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OUTCOUPLER WITH BRAGG GRATING AND 
SYSTEMAND METHOD USING SAME 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to optics. More spe 
cifically, the present invention relates to outcouplers for 
master oscillator power amplifier (MOPA) systems. 
0003 2. Description of the Related Art 
0004 A High Energy Laser (HEL), because of its rapid 
time of flight, pointing agility, precision, lack of collateral 
damage effects, and lack of traceable residue, is an effective 
weapon against a broad range of military targets. One 
currently advantageous high energy laser is a PCMOPA 
(Phase Conjugate Master Oscillator Power Amplifier). The 
PCMOPA is described and claimed in U.S. patent applica 
tion Ser. No. 10/340,277 entitled Self-Adjusting Interfero 
metric Outcoupler And Method, filed Jan. 10, 2003 by A. A. 
Betin et al. (Atty. Docket No. PD 02W177) the teachings of 
which are hereby incorporated herein by reference. PCMO 
PAS currently require a device called an outcoupler to 
output a high power laser beam. This outcoupler must 
output the beam without affecting a reference beam output 
by the PCMOPA. 
0005) The basic phase conjugate (PC) MOPA architecture 
uses a Small master oscillator, which delivers a low-power 
Single-mode reference beam through an optical input/output 
coupler element (outcoupler) to the output end of a high 
power amplifier beamline. The beam is then amplified to 
medium power, picking up thermal lensing and wedging 
aberrations and is depolarized due to thermal StreSS birefrin 
gence. At this point the beam enters a phase conjugate 
mirror, which reverses the wavefront of the beam. The 
reflected, phase conjugate beam then makes a return pass 
through the aberrated amplifier beamline and the original 
wavefront is restored. A high power, high beam quality beam 
is delivered via the outcoupler. 
0006. One of the most critical components in this PC 
MOPA laser architecture is the outcoupler, which is respon 
Sible for inserting the low power master oscillator beam into 
the amplifier beamline and extracting the amplified beam 
from the beamline in a separate path. Ideally, the outcoupler 
would insert the oscillator beam with Zero loss, extract the 
amplified beam with zero feedback into the oscillator, and 
generate no distortions that cannot be corrected by the phase 
conjugate mirror (PCM). Several outcoupler schemes have 
been developed and used with the PC MOPA architecture. 
0007 One approach involved the use of a simple beam 
Splitter as an outcoupler. However, with this Scheme, a 
Substantial amout of power is returned to the master oscil 
lator and has a tendency to interfere with the reference beam 
generated thereby. Other approaches have involved a sepa 
ration of the high energy and the reference beams. One 
approach, for example, uses a Faraday rotator to rotate the 
polarization of one of the beams. Unfortunately, Faraday 
rotators can not currently be Scaled to the high power levels 
needed for current and future applications. 
0008 Another approach involves the use of a frequency/ 
wavelength discrimination Scheme. This approach typically 
involves the use of Stimulated Brillouin Scattering (SBS) 
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based phase conjugator and an interferometer to create a 
constructive interference in one direction and a destructive 
interference in the other. However, this approach is limited 
in application and may not be used with the advantageous 
loop phase conjugate mirror (LPCM) based system. 
0009. Another approach was described in U.S. patent 
application Ser. No. 10/340,277 entitled Self-Adjusting 
Interferometric Outcoupler And Method, filed Jan. 10, 2003 
by A. A. Betin et al. (Atty. Docket No. PD 02W177) the 
teachings of which are hereby incorporated herein by ref 
erence. This approach proposes the use of a number of 
Mach-Zender interferometers to determine and control the 
frequencies of the master oscillator and the loop PCM to 
achieve the necessary frequency Separation. Unfortunately, 
the interferometers are not easy to use and may be difficult 
to use with aberrated beams. 

0010 Hence, there is a need in the art for a more robust, 
Scalable, element to Serve as an outcoupler capable or 
working with a variety of conjugators including a loop type 
conjugator. 

SUMMARY OF THE INVENTION 

0011. The need in the art is addressed by the outcoupler 
of the present invention. Generally, the inventive outcoupler 
includes a wavelength Selective, angle Sensitive element and 
an arrangement for maintaining the element in a predeter 
mined orientation relative to an incident beam of electro 
magnetic energy. 

0012. In the specific implementation, the element is a 
Bragg grating which may be reflective or transmissive. The 
inventive outcoupler may be used to implement a power 
amplifier. A teaching is provided herein by which a power 
amplifier is implemented with an oscillator, a resonator in 
operational alignment with the Oscillator; and an outcoupler 
in alignment with the oscillator, the outcoupler including a 
Bragg grating. Preferably, Second and third Bragg gratings 
are included within the oscillator and the resonator, respec 
tively. In the best mode, the resonator is a loop phase 
conjugate mirror with a Faraday diode in alignment with the 
oscillator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a simplified optical schematic of a basic 
phase conjugate MOPA configuration of conventional 
design and construction. 
0014 FIG.2 is an optical schematic of a loop PCM based 
on a thermal nonlinearity. 
0015 FIG. 3 is a schematic of a conventional Faraday 
rotator and polarization beamsplitter outcoupler approach of 
a lower power PC MOPA system. 
0016 FIG. 4a is a schematic of a conventional high 
power outcoupler approach based on reflective/refractive 
beamsplitters. 
0017 FIG. 4b is a schematic of a conventional high 
power outcoupler approach based on diffraction gratings. 
0018 FIG. 5 is a schematic of a PC MOPA system using 
a conventional interferometric outcoupler Scheme. 
0019 FIG. 6 is a block diagram of a polarization out 
coupler Scheme using an interferometer and an SBS for 
non-reciprocal polarization rotation in accordance with con 
ventional teachings. 
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0020 FIG. 7 is a simplified optical schematic of a MOPA 
System with a Self-adjusting interferometric outcoupler 
Scheme designed in accordance with teachings of U.S. 
patent application Ser. No. 10/340,277 entitled Self-Adjust 
ing Interferometric Outcoupler And Method, filed Jan. 10, 
2003 by A. A. Betin et al. (Atty. Docket No. PD 02W177). 
0021 FIG. 8 is a PC MOPA with a wavelength self 
adjusted outcoupler Scheme using thick Bragg gratings in a 
accordance with an illustrative embodiment of the present 
teachings. 

