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Biological Effects Due to Single Accelerated Heavy
Particles and the Problems of Nervous Svstem Exposure
in Space. »

‘Cornelius A. Tobias
Thomss F. Budinger
John T. Lyman
' Donner Laboratory .
- University of California
Berkeley, California
During the historic flight of ApOllO~ll astronauts Neil Armstrong,
Edw1n Aldrln and Michael Collins experlenced senSatlons of streaks and
flashes of llght at occa51ons when the 1nterior of thelr spaceshlp was
in darkness. These visual phenomena,were experlenced on several,sub—
sequent lunar space flights, including Apollosiﬁ, so that we are now
in possession of fairly detailed information on light flash phenomena
in space.
In the astronauts' own terminology, several types of events are

seen. We attempt to reproduce these in Figure'l. The events are:

"Flash"; Very brief, white star—llke events, sometlmes
with short lumlnous tails.

"Streak": Brief, luminous, usually straight line of light,
' sometlmes giving a sense of rapid motlon and of
dlrectlon. .

UDouble'event": Interrupted streak.

"Supernova" (a term coined by the astronauts): Bright
’ flash, surrounded by halo and minor flashes

"Luminous cloud". Impression of light behind a cloud
formation.

None of these light flash eventsvwas'sighted by - American astro-

nauts in near equatorial orbits below the radiation belt. The
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'evénts were'uSually seen at,distanc¢s of 50,00Q.kil§meters or mbre frpm»
the éarﬁh; in‘addition, ApOlld 15 asﬁronauts‘repdrtedvobserving these
phenoména while on'the‘surfacé of the méon, | |

In several caseé, dafk adaptatién of about lO:mihutes'was_fequired
before ﬁhe light flashes were noted at irrégﬁlar‘intervals. ‘Thé eveﬁts -
could bevseeu with open or cldsed eyes.  A1thoﬁgh £hérQ was no objective
method of determihing the lbcation of‘light flasﬁés, they were‘occasiohally
- reported as being in a specific eye;"In one inéténce, two_éstrénauts
iﬁ’the same spacéship repérted a "coingident"vflash (i.é.;vsimultanebué
visual sensation in both men).- | | |

Some quéntitafive data on the timg occurreﬁée'qf light flashes wére
collected on Aociio 14. Scientiét/aétronéut,PhilipvChapman and‘physiéist
Larry_Pinsky.(1).analyzed.thése, gnd'thé resuits are shown in Figure 2.
His timé‘interval histogram shbwn here agréeé“with the ététistical |
PoisSion process which giveé a meén time intervaiiof 38.7$5¢conds-(f6r
three astronauts). |

After_evaiuéting.théSe bbéervations;'uncertainty‘exists as to the -
cause of the light flash'ébservations in Spac63 _Mahy é%énts are'knoWn
that can cause 1uminoﬁs ﬁhospheneé. These inclgde ionizingvradiaﬁioﬁ,
‘mechanical trauma, electrical currents, magnetiq'fields, stimilation of.
_the cerebral cortex, and pathbipgiéalvsituétibns. vFor;example, flashésvcan
- be seen during stages of retinal aetachment bf.unkhown etiélogy ana.during>
the healing process followingﬂéétafacf sﬁrgefj. Electripal currehts;
ﬁagnetic'fieldé and mechnical trauma have been éicluded as caﬁdidates;_
because of their absence and the fact that theyvinduce_ﬁisual phenoméﬁé
differéht froﬁ those seen by the majorityvbf";é£ronauts,

Wilheln Roentgeh‘reported in 1897, shortly after the initial




discovery of x fuyu,_thut flashes céuld_be geeh by the unaided eve
as diffuse 1igh£' (2). For visible light, Selig Hech_‘r. _'.'and others have shown
that, at'threshold levelé, mbre_than one'visuai reéeptor cell in
the retina ﬁust be'aCtivated_in order to‘observera'locél_light
event (3). Considerihg'this information and'pondering‘the possible
effécts.thaﬁ heavy coémic ray priﬁary particles,might‘haVe on’
nérvous tissue, it was prediéted in 1952 (4) that.fhese particles
mighﬁ produée the sensation of light s@féaks. Thus,'it seemed
worthwhile to test the effects of‘knowhkfést particies on mﬁn in
an effort to.determine the preciée origin of visual .observations
in lunaf_flighﬁs;and to learn about possiBle consequencesAof such
phenomeha on astrdnaut health and performance.

