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Abstract—On October 5,1965, a dosimetry satellite was placed in a rectrograde earth orbit
with an inclination of 144°. Apogee and perigee were 3460 km and 411 km respectively.
This orbit was such that virtually all of the inner Van Allen zone was covered. The instrumenta-
tion package consisted of seven separate electron and proton spectrometers (0.56 to 5 MeV for
electrons—10 to 120 MeV for protons), a proton depth-dosimeter measuring absorbed energy
at three depths in an aluminum shield, an X-ray or bremsstrahlung spectrometer measuring
secondary dose behind an aluminum shield, and two tissue equivalent ionization chambers.
Thus proton and electron tissue dose and bremsstrahlung production were measured simul-
taneously with both uni- and omni-directional radiation environment data. The material
distribution of the satellite was experimentally determined and a magnetometer was used to
relate spacecraft geometry to particle distributions in space. Therefore, a controlled experi-
ment was performed to investigate the importance of simplifying assumptions in the calculation
of proton and electron doses as well as a measurement of the spatial dose and particle distribu-
tions. Utilizing this data, representative doses are calculated and compared with the results of

the on-board dosimetry.

L INTRODUCTION

With the advent of manned space flight it
became apparent that space radiations would
play a significant role in man’s ability to success-
fully negotiate space. Radiations trapped in
the magnetosphere (Van Allen Regions), Galac-
tic Cosmic Rays, and Solar Flare Radiation
could presumably limit the duration of any
space mission. (I .

Many computer programs have been devel-
oped which use various theoretical models of
the space radiation environment. Ideally, when
all relevant factors are known to a high degree
of precision, only a single computer program
will be required. Such a program would require
only two inputs—the shielding configuration of
the vehicle and its proposed spatial path; the
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radiation environment being contained within
the program. Programs such as this have been
developed for the Air Force by the Boeing
Corporation (¥ and Northrop Space Labora-
tories (® and are represented by the flow chart
in Fig. 1. In any program where information
is accumulated step by step, the error in the end
result is cumulative. Therefore, the accuracy of
the end result can be no better than the accuracy
of a single input or step, and each of the eight
inputs or blocks of Fig. I must be known to a
high degree of precision. Extensive experimental
programs are under way to test the ability of
these computer programs to predict dosages
received by space-crew members during an
arbitrary space mission. It is the purpose of this
paper to describe one such experiment which
has been performed.

Assuming that dose can be measured in bio-
logically relevant terms, one experiment would
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be simply to measure the dose at some arbitrary
spatial location and compare this measurement
with calculated results. This implies a strong
reliance on previously gathered environmental
data (Block 4, Fig. 1). Since the environment
may change slowly with time and rapidly with
spatial position, difficulties may arise in com-
paring a computed dose for a point or points in
space with an actual measurement. The experi-
ment described herein obviates the necessity for
reliance on past environmental data by adopting
the philosophy of simultaneous measurement of
the radiation environment and absorbed dosage.
Thisallows the following goals to be accomplished :

1. Provide extra measurements of the radia-
tion environment for further updating of
the computer program.

2. Provide measurements of absorbed dosages
throughout space.

3. Provide valid checks on the shielding
analysis, radiation transport, and dosage
computation portions of the computer
program by elimination of the environ-
mental portion of the program.

II. EXPERIMENTAL TECHNIQUE
A. Instrumentation
Our experiment was designed with a single

philosophical ground-rule—that of providing

| N -_....__._T_

Flow chart for space radiological studies.

simultaneous measurement of the radiation
environment and absorbed dose in such a
manner that the results may be used to check
theoretical calculations.

To this end, a satellite was instrumented with
seven separate electron and proton spectro-
meters for the complete measurement of the
entire radiation environment and four instru-
ments to measure absorbed dosage. Brief des-
criptions of these instruments are contained in
Tables 1 and 2.

The flux, energy spectra, and angular dis-
tributions of electrons and protons were mea-
sured by four directional spectrometers employ-
ing scintillation techniques and multichannel
analyzers. Three instruments, provided by
Acrospace Corporation, measured the omni-
directional flux and energy spectra of electrons
and protons and employed solid state ioniza-
tion techniques.® The above instruments
utilize well-known techniques and will not be
described in further detail. They provided mea-
surements of the radiation environment over
the energy ranges of 0.56 to 5 MeV for electrons
and 6 to 160 MeV for protons. These instru-
ments were well calibrated utilizing Sr® and
Cs'%" beta sources and the 50 MeV proton
accelerator facility at the University of Cali-
fornia at Los Angeles.

