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ABSTRACT 

The effects of nuclear radiation on rubidium gas cell fre- 
quency standards and components are presented, including 
the results of recent tests where a continuously operating 
rubidi um frequency standard (Efratom, Model M-100) was sub- 
jected t o  simultaneous neutron/ga a radiation. A t  the 
highest neutron fluence C7.5 x 1 0 9  n/cm2] and total dose 
[ll krad(Si ) ]  tested, the unit operated satisfactorily; the 
total frequency change over the 2 t  hour test  period due t o  
all causes, including repeated retraction from and insertion 
i n t o  the reactor, was less t h a n  1 x 10'10. The effects of 
combined neutron/gamma radiation on rubidium-frequency- 
standard physics-package components were also studied, and 
the results are presented. 

INTRODUCTION 

The use of atomic frequency standards in space during the las t  decade and 
the employment of these devices i n  a growing number of mi l i ta ry  applica- 
t ions has resulted in cont inuing  efforts t o  assess and ensure their oper- 
ation i n  nuclear radiation environments. 
be on rubidium gas cell frequency standards i n  general, and the Efratom, 
Model M-100, military rubidium frequency standard (RFS) i n  particular. 

In this paper, the focus will 

T h i s  paper i s  divided i n t o  two main parts. The f i r s t  is a brief review 
of previous unclassified work in this area, including the effect of t o t a l  
dose and dose rate on an operating RFS and some of  i t s  components. The 
second presents new results t h a t  show the effects of neutrons on an oper- 
a t i n g  RFS and certain RFS subsystems and components. These new results 
are of special interest for military applications t h a t  require the use of 
an RFS in a nuclear rad ia t ion  environment. 
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PREVIOUS WORK 

Whereas the general principles tha t  govern the e f fec ts  of nuclear radiation 
on atomic frequency standards have been enumerated previously ,I not much 
has been published that  deals w i t h  the d i r e c t ,  experimental assessment of 
these effects  fo r  RFS's. Almost a l l  of the previous unclassified work was 
done by Rockwell International (RI) i n  conjunction w i t h  the NAVSTAR Global 
Positioning System (GPS). T h i s  system uses satell i te-borne atomic clocks 
to  provide mili tary navigation of unprecedented accuracy. 
clocks used i n  this system have been bu i l t  by Rockwell. 
space-qualified version of the Efratom Model FRK-H RFS and include an 
Efratom-supplied physics package. 

The f i r s t  radiation t e s t  2,3 of an RFS by Rockwell was carried out i n  March 
1974. In this t e s t ,  an  unmodified, Efratom, Model FRK commercial RFS was 
irradiated w i t h  a to ta l  dose of 10 krad(Si) from a Co6d gamma source a t  a 
constant ra te  over a one hour period while the u n i t  was operating. 
device, which was not radiation hardened i n  any way, exhibited a fractional 
frequency change of +6 x 10-11 due to  the i r radiat ion.  T h i s  frequency 
increase resulted from a change i n  the character is t ics  of the electronics 
i n  the servo loop. The fac t  t ha t  the RFS photocell current changed by less  
than 1% d u r i n g  the i r radiat ion showed tha t  the rubidium lamp, physics pack- 
age optics , and photocell were essent ia l ly  unaffected by the radiation. 

A second t e s t 2  was carried out by Rockwell on an engineering model of the 
actual space clock (RFS) t o  determine the e f fec t  of dose rate .  T h i s  u n i t  
was exposed to  the maximum dose rate  available from the RI flash x-ray fac- 
i l i t y  (4 x 108 rads(Si)/sec).  
accumulated phase e r ror  due to  this dose ra te  and i t  was also observed tha t  
the radiation had a negligible e f fec t  on the physics package. 

Samples of glasses tha t  have been used i n  RFS's were also tested by Rock- 
well. 
irradiated w i t h  up t o  1 Mrad to ta l  dose from a Co60 source. Light trans- 
mission a t  the rubidium resonance-1 ine wavelengths8 was monitored fo r  cumu- 
la t ive  doses of 30 krad, 100 krad, 300 krad, and 1 Mrad. The resul ts  for  
the three samples of each glass type and the two wavelengths9 are summa- 
rized i n  Fig. 1. 
transmission was 3.1% and 2.6% fo r  the aluminosilicate and borosil icate 
samples , respectively. 

Most of the 
They are  a 

T h i s  

An upper limit of 4 nsec was se t  on any 

In these tests435 aluminosilicate6 and borosilicate7 glasses were 

A t  the highest dose of 1 Mrad, the decrease in l i gh t  

PRESENT WORK 

The purpose of the present work was to  assess experimentally the e f f ec t  of 
neutron i r radiat ion on an operating, Efratom, Model M-100, mili tary 
rubidium frequency standard (RFS) , and also on certain RFS subsystems and 
components. 
Atomic, Mark F TRIGA reactor i n  San Diego. The f i r s t  part  tested the com- 
plete RFS, and the second part  tested RFS subsystem and components. The 
two t e s t s  were conducted one month apart. 

