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ARTICLE INFO ABSTRACT
Keywords: A diode-pumped alkali metal vapor laser (DPAL) combines the advantages of a solid laser and a
DPAL gas laser. DPAL is useful in the industrial, medical, aerospace and military fields and can yield
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Metal ceramic heater

high output power while maintaining excellent beam quality. However, applications in many
fields are limited due to the narrow absorption spectrum of the alkali metal vapor laser. In this
study, a novel linewidth narrowing structure of the high-power diode laser based on volume
Bragg gratings (VBGs) is proposed to match the absorption spectrum of the alkali metal vapor
laser. With the combination of fast-axis collimating lens, beam transformation systems, slow-axis
collimating lens, VBGs and metal ceramic heaters, the divergence angles of both fast and slow axis
are compressed within 10 mrad. A high-power narrow linewidth diode laser source with a central
wavelength of 780.044 nm, a spectral width of 0.138 nm, and an output power of 1090 W is
achieved at an operating current of 50 A. Experimental results show that the effect of external
cavity feedback based on VBG is improved and the multi-channel spectral linewidth is narrowed
effectively by such a structure. The diode laser source based on this structure can be applied for
pumping the rubidium alkali metal vapor laser.

1. Introduction

In recent years, alkali metal vapor lasers pumped by diode lasers have attracted extensive attention [1-5]. This type of laser
combines the advantages of diode laser that has high efficiency, small size, and good reliability, and those of solid-state and gas lasers
that have high quantum efficiency, excellent gas-medium circulating cooling, and efficient near-infrared atomic spectrum atmospheric
transmissivity. Alkali metal vapor lasers can be widely utilized in the industrial processing, medical treatment, aerospace, and military
fields [6-9]. At present, diode-pumped alkali metal vapor laser (DPAL) with high power is still under development. The pump source
with high performance, as one of the key technical bottlenecks, is an important factor that restricts development.

To achieve efficient pumping of DPAL, the diode laser pump source must have the following characteristics: (i) It has to improve the
beam quality of the diode laser and scale the output power by beam combination technology [10]. (ii) The stable spectrum and narrow
spectral linewidth have to match the absorption spectrum of the alkali metal vapor laser [11]. The typical spectral linewidth of
commercial diode lasers as pump sources is usually 2-5 nm, and the alkali metal vapor laser absorption spectrum is extremely narrow,
which leads to a mismatch between the pump and absorption spectra [12]. To solve these problems, on the one hand, buffer gas such as
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helium should be flushed into the alkali metal vapor cell to widen the absorption spectrum of alkali metal atoms by collision. On the
other hand, concave gratings or volume Bragg gratings (VBGs) are used to narrow the spectral linewidth of the diode laser through
external cavity feedback technology [13-15].

Over the past years, several research communities have investigated the high power narrow-linewidth diode laser pumping source.
Yang Zining et al. reported that an 80 W laser diode array with 0.1 nm linewidth and 780 nm central wavelength was realized through
external cavity technology of volume Bragg grating (VBG). It can be used for Rubidium vapor laser pumping [16]. Rajiv Pandey et al.
reported that the diode laser with output power of 100 W/bar and spectral linewidth of 0.06 nm was realized basing on a
micro-channel water-cooled stack with collimation in both-axes and VBG external cavity feedback [17]. Rui Wang et al. reported a
VBG coupled diode laser module operating at 811.53 nm suitable for metastable argon atoms pumping. The maximum output power
was more than 100 W with 4.6% power loss compared to the free-running. The linewidth of the emission spectrum was 0.15 nm with a
tunable range of 200 pm [18]. The conventional external cavity structure includes a fast axis collimation lens, a slow axis collimation
lens, and a VBG. However, VBG has angle selectivity. After the fast and slow axes collimation, the divergence angle of the slow axis still
reaches 20-50 mrad, and then affects the external cavity feedback effect.

Starting from the bottleneck of DPAL pump source technology, in this paper, we present a novel structure that uses the combination
of fast-axis collimators (FACs), beam transformation systems (BTSs), slow axis collimators (SACs), and VBGs to decrease the divergence
of laser radiated on the VBGs for linewidth narrowing, the divergence angle of fast and slow axes can be reduced to 10 mrad. Using
metal ceramic heater (MCH) to heat the VBGs for spectral stabilization and control, the multi-channel laser bars can achieve tem-
perature control independently. The narrow linewidth diode laser source producing 1090 W power is realized using the beam space
combination technology. The central wavelength is 780.044 nm and the spectral width is 0.138 nm. Such a diode laser can be applied
to pump the rubidium alkali metal vapor laser and thus lays the technical foundation for the efficient pumping of DPAL.