For the measurement of absorbed dose, four
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Table 1. Environmental Instrumentation

873

Instrument N‘;:;ger Detector Type of measurement Dynamic range
Electron spectrometer 1 CsI—plastic phos- Electron flux energy | 0.5 to 104 counts/sec.
wich with pulse spectra, angular 0.5 to 5.0 MeV in
height analysis distribution eight channels
Proton spectrometer 1 Same as above with | Proton flux, energy 0.5 to 10% counts/sec.
plastic absorber spectrum, angular 49 to 120 MeV in
distribution four channels
Delta E proton 2 Thin plastic scintil- | Integral proton flux | Delta E;: 5 x 103 to
spectrometers lators with threshold | between limits, 5 x 107 countsfsec.
detection angular distribution | (10 MeV <E <20
MeV)
Delta E,: 5 x 101 to
5 x 102 counts/sec.
(20 MeV < E <49
MeV)
Omni-directional* 3 Solid state detector Integral proton flux | Protons: 6-20, 40-80,
proton-electron with threshold between limits 100-160, and < 100
spectrometers ' MeV
. Integral electron Electrons: 0.3
flux above threshold | and 4.5 MeV

* Provided by Aerospace Corporation, El Segundo, California.

Table 2. Dosimetric Instrumentation

Instrument N\:snéger Detector Type of measurement Dynamic range
Proton dosimeter 1 Solid state detectors | Energy deposition at | 0.5 to 2 x 10+
imbedded in Al known depths in MeV/sec (each
sphere at depths of 0, | simple geometry detector)
4, and 16 g/cm?
X-ray or bremsstrahlung 1 Thin Csl crystal Energy deposition per} 1.62 x 102 to
dosimeter behind known unit time caused by | 1.62 x 10% MeV/sec.
aluminum shield bremsstrahlung from ‘
electrons striking
known shield -
Tissue-equivalent 2 Small ionization Absorbed dose in 0.2 to 200 rad/hr
chamber constructed | rad/hr at depth of
of Shonka Muscle- 0.17.,3.2 and 8 g/cm?
equivalent plastic
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instruments of three types were utilized. They
are as follows:

1. Tissue Equivalent Ionization Chambers
(T.E.I.C.). Two instruments of this type were
utilized and imbedded in a tissue-equivalent
material (Jucite) at depths 0of 0.17 and 3.2 g/cm?.
Anisotrophy of shielding provided another
apparent depth of 8.0 g/cm? in certain instan-
ces. Basically these chambers are constructed
of Shonka muscle-equivalent plastic and are des-
cribed in the literature in numerous places. (5 ®
A thorough calibration was performed utilizing
Sr% and Cs%7 beta sources as well as the proton
accelerator facilities at Oak Ridge National
Laboratory and Harvard University.

2. Proton Desimeter Sphere. The proton
dosimeter is designed to measure, primarily,
proton dose rates penetrating various degrees
of shielding material in a simple geometry. This
measurement is achieved by using solid state
detectors placed at three different depths in an
aluminum sphere: 0, 4 and 16 g/cm? To obtain
a wide dynamic range with good accuracy, the
instrument alternates between two overlapping
sensitivity ranges. The solid state detectors pro-
duce a signal proportional to the energy deposi-
ted by an intercepted proton in the semicon-
ductor material. This signal is amplified by a
charge-sensitive solid state preamplifier and
fed to a pulse height discriminator which rejects
noise and signals below a predetermined level.
The pulse-height discriminator passes signals
above this level to the pulse-height to pulse-
width converter, where each pulse is converted
to a constant amplitude pulse whose width is
proportional to its height. These pulses are then
fed to a log-integrator which integrates the
signal for a variable-known time. The sensi-
tivity of the proton dosimeter is controlled by
alternately increasing and decreasing the inte-
grating period.

The three solid state detectors were calibrated
so that the output in volts may be related direct-

“ly to rate of energy deposition in the detectors.

