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Abstract—The use of volume Bragg gratings (VBGs) recorded
in photo-thermo-refractive (PTR) glass for laser beam control is
described. These new optical elements provide extremely narrow
spectral and angular selectivity and have a high level of resistance
to high-power pulsed and continuous-wave laser radiation. These
features of PTR volume gratings are used for transverse and longitudinal mode selection, passive coherent coupling, and spectral
beam combining (SBC) of semiconductor, solid state, and fiber
lasers.
Index Terms—Holographic optical components, optical fiber
lasers, semiconductor lasers.

I. INTRODUCTION
ECENT advances in solid-state, fiber, and diode laser technologies along with various beam combination techniques
resulted in a rapid increase of output power available from these
devices. Design of high-power laser systems exceeding limits
of single-aperture emitters relies on coherent and incoherent
combination of radiation from multiple emitters into a single
beam with enhanced brightness. Coherent combination requires
mutual phase locking of multiple emitters. Therefore, coherent
oscillation of a multichannel laser system requires conversion of
all emitters to a single-frequency regime (single transverse and
single longitudinal modes) and precise control of relative phases
of all emitters. There are several approaches to mode selection
and phase locking. In this survey, we will consider the passive
methods that require narrow spectral and angular selectivity of
locking elements. Several methods of incoherent combination
of laser beams are currently under investigation. In this survey,
we will discuss high-density spectral beam combining (SBC),
which requires extremely high spectral selectivity of combining
elements. All results described in the current survey are based on
the use of new optical elements that are volume Bragg gratings
(VBGs) recorded in a photo-thermo-refractive (PTR) glass.
The most critical parameters of a high-power laser system that
determine its ability to provide both low divergence and porta-
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bility are efficiency and brightness. Low efficiency of a laser
system means that excessive amount of heat is generated during operation. Maintaining low beam divergence (high brightness) under heat loading and providing efficient heat dissipation
in a portable system are the main challenges associated with
high-power laser systems. Semiconductor lasers are the highest efficiency laser sources demonstrated up to date. A number
of manufacturers have developed high-power laser diodes with
efficiency exceeding 70% [1]–[3]. However, poor beam quality
and high divergence of high-power diode laser systems prevent
their use as primary sources of emission in a number of important applications. They have been extensively used to pump
other lasers, particularly solid state and fiber lasers capable of
producing high-quality beams at the expense of reduced output
power and overall system efficiency. Diode-pumped solid state
and fiber lasers are essentially brightness converters for diode
laser systems, providing enhanced brightness at the expense of
overall system efficiency. While this approach has proved very
useful and high efficiency of conversion has been achieved,
dissipation of additional heat generated in the system requires
significant increase in system size. Direct diode laser systems
would make for more efficient and compact laser systems if
higher brightness could be achieved without using intermediate lasers. Techniques of transverse mode selection and spectral
narrowing of laser diodes together with efficient beam combining techniques enable a new generation of compact high-power
laser systems. This high-efficiency portable direct diode system would produce a 10-kW laser beam with near-diffractionlimited divergence, and be scalable to 100 kW [4].
We propose design architecture for high-power laser system where the final stage is a multichannel SBC that collects radiation from a number of coherent emitters with shifted
wavelengths into a single beam with enhanced brightness.
Each coherent emitter is a coherently coupled array of highefficiency spectrally stabilized single-transverse-mode semiconductor, solid state or fiber lasers. SBC, coherent coupling,
spectral stabilization, and transverse mode selection are performed by VBGs recorded in PTR glass [5]. In this paper, we
briefly review applications of PTR Bragg gratings to transverse
and longitudinal mode selection in laser sources. Applications
of narrow-band reflecting VBGs to coherent coupling and high
spectral density beam combining of high-power lasers are covered in greater detail.
II. VBGS IN PTR GLASS
PTR glass is an Na2 O–ZnO–Al2 O3 –SiO2 glass doped with
silver, cerium, and fluorine. Permanent refractive index change
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determined by their narrow spectral selectivity combined with
low losses. Lasers that utilize VBGs were named volume Bragg
lasers.

