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Abstract

The Langley heavy-ion/nucleon transport code, HZETRN, and the

high-energy nucleon transport code, BRYNTRN, are used to predict the

propagation of galactic cosmic rays (GCR's) and solar 
are protons

through the carbon dioxide atmosphere of Mars. Particle 
uences and the

resulting doses are estimated on the surface of Mars for GCR's during

solar maximum conditions and the August, September, and October 1989

solar proton events. These results extend previously calculated surface

estimates for GCR's at solar minimum conditions and the February 1956,

November 1960, and August 1972 solar proton events. Surface doses

are estimated with both a low-density and a high-density carbon dioxide
model of the atmosphere for altitudes of 0, 4, 8, and 12 km above the

surface. A solar modulation function is incorporated to estimate the

GCR dose variation between solar minimum and maximum conditions

over the 11-year solar cycle. By using current Mars mission scenarios,

doses to the skin, eye, and blood-forming organs are predicted for short-

and long-duration stay times on the Martian surface throughout the solar

cycle.

Introduction

For a successful human Mars mission, the antici-

pated radiation doses incurred by crew members and

subsequent shielding estimates must be assessed both

in free space and on the Mars surface. The largest

doses will most likely be encountered in transit to

and from Mars. Relief from the harsh free-space ra-

diation environment, including galactic cosmic rays

(GCR's) and solar proton 
ares, can be found on

the surface of Mars. Unlike Earth, Mars is devoid

of an intrinsic magnetic �eld allowing many of the

free-space high-energy charged particles to reach the

outer atmosphere. However, the carbon dioxide at-

mosphere of Mars will attenuate the charged particle


uxes and provide a signi�cant amount of protection.

The analysis presented here addresses the possi-

ble doses to crew members while on the Martian sur-

face. New dose estimates are presented for GCR's at

solar maximum conditions and the August, Septem-

ber, and October 1989 solar proton events. This

analysis extends previously estimated doses incurred

from GCR's at solar minimum conditions and the

February 1956, November 1960, and August 1972


are events (Simonsen et al. 1990a). The 1989 
ares

are typical of the rarely occurring large 
ares, while

the smaller normally occurring 
ares are much less

hazardous. These smaller 
ares do not contribute

signi�cantly to dose on the surface of Mars because

of the relatively large amount of atmospheric pro-

tection. The galactic cosmic rays are also a source

of exposure characterized by a much lower but con-

tinuous dose rate. The contribution to dose from

GCR's varies with the 11-year solar cycle, and the

largest contribution occurs during solar minimum

conditions. The GCR contribution becomes more

important as the mission duration increases.

Both short and long stay times on the surface

are considered throughout the 11-year solar cycle.

Dose estimates are calculated for short stay times

on the order of 30, 60, and 90 days after a 7-month

to 1-year transit 
ight. An unexpected 
are event

that occurs while the crew is on the surface may

contribute signi�cantly to these total mission dose

estimates. Longer stay times of �400{600 days when

the GCR dose dominates are also considered.

Symbols and Abbreviations

AU astronomical unit

BFO blood-forming organ

BRYNTRN baryon transport code

COSPAR Committee on Space Research

CREME cosmic ray e�ects on microelectronics

c number density (particles/volume)

Gray 1 Gy = 100 rad, 1 cGy = 1 rad

GCR galactic cosmic ray

GOES-7 Geostationary Operational Environ-

mental Satellite

H dose-equivalent rate

HZETRN heavy-ion/nucleon transport code

h altitude above Martian surface



LEO low Earth orbit

LET linear energy transfer

M molecular weight

MIRACAL Mission Radiation Calculation

program

NA Avogadro's number

NCRP National Council on Radiation

Protection and Measurements

R radius of Mars

r distance from Sun

Sievert 1 Sv = 100 rem, 1 cSv = 1 rem

s distance along slant path

t time after last solar minimum

w(t) modulation function value

Z atomic number

z vertical altitude

� zenith angle

T absorber linear density

Radiation Exposure

Currently, radiation-exposure limits are not es-

tablished for an exploratory-class Mars mission.

However, the National Council on Radiation Protec-

tion and Measurements (NCRP) recommends that

the limits established for low Earth orbit (LEO)

operations be used as guidelines if the principle of

ALARA (as low as reasonably achievable) is followed

(Anon. 1989). LEO limits are established for the

skin, ocular lens, and blood-forming organs as shown

in table 1. For high-energy radiation from GCR's

and solar proton 
ares, the dose delivered to the vi-

tal organs is the most important with regard to latent

carcinogenic e�ects. This dose is often considered to

be the whole-body exposure and is referred to as the

blood-forming organ (BFO) dose.

