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The Effect of Temperature on the Radiation
Induced Losses of Large Diameter GPS
and GBS Core Optical Fibers

1. INTRODUCTION

In the application »( optical libers to military svstems large diametoer fibers
with high numerical apertuces are considered among the mast practical because ot
their high source coupling efficiencies and relative case of handling in the field,

The W\ right Acronautical Laboratories (AFWATL) had selected this tvpe of tiber for
the implementation of a tiber optic avionic data buss design, but no information was
available on the nuctear radiation response of the fibers over the specified operating
temperature range of =55 C to 1257 C. Because RADC/ S had an on-going in-house
and contractual program for the development and testing of radiation hardened

wtical fibers, AFWAL requested that we provide them with the required radiation
cffects data,

The optical fibev that AFWAL had selected for the data buss had a core’/clad
ratio of 1257200 m and a nominal numerical aperture of 0,25, I'he fiber had a
germanium phosphoasilicate (GPS) core. Previous tests at room temperature on
smaller diameter fibers had shown that GPS core fibers had better recovery from
induced loss following exposure to transient radiation than fibors with germaniom
borosilicate (GBS) cores,  However, when exposed to steadv-state radiation the
GPS core Mbers showed as much as an order of magnitude greater induced loss than
GBS core libers exposed to the same total radiation dose, It was, therefore,

(Received for publication 28 February 1084)




lecided to also perform tests on GBS core fibers having the same phvsical dunen-

~ions and optical properties as the GPS core fibers,
The ootical fibers tested were prepaved by Gatlites Fleetr » Opti = Chorn, un fer

contract 19628 -78 O -0090 and were essentially anma kereor versions o tha

ymopany's corrrercial orofuct, The fibers had core clad ravos el nurmericval
apertires within the sreviously mentioned =speeciticarions anf losses of le-~ tnan
B AR km at B0 nm. U distinguish these fibees reore others propared under the
contract the GPS fiber was labeled WP-6 und the GBS fiber WEP-7. In addition 1o
vreparation of the fibers, the contractor also designed and built 1o our specifications
A special terrperature control chamber for use with the RADC radiation sourves,
Real-time steady state and transicnt tests of the fibers were performed at =55 (),
S25 0, and - 125 ¢, ALl tests for a particular fiber were pertormed on Uiber taken
from a single draw in order 1o avoid variations in results that could be cause § by

ditferences between pretform tabrication and drawing processces,

2. EXPERIMENTAL PROCEDURES

The ter perature control chamber designed for the tests was constructed of ali
fow atomic number noaterials, except for the heating ¢lements which were locaie |
some distance from the fiber position, in order to avoid perturbation 91 the radintiong
dose at the sample position,  The walls woere double plvwoad with Yberglass insula-
rion and the sample chamber was aluminum.  T'he chamber was divided horizontalis
by alur inum baltles to Hne Hf which was mounted a 900 W heating elenent used ta
attain temperatures up to - 150 Co 0 The fower part oFf the chamber served as a
liquidd niterogen rescrcair, ‘The fibers were wound Hn 13 -cm diameter, 1,5-cr thick
aluminum reels which rmounted on the upper end Hf a maveable aluminum <trut. 1The
base of the <trut rested on the hotor of the chamber s that it served as a cold
finger when the reservorr was filled with Hgquid nitrogen, A low -power heating
clement attached to *he strut contralle D the lower termperature s, measure | by o
“hermoeouple, at the sanple nasition,

Temperatures were maintaine 4 to within 1 O by proportional controllers an i
thvristor packs roounted inoa console that could be locate t up 1o 23 » froam the
chamber and radiation sHurces, The console alzo include | a digival thermor <ter
fHe continuous termperature roanitoring and an awomatic Ligquif nitrogen (il controller
which, in conmnciion with a 80 liter pressurized dewar, b reaintarm the 1oy
termperatures for bt least 6 hours,

. X 60
Fhe steadv-<mmte arra hatioms were portorme asing the BATC 0 =,
TH-m lengt! s of Vibe s ere woan oo che abes ey reels an b oaante dan the ten nern

tare control charmiber, Yoo b bl A o ot b At each cnsl ot the Niher ol




served as input and output leads. The chamber and fiber were positioned in the
cobalt cell so the fiber would be exposed to a dose-rate of about 300 rads/min
when the 6OCO source was raised from its shield. The input and output ieads of
the fiber were passed through a port in the cobalt cell shield wall. The input lead
was butt-coupled to the pigtail of an 850-nm temperature stabilized light emitting
diode (LED) operated in the continuous mode and the output lead was coupled to a
PIN photodiode -amplifier detector. ‘The output of the detector was conhected to a
chart recorder and a digital voltmeter to continuously monitor fiber transmission.
The chart recorder was also used to monitor recovery of the induced loss after
the irradiation,