:_If radiation caﬁses the light flaéhes obsérvedvin space flight,
it is important to determine the Qite of the action in the
ody. TIs it at ﬁhe.retina,-in ﬁhe Vitréous fluid, in the lens, or
in the optic nerve? JPerhaps_néﬁral cells iﬁ ﬁhe corﬁek of the
occipital 16be$ aré affected? it nay be of interest:also to study
what type'qf visual effects differént types of radiations might
cause: afe there speéial radiations that caﬁ cauée streaks, while‘.
other kinds of radiatiéns perhaps cause different:effects? Next,
it isléf‘fundamehtai interest to know how iohizing radiatiqns can
caﬁse light\sensations; Thére are several poééible approaches to
this problem: first, it seems possible that ionization evehts
themselves iéad to light sensations. One third 6f_the'ehergy
transferrgd goes into excitedvenergy levels. Also, during recom-

bination and déexcitation, light, ultraviolet and soft x rays



are emitted. F&uorescence of the v1treous fluld has already been studied
by R. Newell and W. Borley (8) Fluorescencebrn the eye lens due
to alpha partlclos has been experlmentally demonstrated by I. R. McAulay (9).
Llpetz has already shown (5) that x—ray 1onlzat10n causes electrlcal
.81gnals in frog retina in a similar manner as produced by llght

Another mechanlsm has been proposed by Faz1o et al (6); who
'belleve that 1t is the Cerenkov llght emltted by relat1v1st1c partlcles
that causes the events observed in space. If Cerenkov 11ght were the
only mechanism by whiCh fast.charged partlcles could cause visual
effects, then one would not expect to obtaln 11ght flashes from slow
partlcles. Rlchard ‘Madey and P. J. McNulty (7) proposed another
theory according to mhich "virtual quanta') a concept used'in energy
“transfer calCulations,'might be the cause of.visualisensations.

A nnmber of experimenbs have now been'carried‘out in various
Vlaboratories to clarify these concepts. For sake:of:brevity, we shall

discuss these in three groups: a) heavily’ionizing | nomrelativistic
€ group 28 , n

particles; 'b) particles moving with relativistic.velocities; and

c) X raxs.



Light'Sensations from heavily ionizing nohrelativistid particles.

All.huﬁan exposﬁres carried out in ouf 1aboratory'were performed

with mature scientists fémiliér with the thsics of radiation and

its biblogical effects; exceptrfor.five batienfs who gave dbservations

du?ing_diagnoétic eprsures. The eprsufes.weré éuthoriZed in
eécﬁ.éaée bj a medical committee, allowing limited;éi@osure to a
prescribed number>of pgyticles. This prescribed nﬁmbér was much

lower thah'particlé fluxeereceived by astronauts in iunaf flights.
Exposures were méde to fast neutrons in the'500-600M§V'energy domain at
an expdsure rate ofle*sécf;émhgft Neutron exposuregfatgeneiéy domains
of 1éés than ZSVMEV were made in experiments a£ the University of
Washington.ﬁyclotron,v Addifionally, fissioﬁ néutrons from 2520f‘Wére sepafately
tested. Direct exﬁosures to fast charged particles included experimeﬁts.
with;the helium ion beam at the 184" cyclotron and with acéelerated
'vnitrogeh.ﬁarticlés of.3.9 BeV enefgy at the Bevatrdn-(10) (11) (12)

