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Radiation Exposure Predictions for Short-Duration Stay
Mars Missions
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The human radiation environment for several short-duration stay manned Mars missions is predicted using
the Mission Radiation Calculation (MIRACAL) program, which was developed at NASA Langley Research
Center. This program provides dose estimates for galactic cosmic rays (GCR) and large and ordinary solar
proton flare events for various amounts of effective spacecraft shielding (both operational and storm shelter
thicknesses) and a given time history of the spacecraft's heliocentric position. The results of this study show that
most of the missions can survive the most recent large flares (if they were to occur at the missions' perihelion)
if a 25 g/cm2 storm shelter is assumed. The dose predictions show that missions during solar minima (when solar
flare activity is the lowest) are not necessarily the minimum dose cases, due to increased GCR contribution
during this time period. The direct transfer mission studied has slightly lower doses than the outbound Venus
swingby mission [on the order of 10-20 centi-Sieverts (cSv) lower], with the greatest dose differences for the
assumed worst case scenario (when the large flares occur at perihelion). The GCR dose for a mission can be
reduced by having the crew spend some fraction of its day nominally in the storm shelter (other than during flare
events).

Nomenclature
BFO = blood-forming organ
CAM = computerized anatomical man
COSPAR = Committee on Space Research
GCR = galactic cosmic rays
NCRP = National Council on Radiation Protection and

Measurements
OP = operational shield
R = spacecraft heliocentric distance, AU
SF = shadow factor
SS = storm shelter

Introduction

A S the next century rapidly approaches, preliminary
analyses of manned excursions to Mars are becoming

more detailed. The recent report of the Synthesis Group on
America's Space Exploration Initiative1 identified radiation
effects and shielding as an area where technology development
is required. In an effort to provide the vehicle design engineer
with accurate information on crew radiation exposure, a com-
puter program has been developed that quantifies the radia-
tion environment encountered during Mars missions. This
study illustrates the use of this new program by analyzing the
radiation environments for several short-duration stay class
missions.

The short-duration stay missions were selected for this radi-
ation exposure assessment because of several interesting char-
acteristics that they exhibit. These missions typically have less
than 100-day stay times at Mars and less than two years total
mission duration. Also, these missions generally have a Venus
swingby on either the outbound (Earth-Mars) or the inbound
(Mars-Earth) transfer; thus, they usually have a perihelion of
less than 0.72 AU and an aphelion of at least 1.5 AU. Because
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of these trajectory characteristics, an incurred dose assessment
cannot be based on the particle environment at Earth's 1.0 AU
orbit without some compensation for the significantly differ-
ent perihelion and aphelion distances. Note that these missions
also use high thrust propulsion systems [such as nuclear ther-
mal propulsion (NTP) or chemical propulsion systems], but
only the radiation exposure due to natural sources (i.e., solar
flares and GCR) are estimated using the MIRACAL program.

Background
The mission radiation calculation (MIRACAL) computer

program,2'3 which was developed at NASA Langley Research
Center, uses a comprehensive data base that includes extensive
information related to the major natural radiation sources for
exposure during interplanetary missions. These sources in-
clude GCR, very large proton flares (six are included in this
data base), and smaller (or ordinary) proton flares. For each
of the environmental sources, the data base includes dose
versus depth functions, which give the dose equivalent varia-
tion in slabs of water (up to a thickness of 30 cm). Dose
equivalent values given by MIRACAL are expressed in
systeme international (SI) units of centi-Sieverts, which are
numerically equivalent to rem units. Although not used in this
study, this program can also provide estimates of the energetic
particle fluences encountered (used to analyze radiation expo-
sure in detailed vehicle configurations).

Dose versus depth functions are also included in the data
base using the computerized anatomical man (CAM) model4
for more detailed dose estimates to the skin, ocular lens (eye),
and BFOs. The slab model doses are more conservative and
larger than doses for the CAM model. The CAM model is
considerably more detailed than the slab model, but the
MIRACAL program can generate dose estimates for either
model. More details on the differences between these two
models can be found in Ref. 3.

