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FOREWORD 

The Brookhaven Lectures, held by and for the Brookhaven staff, are meant to pro- 
vide an intellectual meeting ground for all scientists of the Laboratory. In this role 
they serve a double purpose: they are to acquaint6the listeners with new develop 
ments and ideas not only in their own field, but also in other important fields of 
science, and to give them a heightened awareness of the aims and potentialities of 
Brookhaven National Laboratory. 

Before describing some recent research or the novel design and possible uses of u 

machine or apparatus, the lecturers attempt to familiarize the audience with the 
background of the topic to be treated and to define unfamiliar terms as far as 
possible. 

Of course we are fully conscious of the numerous hurdles and pitfalls which neces- 
sarily beset such a venture. In particular, the difference in outlook and method be- 
tween physical and biological sciences presents formidable difficulties. However, 
if we wish to be aware of progress in other fields of science, we have to consider 
each obstacle as a challenge which can be met. 

The lectures are found to yield some incidental rewards which heighten their spell: 
In order to organize his talk the lecturer has to look at his work with a new, wider 
perspective, which provides a satisfying contrast to the often very specialized point 
of view from which he usually approaches his theoretical or experimental research. 
Conversely, during the discussion period after his talk, he may derive valuable 
stimulation from searchino **restions or technical advice received from listeners 
with different scientific backgrounds. The audience, on the other hand, has an op- 
portunity to see a colleague who may have long been a friend or acquaintance in a 
new and interesting light. 

The lectures are being organized by a committee which consists of representatives 
of all departments of the Laboratory. A list of the lectures that have been given 
and of those which are now scheduled appears on the back of this report. 

Gertrude Scharff-Goldhaber 

The drawing on the cover is taken from a 5th Century B.C. relief on the 
Acropo1is in Athens, the "Dreaming Athena," by an unknown sculptor. 
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INTRODUCTION 

Contrary to what many of you may think, it did not take. the occurrence of fatal 
injuries to awaken physicists to the fact that radiation is dangerous. In fact the radiation 
protection business started almost as soon as the radiation business. There was only about 
a six-month lag between Roentgen's report of his discovery and the first report of a 
definitely recognizable x-ray burn. The problem in the 20's and early 30's was in some 
respects quite similar to the problem we are facing nowadays, except that we are now 
working in a somewhat different energy range. One problem was to find a suitable 
unit to express both x-ray doses and doses from gamma rays of radium. There was con- 
siderable doubt about how to go about this instrumentally, and a bewildering array 
of units were in use or proposed. 

There was not at  that time a recognizable profession of health physics, and cer- 
tainly the name hadn't yet been invented, but there were a fair number of physicists 
rle~mtiog essentially full time to what wa would now call health physics: aucll peoplc 
as Laurie Taylor, Robley Evans, T,.F. C:urtiss, E'ailla, and (somewhat later) Leo 
Marinelli in this country; Gray in England; Sievert in Sweden; and a group in Ger- 
many. There were also some rather peculiar ideas current; one of them was - and the 
German group was particularly strong on this - that not only the dose was important 
but the dose rate was extremely important. One proposed maximum permissible level 
was expressed as R/sec. In other words, if you got nice uniform dosage you could 
tolerate 0.8 R/day, but you couldn't deliver this much except on a 24-hour basis. 
Fortunately this suggestion was not taken up very seriously, and the trend has been to 
lengthen the integration period (and at the same time to lower the accumulated dose) 
until we reached our present situation of integrating over a quarter or a year, depend- 
ing on the level of operation. 

In those days, as at present to some extent, the problem broke down into three 
parts: first, to devise some sort of instruments that would measure in a dependable 
fashion the radiation of interest, either in the laboratory or in the field; second, to de- 
termine some sort of units or common basis on which to standardize the instruments 
so that their readings could be compared; and third, to relate the observations of med- 
ical researchers and biologists on the biological effects of the radiations thus measured 
to effects of interest from the health standpoint. These three problems still exist, only 
now we are worrying about radiations in the GeV range instead of in the keV. 

Fred Cowan is somewhat a newcomer to the health physics profession but he has 
certainly done rather well. He is a native Yankee, born Down East and raised in Bos- 
ton. He went to Bowdoin College, back to Harvard for his Ph.D., and later taught a t  
RPI. During the war we were on opposite sides of the fence - he was in radar counter- 
measures, I was in radar and countercountermeasures. As a result we never got to 
know each other. Afterward he was for a while with the Chrysler Corporation, and 
then he came here to head up  the Health Physics Division, which he has done ever 
since. He has been President of the Health Physics Society. He is a member of the 
American Board of Health Physics, the Board that certifies professional health phys- 
icists. He has been Chairman of the Board and Chairman of the Board's Examination 
Panel. He is a member of a great many committees, the most important being the In- 
ternational Committee on Radiation Units and Measurements (he is also on their 
Planning Board), and the International Committee on Radiation Protection, Com- 
mittee I11 on External Exposure. 

Dr. Cowan will talk about the problems of dose measurement and health physics 
problems in general around a high energy accelerator. 