(13) (14) (15). Beams of neufrons, helium ions, and nitrogen ions caused

visible light flashes, with the exception of fission neutrons from =52Cf at
- -5 oy 2 :

an intensity of about 10 = neutron - sec™ cm” .
In 1970,:Frémlin reported on his Qbservatigns df.occasional light

flashes in neutron beams (16). The high energy néutrqn beams from the

184" cyclotron (Berkeley) and “the 60ﬁ'cyclotron (Seattle), at an intenéity

1.2 : . ‘
¢m, produced many bright star-like flashes when the .

of_':O4 zeutron see”
neutrons were.directed to one eye from the anterior-posterior (A-P)
direction. When the neutron beam was directed laterally through both.

cyes, flashes with weak tails were seen at both cyclotrons. Neutron

beams of 0-25 MeV kinetic energy at the University of Washington cyclotron



' produced sfars ss.woll,ds short streaks-iu?five subjects (11).
The method of exposure to the helium ion beam is shown in Figure 3.
The derk sdapted subjects wore.ihdividuel biackvfaeeuﬁssksg these ceuld
‘be positioneddin the collimefed'beam with precisiou by methods used'fer“
ioeal heliumiien_radiation therapy of cancer peuients (12). The beam .
o flux density was decreased from the usuai‘ievel ef 1081880’1 em™? té
about one's_ec"-1 dmf%'vﬁbch individual partlcle that passed through the
‘cdllimétor (dlameter 0. 4&m) was counted and tested by means of a scin-
tillstorveoincidence errangement; SubseQuently the'910'MeV besm‘was
modefated by'interbosing absorbers so that the enefgy.ues about.250 MeV
at the poiut of entry iuto the body. This was furthef modified diring the-
experiment By absorBers. ‘Entxy time for each individual particle was
recorded ‘aleng with response of the subJects
Exposure to nitrogen ions was made pos51ble by the successful
acceleration of these particles in August 1971 (17) (18). Figure 4 shows
the Bragg 1onizat10n curve in water. Slnce heavy particles ionize in
proportion to'the square of their atomic number, 22., theviohization of
these'perticles uas 49 bimes that_ef protens movingeuith similar velocities.
'v’About:25450’nitrogen.particles were delivered in bfief bursts. 'Fof the
light flash ekperiments, the'nitregen beem was collimated to pass throughl
A collimator of 0.6 cm. diameter. By meaus of - interposed absorbers the
beam_energy wss.deereased.ao tﬁat the Bragg ionizatieh peak was in or neaf:v
the retina. The'interposed absorber produced about 20%.seCOudaryvparticles
of” lower 4. The ﬁifst experiment withvthe nitrogen .beam is shown in -
Fhmn&ﬁs | |
FigufeuG‘indicates three beam positions at wﬁich a number of obsérua—"

tions werevattempted. 'The helium beam produced miked.fields of stars
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dnd shorﬁ-gtraighﬁ stréaks whén the beam was_paéséd léferallY-throﬁgh.thev
eye near the éenter‘ofrthe retina; The'nitfogen.beam at' the same positionvpro—
‘dwced subjeqtively more intense éfréaké pafailei‘with‘the beaﬁ direction. The
appedfance cf come of thésé is shown in Figure'7. Interrﬁptedgétreaks |
were seen ?lso with the nitrogen beam. ‘There Qere.sdme intense‘évents
prodﬁéed by'the helium'as wéll aé nitrogeh beam thaf might éorrespond tor
the VéupernQva" observed by'astronéuts'in fiight; ."Luminous.cloudsn
wefe not.répbfted by subjectsﬁexpoéed té_Lﬁdiv@@ggl bafticles.
When helium particles were allowed to 1aterally cross thecentral
region of the retina at random intervals, the efficienéy.bf observihg
them as light flashes was a function of their flux density. At low
intensities,then'particlés-entéred about once per séébnd, only about 4%
of ﬁhe pafticles were idehtified as light flashes. Maximum detection
efficieﬁcy was reachéd at,an_average‘rate of 10 pef seéond, when the sub-
jects diséerned_abéut four events per secohd. At highéf rateé so'many
events were pfesé§t in the visual field thaf it was not practical to
idéﬁtify‘individual éVenté. When a particle béam.of 100 particles per
.Sécond Was.turned on for one”second oniy (tQ miniﬁizé.fhe dose), the
~subject's deteétion efficigﬁcy of individual particles was poor;
perhaps due.to,é fusion of simultaneous small fléshes;.,At very low
particiégflux densitiés,_an attempt was made to enhance the possiblilitieé
for.recognition by allowing each‘subject to.trigger a sound click;v At a.
particle éht?y rate of_B—A:pemeinute; fhis»did not help. The sound |
ciicks.érrivedISOméwhat later than the particle sﬁimulus, due to the tiﬁe‘j
taken for ampiification. The”sound.probébly éuppregsed the ability to'obéerve
light produced by individual particleé._ This typé.éfgsuppression is wéli 
known inéphthalmology.lf twd étimuli followveachlpfher in'time,_the more

