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BIOLOGICAL AND CLINICAL DOSIMETRY i 

ABSTRACT 

The portable tissue equivalent plastic calorimeter has been employed 
for a number of studies including: measurements of neutron dose in 
therapeutic beams at other laboratories and the measurement of dose in 
photon and electron beams at our.own institution. Measurements of the 
thermal defect for A-150 plastic have been carried out using 1.7 and 4.0 MeV 
protons produced by the Brookhaven National Laboratory, Van de Graaf 
accelerator. Initial results do not indicate significant energy dependence 
and the values obtained so far are within about 1% of the estimated value for 
the thermal defect. Microdosimetric studies were continued, and the 
distribution of dose in lineal energy was measured at the Texas A.and M. 
cyclotron for 50 MeV deuterons incident on a beryllium target. 



i 

BIOLOGICAL AND CLINICAL DOSIMETRY 

INVESTIGATORS TIME & EFFORT ON PROJECT 

The principal investigator has devoted approximately 15% of his time and 
the co-principal investigator approximately 80% of his time to the projects 
described herein. These percentages are not expected to change during the 
remainder of the current term,, 
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I. SUMMARY 

For a number of years, our research has centered on the development and 
refinement of our calorimetric dosimeters. This year we have been able to 
apply our technique to the measurement of absorbed dose in fast neutron radio
therapy beams at other laboratories. 

The major accomplishments of this past year have been: 
1) comparison of ionometric to calorimetric dosimetry at several neutron 

radiotherapy centers 
2) continuation of thermal defect measurements for several A-150 samples 

and also gold, using 1.7 and 4.0 MeV protons 
3) microdosimetric measurements in fast neutrons fields. 

II. CALORIMETRIC AND IONOMETRIC MEASUREMENTS 

The Sloan-Kettering portable tissue equivalent (TE) calorimeter has been 
used to measure absorbed dose in three of the four U.S. neutron radiotherapy 
trial centers with the largest patient population treated to date. These 
include: The Texas A. and M„ Cyclotron Institute, the Fermilab Cancer Therapy 
Facility and the University of Washington Cyclotron. The Naval Research Lab
oratory Cyclotron will be visited next month and tentative plans have been 
discussed regarding a visit to the NASA cyclotron in Cleveland. The measure
ments carried out at each institution included the direct comparison of absorbed 
dose at depth in a tissue equivalent phantom as measured by the E.G. & G. 
spherical 1 cc ionization chambers in routine use at each institution to the 
tissue equivalent calorimeter. In addition, a cylindrical TE ionization 
chamber, constructed at our laboratory to be geometrically identical to the 
calorimeter's central absorber, was also intercompared in order to determine 
the product of the stopping power ratio between chamber wll and gas (p) and 
the average energy expended in the gas per ion pair collected, Fn° Values 
were obtained for both methane compounded TE gas and air. Since the calorimeter 
and the parallel plate ionization chamber measure the dose at a point which 
is defined reasonably well (in one case this point is the inner wall of the 
ionization chamber and for the calorimeter it is the central plane of the 
absorber) it was also possible to verify the corrections employed at each 
institution for the displacement of material in a phantom by the collecting 
volume of the spherical ionization chambers. This phenomenon increases the 
dose as determined by the spherical ionization chambers at depth in a phantom 
due to the fact that there is effectively less material upstream of the center 
of the spherical ion chamber. To summarize briefly the results obtained at 
the first three institutions visited, the agreement of the ionization chambers 
to the calorimeter was good. Differences no larger than 2% were found, and 
this is within our stated experimental uncertainties (1). Details of each 
intercomparison will be given below, in chronological order. 
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The geometrical arrangement at each facility was as nearly identical 

as possible. Dosimeters were placed within a plastic cube of polystyrene, 25 
cm on a side. The frontal portion of this cube had inserts of A-150 plastic 
20 cm in diameter, and the dosimeters fit into A-150 holders which matched 
exactly the outer contours of each device. This rigid enclosure insured the 
most reproducible geometry. Since each dosimeter was constructed of A-150 
plastic, this arrangement also provided a close approximation to an extended, 
continuous medium. The fact that the edges (outside the beam) and the back 
of the phantom were of polystyrene was considered to be a negligible per
turbation. The backscatter from polystyrene was assumed to be identical to 
that of A-150. The entire phantom was not constructed,of A-150 due to its 
rather poor mechanical properties (given that, this arrangement was to be 
transported to many laboratories over a period of several years) and, in 
addition, it seemed wasteful to use this unique material just as a phantom. 

