
I11111 11111111 111 11111 IIllIIIIIIIIIIIlllll1111111111 lllll111111111 lllllllll 
USOORE34729E 

United States Patent 1191 [111 E Patent Number: Re. 34,729 
Sipes, Jr. [45] Reissued Date of Patent: Sep. 13, 1994 

METHOD AND APPARATUS FOR 
EFFICIENT OPERATION OF AN 
OPTICALLY PUMPED LASER 

Inventor: 

Assignee: California Institute of Technology, 

Appl. No.: 791,891 
Filed: Nov. 12, 1991 

Donald L. Sipes, Jr., Lisle, 111. 

Pasadena, Calif. 

Related U.S. Patent Documents 
Reissue of: 
[64] Patent No.: 4,710,940 

Issued: Dec. 1,1987 
Appl. No.: 782,711 
Filed: Oct. 1, 1985 

[51] Int. C l . 5  .............................................. HOlS 3/093 
[52] U.S. Cl. ......................................... 372/73 372/69 
[58] Field of Search ............................... 372/69.70, 75 
[561 References Cited 

US. PATENT DOCUMENTS 
3,414,839 12/1968 Bridges et al. ........................ 372/94 
3,530,388 9/1970 Guerra et al. ......................... 372/94 

3,614,659 10/1971 Rigrod .................................. 372/94 
3,735,280 5/1973 Johnston ............................... 372/69 

3,566,128 2/1971 Arnaud ................................. 372/22 

3,753,145 8/1973 Cheder ................................. 372/71 
3,886,480 5/1975 Vali et al. ............................. 372/94 
3,982,201 9/1976 Rosenkrantz et al. ................ 372/71 
4,035,742 7/1977 khiffner ............................... 372/70 
4,357,704 11/1982 Koechner .............................. 372/72 
4,578,793 3/1986 Kane et al. ............................ 372/94 
4,653,056 3/1987 Baer et al. ............................. 372/27 
4,739,507 4/1988 Byer et al. ............................ 372/22 
4,872,177 10/1989 Baer et al. ............................. 372/75 

OTHER PUBLICATIONS 

D. Botez, J. C. Conolly Applied Physics Letters, 43 
(12), 1983, p. 1096. 
Mitsubishi Sales Catalog Mitsubishi Electric Corpora- 
tion, Tokyo, Sep. 1984. 
Siemens Sales Catalog Siemens Aktiengesellschaft, 
Germany, Oct. 1983. 
R. B. Cheder, D. A. Draegert Applied Physics Letters, 
vol. 23, No. 5, 1973, p. 235. 
K. Washio, K. Iwamato, K. Inoue, I. Hino, S .  Matsu- 
moto, F. Saito, Applied Physics Letters, vol. 29, No. 11,  
1976. 
K. Kubodera, K. Otsuka Applied Optics, vol. 18, No. 
23, 1979, p. 3882. 
H. P. Weber, T. C. Damen, H. G. Danielmeyer, B. C. 
Tofield Applied Physics Letters, vol. 22, No. 10, 1973, 

(List continued on next page.) 
p. 534. 

Primary Examiner-Georgia Y. Epps 
Attorney, Agent, or Firm-Leydig, Voit & Mayer 

r571 ABSTRACT 

An optically pumped single mode laser, e.g. Nd:YAG 
crystal (20) with planoconcave mirrors is increased in 
efficiency by an order of magnitude to about 8% by 
optics (25, 27) for focusing the high power multimode 
output of laser diode arrays (21,22) into the mode vol- 
ume (20) of the laser medium (20). A plurality of these 
optically pumped single mode lasers (14) may be cas- 
caded in a ring with dichroci mirrors (Ml-M4) at the 
comers for coupling in the laser diode arrays, each 
having its own means for spatially tailoring its beam to 
concentrate pump distribution inside the lasing mode 
volume of the medium. An InGaAlAs pump diode (30) 
with its wavelength of the same as a lasing medium 
makes the ring unidirectional. 

* * * * *  
K. Kubdera, J. Noda Applied optics, vel. 21, No. 19, 
1982, p. 3466. 
w. Streifer, R. D. Burnham, T. L. paoli, D. R. scifres 
Laser FocusElectro-Optics, Jun. 1984 issue. 
D. R. Scifres, S. Streifer, R. D. Burnham, T. L. Paoh C. 

The questions raised in reexamination request NO. 
90/002,473, tiled Oct. 10, 1991, have been considered 
and the results thereof are reflected in this reissue patent 
which constitutes the reexamination certificate required 
by 35 U.S.C. 307 as provided in 37 CFR WO(e). 

Lindstrom, Applied Physics Letters 42, (6), 1983, p. 
495. 29 Claims, 6 Drawing Sheets 



Re. 34,729 
Page 2 

OTHER PUBLICATIONS 
B. Zhou, T. J. Kane, G. J. Dixon, R. L. Byer Optics 
Letters, vol. 10, No., 2, Feb. 1985, p. 62. 
W. Koechner, “Solid State Laser Engineering”, pp. 
84-89, 116 and 135, Springer Verlag, New York, 1976. 
G. M. Schindler IEEE Journal of Quantum Electronics, 
vol. 16, No. 5, 1980, p. 546. 
M. Saruwatari, T. Kimura, K. Otsuka Applied Physics 
Letters, vol. 29, No. 5, 1976, p. 291. 
T. Y. Fan, R. L. Byer IEE Journal of Quantum Elec- 
tronics, vol. 24, No. 6, 1988, p. 895. 
Kenichi Kubodera and Juichi Noda, “Pure Sin- 
gle-Mode LiNdP4 0 1 2  Solid State Laser Transmitter 
For 1.3 pm Fiber Optic Communications, ” Applied 
Optics, vol. 21, No. 19, pp. 3466-3468, (Oct. 1982). 
Bingkun Zhou, Thomas J. Kane, George J. Dixon and 
Robert L. Byer, “Efficient, Frequency-Stable 
Laser-Diode-Pumped Nd:YAG Laser,” Optics Let- 
ters, vol. 10, No. 2, 62-64, (FEb. 1985). 
K. Washio et al., “Room Temperature cw Operation Of 
An Efficient Miniaturized Nd:YAG Laser En- 
d-Pumped By a Superluminescent Diode,” Applied 
Physics Letters, vol. 29, No. 11, pp. 720-721, (Dec. 
1976). 
Kenichi Kubodera and Kenju Otsuka, “Spike-Mode 
Osillations In Laser-Diode Pumped LiNdP4 012 La- 
sers,” Journal of Quantum Electronics, vol. QE-17, No. 

