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1. INTRODUCTION AND SUMMARY

Astronuuts and Apollo and Skylab missions have reported observing a
variety of visual phenomena when their eyes are closed and adapted to
darkucas.]’z These phenomena have been collectively labelled as light-
floshes. Visual phenomena which are similar in appearance to those observed
in space have been damonstrated&&r the number of accelerator facilﬁt1383“11
by exprcasing the eyes of human éubjects to beamws of varlous types of
radiation., More than are physical mechanism is now known to contribute.
In some laboratory experimentss-7 Cerenkov radiation was found to be the
basis for the flashes observed while in other exp@rimentsa-ll Cerenkov
radiacion’could apparently be ruled out,

The;principalﬁobjcctive of the effort covered by this grant was to
design and conduct experiments that differentiate between Cerenkov radiation
and other possible mechanisms for inducing visual phenomena and compare the
phenomena obtained in the presencé’and absence of Cerenkov radiation., Section
2 of this report describes the experiments and the data obtained.

A new mechanlsm proposed by us to explain the visual phenomena observed

by Skylab astronauts as they passed through the South Atlantic Anomaly, namely

nuclear interactions in and near the sensitive layer ofbthe”retiva, is covered
in Sec. 3. Brief reviews of the light-flash phenéﬁena in space have been
published by us. %13
Tt turns out that the light-flash phenomena are only one example of
transient phenomena induced in "electrical systems" flown in space. Scme of our

studies to search for similar transient effects of space radiation on gensors and

microcomputer memories are described in Sec, 4.
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Safety and No~Cost Exyénsionq o : ‘ -

5 o

The research deécribed in this report iqvolved delibarate exposura of
human subjects (the 1nvg§;igatars) to heavy ifong, A fail-safe beam delivery
system had to be daaigned: The system used is described in Sec, Z. All

_experiments had to receive the approval of the committees for the PrQCQccion
of Human Subjects at Lawrence Berkeley Laboratory, Brookhaven National
Laboratory and Clarkson College. There were, in addition, reports of
evidence at LBL of single - hit track effects in neural tissue of animal
subjects which had to be taken into account in granting apptpval; This
necgssitated considerable delay ih scheduling irradiations. We did finally
obtain approval for carbon and neon runs and fell confident now of obtaining
approval, for argon for this fall, We greatly ‘apprecliate the time and

effort contributed by the members of the safety committees at all three

4insitutions. The delays required our requesting no-cost extensions well f

o i
beyond the projected one year duration of this grant. We appreciate that

NASA officials took  into account the unique features of this experiment and

granted these no-cost extensions.

S
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One-At-A-Time~Facility ‘ /3

2. LIGHT-TFLASH EXPERIMENTS AT THE BEVALAC
i // ’ [ ,

The first step in these axpmrimencs was the design and 1mp1@mennacion

of modifications to the Biomedicul beam line that would satisfy the

PN

following sclience requirements.
i. Beam delivery one particle at a time
ii. Easy implementation of catch tests
iii. Random mixing of beams paggicles’incident out speeds above and
below the C;ﬁﬁﬁkov thteshold

In addition the bmambiine had to be fail-zafe aéaiust accidental overexposure
of the human subjects. - The beam facif&ty implemented is described in Ref.
14, ‘For the reader's converience a copy ofytbis publication ié included as

Appendix A,

Exposure to Carbon lons

The resuits of our initial yun with carbon lons is described in an

articlel5

published in Science.. A copy of this article is included as
Appendix B. We restrict ourselves here to some essential feature of the data.

Two of the three subjects reported observing visual phenomena. The use

of catch tests (empty beam pulses) demonstrated high subject reliability

during thése irradiations. The subjects (V.P. and P.M.,) described the
pﬁénomena as bright and easily distinguishable<from background. - A comparison

of pheomena induced by Cerenking and non-Cerenking particles (with the 53&

AN
\\ N

subject not knowing which) showed that the "large" and cloud-like phenomena ‘“

i

f A
were only ochrvé& with Cerenking particlcs while its point-flash and streak
phenomena were observed with both. The realer is referred to Apjendix B for.

_ _ |

if

details, ‘ - iy

" A second irradiation with carbon ions was conducted under close to

identical conditions a year or so later. Both subjects had experienced

—



vigual phenomena in the previous irradiation. Neither subject rdbortad
obsti viag the type of bright distinet phenomena observed in the first run.
The subjects ware asked to report any phenomena observed. The data is
still being analyzed but it is clear that none of the distinct phenomena gﬁ
the first pun were observad in the second irradiation. This was true for
both Cerenking and non-Cerenking particles.

Neon Exposure

An exposure to neon ions was carried out under conditions\idantical to
those described in Appendices A and B. The higher charge of the neon
nuclei should have enhanced both the Carenkov radiation and LET by about
(10/6)2. Despite this enhancement none of the bright distinct phenomena
file first carbon run were observed.

Discussion

In sunmary we have three experimental runs carried out under as close to

identical conditions as pox=ible with appnrently conflicting results, Proper
psychophipical procedures were followed in all three experiments so that the
subject did not know if a "beam pulse" contained a Cerenking or non-Cerenking

fon or no ion at all. The data from the first wrun is clear indence that two
subjects were experiencing flash phanomewﬁ and” that the large bright
]

. V4
phenomena appeared only fof Caerenking ggrticles.

The changes in the subjects ahifity to detect heavy ions may be explained

Vzd

in terms of fluctuation in chefséhsitivity of the human visual systems.

Denten and Pirennelﬁ’l7

e kA eans e e o o n e

have ;ﬁown that threshold for detecting light pulses
may vary by an order of magnitude among normal human subjects and by a factor
of 3 for the same subject on different days. This variation is ‘also
consistent witl the large diffevences in light-flash rates observed by fhe'

same Apollo astronauts at differvent times in the mission.




3. ROLE OF NUCLEAR INTERACTIONS Q

Astranauts on Skylah observed poin% and streak lightﬂfléah phenomeng as
the spacecraft passed through the Smith Atlantic Anomaly (8AA), NASA scientiuts
described the rates of flash observationsg as "anomalous" in terms of the known
Cerenkov and LET mechanisms and the measured trapped proton fluences in the
SAA. We prepared in Ref., 17 that nuclear interactions in and near the
sensitive layer of the retina provide a poméible mechanism for the lighc
flaghes. For the reader's convenience a copy of Ref, 17 is included as Appendix
c.

We have explored the use of thu Harvard Cyclotron for use in investigating
the role of nuclear interactions in the light-flash phenomena. An axpériment'
to measure the spectrum of energy deposited in thin silicon surface-barrier
detector of different thicknesses is currently underway. A light~flash
exper iment involving human subjects is planmed. These efforts are not

currently supported by external funding.

R P, 2
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4, COMPARABLE TRANSIENT PHENOMERA IN ELECTRDRI& SYSTEMS
The light~-flashas are‘trnnaiunt‘phanomuna indvced somewherse in the
bioelectronics of the hdmmn viaua; systen. Th#* question arose as to
whether chere were. similar phenu&gna induced in man made glectro&§c Bystens
flam in space. Katz and Rathw@llla demuﬁstraﬁed that transient 1é{pMSP
satellite photographs could be correlated with energetic particles |
incident on the sensor. ”
We initiated arpreliminary study that suggested diglital memories as
‘a location of analogous transients. Electrically stored information could
be distorted by changes in the logic state of individual storage events.
Such invensions were postulated in bipolar circult elements by Binder et 31.19
With the help of Alr Force suppoft as well as this grant we initiated
gome tests on LSI circuits that clearly demonstrated memory upsets upon exponents

20,21

energetic protons. These experiments and their implications for space

are describéd in some detail in Ref, 20 which is included here as Appendix D.
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DELIVERY OF SINGLE ACCELERATED PARTICLES

11 MNULTY and VO P PLAS
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Reveised -3 Maich 1978

Tt is desitable for gortun caperiments imsolving sceelerators 1o ave the capability of delivering fust i single beam patticle
tu the tarpel ares. The essential Teatures of such a oncsat-astime fuality are disctssed. We deseribe two such faeilities
which were implenrented at high-gnetgy heavy fon accebztptors sothoat having 1o make maior structural changes in the

existing beum lines or substantially interfering with eyt

faeeelerator Uses,

Two seeeleralar facilivies are deseribed which had the capability of delivering u single beam particle (o the target ared
This featute is necessary in certain experiments investigating visual phenomieny induced by charged particls, other sinple
particle inleractions in biojogy. and other esperimenis in winch the low infensitios of vosnsie tavs nowd Lo be simulated.
Both fasifities were implimented without having to make structural changes in the oxisting beam lines or substantlally

interfering with other aceelerptor usgs,

1. Introduction

There are applivisions of purticle acvelerators for
which it is advantugeous to reduce the beam de-
livered onto a wirget to just one purticle. Examples
include testing or calibrating 4 detector system
and investigating the biological cffeets that result
from the passage of u sinigle beum particle through
a single cell or structure in an organism. One pur-

ticular advantage of such u facility at a heavy ion

accelerator is the simulation of the passage of cos-
miv-ray heavy ions,

We became interested in developing & beam fu-
cility capable of delivering single particles, during
investigations into the visual phenomena induced
by the passage of charged particles through the
dark-adapted human eye' *), These “light {lushes™
were first observed in deep space by astronauts on
Apotio 11, presumably as a result of the passage
of individual heavy cosmic-ray nuclei through the

eved). It was our belief that to properly simulaie

exposure 1o the heavy-ion component of the cos-
mic rays at an accelerator the beam  particles
P oPresent addresst Lawrenee Berkeley Taboratopy, Berkeley
CA 94720,
Mesent address: General Vleetric Research and Develope
ment Center Schenectady. New York 12345,

should be delivered 1o the target at rates compar-
able to those in spuce, ie. one-at-u-time. For ex-
ample the presence of more thun one purticle in
pulse may affect the appearance of the visual
phenomena observed®),

Other effects of cosmic-rays on man and his
support systems in spuce which might be studied
at o one-nt-atime facility include: the effeets of
the passage of heavy ions through photo detection
systems'™), eleetrical cireuits!), single nerve cells
and various locations in the central nervous sys-
tem?).

