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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) thle ;ippliiation )f optical fhbo to military svslerms arye' fitalret titbers

kk ith hiLIzh nun!i at apertures are cmlsidcred aonly the Ti,st practia ho, 'anj.e )f'

their highr 5n(' couinin elf ijenries and relative ea.-e( i' hanilinjy in hle fieldi.

'The %\ rifyht Aeronatiral I .ahairatories (A IWVA I.) had seleeti d !his tvpe o!* ihert'or'

he irnphm-entation ()I a Ither optic a\ iolie daita buss bl~yl ut no intir'm.atron w~as,

i ihl'on lie noi'tear radiation response i( thle 'ihcrsz verI !lhe speitied mveratinyu

lviliperatilt(' raIii~( 10 -55 C ti) 125 C (. li tiuse HZAIt('IIKS had an ony' n -h iiso

0111 -oiitria-tutal litoyrani tot' Ihe d(\I\ elioIntt and testingv at' radiat ion hardened!

opical 'ibet's. AV\\\ Al, 'equestid that we provide them with thle required 'ahiatini

qrite-ts data.

'Ihle o-pt eat titbt that AFl\A Il hadl oc fto tit ir data buss hadt a 't''

rati )I If 25(201) itri and a tonmitnal rittnieri'al apterture of 0. 25. 'tHer fiber had ai

I.wrnaniltro phfosphIsi loatf. (GPS) cre. Previous tests at rim)n thlet'eatre onI

snmalletr diamieter fibers haod shown that G I's "ore filters 1111 b~etter retoix 'votin

iniltriel loss4 tollow il'c r'poisut' ti I!t rairs ientt r aIi aIto ; f t I at til he r.wtith 11 erm ar1)i , )'"

bosi Iicate IGBlSt .oros. Iliwevet'. when'l e'(iis('l to) sivaty-state radiatio)n thle

(;P'; core libet's showmed as mucht as an ouder ot otoynilile croater inluod loss than

Wis cre Iijh)t' extosir to tit( sanio' total raOdiaitioni tosf. It wais, therefore,

(Iejeil for publication 281 lehroiarv P1814)
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let le I to - pc rt', it t-i n G.1 HSi i rv fibers. hlaving thle ;are pvi , -it iwelln-

-rats arid iy ic'ai fir'til''ri ' a.- Irhe (, I' -'n e fitie i-s.I

[he int 1,-al fibi' 4os t's Id wce ri reni areod ILv (ille !I't I 1 1 )pt i - r V i. kil leeT

-it-t 'act F~ P-628-78 ( -00-i! an- I wee es('ii I. -in1 a I-' ie-i

imriaiiv 5 -a n i-i-at it-- hr'!. I hie tili('s h-. , or la- t 1 l 4 .1 -it ll 1 - l

tiertr'' 'A Ii hitil e 10 1r IU IV -ei iit-1 5 , i i'ti in Ii i5s ." 10 11 '.-

6ii llin :0 850) 'In. 'I-' lislftii ll !ihtiesi'. tilvrr i-i in wht~ -pari-I artliil hef

i-aiitrat the G I'S !'Ihr was labeled Vi P'-6 arid Ohe G BS lilter V 11-7. Ili ad il )it in

twiriratr t:fI h lie er., the i'nnt raitor also Ies]Lfrietd an-I, 1il t 1) ')Lit' s;Wi~iia I-iri1 VS

It n e i n-n1-( r e ratu rt- 'tr'n ch - ambe r fo r us' w it I thI e IAl iW tadiatini siure.

Real -time .;tea-tv state arid ratistieri tests of thle t'ber-; a-eri' pei'fn-i.rl at -55('

-25 CV. arid 125 A I AIlte sts hit a riarti ular ibe r %( wre p iet-tit-emd oart :hrb- rt a iiin

fnnm a Sjnl~fle draw in -irler i, iavaitl 'ar'rattrs it) results that -aill lie b-is-1lv

i fererwi- e liet e e prefor m iawic ati r r a d r-awitu! l iwo, 'sis

2. EXPERIMENTAL PROCEDURES

[li en( ti-i' tn-i-.( ( ant roil -- hanier desigined For ithe, ie -: 1 as iinstructt .,l 'il

law atnulit t ( nner ater als. i-e-e.pt i' the heatinu (ievrir s tti-h a-,%rp 1;, i;n-

siina' fi-tani lr'nn the fibuer tililn, in :ir-ei to avail iet'tvtr-haijii 'A lIf( ra-lllti !

dosue at1 11he slnpie lrmsit 'iii. 'Ihle wxills %%(ore rllte plv%,a , alN ith iuriaslsl

ion and tl( l iean:ipk- i han-lie r %%as altr tiut:. [hie '-lin iwr w as lihi.i iiiiznI

lIv -ilr irium hlf ls af mre if %li -It was nimne- a 11t0 %A fIteinem i-let: etit its-.

