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APOLY O HELMET DOSTMETRY EXPERIMENTS

1. RESULTS

The purpose of this experiment was to mecasure the dose of
heavy cosmic ray particles experienced by astronauts on the
Apollo & and 12 missions by mcans of the particle tracks created
in the space helmets. The results of the study are embodied in
two written papers that are attached as Appendix 1 and II. Table
I of Appendix I contains the basic information sought, that the
Apolin 8 helmet has approximately % track/cm2 and Apollo 12 hel-
mets ~3/2 track/cm, a varjation vhich we interpret as caused by
two factors -- the increased duration of the Apollo 12 mission
over that of Apcllo 8 and the decreased solar modulation of the
galactic cosmic ray flux at the time of the Apollo 12 mission.
The absolute number of tracks is consistent with the known fluxes,
abundances, and energy spectra of primary cosmic rays and with
the known detection properties of the Lexan polycarbonate material
of which the helmets are constructed.

In the process of carrying out this study we recognized and
developed a new method of particle identification with solid state

track detectors. In this procedure the variation in ionization



along a particle uirack is rcad out by means of measurcments of
the diameter variations 1long the etched track, the reading out
being dene conveniditly by means of a silicone rubber rcpliga of

the etched track. This work is described in Appendix 11.

2. CONCLUSIONS AND

RECOMMENDATIONS

Since our understanding of the damage produccd by heavily
ionizing particles is highly imperfect, it éollowg that conclu-
sions as to the biological importance of the observved particle
flux cammot be firm. In Table II of Appendix:l we have made
estimates of the numbers of various non-regenerdtive cells that
were damaged, numbers that for these Apollo wissions were small

fractions of the total number available, typicaily 1 cell in 107

for small cells and l‘in 104 for giant cells.i For extended space
missions we note that these numbers cam rqa&ﬁiy become worrisome --
upper limits exceeding a 17 loss for large célfs on two year
nissions. At times of solar minimum and Jﬁminjshed solar modu-

lation the loss would in fact be somewhat gheater.

Our recommendations are two in number:
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1. Direct studics of the biological cffects of heavy ions
on non-regenerative cells shoull be carried out at lcast to the
extent that the deactivation cross sections f&r'thc'mnjor types
of cells are krnown for the most abundant of the heavy track
forming cosmic ray particles (the iron group nuclei).

2. As at lcast an interim measure, Lexan dosimetry should
be continued so that the exposure of each astronaut is either
rknown or can be dctermined if circumstances after a space mis-
sion suggest that it would be useful. To carry out this second
recommendation we do not believe that helmet dosimetry is
beét, since thé helmets are cumbersome and unnecessarily time
consuming and expensive to use, as well as being a source of
great mental anguish to the Smithsonian Institution. Rather,
direct examination of the helmets shows that a simple attachment
of 2" x 7" x .040" Lexan sheets on the back, outside of each
helmet Qould provide dosimeters tﬂat_would be more satisfactory
in several ways:

1. They could be read out much more easily, rapidly,
and cheaply following each mission.

2. They would free each helmet for display purposes
and preserve it in a closer apprnximation to ité
appropriate historical condition.

3. The detectors could be simply and securely fas-
tened on the outside of the helmet behind the head
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rest at any time prior to launch merely using
gumnod tape to hold them in place. At the same
time they would irpede no astconaut functionS.

4. They could be locateé in a biologically signifi-
cant site -~ separated by less than one gm/cm2
of material from the astronaut's head and therefore
less than 2} gm/cm2 from his brain.

The above suggestion was made in a letter to or. Charles

Lutz {(Code EC-9 at NASA MSC) for evaluation.




COSMIC RAY TRACKS 1IN PLASTICS:

THE APOLLO HEIMET DOSIMLTRY ENPERIMERT

Abstract: Counts of tracks from hcavy cosmic ray nuclei in Apollo
helmets from missions 8 and 12 show variations caused by

solar modulation of the galactic cosmic ray flux. We have made
specific estimates of éhe biological damage to certain non-replacecable
cells by track forming particles during these space missions. The
fraction of deactivatcd cells could range_ from a lower limit of