T h i s  worklo was carried o u t  i n  two parts u s i n g  the General 
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IRRADIATION OF OPERATING RFS 

The model M-100 RFS used for these tes t s  was an engineering model11 tha t  
differed from a standard production unit only in having a s l igh t ly  modi- 
f ied frame and thicker-than-normal PC boards. The u n i t  was operated con- 
tinuously d u r i n g  the ent i re  i r radiat ion t e s t  and the following variables 
were also monitored continuously: the output frequency,l2 the dc output 
voltage of the photocell amplifier, the servo control voltage to  the vol- 
tage-control led crystal  osci 11 a tor  (VCXO) , and the baseplate temperature 
(which varied from 42°C t o  47°C d u r i n g  the t e s t ) .  

Irradiation Sequence 

The unit was i r radiated a t  four different levels.  
for each level consisted of the following four steps. 

1. Attach two dosimeters t o  the side of the unit receiving the most 
radiation and inser t  the u n i t  i n t o  the reactor tube. 

2.  Let the u n i t  r u n  undisturbed, with the reactor o f f ,  for  5 - 10 m i n .  
3. T u r n  on the reactor a t  a low power level ,  thereby providing a con- 

s tant  i r rad ia t ion ,  and maintain this for  approximately 5 min .  
4. T u r n  off the reactor and remove the unit immediately. Remove the 

two dosimeters and allow the u n i t  t o  r u n  undisturbed fo r  a t  l ea s t  
5 m i n  ( re t ract ion period). 

The i r radiat ion sequence 

After the final i r radiat ion sequence, the power to  the u n i t  was turned off 
for  approximately 5 m i n  and the u n i t  restarted,  a f t e r  which i t  was l e f t  
running for  45 rnin. 

The purpose o f  the retraction operation was t o  minimize the to ta l  dose due 
t o  gamma radiation tha t  resul ts  from the short-lived induced radioactivity 
of the reactor coolant a f t e r  the reactor is  turned off .  In these t e s t s  a l l  
neutron fluences were expressed i n  terms o f  the 1 MeV neutron fluence tha t  
would produce the same damage t o  a si l icon sample as the actual neutron 
fluence, i .e . ,  as 1 MeV-silicon-damage-equivalent fluences.13 

Test Results 

The t e s t  data were taken over a four hour  period that  included a 90 rnin 
warmup and a 45 m i n  r e s t a r t  test  a f t e r  completion of a l l  irradiation. 
evant portions of these data have been compressed14 to  f i t  on a single 
89 x 11 figure (see Fig. 2 ) .  
vations can be made. 

Rel- 

Based on the t e s t  data, the following obser- 
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1, The net change15 i n  fractional frequency due t o  a l l  causes [includ- 
i n g  insertion and r traction] over a 24 hr perio-including irrad- 
iation t o  7.5 x lo1? n/cm2 and 11.2 krad(Si)] was less  t h a n  
1 x 10-10. 

when the u n i t  was retracted.  
l ikely due t o  changes i n  the orientation of the u n i t  relative t o  the 
ambient magnetic f ield.  They were not a resu l t  of i r radiat ing the 
unit. 

2. Frequency changes of from -2 x 10-11 t o  -5 x 10-11 were produced 
These frequency changes were most 

3. Changes i n  fractional frequency due t o  i r radiat ion by combined 
neutron/g ma radiation were only a couple of parts i n  1011 fo r  up 
to  3 x lofh n / c d  and 4.4 krad(Si) (levels 1 - 3 ) .  

[from 3 x 1012 t o  7.5 x 1012 n/cm2, and from 4.4 t o  11.2 krad(Si)] 
were less  than l x  10-10 xcept for  a slow ( ~ 2 0  s )  negative frequency 
t ransient  of $1.5 x that  occurred d u r i n g  the l a t t e r  portion of 
the level 4 i r radiat ion.  

4. Changes i n  fractional frequency dur ing  the l a s t  i r radiat ion step 

5. The dc photocurrent dropped dras t ica l ly  due t o  i r radiat ion b u t  this 
had only a small e f fec t  upon the performance o f  the u n i t  as a fre- 
quency standard. 

6. The short-term frequency s t a b i l i t y  of the u n i t  was degraded by about 
a factor  of two due t o  the i r radiat ion (levels 1 - 4) .  

7. After the r e s t a r t  of the u n i t ,  subsequent to  the level 4 i r radia-  
t ion,  the retrace was w i t h i n  2 x 10-11 of the frequency prior t o  
turn off  (normal behavior). 