We had a provision in this phantom for mounting all dosimeters such 
that their geometrical centers were at depths of either 5 or 10 cm. Small 
variations in depth could be accomplished by using thin sheets of A-150, again 
with polystyrene edges. This phantom was also constructed to accommodate our 
E.G.&G. LET counter and our energy compensated G-M dosimeters (2). Some 
measurements of the distribution of dose in lineal energy v/ere carried out 
along with measurements of the gamma-ray dose at the position of the calori
meter absorber, or ionization chamber. 

Supporting equipment for all of the ionization chambers was provided 
by each facility visited. This consisted of the high voltage power supply, TE 
gas and electrometer. When possible, we verified the gamma-ray sensitivity 
of our ionization chambers in available 60r,o or 137cs beams. Most of the cham
bers remained well within expected tolerances with the exception of the E.G.&G. 
IC-18 0.1 cc chamber which exhibited an approximately 2.5% shift in sensitivity 
at the University of Washington. Upon return, the sensitivity was nearly nor
mal. There is no obvious explanation for this effect. However, we have sus
pected that temperature cycling during shipment may have changed the volume 
slightly. Such a small change would not be noticeable with larger chambers, 
but a small change in this small volume chamber could produce such a difference. 
We have concluded that this chamber should not be used for dosimetric stan
dardization, although it may be suitable for field mapping and relative 
measurements. 

University of Washington 

The University of Washington neutron therapy facility is based upon the 
use of 21 MeV deuterons incident upon a beryllium target, which produces a 
neutron energy spectrum whose mean value is about 8 MeV. The irradiation phan
tom was placed flush against the exit surface of the neutron collimator for the 
sake of reproducibility. This arrangement was solid and easily duplicated. 
The field was an approximately 15 cm square at the plane of the detectors, and 
the source to detector distance was 112 cm. The total dose rate (neutron + 
gamma-ray) at this position was approximately 50 rad/min and all detectors were 
placed at a depth of 5 cm in A-150 plastic. 
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The techniques and operation of the E.G.G. ionization chambers, which are 
in use at a l l of the neutron therapy centers, have been described previously. 
The standard constants employed to compute tissue dose for patient treatments 
at the University of Washington were employed during this intercomparison, and 
a l l of the dosimetric systems were checked in a Co-60 f i e l d at the University 
Hospital. 

The results are shown in the following tables which l i s t the dose in 
tissue rads per monitor count (m.c.) for each of the dosimeters employed. 

U. of W. EGG IC-17 
SKI EGG IC-17 
SKI Cylindrical 
SKI EGG IC-18 
Calorimeter 

1.799 rad/m.c. 
1.778 rad/m.c. 
1.792 rad/m.c. 
1.813 rad/m.c* 
1.807 rad/m.c. 

*This is in some doubt since the cal ibration changed (See Co-60 calibration 
table below). 

SKI Cylindrical 
SKI EGG IC-17 
SKI EGG IC-18 

Before 
Seattle 

3.348x109 
3.169xl0?n 
2.212xl010 

At 
Seattle 

3.353x109 
3.154x109 H 
2.598xl010 

At SKI 
3.341x109 
3.182x109 
2.239xl010 

All calibrations are in tissue rad/coulomb, 

The close agreement of these dosimeters to the calorimeter can be viewed 
as a cross check on the values for stopping power ratios and W"n values computed 
and employed by the University of Washington physics group. The Co-60 calibra
tion of the Sloan-Kettering EGG IC-17 ionization chamber at both institutions 
confirms the consistency in conventional dosimetry since the two calibrations 
were within 0.5%. 

Fermilab 

The Fermi lab neutron therapy facility employs 67 MeV protons, incident 
upon a beryllium target, to produce neutrons whose average energy is approxi
mately 25 MeV. The irradiation phantom was aligned at the treatment iso-
center using the Fermilab laser system. The source to detector central plane 
distance was 153 cm and measurements were carried out at a depth of 10 cm in 
A-150 plastic with a 10 x 10 cm field. The total dose rate during our exper
iment was between 10 and 18 rad/min which made the measurements somewhat 
difficult. The low dose rate was due, in part, to a defective RF power supply 
which was replaced, and competition for beam from high energy physics, since 
we were running during the weekend. During tests on the Friday before the 
run we measured approximately 35 rad/min just after patient treatments. 
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The results of calibrations in the Fermilab Cs-137 source and neutron 
measurements in our phantom and the Fermilab j i g (which is a 15 cm cube of A-
150 plast ic) are shown in the following tables. 