3 x 210”7 to an upper limit of 1.4 x 10”4,
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In passing through condensed matter a hea ily ionizing
particle can produce unicue effucts by creating a narrow, roughly
cylindrical region that is crowded with ionization ane excitation,
atomic displaccements and broken bonds (1). Unfortunately our
minute knowledge of the biological effects of heavy ion irradiations
 stands in striking contrast to the extensive documentation that
exists of the effects produced by more usual; randomly dispersed
defects such as are caused by 8 or y radiation. Although it has been
demonstrated that heavy ions can_have lethal effects upon colony
forming cells (2,3), for non-regenerative 5uman cells such
information is totally lackiny, difficult to obtain, and hence
unlikely to be available soon. Because of this gap in our knowledge
and of the probable loss by space travelers of irreplaceable cells
by heavy ions in the cosmic rays, such p&fticles have ggen monitored
on the Apollo 8 and 12 missions by using Apollo helmets as heavy
particle dosimetexg. - '

The Apollo helmets consist of Lexan polycarbonate, a
material that records the tracks of pafticles whose ionization
level lies above that produced by neon at 47 MeV/nucleon (4),
essentially the same level as correspohds to inactivation with unit
efficiency of human kidney T1 cells by a particle that traverses the
" cell nucleus (2). Because of the approximate identity of-tbese two
: tpresholds - tbr;tiack formation and for cell destruction (at lea;t
for T1 cells), Lexan is an apptoﬁziato datéctor material for .
assessing the dose of biologically destructive particles to which
the astronauts wers exposed. -

. - _ - .



The helmets uscd for this experiment include ths one
worn by Lovell on Apollo 8, all three of the Apollo 12 hcl&ets, and
a control helmet that was coxposed to cosmic rays at a balloon
altitude of 138,000 fect at Fort Churchill. The hclmets were
stored in the dark to avoid ultraviolet enhancement effects (5)
and were later éhemically etched to rcveal tracks (6) using a
stirred 1:1 solution of cthanol and 6.25N NaOH at 23°C for 196 hr,,
sufficient to remove a vencer of “80u of plustic and to develop
tracks similar to those shown in Figure 1. The helmets themselves
werce used as etching tanks, only the forward facing V600 cm?
portions of the helmets being etched to avoid damage to the
—headrest and other fittings. The etched portions were replicéted
with silicone rubber (7f and the gold coatcd replicas such as are
shown in reference 7 were scanned in a stereomicroscope at 14 times |
magnification. Features having vertical relief down to approx. 15u
were readily visible under our viewing conditions, a height that
for a track at 45° corresponds to a vi35py total etched length.
Although our cutoff for track observation is not perfectly sharp,
we can use our estimate for.effective value of 135u minimum total
etched length to show (8) that the tracks we obsexrve correspond
entirely to nuclei of atomic number (2) > 10 and that from the known
abundances in this charge region (9) most of thése will be iron cr
iron group (24 < % < 28) nuclei. )

The results.sumnarized in Table 1 show that the Apollo 12
helmets experi?nced nearly three times the integrated flux of

heavily ionizing cosmic rays as 4id the Apollo 8 helmet.
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When the different lengths of the two missions are allowed for,
the track formation rate on Apollo 12 is_ still significantly higher
{by a factor of 2.0). The track formation rate in the balloon flown
helmet was 3.1 times higher than that on the Apollo 8 mission.
On the Apclle 12 mission, helmets 504 and 506 were in the lunar
module for 25 hours and were outside the lunar module while the
astronauts were doing:extra vehicular activity—for nearly 8 hours.
During this 33 hour chiod the average thickness of shielding material
surrounding the helmet is considerably reduced relative to the
environment in the cémmand module, where the remainder of the trip
was -spent. This diffcrent environmmeat produced no statistically
meaningful difference between the tr;ck densities in Gordon's helmet
1.41 (2.15) and Bean's and Conrad's 1.51 (t.11), although the
possibility of ;s much as a 30? incxease is allowed by these one
standard deviation limits. Two relevant considerations are that
the IM and EVA portiors of the trip makc up a small fraction of
thé:total time of 244.5 hours in space and that during the stay on
or near the moon, half of the incident cosmic rays are shielded
out by the moon itself.

We now assess whether the track accnmnlation rate from
Apollo 8 {Dec. 1968) to Apollo 12 (Nov. 1969) is explainable by the
effects of decreasing solar activity during this period of the

present solar cycle ~-- the 8o called solar moé .ation of the

- galactic cosmic rays. During times of decreasing solar activity
the radially expanding irregularities in the solar magnetic field
become proyressively less effective in scattering back out of the

_'I
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solar system the low encrgy cosmie ray pariicles that wxe continuall,
diffusing inward. The solar activity level was essentially the same
for Apollo 8 and thc balloon flight (July, 1970). The difference in
these fluxes is due to the overlying material, command module wall
and atmosphcre respcctively.