8. Over the 24 hr duration of the t e s t ,  the VCXO control voltage de- 
creased from 10 V t o  9V. 
atomic resonance, this would correspond to  a fractional frequency 
change of approximately +8+ x 10-8 which amounts t o  about one 
tenth of the e lec t r ica l  trim range of the VCXO.16 

For a free-running VCXO not locked t o  the 

Decrease of dc Photocurrent 

The dc photocurrent was monitored indirectly d u r i n g  these tests by observing 
the dc output voltage of the photocell amplifier. The photocell i s  operated 
i n  the short-circui t  mode and under normal conditions the dc output voltage 
of the photocell amplifier i s  proportional t o  the dc photocurrent. Esti- 
matesl0917 of the change i n  this dc output due t o  radiation-induced changes 
i n . i n p u t  o f f se t s ,  bias voltage and current,  show that  i t  i s  a small 
t ion of a percent fo r  i r radiat ion by 1 x 1012 n / c d  and 1.5 krad(Si). This 
means that  the observed decreases i n  dc output voltage (ranging from 55% to  
78%) are due almost en t i re ly  to  corresponding decreases i n  dc photocurrent. 

frac- 

A t  f i rs t  glance, two mechanisms fo r  this decrease i n  photocurrent appear 

550 



possible. The f i r s t  of these i s  a decrease i n  the i n t  
incident on the photocell surface. This mechanism wou 
l i g h t  shif t  i n  the resonance c e l l .  
dicate that  the l i g h t  shift  i s  an order of magnitude larger than 
served frequency changes and has the opposite s ign .  T h i s  strong1 
that  changes i n  l i g h t  in tensi ty  are  not responsible for the observed de- 
creases i n  de photocurrent. The irradiation tests subseq u t  
on RFS subsystems and components (as will be shown) also 
cl usion. The only mechanism l e f t  is  photocell degradation. 
photocell degradation due to  nuclear radiation show tha t  fo r  the i r radia-  
tion levels used here, gamma radiation has l i t t l e  effect  b u t  neutrons can 
produce large decreases i n  photocurrent of the magnitude observed. As will 
be discussed l a t e r  i n  t h i s  paper, direct  t e s t s  on RFS photocells show 
clear ly  that  considerable degradation does, i n  fac t  , occur. 

Bench tests t o  simulate this e f fec t  i n -  

- 

The main effect  of photocell degradation is  a deterioration of the short- 
term frequency s t a b i l i t y .  
was observed and this i s  consistent w i t h  bench test  simulations of the 
effect .  

Experimentally, a decrease of a factor of two 

IRRADIATION OF SUBSYSTEMS AND COMPONENTS 

A m o n t h  a f t e r  the i r radiat ion of the complete Model M-100 RFS, a second 
nuclear i r radiat ion t e s t  on cer ta in  subsystems and components (see Table 1) 
was carried o u t  u s i n g  the same reactor under very similar conditions. 

SUBSYSTEM IRRADIATION 

The two subsystems irradiated were independent and nearly ident ica l ,  each 
being comprised of the following M-100 subassemblies (Fig.  3 ) .  

1. Photocell-cavity-shield assembly, including cavity-thermostat board. 
2. Lamp board and rubid ium lamp 
3. Power-supply board. 

Items 2 and 3 were standard, unmodified, production items. Item 1 was also 
a standard production item except tha t  the rubidium resonance cell and the 
Mylar window on the cavity had been removed t o  allow a completely unob- 
structed optical path from outside the assembly d i rec t ly  t o  the active sur- 
face of the photocell inside the microwave cavity. 
heated i n  the normal way, their temperatures being individually thermo- 
s t a t i c a l l y  controlled and continuously maintained a t  7 5 O C .  The two assem- 
blies differed only i n  tha t  the photocells were from different  manufac- 
turers (Table 1). 

Items 1 and 2 of each subsystem were mounted i n  the standard M-100 config- 
uration thereby allowing l i g h t  from each lamp board t o  be monitored by its 

Both cavi t ies  were 
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respective photocell. 
so that the entire dual-subsystem u n i t  could be easily inserted into the 
nuclear reactor for irradiation. Also included as part of this "inboard 
t e s t  fixture" was a standard M-100 servo board that was used t o  monitor the 
dc photocurrent of  photocell #2 (PCZ) .  

Both subsystem frames were rigidly bo1 

Irradiation Sequence 

Like the previous t e s t  on the complete M-100, the two subsystems were irra- 
diated at  four different levels. The irradiation sequence, which was sim- 
i l a r ,  was as follows. 

1. Attach two dosimeters on the side of the u n i t  receiving the most 
r ad ia t ion  and one dosimeter on the opposite side. 
into the reactor. 

2 .  Let the unit run undisturbed, with the reactor o f f ,  for 5 - 10 m i n .  
3. T u r n  on the reactor a t  a low power level, thereby p r o v i d i n g  a con- 

stant irradiation, and maintain this for approximately 5 min. 
4. T u r n  o f f  the reactor and remove the u n i t  immediately. 

three dosimeters and allow the u n i t  t o  r u n  undisturbed for a t  least 
5 rnin. 