J.B.H. KUPER 
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Health Physics Problems of High ~ner~~ '~cce l , e ra to rs  

.. . 
, The subject of this ta1k.i~ accelerator radiation for really dangerous situations and to arrange for 
safety, which is one of the most interesting and comparatively loose control of clearly designated 
challenging aspects of the health physics program but not too hazardous areas. Of course, measure- 
here at Brookhaven National Laboratory. How- ment of radiation levels and determination of the 
ever, before the discussion of thk main topic, some exposures actually received by people are of pri- 
preliminary explanation of the field of health mary importance. 
physics in general may be appropriate. It is a broad . The.activities of health physicists may be very 
one covering all aspects of radiation protection diverse, depending on local conditions. The scope 
and, as such, is very much a n  interdisciplinary of this profession may be judged from Figure 1, 
profession. Measurement of radiation dose and which shows the major activities at  BNL broken 
protection against radiation involve physics, en- down into several parts. The Personnel Monitor- 
gineering, and industrial hygiene. Waste, disposal ing Group measures external and internal expo- 
problems involve meteorology, geology, and ocean- sures by means of film dosimeters and .by process- 
ography. Analyses of environmental samples and ing urine samples, and keeps the central exposure 
human excreta involve chemistry, and the setting records for the Laboratory. The Environmental 
of exposure limits involves radiation biology and Monitoring Group is concerned with the radiation 
nuclear medicine. Nobody can be expected to Lt: levels outsidc thc work ar,eas, at the perimeter of 
an expert on dl ,these matters, so most health the site, and off-site, due to fallout'or to possible 
physicists know a little about most of them and accidents or unscheduled release of radioactivity. 
more about the ones directly related to their local The Waste Disposal Group gets rid of the solids, 
responsibilities. * liquids, and gases that are contaminated.with ra- 

. The basic objective of a radiation protection dioactive materials and therdore can't just be 
program is to keep exposures below the specified thrown out with the trash. It also carries out decon- 

,limits with minimum interference with the ac- tamination procedures and, in so doing, achieves 
complishment of assigned tasks, be they research a double objective: it makes things reusable and 

' 

or production. In addition, it is desirable to pro- . also makes it unnecessary to get rid of them. In ad- 
vide data useful in protecting the organization dition, there is considerable training, consulting, 
concerned against unwarranted suits and to avoid and committee work, as well as some research and 
unnecessary exposures. In achieving these objec- development work. The latter tends to be mostly 
tives, it is appropriate to establish rigid safeguards of an applied nature and related to service activities. 

The Building Survey Group is the backbone of 
the oraanization. The members of this group are 
the ones who go into individual areas and with 
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Figure 1 .  Health physics activities at Rraokhaven. Figure 2. Major building survey locations at Brookhaven. 



whom most of you become personally acquainted. 
They do the monitoring, assist scientists and build- 
ers in planning facilities, and help cope with 
emergencies when they arise. Figure 2 shows some- 
what more detail on this group. Small parts of it 
are in the various scientific departments and larger 
parts in the big facilities like the reactors, the Cos- 
motron, and the AGS. Since the rest of this lecture 
will be concerned with high energy accelerators, 
the Cosmotron-AGS location is emphasized in 
Figure 2, but the health physics problems at the 
other locations are diverse, interesting, and often 
quite challenging. Contamination and exposure 
control require continuing effort at the three reac- 
tors (BGRR, HFBR, and MRR), while exposure 
control is the major concern at the three Physics 
Department accelerators (Van de Graaff, 60-in. 
cyclotron, and Dynamitron). Other problems are 
encountered at the numerous vault, greenhouse, 
growth-chamber, and field irradiation facilities 
operated by the Biology Department; the Hot 
Laboratory, the High Intensity Radiation Devel- 
opment Laboratory, and the various critical as- 
semblies operated by the Nuclear Engineering De- 
partment; as well as miscellaneous low level or 
tracer laboratories in several departments. 

The synchrotrons are of special interest, not only 
because they are a major feature of the BNT. pro- 
gram but because they pose interesting and dif- 
ficult problems in radiation dosimetry. I shall de- 
vote most of this lecture to these problems but 
would not like to downgrade the importance of 
practical exposure control in the use of these ma- 
chines, especially the AGS. Because of the large 
areas involved, the numerous experimental groups, 
and the constantly changing modes of operation, 
complicated administrative control procedures 
and continual improvements in technique and 
protective arrangements are necessary. Unfortu- 
nately, there isn't time to describe in detail how 
these work out in practice. They are very inter- 
esting and constitute one of the immediate prob- 
lerr~s in carrying out the Laboratory's research 
programs. 

