  very  well with the theoretical curve ,  shown as a dashed 
line. 

The e x ) m n t a l  curve is  

Thr  peak-to-entrance dose ratio is seen to be 4 : l  for both curves.  

I 
8 
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Fig. 15. Arrangement of the mouse-holding tubes and Lucite absorber  s c reens  
which allows the Bragg peak to fall a t  a preselected depth in the mouse. 

0 >30 2-90 

Fig. 16. Schematic a r rangement  and resul ts  of three different geometr ies  of 
i r radiat ion with 460-MeV pi-otons. 
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Fig. 17. Mouse i r rad ia ted  in  the entrance plateau portion of the 460-MeV 
proton beam. 
seen  to be fairly uniform Over the animal. 

The grey  ha i r  which has  grown out after the exposure i s  

Fig. 18. Mouse some time a f t e r  i r rad ia t ion  with 460-MeV protons f rom the 
side. 
of the midplane. 

The Bragg peak was located in  a saggital  plane somewhat to the l e f t  
Both s ides  of the same animal a r e  shown. 
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Fig. 19. Mouse i r rad ia ted  with 460-MeV protons in such a way that the Bragg 
peak fell  on the head. 

l oo" /  /e 

0 >so, 

3 

Fig. 20. Schematic a r rangement  an<: res ' l l t s  of t h r r e  different geometr ies  of 
i r rad ia t ion  with 530-MeV protons. 
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Fig. 21.  Mouse a f t e r  i r radiat ion with 500-MeV protons f rom the head to the 
midtorso,  wzith the Bragg peak falling in the shaded rrgion as shown in  the 
sketch. 

Fig.  22.  Schematic arrangement  and r e su l t s  of five different geometr ies  of 
i r radiat ion with 600-MeV protons. 
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Fig. 23. Mica exposed to 600-MeV protons in the l a s t  a r rangement  shown in 
Fig. 2 7 ,  where the saggital location of the Bragg peak fell  on the midplane. 

V 
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J Relatiid Biological Effectivene-& of -Gama Rays, X-rays, 
Protons, and Neutrons for Spermatogonial Killin$ 

E. I". Oakberg 

Oak Ridge National Laboratory 
INTRODUCTIOX 

E g h  sensi t ivi ty  t o  radiation-induced c e l l  death and ease of quantitation of 
surviving ce l l s  make spermatogonia of the mouse a good radiobiological t e s t  
system (Oakberg, 1957). With appropriate techniques, the effect  of doses i n  
the range of 2 rads t o  1000 rads can be studied. These at t r ibutes  have led 
t o  the present experiments on the  comparison of the biological. effectiveness 
of different types of radiation. 

Three types of spermatogonia can be recognized i n  the mouse (Oakberg, 1956a). 
Type A spermatogonia are t h e  s t e m  cells of t h e  seminiferous epit'nellwn, and 
through the process of stem c e l l  renewal (Leblond and Clermont, 1952) maintain 
t h e i r  otm numbers while giving r i s e  t o  an unlimited number of differentiated 
ce l l s .  
t o  form spermatogonia of type B. 
spermatocytes (Oakberg, 1956a). 

Intermediate spermatogonia axe derived from type A, and divide once 
B spe,rmatogonia divide once t o  form primary 

Intermediate and B spermatogonia are of homogeileous sensit ivity,  and FTher, log- 
survival i s  plotted against dose, give survival c u v e s  with a shoulZer at  
doses of 10 X or less,  and a steeper, e,uponercial decrease i n  survival at 
higher doses. 
reported Por  these c e l l s  (Oakberg, 1957). 
zero. 

LD50's i n  the range of 21-25 R of cog0 gamma rays have been 
Survival a t  100 R i s  essent ia l ly  

m e  A spermatogonia are  of heterogeneous sensit ivity,  with s m v i v d  comparable 
t o  intermediate and B types at  doses below 25 R .  
f l a t t ens  markedly a t  doses of 5 0 - l O O O  3,presumably because of a reslstaxx'c com- 
ponent i?? the population. Thus at doses of 25 R or less,  data on sTz-vivd. of 
type A spermatogonia can be coxbined v i t h  tha'c of late type A and intermediate 
spermatogonia t o  obtain larger numbers of c e l l s  and @eater s t a t i s t i c d  
r e l i a b i l i t y  of estimates of rediation effects.  The r e s i s t an t  component of the 
A population can be used f o r  tloses i n  the range of 100 t o  1000 R. 

The survival cl;-ve then 

MATERIALS ADD NETHO9S 

Xaie F1 hybrid mice from the cross of inbred 101 s t r a in  females with inbred C3H 
males have been used exclusively. All animals were 12 weeks old a t  the time of 
irradiation. 

Mice were k i l l ed  72 hours a f t e r  irracliatioii when doses were 200 R or l e s s  and 
f ive  days a f t e r  irradiation for doses of over 200 R. Testes Mere fixed i n  

* 
Research jointly sponsored by the National Aeronautics and Space 

Administration, and by the U.  S. Atomic Energy Commission under 
contract  with the Union Carbide Corporation. 
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Zenker-formol, embedded i n  pcwc$fi"ln, sectioned at 5p, and stained by the PAS 
technique. 
the cycle of the seminiferous, ep i the l im  on the basis of a previously determined 
frequency distribution f o r  control nice (Oakberg, 1956b) were scored for each 
mouse. Apparently normal spermatogocia i n  all tubules, and pre-leptotene 
spermatocytes i n  stage VI1 were cowted. 
control r a t io s .  

One hundred tubule cross sectlons, distributed among the stages of 

Data were expressed as experiment&/ 

Survival.curves f o r  250 kv X-ray exposures made a t  the Lawrence Radiation 
Laboratory and for 280 kv X-ray exposures made at Massachusetts General Hospital 
were not significantly different.  
a more rel iable  base of compasisons fo r  tk-e preliminary estimates of REZ given 
i n  Table 1. 
the r a t i o  of the slopes compared t o  obtain the ElBE. 
res t r ic ted t o  l a t e  A and l a t e  A plus intermediate spermatogonia. 
actual values vary from 0.76 f o r  130 and 730 l e v  protons fo r  l a t e  type A t o  
1.38 f o r  C060 gamma rays f o r  l a t e  A plus intermediate spermatogonia, RBE's of 
approximately 1 can be accepted fo r  these r d i a t i o n s  i n  estimation of hazards, 

In  an e a r l i e r  study (Oakberg and Clark, 1961), the re lat ive effectiveness of 
2.5 !lev and 14.1 Mev neutrons t o  Co60 E;ma rays vas compared. 
given i n  Table 2. 
over the ent i re  dose range, and a secocd se t  fo r  the combined survival of all 
spermatogonial types at low doses. The RBE for both levels of neutron energies 
is greater than 1, and probably about 2 when the corrparison i s  based on a.l1 the 
data. 
8 f o r  14.1 MeV and t o  3 fo r  2.5 Mev neutrons. 
approximate, and they overlap, the D E ' S  for 2.5 and 14.1 Mev energies probably 
are not significantly different.  

Accordingly, the dzta were pooled t o  provide 

Slopes were f i t t e d  t o  Log survival by the l e a s t  squares method and 
A t  present, data are 

Although the 

These data are 
Two se t s  of RBE's were computed, one fo r  each c e l l  type 

Restriction of the conprison t o  low doses raised the point estimate t o  
Since the corCXence limits are 

Recently, c e l l  survival a f t e r  i r radiat ion w i t h  fission neutrons w i t h  an average 
energy of 1-2 Mev has been measured (Figure 1). 
irradiated and scored as type A spermatogonia, i.e., a different c e l l  type from 
those represented by the data of tables 1 and 2. 
and 730 Mev protons gave equal survival.. The neutron RBE, however, w a s  based 
only on the X-ray data. 
rads, and of 4.7 f o r  doses of 172-258 rads. 

These data are f o r  ce l l s  

C O ~ ~  gamma rays, 250 kv X-rays, 

A value of 6.5 was obtained for neutron doses of 18-1cU 

DISCUSSION ATE3 SUMMARY 

S t a t i s i t i c a l  analyses of the data are  not complete, especially f o r  c e l l s  irradiated 
and scored as type A spermatogonia. On the basis of preliminary results presented 
here, it is  reasonable t o  accept an RBE of 1 f o r  250 kv X-rays, 280 kv X-rays, 130 
Mev protons, 730 MeV protons, and CoG0 gamma rays fo r  estimates of radiation 
hazards. 

Previously, we had attr ibuted the lack of a. difference i n  RBE between 14.1 and 
2.5 MeV neutrons t o  a "wasting" of energy with the more densely ionized track 
of the 2.5 l e v  neutrons (Oakberg and Clark, 1961). This explanation no longer 
appears tenable i n  view of the BE'S of 6.5 and 4.7 for f i s s ion  neutrons, with 
an average energy of 1-2 Mev. Obviously, there is no simple relationship 
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between LET and biological effect, as already pointed out by Smith and 
(1966 1 ' 
The phenomenon of higher neutron ~ E ' s  at 1017 doses, as g v e n  i n  Table 

Rossi 

2 and 
Figure 1, has been observed previously. 
phenomenon i s  t h a t  there i s  a region of l e s s  slope (shoulder) on the X- and 
gamma ray survival curves; whereas the neutron dose curves are lineax. 
Accordingly, divergence of X o r  gama ray and neutron curves T r i l l  be greatest 
at lair doses. 
scale OI vdues probably exists fo r  each energy comparison. The RBE of 
neutrons vs. X- and gamma rays therefore i s  quite arbi t rary owing t o  the 
comparison of a dose-effect curve which i s  curvilinear (X- and gamma rays) 
trith a l inear  dose-effect relationship (neutrons). 
l inear  effects  with ionizing radiation i s  not the answer either, since 
quali tative differences i n  biological effect  usually occur. 

In summary, X-rays, gama rays, and 1-30 as vel1 as 730 Kev protons a l l  appear t o  
Neutron RBE's aze a function of LET and dose, 

being greater both irith l o v  doses and higher LET. 
exists, however, betweeii RBE and e i ther  dose or LET. 

The logical  explanation of t h i s  

Tkis presentation i s  obviously over-simplified, f o r  a continuous 

Use of systcms which give 

have an FBE of approximately 1. 
No simple relationship 

The author wishes t o  emress  11:s appreciation t o  D r .  A. H. Koekiler and other 
staff menbers oi" the Iiarvard Cyclotron Lzboratory for t h e  1.30 Fkv >roton 
irradiation; t o  the staff of the Lamence Radiation Laboratory a t  3:?lreley, 
California, for the  730 l e v  proton irradlatlon; t o  D r .  X. L. Rando1,nh :or 
the 2.5 and 14.1 Xev neutron irradiations;  t o  the I ledth P'n;rsics Division of 
OISTISL f o r  the Pission neutron e q o s u r e s ;  and -to D r .  D. G. Gosslee f o r  
s t a t i s t i c &  analysis of the data. 
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Est imates  of RBE’s of C O G ; ~  :;ant& rays? 730 Kev protons, 
and 130 Iilev protons to 2 ; ~  a d  2& :rv X-ra,ys based on 

spermatogonial k i l l i ng  

I. Late A spermatogonia I:. Lztc A $. Ir,temediate spematogonia 

RBE - Source -. RBE - Source 

730 Kev Protons 765 730 XCV Protonc -373 

130 ?.lev Protons 755 1-30 Xev Protons 1.013 

60 Ganma 799 60 G&mz 1 - 379 
250-280 Kv X 1.000 250-280 Kv X: 1 .ooo 
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Table 2 

RBE of neutrons t o  co60 y rsys for spermatogonia3 k i l l i n g  

- 

RBE 

Lover 9j $ Upper 95 5 
confftience coellciencc e s t  iclat e 1 Lxi.t lixit 

Neutron Cell type 
energy irradiated 

Based on d l  doses 

14.1 MeV A 1.41 1.76 
Late A 2.19 2.52 

Late A + Intermediate 2.11 2.38 

2.5 MeV A 1.26 1.89 
Late A 1.22 1.85 

Late A + Intermediate 0.73 1.10 

Restricted t o  low doses 

4.39 8.18 * 14.1 MeV Pooled 

2.5 MeV Pooled 0.68 3 003 * 

2.76 

2.69 
2.89 

3 -32 
2-53 
1 .LLg 

16.42 

6.80 

Jt. ALi three c e l l  types combiiied fo r  a dose ranges only:  (1-23 rad for 
Co60 y rays, 0.5-5.0 rad fo r  14.1 MeV neutrons, 0.25-7.42 rad for 2.5 
mev neutrons). 

(From Oakberg, E. F., and E. Clark, J. Cell  C o q .  Physiol. Suppl. t o  

Vol. 58: 173-182, 1961.) 

Y 
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0 - X  RAY 
A-NEUTRONS 
A-730 Mev PROTONS 

1 0.001 

1 
I I I I I I 1- 
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DOSE (rads) 

F i p e  1 Survival. 02 t y p e  A spermatogonia of 'chc mouse after gama-ray, 
X-ray, 730 Nev proton, and f i s s i o n  neutron i r rad ia t ion .  

( . = gamma rays, o = X-rays, 0 = 730 NW protons, i; = neutrons). 

(From Oakberg, E. F., *. J. Genetics 40: 119-127, 1964). - 
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IlTl’EBTINAL AKD GCXADAL IntJuRY AFX’W EXPOSURE TO FISSION NEUTRONS 

Maurice F. Sullivan 

Biology Department 
Battelle Memorial Ins t i tu te  

Pacific Northwest Laboratory 
Richland, Washington 

ABS!I’RACT 

I~U”r3:STIlUAL AND GONAWL INJURY AFTER EXPcPiW To FISSION “ R O E .  
been vel1 established t h a t  there a r e  d i s t inc t  differences in  the predominant 
s l t e s  of actLon by neutrons o r  X rays. 
gonab are  particularly vulnerable t o  the effects of fast neutrons. Rats were 
expsed to & x e s  Sctneen 150 and 310 rad of fission neutrons i n  the Hanforci 
Physical Ccnstazts Test Reactors. Intes ‘na l  injury was determined a f t e r  
exposure by neasuring the excretion of 13iLlabeled polyvinylpyrroliiione (PW) 
a f i e r  inti-avencus injeztfon. The leakage of PVP i n to  t h e  intest ine w a s  
proportional t o  the neutron dose and was decreased by pre-irradiation 
treatncnt of the rats r i i t h  cysteine (1.0 g / k g ) .  
fiseicn ceutrons Sased on PVP iiata, which was about the same as the RBE determined 
bj. r;.Grtallty. The t i n e  of death indicated t h a t  hematopoietic injury vas a Icajor 
cause o f  dca”,h froa these exposures. 

It has 

The gastrointestinal t r a c t  and the 

An REG3 of 3.0 was detennined f o r  

Y c c t  of‘ the Znfomation on gonadal response after neutron i r radiat ion has 
been obtained wi th  mice. 
5njux-y vere rated t o  obtain additional information on fecundity i n  t h a t  
E L : ~ S C L C S .  
c q o s c r e  but the femles  pro&uced l i t ters one month a f t e r  exposure at a l l  dosage 
’ -Lbelz. e.., 

and the fenzles gave birth t o  litters t h a t  decreased i n  s ize  w i t h  increasing 
reutron dcme.  
conclusion of  t h e  study. 

The rats surviving t h i s  study on acute in t e s t ina l  

All m l e c  surviving the exposure were s t e r i l e  three months af’ter 

On siibsequmt mt ings  rcales exposed t o  the lowest dose became fecund 

Teste:: of males at the higher doses were s t i l l  atrophic a t  the 

These resul ts  Zelromtrate the sensi t ivi ty  of both the intest ine and the 
gcnadz t o  nmtrcn 5 rreZZatLon and indicate t h e  usefulness of  specific indicators 
f o r  mcazuring ? r ~ u r j r  fron neutron irradiation. 

INTRODUCTION 

The conqlcucus relative radiosensit ivity of the gastrointest inal  t r a c t  and 
reprobct ive organs t o  fas t  neutron exposures i s  w e l l  known. 
t h a t  dist inctive e f fec t  vould be par t icular ly  usef’ul for  establishing RBEs and 
for  use as indicators o f  injury i n  radiotherapy. 
a mezsure of ic tes t jna 
has alcc been t o u n d ~ 5 ~ ‘ ~  useful for measuring Wage from fast neutron exposures. 
I n  the experirents reported here it was used t o  deternine an RBE f o r  i n t e s t ina l  
infury frcx f iss ion neutzcns. 
afforded t o  the Lntestine by pre-treatment w i t h  cysteine o r  AET and a dose reduction 
factor calculated for these drugs on t h a t  bersls. 
neutrons on PVT excretion was also minicked by nitrogen mustard and t h a t  e f f ec t  
reduced by &rug prophylaxis. 

Methods t o  quantitate 

Ia:nd 
The use of protein lea 

tiamage f’rorc X rays has now been well established 

It w a s  a l so  used t o  shov that protection could be 

The effect  of X rays and fission 
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Because of the scarcity of information about. the e.ffect of f iss ion neutrons 
on rat reproductive capacity the survivors of t h i s  mute  study were mated. 
resul ts  indicate t h a t  there are dist inct  differences between the effects  of X 
o r  gama rays and those of neu*ron,ns on rat gonads. 

The 

MATERIALS APJD "'PHQDG 

The f iss ion neutrons used i n  these experiments were produced by i r radiat ing 
a uranium-235 f o i l  which was wrapped around a lead cylinder (7.0 cm wall thickness) 
w i t h  thermal neutrons from the Hanford Physical Constants T e s t  Reactor. Rats 
were exposed by the arrangement shown i n  Figure 1. 
800 kV and the m a x i m  energy 2 Mev,as seen on the spectxum shown i n  Figure 2 
along with a similar spectrum of the neutrons from a &os ALanws Godiva type 
reactor. D o s i m e t r y  f o r  the  animal experiments employed sulphur activation and 
s i l icon diodes for neutron measurements, and silver-activated phosphate glass 
rods, 6 m diameter (Toshlba), for gamma-my measurements. 
were taped t o  a wood probe and positioned beside each sal;, 
t o  X radiation was done in  order t o  have a basis for  neutron cmparison by 
rotating the rats i n  a lucife container on a turntable under a ve r t i ca l  beam. 
P a r t i a l  body irradiation was achieved under pentobarbib31 sodium anesthesia, 
40 mg/kg. 
t o  the squamous stamch and excluded mly a f e w  cm. of the terminal colon, while 
the remainder of the body w a s  protected by 35-m-thick lead shield.  
factors were 250 kVp, 30 m a ,  0.25 mm Cu,and 1.0 mm A: aAded f i l t r a t i o n .  

The modal neutron energy w a s  

These dosimeters 
Tatalbody exposures 

The region of the body exposed included a11 the !GI tract d i s t a l  

The physical 

The rats, obtained *om Charles River Nrms and weighing 200 gm, were given 
K I  i n  their drinking water t o  sEbturate t h e i r  thv-poid glwds amer  irradiation 
and injected intravenously w i t h  20 pCi/kg of L?l;=FW at two days a f t e r  exposure. 
Free iodine was removed from the  PVP prior t o  irijection bv dialysis  against an 
Amberlite anion- exchange resin (1 .E .A .yLOO chlorJ de > 
cysteine, 1.0 g/kg, and AEI!, 2-gwrnfnoethyl i so th io~~oni~ '~  bromide hydrobromide, 1% 
mg/kg, were injected intraperitoneally LO minutes pr ior  -to neutron o r  X-ray 
exposure. 
was injected intraperitoneally, 1.0 mg/kg. 
minutes pr ior  t o  injection of the nitrogen mustar$.. 

The radioprotective drugs 

The nitrogen mustard, methyl b i s  2-(chloroethyl) amine hydrochloride ("2) 
Protective ugents were administered 30 

Fecal collections of excreted PTdP were made daily for f ive days and counted 
fo r  radioactivity with a single-channel gamma spectrometer. 

F e r t i l i t y  w a s  tested at 10 weeks after exposure o f  the males and three weeks 

Each male was caged with four females of the same age for 10 days 
a f t e r  i r radiat ion of  t he  females w i t h  f iss ion neutrons,using the survivors of 
t he  WP study. 
and irradiated females caged w i t h  both unirradiated females and a male i n  the same 
one-to-four male/female r a t io .  
and the mothers re-mted a week later. 
matingo a If t h e  reproductive capabili ty of  control a n i m l s  became doubtful, 
substi tutions were made w i t &  normal animals of the same age. 
a f t e r  t h e  last mating (8 months following exposure), the males were ki l led,  
t h e i r  t e s t e s  fixed i n  10 percent formaljn and stained with hematoxylin-eosin 
for histological analysis 

The offspring were k i l led  at 10 days after bir th  
This procedure was followed through three 

A t  three months - 
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EXPERIMENTAL RESULTS 

PVP Excretion after X-ray, Fission-Neutron, or Nitrogen Mustard Treatment. About 
70 percent of the l$lI ac t iv i ty  from t h e  injected _m usually appeared i n  the 
urine during the first day o r  two after injection.E2) 
the  intestine was  eliminated between three and s i x  days after exposure,when 
in t e s t ina l  damage was most severe and when diarrhea was apparent. The quantity 
appearing i n  the feces was proportional t o  the radiation dose over the range of 
509 t o  1500 R ,  Figure 3. A t  that higher radiation dose, however, survival time 
was usually about 3.5 days. This necessitated the use of abdominal exposures, 
which gave a survival time long enough for fecal collections representative of 
the in t e s t ina l  damage t o  be obtained. 

Most of tha t  passing in to  

The t o t a l  quantity of PVP appearing i n  the feces from two t o  seven days 
a f t e r  injection of neutron-irradiated rats w a s  also d i r ec t ly  re la ted t o  the 
radiation dose over t he  range studied, Figure 4. Some of the animals at the 
higher end of the range exhibited gross signs of i n t e s t ina l  radiation injury 
and died before the collection was coq le t ed .  
cysteine reduced WP leakage markedly. 

Pre-treatment of the rats with 

The data for PIP excretion were plotted against the radiation dose i n  rad 
for whole-body exposure t o  both f iss ion neutrons and 250-kU X rays, Figure 5. 
By drawingahorizontal l i n e  connecting the best st raight  l ines  a t  an arbi t rary 
point, 7.5 percent, and subtracting the gamma contarmination dose from the X-ray 
dose,an RBE of about 3 was obtained. The gamma contamination was unfortunately 
substantial, 50 percent of the neutron rad dose, but not suff ic ient  by i t s e l f  
t o  a l t e r  the quantity of PVP excreted. alculated by t h i s  method, which 
is essentially that used by Turner and F%cT5cJ varied s l igh t ly  depending 
upon the level  of response chosen for  the comparison. 
RBE of 3 t o  calculate the effective radiation dose f r o m  neutrons, the data i n  
Figures 3 and 4 can be compared and t h e  dose reduction &tor  (IXZF) of the 
protective agents calculated from the results.  
and indicate that the IWF fo r  WP leakage af'ter cysteine prophylaxis of neutron- 
irradiated rats is  about 1.4,and about 2.0 for  X rays. 

By using an approximate 

These data are  shown i n  Table 1 

Histologic damage t o  the mucosa and the time a% which signs of Fntestinal 
injury were obvious after treatment w i t h  the nitrogen mustard, "2, was similar 
t o  that seen a f t e r  X irradiation. Although no mortality occurred af'ter injection 
of 1.0 mg/kg of "2, the PVP leakage shown i n  Figure 6 exceeded t h a t  result ing 
from lethal doses of X rays, 1000 and 1500 R. 
substantially reduced the quantity of PVP l o s t  into the intest ine a f t e r  "?,but 
AET was not as effective.  

Pre-treatment with cysteine 

Reproductive Capacity of Neutron Irradiated Rats. 
studies done after X irradiation led us t o  believe tha t  at these levels  of 
exposure male f e r t i l i t y  should have recovered a t  11 weeks a f t e r  exposure. 
Eleven males exposed to 130 or  160 rad of neutrons were, therefore, i n i t i a l l y  
mated with both neutron-irradiated and with normal females. None of them 
were f e r t i l e ,  however, although fecundity had returned t o  two of four rats 
exposed t o  130 rads by the next mating, f ive weeks l a t e r .  

The literature on related 

A l l  of the eight 
W 
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TABIE 1. F W  Excretion Data. 

Type Estimated dose NO. PVP 
of Combined* X ray Neutron k m m a  Protective of Excretion t 

Exposure (rem) (R) (rad) (rad) agent* Rats ($ of dose) 

Control 

X ray 

Reactor 

Reactor 

Reactor 

X ray 

Reactor 

x 
Reactor 

Reactor 

Reactor 

x 

x *Y 

- 
500 

52 5 

645 

73 5 

750 

960 

lo00 

lo85 

735 

960 

lo00 

1000 

- 
- 
- 
- 
- 
- 
- 
- 
- 

Cysteine 

Cysteine 

Cysteine 

rn 

14 

6 

6 

6 

6 

6 

6 

0 

3 

6 

6 

6 

6 

5.7 2 0.7 

4.8 - + 0.6 

3.7 - + 0.4 

5.4 2 0.7 

8.3 2 1.4 

7.0 ,+ 1.0 

7.3 2 1.1 

10.6 + 0.9 

14.2 - + 3.5 

- 

4.7 2 0.3 

5.4 - + 1.3 

5.12 0.9 

4.8 - + 1.0 

An RBE of 3 assumed for neutrons. 
Cysteine dose: lo00 mg/kg. AFI! dose: 1% mg/kg. 

of the mean. 

+)) 

t Fecal excretion of PVP during five days postinjection with standard deviation 
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rats exposed t o  160 or 210 rad survived the study but none recovered fecundity. 
A t  sacr i f ice  eight months after exposure spermatogenesis was completely absent 
i n  three of four rats given 210 rad, and the testes of the other anirnal exhibited 
only an occasional tubule showing spermatogenesis. 
exhibited a thickening of t h e  walls and those most severely affected,  a f ibr inoid 
necrosis. 
spermatogenesis but f ibr inoid necrosis w a s  not evident i n  the blood vessels. A t  
130 rad damage w a s  variable and the tubules ranged from ones which were markedly 
aspermic to those showing act ive spermatogenesis. 
l e s s  severely involved,showing only minimal hyaline changes. 

!he smaller a r t e r io l e s  

The testes of the four rats given 160 rad were a l so  almost devoid of 

The blood vessels were also 

Female f e r t i l i t y  data are shown i n  Table 2. The average control l i t ter  s i z e  
f o r  a l l  three matings was 10.5. Some of the i r rad ia ted  rats died during the 
course of the experiment from delayed ef fec ts  of the exposure. 
did not cause i n f e r t i l i t y  before the first m a t i n g  at 3$ weeks postirradiation, but 
a dose-dependent decline i n  both fertility and in U t t e r  s ize  became evident by 
t h e  second and t h i r d  matings when only 9 of the 58 females tested bore young. 

Reutron i r radiat ion 

DISCUSS IOR 

The marked sens i t iv i ty  of both the in tes t jne  and the gonaes t o  ?ast neutron 
i r radiat ion is  a well documented observation,(7,8) but t h e  reason for  this 
spec i f ic i ty  is not w e l l  understood. These e f fec ts  are not markedly influenced 
by the presence of oxygen, and prophylactic agents are re la t ive ly  ineffective fo r  
preventing death from over-exposure. Although this preferen t ia l  effectiveness 
f o r  damging the G I  t r a c t  would seem t o  make neutrons superior t o  other, 
less specific radiations for  studying i n t e s t i m l  damege, re la t ive ly  l i t t l e  of 
our present infomation has been obtained f r o m  t h e i r  use. 
from our inadequate methods of dosimetry and for  measuring damage t o  specific 
s i t e s  of injury. 

This  probably stems 

The epithelium and capi l la r ies  of the gastrointestA a 7  t r a c t  constitu2e one 
of the most sensi t ive systems t o  acute radiation injury.  f93 Acute radiation 
damage t o  tha t  rgan resu l t s  i n  a loss of protein into t h  lum of the 
in tes t ine( l0 ,u3  that can be measured by various methods.fE-lc? The group at 
Hmmersmith(5) recognized the potent ia l  value of using protein leakage t o  es tabl ish 
RBEs fo r  i n t e s t ina l  injury and assigned an RBE of  2.8 t o  cyclotron-generated 

Vatistas and Hornsey later MeV) i n  comparison t o  250-kV X-rays. 

morphologic damage t o  the in tes t ine  and funct o 
leakage are not closely related.  Calla P a m  tlg used it i n  radiotherapy but 
did not get  a dose-dependent response. The uncertainty of tk se resu l t s  that 
question the va l id i ty  of using protein leakage as a measure of i n t e s t i n a l  
radiation ( 4 F m a y  l i e  with the region of the in tes t ine  that is  irradiated. 
We found, for  example, i n  rats tha t  unless the upper small in tes t ine  were 
irradiated I" excretion and mucosal damage were def in i te ly  not c o 
This w a s  consistent w i t h  autoradiographic data of Uhlberg e t  alej18y which 
showed tha t  131I-labeled albumin catabolism and excretion by ca t s  
the upper s m a l l  bowel. Cl inical  data has a l so  been reported(17,18y suggesting 
tha t  the jejunum may be a major s i t e  for protein-losing enteropathy. 

that, although pllp excretion m i g h t  be useful i n  radiotherapy, 
1 damage resul t ing i n  PVP 

l y  related.  

ccurred i n  
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TABU 2. Female Rat F e r t i l i t y  After Neutron Irradiation. 

No. Fertilem. Tested - Number 
of Dose Ykxtalit y F i r  B t Second Third 

Ratst (rad) (%I Mating Mating Mating 

C ont ro  1 

11 0 0 

16 0 0 

16 0 0 

10/1.1 
(10.8)" 

I r radiated 

6 153 

6 185 

6 210 

6 

6 

275 t cysteine 

275 

50 

50 0/3 

0/3 

0/3 

Total  (neutron exposed) 5/23 3/27 

* Average l i t t e r  s ize  
W t Number of rats i n i t i a l l y  mated 
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The effect of the nitrogen mustards on the intest ine i s  similar t o  t h a t  
caused by exposure t o  radiation,and damage can be reduced by pre-treatment w i  h 
thiol protective agents. Dose-reduction factors as high as 4.2 were obtainedtlg) 
for some of these drugs,using cysteine as t h e  protective drug and spleen weight 
or mortality as an index of protection. 
t ha t  the non-uniformity of the protective action of these drugs could be 
advantageous for  obtaining a localized therapeutic concentration. 
of the present study indicate tha t  a CWF could be established for protection 
against "2 on the basis of PVP excretion. 
a greater effect  on the in t e s t ina l  ep i the l i a l  function responsible for  PVP 
leakage than does ei ther  X 
a mortality basis. 

protective agen t se l ?  has given CWF's of only about 1.1,using death as an 
endpoint. 
against accidental exposure,but a measure of damage a t  a specific site, such as 
PVP excretion, could be useful f o r  measuring a therapeutic exposure dose i n  which 
radiation effectiveness i s  restr ic ted t o  certain localized areas by drug prophylaxis. 
We were able t o  show that cysteine pre-treatment gave a DRF for the intest ine of 
1.4 for  fission neutrons. 
€ST was approximately 2.0. 

It was suggested by these investigators 

The r e su l t s  

They also suggest that this drug has 

o r  neutron radiations when comparisons are made on 

Protection a i st fast neutrons by cysteine (20 )  or by a combination of 

Survival is, no doubt, the ultimate endpoint fo r  measuring protection 

The LlRF fo r  X rays afforded by ei ther  cysteine or 

The RBE for tes t icular  injury based on w e i g h t  loss i n  mice f r o m  f iss ion 
neutrons has been f 
Batchelor e t  s .(2 'yobtained a value of 4.6. S i l i n i  -- e t  al. (24) obtained 
a value of 4.9 by comparing cyclotron-generated 
No attempt has been made i n  the pr se t study t o  derive an RBE for damage t o  
t h e  male gonads, but Pitcock stated725f that permanent s t e r i l i za t ion  of rats 
cannot be induced by acute sub-lethal i r radiat ion* F r o m  the present study 
one must conclude t h a t  t h i s  possibi l i ty  does icdeed exis t  for  exposures t o  
160- 210 rad of fission neutrons. 

d by Spalding -- et a1.(22) t o  be as high as 6.5,while 

6-Mev neutrons w i t h  &lev X rays. 

These re su l t  suggest that the RBE fo r  s t e r i l i s t i o n  of  the testes by neutrons 
may be similar t o  those obtained on the basis of t e s t i cu la r  atrophy. 

Female f e r t i l i t y  exhibited a dose-dependent decrease which progressively 
worsened with t i m e  as evidenced by the number and s ize  of the litters. 
no qusntitation was attempted there w a s  an obvious increase i n  the incidence of 
still-births and neonatal deaths among the offspring of the irradiated female. 

Although 
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Banquet Address 
J 

THE f ONTRIBUTION OF BIOLOGY TO STANDARDS OF RADIATION PROTECTION 

Samuel M. Nabrit, Commissioner 
U. S. Atomic Energy Commission \.J .' 

I am privileged to meet with you this evening and to participate in this 
timely conference. 
meeting I could not help reflect on the considerable developments that have oc- 
curred through the years. 
biologist for some time, I certainly can recognize and feel a sense of apprecia- 
tion toward those past and present who have contributed to the field of radiobiology. 

As I took note of the interesting work being presented a t  this 

Although I have not actively practiced my profession of 

It seems significant for us here to make the passing observation that at 
the time of the great discovery of x rays by Wilhelm Roentgen in November 1895 
and spontaneous radiation a year later in November 1896 by A. H. Becquerel, 
there was a widespread notion in the world of science that all  which was to be 
discovered had been discovered. It remained only to polish off the findings to 
another few decimal places ! 

To us today it may seem that an extremely presumptuous conclusion had 
been reached in the closing years of the 19th century. 
complacency by looking back at some of the renowned discoveries and contribu- 
tions made since the closing years of the 19th century. The procession of great 
names includes the Curies, associated with the discovery of radioactivity through 
isolation of radium and polonium, Thomson and the electron, Chadwick and his 
discovery of the neutron, Anderson and the positron, and many others. 

We can avoid similar 

A particularly interesting observation following the initial use of x rays 
was that of the biological effects of this form of radiation. Naturally the earliest 
noticeable effects were on the most visible portion of the body--the skin. 
that in the United States a Dr.  E. H. Grubbe' developed an x-ray dermatitis of the 
hands. 
tissue and suggested the possible value of using the x rays for cancer therapy. 
Dr. Grubbe' responded to the suggestion and began to employ radiation experimen- 
tally for therapeutic purposes. 
x rays for treatment of cancer of the breast. 

It seems 

He was being treated by a fellow physician who noted the damage to skin 

Apparently he is  the first physician to have used 

With the introduction of fluoroscopic diagnostic techniques, radiologists 
received even higher and more prolonged exposure to x rays. Generally speaking, 
these early workers were hesitant to accept the idea that prolonged exposure dur- 
ing fluoroscopic examinations could injure them, and a s  a consequence many were 
indeed injured by this new discovery. 

During the first few years x rays were used almost entirely empirically. 
After 1900, serious attempts were made to relate the biological action to the 
disease process in a scientific way. 
dose rate was needed. In short, methods of measurement were needed. Names 
like Guido Holzknecht, Sabourand, Noire, Kienback, and Benoist a r e  among the 
pioneers in this field. Duane and Glasser developed small ion chambers suitable 
for measuring x rays, This led, during the International Congress of Radiology 
in Stockholm in 1929, to the suggestion for the first time of an international unit t o  

To accomplish this some idea of dose and 
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define x - r ay  dose, but this was not adopted until the Fifth Congress in  1937. 

The use of radium was not far  behind that of x rays. As ear ly  a s  1905 
Robert Abbg and Franc is  Williams in the United States and MacKenzie Davidson 
in  England were using radium by surgically implanting radium-containing tubes 
within tumors. 

While important s t r ides  were being made on the disease therapy front, 
other scientists were looking a t  some other important aspects of radiation. In 
1927 m y  former  Professor ,  Dr. Hermann Muller, a vigorous and imaginative 
researcher ,  demonstrated to the world the important phenomenon of radiation- 
induced mutations in  the fruit  fly, Drosophila. F o r  this notable contribution to 
science, Dr. Muller was awarded a Nobel Pr ize .  

The fundamental explanation of biological action of radiation sti l l  eludes 
Biologists continue to seek a. better understanding of the effect of 

New techniques such a s  the ability to 
us today. 
ionizing radiations on living systems. 
grow cells in  culture and induce division for chromosomal studies, and the many 
advances in  biochemical methods, have broadened our approaches to radiation 
research.  
meeting. 

Applications of some of these approaches are being discussed at this 

Recently, increasing attention has been given to the concept of cellular 
repair  mechanisms. Dr. Setlow of the Biology Division, Oak Ridge National 
Laboratory, has used ultraviolet irradiation of a bacterial  system for  such 
studies. Ultraviolet light apparently damages the bacterial  cell by altering 
individual bases  of deoxyribonucleic acid (DNA), the polymer which contains the 
genetic information. 
that a r e  uv resis tant  can recognize the e r r o r  and through specific enzymatic 
activity eliminate the e r r o r  f rom the DNA strands. 
dark repair  process ,  involves the excision of the damaged DNA strand and the 
synthesis of new DNA using the complementary s t rand as a template--thus re- 
storing the normal sequence of bases  in  the DNA. 
bacteria, the more  rapidly they a r e  able to cor rec t  such e r ro r s .  Research in  
the Laboratory of Radiobiology a t  the San Francisco Medical Center is now at- 
tempting to extend s imilar  work to human cells. It has been observed that after 
irradiation of these cultured human cells,  synthesis of DNA occurs  in a manner 
completely different f rom that in  the normal unirradiated cells. This pos t i r ra -  
diation DNA synthesis may represent  a type of repair  to genetic mater ia l  of the cell. 

His work has  shown that certain. types of injured bacter ia  

One repair  mechanism, the 

The more  uv-resistant the 

Considerable evidence of a mechanism for  the repair  of genetic material 
has a l so  been reported in  mice by Dr. William Russe l l ' s  group of the Oak Ridge 
National Laboratory. 
ception following irradiation of the mother, fewer mutations are observed in  the 
offspring than i f  conception occurs  immediately after irradiation. 
further shown by this group that apparent repair  of "premutational" damage occurs  
following 50 r ad  of acute exposure. That is, the ultimate effects of irradiation on 
the frequency of induced mutations are less  than would be expected if one assumes 
the effects of 50 r ad  to be l inearly proportional to the effects of higher doses up to 
600 rad  given in  a n  acute exposure. 

F o r  example, when a period of time elapses  before con- 

It has  been 

The problem in the pa.st which continues to elicit the most interest  today is 
V 
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the relationship between dose, dose rate ,  and biological effect. 
that the Relative Biological Effect for a particular kind of radiation may  be de- 
pendent upon such factors a s  the specific biological effect under consideration, 
the t issue irradiated,  the radiation dose, and the ra te  at which it i s  delivered. 
As you a r e  aware, the Federa l  Radiation Council, of which I am pleased to be a 
member,  summarizes  in  i t s  s e r i e s  of reports  the knowledge of the biological 
effects of ionizing radiation on animals and man pertinent to the problem of de- 
fining radiation protection standards, since this is our ultimate interest .  Dose- 
effect information has been accrued through experimental evidence in animals and 
observations in  humans, a s  well as through assumptions and hypotheses. The 
available data describing immediate effects which have been considered in the 
development of radiation protection standards include: 
1. Medical data on effects following the therapeutic use of external sources  such 

a s  x rays  and of radionuclides such as radium, iodine-131, e tc . ,  
2. Occupational data on exposure of radiologists, cyclotron workers,  and workers 

in nuclear industry as a resul t  of cer ta in  accidents, and 
3. Population observations on atomic bomb survivors and on persons i r radiated 

by heavy fallout in  the vicinity of the Marshall  Islands. 

It i s  well known 

hformat ion  concerning delayed effects has been inferred from animal 
evidence, epidemiological-statistical observations, and a few medical and indus - 
t r ia l  cases.  
tionships. However, a s  you a r e  aware,  cer ta in  stumbling blocks continue to 
exist. 
of the maturation and senescence variables between man and animal. 
of these problems new techniques and methods a r e  being sought. 

Further  data a r e  needed to refine our knowledge of dose-effect re la -  

Age -effect relationships extrapolated from animal data a r e  limited because 
In the light 

Another interesting challenge to the radiobiologist and the health physicist 
has been created with the advent of the high energy accelerator.  
celerators  currently operating within the AEC program, 40 machines produce 
particles with energies greater  than 20 MeV--among them such giants a s  the 
Bevatron, AGS, SLAC, ZGS, PPA, and CEA. The energy region above 20 MeV 
i s  characterized fo r  our purposes here  a s  one in which substantial uncertainties 
exist in  dose estimation. 
Radiation Protection and Measurement and the International Commission on 
Radiological Protection for  radiation above 20 MeV a r e  based on mathematical 
models used in conjunction with data on biological effects obtained at lower energy 
regions. 
higher energy region to verify these extrapolations. 
to  the distribution of energy per unit volume on a microscopic scale as well as 
energy dissipated per  unit volume. 
mission in  i t s  biomedical research  program i s  attempting to foster and strengthen 
research  efforts in  the field of what might be called molecular biophysics a s  i t  
may relate to ionizing radiation effects. Further  studies closely linking the dosi- 
me t ry  of accelerator beams of known type and energy with biological studies in  
the same beams should be encouraged. 

Of the 240 ac -  

The provisional estimates of the National Committee on 

I believe i t  i s  essential  to obtain more  direct  biological data in the 
Attention needs to be given 

In this connection the Atomic Energy Com- 

Interestingly enough, an  integral  par t  of the problem of more  clear ly  de- 
fining the direct  biological effect to the human organism i s  the need to increase 
our knowledge in  fundamental dosimetry. 
equipment which will permit identification of o r  differentiation between the var  - 
ious components of the dose, such a s  energy spectrum and type of radiation, a r e  

Improved measurement techniques and 
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prereauis i tes  to the better understanding of the dose-effect relationship. 