2. Experimental design and simulation
2.1. Tunable external cavity feedback

The external cavity feedback diode laser is mainly composed of laser chips, a shaping lens group, and a laser feedback element. The
diode laser at free running is collimated by a shaping lens group and radiates to the feedback element, which can select the mode of the
incident laser and realize the optical feedback. Only the eligible laser returns to the laser chip and couples into the internal laser field.
The wavelength tuning and linewidth narrowing can be further ensured by adjusting the feedback element [19].

Fig. 1 shows the structure diagram of the external cavity feedback diode laser. The reflectivity of the rear cavity surface of the diode
laser chip is defined as ry, the front cavity surface is r,, the diffraction efficiency of VBG is rs, and the resonant cavity length in the
active region and outer cavity length are represented by | and L, respectively.

The spectral linewidth formula of the external cavity feedback diode laser can be expressed as [20].

AVU
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where Avyis the spectral linewidth of diode laser operating freely without external cavity feedback, ais the linewidth expansion factor,
and Ris the external cavity feedback factor. Ap = @, — tan"'a, and in the case of the phase matching, we can obtaincos Ap = 1. The
expression of the narrowest linewidth with the external cavity feedback can be obtained as

A
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The external cavity feedback factor R can be expressed as:
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Fig. 1. Schematic of external cavity diode laser.




J. Han et al. Optik 264 (2022) 169455

R = - r§r3l
r Tin
_— ®)
c
2nl
Ti” -

where 7is the external cavity roundtrip time, and z;, is the internal cavity roundtrip time. An approximate expansion of the preceding
linewidth expression can be obtained as
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Through Eq. (4), we find that the narrowed linewidth of the external cavity feedback diode laser is inversely proportional to the
diffraction efficiency 52, inversely proportional to the growth of the external cavity L2, and proportional to the reflectivity of the front
cavity surface r,2. Therefore, we need to improve the diffraction efficiency of VBG and reduce the reflectivity of the front cavity surface
of the laser chip to obtain the narrow linewidth of the diode laser.

However, catastrophic optical mirror damage (COMD) can easily occur when the reflection efficiency of the front cavity surface is
decreased and the diffraction efficiency of VBG is increased. On the one hand, the lower the reflectivity of the front cavity surface of the
laser chip is, the more likely it is to be affected by the external cavity feedback, which leads to an increase in the laser power density at
the local position of the front cavity surface, and then accelerates the damage of the front cavity surface. On the other hand, increasing
the diffraction efficiency of VBG causes peaks of laser power on the cavity surface, resulting in COMD [21]. Accordingly, the
reflectivity of the front cavity surface and the diffraction efficiency of VBG should be optimally designed to obtain the fine reliability
and spectral locking of the laser chip.

2.2. Beam-shaping design

Typical divergence angles of the diode laser in fast (30-60°) and slow (8-12°) axis are so large that it is necessary to collimate the
laser beam by using a collimator firstly [22,23]. In this study, a combination of a FAC, a BTS, and a SAC as a collimation system is used
to shape spots and reduce divergence angles in fast and slow axis.

As shown in Fig. 2, we use a FAC and a BTS with a focal length of 0.41 mm. The technical parameters of BTS are shown in Table 1.
Through BTS, the rotation angle of beam spot is 90°. The divergence angle of the fast axis after the collimation system is 4.2 mrad
(95%), which is simulated by Zemax optical design software, as shown in Fig. 3. In the packaging process of the laser bar, the stress
generated by welding can cause a “smile” effect, which results in a larger divergence angle after the alignment of the fast axis.
Therefore, the divergence angle of the fast axis is defined as 8 mrad for the subsequent design of the beam combination.