When detailed body geometry is not considered,

the BFO dose is usually computed as the dose in-

curred at a 5-cm depth in tissue (simulated in this

analysis by water). A conservative estimate for the

skin and eye dose is made with the 0-cm-depth dose.

Dose-equivalent limits are established for the short-

term (30-day) exposures, annual exposures, and ca-

reer exposures for astronauts in low Earth orbit. The

short-term exposures are important when consider-

ing solar 
are events because of their high dose rate.

Table 1. Ionizing Radiation Exposure Limits for LEO

[Data from NCRP-98 (Anon. 1989)]

Dose equivalent, cSv

Exposure Blood-forming

interval organ Ocular lens Skin

30-day 25 100 150

Annual 50 200 300

Career a100{400 400 600

aVaries with gender and age at initial exposure.

Doses received from GCR's on long-duration mis-

sions are especially important to total career limits,

which are determined by the age and gender of the

individual.

The dose-equivalent limits are included in this pa-

per only for discussion purposes. Exploratory-class

missions will most likely receive separate consider-

ation (Anon. 1989). In addition, the surface doses

are the only portion of the mission addressed in this

paper. Large doses may be received while in transit

from GCR's, solar proton events, and the Van Allen

belts. (See Nealy, Simonsen, and Striepe 1992;

Simonsen and Nealy 1991; Striepe, Nealy, and

Simonsen 1992; Striepe, Simonsen, and Nealy 1992;

Townsend et al. 1989 and 1992; Townsend, Shinn,

and Wilson 1991; Townsend, Cucinotta, and Wilson

1992.) Human-made nuclear sources (e.g., nuclear-

powered propulsion) must also be addressed when

applicable (Nealy et al. 1991), and the total mis-

sion dose should be compared with the guideline

constraints.

Radiation Environment

The free-space radiation environment varies over

the 11-year solar cycle. At solar minimum conditions,

the interplanetary magnetic �eld is weakest and thus

allows more intergalactic particles to gain access to

our solar system. Thus, the GCR 
uxes and the

incurred doses from GCR's are the greatest during

solar minimum conditions. During solar maximum

conditions, the GCR 
uxes are lowest; however, the

probability of a large solar proton event increases sig-

ni�cantly. The solar 
are rate of occurrence is great-

est between the third and ninth years after the last

solar minimum (i.e., years 3 to 9 in the solar cycle;

Nealy, Striepe, and Simonsen 1992). Solar cycle XXII

spans approximately the years of 1986 to 1996, and

the solar maximum for this cycle occurs around 1989

to 1994. Many of the current Mars mission scenarios

are scheduled during solar cycle XXIV (�2007{2018)

and solar cycle XXV (�2018{2029).
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Galactic Cosmic Radiation

Galactic cosmic radiation consists of the nuclei

of the chemical elements that have been accelerated

to extremely high energies outside the solar system.

The natural GCR environment used in this analysis is

the widely used Naval Research Laboratory CREME

model, which speci�es ion 
uxes for particles of

atomic numbers between 1 and 28 (hydrogen through

nickel, Adams, Silberberg, and Tsao 1981). Figure 1

shows the GCR particle spectra at solar minimum

conditions; considerable uncertainty exists in the

energy distribution of these ions. At solar maximum

conditions, GCR 
uxes are substantially reduced.

Figure 2 shows the amount of 
ux reductions for

the various species groups in terms of the energy-

dependent ratios of solar maximum to solar minimum


uxes (Adams, Silberberg, and Tsao 1981). The 
ux

reduction is most pronounced for the energy range

between 1 and 103 MeV, while the particles of higher

energies (greater than 104 MeV) are only slightly

a�ected by solar cycle variation.
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Figure 1. Galactic cosmic ray di�erential 
ux spectra at solar

minimum for selected elemental groups.
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Figure 2. Ratios of galactic cosmic ray di�erential 
ux at

solar maximum to corresponding 
ux at solar minimum

for selected elemental groups.

The 
ux variation between the cycle extrema is

calculated with a weighting or modulation function

that determines the fractional solar minimum to solar

maximum 
uxes observed at a given time within the

cycle. The modulation of the GCR 
ux depends di-

rectly on the intensity of the solar activity. Solar ac-

tivity can be gauged by examining the intensity of the

10.7-cm microwave 
ux (F10.7 index), which is some-

what less sporadic than other indices (e.g., sunspot

number, magnetic indices, and ground-based neutron

monitors). The modulation function of �gure 3 was

derived from the F10.7 index variation during solar

cycle XXI (Withbroe 1989).