0022 FIG. 9 demonstrates an example of possible Bragg 
gratings which can be fabricated to realize a PC MOPA setup 
in FIG. 8 based on use of Yb:YAG amplifiers. 

0023 FIG. 10 shows illustrative graphs of BG reflec 
tivity in dependence on incident angle and wavelength. 

0024 FIG. 11 is a diagram of a PCMOPA setup with a 
transmissive Bragg grating as an outcoupler in accordance 
with an alternative embodiment of the present teachings. 

DESCRIPTION OF THE INVENTION 

0.025 Illustrative embodiments and exemplary applica 
tions will now be described with reference to the accompa 
nying drawings to disclose the advantageous teachings of 
the present invention. 

0026. While the present invention is described herein 
with reference to illustrative embodiments for particular 
applications, it should be understood that the invention is not 
limited thereto. Those having ordinary skill in the art and 
access to the teachings provided herein will recognize 
additional modifications, applications, and embodiments 
within the scope thereof and additional fields in which the 
present invention would be of Significant utility. 

0.027 FIG. 1 is a simplified optical schematic of a basic 
phase conjugate (PC) master oscillator/power amplifier 
(MOPA) configuration 10 of conventional design and con 
Struction. A Small master oscillator 12 delivers a low-power, 
Single transverse mode reference beam 14 through an optical 
input/output coupler element (hereinafter outcoupler) 16 to 
the output end of a high power amplifier beamline 18. The 
beam is amplified to medium power, picking up thermal 
lensing and wedging aberrations and is depolarized due to 
thermal StreSS birefringence. At this point the amplified 
beam 20 enters a phase conjugate mirror 22, which reverses 
the wavefront of the incident beam. The reflected, phase 
conjugate beam 24 then makes a return pass through the 
aberrated amplifier beamline 18 and the original wavefront 
is restored. A high power, high beam quality beam 26 is 
delivered via the outcoupler 16. 

0028. This two-pass PC MOPA architecture has been 
Successfully used on numerous programs to enhance the 
brightness and reduce the beam wander of Solid-state lasers. 
Self-pumped PCM devices based on stimulated Brillouin 
Scattering (SBS) have been used in the past for high peak 
power (Q-switched) devices. Attempts to apply the SBS 
PCM to continuous wave (CW) or quasi-CW beams have 
not resulted in any practical solutions. In the late 1980s a 
new type of phase conjugate mirror was demonstrated in 
Russia for high power CO2 lasers. This new conjugator is 
based on a thermal nonlinearity in liquids and, unlike SBS, 
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is suitable for CW operation. This has been developed as a 
“vector” loop PCM for correction of depolarized beams. 
0029 FIG. 2 is an optical schematic of a loop PCM 30 
based on a thermal nonlinearity. The input beam (denoted 
E) from the amplifier beamline enters a nonlinear medium 
32 and traverses the loop in a clockwise direction. An optical 
diode 34 is used to prevent Saturation of the gain medium 
(amplifier) 36 in this direction. Two mirrors (38, 40) direct 
the beam to an amplifier 36. This clockwise beam E is 
directed by two more mirrors (42, 44) back into the nonlin 
ear medium 32 where it interferes with the input beam E. 
and writes real-time holographic gratings in the medium. 
The grating Serves as a holographic resonator mirror, which 
allows a laser mode E to build from noise in the preferred 
counterclockwise direction around the loop. A portion of this 
beam Err is coupled out of the PCM through the grating 
in the nonlinear medium 32, in the opposite direction to the 
input beam E. Under the proper conditions, the grating is 
Set up Such that the output beam Eor is a phase conjugate 
replica of the input beam E. Using this basic PC MOPA 
architecture in a vector (or polarization-correcting) configu 
ration, near-diffraction limited restoration with very Severe 
optical aberrations (100xD.L.) and near-perfect birefrin 
gence correction (>20 dB contrast) with completely depo 
larized beams can be achieved. 

0030) The loop PCM configuration is described more 
fully in the following references the teachings of which are 
incorporated by reference herein. 

0031) 1. “Phase Conjugation Based On Thermal 
Nonlinearity,” paper NThB 1 presented by A. A. 
Betin at Nonlinear Optics. Materials, Fundamentals, 
and Applications Conference, Maui, Hi., pp. 336 
339, July 1996. 

