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The pros pect of manned space mis sions out side Earth’s or bit is lim ited by the travel
time and shield ing against cos mic ra di a tion. The chem i cal rock ets cur rently used in the 
space pro gram have no hope of pro pel ling a manned ve hi cle to a far away lo ca tion such
as Mars due to the enor mous mass of fuel that would be re quired. The spe cific en ergy
avail able from nu clear fuel is a fac tor of 106 higher than chem i cal fuel; it is there fore
ob vi ous that nu clear power pro duc tion in space is a must. On the other hand, re cent
considerrations to send a man to the Moon for a long stay would re quire a sta ble, se -
cured, and safe source of en ergy (there is hardly any thing be yond nu clear power that
would pro vide a use ful and re li ably safe sus tain able sup ply of en ergy). Na tional Aero -
nau tics and Space Ad min is tra tion (NASA) an tic i pates that the mass of a shield ing ma -
te rial re quired for long travel to Mars is the next ma jor de sign driver. In 2006 NASA
iden ti fied a need to as sess and eval u ate po ten tial gaps in ex ist ing knowl edge and un -
der stand ing of the level and types of ra di a tion crit i cal to as tro nauts’ health dur ing the
long travel to Mars and to start a com pre hen sive study re lated to the shield ing de sign
of a space craft find ing the con di tions for the mit i ga tion of ra di a tion com po nents con -
trib ut ing to the doses be yond ac cepted lim its. In or der to re duce the over all space craft
mass, NASA is look ing for the novel, multi-pur pose and multi-func tional ma te ri als
that will pro vide ef fec tive shield ing of the crew and elec tron ics on board.
The Lab o ra tory for Neutronics and Ge om e try Com pu ta tion in the School of Nu clear
En gi neer ing at Purdue Uni ver sity led by Prof. Tatjana Jevremovic be gan in 2004 the
an a lyt i cal eval u a tions of dif fer ent light weight ma te ri als. The pre lim i nary re sults of the 
de sign sur vey study are pre sented in this pa per.

Key words: long mis sion to space, cos mic ra di a tion, shield ing, Monte Carlo method,
ra di a tion trans port

IN TRO DUC TION

In creased un der stand ing of space ra di a tion
en vi ron ment, de vel op ment of novel ma te ri als with
better per for mance in var i ous ra di a tion fields, as
well as an ex po nen tial de vel op ment of com puter
hard ware and im prove ments in com pu ta tional

mod els al low for ad vances in de sign ing the ra di a -
tion shield ing meet ing dose lim its for hu mans and
equip ment de vices dur ing space travel. How ever,
there is no ac tual knowl edge, ev i dence or the ex per i -
men tal ver i fi ca tion of the de signs for com plex mis -
sions such as a manned mis sion to Mars, or a long
stay at the Moon. The state-of-the-art ap proach to
mis sions to space was based on de sign ing the craft
and the whole mis sion with out tak ing into ac count
the ef fect of space ra di a tion. The need for pos si ble
de sign mod i fi ca tions would of ten be in spected af ter 
the de sign of the craft has been com pleted. The de -
sign would be mod i fied to meet the needs if iden ti -
fied [1]. Pos si ble mod i fi ca tions would in clude the
im prove ment of es sen tial ra di a tion hard ness of crit -
i cal lo ca tions on board by choos ing more ef fec tive
ma te ri als, chang ing the mis sion pro file, or add ing
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more ma te ri als to im prove the shield ing against
out board ra di a tion. How ever, a manned long term
mis sion to deep space must in clude in the space craft
de sign the ra di a tion shield ing cri te ria from the very
be gin ning. Since it is im pos si ble to ex pose the true
space craft to a true cos mic ra di a tion field and test
the ma te rial per for mance in or der to con vert to the
ac cept able shield ing de sign, the anal y sis and de sign
of the space ra di a tion shield ing of the space craft
rely on the o ret i cal mod el ing and com pu ta tional
sim u la tions. It is also be com ing clearer that ma te ri -
als only will most likely not be enough to pro tect
against cos mic ra di a tion. Anal y sis point to ward
more com plex craft de signs in clud ing ra di a tion re -
pel lant de vices. One of such ap proaches is un der de -
vel op ment in the Lab o ra tory for Neutronics and
Ge om e try Com pu ta tion (NEGE) at Purdue Uni -
ver sity and is fo cused at find ing the way to en cap su -
late a space craft against ra di a tion us ing a mag netic
field gen er ated at the front end of the craft.

The pur pose of our cur rent pre lim i nary sur vey
study was to de velop an over all com pre hen sive ma te -
rial type & weight de sign area for the space craft shield -
ing as sum ing manned mis sion to deep space (be -
yond the Earth’s Moon). The ma te rial type&weight
de sign area is de fined as the range of pa ram e ters that
would sat isfy the cri te ria im posed to the space craft
de sign, al lowed ra di a tion dose lim its and space craft
weight. The Monte Carlo com puter codes such as
COG, MCNP5, and MCNPX, [2, 3] are used to de -
velop this sur vey study re lated to the im pact of space
ra di a tion en vi ron ment on the need for shield ing and
pro tec tion of the crew and elec tronic de vices on
board. The ob jec tive of this sur vey study is to avoid
ex ceed ing the al lowed lev els of ra di a tion ex po sures
and dose rates dur ing the mis sion. The sur vey study
cov ers:
(a) iden ti fy ing the pre vail ing types and sources of

pen e trat ing ra di a tion af fect ing the space craft
and mis sion to deep space (be yond the Earth’s
Moon), and se lect ing the space ra di a tion-mix
field (fluence and en ergy),

(b) cri te ria for the space shield ing de sign,
(c) anal y sis and cal cu la tion of the nec es sary

thick ness of the most ef fec tive ma te ri als to at -
ten u ate each in di vid ual type of ra di a tion in
space (us ing two-di men sional Monte Carlo
anal y sis of the shield ing per for mance of se -
lected ma te ri als) and de ter mine the mass pen -
alty; com bi na tion of the iden ti fied ma te ri als
into a thin shield ing wall and anal y sis of the
ef fect of the mixed ra di a tion field and mass
pen alty,

(d) three-di men sional mod el ing of the space craft
with oc cu pants us ing the shield ing de sign
from the two-di men sional stud ies, and

(e) anal y sis of the ra di a tion dose lim its in the
space craft and dis cus sion on a set of rec om -
men da tions needed for fu ture anal y sis and ex -
per i men tal stud ies.

PRE VAIL ING TYPES AND SOURCES OF
PEN E TRAT ING RA DI A TION
AF FECT ING THE SPACE CRAFT AND
MANNED MIS SION TO DEEP SPACE

Pri mary ra di a tion. The def i ni tion of the space
ra di a tion en vi ron ment in tro duces by far the great -
est over all un cer tainty in the ra di a tion dose pre dic -
tion for manned mis sion to deep space. The ma jor
ra di a tion sources of in ter est to deep space travel are
ga lac tic cos mic ra di a tion (GCR) and so lar en er getic 
par ti cles (SEPs). GCR co mes from the out side of
our so lar sys tem and pro vides a con tin u ous, iso tro -
pic ra di a tion source. The GCR con tains ap prox i -
mately 85% pro tons, 14% al phas [4, 5] (or 90%
pro tons, 10% alphas [5, 6]), less than 1% heavy nu -
clei, and neg li gi ble amount of elec trons and pos i -
trons. Ta ble 1 shows the GCR abun dances of nu clei
heavier than pro ton. He lium, carbon, and oxygen
dis play no tice able abun dances. El e ments that pre -
cede nickel are of ten ig nored in hu man space flight
anal y sis be cause of their low abun dances [8]. The
en er gies of GCR par ti cles vary from a few MeV per
nu cleon to 1015 MeV per nu cleon; they span over
four teen or ders of mag ni tude1. Fig ure 1 shows the
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Ta ble 1. Rel a tive GCR el e men tal abun dances
(normal ized 0-1000) for Z>1 and E>450 MeV [12]
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278
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15
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14

12

10

9.5

9

7.5

6

6

1 Flux of cos mic rays on the Earth's sur face is fall ing ap prox i -
mately jas the in verse-cube of their en ergy



dif fer en tial en ergy spec tra for H, He, O, and Fe. It
also de picts the fluc tu a tion of GCR de pend ent on
the 10-12 year so lar cy cle. Dur ing the so lar min i -
mum, an in ter plan e tary mag netic field is the weak -
est, which allows more in ter ga lac tic par ti cles to ac -
cess our so lar sys tem; there fore the GCR has its
larg est in ten sity. The re sult ing doses from the min i -
mum and max i mum so lar cy cle dif fer by a fac tor of
two. The change oc curs mainly in the en ergy range
be tween 1 and 1000 MeV. GCR also fluc tu ates
from one so lar cy cle to an other, showing dif fer ent
ranges for the peak en er gies. Cur rent mod els [9, 10,
11] can rep re sent his tory mea sure ments within
about 15% ac cu racy. Be cause of the un pre dict able
na ture of the GCR sources, usu ally an av er age en -
ergy is se lected in or der to asses the risks for manned 
mis sions in deep space.

So lar en er getic par ti cle events (SEPEs) orig i -
nate from cor oni al mass ejec tions in the sun that
hap pen un pre dict ably throughout the so lar cy cle,
usu ally around the so lar max i mum. SEPEs con tain
large fluxes of pro tons and heavy ions, the sources of 
po ten tially le thal ra di a tion dose rates in a few to sev -

eral hours. Fig ure 2 shows the in te gral en ergy spec -
tra (fluxes with the en ergy greater than a given en -
ergy, i. e. F(>E)) of av er aged event fluxes at four
such large events. The VL, L, M/M, means very
large, large, and me dium events ac cord ing to
Nymmik’s clas si fi ca tion [10]. The larg est event re -
corded in re cent his tory oc curred in Feb ru ary of
1956 when sec ond ary neu tron lev els were re corded
to have in creased by more than 4000%. Be cause of
the un pre dict able na ture of SPEs, shield ing de sign
will have to take into ac count a fore casted worst case 
sce nario in or der to suit ably pro tect the as tro nauts.