0So
la

r 
m

in
im

um
 G

C
R

 f
lu

x 
w

ei
gh

tin
g 

fa
ct

or

Time after solar minimum, years
111 2 3 4 5 6 7 8 9 10

1.0

.1

.2

.3

.4

.5

.6

.7

.8

.9

Figure 3. Modulation function for GCR 
ux as derived for

solar cycle XXI in terms of the weighting factor for

observed peak (solar minimum) 
ux.

The modulation represents the reduction factor

to be applied to the peak GCR 
ux as a function of

time throughout the 11-year cycle. This weighting

function has a reciprocal relationship with the mag-

nitude of the 10.7-cm 
ux, which characteristically is

observed to return to approximately the same level

at solar minimum for each cycle. However, during

solar maximum, levels of solar activity are observed

to vary from cycle to cycle. Because solar cycle XXI

was a relatively weak cycle during active Sun years,

GCR 
uxes in the present model never attain their

minimum values. Consequently, some degree of con-

servatism is present in the modeled GCR 
uxes. The

actual solar minimum 
uxes have been observed to

exhibit a time lag relative to the 10.7-cm 
ux (Smart

and Shea 1989); an improved modulation function

would incorporate a phase delay of 8 to 12 months.
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Solar Proton Flares

Large solar 
are events are relatively rare; how-

ever, they are potentially dangerous. They can

deliver high dose rates to insu�ciently shielded crew

members. Except for the near certainty that such

events occur during the years of solar maximum,

large 
ares are practically unpredictable with regard

to their time of occurrence and spectral character-

istics. Recently, several 
ares that were larger than

any recorded since the August 1972 event occurred

in the months of August through December 1989.

These 
ares were recorded by the GOES-7 satellite

and include the August 12, September 29, and Octo-

ber 19, 1989 
ares. Figure 4 shows the proton 
uence

energy spectra based on rigidity functions reported

by Sauer, Zwickl, and Ness (1990). The addition of

the three 1989 
are events provides a fairly realistic

estimate of a 
are environment that can be encoun-

tered during missions occurring in the 5 or 6 years of

active Sun conditions.
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Figure 4. Three large solar 
are 
uences for 1989 solar proton

events; graph based on GOES-7 data.

Martian Atmosphere

The Martian atmosphere provides protection from

GCR's and solar 
ares. The composition of the lower

atmosphere by volume is approximately 95.3 percent

carbon dioxide, 2.7 percent nitrogen, and 1.6 per-

cent argon (Smith and West 1983). For the present

analysis, the atmosphere is assumed to be 100 per-

cent carbon dioxide. The Committee on Space

Research (COSPAR) has used atmospheric struc-

ture data gathered during the Viking entries to de-

velop the COSPAR warm, high-density atmosphere

model and the COSPAR cool, low-density atmo-

sphere model. These models use the daily mean tem-

peratures and pressures at midlatitude sites during

the summer season (Smith and West 1983). Figure 5

shows the vertical pressure pro�le. The low-density

model assumes a surface pressure of 5.9 mbar and

provides approximately 16 g/cm2 of carbon dioxide

shielding in the vertical direction. The high-density

model assumes a surface pressure of 7.8 mbar and

provides 22 g/cm2 of carbon dioxide in the vertical

direction.
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Figure 5. COSPAR vertical pressure pro�le of Martian atmo-

sphere model.

The amount of protection provided by the at-

mosphere varies seasonally as the surface pressure

on Mars varies. Pressures varied at the Viking I

and Viking II landing sites by approximately 2.0

to 2.5 mbar. Viking I varied between 6.8{9.0 mbar,

and Viking II varied between 7.5{10.0 mbar (Hess

et al. 1980). The altitude of the site also a�ects the

amount of shielding provided. Table 2 shows the de-

creasing amount of protection provided by the at-

mosphere in the vertical direction at increasing alti-

tudes. Dose estimates at altitudes up to 12 km are

included in the analysis because of the great deal of

topographical relief present on the Mars surface. The

two atmosphere models are considered to provide a

reasonable estimate of the possible variation in the

radiation intensities found at the surface.

Table 2. Mars Atmospheric Protection

in the Vertical Direction

Protection, g/cm2 CO2

Altitude, Low-density High-density

km model model

0 16 22

4 11 16

8 7 11

12 5 8
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Transport and Dosimetry Analysis

The transport of high-energy nucleons and heavy

ions through condensed matter is calculated with

two nucleon codes developed at Langley: BRYNTRN

(Wilson et al. 1989) and HZETRN (Wilson et al.