A. Narrowing of Semiconductor Diodes, Bars, and Stacks

Fig. 1.

Absorption spectrum of typical PTR glass.

in PTR glass occurs after exposure to UV radiation followed
by thermal development. While being photosensitive in the UV,
PTR glass offers high transmittance in the near-IR and visible
parts of spectrum (350–2700 nm transparency window, Fig. 1)
with absorption in the near-IR region about 10−4 cm−1 . The
history of the study of PTR process and its parameters from the
point of view of hologram recording are summarized in surveys [6], [7]. Recent improvements of PTR technology resulted
in creation of volume phase holograms (Bragg gratings) with
low losses and extremely high diffraction efficiency exceeding
99% [8], [9]. PTR glass has excellent thermomechanical properties with thermal stability of a hologram up to 400 ◦ C, refractive
index practically independent of temperature (dn/dT = 5 ×10−7
K−1 ), coefficient of thermal expansion 8.5 × 10−6 K−1 , and
thermal conductivity 0.01 W/cm·K. Laser damage threshold
of 40 J/cm2 for 8 ns pulses and tolerance to continuous-wave
(CW) laser radiation in the near-IR region at least up to
several tens of kilowatts per square centimeter make PTR glass
holograms attractive for high-power laser applications.
Volume holographic optical element is an interference pattern recoded in a volume of a photosensitive medium by means
of spatial refractive index modulation. Such elements produce
transformation of optical beams resulting from diffraction of a
propagating wave at a pattern with a modified refractive index.
The simplest volume holographic element is a VBG, which
is a system of planar layers with a modified refractive index.
Depending on diffraction angle and orientation of a grating in
the plate, one can distinguish transmitting and reflecting Bragg
gratings. Angular selectivity of transmitting VBGs becomes narrower with increase of spatial frequency and thickness of grating. For a grating with thickness of several millimeters recorded
in PTR glass [10], variation of the spatial frequency can provide
angular selectivity ranging from about 0.1 to several milliradians. Spectral selectivity of transmitting VBGs can vary from
several tens of nanometers down to subnanometers range. Reflecting VBGs can have deflection angles from 120◦ to 180◦ ,
angular selectivity from 1 to 100 mrad, and spectral selectivity
from 0.01 to 2 nm.
III. NARROWING OF EMISSION SPECTRA
OF LASERS WITH VBGS
The most obvious application of VBGs as dispersive elements
in laser resonators for spectral narrowing and stabilization is

The use of reflecting Bragg gratings as output couplers in
external resonators for semiconductor diodes, bars, and stacks
were described in a great number of publications [11]–[14].
It was found that PTR output couplers with thickness from
parts to few millimeters provide efficient spectral locking of
laser diodes at the level of 60–100 pm. Emission wavelength
of such lasers is determined by the resonant wavelength of a
VBG and does not depend on diode temperature. Efficiency of
a volume Bragg laser diode usually exceeds 95% of efficiency
of an original diode at power level of several watts. Locking
of diode bars and stacks with total power up to 0.5 kW has
been demonstrated with efficiency above 90%. It was found that
proper selection of grating parameters allows spectral locking
of diodes without collimation. On the other hand, a combination of a fast-axis collimator and a Bragg output coupler in the
same piece of glass was successfully demonstrated [15], [16].
A new challenge for spectral narrowing was generated by recent development of diode-pumped alkali lasers [17]. To satisfy
requirements for efficient absorption of diode radiation by lowpressure Rb cells, a volume Bragg diode laser was developed
using a VBG with thickness exceeding 10 mm. Output power
up to 2 W CW with 20 pm linewidth at 780 nm was demonstrated from this laser [18]. Recent extension of this approach
to a diode bar has resulted in spectral locking of 30 W of output
power within 20 pm with total efficiency more than 90% [19].

