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We investigate optical and electrical behaviors of a graphene saturable absorber (SA) and mode-locking perfor-
mance of a graphene-SA-based mode-locked Er fiber laser in gamma-ray radiation. When irradiated up to 4.8 kGy
at ∼100Gy∕hr dose rate, the overall nonlinear transmittance in transverse electric mode was increased, while
maintaining modulation depth to >10%. The corresponding polarization-dependent loss was reduced at a
1.2-dB/kGy rate. In the electrical properties, the charge carrier mobility was reduced, and the Dirac voltage shift
was increased to positive under gamma-ray radiation. The radiation-induced optical and electrical changes turned
out to be almost recovered after a few days. In addition, we confirmed that the graphene-SA-based laser showed
stable CW mode-locking operation while the inserted graphene SA was irradiated for 2-kGy at a 45-Gy/hr dose
rate, which corresponds to >40 years of operation in low Earth orbit satellites. To the best of our knowledge,
this is the first evaluation of graphene SAs and graphene-SA-based mode-locked lasers in gamma-ray radiation,
and the measured results confirm the high potential of graphene SAs and graphene-SA-based lasers in various
outer-space environments as well as other radiation environments, including particle accelerators and radiation-
based medical instruments. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000742

1. INTRODUCTION

As femtosecond mode-locked lasers and optical frequency
combs have advantages in precise time/frequency metrology
due to their large spectral bandwidth and ultra-low noise, there
have been emerging interests in space-borne applications of
such laser sources, ranging from fundamental physics [1,2]
through precision metrology [3,4] to navigation [5]. In particu-
lar, mode-locked fiber lasers, with their compactness, align-
ment-free operation, and light weight, are highly suitable for
serving for space-borne applications. Recently, a mode-locked
fiber laser oscillator and a fiber frequency comb have been suc-
cessfully loaded on a low Earth orbit satellite [6] and a sounding
rocket [7], respectively. These recent demonstrations show the
potential of fiber-based mode-locked lasers and frequency
combs as satellite payloads.

To maintain stable and ultrashort pulses from mode-locked
lasers in space environments, a saturable absorber (SA) has to be
robust against radiation. The SAs based on Kerr nonlinearity,
such as a nonlinear amplifying loop mirror, could be easily
affected by optical fiber attenuation due to their intensity-
dependent performance. An optical fiber has radiation-induced
attenuation (RIA), which depends on radiation energy, dose

rate, exposure time, and temperature. In gamma-ray radiation,
a standard single-mode fiber and an Er fiber show 7 dB/km [8]
and ∼10 dB∕m [9] attenuation at ∼25°C with 1 kGy radiation
at 44.3 Gy/hr and 36 Gy/hr dose rates, respectively. Note that
the gain fiber also includes a gain degradation (∼5 dB in an Er
fiber for 1 kGy radiation at 32 Gy/hr dose rate [10]), which
makes the Kerr-nonlinearity-based SAs more sensitive to radi-
ation. On the other hand, real SA performances are determined
by the properties of saturable absorption materials such as
semiconductors, carbon-based materials (graphene, carbon
nanotubes), and topological insulators. Thus, using real SA
devices based on radiation-resistant materials could be more
effective for mode-locked lasers in radiation.

So far, radiation tests of SAs and mode-locked lasers have
been performed only for semiconductor saturable absorber mir-
rors (SESAMs). The SESAM showed a sudden degradation of
its optical performance at 1.2 kGy in gamma-ray radiation
because of defects developed in semiconductor layers during
radiation [11]. The SESAM-based mode-locked lasers in radi-
ation were examined as well [6,12].

Graphene, a single layer of carbon atoms formed in a
hexagonal lattice, has attracted great interest from various
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applications due to its unique optical and electrical properties
[13–15]. In fiber laser systems, graphene has been one of the
most promising materials for a mode locker and ultrashort
pulse generation [16–19]. Considering its atomic structure,
graphene has minimal interaction with high-energy ions owing
to its very small thickness and low nominal cross section [20].
From this characteristic, graphene also can be an attractive
material for applications in radiation environments including
outer space [21]. There have been several research efforts for
characterization of graphene and graphene-based devices under
high-energy radiation (100 kGy–3 MGy) [22–26]. Graphene
showed defects such as vacancies and interstitials when irradi-
ating high-energy particles beyond the damage threshold [22].
However, fewer defects are expected at few kGy radiation,
which is the typical condition with proper shielding for sat-
ellite payload applications [27]. In addition, no radiation test
has been performed for graphene SAs or graphene-SA-based
mode-locked lasers so far.