Ta ble 2 sum ma rizes the flux lev els of most im -
por tant ex ter nal pri mary ra di a tion sources found in
deep space of in ter est to shield ing sur vey study pre -
sented in this pa per. It can be ob served that the deep
space ra di a tion is mainly com posed of pro tons. The
en ergy of pro tons var ies from 1 keV to sev eral of
GeV. The low en ergy pro tons from the so lar wind are 
neg li gi ble, and the en ergy of pro tons from the GCR
(as shown in fig. 1) mainly ex tends from 10 MeV to
hun dreds of GeV. On the other side, the amount of
alphas pres ent in space can not be omit ted, be cause
they can in ter act with craft ma te ri als and pro duce a
no tice able num ber of sec ond ary ra di a tion. Sim i larly,
very high en ergy al pha par ti cles are omit ted due to
their very small level of fluxes. The spec tra of alphas
can also be seen in fig. 1. Though heavy par ti cles are
im por tant as pri mary ra di a tion as well as sources of
sec ond ary ra di a tion, they are not in cluded in this sur -
vey study due to their small flux lev els and the lim i ta -
tion of avail able nu meric sim u la tion tools and lack
the cross-sec tion data.

Ta ble 2. Ex ter nal pri mary radiation
sources [5, 8, 10]

Radiation
source

Type of
radiation

Energy Flux [cm–2 s–1]

Solar wind
Protons
(~95%)

~1 keV 2×108 at 1 AU*

Galactic
cosmic rays

Protons
(~90%)
Alpha

(~10%)

10 MeV-
1010 GeV

2

Solar
energetic

particle events

Vary
between
events

Vary between
events

Accurate prediction
can not be made

* Astronomical unit

Sec ond ary ra di a tion. The high en ergy pri mary
ra di a tion source is ex pected to be a source of rel a -
tively large amount of sec ond ary ra di a tion pro -
duced by pri mary ra di a tion in ter ac tions with the
craft and shield ing ma te ri als. Neu trons are the most
im por tant com po nent of the sec ond ary ra di a tion
for space voy age be cause of their high pen et ra bility.
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Fig ure 1. Dif fer en tial en ergy spec tra of GCR at so lar
min i mum and max i mum [10]

Fig ure 2. In te gral en ergy spec tra [10]



Though free neu trons do not ex ist in the pri mary ra -
di a tion due to their short life times, a no tice able
amount of neu trons is gen er ated through var i ous
in ter ac tions of the pri mary par ti cles in shield ing
ma te ri als. These in ter ac tions span the full range of
ions (pro tons, he lium, and high Z el e ments – HZE) 
and en er gies (100 MeV per nu cleon or higher). As
an ex am ple, fig. 3 shows the cal cu lated flux be fore
and af ter 20 g/cm2 of alu mi num shield ing [12]. It il -
lus trates that though there is no neu tron in the pri -
mary source, a large amount of neu trons are gen er -
ated (note that the neu tron flux is di vided by 10).
Al though the rel a tive amounts of he lium and other
HZE are low, their yields of sec ond ary neu trons are
high. One ex am ple shows that be hind 50 g/cm2 of
wa ter, about 15% of neu trons come from the he -
lium in ter ac tions, and an other 16% from the HZE
in ter ac tions. There fore, the main sources of space
ra di a tion as in di cated in tab. 2 that are of con cern
for the space craft shield ing de sign are:
· pro tons and elec trons trapped in the Van Allen

belts (not an a lyzed in this study),
· heavy ions trapped in the mag neto sphere,
· cos mic ray pro tons and heavy ions (in clud ing

alphas),
· pro tons and heavy ions from so lar flares, and
· sec ond ary ra di a tion pro duced in space craft

(neu trons, pro tons, elec trons, X and g rays).

Space ra di a tion de sign cri te ria

Shield ing ma te ri als. Space travel in the past
was lim ited to low Earth or bits (LEO) and
geosynchronous Earth or bits (GEO) hold ing down 
the knowl edge of nec es sary shield ing for space mis -
sions. Both or bits, LEO and GEO, are within the

Earth’s mag neto sphere and there fore, are pro tected
from a ma jor ity of GCRs. How ever, for a long
manned mis sion to space the shield ing cri te ria must
be al tered to pro tect the as tro nauts in a much
harsher en vi ron ment. For ex tended space flight and
for in ter plan e tary mis sions, there is an in creas ing
im por tance on the type of shield ing used and its
abil ity to at ten u ate pri mary and pre vent the for ma -
tion of sec ond ary ra di a tion; some ma te ri als block a
large amount of GCRs but the sec ond ary par ti cles
they pro duce coun ter act this ef fect and are more
harm ful to the in ter nal en vi ron ment. For ex am ple,
elec trons pro duce pen e trat ing X-ra di a tion, or
brems strah lung, as they scat ter and slow on atomic
nu clei. Cas cades of sec ond ary par ti cles, sim i lar to
those pro duced in the at mo sphere, are also pro -
duced in space craft and can be come very sig nif i cant
for heavy struc tures. There fore, it is not pos si ble to
use just one ma te rial to ef fec tively shield as tro nauts
from ra di a tion in space; the shield ing is thus ex -
pected to be com plex in volv ing a com bi na tion of
dif fer ent ma te ri als.

The pen e trat ing en er getic ra di a tion in space
gen er ally has the ad verse ef fect on the space craft
ma te ri als, com po nents, and oc cu pants. The un fa -
vor able ef fects re fer to the changes in prop er ties of
the ma te ri als or com po nents that im pair their func -
tion al ity, or phys i o log i cal ef fects on oc cu pants of
the craft that would com pro mise their well-be ing or 
af fect their func tion ing. With out pro vid ing sat is fac -
tory shield ing of the craft, the space ra di a tion may
af fect the whole mis sion re sult ing in its fail ure or
per ma nent in jury of the craft, its oc cu pants or el e -
ments vi tal for safe and se cured travel.

Light weight shield ing ma te ri als. Sev eral dif fer -
ent ma te ri als are con sid ered to re place or aid alu mi -
num in shield ing ca pa bil i ties such as: liq uid hy dro -
gen, liq uid meth ane, me tal lic hy drides (such as
LiH0.98, YH1.8, ZrH1.33, TiH1.7), poly eth yl ene
(PE) and wa ter. In the past, struc tural and elec -
tronic com po nents of the space craft were uti lized in
or der to pro vide ad di tional shield ing. The ma te ri als
that are best as shield ing even for HZE par ti cles are
those with low atomic mass and high amount of hy -
dro gen. The poly mers high in hy dro gen con tent are 
more ef fi cient than alu mi num. Also us ing food, wa -
ter and nec es sary com po nents for the space craft
would pro vide an ad di tional shield ing. The PE is
ideal be cause of its light weight and its rich ness in
hy dro gen [4].

Radiobiological ef fects. One of the lim it ing fac -
tors for deep space travel is the ex po sure to pos si bly
high lev els of ra di a tion and the bi o log i cal ef fects on
the as tro nauts. Some as sump tions can and have been
made and dose es ti mates can be cal cu lated based on
ex per i men tal data and data re ceived from NASA
deep space probes and Mars rover mis sions. For
long-du ra tion in ter plan e tary mis sions, most of the

 50 Nu clear Tech nol ogy & Ra di a tion Pro tec tion – 2/2006

Fig ure 3. Cal cu la tions of el e men tal fluxes at 0 and
20 g/cm2 of alu mi num [13]



ra di a tion dose will arise from cos mic rays, so lar par ti -
cle ions and sec ond ary par ti cles. Ra di a tion par ti cles
which are harm ful to hu mans fall mostly in the en -
ergy range from 15 to 500 MeV be cause they pos sess 
enough en ergy to dam age the DNA. Par ti cles with
en er gies above 500 MeV per nu cleon pass through
the hu man body so quickly that there is not enough
time to trans fer the en ergy to the tis sue, [5]. Ex -
tended du ra tion mis sions to Mars will pose an el e -
vated risk of ra di a tion ex po sure due to the com plex
na ture of cos mic ra di a tion. Ra di a tion pro tec tion is
the lim it ing fac tor to the dura tion of manned mis -
sions. No lim its have yet been set for deep space mis -
sions; the dose limit for the In ter na tional Space Sta -
tion (ISS) are set at 200 mSv per year. Novel and
sen si ble shield ing must be there fore con structed to
safely shield hu mans from the com plex cos mic ra di a -
tion field. Be cause the ra di a tion field in deep space
con tains al most all types of ra di a tion, the com po si -
tion of dif fer ent ma te ri als may al low for an ef fec tive
so lu tion for the shield ing dur ing deep space mis -
sions. Even tu ally the shield will have to pass re views
of cost, weight and pro duc tion fea si bil ity.

Most ef fec tive ma te ri als to at ten u ate each
in di vid ual type of ra di a tion in space

Space ra di a tion shield ing is fo cused at the de -
sign, fab ri ca tion, test ing, and in ser tion of multi-func -
tional ma te ri als that can serve as struc tural ma te ri als of 
space ve hi cles and hab i tats while pro vid ing nec es sary
ra di a tion shield ing for the crew and sys tems. The de -
sign of ra di a tion shields used to at ten u ate ra di a tion
from any ra dio ac tive source de pends upon the lo ca -
tion, in ten sity, en ergy dis tri bu tion of the sources, and
per mis si ble ra di a tion lev els at po si tions away from
these sources. Dif fer ent ma te ri als ex hibit dif fer ent
abil i ties to shield against dif fer ent ra di a tion types.