1991a). Both codes implement combined numeri-

cal and analytical techniques to provide solutions to

the one-dimensional Boltzmann transport equation

for particle 
ux and energy. The BRYNTRN code

transports primary and secondary nucleons and in-

cludes the e�ects of target nucleus recoil reactions.

The energy loss by heavy target fragments and re-

coil nuclei is assumed to be deposited locally. The

present calculations are performed for the 
are input

proton spectrum through use of a logarithmic energy

grid between 0.01 and 3000 MeV. The GCR calcula-

tions are performed with the HZETRN code, which

transports nuclear species with charge numbers be-

tween 0 and 28. Secondary products from nuclear

fragmentation reactions are also transported. The

energy grid of 160 points is logarithmic over a range

between 0.01 and 128 000 MeV.

Both BRYNTRN and HZETRN evaluate dosi-

metric quantities based on the linear energy transfer

of particles traversing the media. The dose is evalu-

ated in terms of cGy or rads (100 ergs/g). For hu-

man exposure, the dose equivalent (in terms of cSv or

rem) is de�ned by introducing the quality factor that

relates the biological risk produced because of any

ionizing radiation to the damage produced by soft

X-rays. In general, the quality factor is a function

of linear energy transfer (LET), which in turn is a

function of particle type and energy. For the present

calculations, the quality factors used are those spec-

i�ed by the International Commission on Radiolog-

ical Protection (Anon. 1987). Although HZE (high

charge and energy) particles are present in the GCR


uxes and to a lesser extent in the nuclear reac-

tion products of GCR and solar 
are protons (Anon.

1989), their biological e�ects are not well understood

and lead to uncertainty in risk estimates (Cucinotta

et al. 1991). Thus, the de�nition of new quality fac-

tors relating dose to biological damage may impact

the present results. In addition to the previous ref-

erences for the nucleon codes, the reference publica-

tion by Wilson et al. (1991b) provides great detail on

space radiation transport methodology and analysis.

Transport Computational Results

The HZETRN and BRYNTRN nucleon codes are

used to generate dose data for the initial particle


uxes through carbon dioxide. The 
ux-energy dis-

tributions as previously described for the modulated

GCR's and the 1989 proton 
ares are used as in-

put. The calculated slab-dose results correspond to a

monodirectional beam of particles normally incident

on a planar layer of shield material.

Galactic Cosmic Radiation

Figures 6 and 7 show the skin and BFO dose and

dose-equivalent rates as a function of CO
2
absorber

amount for GCR's at solar maximum conditions.

The BFO results represent the dose evaluated after

traversing a given absorber amount of CO
2
with an

additional 5-cm tissue layer (water). The di�erence

between the corresponding skin and BFO doses rep-

resents the body's self-shielding. Although the code

simulates the transport of particles 0, 1, 2, : : :, 28 in-
dividually, the dose contributions are represented as

�ve entities for illustration: (1) neutrons, (2) protons,

(3) alpha particles, (4) lighter nuclei (3 � Z � 9),

and (5) heavier nuclei (10 � Z � 28). The higher

dose-equivalent values illustrate the impact of the

quality factors on the biological damage incurred.

The protons dominate the dose through 100 g/cm2

of CO
2
; however, the heavy ions (10 � Z � 28) dom-

inate the dose equivalent through approximately the

�rst 20 g/cm2 because of their high quality factors.

1989 Solar Proton Events

Figures 8 and 9 show the skin and BFO dose

and dose equivalent as a function of CO
2
absorber

amount for the 1989 solar proton events. The dif-

ference between the dose and the dose equivalent is

smaller for the solar 
are spectra than for the GCR

spectra because of the high-quality factors associ-

ated with the heavy-ion GCR constituents. The so-

lar 
ares also attenuate much more rapidly by CO2

than do the GCR's because of the absence of high-

energy particles in the GCR spectrum. Compared

with the August and September 
ares, the Octo-

ber 1989 
are delivers the largest dose at the surface

because of its generally larger 
uxes at higher ener-

gies. This result is further exempli�ed by the dose-

depth curves, which show that the October event de-

livers the largest dose of the three 
ares at equal

absorber thicknesses. After approximately 25 g/cm2,

the doses of all three 
ares approach levels that do

not impose a short-term (acute) hazard.

