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1.  Introduction

  Exponential growth of industrial and medical applica-
tions of solid state and fi ber lasers results in a strong demand 
for increasing power and brightness of laser sources concur-
rently with strong requirements for compactness and robust-
ness.  A number of methods are developed and successfully 
used for spectral and spatial fi ltering in laser resonators, pulse 
shaping and beam combining.  However, conventional meth-
ods of laser control are often resulted in increasing complexity 
and decreasing robustness of laser systems.  
  Volume Bragg gratings (VBGs) are new optical compo-
nents that appeared on laser market several years ago and al-
ready have found wide applications enabling record parame-
ters in different areas of laser design.  The goal of this survey 
is to show the current stage of the VBG technology and its la-
ser applications.  Therefore, this paper does not include the 
whole list of relevant publications and the references in this 
survey are used to provide necessary technical details but not 
to demonstrate priority of publications.  

2.  Volume Bragg gratings in
photo-thermo-refractive glass

  While basic optical properties and benefi ts of thick VBGs 
were understood at very early stages of laser development,1） 
real applications were limited by the absence of a proper pho-
tosensitive material that should provide necessary refractive 
index increment, low losses, and high tolerance to laser radia-
tion and harsh environment.  The situation was changed when 
a photo-thermo-refractive (PTR) glass with high optical ho-
mogeneity and low losses was created,2） high effi ciency VBGs 
were recorded,3） and their applications for lasers were demon-
strated.4）  Intensive study and wide applications of VBGs re-
corded in PTR glass resulted in multiple original publications 

and several surveys published at different stages of the VBG 
technology development.5‒7）

  A uniform VBG is a trivial phase volume hologram pro-
duced by recording of an interference pattern of two collimat-
ed beams.  This recording results in creation of numerous pla-
nar layers with modifi ed refractive index in the volume of a 
photosensitive optical material.  These layers provide resonant 
diffraction of optical beams that is described in1） and detailed 
for engineering calculations in.8,9）  Diffraction of radiation in-
side of this grating occurs if Bragg conditions are satisfi ed:

　　　　　　　　　　  

where θm is an angle inside of the photosensitive medium be-
tween a plane of constant refractive index and a direction of 
beam propagation, λ  is wavelength, n is refractive index and d 
is a grating period.  It is important to note that properties of 
volume diffraction gratings are dramatically different from 
those of conventional surface diffraction gratings.  Therefore, 
applications of VBGs are dramatically different from those of 
surface diffraction gratings.  Let us consider the main types of 
VBGs and their basic properties.  
  A transmitting VBG (Fig. 1) recorded in a plane-parallel 
glass plate is a volume diffractive element where both trans-
mitted and diffracted beams cross the back surface.  Diffrac-
tion occurs only if both a wavelength (λ 2) and an incident an-
gle (θ 2) of the launched beam correspond to Bragg condition 
(Eq. 1).  Contrary to surface gratings, at all other combina-
tions of incident angles and wavelengths beams transmit the 
VBG without changing the direction of propagation.  For the 
same VBG, an incident angle for a particular wavelength 
could be varied from normal to grazing because the VBG can 
be arbitrary oriented inside of a glass plate (by changing of re-
cording angles or by different cutting a recorded grating from 
an exposed glass slab).  Grating orientation can be changed in 
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such manner that diffracted beam would cross the front sur-
face of the VBG (Fig. 2).  This grating is a refl ecting VBG or 
a Bragg mirror.  Contrary to surface gratings where diffraction 
occurs for all wavelengths and angular dispersion can be about 
1 deg/nm, VBGs defl ect a narrow line for large angles up to 
180 ° (Fig. 1, middle, for θ 2 approaching 90 °).  This means 
that angular separation of adjacent narrow lines could be or-
ders of magnitude higher if compared to that for surface grat-
ings.  For example, a Bragg mirror with spectral selectivity of 
0.1 nm defl ecting beam for 180º provides angular dispersion 
of 1800 deg/nm.  Increasing grating thickness, decreasing 
grating period or decreasing angle of propagation (θm in Eq. 1) 
result in narrowing the spectral selectivity of VBGs.1,8,9）  For 
VBGs recorded in PTR glass, where thickness could be varied 
from fractions of millimeter to several centimeters, spectral 
selectivity could be varied from tens of nanometers for thin 
transmitting gratings with large period and grazing angle of 
propagation to tens of picometers for thick refl ecting gratings 
with small period and normal angle of propagation.
  An important feature of VBGs is their ability to provide 
not only spectral but also angular selectivity (Fig. 1, bottom).  
Conventional angular filtering is produced by spatial filters 
that include a lens for Fourier transform from angles to spatial 
coordinates, spatial fi ltering, and Fourier transform back to an 
original beam.  A VBG works in angular space (or in space of 
wave vectors) and it provides direct angular fi ltering.  Trans-
mitting VBGs are slits in angular space.  Their angular selec-
tivity could be narrowed down to tens microradians.  Refl ect-

