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I. INIRODUCTION 

The dosimetric studies at this laboratory were initiated with the 
primary goal of developing systems for the determination of absorbed dose 
in biological research and clinical application. Ifeasurements of radiation 
energy in terms of fundamental energy units as well as secondary methods are 
being developed and applied to provide an absolute basis for the evaluation 
and comparison of experiments, treatments, and any procedure employing 
radiation. In keeping with these objectives this project has accomplished 
significant advances in the following areas: 

1) A portable carbon absorbed dose calorimeter was developed 
and applied to study the response of various secondary dosimeters to high 
energy electrons and gamma rays. 

2) To permit the extension of these studies of secondary 
dosimeter response to the area of fast neutron dosimetry, a tissue 
equivalent calorimeter is currently under construction. 

3) We have cooperated with other groups including the 
National Bureau of Standards in developing intercoirparison methods and 
instrumentation for the dosimetry of high energy radiation therapy machines. 

4) Extensive measurements of the radiation fields surrounding 
a variety of isotope sources for interstitial therapy have been made. 

5) Dosimetric evaluation was provided for experiments to 
determine whether or not the RBE of fast electron and neutron beams 
varies with depth in tissue equivalent material. 

6) The production and dosimetry of fast neutron beams from 
a small medical cyclotron have been investigated. 

7) CalorinBtric methods have been successfully applied to 
ultra-high intensity pulsed radiation sources. Since the dose rates 
of these radiation sources are so high (from 10^ rad/sec to greater than 
10l4 rad/sec), it is important to have a measuring device, such as a 
calorimeter, which is dose-rate independent due to the fact that absorbed 
energy is converted to heat. Another advantage of the calorimetric method 
is that it yields a measurement in terms of fundamental units (rads). 
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8) Secondary dosimeter systems, such as a scintillation 
detector and theni»luminescent dosimeters ̂ lich can be used for deter
mining the dose at a depth in a medium of interest, and for determining 
various beam parameters, have been developed and applied. 

9) Beam monitoring systems have been developed and applied 
to two types of pulsed radiation sources. Systems of this type can be 
used for a wide range of pulsed charged particle accelerators. 

10) Extensive measurements have been made of the radiation 
response characteristics of silicon p-i-n and pn junction diodes in all 
dc modes of operation and for various radiation fields. 

11) Miniature (approx. l/4mm3) silicon diode probes for both 
laboratory and in vivo use have been constructed, tested and applied in 
conjunction witH~Cobalt 60 radiation therapy. 

12) Facilities for lithium drifting silicon and germanium 
were constructed. Both silicon and germanium lithium drifted diodes have 
been produced. Investigation of the use of lithium drifted diodes in two 
din^nsional particle counting arrays was made. 

13) An orthogonal electrode strip matrix array, originally 
developed at this laboratory in silicon, is considered to provide a 
practical approach to the construction of a germanium semiconductor 
gamma camera. 

14) Geimanium diodes have been fabricated and tested for 
eventual tise in a semiconductor ganma camera. 

15) A dual chamber cryostat was designed and constructed 
to house the matrix array. 

16) The experimental system needed to evaluate individual 
matrix arrays has been constructed. 

II. ABSORBED DOSE MICROCALORIMETRY 

A) Carbon Calorimeter 

A quantity of primary importance in the clinical and experi-
iiBntal applications of high energy radiation is the distribution of local 
absorbed dose produced in the irradiated medium. The most direct method 
of determining absorbed dose is by microcalorimetry in which the temperature 
increase produced by the absorption of radiation in an isolated segment of 
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a suitable medium is measured. The science and technology of the 
calorimetric measurement of absorbed dose or energy flux for high energy 
electrons and photons is well established (1). However, because of 
technical complexity, this method cannot be applied conveniently in 
many cases and so secondary dosimeters must be employed. 

The quasiadiabatic local absorbed dose calorimeter developed 
at the Sloan-Kettering Institute is portable and has been used to measure 
depth dose distributions. The response of ionometric, chemical, thermo-
Itminescent and semiconductor dosimeters have been compared with this 
instrument with respect to response as a function of depth in the 
irradiated medium as well as for different energies of incident 
electrons, f̂easurements with Cobalt-60 gamma rays have also been performed. 

Figure 1 illustrates the appearance of the Institute's field 
calorimeter and Figure 2 is a cross-section drawing of this instruTient. 
This calorimeter was specifically designed to facilitate depth-dose 
measurements: carbon discs can be conveniently added inside the vacuum 
jacket above the absorbing element. The sensitive volume of the 
calorimeter consists of a carbon wafer three centimeters in diameter 
and four millimeters in thickness. This wafer contains four micro
miniature thermistors and a diromel heating coil. The thermistors are 
lised singly, but their multiplicity provides for continued operation 
should one unit fail. The wafer is suspended on nylon monofilaments 
within an adiabatic shield 6 1/2 cm in diameter by 1 cm in thickness. 
This adiabatic shield contains a chromel heater to permit calibration 
by simulating the energy absorption from the radiation field and is 
also suspended by nylon monofilaments. Surrounding the adiabatic shield 
is a control shield 11 cm in diameter and 2 cm in thickness. This shield 
contains 3 thermistors to sense its temperature, and a set of control 
heaters which are used to regulate the temperature. It is suspended within 
the main body of the carbon calorimeter which itself contains a set of 
thermistors and a control heater. The quantity of radiation entering the 
calorimeter is monitored by a transmission ionization chamber of multiple 
parallel plate design with two millimeter spacing. 

The precision of measurement with this instrument is on the 
order of 1/2 to 1% for dose rates as low as 50 rads per minute. 

1) lonometric Methods and High Energy Electrons 

The earliest series of experiments undertaken was a 
comparison of the central axis depth dose distributions for 20 MeV 
electrons measured with a Baldwin Farmer ion chamber and determined by 
the calorimeter. Figure 3 shows the depth dose cunres plotted directly 
in rads. The upper two plots are based on the ion chamber measurements 



converted into rads on the basis of W = 33.73 ev and allowing for a 
displacement of the measuring point by 0.75 of the chamber radius (2). 
For the stopping power calculations used in this conversion, the electron 
spectra as a function of depth given by Harder (3) were employed. The 
upper curve neglects the polarization correction while the lower includes 
this correction based on the Stemheimer formulation (4). Measurements 
were made at sufficiently low dose rates to insure saturation. Chamber 
voliime was assessed by a combination of direct and X-ray determinations 
of its dimensions, liifortunately, because of the nature of the circuit 
of the Baldwin Farmer, the ionization current cannot be conveniently 
measixred for both positive and negative collecting potentials. These 
problems coupled with the uncertainty in the effective depth of 
measurement made it desirable to elaborate this experiment by the use 
of tlie extrapolation chamber. 

The chamber used was somewhat unusual in design since 
it represents an extrapolated cavity chamber. The chamber, of plane 
parallel geometry, was constructed so that carbon rings annular to the 
collecting volume could be inserted. These rings compensated for 
electron loss from the collecting volume and also served to determine 
the spacing of the chamber. They were incorporated because preliminary 
experiments had demonstrated an increase of 3 to 51 in the ionization 
current compared with "walless" operation. A similar result has been 
discussed by Attix, et al (5), who compared extrapolation chambers with 
and without inserts of the wall material sorrounding the collecting 
volume, ffeasurements with a dial indicator showed that spacing was 
reproduceable to better than 0.01 mm. 

Saturation characteristics were determined for betatron 
electrons using the method described by Kemp (6). INfeasured at a spacing 
of 2.8 ram and utilizing the criteria that the current J extrapolated to 
(J/V)2 = 0 lies within the standard deviation of the average measured 
current for positive and negative polarities, saturation occurred at an 
electric field intensity of 360 volts/imi. Polarization voltages were 
subsequently adjusted with spacing which varied from 0.25 to 4.0 mn to 
provide this field intensity. 

Utilizing the extrapolation chamber and carbon calorimeter, 
values of esu/cc/monitor unit and rads/monitor unit, were determined at 
thirteen depths between 1.76 and 12.8 gm/cm2 of carbon. By electro-dis
integration thresholds, the incident electron energy was determined to 
be 20.35 ± 0.15 INfeV. Assuming a constant value of 33.73 ev for the W of 
air, one can directly determine from these measurements the mean stopping 
power ratio between carbon and air for the electron spectra traversing the 
cavity at each depth. This is of particular interest, since it directly 
displays the influence of the polarization effect (4); and, therefore, the 
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relative influence of high and low energy electrons upon the ionization 
produced. 

A graphical representation of the measured stopping 
power ratio compared with values computed by two methods is given in 
Figure 4. The primary and secondary electron spectra for a 20 MeV 
electron beam penetrating water, have been calculated as a function of 
depth by Kessaris (7). Dr. Kessaris has kindly recomputed these spectra 
for carbon, including the effect of higher order electrons; and from the 
resulting spectra calculated the mean stopping power ratio. Tables of 
the ratio of absorbed dose to cavity ionization for electron beams at 
various depths derived from the above computations are included in an 
appendix to this report. 

Harder (8) has stated that the stopping power ratio for 
a cavity ionization chamber at a given depth may be adequately represented 
by that calculated for the mean electron energy at that depth, llie mean 
electron energy is given by the fonnula Ejjj = E^ (1 - d/R^) 

where EQ = incident energy 

d = depth of interest 

= practical extrapolated range. 

Agreement between either set of calculated values and 
the experimental results is better than 2.51 for all points except those 
in the tail of the electron dose curve where the bremsstrahlung (approxi
mately 41 of the maximum dose) becomes a strong influence. Indeed, the 
experinBntal value of the stopping power ratio at a depth of 12.8 gm/cm^; 
0.959 is comparable with tlie values given by Skaarsgard (9) and Bewley (10) 
for 20 MeV X-rays. 

Since the uncertainty of the conputed stopping powers is 
of the order of ±1%, both methods of calculation are in satisfactory 
agreement with experimental results. It appears on the basis of the 
comparison with the values computed by Kessaris, that the contribution 
to cavity ionization by non-primary electrons whose energies are suffi
ciently low to avoid the polarization effect is small. 

If attention is paid to factors such as chamber saturation, 
polarity effects, geometric displacement, and the effect of varying electron 
spectra upon response, precise determination of absorbed dose may be made by 
ionometric n^ans. At present, commercially produced ionization chambers are 
not entirely well suited to high energy electron dosimetry. A chamber of 
parallel plate design, compatible with the SCRAD high energy electron 

^ 
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dosimetry papotocol (11) has been developed at this Institute (12), and it 
is hoped that similar chambers will become available from a coimiercial source. 

2) Calibration of the Fricke Ferrous Sulfate Dosimeter 

The G(Fe+++) value for the Fricke ferrous sulfate dosimeter 
has been redetermined for Cobalt-60 gamma rays and for 20 MeV electrons at 
several depths. The dosimeter solution was irradiated in thin (1.0mm) wall 
polystyrene capsules of dinensions equal to the calorimeter absorber. The 
capsules were placed in a carbon phantom which located the central plane 
of the dosimeter at the same depth (gm/cm^) as the central plane of the 
calorimeter absorber. Measured at a depth of 1.76 gm/cm^, the G(Fe+++) 
values for Cobalt-60 gamma rays and 20 ffeV electrons were found to be 
15.60 ± 0.23 and 15.52 ± 0.22 respectively. These conpare favorably with 
the definitive work of Pettersson (13) utilizing a water calorimeter, who 
obtained values of 15.57 ± 0.14 for Cobalt-60 gamma rays and 15.51 ± 0.12 
for 20 ̂ feV electrons. 

The G(Fe+++) value was also determined at depths in carbon 
corresponding to the 100, 73, 45, and 18 percent dose levels for 20 MeV 
incident electrons and the results are shown in Figure 5. The slight 
elevation ('̂2%) of the G(Fe+++) at the 9.07 and 10.7 (gm/cm2) depths is 
not considered significant since it may reflect the experimental diffi
culties caused by the reduced dose rate and steep gradient in the 
radiation fields. In any case, the values of G(Fe++-+) determined for 
these two depths are within the range of published values (14), and 
within two standard deviations of the value at the dose maximum. 

Experience indicates that the Fricke dosimeter can be 
used with a precision better than or equal to II and is suitable within 
the limitations inposed by the relatively large doses required to a wide 
variety of situations. Miile appreciable variations in the yield of this 
dosimeter for a given radiation have at times been reported, recent 
evaluations (13-15) indicate freedom from any strong energy dependence 
for high energy sources. 

Because of the unambiguous nature of the information 
obtained with this nethod, it appears to be the most satisfactory high 
energy secondary dosimeter currently available, since its response 
unlike that of an ionization chamber, need not be corrected for the 
polarization effect (4). 
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3) Calibration of Thermoluminescent Phosphors for High 
Energy Radiations 

Ifespite its convenience, wide dose range, near tissue 
equivalence, and the possibility of fabricating mimture dosimeters, the 
neasurement of absorbed dose with lithium fluoride presents several 
problems. The tendency to supra-linear response at increasing doses of 
radiation is well recognized. However, in many cases this is not 
significant because of the limited dose range required, frequently less 
than a decade. The energy dependence of this material, however, was 
until recently not well understood. 

In 1965, in the course of experiments on the use of 
lithium-7 enriched phosphor as a transfer dosimeter for h i ^ energy 
electrons and Cobalt-60 ganma rays (16), we observed a reduction in 
response of the dosimeters to electrons compared with the response to 
gamma rays. These observations were verified by ourselves and others 
(17,18) and the subject of subsequent investigations (19,20) î îch showed 
that the magnittde of the effect appeared some^at variable,depending on 
the batch of phosphor involved but independent of total dose up to 10,000 
rads. These results were in contradistinction to those of Whorton and 
Holoway (21) with unenriched phosphor lAich showed ijniform response for 
high energy electrons and Cobalt-60 gamma rays below 200 rads and 
enhancement of the response to electrons at high doses. 

Subsequently, using the calorimeter,we repeated our 
DBasurements on the lithium-7 enriched phosphor and the same type 
phosphor in a thin 0.3 iim teflon matrix. The results for Cobalt-60 
gamma rays and 6, 8, 10, 12, 15, 18, and 20 I^V electrons are shown in 
Figure 6. The response/rad has been noimalized at 20 IvfeV, and the 
Cobalt-60 value is plotted at an energy corresponding to the mean 
energy of the Compton electrons. There is a striking variance between 
the results: while the loose phosphor encapsulated in 1 ran wall 
polyethylene capsules with 3 ram inner diameter shews increasing • 
response with decreasing energy, the lithium"7 teflon dosimeters do 
not. Calcium fluoride teflon dosimeters were also compared to the 
carbon calorimeter for the same radiations used above. The results 
are shown in Figure 7. The response of these dosimeters appears to 
be relatively constant for high energy radiations, and their repro
ducibility as indicated by the standard deviations, was somewhat 
better than the lithium fluoride dosimeters, although the sensitivity 
is lower. 
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Because of the efforts in other areas, this phenomenon 
was not pursued at this laboratory; it became, however, a matter of 
interest to other workers. Almond, who had originally suggested (20) 
that the observed energy dependence for the powdered phosphor perhaps 
arose from an LET dependence of the phosphor, later succeeded (22) in 
explaining his observations by application of Burlin's generalized 
cavity theory (23). Similar results were obtained by Ehrlich (24) and 
are in keeping with the freedom from apparent energy dependence of the 
thin teflon dosimeters. 

4) Calibration of a Semiconductor Diode for High Energy 
Electrons 

The conversion of ionization neasurements with high 
energy electrons to absorbed dose in a tissue equivalent medium involves 
several corrections. These include corrections for the large variation 
with energy in stopping power ratio arising from the density or polar
ization effect, chamber saturation, effect of the polarity of the 
collecting voltage, and the displacement of the effective measuring 
point from the geometrical center of the chamber. These uncertainties 
can be significantly reduced by the use of a miniature silicon diode. 

Since the current yield of the diode is almost 2 x 10^ 
as great as an ion chamber of equivalent dimensions, the device can be 
made very small; for example, a 1/2 iran cube. This dimension corresponds 
to the range of a 0.3 ̂ feV electron in silicon and consequently, the 
perturbation of the electron spectra would not be serious for most 
depths and incident energies. The stopping power ratio between silicon 
and tissue equivalent materials undergoes a total variation of about 
61 between 0.3 and 20 MeV while the variation for air is 191 for the 
same energy range (25). 

