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Abstract. The paper presents the results of development of wavelength stabilized laser mod-
ules where wavelength stabilization is achieved due to volume Bragg gratings with a 976 nm op-
erating wavelength. The module was designed to spatially combine the light from six high-pow-
er laser diodes with its subsequent coupling into a silica fiber with a core diameter of 105 um
and a numerical aperture of 0.15. Stabilization scheme was realized, where volume Bragg
gratings were placed behind the lenses used for light collimation along the slow axis. Laser
diode performance was studied for volume Bragg gratings with different reflectivity factors. The
measurement results were used to determine optimum reflectivity of volume Bragg gratings;
the spectral and power characteristics of the manufactured laser module were measured. The
volume Bragg gratings allowed for significant, down to 0.5 nm, narrowing of the laser module
spectrum width and wavelength stabilization over the entire range of operating currents. In
continuous mode, the manufactured laser module power reached 43.6 W at a pumping current
of 10 A and a thermal stabilization temperature of 25°C.
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AnHotamusg. B pabore mpencraBiieHbl pe3yJibTaThl pa3pabOTKU Ja3epHBIX MOJAYyJIeil co
cTabwIM3anyveil JUIMHB BOJTHBI M3IYYCHHUS C ITOMOIIBIO OOBEMHBIX Op3ITOBCKUX PEIICTOK C
paboueil JUIMHOM BOJHBI 976 HM. B KauyecTBe MOAy/Isl HaKauykKd MCIIOJIb30BAJICS JIa3€PHBIA
MOJIYJIb C MPOCTPAHCTBEHHBIM OOBEAMHEHUEM U3AYYEHHUS 1IECTH MOIIHBIX Ja3epPHBIX AUOA0B
C MOCJENyIOLIMM BBOAOM B KBapll-KBaplieBO€ BOJOKHO C AMaMETPOM cepaueBuHbl 105 MKM
u uuciaoBoil aneptypoii 0,15. IIpoBeneHbI MCCaeNOBaHUS XapaKTEPUCTUK JIA3€PHBIX AUOAOB
MIPY WCIIOJIb30BAHUM OOBEMHBIX OpP3ITOBCKUX PEIICTOK C Pa3IWYHBIMM KO3((UIIMEHTAMU
OTpaxkeHUsI, OIpeAeicH ONTHUMAIBHBIMN KO3(GGUINEHT OTPaXeHUS OOBEMHBIX OPATTOBCKUX
pellIeTOK, M3MEPEHBI CIeKTPaJIbHble M MOIIHOCTHBIE XapaKTepUCTUKU M3TOTOBJICHHOTO
snaszepHoro monyis. llIupuHa crieKTpaJbHON JIMHUN U3TYyUYEeHUS JJa3ePHOr0 MOMIYJSI COCTaBUIIa
0,5 HM, cTabuau3auus IJIMHBI BOJHbBI U3y4YeHUsT HaOI01a]ach BO BCEM Auana3oHe pabouux
TOKOB. MOIIIHOCTh M3TOTOBJIEHHOIO JIa3epHOTr0 MOayJst cocTaBuia 43,6 BT B HempepbhIBHOM
pexuMe paboTHl TIpW ToKe Hakauku 10 A 1 temrieparype Tepmoctadmmmsamun 25°C.

KmoueBbie cioBa: MOILIHBIE Ja3epHble AUMOALI, OObEeMHas OparroBcKasi pelleTKa,
CcTabuaM3als JJIMHbI BOJHBI
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Introduction

Laser modules (LLMs) based on high-power laser diodes (LDs) used to be a conventional
source for high-power fiber laser pumping [1-3]. One of the most important LM characteristics
is its pumping efficiency determined, among other factors, by spectral characteristics of the LM
used. For pumping the ytterbium fiber lasers, LMs with spectral ranges of 915 nm, 940 nm, and
976 nm are used, while the latter are of the greatest interest as this spectral range corresponds to
the absorption peak of ytterbium-doped fibers having maximum absorption coefficient [4]. At the
same time, the width of the fiber absorption peak in this region is rather narrow, which imposes
certain restrictions on the pump modules used since the spectral width of high-power LDs can
reach several nanometers and the typical temperature shift of the lasing wavelength is 0.3 nm/°C
[5, 6]. One of the ways to improve the LM spectral characteristics is to use an additional optical
element as an output mirror of the LD external resonator. As for LMs that are commercially
available nowadays, the most popular schemes are those where this additional optical element is
represented by volume Bragg gratings, or volume holographic gratings, that are easy to operate
and have smallest dimension, if compared to other schemes [6—8]. Spectral width of LD can be
narrowed to less than 0.5 nm and the temperature drift of wavelength can be reduced to 0.01
nm/°C [4].