B. Narrowing of Solid-State Lasers
The use of PTR Bragg mirrors as output couplers in solid-state
lasers was described in publications [20], [21]. It was demonstrated that Bragg mirrors with thickness of several millimeters
enable spectral narrowing down to a few picometers with approximately the same power as from a laser with a conventional
output coupler. A combination of a thick Bragg mirror and a
Fabri–Perot etalon enabled selection of single frequency in different rare-earth-ions-doped lasers [22], [23]. Dramatic impact
was produced by PTR Bragg mirrors incorporated in Nd:YLF
regenerative amplifiers [24], [25]. Spectral filtering resulted in
suppression of background and increase of contrast of amplified
pulse by about three orders of magnitude.

C. Narrowing of Fiber Lasers
The use of a VBG as an external output coupler for a fiber
laser was recently demonstrated [26]. It was found that a complex resonator produced by a combination of a spectrally-wide
chirped fiber Bragg grating (FBG) and an external VBG enables
locking of emission spectrum to an arbitrary wavelength within
the spectral window of a chirped fiber grating and fine spectral
tuning of wavelength by the VBG.
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IV. REDUCING DIVERGENCE OF LASERS WITH VBGS
It is important to note that VBGs work in angular space. Due
to their angular selectivity, VBGs can provide angular filtering
of laser beams without the need for additional beam transformation. One of the consequences is that it is possible to produce
selection of transverse modes in resonators without collimation
or refocusing (conventional spatial filtering) radiation. Experiments with wide-stripe semiconductor lasers [12], [13], [27]
have shown that the use of VBGs with angular selectivity comparable to diffraction-limited divergence of an emitter provides
amplification of only a single mode. It is important to note that
the selected mode can be a mode with arbitrary number. Divergence close to diffraction limit was obtained from laser diodes
with stripe width up to 250 µm at a power level of several watts.
This approach enables overcoming the basic restriction in laser
design, which is a requirement for a single Fresnel zone at an
output coupler.
V. COHERENT COUPLING OF LASER DIODES
Increasing the brightness of lasers by coherent coupling of
multichannel emitters has been intensely studied for more than
25 years and published in numerous papers (see, e.g., one of
the recent surveys [28]). There are two basic approaches for
coherent coupling. The first one is to inject coherent radiation
to separate lasers and force them to emit coherently [29]–[33].
This approach allows oscillation of all components of the system in the same mode. However, changes of refractive index
in gain materials under strong pumping results in phase mismatch between different channels. Therefore, the problem of
precise phase measurement and control of all channels is the
main challenge in this approach. The second approach is to design a multichannel resonator that provides coherent emission of
all of its components [34]–[43]. This approach allows avoiding
phase control of channels, but the main problem in preventing
stable and efficient coupling is a tendency of a multichannel system to switch between different modes of a complex resonator.
A number of dispersive elements have been used to eliminate
multimode oscillation but stable coherent coupling at high levels of pumping has not been reported. Recently, narrow-band
VBGs have been used to create extremely dispersive external
resonators for laser diodes that support only one mode. Further
use of the same grating for coupling of multiple diodes has
resulted in stable coherent coupling of laser diodes [44], [45].
A. Coherent Coupling of Two Laser Diodes
The experimental setup for coherent coupling and observation of the interference pattern between two semiconductor laser
diodes is shown in Fig. 2. Two commercial single-transversemode 50-mW laser diodes with standard antireflection coatings
(∼5%) emitted collimated beams in the 980 nm range. They
were placed on separate stages mounted on the same vibrationisolated optical table [see Fig. 2(a)]. The optical axes of the
diodes are about 10 cm above the surface of the table, and the
distance between the diodes is about 2 cm. Emission spectra of
the diodes consist of several fluctuating lines of about 3.5 nm to-

Fig. 2. Optical scheme of coherent coupling of laser diodes. (a) Combining of
independent diodes. (b) Spectral locking of LD-1. (c) Spectral locking of LD-1
and phase locking of two diodes. (d) Phase locking of two diodes.