DOSIMETRY UNITS AND FACTORS 

Since biological damage results from the energy 
absorbed from radiation as it passes through the 
body, rather than from incident or transmitted 
energy, the concept of dose has been defined in 
terms of absorbed energy. The unit of absorbed 

dose is the rad, which corresponds to deposition of 
100 ergs per gram of absorbing material. Biolog- 
ical effects depend on the type and energy of radi- 
ation as well as on the absorbed dose. 200-keV 
x rays have been chosen as a reference, and the 
comparative effectiveness of other radiations is 
described by means of a constant known as the 
"relative biological effectiveness" (RBE), which 
depends on the particular biological effect involved 
and other factors as well as on the type of radia- 
tion. For health protection purposes, it is necessary 
to choose a factor related to RBE that encompasses 
all effects and conditions of irradiation of practical 
importance for the exposure of people. Accord- 
ingly, the term dose-equivalent is used for the 
product of absorbed dose and various modifying 
factors chosen in such a way as to give a number 
proportional to an upper limit on possible adverse 
biological effects on humans. Dose-equivalent is 
defined as follows and its unit is the Rem (Roent- 
gen equivalent man) : 

where 
DE = dose equivalent (Rem), 

D = absorbed dose (rad), 
Q F  = quality factor, 
DF = distribution factor, and 
OF = organ factor. 

The quality factor takes account of the differences 
in biological effect among different types or qual- 
ities of radiation. These differences, at least to a 
first approximation, result from differences in the 
density of energy release along the path of ionizing 
particles, that is, the linear energy transfer (LET). 
The distribution factor takes account of the effect 
of non-uniform irradiation of the body, while the 
organ factor may be used for a .particular organ 
'that is more or less sensitive. The rela.tionship be- 
tween Q F  and LET recommended by the National 
Commission on Radiation Protection (NCRP) is 
shown in Figure 3. 

DOSIMETRY METHODS 
FOR ULTRA HIGH ENERGY RADIATIONS 

Figure 4 emphasizes the diversity of radiations 
that we have to cope with at ultra high energy ma- 
chines. When a high energy proton in the GeV 
region from the AGS or the Cosmotron strikes a 
target, it produces a variety of secondary 
ranging all the way from protons and neutrons 



knocked out of the nuclei to three kinds of T 
mesons produced in the interaction, as well as an- 
tiparticles, K mesons, and hyperons, and a variety 
of other components that have less dosimetric ef- 
fect. Figure 4 indicates the types of decay of the 
various products. The neutral pions produce y 
photons, the photons produce positive and neg- 
ative electrons by the process known as pair pro- 
duction, and the electrons can produce more pho- 
tons by the process that occurs in an x-ray tube. If 
thiprimary particle has enough energy, the process 
can be repeated and an electron-photon cascade 
with many branches can result. The positive and 
negative pions decay into p mesons, particles of a 
different type that interact very weakly with mat- 
ter and hence are very penetrating. The p mesons 
are especially important from a radiation protec- 
tion point of view since, once formed by the decay 
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Figure 3. NCRP relationship between 
quality factor and linear energy transfer. 

K I N E T I C  E N E R G Y  ( M e V )  

Figure 5. Relationship between LET 
and ener,gy for various particles. 

of pions ( t , , ,  = 25.5 nsec), they can be eliminated 
only by very thick shielding. Their decay products 
are electrons and neutrinos. Figure 4, then, is a sim- 
plified diagram of the nuclear processes and par- 
ticles of greatest dosimetric importance. 

Determination of the doses received by people 
in such a varied radiation environment can be a 
difficult task. The problem can be approached by 
two basic methods: 

1. Determine the detailed composition of the 
radiation in terms of absorbed dose or flux values. 
Then establish factors converting each component 
to dose equivalent and thus deduce the total dose 
cquivalent. 

2. Determine the LET spectrum of the radia- 
tion. Then deduce an average quality factor and 
compute dose equivalent from a measured value 
of' absorbed dose.' 

Figure 4. Secondaries from ultra high energy protons. 
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Figure 6. Relationship between quality factor 
and energy for various particles. . 



The first method works well for low energy ac- 
celerators or well shielded ones of higher energy, 
since the radiation consists mostly of x or gamma 
radiation plus neutrons in the 0.5 to 10-MeV 
range. The absorbed doses due to these two com- 
ponents may be measured separately, and a rea- 
sonably good conversion to DE can be made. At 
higher energies this method is difficult or impos- 
sible to apply, both because establishing the de- 
tailed composition of the radiations is a formidable 
task and because maximum permissible fluxes or 
quality factors for all the resulting components 
may not be available. 

The second method does not require knowledge 
of the radiation composition, since to a first ap- 
proximation different types of radiation having the 
same LET produce the same biological effects for 
a given absorbed dose. This is illustrated in Fig- 
ure 5,  which shows plots of L E T  vs. energy for 
several particles. The quality factors shown are 
those recommended by the National Commission 
on Radiation Protection (see Figure 3). Figure 6, 
derived from Figures 3 and 5, shows quality factor 
vs. energy for the same particles. 

It is interesting that an extremely high energy 
proton, although relatively high in energy, is not 
relatively dangerous in terms of the quality factor 
because its track is so sparse that the quality factor 
is one. 

DEPTH I N  PARAFFIN (in.)  

Figure 7. Buildup of dose in a phantom 
for typical AGS locations. 