ittain ter, pe 'atnr-' i; ii - 15i) C. 'Ilie( Im, rtiii at' he chandier' senie tis a

liqluid riitr-'L'ri r'-iii-1 lii lOwrt-s iii'v eainrl mii 13 -ti liarvetet'. 1.a5-i rihit

altirn iirm r-Is a% hilth nitrite-I arn the itrpe r en 1 0f a1 r'i':ialli aluinum sirt. 'I h-,'

ba-a ft ile -iirurt reste-I im tlt' ha We- , tie -hliir si t hat it 'i'eIas :I id

IrI L Iif er I the( :( es -tt i-, ra s 'ia w It hun I i i i 'n-,(-rif . A lo -piowei' leatinu

Ientr. t : IttI:il i i 'lf, I I eIIo -I I i r Iu I I r I li l Iaii te i- r-'itr'-s11, I -l.aSnZ-t I h ,Iv

I( r'!'I u Ii - iii l- , tit I lIe sat trm I i lI;) I ( ; I I I I

wli'risiii ir.i- r''i11W-1 l i :t - n. d iii hat iiiil I lie I-,at,' I it) il-1i 7 r, n' rare h1r

-hanil'r anl I Irid-iari I'mi , i' i', 4-n. [l. -orits1 I[(' al l i i r ite I A 11011;I a Ithel-n:- Wn -- ri-i

lt-w i'ititiri) 11, Iwi ti--' i I l'' t ' p n i ii'l 2 Mli cuI ill -n- in'at i i ii III11 11 fill t -ne~l fiill '118ti ii~ t

i'm IX pet tr' 'sn Iial It mr.,.



served as input and output leads. The chamber and fiber were positijoned in the

cobalt cell so the fiber, would be exposed to a dose-rate or about 300 rads/min

when the 60Co source was raised from its shield. The input and output leads 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 thle continuous mojde and the output lead was coupled to a

PIN photodiode -ampifrier' detector. The output of the detector was contiected to a

chart recorder- and a digital voltmeteri to continuously monitor fiber tr'ansm iss ion.

The chart recorder was also used to mo nitor recovery of' the induiced loss aftec

thle irradiation.

I )osimetrv was performed using an ionization c'hambe r and thermoluminescent

dlosinmete rs (T [.1 s . Th le TLIJ)'s were attached directly to the fibher- reels in

(iuadlrature to measure the t otal dlose irecceivedl by the fi betr. '[he ionization chamber

could not ope rate at tile temnpe rature extremes used in these tests, so it was located

niutsidte and adjacent to thle temperature cont rol chamber in a posit ion owhee it rce-

cceived approximnatelyv thle same exposure as thle fiberi. 'The ionization cham beri

readout (Vi ctoreen iHacocon 11) was set to read accom oilated (lose and its output -on -

nected to a second pen on thle -hart recoride r so that fiber t ransmci ss ion ant

accum ulated dlose couldI be measured simultaneously. Fltlow in til e irradiation thle

'1'LDl s wer uctsed to calibrate thle dose indicated liv thle i oni zatiotn cliattbet',

w hich produces a 20 nsec pulse of nominal 2 Me V peak "tiergv. 'Jests we ce perI'-

tormed at two dose -rates of' nominal t0O radslseuc and 10 1rack! sec. A

ihe rot aclect ri ally cooled 820 -n laseri diode opet'ate d in continous m ode was

used as the sour,'e inptit to thle fiber and a P~IN photodi ode and 50 Mlt z band1widct h

am plifier was tist' as the detec'to r. The source was loc'ate d in the ir i'acliat inn a rca

htut o)ut of the( x -ray beam. TI'he output tead of the fiberi was c'oupled through ai

tbher'-optic link to tile detector located in the experimient cont rol ar(a. The c)ut ptt

£ ~ ~ ~ ~ o otle detector was c'onnected t) totir iscillz)scop( inpts anl a chai't i'ecor'.ei' wtith

T im' base to obtain a tim c span from less than 50 tisec to noi''e t ha t) 60 so'.

lDosimeitrv was performed using a small PIN diode in dirtect c'ontact with tHie tiber'

on tile reel, except at ' 125 ' C where the P'IN diode could nlot lhe 'ipet'ated. In the

oatter case, dose-t'atv was e'stimated from thle ave'rage' of lose-i'ates t'oeastit'c' in

prctedti ng "sho)ts'' at loweri tem pe rat ures in the same pisit inn r'clatl\( 1' til te 'lash

x-ray target.ectt'ictth

'If~ h ta ysaeira itn, 5n e gh )ffb rceis dfrtl
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fiber at 10 9 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 GI'S 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 GI'S and CBS fibers the

detected light output was above 90 percent of its initial value at -55' C. 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 ± 10 C range. These fluctuations in detected

output have an important bearing on the accuracy of the steady-state test results.