While the radiobiologist looks to the research  health physicist for answers  
in  identifying the radiation environment, the health physicist is also looking to 
the radiobiologist for biological parameters  t o  be considered in the development 
of instrumentation. 
the accelerator radiation field in adequate detail (such as intensity and energy 
distribution of each component) there  would sti l l  remain perplexing problems of 
interpretation. 
above 3 MeV, and for  neutrons above 30 MeV only calculated values exist (which 
have not been fully adopted). 

Even i f  instrumentation existed which would readily describe 

As you a r e  aware,  for  gamma rays  ICBE values a r e  missing 

Finally, a s  you a r e  aware, there  i s  a need for  further development of 

Areas  of uncertainty exist in  the application of the 

At present the rad-to-rem conversion is 

concepts which would be more  useful in relating the physical parameters  of the 
radiation to biological effect. 
Quality Factor  a s  well as the fluence, kerma, f i r s t  collision dose, and other 
t e rms  used to convert "dose" to effect. 
a t  best a n  approximation. 

A resolution of these uncertainties and development of improved concepts 
will depend to a large extent on progress  made in radiobiological research  and 
instrumentation development . 

In summary, we have come a 1.ong way in  our knowledge of radiation and 
i t s  biological effects. But a s  one can see,  there  a r e  st i l l  some knotty problems 
which pose a challenge to radiation biologists, radiation physicists, and the 
molecular biophysicist. Since the end point of a l l  this work i s  effect on man, 
work should continue in close collaboration with biologists to a sk  from living 
systems whether parameters  such a s  LET, spatial distribution, time rate ,  and 
other factors a r e  appropriate ones to describe radiation effects in tissue. 

Our future horizons include the support and use of two new and unique 
facilities. 
Lawrence Radiation Laboratory, Berkeley, which will provide many unique 
radiations for r e sea rch  in radiobiology, chemical biodynamics, medical research ,  
nuclear physics, and chemistry research. The accelerator ,  which was f i r s t  
proposed by the Medical Physics Group at  the Lawrence Radiation Laboratory, 
will be capable of accelerating nuclei a s  heavy a s  argon to 400 o r  500 MeV per 
nucleon (18 BeV). 
depths in  t issue planned for this machine include the production of a converging 
beam which will allow precise  focusing into cancerous tissue. It should be pos- 
sible with this device to produce lesions, for  example in  brain t issue,  through 
broad a r e a s  of the brain at almost any desired depth and much more  sharply. 

The f i r s t  of these is the Omnitron accelerator,  to be located at 

The radiobiological studies of radiation effects a t  varying 

It will a lso be possible to produce for  the f i r s t  t ime in  a substantial way 
the spectrum of space radiations and to study the effects of these on cr i t ical  
t issues  of the body that do not regenerate. 

The second facility is called the Meson Physics Facility. The biomedical 
specialists enthusiastically support construction of this facility a t  Los Alamos 
Scientific Laboratory; i t  will provide, a s  a by-product and on a noninterfering 
basis,  an abundance of r- mesons for  treatment of cancer and for other biomedical 
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investigations. Exploratory studies car r ied  out jointly by Dr. Chaim Richman 
of the Graduate Research Center of the Southwest, Dallas, Texas, and Dr. John 
Lawrence and Dr. Cornelius A. Tobias of the Lawrence Radiation Laboratory 
indicate that it is almost a certainty that 1 ~ -  mesons,  with their  s t a r  formation in  
deep-seated tumors  and minimal dose to the skin and intervening normal t issues,  
may offer a r ea l  advantage over presently available modes of treatment. 
work of both groups, at the Lawrence Radiation Laboratory and at the Los Alamos 
Scientific Laboratory, using these important tools for  investigation should yield 
much information of fundamental importance to the advancement of radiobiology. 

The 

In addition to these, other machines, such as the 200 BeV accelerator,  
will provide many unique radiations fop biologically oriented scientists to  use i n  
their  quest for new knowledge on the biological effects of radiation. Without a 
doubt, the information will provide a much f i rmer  basis  for assessing the sig- 
nificance of radiation protection standards. 
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PHYSICAL, GEOMETRICA.L, AND TEMPORAL FACTORS 
DETERMINING BIOLOGICAL RESPONSE TO HEAVY CHARGED PARTICLES - - .* -------- - 

Charles A. Sondhaus 

California College of Medicine 
University of California 

Irvine, California 

The biological response to any radiation depends not only on flabsorbed 
dose, but a l so  on its distribution within t issue in  both space and time. In this 
brief discussion, I would l ike to t ry  to summarize what physical measurements  
ought to be made with high-energy charged particles to specify the dose distribu- 
tion, and why. In order  to do this I want to concentrate on the basic phenomena 
that take place when a beam of high-energy charged par t ic les  interacts  with 
matter .  

To relate  these phenomena to the problem of what one should measure,  
we might s t a r t  by recalling that in  order  to character ize  an  exposure completely 
one must  know something about five quantities. In most  ca ses  it is possible to 
simplify or make assumptions about some of these, but when one is dealing with 
high-energy par t ic les  whose interactions a r e  l e s s  well known it is  important to 
know a s  much as possible. These five a r e  (a)  the accumulated absorbed dose; 
(b)  its time profile--i.  e . ,  the dose rate  and how i t  has varied over a period of 
t ime--  ( c )  the fraction or region of the body which has  been exposed; (d)  the 
depth-dose distribution; and (e)  the LET,  energy density, o r  any other informa- 
tion on a microscopic scale which cha.racterizes the nature of the local energy 
deposition. Obviously no one device can satisfy all these requirements.  

It would be desirable,  of course,  to have as rnany dosimetric devices as 
possible at different points on the body of a person who is likely to be exposed. 
One generally can ' t  do this, however; there  is often only a dose taken in air in  
the region to be occupied by the person, or  that measured in a volume of t issue-  
equivalent mater ia l ,  
proton case ,  as will be discussed shortly. 

The la t te r  alternative is particularly important for the 

A system of instruments could be designed to measure  fluence, o r  pref-  
erably fluence plus energy distribution, but in  general  even with a complete 
description of both fluence and energy distribution the computation of dose is 
quite complex, because i t  depends on so  many local circumstances.  Some of 
these a r e  the geometry of the exposure and i t s  variation i f  a person changes 
position near  a shield or  in the vicinity of a beam; the effects of angular inci-  
dence and self-shielding; and in particular the fact that we really don't have 
very accurate  physical data on the interaction propert ies  between high-energy 
radiation and t issue.  Historically, the roentgen unit w a s  introduced for low- 
energy y radiation just  to remove the necessity for such calculations; it does 
not represent  fluence nor even the amount of energy being t ransfer red  to t issue,  
but simply because of the difficulties In measuring those quantities,was defined 
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only in  t e rms  of the ionization that the beam w a s  producing in  air. La ter  on, 
when the constancy in  the amount of energy required to ionize gas molecules by 
photons of different energies was recognized, i t  w a s  possible to associate  the 
energy absorbed f rom the beam by air with both fluence and energy absorbed in  
t issue; the first one of these three quantities is now called exposure. 
energy charged-particle beams there  is no analogous quantity defined; thus 
difficulties at the start make j t  necessary  to re fer  to absorbed dose as much 
as possible. 

In high- 

One can  therefore summarize as follows: the measurements  a health 
physicist  needs to make must  aid i n  describing (a) the microdose,  which has  
been discussed in  detail during the l a s t  two days; (b )  what might be called the 
macrodose distribution; and (c )  the relationship of the field itself and of its 
parameters  of fluence and energy to the absorbed dose. 
present  special problems in  the case of high-energy charged par t ic les .  

Al l  three of these a r e a s  

F i r s t ,  l e t  u s  briefly consider the essent ia l  propert ies  of the interaction 
of high-energy par t ic les  with matter  and how they relate  to the interpretation 
of both macro -  and microdose distributions and their  consequent biological 
effects. Depending on the type and energy of the incident radiation, a complex 
spectrum of pr imary  and secondary par t ic les  is produced; these par t ic les  i n  
turn  produce very specific local energy density and dose distributions i n  the 
t issues .  
high-energy charged par t ic les  undergo when they pass  through matter .  The 
f i r s t  type is  nonnuclear and electromagnetic;  the energy of the par t ic le  is de-  
c reased  as it t r ave r ses  mater ia l  by interactions with the orbital  e lectrons of 
the a toms in  the t issue o r  shield. As a resu l t  the particle has  a range which 
depends on its initial energy, and the process ,  being random, is subject to 
fluctuations. 
on very thin dosimeters ,  the Landau effect, a l i t t le l a t e r  on. The resu l t s  of 
the f i r s t  type of interaction a r e  the familiar processes  of ionization, excitation, 
and heat  t ransfer ;  each event represents  a small energy loss. 
well descr ibed by the Bethe-Bloch formula,  as Dr. Robertson has  discussed. 
This formula breaks down at low energies  near  the end of the path of the particle,  
where i t s  charge var ies  due to e lectron pickup; i t  also breaks down at the point 
of maximum ionization, the Bragg peak. However, the phenomenon is  well 
enough understood to permi t  calculation of pr imary  dose. 
is actually deposited by this mechanism, e i ther  by the pr imary  charged par t ic le  
itself or by the secondary heavy charged par t ic les  which it in tu rn  produces 
through nuclear interactions;  the la t te r  a r e  the second type of interaction which 
the particle undergoes. (Elast ic  nuclear scattering may a l so  be grouped with 
the first type of interaction not involving nuclear phenomena; not much energy is  
lost ,  but it can be dosimetrically important in  the way i t  influences the angular 
distribution of the fluence. ) 

The process  begins with the two kinds of interactions that the pr imary  

Dr. Maccabee is going to discuss  the effect of these fluctuations 

The process  is 

The bulk of the energy 

The second type of interaction is an  inelastic collision of the heavy par t ic le  
with a nucleus of the absorbing mater ia l  ( for  neutrons, of course,  this is the only 
kind of interaction that takes place). The higher the energy of the pr imary  par t ic le  
the more  nuclear collisions wi l l  occur before it reaches  the end of i t s  range. 
example, in  a 150-MeV proton beam about 15% of the protons will have undergone 
inelastic nuclear collisions before stopping, according to an  est imate  by Strauch. 

F o r  
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These inelastic interactions produce a variety of secondary particles with dis-  
tributions of velocity and energy. These secondary particles in  turn interact  
with both nuclei and atomic electrons in the material ,  producing the extranuclear 
cascade. The cascade adds so much dose to that f rom the pr imary beam that 
it is a pr ime consideration both in the design of shielding and in  the dose d is -  
tribution in  t issue,  The probability of this second type of interaction is meas-  
ured by the attenuation or  removal c r o s s  section; a grea t  many measurements 
of it have been made with both protons and neutrons for a variety of elements. 

Figure 1 is a schematic indication of the three major types of inelastic 
and near-elastic collisions that can take place. 
quasi-elastic, and the multiple collisions. 
a r e  a lso depicted in  the figure. 
particle spectrum of secondaries i s  produced as shown in Fig. 2; this is merely 
a representative diagram (due to Strauch); not all these peaks a r e  present  in  all 
cases .  Close to the incident energy (Tinc) i s  the elastic peak of secondary pa r -  
t icles;  it is followed closely by a se r i e s  of peaks related to the shell s t ructure  
and energy levels in  the nucleus. 
due to excitation through a dipole state associated with photoproduction. 
further on, at a somewhat lower energy, the quasi-elastic peak is observed; it 
has  a width which depends on the momentum distribution of the nucleons in the 
target  nucleus. Finally, a rising continuum of cascade particles extends down 
either to 2 MeV (for a neutron interaction) o r  to the Coulomb ba r r i e r  energy 
for a proton interaction. 

These a r e  the elastic, the 
The nucleus and its energy levels 

Because of the three kinds of interaction, a 

Further  on, the peak denoted by Tinc-20 i s  
Still 

Figure 2 summarizes  all possible features of the secondary particle 
spectrum in a high-energy nuclear reaction, but the relative importance of 
these peaks depends on the energy of the incident nucl.eon and on the atomic 
number of the target  nucleus. 
a l s o  depend on the energy resolution and the experimental setup. 
of describing the angular distribution of the cascade particles and i t s  influence 
on dose, the processes  can be summarized as follows: (a) the secondary pa r -  
t icles due to near-elastic events peak rather  strongly in  the forward direction, 
s imilar ly  to those resulting f rom elastic scattering, (b) the quasi-elastic events 
produce a n  angular distribution which i s  similar to that f rom free nucleon- 
nucleon collisions; (c) the intranuclear cascade par t ic les  a r e  generally emitted 
in  the forward direction, the more so the higher the energy; and, finally, (d) 
the low-energy evaporation par t ic les  a r e  emitted isotropically, all in  the center - 
of -mass system. 

Whether any o r  all peaks were observed would 
For purposes 

The experimental resul ts  obtained in  a number of laboratories agree  
quite well with the general  features  of this model. 
ment by Hess and Moyer hkre in  Berkeley, is for  330-MeV protons incident on 
a carbon target. 
at the scattering angle of 40 deg. 
some Russian work at Dubna at about the same time (1959), which show a s imilar  
distribution: a quasi-elastic peak that dominates the secondary spectrum in 
light elements, and for the heavier elements an  intranuclear cascade becoming 
more  important. These spectra  of secondary particles have also been obtained 
for  neutrons, and they too show near-elastic and quasi-elastic peaks in the same 
way. Most of the measurements so  far have been car r ied  out a t  limited angles 

Figure 3, f rom an experi-  

This is a distribution of energy vs differential c r o s s  section 
It resembles  fairly closely the resul ts  of 

w 
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only, and a grea t  increase in uvefulness will occur when c r o s s  sections can  be 
obtained for a wider angular region. To summarize:  a par t ic le  beam passing 
through matter  undergoes a gradual energy lo s s  due to ionization and excitation, 
and will a lso be attenuated and scat tered by the nuclear interactions that result 
in  the production of these secondary particles.  The secondaries have energies  
ranging all the way f rom a few hundred keV to a la rge  fraction of the pr imary  
particle energy, and they may undergo further interactions that produce the 
cascade. The highly excited nuclei that have been struck lose  their  energy by 
evaporating off more  nucleons and heavier par t ic les  of much lower energy. The 
numbers and kinds of secondary par t ic les  depend on the composition and density 
of the absorber ,  and the nature,  energy, and charge of the incident particle. 
Not only secondary protons and neutrons, but a l so  electrons,  x, and y rays  are 
all produced, and a t  proton energies above about 350 MeV the production of 
mesons begins to occur. 

Although we a r e  here  considering only the production of secondaries by 
incident protons, the general features  of cascade phenomena hold equally well 
for  other charged particles.  Metropolis t reated this  phenomenon analytically 
a few yea r s  ago. Figure 4 plots his  calculation of the number of cascade pro-  
tons emitted per  incident proton for  a variety of ta rge t  materials.  
that although in the higher energy region the lower-A mater ia l s  emit fewer 
cascade particles,  they actually have a higher production ra te  than the higher-A 
mater ia l s  below 500 MeV. 

One s e e s  

Figure 5 shows a typical energy spectrum of secondary particles,  also 
due to Metropolis; this w a s  discussed by Wallace e t  al. at the 1962 Gatlinburg 
Symposium. It shows how the distribution of the emitted proton energies  runs 
all the way down to small values. Several other authors have a l so  t reated the 
evaporation phenomenon. Figure 6 shows the number of evaporation protons 
per  incident proton for different A, plotted against the energy of the incident 
proton o r  neutron. One sees  that the number of evaporation protons is fair ly  
constant at about a l - to-f  ra t io  over a fair-s ized energy range. The energy 
spectrum of evaporation par t ic les  has  usually been obtained by es t imat i ta  an 
excitation energy for the nucleus and treating it as if it were a source of thermal  
energy evaporating off the nucleons. The excitation energy is not very sensit ive 
to incident proton energy over several  hundred MeV. Figure 7, using data f r o m  
Moyer, shows the total neutron production per  proton striking a ta rge t  as a 
function of proton energy for four mater ia ls ,  the particle coming completely 
to r e s t  in  the target. 
o r  heavier particles.  

One can make similar est imates  for  neutrons, protons, 

The passage of high-energy protons is different f rom that of lower-  
energy ones, mainly because the high-energy ones survive far enough into the 
absorber  to have a reasonable number of these inelastic interactions take place. 
The cascade which resul ts  dominates the problem of predicting dose distribu- 
tions and certainly has a grea t  influence on the uniformity of the dose patterns 
that result. 
problem, both for shielding and for  dosimetry. 
idealized intensity-depth curve which resul ts  f rom the nuclear cascade i n  mate-  
r ia l ;  it is  taken f rom Shen, who made expqimenta l  studies of the cascade at 
the Brookhaven Cosmotron. 

A knowledge of the cascade is thus essential  to dealing with this 
Figure 8 shows the typical 

The thickness of the mater ia l  i s  on a l inear  scale,  - 
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whereas the intensity or  fluence is on a log scale. 
is usud ly  called the transit ion curve. 
represents  the detected component of the flux a t  some depth x in the absorber ,  
with To the total thickness of the absorber.  The point x is moving through a 
given 
behind. 
position, o r  the dose, or same other function of the fluence o r  component of 
fluence. 
mar i e s  alone; the detected component may or  may not include this part. 
curve may be regarded a s  made up of four regions, following Shen: (a) the pre-  
maximum, (b)  the approach, ( c )  the equilibrium, and (d)  the exit region. If the 
finite absorber  were infinitely extended in both directions up and down the beam, 
then the intensity-depth curve would no longer have this shape, but would instead 
be the straight line fdet(x, eo). 
except i n  this equilibrium region can be thought of as being due just  to the mis s -  
ing pa r t s  of the absorber  on either side. 
the forward-moving particles;  they would f i l l  the a r e a  between the curve and the 
straight line in  the approach and premaximum regions. 
missing r e a r  par t  fails  to supply the backward-moving particles,  o r  albedo, 
which would f i l l  the corresponding a r e a  in the exit region. 
shape f rom the straight line is called the transition effect; the f i r s t  two regions 
make up the entrance transit ion and the l a s t  one the exit transition. 
instead of having an absorber  of fixed thickness one were to use an absorber  of 
variable thickness and detect behind it, the dotted intensity-thickness curve 
fdedT) would result. The lower curve fdet(T) i s  derived from the upper one, 
fdet(x, To), simply by subtracting the albedo flux all the way back through the 
mater ia l  at every depth except in the exit region, where it is already absent. 

This intensity-depth curve 
In this figure the function fdet(x, To) 

absorber  and does not represent  adding absorber  i n  front with nothing 
This quantity can also be considered a s  proportional to the energy de- 

The dashed straight line fprim(x) represents  intensity due to the p r i -  
The 

The deviation of the actual curve from this line 

The missing front par t  fails to supply 

In a similar way the 

This deviation in 

If, now, 
- 

Four quantities a r e  of particular interest:  first, the location of the 
transition maximum, xmax, sometimes called the optimum depth; second, the 
cr i t ical  depth, where the value of fdet(xc) i s  the same as at the entrance fdet(0), 
and xc i s  some finite distance in  the absorber  where the buildup has  come down 
again; third, the buildup factor, which i s  the rat io  f et/fprim a t  any depth x, 
and fourth, the maximum-to-primary rat io  f ( x m d (  0). A quantity of particular 
interest  in  both shielding and dosimetry i s  the cri t ical  depth xc. F o r  example, 
for  monoenergetic pr imar ies  any shield thinner than the cr i t ical  depth would do 
more  ha rm than good, because the resultant fluence emerging from it would be 
greater  than the incident pr imary fluence. When one has a distribution of p r i -  
mary  particle energies,  then one has  to add a se r i e s  of such curves together 
and weight each one by the intensity in each energy interval. 
the maxima may smear  out sufficiently to mask the transit ion effect and resul t  
in  a continuously decreasing depth-dose profile; i t s  intensity will nevertheless 
be higher everywhere than pr imary  interactions alone would account for. 

In such a case  

Figure 9 shows some resul ts  of a computer program a t  LRL developed 
by Palmer Steward as par t  of the research  efforts centering around irradiation 
of mammals  in  a simulated space radiation field. The program was developed 
to calculate depth dose in  spheres of tissue for isotropically incident mono- 
energetic protons of various energies.  It is applicable to accelerator beams 
as well, since it a lso generates dose rate versus  depth in  a slab of water due 
to a normally incident, parallel  beam. Figure 9, for the parallel beam case,  

U 

201 



4 
shows the calculated dose ra te  in  rads  per  hour per  unit fluence of 10 
per  square centimeter per  second, for several  different energies. 
these are idealized curves for single particles,  and the height of the Bragg peak 
is subject to  all the qualifications discussed i n  previous papers.  
situation the finite number of particles,  the straggling, and other effects would 
bring this peak down. 
case,  however, where one has  par t ic les  entering f rom all directions, since for  
4 i ~  geometry things tend to  smear  themselves out. 

protons 
Of course 

In any rea l  

These correct ions a ren ' t  too important i n  the isotropic 

The spectra  and the number of cascade and evaporation protons were 
based on the Metropolis data mentioned ear l ie r ,  and approximate analytic ex-  
pressions for each contribution to dose ra te  were used. 
tion of secondaries was considered. Comparison of this code with some resu l t s  
of experiment as well as with other calculations, notably those of the Oak Ridge 
group, have shown that very l i t t le accuracy w a s  sacrificed. 
dose rate  deposited by protons in each of eight energy intervals was a l so  summed 
separately;  no multiplication by Q F  o r  any other factor was ca r r i ed  out. 
10 shows some resul ts  of the Oak Ridge code based on the Monte Car lo  method 
first s e t  up by Bertini. 
it sums not only the contribution of pr imary  protons but secondary and heavy 
par t ic les  as well, but when one converts the fluence-to-dose rat io  to the units 
of Fig. 9 they a r e  very close to each other for each of the energies  in  the Oak 
Ridge code up to 400 MeV. 

Only the first genera- 

At each depth the 

Figure 

This calculation w a s  made for a different mater ia l ,  and 

Figure 11 shows a comparison of the Oak Ridge code with experiment 
€or one case,  one of the few resul ts  with which it has  been possible to compare 
the code experimentally. It happens to be for neutrons, f rom Shal'nov's work 
in Russia. The experimental data are for  140-MeV neutrons incident in  water. 
The dose calculated for 100-MeV protons w a s  compared with the experimental 
data; though the energy was different, the agreement  is still close enough to be 
quite good. Figure 1 2  shows a comparison of the Berkeley code with experi-  
mental data recently obtained by Tanner and Baily on the 730-MeV beam; Dr. 
Baily has  done considerably more  work on this, which he will p resent  i n  a la te r  
paper. 
trast to Fig. 11, which was not normalized but was an  absolute comparison, the 
two curves in  Fig. 12 have been normalized at a depth of 1 cm. 
for  a clean beam without any energy degradation or interactions beforehand one 
sees  c lear ly  the steep buildup of dose, as the transit ion curve of Fig. 8 predicts. 
It can  be seen that the assumptions regarding the parameters  of the different 
kinds of intranuclear reactions have accounted for this transit ion fairly wel l .  
The important point is that if one makes the dose measurement  in  the beam and 
then puts a n  animal in  place of the dosimeter this buildup occurs.  The t rans i -  
tion effect provides at this energy an  increase of more  than 40% at maximum 
dose over that f rom the pr imary  beam alone at the surface; for  lower energies  
the same thing occurs  to a l e s s e r  extent. 

The agreement  is seen to be very close; it should be noted that in  con- 

In any case,  

Figure 13 shows the extent of disagreement between the simple model 
and some experimental data obtained with a beam that had been passed through 
a carbon target  of sufficient thickness to degrade the energy to  260 MeV by 
multiple nonnuclear (Coulomb) reactions. 
extraordinarily high Bragg peak, the experimental data did not show this peak, 

Although the calculations led to an  
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but instead showed that secondaries- -either gammas o r  neutrons --appeared to 
cause the curve of dose taken with an  extrapolation chamber to extend even 
further than the range of the pr imar ies  themselves. The initial buildup i s  still 
present,  although somewhat reduced. 

Isotropic fluence calculations were performed for a number of sphere 
sizes. Figure 14 shows the general assumptions made: the beam entered an  
element of surface in  an  a rb i t ra ry  direction and the dose was summed in an 
element inward along a radius f rom some point at the surface. Contributiom 
from the secondaries were taken into account by use of the so-called straight- 
ahead approximation and the simplifications that were mentioned above. 

Figure 15 shows that there a r e  three modes af dose deposition, depending 
on the volume of the t issue sphere and the energy of the incident particle. 
f i r s t  dose pattern is that i n  which the pr imary proton has energies too low for  it 
to c ros s  the sphere. 
center of the sphere but come to r e s t  before they get out of it. If one considers 
the dose as a function of the radius i t  is usually found that the c r o s s  contribution 
produces maxima with relatively higher dose a t  cer ta in  depths, depending, of 
course,  on both energy and the radius of the t issue sphere. 
occur only for  monoenergetic protons with no contamination by either neutrons 
o r  y rays. 
depth-dose pattern i s  its indication that large doses may occur in shells within 
the volume being i r radiated if  same segment of the surface has the proper 
curvature. 
the sphere does not produce ,any a reas  of high dose; a fairly flat  profile results.  
This l a s t  case i s  the one usually encountered in the 1a.boratory. 

The 

In the second type of interaction the particles pass  the 

These maxima 

In an i r regular ly  shaped animal the principal significance of this 

The third radiation pattern due to high-energy protons going through 

Figure 16 shows that for the 730-MeV beam about half the total dose in  a 
sphere of this radius is actually due to the secondary protons. 
such a s  250 MeV, there still is a substantial contribution f rom them. This pro-  
duces the second pattern mentioned above, with a peak at an intermediate depth. 
This peak i s  a smeared-out overlapping of Bragg pealcs; Fig. 17  shows that 
at 60  MeV the peak is quite obvious. 

At lower energies,  

Table 1 shows a sample breakdown of the total dose and the dose ra te  at 
different depths in  several  energy intervals for  60  MeV. 
intervals,  where the LET i s  highest, only a few percent of the total dose i s  pro-  
duced. The greatest  high-LET component of dose occurs  at a depth of 2 cm, 
just  before the Bragg peak, where the overlapping of Bragg peaks causes  the 
buildup to start. 
fairly evenly distributed in  depth. 

In the low-energy 

By contrast, in the 730-MeV case  shown in Table 2 the dose is 

A calculation by Schaefer, shown in  Fig. 18, i l lustrates  the important 
differences between the distribution of proton energies in  a solar f lare  extending 
to low energies,  and that of f ission-spectrum neutron recoil  protons; alm shown 
is the LET of protons plotted against their  kinetic energy. 
calculated by Schaefer, shows the difference between the LET distribution at the 
end of a proton track and that at the end of an electron track. 

Figure 19, a lso 

To conclude this brief and admittedly incomplete discussion of physical 
factors in  high-energy charged-particle exposures, we point out several  instances 
where biological response or  i ts  interpretation has  been influenced by them. 
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Figure 20  shows two examples of animal exposures in which a proton or a-particle 
beam was used to i r radiate  mice. The percent mortality i s  plotted as a function 
of the time postirradiation; the curves represent  data f rom several  hundred mice. 
For  protons, the predominant mode is a peak of ear ly  "gastrointestinal" death at 
4 days fo r  a dose producing 980/0mortality. For  250-kVp x rays,  a dose high 
enough to produce this same degree of mortality produces a peak of "hematopoietic" 
death, mainly occurring at 11 days. 
This distinct separation at 98yolethality is statistically significant. 
shows a dose-rate effect; decreasing the dose ra te  appeared to reduce the ear ly  
peak and shift mortality to  the la te r  mode. 

Alpha particles appear to produce both peaks. 
Figure 2 1  

In view of the calculations that we have just  mentioned, neither the change 
with dose ra tes  shown in Fig. 2 1  nor the mortality distribution shift seen in Fig. 
20 can be explained by LET differences. We believe that the explanation l ies  in  
the difference in microdose distribution in  the bone marrow cavity; x rays may 
produce electron secondaries in small  marrow cavities that can, a s  Spiers first 
showed in  1949-50, produce 5Oyohigher dose in marrow cavities of a few micra .  
Apparently this situation has always been present,  at leas t  at the lower -energy 
x-ray exposures, but does not prevail for  the protons. As will be shown in a 
la te r  paper, the dose at an  interface between mater ia ls  with different Z may 
differ, relative to the standard y-ray case,  for protons. 

Figure 22 shows the depth-dose pattern due to  solar f lare  protons, which 

This can also occur in  the vicinity of 
i s  seen to be very steep. 
nonuniformity, which is quite pronounced. 
accelerators.  Dr. Bond has covered this in  the first paper. Figure 23  shows 
Jackson's experiment, in  which he compared a uniform depth-dose exposure with 
a steeply varying exposure produced by a wedge fi l ter .  
and rats were compressed into cylinders and rotated in  front of the wedge to 
produce the steep pattern of depth dose; the LD50 value is shown. 

The important property of this distribution is the macro 

A cobalt source w a s  used, 

Figure 24 i s  f rom a study of maximum depression in  white blood cell  
count in primates,  made by Taketa e t  al. at NASA, Sunnyvale, in  collaboration 
with LRL. 
a r e  plotted a s  a function of the midline air dose, the protons appear to be 
relatively more effective. Figure 25,  in contrast ,  i s  in t e rms  of the absorbed 
dose at the midline of the animal (lithium fluoride dosimetry w a s  used.)  
that the gamma exposure was not entirely uniform but had the character is t ic  dip 
in the midline, whereas the proton exposure, due to the buildup of secondaries, 
w a s  actually higher in  the midline than at the edges, had the effect of reversing 
the apparent ratio of effectiveness of these two radiations. 

When the resul ts  for gamma-irradiated and proton-irradiated primates 

The fact  

In conclusion, then, i t  seems c lear  f rom the foregoing that the interpreta-  
tion of biological response to high-energy charged-particle exposure requires  
both caution and a considerable increase in  the exactness with which both gross  
and microscopic dose distributions must be described. In fact, this may be its 
greatest  challenge to the radiological protection specialist.  
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Fig. 19. Local  energy dissipation of protons and electrons i n  the t e rmina l  
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Fig. 23. ''Go dose distributions for 5O%lethdity in ra ts ,  for  uniform and 
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Table i. Total ( p r i m a r y  plus secondary) proton depth dose data for 60-MeV protons incident 
upon the 2.5 -cm-radius  sphere  of tissue-equivalent mater ia l .  

Depth 
( c m )  

0.2 

1.0 

1.7 

1.9 

2.0 

2.2 

2.5 

Total 
dose 
rate  

- 
711 

907 

1275 

15 19 

1526 

1374 

1337 

rad /hr  

proton/cm 2-,sec 
Dose ra te  per  energy interval 

Energy interval  

0 .02 -1  1-2 2-5 5 -10 10-20 20-40 40-80 80-m 
(MeV) 

6.84 7.06 21.6 36.0 70.5 150 4 19 0 

13.4 13.7 41.7 70.0 143.0 364 26 1 0 

27.6 28.4 85.6 144.0 300.0 690 0 0 

37.2 38.3 115.0 194.0 406.0 728 0 0 

1: 70 1.85 41.0 234.0 490.0 75 7 0 0 

1.50 1.71 5.50 7.40 492.0 866 0 0 

1.45 1.65 5.49 7.46 9.70 1310 0 0 

- - _ _ _ -  _ _ _ - - -  

Table 2 .  Total ( p r i m a r y  plus secondary) proton depth dose data for  730-MeV protons incident 
upon the 2.5 -cm-radius  sphere of t issue -equivalent mater ia l .  

Dose ra te  p e r  energy interval  
Depth dose 
‘cm) r a t e  Energy interval 

( MeV) 

0.02-1 1-2 2-5 5-10 10-20 20-40 40-80 80-m - _ _ _ _ _ _ _ _ - -  - - - -  
0.2 16 1 0.44 0.47 1.74 3.22 4.75 3.90 2.98 144 

0.5 165 0.52 0.55 1.98 3.57 5.26 4.53 3.62 144 

1.0 167 0.55 0.58 2.08 3.73 5.57 5.03 4.20 145 

2.0 169 0.58 0.61 2.16 3.87 5.81 5.42 4.71 146 

2.5 169 0.58 0.61 2.17 3.93 5.82 5.46 4.75 14 6 
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Ab s t r ac t 

Since fast charged par t ic les  lose energy in  mat ter  by a collision process  
which is discrete  and random, s ta t is t ical  fluctuations a r e  expected in  the energy 
loss  of such par t ic les  when t raversing "thin" absorbers .  The theory of ioniza- 
t ion fluctuations has been developed by Bohr, Landau, Symon, Vavilov and 
others ,  and has been verified by severa l  experimenters ,  including Maccabee and 
Raju. 
ticulate radiation, and thus significant fluctuations in  energy deposition a r e  to  be 
expected. We discuss  the application of the theory to  these cases ,  and the effect 
of energy-loss straggling on the Bragg peak of charged particle beams. 

Cells and thin dosimeters  acts  as thin absorbers  for many types of pa r -  

I. Introduction 

When energetic charged par t ic les  pass  through mat te r ,  they lose energy 
predominantly by a series of inelastic collisions with the electrons of the mate-  
rial, result ing in  ionization and excitation of the atoms of the material. 
the collisions a r e  discrete  and random, s ta t is t ical  fluctuations in  ionization a r e  
expected. 

Since 

In first approximation, the p r  bability of energy loss  E i n  a single e lec-  9 t ronic  collision is proportional to  E- . If this collision spectrum is summed 
over  all possible collision energy losses ,  we obtain a n  expression for the ave r -  
age l inear rate of energy loss  due to  ionization and excitation,gc The s tandard 
formula for this  quantity (for part ic les  heavier than electrons ) is: 

2 c  4 2  
- - - ;], d E  4ne  z NL [I. ~ 

E = -  7 7 - p  z mv 

* Note on electrons:  although many of the arguments presented here  are valid 
for e lectrons,  we consider only heavy charged par t ic les  in  the following treat- - ment. 
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where e =  

N =  
z =  
m =  

I =  
P =  
C 
z =  

z =  

v =  

6 
2 =  

electron charge, 
particle charge number, 
number of atoms per cm3 of material, 
atomic number of material, 
electron mass,  
partic le velocity , 
mean excitation potential of material E 13.5 2 (ev),  
particle velocity + speed of light, 
shell correction (negligible for protons > 1 MeV), 

density correction (negligible for protons < 1 GeV). 

This quantity is often called the stopping power S; i f  all the energy lost is "im- 
parted locally'' to the medium, then S i s  identical with L, the linear energy 
transfer (often denoted by LET). The product of the linear energy transfer and 
the particle fluence @ (the number of particles entering per unit area)  yields the 
energy imparted per unit volume, which may be multiplied by the density togive 
the absorbed dose. 

In a thin slab of matter (one in which the energy loss is small compared 
with the total kinetic energy of the particle) we can assume that the average en- 
ergy loss rate is approximately constant through the slab, and thus wr i te  for the 
average total energy loss 3 in thickness x :  

- 2  The E 
in a large energy transfer to an electron a r e  relatively r a r e  compared with 
small-energy-transfer collisions. 
large -energy-transfer collisions account €or a significant proportion of the total 
energy loss. 
collisions a r e  often called delta rays, In a thin absorber, the probable number 
of large -energy-transfer collisions may be so small that the random statistical 
variations in this number a re  relatively large, and result in significant fluctua- 
tions in the energy lost in this mode; thus fluctuations occur about the average 
total energy loss, z. 

dependence of the collision spectrum implies that collisions resulting 

Although they a r e  relatively infrequent, the 

The relatively high energy electrons resulting from these r a r e  

These fluctuations a r e  often called energy-loss straggling. 

11. Theory 

Since the fluctuations depend on the number of large -energy-loss colli- 
sions, a dimensionless parameter which provides an estimate of this number 
should be useful to characterize the distribution of total energy losses. Such a 
parameter, K (kappa), w a s  introduced by Vavilov in his exact theoretical t reat-  
ment of ionization fluctuations. 1 

2 where s = .thickness of absorber in g/cm = p x ,  
A = atomic weight of absorber, 
2 ,  z, and p are  as  defined above. 

As the absorber thickness increases and the particle velocity decreases, K in- 
creases,  corresponding to the increased number of particle -electron collisions 
in the highest collision-energy interval. The case of K >> 1 was treated in  1915 
by Bohr, 2 who found that the distribution of total energy losses is Gaussian, with 
variance given by W 
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(4) @ 2 = 0.157 sZz2/.A [in(MeV)2], 

and the most probable energy loss equals the mean. 

For tninner absorbers and higher particle velocities, K decreases and 
fluctuations become much more severe. The case of K S 0.01 was treated in 
1944 by Landau, who found a broad asymmetric distribution characterized by a 
long high-energy-loss "tail" and a most probable energy loss which is consid- 
erably less than the average. The full width of the Landau distribution at half 
maximum is  given by 

FWHM = 0.611 sZz2/A pz (in MeV), 

and the most probable energy loss is 

(5) 

There a re  many cases corresponding to intermediate value of K, i. e. ,  0.01 
S K C 1; these cases were treated approximately by Symon' in 1948, and exactly 
by Vavilov' in 1957. As might be expected, the energy-loss distri-  
butions for these cases form a smooth transition between the narrow symmetric 
Gaussian and the broad highly-skewed Landau distribution. The Vavilov theory 
is general, and includes the Gaussian and Landau distribution as its special 
cases. The numerical quadrature of Vavilov's rigorous but complicated solution 
w a s  performed by Seltzer and Berger5 in 1964. They provide a systematic and 
comprehensive tabulation of the Vavilov distribution in terms of the parameters 
K and p2, and furnish tables relating K and p2 to the absorber thickness and 
particle energy. 

See Fig. 1. 

111. - Experiment 

There is extensive experimental evidence for the validity of the Bohr and 
Landau theory of energy-loss fluctuations, but until recently there have been few 
data in confirmation of the more general Vavilov formulation. 
Raju have used solid-state silicon semiconductor detectors to measure the 
energy-loss distributions of protons up to 730 MeV and alpha particles up to 910 
MeV in order to verify the quantitative theory of ionization fluctuations over vir- 
tually the whole range of the significant parameter K (Ref. 6). 
detectors have several advantages for this type of measurement: their density 
(and thus their stopping power) is about a thousand times that of a gas, yielding 
that many more energy-loss collisions per unit path length. 
quired to create a charge pair in silicon i s  3.61 eV (approximately a tenth of the 
value for gas), yielding ten times as many charge pairs. The result of these 
properties is to improve the charge statistics and thus yield superior energy 
resolution. In addition, the semiconductor detectors have relatively uniform 
sensitive thicknesses, highly linear response, and short pulse duration. The 
method of the experiment is to pass a parallel monoenergetic beam of heavy 
charged particles (from an accelerator) through the detector and measure the 
pulse -height spectrum with a multichannel analyzer. 
by using standard sources. 6 Since the pulse height is directly proportional to 
the energy loss in the detector, the pulse-height distribution may be simply 
processed to yield the energy-loss distribution, i. e., a plot of relative prob- 

Maccabee and 

Semiconductor 

Also the energy r e -  

The system is calibrated 

w ability versus energy loss. 
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The results of a few of these experiments follow. Fi ure 2 shows the 
energy-loss distribution of 45.3-MeV protons in 0.265 g/cmZgsilicon (about Imm) 
with K = 2.23. 
most probable energy loss only 0.70J.less than the mean energy loss, and an rms  
deviation (a) of 145 keV, in agreement with the Bohr theoretical prediction. 

Figure 3 shows the energy-loss distribution of 910-MeV alpha particles 
(He2+ ions) in 0.206 g/cm2 silicon, with K = 0.318. 
ample of the intermediate values of K ,  in which the distribution is asymmetric, 
with the beginnings of a high-energy-loss tail, and a most probable energy loss 
which is significantly (6%) less than the mean. For this curve, the value of the 
f u l l  width at half maximum is 22% of the mean energy loss, in agreement with 
the prediction of the Vavilov theory. 

The distribution is very close to a symmetric Gaussian with the 
W 

This curve is a good ex- 

Figure 4 shows the e n e r y - l o s s  distribution resulting from 730-MeV pro- 
tons passing through 0.413 g/cm This is  a good ex- 
ample of the lower range of K ,  where the Landau theory is valid: the curve is 
highly asymmetric, with a long high-energy-loss tail, and a most probable energy 
loss which is 1870 less than the mean. The full width at half-maximum is 180 
keV, in agreement with the Landau theory. In general, there is very good agree- 
ment between the measured experimental energy -loss distributions and the 
Vavilov theoretical predictions over virtually the whole significant range of K 
(from K = 2.23  to K = 0 . 0 0 3 ) .  

silicon, with K = 0.021. 

Measurements of this type havy been performed in  gas detectors by 
several groups. 
theory for 37-MeV protons in 1957, and Rosenzweig and Rossi8 did a detailed 
study of energy-loss straggling for 5.8-MeV alpha particles in a variable- 
thickness proportional counter in 1963. 
Symon theory for K values from 0.11 to 3.56, provided that corrections were ap- 
plied for the effects of electron binding and delta-ray escape from their detector. 
Glass and Samsky have found agreement with the Vavilov theory of ionization 
fluctuations for protons of energy as low as 1 MeV in a gas detector equivalent 
to 0.5 micron of tissue. 
tuations can be applied to absorbers as small as  cells and their constituents. 

Gooding and Eisberg found good agreement with the Symon 

They found general agreement with the 

These results imply that the theory of ionization fluc- 

There i s  a limitation on the Bohr -Landau-Vavilov theory of ionization 
fluctuation, however. The theory is formulated in terms of continuum statistics, 
and thus depends on a large number of collisions occurring in at least the lowest 
collision-energy interval. Thus i f  the absorber is  so thin that the mean energy 
loss is not much greater (say a factor of 20)  than the mean excitation potential, 
there a r e  so few collisions altogether that continuum statistics a r e  invalid, and 
discrete Poisson statistics must be used. 
in this energy-loss region are  given by Rauth and Simpsonlo for 20-keV elec- 
trons and Morsel1 for 992-keV protons. 