Beam spots in the fast and slow axis can be exchanged by BTS. Therefore, the collimation of the slow axis can be realized by a single
flat convex cylindrical lens. The divergence angle after collimation is determined by the focal length of SAC, which is expressed as

/ Wsa

" T )

(5)

where wsa= 150 um is the width of laser chip, and 0sa is the slow axis divergence angle after collimation. What after collimationen
divergence angles in the fast and slow axis are the same, the focal spot is closely symmetrical. Therefore, the slow axis divergence angle

after collimation is set to 8 mrad, and the required focal length of SAC fs4 can be set to 18.75 mm through calculation.
In addition, the size of beam spot after collimation in the slow axis is also considered. Theoretically, the divergence angle in slow

FAC+BTS SAC Detecter

Y

Fig. 2. Simulation diagram based on FAC+BTS+SAC collimation structure.
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Table 1
Typical parameters of BTS.
Parameters Unit Specifications
Material S-NPH3 / S-TIH53 (Ohara)
Length mm 11.5+ 0.1
Width mm 1.5+0.1
Thickness mm 2.15+0.1
Pitch mm 0.5
Transmission % > 98
Focal length mm 0.41
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Fig. 3. Simulation results of fast axis divergence angle.

axis can be infinitely small, but when the divergence angle decreases, the size of beam spot increases, which is not conducive to the
beam combination. Therefore, the divergence angle and beam spot size should be considered. The size of the beam spot in the slow axis
after collimation wg,' is determined as follows:

LUSA, = ZfSA, tan(QSA/Z). (6)

Through calculation, ws,” is 3.26 mm when slow axis divergence angle before collimation s, is 10°. We simulate the divergence
angle and beam spot size in slow axis behind SAC. The simulation results are compatible with the theoretical calculation values. The
divergence angle after collimation in slow axis is 8.05 mrad, and the size of the beam spot is 3.2 mm. (Fig. 4).

The effect of external cavity feedback can be improved effectively by collimating the beam in the fast and slow axis and com-
pressing the divergence angle radiated on the VBG. Compared with the conventional FAC + SAC + VBG structure, our proposed
structure uses a BTS after FAC for exchanging the spot size in the fast and slow axis, which can reduce the divergence angle in the slow
axis in the subsequent beam shaping. The external cavity feedback structure with added BTS is shown in Fig. 5.

The diffraction wavelength of VBG becomes unstable due to its own temperature. The different power of laser radiated on the VBG
can cause different temperatures of VBG. Furthermore, a certain amount of error occurs in its diffraction wavelength during pro-
duction. Thus, the temperature of VBGs should be controlled to obtain consistent spectral characteristics [24]. We propose to replace
the conventional TEC with MCH. On the one hand, the hot side of TEC needs effective heat dissipation, which requires the design
structure to be close to the laser shell. Such a structure is highly complex and not conducive to miniaturization design. On the other
hand, TEC is usually suitable for heating in the middle- and low-temperature range, and the temperature of the hot side should be not
more than 60 °C. Thus, the small tunable temperature range is unsuitable for controlling the diffraction wavelength of VBG. (Fig. 6).
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Fig. 4. Simulation results of slow axis divergence angle and beam spot size.
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Fig. 5. Schematic of external cavity feedback structure based on VBG.

Fig. 6. Picture of MCH.

To scale output power, optical stacking and beam spatial combining technology are employed. The optical design of the high-power
narrow linewidth diode laser is adopted as shown in Fig. 7(a). Three beam groups are designed in fast axis, that is, X-axis. The spot size
of each bar is approximately 10 mm in the fast axis, so the stacking spot size of three groups is 30 mm. Eight laser bars are placed in
slow axis, that is, Y-axis. These laser bars are mounted on the mechanical ladder heatsink. The spot size of a single laser bar in slow axis
is 3.2 mm, and the stacking spot size of eight laser bars is 25.6 mm. Considering the optical path and light blocking of the mechanical
ladder structure, the distance between three beam spots in the X-axis is set to 1 mm, so the overall size of the spot is 32 mm. The step
gap in the Y-axis is designed to 4 mm, and then the overall spot size is 32 mm, which finally achieves the purpose of beam shaping. The
simulated spot diagram of the beam combination is shown in Fig. 7(b).

3. Experimental results and analysis
3.1. External cavity feedback of single laser bar

The external cavity feedback of the single 780 nm diode laser bar is studied. The reflectivity of the front facet of the laser chip Ry is
set to 2-3%. The size of VBG with a center wavelength of 779.8 + 0.1 nmis 12 mm x 1.5 mm x 3 mm. The testing structure is built as
shown in Fig. 8.

