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Radiation Hardening of Pure Silica Optical Fibers by
High-Pressure Hydrogen Treatment

H. Henschel, O. Kéhn, and U. Weinand

Abstract—it was proved that hydrogen (Hz) treatment, con- material KU (pure silica, 800 ppm OH, 80 ppm CI) and KS-4V
;istir]g pf loading with Hz under high pressure and immediate pre-  (pure silica, 0.25 ppm OH, 20 ppm Cl), respectively. The au-
irradiation up to dose values>10" Gy considerably increases the s sajd that especially the latter material shows the lowest ra-
radiation hardness of optical fibers with a pure SiO, core, espe- diation-ind dl t hiah d | in the visibl tral
cially of those with a low OH content. These fibers even show a re- lation-induced loss @ Igh dose V"‘,‘ ues) in the visible spe_c ra
duction of their initial attenuation at wavelengths <700 nm, incon- 'ange of all commercial core materials, so that they restricted
trast to a significant increase between 1200 and 1600 nm (growth their investigations to this wavelength region. Their fiber sam-
of OH absorption bands). Therefore, H; treatment should be re-  ples were exposed to a,Hpressure of 24 bar during 11 days
stricted to fiber applications in the visible wavelength range, up to at room temperature. Two irradiations were performed within
about 850 nm. A treatment with highly enriched deuterium should ld » after the Hoadi d a third th th
extend the usefulness to wavelengths around 1300 nm. several days” after the Hoading a_n athird one three mon S

later. They report that “the stockpile of molecular hydrogen in
the fiber was exhausted during irradiation run #2.” For compar-
ison, one H loaded sample was also exposed to a heat treat-
ment (200 min at 200C). After having reached a few dose
|. INTRODUCTION levels, they only performed off-line spectral loss measurements
IRST successful attempts in reducing the radiation seng(i:-uF'b?Ck method). They observed distinct improvement of the
radiation hardness ofHreated fiber samples, also three months

tivity of optical fibers with pure silica core by a hydroge . o o . .
treatment were reported by Lyons and Looney [1], [2]. In prhr-]f"ter during the third irradiation. Successive kading, fol-
! W d each time by an irradiation, would further increase the

ciple, these authors applied the same procedure as we do in %%e

Index Terms—Hydrogen treatment, optical fibres, radiation, ra-
diation hardening.

presentinvestigation: fibers that are saturated with hydrogen d lation hardness. ] . .
certain pressure are irradiated. They measured the radiation—li]n— ur present _approach was as follows: exposing the fibers to
duced loss increase during this first irradiatieapfe-irradia- the h|ghes_t aymlablej—presspreﬁlso bar with oural_JtocIav_e),
tion) and got only about 1/5 of the values of fibers without hy(pre—)lrradlatlon up to the highest aIIowapI_e dosg |mmed|§1tely
drogen & untreated fibers) at 850 nm. The fiber samples th tgr rgmoval from the al_JtocIave, and waiting _untll the residual
rested at room temperature up to 80 days and were irradia is diffused out of the fibersx4 weeks). That is whatecall

again. Despite the fact that the hydrogen should have diffus drogen treatment. Alter that we perforrrl_sp_ecfral attenua-
out meanwhile, the loss increase still was lower than with 9" measurements in order to compare the “initial” attenuation

treated fibers, in some cases about 25%. The authors explaiﬂgéb treated and untreated fibers. The treatment should not lead

this permanent improvement by a radiation-induced dissocf2-2" unacceptab_ly .h'gh attenuation Increase. And only now we
erform the irradiation tests when the result is no longer influ-

tion of H, molecules into H atoms, which bind to defects thal db idual K d ch ) tS,0fTH
otherwise would act as precursors of color centers during subEBSed by residua (unkngwn and c a_mgmg) amounts,ofiine
t conditions should be as well defined and as reproducible as

guent irradiations. The authors gave a comprehensive overvipossible

of all earlier activities in the field of hydrogen treatment of o . . L !
yarog P The pre-irradiation dose might influence the final dose up to

tical fibers with and without radiation exposure, so thatthiswash. h . t of th diation hard Id hold
not repeated in the present paper. which an improvement of the radiation hardness would hold.