Chamber 
117-TG 
87-TG 
318-TG 
Notes: 

Response 
(X 1Q9 R/C) 

3.701 
3.365 
3.540 

Cs-137 Measurements 
Nominal 

Response (X 109 R/C) 

3.362a 
3.55° 

Difference 
(Percent) 

+0.09 
-0.28 

All chambers a i r f i l l e d , 117-TG Bias = +600 V; 87-TG and 
318-TG Bias = +250V, corrected for saturation. 

^Memorial RCL calibration 12/21/76. 
bFWT calibration 6/1/78. 

Neutron Measurements SKI Phantom 

Dosimeter 

117-TG 
SKI-PP 
SKI-PP 
Calorimeter 

Comment 

Air Fi l led 
TE Gas Fi l led 
Air Fi l led 

Tissue Dose 
(10 cm deep 
in A-150) 

1.002 
1.010 
1.002 
0.989 

Tissue Dose 
(10 cm deep 
in TE liquid) 

1.008 
1.018 
1.010 
0.997 

Notes: SKI-PP Bias = +400V corrected for saturation, measurement 
depth = 10 cm A-150, dose in TE liquid calculated. Units are 
tissue dose in rad/monitor unit. Monitor was calibrated to 
give 1.000 tissue rad/count. 

Dosimeter 
117-TG 
87-TG 
318-TG 

Neutron Measurements FNL Phantom 
Tissue Dose 

(9.733 cm deep in A-150) 
1.019 
1.020 
1.012 

Tissue Dose 
(10 cm deep in TE liquid) 

1.008 
1.009 
1.001 

Notes: FNL jig places detector 9.733 cm deep in A-150 so correction to 
10 cm TE liquid decreases values, units are rad/monitor unit, 
all chambers air filled with same bias and saturation corrections 
as above. 



) 

Although it is difficult to see any trends since the measurements are in 
such good agreement, it does appear that the values of p.W"n for TE gas may be a bit high, as indicated by the SKI-PP chamber. The values from Smith's paper 
were p = 1.020 Wn = 30.5 eV/i.p. Our own measurements-and calculations of 
Goodman suggest that 30.5 is about right at these high energies, but p may be 
closer to 1.00. Again, our absolute accuracy is estimated at+_ 2.5% so it is 
hard to be more definite. 

Texas A. and M. 

The Texas A. and M„ neutron therapy beam is generated by bombarding a 
beryllium target with 49 MeV deuterons. Measurements were carried out at 5 cm 
deep in A-150 with a 10 x 10 cm field at a source to detector distance of 133 
cm. The* total dose rate at this point was about 60 rad/min. Unfortunately, 
due to a damaged temperature controller, thermal drifts were a severe problem. 
However, we were able to achieve good precision in the calorimetric measure
ments (+_ 0.2% s.e.m.). An attempt was made to measure the product of p.Wn for 
42 MeV protons on beryllium with and without a 6 cm polyethylene f i l t e r . Since 
the dose rate for these measurements was below 10 rad/min and the temperature 
regulator was not functioning, the data was not acceptable. The ionization 
chamber measurements were in good agreement with previous work and with neutron 
yield measurements. A table of the results is shown below. 

Dosimeter Dose/mon. count 

SKI parallel plate chamber 1.812 
SKI EGG 87-TG 1.813 
FWT 318-TG 1 .797 
TAMVEC EGG 57-TG 1.766 
SKI Calorimeter 1.793 

Gamma-Ray Component Measurement 

TAMVEC 63-Mg 0.1303 (7.2%) 
SKI r GM1 0.1113 (6.2%) 

The values obtained for the p(42) Be that were acceptable are as 
fol1ows: 

Dose/mon. count 

Dosimeter without poly f i l t e r with poly f i l ter 

SKI parallel plate chamber 0.2958 0.1600 
SKI EGG 87-TG 0.2940 
FWT 318-TG 0.2943 
TAMVEC EGG 57-TG 0.2952 
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Ganma-Ray Component Measurement 

TAMVEC 63 - Mg 
SKI GM 1 

F.W.T. Chamber Evaluation 

0.02160 
0.02148 

(7.3%) 
(7.2%) 

During the course of these neutron intercomparisons we obtained a Far 
West Technology (FWT) version of the E,G.G. 1 cc spherical ion chamber. Since 
E.G.G. has stopped commercial production, we felt it would be important to 
evaluate one of the new FWT chambers for its suitability as a replacement. It 
was our conclusion from these limited set of measurements that this particular 
chamber (s.n. 318-TG) was acceptable and equivalent to the E.G.G. chambers. 
However, it will be necessary to monitor the consistency of manufacture, and 
also evaluate the repair capability of this company. The photon and neutron 
measurements are shown in the following table. 

