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Diode Laser-Pumped Solid-State Lasers

TSO YEE FAN anp ROBERT L. BYER, FELLOW, IEEE

Abstract—Recently, interest in diode laser-pumped solid-state lasers
has increased due to their advantages over flashlamp-pumped solid-
state lasers. We present a historical overview of semiconductor diode-
pumped solid-state lasers beginning with work in the early 1960’s and
extending to recent work on wavelength extension of these devices by
laser operation on new transitions. Modeling of these devices by rate
equations to obtain expressions for threshold, slope efficiency, and fig-
ures of merit is also given.

I. INTRODUCTION

HERE has been a recent surge of interest in the use

of semiconductor diode lasers as pump sources for
solid-state lasers. With diode laser pumping, it is possible
to build higher efficiency and therefore simpler and more
compact lasers in an all solid-state device. These advan-
tages were recognized in the early days of lasers [1], [2],
but until recently, the performance of diode lasers was
inadequate in terms of reliability, ease of handling, op-
erational lifetime, and output power to be employed as
practical pump sources. With recent progress in the de-
velopment of reliable higher power diode lasers, parallel
improvements in diode-pumped solid-state lasers have oc-
curred. Diode laser-pumped solid-state lasers also offer
advantages over the direct use of diode lasers themselves.
These advantages include narrower frequency linewidth,
better beam quality, higher peak powers, and different
wavelengths.

Our group at Stanford has studied diode laser-pumped
solid-state lasers for the past few years. Our efforts have
been concentrated in the areas of frequency stable de-
vices, single-longitudinal mode lasers, different Nd**
doped host materials from Nd: YAG, wavelength diver-
sity through harmonic conversion, and new transitions in
rare earth ions. This paper presents an overview of a num-
ber of aspects of these devices. We begin with a historical
review of the field. It has not been widely recognized that
the history of diode laser-pumped solid-state lasers ex-
tends to the early 1960’s. The overview is followed by a
discussion of rate equation models to describe continu-
ous-wave (CW) end-pumped devices and derive scaling
laws and figure of merits. Finally, the possibility of op-
erating new transitions in trivalent rare earth ions is pre-
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sented as a way of extending the output of these devices
to new wavelengths.

II. HistoriCAL OVERVIEW

The initial ideas and demonstration of the use of semi-
conductor diode lasers and light emitting diodes (LED’s)
as pump sources for solid-state lasers date back to the early
1960’s. The first section of this historical overview covers
this early work. This is followed by sections on the use
of Nd: YAG and stoichiometric Nd compounds as gain
media. Then guided wave structures and other devices to
allow different wavelengths and higher peak powers are
covered followed by a review of recent work.

A. Early Work

The first mention of the use of semiconductor sources
to pump a solid-state laser to our knowledge was by New-
man [1] who found that radiation near 880 nm from re-
combination in GaAs diodes, essentially an LED, could
excite fluorescence near 1.06 um in Nd:CaWO,. He
states

““The small size and simple structure of the diodes
will make possible a direct coupling of the pumping
radiation to the laser without any complex optics.
This in turn will greatly reduce the size and cost of
the functional devices. The efficiency of conversion
of input pump power to output power, both as re-
gards the pump source and the internal conversion
of energy within the laser, may permit continuous
power output several orders of magnitude higher
than is presently possible.”’

While some of the claims are optimistic, it is clear that
some of the potential advantages of semiconductor sources
over lamps were understood even at this early stage of
laser development. The energy level diagram of the Nd**
ion and the transitions used in this experiment are shown
in Fig. 1 with the pump transition and proposed laser tran-
sition indicated.

