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TECHNICAL MEMORANDUM X-7335%

CHARGED PARTICLE RADIATION ENVIRONMENT FOR THE
SPACELAB AND OTHER MISSIONS IN LOW EARTH
ORBIT — REVISION A

INTRODUCTION

Missions planned for the Spacelab will use orbital trajectories ranging
in inclination from 28, 5 to 90> and in altitude from 200 to 300 km, Mission
duration can range up to 28 days. Tor these orbits and mission lifetimes, any
equipment on board will be subjected to fluxes of high energy charged particles
and charged-particle~induceda secondary particles. Many items may be sensi-
tive to the radiation encounterced. All material in the spaceeraft will 2cquire a
Tevel of background radioactivity as a result of nuclear activation. Experimeoents
employing nuclear particle counters (X-ray, gammn-ray, and cosmic-ray
experiments) will have an excessive background counting rate as a result of
activation gamma rays and the incident particle fluxes that will impact experi-
ment operation {1,2] and may reduce counter lifetime,  Biological samples,
especially where shielding thicknesses are minimal, may be influenced by the
radiation dose levels that are encountered. Photographic film will acquire a
background density because of the radiation. The effects on photographic film
for the Skylab mission were studied extensively [3-6. I Figure 1 shows the
range of background density as a function of dose for some Skylab films [ 7].

ENVIRONMENT

This report defines the important components of the radiation environ-
ment and gives estimates of dose rates to bhe expected,  This information will be
uscful in identifying problem areas for more detailed radiation analysis later.
There are four possible sources of dumaging radiation for Spacelab: geomnu-
netically trapped eleetrons and prowns, galactic cosmic-ray particles, solar
flarce proton cvents, and onboard radiation scurces (if there are any). Hopefully,

1. Private communication with K. I, fluff and H, M. Cleare, Fastman Kodak
Company, Rochester, NJY,
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any onboard sources will be small and well shielded. We are concerned here
with planning for nominal missions which, because of their short durations and
low orbital altitudes, are unlikely to encounter significant solar flare proton
fluxes. (Since 1956 there have been perhaps four eventc that would have
resulted in significant dose contributions at Spacelab orbits.) Thus, we will
confine our consideration to geomagnetically trapped particles and cosmic rays.
Reference 8 gives a complete and well written description of the near-FEarth
radiation environment.

Figures 2 through 21 show the average trapped proton and electron
omnidirectional integral fluxes above various energies for the proposed Spacelab
orbits, The numerical values are tabulated in Appendix A together with the
differential flux with respect to energy. The fluxes were obtained by using
James Vette's new model environments [9] AP8 max for the protons and AE4-AEG
max for the elections in a program [ 10| that averages the flux along the orbital
trajectory for several crbits. Over most of the range of orbits, there is an
uncertainty factor of four in the electron environment and two in the proton
environment, Fo1 the very lowest altitude given (2€0 km), the uncertainties
are larger because these orbits fall directly on the edge of the region described
by the Vette model. When we compare the new environment projected to tae
1980 time frame with the one reported in Reference 11, we find that the electron
environment has changed significantly. All the artificially injected electrons
have been decayed out of the new model, resulting in a considerable reduction
in the high energy clectron flux (more than an order of magnitude in some
cases). There is also a reduction in the proton flux, usually at higher energy.
It is not as extensive as the reduction in the electron flux, however, typically
being less than a factor of two.

The cxponential increase of both electron and proton flux with altitude
can be explained in terms of charged-particle motion in the Farth's magnetic
field. A charged particle follows a helical path around magnetic field lines.

As the lines converge near the Earth’s poles, the turns of the helix come closer
and closer together until the helix reverses direction and the particles spiral up
a field line away from the pole. The point of reversal is called the particle's
"mirror point.'" The particles encountered at lower altitudes must necessarily
have mirror points 1ear the top of the atmosphere where the probability of
removal becausce of interaction with air molecules is significant, There is a
distortion of the geomagnetic field from a true dipole that results in a region
called the South Atlantic Anomaly, where higher trapped particle fluxes are
seen at lower altitudes than usual over most of .he Earth's surface. Most of
the flux: encountered by Spacelab orbits, especially at lower altitudes, will be

in this region centered at approximately 35° south lititude in the South Atlantic,

(3]
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Figurc 22 shows proton isoflux contours in this region. As orbital inclination
increases from 0° at a given altitude, the flux encountered will increase,
reaching a peak in the 30 to 40° range as more and more of the Anomaly is
swept out, Above 60° the north and south '""horns' of the outer trapped electron
belt will be encountered, resulting in a significant increase in clectron flux.
(The name "horn" is given because of the crescent shape of clectron isoflux
contours. At lower fluxes the contours grow into a set of double rings that
approximately circumscribes cach pole,)

The trapped flux encountered during the Spacclab missions will have wwo
types of temporal variations, a very short-term variation and a long-term varia-
tion. The short-term variation is the variation scen as the spacecraft passes
in and out of the South Atlantic Anomaly, with the flux rising and falling rapidly
as the center of the Anomuly is passed. Figure 23 shows the proton flux during
several passes through the Anomaly. Almost all the radiation damage will occur
during these passages, which usually last less than 15 min at lower altitudes.,
The maximum flux during a pass may rcach 10 to 50 times the average daily
flux. The other temporal variation is associated with the 11 vear solar cycle.
There is an enhancement of the proton belt by perhaps a factor of two during the
quiet part of the cycle as a result of changes in the high atmosphere density [12].
The Vette model environment used is projected to the 19830 time frame,

The galactic cosmic ray flux is also affected by both the geomagnetie field
and the solar magnetic field. The free space maximum (outside the geomag-
netosphere) cosmic ray flux occurs during the guict part of the solar cycle and
is approximately 4.0 particles/cm®-s [13]. During the active part of the eyele,
the portion of the energy spectrum below approximately 400 MeV /nucleon is
reduced in intensity, However, this reduction is nof particularly significant in
low Earth orbit beeause, oxceept during passages over the poles, these particles
are already shiclded out by the zeomagnetice ficld,  IFigure 24, from Reference
13, shows how the cosmic ray proton flux is affected for various orbital inclina-
tions. As one can sce, the speetrum is very "hard” (having a preponderance of
high encergy particles) and, thus, is rot attenuated rapidly by shiciding maverial,