FWT Chamber 318TG 

Location 

FWT 
Memorial Hospital 
Fermi Lab 
Memorial Hospital 

Photon Calibrations 

Ddte 

6/1/78 
6/13/78 
6/17/78 
8/13/78 

Calibration 

3.55 x 109 R/C 
3.554 x 109 

3.540 x 109 

3.562 x 109 

Neutron Measurements 
(Response relative to tissue equivalent calorimeter) 

Location 
Fermi Lab 
Texas A. and M. 

Response 
1.010 
.993 



7 

B. PHOTON RESULTS 

The construction details and principles of operation of the 
calorimeter have been discussed previously (3). However, a brief summary 
will be given in this report. The calorimeter core is a thermally isolated, 
well defined mass of A-150 tissue-equivalent plastic (4) in which absorbed 
dose is determined by comparing the relative resistance change in thermistor 
(imbedded in the core) during irradiation, to that produced by a known amount 
of energy deposited by electrical calibration. The volume resistivity of 
the A-150 plastic is utilized for this purpose so that no heater elements 
need be placed in the core, which might perturb its tissue equivalence. In 
addition, the heating pattern is more nearly uniform throughout the core 
during electrical calibration as well as during irradiation, so the effects 
of thermal gradients within the core are minimized. The core thermistor forms 
one arm of a DC Wheatstone bridge. This method of detection was found to be 
both stable and convenient to operate. The calorimeter vacuum enclosure, 
the bridge chassis and the microvoltmeter case are all at ground potential 
providing an electrical shield for the most sensitive components, 
enclosure is also thermally insulated with styrofoam in order to 
effect of ambient temperature changes upon the bridge resistors. 
detection circuitry has been placed close to the calorimeter so 

The bridge 
minimize the 

. The 
that 

amplification can take place immediately, and a signal of reasonable size may 
be driven down the cables leading out of the irradiation room. The bridge 
has a provision for remote control so that rebalancing can be achieved 
without entering the irradiation room. 

Electrical calibration is carried out using a high precision 
1000 ohm (NBS traceable) resistor in series with the core. The potential 
measured across this resistor yields the electrically equivalent dose from 
the following relation: 

D = 1000 t 
J 

-1 m [rad] 

Where Rc is the core resistance, V is the electrical potential measured across 
the standard resistor during a time t, and m is the core mass. During 
electrical calibration, the adiabatic jacket, which surrounds the core, is 
heated at approximately the same rate as the core so that the temperature 
difference between the two bodies is minimized. This method of calibration 
reduces heat losses so that they are nearly negligible. 

It is generally agreed that a calibration of absorbed dose in 
a Co-60 field should be carried out at a depth of 5 cm in water or tissue-
equivalent material (5). It represents a depth which is clinically 
meaningful since many tumors are treated at such a depth. In this inter-
comparison, the ionization chamber was irradiated at a depth of 5.5 cm in 
polystyrene using a 10x10 cm field, 80 cm from the face of the source of the 
teletherapy unit to the center of the active volume of the chamber. The 
average of positive and negative charge collected was computed, although they 
differed by less than a tenth of a percent. The collection potential was 
varied as a function of spacing to assure a collection efficiency of at 
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least 99.9%. The standard deviation of the charge measurements was 
+0.1% or less. , 

The dose at a depth of 5.5 cm of polystyrene was also determined 
by measuring the exposure in air at 80 cm from the face of the source, using 
a Shonka-Wyckoff type air-equivalent ionization chamber which had been 
previously calibrated at NBS. The dose at depth was then computed from the 
exposure to free air by the use of A e q, the f-factor for polystyrene, and 
tissue-air-ratios for polystyrene. The agreement between these two methods 
was 1.1%. The ratio of n/vi was obtained by the use of the following 
equation: U U J 

D(B.G.) 
~DTXT 

0.869 (Q/V) S 1 3?^ = vv' 'o air 
A. eq 0.869 ên 

K(T,P) 
pory 
air TAR 

Where D(B.G.) is the dose as determined from the extrapolation chamber 
(Bragg-Gray cavity), and D(X) is the dose at the same depth as determined 
from the exposure to free air (NBS traceable). The ratio of 
D(B.G.) extrapolated to zero volume is 1.011. 
~DTxT 

The depth of the central plane of the calorimeter core was 
computed in terms of electron density for A-150 plastic and polystyrene. 
The ionization chamber was placed at a depth of 5.5 cm in polystyrene using 
a 5 cm thick block over the chamber. Another such block, for the calorimeter, 
was machined from the same polystyrene stock, whose density had been measured 
to be 1.047 g»cm"3. The thickness of this block was determined by equating 
the number of electrons per cm^ in both cases. Table I shows the values 
employed for the electron densities, mass energy absorption coefficients (6) 
and densities of materials. 