Insert the u n i t  

Remove the 

Outboard Photocell Test Fixture 

Each frame was designed t o  allow i t s  respective photocell-cavity-shield as- 
sembly t o  be easily removed and then subsequently reinserted into the same 
position relative t o  the lamp board. Prior t o  reactor insertion, each 
photocell-cavity-shield assembly was removed one-at-a-time and inserted 
i n t o  another t e s t  fixture that remained permanently outside the reactor 
dur ing  the entire tes t  period. In what  follows, this t e s t  fixture will be 
referred t o  as the "outboard photocell t e s t  fixture." T h i s  fixture, which 
i s  shown schematicaily i n  Fig.  4 ,  consisted of an M-100 lamp board w i t h  
rubidium lamp, an M-100 servo board, and an M-100 power supply board. The 
main purpose of this  fixture was t o  provide a stable source of optical 
radiation for testing each of the two inboard photocells before and af ter  
each irradiation level. Since the lamp board, lamp, and power supply board 
i n  this fixture were n o t  irradiated, they could be relied upon t o  provide 
constant i 11 umination for the duration o f  the tes t .  

The outboard photocell t e s t  fixture had two important modifications that 
greatly increased i ts  versatility. The first modification allowed sinusoi- 
dal modulation of the light beam a t  the RFS modulation frequency (127 Hz) 
using the modulation signal from the servo board. The amplitude of this 
modulation was kept small compared t o  the dc l i g h t  level so that the dc 
measurements were unaffected by i t .  The purpose of the modulation was t o  
allow determination of the effect of the irradiation on the ac respon3e of 
the two photocells. The second modification allowed the photocell Thevenin 
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equivalent shunt resistance19 (Rs)  t o  be measured20921 by insertion of a 
100 R resistor in series with the photocell. The shunt resistance i s  an 
important hotocell parameter i n  our application because i t s  value largely 

i ty of the RFS modulation frequency which, i n  t u r n ,  influences the short- 
term frequency stabil i ty of the RFS. 
o r  greater for satisfactory operation o f  the M-100. 

In summary, then, the following photocell variables could be monitored 
using the outboard photocell test  fixture: dc photocurrent, ac photocurrent 
a t  127 Hz, and shunt resistance, all  under conditions of constant illumina- 
t ion .  

determines !! 0 the amount of photocell-amplifier additive noise in the vicin- 

The s h u n t  resistance must be 1 kR 

Measurement Sequence 

Prior t o  level 1 irradiation, the outboard photocell test  fixture was used 
t o  characterize both photocells by measuring the dc photocurrent, the ac 
photocurrent ,22 and the shunt resistance for each.23 Each photocell was 
subsequently characteri zed agai n between i rradi ati on levels and a t  the end 
of  level 4. 

Dur ing  the time t h a t  the photocells were inserted i n  the reactor, the dc 
photocurrent o f  each was monitored continuously. 
cell #1 (PC1) was monitored using the photocell amplifier on the outboard- 
photocell-test-fixture servo board,  and the current of  photocell #2 (PC2)  
using the photocell amplifier on the inboard servo board. 

The current of photo- 

Test Results 

Dc Photocurrent The inboard and outboard measurements of dc photocurrent 
for  the two photocells are listed i n  Table 2 and the outboard results (con- 
s t a n t  illumination) are plotted in F i g .  5 as a funct ion o f  neutron fluence 
and t o t a l  dose (as measured by the two dosimeters on the side of the unit 
receiving the most radiation). 
ed, namely 6.15 x 1012 n/cm2, the dc photocurrents of b o t h  photocells drop- 
ped t o  approximately 40% of  the pre-irradiation values. 
exhibited simi 1 a r  dc photocurrent degradation. 

Ac Photocurrent The dc and ac photocurrents are compared i n  Table 3 where 
i t  can be seen t h a t  the ac photocurrent i s  degraded t o  a greater extent than 
the dc photocurrent.22 Note t h a t  a t  the highest fluence of 6.15 x 1012n/cm2 
the normalized ac photocurrents were about 70% of the normalized dc photo- 
currents. 

For the highest cumulative irradiation test- 

Both photocells 

S h u n t  Resistance Fig. 6 shows the results for  photocell shunt resistance 
as a function of neutron fluence and toal dose. The Ferranti photocell 
(PC1)  shunt resistance increased slowly w i t h  cumulative neutron fluence and 
t o t a l  dose. The increase was from an init ial  value of about  2 kR t o  a final 
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end-of-test value of about 3 kR. The International Rectif 

a t  f i r s t ,  s t a r t i ng  a t  11 kQ, and thereaf ter  decreased, rea 
t e s t  value o f  about 6.5 kQ. In no instance d i d  the s 
e i ther  photocell drop below 2 kR as a resu l t  o f  irrad 
requirement fo r  sat isfactory RFS operation i s  1 kR or  greater ,  the e f fec t  
of the radiation on shunt resistance i s  of no practical importance fo r  the 

(PC2)  showed a different  behavior. I t s  s h u n t  resistance i 'lY 

M-100. 