Regardless of the basic method used, account 
must be taken of the variation of dose with depth 
in the body. Dose may drop off with depth because 
of the effect of absorption, or it may increase be- 
cause of the generation of secondary radiations as 
the primary radiation interacts with tissue. In 
practice, both effects occur simultaneously. Figure, 
7 shows the variation with depth in a phantom ob- 
served at several AGS locations. These data were 
taken by Leigh Phillips when he made a study of 
this problem two years ago. There is a wide varia- 
tion in behavior, but the buildup is seldom more 
than 1.6, and values as large as this are found only in 
relatively clean beams of high energy particles. 
For rriosl locations where exposures to people are 
likely, buildup is slight or. absent. 

Variations in quality factor as a function of 
depth in the body should also be sought, and 
Phillips made some such measurements. ~ a t a  ob- 
tained by Wheeler at the Argonne ZGS show the 
quality factor dropping off fairly steeply with 
depth in the body, but this must depend very 
much on circumstances, and it would be desirable 
to obtain more data under a variety of conditions. 

These then are the basic dosimetry methods 
utilized at Brookhaven. They will be discussed in 
more detail in connection with instrumentation. 

GENERAL COMMENTS ON INSTRUMENTATION 

The ionization chamber shown at the right of 
Figure 8 is made of a plastic that approximates tis- 
sue in its alorr~ic curr~posiliur~. and is filled with a 
gas mixture that also approximates tissue. It pro- 
vides a measurement of the absorbed dose where- 
ever it is placed, but it must be remembered that 
this dose is an average over the volume of the 
chamber, for the population of existing secondaries, 
as modified by the chamber walls. This chamber 
was originally developed by Harald Rossi at Co- 
lumbia University. 

Figure 9 shows a portable ionization chamber 
which is used routinely to measure the dose 
around the machines. This one was developed by 
the BNL Instrumentation Division and has been 
extremely useful. The electrometer is located in a 
space just above the chamber. A problem is com- 
ing up in connection with this instrument. Our 
accelerators have always had a repetition period 
long enough so that one could look at one pulse on 
an instrument like this in the integrating mode 
and then reset to zero before the next pulse. How- 



Figure 8. Ionization chambers for ultra high energy dosimetry. Figure 9. Particle ionization chamber 

ever, the planned AGS conversion will result in a 
reduced repetition period too short for this type of 
measurement and a little too long for satisfactory 
rate meter operation. Thc instrumcnt and Ure 
method of use will have to be modified for satisfac- 
tory operation under the new conditions. 

The "integrating pulse discharge ionization 
chamber" (IPDIC) is a device that Carl Distenfeld, 
our health physicist at the AGS, unearthed and 
adapted for health physics service. It  was being 
used for oilwell logging. He determined its char- 
acteristics and had it modified for our purposes, 
and it has been quite useful. The IPDIC is an ion- 
ization chamber lined with tissue equivalent plastic 
and filled wit11 tissue equivalent gas at 10 atmos- 
pheres pressure (Figure 10). The outside is at 
gmnund pntential, while the chamber wall is held 
at a fixed pasitlve potential by a battery. The center 
electrode, lnitlally near the ground potential, col- 
lects charge and increases in potential with respect 

@ to g r a d  bcuunr. ofinnizstinn ~lntil  the intnlrallr 



mounted neon tube discharges, thereby resetting synchrotrons. The chamber is seen at the left in 
the electrode to the relatively low potential at Figure 8. Because of the spherical geometry, par- 
which the discharge stops. Every time this occurs, ticles producing ionization tracks with a single 
wrrespnding to a certain definite amount of doe- value of LET give a triangular pulse-height spec- 
age, a pulse, w b i h  can be of the order of 4 or 5 trum, as shown at the left of Figure 12. For several 
volts, is generated and operates the scaler. The in- discrete values of LET, the pulse-height spectrum 
sulation d this device is very good, and the pre- is the sum of corresponding triangular distribu- 
breakdown current,in the neon tube is less than tions, as shown at the right of Figure 12. For con- 
the current due to natural background, so that tinuous distributions of absorbed dose over a range 
this device can even be used for environmental of LET values, smooth pulse-height spectra, such 
monitoring. Figure 11 shows one such device used as those shown in Figure 13, are obtained. 
in a Cosmotmn radiation monitoring system. These The information about the LET spectra is con- 
chambers have been used for other purposes also tained in the slopes of these curves. By determin- 
and have been quite satisfactory. ing the slope point by point and then using a suit- 

Several other measuring instruments are used able formula, one can determine the LET spec- 
around the accelerators. A thermal neutron detec- trum. Figure 14 shows the result of doing this for 
tor placed inside a para& sphere makes a corn- AGS location 2, for which the raw data are shown 
bination that measures neutron dose equivalent, 
crudely at least, over a limited energy range. Or 1 
one can use certain foils that have activation ,; I 

thresholds to determine the fluences (number per - 
square centimetex) of particles above a certain en- 
ergy, and thus get partial information about the 
type of radiation. 

Of more interest are the two methods available 
fbr determining linear energy transfer, that is, the 
quantity that must be considered in choosing the 
quality factor needed to convert absorbed dose to 
dose equivalent. 