Dosimetry was performed using an ionization chamber and thermoluminescent
dosimeters (T(.)'s). The TILD's were attached directly to the fiber reels in
quadrature to measure the total dose received by the fiber, The ionization chamber
could not operate at the temperature extremes used in these tests, so it was located
sutside and adjacent to the temperature control chamber in a position where it re-
ceived approximatelv the same exposure as the fiber. ‘The ionization chamber
readout (Victoreen Radocon I was set to read accumulated dose and its output con-
nected to a second pen on the -hart recorder so that fiber transmission and
accumulated dose could be measured simultaneously. Following the irradiation the
TLIYs were used to calibrate the dose indicated by the ionization chamber,

The transient tests were performed using the RADC flash x-rav generator
which produces a 20 nsec pulse of nominal 2 JMeV peak energv. Tesls were per -
formed at two dose-~rates of nominal 108 rads/sec and lOg rads/sec. A
thermoetectricallv cooled 820-nm laser diode operated in continuous mode was
used as the source input to the fiber and a PIN photodiode and 50 Alliz bandwidth
amplifier was uscd as the detector., The source was located in the irradiation arca
but Hut of the x-rav beam. ‘The output lead of the fiber was coupled through o
fiber-optic link to the detector located in the experiment control arca. The output
of the detector was connected to four oscilloscope inputs and a chart recorder with
time base to obtain a time span (rom less than 50 nsec to mare than 60 sec,
Dosimetry was performed using a small PIN Jdiode in direct contact with the fiber
1 on the reel, except at - 125 " where the PIN diode could not be operated,  In the
latter case, dose-rate was estimated 'rom the average of dose -rates measured in

preceding "shots” at lower temperatures in the same position relative to the flash

i

b

I

L«‘ X=-rav target,
E As for the steadv-state irradiations, 75-m lengths of fiber were used for the

1 transient tests,  New lengths ol fiber were used for each irradiation with the excep-

. . 8 . N . L .

tion of the fests at 107 rads/scc where it was found in preliminary trials that the
results of several "shots' on the same fiber were indistinguishable from ane another,

[t was also found that the results of two or three irradiations of the same length of

A s T T N




fiber at 109 rads/sec appeared identical, but it was decided to maintain the use of

fresh fiber for each irradiation at this level.

Before presenting the radiation test results, it is important to mention sig-
nificant changes in fiber transmission observed during variation of temperature.
The greatest changes were observed during heating. As the fibers were heated
from room temperature, the detected light output dropped steadily until at +125° C
it was less than 10 percent of the initial value for the GPS core fiber and less than
50 percent of the original value for the GBS fiber. It is possible that these losses
in transmission were due, at least in part, to stress produced in the fibers by
expansion of the aluminum reels. However, it is difficult to explain the observed
difference between the amount of loss in transmission for the GPS and GBS fibers
since they were essentially identical except for core composition.

As the fibers were cooled a drop in signal was also observed, but not nearly
as severe as with increasing temperatures. For both the GP’S and GBS fibers the
detected light output was above 90 percent of its initial value at -55° (. In either
case, however, once the final temperature had been reached signal fluctuations
were observed as the temperature cycled around its control point even though the
temperature variations were only in the £+ 1° ¢ range. These fluctuations in detected
output have an important bearing on the accuracy of the steudy-state test results.
Without the fluctuations the estimated accuracy is £ 1 dB/km. At -535%C and +25° C
the fluctuations change this to £ 2 dB/km. At +125° ¢ for the GBS core fiber this
same order of accuracy probably holds, but for the GPS core fiber, due to the
severe loss of signal, the accuracy is probably reduced to no better than £ 10 dB3 ki,
For the transient tests estimated accuracy is £3 dB/km buased on the readability of
oscilloscope photographs. Because of the short time spans over which the transient
measurements were made, the signal variations should not change this, However
the loss of signal at +125° C for the GIP’S core fiber probably reduces the accuracey

to £ 6 dB/km due to the decrease in signal-to-noise ratio.