Next, Keyes and Quist [2] demonstrated the first diode
laser-pumped solid-state laser shortly after the develop-
ment of the first GaAs diode lasers [3]-[6]. The solid-
state laser was CaF,:U" at 2.613 um. A schematic of
the laser is shown in Fig. 2, and the energy level scheme
is shown in Fig. 3(a). The five diode lasers were arranged
in a side pumping or transverse geometry in which the
pump radiation is incident on the gain medium in a direc-
tion perpendicular to the resonator axis. An additional in-
tegrating chamber was placed around the assembly to try
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Fig. 1. Energy level diagram of Nd**. The laser transitions are shown in

heavy lines, diode pump transitions in light lines, and relaxation in wavy
lines. The first proposed diode-pumped laser transition was *Fy »—*1,, />
near 1.06 pm pumped at 880 nm. Representative Stark splittings of the
manitolds are shown on the right-hand side. The actual laser transitions
occur between these individual Stark splittings. The open box for the
ground-state manifold indicates that the laser transition to this manifold
is to an energy level above the ground state.

SILVER BLOCK —~

Au PLATED
INTEGRATING

CAVITY —

2631 p LASER
RADIATION —

3+
Ca F2 U~ ROD

084u PUMP

RADIATION ~Ga As DIODE

Fig. 2. Schematic of the first diode-laser pumped solid-state laser
U** : CaF, from [2]. The diodes are arranged for pumping in a transverse
geometry.

to capture all of the pump radiation. The entire assembly
was placed in a liquid helium dewar because the early
diode lasers needed to be cooled to obtain operation, and
the lower laser level in CaF,: U*" is 609 cm ™' above the
ground state. The lower laser level population is given by
the Boltzmann distribution; cooling reduces this popula-
tion and therefore the threshold. Quasi-CW operation with
emitted pulses longer than one upper state lifetime was
obtained with thresholds near 3 W of incident power on
the laser rod over 500 us. Keyes and Quist also recog-
nized the advantages of diode laser pumping over flash-
lamps. They noted that the use of GaAs diode lasers
should be ideal for pumping of Nd** lasers and that such
devices should be more efficient than lamp pumping. This
would induce less heating in the gain medium and reduce
the thermal problems of high-energy lasers.

A third example of early work is that of Ochs and Pan-
kove [7] who used arrays of LED’s to pump a CaF, : Dy**
laser. The energy level scheme is shown in Fig. 3(b). The
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Fig. 3. Energy level

pump wavelength is ~ 720 nm, and laser action is at 2.36
pm to an energy level 29 cm ™' above the ground state. A
transverse pump geometry was used with ten LED arrays
with ten LED’s in each array arranged cylindrically
around a laser rod. The LED’s and laser rod were cooled
to 1.9 K for good LED performance and reduction of the
lower laser level population in Dy?*. Quasi-CW opera-
tion was obtained with thresholds about 0.1 W incident
on the laser rod. After these early works, interest shifted
to Nd: YAG because the Nd** ion offers excellent spec-
troscopic properties for diode-pumped solid-state lasers.

B. The Shift of Interest to Semiconductor-Pumped
Nd : YAG Lasers

The Nd** is an excellent dopant for semiconductor-
pumped solid-state lasers. There is strong absorption in
the emission bands of GaAs, GaAlAs, and GaAsP LED’s
and diode lasers. The absorption spectra of two Nd**
doped materials near 800 nm, Nd:YAG and Nd-doped
phosphate glass are shown in Fig. 4. Ions excited into the
pump bands relax efficiently to the upper laser level. From
this upper laser level, there are two four-level transitions
with high gain, the 4F3/2—4I”/2 and 4F3/2—4II3/2; thus,
laser action can easily be achieved with low thresholds.
As shown in Fig. 1, each of the >* 'L, manifolds is split
by the crystal field into J + 1/2 doubly degenerate en-
ergy levels. The positions of these levels are different for
each host, although the centers of gravity of each mani-
fold are approximately the same. The relative desirability
of a material as a gain medium is dependent on not only
its spectroscopic properties, but other aspects such as
thermo-mechanical properties and ease of crystal growth.
By the early 1970’s YAG had become the Nd** doped
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Fig. 4. Absorption spectrum in 1.1 percent doped Nd: YAG and 3 percent
doped Nd: glass around 800 nm.

host of choice for lamp pumping due to its superior com-
bination of spectroscopic, thermomechanical, and growth
properties.