Some problems arise when fucilities that are de-
signed for stable operation at the highest possible
currents are modified for single particle delivery.
For example, the beam will probably not be in-
tense enough to provide feedbuck to the operator
through normal instrumentation, However, our
experienee suggests that these problems can be
circumvented or overcome, Section 2 deseribes
the essentind features of one-at-u-time  facilities:
and details of how they were implemented at two
heivy-ion accelerators are given in section .,

2, Essential features
The following features are desirable in any
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single particle delivery system at s feosvy jon ue-

celerator:

1) Beam purity, The incident particle should have
the desired charge. mass and velocity.

B Reliubility, A pulse should contain one particle
aund no more. No subsequent pulse should be
delivered 1o the taret.

3 Ewse of implementation, Vacilities of this type
are likely 1o be used often for short periods in
o variety of applications rather than u single long
term oxperiment,

4) Hexibility, The facility should be capable of de-
livering differemt heavy ions over 4 range of
veloeitios up fo und including the threshold for
Cerenkov radiation.

5) Fuail-safe against aceidental over-expasure,
fuil=-sufe mode the experimenter van remain at
the site of exposure just outside the collimator-
defined beam ures. This nllows him quick ae-
cess for configuration or alignment changes be-
tween pulses. In our experiments the target iy
a human volunteer (one of the experimenters)
who must be protected.

6) Fast response. When operating in a fwl-safe
mode the beam line and possibly the entire ue-
celerator will be tied up. Ideally, the experi-
menter should be able to request a pulse, per-
hups by pushing a button and promptly receive
one beam pulse cunsisting of one particle.

N Small beam spot, The location where the beam
particle enters the target must be accuraiely
known for most applications.

3. Description of two facilities
3.1, PRINCETON PARTICLE ACCELERATOR

Our first single particle delivery facility wus set
up at the Princeton Particle Accelerator (PPA).
The cxperiment?) involved exposing the dark-
adapied eyes of human subjects 10 individual
530 MeV/Zamu "N nuclei. A fuil-safe <iable oper-
ation was achieved by running the beam inside
the syhchrotron at near-maximum intensity and
reducing the extracted beam intensity by collima-
tion. A schematic diugram of the facility is shown
in fig. 1. Transport and focusing magnets are not
shown in the figure. The beam line was the same
as that conventionally used for heavy-ion experi-
ments. No structural modifications of the beam
line were necessary except the addition of two col-
fimators. The full intensity of the 530 MeV/amu
beim  was  extracted  using a  resonance tech-

MONUIETY ot a

nigue'’). The extracted beam entered a collimator
and pussed through several focusing and bending
magnets and the maln synchrotron shield wall be-
fore reuching the experimental cave,

The upstream collimutor was constructed  of
brass by mutehing four brass blocks and ¢ombins
ing them together interspersed  with 025 mm
shims. The totul thickness of the collimator was
9.4 em and the opening was 0.25 mm» 0.25 mm.
The vollimator was mounted on a shaft with pro-
vision being made for the adjustment of the col-
limution axis to correspond with the besm direes
tion. The collimmtor and shuft assembly were
mounted on o veceuumetight plate with the shalt
passing through “Q-ring™ vacuum seals in the
plate, which in turn, formed a side of a rectilinear
box in the beam fine. The mounting shaft was
connected 1o 4 linear drive molor. A motor servo
system and micromeler-iype measurement system
allowed the shaft to be moved over several inches,
with positioning aceuraey of better than 0.25 mm,
Thus, the collimator would be positioned acenrate-
ly in the beam, and removed when desired. The
servo control and power unit for the shaft-drive
system were packaged in a separie unit and con-
neeted to the shaftdrive motor system through a
cable and multispin connector. The collimator
could, therefore, be removed from the beam for al-
lignment purposes and reinseried quickly and ae
curately for data taking, During experiments with

SYNCHROTRON

(EOI.IJMA'!’OII-S’l MY

1 SUBJECT
ALIGNHENT
COLLIMATOR BLE

Fig. 1. Schematic drawing of the Prinecton Particle Accelenator
facitity set up o deliver individual nitropen nuglei
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human subjects, movement of the collimtor was
prevented by disconnecting the servo-control and
varrying it into the experimental ¢ave. Because the
synehotron was alr.ady operating near maximum
intensity, seerdental intense pulses were impossi-
ble.

Secondary particles generated in the collimator
were swept out of the main beam by o bending
magnet. The magnet current was set o foeus the
uneollimated synchrotron beam onto the final ¢ols
Iinutor on the subject alignment table. The main
collimator opening was chosen 1o be sach that
when it was inserted in the beam line only ocen-
sional purticles pass through the final collimator,
Becuuse  the  beam  intensity  reduction  was
achieved by collimation, the only way to prevent
more than one particle passing through the final
collimutor and striking the subject’s eye was to re-
duve the intensity so that most pulses are empty.
The experimenter waited until a beam pulse re-
sults in a particle emerging from the downsiream
collimator, Because the synchrotron was operativg
at optimum intensity, reasonably stuble beum in-

AMINGEL ACCLEYRATED PARTICLLS
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tensities were attainable and u particle typically ars
rived at the turget within a few ueceleration eycles.

3.2, Bivalac

An improved version of o one-aten time fucility
has recently been developed st the Bevalie al
Lawrence Botheley Laboratory, At the Bevalug, the
Ihlae mets oy o source ol heavy jons which are
transported to the Bevatron where they are aeevles
rated to relativistic velogities™ '), A resonunt ex-
ttion system is used for delivering beam pulses
into a sceondary beam line leading to Biomedical
Cave 11 ™) A diagram of the beum line is given
in fig. 2 where again tansport and focusing mag-
nels not essentinl 10 this  diseussion are not
shown. Again, no struetural modifisation of the
existing beam line wus neesssary, On'y the fina!
collimator which defines the exposure w.oa (Cirele
of 2 mm diameter) was adcded, ‘

In operation the Bevatron and the beam line for
Biomedical Cave I are tuned at optimum beam
intensities. The number of jons in cach pulse is
then reduced at the souree, i.c., the Hilae, The res

l .EAM-T
werENRITY

PR R

‘n.-‘--«w:, i

- |
INJECTION )
Y - MONITER COLLIMATING, nESONslicE msr
:‘HOM GRID SIEVES ARETS flh
iLAC ‘

BEVATAON
SYNCHROTRON

r
EXTERNAL

COLLIMATOR
SCINTILLATOR

| dem GCINTILLATOR
PARTICLE =l

BEAM E

SCINTILLATOR == oo

BENDING
MAGNET

GCINTILLA=
COINCIDENCE

EXPERIMENT
Fig. 2. Schematic of the Bevitae facility as set up for single particle operation in Biomedien Cave .
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sulting intensity of the beam circulating in the
synchrotron is oo low in the one-at-a=time mode
for normal Bevatron tuning procedures 1o be effee-
tive and the beam operators must reiy on u sein-
tilhidion detector in the extracted beam line for
monitoring. The beum pulse cun be as long us
500-1500 ms. The injection beam is then attenu-
ated by a fuctor of 107 by collimating sieves. Two
seintillation detectors in coincidence (one placed
upstream und the other just downstream of the
collimator in the light flush experiment in front of
the subject’s eye) deteet the first heavy fon to
emerge from the collimator opening. The coinei-
dence signal terminates the extraction of the re-
mainder of the beam pulse from the synchrotron
and triggers the insertion of the beam plug, The
resonance extraction system can be shut down in
« 1,5 ms to prevent the delivery of subseguent
particles in the pulse. The beam plug cuts off' the
beam within X s and mechanically prevents the de-
livery of additional pulses. A continuous range of
ion energies can be obtained by inserting the pro-
per absorbing material in the beam line upstream
of the bending mugnet and modifving the beam
optics downstrcam of the degrader for the néw en-
ergy. Secondaries gencrated in this way will be re-
moved from the beam that enters the final colli-
mator as a result of dispersion in the bending
magnet, Beam fragments of the same momentum
created near the end of the degrader are not re-
moved from the beam and arc not necessarily
completely rejected by the coincidence signal,
Beam trials have been cartivil out using 400 and
594 McV/amu carbon jons without degrading and

with degrading by a Pb {ilter to 467 MeV/amu,

The system performed properly in both cuses, To
test the fast shutdown procedures the beam inten-
sity was st 50 times higher than necessary (or de-
sirable) for onc-at-a-time operation, Thirty seven
out of thirty ninc pulses contained one particle
and the remaining two pulses contpined only two
particles each. At lower intensitics no multiple
pulses were observed.