Kenichi Kubodera and Kenju Otsuka, “Effcient 
LiNdP4 0 1 2  Lasers Pumped With A Laser Diode”, 
Applied Optics, vol. 18, No. 23, pp. 3882-3883, @ec. 
1979). 
Kenichi Kubodera, Kenju Otsuka and Shintaro 
Miyazawa, “Stable LiNdP4 012 Miniature Laser,” Ap- 
plied Optics, vol. 18, No. 6, pp. 884-890, (Mar. 1979). 
Masatoshi Saruwatari, Tatsuya Kimura and Kenju Ot- 
suka, “Miniaturized cw LiNdP4012 Laser Pumped 
With A Semiconductor Laser,” Applied Physics Let- 
ters, vol. 29, No. 5, pp. 291-293, (Sep. 1976). 
Masatoshi Saruwatari et al., “Fluorescence and Oscilla- 
tion Characteristics of LiNdP4012Lasers At 1.317 pm,” 
Journal of Quantum Electronics, vol. QE-13, No. 10, 
pp. 836-842, (Oct. 1977). 
W. Streifer et al., “Phased Array Diode Lasers,” Laser 
Focus/Electro-Optics, (Jun. 1984). 

_ _  

6, pp. 1139-1144, (Ju~.  1981). 

Lee W. Casperson, “Laser Power Calculations: Souces 
of Error,” Applied Optics, vol. 19, No. 3, pp. 422-434, 
(Feb. 1980). 
D. G. Hall, “Optimum Mode Size Criterion For Low-- 
Gain Lasers,” Applied Optics, vol. 20, No. 9, pp. 
1579-1583, (May 1981). 
D. G. Hall, R. J. Smith, and R. R. Rice, “Pump-size 
Effects In Nd:YAG Lasers,” Applied Optics, vol. 19, 
No. 18, pp. 3041-3043, (Sep. 1980). 
F. W. Ostermayer, Jr., “LED End-Pumped Nd:YAG 
Lasers,” IEEE Journal of Quantum Electronics, vol. 
QE-13, No. 1, pp. 1-6, (Jan 1977). 
R. B. Allen and E. G. Dierschke, “GaAlAs Di- 
ode-Pumped Nd:YAG Laser,” Air Force Avionics 
Laboratory Technical Report AFAL-TR-72-3 19, 
(1 972). 
Jean-Pierre Budin et al., “On The Design Of Neodym- 
ium Miniature Lasers,” IEEE Journal of Quantum 
Electronics, vol. QE-, No. 11, pp. 831-839, (Nov. 
1978). 
G. M. Bender of McDonnell-Douglas, “Diode-Ar- 
ray-Pumped Solid-state Lasers,” Proceedings of 1985 
Conference of Lasers and Electro-optics (CLEO), p. 
62, (May 21, 1985). 
Peter F. Moulton, “New Developments In Solid-State 
Lasers,’’ Laser Focus, pp. 83-88, (May 1983). 
Peter F. Moulton, “Recent Advances In Solid-State 
Laser Materials,” Mat. Res. SOC. Symp. Proc., vol. 24, 
pp. 393-400, (1984). 
Peter F. Moulton, “An Investigation Of The CO:MgF2 
Laser System,” IEEE Journal of Quantum Electronics, 

I. I. Kuratev, “Solid-State Lasers With Semiconductor 
Pumping,” Bull. Acad. Sci., USSR, Phys. Ser., vol. 
48(8), pp. 104-112, (1984). 
H. R. Telle, “Tunable CW Laser Oscillation of 
NdP6014 at 1.3 pm, ” Appl. Phys. B 35, pp. 195-198, 
(1984). 
V. I. Bilak et al., “Stimulated Emission From Neodymi- 
um-Doped Yttrium Aluminum Garnet Crystals 
Pumped With Injection Lasers,” Soviet Journal of 
Quantum Electronics, vol. 5, No. 5, pp. 572-574, (1975). 
R. B. Chesler and S. Singh, “Performance Model For 
End-Pumped Minature Nd:TAlG Lasers,” J. Appl. 
Phys., vol. 44, No. 12, pp. 5441-5443, (Dec. 1973). 

V O ~ .  QE-21, NO. 10, pp. 1582-1595, (Oct. 1985). 

(List continued on next page.) 



Re. 34,729 
Page 3 

OTHER PUBLICATIONS 

David A. Draegart, “Single-Diode End-Pumped 
Nd:YAG Laser,” IEEE Journal of Quantum Electron- 
ics, vol. QE-9, No. 12, pp. 1146-1149, @ec. 1973). 
L. J. Rosenkrantz, “GaAs Diode-Pumped Nd:YAG 
Laser, ” J. Appl. Phys., vol. 43, No. 11, pp. 4603-4605, 
(Nov. 1972). 
R. B. Chesler and D. A. Draegart, “Minature Di- 
ode-Pumped Nd:YalG Laser,” Appl. Phys. Lett., vol. 
23, No. 5, pp. 235-236, (Sep. 1973). 
J. Katz, “Power Efficiency of Semiconductor Injection 
Lasers,”TDA Progress, No. 42-66, pp. 94-100, (Sep. 
1981). 
M. Birnbam, A. Tucker, and C. Fincher, “Laser Emis- 
sion Cross Section of Nd:YAG at 1064 pm, ” J. Appl. 

D. L. Sipes, “Highly Efficient Neodymium: Yttrium 
Aluminum Garnet Laser End Pumped By A Semicon- 
ductor Laser Array,” Applied Physics Letters, vol. 47, 
No. 2, pp. 74-75, (Jul 1985). 
D. L. Sipes, Jr., “Highly Efficient Nd:YAG Lasers For 
Free-Space Optical Communications,” TDA Progress 
Report 42-80, pp. 31-39, (Feb. 1985). 
J. T. English, “Ultra High Efficiency *ration of a 
CW Nd:YAG Laser Using A Tightly-Focused Semi- 
conductor Laser End Pump,” vol. 9, No. 4, Item #72, 
pp. i, 1-24, la-2a, (1985). 
Kenichi Kubodera and Kenju Otsuka, “Diode-pumped 
Miniature Solid-state Laser: Design Considerations,” 
Applied Optics, vol. 16, No. 10, pp. 2747-2752, (Oct. 
1977). 
Masatoshi Saruwatari and Tatsuya Kimura, “LED 
Pumped Lithium Neodymium Tetraphosphate Lasers,” 

Phys., VO~.  52, pp. 1212-1214, (Mar. 1981). 

IEEE Journal of Quantum Electronics, vol. QE-12, 
No. 10, pp. 584-591, ( e t .  1976). 
Masatoshi Saruwatari et al., “LiNd P4012 Laser 
Pumped With An Al,Ga,- ]As Electroluminescent 
Diode,” Applied Physics Letters, vol. 27, No. 12, pp. 