In this paper, we investigate the behavior of graphene SAs and
evaluate the performance of graphene-SA-based mode-locked
lasers in gamma-ray radiation. During radiation at∼100 Gy∕hr
average dose rate, the graphene SA at low fluence in transverse
electric (TE)mode showed an increased nonlinear transmittance
(NLT) from 3.8% (no irradiation) to 14% (4.8 kGy irradiation),
while maintaining its modulation depth to 10%–11% in the
measurement range. The corresponding polarization-dependent
loss (PDL) was reduced at 1.2 dB/kGy rate. In electrical proper-
ties, electron (hole) mobility was reduced to 16% (93%), and a
Dirac voltage was shifted to�15 V after irradiation of 2.3 kGy.
Such changes were almost recovered a few days after radiation. In
addition, we confirmed that the mode-locked laser showed sta-
ble operation when the inserted graphene SA was irradiated for
2 kGy at 45 Gy/hr dose rate. This corresponds to the irradiation
dose for ∼40 years operation in low Earth orbit, which is much
longer than the typical lifespan of satellites. Thus, the graphene
SAs would be suitable for mode-locked lasers for satellite
payloads and have potential for various applications in radiation
environments.

2. PREPARATION OF THE DEVICE AND
GAMMA-RAY IRRADIATION

For the SA under test, we used an evanescent-field interacting-
type side-polished fiber as an SA platform [see Fig. 1(a)]. A
monolayer graphene was grown on a copper foil by the chemi-
cal vapor deposition method [28] and coated with polymethyl-
methacrylate (PMMA) film, which was used as a supporting
layer. The copper foil was etched by using an ammonium
persulfate solution and the graphene/PMMA layer then trans-
ferred onto the side-polished fiber embedded in a grooved
quartz block. The PMMA supporting layer was then removed
by acetone. Since a monolayer graphene-based SA has a low
modulation depth (<1%) and little polarization dependence,
an over-cladding layer was introduced on the graphene layer
to enhance interaction between graphene and light [18].
Here, we used an index-matched ultra-violet (UV) cured poly-
mer as the over-cladding layer.

A standard back-gated graphene field effect transistor (FET)
was fabricated as schematically shown in Fig. 1(b) to investigate

electrical behavior under radiation. A graphene sheet, fabricated
in the same manner as the graphene SA, was transferred onto
the silica/silicon substrate. The graphene layer, which acts as a
channel, was then connected to source and drain electrodes to
characterize the electrical response at applied back-gated volt-
age. The fabricated graphene FET was also covered with
UV-cured polymer, the same as used in the graphene SA for
parallel comparison.

To investigate how the graphene SA behaves in radiation
environments, the radiation test was conducted at the 60Co
facility at KAERI-ARTI (Jeongeup, South Korea). The temper-
ature in the radiation room was 28–29°C during the test. The
graphene SA was irradiated up to 6.7 kGy at a 98 Gy/hr dose
rate, referring to Refs. [6,11].

3. OPTICAL PROPERTIES OF GRAPHENE SA IN
GAMMA-RAY RADIATION

We first examined the optical properties of the graphene SA in
radiation of gamma rays. The optical properties were measured
when irradiated to 0 kGy, 2.5 kGy, 4.8 kGy, and 6.7 kGy, using
a femtosecond pulse and a continuous-wave (CW) light. By
adjusting an input polarization state, we measured the optical
properties in TE and transverse magnetic (TM) modes. Note
that the NLT of 6.7 kGy-irradiated graphene SA was measured
three days after radiation without any special treatment.

As a pulse source, we used a lab-built polarization-maintain-
ing Er fiber laser with 34 MHz repetition rate and ∼300 fs
pulse duration. The incident fluence was modulated in the
range of 1–1000 μJ∕cm2 by an optical attenuator. To observe
the radiation-induced changes of optical properties, we evalu-
ated the modulation depth and the saturation fluence from
the NLT curve, which are important to determine the SA
performance.

The fabricated graphene SA under test had 3.8% NLT at
low fluence (∼5 μJ∕cm2) and 10% modulation depth in TE
mode, whose polarization of the light is parallel to the graphene

Fig. 1. (a) Schematic of the graphene SA with a UV-cured polymer
over-cladding on the monolayer graphene sheet and (b) back-gated
graphene FET including the over-cladding. (c) Optical microscope
image of the graphene SA at the edge of interaction region. (d) Photo
of the devices.
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layer [curve (i) in Fig. 2(a)]. On the other hand, in TM mode
where the light hardly interacts with the graphene, the NLT was
85% at low fluence, and the modulation depth was 2%.

