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NATIONAL AERONAWTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-718 

IRRADIATION EFFECTS OF 22 AND 240 MEV PROTONS 

ON S m A L  TRANSISTORS AND SOLAR CELLS 

By W. C .  Hulten, W. C. Honaker, and John L. Patterson 

SUMMARY 

The work covered i n  t h i s  report has been directed toward the inves- 
t iga t ion  of the i r radiat ion e f fec ts  of 22 and 240 MeV protons on several 
t ransis tors ,  solar cel ls ,  res is tors ,  and condensers t o  be used i n  the 
space radiation environment. The experimental data indicated def ini te  
detrimental e f fec ts  on t rans is tors  and solar c e l l s  but no apparent e f fec ts  
on the types of res i s tors  and condensers tested. The detrimental e f fec ts  
a re  of two d i s t inc t  types: t ransient  and permanent. 

INTRODUCTION 

The presence of high-energy par t ic les  (protons and electrons) i n  
the outer space environment poses many problems fo r  those concerned 
with the exploration of outer space. Instrumented s a t e l l i t e s  and space 
probes have been u t i l i zed  t o  gather a limited amount of important scien- 
t i f i c  data on the origin, composition, distribution, energy spectra, and 
time var ia t ion of the energetic par t ic les  i n  space. (See re fs .  1, 2, 
and 3 . )  In  view of the experimental findings and theories of well-known 
author i t ies  it was believed tha t  an investigation of the e f f ec t s  of space 
radiation should be undertaken. 
with primary emphasis on long-term (1-month to 10-year) e f fec ts  on o r b i t a l  
payloads has therefore been in i t i a t ed .  Since the current research pro- 
gram a t  the Iangley Research Center includes instrumented payloads fo r  
space experiments, it was decided t o  evaluate the e f f ec t s  of i r rad ia t ion  
on instrumentation components slated for  use i n  these experiments. On 
the bas i s  of present knowledge of the composition of the space radiation, 
it was believed that  simulation of the proton spectra would provide the 
most important missing data a t  this time. 
the pr incipal  components of the  space radiation a re  protons and electrons, 
the more energetic par t ic les  a l l  being protons. 

A limited irradiation-effects program 

It i s  presently accepted that 

This report covers the f i rs t  two experiments of the irradiation- 
e f f ec t s  program with r e su l t s  from t e s t s  conducted i n  two accelerators 
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which produce the 22 and 240 Mev portions of the radiation-belt proton 
spectrum. The i n i t i a l  (no. 1) experiment, conducted August 1, 1960, i n  
the 22 Mev proton accelerator at the Oak Ridge National Laboratory (ORNL), 
was designed t o  define some gross limits of i r radiat ion damage on tran- 
sistors,  solar cel ls ,  res is tors ,  and condensers and t o  indicate the area 
into which the program should be directed.  
iment were relat ively high as compared with those i n  the second (no. 2) 
experiment conducted October 11, 1960, i n  the 240 Mev proton accelerator 
a t  the University of Rochester. It was made clear from the in-beam moni- 
toring of the t rans is tors  t ha t  the re la t ive ly  high f lux  levels  i n  the 
no. 1 experiment produced greater ionization within the t ransis tors ,  or 
in-beam transient  effects .  These in-beam transient  e f fec ts  made it 
impossible t o  obtain information on permanent damage from the in-beam 
data of the no. 1 experiment. 

The f lux  levels i n  t h i s  exper- 

The authors are indebted t o  Dr. J. J. Pinajian and M r .  Frank DeCarlo 
of ORNL and t o  Dr. Ernst Heer, D r .  Fred Lobkowicz, and M r .  R.  W. Mortenson 
of the University of Rochester f o r  t h e i r  valuable assistance and many 
courtesies extended during the progress of these t e s t s  a t  t h e i r  respec- 
t ive laboratories. 