Rubidium L i g h t  Source 

The t e s t  resul ts  i n  Table 2 also show tha t  the M-100 rub id ium l i g h t  source 
(lamp board and lamp) i s  v i r tua l ly  unaffected by the radiation even a t  the 
highest level o f  6.2 x 10l2 n/cm2 and 9.2 krad(Si). T h i s  follows from the 
close tracking of the inboard and outboard values for both photocells. The 
tracking is  not perfect b u t  the differences ( u p  t o  several percent) tha t  do 
ex i s t  can probably be at t r ibuted to  small misalignments i n  the re la t ive  pos- 
i t ions  of the photocell assemblies and the lamp boards from measurement t o  
measurement. (The positioning mechanisms did have some "slop1' in them and 
examination o f  the insertion/removal processes24 shows tha t  such misal ign-  
"errors" could have occurred. ) 

e 

If  small l igh t  intensi ty  changes of a few percent are occurring, there are 
several possible mechanisms tha t  might be responsible. For example, radia- 
tion-induced of fse t s  i n  the lamp-thermostat op amp can, i n  principle,  pro- 
duce changes i n  lamp temperature. A calculation of the s i ze  of this e f fec t  
for  1 x 1012 n/cm2 and 1.5 krad (S i )  predicts a temperature change of 0.02OC 
o r  less.  Since a 1 ° C  increase i n  lamp temperature i s  required to  produce a 
~ 7 %  increase i n  l igh t  intensi ty ,  t h i s  e f fec t  i s  expected to  be insignif i -  
cant. 

Changes in l igh t  intensi ty  due to  effects of nuclear radiation on the lamp 
osci 11 ator c i  rcui t r y  are a1 so expected to  be small b u t  precise calculations 
are n o t  possible i n  this case because of a lack of knowledge as to  how c r i t -  
ical  parameters (such as base-emitter impedance) are a l tered and how the 
amount and frequency of the rf power delivered t o  the lamp affect  the l i g h t  
output. 
changes in l i gh t  intensi ty  tha t  do occur, do not exceed several percent a t  
most. 

In any event, i t  i s  c lear  from the experimental resul ts  t ha t  any 

COMPONENT IRRADIATION 

The optical materials l i s t ed  as S1 through S5 i n  Table 1 were also i r rad ia t -  
ed to  determine the effects  of simultaneous neutron/gamma radiation on the i r  
l igh t  transmittance. 
of Efratom's RFS's. 

These are  materials t ha t  are used i n  the l igh t  paths 
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Transparency Test Fixture 

The transparency tes t  fixture i s  shown in Fig. 7. This fixture contains an 
RFS rubidium lamp board and lamp which produces rubid ium light. The rubid- 
ium l i g h t  i s  incident upon an interference f i l t e r  which passes rubidium D 1  
resonance light (794.8 nm). The D 1  light is  detected by a photocell mounted 
approximately 5/8" below the f i l t e r .  Sample transparency i s  de 
inserting the sample i n t o  the light beam and measuring the amou 
mi t ted 1 i g h t  . 
The glass samples used were in the form of glass tubes,25 nominally 2" long. 
To measure the light attenuation produced by a glass tube, i t  was positioned 
as shown in Fig. 7 ,  intercepting all of the 01 light incident upon the pho- 
tocell. The mica and Mylar samples were in the form of thin disks (see 
Table 1) "approximately 5/8" in diameter. These disks were glued t o  a f l a t  
aluminum plate, concentric w i t h  a 1/2" hole through the plate, as shown in 
Fig. 8. To measure light attenuation, the plate was inserted into the sam- 
ple holder slot shown in Fig .  7 (with the glass tube  removed). 
configuration, D 1  light could reach the photocell only b y  passing through 
the sample. 

In this 

The mica and Mylar samples could be positioned quite precisely i n  the tes t  
fixture and ,  in addition, they were of uniform thickness without any obvious 
optical distortion. 
which had slight irregularities t h a t  affected the light transmission due t o  
small variations in reflection and refraction as the tube was rotated about 
i t s  own axis in the tes t  fixture, 
light due t o  this extraneous effect, care was taken dur ing  the tests t o  
orient each glass tube i n  the same way each time i t  was inserted into the 
transparency tes t  fixture. T h i s  precaution reduced these effects t o  an i n -  
significant level. (They weren't very large anyhow.) 
glass sample tested, a nearly identical control was used as a reference. 
The sample was irradiated in the reactor, the control was not. 

This was n o t  the case for the glass samples, each of 

To avoid these changes in transmitted 

In addition, for each 

Measurement Procedure 

Prior t o  level 1 irradiation the light transmission of each sample and con- 
trol was measured i n  the transparency test fixture. The samples, S1 - S5, 
were then placed behind the inboard test fixture on the carriage t h a t  was 
used t o  transport the test  fixture t o  the reactor core. 
mained a t  this location on the carriage until al l  irradiation was complete 
(levels 1 - 4). They were then removed and their light transmission, along 
with t h a t  of the controls, was measured again in the transparency tes t  fix- 
ture t o  determine the effect, i f  any, of  the radiation. 