Examples of measurements for solids 

IV. Applications 

It i s  generally accepted that one of the most important parameters for 
characterizing radiation effects is the absorbed dose. 
a r e  wide fluctuations in the energy loss for many cases of charged particles 
passing through thin absorbers, and thus we can expect fluctuations in the dose 
delivered by each individual particle. The result of this phenomenon can per- 
haps best be under stood by considering another important parameter of radiation 
effects, the local energy deposition. The effect of energy-loss straggling i s  
that, even for monoenergetic incident particles, the local energy transfer i s  not 
single-valued, but spread over a spectrum. The theory of ionization fluctua- 
tions can be used to predict the energy transfer spectrum, i f  corrections a re  
made for the energy that is not imparted locally. 

As shown above, there 

In fact, measurements of the 
W 
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type shown above are actually measurements  of the energy t ransfer  spec t rum in 
the detector. 

W 

There  is a factor that  mitigates the effect of energy-loss straggling to  
some extent: 
which are just  the collisions that produce the del ta-rays that are most  likely to 
escape the volume in  question. 
energy-loss tail of the spectrum to the low-energy-loss end. One way of e s t i -  
mating the effect  of del ta-ray escape is by c0mputin.g the t t res t r ic ted"  stopping 
power, i.e., the average energy-loss r a t e  due to all collisions whose energy is 
less than that of a secondary electron that can  just  escape the volume in  questio 

The la rges t  fluctuations a r e  due to the few highest energy collisions, 

The net effect is to  t ransfer  events f rom the high- 

The approximate formula for  the res t r ic ted  stopping power was given by Bethe: 12. 

2 4 2  2mv e6 

mv [In 12( 1 -p2 

- 2 r e  z NZ - - (7) 

where c6 is the energy of a delta-ray electron whose r ang%is  equ 1 t o  the di-  

It is c lear  that  biological cells  act  as "thin" absorbers  for most  forms  of 

mension of the specimen, and it is assumed that c6 << (2mv ) / ( i - p  .? ). 

parameter  K = 0.150 s (Z/A) z f (1-p t 2 4 c  ,/p ) z 0.15 ( S X ~ O - ~ )  0.5(0.98/4.4XlO-$= 0.08. 

particulate radiation, and that significant energy-loss fluctuations will occur in  
many cases .  For  example, consider 10-MeV protons t ravers ing  slab-like cel ls  
of 5-micron thickness. 
energy loss  in  the ce l l  will be bou 24 eV. With p z 1 g/cm and Z / A  0.5, 

Thus the Vavilov distribution holds, and the rnost probable energy loss  in  the cel l  
will be only about 82% of the mean, and the full width of the energy-loss distribu- 
t ion at half maximum will be 8 keV. 

In this  case dE/dx is 4.7 keV/microqand thus the mean 

Of course  most  cel ls  are not s l ab  shaped and most  incident radiations a r e  
neither monoenergetic nor parallel. Thus in  o r d e r  to es t imate  the t rue  dis t r ibu-  
t ion of energy deposition i n  the cell,  the energy-loss distribution must  be 
"folded int t  with the path-length distribution in  the cel l  and the effects of the dis - 
tribution of energies  in  the incident radiation, 

Several  experimental  methods have been developed to measure  the param- 
eters of dose quantity and quality in  m a s s e s  comparable to  that of the cell. 
Notable among these thin dosimeters  a r e  the t issue -equivalent ionization cham- 
be r s  and proportional counters i n  s lab  and cylindrical  geometry, and the system 
of spherical  microdosimeters  developed by Rossi  and his  colleagues. 13 Even a 
cu r so ry  examination of the resu l t s  of such experiments is  sufficient to  show that 
ionization fluctuation is one of the pr imary  factors  determining the shape of the 
measured  distributions, and that fluctuation theory should be applied in  the anal-  
ys i s  of the data. It should he remembered,  however, that  relative biological ef- 
fectiveness is probably only a slowly varying (e. g. , logarithmic) function of spe-  
cific ionization, and thus even fluctuations of energy loss  by a factor of 3 about 
the mean should not make a la rge  difference in  the resu l t s  of a biological expo- 
sure .  If an  energy threshold exists for a biological effect, however, , the effect 
of fluctuations should be m o r e  severe.  

Naturally, i f  there  are fluctuations of the energy lost  i n  a given small 
thickness,  one expects fluctuations in  the total  thickn.ess t r ave r sed  by par t ic les  
in  losing all their  energy. 
the cumulative effect of energy-loss straggling over a large thickness of absorber.  
Since there  a r e  a la rge  number of collisions at all energies,  the range distribu- 
t ion is approximately Gaussian: 

This phenomenon is called range straggling and is 

w 
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where P(R) is the probability of range R, K is  the mean range, and a: is the 
variance. 
and multiple scattering, and tabulate aR, which va r i e s  between 1 and 20Jof the 
mean range for protons of 300 to  2 MeV in light elements. 
range straggling and multiple scattering on a monoenergetic charged particle 
beam is to  broaden considerably the peak of the Bragg ionization curve. 
ical  explanation of this  effect i s  that  some of the par t ic les  a r e  stopping (andthere- 
fore ionizing heavily) while others still have enough kinetic energy to  t rave l  far- 
ther. The consequences of this  effect can  be clear ly  seen  in  Fig. 5, which shows 
the energy distribution of a 910-MeV alpha particle beam at the Bragg peak, and 
the corresponding LET values, as measured  by Raju.l5 Note that the modal 
energy at the peak is much higher than one might expect. This case,  along with 
our  measurements  on a 50-MeV proton beam and measurements  at the Harvard 
cyclotron, indicate that one can  use a general  rule  of thumb that the most  prob- 
able energy at the Bragg peak is about 10% of the initial kinetic energy. 

Berger  and Seltzeri4 give a more  thorough discussion of this subject 

The net effect of 

The phys- 
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DOSE EQUIVALENT AND FRACTIONAL CELL LETHALITY 

Stanley B. Curt is  
n' 

Lawrence Radiation Laboratory \" 
University of California, Berkeley, California 

In a situation in which there  i s  a potential hazard f rom radiation, it is 
important for  the health physicist to know what physical parameters  to  measu re ,  
how to  use  the measurements  to  a r r ive  at an  evaluation of the hazard,  and the 
limitations imposed on the accuracy of the evaluation by any lack of necessary  
biological and physical data. 
f i r s t  is a straightforward approach with the use of a dE/dx  o r  LET spectrum 
and the appropriate quality factor (QF) leading to a calculation of the dose 
equivalent (DE); the second i s  the concept of F C L  (fractional cell  lethality)- -the 
use  of inactivation c r o s s  sections t o  a r r ive  at the fractional number of cel ls  
inactivated in an organ. The advantages and disadvantages of each approach 
will be indicated. 
limitations and may find fruitful application in very different situations 

We consider he re  two methods of evaluation: the 

It should be mentioned at the outset that each has strong 

QF and dE/dx Spectra 

The standard method of evaluation i s  by means of a dE/dx  o r  LET spec-  
t r u m  coupled with a QF o r  quality factor.  
dE/dx  has been decided upon by the International Commission on Radiological 
Protection ! 
to  be a conservative extrapolation (i. e . ,  an upper limit) of experimental  RBE's 
down to low doses and dose ra tes .  

This factor  and i ts  dependence on 

The QF agreed upon by the RBE Committee of the ICRP i s  supposed 

The expression given' is 

QF = 0.8  t 1.6X L 

for  QF < 20. 
of MeV-cm2/g. 

Here L is the average dE/dx  of the radiation in  t issue in units 
We discuss how a more  real is t ic  QF might be used. 

The LET o r  dE/dx spectrum provides the information on the distribution 
of dE/dx in the absorbed dose. In what follows, it is assumed that 6-ray 
correct ions a r e  small and that the locally absorbed energy l o s s  per unit length 
may  be approximated by the total ionization lo s s ,  dE/dx, o r  LET,, as it is 
sometimes called in  the l i terature .  
dD, in t e r m s  of the differential energy spectrum of particles at the point, 
dN/dE, and the dE/dx,  L,  of particles with energy E: 

We first fo rm the differential dose element,  

dD = - dN L dE. 
dE 
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We now define a function, the dE/dx spectrum, F (L) ,  such that 

F(L)dL = dD. ( 3 )  

Equating the right side of Eq. 2 with the left side of Eq. 3 and solving for  F(L) 
gives an  expression for the dE/dx  distribution, 

cIN L 
dE dL/dE '  

F ( L )  = - - - (4) 

Because of the wide range of L present in many situations, it is 
convenient to  plot such distributions as a function o€ log L. 
give equal distances along the absc issa  equal weight, it is customary to  redefine 
the distribution as 

Thus, in order  to 

F ' ( L )  d(1og L)  = dD. (5) 

The corresponding function, F1(L) ,  is given by 

dN L2 F"(L) = 2 . 3 0 3 -  - 
dE dL/dE 

Examples of this function in various radiation environments are shown in 
Figs .  1, 2, and 3. Figure 11 gives thenormalized LET spectra  €or two so lar  
particle events behind two shielding thicknesses.  Figure la presents sharply 
falling initial momentum spectra  behind shielding of 5 g/crn2 of water .  
shows f la t ter  spectra  behind thinner shielding of 1 g /cm2 of water. 
init ial  total  fluence of protons relative t o  a part ic les  and M particles (ions of 
atomic number Z between 6 and 9) was held constant at values consistent 
with experiment.  The "spikes" in the spec t ra  occur at the point where the 
slope of the dE/dx-vs-E curve is ze ro  ( i .e . ,  dL/dE := 0; see  Eq. 6). This 
causes  F'(L) to  diverge.  
the r e s t  of the a r e a  and so contributes little to  the total  dose. 

Figure lb  
The 

The a r e a  under these spikes is smal l  compared with 

Figure 2 gives the dE/dx spec t rum for  galactic cosmic rays  at so la r  
minimum behind 0.2 g / cm2  water  shielding for  the various components. 
the wide range of dE/dx represented. 
contribution f rom each class of particles.  
getic charac te r  of the radiation. 
point of the dE/dx-vs-E curve.  

Note 
Here the "spike" is at the low end of the 

This is a resul t  of the highly ene r -  
The spike occurs  at: the minimum ionizing 

Figure 3 is an  example of a dE/dx spectrum f rom a negative pion beam 
in  the region where the pions stop and produce nuclear interactions.  4 Here the 
initial beam was assumed to  contain 25% electrons and 10% muons. Such beams 
a r e  presently being used to  explore possible radiotherapeutic applications, as is - 
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t o  be discussed la te r  in  this Symposium. 
kinds of particles a r e  indicated in the figure. 

The contributions f rom the various 

Dose Equivalent 

Now the straightforward approach consists first of measuring the dE/dx  
spectrum with a suitable instrument at the point of interest .  
type of device developed so  far i s  a Rossi-type ionization chamber.  6 - 8  In 
addition, the dose rate should be measured ,  since the severi ty  of biological 
effects produced in many radiation environments depends on the dose rate.  
Finally, the spectrum at the organs of mos t  interest  should be measured ,  since 
in many cases  there  is a strong dependence of the spec t rum upon depth within 
the body. With the above data and the la tes t  information f rom radiobiological 
experiments on the dependence of RBE o r  what is he re  called specific QF On 

Possibly the best  

dE/dx ,  for the organ and dose rate  under consideration, 
D E ,  o r  the equivalent x- ray  dose,  can be computed f rom 

Here the QF acts  a s  a weighting factor which weights the 

the dose equivalent, 

( 7 )  

higher dE /dx compo - 
nents m o r e  than those with lower dE/dx. 
forming this integral  that r e m  f rom different radiations a r e  additive. 

We make the implicit  assumption in 

Such a program might be ca r r i ed  out in  the following way. A plastic 
dummy, constructed of t i s  sue -equivalent ma te r i a l  and perhaps even with the 
bones in place, would be moved to the position where the radiation environment 
was to  be evaluated. 
inser ted into the region of the dummy where the spectrum was t o  be measured.  
The pulses received by the counter could be displayed on a pulse-height analyzer,  
o r  the spec t rum of pulse heights could be electronically differentiated, if 
necessary ,  for  subsequent analysis.  In addition, i f  the health physicist had at 
his disposal a loose -leaf notebook, containing the la tes t  up-to-date information 
(or ,  if you wish, best  guesses)  on specific Q F  for the various organs of in te res t  
and dose ra tes  of importance as a function of dE/dx, he could choose an  appro-  
priate dependence of this weighting factor  on dE/dx and calculate a n  approximate 
equivalent x- ray  dose (dose equivalent) in  r e m  f rom Eq. 7. 

A small easi ly  movable proportional counter would be 

Limitat  ions 

A s  in  any simplified approach t o  a complex problem, difficulties a r i s e  
Several  of the ma jo r  which, at present at least ,  a r e  not easi ly  surmountable. 

problems a r e  discussed briefly here .  
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1. Lack of organ localization 

A s  discussed by Bond9 at this conference] the m a r r o w  in the body i s  not 
at a constant depth, and so  a distribution factor must  be applied in  this case  a s  
another factor in the evaluation] and the advantage of placing the detector at 
various depths is to a la rge  extent nullified. Because of the different penetrat-  
ing power of different types of radiation, this factor evidently var ies  with the 
kind of radiation as well a s  with i ts  energy spectrum. Perhaps applicable 
factors will be developed which may  be adequate fo r  the suspected types of 
radiation environments to  be found around acce lera tors  (e g o  high-energy 
particles o r  neutron fluxes). A t  any rate  the lack 01 a unique position in the 
body for  the sys tem o r  organ complicates the assessment  of the appropriate 
dE/dx spectrum. Of course i f  enough detectors were available and properly 
placed, an "average" spectrum might be obtained, s o  that a reasonably 
accurate  dose equivalent could be calculated. 

2. Neutrons 

10 
A s  Barendsen has pointed out in this Symposium, neutrons may  pose 

a special  problem. A t  least  for human kidney cells i n  t issue cul ture ,  biological 
quantities such a s  RBE and oxygen-enhancement ra t io  (OER) cannot be predicted 
theoretically by using the calculated dE/dx spectrum and RBE-vs-dE/dx o r  
OER-vs -dE /dx curves obtained experimentally' '  with various charged par t ic les  

Although the reasons for  this discrepancy a r e  not c lear  at present,  a reason-  
able qualitative explanation i s  that  the very short  carbon, nitrogen] and oxygen 
recoils which occur  in the neutron iri-adiation a r e  more  effective per  unit dose 
(i.e, have a higher RBE) than par t ic les  with the same dE/dx  in the " t rack 
segment" experiments.  
measured  with charged particles to predict  biological effects f rom neutrons.  

having single -valued dE/dx  (the so-called "track segment" experiments).  12 

At any rate ,  one must  be careful in  using RBE's 

3 .  The significance of dE/dx as a biologically meaningful parameter  

As indicated] the measurement  of a dE/dx spectrum is not always 
sufficient to  determine the biological effects that will occur.  
particle in this  approach is assumed to  be a continuously varying quantity] 
whereas  in reali ty the particle loses  energy intermittently in varying, amounts 
over small distances,  and the dE/dx a s  calculated by the Bethe-Bloch formula 
i s  only an  average value over a sufficiently large number of collisions. 
shown by Maccabee in this Symposium, l 3  l a rge  fluctuations can occur in the 
energy loss over small distances.  
by biologically important molecules o r  portions of cel ls ,  can receive an energy 
deposition significantly l a r g e r  than that calculated by multiplying the standard 
dE/dx value by the t r ack  distance. 
o r  volume is of grea t  importance,  and undoubtedly a parameter  that is a function 
of both the s ize  of the biologically important volume and the amount of energy 

The dE/dx  of a 

As 

Suf€iciently smal l  volumes such as occupied 

The finite s ize  of' the important molecule 
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actually deposited in  that volume will emerge  a s  the relevant parameter  to  
descr ibe biological effects,  as has been suggested by Rossi .  l4 In any case ,  it 
is c l ea r  that the validity of dE/dx alone as a biologically important parameter  
is limited. 
because it is the best  we have. 
dE/dx  distributions --which a r e  so well-defined and calculable (and even roughly 
measurable)  and therefore  s o  pleasing to the physicist--fall into disuse a s  we 
find out more  about the mechanisms by which radiation damage manifests  
itself in biological systems.  

A t  present it should be considered a relevant parameter  only 
We should not be surpr i sed  i f ,  in the future,  

Fract ional  Cell  Lethality and Inactivation Cross  Sections 

The second method of hazard evaluation i s  at present more  speculative, 
This since few of the required data a r e  available at present for its utilization. 

approach lends i tself  mos t  readily to situations in  which accumulated i r reparable  
damage may become important,  such as in extended space flight outside the 
shielding provided by the ear th ' s  magnetic field. In addition, the approach 
employs the dE/dx distribution and s o  is open to  the c r i t i c i sm discussed in  
point 3 of the preceding section. 

This approach does eliminate the necessity of dealing with RBE's  o r  
QF 's ,  however, and substitutes the concept of a c r o s s  section, which is actually 
a probability. 
inactivation c r o s s  section, u, is the probability of inactivation of a ce l l  per  
incident particle per  cm2,  in  exact analogy to a nuclear  interaction o r  scattering 
c r o s s  section in  nuclear physics. 
and appears  to  be a universal  function of dE/dx. 
per  cel l  i s  then given by 

Thus the approach has an intrinsic appeal to  the physicist. The 

It i s  a function of the energy of the particle 
The number of inactivations 

N =  r G  u(E)dE. 
dE 

Cross  sections 
presents experimental  
kidney cel ls  in culture 

have been measured  fo r  few biological systems.  
data obtained by Todd15 on c r o s s  sections for  human 
of the type used by Barendsen. 

Figure 4 

The biological end point . .  

employed he re  was destruction of the colony-forming ability of the cel ls .  The 
experimental  resu l t s  a r e  explained by assuming two types of damage mechanisms,  
a single -hit i r revers ib le  mechanism described by u1 and a multihit revers ible  
mechanism described by cz. 
given energy is well described by the expression 

The survival curve fo r  a particle i r radiat ion by a 

2 were  S is the fractional survival,  N is the number of par t ic les  incident per c m  , 
and n can be interpreted as the number of hits necessary  to  inactivate the ce l l  
by the multihit mechanism. 

W 
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We now define the fractional cel l  lethality, l6 FCL, as 

F o r  low doses ,  it can be assumed that repara.ble damage is repaired 
and the multihit mechanism i s  not important. 
involved we have 

When an energy spec t rum is 

(11) 
-Nu] = - e - (dN/dE q dE F C L -  1 - e  

where flu1 is the number of inactivation hits by the i r r eve r s ib l e  mechanism. 
F r o m  Eqs.  2, 5, and 8 it is easy  to show that 

Here we note that without the factor u l /L  this integral  would just  be the dose. 
The factor q / L ,  then, becomes a weighting factor  which takes  the place of a n  
RBE o r  QF in the first approach. 
a rb i t r a ry  scale.  
curves  for  mammalian systems.  Thus we have replaced the RBE factor  o r  QF 
with another factor involving the probability for  inactivation. 
calculated f rom Eqs.  11 and 12 whenever the dE/dx spectrum can  be calculated 
and the inactivation c r o s s  section is 'known. lJnfortunately, few c r o s s  sections 
f o r  human cel ls  a r e  known, and none a r e  known for  the most  c r i t i ca l  organs of 
the body 

In F ig .  2, u l / L  i s  plotted against  L on an  
The shape of this curve' is strikingly similar to RBE-vs-dE/dx 

FCL can be 

After the fractional number oE cells inactivated is estimated for  a given 
organ, the final s tep  in  a hazard  evaluation is a determination of the degradation 
of organ function due to the est imated FCL. 
30% of the cel ls  of an  organ, say the eye,  a r e  inactivated. 
what this means in  t e r m s  of loss  of function of the eye. 
this a r e a  before this approach is feasible as a n  accurate  working means of 
hazard  evaluation. 

That is, suppose it is known that 

Much must  be done in  
It must  be determined 

Summary 

Two approaches to  the problem of radiation hazard evaluation have been 
examined. The first uses  the dE/dx distribution at the point of in te res t  and the 
best  curve f o r  RBE o r  QF vs dE/dx  fo r  the organ under consideration, with due 
regard  for  the dose ra te  involved. 
this  means is described. 
discussed. 
included to  account for  the nonlocalization of the organ o r  sys tem under considera 
tion. 
cer ta in  problems in the proper  weighting of neutron d E / d x  distributions. Finally, 

A technique for  car ry ing  out a n  evaluation by 

It appears  that in some cases  additional distribution factors  mus t  be 
Several  important difficulties to  this approach are 

Also ,  a separate  neutron detector should probably be included because of 

W 
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c e r t a i n  fundamental l imitations on the validity of the dE/dx  concept itself as a 
biological p a r a m e t e r  are discussed.  

In the second approach,  the fract ional  number  of cells inactivated ( F C L )  
i s  calculated with the u s e  of an inactivation c r o s s  section. 
rep laces  the RBE o r  QF. 
cells, however,  and there  is l i t t le  known about the cor re la t ion  of F C L  with 
organ  malfunction. 
which i r r e p a r a b l e  damage f r o m  radiation is allowed to  build up o v e r  a long 
period of t i m e ,  such as might  occur  on extended space flight. 

H e r e  the ra t io  r / L  
F e w  c r o s s  sections are  known at present  f o r  m a m m a l i a n  

This  approach m a y  find some application in si tuations in  
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( b) 

F i g .  1. Two examples of normalized dE/dx  distributions behind water  shielding. 
(a) Shielding thickness of 5 g / c m 2  f o r  a so la r  particle event with a s teep  
incident spectrum; (b) shieldingthickness of 1 g / cm2  for  a so la r  particle 
event with a flatter spectrum. 
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Fig. 3. The dE/dx  distribution of a contaminated negative pion beam a t  25.5 c m  
of water  in the stopping pion region, calculated for  an  incident Gaussian 
momentum distribution: l90* 5 MeV/c:. The ordinate i s  in MeV/(gXlogarithmic 
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ABSTRACT 

Measurements were made of t he  electron flux generated in effectively infinite 
A1 media by uniformly distributed sources of lg8Au and 44Cu. Above 100 kev t h e  shapes 
of t he  flux spectra are determined by the  integral  primary beta  spectrum. Between 
100 kev and 5 kev t h e  flux is constant. Between 5 kev and YO0 ev the  flux rises as 1/E 
and below 100 ev rises as about l/E3. On an absolute basis t he  experiment is in agree- 
ment  with the  Spencer-Fano theory above 10 kev but exceeds the theory by as much as 
a f a c t o r  of 4 a t  400 ev. The results w e r e  analyzed t o  obtain LET spec t r a  as well as 
K-shell and L-shell ionization, volume plasmon excitation, and electron-electron 
interaction yields. The conclusions drawn f r o m  the analysis were t h a t  electrons 
with energies less than 55 ev contribute as much t o  t h e  flux in LET space as do 
electrons with energies g rea t e r  than 55 ev, t h a t  electrons are nearly mono-LET 
particles,  and t h a t  volume plasmon excitation accounts for nearly all of the energy 
delivered t o  an aluminum medium by an electron slowing down in it. 

I. INTRODUCTION 

Previous experimental studies on electron flux spec t r a  in metals  have de te r -  
mined the  electron flux as a function of energy in media of intermediate(l9 2, and 
high(3) atomic numbers. I t  was desirable t o  extend these measurements t o  a medium 
ow low atomic number t o  more nearly approximate t i s s u e  equivalence in  order t o  make 
the  observations of more applicability to radiobiological problems. 
media of tissue-equivalent plastic were unsuitable because such mater ia ls  can with- 
stand neither t he  r e c t o r  irradiation used t o  act ivate  the  sources nor the  subsequent 
beta irradiation. 
instead. In previous studies little e f f o r t  has been devoted t o  determining how t h e  
energy was  absorbed o r  t he  relative importance (of t he  various energy regions with 
respect  t o  radiation effects. This w a s  due in p a r t  t o  the lack of cross  sections and 
stopping powers, e i the r  theoretical  or experimental. The r e c e n t  availability(4, 5 )  
of such fundamental da t a  in A1 led us t o  choose it as a slowing down medium over 
o the r  non-organic low-Z materials.  

Unfortunately, 

Thus, alloys of -99% A1 and 1% of e i the r  Au or Cu were used 

*Research sponsored by the  U. S. Atomic Energy Commission under con t r ac t  with 
Union Carbide Corporation. - 
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A very brief discussion of t he  theory of electron slowing-down is given in section 11. 
The electron spectrometer  and the source are described in section 111. Data corrections 
are discussed in section N and the  flux spec t r a  are given in section V. Flux spec t r a  are 
analyzed t o  yield LET spec t r a  in section VI. In section VI1 the  K-shell and L-shell ioni- 
zation, volume plasmon excitation, and electron-electron interaction yields are calculated 
using our data  and appropriate theoretical  cross  sections. Conclusions a r e  given in section 
VIII. 

11. THEORY 

A general theory of electron slowing-down has been presented by Spencer and Fano. (6) 
They modified the continuous slowing-down approximation t o  include secondary electrons 
produced by the few violent collisions experienced by the  primary electrons and t o  include 
the e f f ec t s  of bremsstrahlung. McGinnies(7) has tabulated the r e su l t s  of calculations 
using the  Spencer-Fano theory f o r  monoenergetic sources in various media. A simplified 
t r e a t m e n t  of the Spencer-Fano theory has  been given by Spencer and Attix(8) and reviewed 
by Birkhoff. (9) A modification of the Spencer-Attk t r e a t m e n t  which allows calculation 
by successive generations has been given by Hamm, McConnell, Birkhoff , and Berger. (10) 

The theory which we have used t o  compare with experiment was  obtained f r o m  the  
McGinnies tabulation. The slowin 

tain spec t r a  f r o m  these non-monoenergetic sources. 

down spec t r a  in aluminum f o r  monoenergetic sources 
w a s  weighted with the 64Cu and 19 5- Au beta spec t r a  and the r e su l t s  w e r e  summed t o  ob- 

111. APPARATUS 

The Keplertron, (’” 13) a spherical electrostatic-focusing spectrometer ,  shown 
in Figure 1 w a s  used t o  measure the electron flux. The Keplertron has  an. energy resolu- 
t ion of 6% and a transmission of 25%. Electrons leaving the source on the inner sphere 
are focused by an inverse-square electric field between the two spheres and detected 
using a Faraday cup and a vibrating-reed electrometer.  The Keplertron operates over 

Energy selection is accomplished by varying the  
outer  the enerr s p  ere potential. The sources used f o r  the measurements consisted of two parallel 
coaxial discs about 1 cm in diameter and 0.3 c m  apart .  The thickness of each disc was 
equal t o  the range of t he  electrons. Thus a plane between the  discs represented a plane 
in an infinite, homogeneous, isotropically irradiated medium. 
of these sources were shielded t o  prevent t h e  escape of electrons f r o m  these surfaces. 

range f r o m  1 ev t o  65 kev. 

The edges and outer  sides 

N .  DATA CORRECTIONS 

The expression used t o  obtain the experimental flux, y, in units of electrons zm-2 
ev-1 per primary cmm3 f r o m  the Faraday cup current  is 
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where T is the  electron energy in ev with respect  t o  the vacuum level and TB = EF -t 
'p where EF is t h e  Fe rmi  energy and cp is the  work function. The quantity 
(AARIeY represents  t he  product of the effect ive source area and solid angle seen by 
the Kep e r t r o n  and has a value of 0.402 cm2 steradians. The experimental fluxes 
were normalized by dividing by D, the disintegration rate ~ m ' ~  sec '. A correction 
is made €or the response of the spectrometer ,  operating at low energy, t o  t h e  high- 
energy electron components of t he  source. 
electrons with energy g rea t e r  than 40 kev produce a constant background cu r ren t  in 
the  Keplertron which is equal t o  the  cu r ren t  I(0) a t  zero sphere potential. The 
correction f o r  electrons of these energies is the  subtraction of t he  zero-potential 
currents  I(0) f r o m  the observed currents  I(T). 

- 

I t  has been shown experimentally t h a t  

The spurious background cu r ren t  due t o  electron components in  t h e  source 
having less than 40 kilovolts was  obtained as follows. Experimental studies of t h e  
line profile shape of the  Keplertxon fox monoenergetic electrons revealed a low- 
energy tail extending f r o m  t h e  line profile down t o  zero energy. This tail was 
typically about 0.15% of t h e  peak cu r ren t  in  t h e  line profile. (13) Thus, as shown in 
equation 2, t h e  incremental spurious cu r ren t  a t  energy TI is proportional t o  the  
incremental t r u e  cu r ren t  a t  energy T, where T is g rea t e r  than TI, 

dlspur (TI) = .  0015 dItrue(T) T >.TI. 

The integral  of t h i s  equation is shown as equation 3, 

40 kev 
I (TI) = .0015 dItrue(T) spur  T '  

(3) 

Now the spurious current a t  TI is equivalent t o  t:he product of t he  spurious flux a t  
TI and t h e  energy window of the  spectrometer  Tf/16. Also t he  incremental t r u e  
cu r ren t  is equal t o  the  flux at T multiplied by dT. If one makes these substi tutions 
as shown in equation 4, 

40 kev 

T '  
(T)dT "true yspur s 

T '  ( T 1 ) x =  .0015 

then the flux a t  energy T' is as shown in equation 5, 

The t r u e  flux is determined a t  every energy below 40 kilovolts by subtracting the  
spurious flux f r o m  the observed flux. The rat io  of t he  t r u e  t o  observed flux is 
designated as R(T) and is a multiplicative factor ,as  shown in equation 1. I t  varied 
f r o m  about unity near 10 ev and 40 kev t o  a minimum of 0.8 between 50 ev and 1 kev. 

V 
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A correction B(T) w a s  made f o r  t h e  energy barrier a t  the  :surface 
electrons must  overcome when moving f r o m  the  metal  into the vacuum. (' This 
correction ranges f r o m  22 a t  1 ev t o  1.1 at  1.4 kev. The spectrometer  de tec ts  only 
negative electrons when a negative outer  sphere potential is used. A s  a resul t ,  the  
primary positrons f r o m  the decay of 64Cu are not detected but t:he negative secondary 
electrons which they produce are. The f a c t o r  P(T) is a correction(l)  applied t o  the 
64Cu da ta  t o  raise t h e  primary p a r t  of the  experimental flux t o  t h e  value it should 
have if t h e  Keplertron detected positrons a s  wel l  as negatrons. A t  60 kev P is equal 
t o  1.5 arid below 100 ev is equal t o  unity. 
window of t h e  spectrometer.  This window is proportional t o  t h e  electron energy. To 
obtain the  current  per  uni t  energy, t h e  observed current  mus t  be divided by t h e  window 
width, T/16. A more complete discussion of these corrections may be found else- 
where. (1) 

hich t h e  

A final correction is made f o r  the  energy 

V. ELECTRON FLUX DISTRIBUTIONS 

Figures 2 and 3 show t h e  experimental fluxes as a function of electron energy. 
The spec t ra  have a shape which can be broken down into four regions. Above 100 kev 
the  shape is determined by t h e  integral  primary b e t a  spectrum. 
the  primary spectrum declines due t o  t h e  increase in t h e  stopping power. However, t h e  
decline is matched by an increase in t h e  number of secondary electrons in such a way 
t h a t  the flux is essentially constant down t o  about 5 kev. 

3 the  flux rises approximately as 1/E and below 100 ev the  flux rises more nearly as 1/E . 
Figures 2 and 3 also show the  Spencer-Fano theory. Both the  theory and experiment 
are shown on an absolute basis.  The experiment agrees very wel l  with t h e  theory above 
about 10 kev but exceeds the  theory by a s  much a s  a f a c t o r  of 4 a t  400 ev. 
why the  theory fai ls  t o  predict this large increase of low-energy secondaries. How- 
ever, it should be noted t h a t  the  theory is based on t h e  Mbller free-electron-scattering 
formula f o r  the production of secondary electrons. A s  a resul t ,  it accounts neither 
€or the large energy losses resulting f r o m  inner-shell ionization nor the injection of 
additional electrons due t o  t h e  Auger cascade following innersshell ionizations. 

Below this energy 

Between 5 kev and 100 ev 

I t  is not  clear 

VI. LET DISTRIBUTIONS 

A LET distribution of the electron flux w a s  obtained using t h e  relation 

y(T) dT = F(L) dL e (6 )  

Equation 6 s t a t e s  t h a t  the flux of y of electrons between T and T t dT must  equal the  
flux F of electrons between LET values L and L t dL. This equation may be solved f o r  
F(L) to obtain 

A T 1  
dL/dT F(L) = (7) 
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v. 4 - Values of dL/dT w e r e  obtained f r o m  the stopping powed4, 5 ,  f o r  aluminum shown in 
Figure 4. W e  have assumed t h a t  LET and stopping power are identical. While this 
does r e su l t  in some small  e r r o r  it does not e f f e c t  the conclusions we draw f r o m  the  
results. 
The solid line is a theory derived by R i t ~ h i e ( ~ )  which includes the electron-plasmon 
and electron-elec t ron  interactions in the  conduction band, and electron-electron 
interactions in the  L-shell. The points around 1 kev axe measurements made by 
Garber, Nakai, and B i r k h ~ f f ( ~ )  by comparison of t he  transmission of electrons 
through thin f i lms  of various thicknesses. 
a function of LET. I t  is composed of two contributions - one f r o m  electrons with 
energy g rea t e r  than 55 ev ( the energy a t  which the stopping power is maximum) and 
another f r o m  electrons with energy less  than 55 ev. 

1 roughly equal contributions t o  the  flux and decrease f r o m  lom9 electrons cm"2 LET- 
per  primary electron ~ m ' ~  a t  10 ev/cm t o  a high LET tail which has a value of about 
2 x electrons cm-' LET- per primary electron ~ m - ~ .  The peak a t  4.5 x 10 ev 
is due t o  the  shoulder on the  theoretical  stopping-power curve due t o  L-shell ionization 
which appears a t  about 300 ev. These data  verify the assumption t h a t  electrons are 
essentially mono-LET particles since the low LET flux is about 3 orders of magnitude 
above the  high LET flux. 

The dashed portion of the curve above 1 0  kev is the Bethe-Bloch theory. 

Figures 5 and 6 show t h e  electron flux as 

Both energy regions make 

7 
1 8 

VII. EXCITATION AND IONIZATION YIELDS 

The electron fluxes as a function of energy w e r e  used also t o  obtain the 
number of interactions per cm-3 per  primary electron cm-3 f o r  K-shell ionization, 
L-shell ionization, volume plasmon excitation, and electron-electron collisions. 
The number N of interactions cm-3 per  primary cm-3 is given by 

Tmax 

T t h  

N = y(T)h-' (T)dT, 

-1 whe e y is the  electron flux in units of electrons cm-3 ev per primary electron 
c m  
Tth is the  threshold energy f o r  the interaction. Equation 8 can be put  i n to  more 
convenient f o r m  by multiplying and dividing by T t o  g e t  

-5 , A-1  is the  inverse mean f r e e  path or  macroscopic cross  section in cm-l, and 

max E 

N = Ty(T)A-l (T)d(lnT) 

E t h  
(9) 

Further ,  if Ty(T)A-l(T) is plotted versus lnT, (14) an area under th i s  curve between 
any two energies T 1  and T 2  is equal t o  the  number of events occurring within the  
energy range T 2  - T1. The inverse mean f r e e  paths used in t h e  calculations are 
shown in Figure 7 as the solid lines. Values of N given in Table 1 were determined 
by graphical methods f r o m  plots  of Ty(T)h-I(T) a s  a function of log (T) as shown in 
Figures 8-10. A plot of Ty(T)h-l(T) as a function of log T f o r  electron-electron 
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Table 1 

-3 -3 pe r Primary Electron cm Interactions cm 

“-’..c,‘--*- Electron Source 

Interaction 
-... 

64 cu 98Au 
- ‘CZ.*- 

K-Shell Ionization 2.6 4.0 

L-Shell Ionization 266 324 

Volume Plasmon Excitation 17,420 18,320 

Y 
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interactions is shown in Figure 11. 'The excitation of a volume plasmon in aluminum 
requires 15 w; thus the  amount of energy expended in  exciting volume plasmons was 
260 kev f o r  t he  64Cu source and 275 kev f o r  the "'Au source. These can be compared 
with the  average energies of t h e  beta spec t r a  which are 230 kev f o r  64Cu and 315 kev 
for lg8Au. 

VIII. CONCLUSIONS 

In summary we have drawn f ive conclusions f r o m  our data. The electron flux 
in energy space can be divided into four regions: a region in which the  flux is de te r -  
mined by the  integral  primary beta  spectrum; a region in which the  flux is roughly 
constant;  a region in  which the  flux goes as El1; and a region in which t h e  flux goes 
as E-3. Theory and experiment are in good agreement a t  high energies, but t h e  
theory is much too low a t  lower energies. Electrons with energy below 55 ev con- 
t r i bu te  as much t o  the  flux in LET space as do electrons with energy greater than 
55 ev. A s  is generally assumed, electrons are essentially mono-LET particles. 
Finally, when an electron slows down in a metal ,  nearly all of t h e  energy goes 
ult imately into volume plasmon excitation. 
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points are t h e  experiment of Garber,  Nakai, and Birkhoff.  
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The peak m4.7 x 1 O8 ev/cm is entirely due t o  a discontinuity in the  slope of 
the  theoretical  stuppiiug power vs. energy curve due t o  L-shell ionization. 
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Figure 10. Volume plasmons excited in aluminum. Solid l ine 64Cu source,  dashed line 
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Y 
A J METHOD OF I N F E R R I N G  QUALITY FACTOR Jc 

USING THE BONNER SPECTROMETER* x r , q  

&- George R. Holeman 

Yale Univers i ty  
/ 

New Haven, Connecticut 

In t roduc t ion  

A s  t h e  use of  a c c e l e r a t o r s  increases, it i s  becoming 
inc reas ing ly  more important  t o  accu ra t e ly  determine t h e  dose 
equ iva len t  due t o  the  mixed, s t r a y  r a d i a t i o n  around acce le ra to r s .  
Mixed-radiation dosimetry i s  usua l ly  accomplished by one o f  two 
methods. I n  t h e  f i r s t  method, a t t e n t i o n  is focused on the  
r a d i a t i o n  f i e l d  i t s e l f  and measurements made of t h e  i n t e n s i t y  
and energy d i s t r i b u t i o n  o f  t he  var ious r a d i a t i o n  components. 
This information i s  then used t o  obta in  a desc r ip t ion  of t h e  
absorbed dose rate due t o  the  r a d i a t i o n  environment o r ,  f o r  
example, t o  compute the  dose equ iva len t  t o  ind iv idua l s .  The 
second method descr ibes  t h e  r a d i a t i o n  f i e l d  i n  terms of  i t s  
i n t e r a c t i o n  wi th  matter; a c t u a l l y  a sum over  t h e  complete 
energy d i s t r i b u t i o n  of  t he  f i e l d  is  obtained which r e s u l t s  
i n  a measurement of the  absorbed dose. 
l e g a l  purposes an eva lua t ion  of t he  r a d i a t i o n  f i e l d  i n  terms 
of dose equ iva len t  i s  des i red .  I n  o rde r  t o  ob ta in  the  dose 
equ iva len t  from t h e  f i r s t  method, t h e  appropr ia te  q u a l i t y  
f a c t o r s  are app l i ed  t o  the  i n d i v i d u a l  components, depending 
upon the  energy d i s t r i b u t i o n .  I n  the  second approach t h e  
composition and energy d i s t r i b u t i o n  a r e  n o t  known; t h e r e f o r e ,  
accurate q u a l i t y  f a c t o r s  cannot be  appl ied .  However, when the  
composition and energy d i s t r i b u t i o n  are unknown, it has been 
common p r a c t i c e  t o  ass ign  a conserva t ive  q u a l i  y f a c t o r  to t he  

a desc r ip t ion  of an approach which at tempts  t o  determine t h e  
first-coll ision dose, dose equivalent ,  and q u a l i t y  f a c t o r  for  
a given f i e l d  of mixed accelerator-produced r a d i a t i o n  which is 
predominantly neut rons .  

For Health Physics and 

r a d i a t i o n  f i e l d  t o  ob ta in  t h e  dose equiva len t .  7 This paper  is  

A 10-in.- diameter  polyethylene sphere conta in ing  a 
l i t h i u m  iod ide  c r y s t a l  has  a response approximating t h e  inve r se  
o f  t he  dose-equivalent curve f o r  neutrons from thermal ene rg ie s  
t o  a t  least  7 MeV: This d e t e c t o r ,  used t o g e t h e r  wi th  a Bonner 
o r  mult isphere spectrometer '  c o n s i s t i n g  of a ba re  d e t e c t o r ,  
cadmium-covered d e t e c t o r ,  2-, 3-, 5-, 8 3  and 12-in.  polyethylene 
sphe res ,  w a s  used t o  i n f e r  t he  q u a l i t y  factor  from d a t a  on 
accelerator-produced neutron r a d i a t i o n .  By c a l i b r a t i n g  t h e  
s i n g l e  10-in. s p h e r i c a l l y  moderated d e t e c t o r  wi th  a PuBe neutron 
source ,  t he  d e t e c t o r  may be used t o  measure t h e  dose equ iva len t  
d i r e c t l y  i n  mrem/hr. The computer program BON?r ' w r i t t e n  by 
t h e  Radiat ion Physics Divis ion,  HASL, USAEC, i s  capable of 
unfolding the  neutron s p e c t r a  using t h e  d a t a  from a mult isphere 
spectrometer.  BON also provides  t h e  rads/(n/cm2) and the  

* Work supported i n  p a r t  by the  United State:; Atomic Energy 
Commission and United S t a t e s  Publ ic  Heal th  Serv ice  Grant,  

u 3-TI-RH- 70-01-A1. 
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p a r t i c l e  f l u e n c e  i n  n/cm2. T h e r e f o r e ,  t h e  f irst-  
c o l l i s i o n  dose ra te  i n  r a d s / h r  may be  o b t a i n e d  and t h e  
q u a l i t y  factor  i n f e r r e d .  
Wright  Nuc lea r  S t r u c t u r e  Labora to ry  a t  Yale* p r o v i d e d  t h e  
d a t a  used  i n  t h i s  study.5 
were impinging upon a wa te r - coo led  aluminum t a r g e t .  