intense stimulus can suppress the weaker one. (19), even if the weak



stimulus takes place first.

_ Additional observatdons felate_to the time de1ay encountered in

recogniSing'looal flashes'when the observer was inva dark adapted state. At a

flux den51ty level of 10 particles sec"l cm™ 2, there was a  to 2 second .
delay before the observer recognlsed that the beam was "on'" and a few
seconds before the "steady state" detectlon eff;01enoy was reach, at which

he could also discern subjective shepes in fhe Various‘light flashes in

his v1sua1 fleld Such time delays in cognltive organlsatlon, partlcularly o

if the visual event was not in the central fleld of v1s1on, have been |
studied by Sanders (20) who stetes that, "after arrival of new 1nformation
a certain period of time is.devoted to fexpecfancy formulation." This -
period willlbe dependent on the number of signal'sources and probably on
the‘amount of information that is provided by each of them." The expec-
tancy formulafion in Sander's study is 200 to 300 nsec.
| As to the detection efficiency of individnal-light'flashes and its
dependence on the flnx density of flasheindncing evénts, sinilar_data.havel
'been"obteined for light—induced‘flasnes b& varions-investigetcrs;_ﬁ&elly |
(21) has p01nted out that modulatlon transfer in the human eye depends on
spatial as well as temporal components which should be analyzed separately'
Van Nes, Bouman and co-workers (22) haVe analyzed the threshold for percgpw
tlon as a functlon of temporal and spatial components for llght stlmull.
They come tovthe conclusion th&t, when temporal frequencies are low,
(less than 1 per sec), detection efficiency ofvintensity modulation 1is
"also low. They also showed that optimal efficiéncy reaches a pleteau
at tempdral_frequencies of 10-20 cycles per second;larfreqnency which_fits

with our observations.



When‘the’helium ion heam stopped in the right side of the left eye,‘
stars and streaks were reported by the obserVer’as hdmg in the left visusl
field. - In this case, the helium ions passed through the left side of the
eye with higher klnetlc energles (about 200 MeV) and small linear energyv
transfer (about 5 keVAun than_thelsame partlcles'at'the right side of the
ielt eye where they had kinetic energies of zero t0.80 MeV and linear
energy transfers greater than 10 keVAnn. We concluded that events were seen
at llnear energy transfers greater than 10 keV/um but were not seen at about
5 keV/m. When thls klnd of experlment was performed with the nitrogen
.-beam, 1nterrupted streaks were seen when particles passed through both
sides of:the left eye. 'mhe‘iinear energy transfers of the nitrogen particles
v&rejo keVAﬂhor greaterkin all experiments.

From observations of this type and from the_length ofvneutron—induced
streaks,.it'was concluded that partieles should have iinear transfers
greater than about 10 keﬁﬂmr;norder-to be reported as definite streaks or
flashes. ‘This statement is made with the understanding'that, with careful
dark adaptatioh procedures, experienced subjects right in the.future be able
to determine‘a lower energy transfer linmit more precisely.

