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Abstract

An analysis of the radiation hazards that are anticipated on an early Human
Lunar Return (HLR) mission in support of NASA deep space exploration activities is
presented. The HLR mission study emphasized a low cost himar return to expand
Puman capabilities in exploration, to answer fundamental science questions, and to
seek opportunities for commercial development. As such, the radiation issues are cost
related because the parasitic shield mass is expensive due to high launch costs. The
present analysis examines the shield requirements and their impact on shield design.

Intreduction

The Human Lunar Return (HLR) study examined the
basic rationale, the required technologies, and the mis-
sion development for a return to the Moon. The basic
thrust of the HLR missiont study is to make hymanity 2
multi-planet society, to open new opportuaities for com-
mercialization, and to answer fundamental questions
about Farth and solar system science. Since these goals
are mainly fotyristic in orientation, the attempt is fo lay
the foundation for human space activity over the next
three decades. The near term objectives will hinge
mainly on the current cost of space exploration and
emphasize the possibility of a low cost return to the
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Moon. Radiation protection systems (shielding, monitor-
ing, and medical supplies) impact mission cost, and
uncertainty in past shield databases is inadequate for the
present design study. Recent advances in shield design
technologies require a regeneration of the necessary
desipn database {refs. 1 through 6). For example, & pro-
gression of aluminum shield attenuation charscteristics is
shown in figure 1. The lower curve is that generated by
the code of Letaw, Silberberg, and Tsao (ref. 1) and was
used in the National Council on Radiation Protection
{NCRP) report 98 (ref. 7). The muclear fragmentation
(NUCFRG1) curve used the first generation of the
Langley Research Center (LaRC) database (ref. 2) and
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Figure 1. Shield attemuation for solar minimurn galactic cosmic ray dose equivalent resulting from nuclear fragmentation (NUCFR) models
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the corresponding first version space radiation iransport
code (ref. 3). The peripheral and central Himits {curves)
are the unitary limits on the projectile fragmentation
which ensure charge and mass conservation, not mclud-
ing the direct target knockout coniributions $o the traps-
mitted flaence (ref. 4). The NUCFRG2 (curve) is the
revised database that resulted from the 600 4 MeV
experimenis at the Bevalac facility (ref. 5). The two
upper curves (labeled hard specirum and soft spectrum}
inchide improved muclear data for the knockout of light
fragments from projectife and target nuclel and the
uncertainty in their production spectra (ref. 6). These
daia epcompass our best current estinaate of the aitenua-
tion of dose equivalent in aluminum. Clearly, large
changes in the ouclear data and transport procedures
have occurred in the last several years. Only the comple-
tion of the transport code with the as yet neglected radia-
tion componenis (with added laboratory and flight
testing) will allow a final evaluation of the expectsd
astronaut exposure.

In returning to the Moon, we first note that in addi-
tion to great changes in technology, cur understanding of
gpace radiation protection practice has improved since
the first lunar missions. The Apolio program was recog-
mized as a high risk, exploratory venture in which the
radiation risks were 2 direct trade-off agaiost the other
mission tisks (ref. 8). As a result, the protection stan-
dards were muainly concerned with early biological
effects associated with high exposures that may directly
impact mission safety. The late biological effects such as
cancer induction and cataract formation were of second-
ary concern. Thus, the low level galactic cosmic rays
{GCR) were neglected in the design process. The imspor-
tant solar particle events (SPE) of the time were those of
solar cycle 19, igcluding 23 February 1956, 16 July
1959, and 12-13 November 1960, for which it was esti-
mated that serious exposures could impact mission
safety, but that early lethality was unlikely. During the

Apollc program, between missions 16 and 17, the

4 August 1972 event occurred. “This event had signifi-
canily higher exposures within typical space struciures
than prior events, bringing to mind the potential lethality
of solar patlicle events (ref. 9). In addion to an
improved knowledge of the environment, the whole tex-
ture of the space program changed with the development
of the Skylab and shuttle operations, in which access to
space became routine, and the need for revised space
radiation standards developed (ref. 10). As a result of the
Toutine access to space, the neplect of the galactic cosmic
ray background was reevalnated and identified as a criti-
cal element in firture NASA radiation concerns (ref. 11).
No standards bave been established to protect astronauis
from the high charge and energy (HZE) particles of
galactic cosmic rays. In addition 10 changes in protection
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practices, the technology base has improved, and mission
costs may change radically as the result of new space
transporiation methods, the use of a space-based staging
areg {provided by the developing International Space
Station), and new spacecraft materials. Such new materi-
als may provide added protection compared with an
equai mass of almmimmm (the standard construction mate-
izl in the Apollo program).

In this report, we examine the attenuation character-
istics of potential shield materials for use in the early
return to the Moon and assess the shield reguirements
that protect the astropauts,

Radiation Protection Standards

Currently, no radiation limits have been accepted or
even recommended for exploration class missions.
However, for planming pwrposes only, the Natiopal
Council on Radiation Protection (NCRP) suggests that
the Mmits established for astromauts in low-Eath orbit
(LED) may be used as guidelines for other missions if
the principle of ALARA (as low as reasonably achiev-
able) is followed (ref. 7). LEO exposure limiis are cur-
rently given as dose equivalents to specific organs for
short-term (30-day) exposure, annual exposure, and total
career exposure. LEQ limits for the skin are 150, 300,
and 600 ¢Sv (1 cSv = 1 rem), respectively. LEO Hmits
for the ocular lens are 100, 200, and 400 cSv, respec-
tively. LEQ Limifs for the blood-forming organs (BFO)
are 25, 50, and 100 to 400 cSv, respectively (with career
Yimits, depending on age and gender). Note that the expo-
sure limits for the BFO reflect the exposure limitation to
prevent all cancer, assuming that the BFO dose is indica-
tive of whole body exposure. The NCRP is currently
revising the LEO recommendations as a result of larger
estimates of cancer risk coefficients (ref. 12).

The cuirent imits are based on a 3-percent lifetime
excess fatal cancer risk, which is comparable to the fatat
risk of moderately safe occupations (ref. 7). A lower
acceptable risk” may be required due to the iniptoved
safety record, in recent years, of these moderately safe
industries. Furthermore, it is unlikely that special high
risk Limits for exploratory class missions will be
approved in the current social context. In the caerent con-
text, risk management for Human Lupar Return (FILR)
may be even more resirictive and may lead to more strin-
gent, or at best unchanged, shield requirements.

Even if designs are adequate for protection from a
solar event, an accidental exposipe could occar. In the
event of accidental exposure, methods to deal with the
potential astronaut health problems must be part of the
planming process, and there must be reascnable assamp-
tions as to the worst case scenario to allow for medical
treatoent plans and to provide adequate dosimetry o



diagnose the expected severity for medical intervention
during the course of the mission. This plapning requires
the specification of adequately complex dosimetry sys-
tems capable of estmating organ dose rates. Well-
established biological response models must be validated
for treatment planning in the space environment (ref, 13).

Radiation Environmental Models

For exploration calculations of radiation effects n
free space, we use environmental input modeis and two
transport codes. For galactic cosmic ray (GCR) environ-
ments, we pow ase the model of Badhwar and O*Neill
(ref. 14). Our earlier work during the Space Exploration
Initiative (SEI} time period used the CREME model
{ref. 1} for the GCR environment and an eartier version
of the HZETRN code that was developed at Langley
Research Center (LaRC) (ref. 2). For solar proton event
environmental data, we use a varfety of inpuis: the flu-
ence (tme integrated flux) of the four largest flares that
have occutred during the last 40 years—February 1956,
November 1960, Avgust 1972, and October 1939
(refs. 9, 15, and 16); fiux data from the GOES-7 sateliite
for a series of 1989 flares, including October 1989; and
IMP-5 and IMP-6 data for the Augnst 1972 event. In
addition, we have inpmts of smaller flare data from
IMP-7 and DMP-8 satellites.

For the transport of GCR and solar proton evenis
through various materals, LaRC has developed
HZETRN and BRYNTRN, respectively. The transport
codes and the database are tested in laboratory experi-
ments performed by the Lawrence Berkeley Laboratory
and others. Both codes are well-known and are used
widely in the radiation community, We also model the
effects of biological response and electronic response to
the radiation environment for incorporation into the
transport code analysis systems.

Our engineering design tools can model various con-
figurations of spacecraft/habitats to determine the shield-

-ing-that-is-provided by the structure;-the internal and -

external equipment, and the consumables. Those results,
combined with the transport resuits, will provide us an
estimate of the radiation epviromment within the
spacecrafi/habitat, Then we cun investigate the optinmm
placement of equipment to minimize parasitic shield
requirements. We are currently validating ihis procedure
with detectors onboard the LEWTS spacecraft that will be
laxmched in May 1997 (vef. 17).

Currently, large uncertainties exist in biological
response, spacecraft shielding properties, and transport
properties of body tissues to HZE (high charge and
encrgy) patticles, such as those which comprise the
galactic cosmic rays. The uncertainty in astronaut risk to
HZE particles consists of the biclogical response with
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vncertainties up to a factor of ~5 and to the transport

ies of materials with uncertainties up to 2 factor of
~2 (fig. 1). The NASA Life Sciences Division is finding
projects to reduce these factors. Uncertainties in the GCR
background environment afe estimated to be about 10 to
15 percent, while the solar event spectra are variable, and
the appropriate design spectrum is coptroversial. For this
analysis, we will use the 4 August 1972 cvent as the most
hazardous single event for space exposures yet observed.

Statistical Odds of Encomntering a Major
Selar Proton Event

Although the statistical odds of encountering a major
solar proton event such as the February 1956, July 1959,
November 1960, August 1972, or October 1939 event is
statistically very low, with only 5 major events in the 1ast
40 years (probability for a 16-day mission is about 1 in
200). Serions exposures to the crew would occur if no
provisions for 3 major solar event were provided. For
example, the 30-day exposure limit of 25 c8v is greatly
exceeded by any of these events without special provi-
sion. Some have suggested that early lethality may occur
within 45 or more days after an extremely intense event.
Cleatly, such an event cannot be ignored on the basis that
it is mlikely. One need only to recall that with a shght
change in schedule, either Apotlo 16 or Apollo 17 would
have encountersd the Angust 1972 event, which is the
meost Important event ever observed with regard to space
radiation safety. Furthermoze, one must consider the neg-
ative impact on the developing space program if ade-
quate provision is not made to protect the astronauts from
a potentially debilitating injory.