A r e c e n t  r a d i a t i o n  s u r v e y  of t h e  

During t h e  s u r v e y  19.2-MeV p r o t o n s  

I n s t r u m e n t a t i o n  and Method 

The i n s t r u m e n t a t i o n  used c o n s i s t e d  of  a 10- in .  
s p h e r i c a l l y  moderated d e t e c t o r  and a m u l t i s p h e r e  s p e c t r o -  
meter. The 10 - in .  s p h e r i c a l l y  modera ted  d e t e c t o r  c o n s i s t e d  
of a b L i  I (Eu) c r y s t a l  l o c a t e d  a t  t h e  c e n t e r  of a 10-in.- 
diameter p o l y e t h y l e n e  s p h e r e .  The a s s o c i a t e d  e l e c t r o n i c s  
was b i a s e d  t o  d i s c r i m i n a t e  a g a i n s t  gamma-ray background. 
The n e u t r o n  r e s p o n s e  of t h i s  i n s t r u m e n t  h a s  been d i s c u s s e d  
e x t e n s i v e l y  by Hankins. The n e u t r o n  r e s p o n s e  c l o s e l y  
approximates  t h e  i n v e r s e  of t h e  d o s e - e q u i v a l e n t  cu rve  and 
is compared w i t h  i t  i n  F i g u r e  1. From F i g u r e  1, it  can  be 
s e e n  t h a t  f o r  t h e r m a l  n e u t r o n s  t h e  r e s p o n s e  is n e a r l y  that 
o f  t h e  d o s e - e q u i v a l e n t  cu rve  (*  4 pe rcen t ) ,  and for fas t  
n e u t r o n s  t h e  r e s p o n s e  i s  w i t h i n  *15 p e r c e n t .  Above 7 t o  
1 0  M e V  t h e  r e s p o n s e  of t h e  d e t e c t o r  d r o p s  r a p i d l y  and t h e  
e r r o r  i n c r e a s e s  r a p i d l y  u n t i l  a t  1 4  M e V  t h e  r e s p o n s e  i s  
about  50 p e r c e n t  of t h e  dose  e q u i v a l e n t .  For accelerator- 
produced n e u t r o n s  below approx ima te ly  1 0  M e V  t h e  i n s t r u m e n t  
r e sponse  i s  r e p o r t e d 6  t o  be w i t h i n  * 1 5  p e r c e n t  o f  t h e  dose  
e q u i v a l e n t  . 
a c c e l e r a t o r  r a d i a t i o n  s h o u l d  b e  c a p a b l e  of r e spond ing  t o  
n e u t r o n s  o v e r  a wide ene rgy  r a n g e  depending  upon t h e  accel- 
e r a t o r  o p e r a t i n g  characterist ics.  Few n e u t r o n  s p e c t r o m e t e r s  
have  t h e  wide ene rgy  r ange  t h a t  i s  d e s i r a b l e ;  however ,  t h e  
m u l t i s p h e r e  s p e c t r o m e t e r  h a s  t h i s  d e s i r a b l e ,  wide e n e r g y  
range .  The s p e c t r o m e t e r  used  w a s  t h e  a r r a y  d e s c r i b e d  by 
Burrus  c o n s i s t i n g  of an unmoderated d e t e c t o r ,  one cove red  
w i t h  a 30-mil cadmium c o v e r , a n d  d e t e c t o r s  i n s i d e  2-, 3-, 5-; 8; 
and 12- in .  p o l y e t h y l e n e  s p h e r e s .  The detector assembly w a s  
composed of b L i  I (Eu) c r y s t a l ,  p l a c e d  a t  t h e  c e n t e r  of t h e  
v a r i o u s  s p h e r e s .  The s p e c t r o m e t e r  d a t a  w a s  u sed  t o  o b t a i n  
s o l u t i o n s  t o  t h e  homogeneous Fredholm e q u a t i o n  of t h e  f irst  
k i n d .  The e q u a t i o n  t o  be s o l v e d  i s  

b 

A n e u t r o n  s p e c t r o m e t e r  u sed  t o  a n a l y z e  s t r a y  

g (XI = ja k ( X , Y )  f ( Y )  dY, (1) 
where g (XI r e p r e s e n t s  t h e  measurement f r o m  which t h e  n e u t r o n  
spec t rum,  f Cy), i s  t o  be i n f e r r e d  and  k ( x , y >  i s  the  r e s p o n s e  
f u n c t i o n .  

V 

2t Opera ted  under  C o n t r a c t  AT-(30-1)-3223 w i t h  t he  Uni ted  
S t a t e s  Atomic Energy Commission. 
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The technique o f  ob ta in ing  s o l u t i o n s  t o  equa t ion  1 
by the method of i t e r a t i o n s ,  used i n  t h i s  pape r ,  was o r i g i n a t e d  
by S c o f i e l d 8  and Gold? Response matrices f o r  t h e  mul t i sphe re  
spec t romete r  have been publ i shed  by va r ious  a u t h o r s .  9 * 
However, t h e  va lues  we used f o r  t h e  response f u n c t i o n s  w e r e  
t h o s e  used by O'Brien,which were taken i n  a r t  from t h e  calcu-  
l a t i o n s  o f  Hansen and Sandmeieq'l McGuiref2 and Burrus? The 
response ma t r ix  used was 7 x 52 and ranges from 1 x l o a 2  t o  
1 .6  x l o 8  e V .  Figure 2 d e p i c t s  some of  t h e  response f u n c t i o n s  
used i n  determining t h e  mat r ix .  
u t i l i z i n g  t h e  above-mentioned 7 x 52 response m a t r i x ,  t a k e s  
t h e  seven p i e c e s  of d a t a  and solves  f o r  a log-log smoothed 
neut ron  spectrum by an i t e r a t i v e  method. 

BON, w r i t t e n  by O'Brien,3 

The s i n g l e  10-in.  s p h e r i c a l  det :ector  w a s  c a l i b r a t e d  
i n  mrem/hr by us ing  a one-cur ie  PuBe neut ron  source  wi th  a 
sou rce  s t r e n g t h  of 1 . 8  x l o 6  n / sec .  
inc luded  i n  t h i s  c a l i b r a t i o n  were those  recommended by t h e  
NCRI?I3  I n  a given neut ron  f i e l d ,  t h e  dose e q u i v a l e n t  w a s  
measured wi th  t h e  c a l i b r a t e d  10-in.  s p h e r i c a l  dosimeter.  A t  
t h e  same t i m e  t h e  a r r a y  of seven d e t e c t o r s  w a s  exposed and 
t h e  neutron energy spectrum obtained.  Using t h e  a p p r o p r i a t e  
conversion factors t h e  energy spectrum was converted t o  a first- 
c o l l i s i o n  dose ra te  i n  r a d s / h r .  Then from t h e  fo l lowing  
r e l a t i o n s h i p  t h e  neut ron  q u a l i t y  f a c t o r  was i n f e r r e d :  

The q u a l i t y  f a c t o r s  

where 

Q Fn 

QF(E) = 
c =  

/N(E)dE = 

( 2 )  
7 C / N  ( E 1 dE 

neutron q u a l i t y  f a c t o r ,  

energy- dependent conversion factor ,  
p a r t i c l e  f luence  ra te  t o  first- 
c o l l i s i o n  dose ra te  * 
q u a l i t y  factor ,  
average conversion f a c t o r ,  p a r t i c l e  
f luence  ra te  t o  f i r s t - c o l l i s i o n  dose 
rate, 
i n t e g r a t e d  neut ron  spectrum i n  n/cm2 
p e r  t i m e .  

The q u a n t i t y  /k(E)N(E)QF(E)dE w a s  ob ta ined  from t h e  c a l i b r a t e d  
s i n g l e  10- in .  d e t e c t o r ,  t h e  q u a n t i t y  C and /N(E)dE were ob ta ined  
by ana lyz ing  t h e  d a t a  ob ta ined  from t h e  mul t i sphere  spectro- 
meter. 
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Once t h e  neut ron  q u a l i t y  factor  w a s  known then  a 
t o t a l  o r  e f f e c t i v e  q u a l i t y  f a c t o r  w a s  c a l c u l a t e d  by t h e  
fol lowing r e l a t i o n s h i p  : 

DRm 

where QFT = t h e  e f f e c t i v e  o r  t o t a l  q u a l i t y  factor, 

DRn = f i r s t - c o l l i s i o n  neut ron  dose rate i n  

QFn = neut ron  q u a l i t y  factor,  

DEy = gamma dose e q u i v a l e n t  rate i n  mrem/hr, 

= dose ra te  of mixture  i n  mrad/hr. DRm 

mrad/ h r  , 

The q u a n t i t y  DE 
exposure ra te  measured w i t h  a gamma-sensitive survey  meter 
and assuming a q u a l i t y  f a c t o r  f o r  gamma o f  one. 

Awschalorn* ; however, he used a t i s s u e - e q u i v a l e n t  i o n i z a t i o n  
chamber i n  conjunct ion  wi th  a mul t i sphe re  spec t romete r  t o  
o b t a i n  h i s  absorbed and f i r s t - c o l l i s i o n  doses ,  and a d i f f e r e n t  
method of i n f e r r i n g  t h e  q u a l i t y  f a c t o r ,  

used i n  equat ion  3 was ob ta ined  from t h e  
Y 

A similar technique  has r e c e n t l y  been r e p o r t e d  by 

Results  

F o r  c a l i b r a t i o n  purposes t h e  q u a l i t y  f ac to r  o f  a 
one-cur ie  PuBe neut ron  source  w a s  determined,  The neut ron  
energy s p e c t r a  and dose e q u i v a l e n t  were measured bo th  a t  
1 7  c m  and a t  9 1 . 4  cm.  Figure 3 i s  t h e  neut ron  s p e c t r a  
ob ta ined  a t  t h e s e  l o c a t i o n s  and compares the  s p e c t r a  w i t h  
t h a t  o f  Stewart . '4 There seems t o  be a reasonable  agreement 
between t h e  mul t i sphere  and S t e w a r t ' s  s p e c t r a  cons ide r ing  t h e  
l a c k  o f  d e t a i l  of the  log-log smoothed curve and the wide 
energy range. Table 1 is a comparison between t h e  p rev ious ly  
c a l c u l a t e d  q u a l i t y  f a c t o r  of D i s t e n f e l d l  
by t h e  mul t i sphere  technique.  

and t h o s e  determined 

Recently t h e  Yale MP Tandem Van de Graaff accelerator 

and a t  t h a t  t i m e  a r a d i a t i o n  su rve  w a s  made t o  
m e t  and exceeded design s p e c i f i c a t i o n s  f o r  beam i n t e n s i t y  and 
energy,16 
e s t a b l i s h  t h e  e f f e c t i v e n e s s  of t h e  s h i e l d i n g 3  
survey t h e  a c c e l e r a t o r  w a s  producing a 10-uA pro ton  beam a t  

During the 

Y 
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Tab le  1 

-~~ ~ 

PuBe Quality Factor 

Method Quality Factor 

Calculated 

Multisphere, 1 7  c m  

Multisphere, 9 1 . 4  c m  

7 . 5 5  

7*3 

8.5 

2 59 
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1 9 . 2  M e V  which w a s  a l lowed t o  s t r i k e  a wa te r - coo led  aluminum 
t a r g e t .  
s t o p p e d  i n  a t a n t a l u m - l i n e d  Faraday cup l o c a t e d  i n  t h e  
a c c e l e r a t o r  v a u l t .  F i g u r e s  4 and 5 show t h e  l o c a t i o n s  where 
measurements were made. F igu res  6 and 7 d e p i c t  t h e  n e u t r o n  
energy  s p e c t r a  o b t a i n e d  from t h e  m u l t i s p h e r e  t e c h n i q u e .  
Table 2 i s  a l i s t i n g  of q u a l i t y  f a c t o r s  o b t a i n e d  where t h e  
n e u t r o n  energy  s p e c t r a  were u t i l i z e d  t o  c a l c u l a t e  the  i n f e r r e d  
q u a l i t y  f a c t o r s .  

Some measurements were a l s o  made when t h e  beam was 

D i s  c u s s  i on 

When de te rmin ing  t h e  n e u t r o n  ene rgy  s p e c t r a  o f  
t h e  PuBe n e u t r o n  s o u r c e ,  t h e  main d i f f i c u l t i e s  were over-  
coming t h e  problem of o b t a i n i n g  good geometry and minimizing 
t h e  effect of scatter. The d i s t a n c e  1 7  c m  w a s  chosen t o  be 
t h e  same as t h a t  of S t e w a r t ' s ,  and t h e  d i s t a n c e  9 1 . 4  c m  w a s  
chosen as an  a t t e m p t  t o  overcome t h e  e f f e c t  o f  v a r y i n g  s o l i d  
a n g l e  sub tended  by t h e  d e t e c t o r  and v a r i o u s  modera to r  a r r ange -  
ments. When t h e  two s p e c t r a  ( a t  1 7  and 9 1 . 4  c m )  are compared 
w i t h  a no rma l i zed  S t e w a r t  spec t rum t h e y  b o t h  a g r e e  q u i t e  w e l l  
between 5 x l o 5  and l o 7  eV w i t h  t h e  d i f f e r e n c e , v a r y i n g  from 
a f a c t o r  o f  1 t o  approx ima te ly  7 f o r  t h e  17-cm spec t rum and 
from 1 t o  approx ima te ly  6 for t h e  91 .4-cm spec t rum.  

The r e a s o n  f o r  t h e  q u a l i t y  f a c t o r  a t  l o c a t i o n  1 4  
h a v i n g  a v a l u e  as h i g h  as 1 5  i s  n o t  clear.  The h i g h  v a l u e  
may be due t o  s e v e r a l  r e a s o n s ;  however,  t h e  most l i k e l y  seem 
t o  be e i t h e r  machine i n s t a b i l i t y  a t  h i g h  v o l t a g e  o v e r  pro-  
longed  p e r i o d s  due t o  l a c k  of s u f f i c i e a t  c o n d i t i o n i n g ,  or 
t h e  o v e r - e s t i m a t e  of dose e q u i v a l e n t  o f  t h e  1 0 - i n .  s p h e r i c a l  
d o s i m e t e r  due t o  a preponderance  o f  i n t e r m e d i a t e - e n e r g y  
n e u t r o n s .  

I t  i s  a l s o  of i n t e r e s t  t o  n o t e  t h e  d i f f e r e n t  q u a l i t y  
f a c t o r s  f o r  l o c a t i o n  11, f o r  t h e  two c o n d i t i o n s :  beam s t r i k -  
i n g  t a r g e t  i n  t a r g e t  room 1 and beam b e i n g  s t o p p e d  i n  t h e  
Faraday cup i n  t h e  a c c e l e r a t o r  v a u l t .  The i n c r e a s e  i n  q u a l i t y  
f a c t o r  from 1 t o  9 i s  due t o  t h e  l a r g e r  p r o p o r t i o n  o f  fas t  
n e u t r o n s  r e a c h i n g  t h e  m o n i t o r i n g  l o c a t i o n  when t h e  beam is  
s t o p p e d  i n  t h e  a c c e l e r a t o r  v a u l t .  

The method d e s c r i b e d  above f o r  d e t e r m i n i n g  t h e  
i m p l i e d  q u a l i t y  f a c t o r  of n e u t r o n s  seems t o  be a f e a s i b l e  
approach.  Some of t h e  advan tages  of t h i s  approach  are: 
(1) t h e  q u a l i t y  f a c t o r  i n f o r m a t i o n  is  a by-product  of 
o b t a i n i n g  dose e q u i v a l e n t  and energy  s p e c t r a  a t  a g iven  
l o c a t i o n ,  ( 2 )  time-consuming c a l c u l a t i o n s  are performed 
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T a b l e  2 

I n f e r r e d  Q u a l i t y  F a c t o r s  

Yale MP Tandem Accelerator 

N e  u t  r o n  To ta l  
Q u a l i t y  F a c t o r  Q u a l i t y  F a c t o r  Locat ion*  

1 
2 

4 
5 

6 
a- v 

11 
11- v 
12 
14 
16 

4.1 
3.2 
3.4 
9.8 
2.1 
3.7 
1.0 
8.9 
6.5 

15.0 
10.0 

*See F i g u r e s  4 and 5 f o r  l o c a t i o n s .  

The l o c a t i o n s  w i t h  a "-V" i n  t h e  n o t a t i o n ,  
i n d i c a t e s  t h a t  t h e  beam w a s  b e i n g  s t o p p e d  
i n  t h e  Faraday CUP l o c a t e d  i n  t h e  a c c e l e r a t o r  
v a u l t  . 

1.5 
2.3 
2.3 
4.3 
1.3 
3.1 
1.0 
7.1 
5.2 
1.5 
2.0 
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by computer,  and ( 3 )  cove r s  wide ene rgy  r ange  f r o m  thermal 
e n e r g i e s  t o  7 o r  1 0  M e V  and t h e  ene rgy  r ange  can be ex tended  
w i t h  a d d i t i o n a l  d a t a  p o i n t s  u s i n g  l a r g e r  s p h e r e s .  Some of 
the  d i sadvan tages  are: (1) accuracy  above 7 t o  1 0  M e V  is 
q u e s t i o n a b l e ,  ( 2 )  program errors i n v o l v e d  are n o t  too w e l l  
unde r s tood ,  (3) s p e c t r a  v o i d  of d e t a i l  and o t h e r  methods 
are d e f i n i t e l y  be t t e r  when o n l y  fast n e u t r o n s  between 
0 .5  and 1 0  M e V  are p r e s e n t ,  (4) p r e s e n t l y  c a l i b r a t e d  w i t h  
PuBe b u t  a d d i t i o n a l  c a l i b r a t i o n  p o i n t s  s h o u l d  be o b t a i n e d ,  
( 5 )  l o n g  t i m e  needed f o r  complete  su rvey  of accelerator 
l a b o r a t o r y  and changes i n  beam characteristics d u r i n g  t h i s  
t i m e  w i l l  a f fect  s u r v e y  r e s u l t s ,  and (6) fast  computer 
needed t o  a n a l y z e  s p e c t r a .  

From t h e  data i n  Table 2 i t  appea r s  t h a t  a q u a l i t y  
f a c t o r  o f  5 c o n t a i n s  adequa te  s a f e t y  f o r  t h e  r a d i a t i o n  f i e l d s  
o u t s i d e  t h e  a c c e l e r a t o r  v a u l t  and target areas. Although 
a q u a l i t y  f a c t o r  of 1 0  i s  recommended f o r  f i e l d s  where the  
n e u t r o n  s p e c t r a  are unknown, t h e  s h i e l d i n g  employed i n  t h e  
Wright  Nuc lea r  S t r u c t u r e  Labora to ry  appea r s  t o  s u f f i c i e n t l y  
degrade  t h e  n e u t r o n  energy  t o  j u s t i f y  use  o f  an  a v e r a g e  
q u a l i t y  f a c t o r  of 5, 
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Figure 1. Calculated response o f  a IO- in .  s i n g l e -  
sphere instrument versus  energy (from 
referefice 1). NBS refers to r e f e r e n c e  1 3  
and ICKP refers t o  r e f e r e n c e  1 7 .  
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Figure 2 .  Response f u n c t i o n s  f o r  t h e  mult i sphere  
spectrometer ( r e f e r e n c e s  3 and 1 2 ) .  
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Figure  5 .  S e c o n d - f l o o r  p l a n  of Yale Wright  Nuclear  
S t r u c t u r e  Labora tory  showing moni tor ing  
l o c a t i o n s .  
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REGULATIONS AND RESPONSIBILITIES 

Walter S .  Snyder 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

The definition of health physics or ,  alternatively, the question of the 
proper  role and function of the health physicist, seldom fails to arouse a lively 
discussion whenever the topic is  ra ised in  a group of cognoscenti. Even among 
those closely concerned with this discipline, the image of the health physicist 
ranges f rom that of an individual who is concerned with taking routine measure-  
ments and comparing them slavishly with numbers in  a handbook to an  Olympian 
individual who untangles the almost  inextricably complicated web of benefits and 
r i sks  and, having balanced them, legislates the proper procedures for protect-  
ing individuals and even the human race  against the d i res t  consequences. If an 
official definition is needed, the founding fathers  of the Health Physics  Society 
have provided one, ' and it c lear ly  indicates that, in  their  view, health physics 
includes the scientific and professional aspects  of radiation protection as well 
as all levels of the technological disciplines involved. in carrying out radiation 
protection programs.  I intend to discuss  my subject f rom this broad point of 
view; that is, to consider a health physics program as including professional 
as well as technological aspects  and to outline these broadly, but with special 
attention to  a radiation protection program for an accelerator  facility. Thus, 
while the day-to-day monitoring and advising that constitute so la rge  a fraction 
of the working effort  in  a health pliysics program wi l l  not be ignored, the p ro -  
fessional aspects  a l so  will  be noticed. A profession is considered here  to con- 
sist of the pract i t ioners  of a technical discipline whose exercise  involves a 
la rge  measure  of judgment and in  which the practi t ioner has  an obligation to 
ac t  and make decisions even though all uncertainty is not resolved, and fur ther  
has  the obligation to ac t  in the in te res t  of others  not SO technically competent 
as himself in  this discipline. I believe this statement is  a reasonably accurate 
general  statement of the health physicists ' responsibilities, and consequently I 
view health physics as a profession i n  the same sense as medicine or  law a r e  
so considered. 

The formal  or  quasi-legal aspects of a health physics program will be 
considered first. These consis t  i n  establishing a program by which the recom-  
mendations or  requirements of various authoritative bodies a r e  implemented s o  
far as possible, These requirements  range f rom the recommendations of the 
ICRP and NCRP,  which a r e  advisory in character ,  to the formal  and legal r e -  
quirements of the FRC, of various state o r  local governments, or of manage- 
ment. These recommendations and guides operate with varying degrees  of 
force in determining the health physics program, but those of the ICRP a r e  
perhaps typical of the general  nature of such guidance and i t  is essentially the 
ICRP's recommendations which wi l l  be used here  to i l lustrate  my thesis. 
These recommendations a r e  ra ther  general  in nature, and give the health phys- 

~ i c i s t  g rea t  latitude in planning and carrying out his  program. Obviously, at 
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the working level these general recommendations will be replaced with much 
more detailed and specific procedures and rules which will vary greatly with 
the type of facility and the operating program. 

The ICRP uses dose equivalent (DE) as the basic concept by which radi- 
ation exposure is evaluated. 
occupational exposure as formulated in Publication 9, 

Table 1 contains the basic recommendations for 
page 14. 

Table 1. ICRP: Summary of dose limits for individuals. 

Maximum 
permissible doses 
for adults exposed 
in the course of 

Dose limits for 
members of the 

Organ or tissue their work public 

0.5 r e m  Gonads, red 5 rems 
bone -mar row in a yeara in a year 

b Skin, bone, 30 r e m s a  3 rems 
in a year in  a year thyroid 

Hands and 
for ear  ms. ; 75 r e m s a  7.5 rems 
feet and ankles in a year in a year 

Other single 15 r e m s a  1.5 rems 
in a year organs in a year 

a. 
57, up to one-half of the annual dose limit, or one-half 
of the annual permissible dose commitment, may be 
accumulated in any period of a quarter of a year (see,  
however, special recommendation for women of repro- 
ducdve capacity -paragraph 62). 

Subject to the limitations given in paragraphs 54 and 

b. 
16 years of age. 

1.5 rems in a year to the thyroid of children up to 

These general cri teria will be discussed now in slightly more detail, keeping 
in mind the context of a health physics program for an accelerator operation. 

The limits in  Table 1 a r e  to be averaged over a year, but the Commis- 
sion also limits individual doses. 
permits half the annual limit to be received in any one quarter except in very 
special circumstances. 
in a short period of time. 
Planned Special Exposures, doses up to twice the annual limit may be given, 

Thus, for occupational exposure, it only 

It discourages permitting two such exposures to occur 
Under these special conditions which a r e  defined as 

W 
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but this is further limited by requiring that the total occupational dose to gonads 
o r  red bone marrow accumulated by the individual in his  entire ca ree r  not ex- 
ceed the formula 5 ( N  - 18), where N is his age in  years.  
substantially the same flexibility a s  was permitted previously. 
a l so  considers that doses of up to five t imes the annual l imits  may be received 
in  very exceptional cases ,  but that these should not occur more than once to any 
individual. 
stances under which such exposures a r e  permitted. 
to indicate that there  is  considerable flexibility possible within the recommenda- 
tions and to r e fe r  the reader  to the text for details. 

This provides for  
The Commission 

It is not the intention here  to attempt to give in  detail the c i rcum-  
Rather, the intent is only 

In general, doses a r e  to be averaged over the organ o r  t issue of interest .  
Conventionally, the r ed  bone marrow is taken to be a t  a depth of 5 cm below the 
surface of the body. F o r  accelerator  radiation of grea t  penetrating power the 
depth-dose curve is usually ra ther  flat  except when. a monodirectional and mono- 
energetic beam occurs,  with the Bragg peak present  in  the body. Such a case  
i s  shown in Fig. 1, which is taken f rom Turner e t  al. In Fig. 2 is the c o r r e -  
sponding depth-dose distribution €or an isotropic source of monoenergetic pro-  
tons, and the Bragg peak i s  not in  evidence because of the averaging over depth 
which resul ts  f r o m  the spread of the angular distribution. It i s  c lear  that the 
peak will not be in  evidence in the depth-dose curve if the source has  a continu- 
ous energy spectrum o r  a continuous angular distribution, o r  i f  the body moves 
substantially during the exposure. The peak might be present  i f  one adjusted a 
target  by sighting into the beam. 
depth-dose curve would seem to be the better approximation to the actual si tua- 
tion. The health physicist should consider what cases ,  i f  any, warrant an es t i -  
mate of dose based on the peak. The dosimetric significance of bone a s  con- 
t ras ted with soft t issue is discussed by Turner e t  al. i n  another paper of this 
symposium. 
present in  monoenergetic electron. beams, where the dose drops practically to 
zero  a t  the end of the range. The health physicist must  be aware of the nature 
of the source and plan his monitoring program accordingly. 

In most  practical  situations the smoothed 

The sharp drop in  the depth-dose curve seen in Fig. 1 is also 

In Table 1 the lenses  of the eyes occur in  the category of "other organs" 
for  which 15 rem/yr  is recommended a s  the MPD. This seeming change in the 
recommendations is rather  a matter  of terminology, and i l lustrates  the flexi- 
bility permitted by the present  definition of dose equivalent a s  the product of 
dose in rads,  the quality factor, and any appropriate, modifying factors.  
lenses  of the eyes,  cataract  is the relevant end point, and the biological data 
on which the formerly recommended MPD of 5 rem/year was based relates  
pr imari ly  to exposure to radiation of high LET. 
not the pr imary  standard. In order  to continue to use Q F  = 1 for  the low-LET 
radiation which is  relatively ineffective for cataract  production, it was only 
necessary to  r a i se  the MPD to 15 rem/yr  and to inser t  an additional modifying 
factor of 3 i n  the case  of radiation for which Q F  is 10 o r  more. 
of this modifying factor a r e  to be interpolated for intermediate values of QF 
(Ref. 1, Par. 16). Thus, the health physicist needs to estimate QF at a depth 
corresponding to the lenses  of the eyes if' he i s  to avoid the possibly over-  
conservative practice of using the i-nodifying factor of 3 for all  radiation for 
which QF i s  grea te r  than 1. 

In the 

Thus radiation of low LET was 

Other values 

w 
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In estimating dose to skin, i t  should be noted that the dose i s  averaged 
over the body if  the dose is fairly homogeneous, but for  exposure of a very small 
a r e a  the Commission recommends that dose be averaged over a square centi- 
meter  of surface in  the region receiving the highest dose (Ref. 2, Par. 28). 
fact, the existence of beams of radiation in any working a r e a  poses monitoring 
problems which the health physicist cannot ignore. 
effectively prevent persons from intercepting a beam unless he can monitor the 
exposure and show that exposure is within the recommended l imits ;  ei ther a l t e r -  
native poses practical  problems of considerable difficulty. 

In 

It i s  necessary that he 

The flexibility permitted for  special planned exposures has  been men- 
tioned and the health physicists should consult ICRP Publication 9 for  full detail 
on this point. The Commission further recognizes that emergency exposures, 
e. g. , when a life or an installation of immense value is at risk,  wi l l  cause in-  
dividual s to deliberately - and per  hap s p r  ope rly -exceed the level s recommended 
for routine operations. In addition, there  a r e  accidental exposures to be con- 
sidered. In all these cases  where exposure is high the health physicist has  the 
obligation to make a s  prompt and accurate an assessment  of dose as c i rcum-  
stances permit.  If the dose i s  well above permissible levels, the ultimate d is -  
position of the case  wi l l  be in  the hands of the medical profession. It was the 
fashion some years  ago to maintain that dosimetric information i s  of l i t t le use 
for medical treatment of severe  radiation exposure cases  and that doctors wi l l  
prefer  to be guided by the clinical course a s  observed. Certainly one would not 
want to recommend that the dosimetric information be the sole o r  preponderant 
consideration for the doctor who i s  responsible for  the case.  
extremely severe cases  of partial  body exposure in  recent  yea r s  point up the 
importance of knowing with all reasonable precision the actual pattern of dose 
within the body. *, 
conducted, and i t  is not too much to say that the resul ts  did greatly influence 
the treatment of the case.  In  an accelerator  situation the possibility of par t ia l -  
body irradiation will often be present,  and the health physicist should plan pro-  
cedures  which might be used in such situations as seem to offer some potential- 
ity for  severe exposure. 

However, two 

In both cases  an  elaborate dosimetric investigation was 

Thus far I have discussed only the formal requirements of a health 
physics program in the context of the ICRP recommendations. In some cases  
the recommendations or  guides o r  rules of NCRP, FRC, states,  o r  management 
may differ in some details, but the ICRP recommendations a r e  ra ther  typical 
of the spir i t  i f  not of the le t te r  of these other sources of guidance. 
is not feasible to do justice here  to the full scope and carefully conceived guid- 
ance the ICRP and the NCRP offer. The responsible health physicist wi l l  make 
himself thoroughly familiar with the relevant publications of these organizations 
a s  well as with the rules  of the FRC and the A E C ,  which have legal force when 
applicable to his situation. 
recommendations he will have through this alone a well-grounded basis for his 
program. 

Actually i t  

If he wi l l  absorb the spir i t  of the ICRP and N C R P  

However, the health physicist a s  a professional man should go beyond 
the le t ter  of the rules.  
the obligation to be aware of new developments and concepts that a r e  relevant 
to  his activities. 
sidered professional unless he feels an obligation to be worthy of that trust. 

As one responsible for the well-being of others  he has  

He acts  i n  behalf of others and he does not deserve to be con- 
I 
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will mention he re  only a few examples of additional information he might con- 
s ider ,  and these a r e  chosen only to i l lustrate this  position: 

(a) Distribution of Dose Within the Body. ThLs has  been discussed some- 
what above in  the context of the ICRP recom.mendations. Probably doses to 
various body organs wi l l  seldom be made a matter of record. In most  ca ses  
cer ta in  measurements  a r e  made, and these insure that the maximum dose is 
low enough that none of the MPD a r e  exceeded. 
ommend that the health physicist grind out and record  a la rge  number of dose 
est imates  for all the t issues  and organs for which MPD a r e  given. 
he should not be content to  obtain only the crude "air doses"  or  other monitoring 
information that a s s u r e s  him the doses a r e  well below the MPD. Important as 
this assurance is, I think he should give some attention to the actual doses to 
body t i ssues  and organs and be prepared for the cases-which one hopes never 
will occur-which might require  detailed est imates  of dose within the body. 
Even if  such cases  do not occur he will have fulfilled h is  obligation to the people 
for whom he has  some responsibility, and he wi l l  understand the whole rationale 
of his  program better for having considered the basis  and reasons for h i s  pro-  
c e dur e s, 

case,  the health physicist may need to estimate LET for  the radiation of con- 
cern.  He may need to do this mere ly  to meet  the formal requirements of his  
program s o  he can  estimate QF and hence the DE. 
further. There a r e  other pertinen indices of radiation quality; for  example, 
the distributions studied by Rossi ,  o r  the distribution of 6 rays. Admittedly 
these a r e  not now formal  requirements of the book of rules, but as a professional 
man the health physicist should be aware of what is significant in  assess ing  the 
hazard of radiation exposure, and these and other measures  of radiation quality 
are certainly relevant whether required o r  not. 

The health physicist 
should be aware of the questions, as yet unanswered, concerning the biological 
significance of very high and local concentrations of ionization and dose. 
wi l l  be aware of the work of Curtis,  which demonstrates that they can  produce 
observable biological effects, i. e. ,  graying of hair  due to the passage of a 
single par t ic le  having a very densely ionized track. 
rules require  this, I think he should t ry  to estimate what fraction of the doses 
he typically measures  is of this kind. 
h i s  es t imates  he will be the better health physicist for  having gone beyond the 
minimal requirements  of his work. 

(d) The Concept of Cel.1 Lethality. 
aware of new dosimetric concepts that a r i s e  f rom time to time. F o r  example, 
Cur t i s  e t  al. 
No doubt this  fraction is infinitesimal fo r  doses below the MPD, but the health 
physicist  does not assume all exposures will be low, and even without this prac-  
t ical  interest ,  he should have a professional in te res t  in new developments r e -  
lated to the basic concepts of his  profession. 

Certainly I do not want to  r e c -  

I do believe 

(b) Estimation of Radiation C2uality. As indicated above i n  a particular 

But I would have him go 

(c) l lStarsl!  and Tracks  of Densely Ionizing Part ic les .  

H e  

Although none of the formal  

Even if  he is never called upon to produce 

I would have our health physicist  be 

have recently discussed the concept of fractional cell  lethality. 

The above-mentioned examples a r e  only a few of many that could be 
cited but whose import  i s  simply this: that the health physicist is not merely 
concerned with carrying out a routine j o b  of meeting formal c r i t e r i a  in  a rou-  
tine way. 
degree,  but as a professional man he should go somewhat beyond this minimal 
program. 

There  is  a minimal formal se t  of c r i t e r i a  he must  meet  to some 

I am not saying he must  do r e sea rch  in  these and other a reas ,  
w 
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although he might well consider this as a possibility. A glance through the 
technical journals  will reveal  that many health physicists do find it possible to 
do some re sea rch  along with their  p r imary  work in  the regular  course  of a 
health physics program. 

Finally, the health physicist  mus t  ponder deeply the obligations of his  
profession. 
out a n  efficient and a high-quality program and on the other hand he has  a n  even 
g rea t e r  and pr imary  responsibility for  the people he is protecting. 
there  might seem to be a conflict of in te res t  he re  but this  is  not real ly  the case.  
No management can long afford to have a health physics p rogram of poor quality 
i f  there  is  a real potential r i sk  of high exposures,  as there  usually is in  work 
with accelerators .  
and to inform management of the rationale of h i s  program and of its needs, and 
a properly informed management cannot afford to ignore the real demands of a 
good program. 
nature,  requiring judgment beyond the scope of a routine application of formal -  
ized procedures ,  and demanding the highest quali t ies of charac te r  to se rve  the 
bes t  in te res t s  of those for  whom he acts .  

On the one hand he is responsible to his  management for  carrying 

Superficially, 

The health physicist  mus t  be prepared  to defend his p rogram 

Here  again health physics is intrinsically of a professional 

The matter  of keeping records  of exposure of radiation workers  has  been 
under discussion recently. 
doses  received a r e  only indices of the adequacy of the health physics p rogram 
and a r e  not worthy of consideration i f  and when any biological effects a r e  in  
question. 
point of view. 
determine whether i t  i s  feasible to use  dosimetr ic  records  collected ' n  the pas t  
as a basis  for correlat ion with whatever effects might be observed. Id The 
position I have t r ied  to outline above is, essentially,  that as health physicists 
we should t ry  to obtain the information now believed to be relevant,  and that the 
data we collect  should be as reliable as modern techniques permit.  In this  way 
the health physicist  can  truly fulfill his responsibil i t ies to the radiation workers  
he protects  and to the management he serves ,  and fully qualify as a professional 
man in  the highest and bes t  sense of the te rm.  

Some have expressed the view that r eco rds  of 

F r o m  what I have said i t  is evident I take strong i ssue  with this 
As you a r e  doubtless aware,  the AEC has  under way a study to 
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&DIATION ENVIRONMENT PARAMETERS AND THE BIOPHYSICIST* 

John T. Lyman 

Lawrence Radiation Laboratory 
University of California 

April 1967 

Be I-k el e y , Calif o r nia 

In this conference it was planned that you, the health physicist, would 
hear  papers summarizing our cur ren t  knowledge of the biological effec.ts of 
radiation. 
talk about dose, dose rate ,  dose distribution, LET distribution, oxygen effect, 
s t ra in  differences, and so  on. There have been discussions about the physical 
aspects of the dose distribution, .FLET, slowing-down flux, macro-  and micro-  
dosimetry, dosimetry at an  interface. By now you may be asking yourself the 
question, "How does this affect me, the health physicist? I t  

By now you should know some of our problems; there  has  been much 

I feel that you, who a r e  in charge of the measurement  of the radiation 
environment, have the responsibility for furnishing the biophysicist with the 
dosimetric information he needs to evaluate the effects of various exposures to 
accelerator  -produced radiation. 

Today there  a r e  probably only three things that a biophysicist will want 
to know about the dosimetric features of an exposure:l  (a) the absorbed dose 
at all points of interest ,  (b) the time distribution of the dose, and (c )  the var ia-  
tion on a microscopic scale of the local energy density. Other information is 
very useful, regard less  of the details with which these fundamental dosimetric 
data are given; this would include the type or types of radiation emitted by the 
source,  the relative intensity of each type, their  energy distributions, any f i l -  
tration or  moderation, the effective size of the source,  the distance between 
the source and the i r radiated object, and the angular distribution of the radia-  
tions. 
f rom now the questions a biophysicist would ask may be different. 
questions might be, what was the momentum t r ans fe r?  o r  the dose a t  a bone- 
bone -marrow interface, o r  the FLET distribution, using either a sliding cutoff 
o r  a fixed cutoff energy? 

I don't think a biophysicist would ask for more  today, but several  years  
Then the 

I think that the point Dr. Madey was trying to make is that a t  this time 
we cannot become fixed in  o u r  thinking about the cutofi energy for a deltia ray. 
There are not enough biologic data available to say what should be used. 
probably a r e  different cutoffs for  different biologic effects, and there  may be 
different cutoffs for ions having different velocities, but we may not know until 
after much more  work. 

There 

So what should you measure?  My answer is that anything you measure,  
But the most useful measure-  if you do it accurately, wi l l  probably be of he%. 

ments will be those f rom which you can derive the other quantities of interest .  

* 
This work was done under auspices af the U. S. Atomic Energy Commission. 
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I think you should measure  the basic physical parameters .  These would 
be the type of radiation, the flux of each radiation, the effective source size,  
the angular distribution of the radiation, the energy distribution of the radiation, 
the distance f rom the effective source to the object being i r radiated,  cer ta in  
pa rame te r s  that would specify the object being i r radiated,  any intervening f i l -  
t ration o r  moderation, and appropriate t ime factors.  These are the measu re -  
ments  which T. think a r e  the most  useful, and f rom these basic  physical exposure 
pa rame te r s  the information des i red  by the biophysicist could be calculated. 

The radiotherapist  has  access  to computer programs which enable him 

These same programs have been modified to calculate 
These programs even account 

to obtain depth dose distribution f rom ra ther  complicated limited-field exposure 
by cobalt-60 sources.  
dose distributions f rom electron accelerators .  
for  macroscopic inhomogeneities i n  t issue density. 
calculating range and =/dx for  heavy charged par t ic les ,  
calculating the dose due to the t ranspor t  of nucleons through matter. 

There  a r e  programs for  
and programs for 

4 

When you consider the magnitude of the responsibility that  has  been 
entrusted to you it does not s e e m  such a l a rge  problem to put these programs 
together so that any of the dosimetr ic  fea tures  of a n  exposure that a biophysicist 
might want would be available. With this approach it would be easy  to include 
RBE values for es t imate  of exposure, o r  QF values to es t imate  the hazard of a 
par t icular  environment, o r  to include inactivation o r  malfunction c r o s s  sections 
for  the appropriate ce l l s  i n  different par t s  of the body and to a lso calculate 
fractional cel l  lethality. 

Now i f  a computer program were  assembled so that when you supplied 
information about the radiation environment the computer could calculate the 
dosimetr ic  features  of the exposure, then your problem would be supplying 
the necessary  radiation environment parameters .  I think the input to such a 
program, if i t  w e r e  to be a general  program, would be: 

The types of radiations 
F o r  each type, the angular distribution and the energy distribution 
The effective source size 
The distance f rom the effective source to the object of in te res t  
Any fi l tration o r  moderation of the radiations occurring between the effective 

P a r a m e t e r s  that  would specify the object of in te res t  
Appropriate t ime factors.  

source and the object of in te res t  

The final decision as to what measurements  a r e  to be made is yours,  but 
remember  to think about the future. 
be different f rom what they a r e  today, but i f  you have made the right measu re -  
ments,  you should be able to calculate all the des i red  quantities. 

The quantities of in te res t  tomorrow may 
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* 
of Cellular Radiobiology in Radiation Protection 

Harald H. Rossi \ 

s $ -  

Radiological Research Laboratory, Department of Radiology 
r d  

\. 
~/ 

Columbia University, New York, N.Y. 