ing VBGs are round diaphragms in angular space and their 
angular selectivity could be narrowed down to few milliradi-
ans.  
  Dependences of diffraction efficiency on wavelengths 
and incident angles for VBGs are not smooth functions as they 
are for surface gratings.  An example of a diffraction effi cien-
cy spectrum for a refl ecting VBG is shown in Fig. 3.  It has a 
sharp central maximum and several side lobes separated by 
points with zero efficiency.1,8,9）  An angular response of this 
VBG has the same shape.  Similar spectra are observed for 
transmitting VBGs.  This is a key feature that enables the use 
of VBGs for spectral beam combining and for angular magni-
fi cation in laser beam steerers.
  PTR glass enables multiplication of high efficiency 
VBGs in the same volume.  Two gratings recorded in a glass 
plate with the same direction of grating vectors but with dif-
ferent periods produce a moiré pattern (Fig. 4, top) where spa-
tial profi le of refractive index has a fast-frequency component 
with a period average of periods of recording interference pat-
terns and slow-frequency envelope determined by difference 
of those periods (Fig. 4, bottom).  A fraction of moiré pattern 
between two zeros of a slow-frequency envelope is a Bragg 
mirror with apodized refractive index modulation profile.10）  
Two such fractions correspond to a Fabry-Perot interferome-
ter.  Unique features of such an interferometer are automatic 
alignment of “mirrors” naturally having a phase shift of π  and 
a single transmission maximum.  The narrowest band of such 
a fi lter having thickness of 6 mm was 9 pm at 633 nm.  
  It is possible in the same glass plate to record two or 
more gratings with different Bragg wavelengths that are ori-

Fig. 3  The spectrum of diffraction effi ciency for a refl ect-
ing VBG with a period of 360 nm, thickness of 4.0 
mm and refractive index modulation of 270 ppm 
for λ  = 1064 nm and θ  = 10 ° .

Fig. 1  Transmitting volume Bragg grating (VBG). Dif-
fracted beam crosses the back surface.  An incident 
beam with wavelength λ 2 approaching a VBG at 
incident angle θ 2 is diffracted.  All other beams 
with different wavelengths and/or different inci-
dent angles are transmitted through the VBG with-
out changing direction of propagation.

Fig. 2  Refl ecting VBG. Diffracted beam crosses the front 
surface.

Fig. 4  Moiré grating recorded by sequential exposure to 
UV interference patterns with different periods 
(top) and spatial profi le of refractive index (bottom, 
not in scale).



686 The Review of Laser Engineering　September 2013

ented to have a common Bragg angle (Fig. 5, top).11,12）  While 
these VBGs are overlapped in the same space, they are opti-
cally independent.  Therefore, illuminating this complex ele-
ment along a normal to the front surface at fi xed wavelengths 
would result in diffraction of the beams with proper wave-
lengths in different directions.  Figure 5, bottom demonstrates 
that a number of such VBGs with high effi ciency can be re-
corded in PTR glass.  It is clear that illuminating this grating 
by beams with proper wavelengths launched at proper angles 
would result in combing of those beams within the same aper-
ture along the arrow in Fig. 5, top.  This is one of the promis-
ing approaches for spectral beam combining (multiplexing).  
  It is possible in the same glass plate to record several 
gratings with the same Bragg wavelengths that are oriented to 
have a common Bragg angle.13,14）  These gratings are optically 
dependent because diffraction to the common Bragg angle 
would cause further diffraction to another grating.  Figure 6 
shows two identical gratings that work as a 1:2 beam splitter if 

