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Abstract—High purity, high-OH, optical fibers
were irradiated in a hydrogen atmosphere to explore
hydrogen binding into defects created by the
fonizing radiation. Significant improvements in
subsequent measurements of radiation-induced
attenuation were observed.

1. INTRODUCTION

For more than two deccades, hydrogen
has been identified as a significant factor in
controlling the performance of silica mate-
rials. Early cxperiments(1,2] demonstrated
that radiation-induced attecnuation in bulk
silica ~amples was reduced if hydrogen was
impregnated into the materials. Some of the
carliest observations of hydrogen effects in
fibers involved the case by which molecular
hydrogen could diffuse through the small
dimensions of optical fibers, coupled with
concerns and measurcments demonstrating
that increases in hydregen concentration
within the fiber core could lead to increased
attenuation at certain wavelengths [3). A
number of papers considered the importance
of fiber cabling designed to minimize the
gencration of hydrogen in proximity to the
fibers (4,5], especially in very long distance
undersca applications of optical fibers. These
concerns also encouraged development of a
runge of technologies to hermetically scal
the surface of optical fibers (o significantly
reduce diffusion of hydrogen into the silica
material [6].

In optical fibers, improvement in per-
formance in environments with ionizing
radiation due t¢ hydrogen (rcatment was
first noted by (7], where it was observed thal
hydrogen permeation into the fiber cither
prior to or following irradiation suppressed
radiation-induced absorption. Dramatic im-
provements were  scen in the  visible region
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near the 2 ¢V draw-induced defect in these
demonsirations (8]. These and other papers
have thoroughly shown that hydroger can
bind into various defects. Special attention
has been given to fibers with extremely low-
OH concentrations, since these fibers are
frequently more sensitive to radiation than
high-OH materials, and low-OH fibers are
required for long wavelength communi-
cation applications [9,10]. Bencficiai effects
of hydrogen have also been recently
observed in measurements of UV (ransmis-
sion in optical fibers [11]. A complete review
paper has been published (12].

The present work employed a variation
of most previous hydrogen treatments, in
that hydrogen was maintained within a
high-OH fiber during CoS0 pre-irradiation.
Absorption centers created during this first
irradiation were then available for reaction
with the permcated hydrogen. The goal was
to use hydrogen reactions to "heal" weaker
bonds that were hroken duiing the pre-
irradiation, such that subsequent irradia-
tions would occur in a fiber with fewer
major dcfects and, ideally, demonstrate im-
proved radiation resistance.  (This treatment
process is most similar to that used in (8]
where the reported data focused on the 2 eV
visible band.) High-OH corc material was
chosen for these tests since this material has
usually, although not exclusively, demon-
strated superior resistance to increases in
attenuation caused by exposure to ioniing
radiation, and further improved resistance
remains  cssential for some applicavions.

Motivation
stems from two
of Co%0%.induced

for the present approach
obscrvations.  Mcasurements
attenuation in high - OH

fibers have usually produced strongly non.
fincar dependence between increcased atten-
uation and radiation dose.  For example, in
Fig. 3 of [13], wherein attenuation increases



were studied duiing 10 krad exposures, more
than 90% of the radiation-induced atten-
uation was created with less than the first
10% of the total dose. In transient radiation-
induced measurements, observations of the
increased attenuation at ecarly times, for
example, in Fig. 4 of [14], measured on the
basis of unit absorbed dose, demoastrate
strong nonlinearities. In both these cuses, it
can bc speculated that the behavior could be
explained by some class(cs) of pre-existing
defect(s) in the drawn fiber that is easily
damaged at low doses, but whose cffects be-
come much less significant at higher doses
(perhaps as the number of pre-cxisting
defect sites hecome saturated). If the num-
ber of pre-existing defects can be reduced

through a combined radiation cxposurc (to
crcatc a site), and hydrogen cxposurc (to
bind into the site), significant improvement
in radiation resisiance should result.

2. EXPERIMENTAL PROCEDURE

Two differcnt batches of test fiber were
specially prcpared for these measurcments.
For cach batch, a Fluosil [15] (fluorosilicate

clad preform with a high-OH Suprasil corc
was drawn at Polymicro Tecchnologics, Inc.
into a 100 pum core diamecter fiber.  Clad

diamecter was 110 pum and a thin polyimide
buffer laycr was applicd, resulting in a final
diamcter of 125 um. [This buffer layer has
becen shown in previous cfforts [14,16] to
result in  impreved radiation resistance.)
Each batch of test samples was cut from a
single lcigth of optical fiber drawn from
onc preform,

In the first scriecs of mcasnrements, the
fiber was prcparcd as dcscribed above.
However, scvere instabilitics were noted in
the mcasurcments  with  that fiber, which
were hypothesized to be traccable to large
aud highly variable microbending losses
(variations in »fenuation) in the multi-
layer test coils  of fiber utilized in  the
radiation tests. The sccond bateh of fiber was
prepared as  described above, but an  addi-
tional acrylate buffer layer was alded (6
increase rthe fiber diameter from 125 pm to
250 pm, and reduce microbend  sensitivity,
This sccond  batch  demonstrated  stable
attenuaticn  in o subsequent  tests.