This sec tion sum ma rizes the com pu ta tional
sur vey study de vel oped to eval u ate the var i ous ma te -
ri als that would pro vide best at ten u a tion with the
small est mass pen alty to the over all weight of the
space craft. The study in cludes a brief the o ret i cal
anal y sis pro ceeded with the de sign area ob tained
from two-di men sional com pu ta tional anal y sis based
on COG, MCNP5 and/or MCNPX Monte Carlo
codes [2, 3]. The com pu ta tional model con sists of an
in fi nite slab ex posed to a pla nar monoenergetic
source of in di vid ual ra di a tion types (fig. 4). In or der
to ob tain the equiv a lent dose, the qual ity fac tors of 1, 
1, 10, 10, and 20 were used for pho tons, elec trons,
neu trons (con ser va tive value), pro tons and alphas,
re spec tively [6]. In ad di tion, the weight of some of
the shield ing ma te ri als is es ti mated as sum ing the size
of the space craft room to be 5 ´ 5 ´ 3 m (ac cord ing
to the dis cus sions hav ing taken place with NASA
rep re sen ta tive in April 2006).

High energy pro tons

The o ret i cal con sid er ation. The most ef fec tive
ma te ri als to shield against pro tons are listed in tab.
3. Tak ing the den sity into con sid er ation, only poly -
eth yl ene (PE), alu mi num, iron, and hy dro gen are
po ten tial can di dates for the shield ing de sign. The
other ma te ri als of in ter est (to at ten u ate high en ergy
al pha, HZE or neu trons) are var i ous types of PE
(PE with bo ron or lith ium), and nano-car bon fi -
bers.

        Ta ble 3. Ma te ri als ef fec tive to shield
        against the en er getic pro tons

Material Z
Density

[gcm–2]

Lead

Graphite

Iron

Tin

Tungsten

Polyethylene

Hydrogen

Aluminum

Paraffin wax

Mylar

82

12

26

50

74

–

1

13

–

–

11.37

1.70

7.90

7.30

19.35

0.95

0.07

2.71

0.93

1.40

Fig ure 5 shows a lin ear pro ton range for var i -
ous ma te ri als as a func tion of in com ing pro ton en -
ergy. It can be seen that lead, poly eth yl ene and iron
all dem on strate sim i lar shield ing ef fi ciency at en er -
gies be tween 100 and 200 MeV. The short est dis -
tances that the pro ton can travel are ob served to take 
place in lead and iron, with ranges of 1 to 40 cm. PE
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Source

Shielding Detector

Fig ure 4. Two-di men sional com pu ta tional
shield ing model1 (COG, MCNP5, MCNPX
codes)

1 The shield is placed 8 cm away from the pla nar source and j
jjjde tec tor is placed af ter the shield ing ma te rial



is the next most ef fec tive shield ing ma te rial, with
pro ton ranges from 5 cm up to 100 cm in the an a -
lyzed en ergy re gion. The den sity ef fec tive ness is de -
picted in fig. 6. Not only do iron and lead prove to
be the least ef fi cient at shield ing with con cern to
weight, but higher Z ma te ri als can also in crease the
dose be cause of the sec ond ary ra di a tion.

Fig ure 7 shows the de sign area for the space -
craft room shield ing against pro tons, i. e. the shield -
ing weight based on the range in di cated in fig. 6 as a
func tion of en ergy. It can be seen that PE dem on -
strates the an tic i pated per for mance, main tain ing a

small weight while ef fec tively stop ping the protons
of ex pected en er gies.

Nu mer i cal anal y sis. For the pro ton en ergy of
100 MeV and the ge om e try shown in fig. 4, the pro -
ton at ten u a tion in clud ing for ma tion of sec ond ary
ra di a tion is an a lyzed for var i ous types of PE (den si -
ties are shown in tab. 11), alu mi num and nano-car -
bon fi bers (CnM), fig. 8 and tab. 4. The pro duc tion
of sec ond ary ra di a tion var ies with the atomic den -
sity of the shield ing ma te rial. If hy dro gen (H) is
used to shield against pro tons, no sec ond ary ra di a -
tion is pro duced, while with in creased Z more sec -
ond ary ra di a tion is cre ated. A ma te rial with high H
con tent is ideal for shield ing against pro tons, which
would re duce the for ma tion of sec ond ary ra di a tion.
PE is a vi a ble op tion for shield ing be cause of its high 
H con tent and low weight. PE loaded with an other
el e ment (like bo ron or lith ium) would en hance per -
for mances be cause of im proved struc tural in teg rity
and shield ing against other ra di a tion types (neu -
trons for ex am ple).
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Fig ure 5. Lin ear CSDA range1 of pro tons vs. en ergy
for PE, H, Pb, Al, and Fe [19]

Fig ure 6. Den sity range of pro tons vs. en ergy for PE,
H, Pb, Al, and Fe [19]

Fig ure 7. Weight of shield ing for a room of
5 ́  5 ́  3 m  and a thick ness of CSDA range as func tion 
of par ti cle en ergy and ma te rial type [19]

1 CSDA range: a very close ap prox i ma tion to the av er age path
length trav eled by a charged par ti cle as it slows down to rest,
cal cu lated in the con tin u ous-slow ing-down ap prox i ma tion. In
this ap prox i ma tion, the rate of en ergy loss at ev ery point along
the track is as sumed to be equal to the same as the to tal stop ping 
power. En ergy-loss fluc tu a tions are ne glected. The CSDA
range is ob tained by in te grat ing the re cip ro cal of the to tal stop -
ping power with re spect to en ergy. It is higher than the Pro -
jected range in the an a lyzed cases.
Pro jected range: av er age value of the depth to which a charged
par ti cle will pen e trate in the course of slow ing down to rest.
This depth is mea sured along the ini tial di rec tion of the par ti cle

Fig ure  8.  MCNPX dose rates from 100 MeV pro ton 
source with out shield ing, 3.7 cm of Al, 10.55 cm 5%
bo ron loaded PE, 8.33 cm 30% bo ron PE, and
10.55 cm CnM



The to tal dose rate from 100 MeV pro tons
with out shield ing is ob tained to be 0.0932 Sv per
year. The dose rate from pro tons is 0.996 of the
over all dose with out shield ing; the alu mi num gives
a 0.07 re duc tion from the pro ton dose with out
shield ing. Ta ble 4 shows the dose rate ra tios for the
an a lyzed ma te ri als in di cat ing that the best shield ing
ma te ri als are: 30% bo ron loaded poly eth yl ene, fol -
lowed by the nano-car bon fi bers, 5% bo ron loaded
poly eth yl ene, and alu mi num.

High energy al pha par ti cles

The o ret i cal con sid er ation. Al pha par ti cles
from the cos mic ra di a tion are in the en ergy range
from 5 MeVper nu cleon to over GeV per nu cleon.
How ever, the ex pected flux of high en ergy alphas
from space is much smaller than that of high en ergy
pro tons. In sur vey stud ies, there fore, the ef fect from 
alphas as pri mary sources may be ne glected and the
pro tons from cos mic ra di a tion could be con sid ered
as the only source. In ad di tion, greater thick nesses
are nec es sary to shield high en ergy pro tons (be cause 
they are lighter than alphas); the ex pected den sity
thick ness is around 20 g/cm2. How ever, alphas are
con sid ered in this anal y sis in or der to ver ify that
they can also be shielded by the same shield ing ma -
te ri als used for pro tons.

The PE is con sid ered to be the best “stan dard”
shield ing ma te rial not only be cause of its ef fi ciency

to stop var i ous types of ra di a tion but also from the
point of man u fac tur ing and du ra bil ity. Fur ther
stud ies on space craft shield ing also dem on strate
that higher Z ma te ri als are worse not only be cause
they have a lower shield ing ef fi ciency but also be -
cause they in crease the dose rates due to the pro duc -
tion of sec ond ary ra di a tion. On the other hand, Ad -
ams et al., from NASA, pro pose some “novel”
ma te ri als. These ma te ri als are: car bon nano-ma te ri -
als (CnM), lith ium hy dride (LiH), hy dro -
gen-charged pal la dium/sil ver al loys (Pd/Ag/H or
PAH), and bo rated poly eth yl ene (BPE) [2]. The
car bon nano-ma te ri als con tain H up to 20 wt%.
LiH is com pet i tive with PE in shield ing against the
cos mic rays due to sim i lar H con tent. The PAH ma -
te ri als have higher vol u met ric H den sity; they may
have dual-use ap pli ca tions. The BPE ma te rial adds
to PE prop er ties a larger neu tron cap ture ca pa bil ity.
The prop er ties of these ma te ri als re lated to hy dro -
gen con tent are listed in tab. 5. H and wa ter are also
in cluded for com par i son.