0032 2. “Phase Conjugation of Depolarized Light 
with a Loop PC, published by A. A. Betin, S. C. 
Matthews, and M. S. Mangir in Nonlinear Optics. 
Materials, Fundamentals, and Applications Confer 
ence, Kauai, Hi., July 1998. 

0033 3. U.S. Pat. No. 5,726,795; issued Mar. 10, 
1998 to A. A. Betin, M. S. Mangir, and D. A. 
Rockwell, entitled COMPACT PHASE-CONJU 
GATE MIRROR. UTILIZING FOUR-WAVE MIX 
ING IN A LOOP CONFIGURATION. 

0034) 4. U.S. Pat. No. 5,729.380; issued Mar. 17, 
1998 to A. A. Betin and M. S. Mangir and entitled 
LOOP PHASE-CONJUGATE MIRROR FOR 
DEPOLARIZED BEAMS. 

0035) 5. U.S. Pat. No. 6,278,547; issued Aug. 21, 
2001 to A. A. Betin and entitled POLARIZATION 
INSENSITIVE FARADAY ATTENUATOR. 

0036 References 2, 4 and 5 describe a vector configu 
ration which corrects for depolarization. 
0037 AS discussed above, one of the most critical com 
ponents in the PC MOPA laser architecture is the outcoupler 
(OC), which is responsible for inserting the low power 
master oscillator beam into the amplifier beamline and 
extracting the amplified beam from the beamline in a 
separate path. Ideally, the OC would insert the oscillator 
beam with Zero loss, extract the amplified beam towards the 
output with Zero feedback into the oscillator, and generate no 
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distortions that cannot be corrected by the LPCM. Several 
OC schemes have been developed and used with the PC 
MOPA architecture. The Scalable High Energy Raman Laser 
(SHERL) and used a Brewster plate in conjunction with a 
quarter wave plate for polarization outcoupling. This 
scheme is disclosed by Hans W. Bruesselbach in U.S. Pat. 
No. 4,734,911, entitled EFFICIENT PHASE CONJUGATE 
LASER dated Mar. 29, 1988, the teachings of which are 
incorporated herein by reference. This approach provided 
very efficient transmission of the amplified beam with low 
oscillator feedback. However, it was not efficient at injecting 
the oscillator beam into the amplifier beamline and therefore 
required a higher power oscillator than would be required 
with an ideal outcoupler. 
0038 Lower power PC MOPA systems utilized a polar 
izing beamsplitter in conjunction with a permanent-magnet 
Faraday rotator and quartz rotator combination to provide a 
non-reciprocal optical path for efficient outcoupling, as 
shown in FIG. 3. 

0039 FIG. 3 is a schematic of a conventional Faraday 
rotator and polarization beamsplitter outcoupler approach of 
a lower power PC MOPA system 50. The beam from the 
master oscillator 12 is reflected off a polarization beamsplit 
ter 52 through a permanent-magnet Faraday rotator 54 and 
quartz rotator 56 combination to the power amplifier 18 and 
PCM 22. On the return pass, the beam is output through the 
polarization beamsplitter 52. The Faraday rotator and polar 
ization beamsplitter approach works well at average powers 
up to a kilowatt, but Faraday devices able to handle Sub 
Stantially higher powers are not known to be available. The 
HEL application, however, calls for hundreds of kilowatts to 
megawatts of average power, which is beyond-the current 
State-of-the-art in Faraday devices. 
0040. The most straightforward OC approaches for high 
power are based on reciprocal optical elements Such as 
reflective/refractive beamsplitters and diffraction gratings, 
as shown in FIG. 4. These devices are designed to promote 
efficient outcoupling for the high power beam. The coupling 
efficiency of the master oscillator input path, however, may 
be very low for these devices, necessitating a relatively high 
power master Oscillator. High oscillator power is problem 
atic for two reasons: (1) reduced overall efficiency of the 
MOPA and (2) difficulty in obtaining high oscillator beam 
quality. 

0041 FIGS. 4a and 4b are schematic diagrams of PC 
MOPA architectures using conventional high, power out 
coupler approaches based on reflective/refractive beamsplit 
ters and diffraction gratings, respectively. In FIG. 4a, the 
beam from the master oscillator 12 is reflected off a reflec 
tive/refractive beamsplitter 62 and directed to the power 
amplifier 18 and PCM 22. On the return pass, the amplified 
beam is output through the beamsplitter 62. In FIG. 4b, the 
beam from the master oscillator 12 is split, into a two orders 
by a diffraction grating 64. The 1 order is directed to the 
power amplifier 18 and the 0" order is lost. On the return 
pass, the 0" order of the amplified beam from the diffraction 
grating 64 is output. The diffraction grating has an advantage 
over the reflective/refractive beamsplitter in that the outcou 
pler-induced optical distortions are compensated, minimiz 
ing the non-common path errors for high power operation. 
0042. The diffraction grating (FIG. 4b) has an advantage 
over the reflective/refractive beamsplitter (FIG. 4a) in that 
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the OC-induced optical distortions are compensated, mini 
mizing the non-common path errors for high power opera 
tion. The coupling efficiency of the master oscillator input 
path, however, may be very low for these devices, necessi 
tating a relatively high power master oscillator. While this 
low input coupling efficiency does not appreciably affect the 
overall efficiency of the laser System, higher-power master 
oscillators of diffraction-limited beam quality do entail an 
additional development risk and add to the size and weight 
of the System. 
0043. Non-Faraday OC techniques based on non-recip 
rocal interferometric elements have been proposed/devel 
oped which show promise in Scaling to weapon-class power 
levels. In the early 1990s, several high average power 
interferometric OC configurations were proposed, which 
rely on the Stokes frequency shift inherent in the stimulated 
Brillouin Scattering (SBS) phase conjugation process to 
create a non-reciprocal optical path. The first disclosed by T. 
O'Meara in U.S. Pat. No. 5,126,876, entitled MASTER 
OSCILLATOR POWER AMPLIFIER WITH INTERFER 
ENCE ISOLATED OSCILLATOR dated Jun. 30, 1992 the 
teachings of which are incorporate herein by reference uses 
a Mach-Zender interferometer as the outcoupling element 
directly. This interferometer is used as the non-reciprocal 
element to Separate the input and output paths through 
constructive interference in one direction and destructive 
interference in the other, as shown in FIG. 5. 