3. RESULTS OF STEADY-STATE TESTS

Figure 1 shows the radiation induced loss as a function of dose for the GP'S core

fiber (WP-6)., At any given dose the induced loss increases monotonically with

increasing temperature, igure 2 shows the comparative data for the GBS core fiber,

At +25° C the induced loss at anv dose is about one-half that of the GP’S core fiber.
The induced loss is higher at +125° ¢ but still much ltower than that of the GPS core
fiber. At -55° C however there is a large increase in the rate of induced loss with

dose and the induced loss at anyv dose is much greater than that of the GPN core fiber

at any temperature. To facilitate the comparison of these results, Table 1 shows the

initial rates of induced loss in dB/km-krud measured in the 0-1 krad cange.




The data in Table 1 is tor comparison purposes only and it should be clear from

the non-lineurity of the plots shown in Figures | und Z that the initial rates of
induced loss cunnot be extrapolated linearly to estimate induced loss at higher doses.
Following the irradiations the fibers were maintained at the test temperatures
for several hours to observe any annealing of induced loss that might occur. Iig-
ure 3 shows the observed recoverv of induced loss for the GPS core fiber. Although
there was some slight annealing during the first few minutes after irradiation at wll
temperatures, this fiber shows significant continuous annealing only at - 125° C.
Figure 4 shows the observed recovery of induced loss for the GBS core fiber, At
+25° C und +125° C the annealing looks similar to that of the GP’S core fiber. The
-55° C duta however shows a very high annealing rate. Lven so, the induced loss
at =55°C remains much higher than the losses aut +25° ¢ and +125° C. These results

are clarified by Tuble 2 which shows the induced losses one hour after the irradia-

tions,
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Figure 1. Induced l.oss vs Dose for Steadv-Stute Irradintion of GPS Core
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Figure 2. Induced Loss vs Dose for Steadv-State Irradiation of GBS Core
Optical Viber

Table 1. Initial Rates of Induced [.oss
dB/km-krad)

T e GPs (WPh-6) GBS (WP-7)
=55 12 160
+25 16 6

+125 23 11




RECOVERY OF RADIATION INDUCED LOSS
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Figure 3. Recovery of Induced Loss tor GES Core Fiber Following
Steadv-state Jrradiation
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Figure 4. Recovery of Induced Loss for GBS Core Fiber Following
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Table 2. Induced lLoss One Hour After Irradiation

T (C°) GPS (WP-6) GBS (WP-7)
Lo L L/Lo Lo L I./1.o
=55 119 115 0. 96 363 224 0.62
+25 155 152 0. 98 51 48 0. 94
+125 178 150 0. 84 a2 84 0. v1
l1.o = loss at end of irradiation (dB/km)

= loss one hour after irradiation

An interesting observation was made following the unnealing tests at -55° ¢,
Both the GPS core and GBS core fibers were reheated to +25° ¢ where theyv showed
the same residual losses us those measured when thev were irradiated ut that
temperature. Unfortunately, similar tests could not be made following the unneuling
at +125° C because of the previously mentioned changes in fiber transmission with

increasing temperature.

4. RESULTS OF TRANSIENT RADIATION TESTS

Figure 5 shows the induced loss as a function of time following irradiation of
the GPS core fiber with a nominal 109 rad/sec flash x~ray pulse. lere, and for the
other transient test results, the data has been normalized 1o a dose-rate of
108 rads/sec. This facilitates comparison of the data since the flash x-ray
generator does not necessarily produce the saume dose-rate from pulse to pulse even
though all other irradiation conditions remain constant. To obtain the uctual
measured induced losses multiply the indicated normalized induced losses by the
actual dose-rate shown on the figure divided by 108, that is, in this case multiply
by 11,

The data in Figure 5 show that for the GPS core fiber the transient induced loss
increuses with decrecasing temperature. This is the opposite of the temperature
dependence observed during the steady-state radiation tests. fowever, in the
transient tests we are observing recovery from a high initial loss obscured by Cerenkov
radiation generated in the fiber. The transit time of the Cerenkov radiation in the
fiber is estimated to be about 500 nanosec. Therefore, we cannot determine the
temperature dependence of the initial induced loss, particularly since the duta shows
slower recovery of induced loss at lower temperatures., The initial induced loss at
higher temperatures could be greater than that at lower temperature but the loss mav

have decreased significantly by the time the losses became observable.