Fig ures 9 and 10 show the lin ear and den sity
CSDA ranges for dif fer ent ma te ri als as a func tion of
al pha par ti cle en er gies. In ad di tion, pure H and C
are con sid ered as well, since they are main con stit u -
ent el e ments of the an a lyzed shield ing ma te ri als.
From fig. 9 it can be seen that thick nesses for stop -
ping alphas of more than 1 GeV must be larger than
10 cm. How ever, in the en ergy range of in ter est, the
shield ing thick ness is in the range of just a few cen ti -
me ters. The den sity range shown in fig. 10 for var i -
ous shield ing can di date ma te ri als is com pared with
the thick ness of 20 g/cm2 that cor re sponds to the
thick ness used at the In ter na tional Space Sta tion. It
is ac cepted that this thick ness will pro duce no sig -
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Ta ble 4. With-to-with out shield ing dose ra tio: 100 MeV pro ton en ergy; in ten sity .4 pro tons/s-cm2-sr-MeV per
nu cleon; dose with out shield ing 0.0932 Sv per year1

Material Thickness [cm] Neutron Photon Electron Proton Alpha Total

Aluminum

Polyethylene

5% boron loaded PE

30% boron loaded PE

CnM

Without any shielding

3.7

10.55

10.55

8.33

10.55

–

5.06E+00

1.31E+00

1.67E+00

6.37E–01

9.79E–01

6.77E–05

7.55E+00

1.02E+00

1.04E+00

4.00E–01

8.74E–01

5.22E–05

1.58E+01

1.74E+00

1.73E+00

7.74E–01

1.68E+00

2.53E–05

7.71E–02

4.16E–04

4.82E–04

3.45E–04

3.32E–04

9.96E–01

2.34E–02

9.78E–03

9.64E–03

6.08E–03

6.01E–03

3.67E–03

4.02E+01

1.14E+02

1.14E+02

9.03E+01

1.14E+02

1.00E+00

1 The thick ness of the ma te rial an a lyzed cor re sponds to the
jjjjdensity range at 100 MeV that would stop all in com ing pro tons

Table 5. Volume and mass density of hydrogen in various shielding materials [19]

Material H (liquid) LiH PE Water PAH CnM

Density [gcm–3] ~0.07 0.78 0.92 1.0 ~10 *

wt.% H 100 12.7 14.3 11.2 1-4 >20

Atom % H 100 50 67 67 >30 <30

H density
[1022cm–3]

5.3 5.9 7.9 6.7 20 *

* No avail able data



nif i cant sec ond ary ra di a tion for pro tons, the high est 
contributor to cos mic rays. Be cause of the pro duc -
tion of sec ond ary ra di a tion, thick nesses greater than 
this are not sug gested (shield ing ef fi ciency is main -
tained al most con stant while weight is in creased).
Among the an a lyzed shield ing ma te ri als, alu mi num 
gives the high est shield ing weight for the same
shield ing ef fi ciency. For alphas of 200 MeV the
CSDA range in Al ma te rial is 3 g/cm2. This range is

ex pected to be greater than for other ma te ri als.
There fore, the thick ness with the value of this range
is se lected to com pare other ma te ri als.

Fig ure 11 shows that shield ing weights for a
space craft room of 5 ́  5 ́  3 m and en er gies of the al -
pha par ti cles above GeV are around doz ens of tons
which is not ac cept able (since the whole space craft
weight would be ex pected to be around that value).
On the other hand, for en er gies in the range of in ter -
est (up to 200 MeV), the weights are be low the
tons, giv ing more prom is ing se lec tions.

Nu mer i cal anal y sis. For the en er gies of al pha
par ti cles in the or der of 200 MeV, the shield ing
thick ness must not be smaller than 3 g/cm2. The
ma te ri als con sid ered in nu mer i cal study are PE,
BPE, CnM, LiH, and Pd/Ag/H. The nu mer i cal
model is shown in fig. 4. The case with out the
shield ing as sumes only de tec tor. The re sult ing to tal
dose in that case is 9 mSv per year, rep re sent ing
4.5% of the 200 mSv per year limit. Ta ble 6 shows
the with-to-with out shield ing dose ra tios for var i -
ous shield ing ma te ri als. It can be seen that all shield -
ing ma te ri als but PAH give a sig nif i cant re duc tion
in dose rate. How ever, none of the novel ma te ri als
im proved the ef fi ciency of PE. CnM shows a slight
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Fig ure 9. Lin ear CSDA range of a-par ti cles vs. en ergy
for H, wa ter, C, PE, and Al

Fig ure 10. Den sity range of a-par ti cles vs. en ergy for
H, wa ter, C, PE, and Al

Fig ure 11. Weight of shield ing ma te ri als for a room of 
5 ́  5 ́  3 m and a thick ness of CSDA range as a func -
tion of al pha par ti cle en ergy

Ta ble 6. With-to-with out shield ing dose ra tio: 200 MeV al pha en ergy; in ten sity 4×10–5 alphas/s-cm2-sr-MeV per
nu cleon; 9 mSv per year dose with out shielding

Material Neutron Photon Electron Proton Alpha Total

LiH 2.E+00 8.E–02 1.E–01 4.E–01 2.93.E–05 1.48.E–03

BPE 1.E+00 4.E–01 8.E–01 3.E–01 2.40.E–05 1.22.E–03

CnM 1.E+00 4.E–01 7.E–01 3.E–01 1.60.E–05 1.02.E–03

PAH 3.E+00 3.E+00 5.E+00 9.E–01 1.26.E+00 1.26.E+00

PE 1.E+00 4.E–01 8.E–01 3.E–01 1.87.E–05 1.14.E–03

Al 2E+00 2E+00 4E+00 4E–01 7.52.E–03 8.94.E–03

Without any
shielding 1.E–05 8.E–07 4.E–07 3.E–03 9.96.E–01 1.00.E+00



and non sig nif i cant im prove ment and only un der
the as sump tions that it con tains 20 wt.% H with the 
den sity sim i lar to PE.

In or der to ver ify the shield ing per for mances of 
the above ma te ri als for dif fer ent en er gies of al pha
par ti cles, 20 MeV and 2 GeV are se lected. For 2 GeV 
alphas, in ten sity is that of GCR max i mum (con ser -
va tive ap proach: 4×10–5 alphas/s-cm2-sr-MeV per
nu cleon). In these cases the to tal dose with out shield -
ing reaches 0.3 mSv per year and 650 mSv per year,
re spec tively. There fore, a re duc tion to less than a
30% is re quired to stay un der 200 mSv per year  limit 
for higher al pha en er gies. For 20 MeV no change is
re quired. Ta bles 7 and 8  show the com par i son of ef -
fi ciency of dif fer ent ma te ri als for 20 MeV and 2 GeV
al pha par ti cles. For 2 GeV al pha par ti cles, the min i -
mum re quired re duc tion is not achieved. Since the
used in ten sity for this en ergy is equal to that of the
whole GCR flux, it is ex pected to have much smaller
dose than  ob tained. For  alphas of 20 MeV, it can be
ob served that the BPE pres ents some im prove ment
in re spect to PE. In all cases, it can be un der stood that 
Al  is fairly the least  ef fi cient. Thus  the  thick ness  of 
3 g/cm2 seems ac cept able for ma te ri als such as PE,
CnM, BPE (3 cm) and LiH (4 cm). With this value,
the weight of a room with the di men sions
abovementioned would reach nearly 2 tons. How -
ever, a 20 g/cm2 thick shield ing is an a lyzed to take

into ac count shield ing against pro tons which pen e -
trate lon ger dis tances than alphas of same en er gies.
The fol low ing multi-slab ge om e try was tested: fac -
ing the source, a layer of 5 cm Al (sim u lat ing the
space craft wall) cor re spond ing to 13.5 g/cm2 fol -
lowed by 6.85 cm PE that cor re sponds to 6.5 g/cm2
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Ta ble 7. With-to-with out shield ing dose ra tio; 20 MeV al pha
en ergy; in ten sity 4×10-5 alphas/s-cm2-sr-MeV per nucleon; 0.3 mSv per year dose with out shield ing

Material Neutron Photon Electron Proton Alpha Total

LiH 5.E–01 2.E–02 0.E+00 2.E–03 0.00.E+00 1.70.E–07

BPE 2.E–01 2.E–01 0.E+00 0.E+00 0.00.E+00 8.45.E–09

CnM 5.E–02 1.E–01 1.E–01 0.E+00 0.00.E+00 3.70.E–09

PAH 4.E–01 2.E–01 2.E–01 4.E–04 0.00.E+00 4.09.E–08

PE 2.E–01 2.E–01 3.E–02 0.E+00 0.00.E+00 8.89.E–09

Al 9.E–01 8.E–01 6.E+01 2.E–03 0.00.E+00 1.50.E–07

Without any
shielding 3.E–08 6.E–09 1.E–08 6.E–05 1.00.E+00 1.00.E+00

Ta ble 8. With-to-with out shield ing dose ra tio; 2 GeV al pha en ergy; in ten sity 4×10-5 alphas/s-cm2-sr-MeV per
nucleon; 650 mSv per year dose with out shield ing

Material Neutron Photon Electron Proton Alpha Total

LiH 4.E+00 2.E+00 2.E+00 3.E+00 9.08.E–01 9.29.E–07

BPE 4.E+00 2.E+00 2.E+00 3.E+00 9.11.E–01 9.32.E–01

CnM 4.E+00 2.E+00 2.E–00 3.E+00 9.04.E–01 9.25.E–01

PAH 6.E+00 8.E+00 2.E–01 3.E+00 9.61.E–01 9.80.E–01

PE 4.E+00 2.E+00 2.E–00 3.E+00 9.08.E–01 9.29.E–01

Al 5.E+00 6.E+00 1.E+01 3.E+00 9.42.E–01 9.64.E–01

Without any
shielding 8.E–05 9.E–07 5.E–08 1.E–02 9.89.E–01 1.00.E+00

Fig ure 12. MCNPX dose rate from al pha (in ten sity
50 MeV per nu cleon – 4×10–5 alphas/s-cm2-sr-MeV
per nu cleon with out shield ing (D0), with 5 cm of Al
plus 6.85 cm PE (D-Al5-PE7), and a GCR-like al pha
source (in ten sity 500 MeV per nu cleon – 4×10–5

alphas/s-cm2-sr-MeV per nu cleon) with 5 cm Al and
6.85 cm PE shield ing (D Al5-PE7-GCR)



is added. Fig ure 12 shows the dose rate dis tri bu tion
in the shield. It can be seen that with out the shield ing 
the to tal dose is mainly due to alphas and it is not
larger than the limit. The Al layer dras ti cally re duces
al pha dose but makes sec ond ary ra di a tion. The ad di -
tion of PE layer re duces sec ond ary ra di a tion. There -
fore, the to tal dose at the in ner side of PE layer is be -
low the 200 mS per year limit.