SYMBOLS 

Ib base current, pa 

I C  collector current, ma 

L e o  collector-to-emitter leakage current, base open, pa 

I C 0  collector-to-base leakage current, emitter open, pa 

DESCRIPTION OF APPARATUS 

The cyclotron a t  the Oak Ridge National Laboratory i s  capable of 
producing proton energies up t o  22 Mev a t  beam currents up t o  2.5 m i l l i -  
amperes (1.67 x 1 O l 6  protons/sec). 
outside concerns i s  fo r  radioisotope production. The dees a re  86 inches 
i n  diameter and are  unique i n  tha t  they are located between the magnets 
in  a ve r t i ca l  position. The proton beam i s  piped approximately 4 0  f ee t  
from the dees t o  a shielded room t o  eliminate the poss ib i l i ty  of back- 
ground radiation from the machine affecting the specimens. The en t i re  
experimental setup i s  shown schematically i n  figure 1. The test specimens 

The primary use of t h i s  machine by 
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were mounted on an aluminum disk ( f i g s .  2 and 3)  and attached t o  a motor 
shaft  ( f ig .  4)  which could be remotely programed t o  orient the specimens 
i n  the proton beam for  the desired time intervals (table I) .  
s i s t o r  parameters were monitored during i r radiat ion and time h is tor ies  
w e r e  obtained with a d i rec t  writing recorder. The t rans is tor  c i r cu i t s  
used are  shown i n  figures 5 and 6. 

The tran- 

A t  the University of Rochester the cyclotron i s  of the'synchronous 
type with a 130-inch diameter and produces proton energies up t o  240 MeV. 
The machine i s  used primarily fo r  proton-scattering experiments i n  
nuclear physics. The proton f lux i n  t h i s  machine i s  approximately 
8.6 x 10 6 protons/cm2/sec and the beam area was large enough t o  permit 
the i r rad ia t ion  of several components simultaneously. 
out f o r  the University of Rochester t e s t  is shown i n  figure 7. A number 
of t rans is tors  and mounted solar ce l l s  were attached t o  a bracket of 
high-purity aluminum ( t o  minimize the production of radioisotopes i n  
the bracket) which terminated a t  a plug-in junction ( f ig .  8).  From t h i s  
junction box, shielded cables transmitted e l e c t r i c a l  parameters approxi- 
mately 3CO f e e t  t o  the cyclotron control room, where they were visually 
displayed and recorded by means of the instrumentation shown i n  figure 9. 
A schematic diagram of the c i rcu i t  i n  which the  parameters were measured 
i s  shown i n  figure 10. 

The general lay- 

TRANSISTORS 

Procedure 

The data  obtained from the two experiments consisted of in-beam 
monitoring (time h i s to r i e s )  and pretesting and post-testing measurements. 
In-beam monitoring w a s  accomplished\ only on the t rans is tors  and consisted 
of t he  measurement of collector current IC and the leakage current Ice0 
i n  experiment 1, with the leakage current Ico being added t o  the param- 
e t e r s  measured i n  experiment 2. These parameters were recorded on a 
d i rec t  writing oscillograph. 
in-beam monitoring and the  pretest  and post-test instruments have an 
accuracy of +-2 percent of f u l l  scale. 
accelerators was constant t o  within 25 percent. 

Readout instrumentation u t i l i zed  during 

The proton-beam current i n  both 

During experiment 1 at ORNL, specimens were mounted on the disk 
( f ig .  2) and positioned i n  the beam by means of a te levis ion system and 
a zinc sulfide phosphor. 
posit ion and alined near the beam pipe exit .  A beam w a s  then obtained, 
causing the phosphor t o  glow and become vis ible  on the te levis ion moni- 
t o r .  