For their efforts Lyons and Looney selected a fiber type (puyge varied this dose, but also the dose rate in order to identify

SiO, with high OH content) that is known to be radiation har8pgm?r: parameters. ted 1o find out wheth dditional
anyhow, hoping to achieve further improvement. The hydroggtn ur ertmonta, wte watrl ef tr? 'r? dou w te ttarda?ba ' '?]r.]ah
pressure was only 4.7 bar, and &0 gamma dose for pre- emperature treatment” of the hiydrogen treated fibers whic

irradiations was only 10, 100, and 500 Gy, respectively, Thersgft of all could accelerate the out diffusion of the residual hy-

might be the reasons for their relatively minor and short-lasti oge(rjw WS“":. havef tios't'\(lje. (t)'r negatn_/tg .'tnﬂl:fncﬁ O_T thﬁ bOb'
reduction of the radiation sensitivity. served reduction of the radiation sensitivity. Finally, it will be

Tomashuket al. [3] reported on a similar procedure to im_compared with our most promising fiber whether a deuterium

prove the radiation hardness of two Russian fibers with the ¢ .) treatment would have the same result as thereatment.
is could become necessary in case thettdatment would

lead to an unacceptably high attenuation increase between about

Manuscript received September 11, 2001; revised May 3, 2002. 1200 nm and 1600 nm (OH absorption bands around 1380 nm)_
The authors are with Fraunhofer-INT, D-53879 Euskirchen, Germane/ . . . .

(e-mail: henschel@int.fhg.de). he OD bands in this region are orders of magnitude lower than
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To sum up it can be said that investigation of the influence
of H, treatment on the radiation hardness of pure SiBers
was done for the first time under optimized, unambiguous, and
reproducible conditions and with a number of different fiber

types.

Il. EXPERIMENTAL

[ 820nm

Change of Output Power [dB]

In order to find out the dependence of the effectiveness of

£ oss nd of iradiation

) . o K TUW
the H, treatment on fiber type, we choose five distinctly dif- 20 027Gyl o
ferent, but commercially available pure Si©ore fibers: one o e ppes o - 0
Sumitomo single-mode (SM) fiber optimized for 1550 nm, one Time [s]

“radiation hard” Mitsubishi multimode step-index (MMSI) fiber
and three different MMSI fibers from Heraeus Quarzglas (nofig. 1. Attenuation behavior of STU and SWU fibers during “pre-irradiation”
Heraeus Tenevo). Two of them are made of the well-known cdf&e tex). Iradiated fiber length: 223 m each.

materials F 100 (high OH, low CI; “Fluosil SSU" fiber) and F ) .
300 (low OH, high CI; “Fluosil SWU" fiber), respectively, angd'ong H: loaded samples of the STU and the SWU fiber during

one of their new STU core material (low OH, reduced CI; «g,@Nnd after pre-irradiation with a dose rate of about 0.27 Gy/s up

osil STU” fiber). All MMSI fibers had a core diameter of about© & dose of 2 10* Gy. Irradiation time was 74 350 s. At the be-

100 zm. The Mitsubishi fiber and the Heraeus STU and ss@inning we really see aradiation-induced increase of attenuation
fibers are described in more detail in [4]. with both fibers. After about 30 s (8 Gy) the STU fiber reaches

For H, loading, the fibers remained in the autoclave for 14S Well-known intermediate maximum [4]. But only about 10 s

days at room temperature, exposed to a pressure of about P58 We see a ste:idy decrease of attenuation, and after an irra-
bar. Because of the limited time,,Doading took place only diation time of>10* s the attenuation of both fiber samples is
during six days, but at a mean temperature of about 25 lower than before irradiation. This decrease still continues after