SPACELAB GEOMETRICAL MODEL

To predict the radiation flux or dose at & point inside a spacecraft,
consideration must be given to geometrical configuration and types of materials
surrounding the point, A geometrical model of Spaccelab was constructed using
the Lockheed complex geometry computer program | 1] and following relatively



closely the Spacelan description provided in a letter from the European Space
Research and Techaology Center ( ESTEC)2 that described a short module and
included racks, viewports, feedthroughs, floor, subfloor, and an overhead
structure involving four containers, an optical window, and a viewport. The
only modification in that model for this report was the addition of flat walls
covering the holes in the end cones so that no part of the Spacelab interior would
see free space without shielding. These walls were of the sume thickness and
composition as the end cones,

Figures 25, 25, and 27, which were redrawn from figures in the ESTEC
letter, show the Spacelab used for these calculations, (Figure 25 has been
altered to show the cone end covers that were added.) The model involved
approximately 136 separate volume elements. It was constructed in the Spacelab
conrdinate system and then translated to the Shuttle coordinate system. The
Spacelab coordinate system is centered 100 cm in front of the start of the
cylindrical shell sectioa with the positive X-axis passing down the center of the
cylindrical section in tle aft direction. The Z-axis is vertically upward, and
the positive Y-axis makes a right-handed system. The transformation to
Shuttle coordinates is defined as follows:

X'= X+ ]885.9"‘3 cm

Y'=Y

Z'= Z + 2016 o

where X', ¥', and Z' a:f'e Shuttle coordinates and X, Y, and 7Z are Spacelab
coordinates. g

'!

~ LIMITATIONS

!

We believe the niodel has a major defect in that only spacecraft walls
are considered., All ran{:ks and containers are empty, and none of the equipment
and wiring that will cxi:};’;t there has been modeled.  Self-shielding (as one would
expect to have if, for cxample, one were calculating dosc in a canister of film)
has not been included. /Experience with Skylab suggcests that this type of model-
ing lcads to overcstim:;itions of dose rates. Also, with more carcful modceling,
the variation of dose 1;,*’.1tcs from thinly to more heavily shielded regions should
be larger. Our modeiing of the Shuftle should compensate, at least partially,
for the conscrvative Spacelab model; however, we homogenized the Shuttle into

2. Closc Out of RID B01-054, Orbit Environment and Action Itemn NM-0196,
European Space Rescarch and Technology Center letter from . Nellessen
to Mr. L. Powell, December 8, 1475,
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a relatively small number of volume clements and defined their density so as to }
obtain a 90 000 kg Shuttle. This approach is prubably appropriate for the nose

and tail sections, since they subtend a total of between 5 and 10 percent of the

total solid angle as seen from typical points in Spacelab, It is less appropriate

for the bay section, leading to rather hecavy shiclding over half the total solid

angle or more as seen from points in Spacelab. (Typical Shuttle bay wall

thicknesses were on the order of 12 g/em®,) Figurc 28 shows the basic con-

figuration of the Shuttle model.

A number of effects that may become important, depending on the
response of the instrument or material, have not been considered. Long-term
averaged dosec rates may not be useful if an instrument is dose rate sensitive
(i.e., the fire alarm on Skylab) rather than cumulative dose sensitive, (The
rad, a uit of dose, is defined as the deposition of 100 ergs of energy per gram
of material receiving the dose.) In these cuses, maximum dose rates or dose
rates as a function of time probably better define the problem. The averaging
of flux over directicn can also be significant if, for example, the spacecraft is
gravity-gradient stabilized for long periods, The angular distributions for
trapped particle fluxes in low Fascth orbit are "puncake' shaped, with most of
the particles arriving from directions perpendicuiar to the magnetic ficld lines.
Thus, actual dose could be considerably different from the dose predicted using
isotropic fluxes if the shielding perpendicular to the magnetic field is markedly
different from the average shielding, Materials do not respond in exactly the
same manner when exposed to the same physical dose from different types of
particles or cven from particles of the same type but different energies. Some
photographic films are as much as 30 to 40 times as sensitive to gamma rays
as to protons [15]. (Their sensitivity i also highly energy dependent., )
Biological effects are better measured in terms ol rems (rad equivalent rany,
which include a quality factor depending on the type and encrgy of radiation
depositing the dose, For example, cosmic riays hive an unusually high quality ;
factor because of the heavy particle component; thus, cosmic ray doses in rems
are six or seven times as high as doses in rads {13]. Behind heavy shielding
(>25 g/ cn12) . 3 sccondary particles (hbremsstrahlung and secondary eleetrons
from primary clectrons and neutrons, sccondary protons, alphas, cte., from
primary protons) that may have sigmificantly different quality fctors deposit
a significant part of the dose.  Also, behind heavy shielding, cosmic ray
particle cascades [16,17] composed of a great varicety of particles make an

3. The unit grams per square centimeter for shicld thichness is typical in
charged=-particle shiclding work necause different materials have approxi-
mately the sume shielding effectiveness per unit Teneth in these units,  That
is, 1.0 g/em” of air is appronimatcly as offective in stopping protons as
1.0 ¢ ’em’ of aduminum. The protlten of density variations between samples
of material with the same chemic. : composition is also avoided,
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important contribution to dose deposited, which is very difficult to analyze.
None of these effects were considered here; thus, care must be taken in arbi-
trarily applying these results to any given problem. No calculation was made
for bremsstrahlung because the results presented in Reference 11, as well as
results presented later in this report, demonstrate that the bremsstrahlung
dose rate is unimportant when compared to the dose rate resulting from other
particles and because bremastrahlung calculations in complex geometries are
very expensive.

RESULTS

Figure 29 shows the approximate location of 14 detector points in
Spacelab. The first six points survey the Spacelab environment, while the last
eight are concentrated in the rack area. Figures 30 through 57 show the total
daily dose rates to be expected at these points as a function of orbital altitude
and inclination, Appendix B gives the exact Shuttle coordinate location of each
point and the dose rate in rads relative to the incident particle as well as the
total dose rate.