THE ROSS1 METHOD OF LET ANALYSIS 

Dr. Harald Rossi at Columbia has developed a 
series of spherical tissue equivalent ionization 
chambers, with a special type of center electrode, 
by means of which one can determine the distribu- 
tion of dose with respect to LET. Mr. Phillips has 
assembled an apparatus for this purpose at BNL, 
using a 4-in.-diameter chamber of this type, and 
has made numerous measurements at the BNL 

Figure 10. Integrating pulse 
discharge ionization chamber. radiation monitoring system. 
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Figure 12. Pulse-height spectra with R&-type 
LET chamber for discrete values of LET. 
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Figure 13. Pulse-height spectra 
obtained with the Rossi-type LET chamber. 

in Figure 13. These data were obtained on top of 
the tunnel somewhat downstream from the G-10 
target location. Two peaks are seen in the curve 
for absorbed dose. The one at the left corresponds 
to the so-called Bragg peak of the protons, namely, 
the region of denser ionization occurring near the 
ends of the proton tracks, whereas the one at the 
right is caused by heavy ion recoils that have pro- 
duced tracks with much higher linear energy 
transfer. Figure 14 also shows the distribution of 
dose equivalent with LET. This is obtained by 
multiplying the absorbed dose distribution by the 
official relationship between quality factor and 
LET given in Figure 3 and shown by the dotted 
line in Figure 14. Values of total absorbed dose 
and total dose equivalent may be obtained by de- 

AGS LOCATION 2 I 

OF = 5.0 . , .  
. ,. _ _  .- >- I 

. .. 

LET (keV/p)  
. . 

Figure 14. LET spectrum for an AGS location 
tunnel shield downstream from the G-10 

termining the areas under the two curves. The 
effective quality factor for this particular mixture 
of radiation may be found by obtaining the ratio 
of these two areas; in this case it is 5.0. The data 
for this figure were taken at a locafiion where, al- 
though the shielding is fairly thick, there are many 
high energy cascade components and therefore the t ' l'.L?8? - , . I  -: . . 
quality factor is relatively high. Figures 15, 16, l . r  ,,- - I: 
and 17 are included to show that the shape of the .;, : - . -,i; ' - :$A ., curves obtained may vary quite drastically, de- . - 

1 . .  .-v 
pending on the location at which data are obtained. . -, , . A r ' i  

Figure 15 is for a location where back-scatter fiom - . - ::? 
the G-10 target location predominates and the . 2 .  

secondaries are quite well moderated. The Bragg 
' 

peak at about 95 keV per micron appears, but - 
I > -  

there is no appreciable peak corresponding to . - 
heavy ion recoils such as occurs in Figure 14. An 

' 

intermediate value of quality factor is obtained. 
Figure 16 is for a location where p mesons pre- . 2 
dominate. Since there are few protons, the peak at 

, . 
about 95 keV per micron is absent as well as that 
due to high energy recoils. Figure 17 is for a Pu-Be - .  

neutron source and is diriterest because the neutron 
energy spectrum for such a source is well known. 

~ a b l k  1 presen'ts a summary of some of the ef- 
fective quality factor values that have been ob- 
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Figure 15. LET spectrum for an AGS location where 
back-scatter from the G-10 target predominates. 
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Figure 16. LET spectrum for an AGS location 
where p mesons predominate. 

Table 1 

Summary of Q,uality Factors at the AGS Measured by the Rwsi Method 

AGS location Description Q d i t y  factor 

Above G- 10 target, 9 ft heavy concrete 
Above GI0 target, 3 1 ft downstream, heavy shielding 
1 7-BeV/c proton-w-meson beam 
Above p-meson area, F- 10 target 
Outside north gate, a-meson, G- 10 target 
Inside ~ r t h  gate, tunnel back-mtter 
Outside east gate, back-scatter from G- 10 target 
p-Meson area 4" from F-9 target, heavy shielding 
p-Meson area, back-scatter &om G- 10 target (F-9 target not in use) 
p-Meaon area, 4" from F-9 target, heavy shielding, 6-in. paraffi phantom 

tained. At the first two locations, since high en- 
ergy secondaries are present, the effective quality 
factors are relatively high; whereas in the next 
three areas they are relatively low. The third loca- 
tion was in a beam consisting of protons and a 
mesons. Although the particle energies were very 
high, the LET values were low because the beam 
was quite free of secondary components. At both 
the fourth and fifth locations, p mesons, for which 
a quality factor of one is appropriate, were pre- 

dominant, so that the over-all quality factor was 
low. The F-10 target is located in such a way that 
the a mesons generated in it have a substantial 
flight path before striking the tunnel shielding. 
Thus a sizable flux of p mesons results from decay 
of the pions and, despite a very thick shield, there 
is an area outside where dosage is primarily due to 
p mesons. However, one seldom encounters dosi- 
metrically simple situations and this is no excep- 
tion, since high energy components enter the area 
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A Polish scientist named Zielczynski has re- 

LET ( k e V / ~ )  
ported the use of this method, and Baarli and 
Sullivan at CERN have developed it further. 