tal spectral width [see Fig. 3(a)]. The laser outputs are combined
on a screen by a system of mirrors and a beam splitter [Fig. 2(a)].
Of course, these lasers are not coherent and a combined beam
manifests a typical speckle pattern [see Fig. 4(a)].
A number of PTR Bragg gratings, each having a spectral
selectivity narrower than 100 pm, half-width to the first zero
(HWFZ), and reflection coefficient of 98% for plane monochromatic wave were used for this experiment. First, a locking grating, working in a retroreflecting mode at 979.97 nm, was placed
in the beam of laser diode LD-1 [Fig. 2(b)] causing spectral
narrowing of this laser from several nanometers to less than
30 pm (Fig. 3), which is the spectral resolution of the used optical
spectrum analyzer. Second, a coupling grating was placed in the
beam of LD-1 at a distance of 7 cm and aligned to provide efficient diffraction of the narrow-band emission at 979.97 nm from
LD-1 to LD-2, thereby coupling these two lasers [Fig. 2(c)].
Both lasers emitted the narrow lines separated by less than
150 pm. A combined beam produced by the coupled narrowband lasers is still a fluctuating speckle pattern similar to that
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Fig. 3. Emission spectra of laser diodes. (a) Low resolution, light curve—
original diode, dark curve—the same diode with a locking grating as an output
coupler. (b) High resolution, dark curve—LD-1 locked by a locking grating,
light curve—LD-2 locked by a coupling gratings.

Fig. 4. Interference pattern produced by the beams of two laser diodes.
(a) Isolated diodes. (b) Diodes coupled by a narrow-band PTR Bragg grating.

shown in Fig. 4(a) because no phase locking resulted from spectral locking of the laser diodes. After the locking grating was
removed from the resonator of LD-1 [Fig. 2(d)], wideband emission of two laser diodes was observed similar to that observed
in geometry in Fig. 2(a).
However, it was found that in the case where the spectral
width of the coupling grating (∼40 pm HWFZ) was less than
the axial mode separation of the internal resonator (∼70 pm) of
the laser diodes, tuning of pumping current resulted in locking
of the lasers in Fig. 2(c) to the same frequency and phase. In this
case, the emission spectrum of both lasers is identical [Fig. 3(b)].
When these two beams were combined, the interference pattern
shown in Fig. 4(b) (the dark and light lines at 45◦ ) was produced.
After this was done, the locking grating could be removed from
resonator [Fig. 2(d)] but spectral width of radiation of both
diodes was still below 30 pm and interference pattern was still
observed. This interference pattern was stable for a long period,
which is remarkable taking into account that the diodes and
the coupling grating were mounted on three different stages
resulting in the resonator length of 15 cm. It is important to note
that coherent coupling was observed at high levels of pumping,
above five times the threshold. It was not continuously stable

as current was increased from the threshold to the nominal
value for fixed temperature of diodes. However, for any fixed
current, coherent coupling could be achieved by fine-tuning the
temperature of diodes. The total power of the coherent radiation
from the coupled lasers was above 80 mW, corresponding to
more than 80% of the sum of the powers of the independent
lasers.
The black stripe in the middle of the interference pattern in
Fig. 4(b) appears for configuration shown in Fig. 2(d) and corresponds to the angle with the highest diffraction efficiency for a
coupling grating. Therefore, radiation propagating in this direction was diffracted by the coupling grating to provide coupling
between the lasers. Emission at other angles (where the interference pattern can be seen) was not diffracted by the grating,
yet the interference pattern shows that the light emitted by the
two diode lasers was coherent with stationary locked phases.
Thus, this shows that two separated lasers, coupled by a PTR
Bragg grating, can behave as a single coherent source of light.
This interference pattern has a visibility close to unity. It was
stable for hours in continuous operation and this process was
the same for more than 11 months of repeatable experiments
with the same two devices.
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Fig. 6.

Fig. 5.

Three-channel array of GCSELs coupled by a striped reflecting VBG.