Applying these observations to cosmic rays, itdwould appear that most
of the fast protons and helium ions in primary cosmic'raysrinvspace would.
not produce a visible flash; only those that have.low reSidual range (enders)
_would have this effeot.. |

Many.of the cosmic ray carbon,‘nitrogen; and o#ygen nuclei of any
energy could initiate a'flash‘howerer. It isjpossible that efficiency
in reporting these in space flight? wheh spaCed several seconds apart

in time, is quite low.
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When the beams were passed through the antefiof parﬁ of ﬁhe é}e,
or thrqugh fhe oeeic nerve but miseing'centrel.portieﬁs bf the retina,
no fiashesvwere seen. Thus, particles'ehoﬁldkpaséithfoughvlight;senei;ive
portiohs ef_theeretiea of its.iﬁmediate vicinity ie‘erderﬂto produce
visual eeehts. This observation makes it iess.likeiy that fluorescence
in the e&e lens, as repqrtéd Ly‘McAulay (9)} is eﬁevcause of the':
events observed_in spaee flight.

Abdet EOQO accelerated particles wefe stopped:in thelleft occipitel
lobe of one dark-adapted subject at the rate of 20-50 per second, and -
no flash eQents weée;eeen. However; Brindley'and Lewin have elicited
light seﬁsation b} regular electrical stimulation at the occipi;al pole
of the'right'cereﬁral hemisphere in a ﬁlind.subjeet'(Ej). Earlier works’
by Penfield.(eh) end others are well'known.' Using_rats and small inteese>
beams of helium ions, we have been able te stimulate.the'motor cortex
directly (25). .Thus, it will be of interest‘to carry out further work
with heavy ipn beams directed at tﬁe eerebrallcortex with tﬁe possibility
of eliciting light éensation.‘ Accelerated heavy berticles.might elso |
pfove to be usefgl in the future, both in diagnostic'studiee andvin

studies exploring visual and neural mechanisms.

Light sensation from relativistic particles

Relativistic particlesvmay'be able to produce light flash events
through three mechanisms: by energy transfer in the ionization track,

by light from Cerenkov irradiation, and by fluorescence induced in some
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part of the;eye. in.a transparenﬁ dense mediuﬁ.bf refractive index,
n, such as the vitreous fluid‘of the eye, partiplés.mus; move with.
:velqcities;bv,:gréater than v = .ﬁ ;in;order to produce Cerenkov light.
The_miniﬁuh ehergy required to produce this,effeét in the human eye
is abéut h}OFMeV'per.hﬁciébn. Ten years ago, D'Any.and‘Porter concluded
from sﬁafiSﬁiéal arguments‘that light flashes are berceived by the eyé
in céincideﬁée Qitﬁ cosmic ray mu mesons passing thfough {t (26).
Recently, at tﬁé Brookhaven Syﬁchroffoﬁ, P.J. McNulty observed visual
effecﬁs in‘the form of a bright diffused flash produced by a. beam of
reiativistic muons when the beém coqsisted of pulsés of about 3 X 10°
muons at a rate of one pulse every two'seédnds (27); These events were
not discrete eQents, thus not similar to the astronauts; observations
of single évéﬁts._ In Dbnher Laboraﬁory ét Berkeléy, I.F.vBﬁdinger did
not see reiati&istic positiVevPi mesons ét.an inteﬁsity about five times
lower than this (10). Quite recently,'McNultynaISOIrépofted on visual
sensations broducéd-by a relativistic ﬁiﬁrogenvbeam (530'MeV/nuc1eon)'
at the'Princ;ton accelerator (28). |