Figure 17. LET spectrum of Pu-Be neutrons. Distenfeld and Markoe here at BNL have built 
and evaluated a double chamber based on the 
same principle (Figure 19). Two ionization cham- 

from insufficiently plugged holes in the shield and 
by scattering of radiation that has penetrated the 
shield over the tunnel. The quality factors obtained 
for the other locations in Table 1 are also reason- 
ably explainable in terms of the geometry of the 
individual locations. 

bers are operated back to back, one at a consider- 
ably higher voltage than the other (300 and 1200 
V). The balanced output circuit is adjusted to 
read zero for 60Co y radiation. For other types of 
radiation the deflection is approximately propor- 
tional to the departure of QF from a value of 1. 
Figure 20 shows the actual apparatus constructed 
by Distenfeld and Markoe. It  is heavy because it 

THE RECOMBINATION METHOD has to withstand 10 atmospheres pressure, but it is 
OF QUALITY FACTOR DETERMINATION lined with plastic to make it reasonably tissue- 

If, for an ionization chamber which is being 
irradiated at a constant rate, current is plotted 
against the collecting voltage, a curve like that 
shown in Figure 18 is obtained. Above some volt- 
age such as Vl, the ions are collected quickly 
enough so that recombination in the chamber as a 
whole does not occur. The curve is nearly horizon- 
tal above this so-called "saturation" voltage for ra- 
diation of low LETsuch as x or y rays. However, re- 
combination of ions can still occur within the tracks 
left by more densely ionizing particles, and the de- 
gree of this colur~laar recombination is a function 
of LET. Thus the slope of the current-voltage 
characteristic in the "saturation" region may be 
used as an indicator of quality factor. The differ- 
ence in current for two arbitrarily chosen collec- 
tion voltages in the "saturation" region, such as 
V, and V,, may be conveniently used as the actual 

@ indicator since it is proportional to the slope, n. 

equivalent. Only a few measurements have been 
made with it but they agree reasonably well with 
those obtained by the Rossi method. 

Although neither of these methods for direct 
determination of Q F  or DE is very satisfactory 
from a practical point of view, the results obtained 
with them have been very useful. Programs aimed 
at improving both these methods and developing 
new techniques for the same objective are being 
pursued at several laboratories including BNL. 

Figure 19. Schematic diagram of balanced 
tissue equivalent ionization chamber. 
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on radiation levels in the sumoundii areas due to 
skyshine. The AGS is well shielded, but in a few 
places radiation pmetrate%+the sbelQ5ng and sa t -  
ters out azaunel the surr~wnding ccuuntrysith. 

These levels are not high enough to be of m y  par- 
ticular concern but would become so if the AGS 
intensity were increased by a factor of 20 ar 30 as 
planned It has la& to masure 1 4 s  &om 
the existing machine and to extrapolate thean to 
the expected higher intensity as a basis for the de- 
sign of additional shielding. An interesting method 
for normalization of such data radio has been 
developed by Distenfid and Colvett. 

The problem of personnel prot%ti~n in the 
vaults and exprimmtal area9 is a 'continuing one 
during operatbn &f the syllehrotrms. Bq,atosure 
60nw01 during shutdawns has become an hem- 
ingly serious business at the AGS. The machine 
has been tm sil-ful, in that it has been porasible 
continually to increase the beam intensity, and 
this has a ~ c e n t u a t d  the problem d advation 
,and the associated expostire levels encountered in 
'maintenance work during shutdown. Such main- 
tenance work has been greatly increased by the 
radiation damage to machine components due to 
the increased intensity levels. To get this work done, 
it is necessary to schedule the work time of more 
than 2b0 individuals and to maintain detailed 
day-by-day records of their exposures. Thus far it 
has been possibIe to meet all requirements well be- 
low the specified exposure limits, but it has not 
-been easy. The rebuilding of the machine will 
greatly improve the situation, but with the antici- 
pated additional increase5 in intensity we cannot 
be sure whether or not the over-all results will be a 
net reduction of the unavoidable exposures. 

FUTURE PROBLEMS - HIGHER INTENStTY 
AND ENERGY 

One of the major future health physics problems 
in connection with high energy accelerators is the 
greater intensity planned. It  is obvious that the 
problems of radiation levels in the experimental 
areas and activation of the machine and its com- 
ponents will increase as the power of the beam in- 
volved. If the particles have twice as much energy, 
it must be gotten rid of somewhere and it will re- 
sult in radiation of one kind or another. Likewise, 
if the intensity in microamperes goes up, then 
there will be that much more energy to cope with. 
The beam power at the AGS is due to go up fi-om 
2.6 to 52.8 kW when the conversion program un- 
der way is completed, and that will increase the 
problems although the design is such as to solve 



Table 2 

Beam Characteristics of Ultra High Energy Accelerators 

Machine Current, PA, Energy, GeV Power, kW 

Present AGS 0.08 (5. x 10" p/sec) 3 3 2.64 
Converted AGS 1.6 ( loi3 p/sec) 3 3 52.8 
Present SLAC 30 (1.9 x 1014 e/sec) 20 600 
Ultimate SLAC 60 (3.8 x 1014 e/sec) 40 2400 
LAMPF 1000 (6.2 x 1015 p/sec) 0.8 800 
Proposed 200 GeV 2.4 (1.5 x 1013 p/sec) 200 480 

many of them in the process of rebuilding. How- 
ever, machines are being constructed with even 
higher beam powers, as shown in Table 2. The 
lwu-milt. lorig Slanford linear accelerator (SLAC), 
currently in the tune-up phase, is an example. 
This 30-PA, 20-GeV machine has a beam power 
of 600 kW, which is much larger than the value for 
the AGS. The Stanford machine accelerates elec- 
trons, and, to a crude approximation, the radioac- 
tivity problems of electron machines are perhaps 
about a tenth those of proton machines for the 
same beam power. But the beam power of the 
SLAC can be increased in the future by a factor 
of 4 to a value of 2.4 MW. 