The slab dose versus depth functions for the GCR, large
flares, and ordinary flares used in MIRACAL are shown in
Figs. 1, 2, and 3, respectively. These dose functions are based
on detailed radiation transport calculations performed with
the NASA Langley nucleon and heavy ion transport codes,
BRYNTRN5 and HZETRN.6 Effects of energy transfer due to
primaries and secondary particles are accounted for, and dose
equivalent has been evaluated according to the presently ac-
cepted quality factors recommended by the International
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Fig. 1 Depth-dose functions (GCR).
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Fig. 2 Depth-dose functions (large flares).
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Fig. 3 Depth-dose functions (ordinary flares).

Commission on Radiological Protection.7 The three figures
show either the dose equivalent (in cSv) or its rate (in cSv/yr)
versus the amount of the absorber in g/cm2 of water. The
absorber amount is given in terms of a density thickness
(g/cm2), which is determined from the density of the material
(g/cm3) multiplied by its thickness (cm). Thus, shields of equal
density thickness have equal masses, though their linear thick-
ness may differ.

In Fig. 1, the GCR conditions at solar minimum and maxi-
mum are shown; solar minimum occurs during the first and
last few years of the 11-year solar cycle, when the solar activity
is at a minimum. Since the interplanetary magnetic field is
strongest at solar maximum, more of the intergalactic particles
(which are constituents of the GCR) are deflected than during
solar minimum; thus, the GCR contribution to the incurred
dose is greatest at solar minimum. Particle fluxes (used to
calculate the dose equivalent values) for the GCR use the
Naval Research Laboratory CREME model for solar mini-
mum and maximum conditions.8 The modulation of the GCR

fluxes between solar minimum and maximum extrema is in-
corporated using a weighting function derived from the inten-
sity of the 10.7-cm radiance (F10.7) solar activity index, as
observed during solar cycle XXI (1975-1986).3 For the GCR
dose contributions, the dose variation as a function of time
after the last solar minimum is then determined for an 11-year
cycle.

The incurred dose at 1 AU for the large and ordinary flares
are shown in Figs. 2 and 3, respectively. The six large proton •
events recorded in the last four solar cycles are represented in
Fig. 2. The spectra of the February 1956 and November 1960
flares were extrapolated from either ground-based sensors or
sounding rocket date, and, therefore, may be extremely conser-
vative and less reliable. The last four flares were measured
using space-based instruments and are considered more accu-
rate. The distinguishing characteristic between large and ordi-
nary flares (as defined for the MIRACAL code)2'3 is that the
delivered dose of each of the large flares is on the order of the
______Table 1 Inputs to the MIRACAL program

Time history of spacecraft heliocentric position.
Periapse and apoapse radius of Mars parking orbit.
Type of calculation desired (fluence, dose, fluence, and dose).
Ordinary flare model type (statistical or smeared).
Number of large flares occurring during the mission (0-6).
Large flare spectrum to use in calculations (Feb. 56, Nov. 60, Aug. 72,

Aug. 89, Sept. 89, Oct. 89).
Times of occurrence of large flares (in mission elapsed time).
Operational shielding amount (0-25 g/cm2 water slabs).a
Storm shelter shield amount (0-25 g/cm2 water slabs).a
Percent crew time nominally spent in the storm shelter (daily frac-
tion). __
aNote that the OP is around the astronauts during regular activities, whereas the
storm shelter is only used during solar proton flare events, unless specified
otherwise. Additionally, these shieldings are not additive; that is, the total
effective shielding is input for both types. For example, 2 g/cm2 operational and
20 g/cm2 storm shelter thicknesses do not provide 22 g/cm2 effective shielding
while in the storm shelter.