The dose rates range over almost an order cf magnitude between detector
point 1 at the outer wall on the top side of Spacelab and detector point 3 at the
outer wall on the botiom side. Generally, however, the variation seen between
detector points was on the order of from twe to four, with the high dose rates
seen near the top side of the lab. The proton component of the dose rate was
ruost important in most cases, However, at the highor inclinations for thinly
shielded points, the electron dose rate was comparable to the proton dose rate,
and at lower altitudes for more heavily shielded points, the cosmic ray dose
rate was the dominant component,

Figures 58 through 65 present the dose rates predicted for a detector
point behind a spherical aluminum shell shield of the specified thickness as a
function of orbital altitude and inclination. Appendix C tabulates the predicted
numerical values. The dose rates include contributions from trapped protons,
trapped electrons, electron-induced bremsstrahlung, and galactic cosmic rays.
(Bremsstrahlung is secondary electromagnetic radiation generated as electrons
are accelerated primarily during close passages by atomic nuclei. )

The geometry for the trapped proton and cosmic ray dose rate calcula-
tions consisted of a point tissue receiver at the center of a spherical aluminum
shell of the given thickness. The technique used for the proton dose rate caleu-
lation is described in Reference 18, The cosmic ray dose rates were interpolated

PR,
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from tabular data in Reference 13. The geometry for the electron and brem-
strahlung dose rates is different. In these calculations, thec electrons are
assumed to be isotropically incident on an aluminum infinit.. plane shield rather
than a sphere. The differences in dose rates for the two gcometries are insig-
nificant when compared to environmental uncectainties, The methods used are
described in Reference 19. The trapped proton component is dominant for shield
thicknesses from 1.0 to 30 g/cm?, the range of thickr 2sses of most practical
importance. In very thinly shielded regions the elec. rons become important,

and for an unusually thick shield, the cosmic rays become important, The
relative importance of the component varies with altitude and inclination, but,

as a rule, the proton component dominates for practical shield thicknesses.
Basically, the cosmic rays place a lower limit on dose rates achievable of
approximately 0,01 rads/day independent of shicld thickness and are less
important at higher altitudes. The electrons become impoitant for 1 igher inclina-
tions which encounter the outer belt ""horns'' and for very thin :hield thicknesses.

These data have at lcast two uses. First, comparisons with the results
of complex gcometry calculations give some estimate of how realistic the
geometrical model is and help detect weaknesses in the model. For example,
the contribution due to electrons at higher inclinations for some dctectors when
compared to the spherical shell calculations suggests that a major portion of
this dose is coming from a rather thinly shiclded region. More detailed model ing
might eliminate much of this contribution. A second use of these data is for an
appro..imate extension of the complex go metry calculation, For example, if
an additional amount, X g/cm?, of shielding is added, the following rrocedure
may be used, Referring to the free detector dose rate on the corresponding
dose rate versus shicld thickness curve, one follows the onrve ont for X g/cm?
more shielding and reads the dose rute. This should approximate the dose rate
with additional shiclding. (The estimate should work best for more heavily
shiclded detectors. )

———\ -
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Figure 30. Dose rate as a function of inclination at varjous altitudes
. for detector point number 1.
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Figure 32. Dose rate as a function of inclination at various altitudes
, for detector point number 3.
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Figure 34. Dose rate as a function of inclination at various altitudes
for detector point number 5.
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Figure 35. Dose rate as a function of inclination at various altitudes
for detector point number 6.
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Figure 40, Dose rate as a function of inclination at various altitudes
for detector point number 11.
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Figure 41. Dose rate as a function of inclination at various altitudes
for detector point number 12,

48

- %




10.000 ~T T T T T T T
A TOTALDOSE 200 km
O TOTALDOSE 300 km
@ TOTALDOSE 400 km
@ TOTALDCSE 600 km
O TOTALDOSE 800 km
1.000 |- -
>
«
2
<
€ o100}
w
"
8
‘
0.010}- -
0.001 L [ 1 1 Jd 1 1
0 10 20 30 40 50 60 70 90
ORBITAL INCLINATION (GEGREES)
Figure 42. Dose rate as a function of inclination at various altitudes
for detector point number 13,
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Figure 46. Dose rate as a function of altitude at various inclinations
for detector point number 3.
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Figure 47. Dose rate as a function of altitude at various inclinations
for detector point number 4,
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Figure 48, Doase rate as a function o1 aititude at various inclinations
for detector point numker 5.
55




10.000 Y T T T T T -
A TOTAL DOSE 28.5 DEGREE
D TOTAL DOSE 35.0 DEGREE
® TOTAL DOSE 45.0 DEGREE
& TOTAL DOSE 57.0 DEGREE
0 TOTAL DOSE 90.0 DEGREE
1.000
<
g
a
8 0.100
« [
&
w
(73
Q
>
0.010 -
0.001 1 1 1 1 1 1 I
0 100 200 300 400 500 600 700
ORBITAL ALTITUDE (KM)
Figure 49, Dose rate as a tuncuon o1 altitude at various inclinations
for detector pcint number 6.
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Figure 50. Dose rate as a function of altitude at various inclinations
for detector point number 7,
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Figure 51. Dose rate as a function of altitude at various inclinations

for detector point number 8,
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Figure 52. Dose rate as a function of altitude at various inclinations
for detector point number 9,
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Figure 53. Dose rate as a function of altitude at various inclinations
for detectur point number 10,
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Figure 54. Dose rate as a function of altitude at various inclinations
for detector point number 11,
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Figure 55. Dose rate as a function of altitude at various inclinations
fo1r detector point number 12.
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Figure 56. Dose rate as a function of altitude at various inclinations
for detector point number 13.
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Figure 58. Dose rate behind a spherical aluminum shell shield versus altitude

for various shield thicknesses and 28. 5° inclination.
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Figure 59. Dose rate behind a sphericel aluminum shell shield versus altitude
for various shield thicknesses and 35° inclination,
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Figure 60, Dose rate behind a spherical aluminum shell shield versus altitude
for various shield thicknesses and 45° inclination.
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Figure 61, Dose rate behind a spherical aluminum shell shield versus altitude
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for various shield thicknesses and 57° inclination.



L e

——

10.000 I T 1 : Ll ¥ LI ]
A TOTAL DOSE 1.00 G/CM**2
0O TOTAL DOSE 5.00 G/CM**2
@ TOTAL DOSE 10.00 G/CM**2
b
1.000 —
>
g
e
2 o.10c [ -
g
z
w
o
o]
(=]
0.010 |- -
0.001 L 1 1 I 1 A i
0 100 200 300 400 500 600 700 800

ORBITAL ALTITUDE (KM)

Figure 62, Dose rate behind a spherical aluminum shell shield versus altitude
for various shield thicknesses and 90° inclination.
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shell shield versus inclination for various altitudes.