12
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Figure 5. Transient Response of GI'S Core Viber

The GPS core fiber was also irradiated at a nominal dose-rate of 108 rads/sec,
but the induced losses were too small to give meaningful recovery data within
experimental error. However, the maximum observed induced losses were approxi-
mately proportional to dose~rate. 1}'or both the 1()8 rad/sec and 109 rad see
irradiations recovery of the induced losses was essentially complete by 10 msec
after the pulse at all temperatures.

I'igure 6 shows the induced loss as a function of time for the GBS core fiber
following irradiation with a nominal 10" rad/sec flash x-ray pulsce.  As for the GI's
core fiber the observed losses increase with decreasing temperature.  The induced
losses are significantly greater than those observed for the GPS core fibers and the
recovery rates are slower. Although recovery of the induced losses at +25° ¢ and
+125° C is essentially complete in less than 10 msec after the x-ray pulse, loss was
still observed up to 60 sec after the pulse at -55” €. (Data in the msec runge at
-55° C has been omitted because of overshoot in the oscilloscope trace that was not

detected until the photographs of the transients were analyzed in detail, )
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For u quantitutive comparison of the transient responses of the GPS core and
GBS core fibers, Table 3 shows the induced losses 100 psec after exposure to the

4 . : Cati
nominal 10" ra.td =ec flash x ravoulse tthe dete has been corrected for deviations

igure 6.
Nominal 10

from the nominal dose-rate),

Table 3.
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The GBS core fiber was also irradicted at w noming! dose-rate of 107 rads ‘sec

and the results are shown in Figure 7. (Unlike the corresponding arradiauon of the
GPS core fiber the induced losses were clearly measurable. Camparing Figure 7
with I“igure 6, the normalized induced losses for the l()'i rad/sec x-roy pulse are
approximately 1.4 times greater than those observed for the 10“ rad. see pulse at
all temperatures.  This shows that the transient induced losses for the GBS core

fiber wre not proportional to dosc-rate.
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Figure 7. Transient Response of GBS Core Iiber Exposed to Nominad 107 pid sec
N-rayv Dulse

5. SUMMARY OF RESULTS

The results of the radiation response tests of the birge diameter GES core ond

GBS core optical fibers may be summarized s follows:




5.1 Steady-State Irradiation

(a) For irradiations at +25° C and +125° (' the loss induced in the GPS core
fiber was approximately twice that induced in the GBS core fiber for any given
total dose.

(b) The loss induced in the GI’S core fiber increased monotonically with
temperature while the loss induced in the GBS core fiber wus 4 multivalued function
of temperature.

tc) At -55° € the Joss induced in the GBS core fiber was more than an order
of magnitude greater than the loss induced ut +25° ¢,

(d) Significant recovery of induced loss after irradiation was observed only at
+125°C for the GPS core fiber while the GBS core fiber showed recovery at both
+125° C and -55° C, but at =55~ (' the loss induced in the GBS core fiber remained

significantly greater than the loss of the GPS core fiber cight hours after irradiation,

5.2 Transient Irradiation

(a} Following exposure to o 20 nanosce x-ray pulse, both fibers showed in-
creasced induced loss with decreasing temiperature,

(b) The maximum observed induced loss in the GBS core fiber wus 2 to 10 times
greater than that for the GPS core fiber following exposure to an x-riayv pulse.

1¢) The rate of recovery from induced loss for the GP'S fiber was ot least twice
that of the GBS fiber after exposure to an x-ruyv pulse,

td) The transient x-ray induced loss was approxinutely proportional to dose-
rate for the GP’S core fiber but the induced loss per unit dose-rate wias greater for
the GBS core fiber exposed to u lower dose-rate.

It must be understood that the results of the tests reported here are applicable
only to the specific optical fibers tested.  Althongh other experience with radiation
effects studies on smaller diameter fibers of similar generic compositions showed
the sume general trends as those reported here, differences in specific composition
or fabrication processes could produce significantly different radistion responses

in fibers that may appear equivalent to those tested.
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of
Rome Air Development Center

RADC plans and executes research, development, test and
delected acquisition programs in support of Command, Control
Communications and Intelligence (C31) activities. Technical
and engineering suppont within areas of technical competence
48 provided to ESD Program Offices (POs) and other ESD
elements. The principal technical mission areas are %
communications, electromagnetic guidance and control, sur- 0,
veillance of ground and aerospace objfects, intelligence data
collection and handling, infonmation system technology,
Lonospheric propagation, solid state sciences, microwave
physics and electronic reliabifity, maintainability and
compatibility.
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