Present-day standards of radiation protection are derived from a great di- 
versity of causes. Some of these are historical: it is possible to trace one 
or two presently accepted concepts for periods that can approach half a century. 
Some are empirical: our steadily lengthening experience of human exposure pro- 
v ides  a measure of confidence at least in the area of long-term somatic radia- 
tion effects. Other important considerations are practica1,such as formulation 
of standards with a view towards both adaptation to various situations and ease 
of enforcement, or conservingl,such as a desire to minimize alterations of 
numbers that are part of legal codes. Considerations pertaining to the balanc- 
ing of risk and benefit may even be philosophical, ethical, or sociological. 

It is only natural to assume that the most important considerations should 
be scientific, if only because scientists are primarily responsible for the 
formulation of radiation protection regulations. However, science is not nec- 
essarily indispensable. 
the formulation of those traffic regulations which deal with speed limits, a 
subject that is in many ways akin to maximum permissible dose. 

Thus scientific considerations are virtually absent in 

The significance of scientific contributions to the subject of radiation 
protection has in fact been questioned on the basis of two major arguments. 
One of these maintains that although progress in radiobiology may have made ra- 
diation one of the better understood hazards, our knowledge of basic radiobio- 
logical mechanisms is still insufficient for firm recommendations. 
hand it is also argued that accurate radiobiological information is of limited 
value since it can only provide the answer to the easier of the two questions 
involved in the balancing of risk versus benefit. 
whether to raise the permissible dose to the general population by a certain 
amount is hardly facilitated by increasingly precise information on the relation 
between dose and the frequency of abnormal offspring. 

On the other 

Thus the decision as to 

It can also not be denied that in the past the "scientific" basis for radi- 
ation protection criteria was rather poor. 
designed to avoid erythema o r  changes in the white blood count, 
considered naive,and we are concerned with more subtle effects such as carcino- 
genesis and genetic mutation. 

Thus early permissible doses were 
This is now 

However, one cannot help wondering whether twenty 

* 
This investigation was supported by Contract AT-(30-1)-2740 for the U . S .  Atomic 
Energy Commission and U.S. Public Health Service Research Grant RH-99, National 
Center for Radiological Health. 
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years from now present-day conceirns will seem also naive. 

Despite such reservations radiobiology has had a strong influence on radia- 
tion protection and will very likely continue to do so in the future. We simply 
have no choice but to adapt our recommendations to the best current knowledge of 
radiobiology. 
that this only rational course has stood us in good stead. 

On balance it wou1.d appear from the experiences gained thus far 

Radiobiological effects may be divided into tissue (or organ) responses and 

It is there- 
cellular responses. 
sporadically affected and prompt tissue responses are negligible. 
fore generally assumed that one should focus attention on injury to individual 
cells and its amplified manifestatian in genetic mutation or carcinogenesis. 
Howeverfin special cases (e.g. the lens of the eye), damage to a very small frac- 
tion of the cells may severely impair the function of an organ. The possibility 
must also be considered that carcinogenesis nay require damage to several neigh- 1 boring cells. 

Near maximum permissible radiation 1evels.cells are only 

The quantities of importance to the biological effect of radiation can be 
divided into two groups (Table 1). 
listed are explicitly taken into account in the formulation of radiation protec- 
tion regulations. The third, dose rate, is subject to a long-term ( 3  month) 
basis of accumulation. 

Two of the three biophysical parameters 

Of the biological parameters only one - organ sensitivity - is explicitly 
considered. Age is regarded only in a lower limit for occupational exposure. 
The most important, the volume subject to irradiation, is ignored if it includes 
critical tissues. Thus the permissible dose is the same whether one cc of bone 
marrow or the entire body is exposed. 

The biophysical parameters are subject to a strong mutual interaction. The 
principal aspects of lethal action on mammalian ce1l.s are shown in Figure lY2 
which is taken from the report of the RBE Committee of the I C R P  and the ICRU. 
This diagram may be summarized as follows: 

1. If the charged particles that deliver the dose have a high LET (i.e.. 
the -dE/dx is of the order of 100 keV per micron of tissue) the logarithm of the 
surviving fraction decreases linearly with dose. Hence, the fraction of the 
cells inactivated at low doses is simply proportional to dose. Exponential cel- 
lular survival to high-LET radiation is one of the most universal rules in 
radiobiology. Apparently the only exception holds €or microorganisms in which 
there is genetic redundancy (several nuclei or at least several sets of chromo- 
somes). 

2. The survival of cells irradiated with high-LET particles depends little 
if at all on dose rate. 

(1.) and(2.) suggest that high-LET particles inactivate the cell in single 
rather than multiple events. 
ical evidence which shows that for sufficiently high LET the number of cells 
killed is just about the same as that in which one particle has traversed the 
nucleus. 

This conclusion is also strongly supported by phys- 

3 .  In the case of low-LET radiation the shape of the response curve is more 
In this case the logarithm of the complex - at least when the dose rate is high. 

surviving fraction decreases more rapidly as the dose increases. - There is some 
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Table 1 

Major Variables Controlling 

Biological Effect 

Dose 

Dose Rate 

Radiation Quality 

Biological 
Parameters 

Fraction of Organ Irradiated 

Organ Sensitivity 

Age 

Individual Variability 
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argument as to whether the curve ever attains a constant slope but there seems to 
be general agreement that it does so at least approximately. 
more important question concerns the shape o f  the survival curve at low doses. 
It is not entirely established whether it meets the ordinate with a slope that is 
zero or finite. 

However,an even 

4. At high doses the shape of the dose-effect curve for low-LET radiation 
depends strongly on dose rate,with survival increasing as the dose rate is reduced. 
As a consequence the curvature of the entire curve must become less,but it is at 
present again not definitely known whether it becomes a straight line and if it 
did whether its slope would be zero. 

It is evident that inactivation of mammalian cells by low-LET radiation oc- 
curs usually through the agency of more than one particle. 
whether this is always the case. 
that it is. 
ally be caused by a single particle - a process that: must predominate at low 
doses. If Fig. 2a is correct, it is conceivable that steady reduction of the 
dose rate could eliminate the appearance of observable effects,since in the even- 
tuality of recovery from one "hit" before the next one occurs one would never ob- 
serve the effect. On the ather hand if Fig. 2b is correct,there is a finite pos- 
sibility of inactivation by single particles,and this is of course dose-rate- 
independent. 

The question arises 
Curves of the type shown in Fig. 2a would imply 

The types shown in F l g .  2b would obtain if inactivation can occasion- 

Depending on the validity o f  either curve the RBE (relative biological effec- 
tiveness) of high-LET radiation relative to low-LET radiation approaches either 
infinity or some high but limited value as the dose andlor dose rate is reduced. 

It will be appreciated that the question as to which model is correct has 
very important implications to radiation protection. This is particularly true 
since most of our experience with human exposure has been with low-LET radiation. 
If Fig. 2a is correct the hazards of high-LET injury are of a different nature 
and could be much greater than this experience might indicate. 

Inactivation in multiple events could occur on the basis of two distinct pro- 
cesses which have often been termed multi-hit and Elti-target. 
multi-hit model, cells contain sensitive sites in which radiation must deposit 
some minimal energy before inactivation results. The number of such sites per 
cell is probably more than one,but except for purposes of numerical calculations 
this is really immaterial as long as excess of the energy threshold in 5 site 
leads to inactivation. Presumably the required energy can usually be delivered 
by a single high-LET particle but only by several low-LET particles. 

According to the 

However, low-LET radiation may be expected to occasionally deposit as much 
energy in a site as does high-LET radiation. This is illustrated in Fig. 3,which 
shows the pattern of energy deposition in 1-micron spherical regions within 
tissue irradiated by radiations of greatly different average LET (CO-60 y rays 
and 1 MeV neutrons). Y, the event size, is defined as the quotient of energy 
deposited by sphere diameter in keV/p. = 1, Y is simply equal to 
the energy deposited. F(Y) is the frequency of such deposition per unit loga- 
rithmic interval of Y and per rad of absorbed dose. It w i l l  be seen that the 
distributions overlap. There are good reasons to believe that the diameter of 
sensitive sites is less than one micron. In this case the degree of overlap must 
be expected to be even greater. 

Since here 

According to the multi-target model a certain minimum energy must be depos- 
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ited in each of several sites (typically two). 
to these considerations whether the number of such sets of associated sites is 
one or more than one per cell as long as inactivation can be initiated in any one 
of the sets. It is assumed that a single high-LET particle going through all the 
sites of a set delivers sufficient energy to each but that it is unlikely that 
several particles inactivate a set (as already mentioned there is about one high- 
LET particle per nucl us of inactivated cells). At low LET the reverse situation 
is postulated. 
for plant chromatid aberrations. 
tivation mechanism is involved in opacification of the lens of the eyet 

It is again of minor importance 

9 Neary has developed such a model in detail in order to account 
There is also evidence that this type of inac- 

According to Fig. 3 energy deposition by low-LET radiation can be equal to 
that produced by high-LET radiation but it tends to become quite rare at large Y. 
If it were to be required in two targets the relative probabilities would need to 
be squared,which might make the difference very much larger. In this case one- 
step inactivation by low-LET radiation might become so unlikely as to be negli- 
gible even in the radiation protection range. Because of this necessary multi- 
plication of probabilities the multi-target model generally tends to favor the 
situation depicted in Fig. 2a. 

Another factor indicating a progressively decreasing inactivation rate at 
decreasing doses of low-LET radiation is a steady rise in RBE. There appear to 
be no experiments that indicate that the RBE becomes Sonstant below some radia- 
tion dose. 
case of opacification of the lens of the mouse eye there are no signs of a lev- 
eling ofc and RBE values become quite high even in acute irradiations. 
seem that these studies were carried out at the lowest neutron doses investi- 
gated in mammalian systems to date. 

Fig. 4 is based on data by Bateman et al. and indicates that in the 

It would 

Although the choice between the alternatives depicted in Fig. 2 can not be 
made with certainty, 2b,which assumes a linear initial portion of the curve,is 
more cautious in that it assumes that any dose of radiation has some effect that 
can not be eliminated by a reduction of dose rate. 
reasons of prudence to design radiation protection on this assumption. 
establishes a philosophy according to which the permissible dose of any radiation 
(high or low LET) represents a limited risk rather than a condition of safety,and 
its magnitude,however chosen,must be arbitrary. 
should be avoided and the risk attending an exposure must be justified in terms 
of a corresponding benefit. The postulate that any amount of radiation is harm- 
ful is particularly bothersome when considered in connection with the well-known 
fact that no amount of shielding can entirely suppress the radiation emitted from 
most sources. 

It has been necessary for 
This 

Needless radiation exposure 

On the other hand,linearity of the dose-effect curves and virtual absence of 
dose-rate effects in the permissible range make the dose by itself a good index 
of hazard. 
product of dose and mass of tissue exposedwould be the best index. 
mean dose to an organ should be a better index than the maximum dose in any one 
cc - which is the limiting quantity according to present recommendations. 

However,one would then expect that the integral dose, defined as the 
Thus the 

Our present knowledge of somatic cellular effects is not sufficiently speci- 
fic to deal with the problems of differential organ sensitivity or the numerical 
value of the maximum permissible dose. 
cell system would be expected to have any effect on only very few cells if the 
rem is interpreted according to its original meaning as the absorbed dose of any 

However,an annual dose of 5 rems to any 

radiation that elicits the same biological response as one rad of x rays. - 
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The adopt ion of t h e  model i n  F ig .  2b minimizes t h e  b iophys ica l  e f f e c t s  of 
dose ra te  only  t o  t h e  extent t h a t  dose rate is unimportant as long as t h e  dose 
is de l ive red  i n  a pe r iod  s h o r t  enough so t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  c e l l  do 
n o t  change dur ing  i r r a d i a t i o n .  Movement through t h e  ce l l  cyc le ,  d i v i s i o n ,  d i f -  
f e r e n t i a t i o n , e t c .  w i l l ,  of cour se ,  change s e n s i t i v i t y .  T i s sues  and e n t i r e  orga- 
nisms can c l e a r l y  r e p a i r  damage by c e l l  replacement and do so more e f f e c t i v e l y  
when t h e  damage is  low. 
of l a t e n t  pe r iods  f o r  man i fe s t a t ion  of i n j u r y  and t h e  s imple p r a c t i c a l  r equ i r e -  
ment t h a t  i n  o r d e r  t o  cont inue  h i s  exposure t o  r a d i a t i o n  an i n d i v i d u a l  can no t  
have a l r eady  rece ived  h i s  a l l o t t e d  l i f e - t i m e  dose.  
a l i m i t e d  rate of dose accumulation. The formula according t o  which t h e  t o t a l  
dose equ iva len t  rece ived  a t  age N must be less than  5(N - 18) r e m  and t h e  dose 
p e r  3-month per iod  less than  3 rem would a l s o  n o t  seem unreasonable  i n  t h e  l i g h t  
of whatever q u a n t i t a t i v e  d a t a  we  have on c e l l u l a r  i n j u r y .  

There a r e  a l s o  f u r t h e r  cons ide ra t ions , such  as t h e  l eng th  

A l l  of t hese  reasons  r e q u i r e  

Perhaps t h e  only  a s p e c t s  of p re sen t  p r o t e c t i o n  recommendations t h a t  may be 
d i s t u r b i n g  from t h e  viewpoint of c :e l lular  rad iobio logy  are t h e  numerical  va lues  
ass igned  t o  t h e  q u a l i t y  f a c t o r  (QE'),which has  a maximum va lue  of 20 al though 
r e c e n t  I C R P  r e g u l a t i o n s  may be construed t o  make t h i s  60 f o r  t h e  l e n s  of t h e  eye.  
Apart from t h i s  p o s s i b l e  except ion  t h e  q u a l i t y  f a c t o r  a p p l i e s  t o  a l l  organs and 
can no t  be equated t o  t h e  RBE f o r  any p a r t i c u l a r  one.  However. i t  should n o t  be 
g r e a t l y  d i f f e r e n t  from t h e  maximum R8E f o r  any of them. 
more conse rva t ive  i f  one is  concerned wi th  e f f e c t s  of low-LET r a d i a t i o n s .  The 
model i n  Fig.  2a is  more conserva t ive  i f  one wishes t o  formula te  QF va lues  on t h e  
b a s i s  of p r o t e c t i o n  exper iences  wi th  low-LET rad ia t ions ,  s i n c e  i t  sugges t s  t h e  pos- 
s i b i l i t y  of very  h igh  RBE va lues  which are a l s o  i n d i c a t e d  i n  F ig .  4 .  It should 
be  emphasized t h a t  t hese  d a t a  d e a l  wi th  minor i n j u r i e s  and t h a t  one can n o t  e x t r a -  
p o l a t e  w i th  any c e r t a i n t y  from mouse t o  man. It is, however,also ev iden t  t h a t  f u r -  
t h e r  d a t a  on t h e  RBE a t  low doses  a r e  u rgen t ly  needed. 

The model i n  F ig .  2b is  

This  p r e s e n t a t i o n  has  been p r i n c i p a l l y  based on OUT exper iences  wi th  somatic  
ce l lu l a r  e f f e c t s  f o r  t h e  s imple reason t h a t  I a m  more f a m i l i a r  w i th  t h e s e  than  
wi th  g e n e t i c  e f f e c t s .  It would appear,however. t h a t  most of t h e  conclus ions  are 
t h e  same f o r  g e n e t i c  e f f e c t s .  For these  t h e  model of F ig .  2b seems f i rmly  e s t ab -  
l i s h e d .  

E f f e c t s  such as aging and ca rc inogenes i s  are much more p e r t i n e n t  t o  human 
r a d i a t i o n  in ju ry -  and they  are doub t l e s s ly  much more complex- than  lens o p a c i f i -  
c a t i o n  o r  i n a b i l i t y  of t i s s u e - c u l t u r e  cells t o  d i v i d e  i n d e f i n i t e l y .  
must d e r i v e  from t h e  same fundament:al cause of c e l l u l a r  impairment,  
t i n u e  t o  exp lo re  t h i s  phenomenon i n  a l l  of i ts  forms. The understanding thus  
gained w i l l  always be of e s s e n t i a l  he lp  t o  our  formula t ion  of r a d i a t i o n  p r o t e c t i o n  
recommendations. 

However, they 
We must con- 
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absent in a but present in a. 
radiation depends no t  only on the absolute dose rate but also on 

the degree of recover\: between events. 
apply in the extreme rase of complete recovery between successive 

events. 

A single-event component in tow-LET injury is 

The cbanpe of shape for low-LET 

The limitinp straight lines 
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f i c a t i o n  of the  lens  of the  mouse eye (denoted by Batman a s  2.5%). 

The dependence on dose r e f e r s  t o  the  t i m e  when i t  appears a f t e r  
i r r a d i a t i o n  (about 230 days a f t e r  0.5 rad  and about 140 days a f t e r  

The e f f e c t  under cons idera t ion  i s  a minor opaci- 
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Hardin B. Jones 

Donner Laboratory and Lawrence Radiation Laboratory 
Unive r s ity of California , Be rke ley , California 

INTRODUCTION 

The concept of threshold dominated thoughts about radiation exposure hazard 
in the first half of this century. 
late a s  1956, the position paper of the National Academy of Sciences held that radia-  
tion exposure of l e s s  than 100 roentgens is without evident physiological effect. 
This concept was the resul t  of years  of acquaintance with the relations between dose 
and response for  various chemical toxins, and comparison of these phenomena with 
the immediate effects  of ionizing radiation. As exposure to  the chemical  agents 
declines f rom levels causing great  ha rm,  the magnitude of the h a r m  induced 
decreases  much m o r e  rapidly than the dose,  so  that in all cases  there  a r e  levels 
which do not evoke a perceptible physiological change. 
the threshold of injury. 
t ion that immediate radiation injury s imilar ly  failed to  appear  when the dose was 
below some threshold level. 
in radiation exposure had placed the maximum for  safe daily exposure t o  be 0. 1 
R/day, approximately 1 /1000 of the apparent threshold level  f o r  response to a single 
exposure. 
radiation exposure in  the 1950's permitted individuals to be exposed t o  levels of 
the order  of 0. 1 R/day and many persons were  in  fact exposed to these amounts 
daily. 

And there  was ample basis  for  this view. Even as 

These levels are thus below 
Ear ly  radiation exposure limits were based on the observa-  

Fortunately,  those who had se t  the guide for  caution 

The working conditions of' many installations involving occupational 

Exposure -effect information on the induction of genetic mutations in  the 
frui t  fly, first noted by H. J. .Muller and l a t e r  developed by Curt  Stern,  established 
a d i rec t  proportional relationship for  the r i sk  of mutation per  roentgen over a wide 
range of exposure.  
but S te rn  had particularly established that the mutation frequencies associated with 
25 and 50 roentgens were proportionally reduced f r o m  the mutation rates observed 
at levels o rde r s  of magnitude higher. Indeed, by 1954 there  was reason to  believe 
that there was no threshold associated with mutagenic effects of radiation. Sub- 
sequently, Bentley Glass was able to  extend the observation of proportionality to  
exposures lower by another o rde r  of magnbude. 

Muller ' s  work was necessar i ly  based on high exposure doses;  

While the hypothesis of proportionality f o r  radia.tion effects was becoming 
well established with regard  to the genetic response,  the long-standing belief in 
the threshold hypothesis for  injurious effect,s in general remained ingrained, and 

w 
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thresholds were  reported as observed in  a number of experiments in  which the data 
might have been fitted a s  well o r  bet ter  by the concept of proportionality. 
analyzing the data of many investigators,  I was able to show that,  for ce l l  killing, 
induction of cancer ,  and aging effects,  proportionality held throughout the regions 
studied and no inference of a threshold seemed warranted.  
the r i s k  of leukemia associated with radiation exposure of the populations of 
Hiroshima and Nagasaki was linked to a threshold interpretation in  the f i r s t  follow- 
up report  on these populations. Immediately, E. B. Lewis and I separately under-  
took regnalysis of the data and justified a proportional-risk interpretation of the 
same information. 

By 

In the middle 19501s, 

With this cue to suggest the possibility that other long-accepted threshold 
relationships might not be valid, I began to look at the dose-effect relationships 
for various carcinogens.  
the quantitative exposure to  carcinogen are  shown in Figs .  1 through 4, In Fig.  1, 
the chemical carcinogen dibenzanthracene, which produces cancerous nodules in  
the lung, is seen to have no apparent threshold,  a s  near ly  as the data can  demon- 
s t ra te .  

Selected examples of the f i t  of induced cancer  frequencies to  

In Fig. 2 ,  the logarithm of effect is re la ted l inear ly  to dose f o r  the bone- 
see  king radionuclide s strontium-90 and calcium-45, without any evident threshold.  
Figure 3 similar ly  shows no threshold for the chemical carcinogen methylchol- 
anthrene. 
mouse by radiation. 
of effect suggest that  a threshold does exist .  
carcinogens and ionizing radiation cause an increase  in cancer  that  is e i ther  
l inear ly  o r  logarithmically proportional to  exposure.  
proportionality could have been shown, and the weight of evidence i s  now on this 
side. 

An exception seems to  occur in  the case  of lymphoma induction in the 
In F i g .  4, Kaplan and Brown's data on dose versus  logarithm 

In general ,  however, both chemical  

Many other examples of 

In observations on the effect of radiation in decreasing life span, I have 
continually held that it is reasonable to  show the effect as a simple proportional 
reduction, while at the same t ime pointing out that  the experimental  observations 
have been l imited to exposures over  100 R and that radiation exposure effects have 
not been tes ted directly in  the range of the o rde r  of 1 R. 
justif ied in assuming that these a r e  the best  es t imates  of the r i sk  of radiation effect  
t o  be made a t  this t ime.  

Nevertheless ,  we a r e  

Some comparison to  other environmental hazards  is helpful in placing the 
radiation hazard  in  perspective and appreciating its relative r i sk  to  populations. 
I have found it useful to t ranslate  the hazards  of disease,  toxic agents,  and other 
adverse factors  into equivalent years  of effective aging, using the age-specific 
death ra tes  as an  index of the effective age of any group o r  population we select  
for  study. 
"negative aging" and can be shown as equivalent years  of life prolongation. 

Similarly,  favorable factors  fo r  longevity may be t ranslated into 
In 
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Fig. 5, the risk of death from tuberculosis i s  shown to decline fairly uniformly 
decade by decade during recent calendar time, and with proportional decline at all 
ages in the population. With respect to this one disease, for example, the figure 
shows the same death rate in 1960 €or persons aged 80 as  prevailed in 1950 for 
persons aged 47, s o  that an effective improvement of 33 years (minus 33 years of 
aging) measures the gain at  that age level in our battle against tuberculosis. It i s  
not too different at other ages; age 50 in 1960 has the same mortality rate a s  age 
19 in 1950--minus 31 years. 
camps of World W a r  II i s  shown in F i g .  6; again there i s  a proportional increase 
in the risk of death in all  ages and to the same :relative extent. By sliding any 
one line horizontally to coincide with another and noting the number of years it 
must be moved, we can interpret conditions in the one camp a s  a relative aging 
with respect to those in another. In F ig .  7, chronic radiation exposure of mice 
(the relation i s  similar for  other mammals) i s  shown to  increase the 
a s  indicated by the change in slope of the lines corresponding to accelerated 
increase in death risk with age as  exposure rate increases. An assortment of 
selected environmental and constitutional variables and their e€fects on life span is 
shown in Table 1. Fo r  those factors which can assume a range of values, the 
effects on life span a r e  generally proportional to the magnitude of the variable 
factor. 

The effect of imprisonment in some concentration 

of aging, 

The acceptance of the hypothesis of proportionality with respect to the risk 
associated with radiation has caused some social and political problems when the 
risk has been considered out of context and exaggerated. Conceivably a very small 
exposure to ionizing radiation could be the cause of a cancer, even though the 
statistical r isk of generation of disease is extremely small. It is impossible to 
prove that radiation is the cause in any particular case because exactly the same 
kind of cancer can occur for many other reasons a s  well. The person aIfected i s  
just a s  ill whether his illness arose spontaneously or  followed a massive exposure 
to radiation that might have been its cause. The importance of the principle o€ 
proportionality a s  a guide to controlling radiation exposure i s  that, on the average, 
the risks will be least  if  the exposure i s  kept low, and that such exposure a s  i s  
incurred should be in exchange for significant benefit. 

In the evaluation of exposure to agents which a re  hazardous to life and 
health, it is helpful to gain perspective by comparisons with Iamiliar circum- 
stances. 
calmly in their daily lives. The life span of the chronic smoker i s  reduced about 
7 years at a pack-per-day smoking rate; and, throughout all of the years he spends 
a s  a smoker, he lives his life at a lower level of resistance to disease and hence 
probably at a lower level of vigor. W e  may use this a s  a basis of comparison with 
those who survived the effects of atomic bombing in Japan and who were severely 
exposed to ionizing radiation. 
than 300 R. Both directly, through the medical Eollow-up of that population, and 
indirectly through general comparisons with experimental radiation of animal 

For  example, it helps to know what levels of r isk most people accept 

The survivors probably did not receive much more 

W 
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populations and corresponding life -shortening observations , we can est imate  this 
particular effect of atom-bombing to be approximately the same  as that of smoking 
a package of c igaret tes  per  day. 
level; yet, a s  the degree of exposure is reduced, the effect may be regarded as 
proportionally reduced. 
the average person may cease to regard  the small effect as a r ea l  ha rm,  just  as 
the person who smokes undoubtedly does with respect  to a single cigarette.  The 
biological basis for setting exposure limits then depends largely on the value 
placed on health by society and the extent to  which harm can be est imated and 
evaluated within the experience of the people concerned. 

Both agents of h a r m  a r e  appreciable at this 

A t  some degree of reduction, for  all reasonable purposes 
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Table 1. Relative displacements of physiologic age by factors  that accentuate aging o r  loss  of life span 
(minus time) or re tard aging (plus time). 
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J A MODEL FOR THE! ACTION OF RADIATION 

ON SIMPLE BIOLOGICAL SYSTEMS* 

W. C. Roesch 

Pac i f i c  Northwest Laboratory 
B a t t e l l e  Memarial I n s t i t u t e  

:Richland , Washington 

The h i t  hypothesis i n  radiobiology i s  t h a t  deposit ion of energy concentrated 
along the  t r acks  of charged p a r t i c l e s  i n  the i r r a d i a t e d  mater ia l ,  r a t h e r  than 
spread uniformly throughout t h e  medium, i s  responsible f o r  t h e  potency of t he  
r ad ia t ion  and f o r  t h e  shape of t h e  observed dose-effect curves. Most i nves t i -  
gators  accept t h e  hypothesis, but past  mathematical elaborations of it have been 
only p a r t i a l l y  successful  i n  explaining o.bserved phenomenal). In  p a r t i c u l a r ,  
dose-rate and f r ac t iona t ion  e f f e c t s  a r e  d i f f i c u l t  t o  explain. Also, t he  f a i r l y  
general  tendency of su rv iva l  curves t o  be asymptotically exponential has been 
explained as due t o  t h e  presence i n  each individual of more than one s i t e  t h a t  
must be destroyed by t h e  radiat ion.  Current b io log ica l  evidence is  against  t he  
presence of such multiple si tes2).  
phenomena by developing a d i f f e r e n t  mathematical elaboration of t h e  hypothesis. 

T h i s  paper is  concerned with explaining these 

Past  e laborat ions of t he  hypothesis have assumed t h a t  t h e  passage of a deter-  
minable number of charged p a r t i c l e s  ( h i t s )  through a c r i t i c a l  region of a c e l l ,  
bacterium, v i rus ,  e t c .  w i l l  “ k i l l ”  it. Classical  one-hit theory assumes t h a t  only 
a s ing le  h i t  i s  necessary; two-hit theory,  that, two are necessary; e t c .  The 
present theory assumes in s t ead  t h a t  a s ing le  h i t  is  s u f f i c i e n t  t o  cause death 
but t h a t  it may not always do so,  i .e . ,  t h e r e  i s  a conditional p robab i l i t y  t h a t  
t h e  e n t i t y  w i l l  survive a h i t .  Similar ly ,  it i.s assumed t h a t  a react ion leading 
t o  death may occur between t h e  products of two h i t s ,  but again the re  i s  a condi- 
t i o n a l  p robab i l i t y  f o r  survival .  
between t h e  h i t s .  Since ne i the r  type of death i s  c e r t a i n  t o  occur, t h e  analysis  
must include allowance f o r  e i t h e r  type occurring. Also, death may not r e s u l t  from 
the  f i rs t  h i t  o r  first p a i r  of h i t s ;  it may r e s u l t  from any h i t  or. any p a i r  of 
h i t s  among a possibly l a rge  number of h i t s .  

This p robab i l i t y  w i l l  depend on the  t i m e  i n t e r v a l  

Similar modifications of c l a s s i c a l  h i t  theory have been taking shape i n  t h e  
Neary3) showed t h a t  chromosome work of s eve ra l  authors. 

aberrat ion phenomena could be explained as t h e  result of s ing le  h i t s  o r  t h e  i n t e r -  
act ions between t h e  results of s ing le  h i t s  r a t h e r  than as t h e  r e s u l t  of t h e  
accumulation of a lar  H e  suggested a similar explanation f o r  

by d i s t r ibu t ions  i n  t h e  number of h i t s  required. t o  produce death. H e  f e l t  t h a t  
t he  d i s t r ibu t ions  r e su l t ed  from differences i n  t h e  number of h i t s  required t o  
produce a necessary inac t iva t ion  energy. They could equally w e l l  be explained 
as s ingle-hi t  deaths with ia conditional probabi l i ty  of survival .  Kel lerer  and 

Recent papers include: 

number of  h i t s .  
c e l l  k i l l i n g .  Fowler f8 showed t h a t  experimental su rv iva l  curves could be explained 

Work performed under Cont:ract AT( 45-1)-1830 between t h e  Atomic Energy Commission 
and Battelle Memorial Ins-Litute. 

* 

W 
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I Hug5) have produced a generalized model of r ad ia t ion  e f f e c t s  with p robab i l i t i e s  
of radiation-induced changes of s t a t e  and of recovery. 

H i t  Theory with Conditional P robab i l i t i e s  

The equation from t h e  
a s ing le  i r r a d i a t i o n  is 

s = e-" mn 

n=O 

It arises i n  t h e  following 
( i t  is  proportional t o  t h e  

present theory t h a t  gives t h e  f r a c t i o n ,  S ,  surviving 

n-1 n-2 
n-2 ' (n! sln so S ... s 

way: m is the  average number of h i t s  i n  an individual  
absorbed dose);  e-m mn (n!>-l  i s  t h e  Poisson probabil- 

i t y  of t he re  being 2 h i t s  when the  average number is  m. 
surviving t h e  e f f e c t s  of a s ing le  h i t ,  and S1n is  t h e  p robab i l i t y  of surviving 
such individual  e f f e c t s  of 2 h i t s ;  
of i n t e rac t ions  between t h e  products of two h i t s  whose occurrence is  separated i n  
t i m e  by the  occurrence of j others.  These are obtained from a more fundamental 
quant i ty ,  s ( t )  , t h e  probabi l i ty  of surviving in t e rac t ions  between two h i t s  t h a t  
occur a t i m e  t apart .  Figure 1 i l l u s t r a t e s  a p a r t i c u l a r l y  simple case of what 
t h i s  function might be l i k e .  I n  general ,  t h e  h i t s  have t h e i r  b e s t  chance of 
i n t e r a c t i n g  (lowest value of s )  when they occur near ly  simultaneously, and t h e  
least (s=l) when the re  i s  a very long time between them. 
from by 

S1 is  t h e  probabi l i ty  of 

is  t h e  p robab i l i t y  of surviving t h e  e f f e c t s  % 

The 3 a r e  determined 

\ 

Here c j+ l  t j  e -ctTr c j + l  t j  e-ct d t  i s  t h e  p robab i l i t y  of a t i m e  between 4 and 
t + d t  between two h i t s  separated by j others  when T i s  t h e  length of t h e  i r r ad ia -  
t i o n .  The number of each 3 required-for 5 h i t s  is  r ead i ly  determined; f o r  
example, Figure 2 shows t h e  possible  in t e rac t ions  i n  t h e  case of 5 h i t s .  F ina l ly ,  
t h e  p robab i l i t i e s  f o r  survival  f o r  a l l  values of E must be summed. 

The p robab i l i t i e s  of a s ing le  h i t  o r  a p a i r  of h i t s  causing death depend 
on j u s t  where the  t r acks  cross the  system. These p r o b a b i l i t i e s  can be averaged 
over t h e  s p a t i a l  coordinates, jus t  as Equation (2 )  i s  an average over t h e  t i m e  
coorginate. S1, 2, and t h e  s a r e  such averages. 

Survival Curve Shapes and Dose-Rate Effects  

-j 

Figure 3 i l l u s t r a t e s  t he  survival  curves t h a t  result f o r  a given S1 and 
but f o r  d i f f e r e n t  dose rates [i.e.. d i f f e r e n t  c ,  where c = (dm/dt)]. 
example it w a s  assumed t h a t  s = 1 - a e-bt, where 14 and a r e  constants.  It is  
necessary t o  m a k e  a spec i f i c  assumption about 2 i n  order t o  obtain da t a  f o r  t he  
curve; however, t h e  conclusions i n  Equations ( 3 )  through ( 9 )  follow f o r  any form 
of s ( t )  t h a t  has t h e  general  shape shown i n  Figure 1. 

For t h i s  
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A t  very low dose r a t e s  it takes a long t i m e ,  T, t o  accumulate h i t s .  Then, 
Equation (2) indicates  t h a t  a l l  t h e  s-~ equal 1, and 

'low = e -m( l-sl 1. 
( 3 )  

This equation resu l t s  whenever in te rac t ions  between h i t s  are not possible. I n  
other  words , when t h e  t i m e  between h i t s  i s  la rge  enough, they have l i t t l e  chance 
of in te rac t ing  and death r e s u l t s  only from t h e  individual e f f e c t s  of each h i t .  

At very high dose r a t e s ,  T i s  very s m a l l ,  Equation ( 2 )  gives a l l  SJ = (1-a) , 
and 

n=O 

This surviving f rac t ion  decreases f a s t e r  than exponentially with E; when t h e  log- 
arithm of shigh is p lo t ted  versus m, it gives 8 continually steepening curve. - 

A t  intermediate dose r a t e s  the  survival  curves a re  asymptotically exponen- 
t i a l .  
Equation (1) can be wri t ten 

This is apparent i n  Figure 3 and can be deduced from Equation (1). 

m 

(so S1". s )" 

(so  s1 ... s 

s = e-m mn (n:>-l  s1 - n-2 - 
n=O n-2 

2 n-1) 

In  t h e  asymptotic region 2 is large.  

as j increased. 
are-those fo r  la rge  2. 
ducts involving t h e  s 

For large almost any postulated form f o r  
w i l l  give is from Equation ( 2 )  t h a t  are independent of and tha t  tend  to 1 

Also, f o r  la rge  t h e  numerically important terms i n  Equation ( 5 )  
But;, f o r  la rge  ; and f o r  t h e  3 j u s t  described, t h e  pro- 
can be replaced by t h e  corresponding i n f i n i t e  products. 

Then -3 

-m( l-BS1) = A e  

The extrapolation number, A, is  

The number 1-BS1 i s  proportional t o  what i s  often ca l led  the  s e n s i t i v i t y ;  (1-BSl)-' 
is  proportional t o  what is  denoted by Do o r  D37 and ca l led  t h e  mean l e t h a l  dose. 
B is  given by 
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These su rv iva l  curve shapes and t h e i r  general  behavior with dose rate closely 
resemble those o f t en  found experimentally. 

Fractionation 

The e f f e c t  of dividing t h e  dose i n t o  f r ac t ions  del ivered separately can be 
analyzed by the present theory also.  
act ions between h i t s  within a f r ac t ion  and f o r  i n t e rac t ions  between h i t s  i n  
d i f f e r e n t  f r ac t ions .  
average numbers of h i t s  m l  and m 2 ,  where ml and rn2 are both l a r g e  enough f o r  
t h e  su rv iva l  t o  be i n  t h e  asymptotically exponential region, 

It i s  necessary t o  allow both f o r  i n t e r -  

It i s  possible  t o  show t h a t  f o r  two f r ac t ions  giving 

Here a is  an extrapolat ion number obtained i n  t h e  same way A is  obtained, from 
s ( t ) ,  except t h a t  t h e  time o r ig in  is displaced t o  t h e  r igh t  ( i n  Figure 1) a t i m e  
equal t o  t h e  t i m e  2, between the  two f r ac t ions .  
t i m e s  t h a t  surviving a s ing le  dose t o  m +m2. From the  descr ipt ion of a ,  it i s  
c l e a r  t h a t  ( A / @ )  = 1 f o r  d = 0 and ( A / a j  = A f o r  l a rge  enough 2, i.e., t h e  sur- 
v iva l  increases by a f ac to r  equal t o  the  extrapolat ion number as t h e  t i m e  between 
f r ac t ions  increases.  Figure 4 shows a curve of A / a  versus 
s = 1 - a e-bt, as above; it i s  of i n t e r e s t  t h a t  it does not change exponentially. 
The present theory does not p red ic t  t h e  Elkind-Sutton e f f e c t ;  however t h i s  e f f e c t  
i s  thought t o  be due t o  changes of s e n s i t i v i t y  during the  ce l l  cycle6! and would 
be deduced i f  a mixture of Slfs and 2 ' s  were used i n  t h e  theory. 

RBE 

This surviving f r a c t i o n  is  A / a  

calculated f o r  

- 
In  t h e  present theory t h e  difference i n  e f f ec t  of d i f f e r e n t  r ad ia t ions  i s  

explained as due t o  differences i n  S 1  and 5. A p r i o r i  one would guess t h a t  high- 
LET r ad ia t ions  would be more e f f ec t ive  i n  k i l l i n g  than low-LET ones and would 
therefore  have lower values of S1 and s. Figure 5 shows the  two l i m i t i n g  su rv iva l  
curves (Equations 3 and 4) f o r  two values of S1 and f o r  s ( 0 )  = 0. 
define t h e  region within which the curves f o r  a l l  dose rates must l i e .  
S1, 0.9, t h e  region i s  very broad. 
experimental detect ion of dose-rate e f f e c t s  is  unlikely even though they a r e  t h e r e ,  
i n  p r inc ip l e .  
not su rp r i s ing  t h a t  low-S1 high-LET 
exponential su rv iva l  curves. 

The two l i m i t s  
For high 

For low Sl, 0.3, t h e  band is  so narrow t h a t  

Also, t h e  two la t ter  l i m i t s  a r e  so near ly  exponential t h a t  it is  
r ad ia t ions  a re  usual ly  reported as giving 

To make more precise  predict ions about t h e  e f f e c t s  of d i f f e r e n t  r ad ia t ions  
requires  making more assumptions. It  i s  convenient t o  use t h e  low-dose-rate 
l i m i t ,  Equation ( 3 ) ,  fo r  t h i s  purpose. Doing so does not exclude the  e f f e c t s  of 
i n t e rac t ions .  Although a l l  t he  s are 1, S1 includes an e f f e c t  of i n t e rac t ions ,  
because i f  i n t e rac t ions  are p o s s d l e  between the products formed along d i f f e ren t  
t racks they a re  a l s o  possible  between products from d i f f e r e n t  p a r t s  of t h e  same 
t r ack .  A s  a f i r s t ,  elementary attempt at analysis  it can be assumed t h a t  t he  
average number of death-producing events of t h e  kind requir ing in t e rac t ions  is 
proportional t o  t h e  square ( s ince  two p a r t s  of t h e  t r ack  are involved) of t h e  
stopping power, L, and those not requir ing in t e rac t ions  a r e  proport ional  t o  t h e  
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f i rs t  power. Then, i f  t h e  events are Poisson distri 'buted, 

-(fL+g-L2) S1 = e 

where f and g are  constan-is. 
hence, where Equation (3) appl ies ,  t h e  RBE is  proportional t o  (l-Sl)/L, o r  

The absorbed dose is  proportional t o  both m and L; 

RBE a (11) 

Figure 6 shows RBE curves calculated from t h i s  equation f o r  d i f f e r e n t  values of 
f and g. 
t h e i r  maxima a t  L = 100 ke:V/pm. 
and range of values. 

The curves were ad.justed t o  give RBE = 1 a t  L = 1 keV/pm and t o  have 
The curves are of qua l i ta t ive ly  correct  shape 

- 

Chemical Effects  

Sui table  chemical agents can a l t e r  t h e  probabi l i t i es  w e  have been discussing. 
As a simple example of how t h i s  might happen, t h e  average number of t h e  non- 
in te rac t ion  events might change according t o  a f i r s t -order  k ine t ic  l a w .  
f L  of Equations (10) and (11) would be mult ipl ied by a fac tor ,  [M/(M+k)], where 
M is  the  concentration of the agent and k is  a constant. Then t h e  r a t i o  of t h e  
"sens i t iv i t ies" ,  (l-S1) at concentration M and (l-Sl)O a t  M = 0, would be 

Then 

f o r  small L. 
and others  f o r  oxygen enhancement. 
expansion of t h e  exponentietl i n  Equation (10). 
of s e n s i t i v i t i e s  approaches; 1, because t h e  exponential. would become negl igible .  
Also, i n  t h i s  theory, t h e  extrapolation number would not be changed by changes 
i n  t h e  agent, because t h e  quant i t ies  i n  Equation ( 7 )  would not be affected by 
changes i n  t h e  probabi l i t i es  of t h e  non-interaction events. 

This is  t h e  same form as t h e  l a w  found by Alper and H~ward-Flanders~) 
It is  obtained by keeping two terms i n  the  

For l a r g e r  values of L, t h e  r a t i o  
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1. An example of the dependence of the prob'ability of surviving interactions 
between the products of  two different  h i t s ,  s ( t ) ,  on the t ime,  t ,  between 
them. 
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0 T time 

2. Tt.e possible  interactions between f i v e  h i t s .  
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3. The f r a c t i o n ,  S ,  of  a population surviving i r r a d i a t i o n  t o  an average number 
of h i t s ,  m (propor t iona l  t o  absorbed dose) ,  f o r  d i f f e r e n t  dose r a t e s  (pro- 
p o r t i o n a l  t o  c /b) .  The dashed l i n e s  are asymptotic exponential curves. 



