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ABSTRACT

Fibers doped with rare-earth constituents such as Yb*" and Er’’, as well as fibers co-doped with these species, form an
essential part of many optical systems requiring amplification. This study consists of two separate investigations
examining the effects of gamma-radiation-induced photodarkening on the behavior of rare-earth doped fibers. In one
part of this study, an Yb*'-doped fiber was actively pumped by a laser diode during a gamma-radiation exposure to
simulate the operation of an optical amplifier in a radiation environment. The response of the amplified signal was
observed and monitored over time. In the other part of this study, a suite of previously irradiated rare-earth doped fibers
was heated to an elevated temperature of 300°C and the transmittance monitored over an 8-hour period. Transmittance
recoveries of ~10 - 20% were found for Er’*-doped fiber, while recoveries of ~5 - 15% and ~20% were found for Yb*'-
and Yb*'/Er** co-doped fibers, respectively.

Keywords: Rare-earth doped fibers, photodarkening, radiation-induced absorption, gamma irradiation, fiber loss
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1. INTRODUCTION

The extensive presence of fiber-optics in modern systems largely stems from the high-bandwidth capabilities and high
reliability of this technology. For these reasons, an ever-increasing effort has been made in recent times to use fiber-
optics in highly specialized applications, including systems operating in radiation environments. Such adverse radiation
environments are diverse and range from nuclear to space environments. The monolithic structure of these fibers leads
to high-reliability and their low weight and small volume are further qualities that make them desirable for systems
operating in adverse-radiation conditions.

This particular research effort studies the effect of gamma radiation on rare-earth doped optical fibers. Fibers doped with
these rare-earth constituents are of particular interest, since they often serve as the most important part of a fiber optic
system due to their high-power capabilities, and are often the most sensitive part of this system'®. The types of doped
fibers that will be investigated in this paper are Yb*'-, Er’’-, as well as Yb*"/Er’" co-doped fibers. The first ion has a
simple band structure, which can be used to amplify signals in the ~1.06 um region, while the second is extensively used
in applications due to its ability to amplify in the low-loss ~1.53 um operating region of optical fibers’"''. The co-doped
fibers combine high absorption efficiency of the Yb-ion with the favorable output amplification region of the Er-ion,
thereby creating a fiber which is highly desirable in many applications'*™".

When optical fibers are exposed to gamma radiation, a photodarkening process takes place in which the optical
transmittance of the fiber decreases with increasing accumulated dose. Understanding this process is of great
importance, since it increases the predictability of fiber behavior, improving designs for systems operating in radiation
environments. The physical origin of the darkening is the presence of trap states, which are filled as a consequence of
radiation, leading to an unwanted increase of absorption of light at relevant wavelengths, such as the signal and pump



wavelength of an amplifier'***.

overall output power reductions of fibers connected in amplifier configurations

Photodarkening thus manifests itself as a light loss through passive fibers, leading to
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The amount of absorption present is contingent upon a large number of factors, ranging from the fiber geometry,
fabrication methods, and type of glass, to specific type and amounts of dopants, as well as type of radiation, dose rate,
and total accumulated dose””>’. Temperature furthermore plays a significant role in the kinetics of absorption centers,
one of the important effects being the ability to reverse the radiation-induced absorption using elevated-temperature
anneals'” > The thermal energy, if significant enough, can release the electron out of a given trap, thereby dissolving
the absorption associated with that center. The effect of thermal anneals on rare-earth doped fibers is the focus of the
first part of this study, since it is relevant to both the underlying physics as well as the engineering aspect of fiber optic
design. It is important to emphasize that elevated temperatures could potentially be designed into a given system as a
mode of operation.

From the perspective of system design for applications in environments such as space, the effect of radiation on rare-
earth doped fibers in an active amplifier system is paramount, which is why the second part of this study investigates the
output of an Yb*-doped fiber amplifier with the active rare-earth doped fiber spool under irradiation. In terms of the
radiation-induced degradation, the presence of pump photons in the amplifier allows for the possibility of more complex
processes in contrast to the ones present in the passive rare-earth doped fibers, so evidence of the presence of such
processes will be looked for.