The response of a small commercial diode has been 
evaluated with the carbon calorimeter. A micro semiconductor MC-150A 
diode was mounted in a carbon sleeve to peraiit its insertion into the 
calorimeter phantom and the integrated short circuit current per rad 
in carbon measured for 6, 8, 10, 12, 15, 18, and 20 MeV incident 
electrons. A sensitivity of 1.37 x lO'^^ coul./rad (carbon) was 
observed for 20 MeV electrons, and the response normalized to this 
value plotted as a function of mean electron energy at the diode is 
shown in Figure 8. The response for this diode, in ivhidi the silicon 
wafer is approximately 1/2 irai thick by 1 mm in diameter, is extremely 
uniform and within experimental limits a constant value. 
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Measurements were also made with Cobalt-60 ganma rays; 
however, in this case a variation in sensitivity of up to 111 was observed 
depending on the rotational orientation of the diode relative to the 
direction of the beam. This was not observed for the electron irradiations 
and undoubtedly arose from the asymmetry of the silicon wafer or the presence 
of the leads attached to the faces of the diode. The results indicated that 
special efforts are required in design and mounting of a diode intended for 
general dosimetry measurements. 

Specially designed dosimetry diodes have been produced and 
developed at Sloan-Kettering Institute, and their performance will be 
described in siJ)sequent sections of this report. 

B) Tissue Equivalent Absorbed Dose Calorimeter For Neutrons 

A major objective of our current research is to construct a 
tissue equivalent absorbed dose microcalorimeter. This will function as 
a primary standard for the evaluation of the response of varioias dosimetry 
systems to fast neutrons. This program would be analagous to our work with 
fast electrons and gamma rays described above and in various publications. 
The tissue equivalent microcalorimeter is similar to those previously 
constructed at our laboratory (26-29). The device, incorporating both 
active and passive thermal shields, is constructed from Shonka A-150 
tissue equivalent conducting plastic*, and may be located at various 
depths in a tank of tissue equivalent liquid. This tank serves as a 
primary thermal control shield and contains a temperature regulating 
circulator. A tissue equivalent plastic phantom, in which ion chambers 
or other dosimeters can be placed, can be substituted for the calorimeter. 

Figures 9 and 10 show two views of the structure of the calor
imeter. Since the maximum dose rates routinely available from our 
cyclotron are from 1/4 to 1/10 those obtained from the betatron,- a total 
of three buffer shields are placed between the thermal control and adiabatic 
shields, in order to improve thermal isolation. The advantages of this 
approach have been described by Laughlin and Genna (1). Provision is also 
nade for the nBasurement of the tenperature of the adiabatic shield during 
calibration and irradiation. An alternate set of elements to permit 
operation in a heat loss compensated mode as described by Domen (30,31) 
have been designed. The various elements are supported by sharpened 
hollow nylon screws which fit into recesses as shown in the detailed drawing 
of Figure 10. This permits good thermal insulation coupled with a stable 
mechanical structure which can be easily dismantled for repair. The relative 
dimensions of the cover plates and bodies of both adiabatic and control shields 
have been chosen to assure uniform rates of electrical heating. This more 
nearly simulates the effect of radiation heating during calibration and 
prevents thermal gradients in the control shield thereby improving its action. 

^Obtained from Dr. Francis Shonka, St. Procopius College, Lisle, 111. 
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The calorimeter wafer is 2 cm in diameter and 2 mm thick, 
corresponding to the collecting volume of the tissue equivalent ion 
chamber described in Section V of this report. The thickness of material 
from the front surface of the calorimeter to the center is 1.2 cm. which 
will place the minimum depth of measurement at approximately 1.5 cm. 
Figure 11 shows the calorimeter partially assembled. 

One significant problem associated with calorimetric dose 
neasurements in polymeric materials is the tendency to endothermic 
chemical reactions induced by the radiation (27). Fleming and Glass (32) 
have made a careful study of this effect in Shonka A-150 tissue equivalent 
plastic irradiated with protons. Since protons represent the major source 
of energy deposition for neutron irradiations, the values in reference 32 
for endotheimic losses will be assumed initially. Replication and expansion 
of Fleming and Glass' measurements using protons and other particles 
available from our cyclotron will be considered for latter stages of this 
project. 

III. CLINICAL DOSIMETRY 

A) Interlaboratory Intercomparisons 

In extension of our previous work on the use of thermolumin
escent and ferrous sulfate dosimeters for interlaboratory dose standard
ization (16,33,34), this laboratory has been engaged both as a consultant 
and participant in the National Bureau of Standards' electron dosimetry 
uniformity study. A brief report of our consultation activities and a 
discussion of our experience as a participant in this study are given 
below. 

The National Bureau of Standards' electron dosimetry study 
is carried out by shipment of standard quartz cells containing Fricke 
dosimeter solution to participating institutions. These are irradiated 
according to the AAHvi protocol (11) with high energy electrons. The 
exposed dosimeters together with the participants' estimate of the doses 
delivered are returned to the NBS where the dosimeters are read and the 
doses, corrected for any observed shift in unexposed control dosimeters, 
are calculated. A comparison of the dose as estimated by the participants 
and the dose computed by the NBS is imde. The tabulated results for all 
institutions, together with identification pertinent to the individual 
institution are then returned to each participant. 
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1) Consultation. This laboratory's activities as a 
consultant consisteT"in the "following: first was assistance with respect 
to the general technology of ferrous sulfate dosimetry, and second was 
comparison of the yield of Fricke dosimeter solution prepared by the 
NBS with that prepared at Sloan-Kettering, and investigation of the 
effect of irradiating the dosimeter solution in the standard quartz 
cells compared with irradiation directly in a cavity in the phantom 
material. 

Table I ccmpares the yield of three separate preparations of 
dosimeter solution from NBS with preparations by this Institute for Cobalt-60 
gamma rays and several energies of electrons. Irradiations were performed 
in similar quartz cells in the AAFM polystyrene phantoms. 

TABLE I 

Ratio of Yield of NBS/SKI Fricke Dosimeter 

PREPARATION 

Radiation A 1. C 

60co Gamma Rays 0.997 ± .004 0.984 ± .006 1.01 ± 0.15 

6 MeV Electrons --- --- 1.04 ± .02 

10 ̂ feV Electrons 1.002 ± .005 

The results, with the exception of the 6 NfeV data, are satis
factory as they indicate that the characteristics of the dosimeter are 
uniform from solution to solution even vdien prepared by different labora
tories. A possible explanation for the 6 IVfeV ratio exceeding unity by 
4 per cent, may be the presence of air bubbles in the NBS cells. These 
bubbles might have perturbed the dose distribution noticeably for the low 
energy electrons. 

The response of Fricke dosimeters irradiated in quartz cells 
compared with those irradiated directly in polystyrene is shown in Table II 
for various radiations. 
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TABLE II 

Canparison of Response of Fricke Dosimeters 

Irradiated in Phantom 

Radiation Quartz Cells 
Ratio 

Polystyrene Cells 

60co Gamma Rays 1.010 ± .004 

6 MeV Electrons 1.014 ± .019 

15 IVfeV Electrons 0.981 ± .019 

20 MeV Electrons 0.995 ± 0.010 

These resu l t s support our previous conclusion (35) that the 
use of quartz ce l l s did not seriously perturb the dose measured in the 
medium at the reference depths (1.5 cm for 15 and 20 IVfeV electrons and 
Cobalt-60 gamma rays , 1.0 cm for 6 NfeV e lec t rons ) . 

2) Intercomparison Results. From July 1967 to May 1968, th i s 
laboratory par t ic ipated in four dosimetry uniformity checks undertaken by 
the NBS. liie resu l t s of these checks are summarized in Table I I I and wi l l 
be discussed following a description of the procedures employed. Prior 
to the scheduled check, Fricke dosimeter cal ibrat ions of the betatron were 
made. These cal ibrat ions consisted in the exposure of dosimeters in ce l l s 
ident ical to those of the NBS at the chosen energies. Dose was calculated 
assuming a G(Fe+++) of 15.5* and using an ext inct ion coefficient of 2.2 x 
103 as measured for our spectrophotometer. Average standard deviations 
of ± 1.51 were observed; th i s i s about 0.51 greater than found when the 
dosimeters are exposed in polystyrene c e l l s . The difference i s possibly 
due to the presence of a small a i r space surrounding the neck of the quartz 
ce l l s \^en placed in the phantom. 

*(The same used by the NBS) 

- 16 -



A total of eight cells was received from the NBS for each check. 
Of these, two served as controls and two were irradiated at each of three 
energies. The estimated fractional error in the dose delivered to the NBS 
cells based on the average deviations of cell readings and uncertainty in 
the extinction coefficient was ± 1.81. Allowing for a similar uncertainty 
in the NBS determination of dose, the ratio of the dose estimated by this 
laboratory to that reported should be within ± 2.61 of unity. 

TABLE III 

Ratio of SKI Estimated Dose to NBS Reported 

Dose Intercomparison 

Electron 
Energy 

6 MeV 

10 ̂feV 

15 MeV 

20 MeV 

July 1967 

is 

* 

•k 

Nov. 1967 

1.067 

1.033 

— 

1.037 

Jan. 1968 

1.000 

— 

0.989 

1.022 

May 1968 

1,057 

— 

1.014 

1.024 

*Test results considered to be invalid by NBS due to faulty preparation 
of their irradiation cells. 

With the exception of two of the 6 MeV comparisons, the results 
are what might be expected granting the inherent limitations of the experiment. 
During the June 1968 to June 1969 period, two more intercomparisons were 
conducted with an agreement of better than ± 2 per cent, 

B) Secondary Standards 

During the latter period, numerous ferrous sulfate calibrations 
were performed to assist Mr. Garrett Holt of the Memorial Hospital in the 
development of an ionization chamber for calibration of high energy electron 
and photon beams (12), compatible with the SCRAD and RADOCCM protocols (11,36). 
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The following table indicates values for the ratio between the dose in 
rads in polystyrene measured by the Fricke dosimeter and that predicted 
by the pancake ionization chamber. The measurements were appropriately 
corrected for stopping powers and energy absorption coefficients. 

TABLE IV 

Ionization (rads) 
Radiation 

6 f̂eV Electrons 

10 MeV Electrons 

15 MeV Electrons 

20 MeV Electrons 

Cobalt-60 

Cobalt-60 

6 I^V X-ray 

Phantom 

1.0 

1.5 

1.6 

1.5 

1.0 

5.0 

5.0 

Depth 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

Dose Ratio 

1.02 

1.00 

1.01 

1.02 

1.01 

0.989 

1.01 

On the basis of the estimated partial errors for this type 
of comparison, the rms error should be ± 21. The results are within this 
limit. This ion chamber is currently in use at Memorial Hospital for all 
high energy calibrations. 

C) Inplant Dosimetry Research 

Extensive application was made of lithium fluoride micro-
dosimeters to define the radiation fields present in the vicinity of 
discrete isotope sources utilized in interstitial therapy. The dosimeters, 
in the form of lithium-fluoride impregnated teflon rods, 1 ram in diameter, 
permitted the measurement of the dose from these sources at distances as 
close as 0.2 cm from the center of the source. Sources of various isotopes 
used for interstitial inplantation were placed in a tissue equivalent 
phantom made of mix D. A double spiral of dosimeters located at radial 
increments of 0.2 cm to a maximum distance of 4 cm were placed around the 
source. The spiral placement of the dosimeters prevented them from shielding 
one another from the radiation source and permitted the simultaneous exposure 
of two dosimeters at each distance. 
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It had been intended originally to examine the radiation field 
about cesium-131 sources. This isotope decays by electron capture,emitting 
a characteristic X-ray approximately 30 KeV, and considerable advantages in 
therapy had been anticipated from its application. However, shortly after 
the initiation of the experiments, this isotope became unavailable in 
suitable form for use in interstitial implant therapy. Consequently, 
emphasis was placed on the examination of the radiation fields produced 
by iodine-125 and Xenon-133, both low energy gamma emitters, and a 
comparison of their radiation fields with those produced by radon-222, 
radium, and gold-198. Appreciable differences in the scattering and 
absorption of the low energy gamma rays is to be expected in conparison 
with those of higher energy emitters. The computer program enployed at 
this Center for the determination of dose distributions in interstitial 
implant therapy, utilizes the inverse square law relationship from the 
source to a point in the field in order to calculate the dose at that 
point. It was therefore desirable to see to what degree the actual 
radiation fields differed from the mathematical model, and the influence 
which this difference has upon the computed dose distributions. 

The dosimeters were removed at varying times from the 
initiation of the exposure to compensate for the variations in dose 
expected as a result of the distance of the dosimeter from the source 
and the decay of the isotope source. The use of varying times permitted 
all dosimeters to be dosed at exposure levels that were approximately 
equal. The advantage of this method is that it does not require 
correction for the non-linearity of the lithium-fluoride-phosphor. 
Typical standard deviations of ± 31 were obtained for the dosimeters 
and within these limitations the measurements are considered satisfactory. 

Consider a linear radiation source L cm long and of strength 
q millicuries of an isotope with a specific dose rate constant r. The 
average dose rate detected by a linear dosimeter w cm in length whose 
center lies in the equatorial plane of the source at a distance of d cm 
from the source is given by the expression: 

RY = 2 rq L + w tan L + w + w - L tan" L - w 
Id" IT •2d" 

r/hr 

•2d" 

1/2 log 

- 19 -



If we evaluate this expression for the constants pertinent to 
the experiment and with r and q set equal to 1, it may be used as a 
geometric normalization factor for the dosimeter readings. The results 
of the n^asurements for sources of the various isotopes normalized for 
the geometric factor are plotted versus distance in Figure 12. 

Several striking features may be observed in the resulting 
dose distributions. Of the isotopes measured, only Au-198 produces a 
dose distribution directly conparable to the idealized inverse square 
law. That is, the absorption build-up and scattering are almost 
compensatory, so that the dose corrected for geometric effects is 
almost constant. 

For 1-125 and Ra-226, the dose close to the source is reduced 
in conparison with the values at 1.0 cm: this undoubtedly arises from 
the presence of oblique filtration in the sources which would be 
pronounced because of the heavy filtration. For these isotopes, as 
well as for Xe~133 and Rn-222, a reduction in dose with distance due 
to the absorption of radiation is observed, although it is most evident 
for the low energy emitters 1-125 and Xe~133. 

The Rn-222 distribution shows a pronounced rise near to the 
source. This is the result of the relatively light filtration employed, 
which permits the less energetic gamma rays and high energy betas to 
increase the dose close to the source. Transmission measurements in 
the phantom material indicated a rapid decrease in the first 0.8 cm 
which substantiates the observed dose distribution. 

The physical characteristics of the isotope sources used 
in these experiments are given in Table V. 
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TABLE V 

ISOTOPE SOURCES FOR IMPLANTS 

Isotope 

Aul^S 

Ra226 

Rn222 

jl25 

Xel33 

Half Life 

2.70 days 

1620 yrs 

3.82 days 

57.4 days 

5.27 days 

Source 
F i l t r a t i on 

0 . 2jiim 
Pt 

0.5mm 
Pt 

0.3mm 
Au 

.076ramAl 
+.076mmNi 

.076mmAl 

Gamma 
Radiations 

0.411 Mev 

0.060-2.43 
Mev (many) 

I t 

28 Kev 
35 Kev 

31 Kev 
83 Kev 

Other 
Radiations 

0.97 Mev3 

a (2) and 
0.65Ivfeve 

f ? 

None 

0.35 MevB 

HVL-cm 
Broad 
Beam 

8.03 

12.65 

10.70 

2.07 

2.55 

(Mix D) 
'" HVL 

Lead 

.13" 

.53" 

.53" 

<.001" 

.01" 

Cs 131 9.7 days 
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In order to investigate the effect of the dose distribution 
produced by a low energy gamma emitter (for example, iodine-125) upon 
an interstitial implant, a sample computation using the computer 
dosimetry system (37) developed at this Institute was made. In this 
computation for a 27 seed inplant in a 3 x 3 x 3 array on 1.0 cm centers, 
an interpolated table of dose values was first generated by the computer 
at 0.1 cm increments from the experimental data. The dose at each point 
in a 23 X 23 matrix at 0.2 an intervals in the 0.5 cm plane was then 
computed. A comparison of the result with the inverse square law 
distribution is shown in Figure 13, While readily discernible variations 
occur within the boundaries of the inplant volume, exterior to the 
implant there is little or no effect. Indeed, even within the volume 
of the inplant, no variation greater than approximately 101 occurs. 
The variations observed are not of clinical significance and consequently 
mth the choice of an appropriate dose constant, the conputer program 
can be used to compute the dose distributions for low energy gamma 
emitters. This conclusion would, of course, be altered if bone were 
present in the field due to the increased photo-electric absorption for 
the low energy emitters, which could not be conpensated for by including 
a sinple dosimetry correction. 

This work was performed in cooperation with Garrett Holt of the 
Ifemorial Hospital. A more detailed report of this work is contained 
in reference 38. 

IV. BIOLOGICAL DOSIMETRY 

During the report period, we have assisted other investigators 
at this Institute by providing dosimetric evaluation of certain radio
biological experiments. This work î iiich has been substantive to an 
understanding of the biological results is described below. 