Because many experiments involving single par-
ticle delivery would involve human subjeets or ex-
perimenters remaining at or near the beam line
during the experiment, the system must be made
safe against intense pulses arriving accidentally at
the experimental arca by the use of redundant
beam control systems,

The redundancy was provided by three inde-
pendent beam detection: devices located at differ-

ent pluces in the accelerntion and bewm dellvery
system of the Bevalae, Two of these devices acti-
vated an existing chicuit for rapid beam turn off,
The system, when activated, clamps magnet refer-
cilee cireuits 1o zero for the perturbation magnet
(P1) which drives the beamy growth for resonant
extraction. A second cireuit clamps off the refer-
enees to the first three bending magnets in the ex-
traction system (M1, M2 and M3) and inserts a
beam plug. For normal operation of single particle
delivery, the cut off activation signal came from
the first coincidence signal from the two photo-
multiplier-scindillator counters at the subject ares, A
singles counter (scintillator and photomultiplier)
located where the external beam first clears the
Bevatron magnet (called F1) is part of the stundard
beam monitoring tor low beam levels (< 10°~10*
particles per pulse). A scaler pulse out! preset in
multiples of ten, would also activate the fast cut-
off" circuif. This cut off level was set just above
the count level necessary 1o give a few coinci-
dences ut the subject region.

A grid monitor in the injection channel from
the Hilac, upstream of the 10* collimutor, moni-
tors each injected beam pulse, If the injected pulse
excecds o preset value, the rf is eut off and no
purticles are accelerated on thit Bevatron eycle,
This level was set to limit the bearn at ihe FI area
to less than 10* particles per pulse independent of
the other two cut off devices.

4, Conclusion ! /

What is significant is not thacsingle particle de-
livery system exists but rather that many, if not
most, aceelerator beam lines can be easily and
quickly modified for occasionat use as a single par-
ticie facility. Thus experiments utilizing this type
of facility can be accommodated without substan-
tial impact on other accelerator uses,

We would like to acknowledge the support of
NASA grants NSG7170 and NSGY059, as well as
support from the Fannie Rippel Foundation.

References
1) 5. MeNulty, Nature 234 (1971) HO,
2 P, ). MeNulty, V. P. Pease, L. S, Pinsky, V. P, Bond, W,

Schimmerling s K. G. Vosburgh, Science 478 (1972) 160)..

H P MeNulty and R, Madey in Proc. Natl, Symp. on. Nur-
wral and manmade radiation in space,, NASA TMX-2440
(ed. E. A, Warman; Scientific and Technieal Information
Office, NASA, Washington, DC, 1972) pp. 757 and 767,

e B



et Nt it e oo

DELIVERY OF SINGLE ACCELERATED BARTICLES

AP MeNulty, Vo P Pease amd V. P Bond, Svwence 189
1975) 48 3

5 ". Lo MeNulty, Vo P Pease and V. P, Bund, ). Opl. Soe.
Am. 66 (19765 49

8) P J MeNuliy, V. P Pease and V. P. Boad, Rudiation Res.
06 {1976) 319,

N LS Pinsky. W. Z. Oshorn, R AL Holfman and 1. V. Bai-
ley, Svience 1NN (1975) 928,

By ¢ A, Tubias, T. F. Budinger and J. T. Lymun in Prog
Mutl, Symp. on Natiral and manpneke rndateon i spene,
NASA TMX- M40 (ed. E. A Warman: Scisntille and Tech.
nical Information Office, NASA, Washington, X, 1972) p.
4170

N HZE-Particle Lihaots in Mawed Spece Flight (sd. D, Geahn
National Acudemy of Svienves, Washingion, DC, 1923).

) R, C. bilz snd L. Katz, Air Foree Cambridge Research Las
boratories Report, AFCRL-TR-0469 (1974).

A 1y A B Holiman, B C Smith and G, W, Autio, IEEE Tmns.

o

O

30

uf Niedear s NN22V 119703 1778

MG White, 111 Allen, G K. O'Neil, 3 Reardon, J.
Riwdel, L. Seidbtz, I C, Shoenaber and E. P Tomlinson,
Int: Conl. on High vaergy ovcelersiors, Dubna (Conf]14),
Book § (19631 p. 197,

13 AL Ghiorso, 11 Grunder, W. Harisough, G. Lamberison, ¥
Lofgren, K. Lou, R Main, R Moabley, R. Motgado, W. Sal-
sig and . Selph, WEEE Truns. on Nisdsie soreme NS 20
(1973) 155

My K. C Crebbin, . M Pyans, ROJ Foree, B AL Grunder,
J. R, Gaggemos, Wa 1. Hartsough, E. 8. Lofgren, ). Loth-
rup. KL Low, R Morgwdo, R M. Richter, M. M. Tekawa
e'\l;g E! Zujec, IEEE Trans. on Nuclear science NS-20 119%3)

15) ), Borale, R, Force, 1. Grunder, ). Guggemos, G, Lambert-
son, ¢ Leeman, Filothrup, R Morgado, R. Ricluer, 1
Rondeau, F. Selph, ). Staples, M. Tekawa and F. Voelker,
ICEE on Nuchear sutence NS§=22 (1975) 1672



L

APPENDIX B

-,

3
¥

S i



1l Serles
uly 1978, Volume 201, pp. 341.343

Vwisual.P'henomena In;iuced by l}elativiStic Carbon Ions
With and Without Cerenkov Radiation

P.J. McNulty, V. P, Pease, and V. P, Bond

O-QIG] |
Op Ay S
Pogg e s

fy

4

Copyright ® 1978 by the American Association for the Advancement of Science .




T,
L

SCIWNCE L Vo,

Wy, M Ny e

Visual Phenomena Induced by Relativisticﬁ(:arbox'x Tons
With and Without Cerenkov Radiation

Abstract, Exposing the human eye to individual carbon lons (°C*) moving .f rety-
tivistic speeds results in visual phenomena shat include point flashes, stradgks, and
larger d{ffiuse flashes. The diffuse flashes have proviously been ahserved vy ustro-
nauts in space but not in labaratory experiments with particles of high atomic nun-
ber and energy. They are observed only when the nuclens moves fast enough 10

pgenerate Cerenkov radiation.

There have been a number of investi
gations designed to determine the phys.

iea) mechanizm behind the visual phe-

nomena observed by astronauts when
exposed to the radiation environment in
space (I-5). Our earlier experiments
with muons, pions, and individual nitro-
gen nuclel ) showed that Cerenkov ra-
diation generated within the eye can in.
duce visual phenomena similar in de.
seription to those reported by astronauts
in deep space (/). However, the muon
and pion data were olMained in experi-
ments designed to simulate the passage
of an ion of high dtomic number, Z, and
energy, E, with a pulse containing
N = Z% singly charged particles. This
raised the question of the extent to which
the phenomena  observed resembled
those induced by the HZE (high 7 and E)
particles encountered in space (8), More-
over, experiments with neutrons, alpha
particles, and nitrogen nuclei (5) showed
that star- and streak-like  phenomena
similar to some of those observed in
spuce can be induced in the absence of
Cerenkov radintion, presumably as the
result of ionizations and excitations
along the trajectory of the incident par-
ticle or its secondaries, This raised the
possibility that the HZE particles that
generated  visible - pulses of Cerenkov
light in the eyes of astronauts on Apollo
misstons would have been detected uny-
wity because of ionization effects, and
that while Cerenkov radintion may have
influenced the visual phenomena experis
enced, it would not have significantly af

fected the rate at which the flashes were
ohserved,

To directly compure the visual phe-
nomeng-induced by HZE particles with
and without Cerenkov radiation and to
determing the effect of Cerenkov radiu-
tion On ¥/ subject’s ability to detect the
particles] we initiated a series of ex-
posures (¢ human subjects to HZE puri-
cles at the Bevalac accelzrafor at Law-

rence Berkeley Laboraiory. The detuils -

of the facility devised to deliver HZE
particles one at a time wie given else-
where (7)., This report describes the re-
sults of the prelimmary trials, which in-
volved comparing carbon . nuclel at
speeds above und below the Cerenkov
threshold. The nuclei  had  kinetie
energies of 595 MeV per nucleon and a
stopping power in water of 94 MeV-cm¥/g
ot the higher speed, and values of 470
MeV per nucleon and 103 MeV-em¥/g at
the lower speed. The carbon nuclei <o
ot stop in the eye, nor do they lose a
sighificant amount of energy in . tras
versing it. The patterns of ionizations
and excitations along the trajectories are
quite similar for the two cases, and a sig-
nificant increase in o suhject’s ability to
detect the passnge of a higher-velocity
nucleus through his eye would be autrib-
utable to Cerenkov radiation.