The parameters which had to be determined
included detector sensitive area and thickness
and the relation between detector pulse height
and energy deposited.

The Ph/PW converters for all three channels
have a nominal 20 usec/V conversion factor.
To establish accurately the integrating time
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versus particle energy, the gain is adjusted
using a radioactive calibration source to obtain
pulse widths corresponding to each channel’s
sensitivity, A monoenergetic 5.30 MeV alpha
source and Cs!?7 and Sr® beta sources were used
as calibration sources to accurately adjust gains
and to establish the acceptance threshold level
of the pulse height discriminator at 0.5 MeV.

Having set the gains of the preamps and elec-
tronic thresholds, it was desirable to calibrate
the system at various dose rates, simulating as
closely as possiblé the nuclear environment
(random rates and pulse heights). It was pos-
sible to approximate this condition by genera-
ting a random pulse-rate of constant amplitude
pulses that closely simulated the pulse shape from
the detectors. The rate and amplitude were
varied and recorded, along with the dosimeter
output.

In addition to the calibration of the various
electronic assemblies mentioned previously,
four of the solid-state detectors were calibrated
at the University of Southern California 30 MeV
Proton Accelerator. Calibration consisted of a
set of identical experiments to determine detec-
tor thickness for all four detectors.

Energy loss in the detector (which is propor-
tional to the pulse-height output from the charge
sensitive preamplifier) is a linear function of
the energy of the incident particle as long as
this energy is sufficiently low that it is completely
absorbed in the detector. If all energy is not
absorbed in the detector, the energy loss in the
detector decreases as the incident energy in-
creases. The thickness corresponding to total
absorption may be uniquely determined.

The final calibration of each detector within
the system consisted of placing the dosimeter in a
flight configuration and exposing each detector
to Sr® beta particles. The output (in volts)
of the dosimeter was noted, and the output
analyzed. The data collected from the multi-
channel analyzer can be integrated to yield the
MeV/sec exceeding the known (0.5 MeV)
threshold and this measured total dose com-
pared with the dosimeter output. The agree-
ment among measurements using this technique
was found to be excellent.

3. X-Ray Bremsstrahlung Dosimeter. The
X-ray dosimeter is designed to measure the
energy per unit time which bremsstrahlun
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from electrons striking a known shielding will
produce in a thin CsI crystal. This allows the
assessment of results of calculations of brems-
strahlung - within shielding media. The sensor
consists of a small CsI crystal (0.25 in. in dia-
meter by 0.020 in. thick) cemented to a photo-
multiplier tube. The output current from the
anode of the photomultiplier tube is converted
into a voltage which is proportional to the
logarithm of the current. '

Calibration of this instrument was accom-
plished in the following manner. The energy
flux striking the CsI crystal was calculated for
peak flux in the inner Van Allen belt. This was
estimated as ~ 1.08 x 105 MeV/sec. The
photomultiplier tube saturates near 100 pA;
thus the maximum current calculated for the
peak flux was limited to 20 uA, to provide a
factor of 5 for safety. The calibration factor to
be derived was then

MeV
- sec

5
1.08 x 105 MeV — 5400

F, =
cate 20 HA - sec 7

The calibration procedure was to irradiate
the detector with a 1 mGCi Cs'* source (the
crystal is shielded by 5 g/cm? aluminum). Only
the Cs?%” gamma and bremsstrahlung would be
present inside the shield. A multi-channel
analysis was made of the anode pulses from the
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photomultiplier tube, and the anode current
was monitored. The energy calibration per
channel was done by identifying the 662 keV
Cs?*?" gamma peak (3.28 keV/channel) and
calculating the area under the spectrum (1.02
X 10® counts X number of channels). There-
fore the total energy flux seen by the crystal
was, for a time of 600 seconds, Er = 557.5
MeV/sec. The anode current measured was

0.102 pA, so that

Fmeas = €£ = 5483 MCV/‘U.A'SCC
Ia

The run was then taken at a high voltage value
of 820 V. If the measured F did not equal the
calculated F, the high voltage could be adjusted
to yield the correct measured F. This is done
by constructing a curve of anode current versus
high voltage. The ratio of Fuess to Feare deter-
mines the I, required to yield the correct factor,
and the high voltage is adjusted to yield this
current.