A) Biological Effectiveness of Electrons as a Function of Depth 

A considerable research effort has been directed in recent 
years to the question of whether or not a significant variation occurs 
in the biological effectiveness of high energy electrons in the terminal 
region of their penetration in tissue (39-43). Since both enhanced and 
unenhanced biological effectiveness has been reported for the terminal 
region by other laboratories, a series of experiments to elucidate this 
problem were performed. These have been described (44,45) and are reviewed 
here briefly. 
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In cooperation with Dr. Jae Ho Kim, formerly of this 
Institute, HeLa cells were irradiated mth 20 IvfeV electrons at both 
the plateau region and terminal portion of the depth dose curve. Cell 
survival, recovery ability and size of clones were utilized as analytic 
criteria. 

Central axis dose distributions were first determined in 
both opaque high impact polystyrene and water for 20 MeV betatron 
electrons scattered by .010" Pb and .027" Al for a 10 cm diameter 
field. Ivfeasurements in water utilized a miniature (0.3 CC) ionization 
chamber of tissue equivalent conducting plastic; those in polystyrene 
were made with Kodak type R film exposed at a 3° angle to the beam 
direction to avoid distortion due to the increased scattering by the 
emulsion. These distributions indicated that the 991 and 251 dose 
levels were to be anticipated at 1.0 ^/cm2 and 8.7 gm/cm2 water 
equivalent depths. Field flatness determinations indicated less than 
±51 variation over an area equal to that of the cell culture plates. 
Accordingly, allowing for an effective density of 0.97 for polystyrene 
and 1.03 for the cell culture medium, an irradiation phantom was 
constructed of polystyrene with suitable dimensions to place the cell 
layers at the specified depths. By the use of inserts, polystyrene 
capsules 4 ram thick and 3.8 an in diameter could be located in the 
phantom so as to place the central planes at the same depths (HHSS/ 
unit area) as the cell layers on the culture plates. Utilizating a 
G(Fe+++) value of 15.5 as recommended in the SCRAD electron beam 
dosimetry protocol (11), the absorbed dose delivered to the cell 
layers as a function of the readings on the betatron monitor was 
determined. The standard deviations of these calibrations was 
approximately one per cent for both irradiation depths, and were 
repeated several times during the experiment. 

To avoid spurious effects on cell survival, irradiations 
were carried out in a tenperature regulated chamber, and the irradiated 
culture nedia replaced prior to incubation. 

An initial series of cell irradiations tended to indicate a 
pronounced increase in lethality for higher doses of radiations at the 
8.7 gm/cm2 depth. It was noted, however, that a 2 to 3 nrn air space 
was often present between the cover and the medium filling of the culture 
plate. While the presence of a variable air space would not appreciably 
alter the dose delivered to cells in the plateau region of the electron 
depth dose, the effect at the 8.7 gm/an2 depth was significant, f̂easure-
nents indicated that the presence of this air space elevated the dose at 
the 8.7 gm/cm2 depth approximately 141 by reducing the effective depth 
of irradiation. 
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This problem was circumn/ented by the use of culture dishes 
with a depressed cover and a polystyrene insert #iich filled this 
depression. The cover plate was now in uniform contact with the medium 
and the irradiation phantom a continous volume of polystyrene except 
at the periphery of the dishes, an area excluded from scoring. 

To verify that individual specimens received the prescribed 
dose, and to provide a check upon shift in beam energy, or otJier problems 
in technique, such as influenced the initial experiments, lithium 
fluoride-teflon dosimeters were placed under each culture plate. 

Evaluation of the results of the experiments indicated no 
significant difference in the RBE with depth. 

B) Biological Effectiveness of Neutrons as a Function of Depth 

Drs. Evans and Djordjevic of this Institute have recently 
completed a lengthy series of experiments on the change of biological 
effectiveness with depth in a phantom of a neutron beam generated by 
the % e (%e,n) reaction. The results of these determinations for 
which dosimetric evaluation was provided have been reported (46) and 
will be published (47). For neutrons as opposed to the electron data 
reported above, it was found that a monotonic decrease occurred in the 
biological effectiveness with depth. The RBE of this beam, for the 
test system consisting of ironolayers of HeLa cells, referred to 
Cobalt-60 gamma rays varied from 3.12 at 2.4 cm to 2.7 at 8.0 cm, to 
2.2 at 16 cm. 

To elucidate the physical phenomena underlying these 
observations, and to further specify the nature of the radiation 
field, a miniature Rossi type proportional counter* suitable for 
in-phantom measurements has been employed. The theory of such 
devices which permit determination of the distribution of dose as 
a function of LET has been discussed by Rossi (48), and many facets 
of their operation have been described by Lucas (49). The counter 
may be employed to obtain several types of information substantive 
to the understanding of the biological effect of a given radiation 
field. 

1) By multiplying by an appropriate constant the 
summation of the product of the number of events possessing a given 
LET times the given LET, the absorbed dose for a selected range of 
LETs may be obtained. 

*Obtained from E. G. § G., Inc., Goleta, California 
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2) By dividing the number of events per unit LET by the 
total number of events, the probability P(Y) of an event occurring in a 
given LET interval is obtained. 

3) Dividing the product of number of events of a given 
LET times the LET by the summation of these products yields the fractional 
dose distribution D(Y) versus LET. 

4) Evaluation of the following equation (49) yields 
the distribution of dose with LET D(L): 

s 7 __ Q(h + Ah) .,71 , 
6.32 X l O ' V / QCh) - Q(h + Ah)+ h + Ah _7Ah ^ 

^^^^ " 1.89 X 10"^ /"c E h . Q (hf/ 

where: h is the channel number for the pulse height analyzer 

c is the calibration factor in KeV/micron/channel 

QCh) is the number of counts in the nth channel 

Q(h + Ah) is the number of counts in the (h + Ah)th channel 

Ah is the increment in channel numbers chosen for the analysis 

Satisfactory evaluation of D(L) is extremely dependent upon 
the statistical smoothing of the raw data. A comparison of various 
techniques is currently in progress^ since the method initially used 
has not proven satisfactory. For this reason, the following discussion 
will be confined to the first three categories. 

Considerable experimental difficulty was encountered due to 
gain shifts caused by radiation induced leakage effects in one of the 
counter's insulators which required replacement. Additional difficulty 
arose due to the presence of high amplitude noise pulses generated by 
the cyclotron magnet power supply which we have been unable so far to 
eliminate entirely. This latter difficulty limited our measurements 
to the region above 2.8 KeV/micron. The elimination of this noise is 
the subject of continuing effort, since n^asurements by Lucas (50) 
have indicated that an appreciable fraction (although a biologically 
less important portion) of the total dose for fast neutrons lies in 
the region from 0.5 to 3.0 KeV/micron. 
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Figure 14 shows the variation of P(Y) with LET as measured 
for the various depths at which cell survival was determined. The 
following observations may be made based on these curves. First, the 
probability of an event occurring is less than 1% of its maximum value 
for LET greater than 60 KeV/micron and less than 0.11 of its maximum 
for LET greater than 80 KeV/micron. If one assumes that the RBE for 
the HeLa cells varies with LET in the same fashion as that reported 
by Barendsen et al (51), then events above 60 KeV/micron contribute 
less than 12% of the biologically effective dose. It may then be 
noted that for equal probability, events occur at lower LET for the 
8 cm and 16 cm depths than for the 2.4 cm depth in the region below 
60 KeV/micron. Figure 15, which shows the dose fraction D(Y) for a 
given LET, shows similar displacement to lower LET with increasing 
depth. While these observations tend to affirm qualitatively the 
trend obseived in the biological data, strong support for the results 
is obtained by comparing the change of dose in the LET range from 
2.8 to 180 KeV/micron with the change in RBE as a function of depth. 
Table VI shows the change in dose in this LET range with depth 
relative to 2.4 cm and the change in RBE for 371 survival. 

TABLE VI 

VARIATION OF ABSORBED DOSE (2.8-180 KeV/MICRON 

and RBE WITH DEPTH 

ABSORBED DOSE 
RATIO RBE 

(2.8-180 KeV/micron) RATIO 

1.0 1.0 

0.9 0.85 

0.75 0.70 

Depth 

2.4 cm 

8.0 cm 

16.0 cm 
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Further analysis of the experimental results will be made 
when the difficulties discussed earlier are resolved. 

Another aspect of the current biological research is to study 
the variation of OER with depth. To facilitate the comparison of biological 
results with dosimetric measurements, an irradiation rig was designed and 
constructed from tissue equivalent plastic. This jig, which is shown in 
Figure 16, permits the cells to be irradiated under conditions of controlled 
atmosphere and in such fashion as to pennit direct utilization of dose 
measurements made with the tissue equivalent ion chamber described in a 
subsequent section of this report. 

V. NEUTRON DOSIIVIETRY 

Recently, there has been renewed interest in the possible use of 
fast neutrons for radiotherapy. In connection with our current and planned 
dosimetry and radiobiological experiments with the fast neutron beams 
available from our isochronous cyclotron (52), neutron beams produced by 
different reactions have been investigated. 

These measurements were performed with fast neutron beams produced 
by a 30"inch cyclotron at the Sloan-Kettering Institute. This cyclotron 
is capable of producing external beam currents in excess of 50 microairperes 
of 8.0 f̂eV deuterons, 15 I%V protons or alpha particles, and 23.2 MeV 
helium-3 ions. In our initial experiments during 1968 and 1969, we 
employed the following combinations of particles and target naterials: 
helium-3 ions, deuterons and protons on beryllium; protons on deuterium 
(heavy water); and helium-3 ions on lithium (fluoride). The spectral 
energy distributions of the neutrons are still in the process of being 
deteimined; their maximum energies range from 12.3 MeV for the deuteron 
on beryllium reaction to 30.7 MeV for the helium-3 ions on beryllium, 
with nBdian energies in the range of 1/5 to 1/3 of the maxima. 

Our first objective was to determine the absorbed dose rates 
obtainable with the various reactions and also the depth dose character
istics for these neutron beams. The experimental apparatus included a 
collimator imde of a polyethylene-lead-boron* mixture 40 cm long with a 
10 cm X 10 an aperature, and a water tank with remotely positionable tissue 

^Obtained from Reactor Experiments, Incorporated, San Carlos, California 
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\^. ' I Ki \ 
'I tt 

er . The ion chamber was designed to 
^j a t i s sue equivalent calorimeter, and i s 

^•^ -^ -•*' ^^ ^^^ ^ plane p a r a l l e l geometry 
J * 3T1 in diameter and 2 mm thick. The wall 

' . ddes charged pa r t i c l e equilibrium,even 
' t issue equivalent" iridium. The chamber 

, , H ,^' ^ in Figure 17. 
^ * ( ^''' amber f i l l e d with a i r , or a t i ssue 

'. :, '^-^ ' ane, 33.5% carbon dioxide and 3.1% 
* . • L^ Dmparison with the absorbed dose from 

i f ^ ired by Fricke dosimetry, with correction 
^ " / 'tween electrons and protons, as well as 

I n i t i a l measurements were made in a 
I t s of Greene and Thomas for 14 MeV 
alence with t i s sue equivalent l iquid , 
sd with a i r . The measurements were 
power averaged for proton energies 

1 neutron energy assuming a proton 
ly proportional to proton energy. 
d since the neutron spectra are 
i e s . The chamber spacing of 2 mm 

_.- icuige m a i r of protons with energies greater 
than 0.25 MeV, and should be suff ic ient ly small to avoid perturb
ation of the secondary pa r t i c l e flux. The va l id i ty of these 
assumptions was subsequently checked for two of the react ions , and 
found reasonably accurate in the case of the helium-3 on beryllium 
reaction but scmewhat less sa t is factory for the deuteron on beryllium 
react ion. These corrections are discussed below. 

A) Dose Rate Nfeasurements and Depth Dose Distributions 

Table VII shows the t o t a l t i ssue dose ra tes neasured for 
the various reactions near the surface of the phantom for a variety 
of experimental geometries. For 50 cm SSD and no coll imation,the 
dose rate in rad/min/y ampere range from 0.17 for the helium-3 ions 
on beiyllium reaction to 0.67 for the proton react ion. For a typical 
ta rget current of 50 microamperes, th i s corresponds to dose ra tes 
from 8.2 to 33 rads per minute. Results for the 10 cm x 10 cm f ie ld 
show an approximately 30 percent increase in available dose ra te 

^Obtained from Dr. Francis Shonka, St. Procopius College, Lis le , 111, 
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relative to the uncollimated beam. Measurements at 30 cm SSD are 
included to indicate the dose rate available for biological irradia
tions. While it is difficult to compare results obtained with 
different machines, collimator geometries and chambers, comparison 
with the results of Broerse (54) and Lucas (50) for the helium-3 
beryllium reaction indicates that the dose rates observed from this 
reaction agreed within S%. 

TABLE VII 

2 
Total Tissue Dose Rate at 0.5 gm/cm Itepth in Water Phantom 

Air Filled Tissue Equivalent Ion Chamber 

rad/min/y ampere 

Reaction 

^Be(^He,n) 

^Be(d,n) 

^Be(p,n) 

^H(p,np) 

\i(d,n) 

50 cm SSD 
lOcmxlOcm Field 

0.21 

0.60 

0.82 

-

-, 

50 cm SSD 
«> Field 

0.17 

0.48 

0.67 

0.34 

0.22 

30 cm SSD 
«= Field 

0.46 

1.20 

-

-

-

To investigate the accuracy of the approximation used in 
calculating the dose rates shoxvn in Talile VII, measurements were made 
with the chamber filled with tissue equivalent gas for the helium-3 
ions and deuteron on beryllium reaction using both collimated and 
uncollimated beams. In the case of the helium-3 reaction, agreement 
between the dose rate measured with air or tissue equivalent gas 
filling was 31 or better. For the deuteron reaction, a difference 
of 6% was noted. This is about 31 greater than would be expected 
from experimental uncertainty and systematic errors. When more 
complete spectra are determined, the calculation of a more 
accurate correction factor should be possible. 
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Central axis depth dose distributions for all the indicated 
reactions measured at 50 cm SSD with infinite field size are shown in 
Figure 18. The minimum depth of measurement was 0.5 gm/cm2 and was 
taken as the 100% depth. The distributions are rather similar with the 
50% depths ranging from 7.5 ^/aa^ for the deuteron on lithium reaction 
to 8.8 gm/cm^ for the helium-3 ion on beryllium reaction and with 25% 
depths ranging from 14 to 15.5 gn/cmZ^ respectively. Depth dose dis
tributions for the three beryllium reactions with the beam collimated 
to a 10 cm X 10 cm field are shown in Figure 19 together with that for 
230 KVP X-rays for the same field size and SSD with which they are 
nearly equivalent. The 50% depths vary from 6.2 to 7.1 ^/cm2 gĵ d xhe 
25% depths from 11.5 to 13.0 gm/cm2. 

The beams used above were generated using heavy target 
assemblies originally intended for isotope production. The targets 
themselves were from 3 to 10 times the maximum bombarding particle 
range, and an additional 7 to 10 mm thickness of cooling water and 
aluminum or titanium structure existed behind the target. The extent 
of the energy loss and flux reduction due to this excess scattering 
material is uncertain. Investigation of the effect of a more nearly 
optimum target was made using the helium-3 ion on beryllium reaction. 
It was not the purpose of this experiment to examine the improvement 
in beam penetration made possible by using targets thinner than 
maximum particle range as reported by Goodman et al (55), but to 
study the effect of reduced scattering in a target assembly capable 
of handling full beam power and producing maximum neutron yield. 
This unit consisted of a 3 ram thick berylliun disc cooled on its 
periphery by water and on its face by an air blast. For an 
infinite field and 50 cm SSD, a small but definite increase, 0.5 
gm/cm2 at 50% depth in beam penetration, was observed and 19% in dose 
rate obtained. This target assembly was used for the measurements 
described in Part F of this section. 

B) Fast Neutron Flux 

I^asurements of the fast neutron flux in the 3 to 15 IvfeV 
energy interval were made near the surface of the phantom using sulfur 
pellets for helium-3 ion and deuteron on beryllium reactions for both 
collimated and imcollimated beams. The results of these measurements 
together with the ratios of tissue dose and fast neutron flux for 
collimated relative to imcollimated beams are shown in Table VIII. 
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TABLE VIII 

Comparison of Collimated and Uncollimated Neutron Beams 

2 
Reaction Flux n/cm / sec/p amp Flux Ratio Dose Ratio 

3 - 15 MeV lOcmxlOon Field lOcmxlOcm Field 

Field lOcmxlOcm Field 

^Be(^He,n) 2.1x10^ 2.5x10^ 1.2 1.3 

^Be(d,n) 5.2x10^ 6.1x10^ 1.2 1.3 

Since the neasured X-ray contamination was approximately equal 
for both collimated and uncollimated beams, the greater increase in dose 
relative to flux for the collimated beams indicates degradation of neutron 
energy by scattering from the collimator as might also be inferred from the 
reduction of beam penetration. 