At Los Alamos, construction is scheduled to 
start soon on a high intensity linear accelerator 
known as the Los Alamos Meson Physics Facility 
(LAMPF). It  will produce 800-MeV protons with 
a beam current of 1 mA corresponding to a beam 
power of 800 kW. Since protons are involved, the 
radiation problems of operation and maintenance 
will.be formidable. 

The  characteristics of the proposed 200-GeV 
super-accelerator are also shown in Table 2. In 
this case, high beam power is combined with en- 
ergy much higher than that of the present genera- 
tion of proton synchrotrons, and some new and 
intensified problems are bound to be encountered. 
Machines with even higher beam powers are 
being seriously discussed by designers. Currents of 
1-GeV protons up  to 75 mA, corresponding to a 
beam power of 75 MW, are being considered. 
There are exciting new applications for such ma- 
chines, and they will present new challenges for 
health physicists. 

Extremely high beam powers result in a whole 
covey of difficult and interesting design pruLlc~iis, 
not only in the design of the accelerator. structure 
itself but particularly in the design of the exper- 
imental areas. Not only is an  external beam 

brought out of the machine for experimental pur- 
poses extremely hazardous, but the primary beam 
is so intense that the secondary beams scattered 
out of the machine for experimental purposes are 
comparable in hazard to thc prcsent deflected 
beams from the lower intensity machines. 

Some of the design problems of the new high 
intensity accelerators are illustrated in Figure 21, 
which shows a cross section of the main tunnel of 
the 20-GeV SLAC. The beam tube is in a separ- 
ate tunnel under 25 ft of earth shielding with as 
much of the auxiliary equipment as possible lo- 
cated in a building above. A similar design is pro- 
posed for the L A M P F  but with the equipment 
gallery somewhat offset. I n  the case of the AGS 
conversion, equipment for the linac injector is to 
be housed in a building separated laterally from 
the main tunnel. At the SLAC, access to the main 
tunnel is via 35-ft-long ladders, and these consti- 
tute a general safety problem of no mean propor- 
tions. Radiation levels in the equipment building 
are modest and due either to x rays from the klys- 
trons or radiation leaking up from below through 
ducts provided for the necessary electrical and 
vacuum line connections. Construction of the ex- 
perimental areas for the SLAC is not yet finished. 
It  is in these areas that some of the most difficult 
problems of exposure control will be encountered. 

In connection with high intensity machines such 
as those at  Stanford and Los Alamos, there are 
many other problems. Not only is adequate shield- 
ing necessary, but also the air inside the tunnel 
may become activated and so hazardous that ac- 
cess must be controlled for a period after shut- 
down. At Stanford the tunnel is closed up and not 
ventilated at  all during operation to prevent the 
p u r ~ ~ p i n g  out of radioactive air that would float 
across the countryside and perhaps be of some 
concern. It  is by no means certain that this is ab- 
solutely necessary, but it is one method of control, 
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. Fi,pre 21. Cross section of Stanford 20-GeV linear 
accelerator, looking east in direction of beam. 

although scime,corroiion problems due to ihiuf- 
ficient ventilation have been encountered. 

After the experimenters finish with a high inten- 
sity beam, it must be stopped somehow or other. 
This calls for beam catchers, and the design of 
such devices is not simple because of the large 
amount of heat that must be dissipated and the 
huge amounts of radioactivity produced. Not only 
is radioactivity induced in solids used in the catch- 
er, but water used for cooling becomes very radio- 
active. Thousands of curies of tritium, which is a 
prominent spallation product, and tens of thou- 
sands of curies of activation products of inter- 
mediate half-life build up in cooling water after 
extended periods of operation, so there must be 
considerable concern about the fate of this water. 
This involves arrangements for ultimate disposal 
of the activity.and safeguards to prevent contam- 
ination of experimental areas or the groundwater 
in case of leaks or other accidents. Concern for 
water activation may even extend to rain water 

that may seep down close to the'beam tunnel 
where neutron fluxes are high,and where the re- 
sulting production of activity may cause ground- 
water contamination. 