The samples re- 

D o s  i met ry 

The dosimeters on the rear o f  the inboard test  fixture (one for each level) 
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were used t o  determine the cumulative neutron fluence t o  the optical sam- 
ples. T h i s  amounted to  2.7 x 10l2 n/cmz9 compared to  the corresponding 
figure for the front  of the inboard t e s t  f ix ture  of 6.2 x 10l2 n/cm2 
( p l u s  9.2 krad(Si) total  dose, 98% of which i s  due to  gamma radiation).  
The difference in these neutron fluences can be attr ibuted mostly t o  scat- 
tering of the incident neutrons by the t e s t  f ixture .  
diation i s  attenuated very l i t t l e  by the t e s t  f ix ture ,  the cumulative gamma 
dose t o  the glass i s  expected t o  be ~9 krad(Si), 

Since the gamma ra- 

Test Results 

The transparency t e s t  f ix ture  was observed t o  be s table  to  a few tenths of 
a percent over the more than three hour duration of the optical  sample t e s t .  
I t  is  therefore expected tha t  changes in sample l ight  transmission of 81% 
could have been detected. The observed changes i n  l i gh t  transmission for  
a l l  samples and controls ( a f t e r  vs. before, and sample vs. control both 
before and a f t e r )  were of the order of a few tenths of a percent w i t h  the 
exception of the Schott 8436 glass where the a f t e r  vs. before readings for  
the transmitted l i g h t  were -1.2% and -1.0% for  the sample and control,  re- 
spectively. The  f ac t  t h a t  both sample and control showed nearly identical  
1% decreases i s  most l ikely due to  a short-term fluctuation i n  the t e s t  
apparatus rather than to  any change i n  sample or  control transparency. I t  
is  therefore reasonable to  conclude tha t ,  t o  w i t h i n  the experimental uncer- 
ta in ty  of several tenths of a percent, no radiation-induced transparency 
changes occurred for  any o f  the optical materials tested.  

SYNTHESIS OF RESULTS 

In the t e s t s  carried o u t  on the complete Model M-100 RFS, i t  was concluded 
tha t  the decrease in the dc photocurrent due to  i r radiat ion was due almost 
en t i re ly  t o  photocell degradation. 
sults of RFS subsystems and components, namely, the constancy of the l igh t  
output from the lamp board d u r i n g  i r rad ia t ion ,  the absence of any radia- 
tion-induced changes in the transparency of the optical materials,26 and, 
of course, the degradation of the two photocells tested.  

This conclusion is supported by the re- 

Photocell Degradation 

The dc photocurrent of the complete RFS tes ted i s  plotted against neutron 
fluence i n  Fig.  5 assuming tha t  the illumination of the photocell remained 
constant d u r i n g  the t e s t  (a good assumption, as pointed out above). The 
photocell used i n  this unit was ‘neither an IR nor a Ferranti photocell b u t  
ra ther  one manufactured by Silicon Sensors, Inc.. 
nificance of Fig.  5 i s  that  there are considerable variations i n  photocell 
degradation from one manufacturer to  the next. 
the max/min variation ranges from 1.5 a t  6.5 x 1011 n/cm2 t o  2.0 a t  
6.5 x 1012 n/cm2. 

Consequently, the sig- 

For the three curves shown, 
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EXTRAPOLATION TO HIGHER RADIATION LEVELS 

The results obtained i n  
neutron i r radiat ion up t 

portions of the RFS. 

Transparency of Optical Components The optical  materi a1 s tested received a 
maximum fluence of 2.7 x 1012 n/cm2 which i s  estimated from the front/rear 
dosimetry data t o  correspond t o  a fluence of 5 x 1012 n/cm2 to  a 
RFS. 
and the experimental uncertainty se t s  an upper  limit on changes i n  l i g h t  
transmission of a few tenths of a percent. 
t ha t  a fluence of 1 x 1013 n/cmz to  an RFS will produce s ignif icant  dark- 
en ing  of any of the optical materials. 
neutron fluences of 1 x 1013 n/cm2 and greater fo r  glass and mica also sup-  
port t h i s  view.28 

A t  this level of i r rad ia t ion ,  no change i n  transparency was 

I t  therefore seems unlikely 

Independent data on the e f fec ts  of 

As regards the glass alone, there is  additional direct  evidence tha t  i t  can 
withstand neutron i r radiat ion i n  excess of 1015 n/cm2. During the Rockwell 
Efratom rubid ium lamp investigation for the Global Positioning System 
(GPS),29 i n  which one of us (T.C.E.) was d i rec t ly  involved, a number of 
r u b i d i u m  lamps were neutron activated as par t  of a program t o  determine the 
quantity of rubidium i n  rub'ldium lamps. The f i r s t  step i n  the activation 
process i s  to  i r r ad ia t e  the f i l l ed  lamp ( less  base) w i t h  neutrons. This 
was done i n  the General Atomic TRIGA, Mark I reactor30 i n  San Diego. Lamps 
were typically irradiated simultaneously w i t h  a % x 1015 n/cm2 of 1 MeV- 
equivalent neutrons and ~7 Mrad gamma to ta l  dose.f0 The irradiated lamps 
were made of Corning 1720 glass and Schott 8437. Schott 8437 is  very sim- 
i l a r  t o  the Schott 8436 glass t ha t  Efratom presently uses i n  a l l  i t s  RFS 
lamps (both are  a lka l i - res i s tan t  borosilicate glasses).  