The anode current is converted to a d.c.
voltage output by the appropriate electronics.

B. Satellite System

The above-described instrumentation was
integrated into an OV1-2 Satellite built by Gen-
eral Dynamics Corporation for the Air Force.

Fic. 2. OV1-2 Satellite (1965 78A)
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Fic. 3. Layout of instruments.
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This satellite is shown in Fig. 2. and the in-
strument layout is shown in Figs. 3 and 4.

An additional instrument, a three axis magne-
tometer, was provided as an integral part of the
satellite system. This provided information re-
garding the orientation of satellite axes with
respect to the magnetic field line. This allows
the measurement of any particle angular dis-
tribution which may be present. The ability
to independently command each instrument
on and off was also provided.

The instrument outputs could be stored on
tape for 120 min and read out on command,
allowing the accumulation of entire orbits of
data. A separate command bypassed the tape
recorder and allowed the instruments to be
read out in real time.

C. Spacecraft Material Distribution

The purpose of the space flight experiment
was the correlation of dosimetry and radiation
environment measurements; hence, the material
distribution surrounding the various dosimeters
had to be well known in order to calculate
dosimetér response. Even for the simple spheri-
cal geometry where the proton dosimeter is
located at the geometric center of the spacecraft
(Figs. 3 and 4), shielding by other instruments,
spacecraft structure, etc., introduce perturba-
tions which must be considered.

Since protons and electrons lose energy mainly
through collisions with atomic electrons. (to a
first order approximation), it will be sufficient
to specify the areal density of electrons as a
function of solid angle about the point of
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interest. In general, neither the collision stop-
ping power of primary charged particles or
photon attenuation, in the Compton region,
is a strong function of attenuator atomic num-
ber. Itis evident that if the photon attenuation
throughout the vehicle geometry is determined
the areal electron density may be easily cal-
culated. Aluminum is extensively used in
space vehicle construction, and since aluminum
is a representative low Z material, the areal
density may be expressed in g/cm? of aluminum,
or the aluminum equivalent electron/cm? of
path length.

A 1.0 pGi Co%® source was positioned at the
center of the aluminum sphere (proton dosi-
meter) in the satellite vehicle. The vehicle
could be positioned accurately through three
degrees of freedom. A 2 X 2in. Nal crystal
was located at a distance where it subtended
a 1° half-angle from the source. The remainder
of the experimental apparatus is shown in Fig. 5.
At these (Co*) energies Compton Scattering is
the dominant loss mechanism (989,). Thus a
measurement of the unscattered to scattered
photons yields the areal density through the
following relation:

I = Ioe ~tz

where [ = unscattered photons,
I, = total photons before absorption,
¢t = mass absorption coefficient, cm?/g,
x = absorber path length, g/cm?.

Using the above technique over 800 solid angles
were scanned and translated into equivalent
aluminum thickness or areal density.
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F16. 5. Spacecraft material distribution experiment.
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A technique was also developed for utilizing
this data to specify the material distributions
about all dosimeter locations.

II. EXPERIMENTAL RESULTS

This experiment was placed in orbit aboard
the OVI1-2 Satellite on October 5, 1965. A
retrograde orbit with an 1865 n-mi apogee, a
perigee of 222 n-mi, and an inclination of 144°
were achieved. This orbit was such that nearly
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all of the Inner Van Allen Zone is swept out
by succeeding orbits.

The data reduction has been fully automated
and computerized. The instrument calibrations,
temperature calibrations, and tape recorder non-
linearities, etc., are removed and the data
is printed out as raw count rates, dose rates, etc.,
as a function of time and spatial position. For
convenience in handling, as well as standardi-
zation, the spatial position is given in terms of
the four parameters R, A, B, and L. R is the
radial geocentric distance to the point, A is the
angular displacement from the magnetic equa-
tor, B is the magnetic field strength, and L
is the “Mclllwain Parameter’” () which corres-
ponds to the radial, geocentric distance at the
equator of the magnetic field line which passes
through the point.

Four points in space were arbitrarily selected
for this paper. These points are shown in Fig. 6.
This figure also depicts the general limits of the
satellite coverage. Table 3 gives the pertinent
information regarding the selected points.