C) Beam Profiles 

Beam profiles for the helium~3 ion beryllium reaction measured 
at various depths in the phantom using a Shonka miniature tissue equivalent 
thimble chamber are shown in Figure 20. The lack of shaipness is quite 
pronounced and is similar to that found by Greene and Thomas (53) for 
14 MeV neutrons. Measurements of the fast neutron flux profile at the 
surface of the phantom by sulfur pellet activation indicated a flatness 
of ± 5% across the field, with the flux dropping to 10% approximately 5 cm 
beyond the geometrical beam edge. Similar results have been obtained for 
the other reactions. 

D) Ganma Ray Contamination 

The neutron beam contains a small percentage of gamma rays 
produced by (n,Y) reactions in the target assembly, collimator and pheintom, 
l̂ feasurement of this contamination was made by exposing 7Lip teflon 
thermoluminescent dosimeters* in aluminum shields at various depths in 
the phantom. The absence of any hydrogen in the dosimeter and the 
shielding of recoil protons produced in the phantom eliminate all response 

*A11 thermoluminescent dosimeters obtained from Isotopes, Inc., 
Westwood, New Jersey. 
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except that due to the gamma rays and residual fast and thermal neutron 
sensitivity. Wingate, Tochilin and Goldstein (56) have found the 
sensitivity to L̂ĵ p dosimeters to be about 10 times greater for gamma 
rays than for fast neutrons. However, their measurements of thermal 
neutron sensitivity also indicated that some samples of 7LiF might 
contain sufficient ^LiF to give appreciable thermal neutron response. 
To investigate if the measurements had been influenced by the response 
to thermal neutrons of the residual ^h¥ in the dosimeter, measurements 
were also made with dosimeters in 6LiF shields* which provide a 1,000 
fold reduction in the thermal neutron flux reaching the dosimeters. 
The measurements agreed within experimental error with those made in 
the aluminum shields, but the use of the SLIP shields is a preferable 
technique if the thermal neutron response of the dosimeters is uncertain. 

In Figure 21 we have compared the gamma ray dose, total 
tissue dose, and fast neutron flux versus depth for the helium-3 ion 
on beryllium reaction for a lOcmxlOcm field. The maximum gamma ray 
dose is about 13% of the maximum neutron dose and the relative 
neutron to gamma dose ratio varies from about 9.1 to 1 at the 100% 
depth dose, to 4.2 to 1 at 50% depth, and to 7.5 to 1 at the 25% 
depth. Activation of sulfur pellets at varying depth in the 
phantom show that the decrease of fast neutron flux with depth is 
quite similar to the decrease in total tissue dose. 

E) Thermal Neutron Flux 

Relative thermal neutron flux was determined as a function 
of phantom depth by irradiation of ^np teflon thermoluminescent 
dosimeters in aluminum shields. This technique is convenient because 
the very large cross section of the 6LiF (n,a) reaction peimits much 
shorter irradiations than are required for foil activation. Fast 
neutron and gamma ray sensitivity of the 6LiF dosimeters do not 
represent a problem since, although the response of 6LiF to Cobalt-60 
gamma rays is nearly identical to that of '̂ LiF, and the elastic 
scattering cross section for fast neutrons is similar, the thermo
luminescent response for eRual irradiations at a given depth was 
approximately one hundred times greater than for /LiF. Figure 22 
shows the thermal neutron distribution versus depth for the 
helium-3 ion on beryllium reaction with a lOcanxlOcm field. The 
maximum at 4 gm/on^ was found by comparison with gold foils 
irradiated at this depth to be 4.1x105 neutrons/cmZ/sec/y amperes. 

*Obtainable from Monitor Radiation Corporation, Goleta, California 
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The dose from this thermal flux is about 0.5% for the total tissue 
dose and is, therefore, negligible. 

F) Additional Itepth Dose and Dose Rate I>feasurements 

Our continuing work in this area is intended to further 
evaluate the neutron producing reactions i\̂ ich seem most suitable for 
potential clinical application, under conditions more closely approxi
mating such application. The following problems are therefore being 
examined: optimization of target design, effect of collimator material 
design upon beam quality, and neutron spectral distributions. While 
the comprehensive investigation of all the factors involved in the 
above topics would demand the full attention of many investigators, 
our intention is to try to survey these problems in such a way as to 
provide a preliminary basis for further study. 

1) Choice of Reactions and Target Design The production 
of the highest possible mean energy neutron beams from a small cyclotron 
such as that at Sloan-Kettering Institute would involve the use of high 
pressure gas targets to permit efficient use of either the 3H(d,n)4He or 
H(p,n)3He reactions (57), However, in view of the rather complex target 
technology involved, it was determined to restrict measurements to 
reactions with solid and liquid targets. Based on our initial experience 
reported above, our attention has focused on the neutron beams produced 
by helitm-3 ions, protons, deuterons, and alpha particles on beryllium 
and protons and deuterons on heavy water. 

Two beryllium target assemblies were fabricated and 
are shown in Figures 23,24, The first accepts solid beryllium discs 
from 3 to 5 mm thick which are cooled by water flow surrounding the 
irradiated area and by an air flow on the opposite side. In Figure 23, 
the beryllium disc is removed to show the cooling channel. This target 
is capable of accepting full beam power, producing maximum neutron yield 
with minimum scattering and is therefore suitable for most experimental 
applications. The second target assembly shown in Figure 24 is similar 
to the first and is intended for study of the effects of using targets 
with thickness less than the maximum range of bombarding particles on 
beam characteristics. Such studies using deuterons on beryllium have 
been reported by Goodman, et al (55); however, no data on helium-3 ions 
and protons or alpha particles have yet been published and therefore 
these experiments are warranted. The beryllium discs backed by a 
tantalum beamstop are clamped against a water cooled aluminum plate. 
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TABLE IX 

TOTAL TISSUE DOSE RATE AT 0,5% m/cm2 DEPTH IN WATER 
PHANTOM 10 cm DIAM, FIELD 100 cm SSD TISSUE 

EQUIVALENT GAS FILLED TISSUE EQUIVALENT ION CHAMBER 

Reaction 

^Be(^He,n) 

9 
Be(p,n) 

V(d,n) 

^Be(a,n) 

H(p,np) 

2H(d,n) 

Rad/min/p aiipere 

0.058 

0.215 

0.184 

0.034 

0.158 

0.058 

While these data may be subject to influence by 
improvements in collimator design or the use of filtration as 
described by Greene and Thomas (58,53) or by better targets, it is 
evident that small cyclotrons are capable of producing beams with 
50% depth and dose rates adequate for certain clinical investigations, 
if beam currents on the order of 100 p amperes can be obtained. 

The collimator used in the current investigations is 
composed of a series of 10 cm x 10 cm x 5 cm polyethylene-lead-boron blocks 
with a 3° tapered hole machined in them, and which are inserted into 
an aperture in a solid 60 cm thick barrier of the same material. To 
investigate the influence of collimator imterial on penetration and 
other beam parameters, similar sets of blocks of steel, polyethylene 
and proprietary materials such as Chemtree 26M are being prepared. 
These will be used either singly or in combination, and their 
effect on beam quality ascertained. 
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G) Neutron Spectral Distributions 

Unfortunately, a relatively small volume of data is 
available on neutron spectra produced by thick targets, since most 
neutron spectra measurements are nade for the purpose of studying 
nuclear energy levels and not for dosimetric purposes. Spectral 
information is of considerable inportance for dosimetry and biological 
research and must, therefore, be obtained. In general, neutron 
spectra are measured either by foil activation or by one of a 
variety of other nethods such as proton recoil spectroscopy. While 
for fission spectra whose nature is well known, foil activation may 
be readily employed to obtain the flux in given energy intervals, 
the process of unfolding is difficult for other spectra and often 
lacking in accuracy. An initial review of the problem indicated 
that the SPECTRA program developed at Sandia Laboratories was 
probably the most applicable. However, investigation of the 
computational cost, since the use of a large off-premises computer 
was required, coupled with the large variety of foils which must 
be employed for optimum results, and the considerable amount of 
experimental time required for each spectra, have made another 
approach preferable. 

Parnell(59) has described a simple proton recoil spectro
meter utilizing semiconductor detectors intended for the measurement 
of cyclotron neutron spectra. Figure 26 shows the plan of this 
spectrometer and associated electronics. Neutrons from a collimated 
beam strike a thin polyethylene radiator. The recoil protons pass 
through a thin (~ 10 microns) silicon detector which is operated in 
coincidence with a thick 2 nm silicon detector. The sum of the 
outputs is proportional to the total energy of the proton which is 
in turn proportional to the original neutron energy. The coincidence 
requirement permits excellent discrimination against background 
radiation and the location of the detectors off axis minimizes 
radiation damage effects. Since experience at the MRC cyclotron at 
Hammersmith has indicated that satisfactory spectra for neutron 
energies from 1 MeV up to the neximum produced by a given reaction 
may be obtained in about two hours of neasuring time, the suitability 
of such apparatus to our program is evident. The mechanical details 
of this system are currently being designed and it is intended to 
commence fabrication in the near future. 
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VI. DOSIMETRY OF ULTRA-HIGH INTENSITY RADIATION SOURCES 

A) Introduction 

The program of studies to investigate phenomena connected 
with ultra-high intensity pulsed radiation sources is of considerable 
interest in its relationship to both biological and chemical effects 
(60-64) and their dependence on the delivered dose rate. Research 
performed in the dosimetry of sources with dose rates greater than 
10^ rad/sec is essential to radiobiological and radiochemical 
investigations of a fundamental nature. Current experiments in 
radiobiology involve ireasurements of the radiation response of 
bacterial cells (60) and mammalian cells exposed to single and 
double pulses of electrons of very short time duration (a few 
nanoseconds). These experiments are aimed at understanding the 
repsonse of cells irradiated at very high dose rates and at 
gaining information important to elucidation of the mechanism of 
the oxygen effect in cells. 

The dosimetric program includes the development of 
fundamental methods of absorbed dose measurenent,secondary dosimeter 
systems, beam monitoring methods, depth-dose distributions in very 
thin layers of tissue equivalent naterial, the characterization of 
beam parameters and the investigation of the dose rate response of 
various secondary dosimeters. 

B) Electron Sources 

There are two types of pulsed electron sources currently 
in use at this laboratory. They are the Field Emission Corporation 
Model 701 and dual channel Model 706 system, consisting of two 
generators which can irradiate a single sample from opposite sides 
with a controlled time delay between pulses. Figure 27 shows a 
block diagram of this dual channel system. 

The 701 system produces a singly-occurring pulse of 
electrons whose average energy is about 500 KeV. The pulse duration 
is 30 nanoseconds measured by the full width at half maximum, and the 
beam current is about 1000 amperes, Doses of a few megarads per pulse 
can be delivered near the tube face, yielding maximum dose excess of 
2ol2 rads/second. 
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The Model 706 electron generator produces a 3 nanosecond 
pulse of 530 KeV electrons with a beam current of 4000 amperes. Here 
the dose is again a few megarads near the tube face, but the maximum 
dose rate is in excess of 1014 rads/second. 

These pulsed electron generators using the phenomenon of 
field emission are characterized by: 1) very short irradiation times, 
2) high beam currents, 3) ultra-high dose rates, and 4) low penetration 
into materials (typically 2 mm in water) due to the relatively low 
energy. The following section will deal with the systems which have 
been developed since these generators were installed at this laboratory. 

C) Developments Relating to the 30 Nanosecond Electron tenerator 

Early work involved the use of blue cellophane dosimetry and 
thermoluminescent dosimeter powders to establish the dose at various 
distances from the source. The necessity of these measurements is 
dictated by the nature of the pulsed electron sources, since dose is 
most conveniently varied by changing source to sample distance. The 
developments to which this preliminary work contributed will now be 
presented. 

Figure 28 shows a block diagram of the apparatus used in 
conjunction with the 30 nanosecond Model 701 electron generator. 
Starting from left to right, the Field Emission generator is shown 
with a beam current monitoring transformer in the form of an annular 
ring such that the electron pulse passes through the center of this 
annulus. The beam continues on moving from left to right, whereupon 
it is intercepted by an intensity measuring calorimeter. The recording 
systems for these two devices are shown at top and bottom right. 
Figure 29 shows a photograph of the Field Emission generator which is 
the large cylindrical device in the center. The beam current monitoring 
transformer is held by the rectangular plate of aluminum in the center 
of the photograph. To the left of center, the calorimeter is supported 
on a cylindrical aluminum stand. The device in the lower foreground 
is an irradiation jig which can hold thermoluminescent dosimeters in a 
geonetry which is identical to the calorimeter for intercomparison. 

1. Beam Monitoring System 

A current monitoring transformer in the shape of an annular 
ring was chosen due to the relatively low energy of the electron beam 
which requires that a nonintercepting type monitor be used. It has 
been shown (65-67) that such a monitor could be used mth high precision. 
This particular application of a current transformer for very high speed. 
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non-repetitive current pulses is unique. As the electron pulse passes 
through the aperture of the current transformer, a voltage pulse is 
produced which is passed through a delay line and then integrated 
with a matched filter. The peak height of the integrated pulse is 
then read out with a memory voltmeter. These electronics have their 
own battery operated power supply so that transients cannot be 
transmitted through the a.c. line. Further investigation has shown 
that the beam current monitor pulse can be integrated directly on a 
capacitor with the use of a recently developed high back-resistance 
diode which has a turn on time of about 100 picoseconds. The monitor 
output can then be compared to any neasuring device that is at the 
irradiation position. 

2. Intensity Calorimeter 

The calorimeter consists of a 3 mm thick disc of aluminum 
with a diameter of 35 mm. This disc is suspended on nylon monofilaments 
inside an aluminum vacuum jacket which has an entrance window of .05 im 
Mflar. The aluminum wafer contains a single thermistor to measure 
temperature changes, and four small precision resistors to permit 
calibration by depositing a knoxm amount of energy in the calorimeter 
electrically. A lead is also provided to either return the stopped 
electrons to ground, or to allow the charge to collect on a capacitor, 
whereby the number of electrons absorbed can be determined by measuring 
the voltage across this capacitor. Figure 30 shows the interior of the 
calorimeter along with the suspended aluminum. 

Since it is possible to measure simultaneously the following 
quantities: intercepted energy, collected charge and monitor output for 
each pulse, the monitor can be calibrated in tenns of either energy or 
charge. It is also possible to determine how charge collected by the 
calorimeter is related to the energy deposited. 

3. Current Transformer Monitor 

The integrated current transformer output was compared with 
both the average beam intensity and charge collected on the calorimeter 
at various distances from the tube window. Figure 31 shows data taken 
on different days comparing the calorimeter and monitor output. Figure 
32 shows a comparison to the charge collected. Data points are seen to 
lie within ± 1.5% of a linear least square fit line. Figure 33 shows 
the result of integrating the coil output directly on a capacitor with 
a high back-resistance diode. Some problems of long term drift 
associated with the nethod of recording the coil monitor output on the 
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peak reading voltmeter have been overcome by using a diode-capacitor 
integrator. This result is demonstrated in the following Table. 

TABLE X 

COIPARISON OF CALORIMETER AND COIL READINGS TAKEN OVER A 
PERIOD OF ONE IVDNTH 

Distance of Calorimeter wafer to Percent Difference in Calorimeter 
Field Emission tube (in cm.) Reading inferred by coil (in %) 

9.3 1.44 
12.0 1.09 
15.0 2.46 
20.0 1.53 
28.0 1.94 

If the energy deposited per pulse and tlie collected charge 
per pulse are known, the average electron energy is determined. Average 
electron energies for various distances from the source are shoxvn in 
Figure 34. The average electron energy was calculated at each distance 
along with the r.m.s. fluctuation. The fall off beyond 10,3 cm reasonably 
follows the approximately 2 KeV/cm slope expected for 500 KeV electrons 
in air. 

4, Energy and Charge Fluence 

Using the intensity calorimeter, the manner in which 
intercepted energy or charge varies with di.stance from the source 
along the beam axis was determined. This information is required 
since the output of the electron sources cannot be easily controlled; 
therefore dose is controlled by varying the source to target distance. 
The variation of these quantities with distance is shown in Figure 35. 
Intercepted energy varies as r""2'41 while charge varies as r~2--59_ DQQ 
to energy losses in the inteirvening air, the slope is slightly greater 
for the variation of energy with distance for charge. 
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5. Thermoluminescent Dosimetry Studies 

The response of ^LiF and CaF2:Mn thermoluminescent dosimeters 
has been studied over the dose rate region corresponding to the variation 
in beam intensity used in radiobiological studies. Teflon matrix 
dosimeters 0.13 mm thick were placed on a disc in a dummy calorimeter to 
insure similar irradiation geometries. Nine dosimeters of each type were 
irradiated in groups of three at each distance and the corresponding 
distance functions computed by least squares analysis. Figure 36 shows 
the normalized calorimetric and TLD distance functions. The field 
emission tube used here was not the same one previously discussed and, 
consequently, the calorimeter distance function is slightly different. 
The LiF and calorimetric distance functions are highly similar, while 
CaF2:Mn shows a somewhat greater slope. Calculations based on fractional 
energy absorption of the incident electrons by the dosimeters given an 
estimated dose rate variation of from 1.5 x lOH to 3 x 10l2 rads/sec. 
The area covered by the CaF2:Mn dosimeters was only 10% of the area of 
the calorimeter wafer while the area covered by the 7L3^P dosimeters was 
about 40%, due to differences in their diameters. The spatial 
distribution of energy could influence the distance function obtained 
with CaF2:l^ dosimeters. To study the variation in field flatness, a 
number of irradiations with a total of twelve dosimeters affixed to the 
wafer in the donmy calorimeter were made at various distances. Typical 
results are shoxm in Figure 37. The central area is shoim to have about 
15 to 25% higher dose than the periphery and consequently the normalization 
of the CaF2:Mn data based on average intensity was biased. Results 
obtained to date indicate a lack of dose rate dependence in these two 
dosimeter systems in the range investigated here. 