_________Table 2 Sample MIRACAL output___________

Earth departure date 53167.00
Venus departure date 53327.00
Mars arrival date 53472.00
Mars departure date 53502.00
Earth Arrival date 53687.00
ra = 3680.00
rp = 3680.00
SF = 0.69774

This is a dose calculation
Smeared model used for ordinary flares
No. of large flares = 1

Calc begins at year 7.480581 in cycle
OP = 4 g/cm2

SS = 20 g/cm2

with 33.3 percent time in shelter
Large flare type 3 at year 7.809348

Mission total doses, cSv:
Slab doses—

Ordinary flares: 0.355 0-cm; 0.178 5-cm
Large flares: 40.953 0-cm; 17.457 5-cm
GCR: 58.591 0-cm; 45.529 5-cm
Total accumulated: 99.898 0-cm; 63.164 5-cm
Highest 30-day dosage: 44.152 0-cm; 19.945 5-cm starting

day 120
Highest annual dosage: 83.294 0-cm; 50.225 5-cm starting

day 120
CAM model doses—

Ordinary flares (skin, eye, BFO): 0.214 0.216 0.097
Large flares (skin, eye, BFO): 23.663 23.579 9.404
GCR (skin, eye, BFO): 47.219 47.555 37.733
Total accumulated (skin, eye, BFO): 71.096 71.350 47.234
Highest 30-day dosage (skin, eye, BFO): 26.241 26.176 11.464

starting day 120
Highest annual dosage (skin, eye, BFO): 57.694 57.851 36.505

starting day 120
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total dose of all of the ordinary flares combined. All 55
ordinary flares used in the MIRACAL program occurred in
solar cycle XXI and are shown in Fig. 3. In each of these
figures, the dose equivalent is reduced as more absorber mate-
rial is added, as one would expect.

Various detailed or parametric studies can be made using
the MIRACAL program. This code allows variation of the
nominal vehicle shielding thickness, flare storm shelter thick-
ness, nominal time spent in the storm shelter (other than
during a large proton event), the type of large flare environ-
ment, and the time during the mission at which large proton
events may occur (Table 1 summarizes the required MIRA-
CAL inputs). Since a time history of the spacecraft's heliocen-
tric position is required as input, any mission type can be
simulated using this routine. This program assumes a 1/R2

dependence for all flares encountered (both ordinary and large
proton events), where R is the spacecraft's heliocentric dis-
tance (in AU). Additionally, planetary shielding is taken into
account when the spacecraft is in orbit about a planet. An
average shadow factor (SF), calculated from the periapse and
apoapse of the parking orbit, indicates the percentage of flare
or GCR dose that reaches the astronauts while in orbit; an
astronaut standing on the surface of a planet with no atmo-
sphere receives only 50% of the normal dose (SF = 0.5),
whereas an astronaut in a parking orbit of sufficient height
would receive the entire normal dose (SF = l.Q), or no plane-
tary shielding. Shielding due to the Martian atmosphere can
also be accounted for during crew surface stays. Table 2 shows
a sample of the output generated by the MIRACAL code.

The algorithm estimates the incurred dose rate variation as
a function of mission elapsed time. This data allows the evalu-
ation of the highest annual (365-day), 30-day, and total dosage
received during the mission. Considering the NCRP-recom-
mended guidelines on the dosage received during these time
periods (see Table 3, taken from Ref, 9), the design engineer
can evaluate various combinations of storm shelter thickness,
nominal time spent in the shelter, and alteration of the inter-
planetary trajectory necessary in order not to exceed those
limits.

The Mars surface doses presented in this analysis are calcu-
lated using the methodology of Ref. 10. The amount of pro-
tection provided by the Mars atmosphere against GCR and
solar proton flares will depend on the composition and struc-

Table 3 NCRP dose equivalent limit guidelines,9 cSv

Skin Eye BFO
30-day
Annual
Career

150
300
600

100
200
400

25
50

100-400a

aAge and gender dependent.