We have calculatcd both the absolute numbur of tracks we
should have expected and tl.e variations over time as affectéd by solar
modulation. We usel known cnergy (10) and abunaance (9,11) spectra
for heavy cosmic rays together with a modulation modei (12) which
correlates the variations iy Climax, Colorado neutron monitor rates
with the cnergy spectra for particles of given velocity-and magnetic
rigidity, and allowed for sloring down (13) and loss by frggmentation
(24) in ineclastic collisions {15) while paesing through the spacecraft
walls. The thickncss distribution of stopping material ;n the command
module, supplied by W.N. Hess (personal communication), was approxiuated
as consistiny of pure aluminum for purposes of calculating energy loss
and deciding appropriaté cross sections for inelastic collisions.
Btching efficiencics were derived froni unpublished calibration curves.

The Ferults of these calculations are.included in Table 1
along with tle cbservations. Track density ratios from one mission
to another snould Le more reliably calculable (expectzd to be good
to $15%) as compared with the absolute fluxes (good to roughly $30%).
Examination of Table 1 shows the agrecment to be compatible with the .
estimated errors. The absolute nurber observed here of 0.56 (316%)

per cn? for Apollo 8 shouvld be compared to the cobsexvations of Benton

~



and co-wvorkers (16) on Lexan sheets that were attached to the space
suit of astronaut Borman in the same flight. Using a differcnt etch,
ultraviolet sensitization, and scanning at 100 tiwes magnification

they found 0.62 (:.11)/cm?, based on 34 tracks. Allowing for the
differenccs in scanning and etching wuuld reduce this value by
'approxinately Dt which is in complete agrecment with 0.56 (:.06),

“if we neglect the effact of the possible difference in shielding of the
two locations. - "

Since this experimont was primarily for personnel dosimetry
purposes, the following comments are appropriate. When worn, the
‘helmets give t0 a very high approximation the hcavy particle dose
incidentmtbehea unfmotthem of the:«.s hours of
the Apollo 12 mission, belnets 584 m& 506 vere vatn thoxh\ately
am,mmmmhenmmsﬁnmum It
_follws&atalwlmmceofmekiaMtto
biologically damaging particle in astronaut does not exist. We
have found, however, as no!:ea cariier, that the m at the helmets
vere not very sensitive to positiom within the spacecraft or in
fact which spacecraft they ware is, but depend primarily onte °
solar activity st the time of the mission. Por this reason, the
doceofhegvypatticluexpotiwbythnuwnmha
statistical sense be well measured by the track demsity in the helwets.

hmatmttomuin_mfﬁamamns |
hwtivméfmtbm&uityawm@i”m“lmm
and inexact biclogical evidence. A lower limit on the mmber of cells



killed comes from Todd's observations (2) for human kidncy cells
that a hcavy particle will causc a cell to ccase to reproduce

if it passes through a cell nucleus. With incrcasing ionization
the size of the region of damagec is widencd (as noted in (2) for

‘ixradiation), and a reasonable upper limit on the number of
affected cells comes from the model that céch ccll that is penetrated
will be killed, giving risc to a continuous colurm of dead cells for
each such hcavy particle. This behavior is made plausible by recent
work by Haymaker ct al (17), who found track-like lesions conzisting
of columns of dead cells in brains of wmoukeys that had been exposcd
to primary cosmic rays. Although these lesions could, at least in
part, have been of cosmic ray origin, definite conclusions must
await detailed experiwents where tracks in suitable détectors can

be lined up with the biological dahagc.

Limits on the fraction of cells killed can be arrived at
if we know the cell sizc (in terms of the diameter D) and the track
density p of heavily ionizing particles from Table 1. For the
upper limiting case the fraction of killed cells is :pnzlz, the
product of the projected créss sectional area 1D2/4 and the line
length per unit volume 2p. In converting from length in Lexan
polycarbonate (specific gravity 1.20) to biological matter we multiply
the line length by 1.2). An additional factor of 10/7 - included to
allow for the fact that only 70% of the tracks crossinq:the
etched surface are revealed. If 4 is the diameter of the nuclcus,

then %pa®/2 gives a lower limit using the criterion that a particle



must pass ilhrough the cell nucleus. Since the spectrum of cell
sizes, nuclear sizes, and volume fractions of cellular material are
immonse, we restrict our estimates to non-regencrative cells such
as those in the retira and in the central nervous system. We take
estimates of cell dimensions frox several sources (2,17,18, and

W. Haymaker, -Ames Conference, Jdunc 1970, unpublishéd). For the

10 cells in a 300cc total volume

cercbial cortcx~ we assume 10
composed of 25% neoron# and 75% gliql and cndothelial cells. The

_ average diumcter is then 19p and we assume a nuclear diamecter of 7y.