If the solar particle event can be predicted from solar
observation, crew members will have a minimun; warn-
ng time of 20 minutes before the arrival of epergetic par-
ticles {(ref. 15). The October 1989 flare came in three
wain pulses and lasted about 10 days (ref. 16). The limit-
ing dose for the October 1989 flare was the 30-day ccular
lens--dose- (assoming - LEC- limits); which-wonld “be -
reached only 17 hours afler receiving warning (assuming
that the crew member on the hmar surface was wearing a
space suif), In comparison, one extravehicular activity
{BVA) shift may last between 6 and 8 hours. For flares
such as the October 1989 event, crew members will have
a number of hours to seck shelter before any of the
30-day limits arc exceeded. These time Emits would
determine the safe distance for a crew member to venture
from the protection of the habitat or storm shelter. For
example, during the August 1972 event, the ocular lens
limit would have been reached in about 7 to 8 hours
(ref. 9).

The time development of the particle fluence can be
very different The Febrary 1956 event delivered its
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dose within hours. Twenty minutes afier the optical flare
and radio noise were seen at Farth, energetic particles
arfived from the February 1956 ¢vent. From the ground-
based measurements, the event's intensity was scen to
have peaked 30 minntes later, foflowed by a decay witha
mean fime of 1 hour {ref. 15). Thus, the eptire fiare lasted
only a few hours. Crew members would have had signifi-
cantly less time to reach a flare shelter before lanits were
exceeded (compared with the October 1989 event). The
time development of the February 1956 event was also
characteristically very different from the other recorded
large flares of November 1960 (ref. 15) and Aungust 1972
{ref. 9). :

Only minor doses in free space were predicted by
space weather forecasters for the Angust 1972 event;
however, it was the largest event ever observed for space
exposures. By 0700 Universal éime (UT), the accumu-
lated dose at & 1-cm depth was 2.7 cGy, climbing rapidly
to 10 Gy over the next several houars (1400 UT).  Astro-
nauts (norinally shielded in free space) would have had
only ~3.5 hours to reach a storm shelter from the time of
particle onset at 1 AU {astronomical unit) to the time that
30-day exposure limits (assuming LEQ [imits) were
exceeded (ref. 9). Clearly, very high levels of exposure
can be received in a short time (a few hovrs) with possi-
bly inadequate waming, leading to the possibility of
early radiation syndrome. Some atiention nceds 1o be
given to the prediction and control of biological effects
which could occur during such an accidental exposure
(ref. 13).

Radiation Protection From Various Shielding
Thicknesses

Estimates of exposures made in 1992 by using the
galactic cosmic ray CREME model and the sum of the
1989 fiare events (October, September, and August) are
substantially different from the exposure estimates of
more recent models of the GCR by Badhwar and O”Neill

Aref. 14).and the recent reevaluation of the nuclear data-

bases in the HZETRN code (ref. 18). The solar flare
results have changed mainly because of reevaluation of
the particle fluence. New tables for GCR exposures
behind regolith and polyethylene shiclds are shown in
tables 1 and 2 for solar minimum and maximum,
respectively.

Overall, the dose and the dose equivalent are sub-
stantially higher because the CREME model underesti-
mated the fuence of important components (ref. 14). In
addition to the more infense environmental model, the
cross sections for fragmentation and particle production
are substantiaily greater than those represented in prior
codes (fig. 1). Also, the atomic interactions are more
accurately accounted for than in the Letaw, Silberberg,
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and Tsao procedure (ref 1) and in Wilson and Badavi
(ref. 15). All these factors compound to increase the est-
mated astronaut with the latest values given in
tables 1 and 2. A factor-of-three reduction in exposures is
seen: near solar maximun for moderate-to-thin shiclding.
This ratio of solar minimum o solar maximum decreases
to slightly over two at large depths.

We have recalcplated the dose and the dose equiva-
lent for the solar particle event of 4 August 1972 with the
BRYNTRN code. The results are presented in table 3.
We have used two represemtations of the 4 August 1972
event spectra: one prepared by King (ref. 20) and the
other by Wilson and Denn (ref. 9). The relative advan-
tage of a hydrogenic polymer, as opposed to regolith, is
clearly apparent in the table, The geometry used is a
spherical shell with a tissue sample within a 0-cm and a
5-cm radius. Redueing the values by a factor of 2 approx-
imates self-shielding provided by the homan geometry
for the skin or lens (0 cm) or the BFO (5 cm). These val-
ues are in reasonable agreement with the older values by
Simonsen, Nealy, Sauer, and Townsend (ref. 16) and are
n good agreement with Wilson and Denn for polyethyl-
ene (ref 9). Doses to the lens or to the skin on the lunar
surface are further reduced to about a factor of 4 smaller
than the 0-cm values, and the BFO is about a factor of 4
smaller than the 5-cm value given in table 3.

Galactic Cosmic Ray Dosage for 16-Day
Exploration Missions

Compared with the other inherent risks of space-
flight, the risks of a 16-day exposure to galactic cosmic
rays would not be a concern. We use the following
assumptions in estimating GCR. exposure:

* 6 days in free space and 10 days on the lunar
surface

* 5 gfem? aluminum shield typical of Apollo-type

= estimate of blood-forming organ dose as 5-cm
water depth dose

The GCR dose estimate would be 1.3 to 3.4 ¢Sv to
the skin and I to 2.4 ¢Sv to the BFO when the range of
values depends on whether the mission is at solar
maxitum or solar mimimum. (Using a computerized
anatomical man model! would lower thege estimates, but
the developing transpost database will increase the esti-
mates.) These estimates could be compared with the
annmal allowed exposure of 50 ¢Sv or the 30-day allowed
exposure of 25 cSv used for the space station, although
these limits do not apply strictly for these radiations. If
the mission is plarmed for 2001, the environment will be
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near solar maxinmm, and the minimum GCR environ-
ment is appropriate.

Crew Desage Expected on Lunar Missions
During Past Selar Proton Events

The October 1989 event was a series of particle
increases lasting 10 days. Exposure estimates (ref. 16)
for the Ociober 1989 event duzing the 3-day trip to or
from the Moon, bebind a shield thickpess of 2 cm of
water (tightly shielded module) in free space is between
65 and 80 cSv to the blood-forming organ (BFO) (by
using a 5-cm depth dose as the estimated BFO exposure).
By using the same assumptions for 2 10-cm water shield
{typical of a storm shelter), the dose equivalent to the
BFO is esiimated to be between 10 and 17 ¢Sv. Fora
Tunar surface stay, assteming a 2-cm water shield for the
entire 10-day fluence, in which the lupar surface pro-
vides additional protection, the estimated BFO dose
equivalent is 50 to 65 cSv. For 10 cm of water shielding
on the kunar surface for the 10 days, the estimated dose
equivalent to the BFO is 8 to 14 ¢Sv. The shielded vol-
umes are assumed to be cylindrical.

In estimating the dose equivalent to the BFO, the
lens, and the skin for the August 1972 event, we have
used self-shielding factors which substantially reduce the
organ dose by about & factor of 2 and an average quality
factor of 1.3 (ref. 9). In addition, there is & further reduc-
tion on. the Junar surface to a factor of 2 because of the
lenpar shadow. The dose equivalent from the Augnst 1972
event is somewhat higher and is accumulated over a
shorter peried of time (about 10 to 16 honrs). During the
three-day transit time, the August 1972 event would

result in exposures within a simple pressure vessel
(approximately 1 gfom? equivalent water) of 15.6 Sv

(skm and lens) and 2.2 Sv (BFO) By moving into an
equipment related area (5 g/cm equivalent water, com-
paredtotheApollowmmandmodlxleof45g/cm2) the
exposures are 2 Sv (skin and lens) and 0.46 Sv (BFO).
Tomeetthe30—day11m1t,onewﬂlmqmre a storm shelter
(about 10 g/om?) in which 0.6 Sv {skin and lens) and
0.2 Sv (BFO) would have been received.

In a space suit on the lunar surface, the accumalated
exposure is zbout 13 Sv (skin and lens) and 1.1 Sv to the
BFO. Mwmgmtoas:mpleprﬁsnrev&selonthem-
i‘ace(mzmmnmhabnatwallofappmxnnatelylg/cm)
reduces the gstimated exposures to 7.8 Sv (skin and lens)
and 0.85 Sv (BFO). The exposures in an equipment room
(5 g/cnr®) within the habitat are still lower, yielding I Sv
(skin and lens) and 0.23 Sv (BFO), which satisfy the
30-day exposure limitation tequirements for the LEO
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Using the ALARA principle (keeping exposure as
iow as reasonably achievabic), one would attempt fo pro-
vide as much shielding 25 reasonably possible. The fol-
lowing requirements are necessary fo meet currenfly
accepted space station }nits as applied to this mission:

« a storm shelter of at least 10 g/em? of water equiv-

alentshelddmmgtxansﬁtotheMoon(nGtethat
this is equivalent to about 14 g/cm? of aluminmun)

« 2 region that has at least Sg/om? water equivalent
shielding (7 g/em® of aluminum) that all astronauts
¢an reach in a timely fashion (within a few hours)
during Innar operations

« improved biological understending that could pos-
sibly relax the carrent 30-day limit, result in great
reductions in the shield requirements, and reduce
mission costs

* exploration of dynamic shielding concepts in
whick movable equipment and materials can be
used to make the most effective temporary use of
onboard mass

Radiation Protection Properties of Materials

The GCR background during 3 16-day mission is not
more than 3.4 cSv. The primary protection problem for
the HLR is that the possibility of solar particle event
exposures may be quite Jarge, with a §.5-percent proba-
bility within a 16-day mission. Although the probability
of occutrence is small, the potentially serious fllness
which could result is a cause for concern. There are two
important parameters in determining space shield proper-
ties in a solar particie event: stopping the low energy pro-
tons by atomic collision, and fo a lesser extent, stoppmg
the production of particles in collision with the shield
nuclei. Tn both respécts, hydrogen is 2 preferred fmaterial
constituent; the higher the hydrogen content per umit
mass of material, the better the shield properties (both the
atomic and nuclear propesties). Thus, polyethylene, other
polymers, water, compressed methane (a possible rocket
fuel), and LiH are all good materials. Shield attensation
results are shown in table 4 for several materials for the
October 1989 event (ref. 16}. Of the materials listed, only
the regolith coptains no hydrogen-bearing molecules.
Water and magnesimm hydride are likely materials for
life support systems. Polyethylene is used as a high per-
formance shield and shows significant advantage over
regolith. Adding boron to the polyethlene to deplete the
iow energy (thermal) neutrons appears to be counterpro-
ductive becanse the added productior of secondaries and
the change in the atomic ¢ross sections usually inerease
the dose. Lithium hydride is probably a better alternative.