The mean pressure was about 120 bar. Nearly all fiber samgfa& €nd of irradiation, with the same slope than before. During
were pre-irradiated (some with varying dose rate up to differelffadiation of an gntreated STU fiber the maximum beg_lns afte_r
dose values) immediately after removal from the autoclave. FpUt the same time (about 30 s), but then the attenuation begins
comparison, one Sumitomo SM fiber sample and one STU fibig decrease only after times1000 s and does not in the least
sample were not pre-irradiated. One of the pre-iradiated STEACH the zero level again. Only after the end of irradiation we
samples was exposed to a temperature ofZD@or 200 min- S€€ & sharp decrease, but to values still far below zero. The latter
utes, immediately after pre-irradiation. After pre-irradiation, thi§ &/S0 valid for untreated SWU fibers. The pre-irradiation be-
H, and D, loaded fibers are called “H(or D,) treated.” The havior can be explained by two processes: transformation of ab-

two fiber samples that were not pre-irradiated are calleg «$orbing color centers by binding of H atoms, and outdiffusion of
loaded.” H,> molecules dominating at later times. These molecules cause

We made spectral attenuation measurements as well as nfe§avelength dependent attenuation increase compared with un-

surements at fixed wavelengths with the equipment descridg@@ded fibers that continuously decreases during the outdiffu-
in [4]. With some fiber samples we measured the change gjpn with unchanged rate after the end of irradiation (since the
attenuation also during pre-irradiation at 829 nm or 1310 nffdiation-induced temperature increase is negligible, as well as
wavelength. With some other samples we made spectral att§gnsformation of Hinto H during irradiation). The slope is the
uation measurements four weeks after dt D, treatment (or S2Me with both fibers since they have the same dimensions and

H, loading) and compared the results with those of untreated¥"® Ft l0aded in exactly the same way. _
unloaded £*virgin”) fibers. All irradiations that should show | N€S€ two processes prevent performing expressive and re-
the influence of H or D treatment (or loading) on the radial_pronumble meagurements of the .radlat|on-|n<_juced attenua_tlon
tion hardness were made at least four weeks after removal frgH{ing pre-irradiation, when the fibers are still saturated with
the autoclave and pre-irradiation. With most of the fiber typddz- We only can determine its amount at the end of irradia-
we performed a second irradiation between six and 16 monfff? from the height of the annealing step (insert of Fig. 1). The
after the first one in order to demonstrate the still present ifi€ight of this step leads to values of about 0.5 dB/km for the
provement of their radiation hardness. All measurements werd/U fiber and 0.7 dB/km for the STU fiber, compared with
made at room temperature, those at fixed wavelengths with H&Put 75 dB/km of an untreated STU fiber and about 5 dB/km
recommended [5] light power of AW in order to reduce the Of @ H treated STU fiber. Hence, the best method of radia-
influence of “photo bleaching.” t_|on—ha_rden|n_g would bg to confine a high amount of iH a
fiber—if possible! But this would only be useful for wavelength

. RESULTS regions with negligible H and Habsorption bands.

A. Attenuation Behavior During Pre-Irradiation B. Influence of the Pre-Irradiation Parameters

Mostly, we made no measurements during the pre-irradiationThe pre-irradiation parameters were only varied with the
of Hs or D, loaded fibers. Fig. 1 illustrates the reason why. Her@umitomo SM and the Heraeus STU fibers. In Fig. 2, we see
we see the change of the light intensity at the output of 223 titme influence of the pre-irradiation dose for the Sumitomo fiber.
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The pre-irradiations were made with the same dose rate of F ;

about 0.20 Gy/s up to dose values of 107 100%, and 10 Gy,
respectively. About one month later, these foyrtreated fiber
samples were irradiated with about the same dose rate up to
10* Gy each &*first irradiation”). Only after a pre-irradiation
dose of 16 Gy we see a reduction of the radiation-induced
attenuation at dose values 10® Gy. Between 1 Gy and 100 [
Gy we even see an increase [see also Fig. 9(a) and (b)]. el

Attenuation [dB/km]

L Ll

. . . A ‘3(‘)0 400 500 6(‘)0 700 8(;0 . 960. ’
The pre-irradiations up to @Gy and 16 Gy were made with Wavelength [nm]

a dose rate of about 0.20 Gy/s (Fig. 2) as well as with about

1.3 Gy/s. It could perhaps be that pre-irradiation with onl§ 10 6. (s) Spectral attenuation of four MMS fibers bef d (&) after H
. . 9. o. a) oSpectral attenuation ot four 10ers pefore an arer