1 e =, -
. 3.
-
-
. L
- EE » ; .&‘-‘
S P - —n — — -
i< ettt i et el - o

Ve L u
‘,', T
e .
i A4 e e

Wl
R

W
d W
.n ‘{A:
R 80 e
AL A
AR
' .
oo Y
ol

1 L
S e
1

!

APPENDIX A
PROTON AND ELECTRON INTEGRAL AND DIFFERENTIAL FLUX
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APPENDIX B

DOSE RATES AT THE VARIOUS SPACELAB D-TECTOR POINTS AS A
FUNCTION OF ORBITAL ALTITUDE AND INCLINATION
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FOR DETECTOR POINT 1

LAB SURVE Top X 2120466 Yo Z 1222,
PROTON COSF RATE (RADS/DAY) H

ORBITAL 1HCLINATION 200 K% 300 ki 400 KM 600 kv 800 KV

28,5 0.0024 CeN152 02,0581 0.3314 1.1482

1540 0.010¢ CoNN27 %.1112 0.4228 142265

h5.0 0.0161 CaNL 04 0.1142 N.3R0% 1.004%

5740 0.0088 0.0372 0.0716 0.2481 0.7127

9040 040084 0.,9211 0.,05¢C? 0.17251 0.550R

ELECTRON DOSE RATE (RADS/DAY)

CRRITAL l:CLILATION 20C kM» age v Hop v AT °ng K §
2045 040000 040772 2,0201  0.0049  0,0253 :
2641 0.000C fenrn2 o017 9.010n 0.03513 i
4543 0.01C: Q.N100 1.0312 0.0748 041545 )
5740 040894 Cel1157 341475 0.2213 03136 :
00 Q0967 0631237 “elhlh 02174 0.2950 .
§
COSMIC RAY DOSE PATE (ADS/DAY) ;
ORBITAL 1i'CLI"ATION 200 ¥ 3an o (o0 e 5090 KM 809 v §
2845 0.0047 e %e2754 0.0064 0,0072 §
1540 0.7C60 CelNG 32040 0.0078 0.0087 p
4540 7.0083 A nnen nomnay, N.0104 %.9115 4
5740 Cen111 f.C117 WP L 240136 S.0148 4
9040 00135 CeClny TenNtn, D172 040190 :
i
TOTAL DOSF 2ATE (1FANG/DAY) g
ORRITAL INCLINATION 260 K¢ 300 e Hoo v 6Cu P 200 KM 1
2945 c.0n72 0 19,0020 0.2427 1.1207 :
2540 0e0107 fa0ane 0107 N0t 07 1.2796 ;
454N 040347 00772 . 16480 00659 141705 f
4740 201093 0.1577 N,231% Neti230 1.0412 .

9040 Ce1163 0.1502 €.2172 N.6199 0.P64L9
k
v
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FOR DETECTOR POINT 2
LAD SURVE MIDDLE

X 2120466

PROTON DOSE RATE (RADS/DAY)

ORBITAL INCLINATION

2845
3540
4542
5Te -
9040

ELECTRON
ORBITAL IMCLITMATION

2845
3540
4540
57.0
9Ue0

200 KM

040017
040074
0.0112
00061
00044

300 xM

043112
040316
0.0353
0.0218
0.0152

DOSE RATE (RADS/DAY)

200 KM

0.0000
040000
040045
Ve 0400
040432

COSMIC RAY DOSE

ORBITAL IXNCLINATION

2845
35.0
4560
57.0
9040

200 X

0.00647
040060
0.0083
0.0111
0.0136

TOTAL DOSE RATE

ORBITAL INCLIMATION

2845
3%,0
4540
57.0
90.0

200 kM

0.0065%
0.013%
0.0241
0+0573
006113

300 KM

040000
C+0001
00085
0+0518
0.0556

RATE (RADS/DA
300 kKM

00051
040065
00089
Ne0117
NaD145

tRADS/NAY)
300 kM

040164
04N5R3
0.0528
0.005%
0.0853

Yo

400 KM

DeB449
0.0855
0.0844
040531
040373

4nn KM

593000
g.C0C2
0.N139
040661
00682

Y)
490 KM

0.0056
Ce 0049
040094
0.C123
Ne0154

400 x

D4 0HCA
NyNOY?
041077
0.1316
0.1219

600 xv

0.2632
043294
C.2501
0.1893
0.1412

600 KM

0sCL22
0.00&S
0.,0333
0.0994
0.0978

600 x»

Ne0064
0.0078
02104
0.0136
0.0172

600 KM

Cs2718
Ne341P°
0.3239
0.3202%
fe2563

2 1016,

A0Q KM

Ne9031
09584
07728
045476
0e4241

800 KM

0edlle
0.0159
0.0689
041410
01325

B39 KM

040072
740087
0e0115
Ga0l48
0.0190

890 KM

0.9214
049831
0sn531
0.7035%
0.5758
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i ¢
4
¥
4
]
» 4
. H
. Ec
; i FGR LETECTOR POINT
- § LAB SURVE BOTTO!

ORBITAL

ORSITAL

ORBITAL

ORBITAL

pey

" T aa

INCLINATION

2845
35.0
4540
5740
9040

INCLINATION

2845
350
4500
57.0
PIVESY

IMCLINATION

2345
35.0
45,0
5760
9040

ITNCLINATION

2845
350
4940
570
9Q.0

3
M

X 2120466 Yo

PROTON DOSE RATE (RADS/DAY)

200 KM

00006
0.0022
040035
0.0019
00013

300 kM 400 KM

040946 0.0221
0.01130 040413
NeN129 0.,0358
0s00R3 0.0228
0.0057 0.0161

ELECTRON DOSE RATE {(RANS/DAY)