For the purpose of investigating the dose delivered to thin 
cellular layers used in radiobiological studies, the depth dose distri
bution has been examined using microtomed CaF2 :Mn teflon dosimeters. A 
depth dose distribution in polystyrene obtained with dosimeters from 
15 to 30 microns thickness is shown in Figure 38, The experimental 
points were fitted to a fourth degree polynomial by least squares 
analysis. This fit indicates a surface dose of approximately 67% of 
that at the dose maximum. The extrapolated range of 173 mg/cm2 compares 
favorably with the value of 178 mg/cm2 calculated for monoenergetic 
500 KeV electrons in polystyrene. 

D) Developments Relating to the 3 Nanosecond Electron Generator 

The Field Emission Corporation Model 706 electron generator 
produces singly occuring pulses of electrons whose average energy is 
about 530 KeV. The pulse length is about 3 nanoseconds, measured by 
the full width at half maximum. Beam current is on the order 
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4000 amperes and doses of up to a megarad can be delivered, yielding 
a maximum dose rate in excess of lOl? rads/sec. 

This machine depends upon the phenomenon of field emission 
of electrons from netal discharge points whose radius of curvature is 
about one micron. These discharge points are arranged in a ring which 
is in a glass envelope under high vacuum (about 10"8 torr). The 
individual firing of these emitters cannot be controlled and this fact 
contributes to the observed pulse to pulse variation in the machine's 
output. 

The high beam current, short duration, and relatively low 
energy of the electron pulses produced by these generators create 
several problems. In our progress report (68) our experience with 
beam containment detailed the solution to the problem of the Bennett 
"Pinch Effect" (69) in which ionization of the air surrounding the 
beam tends to electrostatically re-focus the moving electrons in an 
unstable manner. The 30 nanosecond 701 system does not suffer from 
this problem due to its lower beam current. This instability of the 
output of the 3 nanosecond electron generator was removed by the use 
of adjustable length vacuum columns which have the added advantages 
of maintaining a good cylindrical geometry aand allows the source 
to experiment distance to become stable and repeatable. This second 
consideration is a necessary consequence of the machine design, since 
the delivered dose is most conveniently varied by changing the source 
to experiment distance. 

The techniques which were developed during research performed 
with the Model 701, 30 nanosecond electron generator provided a basis 
for iiBasurements made with the Model 706 generator which has a factor of 
10 shorter pulse duration and four times the beam current. 

1, Beam Monitoring System for the Dual Channel 
3 Nanosecond Electron Generators 

Pulse to pulse variations have been monitored with a small 
beam current monitor acting as a current transformer (70), This device 
consists of a loop of wire whose plane is perpendicular to the field 
eramission tube window. When a pulse of electrons passes over the loop, 
the magnetic field associated with the moving charge induces an e.m.f. 
in this loop which is proportional to the time derivative of the beam 
current pulse. The operation of the pick-up loop as a current 
transformer is achieved by damping its output with a resistor. The area 
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under the pulse which results is found to be proportional to the area 
under the pulse produced by the Faraday cup. A block diagram of the 
experimental arrangement appears in Figure 39. 

2. Nanosecond Integrator 

The detection circuit (71) integrates the total area under 
the pulse. This process is electronically equivalent to a measurement 
of charge. The integration is performed by two transistors which act 
as high speed switches. The first transistor contains an R-C network 
in its collector circuit which charges during the duration of the 
nanosecond input pulse. After amplification, this signal charges 
another R-C network in the collector stage of a transistor. The 
•result is a microsecond pulse whose peak amplitude is proportional 
to the charge contained in the input pulse. Recording of this peak 
amplitude is achieved with a peak detector circuit (72) which stores 
the measured value in volts. This measurement is then displayed on 
a digital voltmeter. 

Two nanosecond integrators have been built and are housed 
in a single chassis as shown by the photograph in Figure 40, One of 
the integrators is shoxvn in the operating position and the other has 
been removed to show the interior construction. Power for these units 
is derived from a storage battery powered d.c. to a.c. inverter which 
eliminates fluctuation and transients which can occur when normal line 
current is used. 

3. Results 

A typical run comparing the output of the beam current 
monitor with the charge measured by the Faraday cup is shown in 
Figure 41. A linear least squares analysis shows that at least 67% 
of the data points taken in this way are within ± 1% of a linear 
least square fit line. Figure 42 shows a comparison of the beam 
current monitor to the intensity calorimeter described earlier. 
Most of the data points are again within ± 1% of the linear least 
square fit line. 
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4, Scintillation Itetector and Thin Foil Calorimeter 

A. Scintillation Itetector 

Plastic scintillating materials can be used as a 
secondary method of measuring partially or totally absorbed radiation 
energy. The advantages of this approach, when used in conjunction with 
a calorimeter which yields a measure of absorbed energy in fundamental 
units, are that a scintillator will yield a direct read-out with suitable 
electronics, follow fast pulses, cover a large dose range and be made in 
various thicknesses down to 0.005 inches, 

A high speed scintillation detection system has been 
constructed which employs "Pilot-B", a commercially available high speed 
plastic scintillator. Its fluorescence spectrum peaks in the visible 
blue (400 3Tm.) and its pulse response decay time is about 2 ns. Preliminary 
indications are that its region of linear response will likely not be 
exceeded by the maximum dose rate provided by the pulsed electron generators. 

The detection device is an ITT Model FW-114 high 
current bi-planar phototube. This tube is operated at a potential of 
-2.1 KV, at which its rise time is less than 0.5 ns. The spectral 
response of the phototube is S-4, which matches the fluorescence 
spectrum of the scintillator fairly well. 

Figure 43 shows a diagram of the experimental set-up 
for the scintillation detector. The Pilot-B scintillator is cut into 
a disc shape and mounted in a holder i^ich will be the standard 
geometry for dosimetry using this system. This holder allows a detector 
to be imintained in a cylindrical geometry at a constant position relative 
to the beam or the experiment. It also allows the beam to be completely 
contained, and after striking the detector, all electrons have a good 
return path to ground which helps to reduce electronic noise. The holder 
is so designed to permit convenient changing of scintillator discs. Since 
the light output from the Pilot-B is quite large, it is necessary to 
attentuate this light by using neutral density filters. Such filters 
have been obtained with an optical transmission that is essentially flat 
in the region of emission from the Pilot-B. 

It has been found (73) that pulsed electron beams 
incident on solid dielectrics such as the Pilot-B scintillator can 
result in beam perturbation due to surface charge build-tp. Therefore, 
a disc of aluminum foil vAiidh is thin enough to allow the passage of the 
beam (0.0007") has been placed in contact with the scintillator and the 
holder so that the front surface is grounded. This foil is shown in 
Figure 44, where it appears at the lower right. Inmediately behind it 
is a disc of Pilot-B which is 1/8" thick. 
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The light output of the scintillator causes current 
to flow in the phototube for the duration of the light pulse. This 
signal is a.c. coupled through a capacitor which serves to block the 
2100 volts d.c. produced by the power supply. The recording of the 
area under this pulse is achieved through the use of the nanosecond 
pulse integrator (70). In this case, the signal passes through a 
1:1 pulse transformer which inverts the positive pulse and produces 
a negative-going signal which can be handled by the integrator. 

Using a 1/8" thick disc of Pilot-B scintillator 
and appropriate attenuators, several readings were taken at four 
distances from the electron generator tube using the aluminum vacuum 
columns. A Faraday cup which is housed in an identical aluminum 
holder such that the entrance aperture is at the same position as 
the scintillator front face, was used to take readings at the same 
distances. The result of this experiment is shown in Figure 45. 
This graph shows that the scintillation detector and the Faraday 
cup (Fi^re 46) have essentially the same dependence of measured 
output versus distance from the electron source. Further experiments 
are under way to verify these preliminary findings and establish 
a basis for the use of this scintillation detector as a secondary 
iieans of determining the dose delivered to a thin layer of material. 

B. Thin Foil Calorimetry 

Calorimetric methods can be used to measure the dose 
due to absorption of high intensity pulsed radiation incident on a material 
(74,75). They provide a direct measurement of absorbed dose in terms of 
fundamental units, since essentially all the energy dissipated in an 
absorber appears as heat. A measurement of the temperature rise using a 
thermocouple provides a means of computing the absorbed dose in ergs/cm2. 
If the absorber is made sufficiently thin, then the absorbed dose 
delivered to a layer which is comparable in thickness to the biological 
samples used in this laboratory can be conputed. The following calcu
lation of temperature rise will be used to illustrate how a thin foil 
of titanium can be used in a calorimeter for the dose range generated 
by the pulsed electron sources: 

Collision stopping power for 500 KeV electrons = 1,455 l^V cm2/gm 
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Density of titanium =4.5 gm/cm3; thickness = 0.00508 cm 

Energy loss per electron = 0.0333 MeV 

Number of electrons at 2" from source = 5 x 10l2 

Total energy loss = (3.33 x 104 eV 5 x 10^2 = i.67 x lO^^eV 

electron 

Converting ergs by 1.602 x 10"12 ergs/eV gives 2.67 x 10^ ergs; 

1 cal = 4.185 X 10'' ergs. For this case the quantity of heat 

H = .612 X 10"2 cal S = specific heat = H = .112 cal/gm°C 
mAt 

Therefore, At = 0.935°C 

This temperature rise is measurable with an iron-
constantan thermocouple which has a relatively high thermoelectric 
voltage of 52.7 microvolts per degree centigrade. The use of a high 
gain amplifier makes it possible to measure temperatures on the order 
of 0.01°C. On the basis of the measured variation of intensity with 
distance for the pulsed electron generators, it should be possible 
to utilize the thin foil calorimeter down to doses of a few kilorads. 
At this point, it is proposed that the scintillation detector which 
has been calibrated in terms of absorbed dose to yield readings for 
doses of less than 100 rads. Since these two devices have exactly 
the same geometry, such an extension of the useful range of the two 
systems, when combined by calibrating one in terms of the other, 
should be possible. In this way, we can obtain direct measurements 
of the absorbed dose in a thin layer of material over a wide range 
of dose. 

Figure 47 shows a photograph of the calorimeter. 
A block diagram of the experimental set-up is shown in Figure 48. 
The aluminum holder assembly is essentially identical to those used 
for the scintillation detector and the Faraday cup. It places the 
calorimeter disc at the same position as the Pilot-B scintillator, 
the Faraday cup aperture, or the position at which biological 
samples would be placed. The beam current pick-up loop has now 
been placed at the base of the sample holder so that it can serve 
as a monitor of the changes in electron output very near the 
irradiation position. When very short columns are used, it is 
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possible for the calorimeter to be influenced by radiant heating from the 
window of the field emission tube, a 0.0007" aluminum foil is therefore 
placed before the calorimeter as a shield. 

The material used for the calorimeter disc is 0.002" 
titanium to which a micro-miniature iron-constantan thermocouple is 
attached by thermally conductive silver epoxy. Prevention of charge 
build-up on the disc or thermocouple was achieved through the use of 
a fine grounding wire which was affixed between the thermocouple sheath 
and the casing. The design of this theraiocouple is such that although 
intimate thermal contact is established mth the titanium disc, the 
junction is electrically insulated by a thin jacket of ceramic material. 
Radial support of the thennocouple and attached disc is acconplished by 
a styrofoam ring and a small piece of plastic tubing acting as a standoff. 
This provides a long path of thermal conduction which tends to minimize 
conductive losses of heat. 

The thermocouple is connected to an electronic 
reference junction which allows readings to be made with respect to 
0°C, The thermoelectric voltage produced is then measured with a 
Kiethley Model 150 micro-voltmeter whose output drives a recorder 
which is placed in the control room. The recorder trace shows a fast 
rise to a rounded peak followed by an exponential decay as the disc 
cools. To find the peak temperature rise at t=0, it is necessary 
to extrapolate the cooling curve. For our initial experiments, this 
was done graphically. When more data is taken, it should be possible 
to analyze these cooling curves and establish a relationship between 
the observed peak height and the extrapolated height at t=0. This will 
allow the peak height to be measured electrically with the peak 
detecting circuit (72) described in our previous progress report. In 
this way, a direct read-out of thermoelectric voltage can be displayed 
on a panel meter. This voltage can then be used to compute the 
absorbed dose in rads. 

VII. SOLID STATE DETECTOR EVALUATION 

The objectives of the solid state detector program at the Sloan-
Kettering Institute have been to apply the unique radiation response 
characteristics of semiconductor diodes to significant clinical and 
biological investigations. Both the dc modes of operation and pulse 
counting modes have been examined with this purpose in mind. 
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A) IC Modes of Operation 

The compactness, ruggedness and greater sensitivity of 
silicon diodes relative to equal volume ionization chambers were 
advantages that made it desirable to examine tlie radiation response 
characteristics of semiconductor diodes so that they might be used 
in probe structures for monitoring and dose measurements in laboratory 
and in vivo situations by means of calibration against standard dosimeters, 

Initially, six detectors for testing were received from two 
different commercial vendors and three from G, L. Miller of Bell 
Laboratories, Specifications for these detectors appear in Table XII, 

TABLE XII 

Diode 
Designation Shape 

Dimensions LiDrift Depth Electrode 
(mm) (mm) Material 

SSR - 1 

SSR - 2 

SSR - 3 

BL - 1 

BL - 2 

BL - 3 

BR - 1 

BR - 2 

cylinder 

cylinder 

cylinder 

cube 

cube 

cube 

cube 

cube 

length; 5 
diam. 2.5 

length: 5 
diam, 2.5 

length: 5 
diam, 2.5 

2 x 2 x 3 

2 x 2 x 3 

6.5 X 5 X 3 

6 X 10 X 13 

6 X 10 X 13 

4 

4 

3 

2 

2 

4 

10 

10 

AU 

t i 

11 

II 

t ! 

n 

nickel 

nickel 
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1. Measurements in the photodiode mode 

When a reverse bias is applied across a pn junction or 
lithium drifted diode, that is, the n side is driven more positive than 
the p side, charge carriers induced by radiation are swept out of the 
depletion layer by the electric field, to be collected at the electrodes. 
The average radiation induced current collected is proportional to the 
energy absorbed in the collecting region. However, the externally 
applied field causes a reverse "dark" current, or leakage current, in 
the detector which must be subtracted from the total current to obtain 
the radiation induced component. Various techniques have been devised 
to minimize the leakage current. The more common methods include special 
junction surface preparation, the use of guard rings, and in the case of 
diffused junction, physical contouring of the detector itself. With 
appropriate circuitry, it is theoretically possible to null or 
subtract the dark current from the total to find the radiation induced 
current. However, the dark current is strongly temperature-dependent 
and has even been found to be radiation sensitive under certain circum
stances. Measurements made at this Institute showing short term radiation 
induced instability of the leakage current can be seen in Figure 49. 
The upper curves are plots of total current radiation plus leakage 
conponent, against time, collected from a diode for various biases under 
a constant X-ray exposure rate of 150 R/min. The dashed curve marked 
reverse leakage current is the leakage current through the diode at 
from 0 to 300 volts bias with no X-ray beam on the diode. This must be 
subtracted from the measured current to obtain the radiation induced 
component of the current at the particular bias employed. The lower 
family of curves is a measure of leakage current versus time begun at 
the instant the X-ray beam was turned off. The time it takes the 
leakage current to return to its quiescent level after irradiation of 
the diode is seen to depend on the bias voltage. 

This radiation sensitivity is consistent with obser
vations elsewhere (76,77). Because of the temperature dependence and 
radiation sensitivity observed in the diodes tested here, it was felt 
that the other modes of operation (zero bias) were preferable. 

2. Measurements in the photovoltaic mode 

With no external bias across a silicon pn junction or 
p-i-n junction diode, there is sufficient internal electric field due 
to contact potential difference between p and n regions to sweep 
radiation induced charge carriers to the electrodes. As a result, a 
measurable voltage or corresponding current can be developed by the 
detector through a suitable external impedance. Both the photovoltaic 
open circuit voltage and the photovoltaic short circuit current may be 
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used to measure exposure rate. In these modes of operation, no leakage 
current is present because no external bias is applied. Under irradiation, 
photovoltaic currents from the detector will be smaller than those collected 
with a reverse bias on the detector. However, even allowing for this, the 
typical diode response still exceeds the ionization chamber by a factor of 
around 4000. As mentioned above, because of the absence of a leakage 
current induced by an externally applied bias, the short circuit current 
mode and open circuit voltage mode were considered to be the most adaptable 
to the needs of clinical and biological dosimetry. 