S 

1.0 

0.1 
0 2 4 

m 

5. Limiting survival curves for t w o  values of is1. 
dose rates must l i e  i n  the shaded regions. 

Survival cumes for different 

100 1- 

10 

1 

0.1 
10 100 lo00 10, OOO 1 

Let, keVlpm 

6. Theoretical RBE cumres. 

305 



VI.11 

J DOSE FROM HIGH-ENERGY RADIATIONS AT AN INTERFACE BETWEEN TWO MEDIA" 

J. E. Turner,  V. E. Anderson, H. A. Wright, W. S. Snyder, and J. Neufeld 
Health Physics Division, Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 

ABSTRACT 

Build-up a t  an interface between two media is important  f o r  the interpretat ion of 
radiation dose. This paper r epor t s  the r e su l t s  of studies of dose f r o m  high energy 
protons and neutrons a t  an interface between s o f t  t issue and bone. Because of theiv 
d i f f e ren t  atomic compositions, t h  e contribution t o  dose f r d m  nuclear interactions in 
the two media is different.  
made of t he  dose f r o m  nucleons with energies of 100 and 400 Mev in two phantoms com- 
posed of bone and s o f t  t i s sue  parts.  One phantom w a s  a cylinder, h a v s g  a diameter  of 
2.5 cm and a length of 8 cm, maae in th ree  concentric annular rings, t h e  middle ring 
containing bone. The o the r  phantom was  a 20 x 31 x 60 c m  s o f t  t issue parallelepiped 
with a solid bone c e n t e r .  With 400 Mev nucleons incident la teral ly  on t h e  cylinder the 
build-up of dose equivalent in going f r o m  the outside t o  the inside of the cylinder appears 
t o  be increased some when the  middle Srinular r ing is made of bone r a t h e r  than s o f t  
t issue.  A decrease in t h e  quality f a c t o r  of 400 Mev neutrons f r o m  
found 
parallelepiped, the presence of the bone center ,  r a t h e r  than s o f t  t issue,  apparently 
makes little difference. 

By using the  Monte Carlo technique, calculations were 

8.6 t o  6.5 was 
. in  t he  middle ring when s o f t  t issue was replaced by bone. In t h e  

I. INTRODUCTION 

this paper we r epor t  numerical r e su l t s  of calculations of dose and dose equivalent 
in  non-homogeneous phantoms of f i n i t e  ex ten t  f r o m  incident protons and neutrons with 
energies of 100 and 400 MeV. The Monte Carlo calculations were done with computer 
codes for nuclear interactions and nucleon t r anspor t  developed by t h e  Neutron Physics 
Division a t  Oak Ridge National Laboratory and described elsewhere. tl* 2,  Because these 
codes neglect t he  production of pions, they are not applied t o  nucleon energies above 
400 MeV. 

The work t o  be reported here supplements in two ways previous publications13* 4, 

First, large and small  phantoms consisting of both s o f t  t issue and embedded 
which deal t  primarily with dose in homogeneous, so f t - t i s sue  slabs of infinite l a t e r a l  
sxtent.  
bone s t r u c t u r e s  a r e  t r ea t ed  here. Second, particular a t t en t ion  is given t o  the behavior 
of radiation dose across an interface separating s o f t  t i s sue  and bone. - . .  
Research sponsored by the u. S. Atomic EnerEy Commission under con t r ac t  with - 
Union Ccrbide Corporation. 
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The investigation was motivated initially t o  see whether dose bi ' I-up occurs 
when high-energy nucleons penetrate  through s o f t  t i s s u e  into bone. ('1 \ 'hereas t h e  
amounts of energy deposited per  unit mass by interactions w i t h  atomic t lectrons in 
the  two media are comparable, t h e  denser bone, containing heavier eler i n t s ,  might 
receive a higher dose o r  dose equivalent due t o  nuclear interactions. In .  articular, 
we wanted t o  compare the calculated radiation dose i a ylindrical cavity of marrow 
surrounded by bone with dose values found previouslyey 
of s o f t  tissue. 

in t a r g e t s  consisting entirely 

II. DESCRIPTION OF TARGETS AND INCIDENT FUDIATION 

Figures 1 and 2 show the  phantoms used in  these  studies. The cylinder in  Fig. 1 
is 8 c m  in length and 2.5 c m  in diameter and consis ts  of a cylindrical s o f t  t issue center  
enclosed in concentric bone and s o f t  t issue rings. 
t h e  geometry of a bone with marrow cavity in the  a r m  o r  leg of a small  primate.  The 
larger  so f t - t i s sue  parallelepiped slab in Fig. 2 has outside dimensions 20 c m  x 31 c m  x 
60 cm, approximately the size of a human torso.  
15 c m  x 30 c m  bone center  t o  t r y  t o  assess t h e  ef€ects of! t a r g e t  size on the relat ive 
dose t o  bone and s o f t  tissue. 
cylinder in such a way as t o  simulate rotat ion of the cylinder in a uniform broad beam 
perpendicular t o  its axis. 
t h e  parallelepiped slab. 
were studied with both t a r g e t s  shown in Figs,, 1 and 2. Unless otherwise s t a t e d ,  t he  
calculation of dose in a given t a r g e t  f r o m  nucleons of a given energy were made f r o m  
the  energy deposited as a r e su l t  of 5,000 incident protons or 10,000 incident neutrons. 

This t a r g e t  was used t o  simulate 

This slab was used with a 10 c m  x 

Monoenergetic nucleons were incident la teral ly  on the 

Isotxopically incident monoenergetic nucleons were used with 
Protons and neutrons with energies of 400 Mev and 100 Mev 

For analysis, t h e  cylinder was  divided into th ree  concentric annular cylindrical 
regions containing t h e  inside s o f t  t i s sue ,  t h e  bone, and t h e  outside s o f t  tissue, as 
shown in Fig. 1. 
absorbed the re  and the  dose equivalent in  each was determined by weighting the  absorbed 
energy according t o  its LET distribution, as explained below. The diameters  of t he  
cylindrical regions are 0.5 cm, 1.5 cm, and 2.5 cm. We shall refer t o  the  outside, 
middle (bone), and c e n t e r  cylinders as regions 1, 2, and 3. 

The absorbed dose was calculated in each region f rom t h e  t o t a l  energy 

The slab was divided f o r  dose analysis into smaller  parallelepipeds by intersect ing 
planes parallel t o  t he  slab surfaces. The planes passed through the points X = 0, 8,  23, 31 
cm; Y = 0, 5,  10, 15, 20 cm; and 2 = 0, 15, 30, 45, 60 cm. This method of subdivision 
is shown in Fig. 3, which is drawn with a portion of t he  slab removed. Every smaller  
parallelepiped consisted entirely of e i the r  bone o r  s o f t  t issue,  region 8 being bone. 
When the incident radiation is isotropic, the dose need be calculated in only one octant  
of the slab. Because of symmetry,  therefore,  the dose in  regions bearing the same 
number is ,apart  f r o m  s t a t i s t i c a l  f luctuations,  t h e  same. 

The compositions and mean excitation energies used f o r  s o f t  tissue and f o r  bone 
are shown in Tables 1 and 2. 'The atomic composition of s o f t  t issue is the one used in W 
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previous calculations, (3) and the  composition of bone is t h a t  of the  wet  tissue. (6) The 
mean excitation energies used in t h e  Bethe stopping-power 
NAS-NRC Report No. 1133. (8) 

are taken f r o m  the 

III. NUMERICAL RESULTS 

Detailed descriptions of t h e  calculational methods used here  are given in (3) and 
(4). Briefly, nuclear cascade and evaporation processes are handled by computer codes 
t h a t  utilize Monte Carlo techniques. Cascades produce secondary nucleons (pion pro- 
duction is neglected) and evaporation can produce particles with mass numbers up t o  
four. The histories of all primary and secondary particles are t raced until a particle 
e i ther  in te rac ts  with a nucleus, escapes f r o m  the ta rge t ,  o r  loses a l l  of its energy in 
the  target.  Charged-particle slowing down is calculated by means of the  stopping- 
power formula. (7) In t h e  present calculation particle histories were analyzed and t h e  
absorbed dose (rad) and dose equivalent (rem) w e r e  computed in each of the  regions 
shown in Figs. 1 and 3. The assignment of quality f a c t o r s  used in obtaining dose equiv- 
alent was made according t o  the  recommendations of t h e  National Committee on 
Radiation Protection and Measurements f o r  long-term occupational exposure t o  
radiation, a s  described in (3). These values, which are also recommended by the  
International Commission on Radiological Protection, (9) a r e  based on the  values of t h e  
linear energy t r a n s f e r  (LET) of radiation. 

Figure 4 shows the  cdculated values of absorbed dose (rad) and dose equivalent 
(rem) per unit fluence in the  three regions of the  cylinder f r o m  400 Mev incident 
neutrons. A t o t a l  of 20,000 incident neutrons was used in t h e  calculation. The e r r o r  
bars on t h e  r e m  curves show the spread in v-dues obtained in two runs of 10,000 
particles each. The relative volumes of the  three  regions a r e  16: 8: 1, and the  smaller 
number of nuclear collisions in region 3 is ref lected in t h e  relatively large difference 
in dose equivalent obtained in t h e  two runs. With 10,000 incident 400 Mev neutrons, 
some 810 secondary nucleons having energies grea te r  than 50 Mev were produced by 
cascades together with nucleons of lower energies. In addition, some 3500 nucleons 
and approximately 100 heavier particles a r e  generated in evaporation processes. As 
was done in previous work, (3) a quality f a c t o r  of 20 was assigned both t o  these heavier 
particles and t o  the recoil nuclei a f t e r  a cascade. 

Division of the dose equivalent by the  absorbed dose gives the  effect ive quality 
The most  striking fea ture  of the resu l t s  shown in Fig. 4 

To study this 
f a c t o r  (QF) in each region. 
is the  smaller QF in the  bone compared with t h e  adjacent s o f t  tissue. 
finding, an additional 10,000 neutrons were run with a homogeneous sof t - t issue cylinder - 
in e f f e c t ,  replacing the  bone ring by one of s o f t  tissue. The results thus obtained are 
compared with those f o r  which bone is present in Fig. 5. * I t  is found t h a t ,  in t h e  
homogeneous sof t - t issue cylinder, the  QF is essentially constant  throughout. The 

*The e r r o r  b a r s  on t h e  l e f t  show t h e  extremes obtained in two calculations with 5,000 
incident neutrons each. Whereas t h e  values on the  left w e r e  calculated with 10,000 
neutrons, those on the right w e r e  obtained with 20, O O G .  
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difference in  QF in t h e  middle ring when the s o f t  t issue is replaced by bone occurs as a 
result of the d i f f e ren t  nuclear coinpositions of those two medi%since t h e  number of 
electrons per  gram is approximately the same. Using the  atomic densit ies in Tables 1 
and 2, we find t h a t  t he  r a t io  of t he  linear c ros s  sections f o r  nuclear interaction in bone 
and s o f t  t issue (1.93) is approximately the  same as the  r a t i o  of t h e  densit ies (2.04). 
As a result, t h e  number of nuc:lear collisions per gram pe r  unit fluence in the  two media 
is about t h e  same. This being the case, the higher quality f a c t o r  in s o f t  t issue implies 
t h a t  a large f r ac t ion  of t h e  energy deposited the re  occurs with a high LET as compared 
with bone. A study is now underway t o  determine the  extent  t o  which th i s  depends on 
the d i f f e ren t  distributions of recoil nuclei energies and heavy par t ic le  energies f r o m  
evaporation in the  two media. 

Figure 6 shows the  results of bombardment of the cylinder with 5,000 protons with 
an energy of 400 MeV. An increase in the quality f a c t o r  with depth was found. Since a 
large fract ion (W3C%) of t h e  dose is due t o  ionization caused by the  primary protons, t h e  
QF of th i s  radiation is smaller  than t h a t  of neutrons of t he  same energy. As contrasted 
with Fig. 4, no decrease in QF in t h e  bone is found. Figure 7, which is analogous t o  
Fig. 5, shows t h a t ,  with incident protons, the presence of bone apparently increases 
somewhat the dose equivalent in t h e  cen te r  region. 

Figures 8 and 9 show the  r e su l t s  of bombarding t h e  cylinder with 100 Mev neutrons 
and protons. T o  within the  s ta- t is t ical  accuracy of t he  cd.c:ulations, t he  absorbed dose 
and dose equivalent are unifoirm in the  t a rge t ,  t he  magnitudes of these quantit ies having 
t h e  values shown. 

When 400 Mev neutrons bombard the parallelepiped slab isotropically the  values of 
dose and dose equivalent found i n  t h e  eight regions of Fig. 3 are shown in Fig. 10. A 
measure of t he  s t a t i s t i c a l  precision of t he  results is given by a comparison of t h e  values 
of QF in regions having the same number. When s t a t i s t i c a l  f luctuations are negligible, 
both the rad and r e m  doses are the  same. A s  with the  smaller  t a r g e t  in Fig. 4, t he  
dose equivalent appears t o  be smaller in bone than in s o f t  t i s sue .  The corresponding 
da ta  f o r  400 Mev isotropically incident protons, like those in  Fig. 6 ,  show no significant 
difference between the radiation doses in the  two media. Calculations with 400 Mev 
protons incident isotropically on a homogeneous sof t- t issue slab of a lmost  identical 
dimensions(3) give t h e  same values of dose and dose equivalent as when the  bone cen te r  
is present.  

Calculations with 100 Mlav isotropically incident neutrons and protons on the slab 
showed a decrease in dose in  going into the inter ior  of t he  slab due t o  the absorption 
and stopping of nucleons. 
pecularities were noted due t o  the  presence of the bone center.  

(The range of a 100 Mev proton is -7.9 gm/cm2. ) NO 
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N. SUMMARY 

The foregoing calculations indicate t h a t  t he re  is no significant build-up in dose 

With the quality f a c t o r  QF = 20 used f o r  heavy 
i n  s o f t  t i s s u e  f r o m  nucleons with energies up t o  400 Mev directly a t t r i b u t a b l e  t o  the 
presence of bone near the s o f t  tissue. 
particles in earlier calculations, the dose equivalent in bone inside a small  t a r g e t  is 
apparently reduced by approximately one-f ourth compared with its value in a homo- 
geneous s o f t  tissue target .  
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Elemi.nt' -4 tamic A t o n ~ s  p e r  M c w  E x c i t a t i o n  
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I 

3. 
Table 1. Description a i  Sof t  T i s s u e  [Ref. ( 3 ) ]  (Densi ty  = 0. 961 grn/crn ) 

3 
Table  2. Descr ip t ion  of Wet BJne !Ref. (6)] (Densi ty  = 1. 96 gm/crn ) 
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Figure 3. Subdivision of parallelepiped slab f o r  dose analysis. By symmetry,  dose in 
each region having the same number is the  same, apar t  f r o m  s t a t i s t i ca l  
fluctuations. Regions 1.q-7 a r e  s o f t  t issue and region 8 is bone. 

BONE 1 

400 MeV NEUTRONS LATERALLY INCIDENT ON CYLINDER 

Figure 4. Absorbed dose and dose equivalent in cylinder with bone f r o m  400 Mev laterally 
incident neutrons. 
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Figure 5. Compar::son of absorbed do!;e and dose eqlivalent in cylinder with bone present 
(shown cn  r ight)  and with bone replaced b:y s o f t  t issue (on lef t ) .  The da ta  on 
the  r ight  a r e  taken f rom Figure 4. 
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Figure 6. Absorbed dose and dose equivdent in cylinder with bone f rom 400 Mev laterally 
incident protons. 
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Figure 7. Comparison of absorbed dose and dose equivalent in cylinder w i t h  bone p r e s e n t  
(shown on r igh t )  and wi th  bone replaced by s o f t  t i s s u e  (on le f t ) .  
t h e  r i g h t  are taken f r o m  Fig. 6. 
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Figure 8. Absorbed dose and dose equivalent i n  cylinder f rom 100 Mev l a t e r a l l y  incident 
neutrons.  
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Figure 9. Absorbed dose and dose equivaleqt in cylinder f r o m  100 Mev la te ra l ly  incident 
protons.  
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J TECHNIQUES I N  J DOSIMETRY AND PRIMATE 
IRRADIATIONS WITH 2.3-BeV PROTONS* 

W 

G. H. Williams, C. V. Parker ,  J. B. Nelson and I. L. Morgan ' 
Texas Nuclear Corporat ion,  Aust in ,  Texas 

J. C .  Mi tche l l  and K. A. Hardy 
School of Aerospace Medicine, San Antonio, Texas 

In t roduct ion  

This paper w i l l  de sc r ibe  t h e  phys ica l  experimentat ion 
and dosimetry involved i n  t h e  whole-body i r r a d i a t i o n  of  t h e  
primate Macaca mulat ta  with 2.3 BeV protons obta ined  from t h e  
Cosmotron f a c i l i t y  a t  t h e  Brookhaven Nat ional  Laboratory.  The 
work i s  p a r t  of a s tudy involv ing  whole-body exposures of  t h e  
primate t o  protons of var ious  ene rg ie s  i n  t h e  range 32 MeV t o  
2.3 BeV. By ex tens ionr the  e f f e c t s  of i on iz ing  r a d i a t i o n  on man 
and poss ib l e  hazards  experienced by extended t rave l  i n  space can 
be est imated.  The phys ica l  aspects ,dosimetry and r e s u l t a n t  
b i o l o g i c a l  e f f e c t s  have a l ready  been reported '  f o r  exposures t o  
protons of 32 MeV, 55 MeV, 138 MeV, 250 Meyand 400 MeV. 

A t o t a l  of  1 1 7  pr imates  w e r e  i r r a d i a t e d  wi th  doses 
ranging from 28  t o  3400  rads .  The b a s i c  dosimetry measurement 
was the  i n t e g r a t e d  proton f l u x  i n c i d e n t  on t h e  animals.  The 
f l u x  was then  r e l a t e d  t o  average body dose i n  r ads  by making 
exposures of g l a s s  and l i t h ium f l u o r i d e  microdosimeters embedded 
i n  primate phantoms. Measurements i nd ica t ed  t h a t  t h e  r a d  dose 
received by t h e  animals was 43% higher  than  t h a t  based on the  
s topping power of t h e  i n c i d e n t  protons alone.  The pr imates  
w e r e  exposed while i n  a h o r i z o n t a l  p o s i t i o n  p a r a l l e l  t o  t h e  
beam a x i s ,  ha l f  t he  t o t a l  proton f l u x  being i n c i d e n t  on the  
head, and h a l f  i n c i d e n t  on the  f e e t .  Bio logica l  r e s u l t s  of 
t h e  exposures a r e  b r i e f l y  repor ted .  

Experimental Method 

Quadrupole defocussing w a s  used t o  en la rge  t h e  beam 
s i z e  t o  ob ta in  a uniform proton f l u x  over t h e  pr imates .  It 
was n o t  poss ib l e  t o  spread t h e  2.3 BeV beam ou t  g r e a t e r  than 
about 1 0  cm. This prevented t h e  animals 'being i r r a d i a t e d  i n  
a s i t t i n g  p o s i t i o n  a s  had been t h e  p r a c t i c e  i n  our  previous 
proton exposures2 Ins t ead ,  t he  animals were exposed while  
i n  a h o r i z o n t a l  p o s i t i o n ,  being placed i n  cy l inde r s  r o t a t i n g  
p a r a l l e l  b u t  o f €  a x i s  t o  t h e  proton beam a t  t h e  rate of 2 rpm. 
Figure 1 i n d i c a t e s  t h e  arrangement used during t h e  exposures.  
Protons from t h e  Cosmotron passed through a t o t a l  f l u x  monitoring, 
p a r a l l e l - p l a t e  i o n i z a t i o n  chamber, then through a quadrupole 
magnet used f o r  defocussing t h e  beam a t  the  p o s i t i o n  of t h e  
i r r a d i a t i o n  subject. 

During i r r a d i a t i o n  t h e  pr imates  w e r e  contained i n  
a r o t a t i n g  Luci te  c y l i n d e r ,  5-1/2" i n  diameter and 30" long. 
The cy l inde r  wa l l s  w e r e  1/8" t h i c k  and t h e  end p l a t e s  1" th ick .  
The quadrupole o p t i c s  system spread t h e  beam i n t o  an i r r e g u l a r -  
shaped p r o f i l e .  Severa l  t r i a l  p o s i t i o n s  of t h e  cy l inde r  axis 
r e l a t i v e  t o  the  beam a x i s  were examined before  a s a t i s f a c t o r i l y  
uniform proton f l u x  w a s  ob ta ined  ac ross  t h e  f ace  of t h e  r o t a t i n g  
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c y l i n d e r .  F i g u r e  2 sl-LOWS t h e  approximate shape  of  t h e  beam 
and i t s  p o s i t i o n  r e l a t i v e  t o  t h e  end f a c e  o f  t h e  r o t a t i n g  
c y l i n d e r  t o  g i v e  a k 5% f l u x  un i fo rmi ty .  The p r o f i l e  o f  t h e  
p r o t o n  f l u x  o v e r  t h e  c y l i n d e r  end was measured by p o l y s t y r e n e  
f o i l  a c t i v a t i o n  u s i n g  t h e  r e a c t i o n  

A r o w  o f  3 /8"-d iamets r  by 1 / 8 " - t h i c k  (discs was p l a c e d  d i a m e t r i -  
c a l l y  across t h e  f r o n t  f a c e  p o s i t i o n  of  t h e  primate c o n t a i n e r  
and i r r a d i a t e d  f o r  t e n  minutes  w h i l e  r o t a t i n g .  Subsequent  
coun t ing  of  t h e  gamma rays from induced  a c t i v i t y  i n  t h e  f o i l s  
and c o r r e c t i o n  f o r  decay t i m e  y i e l d e d  a measure o f  t h e  f l u x  
p r o f i l e .  F i g u r e  3 sliows t h e  p r o t o n  p r o f i l e  deemed s u i t a b l e  f o r  
t h e  an imal  i r r a d i a t i o n s .  The un i fo rmi ty  was Yhecked p e r i o d i c a l l y  
d u r i n g  t h e  50-hour p e r i o d  of t h e  i r r a d i a t i o n s .  S l i g h t  changes i n  
t h e  p a t t e r n  as i n d i c a t e d  i n  F i g u r e  3 o c c u r r e d ,  b u t  t h e  u n i f o r m i t y  
remained a t  f 5% a c r o s s  t h e  f a c e  o f  t h e  p r ima te  c o n t a i n e r .  

A l l  i r r a d i a t i o n s  w e r e  made r e l a t i v e  t o  t h e  t o t a l  f l u x  
mon i to r ing  i o n i z a t i o n  chamber. T h i s  chamber w a s  c a l i b r a t e d  i n  
t e r m s  of  t h e  p r o t o n  f l u x  a t  t h e  f r o n t  f a c e  of  $he r o t a t i n g  
c y l i n d e r .  The p o l y s t y r e n e  a c t i v a t i o n  method2 w a s  used  t o  
de te rmine  t h e  f l u x .  Four  1"- d iame te r  1/8"- t h i c k  p o l y s t y r e n e  
d i s c s  w e r e  p l a c e d  across a d i ame te r  at. t h e  f r o n t  f a c e  p o s i t i o n  
of t h e  an imal  c o n t a i n e r  c y l i n d e r .  With t h e  o u t e r  s u p p o r t  
c y l i n d e r  r o t a t i n g  t h e s e  f o i l s  w e r e  exposed t o  t h e  p r o t o n  beam 
€or a g iven  t i m e  i n t e r v a l .  The p o s i t r o n  a c t i v i t y  of t h e s e  
foils due t o  t h e  C12(prpn)C11 reaction w a s  t h e n  measured. 

f o r  t h e  r e a c t i o n  a t  2 .3  MeV o f  27.2 m i l l i b a r n s ,  t h e  i n t e g r a t e d  
p r o t o n  f l u x  f o r  t h e  f o i l  exposure  w a s  c a l c u l a t e d .  Th i s  was t h e n  
r e l a t e d  t o  t h e  r e a d i n g  o b t a i n e d  from t h e  t o t a l  f l u x  mon i to r ing  
i o n i z a t i o n  chamber. 

Using 
t h e  s t a n d a r d  r a d i o i s o t o p e  p roduc t ion  formula4  and a cross s e c t i o n  3 

The b a s i c  measurement invo lved  i n  t h e  exposures  was 
t h e  p r o t o n  f l u x  g iven  t o  each  s u b j e c t .  A s  i n  t h e  case of  t h e  
beam u n i f o r m i t y ,  t h e  f l u x  c a l i b r a t i o n  was checked th roughou t  
t h e  exper iment  p e r i o d .  The p r o t o n  f l u x  w a s  t h e n  r e l a t e d  t o  t h e  
r a d  dose  r e c e i v e d  by t h e  an imals  by expos ing  mic rodos ime te r s  under  
s imi l a r  c i r cums tances  w h i l e  embedded i n  p r i m a t e  phantoms. 

D o  s i m e  t r v 

To de te rmine  t h e  e x t e n t  of dose  b u i l d u p  due t o  
secondary  dose  p r o d u c t i o n ,  a series o f  S o s i m e t r y  s t u d i e s  w a s  
c a r r i e d  o u t .  A phantom c o n s t r u c t e d  by e n c a s i n g  a p r ima te  
s k e l e t o n  i n  a u n i t  d e n s i t y  p l a s t i c  (Epibond-Furane) had t o  b e  
used due t o  t h e  i r r e g u l a r  shape  of t h e  an ima l s .  Th i s  phantom 
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i s  d e s c r i b e d  e l s e ~ h e r e . ~  
i n t o  e i g h t  segments, a l l owing  mic rodos ime te r s  t o  be  embedded 
throughout  t h e  volume. G l a s s  r o d s  and l i t h i u m  f l u o r i d e  d o s i m e t e r s  
w e r e  used.  The g l a s s  r o d s  w e r e  Bausch and Lomb H i - Z  s i l v e r  
phosphate  mic rodos ime te r s ,  r ead  on a Bausch-Lomb Model 33-66-02 
r e a d e r .  Conrad Type 7 l i t h i u m  f l u o r i d e  w a s  used  as t h e  thermo- 
luminescence d o s i m e t e r ;  t h e  55 mg samples  w e r e  r e a d  o u t  on a 
Conrad Model 4 1 2 A  reader. 

The phantom w a s  t r a v e r s e l y  s e c t i o n e d  

F i g u r e  4 shows t h e  r e s u l t s  of one exper iment  i n  which 
t h e  phantom w a s  exposed i n  a n  i d e n t i c a l  Fanner  t o  t h a t  o f  t h e  
an imals .  The dose r e sponse  o f  t h e  microdos imeter  i s  measured 
r e l a t i v e  t o  t h e  r e sponse  t o  C060 gamma r a y s .  
t h e  s t o p p i n g  power o f  t h e  p r o t o n s  o n l y ,  t h e  i l l u s t r a t i o n  i s  f o r  
t h e  case where 1 0 0 0  rads  w e r e  g iven  to t h e  phantom i n  t h e  
r o t a t i n g  c y l i n d e r ,  500  r a d s  t o  e a c h  f a c e .  For  2 . 3  BeV p r o t o n s  
t h e  m a s s  s t o p p i n g  power i n  t i s s u e  i s  2 .00  MeV cm2/g 
dose due t o  i o n i z a t i o n  by t h e  pr imary  bea-m o n l y  i s  g i v e n  by 

Bas ing  dose  on 

and t h e  

2 Dose = 3.204 x rads/proton/cm . 
F i g u r e  4 shows t h a t  a s u b s t a n t i a l  b u i l d u p  of dose  

t a k e s  p l a c e  due t o  n u c l e a r  r e a c t i o n s  g i v i n g  r ise t o  secondary  
r a d i a t i o n .  On t h e  assumption t h a t  t h e  r e sponse  o f  t h e  micro- 
dos ime te r s  i s  d i r e c t 1  c o r r e l a t e d  a g a i n s t  t h e  r e s p o n s e  due t o  
a s i m i l a r  dose  of  Co6J 9am.a r a y s ,  t h e  body dose  r e l a t i o n  i s  
g iven  by 

-8 2 Average Body Dose = 4.58 x 1 0  rads/proton/cm , 

The above r e l a t i o n  w a s  used t o  de te rmine  t h e  dose  r e c e i v e d  by 
t h e  an ima l s  and i s  43% h i g h e r  t h a n  t h a t  based  on s t o p p i n g  power 
a lone .  

To e v a l u a t e  t h e  dose bu i ldup ,  dep th  dose  measurements 
w e r e  a l s o  c a r r i e d  o u t  u s i n g  r i g h t  c i r c u l a r  c y l i n d r i c a l  phantoms 
of  L u c i t e  and Masoni te .  These phantoms w e r e  1 0  cm. i n  d i a m e t e r ,  
t r a v e r s e l y  c u t  i n t o  segments c o n t a i n i n g  h o l e s  f o r  h o l d i n g  t h e  
microdosimeters. F i g u r e  5 shows t h e  r e s u l t s  €or t h e  case where 
t h e  u n i t  d e n s i t y  Masonite c y l i n d e r  w a s  exposed t o  a f l u x  o f  
3.12 x 1010 protons/cm2 i n c i d e n t  t o  one f a c e  of  t h e  r o t a t i n g  
c o n t a i n e r .  T h i s  f l u x  i s  e q u i v a l e n t  t o  1 0 0 0  r a d s  due t o  s t o p p i n g  
power o n l y .  

The r e sponse  of  t h e  dos ime te r s  i n d i c a t e d  an immediate 
b u i l d u p  a t  t h e  f r o n t  s u r f a c e  of t h e  L u c i t e  end c a p  of 24%. Th i s  
i s  i n  agreement  w i t h  t h e  r e s u l t s  p u b l i s h e d  by P h i l l i p s  and h i s  co- 
workers6 Usinq a t i s s u e - e q u i v a l e n t  i o n i z a t i o n  chamber, t h e y  
found a s u r f a c e  dose  on a l a r g e  p a r a f f i n  phantom. due t o  3 B e V  
p r o t o n s  t o  be  26% h i g h e r  t h a n  t h e  a i r  dose .  Th i s  immediate 
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b u i l d u p  i s  due t o  l o c a l  secondary dose produced by cascade  and 
e v a p o r a t i o n  p ro tons  and neu t rons  and heavy ions. The dose 
i n c r e a s e s  t o  a maximum a t  a depth o f  8 c m  i n s i d e  t h e  Masonite 
c y l i n d e r  b e f o r e  an a:Lmost l i n e a r  d e c r e a s e  due t o  s c a t t e r i n g  o u t  
o f  t h e  phantom and t o  a smal le r  e x t e n t  t h e  s l i g h t  d ive rgence  
of  t h e  p r i n a r y  beam. The shape o f  t h i s  depth-dose cu rve  
resembles t h e  r e l a t i v e  depth-dose curve  ob ta ined  by Gross and 
B e l l 7  w i t h  2 . 2  BeV p r o t o n s  a t  t h e  s a m e  f a c i l i t y .  
exper iment  a 5- inch-d iameter  phantom was used t o g e t h e r  w i t h  
a t i s s u e - e q u i v a l e n t  i o n i z a t i o n  chamber-; no p ro ton  f l u x  o r  
a b s o l u t e  dose measurements were s p e c i f i e d  i n  t h i s  work. 

I n  t h e i r  

I n - a i r  exposures  of t h e  microdos imeters  w e r e  a l s o  made. 
Table  1 g i v e s  t h e  r e s u l t s  f o r  doses  f r o n  500  r a d s  t o  3000 r a d s .  
These doses  are based! on s t o p p i n g  power only .  Close  agreement 
i s  o b t a i n e d  between t h e  c a l c u l a t e d  dose and t h e  response  
c a l i b r a t e d  a g a i n s t  C C I ~ ~ )  gamma-ray doses .  The l i t h i u m  f l u o r i d e  
r e s u l t s  are on t h e  whole about  5% h i g h e r .  Th i s  may be due t o  
t h e  s i z e , r e s u l t i n g  i n  a secondary dose  e f f e c t  t a k i n g  p l a c e .  

I t  had been planned t o  compare t h e  response  of t h e  
microdos imeters  a g a i n s t  t h a t  of a t i s s u e - e q u i v a l e n t  i o n i z a t i o n  
chamber. I n s t r u m e n t a t i o n  d i f f i c u l t i e s  p reven ted  t h i s  be ing  
c a r r i e d  o u t .  A program i s  p r e s e n t l y  underway i n  which comparison 
of  i o n i z a t i o n  chamber response  w i t h  t h a t  of microdos imeters  
w i l l  be made o v e r  a wide range  of p ro ton  e n e r g i e s .  For phantom 
dose measurements t h e  s i z e  and convenience i n  use  of  t h e  micro- 
dosimeters can o f f e r  a d i s t i n c t  advantage ove r  i o n i z a t i o n  chambers. 

A n i m a l  ExDosures 

Eleven groups of t h e  p r ima te  Macaca m u l a t t a  w e r e  
exposed t o  2 . 3  BeV pro tonsr  r e c e i v i n g  doses  r ang ing  from 2 8  r a d s  
t o  1130  r a d s  a t  a dose ra te  of  25 rads /minute ,  and 1 7 0 0  r a d s  
and 3400 r a d s  a t  1 1 0  rads/minute.  The an imals  w e r e  i r r a d i a t e d  
wh i l e  i n  a h o r i z o n t a l  p o s i t i o n .  I n  each  case h a l f  of t h e  dose 
w a s  g iven  head on and t h e  o t h e r  h a l f  w a s  g iven  w i t h  t h e  f e e t  
i n c i d e n t  t o  t h e  beam. Through t h e  cour se  of t h e  i r r a d i a t i o n ,  
t h e  an ima l s  w e r e  rctatetl on t h e  long  a x i s  a t  approximate ly  two 
r e v o l u t i o n s  p e r  minute. Table  2 l i s t s  t h e  exposures .  The mean 
weight of t h e  an imals  w a s  3 . 2  kg ? . 4  ( S . D .  1 .  The average  body 
t runk  d i ame te r  w a s  abou t  1 0  cm, and i n  a h o r i z o n t a l  p o s i t i o n  t h e  
l e n g t h  from head t o  f o o t  averaged 56 cm. The animal care 
p r a c t i c e s  w e r e  s i m i l a r  to t h o s e  d e s c r i b e d  e l sewherep  

The f i f t e e n  animals r e c e i v i n g  t h e  h igh  doses  of 1 7 0 0  
r a d s  and 3400 r a d s  were g iven  t o  v a r i o u s  i n s t i t u t i o n s  f o r  s t u d y .  
The an imals  exposed t o  t h e  doses  from 1130  r a d s  t o  2 %  r a d s  have 
been under examination by J. C.  Traynor and h i s  group a t  t h e  - School of  Aerospace Medicine. Traynor9 i n d i c a t e s  t h a t  t h e  
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g e n e r a l  p a t t e r n  of t h e  c l i n i c a l  cour se  o f  t h e s e  an imals  
p a r a l l e l e d  t h o s e  r e p o r t e d  f o r  2 MeV x-ray8 and o t h e r  
p e n e t r a t i n g  p r o t o n  exposures .  Animals r e c e i v i n g  730  r a d s  o r  
more developed s i g n s  of  s e v e r e  g a s t r o i n t e s t i n a l  i n j u r y  
c h a r a c t e r i z e d  by mucous and bloody d i a r r h e a .  The an imals  s u r -  
v i v i n g  beyond 9 t o  1 0  days developed hemorrhagic  d i a t h e s i s  as 
ev idenced  by p e t e c h i a e  and e p i s t a x i s .  An LD-50/30 of 4 7 5  ? 2 1  (S.D.) 
r a d s  w a s  c a l c u l a t e d  by p r o b i t  a n a l y s i s  from m o r t a l i t y  d a t a .  
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TABLE 1 

In- -a i r  response of t h e  microdosimeters t o  2 . 3  BeV 
pro tons .  Calculated dose based on dE/dX only.  Micro- 
dosimeter response c a l i b r a t e d  t o  eau iva len t  C o 6 0  dose. 

Calculated Dose Glass Rods L i F  Response 
Rads Fesponse, Rads Rads 

5 0 0  

1 0 0 0  

1 5 7 0  

2000  

3000 

529  

1 0 1 9  

1 5 1 9  

1 9 8 0  

2940  

5 9 8  

1 0 8 8  

1 5 8 8  

2150 

3 0 8 7  

8 0 7 0  Tota l  7 9 8 7  Tota l  8 5 1 1  To ta l  
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TABLE 2 

N o .  of 
Animals 

The 2 . 3  BeV p r o t o n  exposure  program c a r r i e d  o u t  
on t h e  prirr.at:e, Macaca m u l a t t a .  - 

7 

8 

11 

15 

1 4  

1 4  

1 4  

1 4  

11 

7 

2 

F lux  
Protons/cm -- 

l o  7 .37  x 1 0  

3 . 6 8  

2 . 4 6  

1 . 9 6  

1 . 6 0  

1 . 2 3  

8 , , 6 0  x l o 9  
4 ,, 9 :L 

2 ., 46 

l , , 2 3  

6 . 1 4  x l o 8  

Dose, Rads 

3400 

1700 

1 1 3 0  

9 0 0  

7 30 

5 6 0  

395 

2 2 5  

113 

5 6  

2 8  

Dose R a t e ,  
Rads /Min. 

1 1 0  

1 1 0  

2 5  

2 5  

2 5  

2 5  

2 5  

2 5  

2 5  

2 5  

2 5  
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Figure 1 Experimental arranqement for primate irradiations 
with 2.3 BeV protons. 

r PRIMATE CONTAINER 

- 
0 IO CM 

Figure 2 ?he approxirate shape of the defocused 2.3 Be17 
protor. beam relative to the froht face of the 
primate container. 
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t h e  r o t a t i n g  c o n t a i n e r  c y l i n d e r .  
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J RECENT RESULTS I N  MACRO AND MICRO DOSIMETRY O F  
HIGH -ENERGY P A  RTICU L A  T E R A D I A T I O N 4  

Norman A. Baily 

Department of Radiology, University of California at  Los Angeles 
Los  Angeles, California 

Introduction 

Dosimetry for  health physics purposes a t  o r  around high-energy acce le r -  
a to r s  i s  complex, since i:nvariably we must  measu re  both absorbed dose and 
quality for  an  unknown raldiation field. The field can  be and usually is composed 
not only of the degraded pr imary radiation, but a l so  of secondary radiations 
produced by interactions D f  the pr imary  beam with accelerator  components , 
target ,  and shielding matlerials. 
high-energy acce lera tors  , a typical problem involves protons , neutrons,  
mesons,  y rays ,  and even electrons.  

In health physics work associated with 

In considering nevir developments centered about these types of problems, 
the health physicist, in addition to  providing reliable data on absorbed dose,  
mus t  concentrate on perfecting reliable methods fo r  evaluating the quality factor 
associated with these.  Underestimates can  be dangerous, overest imates  can be 
costly. 
biological application that is going to  be made. 
of spec t ra l  data,  particle analysis,  and flux measurements  for  biological o r  
health physics purposes has  not yet reached the point where a high degree of 
confidence can be placed :in the biological interpretation of such data. To  date 
the most  reliable and most  easily interpretable data a r e  those derived through 
use  of t issue -equivalent dosimetr ic  techniques. 

Methods of measuring these quantities mus t  be made in the light of the 
The interpretation o r  conversion 

A third quantity of growing importance,  pr imari ly  due to an  increasing 
knowledge of radiobiology, is the fraction of the total absorbed dose that is due 
to highly ionizing particles.  
pur- we s h a r s e e  that the trend has been to  measure  an average quality 
factor.  
can be made in  the required instrumentation. 
long - te rm,  low-dose -caused effects, the additional information (on highly 
ionizing particle s ) would be very de si rable . 

- --- 
This is’treated separately,  since for  heal th  physics 

This QF approach has been used because of the great  simplification which 
However, f rom the viewpoint of 

w 
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Methodology 

During the past  20 years  there  have been many developments in 
instrumentation, and indeed in new methods,  for  recording the total absorbed 
dose delivered by neutrons,  x and y rays ,  and electrons.  Simplifications and 
improvements in c i rcui t ry ,  development of solid-state e lec t rometers ,  the 
perfection of thermoluminescent mater ia l s  --all have made the more  routine 
measurements  required by the health physicist s impler  and more  accura te ,  and 
pushed the minimum dose level recordable to significantly lower levels.  
ever ,  an extension of these t e c k i q u e s  to  high-energy charged particles is  not 
a simple one. 
with the atomic components of t issue.  
fo rm of nuclear interactions. 
range, thereby resulting in l a r g e  local energy depositions, and in some instances 
high-energy (long range) highly ionizing particles.  
complicated by the great  variety and energy range of such secondaries.  
deal with these properly and attain meaningful measurements  requires  that 
s t r ic t  attention be paid to  both geometric and atomic simulations. 

How- 

Due attention mus t  be paid to the differences in their  interactions 
Much of the energy t r ans fe r r ed  i s  in the 

Such interactions produce seGondaries of short  

The problem i s  of course 
T O  

F r o m  an instrumental  point of view we must  take due accord of the wide 
range of particle stopping powers which will exis t  within the detector used. 
a tissue-equivalent device this quantity will vary  from about 0. 2 keV/p to  
g rea t e r  than 100 keV/p with reference to unit density. However, because many 
of the interactions may lead to  spallation, the products of such reactions,  and 
indeed even heavy recoi ls ,  can produce very dense c lus te rs  of ionization whose 
local value i s  greatly in excess  of the upper value of the l inear  stopping power. 
The c ross  section for  such reactions i s  of the o rde r  of the geometric c r o s s  
section of the atoms in the stopping mater ia l .  F o r  protons such interactions 
have a threshold in  the range of 150 to 200 MeV. A t  depth in the body, about 
50% of the total  dose delivered by 700-MeV protons i s  due to  cascade protons 
produced as a consequence of nuclear interactions.  
inevitably the major  portion of the dose delivered to workers  around such 
installations i s  due to secondary radiations generated in the shield. 