A. Electron Spectra

The outputs of each electron spectrometer
channel were plotted as a function of time,
and the peak fluxes were selected. These peak
fluxes correspond to the instrument aperture
being aligned at 90° to the magnetic field line
(i.e. at the maxima of the angular distribution).
The Greenwich Mean Time of the exact point
in space was determined, and the data for a four-
minute interval of time around the point was
reduced.

Figure 7 shows such data for two spectro-.
meter channels. The modulation is caused as

Table 3. Points Selected for Analysis

' R B L A
Point ( (Earth radii) (gauss) (Earth radii) (degrees) Date/Orbit
1 1.20 0.178 1.20 0 9 Oct/29
: 14 Oct/100
2 1.17 0.200 1.20 9.5 12 Oct/75
3 1.23 0.199 1.30 16 9 Oct/42
4 ' 1.51 0.120 2.00 30 6 Oct/10
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the vehicle tumbles in space and the direc-
tional aperture passes in and out of the plane of
maximum intensity. This modulation is typical
for all directional instruments.

Figures 8, 9, 10, and 11 show the spectra deter-
mined for each of the four points. Following
earlier experimenters, the data have been fitted
with analytical expressions of the form N(E) =
A exp (—E/[E,;). These expressions as found
for the four points are as follows:

Point 1: N(E) = 1.8 x 10° exp (—E/0.55)
Point 2: N(E) = 6.8 X 10%exp (—E/0.46) or
4.55 x 105 exp (—E/0.55)

Point 3: N(E) = 1.55 x 10¢ exp (—E/0.70)
Point 4: N(E) = 2.65 x 10*exp (—E/2.34)

There has been postulation by many experi-
menters, with some verification, that the elec-
tron spectral slope does not change with B (or A)
along points of constant L. It should be ob-
served that while the best fits are not identical,
“both points 1 and 2 (L = 1.20) may be fitted with
the same analytical expression within experi-
mental error. The difference in spectral shape
and/or flux with other spatial positions should
be noted.

B. Proton Spéctm

To construct proton spectra the data from
the two Delta E Spectrometers, the Proton
Spectrometer, and one of the Aerospace Omni-
directional Spectrometers (80 < E < 110
MeV) ® were used. The data from the Proton
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F16. 16. Proton dosimeter data-revolution 10, October 6, 1965.

Spectrometer was sometimes difficult to inter-
pret due to saturation and at these points the
data were considered as lower units only. The
data furnished by Aerospace described the
omni-directional flux whereas our spectra are
in terms of uni-directional fluxes. To convert
omni-directional fluxes to uni-directional fluxes
a program developed by Dr. Thomas Farley
of UCLA was used. The spectrums thus de-
rived are shown in the Figs. 12, 13, 14, and 15.
Again following the lead of earlier experimen-
ters, the spectrums were fitted with two power law
analytical expressions, of the form N(E) = AE-Y
over separate energy ranges. These are given for
the four points as follows:

Point 1: N(E) =4.8 X 103E-18]10 < E

< 35 MeV
NE) =25 x 103E-1435 < E
< 110 MeV
Point 2: N(E) =84 X 102 E-14]0 < E
< 50 MeV
NE) =325 x 10¢E-2%50 < E
< 110 MeV
Point 3: N(E) =235 X 103 E-1.4810 < E
< 35 MeV
NE)=19 x 107E-32835 < E
< 110 MeV
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Fic. 17. Proton dosimeter middle detector, method of dose determination.

Point 4: N(E) = 1.65 x 102 E-1.1410 < E
< 35 MeV
N(E) =25 x 100 E-5.9335 < E
< 110 MeV

As with the electron spectrums, the change in
flux intensity and spectral shape with spatial
position should be noted.