Without the fluctuations the estimated accuracy is ± I dB/kmn. At -55, c and 25 ° c

the fluctuations change this to ± 2 dB/km. At +125 ' C for the (;B core fiber this

same order of accuracy probably holds, but for the CI'S core fiber, due to the

severe loss of signal, the accuracy is probably reduced to no better than ± 10 d~l kin.
For the transient tests estimated accuracy is ± 3 dll/kni baised 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. lfotevcr

the loss of signal at 4125' C for the GI'S core fiber probably reduces the :accur:cy

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 (;l', core

fiber (WI'-6). At any given dose the induced loss increases monotonicall with

increasing temperature. F.igure 2 shows the comparative data for tle ;BS cove fib,.'.

At +250 C tile induced loss at any dose is about one-half that of the (iI'S core fiber.

The induced loss is higher at +125' C but still much lower than that ut the U I'S c-o'

fiber. At -55' c" however there is a large increase in the rate of induced loss with

dose and the induced loss at any dose is much gireater than that of the ( I'S cole fjhcI'.

at any temperature. To facilitate the comparison of these results, Table I sho,%s the

initial rates of induced loss in dl/ikm-krad measured in the 0-I kr1ad a ,ngc.

II 8 .. .



The data in Table I is for comparison purposes onlyv and it should be clear from

the non- linea ritv of the plots shown in ligures I and _ that the initial rates of

induced loss cannot be extrapolated linea clY to estimate induced loss at higher doses.

[oliowing the ircradiations the fibers were maintained ait the test tempe ratures

for- several hours to observe anY annealing of induced loss that might occur. I-ig-

J ~ ure :3 shows the observed recovery of induced loss for- the (;I 1 1) core fiber. Although

the re %%as some slight annealing douring the first few minutes after irradiation ait :.11

temperatures, this fiber shows significant c-ontinuIous annealing only a t -125' (*.

IligUre( 4 shows the observed recovery of induced loss for the GBS cure fiber. At

- 25' Liand ,1250 (' tire annealing looks similar to that of the G11'S core fiber. The

-55'0 data however shows a very high annealing rate. Even so, the induced loss

at -55,(' remuains much higher than the losses at +25' (' and 125' C. These results

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

tions.

RESPONSE TO Co -60 RADIATION
FIBER:WP-6

260

240 DOSE RATE= 4.1 RAOS/sec
SOUJRCE A x85Onnr

220 FIBER TEMPERATURE
x-55*C

200- * 25*C
E + 125*C

'0 140
-3

so

40-

20

DOSE ( KILORADS)

I'igu re 1. Induced Loss vs Dose for Steadyv-State I rradiattion of GI'S Co0re
()ptical lYiber



RESPONSE TO Co- 6O RADIATION
FIBER: WPR- 7
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RECOVERY OF RADIATION INDUCED LOSS
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Table 2. Induced Loss One Hour After Irradiation

T (C ° ) GPS (WP-6) G BS (%VP-7)

Lo L L/Lo Lo L o. ;' Lo

-55 119 115 0. 96 363 224 0.62

+25 155 152 0. 98 51 48 0.94

+ 125 178 150 0.84 92 84 0. Pl

Lo = loss at end of irradiation (dB/kn)

I. = loss one hour after irradiation

An interesting observation was made following the annealing tests at -55 t.

Both the Gt'S core and (BS core fibers were reheated to 25' C where they showed

the same residual losses as those measured when they were irradiated at that

temperature. Unfortunately, similar tests could not be made following the innealinv

at + 1250 C because of the previously mentioned changes in fiber transmission with

increasing temperature.

4. RESULTS OF TRANSIENT RADIATION TESTS

.igure 5 shows the induced loss as a function of time following irradiation )f

the GPS core fiber with a nominal 109 rad/sec flash x-ray pulse. lHere, and for the

other transient test results, the data has been normalized to a dose-rate of

108 rads/sec. This facilitates comparison of the data since the flash x-vay

generator does not necessarily produce the same dose-rate from pulse to pulse even

though all other irradiation conditions remain constant. To obtain the actual

measured induced losses multiply the indicated normalized induced losses by the

actual dose-rate shown on the figure divided by 10 8, that is, in this case multiply

by 11.