High and low energy photons

The o ret i cal con sid er ation. Al though high en -
ergy pho tons pres ent en er getic and pen e trat ing
source of ra di a tion, their abun dances in space ra di a -
tion field are low and there fore they are not con sid -
ered as pri mary ra di a tion. How ever, pho tons are
pro duced as sec ond ary ra di a tion and this sec tion
there fore re views the best se lec tion of light ma te ri -
als for shield ing against high and low en ergy pho -
tons. Pho ton in ter ac tions with ma te ri als take place
through the pho to elec tric ef fect, Compton scat ter -
ing, and pair pro duc tion. The pho to elec tric ef fect is
the dom i nant form of en ergy trans fer at low pho ton
en er gies and low Z ma te ri als. Pair pro duc tion is
con sid ered to be a main form of en ergy de po si tion
at as sumed av er age en ergy of 1 GeV im por tant for
space shield ing de sign. High en ergy pho tons
(gamma rays) are best shielded by higher Z ma te ri -
als such as lead; how ever, due to their high den sity,
high Z ma te ri als such as lead re main an un ac cept -
able choice for shield ing of the space craft.

As an il lus tra tion we pres ent the anal y sis of
the 1 MeV pho ton in ter ac tions with var i ous ma te -
ri als. The mass at ten u a tion co ef fi cients mm, for 1
MeV gamma rays are very sim i lar for wa ter, PE,
Pb, Al, B, and Li and are higher for H (tab. 9).
Mass at ten u a tion co ef fi cients al low an a lyz ing the
im pact of ma te rial den sity,  r, in re gards to the
gamma ray at ten u a tion. This is shown by the in -
ten sity re la tion ship:

I

I
l lx

0

= -e m

or

I

I
m x

0

= -e em r

where I/I0 rep re sents the ra tio of in ten sity with and
with out the shield ing (pen e tra tion co ef fi cient), ml is
the (lin ear) thick ness of the shield ing ma te rial, and
xl is the lin ear at ten u a tion co ef fi cient. An other in ter -
est ing ex pres sion to con sider is:

I

I

xl

0

= -( )e mm r

which im plies that for equal mm xl , pen e tra tion is a
neg a tive ex po nen tial func tion of ma te rial den sity.
Fig ure 13 shows an I/I0 trend against xl and it can be
seen that dif fer ences in pen e tra tion for the same
thick nesses are very sig nif i cant for dif fer ent den sity
ma te ri als. This ef fect can also be ob served in lin ear
at ten u a tion co ef fi cients, shown in tab. 9. The im -
pact can be fol lowed by com par ing the co ef fi cients
nor mal ized to lead. While the ra tios for mm are near
100%, ex cept for the hy dro gen with a greater ra tio,
the ra tios for mm  are all un der 24%, with the ex cep -
tion for the Pb.

Fi nally, it can be con cluded that the pen e tra -
tion de creases ex po nen tially as ma te rial den sity in -
creases. This means that the higher den sity ma te ri -
als are better for shield ing (by com par i son of sim i lar 
mm). This be hav ior also im plies that when mmxl <1
dif fer ences in  r have a greater im pact on I/I0; in -
versely, when mmxl >> 1, changes in den sity do not
have so much in flu ence in pen e tra tion or at ten u a -
tion, 1 – I/I0. Al though “the thicker shield ing, the
better” is a true state ment, its va lid ity de pends on
other con di tions and cri te ria. In de sign ing the space 
shut tle shield ing, for in stance, there are two prob -
lems aris ing with the in creas ing thick ness of the
shield ing: size and weight. These two fac tors are
im por tant for de ter min ing the ma te rial as well as its
shield ing ca pa bil ity. By op ti miz ing the size and
weight and the ma te rial ef fi ciency, an ef fec tive
shield can be found. In re spect to size, it is nec es sary
to se lect the de sired pen e tra tion ra tio while main -
tain ing a rea son able thick ness of a shield, i. e. se lect -
ing the ma te rial with the small est lin ear mean free
path: ml = 1/ml. The same prin ci ple ap plies for the
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Ta ble 9. At ten u a tion co ef fi cients and den si ties for H, wa ter, PE, Pb, Al, B, and Li, and their ra tios to Pb

H Water PE Pb Al B Li

mm [cm2g–1] 0.13 0.07 0.07 0.07 0.06 0.06 0.06

mm/mmPb 178% 100% 102% 100% 87 83% 77%

ml [cm–1] 1.06E–05 7.07E–2 6.82E–2 8.05E–01 1.66E–01 1.40E–01 2.94E–02

ml/mlPb 0% 9% 8% 100% 21% 17% 4%

r [gcm–3] 0.0000837 1 0.94 11.34 2.7 2.37 0.534

r/rPb 0% 9% 8% 100% 24% 21% 5%



weight cri te rion; how ever, the vari able is now the
unit mass, not shield ing thick ness; the ma te rial with 
the small est den sity mean free path, mm = 1/mm will
prove to be the most ef fi cient one.

Fig ures 14 and 15  show re spec tively the trends
of the lin ear and den sity mean free paths as a func tion 

of pho ton en ergy for H, wa ter, PE, Al, B, Li, Pb, and
Re. The Pb and Re are both in cluded as con trol ma -
te ri als con sid er ing their high ca pa bil i ties to stop neu -
trons and gamma rays. The lin ear mean free paths for 
these ma te ri als show a gen eral be hav ior: they are
higher for lower Z ma te ri als. Re is the ex cep tion and
its high den sity, 21 g/cm3, is one of the main rea sons.
All ml in creases with en ergy in the range an a lyzed;
those of Pb, and Re reach a max i mum at 3 MeV.
Clearly, this trends show that the ma te rial which re -
quires a small est thick ness is Re while H is the one
that re quires the thick est shield ing. The max i mum
ra tio be tween ml of dif fer ent ma te ri als is around 109.
The den sity mean free path curves show that Pb is the 
ma te rial that re quires less mass for the same shield ing 
ef fi ciency in the gamma ray en ergy range of in ter est.
How ever, around 1 MeV, the most mass-ef fec tive
ma te rial is H, while it is the least ef fec tive un der 0.01
MeV. At this en ergy all den sity mean free paths are in
the or der of a semi-or der of mag ni tude of dif fer ence.
The max i mum ra tio be tween mm of dif fer ent ma te ri -
als is around 104. Re and Pb be have very sim i larly. In
con clu sion, the ma te ri als se lected for mak ing the
small est and light est shield ing are Re or Pb. For en er -
gies around 1 MeV, H is se lected un der the weight
cri te rion.

Nu mer i cal anal y sis. The de sired shield thick -
ness is es ti mated us ing the model shown in fig. 4
and adopt ing the de sign cri te ria for shield ing
against gamma of the in com ing gamma ray in ten -
sity re duc tion to 10%. The re sults are shown in tab.
10 and can be com pared vi su ally in fig. 161. It can be 
eas ily ob served that sev eral ma te ri als are good
gamma ab sorb ers re quir ing small thick ness and
there fore small weight. These ma te ri als are alu mi -
num, sil i con, cop per, sil ver, ce sium, gad o lin ium,
haf nium, rhe nium, os mium, lead, and hy dro gen.
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Fig ure 13. Pen e tra tion of 1 MeV pho tons vs. lin ear
thick ness for Al, Pb,H, wa ter, PE, B, and Li

Fig ure 14. Lin ear mean free path of pho tons vs.
en ergy for Al, B, H, Li, Pb, PE, wa ter, and Re

Fig ure 15. Den sity mean free path of pho tons vs.
en ergy for Al, B, H, Li, Pb, PE, wa ter, and Re

1 Sur face mass den sity is de fined as the thick ness of the 
jjjma te rial mul ti plied by its den sity

Fig ure 16. Com par i son of how much surface mass is
needed to de crease the ini tial in ten sity of 1 GeV
gamma rays to 10%



How ever, sev eral of these ma te ri als can not be con -
sid ered for mis sions to deep space due to avail abil -
ity, cost, and the thick ness they re quire, and those
are Os, Re, Ag, Hf, and H. For ex am ple, an H shield 
thick ness of ap prox i mately 237 me ters is needed,
which in deed is not fea si ble for a space craft. The
lin ear thick ness of the se lected ma te ri als for shield -
ing gamma rays needed to re duce the in com ing
gamma rays of 1 GeV is com pared in fig. 17. As it
can be seen, a very small amount of Pb, Gd, and
even Cu can be used against gamma rays. How ever,
the most im por tant as pects to an a lyze are the phys i -
cal and chem i cal prop er ties of the ma te ri als as well

as the sec ond ary ra di a tion these ma te ri als will pro -
duce af ter pri mary gamma rays of 1 GeV pass
through. Sil i con is a very brit tle ma te rial and as such 
it might not be a good shield ing ma te rial. Al though
chem i cally ac tive, ce sium can be used by in tro duc -
ing rig or ous safety cri te ria of iso lat ing the ce sium
layer from the crew. Fig ure 18 shows the num ber of
events and po ten tial sec ond ary ra di a tion from the
se lected ma te ri als af ter the pri mary gamma rays
pass through. Most of the in ter ac tions are pho to -
elec tric ab sorp tions and Compton ef fects which
leads to a stream of elec trons and sec ond ary gamma
ra di a tion. The com par i son of en ergy de po si tions
due to all in ter ac tions in se lected ma te ri als is de -
picted in fig. 19.
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Ta ble 10. Ma te ri als an a lyzed for shield ing against gamma rays

Material
Density
[gcm–3]

Mass attenuation
coefficient [cm2g–1]