As shown in Fig. 2(a), the overall NLT curve in TE mode
was increased by radiation, showing an increase of NLT at
low fluence (∼5 μJ∕cm2): 3.8%, 7.8%, and 14% at 0 kGy,
2.5 kGy, and 4.8 kGy irradiation dose, respectively. The modu-
lation depths in TE mode, in the measurement range, were
maintained at 10%–11%. There were no noticeable changes
in the NLT curves in TM mode. They showed constant modu-
lation depths in 2%–3%. Since the saturation was not observed
in the measurement range, we fitted the curves to the equation
in Ref. [29] for the estimation of the saturation fluence:

q�S� � qsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S�1� S�

p arctanh

� ffiffiffiffiffiffiffiffiffiffiffiffi
S

1� S

r �
� qns, (1)

where qs is the saturated loss, qns is the nonsaturable loss, and S
is the ratio of the peak intensity to the saturation intensity.

From this calculation, the saturation fluence was
8298 μJ∕cm2, 6522 μJ∕cm2, and 391.3 μJ∕cm2 at 0 kGy,
2.5 kGy, and 4.8 kGy irradiation, respectively. Although the

saturation fluence was reduced, the modulation depth was still
larger than 10%. As a result, the graphene SA showed >10%
modulation depth even at 4.8 kGy irradiation, whereas the
SESAM showed sudden changes in its modulation depth
and saturation fluence at 1.2 kGy [11]. In addition, in contrast
to the SESAM, the NLT curve was increased in TE mode under
radiation. This graphene SA behavior enables robust operation
of mode-locked lasers in spite of the RIA of fiber.

The PDL and the insertion loss (IL) of the graphene SA
shown in Fig. 2(b) were measured by the CW light as well.
The incident power was −2 dBm. Before radiation, the PDL
and IL were 13.4 dB and 0.7 dB, respectively. The PDL
was reduced by a 1.2 dB/kGy rate from 13.4 dB (no irradia-
tion) to 7.7 dB (4.8 kGy irradiation), while the IL was kept
almost uniform.

Interestingly, the NLT curve showed recovery behavior, after
the irradiated SA was placed in a laboratory environment for
three days without any special treatment. The NLT curve
was almost recovered to un-radiated condition—even irradi-
ated up to 6.7 kGy (4.0% at ∼5 μJ∕cm2, see curve (ii) in
Fig. 3). This indicates that the increase of NLT curve by radi-
ation is not a permanent change. In Fig. 2(b), there is a slightly
increased IL from 0.7 dB to 1.0 dB after radiation, while the
PDL is almost recovered to 13 dB. It seems that the radiation-
induced PDL reduction affects an IL increase in the process of
self-healing after radiation.

4. ELECTRICAL PROPERTIES OF GRAPHENE
SA IN GAMMA-RAY RADIATION

The graphene SAs integrated with FETs can manipulate their
NLT characteristics electrically by active control of gating, as
recently reported in Ref. [19]. Thus, we also investigated
the electrical behavior of graphene FETs [Fig. 1(b)] under
radiation. The transfer characteristics of the back-gated
graphene FET were measured after 0 kGy, 2.3 kGy, and
4.2 kGy irradiation [curves (i)–(iii) in Fig. 4] at a 95 Gy/hr

Fig. 2. (a) NLT of the graphene SA measured by the femtosecond
pulses in TE mode (inset: NLT in TM mode). (b) PDL and IL of the
graphene SA as a function of irradiation dose measured by the CW
light. (i) 0 kGy, (ii) 2.5 kGy, (iii) 4.8 kGy, and (iv) 6.7 kGy at
98 Gy/hr average dose rate. Note that the 6.7 kGy-irradiated sample
(iv) was measured three days after radiation (without any special treat-
ment), showing the recovery property in PDL.

Fig. 3. Measured NLT curve of the graphene SA in TE mode
(i) before radiation and (ii) three days after radiation of 6.7 kGy (inset:
NLT curve in TMmode). Note that there was no special treatment for
three days.
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dose rate. Note that the data irradiated to 4.2 kGy [curve (iii) in
Fig. 4] were measured four days after radiation without any
treatment.