After dark-ndapting for 40 minoles,
the subject aligned himself to the beam
line by using a personalized bite plae
and fixated on a red light-emitting diode
mounted on the far wall of the darkened
voom. This aligned the head and eye
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stieh that the busm particles entersd ot
an angle of uhout 60* with the eptlc axis
astdefingd by fantion. An Injtial align-
ment proceduire was complsted before
the experimental sessions, A Inser benm
was posted through the beam eollimator
16 the subject's bend. When the liser
spot fell on the proper region of the eye,
the bite plnte was locked in position, The
particle beam pathway was directed
away from the lens of the eye, Aflor a
foreperiod that was varied randomly
from 2 to 4 seconds, a pulse of carbon
nuclel or a cateh test pulse (one contain-
ing no particles) was delivered, Ths sub-

Ject signaled readiness by depressing a
switch, He signaled detection (a hit) by

depressing the same switch, The subjoot
wus also in communieation with the ex.
perimenters in the control roons by inter-
com. After éach hit or miss, the subject
was asked to confirm his response and
describe the visual phenonmena for all
hits. The cross-sectional area of the
beam was determined by a 2-mm-diame-

ter collimator placed in the beant line

about 30 cm upstream from the subjects,
Particles entering the eye were counted
in coincidence by a scintillator down-
stream from the collfmator just bofore
the cye and a scintililaor upstream from
the collimator,

In procedure 1 the subject dul not
know whether ‘a pulse would contain
one, two, or no nuclel or whether the
carbon nuclel were a1 speeds above or
below threshold. Catch tests were ran-
domly distributed among the experimen-
tal trials at a rate of approximalely 40

Fig. 1. Schematic dmwlng of visun} sensations

acts PM.
visunl angle.

‘Jeseribbed by and VP, The

weAle ropresents v

percent. Only one catch test in 81 result-
ed in a positive response (false alarm)
and that visual sensation was described
as similar to the phosphenes that sub-
jects observed when dark-ndapted in the
radiation-fres environment,

In procedure 2 the subject did not
know whether the carbon ions were in-
cident at speeds above or below thresh-
old. Cateh tests were not empioyed, Tn
procedure 3 the subject knew whether
the particles in a particular series would
arrive at speeds above or below thresh-
old, but catch tests were included. There
were no obvious differences between the
data oblained by the three procedures,

Table | summarizes the data for the
three subjects under the procedures fol-
lowed, The visual phenomena were often

Table 1, Summary of procedures and results for three subjects,

Sub- Pro- Particle ) Par- . Diffuse Sireaks
ject cedure speed* Pulses  ojos Hits  pihes  orpoimts
V.P, | Above 19 35 8 5 6
Below 19 23 5 .0 ]
3 Above 25 33 20 13 14
: Below 2 n ? 0 2
PM, 1 Above kL] 58 4 10 8
g Below 2 3 44 3 0 k}
2 Above 16 21 7 s 3
Below 14 I8 1 0 1
V.B. i Above kL 56 0 0 (1]
Below 9 13 0 0 0
*Above or helow the Corenkov threshold. S

/’)‘)‘

- Table 2, Combined duma for subjects P.M. and V.Pifor single- versus multiple-particle pulses,

)

\ ; ‘ ) o Points
Type of Particle Pag- Pulses Detec- Diftuse
. \ . s by Ses - X and
pulse specd ticles ) tiony flashes streaks
Single particle Above - §3 53 n 18 R
Below 55 55 8 0 8
Multiple particle Above 98 42 23 15 13
I)clow 63 k]| 3 0 3

‘wac or below lhc C cn.nkcw thrc\lmld

W}

e it 4 e S mm W

i e 14 -t g S AWy

complax enmisnations of diffuse flashes
and streaks. One subjsct did ool report
any observations of particles either
wbhove or balow the threshold spoeed for
Covenkov radintion, The ability of the
other two subjects to detect earbon lons
wis considernbly  greater for speeds
above threshold, The detection efficiens
cy for pulses containing one or two partl-
cles at speeds below threshold generally

. agrees with the dewection efficiency ob-

served previously for stopping alphas
and nitrogen nuglei (5). Diffuse fashes
were observed only when the carbon nu-
clel moved through the eye at speeds
above threshold, They consistemly aps
peared in the reglon of the field of view
that corresponded to the location on the
retinn where the beam particles exited
the eye, which would be expected-if the
visible components of the Cerenkov op-
tical shock wave (which pi&nmumes to-
ward the nasal region of the reting) initi-
ated the visual process, The diffuse
flashes were similar in appearance to the
flashes induced by muons and pions (3),
This evidence indicates that the diffuse
flashes abserved in this experiment were
the result of Cerenkov radiation, The
more localized phenomena-—streaks and
pointlike flashes-—were observed for
particle speeds both above and below the
Cevenkov  threshold, which  demon-
stratas that Cerenkov radiation is not the
sole mechanism for these phenomena,
Figure 1 is a schematic drawing of typ-
jcal visual sensations described by sub.
Jects PM. and V.P. For both subjects
the diffuse flash oceurred in the right.
hand fiekl of view In the area shown.
Both subjects reported that streaks often
accompanied the diffuse Nnshes. When
they did, a definite temporal sequence
was observed. The diffuse flash appenred
first, followed by the streak phenomena,
This is the opposite of the physical se-
quence of events, in which the particle
enters the region of the eye where the

streaks ure observed and exits in the area .
of the diffuse flash. This sequence takes

less than 10 x 10-Y sccond from en-
trance to exit, The streaks appeared to
be moving from right to left in the visual
field, The streak phenomena for subject
P.M. were at a location corresponding to
beam entrance; for subject V.P, they
were pot glways at such a location, For
both subjects a single carbon ion often
resulted in the observation of more thin
one streak. Subject V. P, reported the ob-
servation of curved broken streaks of the
type shown in Fig. 1,

The length of the long oken trajec-
tories is far prester than conld be ex-
plained. by path lengths in the vetina,
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This is consistent with the observations
of three subjects exposed fo individual
nitorgen ions al the Ponceton Particle
Accelerator (3), Broken streaks have
been ohserved in space and in luborutory
experiments (5). It ix possible that frag.
mentation of the corbon nucleus and in-
teructions that lead to the formation of
nuclenr stars play a role in these effects,
but further study is needed,

Table 2 shows the data for subjects
P.M. and V.P, and for pulses containing
one or more particles, Their abllity to de-
tect pulses containing one particle was
not significantly different from their abili-
ty to detect pulses containing more than
one particle—that is, the detection effi-
ciency per particle was far less for mul-
tiple-particle pulses. Tobias and co-
workers (5) also reported a dependence
of the subject’s ability to detect HZE
particles that did not produce Cerenkov
radiation on the number of particles in
the pulse, Table 2 shows that the effect
holds true for the diffuse flashes, which
were shown above to be due to Ceren-
kov radiation and hence optical phenom-
ena,

In summary, carbon nuclei entering
the eye are detected more often at
speeds above the Cercnkov threshold
than betow. This finding lends strong
support to the hypothesis that Cerenkov
radiation plays a major role in the visual
phenomena observed by astronauts in
deep space. Large diffuse flashes are ob-
served only at speeds above threshold
and occur only at the location in the field
of view corresponding to beam exit.
They are similar in appearance to the
large-area flashes previously observed
with muons and pions, These data sug-
gest that an important mechanism for
these large fiashes and possibly for those
observed in space is Cerenkov radiation,
Furthermore, the Jarge flashes observed
in space can be generated by nuciei with
atomic numbers as Jow as 6 and not only
by nuclei of higher atomic number. |

B P. J. McNuLTy

V. P, PEASE
De¢partments of Physics and Social
Sciences, Clarkson College,

~ = Potsdam, New York 13676

3 V. P. BonD
l)‘fgm;klm ven National Laboratory,
U-\?mn. New York 11973
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ROLE OF NUCLEAR STARS IN THE LIGHT
FLASHES OBSERVED ON SKYLAB 4

P ) MeNULTY?, R, € FILZ® and P, L. ROTHWVELLY

b *Clurkson College of Technology, Potsdum, N.Y., USA
Air Foree Geaphysies Labormtary (AFSCL Hanseom Air Foree Buse, Bedford, Mass., USA.

Abstraet, The astronauts on Skylh 4 obsersed bursts of intense visual light-Pash getivity when thely
spaeecrafl pussed through the portion of the carth's inner trapped radintion belt known as the South
Atlastie Anomaly 1ISAAY. Two experimenta! sessions were caprivd out on bourd Skylab 4 onder the
nusplees of Pinsky of ol who compree the flash rates with the measured flux of /Z 1 particles that
wonld pass through the astromaut’s eyes. They concluded that the fash rates, which heenme us great
as 20,min. were anomalously high, We esplored o number of ghiernative esplatiations for the
anomalous fash ¢ 5 atwould e consistent with the necepted SAA flux salues and the luharatory
dati on purtiele by, visual sensattons wund found that when one includes the effeet of nuclenr
internctions in and sear the ceting which result I star Tormation (the emission of slow protons,
nentrons and ulpha particles from 1he nucices in an evaporation-like process) the appurent anomaly
. i\a. temoved.