Several of the irradiated lamps were used i n  Rockwell/Efratom GPS rubidium 
clocks that  are i n  GPS s a t e l l i t e s  presently orbit ing the ear th .  The glass 
of these lamps had a s l i g h t  yellowish cast  a f t e r  i r radiat ion b u t  there were 
no indications d u r i n g  acceptance testing tha t  they performed i n  any way 
tha t  was different  from an unirradiated l a m ~ . ~ 1  

Photocell Degradation Extrapolation of the normalized dc photocurrent for  
the IR photocell t o  1 x 1013 n / c d  using Fig.  5 gives a value of %40%. 
Assuming that  the normalized ac response is  %O% of the normalized dc res- 
ponse gives a normalized ac response of %25% a t  1 x 1013 n/cm2. T h i s  1s 
low but  nevertheless adequate since the complete M-100 tested showed sa t i s -  
factory operation f o r  about a fac tor  of two lower value a t  7.5 x 1012 n/cm2 
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u s i n g  the Si 1 icon Sensors photicel 1 -27 

Electronics The hardness of the electronics a t  1 x 1013 cannot be extrap- 
olated from our resul ts  and will require an additional hardness assessment 
a t  this level.  

SUMMARY AND CONCLUSIONS 

Seperate tests were conducted on an Efratom, Yodel M-100, mili tary,  radia- 
tion-hardened, rubidium frequency standard (RFS) , and on certain RFS sub- 
systems and components by subjecting them to  combined neutron/gamma radia- 
t ion from a nuclear reactor. The resul ts  of these tests allow the follow- 
i n g  conclusions t o  be drawn. 

Complete RFS 

1. The Model M-100 RFS, which was operated continuously dur ing  the t e s t ,  
performed sa t i s fac tor i l  

duration of the t e s t ,  the overall frequency change due t o  a l l  causes 
(including insertion into and retraction from the reactor) was less  
than 1 x 10-10. 

up t o  and including the highest r ad ia t ion  
levels tested [7.5 x 10 K 2 n/cm2 and 11 krad(Si)]. Over the 26 hr 

2. As a resu l t  of i r radiat ion of the u n i t  a t  the h ighes t  level,  the 
short-term frequency s t ab i l i t y  decreased by about a factor of two. 
The tests conducted show that  this decrease was due t o  a degradation 
of the performance of the photocell i n  the u n i t .  T h i s  result i s  of 
particular significance since the photocell used i n  this u n i t  showed 
the greatest  degradation o f  the three photocells irradiated.  In the 
future,use of  e i ther  Ferranti o r  IR photocells should resul t  i n  the 
u n i t  meeting i t s  original short-term s t ab i l i t y  spec even a f t e r  ir- 
radiation t o  7.5 x 1012 n/cm2 and 11 krad(Si).32 

3. The free-running VCXO frequency (had the VCXO not been locked t o  the 
atomic resonance) was shifted by only about one tenth of i t s  e l ec t r i -  
cal trim range due to  the irradiation. 
danger of the control voltage being shifted beyond the control limits 
due t o  i r radiat ion,  o r  the u n i t  f a i l i ng  t o  reacquire lock when turned 
off and then turned on again. 

minutes and then turned on again. 
the frequency pr ior  t o  turn off (normal performance). 

For this reason there i s  no 

4. After the f inal  i r radiat ion of the u n i t ,  i t  was turned  off for five 
Retrace was w i t h i n  2 x 10-11 of 

Subsystems and Components 
5. Samples o f  a l l  materials used i n  the optical paths of Efratom rubid-  

ium frequency standard (RFS'S) were tested for  radiation-induced 
changes i n  the optical transmission of rub id ium D 1  resonance l i g h t  
(a t  794.8 nm). For simultaneous neutron fluences and total  doses up 
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t o  2.7 x 10l2 n/cm2 and ~9 
~5 x 1012 n/cd and ~9 krad 
the optical transmission of 
w i t h i n  the experimental uncertainty of a few 
Transmission measurements for rubidium D2 1 i 

, b u t  because of the cl 
s ( ~ 1 5  nm separation) i 

behaves i n  a different  ma 
conclusion is  also suppor 
s i t y  from rub id ium lamps op 
ment (see below). 