In 

Behind thick shielding 

F o r  protection purposes it i s  necessary  that we make measurements  
which completely define the radiation dose equivalent. 
dose,  quality factor,  and dose distribution with respect  to vital organs.  Although 
the importance of microdosimetry will be demonstrated in another section of this 
paper,  for  health physics purposes quality factor means a quantity dependent 
only on an  average LET,. 
into an  instrument response a good deal e a s i e r  than a concept based on local 
energy deposition. 
NCRP a r e  given in  Table 1. 

This means absorbed 

This makes the task of incorporating such a factor 

The values of the quality factor  recommended by the 

The general  situation i s  one therefore that cal ls  for the development of 
methods whereby we can make co r rec t  measurements  of the absorbed dose and - 
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dose distribbtion, and an  evaluation of the quality factor independent of the 
incident radiation type and energy. 
which cor rec t ly  evaluates the contributions of the nuclear interactions and 
the biological damage to  be expected f rom these. 
standing of the problems involved will a lmost  certainly be achieved by experi-  
ments  --both physical and biological- -car r ied  out in  well-defined particle 
beams ("well-defined" in  this instance meaning monoenergetic and 
mono-type). 
various secondary components have been shown to vary considerably among 
themselves ,  and may differ markedly f rom those for  the pr imar ies .  
the dose equivalents (DE) have been shown to  have remarkably close equiva- 
lences at some t issue depths while tliffering This has 
been well demonstrated by Baarli .  
The data in this table a r e  measured values,  and will be fur ther  discussed in  
l a t e r  sections of this paper. The data refer to  pure beams and a r e  different 
f rom those for  attenuated high-energy radiations. 

These must  be accomplished in a manner  

A deeper and fuller under-  

These a r e  important,  since the dose -to-flux relationships of the 

However, 

markedly a t  others.  
Some typical resul ts  a r e  given in Table 2. 

The data given i n  Table 2 indicate, first,  that the flux-to-dose rat io  
may  vary  considerably f o r  the different kinds of strongly interacting particles 
and for  different degrees  of degradation. 

Second, it is apparent that a quantity s imi la r  to  an energy event 
distribution in volumes whose size and shape a r e  similar to those of biological 
importance should be examined a s  a function of the amount of t issue penetrated. 
The s ta t is t ics  of the energy deposition in small  volumes may  differ significantly 
at the different t issue depths, since large changes in  distribution have been 
found when energy losses  go f rom very small to  moderate.  
reaction products o r  t r ack  endings can produce very  high local  energy deposition 
contributing to  those effects exhibiting poor o r  no recovery.  

Similarly nuclear 

In the above discussion the use  of "LET" has  been deliberately avoided. 
Instead, the concept of a distribution of energy deposition in  single events has 
been adopted. 
First, we mus t  always remember  that the loss  of energy of a charged particle 
as  it passes  through mat te r  is a se r i e s  of d i scre te  energy t r ans fe r s  and 
consequently subject to  the usual s ta t is t ical  fluctuations. However, for  small 
increments  (as compared with the particle energy),  such a s  we expect in  
cel lular  o r  chromosomal  volumes, Landau 
than one would predict  f rom ordinary s ta t is t ical  t reatments .  Recent resul ts  
(which will be presented)  show that for the volumes and energy losses  being 
discussed in this paper the statistical spread is much g rea t e r  than Landau's 
calculations predict. This i s  due t o  the neglect,  in his  t reatment ,  of the 
second moment of the distribution, which then tends to  minimize the high- 
energy end of the distribution. 
a thin biological sample of thickness AX with a homogeneous beam of charged 

There  a r e  at l ea s t  two basic  difficulties in the LET concept. 

3 has shown these to  be even g rea t e r  

In more  familiar t e r m s ,  when one i r rad ia tes  - 
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particles having a LET o r  dE/dX value of L, the energy,  AE, expended by 
individual particles deviates f r o m  the mean value LAX t o  an  extent that depends 
on the magnitude of AX, as well as on the energy which the par t ic les  can 
t ransfer  in a single collision. The sma l l e r  AX is, o r  the l a r g e r  the balue of 
A E  that i s  possible the g rea t e r  will be the spread  (on the high A E  side) of the 
energy loss  ( 4 E )  spectrum. 

The second ma jo r  difficulty with the LET concept is that only a quantity 
sometimes designated as (LET), is equal to dE/dX. 
volume in those cases  in  which high-energy secondaries having long ranges in 
t issue a r e  generated. 
t e r m s  of energy locally absorbed, it becomes extremely difficult t o  meaning- 
fully define the 6-ray energies to  be considered. Fur ther ,  even high-energy 
6 rays  deposit some energy in the volume of interest .  
i n  the same LET interval  oan conceivably be delivered along a few long t r a c k  
sections o r  along many shor t  ones, depending on the character and energy of 
the pr imary  par t ic les .  When such t r ack  sections become as long as, o r  approach 
the dimensions of, the sensitive biological volumes the effects produced may be 
drast ical ly  different. 
concepts of microdose o r  energy event distributions a s  basic  t o  the high-energy 
health physics problem. 

This can mean a la rge  

If we t r y  to  modify this concept by defining LET in  

The same dose delivered 

It is because of such considerations that I regard  the 

Absorbed Dose 

The measurement  of absorbed dose combined with depth-dose distribution 
f rom high-energy particulate radiation requires  extreme ca re  in  selecting 
instrumentation and in  reproducing geometry. 
charac te r i s t ics  at the surfaces  and both the rapid buildup and fall-off at the 
Bragg peaks. 
ments  is the extrapolation chamber .  
designed for  use with high-energy particles is shown in Fig. 1. 
has a top electrode made of 0. 00025-in. aluminized Mylar ,  which ac ts  as the 
entrance window. The other electrode is fabficated f r o m  Shsnka6 plastic o r  
can be fabricated f rom any other conducting mater ia l .  
equivalent conducting plastic, and a r e  planning to  work with bone -equivalent 
plastics to  investigate absorbed dose delivered by high-energy protons to  
transit ion regions. 
o r  collecting volume may be made as small as a few tenths of a mil l imeter .  

This is due to  the rapid buildup 

A par t icular ly  good instrument  for  car ry ing  out such measu re -  
An adaptation of this concept specifically 

This chamber  

We have used a musc le-  

Ai r  -equivalent mater ia l s  a r e  a l so  available. The air gap 

The data obtainable5 by using this technique a r e  i l lustrated in  F&s. 2 
Figure 2 shows the depth-dose distributions produced by monoenergetic,  and 3. 

parallel  proton beams incident on an infinite phantom. Curves A ,  B, C, and D 
a r e  for  730, 630, 590, and 300 MeV, respectively.  Of importance to  note is 
the degree of buildup, which was not predicted by theory and not shown by 
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measurements  made with other techniques. The rapidity with which this 
buildup takes place is well i l lustrated by the data shown in F i g .  3.  Here  
curves A and B represent  the initial portions of curves  A and B shown in 
Fig.  2. Nuclear absorption processes  combined with some straggling account 
for  the exponential decrease  of the dose for  depths g rea t e r  than that at  which 
the peak appears .  
processes  and the production rate  of'the cascade protons. 

The peaking represents  a n  equilibrium between these 

A pertinent example of geometrical  o r  ionization chamber  induced 
artifacts and some data on 70-MeV negative pions a r e  shown in F i g .  4. 
The dotted curve shows the: dose rate in a i r  along the beam axis and indicates 
a 2270 change in 15 c m  due to divergence of the beam. 
range curve correspond to a pion energy of 7 0  MeV (14.8 c m )  and a meson 
energy of 8 2  MeV (23 cm).  The depth-dose measurements  were  made with 
both a i r -  and t issue -equ.ivalent ionization chambers .  Ba'arli at tr ibutes the 
difference in the two set:; of depth-dIDse data to  a geometrical  difficulty, stating 
that the c r o s s  section of the tissue-equivalent ionization chamber  was grea te r  
than the lateral half value o f  the pion beam. 
a 1-li ter volume, it i s  obvious that the peak value would also be low due to  an 
averaging of the rate  of ionization ac ross  the dimensions of the particle path 
within the chamber.  The radiation quality o r  QF measurements  shown a r e  
discussed in the following section. However, it is worth noting at this point 
the change in QF values with depth of penetration. 

The two peaks in the 

Howeyer, since this chamber had 

The second a r e a  o r  region that it is important to investigate and for  
which the extrapolation chamber technique is particularly well suited is that 
around the Bragg peak. An example of this type of investigation i s  i l lustrated 
by the data in Fig.  5. These data i l lustrate  the absorbed dose distribution 
in this region for  protons of 138 MeV (curve A ) ,  45.8 MeV (B) ,  and 21.4 MeV 
(C). 
polation chamber  technique is about the only way t o  obtain such curves 
accurately.  
on both the height and half-width of the Bragg peak. It is obvious that these 
charac te r i s t ics  a r e  very much a function of the past  his tory of the particle.  
The mean energy of the particles arr iving at the depth a t  which the peak occurs  
is a function of the initial particle energy. Similar ly  the spread in  number and 
spread in energy of the particles arr iving at this point a r e  both functions of 
the amount of ma te r i a l  t r ave r sed  and the number of collisions undergone by 
the incident beam. 

Because of the rapid change in  the energy absorption pattern the ex t ra -  

The patterns found dramatically i l lustrate  the effects of straggling 

Making accurate  calculations f r o m  theory is extremely difficult in this 
region. This is c lear ly  i l lustrated by Baarli's workZ with negative pions. 
Figure 6 shows a comparison of his experimental  and theoretical  resul ts .  
significant that  a value of 20 MeV per  stopped pion due to nuclear absorption 
processes  occurring a t  the end of i ts  range gives good agreement  with the experi-  
mental  data. 

It i s  

W 
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Many experiments have been misconceived and many health physics 
situations overcalculated because of a common assumption that particles 
reaching depths at which the Bragg peak occurs  had high LET values. 
recently been shown experimentally by Raju7 that the mean energy of the 
particles arr iving at a depth corresponding to  that at which the peak occurs  
is approximately 10% of the init ial  energy of the incident particles.  This had 
been previously pointed out by Bichsel. 8 However, very little attention had 
been paid to this fact by either the radiological o r  health physics community. 

It has 

It is important to  recognize that a f te r  passage through la rge  amounts 
of mater ia l  the depth-dose distributions a r e  considerably different f r o m  those 
produced by pure beams. 
such degradation. 
central  axis of the beam in an infinite scattering media ( t issue)  of a 730-MeV 
parallel  proton beam af ter  passage through 44-in. of carbon. 
proton energy incident on the phantom was 220 MeV and the residual range 
31 c m  of t issue.  Curve B was observed under similar conditions except that 
10.76-in. of copper was substituted for  the carbon absorber .  The energy of 
the protons in this case  was 260 MeV and they had a residual  range of 41 c m  
(tissue).  Comparison with Fig. 2 points out the very significant changes which 
have occurred in  the depth-dose distribution. These curves a r e  charac te r i s t ic  
of the high-energy secondaries (neutrons and y rays)  produced by the pr imary  
protons in  the i r  passage through the absorbers .  

Figure 7 is i l lustrative of the changes caused by 
Curve A represents  the depth-dose distribution along the 

The resultant 

Microdosimetry 

Before discussing the instruments o r  resul ts  associated with the 
average quality factor it is instructive to look at the more  fundamental aspects  
of this quantity. 
of in te res t  to radiobiology, due t o  charged particles is at a very  ea r ly  stage. 
Only very prel iminary resul ts  a r e  available. However, these have been 
dramatic ,  since they emphasize the inadequacy of available theoretical  t r ea t  - 
ments for  dealing with this problem. 
energy lo s ses  that a r e  small compared with the mean atomic ionization 
potentials. F o r  high-energy particles this is always the case.  
distributions a r e  very much broader ,  with the broadening occurring on the 
high-energy side of the distribution. 
obtained is shown in Fig.  8. The data shown here  represent  the distribution 
in the energy lo s ses  suffered by 46-MeV protons in passing through 1.3 p of 
t issue.  
be expected if  the distribution were s imi la r  to that found for  g rea t e r  mean 
energy losses .  
damage on a cellular level. 
revision of our cur ren t  concepts of quality factor and i t s  interpretation. 

The determination of energy event distributions , in volumes 

These t reatments  a r e  unable to  handle 

The resultant 

An example of the type of distribution 

The number of high-energy events is greatly in excess  of what would 

Such data aae extremely important when considering radiation 
Such considerations could conceivably lead to  a 
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To date there  has  been only one experimental  method developed for  the 
determination of an  average quality factor in  a beam of unknown composition 
that is readily adaptable for  health physics o r  survey use.  
Baarli9 have devised and built an ionization chamber  capable of evaluating 
the QF of an unknown bearn based 011 i t s  proportional response to the average 
LET of the par t ic les  t ravers ing it. This i s  a tissue-equivalent parallel-plate 
high- p re s su re  ionization chamber .  The chamber  operates at  a field strength 
below which complete collection of the ion pairs  is achieved. Since the type 
of recombination which takes place is a columnar phenomenon, surrouhding 
the particle t rack ,  the recombination is therefore  a function of the ionization 
density along the t rack.  In turn,  therefore ,  it becomes by defislition a function 
of QF. 
ship 

Sullivan and 

It has been found that the cur ren t  i n  such a chamber  obeys the relation- 

I = kVn. 

The exponent (n) is independent of dose ra te ,  directionality of the 
incident par t ic le ,  etc.  However, it is directly proportional to QF. In fact, in 
addition to being proportional to  the QF, it has  the additional effect of averaging 
it over any mixture  of incident radiations. The response of Baarl i ' s  chamber2 
is shown in Fig. 9. 

Using the same principle, Zel'chinskii e t  al. developed an instrument 
having dual ionization chambers ,  one operating a t  saturation for  measuring 
dose and the other below voltage saturation for  measuring the average QF. 
operating conditions a r e  such that the average QF is a unique €unction of the 
cu r ren t  ra t io  of the chambers .  
c i rcui t .  

The 

This cu r ren t  ra t io  is read directly by a divider 

F o r  the first t ime condideration has been recently given to  a passive 
device which will allow evaluation of QF. It has been found that heavy charged 
par t ic les  produce t racks  in cer ta in  mater ia l s  and that different mater ia l s  have 
different thresholds of ionization density for  the production of such t racks .  l1 
By using dosimetry packets containing some pertinent combination of such 
ma te r i a l s ,  it should then be possible to obtain information on the relative number 
of par t ic les  having LET o r  QF values g rea t e r  than some given threahold value. 
To  date resul ts  have been obtained only for  u particles,  heavy ions,  and f iss ion 
fragments.  Mater ia ls  and methods applicable for  use with l e s s  highly ionizing 
particles a r e  being actively investigated. 
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Conclusions 

1. Tissue -equivalent dosimetry cor rec t ly  used is the most  accurate  method 
for  assessing the biological effects of high-energy radiations. 

2. The extrapolation chamber method i s  the only completely reliable method 
for  measuring absorbed dose in  regions of rapidly changing energy deposition, 
and is pertinent to the dosimetry of high-energy beams to  be used for  radio- 
biological experiments . 

3 .  Microdosimetric techniques a r e  important fo r  the interpretation of the 
radiobiological consequences of high-energy particblate radiations. 

4. Assessment  of the average QF i s  required for  health physics surveys of 
high-energy acce lera tor  facilities. 

5 .  A passive dosimetry sys tem to supplement the film badge at high-energy 
facil i t ies i s  required,  and work towards achieving a reliable sys t em should be 
actively pursued. 
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Table 1. Recommended values of the quality factor for 
radiations of different specific ionizations. 

Average l inear  energy 
t r ans fe r  (LET) to  water  Ion pa i r s /p  Quality factor  

(KeV/p) 

3 .5  o r  l ess  100 o r  l e s s  1 

3 .5  - 7 . 0  100 - 200 1 - 2  

7 . 0  - 23 200 - 650 2 - 5  

23 - 5 3  650 - 1500 5 - 10 

5 3  - 175 1500 - 5000 10 - 20 
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Table 2. 
p a r t i c l e s  i n  p u r e  beams. 

P h y s i c a l  f a c t o r s  m e a s u r e d  f o r  some h i g h - e n e r g y  

B e a m  QF Bui ldup  QF at Particles / c m 2 -  sec 
at 1 f a c t o r  max p e r  mrem/hr 
g /cm 2 bui ldup  

70  MeV - 7 ~ -  1 . 0  2 . 2  3 . 5  1. I 

400 M e V  - n 3 . 5  2 .5  2 . 0  16.0 

6 0 0 M e V  - p 12 .0  1 . 2  1 . 2  6 . 3  
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TISSUE EWIVALENT PLASTIC POLYSTYRENE a NYLON 

~ i ~ .  1. ~ i ~ ~ ~ ~ - ~ ~ ~ i ~ ~ k n t  extrapolation chamber  designed fo r  LlSe with 
high-energy particulate beams.  
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Fig.  4. Measured  dose distributions in a w a t e r  phantom exposed t o  a 
70-MeV T -  beam. 
shown. 

The QF values m e a s u r e d  a t  var ious depths a r e  a l s o  
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proton beams incident normally on infinite phantoms. Curves A ,  B, and 
C a r e  for  138, 45.8, and 21,4 MeV, respectively.  
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DEPTH IN TISSUE, cm 

E'ip. 7. Depth dose  d is t r ibu t ions  of a degrader1 730-MeV proton beam.  
Curvt.  A is the pa t t e rn  produced a f t e r  passage  through 44-in.  of ca rbon .  
Curvc  €3 is tha t  produced after passage  through 10.76-in.  of coppe r .  
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Fig .  8. Energy- loss  event  d i s t r ibu t ion  of a 46-MeV proton b e a m  i n  
pass ing  through 1 . 3  p of t i s sue .  
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T T -  MESONS, RADIOBIOLOGY, AND CANCER THERAPY J 
Chaim Richman 

Southwest Center for Advanced Studies 
Dallas, Texas , 

Nature of the n- Beam 

Mudundi Raju and Jose) Feola have presented the experimental results of 
the work on pion beams, and these a r e  the important things that needed to be 
said. There a r e  some things that can be added, here and there, to f i l l  in the 
picture of the nature of the r- beam, the radiobiological work, and the outlook of 
the K -  beam for the treatment of cancer. 

Peter Fowler, who in collaboration with Don Perkins did the f i rs t  calcu- 
lations of the dose to be expected from negative pions, has emphasized an inter- 
esting point: Of all the radiations that have been discovered in the past 10 years 
or so in high energy physics, the r- meson is the only one that has the properties 
that might be able to improve cancer therapy. This is certainly true, and it is 
therefore of great importance to do the experiments that will show what can be 
done therapeutically. 

The T- meson i s  what would certainly be called a penetrating particle. 
F o r  a given energy it goes a long way in tissue, in other words it i s  a lightly 
ionizing particle in flight. At the 184-inch cyclotron the 90-million-volt pion 
traverses about 25 cm of tissue before stopping; an a particle requires 900 MeV 
to go through about 30 cm of tissue. Also, the pion delivers in the region of 
stopping a dose of which a large fraction i s  of high LET. 
that here i s  a particle that in a manner of speaking changes its character in the 
tumor region, and it must be appreciated that this is a most unusual phenomenon. 

The pion beam is a secondary beam which is made by letting the 732-MeV 

The beam is large in cross-  

It i s  therefore clear 

protons strike a beryllium target. 
target, and a portion is taken off to make the beam. 
sectional area. 
which a r e  usually small in cross section. 
kind of beam that i s  needed for therapy; a therapeutic beam must cover a large 
field. 

The pions come off at all angles from the 

It i s  quite different, therefore, from proton and cu-particle beams, 
Now it must be said that this is the 

This fact also means that detailed isodose measurements must be made 
in the experiments in which four mice in a single compartmented holder a r e  ex- 
posed to the beam. 

To be quite frank, it must be said that when the f i rs t  measurements of the 
augmented Bragg peak were made with ionization chambers and later with lithium- 
drifted silicon detectors, the peak-to-plateau ratios were disappointingly small, 
and some remarks should be made about this fact: Many people know that in 
using a Bragg peak in therapy, that for large tumors these peaks have to be over- 
lapped, so to speak, and in doing this the plateau dose is raised, which often 
means that in treating a large tumor, the peak-to-plateau ratio may fall to 
figures between 1 and 2. The early calculations by Fowler and Perkins were 
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made for small tumors, about 2 cm in diameter. In therapy, the tumor that 
presents the anoxic problem is the large tumor, more like 5 cm in diameter. 
The peaks used in our experiments a r e  almost always broad, between 4 and 5 cm, 
as appeared in the previous slides. 
the dose distribution for wide peaks and he finds that they agree farily well with 
the experimental results. 
especially on the peak-to-plateau ratios for beams of given momentum spread. 

Dr.  Stanley Curtis has made calculations of 

However, more work is certainly needed here; 

I would like to s a y  something about the electron background. This back- 
ground originates with the neutral pian, which i s  also produced in the target, and 
at present it constitutes 25% of our beam. 
weight of the pion. 
the Bevatron to eliminate such a particle from a beam by means of an electro- 
static separator. It would be well if *at some time i n  the future an electrostatic 
separator were to be installed in the beam-handling system and the electrons 
were eliminated. Mr. John Sperendi has calculated that the electrons can be 
removed entirely. This i s  not true for the muons, however, which constitute 
in any case only 10% of the beam. F a r  radiobiology this separation is at this 
time prohibitive because the loss in intensity i s  too large. 

The electron weighs about 1/300 the 
Now it is possible with a technique that is commonly used on 

It would seem that the best way to do the dosimetry is with the lithium- 
drifted silicon detectors and the linear amplifiers in use at present, but then go 
over to a small computing machine like the PDP-5 arid store all the information. 
Any kind of integral o r  partial integral can then be called for from this system. 
This is not the most convenient approach, but may well turn out to be the best 
approach to the problem. 

Radiobiology of TT- Mesons 

It is impressive and gratifying to find that much can be learned and ac- 
complished here, even with the low-intensity beam that is now available on the 
cyclotron. 
oxygen effect with pions with the appropriate biological systems. 
effect especially merits a great deal of attention and effort. 

I feel that muc:h more can be learned about the RBE of pions and the 
The oxygen 

The work of Steve Ilichman and Henry Aceto with Vicia faba, the work of 
W i l l i a m  Loughman on the induction of polyploidy in a s c i t e x m o r e l l s ,  and 
especially the studies of Jots& Feola on the inhibition of the proliferative capacity 
of the ascites tumor cells, all agree on the strong effects produced by the dose at 
the peak. 
when more runs have been made with the mice with these tumor cells, there is no 
reason why good values for RBE should not be forthcoming. 

When the accuracy of the dosimetric measurements is improved, and 

This conference has brought forth some surprising and interesting results 
on the oxygen-enhancement ratio of different radiations. It appears from the 
work presented by Dr. Barendson and the work of Dr. Fowler with neutrons that 
we can expect an appreciable effect on the OER with the LET spectrum that exists 
in the pion peak. It appears that the LET spectrum i n  the peak is not too low nor 
certainly too high. 

W 
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On Cancer Therapy with 7 ~ -  Mesons 

As far as  radiotherapy is concerned, there is one point that hardly needs 
making at this time: In treatment with this beam there i s  very little dose after 
the Bragg peak compared with neutrons, and in any case the dose after the peak 
and before the peak has always very low LET and is therefore much less  dam- 
aging to the healthy tissue than a neutron beam which has an exit dose. 
not a minor point, since there a r e  cells in the human body which a r e  normal1 

chamber) so that they a r e  damaged by cobalt-60 cy rays, o r  would be damaged 
more with neutrons. In other words, with pions, we preserve the normal pro- 
tection that these cells have. 

This is 

anoxic, and i t  i s  unfortunate when these cells a r e  oxygenated (as in the ----E hyper ar ic  

The other point--a very intriguing one--is that there is quite a new pos- 
sibility here for fractionation. Since the LET in the healthy tissue is low, which 
means that recovery processes can take place, and since the LET distribution in 
the tumor is much higher and recovery processes a r e  minimized, fractionation 
in this case would mean that the healthy tissue would recover and at the same 
time the tumor would not recover. 
would therefore seem to be increased in a manner that takes advantage of the 
radiobiological knowledge that has been accumulating for such a long time. 

The possibility for saving healthy tissue 

The dosimetric techniques and results can of course be taken over right 
away to more intense beams. 
rate experiments, with all the questions that a r e  left unanswered; nevertheless, 
they give a framework and a beginning on the questions and problems that lie 
ahead. 

The biological experiments a r e  certainly low-dose- 
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A REVIEW OF THE J PHYSICAL C I - ~ R ~ C Y E R I S T I C S  

O F  PION BEAMS ,,/ 
Mudundi R. Raju, Chaim Richman, and Stanley B. Curtis 

Donner Laboratsory and Lawrence Radiation Laboratory 
University of California, Berkeley, California 

and 

Graduate Research Center of the Southwest 
Dallas, Texas 

Introduction 

Localization of rad.iation dose in a region of interest ,  for example, in  
tumor t issue,  while sparing the normal tissue is one of the essential  require-  
ments for radiotherapy. 
has a great  effect on the smsitivity of t issue to radiation, and clinical studies 
have shown that tumors  with good blood supply a r e  more sensitive to radiation. 
In most types of neoplasma there  a r e  likely to be cells deficient in  oxygen. As 
such cel ls  a r e  relatively iiisensitive to radiation, they survive the usual forms 
of radiotherapy and cause recurrence of the tumor growth. 
gen effect diminishes considerably for high-LET radiations. Hence the radiation 
to be used for cancer  therapy preferably should have the properties of delivering 
a highly localized radiation dose of high LET. Conventional x rays have limited 
penetrating qualities and a r e  of low LET; hence they cause dama e preferentially 
to the oxygenated tissue. High-energy radiation such as ‘ 3 7 C s ,  %OCo, and high- 
energy x rays  and electrons have better penetrating qualities, but again the LET 
is low. 

I t  has  been known for a long time that the blood supply 

However, this oxy- 

The fast neutrons of modal energy 6 MeV have penetration similar to that 
of 250 kVP x rays,  but in  Lnteracting with t issue produce recoil  protons with LET 
high enough to overcome the oxygen effect considerab1.y. 

A few yea r s  after thle discovery of the neutron, fast neutrons obtained 
f rom small cyclotrons then developed at Berkeley were tried’ for  tumor therapy 
but without success because of the 1 ck of knowledge in  radiobiology and the then 
e r r a t i c  operation of the cyclotrons. ’ More work with fast neutrons is now being 
done at Hammersmith Hospital, London, and this technique may prove to be 
beneficial for tumor therapg. Unfortunately, there  is always a necessary com- 
promise between getting a higher LET by using low-energy neutrons and getting 
better depth dose by using high-energy neutrons, 

* 
American Cancer Society, and the Office of Naval Research. 

Work done under the auspices of the U. S. Atomic Energy Commission, the 
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The highly accelerated heavy charged particles such as protons, deuter - 
ons, and CY particles are of special interest  because of their  physical proper-  
ties. Since the mass  of singly charged heavy particles i s  many t imes that of 
the electron, the angle of Coulomb scattering for a given velocity i s  reduced 
approximately by the ratio of the masses of the incident particle and the electron; 
thus undesirable side scattering can be reduced to a minimum. 
fields of heavy charged particles can also be shaped with greater  precision than 
those of x rays  and gamma rays.  The heavy-charged-particle beam has a defi- 
nite range of penetration that depends on i t s  energy. 
medium in very nearly a straight l ine;  the increase in  dose delivered by it as 
the particles slow down gives rise to a sharp maximum known as the Bragg peak 
near the end of the range. 
region within the body is possible with relatively small dose at the skin. 

The radiation 

It proceeds through a 

Hence intense irradiation of a strictly localized 

However, the Bragg peak i s  too narrow to permit  uniform irradiation of 
most  tumors,  and the LET at the Bragg peak position i s  a l so  much lower than 
one would normally 
the LET corresponding to the modal energy is 
i r radiate  the entire tumor region by transforming the Bragg peak into flat max- 
ima using variable absorbers ,  but when this is done the LET wi l l  be lowered 
further. Hence heavy charged particles such as protons, deuterons, and cy 

particles may not provide much oxygen advantage for  cancer therapy; however, 
they a r e  very useful for hypophysectomy in which anoxic cel ls  a r e  not involved. 
Heavier ions such a s  neon may prove to be useful for tumor therapy. 

3 expect (for example at the Bragg peak of 910 MeV CY beam 
10 keV/p). It i s  possible to 

4 

The negative pi mesons (pions) a r e  a lso heavy particles,  and have a 
mass  276 t imes the electron mass.  When a negative pion is brought to rest in 
a medium, say tissue, it i s  captured by a constituent nucleus, which explodes 
into a "s tarT1 consisting of short-range and heavily ionizing fragments capable 
of delivering a la rge  localized radiation dose resulting in  an augmented Bragg 
peak. 
gen effect considerably. 
tumor by proper selection of the pion energy. 
healthy t issue as minimum ionizing particles of very low LET (<  1 keV/p) and 
stop in  the tumor region, delivering a la rge  localized dose at much higher LET. 
Hence the use of negative pions in  principle should be very promising for thera-  
peutic applications. 
bility as ear ly  as 1952. 
f rom negative pions in  tumors  and in  the surrounding tissue. ' Their resul ts  
c lear ly  demonstrate that for negative -pion beams, the dose delivered in  the 
tumor should be many t imes  that i n  adjoining regions. 
negative-pion beams a r e  low in  intensity compared with that required for  thera-  
peutic applications. 
this problem: 
Laboratory; W i l l s  Physics  Laboratory, England; and CERN, Switzerland. 
pion beam at LRL at present is the most intense (z 106/sec) with reasonably 
low background. 
briefly and a detailed up-to-date account of the work that has  been done at this 
Laboratory i s  presented here.  
and a short  account of these published resul ts  i s  a l so  included here.  

The heavily ionizing fragments should be capable of overcoming the oxy- 
The pion capture can be made to take place in  the 

Negative pions pass  through 

A few people, including Richman appreciated this possi-  
Fowler and Perkins calculated the d sage to be expected 

The presently available 

At present there  a r e  four groups in  the world working on 
Lawrence Radiation Laboratory, Berkeley; Brookhaven National 

The 

The work at the above-mentioned places will be reviewed 

6 -9 Some of our resul ts  have already been published, 

W 

Interaction of Charged Pions With Tissue 

Charged pions travel through tissue similarly to any heavy charge pa r -  
ticle, and stop after traveling a given range that depends on energy; e. g. , a 
50-MeV pion t ravels  through about 10 c m  of tissue. Unlike. other charged pa r -  
t icles like electrons or protons, the charged pion is unstabl it decays in  f ree  
space into a muon and a neutrino with a lifetime of e 2X10-''sec. Hence there  
will always be a contamination of muons in a pion beam. 
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V 
difference in behavior between a positive and a negative pion occurs at the end 
of the range. When the positive pion comes to rest , ,  the coulomb repulsion 
between its positive charge and that of the nucleus k.eeps i t  f rom interacting 
with the nucleus. It goes; through two decay processes:  

IT t - - p t t u  

pt + e t  t u , t  C. 
The v and 
short-range 4.12-MeV mJon which contributes a small dose. 
a distribution in energy with a peak around 30 MeV. 
decay a r e  shown in Fig. 1. 

a r e  neutrinos and do not contribute to the dosage. The pt is a 

Examples of this type of 
The positron has  

Tissue is composed mainly of hydrogen, carbon, nitrogen, and oxygen; 
when a negative pion is brought to rest in  such a medium, i t  may be captured 
by any one of these atoms. 
neutral mesic  atom diffuses through the medium and when it gets close t Q  a 
heavier nucleus, the pion is t ransferred to i t  because the resulting energy is 
lower. 
cades down the atomic levels to the ground state of the atom in a time that is 
short  compared with its 11.fetime. 
constituent nucleus, which explodes into a star consisting of short-range heavily 
ionizing fragments. 
energy (140 MeV) appears in the fo rm of (Y particles,  protons, and heavier 
fragments with ranges l e s s  than 1 mm in tissue. 
in  breaking up the nucleus, *and the remaining 70 MeV is car r ied  off by neutrons, 
A few examples of negative-pion capture in carbon, nitrogen, or  oxygen a s  
observed in  photographic emulsions a r e  shown in Fig. 2. 

When captured by hydrogen, however, the resulting 

As a result ,  the pion i s  captured by the main tissue elements and c a s -  

F rom the ground state it is captured by the 

In such interactions, about 2070 of the total rest-mass 

A further 40 MeV i s  expended 1o 

The type of disintegration of a nucleus such a s  that of carbon and nitrogen 
has  been studied with a diffusion cloud chamber, " and considerable energy was 
found to be in the ionizing fragments of the light elements. 

The dominant reaction for carbon (accounting for X 2570 of the captures) 
i s  

The dominant reaction in  citrogen (1970 of the captures) is 

IT- t I4N 3cr t 2n. 

The other reactions yield f r o m  zero to five charged particles,  which a t  t imes 
include a heavy ion. 

The relative frequency with which different elements capture pions is 
closely proportional to their  relative abundanc&by mass. In bone -free par t s  
of the body we expect 7370 of the captures to be in  0, 20% in G, and 370 in  N, 
which leaves only 470 i n  hefavier atoms. It i s  important, theretore,  to know the 
character is t ics  of capture :in oxygen nuclei. Mayes and Fowler made measure-  
ments on t racks  of particles stopping i n  wet and dry emulsions in  order  to get 
the data on pions captured :in oxygen alone. Io They found that interactions with 
oxygen produce t racks of rriultiply-charged particles. 
disintegration of oxygen i s  into three Q particles a a proton. The energy 

The common form of - partition for T T -  capture in  water a s  given by Fowler" i s  shown in Table 1. 
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W Mayes and Fowler a lso measured the differential energy spec t ra  of the 
various par t ic les  emitted in  the nuclear interaction of the negative pion with the 
oxygen nucleus. 
distribution for  a point i n  the stopping-pion region. 
assumptions are made about the momentum spread of the incident beam and the 
amount of contamination by muons and electrons,  the contribution f rom these 
sources  can,be included. The resu l t s  of such a calculation a r e  shown in  Fig. 3. 
Conditions here  w.ere chosen to parallel  those existing in  the meson cave of the 
Berkeley cyclotron. The incident particle beam momentum w a s  chosen as 190 
MeV/c with a Gaussianly distributed momentum spread of standard deviation 
5 MeV/c. 
muon contamination. 
at 25.5 c m  of water. 
beam a r e  shown in  the figure. 

F r o m  these data it is  possible to  clyculate the energy-loss 
If some reasonable 

The incident beam was chosen to have a 2570 electron and a 10% 
The point of computation was the center  of the star region 
The contributions f rom the various components in the 

The integral under the curve is  proportional to the dose deposited a t  the 
If these integrals are computed for various depths and nor-  computation point. 

malized to the entrance dose, a central-axis depth-dose curve (Bragg curve) 
can  be constructed. The resul t  of such integrations is shown for the contaminated 
beam in Fig. 4. 
beam has such a la rge  c r o s s  section (50 c m  ) that multiple-scattering correct ions 
a r e  negligible on the central  axis. Because of the broad distribution i n  incident 
momenta, straggling correct ions a r e  negligible compared with the range spread 
due to the momentum distribution. It is seen f rom the figure that the peak-to- 
plateau dose rat io  r i s e s  to  almost 3:1 and that the width of the peak is about 4 cm. 

The contributions of the va ious components a r e  indicated. Our 2- 

F o r  comparison, the depth-dose distribution for pure pions is shown in 
Here the width of the peak is  about the same as for the contaminated Fig. 5. 

beam, but the peak-to-plateau dose rat io  has  r i s en  to a lmost  3.5:1. 

Production of Pion Beams 

Pions can be produced i n  a nuclear interaction by any strongly interacting 
They a r e  generally produced by a pr imary  particle i f  its energy i s  grea t  enough. 

beam of protons. 
synchrocyclotron. 
tons that in  their  outer orbit  str ike a 5-cm thick beryllium target  and produce 
neutral, positive, and negative pions. 
in Fig. 6. The negative pions a r e  deflected out of the cyclotron by the cyclotron 
fringe field, and a f t e r  leaving the cyclotron tank through a window, enter  a small  
quadrupole focusing magnet (meson quad), then along a channel (dashed line in  
Fig. 6) through the main cyclotron shielding 
enter the meson cave, where various arrangements  of magnets a r e  used for 
energy selection and focusing of the pion beam. 
momentum selection. 
0 to about 450 MeV (the upper l imit  being determined by the energy of the pr imary  
proton beam). 
because a t  this energy the yield of pions is  good with reasonably low background. 
In the change f rom a negative to a positive pion beam, all the magnetic fields, 
including that of the cyclotron, a r e  reversed. 
unchanged for pions of the same energy, regardless  of charge. 

Our experiments at Berkeley a r e  ca r r i ed  out at the 184-inch 
This machine provides an accelerated beam of 732 -MeV pro-  

The experimental arrangement  is shown 

(hatched area) .  The pions then 

A bending magnet is used for 
The cyclotron produces pions in a range of energies f rom 

In all our experiments, we used pions of energy around 90  MeV, 

The magnetic-lens system remains  

The negative pions a r e  produced in 
the neutrons in  the beryllium nucleus: 

P + n + P  
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The positive pions are pjroduced in two ways: 

p t n -+ n t n t IT t 

p t p * p - + n t ~ .  t 

Neutral pions a r e  a lso produced. They have a very short  lifetime, 
= sec,  and decay into two y rays  in the target. The gamma rays  get 
converted into electron-positron pa i rs  that go mainly in  the forward direction. 
The electrons f rom this conversion constitute the electron background in the 
negative -pion beam. 

Physical Measurements 

Some of the ear ly  measurements of isodose curves of a 70-MeV pion beam 
obtained from the 600-MeV proton beam at the CERN cyclotron have been r e -  
ported by Baarli.  l3 The beam had a 30% contamination of muons and electrons,  
The dose at the Bragg peak as measured by a small tissue-equivalent ionization 
chamber was found to be 2.2 t imes the dose at. the beam entrance. 
ments of quality factor were 2.7 a t  the Bragg peak and 3.4 in  the middle of the 
downward slope of the BriLgg curve. 
good agreement with the calculated curve if the local energy deposition was 
assumed to be 20  MeV per  nuclear star.  Further  measurements have been 
made recently by using a n  LET chamber to measure the contribution of dose 
due to stars formed by negative-pion capture. I4 Their resul ts  a t  the Bragg- 
peak position of negative pions indicate that a substantial par t  of the dose is 
delivered at LET values appropriate to CY part icles with energies between 5 
and 15 MeV, the peak value of the spectrum being at an  LET value appropriate 
to an CY part icle of energyi4 6 MeV. It is quite probable, however, that satu- 
ration of their  system a t  high LET prohibited the higher LET portion of the 
distribution to be accurately measured. A cornparison of their  spectrum with 
that in  Fig. 3 shows a rather  sharp drop to zero  in  the region where the lower 
energy Q particles should be making a significant contribution. 

Measure- 

Their experimental Bragg curve was in  

Dosimetric studies of negative pions have a l s o  been ca r r i ed  out at 
Brookhaven National Laboratory with the negative-pion beam produced at the 
Cosmotron. 
15 cm i n  water,  The electron and muon contamination of this beam is much 
higher than the contamination of the CERN and Berkeley beams because very 
high-energy protons (e 2 BeV) from the Cosmotron were used to produce the 
pion beam, and because the distance between the target  and the experimental 
a r e a  was large.  
consisting of particle c un ters  was used for discriminating against the back- 
ground electronically. " A Cerenkov counter was also used for eliminating the 
dose contribution f rom the beam contamination, and NaI (Tl)  or  CsI (Tl )  crystals  
were used a s  an ionization detector. The ionization spectra  were measured as 
a function of absorber  depth. 
pulse-height spectra  produced in  NaI (Tl)  o r  CsI (Tl) crystals .  
not yet completely analyzed. 

The beam had a momentum of 156 MeV/c and a range of about 

Because of the considerable beam contamination, a telescope 

The ionization curve was computed f rom the 
The data a r e  

The group f rom England headed by Pete:r Fowler has  made some calcula- 
tions of negative -pion dose distributions and the oxygen-enhancement ratio. 5* io 
In addition, they made measurements a t  the CERN facility of n gative-pion cap- 
ture  in  oxygen, using wet e:mulsions as described previously. " They do not 
have a negative-pion beam facility at present for this investigation; however, 
they a r e  now planning to use Nimrod. 

The intensity of the negative pian beam at the 184-inch synchrocyclotron 
at Berkeley is 5 rads/hr  for a beam size of = 7 c m  by 7 cm. 
contamination of 25% electrons and 10% muons. 

The beam has a - This beam intensity i s  two 
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o rde r s  of magnitude lower than that needed for therapeutic application; never- 
theless,  dosimetric experiments can be done quite well, and with care ,  l imited 
biological experiments can also. The physical and biological experiments have 
been done since 1963. A detailed account of the biological experiments will be 
covered in  a separate paper. Most of the physical measurements have already 
been published, 6-9 and a detailed summary of the resul ts  to date will now be 
given here.  