B. Phase Locking of Three GCSELs Array by a Spatially
Profiled VBG
One of the main effects complicating phase locking of two
laser diodes described in the previous section was an oscillation
in the internal cavity produced by a rear mirror and residual
reflection from the front facet with an antireflection coating. To
eliminate this phenomenon, we used grating-coupled surfaceemitting lasers (GCSELs) [46] with advanced grating output
couplers [47]. A grating with tapered duty cycle and groove
depth minimizes backreflection to the active waveguide and
provides a symmetric near-field profile [47].
The phase locking between two single-transverse-mode laser
diodes was produced by radiation exchange through a reflecting
Bragg grating with spectral width narrower than longitudinal
mode spacing of the diodes. This result proves feasibility of this
new approach to passive phase locking but does not provide a
simple architecture scalable to multichannel phased arrays. The
new proposed architecture is based on the results of transverse
mode selection by VBGs. It was found [14], [27] that thick
Bragg gratings in multimode external resonators of laser diodes
provide angular selection of transverse modes and lock them
to a single-transverse-mode regime. It was possible to select a
single high-order transverse mode with main lobes out of the
axis of a resonator. Therefore, the basic idea of the approach to
coherently couple multiple devices is to lock broad-area laser
diodes to a high-order single-transverse-mode regime with outof-axis main lobes and provide phase locking between them. The
proposed geometry of a scalable laser system is shown in Fig. 5.
A thick reflecting Bragg grating is placed in front of a GCSEL
array in such a manner that radiation of one of the side lobes
is diffracted back to the adjacent emitter. To eliminate lasing
of low-order modes propagating along the axes of individual
emitters, we developed a new design of thick Bragg mirror
that has alternating stripes of high- and low-efficiency VBGs.
Such grating prevents backreflection of radiation in front of
each GCSEL and provides redirection of side lobes to adjacent
emitters in accordance with its spectral and angular selectivity.
An array of three broad-area GCSELs with periodicity of
1 mm was used in these experiments. A single emitter included
a 1-mm-long active section with 200-µm-wide stripe and a
0.75-mm-long internal grating output coupler. With external

Far-field emission of a three-channel array.

optical feedback provided by the striped VBG placed at a distance of 2–4 mm from diodes, lasing in the form of two sets of
side lobe beams is observed above threshold current density of
280 A/cm2 . Lasing wavelength of the coupled array is 976 nm
and spectral width is less than 70 pm (FWHM). Phase locking
of individual emitters in the array is confirmed by the far-field
interference of the beams (see Fig. 6). At pumping current up to
1.5 thresholds, visibility of interference pattern close to unity is
observed, meaning that all three GCSELs are phase-locked and
emitted coherent radiation. At this level of pumping, all lasers
that are originally multimode emitted in single transverse mode.
At higher pumping, a complex interference pattern of coherent
multimode beams was observed. This result enables a new approach to multichannel passive phase locking that can be used
to increase the power of coherent emission from semiconductor
and other types of lasers.
VI. HIGH-DENSITY SBC
SBC offers an effective solution to scaling output power and
brightness of laser systems beyond the limits of coherent coupling. Output beams of an array of lower power laser sources
operating at normal conditions are combined by external optical
elements, producing a single beam with increased power. Assuming that combining elements have high-energy throughput
and introduce no significant beam distortion, energy brightness
of the combined beam is increased by a factor equal to the
number of combined channels. Power scaling laser systems to
multikilowatt level requires high spectral density beam combining in order to combine radiation from a large number of
channels within a limited bandwidth. Available bandwidth is
typically determined by the gain bandwidth of laser medium and
application requirements. For example, consider a laser system
operating within a 50-nm low-altitude atmosphere transparency
window around 1040 nm. With power per channel of 500 W,
such system combining 200 channels with channel separation of
0.25 nm is capable of producing 100-kW-level near-diffractionlimited output.
Initially, SBC was proposed on the basis of conventional
surface gratings [48]; however, limited dispersion of surface
diffraction gratings complicates system design for narrow spectral separation of channels. More compact and rugged high spectral density beam combining system can be constructed using
reflecting VBGs. These gratings can be designed with arbitrary
deflection angle for any channel spacing. Significant advantage
of reflecting VBGs in comparison with surface diffraction gratings is their polarization insensitivity.
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Fig. 7. SBC of five laser sources using a stack of identical reflecting VBGs. VBGs are angle-tuned to diffract beams with corresponding wavelengths, while
beams with other wavelengths are transmitted.