Dose Estimates on Martian Surface

The surface doses at various altitudes in the

Mars atmosphere are determined from the computed
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Figure 6. Annual skin dose and dose-equivalent contributions

from speci�ed particle constituents as a function of CO2

absorber amount for GCR at solar maximum conditions.

propagation data for the GCR's and solar 
are pro-

tons. The dosimetric values at a given target point

are computed for CO
2
absorber amounts along slant

paths through the atmosphere. As shown in �g-

ure 10, a spherically concentric atmosphere model

is assumed. For a target point at altitude h above

the surface, the distance s along a slant path with

zenith angle � is given by

s (z; �) =

q
(R + h)2 cos2 � +

�
2R (z � h) + z2 � h2

�
� (R + h) cos �

where z is the vertical altitude and R is the radius of

Mars. The absorber amount T along the slant path

in g/cm2 is then

T (h; �) =
M

CO2

NA

1Z

0

c (s) ds
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Figure 7. Annual BFO dose and dose-equivalent contributions

from speci�ed particle constituents as a function of CO2

absorber amount for GCR at solar maximum conditions.

where M is the molecular weight and c is the num-

ber density. For a given target point, the absorber

amounts and the corresponding dosimetric quantities

are evaluated for zenith angles between 0� and 90� in

increments of 5�. For example, on the surface (0 km)

at a zenith angle of 0�, the low-density model pro-

vides 16.0 g/cm2 of protection, and the protection

increases to 59.6 g/cm2 at 75�. The dose and dose

equivalents corresponding to each absorber thickness

at each zenith angle are interpolated or extrapolated

from the basic dose-depth propagation data. The

calculated directional dose is then numerically inte-

grated over a solid angle of 2� to obtain the total

dose at the point of interest. (The dose from the

other solid angle of 2� is assumed to be zero because

of planetary shielding.)
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Figure 8. Skin dose and dose-equivalent as a function of CO2

absorber amount for three 1989 solar proton events.
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Figure 9. BFO dose and dose equivalent as a function of CO2

absorber amount for three 1989 solar proton events.
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Table 3. Integrated Dose for Mars High-Density
Atmosphere Model