The phosphor was placed on the disk i n  a vacant 

The beam cross section (circular)  could then be marked on the 
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television monitor with a grease pencil, and each specimen could be posi- 
tioned so tha t  it would f a l l  near the center of the c i r c l e  inscribed on 
the face of the television monitor. During the t e s t s  the beam f lux  w a s  
monitored and controlled by u t i l i z ing  a Faraday cup mounted behind the 
irradiated specimens. A servo system and disk motor assembly ( f i g .  4 )  
permitted the programing of each specimen in to  the beam f o r  various time 
intervals from 1 t o  15 minutes a t  a f lux  of 2.5 x 1O1O protons/cm*/sec. 
These simulated dosages correspond t o  various orb i t s  from a few months 
to  several years i n  the most intense region of the inner radiation be l t .  
In experiment 2 a t  the University of Rochester the t e s t  setup varied from 
that  used a t  ORNL only i n  the method of mounting the specimens i n  the 

6 beam and the beam f lux  (8.6 x 10 protons /em2/ sec). 
beam area available it was possible t o  mount several specimens on the 
assembly shown i n  figure 8 and i r rad ia te  them simultaneously. 
i r radiat ion time a t  the f lux  of 8.6 x 10 6 protons/cm2/sec was approxi- 
mately 32 hours; 14 hours are  required t o  simulate a l-year exposure i n  
the center of the radiation be l t .  

Because of the larger 

The t o t a l  

Discussion and Results 

A s  pointed out b r i e f ly  i n  the introduction, the i n i t i a l  experiments 
run i n  the 22 Mev cyclotron a t  ORNL exposed a number of t rans is tors  and 
solar ce l l s  a t  somewhat extreme f lux  levels  i n  order t o  se t  some bound- 
a r ies  fo r  l a t e r  more refined experiments. 
vided valuable experience tha t  great ly  improved experiment 2 at the 
University of Rochester. 

This f i r s t  experiment pro- 

The t rans is tors  i r radiated i n  the 22 Mev cyclotron a t  ORNL showed 
extreme in-beam transient  e f fec ts  which were probably caused by the 
ionization within the t ransis tors ,  the ionization r a t e  being d i rec t ly  
proportional t o  flux. The in-beam transient  e f fec ts  can be seen from 
the plots of collector current IC i n  figure 11. During the i r radia-  
t ion  the  proton beam was cut off f o r  a period of lminute  and the change 
in  collector current of one t rans is tor  was recorded ( f ig .  11) t o  deter- 
mine whether the high r a t e  of collector-current changes was of a permament 
nature or was a t ransient  r e su l t  of the high flux. 
it may be concluded tha t  the high f lux  leve l  affected the in-beam data 
obtained i n  that the high ionization r a t e  made it impossible t o  assess 
the permanent damage from the in-beam records. The permanent damage 
experienced by the t rans is tors  may be seen from the pretest  and post-test  
tabulation of I, and Ice0 ( table  I) .  The absence of significant 
transient e f fec ts  i n  experiment 2 a t  the University of Rochester a t  
considerably lower flux levels  indicates that the high r a t e  of collector- 
current change during the in-beam monitoring a t  ORNL was due t o  the 

In  view of t h i s  check 
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higher proton flux. Transistors required t o  operate in  the space radia- 
t i on  environment would not experience such a high f lux  as tha t  used i n  
the ORNL t e s t ;  however, the t e s t  served i t s  planned purpose by estab- 
l ishing limits f o r  fur ther  tes t ing.  

Tes t ing  a t  the University of Rochester included the i r rad ia t ion  of 
four PNP and three NPN t ransis tors .  One t ransis tor  specimen, no. 176, 
w a s  not monitored during i r radiat ion but was checked before and a f t e r .  
Shutting off the proton beam a t  eight points during the i r radiat ion 
process and observing the monitored t ransis tor  parameters f o r  changes 
from beam-off t o  beam-on indicated tha t  there were no significant tran- 
s ient  e f f ec t s  within reading accuracy at th i s  energy and f lux  level. 