In Table IX the limits on cell loss from hcavy cosmic ray particles
passing through any part of the cell (upper limit) or through the

cell nuclcus (lower limit) are given for the Apollo 12 flight and
extrapolated to a flight of 2 years duration under the same conditions.
Depending on cell size, the limits for fractional loss range from

7 to 1(}'-4

~4 x 10 for Apollo 12.

Although these nuﬁﬁcrs are moderately smali, assessing
whether such damage is of importance is by no means simple,
particularly since the damage is strongly concentrated at contiguous
or nearby cells. On an extended space mission of, for example, 2 years
duration {such as is being considered for Mars) the table shows that
the fraction kiiled could rise to 0.12% in the cerebral cortex.0.05%
in the retina, &and more than 1.5% for some of the giant cells -~ numbors
that may be highly worrisome since additional safe shielding would

impose important weight considerations on spacecraft design.
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The reosults here lead to the interesting apparcent paradox

that for extcnded space missions timcs of ncar maximum solar activity

'provide the greatest safety from heavy particles. This is becausc

the increcased flux of solaxr particles (in all but the most intense
flares) is stopped by thc rather modest shielding of the spacecraft
wvhile tre more penctrating galactic particles are decrcased in number
by the cffects of solar magnctic ficld irregularities. From the
standpoint of astronaut safety then the carly 1980°'s would be

superior to the latter half of the decade for a Mars voyage.

G.H. Comstock
R.L. Fleischer
W.R. Giard
H.R. Hart, Jr.
G.E. Nichols
‘P.B. Price*

Geneval Electric Research & Development Center
Schencctady, Rew York 12301
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Fig. 1. Exanmples of tracks of hecavy cosmic rays on the inside of
an Apullo spacc helmet. Left: A track from a particle entering
the helmet. Right: An ending track, from a particle that has
crossed from the opposite side of the helmet and come to rest.

The tracks are 500 and 700 microns' in lenyth respectively.
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PARTICLE TRACK IDENTIFICATION:
APPLICATION OF A NEW TECHNIQUE TO APOLLO HELMETS*

R..L. Fleischer, H. R. Hart, Jr., and W. R. Giard

Recent reports by Apollo astronauts of lines of
light apparently seen with the eyes closed(1) have
rekindled interest in possible biological effects of
heavily ionizing particles that penetrate the shielding
of the spacecraft or space suit during missions out-
side the earth's magnetosphere. A dosimetry exper-
iment in progress(z) consists of using the plastic
Apollo helmets as recorders of heavy cosmic ray
particles directly incident on the face and heads of
the astronauts. In this work the particle tracks are
revealed by chemically etching(3) the interior of the
Lexan® polycarbonate helmet to produce cone-shaped
holes, which are later counted.

We have replicated these tracks using a silicone
rubber that faithfully reproduces the shapes and
dimensions of the etched tracks and at the same time
allows the tracks to be viewed while placed on a flat
surface for ease of observation. (4) Alternatively we
can cut out a single track and rotate it on a goniom-
eter so that it can be viewed in profile as illustrated
in Fig. 1.

The procedure for particle identification makes
use of the fact that the etching rate along a track is
a monotonically increasing function of the primary
ionization of the particles, (5) so that if we can
measure the ionization point-by-point along a track
we have redundant information that will allow the
particle to be identified. This new method is a
simplification of our previous procedure of measuring
track lengths to provide measures of the average
ionization along the portions of a track. (6)

The ratio of Vg (the general dissolution rate of
the etchant on undamaged plastic) to Vo (the local
rate of attack along the particle track) is the sine of
the cone angle 6 at the corresponding point along the
track(3) as illustrated in Fig. 2. The diameter D at
a range x from where the particle came to rest gives
the cone angle at a range R. Straightforward geom-
etry gives us the quantity we wish to measure, Vi

- -2 1/2
V. (R) = Vi [(tang)™? + 1] {

also

R = x + 1/2 D(x)tanB, an equation that is needed
since 6 is measured as a function of x rather than R.
Tand is 1/2dD/dx and therefore a measure of either
D and 8, or D and dD/dx allows Vo to be found point-
by-point along a track.