illuminated the arrow from left to right.  However, illumina-
tion of this multiplexed grating by coherent beams launched 
from directions A and B would result in coherent combining 
within a common aperture.  Multiplexed gratings that provide 
splitting 1:2, 1:4 and 1:5 were recorded.  Such elements en-
able coherent combining.
  While uniform VBGs are recorded using an interference 
pattern produced by two collimated beams, it is possible to 
combine a divergent beam with and a convergent one.  In this 
case the interference pattern consists of dark and bright planes 
with a period gradually changed in direction perpendicular to 
a bisector of the recording beams.  If convergence and diver-
gence angles are equal, the resulting VBG would have a grat-
ing with a linearly varied period.  If the period variation di-
rected across the aperture, it is a transverse chirped refl ecting 
VBG or a Bragg mirror with a variable resonant wavelength 
(Fig. 7).  Such a grating being placed as an output coupler for 
a laser array would lock it to a series of predetermined wave-
lengths.  This output coupler being slid in lateral direction 
would tune emission wavelengths.  If period variation is di-
rected along the beam propagation, it is a longitudinal chirped 
refl ecting VBG (Fig. 8).  Such a grating can work as a wide 
band fi lter with spectral width extended up to tens of nanome-
ters or as a pulse stretcher/compressor.

3.  Spectral narrowing, stabilization and
tuning of laser emission

  The use of refl ecting Bragg gratings as narrow band out-

Fig. 8  Longitudinal chirped VBG (top) with period lin-
early varied in direction of beam propagation (bot-
tom).

Fig. 5  Multiplexed refl ecting VBG that includes four grat-
ings with different periods and a common Bragg 
angle (top) and its refl ection spectrum if illuminat-
ed along the normal to the front surface (bottom).

Fig. 7  Transverse chirped VBG with lateral variation of 
Bragg wavelength.

Fig. 6  Two identical VBGs recorded symmetrically in 
PTR glass act like a 1:2 splitter/combiner when the 
Bragg conditions are satisfi ed.
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put couplers in external resonators for different types of lasers 
is widely studied and published.  One of the important appli-
cations is the use of spectral narrowing and stabilization for 
semiconductor diodes, bars and stacks to improve stability and 
effi ciency of pumping solid state and fi ber lasers.15,16,5）  It was 
found that PTR output couplers with thickness from parts to 
few millimeters provide effi cient spectral locking of laser di-
odes at the level of from 60 to 100 pm.  Emission wavelength 
does not depend on temperature of a diode.  Effi ciency of a 
volume Bragg laser diode usually exceeds 95% of effi ciency 
of an original diode at power level of several watts.  Locking 
of diode bars and stacks with total power up to 0.5 kW were 
demonstrated with effi ciency above 90%.  The narrowest high 
power laser diode system was demonstrated for pumping Rb 
vapor.17）  It provided 250 W within 20 pm at 780 nm.  
  The use of PTR Bragg mirrors for solid state lasers en-
abled spectral narrowing down to couple picometers with ap-
proximately the same power as for a laser with a conventional 
output coupler.18,19,20）  This means that spectral brightness of 
those lasers was increased by three orders.  It is important that 
even for fi ber lasers with large length of resonators and, there-
fore, small distance between longitudinal modes, it was possi-
ble to make an external resonator with a VBG output coupler 
and to observe single frequency operation.21）  A combination 
of a thick Bragg mirror and a Fabri-Perot etalon provides an 
opportunity to select a single transmission maximum of the 
etalon and enables successful operation in a single frequency 
regime for different rare earth ions doped solid state la-
sers.22,23）  The fi rst demonstration of a monolithic etalon Fabri-
Perot produced by a moiré VBG as a single maximum narrow 
band transmission fi lter in a laser resonator was recently pub-
lished.24）  This approach should bring numerous opportunities 
for design of narrow band laser systems.
  Availability of new spectral fi lters that could be used in 
laser cavities resulted in creation of different tunable narrow 
band lasers.  It is clear that rotation of a Bragg mirror results 
in variation of a reflected wavelength and can be used for 
spectral tuning.  However, this tuning requires a concurrent 
realignment of an additional mirror to provide feedback.  It is 
well known that a combination of two mirrors fi xed at 90º is a 
one-dimensional retroreflector.  If one of these mirrors is a 
Bragg mirror (Fig. 2), it is still a retroreflector.  However, 
variation of an incident angle would change the wavelength of 
the refl ected beam.  Such a device was used as a tunable out-
put coupler for Yb:KYW laser.25）  Emission of narrow line 
with 0.1 nm width and tunability for about 50 nm in vicinity 
of 1025 nm were demonstrated.  Another approach for spec-
tral tunability can be realized with the use of a transverse 
chirped VBG (Fig. 7) placed in a resonator as an output cou-
pler.  Sliding of this grating in direction perpendicular to the 
resonator axis would change a feedback wavelength.  This 
scheme was realized for Yb doped fi ber laser that have shown 
narrow emission line of 0.007 nm tunable within 5 nm 
range.26）

  An important opportunity is provided by the use of VBGs 
not for positive feedback but for rejection of spectral compo-
nents that are not desirable.  This approach allows decoupling 
the most intensive spectral components from a resonator and, 
therefore, to obtain lasing at week transitions of a gain medi-
um.  Laser emission at different Stark components of Nd in 
solid state lasers was successfully demonstrated.27）  It should 
be noted that the use of fi ltering in the spectral domain pro-
duces improvement of laser parameters in the time domain.  
Dramatic impact was produced by PTR Bragg mirrors incor-
porated in Nd:YLF regenerative amplifi er.28,29）  Spectral fi lter-

ing resulted in suppression of background and increasing of 
contrast of amplified pulse for about three orders of magni-
tude.