Protecting the astropaut from space radiation is
dependent on the local distribution of materials. Much
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protection will be derived from materials and equipment
that is onboard the spacecraft for other purposes. The
choice of materials used to constmct the spacecraft sys-
tems is very important, and some afteotion should be
given to materials that will be nsed in future spacecraft
tecknology. For example, materials designed primarily
for water and food sterage also could be usefial for other
purposes. Removable polymeric flooring and other
equipment could be temporarily rearranged for protec-
tion from a solar event. Parasitic shiclding is expensive,
but polyethylene is 2 good matenial if added shield mate-
rial is required. However, polyethylene has limited mate-
rial properiies and poses a flammability issue that must
be resolved. Polymer composites are the next most usefu}
materials, but the preferred material would have a high
binder-to-fiber ratio to maintain a high hydrogen content.
Careful consideration should be given to the other
onboard materials.

Concluding Remarks

For the short-term missions to the Moon, the shield-
ing against the galactic cosmic ray (GCR) backgroumd is
negligible. Longer missions {to establish a permavent
base} will be Timited by the GCR exposures, and the lat-
est results on shiciding properties will require added
shield mass over prior estimates. The solar energetic par-
ticle events reqmre special consideration and protection
of at least 10 glem? of water or polyethiene during transit
to the Moon and 5 gfem? on the Moon’s surface. The
shield mass requirements to protect astronauts from a
solar event are about 40 percent higher if regolith or aku-
minum is used. In the event of an accidental exposure by
a solar event, some provision for medical treatment
needs fo be provided. The accurate prediction of acciden-
tal exposure levels is necessary fo allow proper progrosis

and- medical - treatment. -Appropriate design’ criteria for

protection against solar events are still lackiag.

NASA Langley Research Center
Hampton, VA 23681-2199
May 6, 1997
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Table 1. Annual Dose (D) and Dose Equivalent (H) for Galactic Cosmic Rays
Behind Slzb Shkicld Amounts {x} at the 1977 Solar Minimom

Lunar regolith, D, cGyfyr for— Hgg, cSviyr for—

x, glem? Gcm 5cm Ocm 5e¢m

i 19.44 2041 120.13 94.63

1 21.92 20.37 132.26 91.06

2 2220 20.33 126.62 87.76

5 2225 20.17 111.38 7943

10 2194 19.91 9374 69.36

25 20.93 1920 68.66 53.89

50 19.45 13.10 56.32 4578

15 18.65 16,99 52.54 4321

Polyethyiene, D, cGyfyr at— Hygg, cSviyrat—

x, gfom? Ocm Sem 0cm 5 cm

0 1944 20.41 120.13 94.63

1 20.52 20.18 118.39 88.63

2 20.39 19.96 108.86 83.33

5 19.71 19.40 86.61 70.78

10 18.79 18.69 64.09 57.30

25 1727 17.38 38.92 41.18

50 15.84 15.88 30.82 35.20

75 14.45 1438 2818 3243
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Table 2. Annual Dose () and Dose Equivalent {H) for Galactic Cosmic Rays
Behind Slab Shicld Amounts {x) at the 1970 Solar Minbmum

Lunar regolith, D, cGylyr at— Hgy, cSviy ab—

x, glem? Ocm 5em 0 cm Scm

[4] 6.12 697 37.90 34.47

1 721 7.02 44.01 33.66

2 744 7.06 4333 3287

5 774 7.15 40,55 30.72

10 793 724 3642 27.84

25 3.04 736 23.98 2230

s0 7.94 7.37 24.77 20.02

75 7.72 7.25 23.76 19.43
Polyethyiene, D, cGyfyr at— Hygy, cSviyr at—

x, glom? Ocm 5cm 0cm 5cm

0 6.12 6.97 37.90 3447

1 6.63 694 39,08 32.77

2 6.69 6.50 37.07 3121

5 6.66 6.80 31.40 2725

10 6.51 6.66 24.51 22.59

25 6.23 641 1536 16.47

50 6.03 6.16 12.35 14.39

75 5.77 ) 5.83 (1169 . | 1371

A 27 pyi
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Table 3, Dose (D) and Dose Equivalent (H) for 4 August 1972 Event Spectra by King and LaRC

D, cGy H, c8y D, cGy H, c8y
Lumar regolith, King King LaRC LaRC
x, glon?’ Ocm Sem 6cm Sem Ocm 5cm ¢cm S5cm
1 3250.5 242 55 5696.6 33273 26137 254.1 4491 .4 346.57
2 17222 183,48 28438 251.55 14727 198.02 2391.3 269.98
5 4952 86.0 7725 119.0 480.84 | 100.66 74036 137.834
10 117.2 29.10 179.7 413 132.59 38.20 200,75 53.57
25 6.03 2.3% 11.27 485 934 3.96 16.04 6.91
50 0.2932 023 1.42 0.95 0.5 0.35 1.79 192
75 0.0732 0.033 0.5232 0.39 0.099 0.12 0.61 0.47
D, cGy H, Sy D, cGy H, 8y
Polyethylene, King King LaRC LaRC
x, g/em? Ocm 5 em 0cm 5cm Ocm 5 cm Ocm 5cm
1 24374 221.82 37144 32220 (20134 234.63 30225 338.18
2 1188.7 155.5 17279 225.36 [ 1055.0 170.84 | 15158 245.76
5 2874 60.41 401.09 880 295.83 7348 4102 106.09
10. . 5531. 1 181 .. 76.14 2444 -67.96- 2255 93.77-) 3354-)---
25 i.96 0.8374 3.27 2.03 3.33 1.56 5.20 3.00
50 0.125 0.0898 0.36 0.367 0.18 0.13 0.45 0.47
75 0.04 0.0317 0.13 0.13 0.054 0.04 0.16 0.17
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‘Table 4. Dose (D) and Dose Equivalent (&) for 1989 Large Solar Particle Events

Behind Stab Shield Amoants {x)
D, cGy Hicppog, o8V

Material x, gem? Ocm Sem Ocm 5cm
Lunar regolith I 3761.76 208.09 7435.22 306.24
2 1586.95 163.96 2792.31 239.48
5 391.73 8328 615.87 127.24
10 109.88 39.65 164.00 57.03
25 13.67 766 2071 1168
50 1.75 122 3.13 224
75 0.40 0.32 0.89 0.70
Water 1 2830.31 198.52 5099.28 29177
2 1176.81 150.11 1922.11 213.56
5 276.48 73.68 411.37 105.56
10 73.68 36.07 105.56 42.88
25 822 4.90 12.00 729
i 1 3286.85 20437 6166.85 300.69
hydide 2 138324 157.76 2336.36 230.15
5 33330 81.26 508.18 116.74
10 91.02 34.93 132.66 49.99
25 10.89 6.28 16.19 9.45
Polyethylene 1 2587.62 195.67 4552.52 28747
2 1065.36 145.79 1706.01 212.10
5 245.81 69.35 360.31 99.23
10 64.21 2742 50.89 35.05
25 691 423 10.02 6.30
Borated 1 295796 201.52 3346.73 29648
polyethylene 2 1239.37 153.69 202953 224.13
5 29516 76.87 439,73 110.38
i0 79.37 31.96 113.69 45.72
e N Y - o903 | . 535 | 1338 |- --799
Lithium hydride 1 282250 199,70 4979.57 294.08
2 1184.89 151.50 1903.08 212
5 282.09 74.9¢ 415.17 107.75
10 75.67 30.71 107.58 43.97
25 8.49 4.99 12.27 7.39

A27p14
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ABSTRACT

The Supersonic Transport (SST) program, proposed in 1961, first raised concern for the exposure of pregnant
occupants by solar energetic particles (SEP), and neutrons were suspected to have a main role in particle
propagation deep into the atmosphere. An eight-year flight program confirmed the role of SEP as a significant
hazard and of the neutrons as contributing over half of the galactic cosmic ray (GCR) exposures, with the largest
contribution from neutrons above 10 MeV. The FAA Advisory Committee on the Radiobiological Aspects of the
SST provided operational requirements. The more recent (1990) lowering of recommended exposure limits by the
International Commission on Radiological Protection with the classification of aircrew as “radiation workers”

renewed interest in GCR background exposures at commercial flight altitudes and stimulated epidemiological
studies in Europe, Japan, Canada and the USA. The proposed development of 2 High Speed Civil Transport
(HSCT) required validation of the role of high-energy neutrons, and this resulted in ER-2 flights at solar minimum
(June 1997) and studies on effects of aircraft materials on interior exposures. Recent evaluation of health outcomes
of DOE muctear workers resulted in legislation for health compensation in year 2000 and recent European aircrew
epidemiological studies. of health outcomes bring renewed interest.in aircraft radiation exposures. .As.improved
radiation models become available, it is imperative that a corresponding epidemiological program of US aircrew be
implemented.

INTRODUCTION

After the discovery of radiation emanating from certain materials, the source of background radiation
observed in the atmosphere was thought to have exclusively originated from the ground, however Hess’s scries of
balicon flights from 1911-1913 showed that an additional compopent originating from the sky was also present in
this background. In 1925, Millikan coined this newly discovered radiation as cosmic rays.

The fact that the cosmic rays consisted in part of charged particles was directly demonstrated by
coincidence experiments using Geiger-Mueller tubes and resolving individual charged particle tracks within a
Wilson cloud chamber. The cloud chamber lead to the discovery of the positron as part of the cosmic rays,
followed by the discovery of the charged mesons, and further shed light on the imuportant neutron component of
cosmic radiation in the atmosphere (Bethe et al. 1940). Worldwide surveys of cosmic ionjzation during the years
1931-1932 were made by several groups and Hess of Austria studied time variations associated with solar activity
cycle on a mountainiop from 1931-1937. Global radiation levels correlated well with the expected effects of the
geomagnetic deflection of cosmic radiation. A worldwide network of stations began to develop leading to observed
short-term fluctuations in the global jonization rates simultaneously in both the southern and northern hemispheres

/
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and was correlated with solar disturbances {(Hess and Eugster 1949). Observed large increases in the ionization
rates would be atiributed to particles coming directly from the solar events (Fig. 1). More modest decreases over 2
few days, as seen for the July-August 1946 cvent, were attributed to disturbance of the local interplanetary medium
by which approaching cosmic rays were excluded from the local Earth environment {(Forbush decrease). It was
now clear that extraterrestrial radiation from both the sun and the galaxy were contributing to the atmospheric
ionization levels. The next-to-last piece of imporant evidence from a human exposure perspective was the
discovery of heavy ion tracks by Phyllis Frier and coworkers (1948) using nuclear emulsion track detectors in high
altitade balloon flight. Although the initial emphasis of this discovery was the ability to sample cosmic matter,
attention would tumn to the possibility of human exposure by these ions in high-altitude aircraft and fature space
travel (Armstrong et al. 1949, Schaefer 1950, 1952, 1959, Altkofer and Heinrich 1974).