Gy nevertheless would become effective, if only the dose I'{Fgatment. Pre-irradiation dose was'1By (curve 1) and 2 10* Gy (curves

would be increased. This dose rate increase should, e.g., lead4os§, respectively. 1: Heraeus SSU1.2107/00 (F-100), 2: Heraeus SWU1.2
higher concentration of H atoms (radiation-induced dissociati@f7/2000 (F-300) 3: Heraeus STU1.2 237/2000, 4: Mitsubishi STR1000-SY.

of Hy molecules). However, Fig. 3 shows that the dose rate has
no influence, for both dose values. performed such measurements with all three samples. It became
With the Heraeus STU fiber we pre-irradiated twe ldaded clear that the heating had removed the hydrogen completely.
samples up to 2 10* Gy and one up to 210° Gy. Each time Further details of these spectral measurements are treated in
the dose rate was about 1.1 Gy/s. Immediately after pre-irrad&ection 1lI-C. In Fig. 4, we see the influence of these mea-
tion one of the 2 10* Gy samples was heated up to 2@Dfor sures on the attenuation increase during irradiations up‘o 10
200 min. If this would have no negative (or even positive) influsy. These tests began after the spectral measurements. The ad-
ence on the attenuation increase during subsequent irradiatiafisonal heat treatment caused a slightly higher attenuation in-
one could use this procedure for accelerating theokttdiffu- crease, whereas pre-irradiation up tol®’ Gy reduced the ra-
sion. In order to check the effectiveness of the heating proa#iation response considerably. Untreated fibers under the same
dure, we made a spectral attenuation measurement that watdadiation conditions show a loss increase of about 275 dB/km
have shown noticeablesHtoncentrations. One month later wg4]! The question whether such a high pre-irradiation dose may

(b)
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Fig. 7. Influence of H and D, treatment on the initial attenuation of a Heraeus
Fig. 6. Change of fiber attenuation caused by Hz treatmesmtttenuation STU fiber.

H.-treated/attenuation untreated). 1: Herueus SSU1.2107/00 (F-100), 2:
Heraeus SWU1.2 087/2000 (F-300), 3: Heraeus STUl.2 237/2000, 4:

Mitsubishi STRI OOC-SY. the measured curves we roughly determined the following at-
tenuation increase: 23 dB/km at 1300 nm and 28 dB/km at 1550
m for 2- 10* Gy and 47 dB/km at 1300 nm and 60 dB/km at
550 nm for 2- 10° Gy.
These values are distinctly higher than the radiation-induced
loss of untreated fibers up to a dose of Gy, at 1310 nm as well
as at 1514 nm [4], so thatHreatment is unsuited for the re-
An essential precondition for reducing the radiation-inducedyiction of the anyhow moderate radiation-induced loss of STU
attenuation of optical fibers by Hreatment is that this proce-fibers in the infrared wavelength range (IR). A change to D
dure will notincrease their initial attenuatiorn¢ne month after treatment improves the situation. That also this treatment caused
the treatment) distinctly above that of untreated fibers. Othedd increase of the 1380 nm peak (and, thus, of the attenuation
wise, the reduction of the radiation-induced attenuation migfound 1300 and 1550 nm) might come from thedéntami-
even be overcompensated by the increase of the initial attenfiation of the 3 gas in the order of 0.2%.
tion. F|g 5(a) and (b) show the Spectra' attenuation of the fourWith the MItSUbIShI ﬁber, we aISO saw a diStinCt increase Of
investigated MMSI fibers between about 300 nm and 900 ntfe 1380 nm-peak afterfHreatment with a pre-irradiation dose
for untreated Fig. 5(a) andJHreated samples Fig. 5(b). Espe©f 2 - 10* Gy. With the sensitivity of 62.7 dB/km per ppm OH
cially the Heraeus SWU and STU fibers experience a significapblished in [8], we calculated an increase of the OH content of
attenuation decrease by the Heatment so that they become€arly 3 ppm, compared with only about 1 ppm of the untreated
comparable with the high OH SSU fiber or the “radiation hardfiber.
Mitsubishi fiber. The H treatment removes the “drawing-in- o ) )
duced peak” at about 630 nm [6] of the SWU and STU fiber 4% Radiation Hardening: Measurements at Fixed IR
well as the Cl peak at about 330 nm [7] of the SWU fiber! Fig. §/avelengths
shows the influence of thedireatment more quantitative, i.e., In the IR optical fibers usually are used for data transfer at
we divided the attenuation curve of the Heated fibers by the fixed wavelengths around 840, 1300, and 1550 nm, respectively.
respective curve of the untreated fibers. This is a well suit@kcause of the OH absorption bands the Heraeus SSU fiber (F
method to compare the influence of the tleatment on the dif- 100 material) with its high OH content can only be used up
ferent fiber types, so that we will also apply it to demonstrate the about 860 nm. Our numerous comparisons of the radiation-
different amounts of radiation hardening. Fig. 6 clearly shovisduced loss increase at 1300 and 1550 nm showed that during
that the attenuation of the SSU fiber with its high OH contedng-term fiber use in a radiation environmentl( d) the loss
remains completely uninfluenced by the Heatment and that increase at 1550 nm will be higher than at 1300 nm. Some early
the attenuation of the low OH fibers increased in the IR. results are published in [9]. We therefore restricted our tests to
The influence of a Kland D, treatment at wavelengths up tothe two shorter wavelengths.
2000 nm is shown for the STU fiber in Fig. 7. Only that fiber In order to determine the influence of & ldr D, treatment
was also treated with D We can see that the “drawing-inducedn the radiation sensitivity of a given fiber type, we performed
peak” at about 630 nm is also removed by thg tBeatment. comparable irradiation tests with untreated andHD, treated
However, the nearly identical Hreatment (same pressure andiber samples. The time between treatment (pre-irradiation in-
pre-irradiation dose of 210* Gy) caused a significant increasecluded) and first irradiation test was at least one month. With
of the OH absorption peak at 1380 nm. The flanks of this peatost of the fibers we made a second irradiation with untreated
increased the attenuation around 1300 nm and 1550 nm cand treated sample between six and 16 months later in order to
siderably. H treatment with following heat treatment causedee whether the improvement of the radiation hardness would
exactly the same increase of the 1380 nm peak, whereas lilee'permanent.” Most of the irradiations were only made up to
pre-irradiation dose of 2 10° Gy (see Section 11I-B) caused 10* Gy. Only in some cases we tried to find out whether the im-
still higher attenuations around 1300 nm and 1550 nm. Frgmovement would also hold up to higher dose values.

have negative influence on the "initial" fiber attenuation will b€
treated in Section IlI-C.

C. Influence of H and D, Treatment on Fiber Attenuation
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Fig. 9. (@) Increase of attenuation during first and second irradiation of
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untreated and Htreated samples as well as of a;‘tbaded” sample of the
Sumitomo SM fiber. (b) “Radiation hardening” as a function of dose.

Fig. 8(a) and (b) show the influence of, treatment (pre-ir-
radiation dose 10Gy) on the Heraeus SSU fiber (high OH)H; treated Sumitomo SM fiber samples, Fig. 9(b) their “Radia-
Especially Fig. 8(b) (ratio of Htreated and untreated fiber meation Hardening” by H treatment. Again, we observe a higher at-
surement “radiation hardening”) shows that at the beginningenuation of the Kltreated fiber at the beginning. After the same
the H, treatment even causes an increase of attenuation and aldge of about 300 Gy as with the Heraeus SSU fiber [Fig. 8(b)]
above 300 Gy a reduction of about 50%, finally. This low redud¢he H, treatment leads to an attenuation reduction to about 1/10
tion is not surprising, considering the high OH content of thigf the attenuation increase of untreated fiber samples, finally.
fiber that is known to be radiation hard. Therefore, Lyons amil second irradiation of the untreated and tleated samples
Looney [1], [2] could only find minor improvements, especially6 months later showed that the attenuation increase of the H
with their low pre-irradiation dose values (see Section IlI-B). treated sample was still less than 1/5 of the untreated sample.