4.  Angular narrowing and steering of laser beams

  As it was described in Section 1 (Fig. 1), VBGs possess 
angular selectivity and therefore can serve as transverse mode 
selectors in laser resonators.  The well-known requirement for 
a single-transverse-mode resonator is to provide a single Fres-
nel zone at an output coupler.  Usually this requirement is sat-
isfi ed by proper ratio between length and aperture of a resona-
tor.  However, a resonator that includes an optical element, 
which transmits radiation within a solid angle corresponding 
the fi rst Fresnel zone, would support only a fundamental mode 
even for apertures signifi cantly exceeding the size of the fi rst 
Fresnel zone.  Angular selectivity of VBGs was fi rst realized 
for mode selection in semiconductor lasers where fast axis di-
vergence is naturally diffraction limited while slow axis diver-
gence is determined by interaction of large number of trans-
verse modes.5,30）  Angular selection along the slow axis was 
performed by both refl ecting VBGs in convergent beams and 
by transmitting VBGs in collimated beams.  It was shown that 
while typical width of a semiconductor waveguide to support 
a single transverse mode regime should be below 5 μm, the 
external resonators with VBGs were able to keep single mode 
operation with waveguide widths up to 150 μm.  Spatial 
brightness of laser diodes was enhanced by an order of magni-
tude while spectral brightness was increased by three orders 
of magnitude.  This approach was recently applied for solid 
state lasers31） where two dimensional mode selection was pro-
duced by refl ecting VBGs in convergent beams and by pairs of 
transmitting VBGs in collimated beams.  Both approaches 
have shown opportunities for decreasing divergence in resona-
tors with large Fresnel numbers.  
  The problem of precise beam steering or receiver point-
ing is one of the key problems for both free space and wave-
guide communication systems.  Large angle mechanical de-
vices are bulky and slow, while electro-controlled devices 
steer within small angles.  However, beam steering at small 
angles (below 5 °) produced by conventional electro-optical, 
acousto-optical or liquid crystal devices can be magnifi ed by a 
stack of VBGs.32）  This magnifi cation is based on a specifi c 
profi le of angular dependence of diffraction effi ciency that in-
cludes a central lobe and a number of side lobes separated by 
zeros.  This profi le is similar to the spectral one depicted in 
Fig. 3.  Defl ection of a laser beam from a Bragg angle to the 
nearest zero causes defl ection of the beam for a doubled Bragg 
angle.  This magnifi cation factor could exceed 100.  A stack of 
VBGs with difference between adjacent incident angles of 
0.1 ° and difference between corresponding diffraction angles 
of 10 ° was designed and realized.7）  Such approach for angu-
lar magnifi cation in fast electro-optical switches was demon-
strated and has shown dramatic decrease of their size.33）