SBC by means of VBGs utilizes unique spectral response
of VBGs: diffraction efficiency is close to unity when Bragg
condition is satisfied and is close to zero at multiple points
corresponding to particular wavelength offsets from Bragg condition [49]. Two beams with shifted wavelengths incident on a
grating at conjugate angles emerge overlapped and collinear if
wavelength of one matches the Bragg condition (the beam is
diffracted) and wavelength of the other is offset to match one of
the zeros (the beam is transmitted).
SBC with high spectral density of channels can be achieved
with narrow-band reflecting VBGs recorded in PTR glass. Fivechannel SBC systems with channel spacing 0.4–0.5 nm around
1064 and 1550 nm with absolute efficiency exceeding 92%
and near-diffraction-limited output have been recently demonstrated [50], [51]. Stacks of reflecting VBGs are used in these
systems (see Fig. 7). Further decrease of spectral separation
between channels does not lead to significant deterioration of
system efficiency or output beam quality. We have achieved SBC
of five beams within 1 nm bandwidth (0.25 nm channel separation) around 1550 nm with 91.7% absolute efficiency. Spectrally
combined output beam is near-diffraction-limited (M 2 = 1.13).
In a practical multichannel high-power laser system, stack
geometry of Fig. 7 can be modified. Design of a novel compact
monolithic multichannel beam combiner with multiple VBGs
having offset Bragg wavelengths and tilted grating vectors multiplexed in a single element is shown in Fig. 8. A four-channel
implementation of such a combiner has been demonstrated with
0.7 nm spectral separation of channels and absolute efficiency
exceeding 90%. Such combiner can be used as an elementary cell for a high-power laser system with a large number of
channels.
Behavior of narrow-band VBGs in PTR glass under highpower radiation has been studied [50], [52]. It was found that
diffraction efficiency and spectral bandwidth of gratings are
not changed under laser irradiation with power up to 570 W,
and no residual phenomena were revealed in gratings irradiated
by laser beam with power density up to 5 kW/cm2 . The main
effect of high-power radiation was reversible thermal shift of
grating resonance to a longer wavelength caused by absorption
of laser radiation in PTR glass. This shift can be accounted
during grating manufacturing or compensated during alignment
by adjusting source wavelength or angle of incidence.
Following the schematic of Fig. 7, five commercially available randomly polarized Yb-doped fiber lasers with 160 W output power and central wavelengths offset by 0.5 nm are com-

Fig. 8. Compact monolithic four-channel beam combining module based on
multiplexed VBGs.

bined into a single near-diffraction-limited beam using narrowband reflecting VBGs. Four narrow-band reflecting VBGs with
clear aperture of 20 mm are used in this experiment. Gratings are designed to provide optimum system efficiency: grating thickness 3.5 mm and refractive index modulation 300 ppm
(3 × 10−4 ). Period of each grating was selected to match Bragg
condition for wavelength of each laser at small angle of incidence (5◦ –7◦ ). Each grating provides peak efficiency in excess
of 99% for a collimated beam at specified wavelength. Spectral
selectivity of one of the gratings used in the SBC experiment is
shown in Fig. 9, where a collimated Gaussian beam with 6 mm
diameter is used for scanning. Small difference between the
measured spectral selectivity and theoretical plane wave profile is due to finite beam divergence [53] and nonuniformity of
grating vector across the large aperture. With 91.7% absolute
combining efficiency, maximum output power of the system
is 770 W. No thermal-induced beam distortion is observed at
maximum power for a diffracted beam with M 2 = 1.16 [26].
Remarkable stability of combining efficiency and output power
of the system is observed for many hours of operation as well
as for multiple starts over a period of many months, without the need for any additional alignment. For achieved parameters of PTR Bragg gratings, the system can be scaled to
multikilowatt power level by increasing channel count and
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Fig. 9. Spectral dependence of diffraction efficiency of a large-aperture
narrow-band VBG used for dense high-power SBC.