0044 FIG. 5 is a schematic of a PC MOPA system 70 
using a conventional interferometric outcoupler Scheme as 
disclosed by O'Meara in U.S. Pat. No. 5,126,876. This 
approach uses a Mach-Zender interferometer 90 as the 
outcoupling element directly. The interferometer 90 is used 
as the non-reciprocal element to Separate the input and 
output paths through constructive interference in one direc 
tion and destructive interference in the other. An input beam 
from the master oscillator 12 is received by a first beam 
splitter 72 and split into two paths, one towards a mirror 82 
and another towards a mirror 84. One path includes several 
additional mirrors (74, 76, 78,80) for adjusting the path 
length. Beams from both paths are combined at a Second 
beamsplitter 84 and directed to the amplifier 18 and SBS 
PCM 22. On the return pass, the amplified beam is split into 
the same two paths by the second beamsplitter 84, and 
output through the first beamsplitter 72. This approach relies 
on the Stokes frequency shift inherent in the stimulated 
Brillouin Scattering (SBS) phase conjugation process to 
create a non-reciprocal optical path. Because the Stokes shift 
is fixed by the material parameters of the SBS medium 
(determined by sound velocity), the wavelength of the 
master oscillator (w) and the length of the interferometer 
legs must be controlled to ensure good master oscillator 
isolation and input/output coupling efficiency. 

004.5 The second interferometric approach uses the inter 
ferometer in the phase conjugate leg to effect a 90 degree 
polarization rotation on the output pass, which creates a 
non-reciprocal path through a polarization beamsplitter. The 
operation of this interferometric polarization outcoupler is 
disclosed in Basov et al., “Laser Interferometer with Wave 
length-Reversing Mirrors,'Soy: Phys. JTEP Vol. 52, No. 5, 
November 1980, pp 847-851. Inventive improvements to 
this basic scheme were disclosed by D. Rockwell in U.S. 
Pat. No. 5,483,342, entitled “Polarization Rotation with 
Frequency Shifting Phase Conjugate Mirror and Simplified 
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Interferometric Output Coupler,” issued Jan. 9, 1996, the 
teachings of which are incorporated herein by reference. 
0.046 FIG. 6 is a block diagram of a polarization out 
coupler Scheme using an interferometer and an SBS for 
non-reciprocal polarization rotation in accordance with con 
ventional teachings. This arrangement was disclosed by D. 
Rockwell in the above referenced U.S. Pat. No. 5,483,342. 
0047 A problem with these interferometric outcoupler 
approaches is that they must be used with a PCM that which 
has a fixed and predetermined frequency shift, typically an 
SBS PCM. The SBS PCM has several disadvantages: it does 
not work well with continuous waveforms, and it requires 
high peak power but cannot handle high average power. 
Furthermore, the prior art interferometric outcoupler 
approaches are Sensitive to length changes in the interfer 
ometer optical paths resulting from thermal expansion and 
warping of the Structure, plastic deformation and creep, 
Shock and Vibration induced Structural compliance, or 
refractive indeX changes of the optics and intervening atmo 
Sphere, as well as any changes in the frequency of operation 
of the oscillator or phase conjugate mirror. 
0048 FIG. 7 is a simplified optical schematic of a MOPA 
system 100 with the self-adjusting interferometric outcou 
pler Scheme designed in accordance with teachings of U.S. 
patent application Ser. No. 10/340,277 entitled “Self-Ad 
justing Interferometric Outcoupler And Method,” filed Jan. 
10, 2003 by A. A. Betin et al. (Atty. Docket No. PD 
02W177) the teachings of which are hereby incorporated 
herein by reference. In this implementation, a Mach-Zender 
interferometer 116 functions as a wavelength-dependent 
optical switch. The same interferometer 116 is used to 
Satisfy three separate functions. This System offerS Substan 
tial improvements made over the prior art described above, 
namely because 1) it does not rely on the Stokes frequency 
shift in SBS and therefore can be used with other phase 
conjugation media and methods, Such as thermal nonlinear 
ity in a loop configuration or four-wave mixing (FWM), 2) 
it uses a single interferometer to control the master oscillator 
frequency, control the frequency shift in the phase conju 
gated beam, and perform the input/output coupling within 
the MOPA, and this interferometer does not require tight 
tolerances Since it is always Self-tuned. In this implementa 
tion, the Mach-Zender interferometer, which is labeled an 
“interferometer” in FIG. 7, automatically determines and 
controls the frequencies of the master oscillator and LPCM. 
AS an outcoupler it functions as a wavelength-dependent 
optical directional Switch. For simplicity, the interferometer 
116 is shown in FIG.7 as three separate functional elements, 
but in practice it is actually just one physical device and the 
optical train is folded Such that the same interferometer is 
shared by the oscillator 112, PCM 122, and PC MOPA 
outcoupler 116. 