5.  Stretching, compression and temporal
shaping of laser pulses

  High power ultrashort laser pulses in picosecond and 
femtosecond regions are in great demand for medical and in-
dustrial applications.  However, direct amplifi cation of such 
pulses is restricted by different nonlinear processes.  There-
fore, the main method of generation of high power and high 
energy ultrashort pulses is chirped pulse amplifi cation (CPA) 
where an ultrashort laser pulse with a corresponding wide 
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spectrum is stretched by a chirped fi ber Bragg grating or a pair 
of diffraction gratings that provide different delays for differ-
ent spectral components.34）  The pulse with decreased power 
is amplifi ed and then compressed back by one of these devic-
es.  Both methods have restrictions resulted from small aper-
ture of fi ber Bragg gratings (and corresponding low laser dam-
age threshold) and high sensitivity of diffraction grating pairs 
to misalignment (and corresponding low tolerance to vibra-
tions and shocks).
  Longitudinal chirped VBGs (Fig. 8) can produce opera-
tions with laser beam directly in the time domain.  Such 
chirped Bragg mirror would refl ect different wavelengths from 
different positions in direction of beam propagation.  This 
means that reflection of different spectral components of a 
femtosecond laser pulse with wide spectrum would cause 
stretching the pulse in time and space domains.  The width of 
a stretched pulse is determined by the delay time between ex-
treme spectral components and it is equal to the time of dou-
ble pass between corresponding points in the chirped VBG.  
The stretched pulse being directed to the same chirped VBG 
from the opposite side would be compressed back to its origi-
nal state.  Such gratins were fabricated and it was shown35,36） 
that stretching and compression could be performed with effi -
ciency exceeding 95%.  High laser damage threshold and low 
absorption of PTR VBGs enabled generation of high power 
laser pulses in CPA laser systems.37）  Effi cient stretching and 
compression of pulses was demonstrated for all types of ultra-
short pulse lasers emitting from 0.8 to 2 μm.  Small size of 
VBG compressors (three orders of magnitude less volume if 
compared to that for a Treacy compressor) and high tolerance 
to shocks and vibrations enable great improvement of com-
pactness and reliability of ultrashort CPA systems.
  Additional capability to shape ultrashort pulses is provid-
ed by an opportunity to make sectional chirped gratings38） and 
multipass chirped gratings with phase correctors.39）  It was 
found that two or more sequential chirped VBGs (Fig. 9, A 
and B) with adjacent reflection spectra placed with a phase 
shift between sections multiple of 2π  work as a single mono-
lithic grating with such an extended refl ection spectrum.  This 
approach enables increase of total delay time and spectral 
width beyond current technological limits.  Moreover, varying 
the phase shift between sections allows wide manipulations 
with pulse shape including double pulses, pulses with precur-
sors, super Gaussian pulses, etc.  Another method to increase 
stretching time is the use of chirped VBGs in a multipass re-
gime by the use of a retrorefl ecting mirror (Fig. 9, C).  In this 

case, spectral width of the device is not changed but stretching 
time can be doubled, quadrupled, etc.  In space between the 
VBG and the mirror, different spectral components of the la-
ser pulse are dispersed in lateral direction.  Therefore, placing 
a phase plate between the grating and the mirror provides dif-
ferent delays for different spectral components.  This shaping 
in spectral domain causes reshaping in time domain.

6.  Photo-thermo-refractive laser glass and a way to
monolithic solid state lasers

  A demonstration of combining a VBG with a gain ele-
ment was reported long time ago.40）  A monolithic device that 
included a VBG, a Nd:GdVO4 crystal and a mirror has shown 
a single frequency operation with tunability over 80 GHz with 
no mode hoping.  This idea to create a monolithic solid state 
laser got further development when PTR glass was co-doped 
with Nd3+ and it was shown that this glass provides good lumi-
nescent parameters while keeping photosensitivity.41）  CW la-
ser action in this glass was demonstrated in a plane-concave 
resonator with diode pumping.42）  PTR glass was successfully 
doped with Yb and Er and high efficiency reflecting VBGs 
were recorded in these glass plates.43）  CW laser action was 
observed in Yb doped PTR glass in both distributed Bragg re-
fl ection (DBR) and distributed feedback (DFB) confi gurations 
(Fig. 10).  It was found that completely monolithic solid state 
DFB laser emits up to 200 mW of single frequency radiation 
with spectral width about 250 kHz that can be tuned without 
mode hopping for about 130 GHz.  This result paves a way to 
extremely robust narrow band solid state lasers for a great 
number of applications.

7.  Laser beam combining

  It is common understanding that all types of lasers have 
restrictions for power scaling resulted from different nonlinear 
processes.  Therefore, achievement of extremely high power 
of solid state and fi ber laser systems would require different 
types of laser beam combining.  There are two types of com-
bining that enable increase of brightness ‒ coherent combin-
ing, when several coherent beams are overlapped by proper 
phase control, and spectral combining, when several incoher-
ent beams with different wavelengths are overlapped by prop-
er spectral selective elements.  The use of VBGs could play 
signifi cant role in beam combining because of their extremely 
sharp spectral selectivity and their ability to provide phase 

VBG

Fig. 9  Complex devices for temporal shaping ultrashort 
laser pulses. A ‒ two section chirped VBG, B ‒ 
three section chirped VBG, C ‒ double pass 
chirped VBG with phase plate.