When the possihility of high-altitude supersonic commercial aviation was first seriously proposed, Foelsche
brought to light a number of concerns for the associated atmospheric radiation exposure due to penetrating cosmic
rays {CR) from the galaxy (GCR) and the sun (SCR, also referred to as solar particle events, SPE) including the
secondary radiations produced in coflision with air nuclei (Foelsche 1961, Foelsche and Graul 1962, Foelsche
1965). Subsequently, a detailed study of the atmospheric ionizing-radiation components at kigh altitudes was
conducted from 1965 to 1971 at

the NASA Langley Research ﬁggg&g‘fﬁ?ﬁfm

Center (LaRC) by Foelsche ef al. 16 g H_J__l T T T 7] 49 T 180 —r—

(1969, 1974). Prior to that study 12| _D_{{ | At 18°U T sudden Godhaval

the role of atmospheric neutrons g%ﬁ?ﬁ:;;“g - » . 160

in radistion exposure was § storm 05 5, §§140

generally regarded as negligible & 4 E g g Chelteaham | & &

(ICRP 1966). The LaRC stodies ¥ 4 Godhavn_] gy w g g0

revealed the neutron radiation to REE £ Climax
. . -4 3 20§ 3 100

be the major contributor to E 3—2 & g E

commercial aircraft GCR 2—3 . E g 0 E S‘ 80

exposure. Stiil the exposure g & & | Buamayo | £ 2

levels were comfortably below 3 %ﬂ- Cf""‘“’“”"’m A 05 S 0 1 559

allowable exposure limits for the *5'2 0 y -5 % 2 & 'g 4

block hours typical of airline A& wﬁ*ﬁ_an A 1 -1

crews of that time except during - WY trancavo ) ] 20

2 possible solar particle event -8 ; ——— Christelurch o .

(less than 500 block hours were 2 24 26 28 30 1 3 18 20 2 18 20 2

typical of the 1960°s although July-August 1946 November 1949 November 1949

regulations aliowed up to 1000 Fig. ! Ground level ion chamber observations of solar particle events of

hours).. As .a rtesult, the US . 1946 and 1949. (From Foelsche.et al. 1974).

Federal Aviation Agency (FAA)

Advisory Committee on the Radiobiological Aspects of the SST issued recommendations that crew members will
have to be informed of their exposure levels, maximum exposures on any flight be limited to 5 mSv, development
of airborne radiation monitors, development of a satellite monitoring system, and development of a solar event
forecasting service (FAA 1975, sec also Foelsche et al. 1974).

Several factors have changed since those early studies: {a) the highly ionizing components are found to be
more biologically damaging than previously assumed and the associated quality factors for fatal cancer have been
increased (ICRU 1986, ICRP 1991); (b) recent studies on developmental injury in mice embryo indicate larger
quality factors are required for protection in prenatal exposures (Jiang et al. 1994); (¢) recent epidemiological
studies {especially the data on solid tumors) and more recent A-bomb survivor dosimetry have resuited in higher
radiation risk coefficients for y rays (UNSCEAR 1988, BEIR V 1990, ICRP 1991} resulting in lower proposed

permissible limits (ICRP 1991, NCRP 1993); (d) "an urgent need is recognized for better estimates of the risk of
cancer from low levels of radiation™ (anon. 1993); (e) subsequent 1o deregulation of the airline industry, flight
crews are logging greatly increased flight hours (Bramlett 1985, Wilson and Townsend 1988, Friedberg et al. 1989,
Barish 1990); (f) a new class of long haul commercial aircraft is being developed on which personnel for two crew
shifis will be simultancously aboard a single flight leading to increased exposures for a fixed number of flight duty
hours (Lebuser 1993); (g) US airline crew members are now classified as radiation workers (McMeekin 1590,
ICRP 1991); (k) NASA is developing techmology for a2 High Speed Civil Transport (HSCT) to begin service in the
twenty-first century; and (g} there are plans to introduce a revolutionary commercial transport (Mach 0.98 Sonic
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Cruiser) with operating altitudes from 45,900
51,000 fi (Boeing 2002). In recognition of the

wr

potential impact of several of these factors on IS [
present day crew exposures, the Commission of 2
the European Communities organized a g8
Workshop on Radiation Exposure of Civil '-é"%z A
Aircrew (Reitz et al. 1993). The workshop %*g
conclusions (mainly for subsonic exposures) are ==
that the environment is not adequately known for §§
reliable estimates of dose equivalent resulting 231
mainly from uncertzinty in the neutron spectra at Gg
high energies and a re-evaluation of the heavy ion a
component should be made. More recently the =
International Civil Aviation Organization {ICAQ) ol
has recommended that “Al} airplanes intended 1w

be operated above 15 000 m (49 000 £fi) shall Fig. 2

carry eguipment o measore and indicate
continuously the dose rate of total cosmic
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Neutron spectrum at 70,000 ft over Ft, Churchill on

August 3, 1965.

yadiation being received (i.e., the total of ionizing and neutron radiation of galactic and solar origin) and the
cumulative dose on each flight. The display unit of the equipment shafl be readily visible to a flight crew member”
(ICAC 1995). More recently Japanese flight crews have requested from their government, health benefits on the basis that
their exposures are "far greater than the exposure of the average muclear power plant worker” (Fiorino 1996). Added
emphasis comes from epidemiological studies of health outcomes among Depattment of Epergy contractors (NEC

2000) leading to the Energy Employees Occupational
fliness Compensation Program Act of 2000, Finally, it is
clear that the development of advanced high-altitude
commercial aircraft (such as the HSCT) requires some
attention to the past concemns of high-altitude flight but in
terms of current day knowledge and uncertainty in that
knowledge (Wilson et al. 1995). In a prior repott, we
reviewed the status of knowledge of human occupational
exposures and related uncertainties in heaith risks (Wilson
2000). 1t was clear that exposures among aircrew were
generally higher than other terrestrial occupationally
exposed groups and the aircrew risk uncertainties were
kigh since a large fraction of the exposure is from high-
LET radiations.

In this paper we will review key historical
developments in our understanding of atmospheric
ionizing radiation and. its. impact on commercial
operations. Although such a review cannot be made
without reference to work outside the US, we leave the
thorough review of European research to O’Sullivan et al.
(2003} in this issue. A brief overview of ongoing
research in the US is given with special emphasis on
fature requirements.

PAST 4IR STUDIES

The primary concern for commercial aircraft
radiation exposures began with the Supersopic Transport
with a projected high operating altitude (20-km) for
service on transoceanic flights. Foelsche raised concem
on vulnerability on the high-latitude routes from the US
eastern seaboard to Europe where extraterresirial particles
easily penetrate the geomagnetic feld and intense solar

3

H, mSv/1000 br at 40 600 ft

Fig. 3 Background exposuze levels (4R model) in
atmosphere at solar minimum (1965).



level event yel observed occurred on Feb. 23, 1956 in
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particle events could induce umacceptable exposures on a single high-altitude flight. It was assumed that the
neutrons produced in nuclear reactions with atmospheric nuclel would play an important role in carrying the dose
equivalent deeper into the atmosphere and potentially comtribute to background exposures. A measurement
program was initiated by NASA a1 the Langley Research Center (LaRC) to resolve these issues in July 1964.

The LaRC commissioned over 300 flights over most of the duration of solar cycle 20 on high-altitude
aireraft and balloons to study both background radiation levels over the solar cycle and to make measurements
during a solar particle event. The Langley flight package
consisted of a 110 MeV neuiron spectrometer, tissue
equivalent ion chamber, and nuclear emulsion for
pruclear reaction rates in fissuge. Monte Carlo
calculations (Wilson et al. 1970, Lambiotte et al. 1971)
for incident GCR protons were used to extend the
neutron spectrum to high energies (Fig. 2). Also shown
in Fig. 2 are the coafributions to dose and dose
equivalent from neufrons on individual energy decades.
The measured data was integrated. iuto a parametric
Atmospheric Ionizing Radiation (4/R) model scaled
with Deep River neutron mornitor count rate and
geomagnetic vertical cutoff rigidity (Wilson et al. 1951).
The solar minimum global exposures are shown in Fig.
3 at two altitudes, Over half of the nentron dose is from
neutrons above 10 MeV and an accurate knowledge of Hynpog/t 2 S0000E
the high-energy neutron quality factors is critical o -
gvalvation of dose equivalent. Abowut half of the dose
equivalent is from peutrons as shown in Fig. 4.
Additional high-LET components come from the
nuclear reactions caused by the charged hadrons so that
well over half of the exposures in commercial
operations are from high-LET events which leaves large
uncertainties in the associated health risks (Wilson
2000, Cucinotia et al. 2001) even if the radiation levels
are accurately known.

The only solar particle events of interest are
those capable of ground level observations with ion
chambers (Fig. 1) or neutron monitors. The rates of
occurrence of such cvents (Shea and Smart 1993) are
shown in Fig. 5. The ground level events vary greatly in
intensity and only the most intense events are important
to high-aititude aircraft protection. The largest ground s~ Cycle 19 ——mps— Cyele 20 ——jum Cyele 21 —ut= Cyele 22-

et e et i et j

ﬁi—é 4 Frazti;m of dose eguivalent {AIR model) due
0 peutrons at solay minimum (1963).