Linear attenuation
coefficient [cm–1]

Thickness
[cm]

Surface mass density
[gcm–2]

Li 0.530 0.009 0.005 489.797 259.592

Be 1.850 0.011 0.021 111.129 205.588

B 2.370 0.014 0.032 70.916 168.072

PE 0.940 0.016 0.015 151.207 142.135

C 2.260 0.017 0.038 59.932 135.446

Water 1.000 0.020 0.020 113.989 113.989

Al 2.700 0.030 0.082 28.146 75.993

Si 2.330 0.033 0.078 29.588 68.940

P 1.820 0.042 0.077 29.839 54.306

Cu 8.960 0.057 0.513 4.493 40.255

Ag 10.500 0.082 0.861 2.674 28.080

Cs 1.870 0.089 0.166 13.866 25.930

Gd 7.900 0.098 0.777 2.965 23.424

Hf 13.310 0.106 1.411 1.632 21.723

Re 21.040 0.109 2.293 1.004 21.125

Os 22.600 0.110 2.486 0.926 20.933

Pb 11.350 0.115 1.305 1.764 20.022

H 8.37E–05 0.116 0.000 237154.976 19.850

Fig ure 17. Com par i son of lin ear thick ness re quired to 
de crease the ini tial in ten sity of a 1 GeV gamma ray to
10% for se lected ma te ri als

Fig ure 18.  Com par i son of num ber of events (den sity) 
for se lected ma te ri als



The high Z ma te ri als are the best in shield ing
against gammas. How ever, these ma te ri als are not
fa vor able due to enor mous amount of sec ond ary ra -
di a tion pro duced and the cor re spond ing weight.
The ma te ri als such as alu mi num, cop per, sil i con,
and ce sium can be used. The de sign area (thick ness
vs. at ten u a tion) is shown in fig. 20. As it can be ob -
served, the re quired thick ness to at ten u ate 90% of
the 1 GeV gammas for Al, Cs, Cu, and Si are 47.4,
19.3, 7, and 49.2 cm, re spec tively.

High and low en ergy elec trons

Elec trons are not found to be pri mary source of
ra di a tion in space. Their im por tance co mes from
their ap pear ance as trapped elec trons in planet mag -
netic fields, with en er gies of 4 up to 7 MeV. They also
ap pear as sec ond ary ra di a tion. It im plies that their
high est en ergy will be up to the max i mum en ergy of
the space ra di a tion, i. e. the en er gies above GeV.

Same ma te ri als as an a lyzed in pre vi ous sec tions are
there fore con sid ered to es ti mate the ef fi ciency
against high en ergy elec trons: poly eth yl ene (PE),
bo ron-loaded poly eth yl ene (BPE), car bon nano-ma -
te ri als (CnM), lith ium hy dride (LiH), and hy dro -
gen-charged pal la dium/sil ver al loys (Pd/Ag/H or
PAH). In or der to an a lyze shield ing for such par ti -
cles, lin ear and den sity ranges for a wide range of en -
er gies and for var i ous ma te ri als are as sessed. Fig ures
21 and 22 show a plot of lin ear and den sity ranges for 
the elec trons of var i ous en er gies and for var i ous ma -
te ri als.

From these two fig ures it can be seen that the
lighter shield ing would be made of H and Ag, for
elec tron en er gies be low and above 100 MeV re -
spec tively, while the small est thick ness is ob tained
for Pd. In or der to avoid sec ond ary ra di a tion, it is
de sired to have the ma te rial with the low est Z, in
this case it is H. PE is a very good al ter na tive un der
cri te ria of weight, size and sec ond ary pro duced ra -
di a tion. Be low 10 MeV, more prob a ble en ergy
than 1 GeV, the PE shield ing be comes the light est
in ad di tion to H. For 7 MeV elec trons, the max i -
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Fig ure 19. Com par i son of en ergy de pos ited in
se lected ma te ri als af ter in ter ac tion with 1 GeV
gamma rays

Fig ure 20. De sign area for pri mary high en ergy
gamma rays: the thick ness cut-off for 90% at ten u a -
tion of the 1 GeV gamma rays

Fig ure 21. CSDA lin ear range of elec trons vs.
en ergy for H, wa ter, C, PE, Al, LiH, Pd, Ag, and B

Fig ure 22. Den sity range of elec trons vs. en ergy for H, 
wa ter, C, PE, Al, LiH, Pd, Ag, and B



mum range would be 5 g/cm2 for Ag. There fore, if
a thick ness with this value is con sid ered, the other
ma te ri als would have the overrange thick ness. The
weight of a room of 5 ´ 5 ´ 3 m would be a few
tons. Thus PE is se lected as one of the best elec -
tron-shield ing ma te ri als for spacecrafts.

High and low en ergy neu trons

The o ret i cal con sid er ation. High en ergy neu -
trons must be slowed be fore they can be cap tured
through in elas tic scat ter ing with high Z ma te ri als or 
elas tic scat ter ing with low Z ma te ri als. Neu trons are 
most ef fec tively shielded at all en er gies by a ma te rial
that is close to their mass, namely the hy dro gen nu -
cleus. There fore, dense com pounds of low Z at oms
are pre ferred. Neu trons are not main con stit u ents of 
pri mary space ra di a tion but they will be cre ated
through spallation. This event oc curs when highly
en er getic pro tons col lide with the at oms of var i ous
ma te ri als eject ing many neu trons of high en ergy.
This sec ond ary ra di a tion source of neu trons must
be at ten u ated with an ad di tional neu tron-shield ing
ma te rial. The most com mon poly mer that shows
great po ten tial in shield ing against neu trons is PE.
A num ber of dif fer ent PEs is avail able: pure PE,
7.5% lith ium loaded PE, 5% bo ron loaded PE, and
30% bo ron loaded PE. Bo ron and lith ium loaded
PE have very high neu tron cross sec tions at low and
high en er gies. The densitie of the se lected PE ma te -
ri als in com par i son with alu mi num are show in tab.
11.

Ta ble 11. Poly eth yl ene and alu mi num den si ties

Material [gcm–3]

5% boron loaded PE 0.9

30% boron loaded PE 2.52

7.5% lithium loaded PE 1.03

Pure PE 0.94

Aluminum 2.7

Nu mer i cal anal y sis. Neu tron trans port anal y sis
was per formed us ing the same ge om e try as shown in
fig. 4. Mod el ing was per formed us ing the COG
Monte Carlo code. The max i mum neu tron en ergy is
re stricted by the data avail able in the cross-sec tion li -
brar ies used by the COG. Se lected neu tron en er gies
ranged from 5 to 30 MeV. Fig ures 23 to 28 show the
neu tron at ten u a tion through se lected ma te ri als for
dif fer ent neu tron en er gies and ma te rial thick nesses.
It can be seen that the 30% bo ron loaded PE has
good shield ing re sponse to highly en er getic neu -
trons. More over, to slow the neu trons to ther mal en -
er gies it would take far less thick ness than us ing any

other of the se lected ma te ri als. A sat is fac tory at ten u a -
tion value of 15% of the ini tial en ergy was ten ta tively
adopted as a cri te rion to com pare the ef fi ciency of se -
lected ma te ri als. The high lighted area in di cates the
thick ness re quired to achieve this neu tron at ten u a -
tion. Nu mer i cal val ues of the at ten u a tion dec re ments 
and neu tron en ergy re duc tion af ter shield ing ma te ri -
als are sum ma rized in tabs. 12 and 13, re spec tively.
The re sults point at 30% bo ron loaded PE as the best
can di date ma te rial.
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Fig ure 23. Neu tron at ten u a tion vs. thick ness for
dif fer ent ma te ri als at 5 MeV

Fig ure 24. Neu tron at ten u a tion vs. thick ness for
dif fer ent ma te ri als at 10 MeV

Fig ure 25. Neu tron at ten u a tion vs. thick ness for
dif fer ent ma te ri als at 15 MeV



Pre lim i nary model: space craft room and
shield ing de sign

Ac cord ing to the dis cus sion with NASA ex -
perts, the liv ing area of as tro nauts is mod eled as a
room shown in fig. 29. The size of the room is set to
5  ́  5 ́  3 m. The in te rior of the room is filled with air. 
A nu mer i cal sim u la tion model in cludes the dis tri bu -

tion of de tec tors (se lected di men sion is 1/10 of the
room size, i. e. 0.5 ́   0.5 ́  0.3 m) that are used to an -
a lyze the flux dis tri bu tion in the room.