Fig. 10  Schematic of a DBR (a) and DFB (b) lasers in Yb 
doped PTR glass. 1a and 1b ‒ dichroic beam 
splitters with HR at 1066 nm and HT at 976 nm, 
2‒ lens, 3‒Yb-doped PTR glass slab with 99% 
Bragg mirror.
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locking of different lasers.44）

  Spectral combining is based on a specifi c shape of dif-
fraction effi ciency spectra of VBGs (Fig. 3) where the central 
maximum and side lobes are separated by zeros.  This means 
that a beam with a proper wavelength launched to a VBG at a 
Bragg angle (incident beam in Fig. 2) would be diffracted.  
Another beam with a wavelength corresponding to one of ze-
ros in the spectrum launched at the Bragg angle from the op-
posite side of the VBG (combined beam in Fig. 2) would pass 
the grating without diffraction and completely overlap with 
the first beam.  For a lossless VBG, spatial brightness of a 
combined beam would be doubled.  The sequence of such 
gratings designed for diffraction of specifi ed wavelengths and 
transmission of all additional wavelengths provides an oppor-
tunity to combine a great number of laser beams.  Figure 2 
shows geometry of beam combining for a reflecting VBG.  
However, it is clear that a transmitting VBG can provide the 
same beam combining.  This approach has demonstrated high-
est spectral brightness of combining ‒ fi ve beams of Yb doped 
fiber lasers with wavelength separation between adjacent 
channels of 0.5 nm were combined with effi ciency exceeding 
90% to a single beam with divergence close to diffraction lim-
it and total power of 750 W.45）

  There are several improvements in the area of spectral 
beam combing.  First, a set of VBGs with sharper refl ection 
spectra enabled beam combining with similar parameters 
while the channel separation was narrowed down to 0.25 nm.  
Second, fabrication of multiplexed VBGs (Fig. 5) enabled 
combining of three (by a doubled VBG) and fi ve (by a qua-
drupled VBG) lasers by means of a single optical element.46）  
This approach enabled dramatic decrease of a beam combiner 
size.  Third, air cooling was demonstrated as an efficient 
method of increasing tolerance of VBGs to high power laser 
radiation.47）  It was shown that VBGs can be used in multikilo-
watt laser beams without degradation of diffraction effi ciency 
and divergence of the diffracted beams.
  Ability of VBGs to provide phase locking of lasers was 
fi rst demonstrated with semiconductor lasers.48）  It was found 
that, if a spectral width of the VBG was less than the distance 
between adjacent longitudinal modes of internal resonators of 
the laser diodes, the use of a VBG for radiation exchange be-
tween two laser diodes produced phase locking and resulted in 
emission of coherent beams.  This phase locking was stable 
and could be observed for a long time.  
  This approach was successfully used for coherent com-
bining of fi ber lasers.49）  However it is not simple to scale of 
this combining to multiple channels.  Development of multi-
plexed VBGs dramatically improved the situation.  This com-
plex optical element with several VBGs having a common 
Bragg angle for a specifi ed wavelength works as a beam split-
ter as it is shown in Fig. 6.  However if this element is illumi-
nated by two coherent properly phased beams in opposite di-
rection, it would work as a beam combiner.  This property was 
used for active coherent combining of fi ve fi ber lasers with to-
tal power in a combined beam of 670 W.50）  Such multiplexed 
gratings provide even more opportunities for coherent com-
bining.  The scheme of passive coherent combining by means 
of multiplexed VBGs is shown in Fig. 11.51）  Radiation from 
all channels is diffracted by a multiplexed VBG to a common 
output coupler that provides feedback.  Radiation refl ected by 
the output coupler is split between channels.  This scheme 
provides two features ‒ radiation from an output coupler is 
completely mixed by a VBG before the redistribution between 
channels, and a combined high power beam propagates in free 
space not affecting fi ber amplifi ers.  High effi ciency passive 

combining of two and four fi ber channels was recently dem-
onstrated.52）

8.  Summary

  New optical elements which are volume Bragg gratings 
(VBGs) recorded in photo-thermo-refractive (PTR) glass en-
abled significant progress in laser design and applications.  
These elements are narrow band fi lters that operate in spectral, 
angular and temporal domains.  They provide spectral narrow-
ing, stabilization and tuning of laser radiation; narrowing of 
divergence and beam steering; stretching, compression and 
temporal shaping of laser pulses, integration of different laser 
components in the same material and fabrication of monolithic 
solid state lasers; and passive and active coherent combining 
along with high density spectral combining of fi ber lasers.