1. INTRODUCTION
Astronauts on Skylab 4 have confirmed the observation in enrth orbit of Mushes of

light when their eyes are adapted to darkness for 10 min or more, The unexpected.

feature wais the ocensional 5 10-min bursts of intense visual light-flash activity, Dr,
Edward Gibson, the science pilot, was able to correlate the occurrence of these bursts
with the passage of the spaceeraft through the portion of the eurtis's inner trapped
radiation belt known as the South Aduntic Anomaly (SAA).

These reports prompted two sepasate light-flash observing sessions conducted by
Li-Cal, William Pogue, the pilot, in go-operation with a team of NASA and
University of Houston scientists. After careful analysis of Poguc’s observitions,
Pinsky ¢r al.[1]concluded that the Mash rites in the SAA were considerably higher than

would be expeeted based on the measured flux of singly and multiply charged particles

that passed through the astromt's eyes. The anomalously high flash activity led them
to postulate the existence of u previously unobserved inner belt flux of multiply charged
nuclei in the SAA,

In what follows we show that when one includes the effects of nuclear interaciions in
and acar the refing and the physiology of the retina one obtains an alternative
explanation for the high fash rates that is consistent with the accepted SAA flux values
{2] and the limited laboratory data on particle induced visual sensations in human
subjects| 3-10), The essential feature of our model is that it ineludes, first, the induction
of visui! sensations by nuclear interpctions that result in star formation (the emission
of slow protons. neutrons and alpha particles from the nucleus in an evaporation-like
process) and, secondly. the fuet that the dark-ndapted reting is known to integruie
signals over distances as great as 300um in the retinal layer, '
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130 PoJ MeNULTY, R COFLLZ and P L ROTHWELL
2. POSSIBLE MECHANISMS

There is no geperally accepted mechanism for particle induced visual phenomena
thatt is apphicable to the Shalab dati. Cerenhov radiation, slich is expected 1o be the
case of it mijor portion of the lashes obsersed on Apollu Nightsin deepspace| 11 14
is not expeeted to contribute signiticantly to the Skylab lashes beciuse too few of the
ingident particles iy the SAA would generate Cerenboy light in sufficient intensity o
exeeed the optical thresholds for detection [15, 10},

There is no quantitative modet for the non-Cerenhos fashes, 1tis ot even known
whether the concept of threshold which is so useful in madeling the detection of
optival and Cerenkov light [8, 10 1] is even valid for nonerelativistic particles. In fiet
thers are some dita which suggest that particles with LET values above 10 keV g !
incident tangentially to the posterior portion of the reting are deteeted with roughly
40", efticiency nt exposure rittes of 10 persee but with Jess than 5°, efficiency at rites of
I per see {3 : E

In their analysis of the Skyfub data, Pinsky of ol [1] assume that tleve are fwo
threstold reguirements that must be satisfivd simultancousty for the deteetion of o
particles the linear energy transfer (LET) must exeed 37 keV pom -t and the particle
must have @ path length through the layer of photoreceptor elements that exceeds 40
ponn. These values were obtained by best finting the fush rates observed on Apollo flights
in deep space and Shy kb o outside the SAA. The reting was sissumed to be uniformiy
semsitive, In order to obtain the lowest possible vidues off these parameters, the
contribution from Cerenkoy radiation was ignored in fitting the non-SAA data, Even
with these ussumptions they found thit not enough of the tapped paticles would
exeeed both requirements simultancously to explain the SAN fish vates {17,

3. MOBEL

The eye is considered in caleulations to be a 2-em dinmeter spheie with two-thirds of
its aren covered by a 30-2m thick sensitive layer of retinal photoreeeptors. In order to
examine the evidence for anomalous Mash rates and compare our results with those
given in[ 1], we assume that the retina is uniformly sensitive an that threshold isivalid
congept. Beeause the dark-adapted retina is known fo infegrate sigpals over distanges
s great as 300 pm we express threshold in teems of & minimum deposition of enerpy
within a retinal summation unit, consisting of a 300 gm diameter region on the
seositive layer, IFmore than i thieshold amount is deposited, the upitis triggered andil’
at feast one such unit is triggered o Nash is deteeted by the astronaut,

The SAA particles can stop in the eye. piss direetly through, or produce i aueleay
star. Some of the prongs (protons and alplia particles) from o star may then pass
through the retina, 1 the star is located sufficiently elose to the ietina more than one
proig may pass through the same retinal sumazation unit with- the tofal energy
deposited exceeding threshold, A particle that exceeds the threshold requirements [1]
of 37 keVam ! for LET and 40z for path fength would deposit more than 1.5 VeV,
An important feature of our model is that particles with LET salues below 37
keV pm ¥ omight. by having path lengths greater than J0um. stifl deposit more than
1.5 MeV, Such particles would not be counteq) by the model given in {1] but wouk
be included here. The cross-seetion for stag production is approximated by the
geometrical cross-seetion which leads 10 0,025 ibteractions perem of proton tritjectory,

. ORIGINAL PAGE i35
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NUCLEAR STARS AND LIGIHT FLASHES OBSERVED ON SKYLAR 4 13
“The relutive contributions of the direet passuge of SAA pariicles through the retingl
summation units und nuclesr star production depend upon the threshold energy thit
must be deposited in the summation unit for detection, as is shown in Fig. 1. The
dashed curve represents the Mashes that result from SAA protons dircetly and the solid
curve represents the contribution from star produetion. 15 threshold exceeds T MeV the
SAA protons themselves cannot produce flushes, in agreement with [1].
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Fig. 1. Relative number of Himes 1 a minimum energy Faop is depostted in the seasitive layer of the

reting normadiced 10 0 2eem proton trtjectory throuph e eve. Biameter of retinal summation unit
I00pm.

The fux of SAA pratons is isotropic within the pline of the radiation beltand at the
orbital ahtitude o 400 km the trajectory inclination dispersion is £ 5, Col, Pogue wus
seated with his visual asis perpendicntar to the plane of the parele trajectories, The
shiclding that had to be penctrated by a SAA particle reaching Pogue's eye depended
upon its angle of incidence, The effective shickling thickness for various angles of
incidence in the plane of the trpped particles ean be summarized. For 85 out of 360
the incident protons must traverse geeater than 11 gem 2 of shielding and very few do,
For the remaining 275 the particles have path lengths through shiclding of between 3.2
and 3.8 gem 2 To correet for shiclding losses, we assumed that only 275360 of all

~ protons with kinetie energies itbove 80 MeV reached Pogue’s eye, The SAA spectium

used in our caleulitions is that given in {2},

A Monte Curlo ealenlation wus performed to follow all possible interactions
through the eye and a **pulse height™ spectrum of events was generated. The number of
protons and alphas emitted by cach star and their energy distributions were estimated
from Powell ¢t al, [17] and the Fermi evaporation model,
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4. RESULTS AND DISCUSSION

The madel prediets that light-lish setivity falls off sharply with inereaw
threshold, us is ilusteated in Fig, 2, The dashied curve sepresents the contiibution e
SAA protons thut puss through the retini. The solid curve represents the rie at why
prongs from puclear sturs in the oceular media deposit more than the thresho
amount of eoergy In ol least one sunnmtion unit in the phiotoreceptor layer. The sl
curve In Fig. 2 does not include the contribution from stars that occun vubside 1}
sphere deflned by the Layer of photoreceptors and should, therefore, be considered
underestimating the Dush activity, Fyvenso the solid eurve in Fig. 2 shows Mush aethvi
compurable with Pogue's rates in the SAA Tor thresholds of the order of o Tow Med
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Fig. 2 Vlash rates ealenlited for the SAN ayp function of threshold Ly, Disoseter of 120mal sune
wation unit 300m.

A careful comparison of the model with Pogue’s abservations is not possible in the
absence of threshold mensuraments, At present. it is only possible to estimate
rensonahle values and, perhaps, establish a lower Hmit, However, our purposes are
satisfied il we ean show that Pogue's observations are compatible with the available
data =vitliout the inner belt Nlux of muliply eharged nuelei postulated in [1). 10 was
showis batlier that the astromaut observations outside the SAA on Skylab and in deep
space on Apollo suggest a threshold value of about 1,5 MeV, The Jowest LET at which
individuat HZE particles have been "seen™ in the laboratory is 10 keV - Vot grazing
invidence at the reting. Such particles could travel almost the full 300 through a
retinal summation unit and deposit as rauch as 3 MeV, The solid curve in Fig. 2
predicts rates of 10 flashes per minute for @ threshold of abewd 2 MeV which is it
agreement with the above estinites. '
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NUCLEAR STARS AND LIGHT FELASHEFS OBSRVED ON SKYLARB G 11

One final obsersation is that e Gasbes tend 1o resudt from the nuelear stars that liv
clwest toor within the retimt. 110 Sahownesphotly m Fig Ywhere the poventage of
Mish-producing srars that oevar in the retined sensitine Ly er is plotted usa function of
the threshold energy required to exeite st spmation unit. The ugher that threshokd for
a retinal summiation unit is, the closer the st must by so that enough of the prongs
ehter the retime within the wnit The sharp vise in the pereentage at o threshold of § 0
MeVapparently reflevs the need ol maltiple prongs o eseeed threshold within a unit.
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Fig. X Percentage B of eyethsk producing stars that oceur within ihie J0ganalick fayer of
photoreceptons, £+ threshobl energy: diameter of retinal summation wnit = Mitgon » range of 4.0
MeV proton.

