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We demonstrate a narrow-linewidth external cavity semiconductor laser (ECSL) based on permanent index
modulated Bragg grating feedback for radiation resistance. The frequency selection device of the laser is a highly
stable fiber Bragg grating (FBG) created with a femtosecond laser. The laser shows excellent radiation resistance
after passing through radiation, which is assessed with a y-ray total ionizing dose (TID) radiation test. The
Lorentz linewidth and relative intensity noise (RIN) of the laser show almost no change after irradiation, and are
less than 15 kHz and —150 dBc/Hz, respectively. The maximum output power and laser wavelength slightly
change after irradiation increasing by 3.79% and redshifting by 9.10 p.m., respectively, compared with those
before irradiation. The experimental results show that the compact-structure and low-cost semiconductor laser
based on the permanent index modulated Bragg grating has outstanding stability and robustness against harsh-
radiation environments, and it can meet the radiation resistance requirements of space laser communication
applications for light sources.

1. Introduction reliability of the above application systems [3-8]. Therefore, the radi-

ation resistance of narrow-linewidth semiconductor lasers in the space

Charged particles in the space radiation environment will lead to
abnormal operation or even failure of optoelectronic devices, which will
greatly affect the reliability and life of spacecraft [1]. The radiation
resistance of optoelectronic devices is improved by adding radiation
shielding on their surfaces, but this often leads to extra mass. The weight
requirement is very strict for aircraft, especially for spacecraft; thus, the
radiation resistance of optoelectronic devices must be improved [2].
Narrow-linewidth semiconductor lasers are widely used in space laser
communication [3,4], cold atom experiments [5,6], and gravitational
wave detection [7,8] because of their compact structure, high reliability
and high photoelectric efficiency. The stability of their spectrum, power,
linewidth and other performance parameters in the space radiation
environment as light source devices directly determines the stability and

radiation environment must be investigated.

Traditional external cavity semiconductor lasers (ECSLs), such as
those using etalons, volume gratings and diffraction gratings, can
exhibit significantly reduced linewidth, but their sensitivity to envi-
ronmental vibration and low integration affect the reliability and sta-
bility of the lasers [9,10]. Although distributed Bragg reflection and
distributed Bragg feedback lasers are compact in structure, they usually
have short cavity lengths, which results in short photon lifetimes and
limits the linewidth performance [11,12]. Integrated ECSLs based on
fiber Bragg gratings (FBGs) have attracted attention due to their
compact and stable cavity structure with extremely low intensity noise
levels and narrow linewidths, and they also have the advantages of low
cost and easy preparation [13-15]. FBGs have become a strong
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competitor for space application lasers. Their adaptability to the space
environment is not only affected by radiation-hardened packaging but
also closely related to the radiation resistance of the fiber gratings,
which depends on the formation mechanism of the gratings.

Presently, the preparation methods for the above grating mainly
include ultraviolet excimer laser writing (UV-writing) technology and
femtosecond laser writing (fs-writing) technology [16-20], and their
grating formation mechanisms are essentially different. The UV-written
FBG is based on the light-induced refractive index, and periodic
refractive index modulation is achieved by trapping electrons or holes
through defects to form “color centers”. The color centers are easily
erased under the irradiation of high-energy particles, which affects the
radiation resistance of the grating [16,17]. The fs-writing technology for
FBGs uses the peak power density of ultrashort pulses to induce
breakage of chemical bonds in fiber materials to change the defect
precursors and form permanent refractive index modulation. This
effectively prevents the grating from being changed by y-ray irradiation
[18-20]. Existing research has confirmed that fs-written FBGs have ra-
diation resistance that cannot be matched by UV-written FBGs. For
example, A. Morana et al. demonstrated the X-ray radiation response of
gratings written by different laser light sources and confirmed that the
fs-written FBG has excellent radiation resistance using 1 MGy total ra-
diation measurements [20].