To use this procedure to identify particles we
would normally compare the observed variations of
V with residual range with those observed for
known ions with appropriate allowances for charge
and mass differences being made. For the purposes
of this work we have integrated the observed Vo
values to compare with track length measurements
‘made previously‘?s 7, 8) on cosmic ray tracks using
the same etchant (50% 6. 25 N NaOH solution: 50%
ethanol, at room temperature). Such intercomparison
allows us to infer that the track on the right hand
side of Fig, 1 is from a zinc ion, that in Fig. 3 from
nickel, with a resolution’ of one atomic number on
each.

Note should be made of the probable direct rele-
vance of particle track numbers to measuring heavy
particle damage of biological cells. Experiments(9)
have indicated that cell nuclei are their most vulner-
able portions. The likely (but unproved) explanation
of this is the interference with the replicating prop-
erties of long chain molecules caused by the intense
electronic ionization and excitation produced by
energetic massive charged particles. It has been
noted(10) that the same processes determine track
formation{11) in polymeric material, since it consists
of long chain organic molecules.

Therefore, the presence or absence of tracks in
plastic adjacent to biological matter (for example,
the Apollo helmets) should correlate directly with the
presence or absence of heavy particle damage to
biological cells. (10)

*This work was supported in part by NASA under Contract NAS 9-9828.

tThe calibration curves of Ref. 5 indicate that the charge assignment depends on the dip angle of the track rel-
ative to the surface. The silicone rubber replica preserves the dip angle and allows the proper calibration
curve to be selected. The precision or resolution of the charge assignment is to the nearest atomic number.
The absolute charge assignment is less well known since the calibration{5) was made on Lexan having a mark-
edly different processing history, the etching time was different, and the number of cosmic ray particles in
Ref, 5 yields a calibration having a statistical charge assignment uncertainty of at least one atomic number,
with two atomic numbers being conceivable but highly unlikely, For tracks with rounded tips the place where
the particle came to rest is known and hence the energy can be determined at each point along the track, making
identification more precise than in a case such as Fig. 3 where the range is uncertain and only the cone angle
variation along the track can be used to decide the range.



Comparigson of the curvatures of the track sides
reveals that the particle whose track is illustrated
in Fig. 3 comes from outside the helmet (since looking
along the track reveals that the cone angle decreases
toward the base), while by contrast the ion corre-
sponding to the track on the right hand side of Fig. 1
came from within the helmet (cone angle increasing
toward the base). Thus, in Fig. 1 three of the tracks
(right, lower center, and upper left) represent
particles that came through the helmet and came to
rest in the opposite side on their way out.

For the replica technique to be useful it must
faithfully reproduce the shape and dimensions of the
etched track. By intercomparing etched tracks with
their replicas it is clear that the replica does repro-
duce the dimensions down to submicron sizes, but
that {perhaps due to surface charges) the shapes for
slender tracks of <2u in diameter are often bent.
Figure 4 shows a tapering track due to a particle
that nearly crossed a sheet of Lexan polycarbonate
as sketched on the left. A replica was made (as
diagrammed in the figure), gold coated by evaporation,
and photographed. On the right the photographs of
the replica are compared to those taken directly of
the Lexan. Fine detail is reproduced on a micron
scale. In cellulose nitrate we have successfully
replicated conical tracks with lengths up to 184 and
0.4u to 0.5y diameter bases.

The replicating procedure makes possible the
use of optically anisotropic plastic sheets as particle
track identifiers. Meaningful direct optical mea-
surements of track dimensions are difficult in such
materials, e. g., Cronar, Melinex, and Mylar; the
use of a replica allows accurate measurements to be
made, (12)
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Even in Lexan, which is an optically more uni-
form material than the plastics named above,
discrepancies exist between measurements on
individual tracks when viewed through the material
with the track pointing down vs when it is pointing
up--and viewed through the whole sheet thickness
(Ref. 7). Our measurements suggest that the

down pointing position gives numbers that are
closer to the true values.



Fig. 1 Cosmic ray tracks in Apollo helmets. The Apollo 8 helmet of James Lovell, one
of several used in a personnel dosimetry experiment, is surrounded by replicas of
etched cosmic ray tracks. The tracks on the left and bottom are from the helmets of
Apollo 12 astronauts Conrad and Gordon, the others from a control helmet exposed
to primary cosmic rays. The particle on the right was a zinc ion. The lengths (in
microns) of the track replicas are, starting at the top and moving clockwise: 300,
700, 600, 480, and 350,
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Fig. 2 Sketch illustrating how a measure of diameter vs distance determines the cone angle at positions
along an etched track. ‘



.

The track is 500u long.

into an Apollo helmet.

ion passing

Fig. 3 Replica of an etched cosmic ray track caused by a nickel
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