The calorimeter was placed in the same field as the extrapolation 
chamber, and a series of radiation measurements and electrical calibrations 
was carried out. The relative displacement due to irradiation (or electrical 
calibration) heating AR/Ro is computed with respect to the displacement of a 
known resistance change. In this case a one ohm change in the bridge 
balancing resistance was employed. There is virtually no heat loss, therefore 
the drift rates before and after irradiation are small and virtually 
identical. The displacement due to radiation heating is determined by 
graphical analysis and the known amount of resistance change necessary to 
null the bridge circuit. 

The measurement of absorbed dose using an A-150 plastic calori
meter must take into account the percentage of energy absorbed which does 
not subsequently appear as heat. Endothermic radiochemical effects in tissue 
analog plastics were initially described theoretically and measured experi
mentally in our laboratory (7), but there has been relatively little recent 
research in this area. Our current experimental program includes direct 
measurements of the thermal defect for secondary charged particles (8). A 
value of (4+2)% has been employed for the thermal defect in these experiments. 



TABLE I 

PROPERTIES OF MATERIALS EMPLOYED 

Polystyrene A-150 Plastic 

1.047 1.125 g-cm J 

3.238xl022 3.307 electrons-g 

0.0287 0.0293 cm -g 

The values obtained for the absorbed dose in tissue by the three 
measurement methods are shown in Table II along with the estimated 
uncertainties. The largest source of uncertainty in the ionometric measure
ments is the effective collection area delineated by the separation between 
collector and guard electrodes. The largest sources of uncertainty in the 
calorimeter are the thermal defect, and the perturbation due to the presence 
of vacuum gaps. However, our current research on these problems should help 
to reduce further these uncertainties. 

TABLE II 

ABSORBED DOSE TO TISSUE AT A DEPTH OF 5.5 cm 
IN POLYSTYRENE 

P(Xa) D(B.G.) D(CAL) 

101.1 + 2% 102.2 + 2% 100.0 + 2.5% 

Primary ionometric and calorimetric dosimetry systems can be 
employed for measurements in Co-60 f i e lds , and there appears to be no 
d i f f i c u l t y in extending these methods to higher energy photon and electron 
beams. Our future plans include extending our measurements to megavoltage 
x-rays and electrons along with high energy neutrons at other laboratories. 

p 

p 

yen 
P 
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III. THERMAL DEFECT 

Measurements of the thermal defect were continued in collaboration with 
L. Goodman at the Brookhaven Van de Graaff. To date, we have measurements for 
A-150 plastic samples molded at several laboratories. The charged particle . 
beams used so far have been 1.7 and 4.0 MeV protons. The value of 1.7 MeV 
was chosen in order that v/e might duplicate, as closely as possible., the 
measurements of Fleming and Glass. We have found our measurement precision to 
be similar to theirs (i.e., +0.025 - 0.030% for electrical calibrations and 
about +_0.05% for beam runs). However, we do feel that the overall experi
mental uncertainty will be about +_ 0.5%. This is a reasonable uncertainty" 
on the value of the thermal defect, which is about 4%. 

Although it is difficult to generalize from the data we have, we can 
report that (1) the thermal defect does not appear to change in going from 
1.7 to 4.0 MeV; (2) the differences in thermal defect between A-150 samples 
is not detectable with our present experiment; (3) the values we have obtained 
are slightly higher than those of Fleming and Glass. We find an approximately 
5% thermal defect for A-150 plastic. 

Within a few months, we will have data for lower energy protons and 
helium nuclei, which are both more densely ionizing than the previously 
employed protons. This will provide the most interesting data, since we 
expect to see the greatest differences in this region. 

IV. MICR0D0SIMETRY 

In addition to the dosimetric measurements carried out at Texas A. and M., 
we measured.event size spectra at 5 cm deep in A-150 plastic. Using techniques 
previously reported (1) we measured the microdosimetric distribution shown in 
figure 1 along with the indicated mean values of Y~ and y .. Although the gain 
was incorrectly set for the low y part of the spectrum due to the pressure 
of time, we feel that the value of y . should still be accurate to within + 10%. 
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