2. EXPERIMENT
2.1 Fiber Anneals

To study the effect of annealing on rare-earth-doped fibers, a suite of Yb*'- and Er’*-doped aluminosilicate fibers from
Liekki and Nufern that had previously been irradiated during earlier sets of experiments was subjected to elevated
temperatures. The initial irradiations had been passive (i.e. the fibers had not been pumped), and for the exposure, a Co™
source from the Gamma Irradiation Facility (GIF) at Sandia National Laboratories, New Mexico, had been used. Since
the experiments had looked at a myriad of different irradiation conditions, the primary focus of the anneals was to find
out whether or not, as well as and how much, recovery of lost transmittance was possible. An exhaustive study of the
relation between irradiation conditions and recovery was not attempted, as more repeatability would have been required.

Figure 1: Two aluminum heater blocks stacked on top of each other with the rare-earth doped fibers (not seen in picture) coiled inside
a milled part of the lower heater in between the two heaters shown. Picture also shows location of heating elements, as well as one of
the locations of one of the thermocouple (the other being underneath the lower heater).




Anneals were conducted at least one month after initial irradiations had taken place. The annealing experiments
consisted of guiding broad-band reference light from a xenon arc lamp through a collimating lens and a focusing lens
into one of the connectorized ends of the rare-earth doped fiber. The light exiting the other end of the fiber was then
guided into an optical spectrometer (Ocean Optics NIR 512). The rare-earth-doped sample fibers were then coiled to a
diameter under 5” and placed into a groove milled into an aluminum heater (Figure 1), to which heat was transferred via
four cartridge heaters. To keep the fiber in place while ensuring uniform heating, another heater with four cartridge
heaters was placed on top of the one containing the fiber. A maximum temperature of 300°C was chosen and said
temperature was kept constant for 8 hours, after which the heaters were turned off until temperatures close to room
temperature were achieved. Spectra throughout the entire experiment were taken in the near infrared at regular time
intervals (~12 mins) and associated temperatures were recorded with the spectra. An analysis of the effect of post-
irradiation annealing was then performed.

2.2 Active Amplifier Irradiation

In the second part of this study, an Yb*'-doped optical fiber from Liekki was actively pumped in an amplifier
configuration and monitored in situ during a radiation exposure from a Co® source at the Leach Science Center in
Auburn, AL. A schematic of the experimental setup is given in Figure 2 (a). The amplifier was composed of passive
fiber, an Yb’"-doped optical fiber, a Micro Laser Systems Fermion I probe laser at ~1.06 pm, and a pump laser diode
radiating at 916 nm and operating near 2 V. The pump light was coupled into an optical isolator, and the two laser
beams were then unified into a single delivery fiber using a combiner. The delivery fiber was a passive, undoped
20/123DC fiber from Liekki, which propagated the signal and pump beams through a conduit into the gamma irradiation
cell. The passive fiber was then fusion spliced to ~3 m of active Yb*"-doped Yb1200-20/125DC fiber from Liekki, the
first number designating the nominal peak absorption at 976 nm in the core in dB/m, and the second and third numbers
denote the core and cladding diameters, respectively, in um. The ‘DC’ specifies double-clad fibers. The active fiber,
which was spooled and mounted vertically to assure uniform irradiation, was positioned such that there was as little of
the passive fiber as possible protruding out of the conduit port hole, the intention being to avoid darkening of the passive
fiber to assure that the radiation-induced processes would only be present in the active fiber portion of the amplifier. The
second end of the Yb**-doped spool was fusion spliced to another passive 20/123DC fiber, which guided the output of
the amplifier out of the test cell and onto a 3X Coherent detector, which was configured for the manual monitoring of the
probe wavelength of ~1.06 pm.
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Figure 2: (a) Gamma test cell at Auburn University, Auburn, AL. (b) Amplifier output power at ~1.06 um vs. diode drive current plot
before gamma-radiation exposure.