2
g

which neutron count rates rose to 3,600 percent above  2'"°T
background. Two of the afore mentioned over 300 ;;150-
fiights were made out of Fairbanks, Alaska doring the 27
event of March 30-31, 1969 with results shown in Fig. émz 5
6. Tf the ground level increase for the March 1969 event  § 71

is used to scale other historical ground level events, we
conclude that high-levels (I ¢Sv or more) of radiation
exposure were present at aircraft altitudes in the past. 1955~ 1960 1865 170 A5 198 1983
The uncertaintics in the proton spectra for the Feb. 1956
event are large but upper and lower bounds estimated by
Foelsche result in dose equivalent rates from Monte
Carlo calculations (Foelsche et al. 1969, Wilson et al. A T A T 2 A A o4 0 I B Y
1970, Armstrong et al. 1969) in qualitative agreement 1551960 195 eI, G R RS0
with those derived from simply scaling the March 1969  Fig. 5 Temporal distribution of ground level solar

datz. The Monte Carlo results are shown ip Fig. 7as  particle events for the past 40 years. (Shea and Smart
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calculated by the Langley code (Wilson et al. 1970) and Armstrong et al. (1969) at Oak Ridge National Laboratory
using the High Energy Transport Code (HETC). The results in the figure use the maximum surface dose equivalent
conversion factors for a 30-cm tissue slab geometry, Dose equivalent averaged over the 30-cm slab is
approximately a factor of 2-3 lower for solar particle events (Foelsche et al. 1974}, It was clear from these results
that exposures to crew and passengers on high-latitude routes of the SST {lying at 58 g/em’® would be unacceptable
unless descent to subsonic altitudes was possible to minimize exposures during such a large event. The importance
of such events is limited fo the Polar Regions.
The main concern of these early sdies _[m-fm;xsm

%
=
o
g

was the poteptial prenatal injury in high-aftitude g ;
flight especially during such a possible large §§1°4* 360 pSvilm :‘\
solar event since crew and passengers included -_E_",; 13- = K v
women of childbearing age. Itis seenin Fig. 3 42 w2l sose 13 ieSvhe i ' h
that flights from the US northeast to Europe fly & I\ :’. i 3N
along the edge of ithe polar region and are é-i?; Wi Ili i Extrapolaied

. R N - tog i y !
subject to solar particle event exposures {Wilson 1000 I I I W S SR W TR I
et a1 1995). An advisory committee to the 10t
Federal Avistion Administration (FAA 1975} = Wf
recommended that a satellite early- gg o’ :
warning/monitoring system be established, .f.:‘-g 102 B :
active onboard monitoring devices be included £ E 10‘ : :
in the aircraft design, and that operational f £ a" ---- ] :

¥

exposures on 2 given flight be Iimited to 5 mSv.
Although many ground level gvents occur, only
a few have been of such intensity as to be of
concetn to near term high-altitude air traffic.  Fig 6 . Energetic solar events measured on the ground and

The second largest ground level event observed ¢ ST alimde.

over the last 60 years is the event on September

29, 1989, This event was similar to the February 23, 1956 event in its time coursc and spectral content but of an
order of magnitude lower intensity (on the order of 1 mSv/hr) and of less concern to supetsonic operations. Since
the February 23, 1956 event is the only outstanding event, it leaves a heavy operational overhead requirement for
such an mnlikely occurrence. Yet, it §s likely such an event will oceur again and perbaps an even larger eveat. Itis
fortunate that high-altitude aireraft requirements are largely met by the space program and weather service
requirements providing potential cost sharing (Wilson 1981).

RECENT AIR STUDIES

procedures be developed to insyre that R 15 DR srs OI: 1620516

arch 30-31, 1969 . 12-13,1 Feb, 23, 1956=w

103
Many factors relative to aircraft exposures have LaRe
changed over the last decade as recounted in the introduction. © HETC
There are continued studies of a possible hypersonic air Upper Lizut
transport, which will bring a host.of new issues as.reviewed - 19

elsewhere (Wilson 2000). Two key events had an important
impact on requirements for atmospheric ionizing radiation
research over the last decade: the ICRP (1991} included
aircrew ameng the defined ocoupationally exposed and NASA
initiated a technology assessment for a possible second-
generation supersonic transport (High Speed Civil Transport,
HSCT).

Although a consistent data set over much of the
Earth’s surface and most of solar cycle 20 has been measuyed
by the LaRC 88T program, many of the individual
components were not resolved due to instrument limitations at 10711 1 ! 1
the time of measurement (circa 1964) and the major portion of e e . 22? 2 300
the neutron spectrum depended on theoretical calculations for  pig 7 Calculated upper and lower limits for
proton interactions with the atrrosphere (Foelsche et al. 1974).  ggse equivalent rate at high latitade for the
Hewitt et at. (1978) measured the neutron spectrusnl USING @ Feh 23, 1956 svent

5

Lower limat

Does equivalent tate, nSu/he
sb-l
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.analysis_continues. to this day. includiog corrections
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Bonner sphere set up at subsonic altitudes and analyzed the data assuming a simple power spectrum and confirmed
the importance of the high-energy neutrons but left the exact nature of the spectrum uncertain due to limitations of
the analysis methods. Ferenc Hajnal of the DOE Environmental Measurements Laboratory developed new analysis
techniques for unfolding Bonner sphere newiron speetral data and found important siroctural features in Hewitt's
data near 100 MeV (see Fig. 8) that have imaportant implications for aircraft exposures (Hajnal and Wilson 1991,
1992). A quick survey of published atmospheric neutron spectra shows considerable uncertainty in our knowledge
and the mmpact of these uncertainties are analyzed elsewhere (Wilsont et al. 1995, Wilson 2000). The status of
knowledge of atmospheric jonizing radiation was oo
reviewed by the NCRP (1996) providing a basis for
contimued studies in support of the HSCT
technology assessment activity.

Further studies were started at the Langley =E
Research Center. An instrument package was
developed in accordance with the NCRP
recommendations through an international guest
investigator collaborative project, thereby ensuring
the availability of the numerous instruments
required measuring the many components of the -
radiation spectra and providing a calibration Br rt
platform for dosimetry. Selection criteria tncluded:
(a) the insttuments had to Gt within the cargo bay L ____ D iy
arcas of the ER-2 airplane and be able to function ok = -~ =+ n 2 A .
in that environment, (b) the instruments had to be

d bud ! ( ) Neutron caergy, log) o, B, MeV
provided at no cost to meet budget constraints, (¢ Fi . 1ded .
each ins ent must bave a principal investigator ig. 8 Hajnal unfolded neutron spectrum from Hewitt data

with independent resources to conduct data measured at 17.46°N at 23,5 km compared to Hess et al.

analysis, and (d) the instrument array must be able  (1961) spectrum,
to measure all significant radiation components for

which the NCRP {1996) had established minimal requirements. Also, the flight package had to be operational and
the first flight to occur before or near the maxirnum in the galactic cosmic ray intensity (spring/summer 1997) and
coptinued through the next cosmic ray minimum.

The flight package was a collaboration of fourteen institutions in five countries and consisted of eighteen
instruments able to separate the various physical components and tested various dosimeters (Goldhagen et al.
2000). The flight plan was established using the first AIR model (Tai et al. 1998) and concentrated on north/south
surveys with an altitude profile at the northern extremity. The first flight series in June 1997 met with considerable
success with the loss of only one instrument in the T e e e e
data flow. The flight program ended with the 1
decision that technology was not ready to develop a —— North, 0.8 GV cutoff’
competitive high-speed ¢ivil transport but the data — Smgg;x; 12 GV cutoff _
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for the ER-2 flight platform structre. Preliminary
neutron spectra (Goldhagen et al. 2002} are shown
in Fig. 9 and tend to confirm the resuits of Hajnal’s
analysis (Fig. 8). Note that the neutron spectra of
the northem and southern flight exiremes, where the
geomagnetic cutoffs differ by more thap an order of
magnitude, are similar in spectral content with |
different magnitude. This corresponds well with the 0.0 M T
more limited results of Foelsche et al. {1974), who 108 106 19% 102 10° 102 104
likewise concluded that the spectrum has negligible Neutron Energy (MceV)
differences in the upper atmosphere as a function of
altitnde and latitude. Fig. 9. Cosm1c-r%y neutrgn spectra measured at the

A preliminary comparison of the first 4R narthern end (54°N, 1217 W, 08 (:}Y clgo?‘ 26 glgm W, 12
model with the high-pressure argon ion chamber is éa\?mp herie depth) great the south end (19N, 127 1

. T k : . cutoff; 54 ¢ oo atmospheric depth). The south

given in Fig. 10. This was approximately a six and  gpeetrum is multxphe/d by 8.
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one-half hour flight starting June 13, 1997 at 15:52 from NASA Ames Research Center on a prescribed sequence of
porthern, western, and southern headings. This was the second northemn flight and the aim was to approximately
repeat the radiation measurements as a function of geomagnetic latitude to as far north as possible with altitude
excursions along a constant-radiation, geomagnetic latitede Yine near Edmonton, Canada. During the westward
portion of the flight, an altitude excursion was made as an alfitude survey as evident in the figure. The AIR model
using the recorded flight trajectory is shown in the figure for comparison with the measured flight data. )

A preliminary summary of
European activity is given by
McAulay et al. (1996). Further
study of the atmospheric neutron
spectrurn lead by H. Schraube of
GSF in Neuherberg has been
funded by the Directorate General
XTI, The experimental component
consists of a Bonner sphere
spectrometer with & 3He
proportional counter (Schraube et
al. 1998) onr a mountaintop
(Zugspitze). The theory portion of
the study uses the FLUKA code,
currently maintained at CERN, and
the known cosmic rays incident on
the atmosphere (the multipie
charged ions are assumed to be
dissociated into nucleomnic
constimments {(Roesler et al. 1998).
It is interesting to note that the
structure expected from the
analysis of Hajnal ar 100 MeV
(Fig. 8) appears in both the
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Fig. 10 Predicted and measured value of Air Ionization Rate as function of
time for Flight 97-108, June 13, 1997,

measuremenss and the FLUKA calculation (see Fig. 11). Note that this feature was absent from the LUIN code
gvailable at the time of the study. LUIN then depended on the Hess et al. (1961) spectnum for guidance as to the
shape of the neutron spectrum at low energies. Thus the LUIN code is not a basic physics model in that it contains
information outside the basic LUIN transport model (O’Brien and Friedberg 1994). Schraube et al. (1998) showed
that the neutron ambient dose equivalent is about a factor of two larger than that estimated by LUIN; the added

contributions are from high-energy
nentron interactions with tissue puclet
resulting in an array of high-LET
reaction products at each collision
event. - LUIN99. and  LUIN20660O
(O’Brien et al., 2003) address this issue
by using Rosler et al. (1998) nenwon-
spectrom tesulis. Very little biological
data exist on such radiations (Wilson et
al. 1990, Wilson 2000, Cucinotta et al.
2001).

It was determined by Foelsche
et al. (1974) using simuitaneous flight
measurements with a research aircraft
end a balloon that local neutron
production in materials of a small
research aircraft added 10 percent to the
measured neutrom field. Later
measurements by Wilson et al. {1954)
onboard commercial subsonic transports

0335
Nentron flusnce rate at Zugspitze (700ycm2)
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Fig. 11 Spectrai neutron fluence rate obtained by measurements and
catculations on top of Zugspitze (by permission of Schravbe et al.
1998).
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found that the radiation levels varied by up to 30 percent within the aircraft cabin space. These results give
incentive to evaluation of aircraft materials as a means to providing limited control of the interior enviromment.
Evaluation of aircraft design alternatives requires 2 physics-based AIR model for which the transmission properties
of aircraft materials can be folded into the design process.