Ross [8] demonstrated the first diode laser-pumped
Nd: YAG laser. This was pumped by a single GaAs diode
laser in a transverse geometry. The YAG rod was at room
temperature, but the diode laser was at 170 K to shift its
wavelength to the absorption band in Nd: YAG at 867 nm.
Ross recognized that the use of diodes as pump sources
for solid-state lasers offered advantages over direct use of
diodes. He noted that solid-state lasers can act as tempo-
rary energy storage devices due to their long upper state
lifetime. This allows the output of many diode lasers to
be collected in the gain medium and the energy released
in a short pulse to achieve high peak powers. He also
noted that the output of solid-state lasers could have a
much narrower solid angle so brightness can be enhanced
and that the spectral bandwidth of the solid-state laser is
narrower than that of diode lasers. While diode laser tech-
nology has improved substantially since Ross’s paper,
these advantages still exist.

There followed a number of reports on transverse ge-
ometry, LED, and diode laser-pumped Nd: YAG lasers.
Near room temperature [9], [10] and room temperature
[11], [12] CW operation pumped by arrays of GaAs, _ P,
LED’s was shown. Barnes [13] made the first attempt to
model these LED, side-pumped Nd:YAG lasers. Ap-
proximate expressions for threshold and slope efficiency
were derived.

Conant and Reno [14] also demonstrated a side-pumped
device with diode laser pumping. They recognized that
diode lasers have higher brightness than LED’s and there-
fore the pump radiation could be absorbed in a smaller
volume which should lead to lower threshold due to higher
gains. Both the Nd: YAG laser rod and GaAs diode lasers
were cooled, and about 6 percent optical-to-optical effi-
ciency was achieved for a rod temperature of 250 K. The
work was limited to the pulsed mode because of the lim-
itations of the diode lasers. The average output power as
a function of absorbed pump power is shown in Fig. 5.
Threshold was 0.56 W with slope efficiency of 16 per-
cent. Up to 120 mW of output power for 1.3 W of ab-
sorbed power was obtained. Jackson and Rice [15] also
side pumped with diode lasers. They studied the use of
bursts of short pulses to drive the Nd: YAG laser in a
quasi-CW mode. The bursts were longer than the upper
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Fig. 5. Average output power as a function of average absorbed pump
power in a transverse-pumped Nd: YAG laser reported in {14].

state lifetime and consisted of pulses with a repetition rate
of 100’s of kHz. The use of bursts of short pulses was
necessary since diode lasers at this time could not be run
true CW. They found that the pulse repetition rate must
be on the order of 1 MHz to achieve quasi-CW laser op-
eration with low ripple on the Nd: YAG laser output.

Farmer and Kiang [16] did an extensive study of trans-
verse geometry LED-pumped Nd: YAG lasers. They ex-
plored issues such as coupling of the LED radiation to the
laser rod, fabrication and output spectrum of GaAlAs
LED’s, and rate equation analyses to derive the output
power and find the effects of pump modulation. They ob-
tained significant improvement in efficiency by use of an
index matching technique to couple the pump radiation to
the laser rod. However, they noted that the laser gains in
such LED-pumped Nd: YAG lasers were too small for the
insertion loss of additional cavity elements such as mode
lockers or frequency-doubling crystals to be tolerated.

Work on LED-pumped Nd:YAG lasers in the trans-
verse geometry was also performed in the Soviet Union
[17]-[21]. While the output power in initial experiments
was poor since the operating point was barely above
threshold [17], [18], later quasi-CW output powers of 1
W were demonstrated [19] which was the best reported at
the time from LED-pumped systems. Bilak et al. [20]
studied different geometries for placing the LED arrays
around the gain element. They were also able to demon-
strate laser action on the 1.32 um transition as well as the
1.06 pm transition in Nd: YAG. In addition, an LED-
pumped ring laser was developed for use as a rotation sen-
sor [21]. LED pumping allowed more stable operation of
the device because of the need for less cooling compared
to a lamp pumped system.