Mecasurements with the first series of
fibers demonstrated significant benefits to
be realized from the simultaneous hydrogen
concentration in the fiber and exposure to
ionizing radiation. However, only data from
the second batch of fiber will be reported in
this paper.

The long single fiber was cut to lengths
of 200 m. Scveral of thesc shorter fibers
were exposed to a 55 psi hydrogen atmo-
sphere at 107°C for 100 hours. This time
duration should be ample to guarantec a
hydrogen concentration within the fiber
close to cquilibrium with the ecxternal
hydrogen ecnvironment. After hydrogen
permcation, the fibers were packed in dry
ice to rctard out-diffusion of the hydrogen
and transported to a Co%0 source. After
warming (o room tcmperature, some fibers
werc promptly exposed to Co®0 doscs at
several dosc levels, Details of fiber
trcatment arc given in Table 1. All fibers
were then stored at room temperature for 7
days prior to subscquent tests. Most residual
interstitial hydrogen gas, but not all, would
havc cscaped during this 7 day period. A

quantitative mecasurcment of residual
hydrogen in thec fibers during the final
mcasurcment was not available,

TABLE 1

FIBER TREATMENT PARAMETERS

Py

Fiber # ila_Exposure  Co9%0pre-irradiation
I no nonc
1H yes none
2 no 1 krad
2H yes 1 krad
K} no 10 krad
JH yes 10 krad
4 no 50 krad
4H yes 50 krad
Radiation induced attenuvation was mea-
sured with a Co®? source under the condi-

tions specified in the NATO Nuclear Effects
‘Task Group procedure [17] A Laser Piccision
AP-4200 Stabilized Fiber Optic Light Source
with an 850 nm AP418 laser output unit
provided the illumination into a8 multimode



pigtail. That pigtail was cconnected to the test
fiber. The output of the test fiber was con-
nected to a Hewlett Packard 81000JA Detector
Head. The detector was coupled to a Hewlett
Packard 8152A Optical / verage Power Meter
whose output was measured with a  Hewlett
Packard 3457A Multimeter. The multimeter
output were sampled on one second intervals
under computer control and recorded. Per
the specification in the test procedure [17],
input power to the test fiber was adjusted to
be 1 uW. Output powers from the test sam-
ples were about 0.5 pW.

Test fibers were wound on a 10 cm
diameter test spool and placed 38 cm from a
13 kCi Co%9 source. Source output was
mcasurcd with an EG&G, Inc. NIST-traccable
1 c¢c air ionization chamber whose output
was corrected for pressure and temperature.
Dosc in rads was obtained using 33.7 ¢V/ion
pair in air and gamma ray attcnuation
cocfficicnts for both Si03 and air [18]). The
resulting correction factor from Roentgen to
rad(Si0;) was 0.869. [All aoses in this paper
arc in units of rad(SiO3).] Dosc at the center
of the fiber bundle was 21.66 rad/s (1300
rad/min) after corrcction for spool and fiber
attenuation.  Fibers were irradiated to a 10
krad total dosc.

3. DATA

Attcnuations are listed in Table Il for
several dose levels, including the final 10
krad lecvel, and actual data follow in Fig. 1-4,
Previous mecasurcments [14] of similar fibers
have frequently shown a  peak in the
radiation-induced attcnuation at low dosc (a
few hundred rads) with an improvement
(i.c., dccrcase) in attcnuation at higher
doscs. That phenomecnon was observed in
somec of the present mcasurcments and this
peak attenuation is dcnoted by apy in Table
1.

4. DISCUSSION AMD CONCLUSIONS

In Fig. 1, data from fibers 1 and 1H are
intercompared.  If all the hydrogen diffuscd
into sample IH had diffused back out, these
two fibers should have yiclded equivalent
performance.  The  significant  difference

demonstrates that out-diffusion has not been
completed and that residual hydrogen is still
present. It may be speculated that the im-
provement in performance of fiber 1H at
late time is due to that residual hydrogen
healing defects that were created during the
irradiation. At early times, where fibers 1
and 1H are comparable, it is probable that
the residual hydrogen has not yet had time
to diffuse to the defect centers being created.
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Fig. 1. Radiation-induced absorpiion for fibers 1 and 1H.