After 2.3 kGy irradiation, we observed that the average elec-
tron (hole) mobility of the graphene FET was changed to 16%
(93%) with the Dirac voltage shift of�15 V as shown in curve
(ii) in Fig. 4. This tendency of shifted Dirac voltage to the pos-
itive direction with reduced mobility reasonably agrees with
that of a previous observation of gamma-ray-radiated graphene
FET [25]. Moreover, the change of electrical properties at
4.2 kGy irradiation was observed to be almost recovered, when
measured after a few days. The average electron (hole) mobility
and the Dirac voltage were recovered back to 45% (108%) and
�1.5 V of the non-radiated results, respectively, as shown in
curve (iii) in Fig. 4. Note that this recovered behavior was
not observed in the previous study [25] where the device was
exposed under much stronger gamma-ray radiation of 200 kGy
than ours (4.2 kGy). Thus, we expect that a permanent damage
or defect is rarely built up at the graphene layer in our gamma-
ray radiation condition. Such recovery can make the graphene
SAs robust at sudden strong radiation impacts such as solar
activity [30]. Moreover, with further research of NLT behaviors
in gating control under radiation, the NLT characteristics of
graphene SAs can be controlled to slow down their radiation-
induced changes.

To identify graphene layer damages under radiation, the
Raman spectra of our sample were measured for different ra-
diation conditions. As shown in Fig. 5, we observed that there
was no significant change in Raman spectra under irradiations
except for a slight increase in defect peak at 1344.4 cm−1. This
tendency reasonably agrees with the result previously reported
[25], and we expect that such small variation in defect signal
does not seriously affect the property of the SA.

5. GRAPHENE SA MODE-LOCKED LASER
OPERATION IN GAMMA-RAY RADIATION

In addition, the mode-locked laser performance was measured
during irradiation to see how the irradiated graphene SA affects
the laser. The laser under test was a 37-MHz-repetition-rate Er
fiber laser mode locked by the graphene SA. In order to realize a
stable mode-locked fiber laser, a ring laser cavity using a hybrid
component consisting of an output coupler, a wavelength di-
vision multiplexer (WDM), and an isolator was built as sche-
matically described in Fig. 6(b). An Er fiber of 1 m was pumped
by a 976 nm laser diode, and a polarization controller was used
to control the polarization state of the light in the fiber laser.
The total cavity length was measured to be 5.6 m, where the
estimated total cavity dispersion was −0.11 ps2. The output
power was 2.35 at 150 mW pump power. We confirmed that
the laser maintained stable mode-locking condition for more
than several days.

The inserted graphene SA had 9% NLT at low fluence in
TE mode and 8% modulation depth before radiation. The
PDL and IL were measured to be 10 dB and 0.7 dB, respec-
tively. In order to see the radiation-induced effects of only the
graphene SA in the laser, radiation to the other laser compo-
nents (in particular, the gain fiber) was minimized. The inserted
graphene SA was irradiated at 45 Gy/hr dose rate, while the
remaining parts of the laser were irradiated with 3.4% of
the irradiation dose to the graphene SA by using lead blocks
[shown in Fig. 6(a)]. The corresponding total irradiation dose
of the graphene SA and the rest of the laser was 1.98 kGy and
67 Gy, respectively. By ∼2 kGy radiation, the graphene SA was
estimated to show an increased NLT curve (from 9% to ∼15%
at low fluence) in TE mode and ∼2.5 dB reduction in PDL
(when referring to the results shown in Fig. 2).

Figures 7(a) and 7(b) show the optical spectra and photo-
detected pulse trains, respectively, when measured at 0 kGy,
0.5 kGy, 1.0 kGy, 1.5 kGy, and 1.98 kGy irradiation doses.
In the optical spectra, the center wavelength is shifted to
shorter wavelength as radiation dose increases [see Fig. 7(a)].
Up to 1.98 kGy irradiation, the center wavelength shifted
by ∼2 nm, while the full width at half-maximum (FWHM)

Fig. 4. Measured transfer characteristics of the back-gated graphene
FET including the over-cladding layer. The results are for (i) 0 kGy,
(ii) 2.3 kGy, and (iii) 4.2 kGy at a 95 Gy/hr dose rate [inset: changes
of the average charge carriers mobility [(iv) electron and (v) hole] and
(vi) the Dirac voltage of the graphene FET as a function of irradiation
dose]. Note that the result of 4.2 kGy irradiation (iii) was measured
four days after radiation without any special treatment.