LD wavelength stabilization using volume Bragg gratings

Volume Bragg gratings (VBGs) are the optical elements with a periodic change in the refractive
index, that can fully or partially reflect the incident radiation. The principle of radiation wavelength
stabilization with the help of VBG is based on the placement of this element on the laser beam
path so that part of the radiation returns to the LD’s resonator. Under certain conditions, this
feedback suppresses the generation of neighboring longitudinal modes of LD’s own resonator,
radiation is generated only at the VBG operating wavelength, and the width of the LD spectral line
narrows to a value corresponding to the spectral width of the VBG reflection [9]. The extension
of range of operating currents and temperatures for which wavelength stabilization is observed
is achieved in two ways, namely, by increasing the portion of radiation that returns to the LD
resonator and reducing the reflectivity of AR-coating of the LD output facet [10]. In order to
increase the portion of feedback, VBG is usually placed behind the optical elements used for the
LD light collimation. At that, schemes are common, in which VBGs are mounted both behind
the lenses for collimating the LD light divergence along the fast axis [11], and behind the lenses
for collimating the divergence of light along the slow axis [7]. Besides, there are schemes where
the periodic structure of the refractive index is integrated directly into the lens for collimation
of light along the fast axis, which combines the properties of both the VBG and the collimating
lens. Though easy to operate and adjust, these optical elements have certain disadvantages, such
as significant exceedance of the spectral width of the stabilized LDs compared to that of the VBG
reflection [12].

In this work, basic design version of a self-developed LM was used [13], whose optical scheme
is designed to spatially combine the radiation from several LDs with its subsequent coupling into
a silica fiber with a core diameter of 105 um and a numerical aperture of 0.15. This LM design
allowed for installation of the VBG onto the surface area of a heatsink between the lenses used
for collimation of light divergence along the slow axis and the rotary mirrors. Multimode broad
area single emitter LDs with the emitter width of 94 um and the cavity length of 3.6 mm were
used as the LM radiation sources. Output facet reflectivity of LDs was less than 0.1%, the LD
wavelength corresponded to the range of (965 — 968.5) nm at a pumping current of 1 A and a
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thermal stabilization temperature of 25°C. The LD spectral width was (4—6) nm and the average
pumping current shift of wavelength amounted to 1 nm/A (Figure 1).
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Fig. 1. LD spectrum vs. current

To stabilize the LD wavelength, the VBGs with characteristics presented in Table 1 were used.

Table 1

Spectral characteristics of VBG

Parameter Value
Wavelength, nm 976 £0.5
Reflectivity, % 8;10;12
Spectral width, nm 0.5

AR-Coating 0.5
Thickness, mm 0.7

Experimental results

As a part of this work, we studied the possibility to manufacture an LM with a spectral range
of 976 nm and a power of more than 40 W when wavelength is stabilized over the entire range
of LM operating currents, i.e. from 1 A to 10 A. As noted above, one of the ways to increase the
stabilization range is to use the VBG with a high reflectivity factor. In this work, to stabilize the
LD wavelength, the VBGs with reflectivity factors (8—12)% were used. Figure 2 shows the change
in the LD’s power vs. current characteristic depending on the reflectivity of the VBG used to

T=25C

Fig.2. LD’s power vs. current curve for
VBGs with different reflectivity factors
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stabilize the wavelength.

As can be seen from Figure 2, an increase in the
VBG reflectivity leads to a decrease in the slope of
the curve. Besides, the use of a high-reflectivity VBG
increases the probability of LD failure at maximum
pumping current [14, 15]. Thus, the task of determining
the optimal characteristics of VBG can be reduced
to finding the lowest reflectivity of VBG, at which
wavelength stabilization is observed over the entire
range of LM operating currents. The VBG was aligned
by angular rotation in the direction of the fast and slow
axes of the LD while continuously recording the LD
spectrum. Figure 3, a, b, ¢ shows the LD spectral data
recorded after the mounting of VBG with reflectivity
R = 8%.
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Fig. 3. LD spectrum vs. current (a); LD spectrum vs. temperature at 1 A (b);
LD spectrum vs. temperature at 10 A (¢); LM spectrum vs. current (d)

It can be seen from Figure 3 that wavelength stabilization was observed at all LD’s operating
currents in the temperature range from 15°C to 35°C. It should be noted that similar results have
been achieved for VBG with reflectivity factors of 10% and 12%. Additionally, the generation
of the second peak of radiation with a wavelength corresponding to that of the LD was observed
only in the case of insufficiently accurate VBG alignment, and angular displacement of VBG in
the direction of the fast axis turned out to be most sensitive to misalignment. Since VBGs with
lower reflectivity factor are more preferable from the perspective of long life and maximum power
of the LM, the VBGs with reflectivity of ~ 8% were chosen to be used in the experimental proto-
type LMs. To minimize displacement during its installation, the VBG was fixed to the base using
a low-shrinkage UV-curable adhesive. The LM spectrum is shown in Figure 3, d and its power
verses current curve is given in Figure 4. Maximum radiation power of the LMs manufactured
was 43.6 W in continuous mode of operation at a current of 10 A and a thermal stabilization
temperature of 25°C. Wavelength stabilization was observed at all operating currents of the LM.
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Fig. 4. Power vs. current curve of the LM
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Conclusion

Wavelength stabilized LM of ~44 W was designed and manufactured, where wavelength
stabilization is realized in continuous mode of operation at a pumping current of 10 A and a
thermal stabilization temperature of 25°C. For the LDs with output facet reflectivity less than
0.1%, the VBG with reflectivity of ~8% was demonstrated to be an optimal choice to achieve
wavelength stabilization over the entire range of LM operating currents, provided that the VBG
is properly aligned and installed. Due to the use of VBG, the LM spectral width narrowed to
0.5 nm and the pumping current shift of wavelength decreased to ~0.03 nm/A.
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