It can be concluded then that reiativistic barticles p#ssing through
the eye do cause llght sensations. The role of the Cerenkov effect
’st111 needs further 1nvestigat10n, however.v It is pdsSible that’Cerenkov '
photons formed in the lens and vitredus fluid pfodﬁcé the diffuse effect
'référred ‘to by astronauts as "luminous cléud" however this phenomenoﬁ.
was noted in less than 17 of the observatlons on only one flight. It -
is also poss1b1e that the Cere;kov-llght may cause streaks from rela-

tivistié'particles to appear broader than streaks from particles

It is interesting to note that some of the:firstiobsetvétions in connection
with the discovery of the Cerenkov effect were visual. . These have been.
described in a recent historical review by I.M. Frank, who personally

observed Cerenkov light due to electrons and luminescent light from gamma
rays that were allowed to enter his eyes (34). :
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with the same LET at nonrelativistic speeds. ~The problem'is compli-
cated since delta rays, fiuoresoence'and soft xnrayé emerging from
the. track core may -also have a Broadening effect on”the observed

streaks.

Light sensations from x rays

X-ray beams can also eause light sensetions, but the effect is

not localized as in the case of heavy particles. Near threshold; it

is seen as a general greying of the visual field affecting primarily
peripheral vision.

At higher intensities some observers (including one of the
authoré) C.A.I;) have reported color sensations somewhat similar
to the,gppearancebof e elear sky just before sunrise.
Visual effecte from x rays apparently oenend on sinultaneous

actiyation:ofAeeveral receptors within flicker fusion time.

For this'reasonnthere is.e'minimel exposure réte necessary tobproduce-such
effects. This exposure rate was measured at Berkeley to be between 1 5.
| and 24 mR/sec (10) at exposures of a fraction of a second for 100-250kvP xraye.
A thresholdhexposure rate was earlier measured by NeWell and

and Borley ( 8), who found it to be 8 millirad se¢ - A careful
measurement was made recently by T. Chaddock (29); who experimented
vwith primates'and obtainedvvisual responsesvat_dose rates above

2-3 nillirad sec.>'In the Berkeley experiment, the total exposure

tine was 1e35>than 0.1 second, whereas in the Newe11 and Chaddock

reports, exposures of about.one'second were involﬁed.' Taking these
results into_consideration, we find_that the minimalek;ray exposure

rate necessary to produce greying of the Visual'fieid_is 20 to
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240 times higher than ‘the dése rate of nettrons which induced star—like.‘
flashes, and more than 100 times higher than the dose rate of heavily

ionizing charged particles-which‘induce'sﬁreaks,

The nature of the critical'physical>interactions

Efbm the facts that é period of ten'minutesvdarkbadaptatioh is
necessafy in order to see particlé—induced stars and flashes, that most
events are éolorless, and that the pheﬁomenon is produced only when
particles péss through fhe retina, we may infer that the mechanism of
flash induction involveé the éensitive elements of the human rods;
i.e., discs 30 am thick, 1200 nm in diameter.

Two hypothesésthibh%héve physical plausibility for the non-

relativistic particles are fluorescence from electronic excitation or rod

membrane distortion by direct ionization events ih the rod disc. At 10 keV ‘ﬁfl,
a single visual rod absorbs at Zeast 10 keV of eﬁergy and about'lOC delta.
rays are~producéd, It is plausible that electronic excitation of quanté
in the‘viéiblé domain (fluorescence) might‘bé respon;ible for the
é&ents‘obserVed ﬁia‘light absorption by the rhodopsin molecules of
Visﬁal purplé. Cerenkovvof fluorescent light from the vitreous fluid
or lens would not be focused on the retina to produce distinct local
images.but might be responsible for the more diffusé type observations,
It should be hotgd,_howeﬁef, Lipetz:(5) observed x-ray induced,signalé
in enucleated'frOg eyes and in refinal explants washed free from vitreous
fluid, -and 80@ nitrogen particles péssing thréugh and stopping in
vitreous fluid of the eye did not . .induce visual phenomen% (iB).