In this work, we demonstrate a narrow-linewidth ECSL based on a fs-
written permanent index modulated FBG. We apply y-ray total ionizing
dose (TID) irradiation to the laser. The laser shows excellent radiation
resistance, and the performance changes very little after the TID test.
The minimum Lorentz linewidth and relative intensity noise (RIN) are
less than 15 kHz and —150 dBc/Hz, respectively, and they are relatively
stable before and after irradiation. The change in photoelectric charac-
teristics after irradiation is minimal. The maximum output power is only
increased by 3.79% and the laser wavelength is redshifted by 9.10 p.m.
compared with those before irradiation. The laser source proposed in
this work reduces the need for antiradiation packaging, and the semi-
conductor laser with a narrow linewidth can not only be used in space
laser communication due to its compact structure and low cost, but also
be extended to gas sensing and precise measurement based on the laser
spectrum [21-23].
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2. Laser structure and irradiation experiment
2.1. Structure and fabrication

A schematic of the ECSL is shown in Fig. 1(a). The laser is composed
of a semiconductor gain chip and a permanent index modulated Bragg
grating, which are coupled and integrated through an aspheric lens. The
narrow ridge quantum dot (QD) gain chip in the 1-pm band is used as the
gain medium [24,25], and the chip cavity length (Lgc) is 1.50 mm. A
significant advantage of the QD structure is the resilience of the pho-
toluminescence and carrier lifetime in high-energy radiation environ-
ments due to the additional lateral isolation of injected carriers within
the gain region, which show excellent radiation resistance in Ref. [26].
The chip is a narrow ridge curved waveguide structure (with an incli-
nation angle of 7°). Both ends of the waveguide are coated with a 90%
high-reflection coating (R;) and a 0.01% antireflection coating to reduce
the influence of the internal cavity mode on frequency selection. The
black curve in Fig. 2 shows the amplified spontaneous emission spec-
trum of the gain chip under 100 mA, and the cavity surface resonance is
effectively suppressed.

In addition, the FBG used to provide optical feedback is prepared in a
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Fig. 2. Gain spectrum (black line) of the gain chip and reflection spectrum
(blue line) of the FBG under 100 mA. The inset shows the frequency selection
mechanism of the FBG and the mode distribution of the equivalent cavity
(red line).
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Fig. 1. (a) Schematic of the ECSL device for radiation resistance, (b) simple model of the laser structure, and (c) photograph of the laser.
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single-mode fiber (Corning, HI 1060 fiber) by femtosecond laser point-
by-point technology [27]. The femtosecond laser used has a wave-
length of 515 nm and a pulse width of 290 fs. The apodization distri-
bution of the grating must be modulated to achieve a laser output with a
high sidemode suppression ratio (SMSR). Therefore, we use an apodized
FBG instead of a uniform FBG to effectively suppress the sidelobe and
improve the SMSR of the FBG spectrum through energy regulation.
Specifically, the femtosecond pulse energy is controlled and adjusted to
make the refractive index modulation amplitude conform to the apod-
ization function distribution during the preparation process. The specific
preparation method has been described in detail in Ref. [28]. The length
(Lgrating) of the prepared third-order femtosecond apodized FBG is 6.00
mm with a period of 1.064 pm and a wavelength of 1030 nm. The blue
curve in Fig. 2 shows the reflection spectrum of the FBG. The full-width
at half-maximum of the FBG reflection peak is measured to be 80.00 p.
m. with an SMSR of 25.20 dB and a reflectivity (Rgrating) of 24.62%. The
low reflectivity can ensure high output power of the laser.

The semiconductor gain chip and fs-written FBG are coupled and
integrated through an aspherical lens (with a total working length of
6.25 mm) to form an equivalent resonator structure, as shown in Fig. 1
(b), and they are packaged into a standard butterfly laser, as shown in
Fig. 1 (c). The equivalent cavity of the laser can be considered a com-
bination of an active gain region and a passive external cavity. The inset
in Fig. 2 shows the equivalent cavity mode and the peak portion of the
Bragg reflection spectrum. The equivalent cavity mode is locked at the
peak wavelength of Bragg resonance. The Bragg band gap of the passive
grating provides mode selection and optical feedback, and the return
light passes through the gain chip to achieve gain amplification of the
locked mode. The quality factor Q of the resonator is increased by
expanding the cavity length of the resonator, and the photon life is
extended; thus, the effective linewidth is narrowed. In addition, an in-
crease in the output power is also helpful for achieving a narrower
linewidth. This is also confirmed by the variation in the linewidth with
current mentioned in Fig. 6 below. The equivalent cavity length (Ley) of
the laser is approximately 10.75 mm, which is composed of the gain chip
length, the aspheric mirror working length and half of the FBG length,
and the corresponding free spectral range (FSR) is 31.8 p.m. A single-
frequency and narrow-linewidth laser output can be ensured based on
the above mode selection, linewidth narrowing mechanism and
consideration of the gain characteristics.