200 KM

00000
00000
00001
00015
040016

COSMIC RAY NOSE

200 KM

040047
00060
0.0083
060111
060136

TOTAL DOSE RATE
200 KM

0,008%4
0.0083
0.0121
0.,0146
0eR)68

300 kM 400 KM

0.0000 0.0C00
0.000¢ 040000
00003 0.,0005
00020 0.,0025
040021 040025

RATE (RADS/DAY)
300 kM 400 KM

0.0051 0,0056
0.2065 0.0069
C.0089 0.0094
0.0117 0.0123
00145 040154

(RADS/DAY)
300 KM 400 KM

0.0098 0.0277
040195 040499
Ps0222  0.0458
pe0221 Qe037
0.0223 T

600 KM

0s1441
0.1700
0.1398
0.,0919
0.0683

600 K™
- 040000

0.,0001
0.0013
040037
0.0036

600 K¥

0.0064
0.0078
0.0104
0.0116
00172

600 KM

041506
3e1700
0e1516
p.1093
Q:0892

Z 810

800 KM

064922
0.,5028
0.2864
0.2733
0.2131

00 KM

0.0003
1.0004
0,0026
1.,0053
040049

-800 KM

0.0072
0.0087
0.0115%
00148
00150

800 KM

De4R9R
0.5120
0.4006
902918
2372
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FOR DETECTOR POINT
LAB SURVE  FORWA

ORBITAL INCLIMATION

2845
3540
4540
570
500

ORBITAL INCLINATION

28¢5
3540
4540
5740
500

ORMITAL INCLINATION

28¢5
3540
4540
570
92040

ORBITAL INCULIIATION

el
2540
450
570
2040

‘
RD

X 1910463

PROTOM DOSE PATE (RANS/DAY)

200 KM

0+0011
CeC042
040066
00036
040026

300 XM

De0076
0.0217
040227
040144
00099

ELECTRON DOSE RATE (RADS/DAY)

200 KM

0.0000
00000
0.0017
0.0151
0e01632

COSMIC RAY DOSE
200 «™

00047
0+0060
00083
0.0111
0.0136

TOTAL DOSE RATE
200 KM

040059
0.0102
040167
040299
040326

300 kM

06200V
00000
040032
00196
040210

RATE {(RADS/DA
300 KM

0.0051
00065
04NORY
040117
0s0145

(RADS/DAY}
300 KM

0e0128
0,0283
0e03438
0eN458
040454

Y

Hon ¥m

NaN338
0.063°P
0.0580
040370
Ne0261

400 ¥

JeOLUO
040003
060052
0.0250
0.0257

Y)
400 KM

040056
040069
NeNO%G
0.0122
0s015¢

400 Kt

D.C39%
040711
060733
0.0745
040673

0

600 K~

0.2071
0.2512
0.2130
06130,
N.1C37

600 KV

Ve 0U0B
0.0017
040126
0.0376
040369

600 K*

0.0064
040078
0.0104
0.,013¢
0.0172

£00 KV

Qe2ln2
042608
0e2362
0.1905
01580

Z 1016,

800 KM

046944
0.72004
0.573%
04054
0.3153

300 xV

Vel043
0.C050
0.0262
0.0532
£.0501

§00 KM

0.0072
0.0087
N.0115
0.0148
0.,01%0

800 KM

0.7259
07452
0e6112
0.4736
03745

et s fee L
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FOR DETECTOR POINT
LAB SURVE AFT

ORMITAL JNCLIMATION

2845
3540
4540
5740
9040

ORBITAL INCLINATION

28¢5
36840
4% 60
5740
9040

ORBITAL [INCLINATIONM

2845
3540
4540
570
20.C

ORBITAL INCLINATION

ZBe5
3540
45,0
570
800

]

R ——

| e L

X 2330470 Y

PROTON DOSE RATE (RANS/DAY)

200 KM

0.0012
00048
0.0074
00040
040029

300 kv nnn ke

%.0013 DeN362
060236 NeNKRAY
00250 040637
00158 00402
0.0108 0.2283

ELECTRON DOSE RATE (RADS/DAY)

200 KM

0.,0000
00080
040023
040207
0.0222

COSMIC RAY DOSC
200 K

040047
049060
0.0083
000111
0.0136

TOTAL DOSE RATE

200 K

0.6
00109
0.7182
040359
0.0388

300 K 400 XM

0.0000 Ve2500
QU000 VD4
00044 00072
0s726P 00,0341
QeD20¢ 042351

RATE (RADS/DAY)

300 <4 Hhon v

f.C08] NNNGE
00085 0,00 48
DenD0Y 207294
0.0117 a1} 23
Q145 Call54
(RADS/ZDAY)

300 k¥ 400 1
0.0135 Celu1R

9302 Ne"T5R
fe23P3 0.0A23
00644 0e795R
0eN54) Ne0789

[Rpp——

0

600 ¥™

0.219%
0.2879
0.2289
Oeln96
O0ellla

600 KN

0.0C11
0.C023
0.0173
0.0513
00504

NeC06G
0,0078
Je0104
0C1326
00172

sC0 XM

2.2272
0.2781
042566
042145
0.1792

Z 1016,

800 KM

047391
0.7788
0.6146
Cets 347
063372

860 KM

3.0058
C.CO22
0.035%7
0.0727
0.C6R4

201 KM

003072
c.0087
0.0115%
Qe0148
Ca0192

¢9C K't

7522
047959
0460619
08,5223
044253
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FOR DETECTOR POINT 6

LAB SURVE SIDE X 2120.66 Y 206, Z 1016,

PROTON DOSE RATE (RADS/DAY}

—

-ORBITAL INCLIMATION

ORBITAL INCLINATION

OKBITAL ICLIMATION

ORBITAL INCLIMATION

100

2845
35.0
4540
5740
9040

2845
35.0
450
$7.0
90.0

205
31540
750
5740
3060

2845
3540
4540
57.0
20,0

200 KM 300 KM
040006 00045
0.0019 00130
0.0031 00123
040017 0.0%81
0.0012 040084
DOSE RATE (PADS/DAY)
200 K¥ 300 KM
0.,0000 Ca0000
0.,0000 0.0002
0,0000 00,0000
0+0001 0.0002
0.0001 0.0002

COSMIC RAY DOSE

200 KM

060047
0.0060
040083
Q47111
Ce0l130

TOTAL DOSE RATE

200 K

040954
0.00RD
040115
0.0130
040150

400 XM

0.0233
040436
0.0362
0.0232
0.0163

400 KV

0.0000
0.,0C00
2.,0920
0.0002
Q0002

RATE (RADS/DAY)

300 =™

040081
Ce00865
00,0089
0.0117
060145

(RADS/DAY)
ann kv

fenN9Y7
feN108
00213
0eN201
0,0202

400 K"

Qe0USH
Ne0069
040094
0.0123%
0.015%4

400 KM

Nen200O
0506
0,0458
0.0359
0.032)