D. L. Sipes, Jr., “Highly Efficient Nd:YAG Lasers for 
Free-Space Optical Communications,” The Telecom- 
munications and Data Acquisition Progress Report 42-80 
Oct.-Dec. 1984, Feb. 15, 1985, pp. cover and 31-39. 
K. Kubodera & J. Noda, “Pure single-mode LiNd- 
P4O12 solid-state laser transmitter for 1.3-pm fiber-op- 
tic communications,” Applied Optics, vol. 21, No. 19, 

B. Zhou, T. J. Kane, G. J. Dixon & R. J. Byer, “Em- 
cient, frequency-stable laser-diode-pumped Nd:YAG 
laser,” OpficLefters, vol. 10, No. 2, Feb. 1985, pp. 62-64. 
D. G. Hall, R. J. Smith & R. R. Rice, “Pump-size Ef- 
fects in Md:YAG lasers,” Applied Optics, vol. 19, No. 18, 
Sep. 15, 1980, pp. 3041-3043. 
“Efficient LiNdP4012 Lasers Pumped with a Laser 
Diode” by Kubodera et al. Applied Optics, vol. 18, No. 

“Stimulated Emission from Neodymium-doped Yt- 
trium Aluminum Garnet Crystals Pumped with Injec- 
tion Lasers” by Bilak et al., Soviet Journal of Quantum 
Electronics, vol. 5,  No. 5, pp. 572-574 (1975). 
“Efficient, Frequency-stable Laser-diode-pumped 
Nd:YAG Laser” by Zhou et a1 Optics Letters, vol. 10, 
No. 2, pp. 62-64 (Feb. 1985). 
“Pure Single-mode LiNdP4012 Solid-state Laser 
Transmitter for 1.3 pm Fiber-optic Communications” 
by Kubodera et al., Applied Optics, vol. 21, No. 19, pp. 

682-684, @e~. 1975). 

Oct. 1, 1982, pp. 3466-3469. 

12, pp. 3882-3883 (Dm. 1979). 

3466-3469 (1982). 



US. Patent Sep. 13, 1994 Sheet 1 of 6 Re, 34,729 



U.S. Patent Sep. 13, 1994 Sheet 2 of 6 Re, 34,729 



U.S. Patent Sep. 13, 1994 Sheet 3 of 6 Re. 34,729 

> 
0 
Z 

- 
- 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

1 .o 

0.8 

0.6 

0.4 

0.2 

a 

REFLECTIVITY 

FIG. 3 

0.001 0.01 0.1 

PUMP POWER WATTS 
1 .o 

FIG. 4 



U.S. Patent Sep. 13, 1994 Sheet 4 of 6 Re. 34,729 

I 
E 

0.79 0.80 0.81 0.82 0.83 
WAVELENGTH - MICRONS 

FIG. 5 



U.S. Patent Sep. 13, 1994 Sheet 5 of 6 Re. 34,729 

1 oc 

8C 

8 
n 

6C 
0 w 
4 

6 
0 

g 4 c  - 
0 a 

20 - 

0- I I I 1 
f/l .o f/2.0 f/3.0 fJ4.0 

COLLECTION APERTURE 

FIGe 6 
COLLECTION APERTURE 

FIGe 6 



US. Patent Sep. 13, 1994 Sheet 6 of 6 Re. 34,729 

Nd:YAG 
OUTPUT 

1.06 pm 

-33 

FIG. 8 ‘Q 
32 

P 



1 
Re. 34,729 

2 
SUMMARY OF THE INVENTION 

In accordance with the present invention, a laser 
medium is end pumped by an array of laser diodes 

5 through means for focusing the output of the laser di- 
odes into the small cross section of the resonator mode 
volume of the laser medium in order to produce TEMw 
mode lasing. Thus, by spatial tailoring of the pump 
distribution for mode control, Le., for sufficient [cono- 

lo entrationl concentration inside the lasing mode volume 

METHOD AND APPARATUS FOR EFFICIENT 
OPERATION OF AN OPTICALLY PUMPED 

LASER 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue specifica- 
tion; matter printed in italics indicates the additions made 
by reissue. 

ORIGIN OF INVENTION 

The invention described herein was made in the per- 
formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 15 
202) in which the Contractor has elected to retain title. 

This application is a reissue of 06/782,711 $led Oct. I ,  
1985, US. Pat. No. 4,710,940. 

20 
BACKGROUND OF THE INVENTION 

This invention relates to optically pumped lasers, and 
more particularly to such lasers as laser diode pumped 
Nd:YAG lasers. 

Many applications require an efficient reliable laser 25 
source having a high peak to average power capability, 
and capable of emitting a stable radiation pattern. Opti- 
cal communication over [the] deep space is such an 
application. ND:YAG lasers pumped by semiconductor 
laser diodes have figured prominently among potential 
sources for such applications. In this arrangement many 
GaAlAs/GaAs laser diodes can be combined to opti- 
cally pump the ND:YAG laser. Recent work reported 
by the inventor in Appl, Phys, Lett. 47(2), Jul. 15, 1985, 
pp 74-76, has indicated that by utilizing the proper 
pump geometry, nearly half of the output of the GaA- 
lAs/GaAs diode laser can be converted to ND:YAG 
laser light. 

The ND:YAG laser can be thought of as a means for 
converting incoherent light from laser diodes to coher- 
ent light. In that manner, many laser diodes with poor 
spatial and spectral qualities may be converted into a 
single coherent source with vastly improved spatial and 
spectral properties. Thus, as compared to simply com- 
bining incoherent laser diode sources, a powerful, ex- 
tremely bright, coherent laser source can be realized 
with such a converter while sacrificing little in size or 
efficiency. Moreover, the increased power [allow] 
allows the system designer of a deep space communica- 
tion system the added freedom to trade for increased 
data rate or decreased aperture or pointing require- 
ments, thus reducing size mass and complexity of the 
communications system. 

In prior-art devices, the geometry conventionally 
used to accomplish this conversion of incoherent light 
from laser diodes into [a] coherent light is the side- 
pumped geometry in which the diodes are placed along 
the length of the laser medium, such as a crystal rod 
(e.g., ND:YAG) or liquid column (e.g., dye laser). The 
medium is thus pumped perpendicular to the direction 
of propagation of the laser resonator mode. As more 
power is required, more diodes can be added along and 
around the laser medium. However, this prior-art ar- 
rangement is relatively inefficient, and thus requires 
large numbers of pump diodes to achieve a respectable 
output power level. 
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of the medium along the axis of propagation, the laser 
operates in a single transverse lasing mode, a property 
desired to make the pumped laser useful. 