The data in Figure 5 show that for the GlS core fiber the transient induced loss

increases with decreasing temperature. This is the opposite of the temperature

dependence observed during the steady-state radiation tests. l[owever, in the

transient tests we are observing recover.v from a high initial loss obscurned by Cerenkov

radiation generated in the fiber. The transit time of the (erenkov radiation in the

fiber is estimated to be about 500 nanosec. Therefore, we cannot detcrmine the

temperature dependence of the initial induced loss, particularlv since the data 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 may

have decreased significantly by the time the losses became observable.

12



RESPONSE TO 2 Mov FLASH X-RAY PULSE
FIBER WF-C
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t,'igure 5. TFransient Response of G;l., C'ore l. ibe,-

The GP)S core fiber was also irradiated at a nominal dose-rate of 108 rads/sec,.

but the induced losses were too small to give meaningful ,-ecoveryN data within

experimental error. Htowever. the niaxirmum observed induced losses were ap~proxi-

mately proportional to dose-rate. )"or both the 108 I'Zidlsev' znd 10 9 ra(d set-

irradiations recovery of the induced losses was essentially complete bYv 10 msec

after the pulse at all temperatures.

I-'igure 6 shows the induced loss as a function of time for tile (ills core fiber

following irradiation with a nominal 10 9 rad/sec flash x-ray pulse. X.s for the (;I'S

core fiber the observed losses increase with decreasing temperziture. The in(tuccdl

~losses are significantly greater than those observed for tile G;I)S core fibers and the

recovery rates arc slower. Although recovery of the induced losses at-+25' (' a nd

+ 125' 
C 

is essentially' complete in less than 10 nisec aftcr the x-tr:Iv pulse, loss kv's

still observed tip to 60 see after the pulse at -55"(". M1):tta in the nisec r':,nge m,

-55 ° C has been ornitted because of overshoot in the oscilloscop~e tr;ice thint wkzs not

detected until the photographs of the transients were ana lyzed in det,0l.
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Trhe G uS ore fib er %kI- aliso ir~tdizatd zit a nontin: I do se-rlate- (i)t 10 ads sec

aind the results are, shown in Vigo ic 7. t nlike thu e r ru pi d in 2i i r ci :uw inf the

(I I'S core fiber the induced losses wereC C lCZe % xlvinCa so rihl ('in pjAI-1rig I ig ore 7

w ithi Iigttre 6. the nortializcd induced losses for the 41 V Xii.' *e - v pulseiare

app roxinra tclv 1. 4 times g rcate r than those i ibseive(d ti ' the 10 a'id -ick pulse it

aln temrperatures. This shiows thatt the transient iridmctd 1iisscs for tbn (I i." core

fiber a re not priiportiid to dose- r: I.
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5.1 Steady-State Irradiation

(a) For irradiations at +250' C and + 1250 C the loss induced in the GlPS core

fiber was approximately twice that induced in the GBS (,ore fiber for :in". given

total dose.

(b) TFhe loss induced in the GPIS core fiber increased nronotonicallY with

temperature while the loss induced in the GBlS core fiber wais a roUltiVAlued function

of temperature.

( c) At -55' C the loss induced in thec GB13 core fiber was more than ain order

of magnitude greater- than the loss induced A 25" *

(d) Significant recoverY of induiced loss aifte r irradiation was observed onlY at

* 125'(C foi- the C VS core fiber while the G 13S core fiber showed recovery at both

* 125' C and -550 C, but at -5.5' C the loss induced in the (;11'S core fiber remained

significantly greater than the loss (if the (II'S core fiber eight hours affo'r irradiation.

5.2 Transient Irradiation

a) I ollowing exposure to aj 20 nanostc x'-iray pulse, both fibers showed in-

crceased induced loss with dec rcasing teni Pc la tu lre.

(b) l171W ma1 xim am11 observed indue d loss in the CBS co re fiber %%as 2 to 10 timeas

g reateri than that for the C' core fiber follo wing exposu r( to in x u.pulse.

10c 'Phe rate (If recover.,; from indurcedl loss for the C; S fiber %%as ;,t lea st tmice

that of the C 13 fiber aifterV exp)osure to an x- r'a pulse.

(d)lih transient x-ratY induced loss \kas app roxiniatelv projalrtion~il to di-sc-

rate for the GI's core, fiber bitt tire induced loss per unit dose vt- \% C' ws g r., ttI' i,:I

the C IS carefiber expo sed to :ilower dose-ralte.

It must be unde rstood that the reslts of the tests reported here a;ivc prlial

only,. to the specific optical fihe rs tested. Aithoigh other experience with raidi til '

effects studies on smraller diameter fibers (If similar generic C(111 os iti(In. .show, '1

the same gene -r:i I trends as those repoted herie, djffe rence-s in specifi compos110i tionII

or fabrication p rocesses coruId p rodirce s ignificantlY d iffe rent a jdia tion responses50

in fibers that niay appear e-qi liva lenit to those testedl.
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