To operate the amplifier, the probe laser was adjusted to give the maximum amplifier output, and the current driving the
pump diode was kept at 6 A throughout the experiment, the only exceptions occurring while tracing output power vs.
diode drive current curves. Figure 1 (b) shows one such curve taken before commencing the irradiation. It should be
noted that the amplifier output power at all diode drive currents was much greater before the amplifier was passed
through a conduit into the gamma test cell, a consequence likely due to stresses induced in the fiber due to tight turns of
the conduit. Within the shielded gamma cell, the individual Co® elements were arranged on a platform, which was
raised out of a pool of water when the irradiation was to begin. The source array was found to yield a dose rate of
approximately 419 rad(Si)/hr, which was determined as the average of a Geiger-Miiller counter measurement (~440
rad(Si)/hr) and a measurement using an array of thermoluminescent devices (TLDs, yielding ~400 rad(Si)/hr on
average).

3. RESULTS
2.1 Fiber Anneals

Before the anneals were conducted, all fibers were irradiated by a Co® source, leading to substantial radiation-induced
photodarkening™. Figure 3 depicts the recovered loss from a representative Er’*-doped fiber, the lower line showing the
wavelength-dependent transmittance after irradiation normalized relative to the transmittance of the pre-irradiated fiber,
and the upper line showing the transmittance of the fiber after the 8 hour, 300°C elevated-temperature anneal (on the
same scale). It can clearly be seen that the average recovery of this fiber is on the order of 20%, and that the recovery is
clearly non-uniform with respect to wavelength, with the least amount of recovery observed at the extrema of the
measurement window (below 1.0 pm and close to 1.7 um). Figures 4 (a) depicts the change of transmittance relative to
the initial post-irradiation transmittance for various temperatures during the heat-up phase, while Figure 4 (b) shows the
change in transmittance for different times during the 8 hour soak relative to the initial transmittance spectrum
corresponding to when the temperature reached 300°C. The former plot indicates that significant recoveries of
transmittance loss are attained at a temperature of 270°C, with temperatures below ~200°C actually showing a decrease
in transmittance. While the heat-up phase yields a little more than one half of the final transmittance recovery of the
Er’*-doped fiber, the rest is obtained during the 8 hour soak, shown in the latter plot. Only a minute amount of
transmittance recovery was obtained during the cool-down phase (not depicted). Looking at the entire suite of heated
fibers doped with Er-ions, the average transmittance recovery was ~15-20%.
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Figure 3: Transmittance of a gamma-radiation photodarkened Liekki Er16-8/125 fiber before and after 8 hour thermal anneal (see
section 2.2 for fiber designations). Values are normalized to pre-irradiated transmittance.
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Figure 4: Transmittance of Liekki Er16-8/125 fiber at different temperatures and anneal times. Plot (a): heat-up phase, normalized
relative to initial pre-anneal but post-irradiation transmittance values (note: heat-up times are also shown). Plot (b): 8 hr soak,
normalized relative to first transmittance spectrum that reached the temperature of 300°C.

Figure 5 depicts the recovered loss in a representative Yb’'-doped fiber after the 300°C anneal. It can clearly be seen
that the transmittance increased about 15% across the spectrum, with most of the recovery occurring away from the
extremes of the measured wavelength window, as in the Er’*-doped fiber. Figure 6 shows the recovery observed during
(a) the heat-up phase, and (b) the cooling-down phase of the elevated-temperature anneal experiment. It is evident that
the majority of the transmittance was recovered during the heat-up phase of the experiment, and a close look at the data
set reveals that significant transmittance recovery is only seen at temperatures above ~250°C. An interesting feature just
below the wavelength of 1.1 pm in Figure 6 is noteworthy: When the fiber is heated up, the transmittance here decreases
to about one-half the original value (Figure 6 (a)); but as the fiber cools, the transmittance increases by a factor of about
two (Figure 6 (b)), thereby representing a temperature reversible absorption center. Other Yb’"-doped fibers showed less
recovery, with all transmittance recoveries falling in the range of ~5-15%, as well as a less pronounced temperature
dependent absorption at 1.1 pm.
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Figure 5: Transmittance of a Liekki Yb1200-4/125 fiber before and after 8 hour thermal anneal (values normalized to pre-irradiated
transmittance).
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Figure 6: Transmittance of a Liekki Yb1200-4/125 fiber at different temperatures and anneal times. Plot (a): heat-up phase,
normalized relative to initial pre-anneal but post-irradiation transmittance values. Plot (b): cooling phase, normalized relative to last
transmittance spectrum with temperature of 300°C before heaters were turned off.