ture of the atmosphere as well as the crew members'altitude.
The current estimates use the COSPAR low-density model of
the Martian atmosphere (5.9 mb surface pressure)11 and as-
sume a 100% carbon dioxide composition. All calculations are
for an altitude of 0 km on the Martian surface. A spherically
concentric atmosphere is used such that the amount of protec-
tion provided overhead varies from approximately 16 g CO2/
cm2, increasing to 59.6 g/cm2 at large zenith angles. All sur-
face dose estimates consider the atmosphere as the crew's only
protection and do not take into account any additional shield-
ing provided by their pressure vessel and supporting equip-
ment or supplies. Analyses have shown that moderate thick-
nesses of additional shielding do not provide substantial
protection in addition to that already provided by the carbon
dioxide atmosphere.12

Approach
In this study, the radiation exposure incurred during several

of the short-duration stay class missions, which have been
suggested for manned Mars missions in the first part of the
next century, has been estimated. These missions, presented in
Table 4 and Fig. 4, are taken from Refs. 13-21. Both the table
and the figure indicate the Mars stay time (above the mission
box in Fig. 4) and the total mission time (below the mission
box) in days. These 12 missions have Earth departure dates
ranging from 2004 to 2023. Since the solar cycle is approx-
imately 11 years in duration * this range of Earth departure
dates permits examination of missions throughput a couple of
solar cycles. (See Fig. 4.) Additionally, most of these missions
pass well inside Venus' orbit, thus providing an opportunity to
assess the radiation environment predicted for these types of
missions.

Because of the extremely unpredictable nature of the large
proton flare events, several large flare scenarios were exam-
ined. One scenario (the best case) estimates the mission's
radiation exposures if no large flares were to occur. We define
our worst case scenario as one that has a major flare occur at
the perihelion of the interplanetary transfer. Since the type of
flare that might occur is very unpredictable, each large flare
was used in our worst case assessments; that is, only one flare
at mission perihelion was evaluated for each of the six worst
cases studied. Additionally, a scenario is included in which the
September 1989 large flare is assumed to have occurred during
the surface stay of each mission. Except for this scenario, the
doses are calculated for the crew in orbit during the entire stay
time at Mars; that is, Mars atmospheric shielding is only used
in the surface flare scenario. The other scenarios assume the
more conservative case where the astronaut remains in orbit,
outside atmospheric protection, during the entire Mars stay.
For the ordinary flare dose contributions, a smeared, or aver-
aged, model is used throughout the missions.

Table 4 Dates and data for short-duration stay missions studied

Mission dates

Mission
title
2004
2007
2011
2014-A
2014-B
2014-C
2016-D
2016-1
2017-D
2017-0
2020
2023

Earth
departure

10 June 2004
30 Aug. 2007
6 Jan. 2011
17 Jan. 2014
15 Jan. 2014
1 Feb. 2014
1 Oct. 2016
12 March 2016
7 Dec. 2017
5 April 2017
29 July 2020
2 Sept. 2023

Outbound
Venus

swingby
17 Nov. 2004

12 May 2011

10 Sept. 2017

14 Feb. 2024

Mars
arrival

11 April 2005
15 Feb. 2008
27 Sept. 2011
11 July 2014
27 Aug. 2014
1 July 2014
26 Feb. 2018
4 Aug. 2016
13 July 2018
24 March 2018
18 Nov. 2020
11 June 2024

Mars
departure

11 May 2005

Inbound
Venus

swingby

26 March 2008 4 Oct. ?Qp8
27 Oct. 2011
19 Oct. 2014
26 Sept. 2014
29 Sept. 2014
27 April 2018
23 Sept. 2016
11 Sept. 2018
23 May 2018
18 Dec. 2020
10 Aug. 2024

28 Feb, 2015
23 Feb. 2015
26 Feb. 2015

13 March 2017

4 Aug. 2021

Earth
return

12 Nov. 2005
22 March 2009
20 May 2012
26 July 2015
14 July 2015
5 Aug. 2015
1 Oct. 2018
11 May 2017
12 May 2019
15 Nov. 2018
30 Jan. 2022
20 May 2025

At
Stay
time,
days
30
40
30

100
30
90
60
50
60
60
30
60

Mission data

Mars

Shadow
factor
0.70
0.99
0.99
0.98
0.75
0.75
0.99
0.75
0.99
0.99
0.99
0.99

Interplanetary
Transfer

Trip
time,
4ays
520
570
500
555
545
550
730
425
521
589
550
626

Perihelion
radius, AU

0.58
0.56
0.52
0.56
0.55
0.56
1.00
0.63
0.76
0.57
0.59
0.53

Ref.
No.