In parallel to this work on side-pumped geometries,
there was also investigation into the end-pumped geom-
etry which offers the advantage that the pump light can be
efficiently coupled into the laser mode, but has the dis-
advantage of limiting the number of diode lasers or LED’s.
Rosenkrantz [22] demonstrated the first reported pulsed,
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diode laser-pumped device in an end-pumped geometry.
He recognized that this geometry offers the advantage of
more efficient absorption of pump radiation compared to
the transverse geometry because the pump radiation is
collinear with the laser mode. Thus, longer absorption
paths are possible with a large fraction of the pump power
within the laser mode volume. Simple expressions are de-
rived for threshold pump energy in a pulsed mode with
rough agreement with experiment.

Other reports of end-pumped Nd: YAG lasers followed
[23]-[28]. Nearly CW operation below room temperature
was shown pumping with a single LED [23], [24]. Ches-
ler and Singh [25] modeled this laser with the assumptions
of uniform pumping and both multimode and single trans-
verse mode extraction, and rough agreement between the
observed and calculated thresholds was achieved. True
CW operation at room temperature was demonstrated
using superluminescent diodes (SLD) as pump sources
[26], [27]. Ostermayer [28] showed that a single LED
could be used to obtain end-pumped operation of a CW
Nd: YAG laser at room temperature.

There has been other work in diode pumping Nd: YAG
which is discussed in a later section. In the mid-1970’s,
a new class of solid-state laser materials were developed
called stoichiometrics which have some favorable prop-
erties for diode pumping.

C. Stoichiometric Nd Lasers

One difficulty with Nd** doped materials is that the al-
lowed concentration of Nd is limited due to concentration
quenching of the upper state lifetime. However, it is often
desirable to have high doping densities because the pump
light can be absorbed in a small volume to achieve higher
gains for the same pump power. A class of materials called
stoichiometrics was discovered in which Nd** is no longer
a dopant, but instead a chemical component of the crystal
itself. These materials have less concentration quenching
than Nd: YAG. Due to the high doping density, over an
order of magnitude larger than that of Nd: YAG, efficient
absorption of the pump light is possible in a small vol-
ume.

The first such laser was NdPsO,(NPP) [29] pumped
by a pulsed dye laser. In the initial experiment, the laser
threshold for an end-pumped NPP laser is significantly
higher than for Nd:YAG, but the authors projected a
lower threshold for NPP compared to Nd: YAG in a trans-
verse-pumped geometry. They noted that NPP was a
promising material for diode laser and LED pumping [29],
[30]. While much of the research in stoichiometric Nd
materials was aimed at eventually using semiconductor
pumping, this review does not cover the whole field of
stoichiometrics; for a more complete overview, there are
two good review papers on this topic [31], [32].

Chinn et al. [33] used a rhodamine 6G (R6G) dye laser
operating near 580 nm to transverse pump NPP. Experi-
mental thresholds as low as 4 mW led to predicted thresh-
old powers for LED pumping of 8.5 mW based on mod-
eling of the device. A threshold power of 7 mW under
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diode laser pumping with an overall 7 percent optical-to-
optical efficiency was subsequently demonstrated [34],
[35]. Further work on side pumping of stoichiometrics was
carried out by Saruwatari and Kimura [36] and Budin et
al. [37], [38]. Both groups pumped with an LED array
and were able to achieve below room temperature opera-
tion. Budin et al. [37] noted that they were limited in the
pump power density due to the relatively low brightness
of the LED’s.