0049. There is at least one detrimental aspect of these 
interferometer based input/output coupling Schemes. In 
order to work with aberrated beams they rely on the use of 
re-imaging optical elements So that the two beamsplitters 
within the interferometer are at conjugate planes (one 
imaged onto the other), which adds Some complexity in 
reducing this approach to practice. 

0050. In accordance with the present teachings, a thick 
holographic grating element is used as a frequency/wave 
length sensitive dispersive element within a PC MOPA. This 
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allows Self-adjusting of the wavelengths of a master oscil 
lator and a conjugator (loop PCM or four-wave mixing 
PCM), as well as a decoupling of the high power output 
beam from the PC MOPA laser system. The advantage 
relative to the prior art is simplicity and ease of implemen 
tation and the possibility of working with highly aberrated 
beams without the need for Special optics. 

0051. In accordance with the present teachings, a thick 
Bragg grating is used in a master oscillator (MO), loop phase 
conjugate mirror (LPCM) and outcoupler (OC) in a PC 
MOPA laser system for control and self-adjusting of fre 
quencies of the MO and LPCM and for angular separation 
of the input and output beams in the OC. 

0.052 FIG. 8 is a PC MOPA with a wavelength self 
adjusted outcoupler Scheme using thick Bragg gratings in a 
accordance with an illustrative embodiment of the present 
teachings. AS is known in the art, Bragg gratings are 
wavelength Selective, angle Sensitive reflective elements. AS 
shown in FIG. 8, three thick reflective Bragg gratings 208, 
212, and 226 are mounted in predetermined angular orien 
tations with respect to an incident beam with conventional 
mounting mechanisms (not shown). The first grating 208 
(BG) is placed in an MO 202 as a narrow-band high 
reflective mirror to define the MO operating wavelength w. 
A second grating 212 (BG), used as the OC, is designed to 
provide a high reflection coefficient in the vicinity of the MO 
wavelength w at Some particular incident angle that enables 
the efficient coupling of the MO laser beam toward a power 
amplifier 214 and LPCM 216. A third grating 226 (BGs), 
placed in the loop PCM 216, is designed to give only partial 
reflection (10-50%) for the MO beam at wavelength , and 
at a particular angle of incidence. The third grating BG 
should have a high reflectivity (near 100%) at a shifted 
wavelength W and at the same angle of incidence. Thus, the 
grating BG Should be made in Such a way that wavelength 
a corresponds to the maximum, near 100% reflectivity. 
However, the MO wavelength , is assumed to be on the 
other local peak, providing Some lower reflectivity of BG 
at a wavelength v. Maximum. reflectivity of BG at W 
assures that the LPCM would only operate at this wave 
length. The difference in wavelengths should be sufficient 
such that the wavelength, is beyond the reflectivity band 
width of the grating BG, this will assure the high power 
return beam at wavelength a will be transmitted through the 
OC/BG, forming the output beam without any substantial 
feedback into the MO. 

0053 Another important consideration for the grating 
BG, comes from the fact that both counter propagating laser 
beams (the incoming MO beam and the LPCM generated 
return circulating within the LPCM) are highly aberrated 
and may have large angular divergences. The grating BG 
should be able to provide a near uniform reflectivity at both 
wavelengths and within large enough angular spread (up to 
50xDL is enough for most practical applications). In this 
case no amplitude distortions will be imposed onto these 
highly aberrated beams, an important condition for achiev 
ing high PC fidelity in the LPCM. 

0054. In operation, a beam from the amplifier 206 of the 
MO 202 exits the first grating 208 at wavelength w, is 
reflected by mirror 210 to the second grating 212 and is 
reflected by the second grating to the loop PCM through the 
power amplifier 214. In the loop PCM, the beam passes 
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through the nonlinear medium 218 and the Faraday diode 
220 and is reflected by mirrors 222 and 224 onto the third 
Bragg grating 226. A portion of the energy of the beam is 
reflected by the third grating to the PCM amplifier 228 
through which it passes to the nonlinear medium 218 via 
fourth and fifth mirrors 230 and 232 respectively. At the 
nonlinear medium, the beam interferes with the beam at W 
from the power amplifier 204 and creates a hologram which 
reflects a return beam at wavelength w-. The return beam is 
amplified by the PCM amplifier 228 and reflected by the 
third Bragg grating 226 and mirrorS 224 and 222 to the 
Faraday diode 220. The return beam at a passes through the 
diode 220 and the power amplifier and is output by the 
Second Bragg grating 212 which Serves as the outcoupler for 
the System. 

0.055 The wavelength difference, Av=v-w, cannot be 
arbitrary large for two major reasons. One is that it should 
be less than the amplifier gain Spectral bandwidth, which 
depends on a gain medium. Solid State laser crystals like 
Yb:YAG, Nd:YAG, etc. have gain bandwidth in excess of 1 
nm. For glass laser media, the gain bandwidth can be more 
then 10 nm. 