C. Dose Rate Measurements

~ The experimental radiation dose rates at the
four chosen positions in space were obtained
for the same time that the spectral determina-
tions were made. Six experimental doses were
obtained at each point in space from: three
solid-state proton dosimeters, one X-ray detec-
tor, and two tissue-equivalent ionization cham-

bers. The radiation dose rate determinations,
the general dose rate variation with time, and
the experimental dose rate variation are dis-
cussed for the various instruments in the follow-
ing paragraphs. »

1. Proton Dosimeters. The proton dosimeters
are sampled every two-thirds of a second. A
typical output for 1 min is illustrated in Fig. 16.
This shows the roll-modulated output, the range

_switching, and the general fluctuation in the

experimental data. The dose rate for the de-
sired time, corresponding to the desired point,
was determined by plotting the average of three
dose rates for two plus minutes and then draw-
ing a line through the data. (An example of
this technique is shown in Fig. 17) The proton
dosimeter changes scale approximately every
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Table 4. Proton Dosimeter Doses for the Four Selected Locations in Space
Point Dose Rate of %
Detector in rate change Variation
space (rad/hr) (rad/hr/min)
Positive Negative
Surface 1 6.9 5.5 41 41
(0 g/cm?) 2 1.7 2.1 37 41
3 9.4 1.0 35 25
4 2.8 0.47 26 48
Middle 1 0.64 0.19 33 35
(4 g/cm?) 2 0.21 0.11 22 18
3 0.46 0.08 22 18
4 0.066 0.014 71 29
Center i 0.49 0.12 32 22
(16 gjcm?) 2 0.16 0.08 39 32
3 0.3¢ 0.06 20 13
4 0.15* — — —
* Indicates an upper limit only.
Table 5. X-ray Detector Doses for the Four Selected Locations
Point Dose Rate of %
in rate change Variation
space (rad/hr) (rad/hr/min}
Positive | Negative
1 0.80 0.26 10 10
2 0.25 0.11 26 22
3 0.50 0.08 23 14
4 0.099 0.03 35 23

Table 6. T.E.LC. Doses for the Four Locations

Point Dose rate—T.E.I.C. No. 1 Dose rate—T.E.I.C. No. 2
in (rad/hr) (rad/hr)

space

Peak Minimum Average Peak Minimum Average

1 4.8 + 0.9 - 2.1+ 05 3.6 £ 0.8 3.0+ 10 36 £ 0.6 4.2 + 0.8
2 16 + 0.6 0.7 + 0.2 1.2 + 0.3 1.5 + 0.3 1.2 + 0.3 14 + 0.3
3 6.6 + 1.2 1.9 + 0.6 4.7 + 0.6 3.6 £ 0.6 25+ 05 3.1 + 0.5
4 0.7 + 0.3 0.3 + 0.1 0.5 + 0.2 0.3 £ 0.1
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minute and may be *“‘off-scale’” for one minute
but may be providing good data both before
and after that minute. Plotting more than 2
min centered about the off-scale data provides
useful dose rate versus time information. The
dose rate is then determined at the desired
time (point), the time variation is determined,
and the percentage variation (roll modulation)
of dose rate is noted.

The results for the proton dosimeters are
listed in Table 4. The center (16 g/cm?) dosi-
meter was always below its minimum sensitivity
at L = 2.0, B = 0.122 and only an upper hmlt
of 0.015 rad/hr could be determined.

2. X-Ray Detector. The X-ray detector was
sampled once every two seconds. This data was
plotted against time. As with the proton dosi-
meter data, a line was drawn through the data.
The dose rate was then determined at the de-
sired time, the time variation determined, and
the experimental variation noted. Results for
the four positions are tabulated in Table 5.

3. Tissue-equivalent Ionization Chambers
(T.E.I.C.). The data from the two tissue-equi-
valent ijonization chambers were reduced in a
manner similar to that from the other dose rate
instruments except that the peak rates as well
as an average over a roll modulation were deter-

891

mined. - This was done in an effort to further
evaluate the effect of the material distribution
of the satellite. The results are shown in Table 6.
T.E.I.C. No. 1 is shielded by 0.17 g/cm? and
T.E.I.C. No. 2 by 3.2 g/cm?=.

IV. COMPARISON OF EXPERIMENTAL
AND CALCULATED RESULTS

In the previous sections, an experiment has
been described the results of which may be used
to assess the validity of certain assumptions basic
to computer programs used in predicting dose
rates which may be encountered in space. In
addition, the strengths and weaknesses of many
of the sub-routines, such as radiation transport
and dose conversions, may be determined.