2.2. Irradiation experiment

Relevant research shows that the TID response characteristics of
photoelectric devices in a certain range are related to the dose rate and
the total radiation amount for space radiation experiments of opto-
electronic devices such as lasers, but they are almost independent of the
radiation type [29,30]. Therefore, radiation effect research in the lab-
oratory generally uses only one radiation source to produce a dose rate
and a total radiation amount approximately equivalent to those in the
space environment. In this case, we use a y-ray TID irradiation experi-
ment for the laser [31]. The radionuclide Co®° after radioactive decay is
selected as the steady-state y-ray radiation source. The laser and the
radiation source are placed in a thick-wall lead container during the test.
When conducting offline radiation experiments, the laser is in the off
state during irradiation. The irradiation experiment is conducted at
room temperature with a dose rate of 50 rad/s, and the irradiation is
completed when the dose accumulates to 100 krad.

3. Results and discussion

The key performance characteristics of lasers, such as the linewidth,
phase noise and RIN, are not only limited by the inherent structure of the
laser but also affected by the measurement accuracy and stability of the
laser controller. To avoid such problems, an ultralow-noise current
source (LDX-3620B, ILX Lightwave Corporation) and a thermoelectric
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temperature controller (TEC) (LDT-5910C, ILX Lightwave Corporation)
are used to accurately and stably control the current and temperature of
the laser during the test process. The laser is equipped with a low-pass
filter (LNF-320, ILX Lightwave Corporation) to further suppress the
injected current ripple noise. The above test devices can effectively
avoid the introduction of technical noise. In addition, all tests of the
laser are carried out at room temperature, and the TEC temperature is
set at 25 °C.

3.1. Spectra and power—current-voltage characteristics

To systematically analyze the spectrum and power—current-voltage
(P-1-V) characteristics of the laser before and after irradiation, the
lasing spectra for different injection currents are measured in detail with
a spectral analyzer (wavelength resolution set at 20 p.m.) (AQ6370B,
Yokogawa), and the P-I-V characteristics are recorded using a power
meter and a current source. The TEC temperature of the laser is set to
25 °C, and the injection current ranges from 0 mA to 400 mA in this
process.

Fig. 3 shows the lasing spectra versus injection current before and
after irradiation and demonstrates a jet color map plot of the spectrum as
a function of the injection current. y-ray radiation clearly does not affect
the single-mode lasing characteristics of the laser. When the injection
current exceeds 140 mA (twice the threshold current), the spectrum of
the laser before and after irradiation maintains an SMSR of more than
60 dB. The higher SMSR comes from the apodized Bragg grating and its
single longitudinal mode selection. Fig. 3 (b) and (d) also show that the
laser has stable single-mode lasing characteristics in the full operating
current range, and the minimal difference between the characteristics is
only reflected in the injection current corresponding to the mode hop-
ping position.

To further analyze the output power, SMSR and laser wavelength in
the laser spectrum in detail, we created P-I-V characteristic curves of
the laser before and after irradiation and curves for the SMSR and laser
wavelength as a function of the injection current, as shown in Fig. 4.

The relationship between the output power and the injection current
(Fig. 4 (a)) shows that the threshold current of the laser before and after
irradiation is approximately 70 mA, and the slope efficiencies are 0.41
W/A and 0.43 W/A, respectively. The maximum output power increases
from 137.23 mW before irradiation to 142.44 mW after irradiation.
Radiation exposure caused slight changes in the laser power, and the
reasons will be discussed below. Fig. 4 (b) and (c) show the influence of
radiation corresponding to Fig. 3 on the SMSR and laser wavelength. The
continuous wavelength tuning range of the laser before and after irra-
diation is approximately 31 p.m., which is basically consistent with the
FSR of the equivalent resonator. The SMSRs of the laser before and after
irradiation are 66.74 dB and 65.76 dB, and the corresponding laser
wavelengths are 1030.0960 nm and 1030.1051 nm, respectively, at an
injection current of 400 mA. The changes in the two are only 0.98 dB and
9.10 p.m., respectively. The impact of radiation on the SMSR and
wavelength of the laser is weak.