Lasers with an end-pumped geometry have also been
studied in these materials. Saruwatari et al. [39] and Sa-
ruwatari and Kimura [36] demonstrated LED-pumped op-
eration in LiNdP,O,, (LNP) at —35°C. Room tempera-
ture operation in this early work was not possible due to
a slightly populated lower laser level at room tempera-
ture, but was later demonstrated using a higher power,
higher brightness diode laser [40]. Good laser operation
on both the 1.05 um and the 1.32 um transitions in LNP
was achieved by Kubodera and Otsuka [41] by diode laser
pumping. Output powers of 2 mW for 12 mW input power
at 1.05 ym and 0.5 mW for 11 mW at 1.32 um were
demonstrated in single transverse and single longitudinal
mode operation at room temperature. In a similar exper-
iment, Zverev et al. [42] obtained 0.6 mW at 1.047 um
for 6 mW absorbed power in LNP. Phosphate glasses of
essentially the same composition as the stoichiometrics
were also used as gain elements [43]. These are attractive
because they are simple to fabricate. Laser action was
demonstrated under LED pumping in a pulsed mode.

D. Guided-Wave Devices

The use of guided wave structures instead of bulk de-
vices is also of interest for diode pumping. One reason is
the compatibility of guided wave devices with optical fi-
ber systems. Another reason is that by guiding both the
pump wave and the laser mode, higher pump densities
and therefore gain compared to bulk devices can be
achieved.

The first report of a guided wave device was by Stone
and Burrus [44] who end pumped a multimode, Nd-doped,
silica-based, glass fiber laser. The cavity was provided by
either depositing reflector coatings directly onto the end
of the fiber or by external mirrors. Typical core diameters
were 35 um with lengths of 1 cm. CW thresholds in these
devices were less than 1 mW. This technique was ex-
tended to Nd: YAG fiber lasers [45]-[47]. These devices
were 50-80 pm in diameter, 0.5 cm long and were end
pumped with LED’s. Laser operation on both the 1.06 um
and 1.3 um transitions was demonstrated with output
powers of up to 1 mW on the 1.06 um transition.

Waveguiding structures were also considered for a
transverse pump geometry [48]. Such a device may offer
advantages such as small resonator construction and good
transverse mode stability. Design calculations were per-
formed for an LED array-pumped, rectangular cross sec-
tion waveguide fabricated of a number of Nd laser mate-
rials including Nd: YAG, NPP, and LNP. Such a device
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made of an LNP gain medium with a glass cladding was
demonstrated using Ar* laser pumping [49], [50].

E. Other Devices

Most of this initial work in diode pumping concentrated
on designing and demonstrating simple Nd-doped de-
vices. However, there was also work reported on diode
pumping of other ions, insertion of intracavity second
harmonic generation (SHG) crystals, and driving of spik-
ing oscillations, Q switching, and mode locking to achieve
higher peak powers.

Laser action was demonstrated at 1.029 pm in a trans-
verse geometry, Si-doped GaAs LED array pumped
Yb:YAG laser [51]. The energy level diagram of this
transition is shown in Fig. 6(a). Since the lower laser level
is only 611 cm™! above the ground state, the laser was
cooled to 77 K. The Si doping of the LED’s shifts the
emission wavelength to provide a better spectral match to
the Yb*>* absorption. A room temperature, LED-pumped
LiYbF,: Tm, Ho laser was proposed where the Yb* ab-
sorbs the pump radiation [52]. This excitation is trans-
ferred to Tm®* and then to Ho®* with the laser transition
on the ’1;-’Ig Ho®* transition. The energy level scheme
is shown in Fig. 6(b). The difficulty is again that the lower
laser level is in the ground state manifold. This material
was investigated spectroscopically, and lamp-pumped
laser operation at 77 K was demonstrated, but no diode-
pumped device was attempted.

Another way to achieve wavelength diversity is by fre-
quency conversion. In the earliest diode-pumped devices,
the gain was too low for the insertion of intracavity ele-
ments [16]. With improvement in semiconductor pump
sources, such devices could be constructed. Chinn [53]
demonstrated a longitudinal geometry, intracavity fre-
quency-doubled NPP laser pumped by a dye laser.
Thresholds of 5 mW and outputs of 1 mW single ended
were achieved; the author notes that with simple optimi-
zation, semiconductor pumping of this source should be
possible. Actual demonstration of such a device was made
by Kuratev [54] who used a BaNaNbsO,5 crystal to intra-
cavity double an LED array pumped Nd: YAG laser.