600 XM

041536
0el1792
0elabl
0.095¢4
0.0708

600 K

.0.0000

0,0000
0.0001
0.0004
0.0004

600 K

VeDVBY
0,007p
040104
00136

Ne0172

A00 KM

Ns1601
0.1872
0.1557
N.10%4
P.0RRS

£CO KM

0.4%951
0e5260
06002
0.2823
042205

100 KM

0.0000
0.0000
0.0002
040008
0.000%

400 KM

Ced072
0.0087
2.0115
0.0148
0e0D190

800 KM

05123
045348
0.4120
042977
0,2401
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FOR DETECTOR POINT 7
RACK FORWARD TOP

X 19864958 Y 107,

PROTON DOSE RATE (RADS/DAY)

ORBITAL ICLINATION

2845
3540
4540
57.0
9040

ELECTRONM
ORBITAL INCLINATION

2845
3540
4540
570
GCe0

200 KM

0.0023
0.0098
0¢0107
0.0080
0.0058

300 xM 400 KM

0.0144 0.0%66
040410 0+1080
040461 0.1085
0eN2R4 0.0679
D.01098 040677

DOSE RATE (RADS/DAY)

200 KM

040000
0.0000
0400623
000559
00601

COSMIC RAY DOSE

ORBITAL IKCLINMATION

2845
3%.J
4540
€740
2040

200 KN

00047
Ve 060
0.00423
0.0111
0,0138

TOTAL NOSE PATC

CRBITAL IMCLINATION

2845
35,0
4500
5740
UB Y

200 ¥v

CeNT}
NeN159
040295
0.0752
0.0796

300 kM a4fn K*

040300 3+720)
0s0002 0.0010
NeN119 NeN195
0e0723 0s)922
02773 062047

RATE (PADS/NAY)
300 <M 640" KM

060C51 Ge00S56
040065 0.0069
Nerd99 0.N094
TeN117 V60123
Rel2l® 0.0154

(PARS/NAY)
300 kv 400 K

Mo 108 NeNO24
DeN4TT 41161
(ALY Jeld74
241126 N.172¢
0.1116 041580

600 kv

0s3228
0.4083
043835
0,2366
V61767

600 KM

0.20130
C.206?
00448
Ne1383
01358

600 K*

Ge0264
040078
040104
00136
0.0172

600 KV

Ne3122
Lol 224
Uet237
J.3R8%
0e3298

Z 1178,

800 KM

141074
141787
0.9578
N.6789%
0.5251

800 KM

0.0156
0,0218
040965
0el1960
0el8462

°np Kv

40072
2.0087
0.0118
0.0148
C.0190

800 KM

142302
1.2092
1eM0G
0.7493
0.7228%

101
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FOR DETECT
RACK FORWA

ORBITAL 1IN

CROITAL IN

ORBITAL 1IN

ORBITAL 1"

102

OR POINT '8
RO UPPER MIDDLE

X 1986495

PROTON DOSE RATE (RPADS/DAY)

CLINATION 200 r¥
285 0e0C019
3%.0 040076
45,0 040114
57.0 040062
9040 040048

.

300 xn

040120
0.0347
0,0411
0:02%1
040160

ELECTRON DOSFE RATE (RANS/CAY)

CLINATION 200 KM
2845 0.00C0
3549 00000
45,0 0.0018
5740 040159

9040 0+0168

COSMIC PAY DOSE

CLIMATION 200 kv
72845 00047
35,0 00060
45%.0 0.00812
570 0.0111
90.0 0.0136

TOTAL DOSE RATE

CLINATION 200 Xt
293 07066
2549 0e0i37
6569 0,0217
5740 00334
9040 00330

300 KM

0,0200
0.0000
0.5035
00204
0.0215

RATE (RADS/DA
300 KM

N,0NN51
0.004%
0.,0989
0117
00145

(RADS/DAY)
300 ¥t

Ns0172
0enNung
0.0535
0.0553
f,0%21

Y 104,

non Ky

NeNN9]
Ns0030
N, 0099
00544
n,n397

LOD KM

C.3C00
0.0C02
0+0056
0.0259
0.02%3

Y)
Hnn Y

N.0056
fN.0049
040094
0eNl22
Ns0154

400 K

0e0547
fel"11
0e1056
00947
0.Q81%

600 KM

Ge2R28
043592
03079
0.2004
0.1697

600 KM

0.0007
040010
0+01133
0.0384
0.0374

400 KM

00064
0.0078
Ne0104
faN136
0s0172

6ne Ky

Te2510
2.3428
Ce3317
042524
Qe204p

2 1130,

400 KM

0.9601
140163
0.8135
0.575%
0.44L65

B8N0 KM

CelO34
0.,0050
0.0272
0.0542
0.0509

ROO KM

0.0072
0.0087
0.011%
0.0148
0.019¢C

800 K

.6871>
1.0301
NeR522
[P XIS
Q5308

- om e



m

apare & s ms

G A A gt s e o g

- e e

‘?’?Wﬂﬁ‘mwwmm P T T oo 0 e ¢

c—r
Wi,

FOR DETECTOR POINT 9
RACK FORWARD LOWER MIDDLE

PROTON DOSE RATE (RADS/DAY)

ORAITAL IMCLINATIOM 200 Kv
2845 0.0010
35.0 00037
4540 0.0057
57e0 0.0031
2040 0.0022

ELECTRON DOSE RATE

ORBITAL INCLINATION 200 k¥
2845 040000
3540 0.0000
4540 040003
5740 0.0031
9040 00032

COs"MIC RAY DOSE

ORBITAL IMCLIMATION 200 KM
2845 0.0047
35,0 040060
h%40 040083
5740 0.0111
9040 001136

TOTAL DOSF RATE

ORBITAL INCLINATION 230 Ki*
2teH 0.00%R
15,0 00098
7549 0.0148%
57.0 0.0175%
9Q.0 0e9192

X 1986498

300 KM

00970
0+0198
040207
040129
040098

{RADS/DAY)

300 xM

04CI30
£e003.C
00070
00940
060002

300 kM

0.005%1
040065
0+90R9
00117
Nefil6d

(RANS/NAY)

300 kN

PeN122
0eN2A)
NeN2%6
0.02°7
060276

ann xv

04N316
040594
040534
040238
0.0238

400 wv

0.C000
0,C000
0.0911
N400%0
0.0%51

RATE (RALS/DAY)