Performance of the control fiber (1) is similar to that

observed for comparable fibers (PM2 and PM3) in [14) wherc

apk of 4.23 and 2.91 db/km and aticnuation at 104 rad(5;02)
of 2,26 and 2.25 db/km were noted, respectively.

Table 11
RADIATION-INDUCED ATTENUATION DATA
(db/km)

—-_Losc [rad(Si02)]

Fiber # 100 200 300 104 dpk

] 3.25 4.06 435 2.73 4.36
4 2.51 3.09 299 0.83 3.17
? 2.32 3.04 3.3 2.39 .35
2K 0.73  0.85 0.88  0.74 0.87
3 1.27 1.68 1.98  2.35 -
k11| 0.57  0.67 0.70  0.64 0.70
4 1.29 1 87 2.58 3.25 -
1H 0.47 .55 0.63 0.01 0.63

fibers  fre-
improved

Pre-irradiation  of
quently  leads to  a

optical
somcwhat



performance in a subsequent radiation expo-
sure, as noted in [14]). This could occur for
several reasons. For example, radiation-in-

duced annealing may be occurring as defects
are cffectively healed through relaxation of
the neighboring lattice atoms into configu-
rations resulting in stronger bonds. In
these high-OH fibers, the radiation may
itself be releasing hydrogen, which can dif-

fuse to and bond into broken bonds. Other
cxplanations may also be appropriate.  For
the first two pre-irradiation levels of 1 and

10 krad, significant improvement is noted in
Fig. 2 where the four fibers, which were not

exposed to hydrogen, are intercompared.
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Fig. 2. Radiation-induccd absorption for the control fiber (1)
and the three pre-irradiated fibers (2-4).

In Fig. 3, extremely dramatic improve-
ment in  radiation-induced attcnuation is
noted where the control fiber is compared to
the thrce fibers that were pre-irradiated
while significant levels of molecular hy-
drogen werc within the fibers. This im-
provement is further clarificd in Fig. 4
where the same four fibers are inter-
comparcd at carly times. Large ratios be-
tween  trecated and  untrcated samples arc
cvident.

In fibers of this
trcatment, about 90%

type, without pre-
of the final attenuation
is rcalized before more than 5-10% of the
dosc is dclivered, The original motivation
for the current study was a hypothesis that
the cxtremely rapid rise in attenuation of
untrcated fibers at low doses muay be duc to a
class of readily damaged pre-cxisting defccts.
It was hypothesized that  the hydrogen gas
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Fig. 3. Radiation-induced absorption for the control fiber (1)

and the three fibers (2H, 3H, 4H), which were exposed to

radiation while hydrogen was present, prior to the atten—
uation measurcments shown here.
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Fig. 4. Daa of Fig. 3, rcpeated to illustrate behavior at carly
times (low doscs).
might bind into thosc sites in thec presence
of radiation, thereby decreasing the damage
probability for that site. If this had oc-
curred, the fibers trecated with hydrogen
would not have displayed the rapid initial
increasc in attcnuation, and idecally would
have demonstrated a lincar dependence of

aticnuation on dosc. In the observed data,
however, the attenuation obscrved in gl the
samples, whether hydrogen trcated or not,
was still very nonlincar,

Nevertheless, the hydrogen plus  pre-
irradiation trcatment has  demonstrated  cox-
tremely beneficial results, yiclding about 8x

less attenuation at
rad doses (cf. Fig. 4).

carly times and few 100
Thus, some classes of



defects have been partially (or totally)
hezled by the hydrogen treatment, but
clearly not all them. Other choices of pre-
irradiation conditions (higher doscs, for
example) nced to be further examined.
Additional work is clearly required to
optimize this process. The three pre-irradia-
tion dose lIevels chosen herein suggest that
still higher doses may be more beneficial.
The stability of the hydrogen bound into the
creatcd defects nceds to be studied, although
it would be anticipated that this hydrogen
should be very robustly bound into those
sites. Additional studies should be made
when a larger fraction of the hydrogen has
diffused out of the fiber. Further studies
could also cxplore hydrogen trecatment of the

fiber preform, before fibers are drawn, as
was demonstrated to significantly improve
UV performance of similar fibers [11].
Transient radiation-induced attenuation

measurements need to be completed to seec if
the large differences noted herein, ap-
proaching a decade improvement in radi-
ation-induced attcnuation, can be duplicated
under pulsed exposure conditions.
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