In the course of radiation response measurements in the 
short circuit mode, it was observed that for each lithium drifted diode 
being evaluated the output signal at constant exposure rate in an X-ray 
beam increased with time. Typical curves showing the behavior are shown 
in Figure 50. As with the instability of the photodiode mode leakage 
current, this proved to be associated with an interaction between 
locally induced ionization in the surrounding air and the diode surface. 
Testing the diode in vacuum verified that this was the case. Larger 
drifted diodes fabricated at the Institute with smaller surface to 
volume ratios were essentially free of the problem. 

One of the chief advantages claimed for the short 
circuit mode was the temperature independence of a diode operated in 
this mode (78-80), This, combined with a wide range of linearity with 
exposure rate, made this mode more versatile than the open circuit 
voltage mode which is temperature dependent (Figure 51) and not linear 
with dose rate (Figure 52). 

However, measurements made to verify the temperature 
independence of the diodes in the group under test showed, on the 
contrary, a marked temperature dependence in the short circuit mode 
(Figure 53). 

Although initially viewed with suspicion as being 
due to systematic error or as an artifact of the particular fabri
cation procedures of the diodes under test, this paradoxical behavior 
was verified and eventually observed at other laboratories. Attempts 
to eliminate it in the original diode test group failed. The effect 
persisted in the vacuum and appeared in lithium drifted diodes 
fabricated at Sloan-Kettering Institute regardless of the surface 
to volume ratio or of the surface preparation or encapsulation. 
Consultation with other researchers failed to provide an explanation 
for this unexpected characteristic. 
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By constructing diodes with smaller compensated regions, 
it was learned that the temperature dependence and integral dose effect 
of the short circuit mode were absent for depletion layers of less than 
around 350 microns. This fact made feasible the construction of a pn 
junction probe with no temperature dependence in the short circuit mode. 

3. Miniature diode probes 

Small pn junction probes were constructed for the 
measurement of absorbed dose in tissue equivalent material and for 
measurements of in vivo dose from high energy electrons. Such 
measurements were considered feasible on tlie basis of the approximately 
constant stopping power of silicon to water over an energy range of .2 
to 20 MeY. It was felt that for sufficiently small diodes, direct 
Cobalt-60 absorbed dose measurements could also be made with a 
suitable probe. 

Two types of pn junctions were produced at the 
Institute for this purpose. They are shoxm in Figure 54. The 
geometry of the one on the right is shown schematically in Figure 55. 
The "wrap around geometry" was developed to enhance the output per 
unit volume of the diode and to provide azimuthal symmetry. Although 
it has these advantages, difficulties of construction and the necessity 
of soldering leads to it caused it to be less desirable than the smaller 
one of conventional planar geometry seen on the right side of Figure 54. 
The dinensions of this diode are less than one millimeter (volume around 
1/4 mm3). The electrical lead wires are .005" aluminum which were 
ultrasonically bonded to the p and n faces of the diode. The ultrasonic 
bonding unit vsed for this was a 1040 TSL by Sonobond Corporation. These 
leads were specially chosen to minimize radiation scattering associated 
with the heavier leads (usually gold) supplied with commercially available 
units. 

These diodes were incorporated into two different probe 
structures. A number of the probes have been tested and used in moni
toring patient treatments. The probe structure used in vivo is shown 
schematically in Figure 56. It was designed for use as a urethral 
and rectal monitor. 
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a) Fabrication 

The details of the fabrication procedure, which is 
novel, are as follows. About three feet of .005" aluminum wire are 
threaded into a one foot length of nylon tubing of ,050" outside 
diameter. The nylon tubing is stretched under hot tap water until 
the outside diameter is down to about .030". About six inches of 
aluminum wire still extend from each end. Conducting silver preparation 
#7491* is then painted on the length of the stretched tubing and dried 
with a hot air gun. The film resistance is measured with an ohmmeter. 
A value of well under 100 ohms is usual. Aqua dag is drawn into a 
second nylon tube of .058" inside diameter, .080" outside diameter, the 
length cut one inch longer than the first tubing's stretched length. 
After air drying, a carbon film resistance of a few thousand ohms is 
obtained. A three foot length of aluminum wire is threaded through 
this tubing. The smaller tubing then inserted into the larger and 
piished with an unstretched piece of small tubing until the central 
wire can be brought out the far end. The ultrasonic bonding of the 
diode to each wire is then performed, the p side connected to the 
central wire to establish convenient signal polarity. After 
completion of the connections, forward and reverse voltage-current 
characteristics are checked on a curve tracer. If found satisfactory, 
the diode is dipped into polyurethane varnish thinned with trichloro-
ethylene and allowed to dry overnight. The diode, following the 
drying, is drawn about one inch into the tubing, care being taken 
not to tear the fragile leads. Using a modified Luer Lok type 
hypodermic syringe at the other end of the tubing, clear RTV-108 
silicone rubber** is drawn into the diode end. The diode is then 
forced forward through the RTV to the end of the tube ̂ îlere it 
remains encapsulated. After the RTV has cured, the diode character
istics are rechedced and if unchanged, the probe is ready for attach
ment to a suitable connector. 

The probe structure designed for laboratory 
measurements in-phantom is shoim in Figure 57, along with the in vivo 
probe. The diode leads are placed in a lengthwise slot which Is" tEen 
filled with RTV. 

*Dupont De Nemours, New York 
**General Electric, Waterford, New York 
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b) Calibration 

Diode response to Cobalt-60 gamma rays was measured 
in a water phantom. The central axis depth dose was plotted and compared 
to standard ionization chamber measurements. The results are shown in 
Figure 58. The two curves agree \nthin experimental error. 

Calibration of the diodes against a small standard 
Cobalt-60 source is made to check characteristic stability. The linearity 
and diode response to Cobalt-60 gamma rays of a number of probes are 
seen in Figure 59. The departure of the response curves from the ideal 
of strict parallelism to the horizontal axis is within instrumental and 
positional error. The dose rate seen by the probes at each distance from 
the source is shown in the lower curve. The response curve of the probes 
for X-rays over a raage of half value layers is shown in Figure 60. 

^) In YiZE ineasurements 

The left side of Figure 61 shows the response of a 
probe positioned para-aortically in a patient undergoing Cobalt-60 
therapy. The probe was inserted into a nylon tube exiting from the 
patient's lower abdominal region. The other end of the tube was sealed. 
Two other patients were monitored rectally during treatment, lypical 
variation of dose with distance from the skin is shown on the right 
side of the same Figure. 

B) Semiconductor Gamma Camera 

A major problem in the diagnostic use of radionuclides is the 
external mapping and display of the in vivo distributions of the radio
active material. The chief development of imaging techniques for this 
area has probably been the Anger scintillation gamma camera. This 
device permits external mapping of an in vivo isotopic distribution 
over a whole area of interest simultaneously, not only significantly 
reducing the time required for data acquisition but also making possible 
studies of dynamic processes. Numerous applications of the gainna 
camera to clinical and biological studies are discussed in the 
literature. The extreme usefulness of this device has been the basis 
for our investigating the feasibility of utilizing two dimensional 
arrays of lithium drifted diodes to construct an analogous semi
conductor gamma camera with superior spatial resolution. Such an 
effort is now also being pursued else^iere (83), 
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It was recognized at the outset that the number of individual 
diodes that could be assembled into an array was severely restricted by 
the fact that even a relatively small matrix array requires a prohibitively 
large number of individual elements with associated problems of mounting 
and electrical contacts. To mitigate these difficulties, it was decided 
to produce groups of diodes on separate substrates which could then be 
joined together to form assemblies spanning larger areas. 

All of the work described below was made possible by the 
installation at Sloan-Kettering Institute of fabrication facilities for 
lithium drifting semiconductor diodes in geometries chosen for the 
particular experimental application. 

The method of production selected was patterned on the 
technique developed by G. L. Miller et al (81), and is based on the 
fact that the depth of lithium drift through a diode is only a function 
of the total power delivered through a diode by the drifting voltage 
and is essentially independent of the voltage and current waveforms. 

This circuit delivers pô'srer to a diode under drift through 
a discharging condenser whose discharge frequency may be preset to 
give a desired power level through the relation p = 1/2 CV2f, where f 
is the discharge frequency through the diode and V is the peak voltage 
of the capacitor of capacitance C, The peak capacitor voltage is a 
constant of the circuit. The constant wattage circuit has been 
described in detail (81). 

Schematics for the electronics and information regarding 
basic procedures for lithium drifting were obtained from Brookhaven 
National Laboratories (82). 

1, First Matrix Configuration (p side checkerboard). 

A first attempt to form multiple diodes on a single 
substrate resulted in the device shovm. in Figure 62. This is a square, 
nine element array, each element being (5x5)iiin2. For display purposes, 
the partitioned p side is up. In operation, the device is inverted in 
its holder so that the integral n side is up while the nine spring-loaded 
contacts protruding from the bottom provide external contact to the 
segments of the p side. Although it was recognized that this geometry 
is not amenable to extension large scale arrays, it was considered a 
reasonable initiation to the problems of "ganging" diodes on one 
substrate. 
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a) Fabrication and tests. The diode used to form the 
matrix had a lithium drifted depth of 1.5 urn (as measured by copper 
staining) with a total wafer thickness of 4.6 mm. The starting material 
was 200-300 ohm-cm., float zone, p type silicon with lifetime greater than 
500 microseconds. 

Mounting wax was used to hold the diode on a carbon block 
prior to cutting on a milling machine. The carbon block was triiiined 
after mounting the diode so that the diode surface was leveled to within 
.003" with respect to the machine carriage. The grooves in the p side 
were cut .128" deep. This carried the grooves .010" into the intrinsic 
region. Following this, the wafer's gold electrodes, which had been 
applied previously by electroless plating, were masked on both sides 
with theimosetting tape, and the diode surface damage was etched away. 

The matrix of diodes was mounted in a holder designed 
to facilitate handling and testing and to protect the sensitive surfaces 
from contamination. The holder was not hermetically sealed. It 
consisted of a teflon cup into which the matrix was placed with the 
grooved p side face down. Aluminum pins, spring loaded, were screwed 
through the base of the cup to contact the individual elements of the 
matrix, 

A retaining ring of aluminum connected the n side 
to the outer casing of the holder which was grounded during testing 
of the matrix. 

f̂easurements of full width at half maximum (FWIW) and 
leakage current versus bias voltage were recorded for this first matrix 
over a period of several months for the matrix elements under bias 
individually and in parallel. 

Degeneration of (FWIW) values due to aging in the ambient 
was evident, two months later, when the noise level rose from its original 
value of 45 KeV at 300 volts to about 65 KeV. This was to be expected 
since the matrix surface was unpassivated, 

Itesponse of matrix elements to Bi 207 beta particles. 
As part of its evaluation, the diode matrix was used to ireasure the 
conversion electrons of a Bi 207 source. The matrix was operated with 
the elements separate and in parallel. Multichannel analyser measurements 
of the spread in a 1 l̂feV pulse from a mercury pulser indicated agreement 
within a few percent with the (FWHM) values obtained by conversion of 
rms voltage measurements. The measured spread in the beta lines detected 
by the matrix elements deviated widely from the prediction of rms voltage 
measurements by as much as a factor of two. For example, where the measured 
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spread in the 976 KeV line was 57 KeV, 30 KeV was predicted by mis 
measurements. It appears that the disparity can be explained in terms 
of the scattering of the beta particles by the relatively thick (300 
microns) entiy window of the matrix elements. A surface barrier elec
trode would have minimized this effect. 

The electrical resistance between diodes of the matrix 
structure is a measure of the degree of electrical separation achieved 
on the common intrinsic silicon substrate. (The capacitance between 
elements on the units being considered can be neglected). The resistance 
will detennine, in part, how efficiently charges liberated in the 
individual diodes will be collected at the electrodes of the individual 
diodes and consequently what fraction of each charge pulse produced by 
an incident particle will flow out of the boundary of the diode of 
origin to its neighbors. In addition, the interdiode resistance 
determines the effective boundary region of the diode. If the interdiode 
groove resistance is high enough, the actual collection regions tend to 
"pinch off" part of the groove width separating each diode. This has 
been observed by others (84,85) vho have used a pair of concentric 
grooves on the n side of a lithium drifted diode to include a guard ring 
and anticoincidence structure in a diode telescope assembly. 

The interelement resistance of this first matrix 
configuration was measured with no bias on the matrix and found to be 
on the order of 20 IVfeg ohms initially at 23 volts. This figure declined 
in a period of months to 1.5 Meg ohms as expected since the matrix 
holder was not heimetically sealed. Appropriate surface treatment was 
found to restore the original resistance level. In the interest of 
obtaining the subsequent matrix configuration, no further tests were 
made on this unit. 

2. Orthogonal electrode strip matrix. 

The data experience obtained in the construction of the 
first matrix were a basis for embarking on the fabrication of a second 
configuration which lends itself in a more practical way to use in 
aggregate to cover larger areas. For example, based on the first 
configuration, a (10 x 10) cm2 array of diodes would require 2500 elements 
to resolve an area (2x2) ram2. Furtheimore, each element would require 
individual monitoring and its own amplifier which is not economically and 
iKchanically feasible. A row and column nethod of address, on the 
other hand, allows, in theory, the same spatial resolution to be 
achieved with 1/2N fewer amplifiers, in this instance 100, where N 
equals the number of rows (or columns) in a square array. Such a 
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configuration was obtained in a lithium drifted diode (86,87), This 
involves partitioning of both the p and n regions of a lithium drifted 
diode into electrically isolated strips by cutting parallel, linear, 
grooves that penetrate to the intrinsic region. The electrode strips 
of each side are parallel. Those on the n side, however lie at right 
angles to those on the p side. In figure 63, the dark lines represent 
the grooves cut into the p and n regions penetrating the compensated 
region, and, again, are intended to produce electrically isolated 
strips. It was hoped that sufficient isolation could be obtained 
so that with the diode under reverse bias, (N x N) effectively 
independent collection regions would be established between the 
strips on both sides, where as above N refers to the number of 
strips on each side of a square device. In theory, at least, in 
terms of required data channels, the advantage of the row-column 
configuration over that of the individual diode array grows the 
larger the number of elements in a given array. Also, this 
structure can be used as a unit matrix for a larger array formed 
from a number of such devices whose respective p and n strips are 
interconnected. 

Finally, it provides a further equipment economy in 
the operation of large arrays, since any number of rows and columns 
can be operated in parallel, thus permitting the use of selectable 
spatial resolution. Large areas may be examined coarsely for zones 
of interest upon which the maximum resolution can be brought to bear. 

Hofker et al (88) have successfully incorporated this 
geometry into a thin undrifted diode using vacuum evaporation techniques. 
Their device was .2 mm thick and of high resistivity n type silicon. 

a) Fabrication and tests of first unit. The diode used 
to form the first ortEogonal strip matrlx"was'a~3^railir wafer 17 imi in 
diameter. The lithium drift depth was 3,5 ram. The starting silicon had 
the same properties as above. The diode junction depth before drift was 
about 300 microns below the surface of the n side. Using a diamond 
wheel and a milling machine, four strips were formed on each side of 
the diode. The grooves on the p side were cut to a depth of 1 nm, on the 
n side to a depth of .5 ram. Following chemical etching, testing of the 
matrix was begun. 

In order to test a single detection region of an 
orthogonal strip matrix, contact must be made to the row and column 
whose overlap comprises the diode electrodes. A special mounting was 
constmcted to permit electrical access to all of the diode elements 
\iiile protecting the surface area from exposure to ambient contaminants. 
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This test box is shown in Figure 64 with a matrix in position. The tpper 
(not visible) and lower rows of contact "fingers" can be pivoted clear 
during the insertion of the matrix into its seat. Dry nitrogen is 
flowed through a fitting into the test box during tests. 

Commercially available polyurethane varnish was 
slightly diluted with trichlorethylene and used to encapsulate the 
first orthogonal strip matrix. The entire matrix was dip coated. 
After a short period of drying, the unit was laid flat on a clean 
disc of teflon and allowed to dry for several days in a dust free 
environment. Repetition of noise and leakage current measurements 
indicated that the varnishing procedure had been effective since 
these values had not deteriorated. 

The resistance between the electrode strips was 
measured for the n and p side of the varnished matrix after "flattening" 
the lithium distribution for several days at room temperature tmder 
450 volts bias. The typical n side groove resistance was found not to 
exceed 300 K-ohms even with 500 volts reverse bias applied to the matrix 
with all elements in parallel. At zero bias, the n side groove resistance 
dropped to about 150 K-ohms. These values were measured with 50 volts 
across the grooves. For the p side, the groove resistance was typically 
250 ̂ feg-ohms with 500 volts bias on the matrix. 