5. CONCLUSIONS

Further experimentation is requirad o determine the role that strong nuelear
interactions play in particleinduced visual phenomeni, The model proposed here is
consistent with the known physiology of the retina and the SAN particle fluy values
that are given in the literature, Theve is prosently no experimental basis for preferring
the threshold requirensents of [ to those preser — «Fhere, Our model has the advantage
of removing the anomaly in the high Nash rates measured on Skylab 4,
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- Two types of large scale iptegrated dynamic Random-
Access-Memory devices were tested -and found to be subject to
soft errors when exposed-to protons incident at energies
between 18 and 130 MeV. These errors are shown to differ
significantly frqg those induced in the same devices by
alphas from an 2¥1An source. There is considerable varda-
tion among devices in their sensitivity to proton-1induced
soft errors, even among devices of the same type. For pro-
tons incident at 130 MeV, the soft errvor ,ﬁgoss sections
measured in these experiments varied from 10~8 - 10-6 ¢m2/
proton. For individual devices, however, the soft error
cross section consistently increased with beam energy from

18 - 130 MeV. Analysis indicates that the soft errors in-
duced by ‘energetic protons result from spallation inter-
actions between the incident protons and the nuclei of the .
atoms comprising the device. Because energetic protons are
the most numerous of both the galactic and solar cosmic rays
and form the inner radiation belt, proton-induced soft errors
have potentially serious implications, for many electronic
systems flown in space.

I. Introduction

The soft error phenomena are becoming an important envir-
onmental problem for electronic systems flown 1in space.
Soft errors or bit upsets are anomalous changes in the infor-
mation stored at certain locations in a semiconductor memory’
device without observable damage to the device itself. They

represent a limitaticn on systems flown in space. In elec~
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tronic systems the soft errors must be either avoided by the
proper choice of circuit components or corrected through
software. Both approaches involve significant design changes
and increases in the mass and bulk of the system package.

Our present understanding of the soft errors bigins with
the simulation studies by Binder et all that gavelevidence
that the soft errors previously exhibited by bipolar) digital
components flown in space were the result of the pas kge of a
heavy cosmic ray nucleus with an atomic number abbve iron
823%6) through one of the sensitive circuit elements of the

evice.

_ The soft error rates observed on satellites have increas-
ed significantly since then, presumably as a result of the
introduction of large scale integratfd (LST) devices into
the electronic systems being flown.Zs3 = The decrease in
volume occupied by each element on the LSI chip results in a
corresponding decrease in the increment of charge needed to
differentiate between the Jogic states of an element. This
has led to an increase in radiation sensitivity. for kSI
devices that was illustrated recently by May and Woods#-0
who demonstrated soft errors in LSI devices exposed to
alphas. Presumably the radiation sensitivity of the devices
will increase further as devices are reduced in size (i.e.,
increase in the number of circuit elements per device) from
th? L.SI regime to that of very large scale integrated (VLSI)
“circuits, Because of the naturally occurring alpha emitters

in almost all materials, including those used to jacket

menory devices, there have been a number of recent studies
ci the, _environmental imglications of alpha-induced soft
errors.4-7 Guenzer et al® recently demonstrated neutron-
induced soft errors in 16K dynamic random-access-memory (RAM)
devices with 16,384 (i6K) memory locations.

Since protons are wmore numerous than any of the heavier
cosmic ray nuclei at almost all locations in space, a series
of experiments were initiated to determine whether protons
contribute to the soft error problem. These experiments are
described in some detail in Section III. Physical mechanisms
previovsly proposed to explain anomalous signals observed in
Defense Metcorological Satellite Program (DMSP)Y and Landsat
satellite systems]O and in the human visual system are descri-
bed and considered as sources of soft errors in LSI circuits
in Section II. Protons would be most 1ikaly to deposit a large
amount of energy within the microscopic volume of a sensitive
circuit element if they either traverse the sensitive element
rear the end of their range (where the rate of ionization
loss is greatest) or undergo a nuclear interaction in or
near the element. In Section IV the results of testing with
two types of 4K dynamic RAM devices demonstrate the existence
of soft errors induced by protors both at high energies and



near the end of their rangell, Analysis shows that more
than one type of target element on the devices is sensitive
to proton interactions.

II. Mechanisms §

Any model of the soft error phenomena will almost cer-
tainly involve the interactions of energetic charged part-
icles with some sensitive microscopic velume element or
elements on the device. These sensitive regions may corres-
ponid to the memory cells themselves, the reference capacit-
ance elements, the bit lines, the sense amplifiers, or some
other circuit structures on the device, Any mechanism would
then involve the creation of electron-hole pairs in or about
the sensitive structure. Similar microdosimetric consider=-
ations played a role in earlier studies of another cosmic ray
induced transient phenomena, the light flashes experienced by
astronauts as a result of exposure of the human visual system
to the cosmic rays. (The term light flashes denotes a variety
of visual phenomena experienced by Apollo and Skylab Tgt{g
nauts with their eyes closed and adapted to darkness. )
Laboratory samggatlgns using human subjeg%s gxposed to accele-
rator beams! and theoretical studies indicate that at
least three different physical wmechanisms contribute and,
depending on the type of visual experience or the region of
space, any of the three might dominate. All three are poten-
tial mechanisms for soft errors in electronic memory systems.
' The fwrst mechanism is ionization lpss along the tra-
jectory of the primary cosmic ray nucleus. The rate at
which the particle deposits enargy along its trajectory is
known as the linear energy transfer (LET), and some experi-
menters_found evidence of a threshold LET for visual phen-
omena. 17525 This implied that the probability that a visual
sensation would be experienced depended upon the amount of
energy deposited (or the number of ionizations created)
within a retinal summation unit, a microscopic volume on the
retina less than 300 w m in diameter and 30 u m thick.?

These retinal summation units typically integrate signals
over a thousand or more photoreceptor elements. The simi-

larity to the standard soft error modell-8 is striking.
Figure 1. ‘shows schemat1ca11y a heavy cosmic ray nucleus
traverswag one of the microscopic circuit elements on an LSI
device. The conventional .model for soft errors requires the
deposition of a threshold amount of _gnergy in or about the
depletion region of such an element.!-

The second mechanism by wh1ch an energetic charged
particle can deposit the same %mount of enerqgy within e;ghgr
a retinal summation unit?24 or a memory eloment 11
is by micans of a nuclear 1nteract10n between the pqvmary
particle and a nucleus of tho mediwz.. Figure 2 shows a

11/
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Fig. 1 Schematic representation of a high LET particle tra-
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Fig. 2 Schematic representation of a cosmic-ray interaction.
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schematic representation of a cosmic-ray-induced nuclear in-
teraction in a circuit element. The total energy deposit-
ed in the sensitive volume about the depletion region is the
sum of the energies deposited by each of the secondary charg-
ed Karticles emerging from the event (mostly protons and
alphas) and the recoiling nucleus. The relative contribution
of the recoiling nucleus increases as the dimensions of the
sensitive volume decrease. The trajectory of the primary
particle is shown incident normal to the device, and the
track is represented as that of a near minimum {onizing
particle to emphasize the fact that nuclear interactions
provide a mechanism by which lTow as well as high LET partic-
~les may induce soft errors.

Proton-induced nuclear stars provide a mechanism to
allow Yow LET trapped protons to induce the unexpectedly
high light-flash rates observed when Skylab entered the region
of the igner radiation belt known as the South Atlantic
Anomaly. 13 Moreover, they provide a reasonable explanation

for the imperfections or blips in satellite photographs that °

were found to be correlated with the energetic proton flux
incident on the DMSP spacecraft.9 A major goal of the re-
search described in this paper was to determine whether nu-
clear interactions contribute to soft errors in LSI devices.