0056. Another reason is that a large difference in wave 
lengths can cause the two aberrated/speckled beams (the 
incoming beam to the PCM and the conjugated return) to 
de-correlate from each other. This may negatively impact the 
phase conjugation fidelity and the compensation of optical 
distortions in the power amplifier may not be complete. 

0057) If we estimate the wavelength difference for two 
aberrated beams with wave numbers k and 

L L & 1 1 
kp2 kp2 

22 k |Ak| st L 

0.058 which can still provide a good phase conjugation 
compensation in a amplifier with length L and if the trans 
verse correlation length of laser beam is p, then the longi 
tudinal correlation length along the beam propagation direc 
tion is kpf and de-correlation of two beams occurs when: 

0059 where k=(k+k)/2 and Ak=k-k. 

0060 Since 
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0061 where 0 is a divergence of the beam (FW/M), 
then: 

As 2 A & (PL 

0062 Introducing an etendue, E=D0, a parameter, which 
is used to characterize a quality of laser beams (D is a beam 
Size): 

0063 Consider an example of a small amplifier with 
DXL-1 mmx100 mm and a laser beam propagating in an 
amplifier medium with etendue 50 mmxmrad (equals to an 
etendue of approximately 100 mmxmrad for the beam 
propagating in air, if one takes into account a refractive 
index of an amplifier laser medium). Calculation results in: 

4.1.0 nm. 102 nm. 4 
& - & 5 nm. 

3.14. 0.25. 102.1012 nm2. 108 nm. A. 

0064. The estimate based on assumption 1 works rea 
Sonably well for very large diameter Speckled beams. For 
more realistic case, one can expect that a much larger 
wavelength difference may be allowed without substantial 
problems for phase conjugation. Thus, one can conclude that 
Aw>>1 nm is allowable in practical applications. 
0065 Suitable Bragg gratings, transmissive and/or 
reflective, can be made by known processes of recording 
gratings in photosensitive media, Such as glasses or crystals. 
See “High-Efficiency Bragg Gratings. In Photothermo-Re 
fractive Glass,” published by O. M. Efimov, L. B. Glebov, L. 
N. Glebova, K. C. Richardson, V. I. Smirnov in Appl. Opt., 
v. 38, No. 4, pp. 619–627 (1999). 
0066 Angular and wavelength dependencies of diffrac 
tion efficiency for these gratings are calculated in accor 
dance with the well-known Kogelnik's theory. See “Coupled 
Wave Theory for Thick Hologram Gratings,” published by 
H. Kogelnik in The Bell System Technical Journal, V. 48, No. 
9, pp. 2909-2945, (1969). Usually a dependence of diffrac 
tion efficiency on wavelength or angle exhibits a lot of 
Sidelobes. However, there are techniques for effective Sup 
pression of the sidelobes. See "Simple Technique for Apo 
dising Chirped and Unchirped Fiber Bragg Gratings,” pub 
lished by R. Kashyap, A. Swanton, D.J. Armes in Electronic 
Litters, v. 32, No. 13, pp. 1226-1228, (1996) and “Fiber 
Bragg Gratings,” published by A. Othonos, K. Kalli in 
Artech House, Boston-London, pp. 197-205 (1999). 
0067. It is also possible to record more than one grating 
in a piece of a photoSensitive material. These gratings may 
act independently and provide more than one local maxi 
mum in overall reflectivity Spectrum. One maximum can 
have near 100% reflectivity and other(s) can have near 100% 
or lower reflectivity depending on the requirements of a 
given application. See “Multiple Storage of Thick Phase 
Holograms in LiNbO,” published by S. Breer, H. Vogt, and 
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K. Buse in Electronics Letters, v. 34, No. 25, pp. 2419-2421 
(1998). ASSSuming that gratings with or without sidelobes, 
as well as with multiple local reflectivity maximums can be 
made, we can identify a grating with a period A and a central 
diffraction wavelength w-2A in Sin(d/2) (corresponding to 
frequency V=c/w), where A is a grating period, n is a 
refractive index of grating medium, c is Speed of light in 
Vacuum and dd is an angle between incident and diffraction 
beams. If an operational lasing spectrum is determined only 
by this grating, (there may be other components in a laser 
resonator that impact the laser wavelength as well, e.g. the 
laser amplifier gain bandwidth), it may occur on a single or 
multiple wavelengths within the grating bandwidth. For 
instance, one or many longitudinal modes can be excited in 
MO or LPCM within again bandwidth of laser amplifier and 
Supported by the bandwidth of the Bragg grating used. 
0068 FIG. 9 demonstrates an example of possible Bragg 
gratings which can be fabricated to realize a PC MOPA setup 
in FIG. 8 based on use of Yb:YAG amplifiers. In FIG.9, the 
Spectra of reflectivity of Bragg gratings as shown as follows: 
BG (1), BG (2), and BG(3, 4). The thicknesses and inci 
dent angles are: 

0069 BG: thickness-10 mm, incident angle-0; 
0070 BG: thickness is 3.5 mm, incident angle-2; 

0071 BG: thickness is 2.5 mm, incident angles-0.5 
(3) and 1.5° (4). 
0.072 Similar gratings can be easily designed for other 
than Yb:YAG based lasers, including Nd:YAG, Nd:GGG, 
Er:YAG, etc. 
0.073 Yb: YAG crystal has again bandwidth of approxi 
mately 4 nm around central peak wavelength ~1030 nm. The 
wavelength shift in this exemplary realization is Aw-1 nm. 
Parameters of all Bragg gratings are given in the Table 1. 
0.074 Table 1 shows parameters of Bragg gratings where 
'n' is the refractive index and 2xAn is the maximal refractive 
indeX variation. 