13
a
14
15
16
17
18
19
20
18
21
20

aMission taken from K. Joosten presentation to Nuclear Regulatory Commission Aeronautics and Space Engineering Board on April 30, 1991.
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Fig. 4 Candidate Mars missions during three solar cycles.

As just noted, the occurrence of the September 1989 proton
flare is considered as a possible scenario during the Mars
surface stay. The dose contribution for this proton event is
approximately midway between the estimated doses for the
August 1989 and October 1989 flare events. The smeared
ordinary flare contribution is not considered for the short-
duration stay on the surface. The dose contribution with the
large amount of atmospheric protection would be negligible
(<0.05 cSv), as indicated by the total cycle dose-depth curve
in Ref. 3. The skin and eye CAM doses are approximated as
the 0-cm depth dose (slab skin), which is conservative in both
instances. The CAM BFO dose is conservatively approximated
by the 5-cm depth dose (slab BFO). Because of the large
amounts of carbon dioxide traversed and the resulting rela-
tively low surface exposures, the additional complexity intro-
duced by the CAM calculations is not warranted for the short-
duration stay times.

In this analysis, three operational (OP) thicknesses, four
storm shelter thicknesses, and three nominal times in the
storm shelter were evaluated. The OP thicknesses, considered
to surround the astronauts during normal activities, are 2, 4,
and 6 g/cm2 of water; whereas the storm shelter, which pro-
tects the astronauts during solar flares (both large and ordi-
nary flares), has thicknesses of 10, 15, 20, and 25 g/cm2 of
water. Also, the option of having the crew $pend some frac-
tion of the day in the storm shelter, other than during flare
events (in order to lower the GCR dose contribution), was
investigated. For this study, the nominal times in the storm
shelter are one-third and one-half a day. Also, the missions
were evaluated assuming no time nominally spent in the storm
shelter.

Results
As seen in Fig. 4, the missions selected for study encounter

vastly different GCR and solar flare environments. This sec-
tion will begin with the required OP and storm shelter shield-
ing thickness necessary for each mission to remain below the
NCRP-suggested guideline limits shown in Table 3. Results
for 12 missions are included; however, four missions are ex-
amined more closely: the 2011, 2014-B, 2017-D, and 2017-O
missions (the four darkest boxes in Fig. 4). The first three
cases permit analysis of missions that primarily occur during
solar minimum, solar maximum, or between these two ex-
tremes. The 2017 missions will indicate some of the differ-
ences, in terms of radiation exposure, between a direct and an
outbound Venus swingby mission. The effect of changing the
crews nominal time spent in the storm shelter is studied next.
Finally, an assessment of the impact that the surface flare
scenario has on the missions is considered.

Table 5 shows the OP and storm shelter shielding thickness
requirements for each mission to meet the NCRP slab dose
guidelines for BFOs when the scenarios using the four latest

large flares (August 1972 and August, September, and Octo-
ber 1989) are considered the worst case. Since the protection
of the BFO often dictates shield thickness requirements, the
slab BFO guideline limit was selected as the main criterion to
ensure that all NCRP guidelines would be satisfied. The table
includes the minimized OP and storm shelter thickness cases
since the size of the storm shelter, in comparison to the overall
vehicle, is unknown. If the storm shelter is much smaller than
the vehicle, then the minimum OP case is used because the
total vehicle mass will be smaller; conversely, when the storm
shelter occupies an appreciable volume of the vehicle, the
minimum storm shelter case would have the least amount of
total vehicle mass.