References

 1）  H. Kogelnik: The Bell System Technical Journal 48 (1969) 2909.
 2）  L. B. Glebov: Glastech. Ber. Glass Sci. Technol. 71C (1998) 85.
 3）  O. M. Efi mov, L. B. Glebov, L. N. Glebova, K. C. Richardson, 

and V. I. Smirnov: Appl. Optics 38 (1999) 619.
 4）  L. B. Glebov, V. I. Smirnov, C. M. Stickley, and I. V. Ciapurin: 

Proc. SPIE 4724 (2002) 101.
 5）  L. B. Glebov: Proc. SPIE 6216 (2006) 621601.
 6）  L. B. Glebov: Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B, 

48 (2007) 123.
 7）  L. B. Glebov: J. of Holography and Speckle 5 (2008) 1.
 8）  I. V. Ciapurin, L. B. Glebov, and V. I. Smirnov: Opt. Engineering 

45 (2006) 015802 1.
 9）  I. V. Ciapurin, D. R. Drachenberg, V. I. Smirnov, G. B. Venus, and 

L. B. Glebov: Opt. Engineering 51 (2012) 058001.
10）  V. Smirnov, J. Lumeau, S. Mokhov, B. Ya. Zeldovich, and L. B. 

Glebov: Opt. Lett. 35 (2010) 592.
11）  I. Divliansky, D. Ott, B. Anderson, D. Drachenberg, V. Rotar, G. 

Venus, and L. Glebov: Proc. SPIE 8237 (2012) 823705.
12）  I. Divliansky, D. Ott, B. Anderson, G. Venus, and L. Glebov: To 

be published in Opt. Express.
13）  A. Jain, O. Andrusyak, G. Venus, V. Smirnov, and L. Glebov: 

Proc. SPIE 7580 (2010) 75801S.
14）  A. Jain, D. Drachenberg, O. Andrusyak, G. Venus, V. Smirnov, 

and L. Glebov: Proc. SPIE 7686 (2010) 768615.
15）  B. L. Volodin, S. V. Dolgy, E. D. Melnik, E. Downs, J. Shaw, and V. 

S. Ban: Opt. Lett. 29 (2004) 1891.
16）  G. Venus, V. Smirnov, L. Glebov, and M. Kanskar: Proc. of Solid 

State and Diode Lasers Technical Review. Albuquerque (2004) 
P-14.

17）  A. Podvyaznyy, G. Venus, V. Smirnov, O. Mokhun, V. Koulechov, 

Fig. 11  Coherent locking of fi ber lasers by a multiplexed 
refl ecting VBG in a multichannel resonator with a 
common output coupler.



690 The Review of Laser Engineering　September 2013

D. Hostutler, and L. Glebov: Proc. SPIE 7583 (2010) 758313.
18）  T. Chung, A. Rapaport, V. Smirnov, L. Glebov, M. Richardson, 

and M. Bass: Opt. Lett. 31 (2006) 229.
19）  T. Chung, A. Rapaport, Y. Chen, V. Smirnov, M. Hemmer, L. B. 

Glebov, M. C. Richardson, and M. Bass: Proc. SPIE 6216 (2006) 
621603.

20）  M. Hemmer, Y. Joly, L. Glebov, M. Bass, and M. Richardson: 
Opt. Express 17 (2009) 8212.

21）  A. Ryasnyanskiy, N. Vorobiev, V. Smirnov, J. Lumeau, L. 
Glebova, O. Mokhun, E. Rotari, Ch. Spiegelberg, A. Podvyaznyy, 
and L. Glebov: Proc. SPIE 8385 (2012) 838503.

22）  B. Jacobsson, V. Pasiskevicius, and F. Laurell: Opt. Lett. 31 (2006) 
1663.

23）  B. Jacobsson, V. Pasiskevicius, and F. Laurell: Opt. Express 14 
(2006) 9284.

24）  D. Ott, V. Rotar, J. Lumeau, S. Mokhov, I. Divliansky, A. 
Ryasnyanskiy, N. Vorobiev, V. Smirnov, Ch. Spiegelberg, and L. 
Glebov: Proc. SPIE 8236 (2012) 823621.

25）  B. Jacobsson, J. E. Hellstrom, V. Pasiskevicius, and F. Laurell: 
Opt. Express 15 (2007) 1003.

26）  A. Ryasnyanskiy, V. Smirnov, L. Glebova, O. Mokhun, E. Rotari, 
A. Glebov, and L. Glebov: In Defense, Security and Sensors Con-
ference. Baltimore. MD, 2013. Proc. SPIE, 2013, to be published.

27）  N. S. Vorobiev, L. B. Glebov, V. I. Smirnov, and I. S. Ciapurin: 
Quant. Electronics 39 (2009) 43.

28）  A. V. Okishev, C. Dorrer, V. I. Smirnov, L. B. Glebov, and J. D. 
Zuegel: Opt. Express 15 (2007) 8197.