TABLE 1. 

Wawe- Thick- Incident 
length CSS angle 

deg. An 

BG1 1031 1O O O.OOOO4 1.5 
BG2 1031 3.5 2 O.OOO3 1.5 
BG3, main grating 1030 2.5 1. O.OOO4 1.5 
BG3, 1' weak grating 1030.88 2.5 1. O.OOOO4 1.5 
BG3, 2nd weak grating 1031.01 2.5 1. O.OOOO4 1.5 
BG3, 3d weak grating 103114 2.5 1. O.OOOO4 1.5 

0075 BG is constructed to force the MO to operate at 
w~1031 nm. BG is calculated to get near 100% coupling of 
the MO beam into the power amplifier under launching at an 
angle of incidence about 2 that gives a good geometrical 
Separation between input and output beams. BG is designed 
to have one main reflectivity maximum, which gives near 
100% reflectivity around u-1030 nm, assuring the LPCM 
Works at this wavelength or multiple wavelengths near the 
central maximum at 1030 nm within the indicated on the 
graph grating bandwidth Öw. This W-1030 nm maximum is 
provided by recording a main Single grating with parameters 
indicated in Table 1. 
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0076. The secondary peak in reflectivity spectrum of BG 
is designed by recording a few (three in the present example, 
See Table 1) additional weak gratings to give approximately 
10-20% reflectivity (which is appropriate for typical oper 
ating conditions of a LPCM device) near wavelength 
J-1031 nm of MO laser beam. The four gratings are 
recorded and overlapped in the same Volume making a 
Single BG element. The choice of 3 weak gratings is made 
to provide an example of how to form a Secondary maximum 
with near uniform reflectivity with a sufficiently wide angle 
of incidence, >60-1. 
0077 Wavelengths w and w correspond to central peaks 
of both main and Secondary reflectivity maximums assum 
ing the central incident angle is 1. For highly divergent 
beams different angular components of the beams will form 
an angular spread of incident angles. In the case with beam 
divergence 0-1 the incident angles spread will be from 0.5 
to 1.50. However, diffraction. efficiency of any Bragg 
grating depends on both wavelength and incident angle. 
Thus, dependence on wavelength is different for different 
angular components. This is why FIG. 9 shows the BG 
reflectivity Spectra for both limiting angles in order to 
demonstrate the possible wavelength range Öw of BG 
operation. 

0078 FIG. 10 shows illustrative graphs of BG reflec 
tivity in dependence on incident angle and wavelength. In 
FIG. 10, BG: thickness -2.5 mm, central angle of inci 
dence -1. It is seen that the BG provides, at both wave 
lengths, a near uniform reflectivity in a large angular band 
width more than 80-1. Such angular bandwidth allows one 
to work with highly aberrated laser beams having angular 
divergence 0 within 80-1 and etendue E=D0-100 
mmxmrad achievable for reasonable laser beam diameters 
D>6 mm. Sufficient Bragg gratings with dimensions 10 
mmx10 mm and larger can be easily manufactured. 
0079 There are other ways to make gratings with 
required reflectivity at MO wavelength w, in addition to the 
method of recording a few weak gratings on top of the main 
grating described above. It can be a single weak grating 
recorded together with a main grating if a refractive index of 
a photoSensitive material is high enough, like in LiNbO. 
Another way is to record a Single thin grating for wavelength 
w positioned Somewhere inside the main thick grating for 
wavelength W. Yet another one is to use the Fresnel reflec 
tion for wavelength w from the rear Surface of Bragg grating 
made just for getting near 100% reflectivity for wavelength 
W. In latter case the rear Surface can be coated to adjust to 
an appropriate reflection coefficient at wavelength W. Bragg 
grating's design and fabrication become easier if leSS diver 
gent beams are used or required. 
0080. To analyze the sensitivity of gratings to tempera 
ture variations and the reality of their use in real devices, 
assume the grating with period A recorded in media with 
refractive index n and thermal expansion coefficient C. 
Bragg diffraction condition leads to the relation between 
central wavelength w and period of grating A (for simplicity 
of analysis it is assumed to be written for an angle of 
incidence close to a Zero degree) and consecutively to the 
dependence of central wavelength w on temperature devia 
tions: 
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C = (F, 6 + no 

0.081 For photosensitive glass material made by Coming: 
dn/dT-6-101/ C., C-4.6-10 1/ C., the estimate gives 
du/dT=8.9.10 mm./ C. Hence, in the above example, with 
BG, with allowable wavelength bandwidth of 8-0.2 nm 
(see FIG. 9), temperature variations can be up to -20° C. 
The allowable temperature deviation will increase with 
decreasing laser beam etendue, incident angle and grating 
thickness. Note that in the example given, temperature rise 
due to the heating by a powerful output laser beam will 
move the reflection band of the BG/OC grating further out 
off of the reflection band of the LPCM BG grating, thus 
Sustaining a good isolation of the MO from the output 
powerful beam. 