Integrated dose, cGy,

at altitude of|

Radiation Exposure

source location 0 km 4 km 8 km 12 km

GCR at solar minimum Skin 5.3 5.7 6.1 6.4

(annual) BFO 5.1 5.5 5.9 6.2

GCR at solar maximum Skin 2.6 2.7 2.7 2.8

(annual) BFO 2.5 2.6 2.7 2.8

August 1989 
are Skin 0.1 0.3 0.9 2.3

event BFO 0.1 0.2 0.4 0.8

September 1989 
are Skin 1.0 2.3 4.5 8.4

event BFO 0.7 1.4 2.6 4.3

October 1989 
are Skin 1.2 3.3 7.9 17.1

event BFO 0.8 1.8 3.8 7.2

Table 4. Integrated Dose Equivalent for Mars

High-Density Atmosphere Model

Integrated

dose equivalent, cGy,

at altitude of|

Radiation Exposure

source location 0 km 4 km 8 km 12 km

GCR at solar minimum Skin 11.3 13.4 15.8 18.6

(annual) BFO 10.5 12.0 13.7 15.6

GCR at solar maximum Skin 6.2 6.8 7.5 8.3

(annual) BFO 5.7 6.2 6.7 7.3

August 1989 
are Skin 0.2 0.5 1.4 3.6

event BFO 0.1 0.3 0.6 1.2

September 1989 
are Skin 1.5 3.3 6.6 12.3

event BFO 1.0 2.0 3.7 6.1

October 1989 
are Skin 1.9 5.1 11.8 25.6

event BFO 1.2 2.8 5.7 10.6

Table 5. Integrated Dose for Mars Low-Density
Atmosphere Model

Integrated dose, cGy,

at altitude of|

Radiation Exposure

source location 0 km 4 km 8 km 12 km

GCR at solar minimum Skin 5.7 6.1 6.5 6.8

(annual) BFO 5.5 5.9 6.2 6.5

GCR at solar maximum Skin 2.7 2.7 2.8 2.8

(annual) BFO 2.6 2.7 2.8 2.8

August 1989 
are Skin 0.3 0.9 2.6 6.8

event BFO 0.1 0.4 0.9 1.7

September 1989 
are Skin 2.1 4.7 9.1 17.2

event BFO 1.4 2.6 4.6 7.4

October 1989 
are Skin 3.2 8.2 18.9 41.6

event BFO 1.7 4.0 7.8 14.1

Table 6. Integrated Dose Equivalent for Mars
Low-Density Atmosphere Model

Integrated

dose equivalent, cGy,

at altitude of|

Radiation Exposure

source location 0 km 4 km 8 km 12 km

GCR at solar minimum Skin 13.2 15.9 18.9 22.4

(annual) BFO 11.9 13.8 15.8 18.0

GCR at solar maximum Skin 6.7 7.6 8.4 9.4

(annual) BFO 6.1 6.8 7.4 8.1

August 1989 
are Skin 0.5 1.5 4.0 10.7

event BFO 0.3 0.6 1.3 2.6

September 1989 
are Skin 3.1 6.8 13.3 25.5

event BFO 2.0 3.8 6.5 10.6

October 1989 
are Skin 4.8 12.3 28.2 63.3

event BFO 2.7 5.9 11.4 20.5
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Figure 11. GCR BFO dose equivalent for solar minimum and

maximum conditions as a function of altitude.
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Figure 12. BFO dose equivalent for August, September, and

October 1989 
ares as a function of altitude.
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Integrated dose and dose-equivalent calculations

are made for both the high-density and the low-

density atmosphere models at altitudes of 0, 4, 8,

and 12 km. Tables 3 to 6 show the results, which

include dose estimates for the GCR at solar maxi-

mum conditions and the 1989 solar proton events.

In addition, previously calculated GCR doses at solar

minimum are included (Simonsen et al. 1990a). Dose

estimates for the February 1956, November 1960, and

August 1972 solar proton events can be found in the

report by Simonsen et al. (1990a). As shown in

tables 3 to 6, the incurred GCR dose during solar

maximum conditions (5.68{6.14 cSv/yr BFO) is ap-

proximately half of the dose incurred during solar

minimum conditions (10.5{11.9 cSv/yr BFO). Com-

pared with the range of estimated 
are doses, the

GCR remains relatively constant with altitude. The

variation of BFO dose equivalent with altitude is il-

lustrated in �gures 11 and 12, which can be used

to estimate dose levels at altitudes other than those

listed in tables 3 to 6. Of the 1989 
ares, the Oc-

tober 
are delivers the greatest dose equivalent; it

ranges from 1.21- to 20.51-cSv BFO at altitudes of 0

and 12 km, respectively.

The 
are doses are estimated with the 
uence at

1 AU. In the vicinity of Mars (�1:5 AU), the 
uence
of these 
ares is expected to be less. A reasonable

estimate is that the radial dispersion of the 
are par-

ticle 
ux is inversely proportional to the square of

the distance from the Sun (Anon. 1975). However,

large variabilities in this behavior are expected pri-

marily because of inhomogeneities in the interplane-

tary magnetic �eld, anisotropic 
ux properties, and

the nature of the energy spectrum (Svestka 1976).

The reader must decide whether the estimated 
are

doses should be multiplied by 1=r2 (where for Mars,

the distance from the Sun, r, is about 1.5 AU).

Mission Dose Estimates

The values in tables 7 and 8 are used to estimate

the total dose incurred while on the surface of Mars

during a variety of proposed missions occurring at

various times during the solar cycle. The GCR

dose variation over the 11-year solar cycle can be

evaluated with the modulation function previously

described. The GCR dose-equivalent rate H
GCR

at

time t (after last solar minimum) is evaluated as

follows:

H
GCR

(t) = w (t)Hsolar min

GCR
+ [1�w (t)]Hsolar max

GCR

where w(t) is the modulation function value (�g. 3)

and Hsolar min

GCR
and Hsolar max

GCR
are the GCR doses

listed in tables 3 to 6. Figures 13 and 14 illustrate the

GCR dose-equivalent variations during the 11-year

solar cycle that were calculated with this method.

The ranges of the estimated skin and BFO doses are

shown for both the low-density and the high-density

atmosphere models at altitudes of 0 and 4 km.
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Figure 13. Annual skin dose-equivalent variation as a function

of time in solar cycle for galactic cosmic radiation.

The surface doses incurred from GCR's for dif-

ferent Mars mission scenarios have been calculated.

The references for the selected mission stay times are

compiled in papers by Striepe, Nealy, and Simonsen

(1992) and Striepe, Simonsen, and Nealy (1992).

Table 7 shows the calculated doses for short-duration

stay times on the Mars surface, and table 8 shows the

calculated doses for long-duration stay times on the

Mars surface. The GCR doses for a particular stay

time are estimated by numerically integrating the

curves of �gures 13(a) and 14(a) between the Mars

9
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Figure 14. Annual BFO dose-equivalent variation as a func-

tion of time in solar cycle for galactic cosmic radiation.

arrival and departure dates. All calculations assume

the stay is at an altitude of 0 km. (These calcula-

tions can be performed at other altitudes; however,

the GCR dose does not vary signi�cantly with al-

titude.) The calculations also assume that the crew

member's only protection is the carbon dioxide atmo-

sphere; i.e., the pressure vessel and other supporting

equipment are not included as shielding. This ap-

proximation is only slightly conservative. Previous

analyses have shown that moderate amounts of ad-

ditional shielding will not provide substantial addi-

tional protection over that already provided by the

atmosphere (Simonsen et al. 1990b).