POLICY & EPFIDEMICLOGY

Aside from the guestion of more restrictive regulatory requirements resulting in a FAA advisory
(McMeekin 1990) there is increased concem: for potential health outcomes among the crew in commercial aviation.
The health ontcomes are undoubtably related fo environmental factors including radiation. Stadies continue to
expand giving greater statistical resolving power (De Angelis et al. 20012). Although as a group the health risks of
this select group of individuals are low (heaithy worker effect, for the specific case of aircrew members, see De
Angelis et al. 2001b), Band (1990) found increased risks of several types of cancer among Canadian commercial
pitots. Further concern for some of the most sensitive occupants of commercial aircraft, the US National Institute
for Occupational Safety and Health continnes 2 study of early pregnancy outcomes among commercial flight
attendants (Grajewski et al. 1994, Whelan 2002).

Table 1. Cancer Sites with significant positive association for civilign airline flight personnel
crewmembers. Confidence limits are 90 or 95 percent depending on study.

Cancer Site Sex | Job Type | Confidence | Source

Limits
All Sites* M [cA SIR |13 |22 | Haldorsenetal. (2001
Bone F CA SIR j18 1544 | Pukkalaetal (1995)
Brain M P SIR |12 |79 |Bandetal (1990)
Brain M P SMR {14 195 | Bandetal (1990)
Breast F CA SIR |12 |22 | Pukkalaetal (1995)
Breast F CA SIR 110 143 Wartenberg et al, (1998, 1999)
Breast F CA SIR | 1.09 | 1.83 | Reynolds et al. (2002)
Esophagus M CA SIR |27 |il4 | Haldorsenetal. (2001)
Hodgkin Lymphoma M P SIR {12 |11.7 | Baodetal (1990)
Kidney and Pelvis M+F | P PMR | 1.18 | 3.06 | Nicholas et al. (1998)
Leukemia — AML M P SIR |21 :93 Band et al. (1996}
Leukemia — Myeloid M P SIR |14 155 |Bandetal (1996)
Liver* M CA SIR (13 139.2 | Haldorsen etal. (2001)
Prostate M P SIR 114 125 Band et al. (1996)
Rectum M P SMR (1.2 1112 | Bandetal (1990)

"1 Skin — Melanoma M P SMR { 1.5 163 | lvine & Davies (1999
Skin ~ Melanoma M PE SIR | L1 {27 | Haldorsen et al. (2000}
Skin ~ Melanoma M P SIR |50 365 | Rafnssonetal (2000)
Skin - Melanoma M CA SIR (11 {64 {Haldorsenetal (2001)
Skin — Melanoma M P SIR  {2.85 1423 | Nicholasetal. {2001)
Skin — Melanoma F CA SIR |12 {67 | Rafnssonetal. (2001)
Skin—Melanoma M P SIR | 1.27 | 454 | Hammnar et al. (2002)
Skin--Melanoma F CA SIR ] 1.28 | 438 | Reynolds et al. (2002)
Skin ~ Other Cancers M P SIR 1.1 122 |Bandetal (1990)

Skin — Other Cancers M PE(ets) | SIR |21 142 Gundestrup & Storm {1999)
Skin — Other Cancers M P SIR |13 140 Haldorsen et al. {2000}
Skin — Other Cancers* M CA SIR |45 1188 | Haldorsenetal (2001)
Prostate# M P SIR 11.19 1229 | Ballard et al. (2000)

Skin — Melanoma# M P SMR | 1.02 | 3.32 | Ballard et al. {2000}

*cancer ontcome possibly related to lifestyle only; # results from meta-analysis of previous studies, then adjusted
for socio-economical status; AML = Acute Myeloid Leukemia; CA = Cabin Attendants;

P = Pilots only; PE = Pilofs and flight Engineers; PMR = Proportional Mortality Ratio;

SIR = Standardized Incidence Ratio; SMR = Standardized Mortality Ratio
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Although not a study of commercial aircrew, the report of the National Economic Council (NEC) Panel on
Qccupational Hazards Associated with Nuclear Weapons Production (NEC 2000} has important implications for
commercial avigtion. The US President requested the NEC to assess “whether there is evidence of occupational
illness in current and former contract workers at the US Department of Energy (DOE) from exposures o
occupational hazards unique to nuclear weapons production and evaluate the strength of that evidence.” The NEC
Panel (Task Group 1) found only modest average annual exposures of the DOE contractor workforce, 1.5 to 2 mSv
1o 1964, 2 slow decline from 1.5 mSv 1o 1 mSv in 1978 through 1988, followed to a rapid decline to a few tenths of
2 m3v past 1990 (compared to an estimated annyal aircrew exposure (e.g., Chicago-to-NY) of 2.72 mSv, Friedberg
et al. 2002). Moriality studies among the DOE contractors showed a heaithy worker effect but increased standard
mortality and incident ratios (SMRs, SIRs) with 90-95 percent confidence intervals above unity {statistically
significant) for cancer of the thyroid, breast, pharynx, esophagus, stomach, small intestine, pancreas, bile ducts, gall
bladder, and liver as well as leukemia, multipie myeloma, and lymphomas (except Hodgkin’s) as identifiable work
related illnesses as concluded by the panel. A compensation program for this entire list of illnesses was set up with
some limitations related to possible causality. Furthermore, several cancer sites showed positive correlations with
radiation exposures while other cancer sites were assumed to be related to other environmental factors. As a result,
the NEC recommended legislation for worker compensation for this restricted list of jlinesses which were found
with statically significant elevated SMRs and SIRs, leading to the Fnergy Emplovees Occupational Illness
Compensation Program Act of 2000 passed by the US Congress and signed into Iaw.

A few studies of populations in high-altitnde cities have concluded an inverse effect with radiation
exposure although Weinberg et al. (1987) argues that oxygen cffects may be the source of decreased adverse health
tisks at &igh altitudes. More recently studies of US Air Force pilots showed statistically significant elevated risks
of cancer in genitals, testis, and urinary systems (Grayson and Lyons [996). A recent study of mortality among US
commercial pilots and navigators found statistically significant elevations of kidney and pelvic cancers (Nicholas et
al. 1998). Many Buropean epidemiological studies on health outcomes of aircrew have been in progress for several
years (see e.g. Rafnsson et al. 2000, 2001, Balard et al. 2002, and for reviews Ballard et al, 2000, De Angelis et al.
20012, 2001b) and provide additional concern for the peed for further studies in the US. Tt is well established that
elevated standard mortality and incidence ratios with 90 to 95 percent confidence intervals above unity is observed
among European aircrew as shown in Table 1 along with limited US studies. Even so, one might argue that the
SMR and SIR depend on the control group and there are even regional differences as observed in the DOE
contractor studies (NEC 2000) and the data siill rests on relatively few occurrences in many cases (Friedberg et al.
2002). Still, establishment of policy and science are different issues and the daia in Table 1 meets the selection
criteria of the NEC panel for compensation (NEC 2000). It is anticipated that US crews who fly generally closer to
the magnetic pole than European crews will have both different radiation exposure patterns and distribution of
cancers with elevated SMRs. It appears the situation justifies that US aircrews are probably due illness
compensatory legislation but insufficient data exists on which to write such legislation. It is imperative that US
aircrew epidemiological studics are expanded to correct the current lack of data on capcer incidence and mortality
among US aircrew in preparation of required legislation. This impetus follows since, “it is clear that there are
health risks associated with a career of flying.”

(F ﬁedbefg et al. 2002) 165 — 3 T T T T
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Three issues continue to be addressed g
within the US: development of the basic AIR %Y il i 7
mode! nchuding experimental validation, testing 2 gk ) 3 p
of potential aircraft material transmission | i :ﬁ ; ﬁ }f )
properties, and epidemiological studies. The = pagt 3 \ ] LS R
extent of the ongoing activity will be briefly 3 ;_f % ] j’ 1
reviewed in this section. S | ) L4 e [
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The continued analysis of the ER-2 flight = FV;J L L= d !l. i
data has concentrated on establishing corrections wgg.pl Pr= g 1;5‘16.9‘ PP A e m}}"-
to the neutron spectrum due to packaging into the Heutron Energy 1MV

flight racks and the surrounding aircraft structure i .
(Goldhagen et al, 2003). This will be followed by ~ Fig: 12 Comparison of the augmented FLUKA evaluated
analysis of the other instruments used on the Zvuiron spectra at the northern extreme of June 1997 ER-2

flights including the high-pressure ion chamber, flight measurements.
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the various scintillators, and particle telescopes. Collaboration with the Bartol Research Institute at the University
of Delaware and their unique sugmensation of FLUKA to include collisional source terms for multiple charged ions
is being evalnated for use in deriving a new physics-based AR model (Clem et al. 2003). Preliminary comparisons
of the altitude survey at the northern extreme of the ER-2 flight shown in Fig. 12 are encouraging. The new AIR
model will include a dyramic geomagnetic transmission model for years 1945 to 2020 including geomagnetic
storm effects (De Angelis et al. 2003). The fundamental model will be for the particle fields allowing introduction
of aircraft geometry and humen geometry-for final exposure evaluation. One uvse of the model wili be to evaluate
single event effects on avienics in future aircraft design. With the historic variation of the geomagnetic
transmission factors, the model will enable expesure assessment in retrospective health outcome studies.

The transmission properties of materials in such a complicated environment are poorly understood. The
effects of the surrounding aircraft materials and payload on the exposures within the cabin space and on the flight
deck are largely unknown. As a result we have designed a flight experiment for the ER-2 aircraft for evaluation of
material effects on the local radiation environment. The experiment uses cross-calibrated TEPCs to measure effects
on the fineal energy specira as a function of material type. One rack of the basic apparatus is shown in Fig. 13.
There are two such racks that fill the two well-isolated superpod tailcones mounted on the midwings of the ER-2.
The measured change in lineal energy spectral
content as a function of shield material will give us a
degree of measure of the change in the physical
fields within fthe shielded region to evaluate
computational shielding models. Fundamental to
this usage is an improved understanding of the TEPC
response in such mixed radiation fields (Shinn et al.
2001).

The NIOSH/FAA Study of Reproductive
Disorders in Female Flight Attendants remains as the
only US led epidemiological effort of which we are
aware. The study is in three parts: data on
reproductive outcomes by guestionnaire, ovulation
function study uvsing hormone testing, and zn
environmental assessment of the cabin space
{Whelan 2602). Primary school teachers of the same
age distribution are being used as a control group for  Fig. 13 Aircraft shield materials experiment rack
the study. _ being prepared for ER-2 flight.