In one embodiment, the output of a laser diode array 
is focused into the small cross section of the resonator 
mode volume of the laser medium. The resonator cavity 
mirrors are planoconcave with one having the concave 
mirror surface coated for high reflection at the wave- 
length of the lasing medium, which is distinct from the 
wavelength of the laser diode array, and at the other 
having the concave mirror surface coated with a re- 
flecting material that will reflect about 95% of the light 
at the wavelength of the lasing medium and transmit as 
a coherent output the balance. All of the light at the 
wavelength of the laser diode array is preferably re- 
flected by these concave mirror surfaces. In a variation 
of this embodiment, a second laser diode array with its 
own spatial tailoring means is end coupled by suitable 
means into the laser medium, such as by a dichroic 
mirror or a polarizing beam-splitting cube. The varia- 
tion lends itself very well to end pumping a plurality of 
lasing mediums and means for coupling each lasing 
medium in the ring to the next. At each comer of the 
ring, a pair of laser diode arrays are coupled to end 
pump each adjacent lasing medium with its own spatial 
tailoring m e h .  The output of an injection locking 
diode is coupled with the output of a laser diode array 
by suitable means to provide unidirectional operation of 
the ring. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. l a  illustrates schematically the side pumping 

geometry of the prior art. 
FIG. lb  is an end view of the lasing medium showing 

the small cross section of the resonator mode of the 
lasing medium. 

FIG. 2a illustrates schematically the end pumping 
geometry of the present invention. 

FIG. 2b is a graph of power absorbed per unit length 
of the end pumped lasing medium of FIG. 2a. 
FIG. 2c is an end view illustrating the mode matching 

properties of the geometry of FIG. 2a. 
FIG. 3 is a plot of calculated values of semiconduc- 

tor-laser-pumped ND:YAG efficiency as a function of 
mirror reflectivity for several values of input pump 
intensity (for the case [or] ofperfect mode matching). 

FIG. 4 is a plot of calculated ND:YAG efficiency as 
a function of input pump power for several values of 
minimum pump beam radii. 

FIG. 5 illustrates the spectral properties of u diode- 
pumped ND:YAG laser; graph (a) is for the 0.81 pm 
absorption band in a 1-cm sample of 1% ND:YAG 
graph (b) is for the emission spectrum of a semiconduc- 
tor laser pump array. 

FIG. 6 is a plot of power collection efficiency for 
standard laser diodes. 
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FIG. 7 is a schematic diagram of a unidirectional ring 
laser comprised of four end pumped lasers pumped by 
eight laser diode sources. 

FIG. 8 is a schematic diagram of a variant of FIG. 7. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Referring to the drawings, FIG. la illustrates a laser 
medium 10 (such as an ND:YAG crystal) with conven- 
tional side-pumping geometry. In this configuration, the 
incoherent diodes 15 ([AICaAs/GaAs] AIGaAs/- 
GaAs h=0.81 pm) are placed along the length of the 
laser medium and pumped perpendicularly to the direc- 
tion of propagation of the laser resonator mode volume 
10. As more power is required, more laser diodes can 
be added along and around the laser rod. The result is a 
incoherent-to-coherent lasing converter which is only 
about 0.5% efficient. That is much too low for a deep- 
space optical transmitter which requires about 5% to 
10% efficiency. 

The large inefficiencies of the side-pumped geometry 
for a crystal or liquid laser result from a small absorp- 
tion length (usually -3 mm), relatively large pumped 
volume (so the pumping density is low), and the small 
cross section of the resonator mode volume 10’. There 
are pumped regions of the total volume where energy is 
wasted because of this mode mismatch. 

The resonator configuration is planoconcave with 
one end 11 having a mirror 12 coated for high reflection 
at the lasing wavelength (h[d] =1.06 pm for 
ND:YAG) and the other end 13 having a mirror 14 
coated for about 95% reflection at that wavelength, the 
balance is transmitted as an output beam. FIG. lb  shows 
in an end view of the lasing medium 10 the total volume 
pumped by an array of the laser diodes 15, and the 
lasing mode volume 10. It can be readily appreciated 
that only a very small fraction of the pump light is 
directed into the mode volume. 

In one example of the present invention illustrated in 
FIG. 2a, nearly half the light from a [CaAlAs/GaAs] 
GaALQs/GaAS laser diode array is converted to 
ND:YAG laser radiation using a tightly focused end- 
pumping configuration. In this configuration the 
ND:YAG medium 20 acts as an efficient incoherent-to- 
coherent converter of the laser diode light pumped 
through both ends from laser diodes or diode arrays. 
Experimentally 80 mW CW power in a single mode was 
achieved with a single semiconductor laser array pump. 
This corresponds to an overall efficiency of 8.0%. With 
two laser diode arrays 21,22 pumping, one at each end, 
even greater power may be achieved out of the 
ND:YAG laser. It is even possible to couple yet another 
laser diode array 23 such as by a polarizing beam split- 
ting cube 24 which reflects light from the diode array 
23, and transmits light from the diode array 21 to laser 
optics which includes a focusing lens 25 and planocon- 
cave mirror 26. The laser diode array 22 at the other 
end has its focusing lens 27 and planoconcave mirror 28. 
It also has means for separating the laser diode wave- 
length from the ND:YAG wavelength to provide an 
ND:YAG output, such as a dichroic mirror 29 that 
reflects 1.06 pm and transmits 0.81 pm wavelengths. 

In this end-pumping geometry shown in FIG. 2a, the 
pump light is collected and focused to a small spot 
(typically 50 to 100 pm) that matches the ends of the 
resonator mode volume 20’. It is immediately apparent 
that this geometry [reotifies] rectifies virtually all the 
inefficiencies that plague the side-pumped scheme. 
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4 
First, the absorption length can be made as long as 
necessary to absorb practically all of the pump light, as 
illustrated in FIG. 2b. Second, the pump light can be 
focused to provide the intensities needed for efficient 
lasing. Finally, the laser diode beams can be adjusted to 
completely fill the lasing mode volume as illustrated in 
FIG. 2c, and thus avoid loss of light in the lasing me- 
dium outside of the lasing mode volume. This is particu- 
larly useful with high power laser diode arrays which 
inherently produce a beam with more than a single lobe, 
such as two lobes. The focusing system can direct both 
lobes into the lasing mode volume. 

End pumping was the subject of considerable interest 
in the mid-1970s for use as transmitters in optical fiber 
communications. R. B. Chester and D. A. [Drawgert] 
Draegurt , “Miniature diode-pumped [ND:YAIG] 
Nd:YAIG lasers,” Appl. Phys. Lett. 23, 235 (1973); M. 
Saruwateri, T. Kumura, and K. [Otuka] Otsuka, 
“Miniaturized CW CLiNdP40121 LiNd4Olzlaser 
pumped with semiconductor laser,” Appl. Phys. Lett. 
29, 291 (1976); and K. Washia, K. Iwanto, K. Inoue, I. 
Hino, S. Natsumato and S. Saito, “Room-temperature 
cw operation of an efficient miniaturized ND:YAG 
laser end-pumped by a superluminescent diode,” Appl. 
Phys. Lett. 29,720 (1976). Such arrangements using low 
power, single mode laser diodes were primarily for 
achieving a low lasing threshold, and were not con- 
cerned with high power and high efficiency operation. 
Laser diodes of sufficient output power have been avail- 
able only recently to fully exploit this highly efficient 
regime of operation. However, high power laser diodes 
are multimode because they are comprised of an array 
of diodes in a chip which tend to operate multimode 
unless operation of the array is tailored, such as by gain 
tailoring the array. Such gain tailored diode arrays are 
generally of less power output and furthermore are not 
yet commercially available with high power output. 