The disc ﬁémbranes have a thickness of ébout 10 nanometers; when
&= 10 keV/um, the energy absorption in the membrane from one single

particle wbuid‘amount to lOOeV, or the equivalentvof generating about
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3 ion pairciwithin the membrane. High LET péfticies could act on these
membnanes,direcfly, causing avchange in theifvelectrical conductivity,
fhis leading.to creation ofvsodiumrpotaésium ion cnrrenfsvacrosé the
merbranes. Such currents would.eventuéliy.cause clcctrical activaﬁionl_

of rod cells.

It is'appropriate to consider a simple model for analysis of our inves-

;_tigétion;’iAssnme the'probability, Pr; that a:singie particle causes a visual
rod to send'out‘én électric.sigual.is proportionai to‘tné~magnitude of |
the transfer,£, and the distance, d the particle travels through the
sené&itive region of the retina

o CPra kK '£:- d
_wherekfis a proportionality constcnt. Further iet tﬁe probability \
of actualiy perceiving an event P, depend on the firing of a minimum
number,.m, rods in the path.of the particle; thué

| _ ‘Pe‘-PI;-l=Km“6m’dm .
Let P, = 0.8 for an LET of‘lO. keV *pm™ andPT - 0. 4 for € = 5 keV’ “'1'.1 :
If the minimal number of rods in a small region of the retina that must
fire is 3, then the probability of actually seelng a f&ash Pe’ is 0.5 for
10 keV * ! and 0.06 for 5 keV* um-1., The choice of K = 0.08 kev-1
giVes results in general:agreement with our preliminary observation,
according to this model. A fit ofvdata on the efficiency of detection
for exposure to various particles of various energies to this s1mple
model could yield 1nformation on the number, m, of rods along some
path, d, necessary for perception of a visual event.

The model presented above would lead to the conclusion fhat X rays

at the thresholl Antensity, would cause electrical discharge in about one

of" every 10% rods.  Coincidences between these would result in 4 1ow ,
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intensity diffuse or "sunrise" visual phenoména,,
| .Be?ause intensity:is relafed-to fhe_deﬁéitY’of rods fifihg in
somé small'retinal’regibn wﬁich can bé‘defihed_by~a conétant path length; 
'd, this model predicts all events for particles with.££>:>lo keV *wm—1 will
be bright with'little or ho perceptible'intensity discrimination'betwéeh ﬁhem.
In\the‘éaSu of X rays, a.higher.x-r;y intensity would cause an |

.increase of brightness, and xwray discrimination over a 105-fold intensity

domain should be possible.
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Ih pr oblem of - blologlcal cffects of heavv cosmic raz 1on§

Observatlon of llght ilash events is not in 1tself an mndlcatlon
of hazard from primary cosmic rays. It is, however, arremlnder that the
effectS‘from’single heavy ions on cells of nbndividing tissues should

be assessed before man undertakes space missions of long duratlon, since

'about 40% of the galactic cosmic ray dose is made up. of heavy prlmarles of 276(50)

Heavy ions exert potentlally great effects on cells due to the
dense 1onlzatlon core in thelrvtradKS'w1th +25A radius 61 One
may ohtain an idea of the potential'hasardous effects of heavy particles
by calculating the fractiontof variousitypes of cells'that mould suffer
a hit duringva hypotheticalvspaceiflight of one year'beyond the‘Earth's
‘magnetic fiéld ‘Some neurons are larger in dlameter than others, for
these larger cells and for Pyramidal cells, percentage of whole cellsv
hit for Zz20 is greater than 10%. Two questlons are of 1nterestvhere:

What is the damaglng effect of a s1ngle partlcle
to a neuron, if any°

What does it mean for the individual if a certaln ,
percentage of his neurons are mal:f‘unctn.onlng‘7

: At the present tlme neither questlon can be answered w1th certalnty,‘
: because hlgh cnorgy accelerated partlcles aboveWZ 20 are not routlnely
avallable in the laboratory. In the first con81derat10n, ‘however, 1t is
iposs1b1e that ‘when the rate of energy loss‘exceeds a crltlcal value, a
51ngle partlcle may produce a potentlally 1rreparatle nuclelc acid or
membrans ingury. Often such injuries w1ll not k111 neurons 1mmed1ately,
they may, however, reduce neuron lifespan and temporarily or permanently
impair cell-funCtions.- | | |