The Heraeus SWU fiber (low OH) is intended for the far IRNow we did not observe the higher initial attenuation of the H
but we could not make quantitative and clear measurementdrefated sample. This indicates that the improvement of the radia-
a radiation-induced loss increase of theated samples at 1310tion hardness by ktreatment is really permanent. For compar-
and 1550 nm. We saw an increase of attenuation only at the ®n, we added the attenuation increase of an onlylttdded”
ginning, followed by a more (1514 nm) or less (1310 nm) prdiber sample, i.e., we made no pre-irradiation immediately after
nounced decrease, so that after the end of irradiation we uthe end of the H loading. Here we have almost exactly the
ally had lower fiber attenuation than at the beginning. The sareame attenuation increase as during the first irradiation of the
could be observed with the Heraeus STU fiber. The reason migimtreated fiber samples. This indicates that after one month the
be the high increase of attenuation around the 1380 nm absdtfip-has left the fiber completely, and that without pre-irradiation
tion band by the H treatment (Fig. 7) that seems to decreagbe “H, loading” has negligible influence on the radiation hard-
during subsequent irradiations. This behavior suggests that tess.
improvement of the radiation hardness by tleatment might  The same irradiation tests were made with the Mitsubishi
become exhausted during longer irradiation periods—if thek#MSiI fiber, apart from the investigation of a “Hoaded" fiber
is a connection between improvement of the radiation hardnassnple. The second irradiation was made seven months after the
and increase of the OH content (see Section IlI-C). first one. The results for measurements at 829 and 1310 nm are

In contrast to the Heraeus SWU and STU fibers, we were atdkown in Figs. 10(a), (b) and 11(a), (b). Here we observe a final
to measure radiation-induced attenuations at 1300 nm wjth keduction of the attenuation increase of thett¢ated sample to
treated samples of the two low OH fibers made by Sumitonabout 30% of that of an untreated sample at both wavelengths,
(SM) and Mitsubishi (MMSI), respectively, i.e., we did not ob-during first and second irradiation. The tendency toward higher
serve a decrease of attenuation in the course of an irradiatidose values is not quite clear. The second irradiation at 829 nm
Fig. 9(a) illustrates the increase of attenuation of untreated andicates an increase of the ratio abové &Y, i.e., decrease of
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The highest reduction of the radiation sensitivity gftreated
fibers was observed with the STU fiber. Fig. 12(a) shows the in-
crease of attenuation during first and second (nine months later)
irradiation of untreated as well as;Hreated fiber samples and
during a firstirradiation of a Ptreated sample. During the first
irradiation H, or D treated fibers show only about 2%—3% of
the attenuation increase of untreated fibers [Fig. 12(b)]. The
reason for the still higher improvement by the Breatment
could be explained, e.g., by slower outdiffusion of than of
H,. As a consequence, the Boncentration was higher during
the about 22 h lasting pre-irradiation than thedéncentration.

The reason for the smaller attenuation reduction (only to
about 7%) during the second irradiation mostly arises from
the lower attenuation increase during the second irradiation
of the untreated fiber sample. A “Hoaded” sample showed
approximately the same attenuation increase as untreated
STU fiber samples, i.e., no improvement as observed with the
Sumitomo SM fiber.

H, and D, treatment of STU fibers reduces their attenuation
increase at 829 nm to values comparable with that of SSU fibers
(Fig. 13). At dose values above 4Gy especially a B treated
STU fiber will even show lower attenuation than the SSU fiber.
Its attenuation at about 1310 nm is less than 3.6 dB/km up to
10* Gy.