To accurately estimate the overall efficiency of an 
end-pumped lasing medium, all factors that give rise to 
energy loss must be identified. First, there is the quan- 
tum efficiency, qq, which is the ratio of the lasing pho- 
ton energy to the pumping photon energy. The quan- 
tum efficiency represents the maximum theoretical limit 
for laser efficiency. Next, [ q a ]  qlh the operating 
efficiency, includes the resonator losses and conversion 
efficiency of pump photons into lasing photons. The 
mode-matching efficiency, qm, is the fraction of the 
pumped cross-section area that lies within the oscillat- 
ing mode volume. The fraction of light incident at the 
laser rod end that is absorbed in the gain medium (as- 
suming all of the laser diode light falls within the pump 
absorption bands) is designated q& while vi and ye 
describe the interface and pump light coupling efficien- 
cies, respectively. Finally, qLD is  the electrical-to- 
optical laser-diode efficiency. These factors are sepa- 
rately discussed in greater detail. 

OPERATION EFFICIENCY (qo) 
The efficiency with which pump photons are con- 

verted to lasing photons can be calculated as a function 
of input pump power, cavity loss, and beam radius. We 
start with the steady-state rate equations describing the 
spatial evolution of the inversion and photon energy 
densities: 
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-continued INTERFACE EFFICIENCY (7’) 
(Ib) 

To achieve sufficient feedback, the gain medium in a 
laser must be placed between two mirrors of high re- 

(2) 5 flectivity. The high reflectivity is usually obtained by 
coating the mirrors with a multilayer dielectric coating. 
Since the pump light must pass through this coating (or 

where S+ and S- are the forward and backward propa- interface) to pump the medium, it is important that the 
gating photon energy densities respectively (J/cm3), N coating be highly reflective at the lasing wavelength yet 
is the inversion energy density (J/cm3), a is the loss 10 highly transmissive at the pump wavelength. By using 
coefficient per unit length of material (cm- I), /3 is the properly designed dielectric coatings, one can produce 
stimulated emission coefficient ( p = u / h w l  where CT is a mirror that reflects 99.8% of the light at 1.06 pm, yet 
the stimulated emission cross section (cmz)),,, is the transmits over 95% of the pump light at 0.810 pm. 
spontaneous emission lifetime (s), u is the group veloc- 
ity of the wave in the medium, and Rp is the pumping 15 
power density w/cm3). Any radial dependence is in- 
eluded in the mode matching efficiency qm and so is 
neglected here. 

dS- - = [BN - a]S- 
d7. 

0 = Rp - - uSN[S+ + S-] 
7 5  

COUPLING EFFICIENCY (qc) 
For the device to operate efficiently, pump light must 

be collected and focused onto the gain medium effi- 
ciently. The focusing system must be small, have a short 
working distance, and have a minimum number of opti- 

sensitivity to motion (displacements). FIG. 6 shows 
how collection efficiency vanes with the f number of 
the collecting lens for standard laser diodes. Systems 
with over 90% efficiency (collection and transmission) 

TOTAL OPTICAL CONVERSION EFFICIENCY 
The total optical conversion efficiency can now be 

mese equations can be solved numerically to find the 
output power efficiency as a function of the -or 20 cal components to ensue high throughput and less 
reflectivity for various input power intensities. 
illustrates that for an input intensity of kw,m2, the 
photon-to-photon conversion efficiency exceeds 90% 
(where a single pass loss of 1% and a=7.6X 10-9 cm* 25 are available 
given by M. [Birnbam] Binnbaum , A. Tucker and C. 
Fincher, “Laser Emission Cross Section of ND:YAG at rHMl pmy” J- Appl* phys* 52 Mar- 19819 pp 
1212-1214 were assumed). FIG. 3 shows efficiency as a calculated by simply taking the product of all the sub- 
function of output mirror reflectivity for various input 30 system efficiencies previously mentioned: 
power intensities, and FIG. 4 relates efficiency to input 
power for various modal radii. 

quantum efficiency: cqC3 qq=76.7% 
operation efficiency: 710290% 
mode matching efficiency: q m  100% 
absorption efficiency: ~at,&90% 
interface efficiency: ~ 1 5 9 5 %  

MODE MATCHING EFFICIENCY (qm)  

For the efficient use of pump light for stimulated 35 - .- 
emission, the pump light must fall within the Gaussian 
mode of the resonator and not be wasted as spontaneous 
emission. Because the pump beam cross section may be 
elliptical and not circular, and because the gain along 
the laser rod is nonuniform, laser efficiency varies with 40 
pump and laser mode parameters in a complex way. In 
D. C. Hall, R. J. Smith and R. R. Rice. “PumD Size 

collection efficiency: ~~590% 
. ’ . q 0 p t = q * q o ~ ~ q ~ ~ q ~ ~ ~ 5 0 %  The laser is therefore 

expected to convert over half of the pump power into 
laser light at the ND:YAG fundamental wavelength. 

OVERALL ELECTRICAL EFFICIENCY 
The total overall electrical-to-optical efficiency is just 

Effects in ND:YAG Lasers,” Appl. Opt.; 19, 1680, pp 
3041-3043, it was shown that efficiency is maximized 
for the matched mode case: i.e., bW,,, where b a n d  
Wo are the pump- and laser-mode Gaussian beam waist 
radii, respectively. Although their analysis did not take 
into account high-gain operation, nonuniform gain dis- 
tribution, or the divergent nature of Gaussian beams, 
b W o  is still a good design starting point. Further 
analysis and experimentation are being conducted to 
determine exact conditions for optimum performance. 