A third possible loss mechanism is Cerenkov radiation.
This mechanism requires an appropriate amount of transparent
material in front of the sensitive regions While this condi-
tion i; satisfied for the 1ight flashes experienced by astro-
nauts12 it does not apply to LSI devices. Cerenkov radiation
S?OU1q{ therefore, be a poor source of soft errors in LSI
circuits, |

III. Methods

The LSI devices studied were 4K dynamic RAMs, Intel's
€21078 and National Semiconductor's MM-5280. The higher
energy proton exposures were carried out at the Harvard
Cyclotron. The configuration used for these exposures is
shown schematically in Fig. 3. The 158 MeV beam from the
cyclotron passed through 0.318 in, of brass, emerging at an
encrgy of 130 MeV. The beam energy at the test device was
controlled by inserting lucite degraders into the beam up-
stream of the chip. Exposures were carried out at beam
energies, at the test device, of 18, 32, 51, 91, and 130
MaV. The beam enerqgy was relatively well defined at the
higher ejiergies (+ 2 MeV at 130 MeV) but quite spread out at
18 MeV A+ 9 MeV). A1l proton irradiations to date were car-
ried stt at. normal incidence. The device being irradiated
wag-connected by about 3 ft of flat ribbon cable to a memory
_hoard of an 8080 CPU based Imsai Microcomputer. The device
“remained an integral part of the system's memory during

5
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irradiation, The microcomputer was connected by means of a
switch register to a terminal, a printer, and a digital
plotter located outside the radiation area. The operator was
free to reset, reinitialize, and transfer control among the
terminal, printer, and plotter without entering the beam
cave., The memory was searched for soft errors efther upon
7 manual command, or automatically after preset intervals.

search program with the accelerator beam off. Nor were any

N errors observed when the device was placed in the beam cave
but not directly in the beam. For the data described in

this paper, the device was initialized at the beginning of
each run with a checkerboard pattern of alternating ones and
zeroes along each row and column, ’ :

In.-~ddition to the high energy protons that were -avail-
able a% the Harvard Cyclotron, exposures were made to proton
beamsat incident energies of 0.93, 1.3, and 1.8 MeV using
the RARAF Van de Graaff Facility at Brookhaven National
Laboratory. These exposures were carried out to determine
vhether{protons could induce soft errors without nuclear
interactions. These beams had LET values in silicon of 42,
35, and 28-¥2V/ u m compared to 1 - 5 KeV/ um for the cyclo-

at the cyclotron energies (18-130 MeV), then the same devices
should be even more sensitive to the low energy protons.
The Van de Graaff proton beams typically had a full-width-
half-maximum (FWHM) spread in energies of only a few percent
but included a 5<20% contamination of lower energy protons.

For comparison irradiagions of these devices also vere
carried out with 4.3 MeV “He nuclei at %he RARAF Van de
;Graaff. The 3He beam contained a contamination of approxima=-

“tely 20% Rrotons. Exposures also were carried out to-alphas
from an 241Am source. . £

/ o
/ / i

At intervals during the irradiation, a device exhibiting
changes was tested for hard errors” (i.e., damage to the
memory at one or more locations) The test consisted of
reading and writing new data “at each address in a sequence
of four or five steps that changed the:information at each
location at least twice. A1l the data presented in this
report involved devices that were, as yet, free ¢f observable
hard errors. The occurrence of a hard error was usually
coincident with a sudden increase in the error rate.

The layout of the Intel C2107B and the National Semi-
conductor MM5280 devices are shown schematically in Figures
4a and 4b, respectively. / In the Intel device the sense
amplifiers divide memory into two regions while the Nationa}
Semiconductor device is divided into four regions vy two
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series of sense amplifiers. The corresponding regions where
data is stored true or in complement form are shown. For
the infel device the sequential memory locations occupy
adjacent locations along columns in memory starting with the
Oth location 1in the lower left corner and ending at the
4095th location in the upper right. The memory locations
are laid out in the National Semiconductor device in a some-
what more complicated manner. The Cth location is at the
center bottom of the memory array, as shewn, and the address-
es are sequenced horizontally ?see Fig.4b in a repetative
pattern of the form 0, 1, 3, 2, 4, 5, 7, 6. This pattern
also determines the sequence of rows also and the memory
locations 3068 through 4095 would occupy the second column
from the top in Fig. 4b, ,

IV. Results

The most striking feature of the proton-induced soft
errors is the correlation between the type of error and its
address in memory. Such correlations were evident in all
the devices of both types tested. Typical soft-error pat=-
terns foilowing exposure to 20, 32, 91, and 130 MeV protons
are shown in Figs. 5a - 5d for an Intel C2107B device. The
corresponding patterns for 32, 91 and 130 MeV proton expo-
sures of a National Semiconductor MM5280 device are shown
in Figs, 6a - 6¢, respectively. Both figures are bit maps
on which each error's position represents its address in
memory; the two-dimensional space of the figures is divided
into 4096 memory addresses distributed in 64 columns of 64
locations each. The map starts with the Oth address in tne
lower left hand corner. Memory locations 0 - 63 occupy the
left edge of each figure, 64 - 127 the next column of loca-
tions, and so on, until locations 4032 through 4095 at the
extreme right: of the display. ~ =

Tre individual memory locations are not shown in the
figure except where a soft error has occurred. ECrrors
which correspond to changes in logic state from one to zero
are represented as slanted crosses and zero to one transitions
as solid circles. .

The address space used for the error maps of Figs. 5 and
6 corresponds to the physical sequence,of the memory locations
on the Intel device (as shown inFig. 4a) and not the sequence
on the National Semigonductor devices. In both maps the
soft crrors corresponding to zero to one changes (solid cir-
cles) and those from one-to-zero (slanted crosses) segregate
into distinctly separate regions of jemory. These regions
are the same for devices of the sawme type and are delinecated
in the figures by solid lines., For the Intel devices but not
for the National Semicgnductor devices, these regions are
also the regions of trut and complement storage. For both

9



device types, these regions of zerc-to-one and one-to-zero
errors reflect the architecture of the device in that they
correspond to the ragions of ones and zeros that are typi-
cally obtained when the system is first energized, the so-
called turn-on patterns.

The Intel devices tested typically had turn-on patterns
consisting of zeros in the upper half of memory and ones in
the lower, and the National Semiconductor devices had alter-
nating regions of eight rows each of all ones and all zeros.
Turn-on patterns for the Intel and National Semiconductor
devices are: shown schematically in Figs, 5e and 6d, respect-
fvely. By repeated power-ups of the main frame of the micro-
computer, it was often possible to transform the original
National Semiconductor turn-on patterns to one nearly its
complement. "

The soft-error patterns in the error maps shown “n Figs.
5 and 6 vary appreciably with beam energy. Soft errors in
which zero logic states changed to ones were particularly
sensitive to the incident particle energy. The ratio of
zerp=to=one and one-to-zaero type upsets is plotted vs inci-
dent proCon energy in Fig. 7 for individual Intel and Mation-
al Semiconductor devices. While the ratio incroased with
beam energy for all the devices tested, there was considerable
variation among devices, even those from the same manufactur-
er. The data shown in Fig. 7 are from measurements on single
devices and should be interpreted as a qualitative represent-
ation of the trend to be expected from other devices of the
same type.

At low proton energies (<2MeV) all the soft errors were
one-to-zero. The sharp rise in the relative number of zero-
to-one errors with beam enerqgy reflects differences in either
the physical mechanisms of energy deposition or the circuit
elements sensitive to upsets. The fact that these differ-
ences are dependent on beam energy implies that different
enerqy deposition thresholds are involved.

Typical error gwps obtained by exposing an Intel C21078
device to 4.3 MeV °He particles at the RARAF Van de Graaff
is shown in Fig. 8a, and a similar plot for a National
Semiconductor device oxposed to MHe nuclei (alphas) from
an 241An source is shown in Fig 8b. Again, the memories
were initialized with a checkerboard pattern of ones and
zeros. Clear differences between the helium and proton data
are evident when Figs. 8a and 8b are compared with Figs. b
and 6. First, only one zero-to-one type errors occurred in
the Intel device exposed to 3He and none occurred in the
~ Hational Semiconductor device eéxposed to alphas. Besides
the absence of zero-to-one soft errors, the helium data of
Figs. 8a and 8b exhibit considerably more structure than is

19
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evident in Figs. 5 and 6 for protons. The errors in Figs.
B8a and 8b occur alrost exclusively in certain columns.
Moreover, in the Intel devices these columns appeared to
fill from the center line in Fig. 8a downward.

The soft error patterns of Figs. 8a and 8b appear to bg
in agreemant with the earlior studies of May and Woods4-
and Yaney et al’ who concluded that alpha-induced soft
errors are not due to ipteractions in the memory cells them-
selves; they found that the bit lines and sense amplifiers
vere likely targets./ The column structure exhibited in
Figs. 8a and 8b is much lese evident in the 130 MeV proton
data in Figs. 5a and 5b, and the columns in Fig. 4a definit-
ely did not fil1l1 from the center line down.

The structure evident in the error maps and the vari-
ation of the patterns with beam enerqgy are not understood but
appear inconsistent with models assuming that the menory
elements are themselves the only sensitive targets. In that
case the érrors would be randomly distributed on an error
map, as i1& fact they are for errors induced by . stopping
heavy ions®,

Soft Error Cross Secticns

The soft error cross sections were obtained by dividing
the number of first soft errors by the proton fluence. The
soft error cross sections meagurzd in this stuvdy are plotted
in Fig. 9 vs beam energy for the Intel and National Semicon-

ductor devices. Data points obtained at different energies.

on the same devices are connected by lines. Considerable
variation among devices hv the same manufacturcr is evident,
but for the same device there seems to be a clear increase
in the soft error cross section with energy. This increase
occurs despite the fact that the LET and the total inelastic
cross sections are decreasing with increasing energy over
this interwzl. The explanation, presumably, Ties in the
fact that the average eidrgy released in the interaction (and
that transferred to the recoiling nucleus) increiase with beam
energy, and the cross section for events which result in large
local depositions of energy(rrobably increase with beam energy
over the range 18-130 MeV.3 | :

In the series of irradiations discussed here, the memory
was reinitialized each time a soft error. was discovered, and
the records .for a number of device exposures were examined
to determine whether the sensitivity of the devices varied
with exposure. No evidence for significant changes in the

~soft error cross section for first soft errors as a function
=pf dose were found, !l . o

The devices were found to be less sensitive to the low -
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energy protons despite their much higher LET values (28-42
KeV/ u m vs 1-5 KeV/ uw m for the cyclotron beams% Table 1
gives the proton errors observed in a number of different
devices éxposed to 0.93, 1.3 and 1.8 MeV protons. For most
of the devices the soft error cross section was zero. The
non zero c¢ross sections in Table 1 are not necessarily evi-
dence that the device is sensitive to individual low energy
protons. Individual elements on the device would experience
enough proton traversals to ahsorb 4 MeV or more within. a
refresh cycle at rates that were greater than the observed
error rates. However,in the data given in Table 1, there is
no evidence of dose-rate dependence of the type to be expect-
ed multiple hits were required for a soft error.