No increase in the resistance of the n side grooves of 
this matrix could be effected by further flattening under 500 volts bias. 
The explanation for so low a resistance apparently lies in too shallow 
a groove depth, since a deeper groove on the subsequent unit yielded 
higher values. 

b) Fabrication and tests of second unit. A 25 mm 
diameter, 4 mm thick cylindrical "wafer of floaF^zone p type (̂ 250-300) 
ohm-cm silicon was lithium drifted to a depth of 3 ram. Lithium drift 
depth was verified by the usual copper staining techniques. Following 
the drift, the device was cut into a 1.6 cm square. Five parallel 
grooves .5 ran wide were cut into each face of the diode, those on the 
n side lying at right angles to those on the p side. Six separate 
electrode strips 2.2 nm wide were thus formed on each side. 

Inter-electrode strip resistance, reverse leakage 
current, and noise levels (FWHM) associated with the individual strips 
were measured. As noted above high groove resistance is needed to 
obtain adequate operational isolation between electrode strips. Groove 
resistance also has a bearing on the electric field distribution at the 
boundaries of separate detection regions and will have an influence on 
ultimate spatial resolution. On the other hand, noise levels, depending 
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partly on leakage current levels, determine minimum detectable particle 
energies and how many such devices can be effectively joined together in 
a larger assembly. 

In order for the noise measurements (FWHM) to reflect 
operational characteristics of the matrix, each electrode strip on both 
the p and n sides was measured while reverse bias was applied across the 
entire matrix. This was to allow for the possibility of noise injection 
from neighboring strips under operational conditions. As is usual, these 
n^asurements were performed with a charge sensitive preanplifier (f.e.t. 
input) and a main pulse shaping amplifier. Double differentiation 
and single integration time constants were set at .2 y sec. FWHM values 
were obtained by conversion of an mis voltmeter's readings at the main 
amplifier output. During these measurenents, the matrix was in ambient 
of pure (99.971) dry (dew point-88°F) flowing nitrogen for a sufficient 
time to ensure equilibrium conditions. 

Noise levels, (FWH-i), versus reverse bias for the n side 
electrode strips are shown in Figure 65. The upper curve represents the 
noise level for all strips in parallel. As is expected, similar data 
are obtained from measurement of the p side strips. 

By resistance values of the matrix grooves is meant the 
slope (AV/AI) of the measured current versus voltage characteristic of 
the grooves on the n and p side. Where the curves are nearly linear, 
the average slope is used. Where non-linearity is the case, the worst 
(lowest) value is considered applicable. The matrix was under a range 
of reverse biases during ireasurements of the current-voltage character
istics across each groove. The use of the internal nulling circuit of 
a pair of Kiethley microvolt ammeters made it possible to measure only 
the current change across the groove; that is, the reading of the 
leakage current to the opposing diode face was "bucked out" before 
voltage was applied across the groove. 

Figure 66 shows the current voltage characteristics 
of the grooves on the n side of the diode with a fixed 200 volts reverse 
bias across the matrix. The inverse slope of the upper curves indicates 
groove resistances well over 10^ ohms for all grooves. Figure 67 shows 
the current-voltage characteristics of a single representative groove 
for a number of bias voltages. The groove resistance level is not 
appreciably different over the range of bias voltage, remaining in 
excess of 109 ohms for biases over 200 volts. These values are comparable 
to those obtained by Hayashi et al (84) for a pair of annular n side 
grooves of a detector telescope assembly. Leakage current versus bias 
curves for each strip are also shown at the bottom of Figure 66. The 
curve marked total I-V represents the measurement for strips in parallel. 
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Initial p side groove resistance values were comparable 
to those on the n side. However, it was observed that for this unpassivated 
device, in contrast to the n side, a deterioration of p side groove 
resistance takes place due to ambient effects on the surface. This can 
be seen in Figure 68 which presents current voltage curves for the p side 
grooves at 500 volts bias. This indicates all grooves (with the 
exception of that associated with the sharply upturned curve) have 
resistances of around only 5 x 107ohms. It is known that this deterior
ation can be retarded from data obtained from the earlier application of 
this configuration to the previous diode which was immediately encap
sulated in polyurethane varnish following its construction. All efforts 
to obtain high n side groove resistance for this unit were futile. 
However, the p side groove resistance for this early unit can be seen 
in Figure 69 to be in the 109 ohm range five months after fabrication. 

Figure 70 presents results of initial tests of the 
position sensitivity of the matrix in detecting the region of incidence 
of the approximately 1 ran diameter beta particle beam from a collimated 
P-32 source. The collimator was placed close to the surface of the 
device. The n and p side strips were monitored in tandem with a charge 
sensitive preamplifier, amplifier, discriminator, and scaler. The six 
n-side strips are indicated vertically at the left side of the figure, 
the p side strips at the bottom. The length of the hatched bars 
indicates the nimber of counts recorded in one minute at each of the 
Iw strips, the scale being at the top and at the right side. The 
source was positioned visually above the matrix n side when these 
particular measurements were made, hence the rough indication in the 
legend of source position. Good correlation was obtained between the 
known source location and that indicated by the relative number of 
counts at each row and column, A resolution of within (3 x 3) mm2 is 
demonstrated on this basis. 

Although the orthogonal strip configuration, described 
above, was developed using silicon, it was intended for subsequent use 
with germanium to provide the gamma ray sensitivity required in a gamma 
camera. The use of silicon in the first stage was considered reasonable 
since a suitable configuration, once developed, could be carried over 
to germanium. This also avoided cryogenic requirements. 

3. Lithium Drift of Germanium Diodes 

Facilities for lithium drifting germanium were constructed 
at Sloan-Kettering Institute, The basic techniques and electronics required 
were made available by Brookhaven National Laboratories (82), The lithium 
drift control circuitry employed here although modeled after that used at 
Brookhaven has been mc^ified. The schematic is shown in Figure 71. 

- 60 -



a) Germanium diode fabrication procedures. It is 
necessary that the thickness of the lithium n region be sufficiently 
controlled from diode to diode to avoid significant differences in 
gamma ray attenuation in the dead layers among diodes of an array. 
This is most readily accomplished by performing the lithium 
diffusion in vacuum. Although facilities for vacuum diffusion 
are being constructed here, all lithium diffusions to date have 
been performed in Hoskins quartz tube furnace in a pure argon 
atmosphere. In the initial germanium diffusion, an estimate of 
the depth of the lithium diffusion during warm-up was made for 
large pieces of germanium in the tube furnace. Allowance was 
made for a substantial warm-up period to minimize thermal shock. 
The temperature rise of the tube furnace was measured and curve 
fitted for a number of different sized wafer loads. These 
empirical functions were used in conjunction with the error 
function solution of the diffusion equation for time dependent 
diffusion coefficient to estimate the lithium diffusion during 
wafer warm-up. Calculated values were higher than measured 
diffusion deptlis, which did not exceed .3 mm for the largest 
wafer tested. Since most wafer sizes are not expected to differ 
from the largest tested, differences in diode n layer thickness 
are not expected to be a serious problem during further use of 
the tube furnace. 

Dicdes produced are ultimately intended for use in 
a two-dimensional orthogonal strip array. Although lithium drifted 
as circular wafers, it is necessary that each eventually be cut into 
a square before it can be used as a unit in such an array. For this 
purpose, it is desirable that the wafer's starting dimensions be 
precisely adjusted for flatness, parallelism of the plane faces, 
squareness of the periphery with respect to the faces, and thickness. 

It was found that all of these requirements can be 
conveniently met by using a lathe and a lapping jig constructed for 
the purpose. Accurate adjustment of wafer thickness as well as face 
parallelism can be achieved using conventional glass plate lapping 
with alumina and the jig shown in Figure 72. Using quartz type 
sticky wax*, the wafer is mounted on the face of a sliding brass 
piston whose axis is accurately parallel to an aluminum housing 
whose lower edge is square with its own axis. This edge provides 

*Ti zon Corp., New Jersey 
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reference to the lapping plate surface. Rotation of the aluminum 
housing during lapping adequately distributes wear of the reference 
edge. Using this jig, parallelism of wafer faces of well within 
0.0005'" is easily achieved. 

Squareness of circular wafer periphery with respect 
to the faces allows square diodes to be cut accurately and rapidly 
from circular units. Wafer edge lapping to accurate roundness and 
squareness with its faces were found to be most reliably achieved 
using a lathe and #150 grit alumina. The flattened and face 
paralleled wafer is clamped between the machined surface of two 
rods, one in the lathe chuck, the other in a "live" center. Two 
layers of filter paper are used as a cushion. A teflon tool bit 
was made to press the alumina slurry against the wafer. The use 
of #150 grit alumina produces radial lapping rates of around .001"/ 
minute, A smooth surface results if the slurry is not too dry. The 
lapping rate falls off sharply with finer grades of alumina. 

b) Germanium diode characteristics. Germanium from 
only two germanium ingots^ has'TeerTuieTTo'date^ Additional 
material will be included in future work. Material from three 
new ingots has been obtained recently. Four different wafers 
of geimanium were processed during this period. Repetition of the 
fabrication procedures was sometimes warranted for an individual 
wafer, for example, in rediffusion of the lithium n region. 

1) Diode GeSlB Originally, it was hoped that 
the germinium from the larger diameter (44 ran) ingot, GeSlB, would 
yield an acceptable diode which might then be formed into an 
orthogonal strip matrix. However, weeks of repeated processing 
and testing of this wafer before and after lithium drift including 
progressive lapping of edge material between tests proved futile. 
Reverse leakage current at ciyogenic temperatures remained unaccept-
ably high - tens of nanoamps at a few hundred volts. Ultimately, 
it was concltded that the quality of this germanium slice was 
inferior and that no acceptable diode could be obtained from it 
for this purpose. This piece was, therefore, laid aside and work 
started on the material from the other ingot. The procedures enployed 
in the handling of Ge51B were essentially the same as will be described 
below in connection with the other germanium ingot. 

The ingot from î îch the rest of our material was 
sliced was 97B09. It was thirty-five millineters in diameter. Over 
three centinBters were purchased instead of the usual one centimeter, 
on the basis of favorable information provided by the vendor 

*Hoboken Nuclear Products Corp., Los Angeles, California 
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over and above his usual test information. Of the three wafers processed 
from this ingot, only two yielded functioning diodes. 

2) Diode 97B09 - 1 Spectral measurements of several 
isotopes were made with this diode after a drift of 1.5 mm. Representative 
data are shown in Fi^re 73. Although only a 512 channel multichannel 
analyzer was available, a back bias amplifier was used to spread the 
peaks. Resolution of better than 3 KeV full width at half maximum was 
obtained for Cobalt-60 (1.17, 1.33 ^feV). 

After further lithium drifting (beyond 3 ram), this 
diode's reverse leakage current at liquid nitrogen temperature rose to 
around one microamp at less than 500 volts bias. Further efforts at 
restoration were unsuccessful. 

3) Diode 97B09 - 2 This unit was drifted to 
a depth of slightly over 3 nm. Copper staining of the edges before 
and after cutting it into a square indicated a lithium drift depth 
variation of around ten per cent (3.1 - 3.4 ran). Although, as a 
result, a comparable variation in diode sensitivity can be expected 
for Cobalt-57 (851 122 KeV), it was still thought worthwhile to try 
to convert this surviving unit into an orthogonal strip matrix. 
This will eventually serve a double purpose. It will uncover latent 
problems, if any, in the procedures used for matrix formation and will 
provide a necessary check on the diagnostic value of a 1 mm diameter 
gamma ray beam of Cobalt-57 in evaluating the diode and matrix structure. 

The circular wafer's diameter after lithium 
drifting was 1.3095 ± ,0005". The thickness was one centimeter. 
From this, a square of ,895" was cut eventually after the completion 
of response measurements. 

Extensive spectral measurements were made with the 
diode to characterize its response for comparison during the different 
stages of matrix fabrication. Curves of leakage current versus reverse 
bias were also recorded. No infra red shield was used over the diode in 
the cryostat during any of the measurements discussed below. Although 
this contributes to the reverse leakage current, this step was necessary 
to allow required access to the diode surface during some of the later 
measurements. 
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Figure 74 is a plot of reverse leakage current 
versus bias for both the circular and square shapes. The departure from 
flatness in the I-V characteristic after the diode was cut square was 
compensated for by a higher breakdown voltage. 

Spectral measurements were made of Cobalt-60 
(1,17, 1.33 MeV), Cobalt-57 (85% 122 KeV) and Am 241 (59.5 KeV) for 
a range of bias voltages and pulse shaping time constants. All measurements 
were made with a room temperature field effect transistor in the preamplifier. 

A 1408 C preamplifier, 1417 main amplifier by 
Carberra and a 408 biased amplifier and 411 pulse stretcher by Ortec 
were used for all neasurements. A 512 channel Northern Scientific 
multichannel analyzer was used throughout. 

Typical data for resolution and pulse height 
linearity of the square diode at 800 volts bias are shown in Figures 
75 and 76 for energy levels in the vicinity of 100 KeV and 1 MeV. 
Identical measurements made while the diode was circular yielded 
similar data. VbjoT interest for this work lies around the lower 
energy range due to the clinical importance of Tc 99m (140 KeV). 
These plots were obtained from computer readout of punched paper 
tape generated by the multichannel analyzer. Ihe resolution of 
around 3 KeV for Cobalt-60 and 1.5 KeV for Cobalt-57, although 
not up to the highest spectrometric standards, should be more 
than adequate for the construction of a germanium orthogonal 
strip matrix. The low energy side skewing of the lower energy 
peaks is partly due to scattering in the material between the 
radiation source and the diode's collecting region. 

The effects of different bias voltage on charge 
collection in the diode was measured. For both Cobalt-60 and Cobalt-57, 
a significant increase in skewing of the peaks on the low energy side 
and sane loss of pulse height occurs at around 300 volts. The effect 
of a change in pulse shaping to bipolar and shorter time constants 
was also neasured. This was done in anticipation of a need to operate 
a matrix at around .5 microseconds to assure an adequate coimt rate 
capacity. In Figure 77 it can be seen that the resolution at 800 volts 
bias using .5 nanoseconds bipolar pulse shaping deteriorates to around 
3.5 KeV at Cobalt-57 energies. This is still thought to provide 
adequate diode resolution for formation into a matrix since it is 
expected that the resolution associated with the individual strips of 
the matrix will be better than that obtained for the whole diode. 
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4, Dual Chamber Cryostat 

The vacuum cryostats used at the Sloan-Kettering Institute 
for germanium diodes of conventional planar geometry are fashioned after the 
one desired by Chasman (89) of Brookhaven National Laboratories. Fabrication 
drawings were kindly provided for units used here by the instrumentation 
group of Brookhaven(82). 

In considering this cryostat design for use with a 
geimaniiin diode orthogonal strip array, a serious disadvantage was 
apparent. This is that during "outgassing," the absorption agent is 
in the same chamber with the diode. Diode contamination is apparently 
no problem where the charcoal, after bake-out, can be stored in sealed 
glass ampules until just prior to loading it in the cryostat with the 
insertion of a diode. For the orthogonal strip geometry, however, with 
its large surface area and possibly delicate surface properties, this 
seemed a risk worth avoiding if practical: all the more so since repeated 
opening of the cryostat holding the matrix was foreseen. The requirement 
of outgassing the absorption agent each time the cryostat is opened to 
air was another undesirable feature from this latter point of view. It, 
therefore, seemed reasonable to try to find a construction which allowed 
isolation of the absorption agent (charcoal) from the diode chamber. 

Of a number of possible designs, the one that appeared 
to be the most promising involved the construction of a crystal with two 
concentric chambers. In this unit, the charcoal is contained in a 
permanently sealed outer annular chamber surrounding the cold finger 
and communicates with the diode chamber through an external high vacuum 
valve* and a short segment of one quarter inch copper tubing. Another 
valve connects the charcoal chamber directly to a vacuum pump when 
needed, also through one quarter inch tubing. A third valve is 
analogous to the single one usually found in the conventional cryostat 
in the wall of the diode chamber to evacuate the entire cryostat. A 
schematic of the dual chamber cryostat is shown in Figure 78. 

A prototype unit was built and tested here. All joints 
were argon arc welded. HeliiM leak tests were made on the cryostat 
during successive stages of construction through the use of aluminum 
0-ring flanges made for this purpose. 

*Hoke Inc., New Jersey 
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Ion gauge pressure measurements were made to compare 
the terminal pressure reached under charcoal pumping in the conventional 
cryostat to that of the dual chamber unit. A loss of pumping speed is 
to be expected in the latter as a result of the impedance of the 
interconnect valve and tubing. Despite this, the pressure readings in 
the two cryostats were within a factor of around two, the dual chamber 
unit reading around ,9 x 10"4 Torr. Where needed, this could be 
improved by using 3/8 inch tubing and a wider bore valve in the 
interconnect circuit. As it is, the vacuum quality is certainly 
suitable for the intended application. 

Liquid nitrogen consumption was measured to be about 
one liter per day for the unloaded dual cryostat (no diode). 