The diffraction efficiency of VBG is set to 5%, 10%, and 15%, respectively. Fig. 9 shows the output power under free running and
external cavity feedback as a function of operating current. As shown in Fig. 9, the power curve has minimal difference under different
diffraction efficiencies of VBG. With the increase of diffraction efficiency, the power after external cavity feedback shows a trend of
slight decline, but the difference is less than 1 W. This condition indicates that VBGs with diffraction efficiency from 5% to 15% are
suitable for external cavity feedback, and the power difference is negligible.

In addition to the output power after external cavity feedback, the central wavelength and spectral linewidth should also be
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Fig. 7. (a) Optical design of high-power narrow linewidth diode laser. (b) Simulated spot diagram of beam combination.
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Fig. 8. Testing diagram of single bar.
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Fig. 9. Output power as a function operating current of single bar with and without external cavity feedback.
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Fig. 10. Spectral linewidth of single bar as a function of operating current for different VBG diffraction efficiencies.
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considered. Fig. 10 shows the locked spectral linewidth (FWHM) with different diffraction efficiency of VBGs at the operating current
of 10-50 A. Results demonstrate that the spectral linewidths are relatively small and close at low operating current, but the spectral
linewidth increases as the operating current increases. Among three different diffraction efficiencies of VBGs, the locked spectral
linewidth narrows as the diffraction efficiency increases, which is also consistent with the theoretical analysis results provided.

Fig. 11 shows the central wavelength of VBG as a function of operating current for three diffraction efficiencies of VBG. Experi-
mental results indicate that the shift of the central wavelength decreases to 0.003 nm/A. VBGs with diffraction efficiency from 5% to
15% can meet design requirements. However, low diffraction efficiency of VBG causes a small amount of laser feedback to the active
area of the diode laser, which increases the instability of external cavity locking when multiple external cavity locking is performed.
Given all that, VBG with diffraction efficiency of 15% is selected for the diode laser pump source designed in this study.

According to Eq. (4), the linewidth of external cavity feedback diode laser is inversely proportional to the square of the cavity
length. Fig. 12 shows the spectral linewidth as a function of operating current. VBG with diffraction efficiency of 15% is used for cavity
feedback based on the single bar. The distances between VBG and SAC are set to 5, 10, 15, 20, and 25 mm. The spectral linewidth does
not change significantly as the cavity length increases. Thus, changing the cavity length is not an effective way to narrow the spectral
linewidth. This result occurs mainly because the change of cavity length has obvious influence on the single-mode laser, while the high
power diode laser has multi-mode output, so the spectral linewidth does not change significantly. In addition, due to the angle
selectivity of VBG, with the increase of the cavity length, part of the laser cannot return to the laser chip for mode competition after the
feedback of external cavity, which will lead to the linewidth broadening. In this case, the phenomenon of laser self-excitation is prone
to occur, and the laser output of multi-center wavelength is formed.

Through the collimation of the traditional structure of FAC + SAC + VBG, the divergence angle after SAC is 42 mrad, which is
larger than the effective feedback angle of VBG (17.5 mrad). Owing to the angle selectivity of VBG, when the divergence angle of the
laser radiated to VBG is large, the increased cavity length causes that part of the feedback laser to be unable to return to the active
region of the diode laser for mode competition. Thus, part of the laser produces a self-excitation effect that influences the effect of
external cavity feedback, as shown in Fig. 13(a). In this study, a structure of FAC + BTS + SAC + VBG is proposed for beam colli-
mation, which can decrease divergence angles in the fast and slow axis to 10 mrad level simultaneously. The increased cavity length
does not affect the spectral stability, as shown in Fig. 13(b). Furthermore, the shorter cavity length is more conducive to the compact
design of the optical system.

According to the expression of spectral linewidth expansion, the spectral linewidth of the diode laser with external cavity feedback
is proportional to the reflectivity of the laser chip output surface. Ideally, the laser chip with low front cavity reflectivity is more
advantageous to narrow the linewidth. Diode laser chips with the same structural parameters are selected, and the reflectivity of front
facet R¢r is 0.5% as an example. The spectral linewidth and central wavelength as a function of operating current under different
diffraction efficiencies are shown in Fig. 14. Compared with Fig. 10, the spectral linewidth is narrowed significantly, which is
consistent with the theoretical analysis. However, the smaller the reflectivity of the front cavity surface is, the more easily the external
cavity feedback is affected. The increased local power density of the front cavity surface causes an acceleration in the cavity surface
damage and COMD. The threshold current of the laser chip with low AR coating is 15.5 A, but it is only 8.8 A with normal AR coating.
Therefore, the laser chip with normal coating is used in the subsequent laser design.