Fig. 11. (a) Increase of attenuation during first and second irradiation of An irradiation with 1.11 Gy/s up to POGy of a STU fiber

untreated and H treated samples of the Mitsubishi fiber and (b) “radiatiorsamp|e that was pre-irradiated with 20° Gy (Fig. 4) should
hardening” as a function of dose.

clarify whether the improvement of the radiation hardness by H
treatment would also last up to distinctly higher dose values. The

the radiation hardening by Hreatment, whereas the (less acresult (Fig. 14) is affected by a decrease of attenuation, parallel
curate) measurements at 1310 nm do not show this tendencyo the radiation-induced increase that after the end of irradiation
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Fig. 13. Comparison of the radiation sensitivity of Bind D, treated samples
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E 820nm, 1uW

8F 1.11Gyss 1oy

End of ~—
irradiation

Induced Loss [dB/km]
o

aant ! 4 " st

10! 102 10% 104 108

e
Time {s]

Fig. 15.
samples of the STU fiber at different dose values and 10 h 45 min after the end
of irradiation and (b) the ratio of the respective Heated and untreated fiber

Induced Loss [dB/m]

Radiation Hardening

104

020
0.15

0.10

0.00

1407

100
B

10° f

100k

untreated

H-treated

Tt
0.19Gy/s
]

3

500 600

700

Wavelength [nm]

900

.05

\

b

NogaseNn

oo

300Gy

1 10kGy
< 10n45min

30Gy
100Gy
1kGy
3kGy b

fter irrad.

400

800

Wavelength [nm}

900

(a) Radiation-induced loss increase of untreated andréated
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Fig. 14. Attenuation behavior of a Htreated Heraeus STU fiber
(pre-irradiation dose 2 10° Gy) during irradiation with 1.11 Gy/s up to 10
Gy (see text).

led to a lower loss than before irradiation. This decrease might
be caused by a decrease of the far-reaching high OH absorption
bands of H treated fiber samples (Fig. 7). Nevertheless, the
measurement seems to indicate a new increase of attenuation
above about 4 10° s (>4.4- 10° Gy), perhaps caused by a
weakening of the improvement by the lfeatment. Untreated
STU fiber samples show no new increase of attenuation below
10° Gy [4].

E. Radiation Hardening: Spectral Measurements in the
“Visible”

With the four MMSI fibers we measured the loss increase
from 300 to 850 nm with untreated ang tteated samples on-
line at dose values of 30 Gy, 100 Gy, 300 Gy, 1 kGy, and 10 kGy
(=1 Mrad), as well as 10 h 45 min after the end of irradiation.
The loss increase was calculated from the light intensity mea-
sured immediately before irradiation and at the abovementioned
dose values or time after irradiation, respectively. The pre-irra-
diation dose values were those given below Fig. 5(a) and (b) and
the dose rate was about 0.18 Gy/s.
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Fig. 15(a) shows the results obtained with untreated amrd.16. Attenuation increase as a function of wavelength of (a) untreated and
H, treated samples of the Heraeus STU fiber that was mdatH: treated samples of the four MMSI fibers at a dose of 30 Gy.

improved by the H treatment. At higher dose values the atten-

uation increase was reduced<4d/20 of that of the untreated the acceleration of the “annealing,” i.e., the loss reduction 10 h
fiber sample at wavelengths350 nm. This is emphasized by45 min after the end of irradiation.
Fig. 15(b) showing the ratio of the respective curves of H Figs. 16(a), (b) and 17(a), (b) compare the improvement by
treated and untreated fibers from Fig. 15(a). Most striking I3, treatment of the four different MMSI fiber types at dose
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Fig. 19. Annealing £ ratio of the attenuation increase 10 h 45 min after the
end and at the end of irradiation up ta*1@y) of (a) untreated and (b)+treated
samples of the four MMSI fiber types.

are the best choice, e.g., for endoscopy in the visible wavelength
range or as fiber optic “Cerenkov detectors” [10], where it is
very essential to have good transmission at shorter wavelengths
even after longer use (higher dose values) at an accelerator.

Fig. 18(a) and (b) compare the “radiation hardening” of the
four fiber types by H treatment at both dose values. All fibers
show a higher improvement at the highest dose that might, how-
ever, decrease toward dose values 6f1@F° Gy as indicated by
some of the measurements at fixed wavelengths. Even the high
OH SSU fiber shows distinctly improved radiation hardness at
wavelengths<800 nm.