The de tec tor is as sumed to be made of pure
wa ter. Due to the sym me try of the room, the de tec -
tors are placed at eight dif fer ent po si tions as shown
in fig. 29. As al ready de scribed pro tons and alphas
are the two main con stit u ents of pri mary space ra di -
a tion field. This space ra di a tion field was as sumed
to be iso tro pic around the space craft room. Since
the na ture of SPEs is still un pre dict able, only GCR
was in cluded in this stage of mod el ing. The in ten -
sity and en ergy spec trum of ra di a tion par ti cles, pro -
tons and alphas, were based on the data shown in
fig. 1. The cri te rion for the ISS of 20 g/cm2 was
adopted as den sity thick ness of the com pos ite
space craft room shield ing. Alu mi num has al ways
been used to man u fac ture spacecrafts and there fore
it is as sumed also in this anal y sis as a ma te rial that
will be used to man u fac ture the space craft room.
Alu mi num is also a good ma te rial to shield against
pho tons ac cord ing to the pre vi ous anal y sis. The nu -
mer i cal anal y ses on shield ing against high en ergy
pro ton and al pha par ti cles showed that PE is a good
ma te rial. There fore, the com bi na tion of 0.5 cm Al
and 20 cm PE was se lected to cal cu late the an nual
dose dis tri bu tion in the space craft room (see fig.
30). The to tal lin ear den sity of this com bi na tion of
ma te ri als is 20.3 g/cm2.
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Fig ure 27. Neu tron at ten u a tion vs. thick ness for
dif fer ent ma te ri als at 25 MeV

Fig ure 28. Neu tron at ten u a tion vs. thick ness for
dif fer ent ma te ri als at 30 MeV

Fig ure 29. MCNPX space craft room model with
eight de tec tor po si tions

Fig ure 26. Neu tron at ten u a tion vs. thick ness for
dif fer ent ma te ri als at 20 MeV

Fig ure 30. Shield ing combination



The equiv a lent an nual dose dis tri bu tion in
the space craft room is shown in tab. 14. The dose is 
high est at the cor ner of the room (po si tion 8, fig.
29). This value is much higher than the al lowed
dose level; other lo ca tions show much lower dose
rates. For ex am ple, the equiv a lent dose rates at po -
si tion 6 and 7 (fig. 29) were the low est, and the
clos est to the safe level of the In ter na tional Space

Sta tion, 200 mSv per year. Ta ble 14 also shows the
con tri bu tion of dif fer ent kinds of ra di a tion (in -
clud ing the sec ond ary ra di a tion) to the to tal dose
level. Pro tons con trib ute 81~87% to the to tal
dose, alphas con trib ute around 10%, and the sec -
ond ary neu trons give ad di tional 5%. The dose
rates due to the sec ond ary pho tons and elec trons
are rel a tively low (on av er age be low 1%).
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Ta ble 12. Neu tron at ten u a tion for a va ri ety of ma te ri als, en er gies, and thicknesses

Neutron response

5 MeV

Sheild thickness
[cm]

5% boron loaded
polyethylene

30% boron loaded
polyethylene

7.5% lithium loaded
polyethylene

Aluminum Pure polyethylene

0.5 98.6% 95.8% 98.2% 98.1% 98.5%

1 96.8% 90.6% 95.9% 95.9% 96.5%

5 68.5% 36.3% 63.6% 71.6% 67.2%

10 34.5% 6.8% 28.4% 41.0% 32.3%

15 15.9% 1.1% 11.4% 21.8% 14.2%

10 MeV

0.5 99.0% 97.0% 98.7% 97.9% 99.0%

1 97.8% 93.2% 97.4% 95.6% 97.7%

5 78.3% 51.2% 74.8% 74.1% 77.1%

10 49.4% 16.2% 43.4% 49.1% 47.2%

15 29.2% 4.4% 23.7% 30.9% 27.1%

15 MeV

0.5 99.0% 97.1% 98.9% 97.8% 99.0%

1 97.9% 93.8% 97.6% 95.6% 97.8%

5 81.4% 55.9% 78.5% 72.9% 80.3%

10 54.9% 20.6% 50.0% 47.2% 52.8%

15 34.9% 6.7% 29.4% 28.7% 32.6%

20 MeV

0.5 99.1% 97.5% 99.0% 98.8% 99.1%

1 98.1% 94.5% 97.8% 97.2% 98.0%

5 83.1% 60.0% 81.1% 78.8% 82.4%

10 59.0% 25.3% 54.7% 54.2% 57.2%

15 39.5% 9.4% 34.3% 34.5% 37.5%

25 MeV

0.5 99.1% 97.5% 99.0% 98.8% 99.1%

1 98.1% 94.4% 97.8% 97.3% 98.0%

5 84.4% 61.7% 82.2% 78.9% 83.6%

10 61.9% 27.7% 57.5% 54.1% 60.3%

15 43.1% 11.0% 37.7% 34.6% 40.8%

30 MeV

0.5 99.2% 97.5% 99.0% 98.8% 99.1%

1 98.1% 94.6% 97.9% 97.3% 98.0%

5 85.1% 62.8% 83.1% 78.9% 84.5%

10 63.8% 29.7% 59.2% 54.2% 62.3%

15 45.5% 12.6% 39.8% 34.6% 43.4%



In ad di tion, a car bon nano-ma te rial (CnM)
is an a lyzed. As already in tro duced, the den sity of
CnM can be ad justed, thus stor ing a large amount
of hy dro gen within the nano-struc ture, which
makes it ef fec tive in shield ing against the pro tons
and neu trons. The pre vi ous sur vey study was
based on CnM with only 20% weight of hy dro -
gen. A newly de vel oped CnM which can store

67% weight of hy dro gen [20] was used in this
sim u la tion to com pare the ef fi ciency of the shield -
ing against the space ra di a tion field. The equiv a -
lent an nual dose rates with the shield ing of 0.5 cm 
Al and 20 cm CnM were shown in tab. 15. The
den sity of the CnM is the same as that of PE, so
the to tal den sity of the shield ing is kept the same,
20.3 g/cm2. In this case, the pro tons con trib ute
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Ta ble 13. Neu tron en ergy af ter shield ing for a va ri ety of ma te ri als, en er gies, and thicknesses

Energy transmition

5 MeV

Sheild thickness
[cm]

5% boron loaded
polyethylene

30% boron loaded
polyethylene

7.5% lithium loaded
polyethylene

Aluminum Pure polyethylene

0.5 4.93E+00 4.79E+00 4.91E+00 4.90E+00 4.93E+00

1 4.84E+00 4.53E+00 4.80E+00 4.79E+00 4.83E+00

5 3.42E+00 1.81E+00 3.18E+00 3.58E+00 3.36E+00

10 1.73E+00 3.38E–01 1.42E+00 2.05E+00 1.61E+00

15 7.93E–01 5.28E–02 5.70E–01 1.09E+00 7.09E–01

10 MeV

0.5 9.90E+00 9.70E+00 9.87E+00 9.79E+00 9.90E+00

1 9.78E+00 9.32E+00 9.74E+00 9.56E+00 9.77E+00

5 7.83E+00 5.12E+00 7.48E+00 7.41E+00 7.71E+00

10 4.94E+00 1.62E+00 4.34E+00 4.91E+00 4.72E+00

15 2.92E+00 4.41E–01 2.37E+00 3.09E+00 2.71E+00

15 MeV

0.5 1.49E+01 1.46E+01 1.48E+01 1.47E+01 1.48E+01

1 1.47E+01 1.41E+01 1.48E+01 1.43E+01 1.47E+01

5 1.22E+01 8.39E+00 1.18E+01 1.09E+01 1.20E+01

10 8.24E+00 3.09E+00 7.51E+00 7.07E+00 7.92E+00

15 5.23E+00 1.01E+00 4.42E+00 4.31E+00 4.89E+00

20 MeV

0.5 1.98E+01 1.95E+01 1.98E+01 1.98E+01 1.98E+01

1 1.96E+01 189E+01 1.96E+01 1.94E+01 1.96E+01

5 1.66E+01 1.20E+01 1.62E+01 1.58E+01 1.65E+01

10 1.18E+01 5.06E+00 1.09E+01 1.08E+01 1.14E+01

15 7.90E+00 1.88E+00 6.86E+00 6.90E+01 7.51E+00

25 MeV

0.5 2.48E+01 2.44E+01 2.47E+01 2.47E+01 2.48E+01

1 2.45E+01 2.36E+01 2.45E+01 2.43E+01 2.45E+01

5 2.11E+01 1.54E+01 2.06E+01 1.97+01 2.09E+01

10 1.55E+01 6.94E+00 1.44E+01 1.35E+01 1.51E+01

15 1.08E+01 2.74E+00 9.42E+00 8.64E+00 1.02E+01

30 MeV

0.5 2.97E+01 2.92E+01 2.97E+01 2.96E+01 2.97E+01

1 2.94E+01 2.84E+01 2.94E+01 2.92E+01 2.94E+01

5 2.55E+01 1.88E+01 2.49E+01 2.37E+01 2.53E+01

10 1.91E+01 8.90E+00 1.78E+01 1.62E+01 1.87E+01

15 1.36E+01 3.79E+00 1.20E+01 1.04E+01 1.30E+01



87~90% to the to tal dose, alphas con trib ute
around 6%, and the sec ond ary neu trons give ad -
di tional ~5%. The dose rates due to sec ond ary
pho tons and elec trons re main low as in the pre vi -
ous case.

If the over all den sity thick ness is in creased,
the new shield ing should nat u rally re duce the an -
nual dose rates. The ad di tional model with 0.5 cm 
Al and 40 cm CnM (giv ing 39.3 g/cm2) was in -

cluded and the dose val ues are listed in tab. 16.
Pro tons con trib ute around 90% to the to tal dose,
alphas con trib ute 4~5%, and sec ond ary neu trons
add 5~6%.