Preliminary dose calculations have been
performed, for certain cases, to provide a
general comparison of calculated and experi-
mental dose at three of the points discussed in
the previous sections. These calculations have
been performed only for two detectors of the
Proton Spectrometer (0.0 g/cm? and 4.0 g/cm?)
and the most thinly shielded ionization chamber
(0.17 g/ecm?).

For the case of the ionization chambers two
of the available computer programs (Boeing (»

Table 7. Comparison of T.E.L.C. No. | Dose Rate Calculations to Measurements

Point Type Dose rates in rad/hr
in of
space dose rate* AFWL-Boeing AMRUL-Northrop
1 Electron 3.2 3.6
Proton 1.6 2.8
Total 4.8 6.4
Expt. 36 + 08 36 + 08
2 Electron 1.4 0.8
Proton 0.8 0.3
Total 2.2 1.1
Expt. 1.2 + 03 1.2 + 0.3
3 Electron 3.2 7.9
Proton 0.8 1.6
Total 4.0 9.5
Expt. 47 + 0.9 4.7 + 0.9

* The photon dose rate was negligible in'all cases when compared to primary dose rate.
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Table 8. Comparison of Proton Dosimeter Dose Rate Calculations to Mea.ruremmts
(AMRL-Northrop method only)

Point Type Dose rates in rad/hr
in of
space dose Surface detector Middle detector
rate (0 g/cm?) (4 g/em?)
1 Electron 4.6 —0-
Proton 3.2 0.4
Total 7.8 0.4
Expt. 6.9 0.6
2 Electron 1.1 —0-
Proton 0.3 0.1
Total 14 0.1
Expt. 1.7 0.2
3 Electron 9.6 ~0-
Proton 2.0 0.03
Total 11.6 0.03
Expt. 9.4 046 -

and Northrop ) were utilized in making cal-
culations, Only the Northrop program was
utilized in calculations concerning the Proton
Spectrometer.

The results of the above calculations and com-
parisons with the experimental data are pre-
sented in Tables 7 and 8. These data should be
viewed as preliminary serving only as an exam-
ple of the results which may be expected from
such a technique. No effort was expended to
improve or modify the existing calculational
procedures other than to further simplify the
computational methods.

For a detailed discussion of the calculational
methods involved, the reader is referred to
refs. 2 and 3.

Three components of the dose were calculated
utilizing the particle spectrum obtained by this
experiment at the spatial locations involved.
These were: (1) dose due to primary protons;
(2) dose due directly to electrons; and (3)
dose due to photons produced by the slowing
down of electrons. Each dose component has
assumptions peculiar to the calculations which
yield the dose rate for primary particles versus
the material thickness for that dose component.

The material thickness about the dose points.

was calculated from the results of the gamma

mapping experiment. The material distribu-
tion was obtained directly for the ‘Proton dosi-
meter sphere and approximated for the ioniza-
tion chambers assuming a right circular geo-
metry for the satellite experimental bay. Once
calculated, each material distribution was
grouped according to thicknesses to determine
the amount of solid angle having the specified
ranges of thickness. For each dose point, this
was then plotted as a histogram of solid angle
per thickness versus thickness and a smooth
curve plotted. The dose rates for proton, elec-
tron and photon dose components were then
calculated by integrating the product of dose
rate and material distribution range. In one
case (Northrop), the measured spectra were
extrapolated beyond the experimental values
(using the shape factors present) before they
were input to the calculations. In the second
case (Boeing) no such extrapolations were made.
In general, fair agreement was obtained (in
spite of the simplifications) at points of thin
external shielding. This agreement progressively
worsened as the shielding thickness increased;
however, the discrepancies may be explained
to a large degree by the manner in which the
material distribution was handled and to a
lesser degree by the spectral extrapolations.
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In summary, the radiation transport and dose-
conversion portions of the computer techniques
seen are verified with the environmental and
material distribution inputs being the most
critically sensitive. In fact, a separate study
of the importance of material heterogeneity in
the calculation of radiation doses has shown that
the dose rate is underestimated when constant
mean thicknesses are used for solid angles which
don’t really have constant thicknesses. The
calculated dose rate can vary.a factor of four
or more depending on the spectrum, the material
thickness, and the degree of heterogeneity, if
one first assumes a constant thickness and then
takes into account heterogeneities.
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