For illustrative purposes, the surface doses of ta-

ble 7 can be compared with the LEO limits; how-

ever, the doses incurred for the entire mission must

remain below the limits. (However, the LEO limits

can di�er from future limits or acceptable risks estab-

lished by the NCRP for exploratory missions.) The

estimated GCR doses for surface stays of 30 days

do not contribute signi�cantly to the 25-cSv BFO or

to the 150-cSv skin limits; likewise, the GCR doses

for short-duration missions over 30 days do not con-

tribute signi�cantly to the yearly skin and BFO limits

of 300 cSv and 50 cSv, respectively. Similarly for the

long-duration missions lasting over a year, the GCR

doses listed in table 8 do not surpass the yearly skin

or BFO limits.

The other main contributor to dose that should be

considered is the dose from a large solar 
are event.

Tables 7 and 8 list the arrival and departure dates

in terms of years after the last solar minimum. For

missions during active solar conditions (�years 3{9),

the occurrence of a large solar proton event can be

considered. The 1989 large 
are environment can be

assumed or one of the large 
ares of August 1972,

November 1960, and February 1956 can be assumed.

(The doses for these 
ares are listed in Simonsen

et al. 1990a.) The September 29 
are occurred

approximately 48 days after the August 12 
are,

and the October 19 
are occurred approximately

20 days after the September event. While on the

surface of Mars, the 1989 
ares do not individually

contribute signi�cantly toward the 30-day BFO and

skin limits (assuming LEO limits) of 25 cSv and

150 cSv, respectively. The September and October

doses can be added together and compared with

the 30-day limit because they occur approximately

20 days apart. The sum of the September and

October BFO doses of approximately 2.2 cSv to

4.7 cSv (tables 4 and 6) also does not contribute

signi�cantly toward the 30-day limits.

Combining the doses from three 
are events with

the estimated GCR dose during a time of active so-

lar conditions can be appropriate for missions lasting

approximately 70 days or more, or as previously il-

lustrated, two events can be combined for missions

with stay times between 30 and 50 days. For ex-

ample, mission 1 of table 7 lasted 100 days and oc-

curred during year 6 of the solar cycle (solar maxi-

mum conditions). An estimated total BFO dose for

the surface stay can be on the order of 4.2 cSv to

7.1 cSv from both galactic cosmic rays and solar 
are

events. A BFO dose of 4.2 cSv is estimated from

the high-density results of 1.9 cSv from GCR's (ta-

ble 7) plus the sum of the 1989 solar 
are doses of

0.1 cSv, 1.0 cSv, and 1.2 cSv (table 4). Likewise, a

BFO dose of 7.1 is estimated from the low-density

results of 2.1 cSv from GCR's (table 7) plus the sum

of the 1989 solar 
are doses of 0.3 cSv, 2.0 cSv, and

10



Table 7. Estimated GCR Dose for Short-Duration Stays on Surface

Arrival Departure Stay Dose equivalent, cSv

Yr. after Yr. after time Skin BFO

Mission Date solar min. Date solar min. (days) High density Low density High density Low density

1 7/11/2014 6.7 10/19/2014 6.9 100 2.1 2.3 1.9 2.1

2 2/15/2008 0.3 3/26/2008 0.4 40 1.2 1.4 1.1 1.3

3 7/1/2014 6.6 9/29/2014 6.9 90 1.9 2.1 1.7 1.9

4 11/18/2020 2.1 12/18/2020 2.2 30 0.9 1.1 0.9 1.0

5 8/4/2016 8.7 9/23/2016 8.9 50 1.4 1.6 1.3 1.4

6 9/27/2011 3.9 10/27/2011 4.0 30 0.8 0.9 0.7 0.8

7 4/11/2005 8.3 5/11/2005 8.4 30 0.8 0.9 0.7 0.8

8 3/24/2018 10.4 5/23/2018 10.5 60 1.9 2.2 1.7 2.0

9 2/26/2018 10.3 4/27/2018 10.5 60 1.8 2.2 1.7 1.9

10 6/11/2024 5.7 8/10/2024 5.8 60 1.3 1.4 1.2 1.3

11 7/13/2018 10.7 9/11/2018 10.8 60 1.9 2.2 1.7 2.0

12 8/27/2014 6.8 9/26/2014 6.9 30 0.6 0.7 0.6 0.6

Table 8. Estimated GCR Dose for Long-Duration Stays on Surface

Arrival Departure Stay Dose equivalent, cSv

Yr. after Yr. after time Skin BFO

Mission Date solar min. Date solar min. (days) High density Low density High density Low density