H0D x»

UeD05%
00069
065090
0421213
n.nlSA

400 KM

NeN3T7?
04064%
NeNKI9
0,051
DeCltn

Y 145,

1 993,
600 KM 800 KM
N.195%4 0.6516
02249 06834
041971 05325
Cel289 03762
0.0940 0.2929
600 KV a0y k¥
C.0001 0.0206
0.0002 0.0008
0.0026 0.0053
0.007% 0010%
0.0072 0.0098
(BN 4 800 KM
00,0084 0.,007?
Ne 0D 70 0.0087
0.0104 Q40115
Ne013¢ 0.0142
Ne172 040190
600 KM AQO KM
Ns2019 Net595%
De20 31 Qer 920
Na2102 Na549%
Ne1500 0e4017
0e1206 0.3219

103

¥
v
]
o]

3

o
DL <

gt

SRR R NPT

" T



FOR DCTECTOR POINT 10
RACK FNIWARD  RBOTTO"

DROTOM LOSE RATE

CRBITAL l.CLivATION

ORSITAL

e
35"
T3
H7e

EX]

CLf CTROR

eLtaTee

27«5
5.
“hel)
%75

’
N

COSIC IPAY [0S

GRBITAL InCLI ATl

IPeb
3.7
[3-
L7620

M ’
Ve d

TATAL DOCE ATH

Al TTAL TV CLITATIN

104

2408
11'.'
o
[,
LTe

ved

X 1'P6eYS Y

(RADS/DAY)
200 XV 300 vy eyt KM
0493206 00044 NeN223
N.0019 040124 0e0017
00210 0.01192 0e0%09
740017 0eC378 Ce2223
0.CC11 0s2053 Dedilh7

DCSE RATL
270 x*

Selu
s PR RS S]
0.00171
0.COD»
0.00N8

20¢ kv

OeCCa?
0.0”(1"
Derln2
0.0111
0e0170

205 v

70
A e
TeNllf
Del17¢
QeC157

(PARS/NAYY

300 ¢ aan e
. R S
I TR .
Golin PR
N1 et 0?2
e 0010 e N1
e~ 11 e 12

BATE (RARG/700Y)

100 ¥» ann v

Ue)L81 Jer ' HE
AFSARTA De 04 ¢C
f,.ﬂﬂn(:v ﬁ.ﬁr\r,,‘

o117 TeR 171

AN Gedl. 4

(hamesnovn
A . T
. cmad -, rn7-
~ o —.A: -
fetT e N
YoM Nh fa™l 61
Ce ' "D {e0'205

60C K¢

0.16713
Y1731
Caly?
CelP 4
DeCr9%

2 909.

unAn v

Mgt ln
Ne5111
Ne2793
CeZ 709
Cl."l-."

wnl ¢

PR IS0
Ve 0C22
o213
C.0027

S.NT28

ann e

0.007>
£.00°7
S.0115
Coanlns
0107

ane v

Nel9°¢L
A €ana
Yo & 0]
AL aA
LI LAY
Pheli S

e 1D



»

S,

B T L O

W o oo

LRy RS RO ST+ I W STTING

-

FCR DETECTOR POINT
MIDDLE RACK  TOP

ORBITAL INCLICIATION

2.5
3540
4542
STe
G0

URBITAL 1MCLINATION
2845

250
45e°)
%5743

300

ORBITAL ITCLIIATIN:

225
25.0
450
572
90.C

ORBITAL INMCLIVATION

2245
35,1
S5 e
57e)
90.0

n

REPRODUCIBILITY OF TH:
@RIGINAL PAGE IS POCF

X 212C.68 Y 127,

PROTO* DOSE RATE (RADS/DAY)

2C) x*°

Seftr 2
2.1119
2.2179
JaLie?
Q5771

ELECTRON
2920

0e0CCH
JeUuid
J.21102
0.3%76
0.1269

COS*¥1IC TAY oNSE
233 kT

SeHT
Ce0I5
0l.00P2
Nenll]
O.C134

TCTAL DOSE RATFE
200 kv

Oe Y74
NeN]: "
Se32N
Cellk5
De1257

AL3 v @00 v

Tat164 Qe D629

Nen0b4 0¢1190
M eN542 0,1237
JATS ORI Ce776
Ne271 “e1544

FHSE 9ATE (RATS/DAY)

ang et LY e
Teldle e 301
Getsn L2 -s '18
Ce207 e dG]
Nel17€3 "~ 1610
Del28% “al66a

RATE (PADS/DAY)

ags v 53T %
ra 21 Ce2I5F
e 65 20269
RESIR A 0alC94
"en]17 Nell127
na" 105 a2 -1

(RELIY OIS |

300 v A0 KN
Tel Y4 T2
T2 NJl270
e 0.1872

Ne1712 0,2509
01726 042352

D26C4
DelSNR
n.400)
Qe 2e 56
N 1908

6N O

Gelo6?
CeCY U
Yo" 17
ek

Ce2372

200 W

" +0064
00078
SeM
N.7136
T.0172

2 117,

H ks BN

P il
12765
1.078¢6
Ca7238
QeS8%6

T9n KM

Ce D74
F.Cﬁh’
CelLB7
Ne2421
0a.3212

g2 x*
05077
0,007
C.011%
NeN14S
0.C190

ene K

TG

IR
PazRgw
141295
0.9305

1
.

105

-~ __.—---.‘\ "W

WTCIEAEY

¥ FE SYENRY. PP " Y

s

g Wil DA AT, e

S ¥

-

ce e




-

106

ORCITAL &

onretraL 1o

.