The result of annealing an Er’*/Yb**-co-doped fiber is shown in Figure 7. The largest normalized transmittance increase
in the entire data set is observed in this sample, at a wavelength of just over 1.6 um, where an increase of ~30% is
observed. Although this sample experiences a large average recovery of ~20%, much like the Er**-doped fibers, the
general annealing behavior bears more resemblance to the Yb’'-doped fiber, exhibiting no initial decrease of
transmittance at lower temperatures, and showing the same temperature-dependent, reversible absorption at ~1.1 pm.
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Figure 7: Transmittance of a Nufern multi-mode EYDF-12/130-HE Er*'/Yb*" fiber before and after 8 hour thermal anneal (values
normalized to pre-irradiated transmittance).

2.2 Active Amplifier Irradiation
The radiation exposure of the active amplifier consisted of several short irradiation periods with one long irradiation

taking place at the end, all carried out using a 6 A diode drive current. The initial short irradiation periods were a
consequence of radiation measurement apparatus such as TLDs being brought into and out of the radiation cell and



another concurrent experiment being run. The result of the last irradiation is depicted in Figure 8, plotted as amplifier
output at the probe wavelength of 1.057 um in mW vs. dose, with approximately ~7.6 krad(Si) of dose being
accumulated during this period. Periods during which the source was lowered and the irradiation stopped (e.g. to remove
TLDs) did not result in any annealing of the radiation amplifier performance degradation, nor did the 2 hour post-
irradiation period after the experiment, also depicted in Figure 8. All data was recorded manually, leading to gaps in the
plot in Figure 8, but the data still shows a clear exponential decrease of amplifier output power from ~780 mW to ~137
mW, emphasized with an exponentially shaped curve fitted to the data points obtained during the final irradiation. The
power loss indicated by the fitted curve is approximately 1 dB/krad(Si).
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Figure 8: Decrease of amplifier output power at ~1.06 um vs. total accumulated radiation dose. The source was lowered after a dose
of about 7.6 krad(Si), and post-irradiation data is also shown. The exponential curve was fitted to the data points during the
irradiation. The dose rate was ~419 rad(Si)/min.

Figure 9 depicts the amplifier output power vs. diode pump current for various accumulated doses up to 7.6 krad(Si),
after which the curves remains constant. The monotonic decrease in amplifier output power at all pump currents clearly
shows the degradation of the amplifier performance. It should be noted that the amplifier output power vs. diode drive
current plot before any irradiation took place (Figure 2 (b)) is not plotted in Figure 9, because there were several short
previous irradiations and some changes in amplifier output power were observed prior to the commencement of the final
irradiation period. These can be attributed to the amplifier untwisting and settling in the conduit, since guiding the
amplifier through the conduit required much bending of the amplifier, affecting the amplifier output power. Based on
the amplifier output power at a diode drive current of 6 A before any radiations exposures and before the final
irradiation, however, it can be surmised that the plot of Figure 2 (b) should be very close to the initial curve of 0 krad(Si)
of Figure 9 (the initial powers are ~780 mW for the latter vs. ~790 mW for the former).

To gain physical insight into the process of photodarkening, data with the pump diode current set at 0 A was taken over
an accumulated dose of ~5.4 krad(Si). Although there are uncertainties with respect to the detector, the data normalized
to a 1 m fiber length suggests a transmittance decrease at ~1.06 pm of around ~15%, which is very close to what was
found in previous passive irradiations with similar Yb**-doped fibers, suggesting that generation of color centers at the
pump wavelength are of primary concern with respect to amplifier performance®.
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Figure 9: Amplifier output power at 1.057 um vs. diode drive current for various total accumulated radiation doses during the final
irradiation period under a dose rate of ~419 rad(Si)/min.