The influence of y-ray radiation on the wavelength and output power
of the laser is mainly related to the generation of optical fiber defects
induced by radiation. Radiation exposure is associated with the gener-
ation of defects, such as GeE’, Ge (1) and Ge (2) for Ge-doped fibers [23].
Defects will cause an increase in the effective refractive index of the fiber
based on the Kramers-Kronig dispersion relationship. This will further
cause a redshift of the Bragg resonance wavelength according to the
phase matching condition of the Bragg grating. Because the laser
wavelength is related to the Bragg resonance wavelength, the result will
be a redshift of the laser wavelength. A. Morana et al. demonstrated that
the wavelength change of a femtosecond-writing FBG after irradiation is
approximately 10 p.m. [23]. The radiation-induced change in the laser
wavelength in our work is consistent with the above report.

The reason for the radiation-induced change in the laser power is
also related to the above radiation-induced defects. The generation of



J.-Q. Chen et al.

Journal of Luminescence 258 (2023) 119812

@ ,, - (b) 1033 20
1032 -
E 0 3 o E
2 £1031 )
2 -20 c =
=2 E=] 1-20 &
5 21030 H
£ = Q
2 1020 403
=
51028 o
-60
1027
50 150 200 250 300 350 400
Current (mA)
(e) (d) 1033 20
= 1032 o =
€ £
o
=3 <1031 g
3 5 20 8
2 51030 g
2 1029 403
2 3
1028
AL 0
030, 1027
%(”"u 03a 100 o 50 150 200 250 300 350 400

Current (mA)

Fig. 3. Lasing spectra versus injection current: (a) spectra obtained using different currents and (b) jet map of the optical spectrum as a function of the injection
current before irradiation; (c) spectra obtained using different currents and (d) jet map of the optical spectrum as a function of the injection current after irradiation.
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Fig. 4. (a) P-I-V curves of the laser, (b) SMSR versus injection current and (c)
wavelength versus injection current before and after irradiation.

defects decreases the difference in the grating refractive index changes
which decreases the refractive index modulation [18], thereby reducing
the reflectivity of the Bragg grating. Because weak external optical
feedback is conducive to an increase in output power, irradiation in-
duces an increase in the laser power. To pursue absolute stability of the
laser power in the application process in a specific space environment
and avoid slight fluctuations in the power, the erasure of the type I
refractive index modulation from the color center structure can be
solved by high temperature or radiation pretreatment to strengthen the
stability of the femtosecond FBG [20], and a small injection current can
be adjusted to compensate for the weak impact of radiation accumula-
tion. However, the influence of ray radiation on the photoelectric per-
formance of the laser is weak from the analysis of the experimental
results, and the developed laser shows significant radiation resistance.

3.2. Phase/frequency noise and linewidth characteristics

The linewidth characteristic is the key index of the laser, and we used
the modified Schawlow-Townes equation to analyze the linewidth of the
ECSL [32-34]. An external cavity laser can be considered a combination
of an active gain region and a passive external cavity, and the Lorentz
linewidth of the laser can be analyzed as follows:

( )
where I represents the constraint factor, vg is the group velocity in the
active region, gy is the threshold gain, 7 is the single-facet effectiency,
hv is the photon energy, ny, is referred to as the spontaneous emission
factor, ay is the linewidth enhancement factor, and ngc (nex) is the
active (passive) region group index. The quality factor Q of the resonator
is increased by expanding the cavity length of the resonator, while the
photon life is extended and the intrinsic linewidth is suppressed. An
increase in the output power is also helpful for achieving a narrower
linewidth. The relationship between the output power and injection
current must be established to analyze the change in the laser linewidth

with output power. The output power of the ECSL can be expressed by
the following equation:
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where g represents the amount of charge, a represents the differential
gain, N is the carrier density, and Iy, represents the threshold current.
The carrier density and photon number are enhanced with increasing
injection current. The relationship between the theoretical Lorentz
linewidth of the equivalent resonator and the injection current can be
obtained based on the above equations, as shown by the solid line in
Fig. 6.