. &~
< :umi- - - RS
FOR DCTECTOR POINY 12 °
HIDDLE RACK  UPPER MIDOLE -
PROTON DBSE PATE
TOREEITAL [TCLESATION 200 x©
2845 0.002%
78,3 0.0009
A%,0 00348
5740 L1 L]
et 040088
{
s ,
. LLECTRON DOSE RA
OREITAL 1 CLINATIO: 209 %=
- % Ce LTI
L A D231
45t 245038
€740 09211
el 0.0224

£0S*1C PAY "0SE

CLIATIN: - 200 %
285 0.0947
350 Ces 0060
h9e0 202002
STev JeClll
Venw UeJl38

TOTAL DOSE RATE
SLlraticen 200 K.
cPe5 0.2271
352 09187
65.C DeN267
$7.0 0.2522
90,9 0.0523

-
. . e . . T .
X 2120.866 ¥ 10Aa. S 2 1130
S oy v . “r R =
(PADS/DAYY o .
ION RV A0A KM 400 KP A00 KM
N.0143  0.058A  0.3148.  1.0828
& 000404 - 7% togﬁ 0.2982 11508
(%1% 3 ) 0a10%9 043542 039344
CaM279 . DeNAKY Ne220¢ 6625
D019 0.0464 Cel?2 - D.5127
TE (RADS/DAYY X )
200 KM 600 %Y 430 R¥ 800 KV
£,0220 M0N0 0,916 040072
£.300 LIELET n.0028 0.0099
CHNEF  © 0,0100 N.CIR0 0.0531
Ten10s LS. Lars Fe0751 01059
P ema21 ST fa0732 0eN995
PATE (oArS/0av: -
0n v LA LIstER o ann e
n.051 R 00854 0.0064 0.,9072
20065 Ne2069 0.0078 0.0087
040G D402 ref10L n.0115%
LelIT L2 Y.C13c 240148
Callnd Uedlha G172 n,019¢
{TARES/DAYY
20% x* 400 XY ann o ans kv
Ce15 re611 ne1027 1.008°
Ce”aT? tell29 oY Aed 1 1] 1.179%
rertil Ne126? Ae2007 71,2992
£a0796 041294 7.21903 9.7823
049761 Cell198 89,5430 0.5621%

-




g s

Wy v

oty o B2 e

W et

£ r3 :‘§ : - - =
FOR DETECTCR POINT 13
NIDDLE <AQK LOWER “IpDLE X P12C 64 v 145, 2 993,
PRATOM DOSE PATE (PADS/DAY)
ORBITAL I:CLIvATIOM 200 v+ asc v Qoo v 507 v ANy we
28¢5 Seilull Lol 17 NeN24° Del TS De A
3542 Col4h {re22°0 TeNG4H] Ce2517 0e?724%
h543 240067 R022% NG9 242133 De5700
579 NeDMAL a3 B fe ™72 fel70a 0.505%8
740 NeN2a a Sales- L Q.20282 Te1%79 0.3156
ELECTRON DOSE RATE (RPANS/DAV)
CREITAL (*CLIDATION 200 kv g v Hn T LA e agn v
2%e% 0.0000 ¢ 0NDD e aladel Nel702 f.OM0
1501} 2.0903 [{PSale Il D2 Sslalabe! [AF Y tiadan 2,201
WHett Q,0006 N,7011 CeN017? D.000) N.0082
“Tel 90049 0,006 Na708D Ca0110 N.0186
el 043051 D BIYA V00N faD115 N.N18%
CASVIC RAY NDSE RATE (PANS/LAY)
ORBITAL INCULLINGATION 2C¢C - 07 K 400 v i JA A ann oy
285 Qo147 Cedisl veuCh 7 LelUkn Le 072
3540 Jeii06u Celinh Celln JeL78 Cef*TET
4540 Nen}FY (e Snled 1] o Sats [N Nen10L [+ 1% 15
5740 0+2111 fef117 TeN1"2 “eT130 Dot P
9040 0e0138 L BT Jedle “al172 240190
TOTAL DOSE RATL (PADS/MAY)
ORBITAL INMCLINATION 200 kv ang r nnn v [S4alRA Tan ke
2% ey CeNH9 NeN129 nen0e RedT 02 TeTRN®
3569 0eC105 0eN28% D210 " 2720 PSS
450 0.0157 0401329 04957CH Ne2279 V.809¢
5740 0.0N198 0.0326 00576 LI Y14 Nel273
900 00214 0.0211 0.0497 N41327 0.3503
107
.

g4

-
&

SR e TR

.

“
R

R

R P Yoy

cl

ARt B e A

s ag e Y

g e

o AT topten®

=

v b $ e

e e, N

23
-

PREAEE

Sk SR &y T

e i

B
TV



R L RE Py

g

it P e

T
sy

e

B TNT

R T A 2

FOR DETECTOR POINTY

14

MIDDLE RACK  BOTTOM

X 2120.66 Y 145,

PRUTON DOSE RATE (RADS/DAY)

ORBITAL [NCLINATIOM

2845
35.0
45.0
5740
2040

ELECTRON

ORBITAL INCLINATION

2R.5
35.0
49.0
$7.0
9040

ORBITAL INCLINATIOM

20,45
3540
4%.0
570
9040

ORBITAL INCLINATION

7285
35.0
45,0
5740
90.0

108

200 KM

040008
0.0021
0:0034
Q0019
040013

200 Kid

0.0000
040000
09000
040007
040007

COSMIC RAY DOSE
200 k¥

040047
060060
0.00893
0+0111
00136

TOTAL DOSE RATE
200 KM

040094
0.0082
040119
0.0130
040157

300 K* A00 KV

0.00408 01,0240
0,0137 N. 0450
00132 0.9340
0.0n86 0.024A12
0.0052 N.0171

DOSE RATE {QANS/NAY)

300 KM 400 KM

0.C020 0.2009
063305 0.C000
0.0201 Q3002
040009 0.C011
0e00CY QeCuL11

RATE (RADS/DAY)
300 KM 40" K

00061 0,0056
0600865 0.0069
0.0089 02,0094
00117 0.,0123
0.0145 N.0154

(RADS /DAY
300 X4 400 XM

0401035 Ne02986
060202 N.052¢0
0.0223 740477
0.0213 0,037
0s0214 0,0337

2 905,
600 XV ROD KW
0.1571 040197
018493 0.54l16
241502 0.2139
‘0.0987 042922
0.0733 002281
600 KM °00 KM
0.0000 0.,0001
Je0CW0 040002
040005 0.0012
00017 0.0024
Jeuuilé Ve022
600 KV K00 KM
Qe 00064 0.0072
00078 0.0087
0,0104 0.C115%
060136 De0143
00172 0,019
600 ¥t 800 KM
0elr25 0.5271
(e1922 0+5506
Del613 Vet 266
Celled 043095
040922 0.20494




APPENDIX C
DOSE RATES BEHIND SPHERICAL ALUMINUM SHELL SHIELD OF

VARIOUS THICKNESSES AS A FUNCTION OF ORBITAL
ALTITUDE AND INCLINATION
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