I n  figure 12 the high-frequency 3-megacycle t rans is tors  (nos. 1 
and 3)  were not appreciably affected by the i r rad ia t ion  process. The 
medium-frequency 3-megacycle t rans is tors  (nos. 17, 42, and 52) showed 
considerably greater effects  due t o  irradiation. 
current Ico during and after i r radiat ion were negligible. Since 
there w a s  no measurable change i n  the  leakage current 
lmicroampere) it can be assumed that the decrease i n  collector cur- 
rent  IC ref lected a loss  i n  gain for  these t rans is tors .  Radiation 
damage t o  the low-frequency 0.5-megacycle t rans is tors  (nos. 175 and 176) 
was even more pronounced. Leakage currents a l so  increased by large per- 
centages ( table  11). 
figure 12 f o r  specimen 175 may be the r e s u l t  of the very high leakage 
current recorded during the early phase of the i r rad ia t ion  process. 

Changes i n  leakage 

I,, ( l e s s  than 

The sudden r i s e  i n  collector current indicated i n  

From the data collected it may be assumed tha t  the higher frequency 
t rans is tors  a re  less susceptible t o  radiation of t h i s  level .  A compari- 
son of the radiation damage t o  t ransis tors  i n  the 22 Mev and 240 MeV 
cyclotrons indicates that the low-energy par t ic les  cause greater  perma- 

may be d i rec t ly  related t o  the greater cross section f o r  lower energy 
protons. 

I , nent damage t o  t rans is tors  than the higher energy par t ic les .  This r e su l t  

RESISTORS AND CONDENSERS 

Procedure 

The procedure f o r  the r e s i s to r  and condenser t e s t  differed from 
tha t  f o r  the t rans is tor  t e s t  only i n  tha t  no in-beam monitoring was 

I attempted during irradiation. 
I 



, 

6 

Discussion and Results 

Several res i s tors  and condensers were i r radiated i n  the 22 Mev 
(See proton beam a t  ORNL, and no permanent e f fec ts  were indicated. 

table 111. ) 

SOLAR CELLS 

Procedure 

The type of solar c e l l s  and the mounting conditions were the same 
as on the Scout micrometeoroid s a t e l l i t e .  
meters, P on N junction, and nominally 8 percent e f f ic ien t .  
no coatings or  glass  covers, and were manufactured by International 
Rectifier Corporation. 
magnesium-alloy s t r ip s  having Dow 17 anodized coatings. 
three solar-cell  t e s t s  four c e l l s  were included, two with simulated 
windows and two without. The windows were of commercial-grade fused 
quartz, 1/16 inch thick, and supplied by the Amersil Division of Engelhard 
Industries, Inc. They were spaced approximately 1/16 inch from the ce l l s .  
Figure 13 shows a typical  t e s t  ce l l .  

The ce l l s  were 1 by 2 centi-  
They had 

They were cemented t o  1/8-inch-thick AZ3lB-O 
In  each of the 

I n  the first t e s t ,  the c e l l s  were individually i r radiated fo r  
5 minutes i n  the ORNL 22 Mev cyclotron with a proton-bean f lux  of 
6.5 x 1O1O protons/cm2/ sec (1.95 x 1013 protons/cm2 t o t a l ) .  
shows the mounting arrangement. The c e l l s  were alined normal t o  the 
proton beam, which was found t o  be approxlmately 1/2 inch i n  diameter. 
Hence, the en t i re  active c e l l  area was not i r radiated with the measured 
flux but the t e s t  did give an indication of the heavy damage tha t  could 
be expected. 

Figure 3 

I n  the next two t e s t s ,  made i n  the University of Rochester 240 Mev 
cyclotron, the proton-beam flux was considerably lower - 7.5 x lo6 
protons/cm2/sec. One of the groups of four c e l l s  was i r radiated with 
a t o t a l  integrated f lux of 3.7 x protons/cm2 and the other group 
of four c e l l s  was i r radiated with 5.0 x protons/cm2. All of the 
ce l l s  were alined normal t o  the beam, and the beam was large enough t o  
i r radiate  the four c e l l s  of each group simultaneously. Since there was 
some variation of f lux intensi ty  across the beam, the f lux  values given 
are those averaged over the c e l l  area by using curves of the measured 
beam profile.  