Over half of the missions studied can satisfy the NCRP
requirements with no additional time spent in the storm shelter
(beyond retreating to the shelter during a flare event). As the
nominal crew time in the storm shelter is increased to one-half,
all but one mission can meet the slab BFO guideline limits
using the thicknesses analyzed in this study. The 2007 mission
exceeds the slab BFO annual guideline limit by 0.3 cSv when
using a 6 g/cm2 OP and 25 g/cm2 storm shelter thicknesses.
None of the missions had enough shielding to protect against
the worst case scenarios involving the first two major flares
recorded (February 1956 and November 1960). Almost all of
the missions require the 25 g/cm2 storm shelter, whereas a
majority of the missions only needs the 2 g/cm2 OP thickness.

In order to study the effect that the solar cycle has on a
mission's radiation exposure, three missions are selected for
further analysis: one at solar maximum (2Q14-B); one in be-
tween the extrema (2011); and one at solar minimum (2017-D).
The location of these three missions during the solar cycle is
indicated by the darkest boxes in Fig. 4 (2017-D is above
2017-O). Additionally, to permit an even comparison, the 4
g/cm2 OP and 20 g/cm2 storm shelter thickness cases were
arbitrarily selected for study.

The incurred doses for these three missions, having the
aforementioned shielding thicknesses, are shown in Figs. 5-7.
In these figures, all of the flare scenarios are included. Note
that these three plots have a logarithmic ordinate axis. For the
cases with large flares at perihelion, the 30-day maximum dose
is driven by the large flare dose contribution; thus, this dose is
also indicative of the large flare dose. The lines across the plot
indicate the NCRP guideline 30-day and annual limits for skin
and BFO (see Table 3). The 0-cm depth-dose (used to approx-
imate dose to both skin and eye) and the 5-cm depth-dose
(used to approximate dose to BFO) are shown for each
scenario, as well as the CAM-modeled skin, eye, and BFO
dose estimates.

Table 5 Minimum combination of examined thicknesses required
to meet NCRP slab BFO guideline limits for recent large flare,

worst case scenarios

Amount of crew time nominally spent in SS
Zero One-third One-half

Min Min Min Min Min Min
OP SS OP SS OP SS

g/cm2 g/cm2 g/cm2 g/cm2 g/cm2

mission
title
2004
2007
2011
2014-A
2014-B
2014-C
2016-D
2016-1
2017-D
2017-O
2020
2023

OP
6
Na
N
2
2
2
4
6
N
N
N
2

SS
25
N
N
25
25
25
25
25
N
N
N
25

OP
6
N
N
2
2
2
6
6
N
N
N
2

SS
25
N
N
25
25
25
10
25
N
N
N
25

OP
2
N
6
2
2
2
2
2
6
N
N
2

SS
25
N
25
25
25
25
15
25
25
N
N
25

OP
2
N
6
2
2
2
4
2
6
N
N
2

SS
25
N
25
25
25
25
10
25
25
N
N
25

OP
2
N
2
2
2
2
2
2
2
6
4
2

SS
25
N
25
25
25
25
10
25
25
25
25
25

OP
2
N
2
2
2
2
2
6
2
6
4
2

SS
25
N
25
25
25
25
10
20
25
25
25
25

aN = Thickness required for OP>6 g/cm2 and SS>25 g/cm2.
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In Fig. 5, the predicted dose for the 2014-B mission occur-
ring mostly during solar maximum is shown. The no flare case
easily meets all of the NCRP guideline limits. However, the
first two large flares greatly exceed the BFO limits. Of the
remaining flare cases, only the October 1989 flare forces the
mission to exceed the BFO limits. To facilitate solar cycle
mission comparisons, concentrate on the no flare case. Note
that the no flare scenario has a mission total slab skin dose of
about 60 cSv and a BFO dose of around 45 cSv. When com-
pared to the mission occurring mostly between the solar cycle
extrema regions in Fig. 6, the no flare slab skin and BFO total
dose rise to a little more than 70 cSv and 50 cSv, respectively.
This increase can be attributed to the increased OCR flux
during times of solar minimum conditions. Also, although the
30-day BFO limit is exceeded only during the October 1989
flare scenario (considering only the four most recent flares)
for this mission, the doses for the large flare cases are greater
than for the previous mission (approaching the 25 cSv limit).
This fact is due not only to the increased contribution of the
OCR, but also to the lower perihelion radius of the 2011
mission (0.03 AU closer to the sun).