Fig. 5. Measured Raman spectra of our sample under different ra-
diation conditions (0 kGy, 2.1 kGy, and 4.2 kGy).
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bandwidth was maintained at ∼3 nm. In addition, the time-
domain pulse trains were measured by a 2 GHz InGaAs photo-
detector (EOT, ET-3010) followed by a 1 GHz oscilloscope
(Agilent, DSO6104A). For all radiation conditions, the time-
domain pulse trains were measured to be almost identical, as
shown in Fig. 7(b). Thus, the laser under test maintained stable
CW mode-locking performance up to ∼2 kGy irradiation to
the graphene SA, which is sufficient to operate in low Earth
orbit satellites (typ. ∼250 Gy radiation during their life span)
[31]. Note that the radiation was not proceeded more than
2 kGy due to the limited time of use of the facility.

The average optical power (after 3 dB coupler from the out-
put) was simultaneously measured during radiation as shown in
Fig. 7(c). There was 2.4 dB output power reduction during ra-
diation due to RIA of the optical fiber (especially, Er fiber) and
SA degradation. The estimated RIA of a standard single-mode
fiber and an Er fiber at corresponding irradiation is ∼0.002 dB
[8] and ∼1 dB [9], respectively. After the radiation-induced
change in the NLT was fully recovered, the output power
was still 1.6 dB lower than the measured power before radiation.
Note that, after radiation, the laser required higher pump power
(170 mW) to mode-lock due to gain degradation of the Er
fiber [10,27]. As a result, 1.5 dB of loss was caused by the fiber
RIA, since the IL of the graphene SAwas increased from 0.7 dB
to 0.8 dB, when the PDLwas recovered after radiation, as shown
in Fig. 3. This is similar to the RIA observed in the previous
study of a SESAM-based mode-locked fiber laser (at the

corresponding irradiation dose) [6]. Therefore, 0.9 dB power
loss was due to graphene SA degradation by∼2 kGy irradiation,
which is not permanent damage. The irradiation dose to the
SA, when stable mode-locking was maintained, corresponded
to the exposure of radiation for 41.3 years in low Earth orbit
[6] and 28.3 years in geostationary orbit (in a 3 mm aluminum
shield) [32]. Thus, the graphene-SA-based lasers would be fea-
sible in both low Earth and geostationary orbits, as they can sus-
tain more than the life span of satellites [27,33]. In addition,
graphene-SA-based lasers and devices will be promising in other
radiation environments such as particle accelerators and radia-
tion-based medical instruments [34].

6. CONCLUSION

In summary, we have investigated radiation-induced changes in
optical and electrical properties of the graphene SA in gamma-
ray radiation. We also monitored the mode-locked laser perfor-
mance while the graphene SA in the laser was irradiated up to
2 kGy irradiation dose. When irradiated at ∼100 Gy∕hr
average dose rate, the NLT of the graphene SA in TE mode
was increased as the NLT at low fluence was changed from
3.8% (no irradiation) to 14% (4.8 kGy irradiation). During
radiation, the PDL of the graphene SA was reduced by a
1.2 dB/kGy rate. However, the modulation depth in the mea-
surement range (1–1000 μJ∕cm2) was maintained at ∼10%
even irradiated up to 4.8 kGy, while the SESAM showed sud-
den changes at 1.2 kGy. The average electron (hole) mobility
and the Dirac voltage of the graphene FET showed an 84%
(7%) reduction and �15 V shift, respectively, at 2.3 kGy
irradiation. Interestingly, the optical and electrical changes in-
duced by radiation up to several kGy were not permanent and
mostly recovered after a few days. In addition, we confirmed
that the graphene-SA-based mode-locked laser maintained sta-
ble CW mode-locking condition when the graphene SA was
irradiated up to 2 kGy, which is the irradiation dose of ∼40
years’ operation in low Earth-orbit satellites. From our inves-
tigation results, we believe that graphene-SA-based optical/
electronic devices and mode-locked lasers are highly suitable
for space-borne applications as well as various radiation envi-
ronments, e.g., in particle accelerators and accelerator-based
medical instruments.

Fig. 6. (a) Photo of the radiation test setup of the mode-locked laser.
Note that the rest of the parts in the laser except the graphene SA were
irradiated with a lower dose (3.4% of the irradiation dose to the
graphene SA). (b) Schematic of the laser under test. EDF, Er-doped
fiber; LD, pump laser diode; PC, polarization controller.

Fig. 7. (a) Optical spectra and (b) time-domain photodetected pulse trains of the mode-locked laser for different radiation conditions (0 kGy,
0.5 kGy, 1.0 kGy, 1.5 kGy, and 1.98 kGy). (c) Average optical power change of the mode-locked laser while the graphene SA was irradiated at a
45 Gy/hr dose rate.
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