When checking the c e l l s  before and a f t e r  i r radiat ion,  they were 
i l luminated through a 1-inch-thick water f i l t e r  with a photoflood lamp 
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a t  a filament temperature of 2,900° K. 
adjusted t o  116 mw/cm2, as measured w i t h  a standardized solar  ce l l ,  t o  
simulate the solar radiation intensity i n  space near the earth.  

The illumination leve l  was 

Discussion and Results 

Figure 14 shows the variation of current and of power with voltage 
f o r  a typical  c e l l  before and a f t e r  irradiation, obtained by continuously 
varying a res i s t ive  load. The shape of the curves was not greatly a l te red  
by i r radiat ion.  Before and a f t e r  irradiation, measurements were made on 
each c e l l  of short-circuit current, open-circuit voltage, and power out- 
put a t  0.33 volt  ( the voltage per c e l l  i n  the micrometeoroid-satellite 
power supply). These check points are shown i n  figure 14, and the per- 
centage reductions of the measured values due t o  i r radiat ion are  given 
i n  table  IV fo r  each c e l l  tes ted.  The heavy 22 Mev i r radiat ion vis ibly 
darkened the quartz i n  a nonunifom manner. This darkening can be seen 
i n  figure 13. Table IV shows that the quartz windows gave a l i t t l e  
protection t o  the c e l l s  a t  22 MeV, but the e f fec t  was approximately 
nul l i f ied  by the darkened quartz. The 240 Mev radiation did not darken 
the quartz and hence the reductions obtained with and without the win- 
dows were the same. 

The r e su l t s  were not corrected f o r  the s h i f t  i n  the spectral  response 
of the c e l l s  due t o  the i r radiat ion.  
i r radiated c e l l s  indicated s h i f t s  i n  the spectral-response curves toward 
the shorter wavelengths. This indicates that  somewhat lower values of 
damage would have been measured i f  a t rue simulation of solar radiation 
had been available. 

Approximate measurements of the 

The temperature of the ce l l s  was not monitored during the i r radia-  
t ion  t e s t s .  However, a reasonably heavy heat sink was used, and the 
temperature r i s e  due t o  the beam energy was estimated t o  be l e s s  than 
1' F. 

Subsequent checks were made t o  see whether the c e l l s  had a tendency 
t o  recover from the damage at normal operating temperatures. A t  room 
temperature, the output of the ce l l s  given the heavy 22 MeV radiat ion 
changed very l i t t l e  a f t e r  3 months, while those exposed t o  the 240 Mev 
beam had about 4 percent power recovery a f te r  3 weeks. days 

a t  130' F, a l l  the c e l l s  showed s l ight  improvement - about 2 percent 
power recovery. 

After 
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CONCLUDING RFsylARKS 

From the r e su l t s  of the f i r s t  two experiments it i s  evident t h a t  
protons present a major problem i n  the design of electronic c i r c u i t s  
containing semiconductor devices f o r  space missions. The data  i n  t h i s  
report cover only two d iscre te  energy bands of a few Mev (22 f 0.6 Mev 
and 240 5 5 Mev) and clear ly  indicate tha t  work should continue t o  
cover the en t i r e  proton spectrum i n  order t o  a r r ive  at an integrated 
dose-damage re la t ion  f o r  the radiation-belt  protons. 
recommendation can be made as t o  corrective measures t h a t  might be taken 
t o  extend the  l i f e  of semiconductors other than shielding, which i s  not 
applicable i n  the case of solar  ce l l s .  

A t  t h i s  point no 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va. ,  December 14, 1960. 
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L-60 -403 8 
Figure 2.- Disk used t o  hold specimens during i r rad ia t ion  i n  

ORNL experiment . 



L-60-7931 
Figure 3.- Disk used to support solar cells in ORNL experiment. 



L-60-4035 
Figure 4.- Mechanism used t o  change specimens during i r rad ia t ion  

i n  ORNL experiment. 
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Figure 14.- Typical output curves for solar cel ls .  