ABSORPTION EFFICIENCY (q& 
FIG. 5 shows the absorption spectrum of a l a m  

sample of 1% Nd+3 in YAG and the corresponding 
emission spectrum of the laser diode pump source. It 
can be seen from this figure that the laser diode source 
spectrum falls well within the main ND:YAG pump 
band centered at 807 mn. As illustrated, the ND:YAG 
absorption spectrum is fine structured, so experimenta- 
tion is needed to determine how precisely the laser 
diode spectrum needs to be controlled. From FIG. 5 
one can calculate the length of the YAG rod needed to 
absorb virtually all of the pump light. For example, a 
I-2-cm-long crystal will absorb over 90% of the inci- 
dent pump light. 

the optical efficiency qopr times the power efficiency of 
the laser diode pump source, ~ L D .  For commercially 

45 available diode lasers, qm is 10% or more, so overall 
efficiencies of up to and greater than about 5% can be 
expected. This value is over 10 times better than the 
efficiency of previous side-pumped lasers. It is also to be 
noted that laser diode efficiency becomes the limiting 

RESONATOR PARAMETERS 
To achieve the small spot sizes necessary for efficient 

operation, the dimensions of a simple (i.e., 2-mirror) and 
55 stable resonator must be small. For example, the confo- 

cal resonator, the most stable, requires mirrors with 
radii [or] ofcurvature of 5 cm and a separation of 5 cm 
to achieve beam waist radii of approximately 50 pm. 
Thii [isadvantageous] is advantageous in that it re- 

60 duces the overall size of the optical transceiver pack- 
age-a prime consideration in space optical communica- 
tions systems development. 

FOCUSING SUBSYSTEM 
The focusing subsystem needs to have an f number 

smaller than 1 to efficiently collect and deliver the 
pump light (see FIG. 6). Since only on-axis perfor- 
mance is required, commercially available aspheric 

50 factor for highly efficient operation. 

65 
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lenses with f numbers as low as 0.6 can be used for this 
purpose. A working distance (i.e., the distance from the 
optics to the focal plane) of 1 to 2 cm is required. For a 
given working distance, there is a minimum diameter 
that the incident beam possesses in order to be focused 
to the desired size. For Gaussian beams, the minimum 
focused spot size is given by: 

where Wo is the radius of the focused spot, d is the 
diameter of the incident beam, f is the focal length of the 
lens, and h is the wavelength. Hence, for Wo=50 pm 
and f=2 cm, d equals 0.02 cm. What this shows is that 
extremely small optics can be used to collect and deliver 
the pump light, thus keeping the overall size and weight 
of the laser small. 

It is not altogether clear whether or not the pump 
beam needs to be anamorphically transformed from its 
elliptical shape at the laser diode source to the circular 
beam of the resonator mode. The analysis of D. G. Hall, 
“Optimum Mode Size Criterion for Low Gain Lasers,” 
Appl. Optics, 20, May 1 1981, pp 1579-1583, seems to 
indicate that pump proffie shape does not matter much 
as long as all of the pump light falls within the resonator 
mode. There is a problem with applying this analysis 
because it does not take into account the divergent 
nature of Gaussian beams. However, if experience 
shows that it is advantageous to manipulate the cross 
section of the pumping beam, it would be a matter of 
simply the addition of a cylindrical lens. 

PUMPING CONFIGURATIONS 
In all the analyses presented thus far, the problem of 

concentrating the diode pump power to produce suffi- 
cient laser output power has been neglected. The area 
into which the laser diodes themselves must be packed 
to ensure proper mode matching over the length of the 
rod is governed by conservation of brightness: A1 
.(21 =A&, where A1 and A2 are the object and image 
source areas respectively, and .(2t and are the diver- 
gent and convergent solid angles respectively. Since the 
diode pump source is anamorphic, the packing require- 
ments for directions perpendicular to the junction are 
different than those for directions parallel to the junc- 
tion. The relationship between pump beam and laser- 
mode size is quite complicated, but estimates based on 
[convertion] conservation of brightness seem to indi- 
cate that pump diodes must be placed within 100 pm for 
efficient operation. An alternative to simple stacking, 
which has been used in pumping very short Nd+3 la- 
sers, is fiberoptical pump coupling. In this scheme, the 
pump light is transmitted from the diodes to the gain 
medium through multimode fibers. Such fiber couplers 
have been built with only 1.5-dB insertion loss. It would 
be preferable to increase the ND:YAG power output by 
a unidirectional ring arrangement of a plurality of end- 
pumped lasers, each as shown in FIG. 2a. 

Since the single pass gain of the laser is the integral of 
the gain per unit length, several ND:YAG lasers can be 
cascaded together so that the packing requirement goes 
down by a factor [or] of 1/N compared to a simple 
doubleended pump (N is the number of lasers, assum- 
ing each laser can be pumped from both ends, cascaded 
together). This novel concept is illustrated in FIG. 7. A 
traveling wave laser consisting of four ND:YAG lasers 
1-4 pumped by eight laser diode sources PI-P8 of 200 
mW each, which together produce 1.6 W of pump 
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power, and 800 mW of output power at 1.06 pm. Unidi- 
rectional power flow in this ring cavity can be insured 
in several ways; for example by an InGaAlAsP laser 
operating at 1.06 pm acting as an injection locking 

5 device. The scale in FIG. 7 is drawn to show that it is 
possible to achieve high output powers in very small 
packages for free-space optical communications. 

Each pair of laser diode pump sources (each with its 
focusing optics) at a comer of the laser ring is coupled 

10 into the ring by a dichroic mirror MI-IM4 that reflects 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

the wavele&& of the ND:YAG lasing mediums 1-4 at 
1.06 pm. A similar mirror M5 is used to couple the 
locking diode laser beam at 1.06 pm into the ring to give 
it unidirectionality. A mirror M6 used just for the pur- 
pose of positioning the laser diode source 30 may be a 
plain mirror. Similarly, a dichroic mirror M7 is used to 
couple the output beam at 1.06 pm, and a plain mirror 
M8 is used simply to direct the output beam in a desired 
direction with respect to the total system that will mea- 
sure about 4.5X4.5 cm, including packaging. Such a 
small size and high power output will lend the system to 
efficient use in space communications. 

Although a highly efficient TEMw ND:YAG laser 
end-pumped by GaAlAs/GaAs laser diodes has been 
disclosed as an example, it is recognized that the con- 
cept of the invention may be applied to lasing mediums 
other than ND:YAG, such as ND:GGG, ND:YLF, or 
even a liquid as used for dye lasers. The concept may 
also be extended to other analogous arrangements, such 
as disclosed in FIG. 8 wherein a medium 32, such as 
Nd:YAG crystal, is provided with dichroic mirrors 33, 
34 on opposite sides and planoconcave mirrors 35 and 
36 through which the medium is pumped. Each beam 
path in the medium constitutes a pump volume as 
though contained in separate crystals arranged in a 
zig-zag pattern. Laser diode arrays 37 with focusing 
optics pump from the ends, while similar laser diode 
arrays 39 with focusing optics pump at the comers of 
the lasing beam path in the medium. An advantage of 
such an arrangement over the ring arrangement of FIG. 
7 is that it will not require an injection laser. The reflec- 
tivity [miorror] mirror 36 is optimized for maximum 
power output for a given pump power input as in the 
single mode volume of FIG. 2a. An output beam is 
reflected by a dichroic mirror 40. Consequently, it is 
intended that the claims be interpreted to cover such 
modifications and equivalents. 