For the 2017-D mission, which occurs mostly at solar mini-
mum, Fig. 7 indicates that the no flare scenario total slab dose

I | Total dose
fH Annual max

30-day max

——— NCRP annual skin limit
——— NCRP 30-day skin limit
__.__ NCRP annual BFO limit
_.._ NCRP 30-day BFO limit

Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM
No flare 2/56 11/60 8/72 8/89 9/89 10/89 Surf flare

Fig. 5 Radiation exposure for mission during solar maximum—
2014-B inbound Venus swingby.

S = skin
E = eye

1000r B = BFO

Total dose
Annual max
30-day max

—— NCRP annual skin limit
—— NCRP 30-day skin limit
— - — NCRP annual BFO limit
.._ NCRP 30-day BFO limit

Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM
No flare 2/56 11/60 8/72 8/89 9/89 10/89 Surf flare

Fig. 6 Radiation exposure for mission between solar cycle extrema—
2011 outbound Venus swingby.

1000r

I I Total dose
Annual max

I 30-day max

NCRP annual skin limit
NCRP 30-day skin limit
NCRP annual BFO limit
NCRP 30-day BFO limit

Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM
No flare 2/56 11/60 8/72 8/89 9/89 10/89 Surf flare

Fig. 7 Radiation exposure for mission during solar minimum—2017
direct transfer.

S = skin
E = eye

1000 r B = BFO

100

Dose,
cSv

10

I | Total dose
iil Annual max
• 30-day max

——— NCRP annual skin limit
——— NCRP 30-day skin limit
—-— NCRP annual BFO limit
_.._ NCRP 30-day BFO limit

Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM Slab CAM
No flare 2/56 11/60 8/72 8/89 9/89 10/89 Surf flare

Fig. 8 Radiation exposure for 2017 outbound Venus swingby mis-
sion.

is nearly 100 cSv for the skin and 70 cSv for the BFO; again,
this increased dosage can be attributed to the larger OCR dose
contribution. Additionally, Fig. 7 shows that whereas none of
the 30-day BFO limits is exceeded for the most recent flares,
all of the annual limits are violated. The lower 30-day maxi-
mum is due more to the larger perihelion radius of the 2017-D
mission (about 0.21 AU further out than the 2014-B mission),
whereas the slightly increased annual dose amounts show the
long-term effect of the increased OCR dose. From this analy-
sis, missions at solar maximum appear to encounter a more
favorable environment when no flares occur; however, the
greatest probability of a large flare occurring is .during the
solar maximum period.

Whereas Fig. 7 plots the predicted dose for a direct Earth-
Mars mission beginning in 2017, Fig. 8 depicts the dose for a
mission with an outbound Venus swingby. As indicated by the
darkest boxes around 2017 in Fig. 4, these missions both occur
during approximately the same time frame (again, 2017-D is
above 2017-O). The main difference in these two missions is
the approximately 0.2 AU difference in their perihelion radii
(Table 4), which has a greater effect on the doses of the large
flare cases, as illustrated by Figs. 7 and 8. The 30-day maxi-
mum doses for the worst case scenarios, which are driven by
the dose contributed by the large flare, are higher for the
outbound Venus swingby mission because of its lower peri-
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Fig. 9 GCR dose reduction from increased nominal time in storm
shelter.

helion. The no flare case has only a few cSv increase in the
30-day and annual maximum doses for the outbound swingby
mission; the total dose for both slab and CAM models in this
scenario is less than 10 cSv higher for the swingby mission.
The scenarios with the 1972 and 1989 flares generally have
30-day maximum, annual maximum, and total doses 10-20
cSv higher for the swingby mission. Thus, the difference in the
radiation received for direct and Venus swingby missions is