Different circuit elements may become sensitive to soft
errors at the higher proton energies as a result of the higher
local energy deposition through interactions, This would be
g?nsisgent)w1th the changes in the type of errors evident in

gs. bl )

V. Error Rates in Spacecraft Systems

The sof error crgés sections plotted in Fig. 9 range from
10-8 1o 10' errors cm-/proton at the higher proton energies.
If, in the absence of measurced values, the soft error cross
section is assumed to be constant at. energies above 130 Mev,
ther, the soft-ervor rates tc be expected in space can be
estimated. A spacecraft system with 105 bits of memory
distributed in 25 memory devices of the type tested in this
study, flying in a region of deep space characterized by an
energetic proton flux of 2 protons cm-Zsec-!, would exhibit
proton-induced soft errors of from 0.04 to 4 errors per day.

This is comparable to the rates currently being reported.2
The high proton fluence in space compensates somewhat for
the relatively low proton ¢ross sections. In the radiation
belts or during solar flares, the proton-induced nuclear
interactions would, of course, be greatly increased, resulting
in correspondlngly higher soft error rates.

VI. Conclusion

Energetic protons have been shown to induce logic upsets
in two types of 4X dynamic RAM. These devices must, there-
fore, be soft error sensitive to the entire charge spectrum
of the cosmic rays, The cross sections measured for protons
are at least four orders of magnitude lower thap those meas-
ured by Blanford et al.2 and Kolasinski et al.3! for 180 MeV
stopping argon and krypton ions incident on similar devices.
In the latter case the measured cross sections were compar-
able to the cross-sectional areas occupied by the sensitive
regions of all the memory cells on the device, and those
data apparently are con51stent with the hypothesis that a

L
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heavy ion must deposit 8-20 MeV or more within the sensitive
volume associated with a memory cell in order to change the
logic state of that element..

The lower soft error cross section protons may still be
a significant source of upsets in memory systems flown in
space because the lower cross section is compensated by the
fact that protons are considerably more abundant in space
than are heavy ions capable of depositing 3 MeV or more in
ionization loss along a few microns of trajectory. The
proton contribution to the radiation-induced soft errors to
be expected for specific devices flown in space can bhe deter-

mined experimentally using protons available at accelerator -

facilities. -

The range of proton soft error cross sections measured
in this experiment (see Fig 9) are clearly smaller than the
physical dimensions of any LSI circuit element. The exact
dimensions of the element that might be sensitive to soft
errors are not known because of proprietary restrictions,
and their determination was beyond the scope of this work.

The soft errors induced by protons with incident energ-
jes between 18 and 130 M%V exhibit clear differences- from
those induced by alphas 47 as shown by comparing Figs.
5 and 6 with Fig. 8. The structure evident in the error
maps and the differences between zero to one and one to zero
type errors:distinguish proton-induced soft_errors from those
reported recently for stopping argon fons.3»31 At low ener-
gies the differences from alpha-induced upsets is less pro-
nounced. This is consistent with the findings of Guenzer et
al8 who report agreement between upsets obtained with 6-14
MeV neutrons and rough predictions based on "n, alpha" and
"n, alpha n" cross sections. (During the preparation of
this manuscript we have learned that Guenzer et al. have
observed proton-igdu%ed soft errors at cross sections of
approximately 10-©cmé, Their data will be included in the
published version of Ref. 8.) The alpha-induced soft errors
and, presumably a significant fraction of the lower energy

proton upsets, result primarily from events in other than

the memory cells, probably in the bit lines or the sense
amplifiers. As the proton energies increase the events
become more randomly distributed in memory and zero to one
upsets increasingly appear. This may reflect a transition
from "p, alpha" events to spallation events as the dominant
mechanism for soft errors. The high energies released in
the latter events make additional circuit elements available
for soft errors. : o

" There is as yet no reliable single parameter which can
be used to classify particles according to whether they will
induce soft errors in space. The value of the particle's

<)

18



MYaney, D.S., Nelson, J.T., Vanskike, L.L., "Alpha-Particle
Tracks in Silicon and their Effects on Dynamic MOS RAM Reli-
ability", IEEE Transactions on Electron Devices, Vol. ED-26,
January 1979, pp. 10-16. -

86uenzer, C.S., Wolicki, E.A., and Allas, R.G., "Single Event
Upset of Dynamic Rams by Neutrons and Protons”, gggpeedin S
of the IEEE Conference on Nuclear and Space Radiation Effects
Santa Cruz, Calif., July 1979,

911z, R.C., and Katz, L., "An Analysis of Imperfections in
DMSP Photographs Caused by High Energy Solar and Trapped
Protons", Air Force Report AFCRL-TR-74-0469, September 1974.

10croft, T.A., "Hocturnal Images of the Earth from Space",
Stanford Research Institute Report No. 68197, March 1977.

1lyyatt, R.C., McNulty, P.J., Toumbas, P., Rothwell, P.L., and
Filz, R.C., "Soft Errors Induced by Energetic Protons", Proce-
edings of the IEEE Conference on Nuclear and Space Radiation
Lffects, Santa Cruz, Calif., July 7979.

12pinsky, L.S., Osborne, W.Z., Bailey, J.V., Bénson, R.E.,
Thompson, L.F., "“Light Flashes Observed by Astronauts on
Apollo II through Apollo 17" Science, Vol. 783, March 1974,
pp. 957-959, ' g

13pinsky, L.S., Osborne W.Z., Hoffman, R.A., and Pailey,
JoVe, "Light Flashes Observed by Astronauts on Skylab
4", Science, Vol. 188, May 1975, pp. 928-930.

YEpemlin, J.H., "Cosmic Ray Flashes" New Scientist, Vol. 47,
July 1970, pp. 42.

15Tobias, C.A., OBudinger, T.F., Lyman, J.T., "Radiation-
induced Light Flashes observed by Human Subjects in Fast
Neutron, X-ray and Positive Pion Beams", Nature, Vol. 230,

16McNulty, P.J., "Light Flashes produced in the Human Eye by
Extremely Relativistic Muons", Nature, Vol. 234, November
1971, pp. 110,

17Bgdinger. T.F., Bichsel, H., and Tobijas, C.A., "Visual
Phenomena Noted by Human Subjects on Exposure to Neutrons of
Energies less than 25 Million Electron Volts", Science, Vol.
172, May 191, pp. 808-870. B

13McNulty, P.J., Pecase, V.., Bond, V.P. "Schimmerling, W.,

Vosburgh, K.G., "Visual Sensations Induced by Relativistic
Nitrogen Nuclei", Science, Vol. 178, October 1972, pp. 160,

19



§ +*

LET is possibly sufficient to determine whether a cosmic ray
particle will deposit sufficient energy by ifonization loss
to induce a soft error if it traverses a sensitive volume
element. However, a low value of LET does not rule out soft
errors because low-LET nuclear particles can induce errors
through nuclear interactions. Since only those interactions
which result in a threshold localized deposition: of enerqgy
can be expected to contribute, the total cross sections for
inelastic nuclear scattering also are not quantitatively
useful. The situation is further complicated by evidence of
more than one type of sensitive circuit element on both the
devices tested.

The soft error phenomena {s fast becoming a serious envir=
onmental problem for systems in space. Considerable data
involving a variety of device types and a broad range of
energies are needed before quantitative determination of the
severity of the problem can be made.
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Table 1 Soft Errors induced by low energy protons.

Erergy Device Instapteous flux  Number Dose
MeV cm-Zsec-) errors rads
0.93 NS-5 1.4x100 0 25,000
0.93 Intel-14 1.4x100 0 25,000
0.93 Intel-2 1.4x106 37 3,600
0.93 Intel-2 1.4x106 0 15,000
0.93 Intel-3 1.4x106 3 465
1.3 Intel-3 8.6x106 7 200
1.3 Intel-1 7.5x106 2 15,000
1.3 Intel-1 1.5x107 0 4,000
1.3 Intel-4 1.5x107 0 22,000
1.3 Intel-4 9.5x107 0 2,000
1.8 Intel-2 1.0x107 0 1,060
1.8 Intel-3 1.4x107 8 500
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