What is claimed is: 
1. [An optically] A Laser diode pumped single mode 

laser comprising an optical resonator cavity, a laser 
medium in said resonator cavity, said laser medium 
having an optical axis and two ends, one end at each of 
two opposite sides of said medium intersected by said 
optical axis, an array of laser diodes positioned for 
pumping said laser medium in the direction of the axis of 
said resonator cavity, said laser diode array being a 
source of light of p r  spatial and spectral qualities and 
means for causing [the pump] distribution of the light 
from [said] the array of laser diodes to be concen- 
trated inside [the] a lasing mode volume of said me- 
dium at an imputpump power of at least 100 milliwatts. 
[2. An optically pumped laser as defined in claim 1 

wherein an array of laser diodes and said means for 
concentration is provided at both ends of said medium, 
and including a mirror for separating the output of said 
medium as an output beam from the pump distribution 
at one end of said medium.] 
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13. An optically pumped laser as defined in claim 2 laser mediums, each medium having at each end a multi- 
including a second array of laser diodes at one end of mode laser diode array and concentration means for 
said medium, and means for combining at said one end pumping through said separate mirrors between cas- 
the output of the second array of laser diodes with the caded laser mediums into the mode volume of said laser 
output of the first array of laser diodes for a combined 5 medium between said separate mirrors, an injection 
pumping beam into said lasing mode volume through locking laser diode operating at the wavelength of said 
separate means for each array of laser diodes for con- medium, and means for combining the output of said 
centration of the pump distribution form each of said injection locking laser diode with the output of one 
array of laser diodes inside the lasing mode volume of laser medium in a predetermined direction, and means 
said medium.] 10 for extracting from said closed optical polygon an out- 

[4. An optically pumped laser as defined in claim 2 put laser beam emanating from one medium in said 
including a plurality of cascaded laser mediums ar- desired direction.] 
ranged with separate mirrors to form a closed optical IO. A laser diode pumped laser comprising an optical 
polygon for each laser medium, each laser medium resonator cavity, a laser medium in said resonator cavity, 
having at least one laser diode array and means for 15 the laser medium having an optical axis and two ends, one 
concentration of pump distribution of light from the end at each of two opposite sides of the laser medium inter- 
laser diode array into the lasing mode volume of the sected by the optical axis, and array of laser diodes posi- 
laser medium through one of said separate mirrors cou- tioned forpumping the laser medium in the direction of the 
pling said laser mediums in said polygon, an injection axis of the resonator cavity, the laser diode array being a 
locking laser diode operating at the wavelength of said 20 source of light having p r  spatial and spectral qualities, 
medium, and means for combining the output of said and means for concentrating a distribution of the light 
injection locking laser diode with the output of one from the laser diodes inside a lasing mode volume of the 
array of laser diodes for pumping one of said mediums laser medium such that the laser exhibits an overall electri- 
in a predetermined direction around said closed optical cal-to-optical efficiency of approximately five (5 )  percent 
polygon, and means for extracting from said closed 25 or more. 
optical polygon output laser beam emanating from one 11. A laser diode pumped laser comprising an optical 
medium in said predetermined direction.] resonator cavity, a laser medium in the resonator cavity, 
[S. An optically pumped laser as defined in claim 2 the laser medium having an optical axis and rnv ends, one 

including a plurality of cascaded laser mode volumes end at each of two opposite sides of the medium intersected 
arranged in a zig-zag pattem with the optical axis of 30 by the optical axis, flrst and second arrays of laser diodes, 
adjacent optical mode volumes intersecting at a comer wherein one of said arrays is positioned at each of the two 
of said zig-zag pattern, a mirror at each comer, each ends of said laser medium for pumping the medium at 
mode volume having at each end a laser diode array and 
means for concentration of light from said laser diode 
array into the mode volume for pumping and means at 35 
one end of said zig-zag pattem for extracting an output 
laser beam emanating from one laser mode volume.] 

6. [An optically] A laser diode pumped single mode 
laser comprising an optical resonator cavity, a laser 
medium in said resonator cavity, said laser medium 40 
having an optical axis and two ends and being selected 
from the group (Nd:YAG, ND:GGG and Nd:YU),  one 

each end in the direction of the axis of the resonator caviv, 
euch of the laser diode arrays being a source of light ofpoor 
spatial and spectral qualitites and means for causing a 
distribution of the light from each army of laser diodes to 
be concentrated inside a lasing mode volume of the me- 
dium. 

12. A laser diode pumped laser comprking an optical 
resonator cavity, a laser medium in the resonator cavity, 
the laser medium having an optical axis and ends, one 
end at each of two opposite sides of the medium intersected 

end at each of two opposite sides of said laser medium by the optical axis, first and second arrays of laser diodes 
intersected by said optical axis, an array of [multi- positioned at one end of the medium for pumping the laser 
mode] laser diodes that provides multimode light posi- 45 medium in the direction of the axis of the resonator cavity, 
tioned for pumping said laser medium in the direction of the laser diode arrays each being a source of light of poor 
the axis of said resonator cavity, and means for concen- spatial and spectral qualities and a focusing subsystem 
tration of [the pump] a distribution of the multimode including a coupling between the arrays of the laser me- 
light from said [multimode] laser diodes inside [the] dium other than a fiberoptical coupling for combining the 
a lasing mode volume of said laser medium. 50 light from the arrays to provide a distribution of the light 

[7. An optically pumped singlemode laser as defined concentrated inside a lasing mode volume of the medium, 
in claim 6 wherein an array of multimode laser diode 13. A laser diode pumped laser comprising a plurality of 
and concentration means is provided at both ends of cascaded laser mediums forming a closed optical polYgon 
said laser medium, and including a mirror at one end of in an optical resonator cavity, each laser medium having an 
said laser medium for separating the singlemode output 55 optical axis and two ends, one end at each of f w ~  opposite 
of said laser medium as an output beam.3 sides of the medium intersected by the optical axis, each of 

[8. An optically pumped singlemode laser as defined the laser mediums being associated with an array of laser 
in claim 7 including a second array of multimode laser diodes positioned for pumping the laser medium in the 
diodes at one end of said medium, and means for com- direction of the optical axis, euch of the laser diode arrays 
bining the output of said second array with the output 60 being a source of light of poor spatial and spectral qualities, 
of said fmt array of multimode laser diodes at said one means for causing a distribution of the light from each 
end for a combined pumping beam directed into said array of laser diodes to be concentrated inside a lasing 
means for concentration of the pump distribution from mode volume of the associated laser medium, and means 
said laser diodes.] for extracting from the closed optical pohgon an output 

in claim 6 including a plurality of cascaded single-mode 14. A laser diode pumped laser as defined in claim 13 
laser mediums arranged in a closed optical polygon including a separate mirror between each pair of cascaded 
with a separate mirror between each pair of cascaded laser mediums 