Fig. 11. Thermal shift of resonant wavelengths in a two-channel SBC system
as a result of heating the gratings. (a) Room temperature. (b) T = 60 ◦ C.
Fig. 10. Common cavity SBC by VBGs with channel wavelengths passively
controlled by the same VBGs.

power of each channel with total system efficiency exceeding
80% [54].
VII. SBC WITH AUTOMATIC WAVELENGTH CONTROL
Efficient operation of a high-power SBC system with external VBGs (see Fig. 7) requires that thermal equilibrium is not
disturbed during operation. Ambient temperature fluctuations
of more than a few degrees or failure of one of the channels
require realignment of the system to restore original efficiency.
This complication can be avoided if wavelengths of sources can
be controlled. Spectral narrowing and control of fiber lasers can
be implemented by using narrow-band VBGs in an external cavity configuration. We suggest a novel design of a multichannel
self-aligned high-power SBC system. In this approach, a common cavity is created for all channels such that wavelengths
of the sources are passively controlled by the combination of a
common output coupler and intracavity VBGs, which also act
as combining elements. SBC with high efficiency is achieved by
matching spectral offset between channels to spectral selectivity
of VBGs. In this case, each VBG reflects the beam of a respective channel wavelength while transmitting the beams with offset wavelengths corresponding to the rest of the channels. Such
an SBC system retains perfect alignment as power of individual
sources is increased. As resonant wavelengths of VBGs are thermally shifted due to absorption of high-power radiation, lasing
wavelengths are automatically adjusted to match Bragg condition of VBGs. Automatic adjustment of wavelengths occurs as
long as they are within the gain bandwidth of the amplifiers.
The concept is illustrated in Fig. 10 for a two-channel beam
combiner.

In our experiments, we use diode-pumped Yb-doped photonic crystal fiber with chirped FBGs on both ends. A highefficiency chirped FBG on one end acts as an end mirror, while
a low-efficiency chirped FBG on the other acts as a weak
output coupler in order to prevent fiber damage due to selfpulsing during alignment of an external cavity. Stable operation of a two-channel SBC system in a common cavity configuration with automatic wavelength control of sources (see
Fig. 10) is achieved with 0.4 nm spectral separation of channels around 1064 nm [55]. Channel wavelengths were initially
set to λ1 = 1063.60 nm and λ2 = 1063.97 nm by angles of
VBGs, with spectral separation of channels larger than spectral
selectivity of VBGs to provide high efficiency of combining [see
Fig. 11(a)]. At 4 A pumping current, the output power was 5.1 W,
linewidths of individual channels were less than ∼100 pm, and
no coherent interaction between channels occurred during oscillation. Radiation of two lasers was combined incoherently into
a single near-diffraction-limited output beam.
At current power level of up to 10 W, resonant wavelengths
of VBGs are virtually unchanged due to low absorption of PTR
glass. In order to imitate behavior of VBGs under the influence
of a high-power laser resulting in heating of the grating, we
have designed a copper grating holder with four 25-W miniature
cartridge heaters. Temperature control was accomplished by a
thermistor as a feedback element set into the holder. Heating of
both gratings resulted in spectral shift of both channels without
significant deterioration of power in the combined output beam.
When both gratings were heated to ∼60 ◦ C, the SBC system output consisted of two lines shifted to 1063.89 and 1064.28 nm
[see Fig. 11(b)], with the initial spectral separation between
channels preserved. Performance of the two-channel SBC system was investigated at pumping current up to 6 A. In this case,
the output power of the system was more than 10 W and losses
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of the system did not exceed 10% compared to the total power
of individual channels. These results were obtained for an SBC
system with external output coupler of 20% reflectivity. It was
also found that stable operation of such an SBC system requires
an output coupler with reflectivity not less than 10%.
This SBC system can be easily scaled by adding more channels and/or increasing power per channel. Performance of such
a system does not deteriorate when beam combining VBGs
are heated to 60 ◦ C, which is equivalent to heating of VBGs
by ∼1 kW of laser radiation around 1064 nm. It is shown that
wavelengths of individual sources automatically adjust to satisfy
Bragg condition of the heated VBGs. Addition of new channels,
failure of channels, and increase of power per channel will have
no effect on system efficiency. Moreover, a common cavity SBC
system can be operated in a wide range of ambient temperatures
without realignment.