1 3/17/2008 0.3 10/15/2009 1.9 577 17.9 20.9 16.7 18.9

2 6/10/2008 0.6 8/21/2009 1.8 437 13.6 15.9 12.6 14.3

3 4/29/2010 2.5 11/18/2011 4.0 568 15.7 18.1 14.5 16.4

4 8/13/2010 2.7 8/22/2011 3.8 374 10.3 11.9 9.6 10.8

5 6/1/2012 4.5 10/26/2013 6.0 512 11.1 12.5 10.2 11.3

6 6/4/2012 4.6 12/21/2013 6.0 565 12.2 13.7 11.3 12.5

7 7/1/2014 6.6 3/11/2016 8.3 619 13.8 15.6 12.8 14.1

8 8/29/2014 6.8 11/30/2015 8.0 458 10.0 11.3 9.3 10.3

9 8/31/2016 8.8 5/3/2018 10.5 610 17.7 20.6 16.5 18.6

10 10/1/2016 8.9 3/14/2018 10.3 529 15.3 17.8 14.3 16.1

11 10/1/2018 10.9 8/8/2020 1.8 677 21.2 24.7 19.7 22.3

12 1/7/2019 0.2 6/6/2020 1.7 516 16.0 18.7 14.9 16.9

13 12/12/2020 2.2 9/16/2022 3.9 643 18.1 21.0 16.9 19.0

14 2/19/2021 2.4 7/21/2022 3.8 517 14.6 16.9 13.5 15.3

2.7 cSv (table 6). (For conservatism, this example

does not apply the 1=r2 factor to the solar 
are

doses.) Flare doses can also be added to the GCR

doses for other missions as deemed appropriate. For

the long-duration missions, for instance, it would be

appropriate to add the 1989 
are doses (or one of the

other large 
are doses) to the GCR dose for missions

during active Sun conditions.

The doses incurred during transit to and from

Mars will most likely dominate the total mission

dose (Nealy et al. 1991). The surface dose esti-

mates presented here have been incorporated into the

MIRACAL program, which can be used to estimate

doses for an entire Mars mission, including transit to

and from Earth (Nealy, Striepe, and Simonsen 1992).

Applications of the MIRACAL code for various Mars

missions including surface stay doses are presented in

the work of Striepe, Nealy, and Simonsen (1992) and

Striepe, Simonsen, and Nealy (1992).

Concluding Remarks

The Mars surface doses presented here for the

1989 
ares and the galactic cosmic rays (GCR's)

during solar maximum conditions can be used in

conjunction with previously estimated doses to es-

timate surface doses for a variety of Mars mis-

11



sion scenarios. The surface doses are an important

consideration in planning a complete mission that re-

quires dose estimates for each phase of the mission

to determine crew-shielding requirements. Within

the context of present radiation environment models

and conventional dosimetry, long-term exposures to

astronauts while on the Martian surface largely are

shown to remain well below prescribed Space Sta-

tion Freedom exposure limits. The protection is as-

sumed to be provided solely by the atmosphere and

planetary shadowing.

The estimated GCR annual exposures to blood-

forming organs range from 6 to 12 cSv for solar max-

imum and solar minimum conditions, respectively, at

the Mars datum altitude of 0 km (sea level). At an

altitude of 12 km, these doses increase by approxi-

mately 15 percent. For the present analysis, the only

circumstances for which short-term (1-month) and

annual exposure limits are approached or exceeded

occur when large solar proton events deliver expo-

sures at high altitudes (10{12 km). In these cases,

some additional provisional shielding is required.

The calculated exposure data for galactic cos-

mic rays and solar proton events have been gener-

ated in terms of the pertinent parameters altitude,

solar cycle modulation factor, and high- and low-

density model atmospheres. The data have been

incorporated into a Mars mission dose prediction al-

gorithm that can be applied to a wide variety of sce-

narios. As has been demonstrated herein, the data

are particularly useful in providing realistic projec-

tions and associated ranges of exposures during Mars

missions that feature relatively long-duration surface

stay times.

NASA Langley Research Center

Hampton, VA 23681-0001

December 8, 1992
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