[9. An optically pumped singlemode laser as defined 65 laser beam. 
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15. A laser diode pumped laser as defined in claim 13 of the axis of said resonator cavity, and means for causing 
including an injection locking laser operating at the wave- the pump distribution from said array of laser diodes to be 
length of the laser mediums and means for combining an concentrated inside a lasing mode volume of said medium 
output of the injection locking laser with the output of one at an input pump power of at least 1 0 0  milliwatts. 
array of laser diodes for pumping one of the laser mediums 5 22. An optically pumped laser comprising an optical 
in a predetermined direction around the closed optical resonator cavity, a laser medium in said resonator cavity, 
p o h m  said laser medium having an optical axis and two ends, one 

16. A laser diode pumped laser comprising an optical end at each of two opposite sides of said laser medium 
resonator cavity, Q laser medium in the cavity, aplurality of intersected by said optical axis, an array of laser diodes 
cascaded laser mode volumes in the laser medium each 10 positioned for pumping said laser medium in the direction 
havingfirst and second ends and collective& arranged in a of the axis of said resonator cavity, and means for causing 
zig-zag pattern, each laser mode volume having an optical the pump distribution from said array of laser diodes to be 
axis such that the optical axes of adiacent optical mode Concentrated inside a laring mode volume of said medium 
volumes intersect at a corner of the zig-zag pattern, a mir- to provide an output power of at least 80 milliwatts. 
ror at each comer, a plurality of said mode volumes having 15 23. A laser as defined in any one of claims I ,  6, 10, 11. 
a laser diode at one or both of saidfirst and second ends for 12, 13, 16. 18, 19, 20.21 having an output power of at least 
pumping the mode volume and means for concentration of 80 milliwatts. 
light from each of the laser diodes into the mode volume 24. A laser as defined in any one of claims I, 6, IO, 18, 
being pumped and means at one end of the zig-zag pattern 19, 20, 21 or 22 wherein the light from the army of laser 
for extracting on output laser beam emanating from one of 20 diodes has more than one lobe and all of the lobes are 
the laser mode volumes directed into the lasing volume by the means for concen- 

I % A laser diode pumped laser as defined in claim I6 trating the distribution of the light. 
wherein each mode volume has at each of its first and 25. A laser as defined in claim 24 wherein the means for 
second ends a laser diode amy .  concentrating the distribution of the light from the array of 

18. A laser diode pumped laser comprising an optical 25 laser diodes is a focusing subvstem having a coupling 
resonator cavity, a laser medium in said resonator cavity, efficiency (qo) of approximately 90 percent or more. 
the laser medium having an optical axis and two ends, one 26 A laser as defined in any one of claims I,  IO, I I ,  12, 
end at each of two opposite sides of the laser medium inter- 16, 18. 20. 21 or 22 wherein the laser medium is selected 
sected by the optical axis, an array of laser diodes p s i -  from the group (Nd:YAG,Nd:GGG and Nd:YLF). 
tioned forpumping the laser medium in the direction of the 30 2% A laser as defined in any one of claims 1. 6, 10, I I ,  
axis of the resonator cavity, the laser diode array being a 12, 13, 16, 19, 20, 21 or 22 having an operating efficiency 
source of light having poor spatial and spectral qualities, (qo) of approximately 90 percent or more. 
and means for concentrating a distribution of the light 28. A laser as defined in any one of claims I ,  6, 10, I I ,  
from the laser diodes inside a lasing mode volume of the 12, 13, 16, IS, 19, 20, 21 or 22 having a total optical con- 
laser medium such that the laser medium exhibits an 35 version eflciency (qop;) and a quantum efficiency (qq) 
operating eflciency (qo) of approximately 90 percent or whose ratio (qop&qP) is approximately 0.65. 
more. 29. A laser as defined in any one of claims 1 or 21 

19. A laser diode pumped laser comprising an optical wherein the input pump power is at least 200 milliwatts. 
resonator cavity, a laser medium in said resonator cavity, 30. A laser as defined in any one of claims 1, 6, IO, 18, 
said laser medium having an optical axis and two ends and 40 19, 20, 21 or 22 wherein the concentration of the distribu- 
being selected from the group (Nd:YAG, Nd:GGG and tion from the array of laser diodes provides an input inten- 
Nd:YLF), one end at each of two opposite sides of said sity of approximately 100 w / c d  or more. 
medium intersected by said optical axis, an array of laser 31. A laser as defined in any one of claims 1, 6, 10, 18, 
diodes positioned for pumping said laser medium in the 19, 21 or 22 wherein the means for concentrating the distri- 
direction of the axis of said resonator cavity, the laser diode 45 bution from the array is a focusing subsystem that includes 
array being a source of light of poor spatial and spectral a coupling between the array of laser diodes and the laser 
qualities and means for causing a distribution of the light medium other than afiberoptical coupling, 
from the array of laser diodes to be concentrated inside a 32. A laser as defined in either claim I1 or 13 wherein 
lasing mode volume of said medium. the means for concentrating the distribution of the light 

20. A laser diode pumped laser comprising an optical 50 f iom at least one of the arrays is a focusing subsystem that 
resonator cavity, a laser medium in said resonator cavity, includes a coupling between the array of laser diodes and 
said laser medium having an optical axis and two ends, one the laser medium other than a fiberoptical coupling. 
end at each of two opposite sides of said medium inter- 33. A laser as defined in any one of claims 1, 6, IO, 18, 
sected by said optical ax& an array of laser diodes posi- 19, 20, 21 or 22 wherein the axis of said resonator cavity 
tioned for pumping said laser medium in the direction of 55 forms a closed polygon. 
the axis of said resonator cavity, the laser diode array being 34. A laser as defined in any one of claims I ,  6, 10, IS ,  
a source of light of poor spatial and spectral qualities and 19, 20, 21 or 22 wherein said optical resonator cavity is a 
a focuSng subsystem including a coupling between the ring cavity, and said laser additionally comprises means for 
array of laser diodes and the laser medium other than a insuring unidirectional power flow within the cavity. 
fiberoptical coupling for concentrating a distribution of the 60 35. A laser as defined in any one of claims I, 6, IO, 18. 
l ightjvm the array of laser diodes inside a lasing mode 19, 20, 21 or 22 wherein said larer medium comprises a 
volume of said medium. single crystal, and the axis of said resonator cavity in the 

21. An optically pumped laser comprising an optical crystal is a zig-zag pth 
resonator cavity, a laser medium in said resonator cavity, 36. A laser as defined in claim 35 which comprises a 
said laser medium having an optical axis and two ends, one 65 plurality ofpump volumes along said zig-zag path, wherein 
end at each of two opposite sides of said laser medium each pump volume is pumped by at least one laser diode of 
intersected by said optical axis, an array of laser diodes the array. 
positioned for pumping said laser medium in the direction * e * * *  