Integral Range Curve 

As it passes  through the medium, the pion beam is attenuated because of 
elastic and inelastic interactions with nuclei in the medium. 
of pions passing through an  absorber decreases  as the thickness of the absorber  
is increased. This particle loss  i s  important, since the dose at the Bragg-peak 
position depends on the intensity of the particles there. A plot of the number of 
particles that reach a given absorber  thickness as a function of thickness is 
called an  integral range curve o r  a number -distance curve. The integral-range 
measuring apparatus used consists of two plastic scintillator s connected in  
double coincidence to monitor the beam intensity. 
measures  the beam intensity after the particles pass  through the variable 
absorber.  
by a triple coincidence between all three scintillators. 
curve is the plot of the ratio of the tr iple coincidences over the double coinci- 
dences (incident beam intensity) a s  a function of the absorber  thickness. Such 
a plot for  a pion beam of energy 100 MeV (o r  momentum 195 MeV/c) with i t s  
muon and electron contamination taken in Lucite is shown in Fig. 7. 
uation of the pion beam before the pions stop is  represented by the curve between 
zero  absorber  and the point A shown in the figure. Forty percent of the particles 
f rom the beam a r e  los t  before they reach the pion-stopping region (AB in the 
figure); the muon and electron contamination i s  represented f rom point B onwards. 
The energy spread and the average energy of the pion beam can be calculated f rom 
the integral range curve by taking the energies corresponding to the ranges at 
points A and B (94.5 and 108 MeV, respectively) f rom range-energy tables of 
pions in  Lucite. Because of the m a s s  difference between pions, muons, and 
electrons,  for a contaminated pion beam of the same momentum, the muons wi l l  
have a range 30% greater  than pions and the electrons wi l l  have a much higher 
range than muons. Hence, knowing the ranges of pions and muons, we can e s t i -  
mate the contamination of muons and electrons in the pion beam. 

Hence the number 

A third plastic scintillator 

The intensity of the transmitted beam through the absorber  is given 
The integral range 

The atten- 

Time -of -Flight Measurements 

The time -of -flight measurements reveal more vivid information on con- 
tamination. 
t rons wi l l  t ravel fas ter  than pions. 
time taken by each particle in the beam to travel an  extended path ( 2 3  feet). 
plastic scintillation counter is  placed a t  each end of the flight path. 
e t ry  of this experiment i s  therefore different f rom that of the other experiments. 
The velocity spectrum of the particles,  a s  expressed by the time delay between 
the two scintillation counters, i s  fed f i r s t  to a time-to-pulse -height converter 
and then to a pulse-height analyzer, Figure 8 shows four Polaroid pictures of 
the PHA display for a negative-pion beam after i t  passes  through 2-1/8,  6-1/8, 
8-5/8, and 13-1/8 inches of Lucite absorber.  
2-1 /8  and 6-1/8 inches, the beam is clearly differentiated into three distinct 
peaks representing the pions, muons, and electrons. Summation of a single 
peak gives the total number of particles represented by that peak. 
dure was repeated at several  different depths in Lucite. 
electrons in  the 180 MeV/c beam increases  l inearly f rom 23% a t  the entrance 
to 40% at the Bragg-peak position in Lucite. 

In a contaminated pion beam of a given momentum, muons and elec-  
In these experiments, one measures  the 

A 
The geom- 

F o r  absorber  thicknesses of 

This proce- 
The percentage of 

W 
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Semiconductor Detector Measurements - 
Semiconductor detectors  a r e  a lso used for investigating pion beams be - 

A lithium-drifted silicon detector of thickness 0 6 1  

V 

cause of their  many advantageous propert ies ,  which include their  l inear  response 
with the deposited energy. 
g/cm2 w a s  employed to analyze both the positive- and negative-pion beams 6' 
with their  contaminants when the par t ic le  passed through different de ths of 
Lucite. The experimental  details a r e  discussed in  an  ea r l i e r  paper. E 

t Figure 9 shows the resul ts  obtained with a 95-MeV IT beam (189 MeV/c 
whose muon and electron contamination is  very small)  af ter  i t  passed through 
various thicknesses of Lucite. 
The resolution is in  reasonable a reement  with the Landau effect. 
shifted to higher energies by 7 -172  inches of Lucite, i . e , ,  roughly 1 in. l e s s  
than the r an  e of pions, a small  peak a t  1.15 MeV occ:urs+in addition to the 

the decay of IT mesons.  When the beam i s  degraded by 8-1/2 inches of Lucite, 
which corresponds to the Bragg-peak position (Fig.  9c), the muon and pion 
peaks a r e  shifted to higher energies.  At 9 -1 /2  inches of Lucite plus 3/8 inches 
of copper (copper is used to substitute for a thicker sheet of Lucite because of 
the lack of space), which is beyond the range of pions and muons, only the posi-  
t ron  peak at 0.92 MeV shclws (Fig.  9d). 

t 

A number of fea tures  of this data a r e  interesting. 
The peaks a r e  

1.98-MeV IT B qeak (F ig .  9b). This small  peak is due to p part ic les  formed by 

Unlike the IT 

e lectrons and 10'70 muons. 
IT- beam (189 MeV/c) with i t s  muon and electron contamination passing through 
various thicknesses of Lucite. Two peaks a t  0.87 and 1.05 MeV can clear ly  be 
seen i n  Fig. 10(a), and they a r e  due t o  e lectrons and pions, respectively. The 
muon contamination, being relatively small, i s  hidden i n  the broad distribution 
of electrons and pions. 
relative height of the pion peak decreases  in  comparison with the electron peak. 
This  resu l t  is due par t ly  to the la rge  lo s s  of pions due to nuclear collisions, and 
partly to e lectron build-up due to  shower formation. The resu l t s  of the t ime-of- 
flight measurements  a l so  (confirm this  behavior. 
c r eases ,  the peak due to electrons remains a t  the position corresponding to 
about 0.87 MeV, but the peak. due to pions shifts to higher energies.  
because the electrons of initial momentum 189 MeV/<: are still in the minimum 
ionizing region, but the pion energy lo s ses  increase  considerably as the thickness 
of the Lucite absorber  increases .  
g rea t e r  than 8-5/8 in. of Lucite),  the pion peak is absent and the electron peak 
pe r s i s t s  (Fig.  10d). 

beam, the IT- beam is contaminated with approximately 25% 
Figure 10 shows the resu l t s  obtained with a 95-MeV 

Notice that as the absorber  thickness increases ,  the 

As the thickness of Lucite i n -  

This  is 

Beyond the range of pions (i. e . ,  for  thickness 

The experimental  values of the most  probable energy lo s ses  of pions 
(both positive and negative) agreed well with the values predicted by theory. 

The energy distribution of the negative-pion s t a r s  i n  silicon w a s  a l so  
Using ionization chambers ,  we obtained the Bragg peak at 8-5/8 measured. 

in. of Lucite. Most of the pions stop in  this region arid c rea t e  stars. Hence, 
a lithium-drifted silicon detector placed at this position will stop many negative 
pions, and s t a r s  will be formed in  silicon. 
absorbed in  the detector itself. 
distribution of the pion stars alone, the energy deposited by the pions, muons, 
and electrons while passing through the detector has  to be eliminated. This 
elimination is done with another semiconductor detector in  anticoincidence with 
the analyzing detector. The resu l t s  of such measurements  a r e  shown in Fig. 11. 
It can  be seen f rom the figure that the number of stars is constantly decreasing 
with increasing energy, and this star energy extends beyond 60 MeV. 
puted average energy of the s t a r  stopped in  detector (0.61 g/cm2) is 2 1  MeV. 

Most of the star's energy will be 
In o rde r  for  the detector to "seef1 the energy 

The com-  

V 

355 



VII.4 

DeDth-dose Distribution of Pion Beams 

Our ear ly  measurements  were made by using two 7-in. diameter  ioniza- 
tion chambers  filled with a mixture of 9670 argon and 4% carbon dioxide, at a 
pressure  of 3 ps i  over atmospheric pressure .  The depth-dose distribution of 
pion beams w a s  measured by using one chamber as monitor, followed by differ-  
ent thicknesses of Lucite absorber ,  and then using the second chamber as a 
detector. 
pions. 
to the pion stars when compared with that f rom a positive-pion beam of the 
same energy. 
beams was found 
tamination for positive - and negative -pion beams. Also ,  because the positive - 
pion beam decayed into muons and positrons near  the Bragg-peak position, the 
ionization chamber,  being l a rge r  than t he  beam, will Ilseef1 more  ionization 
f rom these long-range products than f rom the short-range star products f rom 
the negative -pion beam. 

Measurements were made for beams of both positive and negative 
The Bragg peak due to the negative-pion beam should be enhanced due 

However, the Bragg rat io  for  both positive and negative pion 
7 to be 2:1. This is  partly due to the differences i n  the con- 

In addition to the depth-dose distribution of pion beams, it is  important 
to measure also the ionization density at the points oft interest .  Lithium-drifted 
silicon detectors are a l so  being used for such measurements  by operating them 

8 as pulse -radiation dosimeters.  

The charge l iberated i n  the lithium-drifted silicon detector is directly 
proportional to the energy deposited i n  it. 
yields a voltage pulse proportional to the energy deposited i n  the detector. At 
room temperature,  the leakage cur ren t  of the lithium-drifted silicon detector 
is z 2 PA, depending on the thickness of the detector,  and this cur ren t  is com- 
parable to the current  generated in  the detector due to pions passing through it. 
(The total pion intensity seen by the detector is  10  /sec).  The detector leakage 
cur ren t  has  been blocked by ac amplification used in  the system, as shown in 
the block diagram i n  Fig. 12.  
of cancellation of the positive signal by the negative overshoot. 
tion necessitates a polarity-clipping circui t  to eliminate the overshoot contribu- 
tion to the subsequent integration. 
tional amplifier with feedback capacitor. 
pump that furnishes a n  accurate amount of charge to the capacitor. 
the dose due to pulses corresponding to the energy deposition in  the detector 
grea te r  than a particular value o r  over a particular range of energies,  we used 
a single -channel pulse -height analyzer ( o r  discriminator),  gated l inear  ampli-  
fier, and a delayed amplifier. Such threshold measurements  yield information 
on the distribution of ionization density a t  the measured position. 

A charge -sensitive preamplifier 

4 

Simple capacitive coupling is not adequate because 
This cancella- 

The integration consists of a standard opera-  

To measure 
It i s  electronically r e s e t  by a diode 

This system was used to measure the depth-dose distribution of a 190 
MeV/c pion beam in water. 
detector used in this investigation a r e  1 MeV by the electrons and 1.2 MeV by 
the pions, and the energy lo s t  by the muons is intermediate between these values. 
At the end of the range the negative pions stop and produce stars, thereby de- 
positing in the detector energies at t imes exceeding 60 MeV. Hence the systems 
should be l inear  at l ea s t  f rom 0.6 MeV to 60 MeV. 
calibrated pulser,  the system was found to be l inear  within 570 over the energy 
region f rom 0.6 to 60  MeV. 

The most  probable energy losses  in  the 3-mm 

When checked out with a 

Two plastic scinti l lators connected in  coincidence were used to monitor 
the fluctuating pion beam. The lithium-drifted silicon detector was housed in 
a small waterproof Lucite-box and could be moved remotely i n  a water phantom. 
The integrated charge f rom the lithium-drifted silicon detector was measured 
during the t ime the monitor scintillator system accumulated a fixed number of 
counts. This procedure w a s  repeated for each position of the detector in the 

W 

W 
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water  phantom. F o r  ccxnparison, measurements  were a l so  made for  a positive - 
pion beam, with the resiults shown in Fig. 13. 
the negative-pion beam gave r i s e  to a much higher dose than that of the positive- 
pion beam near  the end of the range. 

As can  be seen f rom the figure, 

The depth-dose distribution of a negative-pion beam in  water as m e a s -  
ured with a silicon detector agreed reasonably well with the calculated dose in  
water shown i n  Fig. 4. 
the nuqlear interactions occurring when pions a r e  captured in  silicon do not 
produce significantly different par t ic le  types and spectra  f rom those occurring 
in  water.  Thus, silicon detectors  a.ppear to be useful dosimeters  for thes 
investigations, although the dose measured  is not s t r ic t ly  the t issue dose. 

The similari ty between the two resu l t s  indicates that 

22  

The integrated output of the lithium-drifted silicon detector was meas - 
ured  as a function of the discr iminator  setting (energy threshold) for positions 
designated 1, 2, 3, and 4 i n  Fig. 13. F o r  comparison, the integrated output 
of the detector a t  ze ro  threshold setting of the discr iminator  at the above- 
mentioned positions w a s  normalized to unity. 
i n  Fig. 14. 

The resulting curves  are shown 

The two curves f o r  the negative-pion beam at positions 1 and 2 c o r r e -  
sponding to the peak and halfway down the falling portion of the depth-dose d is -  
tribution curve a r e  similar, thereby suggesting that the ionization density dis  - 
tributions a t  and beyond the peak of the negative-pion depth-dose curve may be 
similar. On the other hand, the curve corresponding to  the position 3 halfway 
up the rising slope of the depth-dose curve falls below curves 1 and 2 with in -  
creasing threshold setting, thereby suggesting that the contribution f rom high 
ionization densit ies a t  that point is considerably l e s s  than a t  the other two points. 
As expected, the fractional dose for threshold settings grea te r  than 10  MeV a t  
position 4 of the positive-pion peak falls  to zero  quickly, as there  a r e  no s t a r s  
contributing to the dose here .  Fo r  the detector thickness used ( 3  mm), pulses 
grea te r  than about 9 MeV cannot be due to the passage of pions through the de-  
tector. Fo r  negative pions, pulses grea te r  than 9 MeV a r e  definitely due to 
s t a r  formation and, as ca.n be seen from Fig. 14, the s t a r s  contribute about 
6070 of the dose at the Bragg peak position. 

It wi l l  be bet ter  to  use thin detectors  for  measuring the depth-dose d is -  
tribution because of the narrow width of the region where negative pions produce 
stars (= 4 c m  of water).  Improvements in the l inear i ty  of the sys tem a r e  being 
made so  as to permi t  use of thinner detectors.  The depth-dose curve for a pure 
pion beam can be obtained by using a threshold Cerenkov counter i n  anticoinci- 
dence with the semiconductor detector so  that the par t ic les  with velocities 
grea te r  than pions (i. e. , muons and electrons)  will not be counted. 
this direction is  a l so  in  progress .  

Work in  

The electron contamination in  the pion beam can  be reduced considerably 
by using electrostat ic  separa tors ;  however, the exist.ing muon contamination is 
relatively difficult to eliminate because its mass is nearly that of pion. Muons 
wi l l  deliver some radiation dose beyond the region of interest .  
to minimize the muon contamination of the pion beams is  to keep  the experi-  
mental a r e a  a close to thle ta rge t  as possible. This  wi l l  decrease  the flight 
path of the pions, and henc:e fewer pions wi l l  decay into muons. 

The bes t  way 

The resu l t s  of the physical measurements  and calculations indicate that 
the negative-pion beams rcay find a good place in  radiation therapy. As men- 
tioned before, the intensity of the presently available pion beams is two o rde r s  
of magnitude lower than that needed for  therapeutic application. Construction 
of machines that produce t:he necessary  intensit ies is being planned, and one 
such machine i s  being considered for Los Alamos Scientific Laboratory with a 
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- 
Table 1. Energy partition for TT capture in  water. 
~- 

MeV 
- 

Rest  mass of TI 139.6 

Ave rage binding e ne r gy 
Kinetic energy 

40.0 

z > 2  4.5 f 0.5 

Z = 1  16.5 f 0.6 
z = 2  8.0 f 0.4 

Neutrons 70.0 

139.0 
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Fig. 2.  Disintegrat ion of l ight  e lements  carbon,  nitrogen, o r  oxygen by nuclear  
The pion t r a c k s  a r e  capture  of T -  m e s o n s  as observed  i n  nuclear  emulsions.  

label led T - ;  the stars produced following the i r  cap ture  have var ious numbers  
of prongs.  F r o m  C. F. Powell ,  P. H. Fowler ,  and  D. H. P e r k i n s ,  The 
Study of Elementary  Paxt ic les  by the Photographic Method, p. 669, P e r g a m o n  
P r e s s ,  N. Y . ,  1959. 
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Fig .  4. Calculated central-axis depth-dose distribution ,of negative -pion beam 
with i t s  contaminants in  water. 
pions, 25% electrons, and 1070 muons. 

P = 1 9 0 & 5  MeV/c. Incident beam is 65% 
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Fig. 6. Experimental setup for producing a negative-pion beam. For  producing 
a positive-pion tieam, all the magnetic fields and the direction of the proton 
beam a r e  also reversed. 
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R a n g e  (g/crn2 of L u c i t e )  

Fig. 7. Integral range curve of a negative 100-MeV pion beam. 

Fig. 8. Time-of-flight pictures of pion beam with its contaminants after 
passing through 2-1 /8 ,  6-1/8, 8 - 5 / 8 ,  and 13-1/8 inches of Lucite. 
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Fig. 9. Pulse-height spectra from lithium-drifted silicon detector for a 

(a) Direct beam; (b)  beam degraded by 7.5 inches of Lucite; ( c )  beam 
degraded by 8.5 inches of Lucite; (d) beam degraded by 9.5 inches of 
Lucite and 3,/8 inch of copper. 

95 -MeV TT t beam after pas sing through various thicknesses of Lucite. 

Chcnnel number 

Fig. 10. Pulse-height spectra f rom a lithium-drifted silicon detector for a 
95 -MeV n -  beam with i ts  contaminants after passing through various thick- 
nesses of Lucite. 
Lucite; ( c )  beam degraded by 5 inches of Lucite; (d)  beam degraded by 
10 inches of Luc tte. 

(a)  Direct beam; (b)  beam degraded by 3 inches of 
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The curve without very nearly the energy distribution of the pion s tars .  

the anticoincidence detector includes the pulses of particles passing through 
but not stopping in  the analyzer detector. 
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Fig. 12. Block diagram of the pulse radiation dosimeter setup. 
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D i s t a n c e  in w a t e r  (c rn )  

Fig.-l3. Measured  cent ra l -ax is  depth-dose distribution of 190-MeV/c rr' and 
rr beam i n  water.  
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Fig. 14. Frac t ion  O F  dose due to par t ic les  depositing energ ies  higher than the 
threshold energy setting, shown as a function of threshold energy. 
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J PION RADIOBIOLOGY 

J. M. Feola,  W. D. Loughman, andS .  P. Richman 

Donner Laboratory and Lawre,nce Radiation Laboratory 
University of California, Berkeley, California 

Fowler ,  Fowler and Perk ins ,  Aceto, and Richman4, have suggested 
that negative pions ( ' IT- mesons)  might have applications in radiotherapy, pro-  
vided tha't a beam of sufficient intensity could be made available. According to 
these authors ,  
a diminished oxygen enhancement ra t io ,  and probably a high relative biological 
effectiveness. 

T -  beams should have a low rat io  of surface dose to  depth dose,  

Negative pions have the unusual property of being captured by a n  atomic 
nucleus when they come to r e s t  in mat ter .  In t issue,  pion capture by the light 
e lements  (carbon, nitrogen, and oxygen) resu l t s  in nuclear disintegration and a 
yield of short-range charged par t ic les ,  mostly Q part ic les  and protons. This 
additional energy causes  an  enhancement of the ionization a t  the end of a charged 
par t ic le 's  range over that given by the usual Bragg peak in  a graph of ionization 
versus  range. 
be made to stop a t  a preselected distance within the volume to be  treated.  
the following discussion, the initial portion of the ionization curve w i l l  be  called 
the "plateau" region and the portion of increased ionization near  the end of the 
pion's range w i l l  be  called the "peak" region. 

Fur thermore ,  by choosing the pion energy properly,  pions can 
In 

Artificially produced 'IT- beams have been available since 1948, but 
biological investigations using IT- mesons were  not performed until 1963. At 
that t ime,  Micke e t  al. 6 ,  7 used the 7 to 9-GeV r - -meson  beam f rom the Brook- 
haven alternating-gradient synchrotron to i r rad ia te  seeds of Zea mays.  
the low dose ra te  of tenths of rads  pe r  minute, these workers  obtainedan RBE of 
3.23 for non-Bragg-peak T T -  mesons.  

Despite 

In 1964 K. Sillesen and Y. Schmidlin, working in  this Laboratory,  
attempted to measu re  pion RBE and the oxygen effect by irradiating mouse asc i tes  
tumors  (lymphoma) in  vivo. 
transplantation precluded definitive statements.  

Initial difficulties with pion dosimetry and cell  

The physical charac te r i s t ics  of the IT- beam used by us  i n  this and p r e -  
vious work a r e  described elsewhere in these Proceedings,  so that no details  are  
given here .  Figure 1 shows the setup for  mice i r radiat ions under tempera ture-  
controlled conditions, but a similar arrangement  w a s  used for the radiobiologi - 
ca l  experiments to be described below. a l so  used L A F l  mice  
carrying the L#2 lymphoma as a n  asci tes  tumor to study some cytological effects 
of the negative pions a t  plateau and at peak. Mice exposed in  the plateau region 
received 65 to 80 rads ,  with the beam estimated to contain about 64% pions. Mice 
exposed in  the peak region received 80 to 95 rads ,  with the beam est imated to 
contain l e s s  than 50% pions. 

Loughman e t  al. 

w 
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Lymphoma cells aspirated from mice at various t imes following pion 
irraditition w e r e  examined cytologically. Four characterist ics were scored: 
mitotic index, frequency of polyploid metaphase cells,  frequency of anaphase 
cells displaying "bridges, ' I  and chromosome counts of metaphase cells. 
minations of mitotic index indicate that it decreases  with increasing age of 
tumor. 
by an increase,  reaching control values on about the: second day after irradiation. 
Polyploid cells,  usually approximately tetraploid, increased in frequency shortly 
after irradiation, and subsequently decreased to near control values. 
least 6 days following irradiation the frequency of polyploid metaphase cells in 
tumors exposed in  the "star" region of the beam exc:eeded that in tumors exposed 
in the plateau region (see Fig.  2). 

Deter - 
An immediate drop in mitotic index is seen after irradiation, followed 

For  a t  

Anaphase "bridges, " irrespective of type, increased in  frequency follow - 
ing irradiation and then decreased to control values 5 to 6 days la ter .  
quency of bridges in lymphoma cells exposed in the s ta r  region exceeded that 
seen in  cells exposed in the plateau region (see Fig. 3 ) .  
following irradiation, wi th  a larger spread of chromosome numbers per  cell in 
tumors exposed in the s ta r  region than in the plateau region of the beam. 
tid breaks and metacentric chromosomes, which were sometimes seen in the 
i r radiated cells,  were never seen in the controls. 
an  increased percentage of cells with multiple nuclei, micronuclei, and giant 
and b izar re  nuclei. 
more karyorrhexis than did controls, and cells with multiple micronuclei were 
common. 

The f r e -  

Aneuploidy i s  increased 

Chroma- 

The irradiated cells showed 

At 6 days following irradiation, the irradiated cells showed 

high in  
plateau 

The incidence of polyploidy and anaphase bridges was about five t imes a s  
cells exposed in the s ta r  region of the beam a.s in cells exposed to the 
region. How- 

eve r ,  since the radiation doses from plateau and s ta r  regions were s imilar ,  i t  
would seem that star-region negative pions have a greater  RBE than those in the 
plateau region. 

It is difficult to interpret  these findings in  t e rms  of RBE. 

In order  to gain more  information about the T -  beam, S .  Richman 
used the Vicia faba root meris tem because of i ts  simplicity and sensi-  e t  al. 

tivity to r e l a t i v e v w x e s  (100 to 400 rads)  of radiation. 
radiated in water-filled Lucite boxes in  the plateau region and a t  peak. 
pressed air w a s  bubbled tl-trough the boxes during the irradiation, which took about 
20 hours. 
brated with 6oCo y rays.  A peak-to-plateau ionization ratio of 1.5 was measured,  
so that the dose at peak was approximately 150 rads.  
ments are summarized in  Figs.4, 5, and 6. 
the scoring of abnormal anaphases. 
because cells that were well in telophase were included in the scoring. 
simply a count of the number of anaphases cont.aining bridges and fragments 
expressed as a percentage of the total anaphases seen. 
at anaphase form micronuc:lei a t  telophase. 
cell  for  some time, and Fig.  5 shows the number of mer is tem cells containing 
one o r  more  micronuclei as a function of fixation time after irradiation. 

The roots were i r -  
Com- 

A dose of 100 rads was measured a t  plateau with L i F  dosimeters C a l i -  

Results of these experi-  
The pr imary cytological tes t  was 

The word "anaphase" in  Fig. 4 i s  in  quotes 
This was 

The fragments appearing 
These micronuclei remain in the 

Figure 6 shows the resul ts  of two growth-rate experiments. Six days 
af ter  irradiation the rate from peak irradiation dropped to about 0.45 and that 
f r o m  the plateau to about 0.75 of the control rate.  

W 
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Although the dose at peak i s  greater  than that at plateau, the significant 
differences found in the bean root tes ts  seemed to indicate a higher RBE for the 
negative pions a t  peak than for the v-  at plateau. These resul ts  encouraged new 
experiments with the murine lymphoma cells. 

The techniques used in preliminary studies on the effect of heav 
cles on the proliferative capacity of asci tes  tumor cells grown in vivo 1 J, I;ifr:ire 
improved until a good degree of reproducibility and accuracy was attained. i2 An 
experiment w a s  performed to gain information relative to the oxygen effect. * 3  It 
was done without environmental control, attempting to detect the effect of anoxia 
on the surviving fractions of cells irradiated in vivo in the plateau region and at 
peak as described above. 
region, two of which had 3-day-old tumors (supposedly well oxygenated), and the 
other two had 7-day-old tumors (supposedly more  anoxic). 
were injected into 510 LAF1 female mice at various dilutions. 

In this experiment four mice were exposed in each 

The irradiated cells 

The doses were measured with LiF dosimeters ('OCo calibration) dis-  
tributed in front and back of the mice holders at peak and plateau. 
LET of the pions in the plateau region is 
The situation in the peak region i s  more  complicated, i4 and consists of a d is -  
tribution of high-LET radiation. The ratio of ionization measurements a t  peak 
and plateau were taken a s  approximate dose ratios. This question i s  st i l l  open 
and i s  being investigated further.  Proliferative capacity w a s  evaluated at the 
end of 8 weeks by the percentage of animals developing tumors,  
number of cells necessary to produce tumors o r  death in 50% of the animals) and 
95% confidence intervals were calculated by the method of Litchfield and 
Wilcoxon, *5 and surviving fractions were calculated by comparison with control 
groups. No difference was found due to anoxia, and the resul ts  were pooled and 
a r e  a s  follows: 

Since the 
1 keV/p, LiF  dosimetry i s  applicable. 

L D 5 0 1 ~  (the 

The surviving fraction (SF) in  the plateau (PL) and the peak ( P K )  for  a 
dose in the plateau of 150 30  rads  and a peak-to-plateau ratio of 1.3 were 

This gives a plateau-to-peak rat io  of 4.7. 

1 5 0 * 3 0  rads ,  

195 * 45 rads.  

Although this ratio suggested the 
gGeater effectiveness of the peak in impairing the tumor-forming ability of the 
lymphoma cells,  the large standard e r r o r s  shown above, and the fact  that no 
estimation of the RBE was possible, encouraged further research  aimed at ob- 
taining survival curves. 

Using the same animals and cells,  Loughman e t  al. I6 confirmed the 
higher frequency of polyploid cells and anaphase bridges produced at the pion- 
stopping region than at plateau, a s  previously reported. 

Improved dosimetry, I7 a s  well a s  a better knowledge of the situation in  
the peak region, showed the possibility of using eight animals instead of four in 
this important position. Control of the environment w a s  desirable. Accordingly, 

v 
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two wooden boxes with Lu.cite ends for  holding mice in  place were  used, one for  
the mice to be i r rad ia ted  in  the beam, and the other for  control mice.  The tem- 
pera ture  of the air circulating through both boxes was continuously recorded and 
maintained at 21.5*0.5"C b.y a thermostat  w i t h  heater  and blowers. 

Lucite holders  were  built to hlold eight mice each. 
were  used for groups a t  peak and plateau regions of the T -  beam, and for the 
control group. 

Three of these holders 

Twenty-four LAF, mice,  15  weeks old (Jackson Laboratory,  Bar  Harbor ,  
Maine), w e r e  used in  this  experiment.  The mice were  maintained with wet food 
during the irradiation, which took 40 hours ,  and had four equally spaced I-hour 
r e s t  periods for  eating and drinking a t  wi l l .  

F igure  7 shows the arrangement  mside the temperature  -controlled i r r ad ia -  
tion box. The T F -  beam entered f rom the right and passed through 3 in. of Lucite 
absorber  and through the holder with the "plateau" mice.  
Lucite the T F -  beam entered the "peak" holder. The Jordan dosimeter  i s  placed 
behind 1/2 in. of Lucite acijjacent to the l a s t  holder and serves  as a second moni- 
tor .  The holder with the control mice: is a l so  shown. 
this holder w a s  in a separate  temperature-controlled box away f rom the beam. 

After 4 in. more  of 

In the actual experiment 

6 All the mice were  injected with 10 L#;!lymphoma cells 3 and 5 days 
prioz to the beginning of ii:radiation. The anirnals bearing 3-day-old tumors  a t  
the beginning of the experiment were  used by Loughman e t  al. for the i r  cytologi- 
cal  studies,  and the mice start ing with 5-day-old tumors  were  used by Feola e t  
al. to tes t  the tumor -forming ability of the lymphoma cells af ter  irradiation. 
The procedures  followed have been sumrrtarized above, and complete resu l t s  
w i l l  be published elsewhere. i 8 ~  i9 
to 250 r ads ,  and the doses a t  peak ranged f r o m  220 to 380 rads.  

The total doses at  plateau ranged f rom 145 

A paral le l  experiment using 6oCo y r a y s  w a s  done using two dose-rates:  
5 R/hr and 12.5 R/hr. 
of time as in the pion experiment to keep the stress the same.  
f rom 50 to 500 rads.  
ear i ty  of polyploidy induction up to  the 1000-rad level. 

The mice were  kept i n  the holders for  the same length 

A special  i r radiat ion w a s  done a t  20 R/hr to tes t  the l in-  
The doses ranged 

Results of the cytological. studies a r e  summarized in  Fig. 8. The RBE for 
the negative pi ns at peak was obtained by the rat io  of the slopes of the l ines 
shown, taking g ° C ~  The RBE for  the pions at peak (star-  
forming and high-LET pions),  as well as the RBE for the s tar-forming 
a r e  calculated assuming a r t  RBE = 1 for muons and electrons relative teff::' y 
rays .  

y rays as baseline. 

The est imat ion of RBE ' s  based on polyploidy induction gives 

RBE 

Star  t T- '  -t p -  t e -  2.15 

S tar  t T -  2.37 

Star  only 3.64 

- Beam -- 
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If muon and electron dose contributions were  underestimated, the RBE 
values for  pions only and for  s t a r s  only would be overestimated. 

6 0  Survival curves  for Co y r ays  and for  peak negative pions, based on 

The rat io  of DO f r o m  the 6oCo data and DO f rom the pion peak region 

the tumor-forming ability of lymphoma cells,  are given in  Fig. 9. 

data gives an  RBE of 5.4& 1.8 in  the peak region relative to y rays.  

If a n  RBE of 0.8 is assumed for y rays  relative to x r ays ,  20921 the RBE 
of the pions a t  peak becomes 4.3 f 1.8 relative to x rays .  

The biological experiments described in  the foregoing paragraphs,  al- 
though somewhat lacking in sophistication and precision, definitely indicate a 
higher RBE for peak-region T -  than for  plateau-region 'IF-. The estimated 
RBE values, obtained in both plant and animal cell  systems by observation of 
both cell-lethal and nonlethal effects, range f r o m  about 2 (Loughman 1966) t o  
about 5 (Feola, 1966).These values were  obtained with a low-intensity beam heav- 
ily contaminated with low-RBE particle fluxes, i. e. , muons f rom pion decay and 
electrons present  in the original beam well as those originating f rom pion de-  
cay. The RBE es t imates  of Loughman" for  a pure pion beam suggest that  re-  
moval of contaminating par t ic les  by special  devices (e. g. , electrostat ic  separa-  
t o r s )  may increase  peak-region pion RBE by approximately 10%. Additionally, 
narrowing the beam's  momentum spectrum should resu l t  in  a "sharper"  Bragg 
peak region, fur ther  increasing peak-region pion RBE to  a n  est imated maximum 
of 60% or  so. 
events pe r  unit volume in the Bragg peak. 

This would resu l t  f rom a n  increase  in  the concentration of star 

If these increases  can be attained in therapeutically pract ical  'IF- beams 
of higher intensity, then RBE f igures  for  peak-region pions might range f rom 
about 3 . 5  for  some non-cel-1-lethal effects (with considerable cel l  death present )  
to about 8.5 for cell-lethal effects. 
to 100% m o r e  in  the peak region than in  the plateau region ( R a j ~ * ~ ) .  This fact, 
coupled with the high-peak-region RBE, may  resu l t  in  cell-lethal effects i n  the 
peak region which could be 17 o r  more  t imes as high as in  the plateau region, 
i n  "clean" negative pion beams.  

The energy deposition in  t issue may be 50 

The peak region's high LET (Curt is ,  these Proceedings)  implies that the 
presence o r  absence of oxygen in  t issues  should have little effect on cel l  lethality. 
That is, 
effect" which protects  hypoxic cells.  
T -  beams --high depth-to-surface dose rat io ,  high depth-to-surface RBE ratio,  
and oxygen-effect independence--suggest that T -  beams may have very high 
utility i n  tumor radiotherapy. 

'IF- radiation in  the peak region should be relatively f r ee  of the "oxygen 
The combination of advantages possible i n  
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Fig. 1. Schematic drawing showing the production and focusing of the 7 ~ -  beam. 
The positions of the ionization chamber,  Jordan dosimeter ,  temperature  - 
controlled boxes, and mice  holders in the meson cave can be seen. 
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F i g .  4. The count of abnormal anaphases for the roots i r radiated in the peak 
and in the plateau and for the control roots a s  a function of fixation t ime 
after irradiation. The average i s  2.2:1. A second experiment gave 2 . 6 ~ 1 .  
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Fig. 5. The fraction of cells showing one or more micronuclei a s  a function of 
fixation time after irradiation. 
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Fig. 6.  The growth ra te  per  day of roots i r rad ia ted  in  the peak and in the 
plateau of the Bragg curve compared with control roots,  a s  a function of 
days after irradiat:ion. 

Fig. 7. Close-up view clf mice in holders with dos imeters  and absorbers .  
Environmental control box not Shawn. 
Holder #2 i s  in Bragg peak position; holder #3 with the control mice i s  
shown c loser  to the beam a r e a  than 11. was in the actual experiment. 

Pion beam enters  f rom the rlght. 
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Fig .  8. Negative pion data compared with 6 o C ~  data with derived est imates  
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Open c i rc les  = 6 o C o  data. Black circle  and square = IT- data. Heavy line 
is drawn f rom the equation expressing the regress ion  of polyploidy on dose: 
(70 polyploidy) = [0.00155 (dose) - 0.0081]. Dashed line = regress ion  line * 1 
standard e r r o r  of the estimate (S = 0.03). 

Solid line = regress ion  line from 6oCo data. 
polyploidy vs dose for whole peak region IT- beam, pions only in  peak region, 
and "stars" only in  peak region. R spective RBE values a r e  ra t ios  of 
slopes of dashed l ines to the solid (%'Go) line. Slopes of relevant l ines are 
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J Use of Chromosome Aberrations for Dosimetry 
Amos Norman 

Department of Radiology, UCLA School of Medicine, Los Angeles, California 90024 

A considerable body of work published in recent years ( -7 ) i nd i ca t es that 
the frequency of chromosome aberrations in the lymphocytes taken from the 
peripheral blood may provide a useful measure of the absorbed dose. 
paper I shall review some of the problems involved in estimating the dose from 
the aberration frequency. 

In this 

Figure 1 shows a photomicrograph of a normal lymphocyte obtained in a blood 
sample from a normal male. 
cutting the chromosomes out of the photomicrograph and arranging them in con- 
ventional order. It can be seen that the forty-six chromosomes consist of 
twenty-two pairs of autosomes and an XY pair of sex chromosomes. 
chromosome consists of two identical chromatids joined by a centromere. Figure 
2 shows a lymphocyte obtained from a man who had received three hundred rads of 
whole body X radiation. 
seen. 
(no centromere) fragments. 
from the possibility that they are directly involved in the development of 
leukemia and other late effects of radiation. 

The karyotype, shown on the right, was prepared by 

Each 

Structural alterations in the chromosomes can be easily 
Perhaps most obvious are the dicentric (two centromeres) and the acentric 

The interest in chromosome aberrations arises primarily 

Figure 3 provides a striking example of the possible involvement of chromo- 
some aberrations in leukemia and also of the persistence over many years of 
radiation-induced chromosome aberrations. At the top, right, is shown a 
leukemic cell taken from a patient. 
cells are shown at the bottom. 
from the same patient. 
associated acentric fragments; such aberrations are typical after high radiation 
doses. 
been exposed accidentally to radiation some ten years prior to the development 
of his disease. Whether a cell damaged by radiation gave rise to the abnormal 
leukemic cells cannot be proved, but this may have been the mechanism for the 
development of the disease. 

The aberrant chromosomes from three such 

There are two dicentric chromosomes together with two 
At the top left is shown a lymphocyte obtained 

After the analysis had been mede it was learned that the patient had 

We cannot yet predict the risk of leukemia or other possible late effects 
of radiation from the frequency of chromosome aberrations--this is, of course, 
what we should like to do. 
received, particularly if it is an acute dose. 
compare the frequency of aberrations observed with those produced in human 
lymphocytes in vitro by known radiation doses. 
such in vitro experiments. 
tricentrics is sho 
linear accelerator. y87 
ment with 40 Mev protons-- the aberration yields are not significantly different 
from those obtained with the photons. 
plus rings per cell is given rather well by 5.7 x 10'6D2, where D is the dose in 
rads. 
dicentrics) is given by 1.0 x lO-3D. 

But we can make a reasonable estimate of the dose 
The procedure essentially is to 

Figure 4 shows the results of 
The frequency of cells with dicentrics, rings, and 

s a function of acute dosesbf 2 MeV photons from a 6 MeV 
There are also shown data obtained in a single experi- 

For both radiations the yield of dicentrics 

The yield of terminal deletions (acentric fragments not associated with 
Thus it can be seen that one class of 

y" 
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aberrations, the deletions, increases linearly with dose whereas the dicentrics 
and rings increase as the square of the dose. This is not true for all radiations. 
Uranium-fission neutrons, for example, produce rings and dicentrics with a fre- 
quency that varies linearly with the dose.(l) 
radiations with LET compar,able or less than that for 40-Mev protons will produce 
chromosome aberrations in human lymphocytes in vivo and in vitro with frequencies 
very similar to those reported here. 

Nevertheless, it appears that 

As the radiation dose increases the number of cells free of aberrations 
decreases. Figure 5 shows the frequency of chromosomally normal cells as a 
function of dose. The curve is quite similar to survival curves obtained with 
mammalian cells. However, there is not a simple relationship between chromosome 
aberrations and reproductive death. Moreover, only cells that are not reproductively 
dead can give rise to cancer. Thus the increased medical risks following radiation 
are very likely due to those cells that are geneticallly abnormal but not repro- 
ductively dead. (2,7) 

Figures 4 and 5 also demonstrate another problem: at doses below 100 rad 
the frequency of cells with chromosome aberrations is very small. For example, 
after 50 rads only one cell in one hundred shows a dicentric. This frequency is 
significantly higher than that found in controls-- no dicentrics in 2,295 cells-- 
however,it is extremely tedious to analyze hundreds of cells by present techniques. 
For that reason many groups, including ours at UCLA, are working to automate the 
scoring of chromosome aberrations. 
it is possible to make at ].east a rough estimate of dose even for doses of the 
order of ten rad. Examples: of such estimates are shown in Table 1, but the un- 
certainties and the labor are both very great. 

Nevertheless, if we are willing to work hard, 

The frequency of aberrations in the lymphocytes is due only t o  the dose 
absorbed by the lymphocytes. Fortunately, the lymphocytes circulate so that a 
day or two after the radiation has been received the lymphocytes in the peripheral 
circulation probably give a. measure of the average whole-body dose. (2) Moreover, 
when the dose is large, the distribution of aberrations can ive an estimate of 
the uniformity of the dose over the lymphocyte population.(2y 
the frequency of aberrant chromosomes decreases with time at a rate that is 
dependent on the type of aberration,(2) 
when the radiation was received. However, we are not usually concerned with 
large doses in the case of accidental exposures. When the dose is less than 
50 rad it is feasible now only to make the sort of estimates shown in Table 1. 

Finally, since 

it is sometimes possible to estimate 

Much work remains to be done on yield of chromosome aberrations as a 
function of the distribution of dose in space and time and of the quality of 
radiation. Nevertheless, useful estimates can already be made of the dose absorbed 
by the circulating lymphocytes in people accidentally exposed to acute doses of 
radiation. 
and other late effects of radiation remains for the future. A major drag on 
progress in this area will be removed when the scoring of chromosome aberrations 
is automated. At that time we shall be in a better position to guard the health 
of the chromosomes, and the chromosomes, after all, are our only biological 
legacy to the future generations of man, 

The relationship of aberration frequency and medical risk for leukemia 
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No. of deletions No. of cells 

Control 2,295 
300 
100 
100 ,* 4 4 300 

Table 1 

Deletions Estimated 
per cell dose(rads) 

.0013 1.4 t 0.8 
,017 27 k 12 
.012 16 +_ 9 
.02 33 & 23 
.013 18 2 9 

385 



W
 

U
 
0
 
s
 a Q

) 
U

 
h
 

CJ 
0
 

s
 E 

386 



AP 

E 

Figure 2 - Photomicrograph of a lymphocyte from a man who had received 300 rad 
whole body radiation. Dicentrics, DC, and acentric fragments, AF, 
are labe 1 led. 



I 2 3 4 . 5  6 7 0 8 18 11 12 13 $4 15 18 17 18 19 50 21 22 X Y  

c e b d  

Figure 3 - A leukemic cell, right, and a lymphocyte, left, from the peripheral 
blood of a patient who had been accidentially exposed to radiation. 
The three karyotypes shown are from three leukemic cells. - 
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