Fig. 19(a) and (b) compares the acceleration of the annealing
of the four fiber types by Kl treatment. Here annealing is de-
fined as ratio of the radiation-induced attenuation 10 h 45 min
after the end of irradiation and immediately before the end,
at a dose of 19 Gy. All low OH fibers show significant im-
provement that might be the reason for their improved radiation
hardness.

IV. CONCLUSION

Hydrogen (or deuterium) treatment consisting of (dr D2)
loading under high pressure (125 bar) and immediate pre-irra-
diation up to optimized dose values, can considerably improve
the radiation hardness of optical fibers with a pure S@©re,
especially of those with a low OH content. A factor of up to

values of 30 Gy and T0Gy. With increasing dose the;Hreated 50 was observed with the new Heraeus STU fiber type already
STU fiber becomes superior in the whole wavelength rangghowing superior radiation hardness of untreated fiber samples
Since the H treatment has also improved the “initial” attenuaat high dose values [4]. Improved radiation hardness still could

tion of the STU fiber to values comparable with those of the highe observed during a second irradiation between six and 16
OH SSU fiber [Figs. 5(b) and 6], H(or D,) treated STU fibers months later.
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Hydrogen loaded fibers that were not pre-irradiated showedLyons and Looney explained the effect of Heatment by a
no improved radiation hardness when they were irradiatedkainding of H atoms to color center precursors (Section 1). Our
least one month after thesHoading, i.e., after the Hhas left observed increase of the OH content of low OH fibers and the
the fiber. Pre-irradiation doses between 10 Gy anti@@were fact that even untreated high OH SSU or KU fibers show good
not sufficient. A good compromise were dose values betwegadiation hardness suggests that this increased OH content could
10* and 2- 10* Gy for our investigated fiber types. Here thebe the reason for the improved radiation hardness. Therefore, it
H, treatment even caused a distinct improvement of the "inivould be interesting to compare, e.g., the radiation sensitivity
tial" attenuation of the low OH fibers at waveleng#dg00 nm, of Heraeus STU fibers of different OH content within the given
compared with untreated fibers. At wavelengthg00 nm the margin of 1-20 ppm [4]. But increased OH content can not be
H, treatment led to an increase of the initial attenuation, espgle only reason for the improvement since also the high OH
cially at the usual transmission wavelengths around 1300 a®8U fiber, with negligible increase of the OH content, shows
1550 nm, caused by a strong growth of the OH absorption baridgproved radiation hardness (especially in the visible) and the
at 1380 nm and in the far IR, especially after a pre-irradiatidr, treated STU fiber has nearly a factor of ten lower loss in-
dose of 2- 10° Gy. This attenuation increase around 1300 nrrease (in the visible at $05y) than the SSU fiber, despite its
and 1550 nm is higher than the radiation-induced attenuatiotuch lower OH content.
of untreated fibers up to $£0Gy! Changing to deuterium (f)

treatment reduces the increase of the initial attenuation consid- REFERENCES
erab_ly (if the B Con'_[a_mination of the @_gas is |0_W enOUgh). [1] P. B. Lyons and L. D. Looney, “Radiation-induced attenuation of
and is at least as efficient as kreatment in reducing the radi- high-OH optical fibers after hydrogen treatment in the presence of

[P ; ionizing radiation,” inProc. RADECS’91 Montpellier, France, Sept.
ation-induced loss increase. 1991, pp. 396-400.

Most advantageous isJHreatment for increasing the radia- [21 ——, “Enhanced radiation resistance of high-OH silica optical fibers,”

; ; i SPIE vol. 1791, pp. 286-296, 1992.
tion hardness in the visible wavelength range. Ati¢ated STU [3] A. L. Tomashuk, E. M. Dianov, K. M. Golant, and A. O. Rybaltovskii,
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wavelength range 350—-800 nm even after a dose ‘bG];D(:]_ spectral region: The effect ofHoading,”|[EEE Trans. Nucl. Scivol.
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Mrad)' The reason mlght be the Strongly accelerated loss an[4] H. Henschel, O. Kéhn, and U. Weinand, “A new radiation hard optical
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