CONCLUDING REMARKS

. SSTrelated studies of atmospheric ionizing radiation quantified the exposure fields; established neutrons-as

the dominant component of radiation health hazard, apd identified solar particle event exposures of pregnant
occupants as a major health issue. Even then it was recognized that background exposures of commercial aircrew
placed them among the most highly exposed occupational groups. As cancer risk coefficients were revised to
greater values and corresponding new safety standards implemented, concer over potential health risks led to a
number of studies of the radiation environment and corresponding studies of health risks at subsonic commercial
transport altitedes. Although unrelated, identifiable added health risks were found in epidemiological studies of
nuclear weapons workers, who were generally less exposed to ionizing radiation than commercial aircrew. The
resulting legisiation for the UUS nuclear weapon contractors has strong implications for aircraft safety. Extensive
studies of European aircrews have resulted in a database adequate for compensation ‘of European gircrew.
However, the corresponding database on US aircrew is lacking. An accurate physics based AIR model is required
to evaluate reference exposures for epidemiological studies and evaluation of potential design features of future
aircraft to improve safety. The development of such 2 mode] has been the focus of the NASA Langley Research
Center for the last several vears. A comprehensive flight measurements program is required to validate the 4AJR
model and evaluate the transmission properties of aircraft materials.
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2DOE Environmental Measurements Laboratory, New Yark, New York

The Langley Research Center (LaRC) performed atmospheric radiation sindies under the SST
development program in which important jonizing radiation components Were measured and extended by
calculations to develop the existing atmospheric ionizing radiatien (AIR) model. In that program the
measured neutron spectrm was limited to less than 10 MeV by the available 1960-1970 instrumentation.
Extension of the neutron spectrum to high energies was made using the TaRC PROPER-3C monte carlo
code. It was found that the atmospheric nentrons contributed about haif of the dose equivalent and
approximately half of the nentron contribution was from high energy neatrons above 10 MeV. Further-
more, monte carlo calculations of solar particle events showed that potential exposures as large as 10-100
mSv/hr may occur on important high latifude routes but acceptable levels of expesure could be obtained if
timely descent to subsonic altitndes could be made. The principal concern was for pregnant occupants
onboard the aircraft f1]. As a regult of these studies the FAA Advisory Committes on the Radiobielogical
Aspects of the SST recommended [2]:

1. Crew members will have to be informed of their exposure levels

2. Maximum exposnres on any flight to be limited to 5 mSv

3. Airborne radiafion detection devices for total exposure and exposure rates

4. Satellite monitoring system to provide SST aircraft real-time information on atmospheric

radiation levels for exposure mitigation

5. A solar forecasting system to warn fiight operations of an impending solar event for flight

scheduling and alert status
These recommendations are 2 reascnable starting point to requitements for the HSCT with some
modification reflecting new standards of protection as a result of changing risk coefficients.

One result of the SST stadies was the realization that subsonic aircrew members are among the
most high occapationally exposed groups {1,3] which prompted the FAA to develop methods to firther
study exposures resulting in the CARI exposure estimation code (named after the Civil Aeronantical
Research Institute) based on the LUIN transpert model (developed by the DOE Environmental Measure-
ments Laboratory) to generate the database (4. The estimated risk of serious illness to the child of a
subsonic aircrew member during pregnancy is on the order of 1.3 per thousand [5] and the FAA
recommended that air carriers begin a program of training of their employees om the risks of inflight
subsonic exposures [6]. The dose rates at the HSCT altitudes are a factor of 2-3 higher than for subsonic
operations and the HSCT crew annual flight hours will have to be reduced by this same factor to maintain
exposure levels comparable to the subsonic crews.

Regulations on exposure limitation are based mainly on the estimated cancer risk coefficients.
These coefficients have increased sxgmﬁcanﬂy over the last decade as solid tamor appearance is hxgher
among ‘the’ WW2 - nucléar “weapohs stirvivars than initially anticipated’ [7-10]. 7 As 'a result, new
recommendations for reducing regulatory limits have been made by national and international advisory
bodies [10,11. Whereas subsonic crew exposures were well under the older regulatory limits, the
substantial reductions (by factors of 2.5 to 5) in exposure limitations recommended by these advisory
bodies resulted in the need to improve aircrew exposure estimates [12]. Hence, a workshop on Radiation
Exposure of Civil Aircrew held in Euxembourg on June 25-27, 1991 was sponsored by the Commission of
the European Communities Directorate General X1 for Environmental Nuclear Safety and Civil Protection
{12]. To te noted in the workshop is the closure of the gap between subsonic aircrew exposures and the
newly recommended regulatory limits and in fact some concern that limits may be exceeded in some
cases. Thus uncertainty in exposure estimates becomes a critical issue and emphasis on the numbers of
and spectral content of high energy neutrons as well as the penetrating muitiple charged ions were
identified as a critical issue for subsonic flight crews. More recently Japanese flight crews have requested
from their government, health benefits on the besis that their exposures are "far greater than the exposure
of the averape nuclear power plant worker™ {13].  The issues for HSCT commerdial air mavel are
compounded by the higher operating altitndes (higher exposure levels) and the possibility of exposures to

/



A?ﬂ—p?—

a large solar particle event wherein annual exposure limits could be greatly exceeded on a single flight
[1,14].

As a result of the higher expected exposures in high altitude flight, the US congressionally
chartered foderal advisory agency on radiztion protection, NCRP, examined the data on atmospheric
radiation and made recommendations {157 on the need for fatnre smadies os follows:

1, Additional measerements of aimospheric ionizing radiation components with special emphasis

on high energy neutrons

2. A survey of proton and neutvon biological data on stochastic effects and developmental injury

for evaluation of appropriate risk factors

3. Develop methods of avoidance of solar energetic particles, especially for flight above 60,000 ft

4. Develop an appropriate radiation protection philosophy and radiation protection guidslines for

commercial flight transpartation, especially at high altitudes of 50,600 to 80,000 &t
Clearly, these recommendations must be addressed before the HSCT goes into commercial service to
ensure the safety of the crew and passengers. The current effort in this assessment is the use of an
experimental flight package to reduce the uncertainty in AIR models in direct response fo the NCRP
recommendations.

An strument package was developed in accordance with the NCRP recommendations through
an international guest investigator collaborative project to acquire the use of existing instruments to
measure the many components of the radiation spectra. Selection criteria was established which included:
{a) the instruments had to fit into the cargo bay areas of the ER-2 airplane and able to function in that
environment (Some high quality laboratory instruments were rejected because of their large size or
inability to operate in the ER-2 environment.), (b} the instrument had to come at no-cost for use by the
project to meet budget constraints, (¢) the instrument must have a principal investigator with their own
resources 1o conduct data analysis, and (d) the array moust include all significant radiation components for
which the NCRP had made minimal requirements. The flight package must be operational and the first
flight occur before or near the maximum in the galactic cosmic ray intensity (ca. spring/sumamer 1997)
and extend through the next cosmic ray minimum.

The flight package developed uses all of the available space in the ER-2 cargo areas. The
primaty instraroents in the package consist of meutron detectors, scintillation countets, and an ion
chamber from the DOE Environmental Meagurements Laboratory and charged particle telescopes from
Institute of Aerospace Medicine of Deutsche Forschungsanstalt fur Lufi- und Raumfahrt (DLR), and
Johnson Space Center, Ten other instruments from Germany, Haly, the United Kingdom, and Canada
make up most of the remainder of the fight package. These include passive track: detectors from Institute
of Aerospace Medicine, DLR, and University of San Francisco; TEPCs from Boeing and Defence
Research Establishment Ontario; and dosimeters from Boeing, Royal Military Academy in Ontario and
Naticnal Radiological Protection Board (NRPB) in the UK. The existing primsry instruments and data
system were modified for operation on the ER-2, A data acquisition system was incorporated to control
operation of the entire instrument package, and to record data from the primary instruments during flight.
Data from the other instruments are recorded separately by each instrument and recovered after a flight.
The ATR model was modified for diurnal snd solar rotational Gortéctions as siown in figure 1a with the’
results for the ion chamber in a northern flight into Canada shown figure 1b, The dosimetry of the
neuiron component is being updated with ambient dose and dose equivalent for comparison with the
TEPC data. Preliminary bonner sphere functions are likewise being used for preliminary flight
Comparisons.
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Alpha-spallation eross sections at 920 MeV (230 McV/N) in 27A), 190, 12C, and *Be, and
application to cosmic-ray transport
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Tel-Aviv University, Department of Physics & Astronomy, Ramat Aviv, Israel

Alan R, Smith and Nickey Little
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

Received 29 November 1973

We investigated the effects on cosmic rays from spallation reactions between cosmic rays and inierstellar helium. The
spatlation crose sections were measured by exposing thin-sandwich targets to the 920-MeV (230-MeV/A) external alpha -
particle beam of the 184-in. cyclotron at Lawrence Berkeley Laboratory, Cross sections were measured for the production:
from 27A] of 18F (12.5+0.5 mb); from 160 of 150 (46.4+2.7 mb), 13N (6.7520.5 mb), *1C (18.5:0.9 mb), and 7Be (18.5+1.3
mb); from 12C of 7Be (20.0+1.2 mb); and from 9Be of "Be (12.6:-0.8 mb), We constrycted spallation cross-section ratios for
the ratio of alpha -particle-induced to proton-induced reactions (= Sigma %P2 ). We parametrized this ratio by the nucleon
difference ( Delta A) between the target initial and final states and we fitted this ratio [ Sigma 9/Pha pl Delta A)] to & linear

function in Delta 4. We used this fimction [ Sigma “‘P”" (Delta A)] to obtain alt of the alpha - pmhcl&spaﬂatxon CTOSS.

‘sections from the conespondmg proton—spallatron cross secuons for targets and products in the elemental range 3 <= Z<=3
and we applied these cross sections to a cosmic-ray travsport calculation wherein we investigated the sensitivity of the
cosmic-ray L/ Mratic [<(Li + Be + B) / (C + N + Q)] and of the sbundances of the L and A elements to the helivm fraction
of the interstellar gas.

[NUCLEAR REACTIONS 27AY( alpha x)18F; 160( alpha 5130, 13N, 11C, "Be; 12C( aipha x) Be; *Be( aipha x) Be,
E=920 MeV; measured sigma ; Nal detector. Examined effect interstellar He on cosmic rays.]