The com par i son of the dose rates ob tained
when us ing Al/CnM shield ing to that us ing the
Al/PE shield ing is sum ma rized in tab. 17. It can be
seen that the equiv a lent an nual dose rates de crease
11~21% with Al/CnM of the same den sity thick -

 64 Nu clear Tech nol ogy & Ra di a tion Pro tec tion – 2/2006

Ta ble 14. Equiv a lent an nual dose rates [mSv per year]
in the space craft model room with the wall made of 0.5 
cm Al and 20 cm PE

Position
(fig. 29)

Proton Alpha Photon Electron Neutron Total

1
470.44 78.47 0.58 0.44 27.86 578

81.4% 13.6% 0.1% 0.1% 4.8% 100%

2
257.34 22.69 0.43 0.00 19.68 301

85.7% 7.6% 0.1% 0.0% 6.6% 100%

3
262.15 18.96 0.45 0.00 20.37 302

86.8% 6.3% 0.1% 0.0% 6.7% 100%

4
444.87 36.90 0.73 0.00 33.29 516

86.3% 7.2% 0.1% 0.0% 6.5% 100%

5
272.44 44.90 0.43 0.00 19.69 338

80.7% 13.3% 0.1% 0.0% 5.8% 100%

6
184.92 17.31 0.41 0.00 15.78 219

84.7% 7.9% 0.2% 0.0% 7.2% 100%

7
184.99 13.38 0.36 0.00 15.88 215

86.0% 6.4% 0.2% 0.0% 7.4% 100%

8
1945.20 320.30 2.50 1.89 116.60 2386

81.5% 13.4% 0.1% 0.1% 4.9% 100%

Ta ble 15. Equiv a lent an nual dose rates [mSv per year]
in the space craft model room with the wall made of 0.5
cm Al and 20 cm CnM

Position
(fig. 29)

Proton Alpha Photon Electron Neutron Total

1
88.58 8.80 0.09 0.00 3.81 512

87.5% 8.7% 0.1% 0.0% 3.8% 100%

2
43.06 2.32 0.06 0.00 2.33 242

90.1% 4.9% 0.1% 0.0% 4.9% 100%

3
43.06 2.32 0.06 0.00 2.33 242

90.1% 4.9% 0.1% 0.0% 4.9% 100%

4
75.17 4.00 0.10 0.00 4.08 421

90.2% 4.8% 0.1% 0.0% 4.9% 100%

5
48.88 5.97 0.07 0.00 2.27 289

85.5% 10.4% 0.1% 0.0% 4.0% 100%

6
29.86 1.88 0.06 0.00 1.75 170

89.0% 5.6% 0.2% 0.0% 5.2% 100%

7
29.86 1.88 0.06 0.00 1.75 170

89.0% 5.6% 0.2% 0.0% 5.2% 100%

8
361.10 39.33 0.44 0.27 15.87 2107

86.6% 9.4% 0.1% 0.1% 3.8% 100%

Ta ble 16. Equiv a lent an nual dose rates [mSv per year]
in the space craft model room with the wall made of
0.5 cm Al and 40 cm CnM

Position
(fig. 29)

Proton Alpha Photon Electron Neutron Total

1
255.30 11.12 0.32 0.00 13.47 280

91.1% 4.0% 0.1% 0.0% 4.8% 100%

2
112.00 4.72 0.18 0.00 7.64 125

89.9% 3.8% 0.1% 0.0% 6.1% 100%

3
112.00 4.72 0.18 0.00 7.64 125

89.9% 3.8% 0.1% 0.0% 6.1% 100%

4
199.28 8.40 0.31 0.00 12.66 221

90.3% 3.8% 0.1% 0.0% 5.7% 100%

5
151.75 8.76 0.22 0.00 8.47 169

89.7% 5.2% 0.1% 0.0% 5.0% 100%

6
85.22 3.92 0.14 0.00 5.79 95

98.6% 4.1% 0.1% 0.0% 6.1% 100%

7
58.22 3.92 0.14 0.00 5.79 95

89.6% 4.1% 0.1% 0.0% 6.1% 100%

8
649.30 35.64 0.98 0.65 34.48 721

90.0% 4.9% 0.1% 0.1% 4.8% 100%

Ta ble 17. Dose rate [mSv per year] com par i son for
dif fer ent com bi na tion of shield ing materials

Position
(fig. 29)

0.5 cm Al +
+j20 cm PE

0.5 cm Al+
+ 20 cm CnM

0.5 cm Al +
+40 cm CnM

1
578 512 280

100% 89% 55%

2
301 242 125

100% 80% 52%

3
302 242 125

100% 80% 52%

4
516 421 221

100% 82% 52%

5
338 289 169

100% 86% 58%

6
219 170 95

100% 78% 56%

7
215 170 95

100% 79% 56%

8
2386 2107 721

100% 88% 34%



ness, while it is al most 50% lower with 40 cm CnM
(cor re spond ing to 39.3 g/cm2 den sity thick ness).

CON CLU SION

Ra di a tion is a main con cern for long term
manned mis sions to space. It also rep re sents a lim it -
ing cri te rion for the du ra tion and dis tance of a
travel. The ra di a tion in space is rep re sented as a
com plex ra di a tion mix con sist ing of high en ergy
ions, pro tons, alphas, and elec trons. With cur rent
tech nol ogy, it does not seem fea si ble for the en tire
space craft to be shielded against all types of ra di a -
tion, as that would greatly in crease the mass of the
ship. What needs to be done is to de ter mine what
ar eas of the ship need to be shielded, tak ing into ac -
count liv ing space, power and pro pul sion sys tems,
consumables, and re pair needs. Lightweight ma te -
ri als must be uti lized to keep the over all shield mass
low, to at ten u ate satisfactorily the ex pected mix of
ra di a tion in space and as sure the crew pro tec tion.
Ex am in ing the ef fec tive ness of such ma te ri als ex -
posed to ra di a tion fields of dif fer ent in ten si ties and
types and hav ing an ac cu rate nu mer i cal model to
pre dict the ma te rial ir ra di a tion is cru cial in de sign -
ing the manned mis sions to outer space.

The de sign and eval u a tion of the re quired ra -
di a tion pro tec tion for the as tro nauts trav el ing to the 
des ti na tions be yond the Moon are both greatly af -
fected by the num ber of pa ram e ters all be ing driven
by im mense degree of un cer tainty:
(a) def i ni tion of the space ra di a tion en vi ron ment

im por tant to de velop and es tab lish the space -
craft de sign cri te ria in tro duces by far the great -
est over all un cer tainty in the ra di a tion dose
pre dic tion for manned mis sion to deep space,

(b) def i ni tion of max i mum ac cept able dose for as -
tro nauts,

(c) manned space craft is large and geo met ri cally a 
very com plex sys tem (no de sign for a manned
mis sion to deep space has been yet known) in
which the big gest un cer tainty is in tro duced by
the un cer tainty in mass dis tri bu tion, and

(d) com pu ta tional mod els are ac cu rate as much as
the space craft de sign and mass dis tri bu tion are
known; that is why all mod els are usu ally sim -
pli fied and as such used in de vel op ing the de -
sign ar eas for the num ber of pa ram e ters that
in tro duce the po ten tial er rors in es ti mates of
the max i mum dose rates and ma te rial per for -
mance in as sumed ra di a tion filed in space.
The adopted cri te ria (see sec tion on the space

ra di a tion designe criteria) for the anal y sis shown in
this pa per, of keep ing the an nual dose rate be low 200
mSv per year and the shield ing den sity thick ness
close to 20 g/cm2, in di cate that the best ma te ri als are
PE and CnM. Fur ther optimizations are nec es sary
and at this point highly de pend ent on the space craft
de sign. Na tional Acad emy of Sci ences in the USA

has re cently es tab lished a Com mit tee that has a two
year ap point ment to eval u ate the best de sign for
shield ing the as tro nauts against space ra di a tion on
their travel to and stay at the Moon, and on the po -
ten tial travel to Mars.
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ANALIZA  ZA[TITE  OD  ZRA^EWA  ASTRONAUTA  NA  PUTU  DO  MARSA
 – Kriterijumi,  pregledna  studija  i  preliminarni  model –

Potencijalni let sa astronautima izvan Zemqine orbite je ograni~en vremenskom
komponentnom putovawa kao i aspektima za{tite od kosmi~kog zra~ewa. Dana{wa tehnologija
svemirskih raketa je bazirana na pogonu koji koristi hemijsko gorivo. Te vrste ma{ina nemaju
mogu}nost da obave duge letove kao {to je put do Marsa sa posadom zbog ogromne koli~ine te~nog
goriva potrebnog za tako duga svemirska putovawa. Specifi~na energija oslobo|ena u nuklearnom
gorivu je milion puta ve}a od iste dobijene iz hemijskog goriva; stoga je potpuno jasno da je
nuklearno gorivo jedina opcija koja bi omogu}ila dug put u svemir. S druge strane, potencijalna
misija koja bi ukqu~ila trans port qudi i wihov ne{to du`i boravak na Mesecu bi zahtevala
stabilno i sigurno re{ewe za proizvodwu energije na Mesecu (na po~etku 21. veka ne postoji ni
jedno drugo re{ewe osim nuklearne energije koje bi omogu}ilo sigurno i dugotrajno snabdevawe
neophodnom strujom i toplotom). NASA smatra da je masa i te`ina materijala neophodnog za
za{titu od zra~ewa tokom dugog puta do Marsa drugi najva`niji ograni~avaju}i aspekt misije.
NASA je 2006. godine identifikovala potrebu da se evaluira i analizira potencijalna veza u
poznavawu i razumevawu nivoa i tipova zra~ewa od zna~aja za astronaute tokom puta do Marsa.
NASA je s toga zapo~ela sveobuhvatnu studiju koja bi trebalo za dve godine da proizvede
zadovoqavaju}i dizajn za{tite od kosmi~kog zra~ewa koji bi bio sastavni deo svemirske letelice
i zadovoqavao kriterijume dozvoqenih nivoa zra~ewa. Da bi se smawila sveukupna masa letelice
NASA je fokusirana na istra`ivawa koja bi dovela do novih materijala (kompozita) sa vi{e
namena i vi{e funkcija, a koji bi istovremeno predstavqali zadovoqavaju}u za{titu od
kosmi~kog zra~ewa.
Laboratorija za prora~une transporta neutrona i modelovawe geometrija (NEGE) u {koli za
nuklearni in`ewering na Purdju Univerzitetu koju vodi profesor Tatjana Jevremovi}, zapo~ela
je 2004. godine evaluaciju razli~itih lakih materijala za upotrebu u svemirskim letelicima ka
Marsu. Preliminarni rezultati pregledne studije prikazani su u ovom radu.

Kqu~ne re~i: duga putovawa u svemir, kosmi~ko zra~ewe, za{tita od zra~ewa, Monte Karlo
jjjjjjjjjjjjjjjjjjjjjjjjmetoda, trans port zra~ewa