6. The experimental resul ts  fo r  two rubidium lamps, lamp boards, and 
power supply boards, a l l  continuously operating i n  a nuclear radia- 
t ion environment, can be used t o  s e t  an upper limit on radiation- 
induced changes i n  the to ta l  l i g h t  output of an Efratom RFS rubidium 
l i g h t  source. For the highest i r radiat ion level tested (6.2 x 1012 
n/cm2 and 9.2 krad(Si) t o t a l  dose), this limit amounts t o  several 
percent and corresponds t o  the experimental uncertainties i n  the 
measurements. In addition, calculations based on the known behavior 
of electronic components under i r radiat ion make i t  v i r tua l ly  cer ta in  
tha t  changes i n  l i g h t  in tensi ty  due t o  radiation-induced changes i n  
lamp-oven temperature a re  s ignif icant ly  less  than one percent. 

7. Rubidium lamps made by Efratom were neutron activated t o  determine 
their rubidium f i l l s  fo r  the GPS program. During neutron activation 
these lamps received a neutron fluence i n  excess of 1015 n / c d  and 
a gamma dose of $7 Mrad. (These radiation levels a re  ~ 3 0 0 ~  and ~ 6 0 0 ~  
greater , respectively , than those used i n  our t e s t s .  ) Subsequent 
t o  neutron activ.ation these lamps passed GPS acceptance tes t ing and 
there were no indications tha t  they operated i n  any way tha t  was dif-  
ferent from tha t  of an unirradiated rubidium lamp. 
lamps are now i n  GPS s a t e l l i t e s  orbit ing the earth. 
the one tha t  has been turned  on is s t i l l  operating sa t i s fac tor i ly  
after two years. 

S ix  of these 
O f  these six,  

8. Two different RFS photocells were tes ted for  degradation a f t e r  sim- 
ultaneous exposure to  neutrons and gamma radi t ion see Fig. 5). 

( S i ) ,  the dc photocurrents dropped t o  approximately 40% o f  their 
i n i t i a l ,  pre-irradiation values (under conditions of constant i l l u m -  
ination w i t h  unfiltered rubidium l igh t ) .  

a t  127 Hz (the RFS modulation frequency) were a l so  measured under the 
same conditions and were found to  degrade somewhat more rapidly than 
the corresponding dc photocurrents (see Table 3).  A t  the h ighes t  
i r radiat ion level, the ac photocurrents, normalized to  the pre- 
i r radiat ion val ues , amounted to  ~ 7 0 %  o f  the corresponding normal i zed 
dc photocurrents. 

For the highest radiation levels of 6.2 x 1013 n/cm h and 9.2 krad 

9. The ac photocurrents of the two photocells due t o  l i g h t  modulation 

10. The photocell s h u n t  resistances were also measured and found t o  be 
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affected by simultaneous neutron and gamma i r r ad ia t '  n (se Fig.  6), 

krad(Si) to ta l  dose) the s h u n t  resistances. of both photocells were 
i n  excess of 3 kfi. Since the s h u n t  resistance must be 1 kS2 o r  
greater for satisfactory oul-100 operation, s h u n t  resistance changes 
due to  i r radiat ion a t  up t o  6.2 x 1012 n/cm2 and 9.2 krad(Si) a re  
of no importance for the M-100. 

11. Straightforward extrapolation of the resul ts  of this paper indicates 
that  the physics package optical components and hotocell are most 

the electronics a t  this level of i r radiat ion is  presently unknown 
and requires a seperate assessment 

b u t  even a t  the highest irradiation level (6.2 x 10 18 n/cm 8 and 9.2 

l ikely hard a t  neutron fluences of 1 x 1013 n/cm B . The hardness o f  
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31. No "before-and-after" tests of 1 i g h t  transmission were performed on 

these lamps. 

562 



-100 has a short-term stability (ay) that i s  a facto 
Using either a Ferranti or IR photocell shou spec. 

duce the deterioration o f  short-term stabili ty due to irradiation from 
a factor o f  two to about a factor of 13. 
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FIGURE 2. Effect of combined neutron/gamma radiation from a nuclear 
reactor on an operating Efratom M-100 rubidium frequency 
standard. 
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FIGURE 3. Block diagram of inboard photocell t e s t  f ixture  
and associated t e s t  equipment. 
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I PHOTOCELL ASSEMBLY I 
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LAMP BOARD LLXTRONICS 

POWER SUPPLY 

BOARD 

FIGURE 4. Block diagram o f  outboard photocell test fixture. 
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FIGURE 5 
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FIGURE 6 
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c O Rotating door 

Rb Lamp board 
compartment - 

O Photocell- 
' Photocell support 

finger 

O Access opening 
! I  1 '  

I I  

- I O Sample compartment 
(painted flat black) I I 

FRONT VIEW 

FIGURE 7. Transparency tes t  fixture. 
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INSERTION DIRECTION 

r 2 " 

1 
Side  View 

A1 uminum P1 a te  

1/2 D .  T h r u  hole 

Specimen materi a1 
(glued t o  p la te )  

Bottom View 
(facing photocell ) 

FIGURE 8. Sample' holder used for  samples S1 and 52. 
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