©1974 The American Physical Society

URL: http://link aps.org/ebstract/PRCA9/pITIS
DOT: 10.1103/PhysRevC.9.1718

* Work performed in part while at New York Unjversity, Department of Physics, New York City, N. Y. 16003,

View Page Images, PDF (1847 kB), or Buy this Article

http://prola.aps.org/abstract/PRC/v9/i5/p1718_1 4/24/2005



— kg e =

NASA ADS Astronomy/Planetary Abstract Sexvice

- Find Similar Abstracts (with default settings below)
« Table of Confents
- Also-Read Articles

- Translate Abstract

Title: The War Years: An Interview with Bernard Hamermesh
Authors: Mendell, Rosalind B,
Journal: Frontiers in Cosmic Physics; Symposium in memory of Serge Alexander Korft, held on September

13, 1999, in New York, NY. Edited by Rosalind B. Mendell and Allen I. Mincer. Pablished by
Annals of the New York Academy of Sciences, Volume 655, New York, NY, 1992, p22
Publication Date:  06/1992

Origin: ADS
Bibliographic Code: 1992NYASA..65..22M

Abstract

Not Avaﬂable

Add this article to private library Remove this article from private library
Find Similar Abstracts:
Use: 1 Authors
| Title
Return: Query Results Return 100 fterns starting with number 1
Database: || Astronomy/Planetary
. Instrumentation

; Physics/Geophysics

—_ arXiv e-prints
Send Query Reset

NASA AD_S_Hom%ei ADS Sltemap | Queg_Form i Prcfcrences| HELP ] FAQ

http:/fadsabs.barvard edu/cgi-bin/nph-bib_query?bibcode=1992NYASA..65...22M&amp;d... 4/24/2005



Web Images Groups News Fioogle LocalMew' more »

. GOi 381 Rosalind B. Mendell Search

‘Web Results 41 - 50 of about 647 for Rosalind B. Mendell. (0.08 seconds)

- Mendell.AdnenneU) Mendelsohn Martm{1) Mendelssohn—Bartholdy Felix(1} ..
Mesibov,Gary B.(1) M&skova,Drahomira{4) Messadié,Gerald(7) Messany,Peir(1) ...
katalog knihovnabbb.cz/clslam.him - 220K - Cached - Similar pages

Brooks

« __ Rosalind Williamson (b. 1953) __Roy Mercer (b. 1845, Dafllas, TX) __Samuel (h.
__Mendeli _ Ovid Minta (b. 1896, Austin, TX) __Reason {b. 1807, VA} ...

www.rcasey.netlyrosks/fbroindd him - 60k - Cached - Similar pages

poet LIST OF SCHOOLS and PRINCIPALS b@’
File Format: POF/Adobe Acrobat - View as HTML

... Jufia Mendell. 562 438-3934. Middle Schools: (Grades 6-8). Hubert H. Bancroft

... Rosalind Morgan. 562 423-1471. 562 984-371(. Lakewood ...

www.thusd k12, ca.usfpublic_ information/images/principals03.PDF - Similar pages

heritage\archives\Sedgwick

... Bobulski, Resalind MD {P) Boles, Thomas EMD (P} Bonta, Joseph SBurg. ...
Mendell, Jemy MD (P) Merola, John MD (F) Metz, Eari N. MD (P} ...
mhe.med.ohio-state.edu/archives/Sedgwick.himi - 50k - Cached - Similar pages

BioMedCentrai-Mirror @& University of Potsdam
... Oh, Cheongeun; Ye, Kenny Q; He, Qimei; Mendell, Nancy R ... Saccone, Nancy L,
Neuman, Rosalind J; Saccone, Scott F; Rice, John P ...
. bmc.ub. uni-potsdam. defcgi-bin/ browse.p!?BMC%ZOGeneﬁcs&Volume# - 128k - Cached - Similar pages

rorF] Sub-luming! puises from cosmic-ray air showers > +

File Format: PDF/Adobe Acrobat
| .. Rosalind Mendell kindly prowded information about the response of organic
C 1.4. Greigen K 1958. Progress in Cosmic Ray Physics ...

www, fop.org/E Jfarticle/ 0305-4616/10/8/005/gv10i8pL 181, pdf Similar pages )A,_}l
Books about DNA

. Jacob proposes that although Darwin and Mendell were confermporaries, ...
Sayre A., Rosalind Frankfin and DNA, (WH Norton & Company, 15t edition, 1875, ...
www.Chs.diu. div/staffidave/DNArefs_1970s.ktmi - 43k - Cacghed - Similar pages

Phys. Rev. C 2, 793 (1970); Radin - Cross Section for <mm>CG</im ,,,

- candto Rositind Mendell rens tar=for thelr patienics’ and gncoliragement. ...
Rev. 101, 328 (1956). 6. B. Cumming, Ann. Rev. Nucl. Sci. 13 (1863). ...
link.aps.org/doi/10.1103/PhysRevC.2.793 - Similar pages

Rhode Island Historical Cemeteties Transcription Project

... NS007 MELLOR ROBERT ABRAMAM -~ 18 JUL 1982 PV003 MELLOR ROSALIND (MCLEAN) ...
24 JUL 1800b CRO0O2 MENDELL FLORENCE BAKER (WILBOUR™*} 1879 - 29 DEC 1969 ...
wenw.rootsweb.comi~ngenwebicemetery/cemetery247 himi - 85k - Cached - Stmilar pages

Uso e abuso do exame do DNA sob o ponio de vista médico-legal lvo ... - [ Translate this page )
... foi proposta pela pesquisadora Rosalind Frankdin, baseada numa escada dupla

... Todo o estudo do DNA segue as leis de Mendell e s80 aceitas nos ...

wawewr i 1. gov. brfjudicefud 7/DNAhEN - 65K - Cached - Similer pages

o 4Gloueosevosoanngle b

Result Page: Previous 1 2 3 4 5 8 7 € 91011121314 Next

hitp://www.google.com/search?q=+Rosalind+B.+Mendell&hl=en&Ir=&start=40&sa=N 4/24/2005



Athens login

10P logih
Cregle account | Alerts | Contactys
Journais Home | Joumaisbist | EdsBxtra | This Jourmat | Search | Authors | Referees § vibrarians | Useroptions 1 nep |

A Previous arficie | Next arBiie I | Ths volume & | This issue & | Article opfions & Content finder '
I Linsley 1984 J Prys. G- Nucl Phys. 10 L191-L195

Sub-laminal palses from cosmie-ray air showers

J Linsley
Dept. of Phys, & Astron., Univ. of New Mexico, Albaquerque, NM, USA
Print publication: Issue § (August 1984)

Abstract. Some signals produced by air showers of energy greater than 1017 &V in
scintillators at impact parameters greater than 1 km possess a distinctive feainre, a *sub-

Taminal pulse’ (SLP) following the normal one with a time delay of approximately 1.5 v/c.

The average amplitude of the SLP corresponds to an energy deposit of about 50 MeV,
three times as much as is deposited by a vertical minimum ionising muon, The SLP
accaunt for approximrately 5% of the energy deposited in the etmosphere by such air
showers at these distances.
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Descriptive Summary

Creator: - Korff, Serge Alexander, 1906-

Title: Papers.

Dates: 1928-1989 , _ - o

Abstract: =~ Serge A. Korff was a prominent cosmic ray physicist active in
academic, governmental and international settings whose tenure at
NYU was from 1941-1989. The collection encompasses Korff's
professional career and includes correspondence with leading
American, South American and European physicists, graduate
students and post-doctoral fellows, academicians from other
disciptines, professional scientific organizations, government
agencies, military personnel, commercial equipment suppliers, and
publishing concerns. Also included in the collection is information on
research projects and expeditions; grant preposals and reports;
materials on scientific conferences; students' theses and
dissertations; administrative records pertaining to NYU and its
physics department; and reprints of scholarly articles by Korff and
others.

Quantity: 12 linear feet (8 boxes)
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Historical/Biographical Note:
Sergei Alexander Korff was born in Helsingfors, Finland, in 1906. Immigrating to the
United States with his family in 1917, he became a citizen in 1927. Korff attended
Princeton receiving his A.B. in 1928, M.A. in 1929 and Ph.D. in 1831. Between 1932
and 1940, he completed research fellowships at the Mt. Wilson Observatory, the
California Institute of Technology, the Carnegie Institute of Washington, and the Bartol
Research Foundation. Collaborating with eminent physicists in his early work, Korff
investigated topics such as optical dispersion, proportional counters and neutron
measurements in cosmic radiation. Korff began his tenure at New York University in
1941, and continued there until his death in 1989. He helped train at least three
generations of students, taking many on research expeditions as far away as the North
Pole and the South Seas.

in addition to his teaching and research, Korff lent his efforts to the international
scientific community. He compiled the report of the Joint Commission on High Altitude
Research for ICSU-UNESCO; served on the Cosmic Ray Technical Panel for the
International Geophysical Year, 1957-58; organized the pole-to-pole Rockwell Scientific
Round-the-World Flight in 1965; and encouraged and secured support for scientific
work around the world, particularly in Central and South America. Notable among his
numerous professional affitiations were his terms as president of the Explorer's Club
(1955-1958); the American Geographical Society (1866-1971); and New York Academy
of Science (1972). For his efforts to transfer surplus sclentific equipment to the
decimated laboratories of France after World War II, in 1952 Korff was decorated

. Chevalier of the Legion of Honor. For the contribution of his radiation detection devices
to the study of cancer, he was awarded the Curie Medai of the International Union
Agalnst Cancer.

Korff's Counter Project and Cosmic Ray Project attracted numerous students to NYU;
many fater achleved prominence as physicists. The project also brought the university
substantial funding from government agencies, such as the National Air and Space
Agency and the National Science Foundation. Author of over 150 scientific papers and
books, as well as a number of works on exploration, geology and stamps, Korffs
contributions to science went beyond the study of cosmic rays. His ability to render
complex scientific issues exciting and clear to the general public in encyclopedia and
newspaper articles, and to expose the subtieties of science to his students and peers
" marked Kofff as an outstanding figure in 20th century physms

Scope and Content Note

The collection reflects the work and perspective of a scientist whose life work was
devoted to understanding the universe and sharing that knowledge with as wide an
audience as possible. The Korff Coliection documents the work of a prominent cosmic
ray physicist active in academic, governmental and international settings. The
collection contains 10 linear feet of correspondence, notes, photographs, manuscripts,
and printed material documenting research grants, academic activities, professional

. organizations, conferences, and publications. Korflf's work from 1928 to 1989 is
reflected; the bulk of the material representing the period 1950-1980. There is a
largely undecumented area in this collection: the first is Korff's work prior to his
affiliation with NYU, while the second coincides with Warld War IL.
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