4. CONCLUSION

Two studies were conducted pertaining to the operation of rare-earth doped amplifiers in radiation environments. In the
first part, thermal annealing of gamma-irradiated rare-earth optical fibers was conducted to determine the degree to
which photodarkening can be reversed. In the second part, the effects of gamma radiation on an actively-pumped Yb*'-
doped amplifier were examined to assess the degree of degradation in performance. The design of an optical amplifier
system relies on the understanding of the behavior of the amplifier in various operational modes, and both experiments
give valuable insight into possible operational modes for an optical amplifier system. The specific modes investigated in
this study are the amplifier is being pumped continuously, as well as the amplifier fiber is being annealed via heaters
while not operating.

With regard to the annealing experiments it was found that the photodarkened fibers exhibited transmittance recovery
following the 8 hour, 300°C thermal anneal. The recoveries were non-uniform across the measured wavelength window
from ~1.0 um to 1.7 um and ranged from ~5-20% on average, with Er’*-doped fiber showing average transmittance
increases of ~15-20%, Yb’*-doped fibers showing increases of ~5-15%, and the Er’*/Yb**-doped fiber showing increases
of ~20%. Significant recovery was only found when the fibers were heated above ~250°C, and the literature suggests
that complete photodarkening recovery might only be possible at even higher temperatures®. In the Er’*-doped fibers, a
little more than half of the recovery was obtained during the heating period alone, with most of the remaining recovery
being attained during the 8 hour soak. The Yb’'-doped fibers, by contrast, tended to experience most of the recovery
during the heating phase, with more moderate recoveries during the soak and cooling down phases. The Yb’*-doped
fiber samples also showed a temperature-dependent, reversible absorption at wavelengths just below 1.1 um, in which an
elevated temperature of 300°C leads to a reduction in transmittance, while cooling the sample fiber down returned the
transmittance to or close to its pre-heated state. All in all, the fiber transmittance recovery data is important with respect
to the design of systems operating in ionizing radiation environments, as well as from the standpoint of giving insight
into basic processes of rare-earth doped fibers.



With regard to the active amplifier irradiation experiment, the data showed an exponential decrease in amplifier output
power at the signal wavelength incurred by the radiation environment. Plotting amplifier output power vs. diode pump
current showed a monotonic decrease of the power at all drive currents, which was not found to anneal in a 2 hour
source-free room temperature anneal. A closer look at the transmittance of the 1.06 um signal wavelength indicates a
decrease of ~16%, which is commensurate with values obtained in previous passive Co® exposures of similar Yb*'-
doped fibers. This suggests that the absorption centers responsible for the decrease of transmittance at the signal
wavelength is neither affected by the presence of the signal wavelength nor by the presence of the 916 nm pump
wavelength. Especially the latter is an important result, since it indicates that the formation of absorption centers at the
pump wavelength are of primary importance concerning the performance of the amplifier as opposed to the formation of
absorption centers at the signal wavelength. Thus, the data presented here indicates that the degradation of amplifier
performance can be attributed to a decrease in energy transfer efficiency from the pump wavelength to the lasing
wavelength, caused by the formation of absorption centers at the pump wavelength. This highlights the importance of
closely investigating the pump wavelength in order to improve performance, lifetime, and reliability of the Yb’*-doped
amplifier.

Rare-earth doped optical fiber amplifier systems are sensitive to radiation environments, and the results of this study are
valuable to the design of amplifier systems in regard to withstanding gamma radiation. The data within this publication
indicates that radiation hardening of the amplifier requires material engineering of the active rare-earth doped fiber
material, in particular with regard to the prevention of absorption centers related to the pump wavelength. With respect
to a possible thermal annealing mode of operation during which the amplifier is turned off, it can be said that a minimum
temperature must be reached (~250°C). The soak time of the anneal is of less importance in an Yb’-doped fiber than in
an Er’*-doped fiber, since the former experiences most of the recovered transmittance during the heat-up phase of the
anneal. Although the data presented gives insight into optical amplifier design issues for radiation environments, further
research in the area of amplifier degradation mechanisms is necessary to allow for the design of specific applications.
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