0082 FIG. 11 is a diagram of a PCMOPA setup with a 
transmissive Bragg grating as an outcoupler in accordance 
with an alternative embodiment of the present teachings. 
That is, in this realization the outcoupler BG (213) is 
implemented with a thin transmissive Bragg grating. 
0.083. This arrangement has a certain advantages. Optical 
distortions in the BG 213 (either previously existing or 
induced during operation) will be imposed onto MO laser 
beam traveling towards LPCM and the conjugated return 
from the LPCM will practically compensate these distor 
tions and restore the original quality of the MO beam after 
passing through the BG on the way back. The smaller BG 
thickness, diffraction angle and optical distortions lead to 
better compensation. 

0084 An example of OC/BG shown on FIG. 11 may be 
calculated having grating thickneSS -0.8 mm and angle of 
incidence ~60 degrees. It should provide near 100% reflec 
tivity at ~1031 nm and substantially full transmission at 
~1030 min. Note, transmission gratings have high angular 
Selectivity resulting in very narrow Spread of incident angles 
which, in turn, may provide extra protection for the MO by 
reducing Scattered noise from the powerful output beam. 
0085. A system implemented in accordance with the 
present teachings should provide the following features: 

0086 1. It should not rely on the Stokes frequency 
shift in SBS, and therefore should be used with other 
phase conjugation media and methods, Such as ther 
mal nonlinearity in a loop configuration, or four 
wave mixing (FWM). 

0087 2. It should use either a single holographic 
element (in a shared configuration) or multiple simi 
lar or Specially tailored to-each other elements to 
control the master oscillator frequency/wavelength 
and the frequency/wavelength shift in the phase 
conjugated beam, and to perform the input/output 
coupling within the PC MOPA. 

0088. 3. With respect to wavelength, the overall 
Scheme should remain self-tuned. It should not be 
particularly Sensitive to length changes in the laser 
beam optical paths, which result from thermal 
expansion and warping of the Structure, plastic 
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deformation and creep, Shock and vibration induced 
Structural compliance, or refractive indeX changes of 
the optics. 

0089 4. It should be simple and easy to implement 
and it should not require complicated optical layouts 
when working with aberrated beams. 

0090 Thus, the present invention has been described 
herein with reference to a particular embodiment for a 
particular application. Those having ordinary skill in the art 
and access to the present teachings will recognize additional 
modifications applications and embodiments within the 
Scope thereof. 
0091. It is therefore intended by the appended claims to 
cover any and all Such applications, modifications and 
embodiments within the Scope of the present invention. 
0092. Accordingly, 

What is claimed is: 
1. An outcoupler comprising: 

a wavelength Selective, angle Sensitive element and 
means for maintaining Said element in a predetermined 

orientation relative to an incident beam of electromag 
netic energy. 

2. The invention of claim 1 wherein said element is 
reflective. 

3. The invention of claim 1 wherein said element is 
transmissive. 

4. The invention of claim 1 wherein said element is a 
Bragg grating. 

5. A power amplifier comprising: an oscillator, 

a resonator in operational alignment with Said oscillator; 
and 

an outcoupler in alignment with Said oscillator, Said 
Outcoupler including a Bragg grating. 

6. The invention of claim 5 wherein said oscillator 
includes a Bragg grating. 

7. The invention of claim 6 wherein said oscillator 
includes an amplifier. 

8. The invention of claim 5 wherein said resonator 
includes a Bragg grating. 

9. The invention of claim 5 further including a power 
amplifier. 

10. The invention of claim 5 wherein said resonator is a 
phase conjugate mirror. 

11. The invention of claim 10 wherein said phase conju 
gate mirror is a loop phase conjugate mirror. 

12. The invention of claim 11 wherein said loop phase 
conjugate mirror includes a Faraday diode in alignment with 
Said oscillator. 

13. The invention of claim 12 wherein said loop phase 
conjugate mirror further includes a Second Bragg grating in 
alignment with Said diode. 

14. The invention of claim 13 wherein said loop phase 
conjugate mirror includes a nonlinear medium operationally 
disposed between Said diode and Said oscillator. 

15. The invention of claim 14 wherein said loop phase 
conjugate mirror includes an amplifier operationally dis 
posed between said medium and Said Second Bragg grating. 
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16. A power amplifier comprising: 
a master oscillator having a first Bragg grating disposed 

therein; 
a resonator in operational alignment with Said oscillator, 

Said resonator having a Second Bragg grating, and 
an outcoupler in alignment with Said oscillator, Said 

outcoupler having a third Bragg grating. 
17. The invention of claim 16 wherein said resonator is a 

phase conjugate mirror. 
18. The invention of claim 17 wherein said phase conju 

gate mirror is a loop phase conjugate mirror. 
19. The invention of claim 18 wherein said loop phase 

conjugate mirror includes a Faraday diode in alignment with 
Said oscillator. 
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20. The invention of claim 19 wherein said loop phase 
conjugate mirror includes a nonlinear medium operationally 
disposed between Said diode and Said oscillator. 

21. The invention of claim 20 wherein said loop phase 
conjugate mirror includes an amplifier operationally dis 
posed between Said medium and Said third Bragg grating. 

22. An outcoupling method including the Steps of 

providing a wavelength Selective, angle Sensitive element 
and 

maintaining Said element in a predetermined orientation 
relative to an incident beam of electromagnetic energy. 