In summary, the main advantage of this type of cryostat 
include a number of features. First is a permanent charcoal charge 
isolated from the diode chamber which can be outgassed without the need 
of exposing the matrix (or diode) to the outgassing products. The diode 
chamber may be opened repeatedly to air and pumped down again with the 
interconnect valve closed without depleting the charcoal's punping 
capacity each time. Where needed, this cryostat can be transported 
separately with an activated charcoal charge, or it can be fabricated 
and stored in this condition for long periods vAile awaiting use. With 
the interconnect valve closed, outgassing of the charcoal can be 
accomplished using the usual procedures with a diode in the chamber. 
This need might arise as a result of a leak into the diode chamber while 
the interconnect valve is open, or after long use of the charcoal charge 
warrants that it be outgassed without removal of the diode. The diode 
may be maintained at cryogenic temperatures during this operation by 
keeping the cold finger immersed in liquid nitrogen. Beyond serving 
the purpose for which it was designed, it is expected that this cryostat 
will be also found generally useful in connection with conventional 
diode structures. 

5. Experimental Apparatus for Testing Germanium Matrix in Vacuum 

The operation of a germanium orthogonal strip matrix 
presents special access problems. Reliable, noise free contacts must be 
made to each row and column of the array. Electrical lead mres must 
be brought out of the vacuum cryostat to the electronics monitoring the 
signals from the matrix. The evaluation of a single matrix block requires 
a neans of measuring the radiation response over different parts of the 
matrix surface. Moreover, it is desirable to be able to obtain the data 
for each cell (detection region) of the matrix. This requires a narrow 
gamma ray beam probe whose position over the array can be located to the 
required precision. 
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The apparatus of meeting these requirements has been 
constructed. A photograph of part of the set-up is shown in Figure 79. 
A two-inch diameter by .110" thick platform was constructed to support 
the matrix on the cold finger in the cryostat. Because of the required 
electrical isolation of the matrix electrode strips, an electrical 
conductor cannot be used beneath the matrix. However, it is also 
necessary that enough thermal conductivity exist in the material 
beneath the matrix that it will be maintained at cryogenic temperature. 

Hard anodized aluminum appears to be suited to the 
purpose. The contact platform was machined of pure (1100) aluminum 
and then hard anodized (Service Hard Chromium Corporation). Although 
the anodized layer is less than .003" after the disc is anodized, 
the electrical resistance along the surface and through the anodized 
layer was measured to be in excess of 100 meg-ohms, at cryogenic 
temperatures and below 20 volts. No neasurements were made at higher 
voltages. This was unnecessary since the contact platform will be on 
the low voltage side of the diode. A slot was machined in the aluminum 
disc before it was anodized. Into this slot was fitted a teflon bar 
containing ten spring electrode strip contacts whose position is 
controlled from below by attached stainless steel 2-56 screws threaded 
into the teflon. The teflon bar can be seen in the black anodized 
disc in the Figure. 

The upper contacts are mounted in a disc which consists 
of transparent lucite 1 an thick and 2 inches in diameter. A single 
row of contact springs was fitted into it. On the face of this disc 
was scribed a checkerboard pattern, each square of which is as large as 
the cell size chosen for the first orthogonal strip matrix - 2.8 mm. 

Straight bore holes were drilled into each square of the 
checkerboard pattern to within .5 nm of the opposite face of the disc. 
Guide pins in the anodized platform beneath the matrix have been used 
to reference the upper lucite contact disc to the platform. Alignment 
marks on the anodized platform allow the natrix to be oriented with 
respect to upper and lower contacts. When aligned properly, each 
matrix cell will be beneath a hole drilled in the checkerboard pattern. 
The diameter of these holes accomncdates the tip of a Cobalt-57 source 
holder constructed for this purpose. This assembly can be seen in the 
same Figure without the aluminum vacuum chamber which houses it. The 
lucite disc can be seen with the tip of the Cobalt-57 source holder 
occupying one of its matrix cell locating holes. The feed-through 
assembly and lucite cover holding it are also shown in operating position. 
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Using Mallory metal (901 tungsten) for the holder 
shown in the previous Figure, a collimated Cobalt-57 source with a 
1 ram diameter beam was constructed to probe the surface of geimanium 
diode matrices. Spectral measurements of the source indicate 
relatively little low energy contamination of the emerging beam 
(see Figure 79). The schematic of the source holder is shown in 
Figure 80. 

Foimation and testing of the germanium diode 
described above (97B09-2sq.) into an orthogonal strip matrix is 
iiiminent at this writing. 

VIII. FUTURE PLANS 

A) Dosimetry of Fast Neutrons and other High LET Radiations 

Our main objective will be the use of the tissue equivalent 
plastic calorimeter, currently being constructed, to study secondary 
dosimeter response to fast neutrons in a manner analogous to our 
earlier work with high energy electrons and gamma rays. The systems 
to be studied will include tissue equivalent and standard ion chambers, 
chemical and thermoluminescent dosimeters and semiconductor diodes. 
If experience indicates the need for fiirther investigation of the 
endothermic losses known to occur in the plastic used for the 
construction of the calorimeter, this will be undertaken. 

Two areas of continuing importance are measurement of the 
various physical parameters of the irradiation field necessary to the 
interpretation of radiobiological data, and to possible therapeutic 
application. In the first area, particular effort will be made in the 
neasurement of LET distributions as a function of location in the 
irradiated medium and the correlation of these measurements to the 
biological effect. In the second area, additional studies of various 
cyclotron collimator and target designs are contemplated, as well as 
the evaluation of dose distributions for arrays of 252cf sources. 

Utilization of the direct charged particle beams from the 
cyclotron to studv the response of biological and dosimetric systems 
to radiations of well defined specific ionization is also planned. 

- 68 -



B) Dosinetry of Ultra High Intensity Radiation Sources 

In recent years, pulsed charged particle machines have become 
available such as linear accelerators and devices which exploit the 
phenomenon of field emission to produce high intensity pulses of 
electrons which are of extremely short duration (several nanoseconds), 
Such devices are being used in various fields \\Jiich include radiation 
chemistry, particularly pulsed radiolysis, radiobiology and fundamental 
radiation dosimetry. Progress is being made on understanding the 
mechanisms of radiation effects now that it is possible to deliver a 
significant dose in a period that is short with respect to or comparable 
with the reaction time of important events produced immediately after 
radiation interaction. 

The dosimetry of ultra-high intensity radiation sources is 
of considerable importance due to the fact that the dose rates can in 
some cases exceed 10l4 rads/sec. Conventional measuring devices which 
may be routinely applied to beams whose dose rates may be of the order 
of megarads per second, can have a substantial dose rate dependence 
when they are used in the region from 10^ to greater than 10l4 rads/sec. 

The plans for future investigations into the dosimetry of 
ultra-high intensity radiation sources include research in the following 
areas: 

The determination of the dose delivered to thin layers of 
a variety of materials by the use of systems (i.e. calorimetry) which 
provide a measurement in terms of fundamental units as well as 
secondary methods such as thermoluminescent dosimeters and scintillation 
detectors. 

The application of the systems mentioned above to measure 
the depth dose distributions in a variety of materials. 

The measurement of the electron energy spectrum from a 
pulsed generator since it is of basic importance to dosimetric studies. 
Plans are being made to employ an electron spectrograph technique to 
determine the energy spectrum. 

The measurement of stopping powers is necessary to calculate 
the energy loss in various materials idien comparisons are made between 
the dose delivered to a calorimeter wafer and a scintillation detector 
or thermoluminescent dosimeters. Since stopping power tables are 
calculated for monoenergetic beams, it is expected that more accurate 
detemiinations can be made when the stopping power for the actual 
electron spectrum employed is measured. The measurement of stopping 
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power of certain materials will be undertaken. 

The problems of recombination losses which arise in 
ionization dosimetry at high intensity could be studied with the use 
of the dual channel field emission electron generators at this laboratory. 
This system has two identical pulsed electron generators which can 
irradiate an experiment from opposite sides with an adjustable time 
delay between pulses ranging from 100 nanoseconds up to several seconds. 

The determination of the effects of ultra-high dose rates 
on thermoluminescent materials will be undertaken, and the fluorescence 
of such materials can be studied when two pulses are delivered during 
a time which is short compared to the fluorescence decay time of the 
material. It is possible that this second pulse may influence the 
radiative recombinations of electron-hold pairs which produce 
fluorescence or luminescence. 

C) Semiconductor Gamma Camera 

The goal of this program for the immediate future is the 
construction of a small prototype germanium gamma camera of four unit 
matrix arrays (10 xlO). The size of each unit array, selected on the 
basis of the largest size germanium ingots available at present, will 
be 32.5 mm. 

Measurements will be made, as with unit silicon arrays, 
to evaluate the characteristics of each unit matrix before coupling 
it into the larger array. For example, in addition to a cell by 
cell check on sensitivity using a collimated mm Cobalt-57 gamma 
beam, the groove resistance and energy resolution along each 
electrode strip will be measured. Groove resistance determines 
the effective isolation between detection regions as well as, 
indirectly, the effective "dead" region between electrode strips. 
The energy resolution ultimately determines the spatial resolution 
and largest array that may be constructed. 

Efforts will be made to determine acceptance criteria 
for each matrix on the basis of such measurements. The relation of 
the properties of the unit natrix arrays to the perfomiance of the 
larger array will be obtained experimentally. 
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The radiation response of individual matrix arrays will be 
tested using an experimental system recently completed. The intrinsic 
resolution of the array as determined by the use of the 1 nm Cobalt-57 
beam nay be expected to differ from that obtained in the presence of 
the collimator which will be required to evaluate operationally the 
spatial resolution of the prototype camera. An extended source of 
99mTc in-phantom will be used in testing the larger array for such 
an effect. Additional measurements will be made of the counting 
efficiency relative to sodium iodide. Although collimator septa 
and edge penetration is not expected to be a serious problem at 
applicable gamma ray energies, experimental testing will be 
necessary to establish the extent of this effect. Collimator design 
will be based upon both experimental and theoretical considerations. 

The stability of matrix properties will be of major interest, 
since exposure to the ambient is bound to occur in assembly of the 
large array. This information mil also provide an idea of what 
damage might ensue from a major leak into the vacuum cryostat. 

Discussions with a commercial vendor have been initiated 
to deteimine whether existing monitor circuitry used with silicon 
diode counters may be nade compatible with the electronic requirements 
of the gamma camera. Whether construction of another such device 
larger than the prototype discussed above will be undertaken will 
depend in part upon the success of this attempt. 
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APPENDIX (a) 
Rads in Carbon/Esn cm-̂  in Air 

Incldeat Electron Enexgy 

15 MeV 20 MeV 25 MeV 30 MeV 35 MeV 40 MeV 45 MeV. 50 MeV 

0 .751 0 .733 0 .719 0 .707 0 .698 0 .689 0 . 6 8 1 0 .674 

0 .761 0 .743 0 . 7 3 1 0 .719 0 .710 0 . 7 0 1 0 . 6 9 3 0 .686 

0 .771 0 .752 0 .740 0 .728 0 .718 0 .709 0 .700 0 .693 

0 .782 0.762 0 .748 0 .735 0 .724 0 .715 0 .707 0 .700 

0 ,795 Q.llO 0 .754 0 . 7 4 1 0 .730 0 ,720 0 .712 0 .706 

0 .810 0 .730 0 .762 0 .747 0 .735 0 .725 0 .717 0 ,710 

0 .626 0.79O 0 .769 0 .752 0 .740 0 .730 0 . 7 2 1 0 .715 

0 .841 0 .800 0 .776 0 .759 0 .746 0 .735 0 .726 0 .719 

0 .814 0 .784 0 .764 0 . 7 5 1 0 .739 0 .730 0 .722 

0 .825 0 .792 0 . 7 7 1 0 .756 0 .744 0 .73S 0 .727 

0.8- '3 0 . 8 0 1 0 .777 0 ,762 0 .749 0 .739 0 . 7 3 1 

0 .812 0.7P4 0 ,768 0 ,755 0 .744 0 .735 

0 .826 0 .792 0 ,773 0 .760 0.74S 0 .739 

0 .848 0 . 8 0 1 0 .779 0 .765 0 .753 0 .743 

0 .813 0 .786 0 .770 0 .757 0 .747 

0 .833 0 .793 0 ,775 0 .762 0 . 7 5 1 

0.802 0.780 0.766 0.755 

0 .814 0 .786 0 . 7 7 1 0 .759 

0 .840 0 .794 0 .776 0 .763 

0 .803 0 . 7 8 1 0 .768 

0 ,819 0 .788 0 .772 

0 .838 0 .796 0 .777 

0.8G7 0 .785 

0 .829 0 .783 

0 .796 

0 .809 

0 .830 
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APPENDIX (b) 

Rads in Water/Esn cm^ in Air 

Incident Electron Energy 

Pbept] 
^o/cm^) 

1 

O 

•-

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

1, . 

10 

0. 

0. 

0. 

0, 

0. 

McV 

,890 

,907 

929 

961 

978 

15 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

M.V 

,856 

,871 

,884 

,899 

,915 

,947 

,980 

20 

0. 

0. 

0. 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

MeV 

,836 

,848 

,851 

,8 72 

,884 

,898 

,916 

If 
,9^5 

,974 

,955 

25 

0. 

0. 

0, 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

McV 

,820 

,831 

,843 

,853 

,860 

,8695 

,880 

,895 

,912 

931 

,960 

953 

30 MeV 

0.807 

0.818 

0.828 

0.837 

0.844 

0.8S2 

0.859 

0,867 

0.878 

0.89] 

0,904 

0.920 

0.940 

0.974 

0.947 

35 MeV 

0.796 

0.807 

0.816 

0.824 

0.831 

0.838 

0.845 

0,852 

0.860 

0,869 

0,879 

0.892 

0.904 

0.921 

0.938 

0.969 

0.943 

40 MeV 

0,787 

0.798 

0.806 

0.813 

0.823 

0.827 

0.833 

0.840 

0.845 

0.853 

0.861 

0.870 

0.880 

0.890 

0.904 

0.917 

0.933 

0.954 

0.950 

45 MeV 

0.780 

0.790 

0.792 

0.8045 

0.811 

0.818 

0.824 

0.828 

0.832 

0,840 

0,847 

0.854 

0.861 

0.870 

0.879 

0.889 

0.900 

0,914 

0.929 

0.949 

0.957 

0.935 

50 MeV 

0.774 

0.783 

0.790 

0.797 

0.803 

0.810 

0,815 

0.820 

0.826 

0.831 

0.836 

0.842 

0.848 

0.855 

0.862 

0.870 

0.8775 

0.887 

0.896 

0.909 

0.922 

0.938 

0.959 

0.932 

26 

27 
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Fig. 11. partial Assembly 
of Tissue Equivalent 
Calorimeter 
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Fig. 17. Tissue Equivalent Ion Chamber 

Fig. 18. (Uncollimated) Neutron Depth Doses SOCmSSD 



Fig. 19. Collimated Neutron Depth Doses SOCmSSD 

Fig, 20, Beam Profiles at Different Depths 



Fig, 21. Total Dose, Gamma Ray Dose and Neutron 
Flux 
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F i g , 22. Thermal Neutron Flux 



Fig. 23, Water-Air cooled Beryllium Target 

Fig. 24. variable Thickness Beryllium Target 
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Fig. 26. Proton Recoil Spectrometer 
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Fig. 27. Experimental Set Up of Dual Channel 706 
System. 
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Fig. 28. Apparatus for Monitoring 30 Nanosecond Elec
tron Pulses and Calorimeter System 



Fig. 29. 30 Nanosecond Model 701 Electron Generator 
and Associated Apparatus 

Fig. 30. Interior view 
of Calorimeter with 
Vacuum Jacket Removed 
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Fig. 44. Exploded View of Scintillation Detector 



FARADAY CUP 
and 

SC!NT1LLATI0N DETECTOR 

Response vs Distance 

A l/e THICK PILOT B 
SCINTILLATION DETECTOR 
SLOPE - 2 02 

O F«RAOAY CUP 
SLOPE - 2 05 

Fig. 45. Distance 
Functions for 
Faraday Cup and 
S c i n t i l l a t i o n 
Detector 

9 10 
VACUUM COLUMN LENGTH 

(inches! 
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Fig. 47. Thin Foil Calorimeter (Right) and 3 Nano
second Pulsed Electron Generator (Left) 
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F i g . 55 . "Wrap Around" J u n c t i o n Geometry 
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Structure 
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F i g . 57 . Minia ture S i l i c o n Diode Probes 
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F i g . 58 . Response of Minia ture Diode to Co 60 in 
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Response and linearity of miniature silicon diode probes for Co 
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CURRENT VOLTAGE CHARACTERISTIC ACROSS ONE n-SIDE GROOVE AT DIFFERENT REVERSE BIASES 
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MATRIX OS-t (varnished) 
l-V CHARACTERISTICS OF P-SIDE GROOVES 
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