"Secondly;'the meaning of such lnjury_to the,organism as a whole is
not clear at present. In parts of the nervous syStem wherevredundanCy

is great, as in tﬁmacerebrum, cellular damage mlght ‘mot unduly impalr
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function. The effecfs'ﬁay exhibit themselves as the effects of other
: types of degenerative injury"e;g{’ %ésponse'times of neural refiexes
mighﬁincréaée;learning ahdvmuscuiar'coordinatioh uight he ‘impaired, and
memoryy storagemlghtdlmlnlsh Perhaps the effects of radlatlon damage
will be more pronounced in reglons of the nervous system ‘where relatlvely
few cells control 1mportantvgeneral responses, Thls mlght be the case in
“the hypothalamus, thalamus and the brain stem. | |

At Berkeley, we‘plah to'use the newly rebuilt HILAC machine as an
1n3ector of heavy 1ons to the Bevatron, ' The HILAC can accelerate all
heavy 1ons 1n the lower half of the atomlc table to a kinetic energy’ of
about 7.5 MeV nucleon:qiThese ions will he strlpped and_acceleratedvup to
,2;813eV/nucleon infthe‘Bevatron;' This pﬁogram will be known as the Bevalac
program'and,Whenvcdmpleted,.facilities will be.available'to scientists
from various laboratories_and from different countries. We expect to
produce strong'deflected'beams of all iohs including calcium (108 to 1010
particles per pulse), aha weak beams of iron particles (106 to 108 particles
per pulse).

We have-already_obtaihed evidence hhat‘sinéle nitfogen and
oxygen ions_accélerated in the Bevatron can cauSe‘irreversible develop—
mental malformations in plants aha_irreversible damage in hair foliicles
of mice (32). Small doses ofvnitrogenrions have caused degeneration in -

- the outer segmehtsVof retinal rods in Necturus maculosus (33).

"~ Work is also’being carried'out on the effects of heavy beams on the
retlna of pocket mlce, rabbits and prlmates. These'studies have hot been -
in progress long enough to determlne whether or not retina 1rrad1ated by

heavy 1ons can repalr (11) (14)'
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It will also’he necessaryffor the safety offastronauts on longtermv
spaceflights to assess other chronic.effects produced'by‘heavy‘ions,
such as carcinogenic effects and diminished longevity. Further, it
might'be useful tovunderstand how.radiation injury'can interact.ﬁith
other radlatlon effects from onboard reactors and with physiolog1ca1

stresses produced by the environment in general
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FIGURE CAPTIONS

Representation of visual phenomena seen by Apollo astro-
nauts and us, in ion beams. Cloud phenomenon is similar
to x-ray, magnetic, or electrical phosphenes.

Poisson interval distribution of all events reported by
three astronauts during Apollo 14 (modified after Fig. &
in: P. K, Chapman et al. (1)).

Schematic of the arrangement used for human exposures.

The exposures were carried out using exposure facilities
developed at our Laboratory over the past several years

for helium ion therapy. Special devices were added to

allow exposure to individual helium ions at 0 - 250 MeV
kinetic energy. The subjects wore dark-adaptation hoods (Fig.
2, in P. K.Chapman et al. (1)).

Bragg curve of the nitrogen ion beam as measured in water.
The inset shows diagrammatically the experimental step.

First human exposure to accelerated nitrogen ions.
Subject, center, received less than 2000 particles with
alignment procedure of + 1 mm accuracy.

Left eye horizontal section showing three nitrogen beam
paths. Visual phenomena seen in middle positions only.

Representation of visual phenomena seen by three dark-
adapted observers in a nitrogen ion beam. Duration of
flashes is very short without after-images.
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LEGAL NOTICE:

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor

"any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. '
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