Because the measurement range and accuracy of the traditional
delayed self-heterodyne method are limited by the length of the delay
optical fiber, we choose to derive and evaluate the linewidth in different
Fourier frequency domains based on the p isolation line integration
theory of the power spectral density (PSD), and we can understand how
the frequency noise affects the change in the laser linetype. The single
sideband PSD L(f) of the phase noise and frequency noise PSD Sg,(f)
directly determine the frequency linewidth of the laser. The relationship
between them can be determined by the following formula:

S5v(£) {HZZ/HZ} =2°L(f) ®3)

The laser linetype (Lorentz or Gaussian lines) can be determined by
Fourier transform of the optical field autocorrelation function according
to the Wiener—Khintchine theorem. The cutoff frequency f, is defined as
the intersection point between the f isolation line and the frequency
noise PSD Sgy(f); the frequency f < f. when the frequency noise is in the
low-frequency stage. The linetype for this type of linewidth is a Gaussian
distribution according to previous research [35,36], and the linewidth
decreases with increasing frequency. The linewidth can be defined by
integrating area A of the frequency noise component:

AVinlegml =4/8 ln(2)A (4)

where the noise component area A is defined as follows:
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Ty represents the measurement time corresponding to the cutoff
frequency f, that is, f. = 1/T,. The white noise is the main contribution
when f > f, and this laser linewidth is distributed according to the
Lorentz type. The Lorentz linewidth can be determined by the white
noise hg:

AVLoremz = ﬂ:hO

(6)

The unbalanced Michelson interferometer for laser frequency noise
measurement consists of 3 x 3 couplers and 2 F rotating mirrors (FRMs)
[34,37]. Fig. 5 shows the phase noise power spectra (Fig. 5. (a) and (c))
of the laser before and after irradiation at 25 °C and 400 mA, and the
corresponding frequency noise power spectra (Fig. 5 (b) and (d)) are
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Fig. 6. Calculated and measured values of the Lorentz linewidth before and
after irradiation.
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obtained according to the above derived formula (3); the corresponding
minimum integral linewidth and Lorentz linewidth are calculated. The
minimum integral linewidth before irradiation is 25.60 kHz, and the
white noise is 4300 Hz?/Hz@2 MHz, which corresponds to a minimum
Lorentz linewidth of 13.50 kHz. The minimum integrated linewidth and
Lorentz linewidth after irradiation are 42.80 kHz and 12.00 kHz,
respectively. The integral linewidth is obtained by integrating the
component area A of the frequency noise PSD, which contains the
Gaussian linetype component caused by the low-frequency noise, so the
integral linewidth obtained is slightly larger than the Lorentz linewidth
[38]. Fig. 6 shows the calculated and measured values of the Lorentz
linewidth before and after irradiation. The measured linewidth is
consistent with the calculated value. The output power correspondingly
increases, and the linewidth gradually decreases as the injection current
increases, which is consistent with the modified Schawlow-Townes
equation. The Lorentz linewidths of the laser are almost the same before
and after irradiation. The difference in the linewidth before and after
irradiation may be due to errors in the test process.

3.3. Relative intensity noise characteristics

To evaluate the noise level of the laser, the RIN of the laser is tested.
The test system mainly includes a photodiode, an RF amplifier and an
electrical spectrum analyzer. Fig. 7 shows the RIN obtained using
different currents before and after irradiation. The RIN of the laser
before irradiation is —142.90 dBc/Hz@1 kHz and —153.80 dBc/Hz@1
MHz at 400 mA. The RIN after irradiation is —140.40 dBc/Hz@1 kHz
and —154.20 dBc/Hz@1 MHz. RIN shows the characteristics of 1/f noise
below 100 kHz and multiple peaks in the spectrum. This is due to the
impact of technical noise during testing. The RIN tends to be stable
above 100 kHz. The RIN power spectrum for the same current before and
after irradiation fluctuates slightly, which is due to the carrier fluctua-
tion caused by the mechanical noise in the connection device and the
error in the test process. The fluctuation range of the RIN spectrum has
almost no change after the laser passes through the y-ray TID radiation,
and the laser has excellent space environment adaptability.

4. Conclusions

In this work, we demonstrate a narrow-linewidth ECSL for radiation
resistance that can be used in space laser communication. It is fabricated
by coupling and integrating a permanent index modulated FBG with a
QD gain chip. The laser shows very little change in performance after the
TID radiation test using y-rays. The maximum output power is only
increased by 3.79%, the laser wavelength is redshifted by 9.10 p.m. and
the variation in the SMSR is less than 0.98 dB compared with those
before radiation. The minimum Lorentz linewidth and RIN of the laser
are less than 15 kHz and —150 dBc/Hz, respectively, and they have
almost no change after irradiation. The experimental results show that
the compact-structure and low-cost laser have excellent reliability and
robustness for space radiation environments and can be used in space
laser communication.
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