29）  C. Dorrer, A. V. Okishev, I. A. Begishev, J. D. Zuegel, V. I. 
Smirnov, L. B. Glebov: Opt. Lett. 32 (2007) 2378.

30）  G. B. Venus, A. Sevian, V. I. Smirnov, and L. B. Glebov: Proc. 
SPIE 5711 (2005) 166.

31）  B. Anderson, G. Venus, D. Ott, I. Divliansky, and L. Glebov: 
Conference “Solid State and Diode Laser Technology Review”, 
Broomfi eld, CO. 2012/06/11.

32）  D. P. Resler, D. S. Hobbs, R. C. Sharp, L. J. Friedman, and T. A. 
Dorschner: Opt. Lett. 21 (1996) 689.

33）  A. L. Glebov, A. Sugama, V. I. Smirnov, S. Aoki, V. Rotar, M. G. 
Lee, and L. B. Glebov: IEEE Phot. Techn. Lett. 19 (2007) 701.

34）  E. B. Treacy: IEEE J. Quant. Electron. 5 (1969) 454.
35）  V. Smirnov, E. Flecher, L. Glebov, K. Liao, and A. Galvanauskas: 

In Proc. of Solid State and Diode Lasers Technical Review. Los 

Angeles 2005, SS2-1.
36）  K. Liao, M. Cheng, E. Flecher, V. Smirnov, L. Glebov, and A. 

Galvanauskas: Opt. Express 15 (2007) 4876.
37）  M. Rever, S. Huang, V. Smirnov, E. Rotari, I. Cohanoshi, S. 

Mokhov, L. Glebov, and A. Galvanauskas: Proc. SPIE 7580 
(2010) 75801Y.

38）  O. Andrusyak, L. Canioni, I. Cohanoshi, M. Delaigue, E. Rotari, V. 
Smirnov, and L. Glebov: Proc. SPIE 7578 (2010) 75781A.

39）  D. Moses, O. Andrusyak, M. SeGall, J. Lumeau, V. Smirnov, V. 
Rotar, and L. Glebov: Advanced High Power Laser Review. 8th 
Annual Ultrashort Pulse Laser Workshop. Broomfi eld, CO. June 
17, 2010.

40）  I. Haggstrom, B. Jacobsson, and F. Laurell: Opt. Express 15 
(2007) 11589.

41）  L. Glebova, J. Lumeau, and L. B. Glebov: Opt. Materials 33 
(2011) 1970.

42）  Y. Sato, T. Taira, V. Smirnov, L. Glebova, and L. Glebov: Opt. 
Lett. 36 (2011) 2257.

43）  L. Glebov, A. Ryasnyanskiy, V. Smirnov, L. Glebova, O. Mokhun, 
A. Glebov, J. Lumeau, S. Vasu, and M. J. Soileau: Optics and 
Photonics International Congress. Laser Ignition Conference. Pa-
per LIC3-4. Yokohama, Japan. 2013/04/24

44）  L. B. Glebov: Proc. SPIE 6216 (2006) 621601.
45）  O. Andrusyak, V. Smirnov, G. Venus, V. Rotar, and L. Glebov: 

IEEE J. of Selected Topics in Quant. Electronics 15 (2009) 344.
46）  I. Divliansky, D. Ott, B. Anderson, D. Drachenberg, V. Rotar, G. 

Venus, and L. Glebov: Proc. SPIE 8237 (2012) 823705.
47）  B. Anderson, S. Kaim, G. B. Venus, J. Lumeau, V. Smirnov, B. 

Zeldovich, and L. Glebov: Proc. SPIE 8601 (2013) 86013D.
48）  G. B. Venus, A. Sevian, V. I. Smirnov, and L. B. Glebov: Opt. 

Lett. 31 (2006) 1453.
49）  A. Jain, O. Andrusyak, G. Venus, V. Smirnov, and L. Glebov: 

Proc. SPIE 7580 (2010) 75801S.
50）  C. A. Lu, A. Flores, E. J. Bochove, W. P. Roach, V. Smirnov, and L. 

B. Glebov: Proc. SPIE 8601 (2013) 86011A.
51）  A. Jain, D. Drachenberg, O. Andrusyak, G. Venus, V. Smirnov, 

and L. Glebov: Proc. SPIE 7686 (2010) 768615.
52）  A. Jain, C. A. Lu, G. Venus, V. Smirnov, E. Bochove, and L. 

Glebov: Photonics West Conference, San Francisco 2013. Paper 
8601-46.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.71429
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.71429
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