FUTURE PROBLEMS - INSTRUMENTATION 

Some improvements in instrumentatiori~would 
be highly desirable. First, a better method of per- 
sonnel monitoring is greatly needed. At present, 
nuclear track film is used, but the statistics are 
very poor, the sensitivity is too low, and the film 
has an undesirable energy response characteristic. 
It would be very useful to have a personnel mon- 
itoring method that would give values of'dose . 
equivalent regardless of the kind of radiation in- 
volved. The situation is the same in regard to sur- ' 
vey meters. It would be convenient to have a black 
box that would register, wherever it wassplaced, 
dose equivalent for any type of ionizing radiation. 
Such an instrument is not inconceivable. For in- 



stance, if the Rossi LET chamber could be made 
to operate as a sealed unit without the present 
complicated gas supply and vacuum system, an 
electronic circuit might be devised that would pro- 
vide a reading directly as dose equivalent. Several 
difficulties remain to be overcome in the develop- 
ment of such an instrument, but most of the neces- 
sary ideas have been put forward, and there is rea- 
son to hope that a practical unit of this type will 
become available before too long. 

OTHER FUTURE PROBLEMS 

Continuing progress is needed ill reduction of 
exposures incurred iil operaring alld ~ l ~ a i l l i a i l ~ i ~ ~ g  
the big accelerators. Exposure control is a major 
problem during shutdowns and, as emphasized 
above, will become even more so with the higher 
intensities that are coming. 

An interesting new problem has to do with pos- 
sible exposures to passengers and crews of the next 
generation of commercial aircraft, supersonic 
planes that will fly at elevations of 75,000 to 
80,000 ft. At that elevation, if' there is a large solar 
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Figure 22. LET of particles in ultra high energy range. 

Figure 23. Electronic interaction 
of an ultra high energy proton. 

flare, the plane will be bombarded by particles 
from the sun and exposure will reach levels above 
those normally permitted for the populace at large. 
Several plans are being developed for instruments 
to be carried on the plane to measure these levels. 
If abnormal levels of dose rate are encountered, 
the pilot can descend to 40,000 ft where exposure 
levels are lower. One of the things that make the 
field of health physics interesting is that one fre- 
quently becomes involved with curious new and 
yet scientifically intelligible problems, such as the 
dosimetry and exposure control problems associ- 
ated with high altitude flight and space. travel, 
which will require a great deal of attention in the 
fulu1 L. 

It would be very helpful if the official curve re- 
lating quality factor and linear energy transfer 
shown in Figure 3 could be extended to both lower 
and higher values of LET. Biological experiments 
indicate that relative biological effectiveness ratios 
less than one are found for very low values of LET 
such as exist along the tracks of ultra high energy 
protons. Figure 22 shows plots of mass stopping 
power (approximately equal to LET) i r ~  111c le- 
gion from 0.1 to 100 GeV. At present, a quality 
factor of one is used for all LET values of less than 
35 MeV g-' cm2. In the ultra high energy region 
values for pions, protons, and deuterons are much 
lower than this, and even in the case of a particles 
low values occur above one GeV. It would be quite 
helpful, in designing instruments which read out 
in dose equivalent on the basis of LET values, if 
the discontinuity in the official curve at 35 MeV 

1 

g-' cm2 could be removed. - 
A somewhat similar situation exists for high 

values of LET. At present the curve of Figure 3 
reaches a high value of 20 for QF, but no values 
are recommended for values of LET greater than 
1750 MeV g-' cm2. Many biological experiments, 
especially those made at the Berkeley HiLac, in- 
dicate that relative biological effectiveness passes 
through a maximum for LET values of 500 to 
1000 MeV g-' cm2, and that for extremely high 
values, RBE may even become less than one. Such 
a behavior is explained on the basis of energy be- 
ing wasted inioverkilling the cells traversed by 
such an extremely dense track of ionization. Here 
again, extension of the curve would be very help- 
ful both in designing instruments and in assessing 
the importance of exposure components caused by 
such densely ionizing particles. However, exten- 
sion of the curve in the high LET direction in- 



volves a consideration of many complicating fac- 
tors, and I doubt if present understanding is suf- 
ficient to warrant official action, at least for the 
present. 

Another basic problem worthy of future study 
is illustrated in Figure 23, which is a simplified 
drawing of the track of a 2:GeV proton passing 
from left to right. Ionization along the track is very 
sparse but there are occasional 6 rays of compar- 
atively low energy which make secondary ioniza- 
tion tracks typical of low energy electrons. The 
diagram is idealized because low energy electron 
tracks are not straight but wander around a great 
deal because of the ease with which particles can 
be scattered. One of the interesting problems in 
radiation biology may be phrased as follows: Is the 
relative biological effect or the related quality fac- 
tor best described by a linear energy transfer value 

that includes all energy out to an infinite distance 
from the track, or would it be better described by 
the energy released in a tube  of some specific 
diameter enclosing the region near the track where 
the densest ionization occurs? Dr. Rossi at Co- 
lumbia is studying this problem by means of his 
LET chambers. The one that we have been using 
operates at a sufficiently reduced pressure so that 
it corresponds to a tissue sphere of about one- 
micron diameter. However, Rossi has constructed 
a series of spheres with different diameters includ- 
ing much smaller ones a n d  hnpes to accumulate 
experimental evidence that will help answer the 
above question. This work also bears intimately 
on an understanding of the detailed mechanism of 
the damage of tissue by radiation and on why 
there is a variation of this damage with linear en- 
ergy transfer. 
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