3.2. High-power narrow linewidth diode laser pump source

A photograph of the 780 nm kW class narrow linewidth diode laser pump source is shown in Fig. 15. Due to the different initial
central wavelengths and spectral linewidths of different laser bars, eight laser bars from the same channel are taken as an example for
analysis and discussion. The spectra under free running at 50 A are shown in Fig. 16(a). When the multichannel lasers are beam
combined, the central wavelength range and overall spectral linewidth are large, and therefore cannot meet the requirements of DPAL
pumping.

The spectra of eight laser bars based on VBG without temperature control are measured as shown in Fig. 16 (b). After external
cavity feedback, the central wavelength can be controlled within the range of VBG diffraction wavelength, and the linewidth of the
single bar can be narrowed to near 0.1 nm. However, due to the manufacturing tolerance of VBG, the central wavelengths of eight laser
bars do not coincide completely after the multiplexing beam. In the meantime, after working for a long time, the differences in heat
accumulation between VBGs further lead to different shifts of central wavelengths, thus affecting the overall spectral linewidth.

To solve the aforementioned problems, MCH is mounted under VBG to control the temperature of the latter. According to the
temperature and wavelength shift characteristics of VBG, the selected VBG diffraction center wavelength is slightly lower than 780 nm,
and the feedback wavelength is locked to 780 nm by increasing the temperature. The temperatures of VBGs in 24 channels are
controlled accurately and independently. The optimal combination of spectral linewidth can be achieved by adjusting the heating
temperature of MCHs when working with high power for a long time. The interface of temperature control is shown in Fig. 17.

By measuring the central wavelength and spectral linewidth of each channel VBG, we can set the temperature of each channel MCH
so that the central wavelengths of all 24 channels can effectively coincide. The spectra after controlling the temperature of VBGs are
measured as shown in Fig. 18. When the temperature of MCH is set to 50 °C, each MCH is adjusted according to the wavelength
feedback. The overall central wavelength of the diode laser pump source is 780.044 nm and the spectral linewidth is 0.138 nm.

A CW power of 1090 W and an E-O efficiency of 48.91% are measured at the operating current of 50 A (Fig. 19). The external
cavity feedback efficiency of the diode laser pump source is 90.08%. When the water-cooling temperature is 20 °C, the output power
under free running is 1286 W at 50 A. After collimation and space beam combination, the output power is 1210 W, and the opti-
cal-optical (0-0) efficiency is 94.09%. The final O-O efficiency of the diode laser pump source is 84.76%, which is defined as the ratio
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single bar as a function operating current for different VBG diffraction efficiencies.
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of the output power after external cavity feedback to the total power under free running.

To obtain the effect of MCH temperature on the central wavelength of the diode laser pump source, we measure the spectrum under
different MCH temperatures, as shown in Fig. 20. The MCH temperature is set to 40, 50, and 60 °C. The increased MCH temperature
results in a red shift in the center wavelength of the diode laser pump source. The temperature drift is 7.45 pm/°C, so the central

wavelength can be finetuned by controlling the MCH temperature.
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In this study, a novel linewidth narrowing structure of a high-power diode laser based on volume Bragg gratings is proposed. Such a
structure consists of a fast-axis collimating lens, a beam transformation system, a slow-axis collimating lens, a VBG, and a MCH.
Decreasing the divergence of the laser radiated on the VBG can improve the effect of external cavity feedback, and heating VBGs
individually is realized by MCHs to lock and control multiple-channel wavelengths. By studying the impact of VBG diffraction effi-
ciency, external cavity length, and reflectivity of the front cavity surface of the laser chip on spectral narrowing and wavelength
locking, we obtained the optimal parameters of external cavity feedback based on theoretical design. A kW class high power and
narrow linewidth diode laser with central wavelength of 780.044 nm, spectral width of 0.138 nm, and output power of 1090 W is
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Fig. 20. Spectrum at operating current of 50 A under different temperatures of MCH.

developed, which can be used to pump rubidium metal vapor lasers. Further research is needed to scale the output power and develop a
diode-laser pump source with output power of 10 kW, narrow linewidth, miniaturization, and high E-O efficiency, so that an advanced
laser pump source will be available for the industrial, medical, aerospace, and military fields.
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