Fig. 12.

Phase-locked array of laser diodes.

Fig. 13.

Stack of PTR beam combiners.
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VIII. ARCHITECTURE OF HIGH-BRIGHTNESS LASER SYSTEM
Presented experimental results and modeling of systems with
higher channel count allow proposing the following architecture of a high-brightness laser system. First, a large-aperture
gain medium (wide-stripe diode, large core diameter fiber, or
large-aperture solid-state element) is placed in an external resonator that includes PTR Bragg gratings with angular selectivity
narrow enough to provide single-transverse-mode oscillation at
high pumping levels. Second, a number of single-transversemode lasers are coupled in a phase-locked array by PTR Bragg
gratings with spectral selectivity narrow enough to prevent
hopping between longitudinal modes. Third, a number of phaselocked arrays emitting narrow spectral lines with shifted wavelengths are spectrally combined by a stack of PTR Bragg
gratings.
One of the possible versions of a phase-locked array of semiconductor lasers is shown in Fig. 12. A bar of wide-stripe laser
diodes emits single-transverse-mode radiation along the fast axis
that is collimated by a cylindrical lens. After the collimator, each
diode emits a multimode beam with high divergence in the slowaxis direction. Such beams have a far-field distribution with two
out-of-axis main lobes with total divergence of about 10◦ . A
locking grating placed after the fast-axis collimator provides
partial diffraction of the beam in the vicinity of the main lobe
maximum to the adjacent emitter. The next grating is designed
in such a manner that it can select one of the transverse modes in
the vicinity of the main lobes in angular distribution. The third
grating, which is a PTR Bragg mirror, provides feedback only at
very narrow spectral band, thus preventing mode hopping in the
resonator. Such device emits coherent beam with very narrow
spectral width and divergence close to the diffraction limit.
The last stage of the system is an SBC, which is a stack of
multiplexed Bragg gratings, similar to the one from Fig. 8. This
compact element deflects beams from several channels in the
same direction without deteriorating the original beam quality.
It is important to note that this beam combiner is transparent for
all wavelengths outside of its resonant values. A stack of PTR
beam combiners with shifted resonant wavelengths (see Fig. 13)
provides further scaling to a desirable number of channels.

IX. CONCLUSION
VBGs in PTR glass can be used for extremely narrow spectral
and angular selection of high-power laser beams. These gratings
are utilized for locking of large-aperture solid-state and semiconductor lasers to a single-transverse-mode operation without
deterioration of efficiency, coherent coupling of multiple emitters, and SBC with high spectral density of channels. Coherent
radiation from two- and three-channel arrays of semiconductor lasers is achieved by providing radiation exchange between
emitters by means of VBGs with spectral width narrower than
distance between adjacent longitudinal modes. Stacks of reflecting gratings are used for spectral combination of high-power
laser beams with offset wavelengths. SBC with spectral density up to five channels per nanometer, efficiency exceeding
90%, and output power up to a kilowatt level has been demonstrated without deterioration of beam quality or thermal lensing.
Architecture of high-power multichannel laser systems, which
includes both coherent coupling and SBC by means of VBGs,
is proposed.
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