, not as great as might be expected.
The radiation exposure due to GCR can be reduced by the

crew spending more time in the storm shelter other than dur-
ing solar flare events. Figure 9 shows the effect of increased
nominal time spent in the storm shelter for the four missions
previously mentioned. The mission at solar maximum (2014-
B) is least affected by the additional time spent in the storm
shelter; whereas the effect is greatest on the missions at solar
minimum (2017-D and 2017-O) due to the greater contribution
of the GCR to the total dose. As seen in Fig. 9, if one-third of
an astronaut's day (equivalent to an eight-hour sleep period) is
spent in a 10 g/cm2 storm shelter, the reduction in the total
dose ranges from about 5 to more than 10 cSv for slab and
from around 3 to almost 8 cSv for CAM doses. However, if
the time is increased to one-half day, these doses are addition-
ally reduced by about 33%, with the slab dose savings of
almost 20 cSv and the CAM dose reduced by a little more than
10 cSv. When a 25 g/cm2 storm shelter is used, the dose
reduction nearly doubles. The dose reductions for one-third
day in the storm shelter are now from a little less than 10 cSv
to a high of more than 20 cSv using the slab model and from
about 5 cSv to about 13 cSv for the CAM dose. If the time
spent in the shelter is increased to one-half day, the reduction
in dose increases to more than 30 cSv for slab skin, almost 20
cSv for slab BFO and CAM skin, and more than 10 cSv for
CAM BFO. Thus, for some missions that violate the NCRP
guideline dose limits, simply requiring that the sleep period of
the astronauts be spent in the storm shelter can reduce the
radiation exposure to the crew below these guideline limits.

The doses incurred during the surface flare scenario for
each of the previously discussed four missions can be found in
Figs. 5-8. Note that even though the 30-day maximum for this
scenario (September 1989 flare dose at the beginning of the
Mars surface stay) is slightly greater than for the no flare
scenario, the total doses are approximately the same. This
result indicates that the Martian carbon dioxide atmosphere
provides substantial protection for the astronauts while they
are on the surface; apparently, the atmosphere (and the 0.5 SF
provided by the planet) gives more protection than the OP or
storm shelter shielding on the interplanetary transfer vehicle.
Also notice that each of these four missions meets the NCRP
BFO guideline limits.

Conclusions
This study demonstrated the use of the MIRACAL by esti-

mating the incurred dose of 12 short-duration stay manned
Mars missions proposed for early in the next century. This
code is now available and can be easily integrated into or used
with interplanetary trajectory analysis codes. Three OP and
four SS thicknesses were examined for their effectiveness in
protecting the crew from the radiation environment predicted
using MIRACAL. Seven of the 12 missions meet the NCRP
guideline slab BFO (5-cm depth) limits for worst case scenar-
ios involving the four most recent large flares (August 1972
and August, September, and October 1989) and having no
time nominally spent in a 25 g/cm2 SS. By increasing this
nominal time in the SS to one-half day, 11 of the missions
meet the NCRP BFO guidelines, whereas nine missions meet
the guidelines if one-third day (or an eight-hour sleep cycle) is
nominally spent in the SS. The missions that occur primarily
during solar minimum (quiet sun; i.e., when the sun is having
little or no flare activity) are not necessarily the lowest dose
cases due to the increased GCR contribution during this time
period. The 2017 direct transfer mission had only a slightly
lower dose than the 2017 outbound Venus swingby mission
(the total dose for these missions differed by only 10-20 cSv),
with the worst case (large flare) scenarios being affected the
most due to the different perihelion radii; thus, direct missions
do not necessarily have substantially lower doses than swingby
missions. By the crew spending some fraction of their day
nominally in the SS (other than during flare events), the GCR
dose for a mission can be noticeably reduced. Finally, the
Martian atmosphere appears to provide sufficient shielding
during a crew surface stay.
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