Spiking oscillations, Q switching, and mode locking of
semiconductor-pumped Nd** doped lasers have been con-
sidered for higher peak power operation. Spiking oscil-
lations have been shown by modulation of the pump light
[12], [35], [55]. Under deep modulation of an LED-
pumped Nd: YAG laser, 100 times peak power enhance-
ment over the CW output was obtained [12]. Both shallow
[35] and deep [55] modulation were investigated in stoi-
chiometric diode pumped lasers with peak power en-
hancements of 11 and 23, respectively.

Mode locking was investigated in stoichiometric lasers.
Chinn and Zwicker [56] demonstrated a 14 ps pulse from
an end-pumped FM mode-locked Nd, sLag sPsO,4 excited
by a CW rhodamine 6G dye laser. Otsuka ez al. [57] dem-
onstrated a similar device in LNP with 49 ps pulse with
under Ar* laser pumping. Both groups note that semicon-
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Fig. 6. Energy level schemes of diode-pumped solid-state lasers. (a)
Yb** : YAG, (b) Tm, Ho: LiYbF,. Arrows between ions indicate energy
transfer.

ductor pumping of these systems is possible for miniatur-
ization.

Q switching was demonstrated in LED-pumped
Nd: YAG and Nd-doped potassium-gadolinium tungsten-
ate (PGT) [54]. A number of different techniques for Q
switching were used including electrooptic, acoustooptic,
saturable absorber, and cavity dumping. Pulse lengths as
short as 4 ns using cavity dumping were obtained, with
the highest peak power being 170 W in a 65 ns pulse in .
Nd: PGT by acoustooptic mode locking.

F. Recent Work

With improvements in diode laser technology in the
early 1980’s to allow higher powers and longer opera-
tional lifetimes, the interest in semiconductor pumping
turned to using only diode lasers as pump sources. Prog-
ress was made in stoichiometrics, Nd : YAG systems, and
guided wave devices.

Stoichiometrics were of interest for miniature lasers for
communication systems at 1.3 um. Kubodera and Noda
[58] demonstrated a GaAlAs diode laser-pumped, single-
axial mode LNP laser with up to 1.4 mW output. Seven
laser diodes were used in an end-pumped geometry. Op-
tical fibers were used to bring the output of the diode la-
sers to the LNP crystal and direct the power from these
seven diodes to the same spot on the crystal. The device
was used as a source for a transmitter of a fiber optic com-
munication system. A tunable NPP source near 1.3 pm
was investigated by Telle [59]. The laser was tuned with
a grating over ~ 40 nm range with an Ar™ laser excitation
source in an end-pumped configuration. Under diode laser
pumping, tuning was limited to a few nanometers because
of the relatively low pump power.
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Progress has also been made in end-pumped and side-
pumped Nd:YAG systems. Longitudinal geometry,
monolithic, diode laser-pumped Nd:YAG lasers have
been shown to be frequency stable by Zhou er al. [60].
The frequency jitter of less than 10 kHz was over an order
of magnitude better than that observed under lamp pump-
ing. The efficiency, up to 1.5 percent overall electrical to
optical, and compactness of the diode laser-pumped de-
vice allows operation without water cooling so the tech-
nical noise is reduced compared to a lamp-pumped de-
vice. A schematic of this device is shown in Fig. 7. Sipes
[61] showed that the high efficiencies predicted for diode
laser-pumped solid-state lasers could be realized in prac-
tice. An overall electrical to optical efficiency of 8 percent
was shown in a diode laser array-pumped Nd: YAG laser
in a longitudinal geometry. He projected, through simple
scaling arguments, that output power of up to 1 W with
efficiencies of 10 percent should be possible in a similar
device. Baer and Keirstead [62] showed that such a device
could be intracavity doubled to the green with good effi-
ciency using KTiOPO, (KTP). Up to 11 mW output at
532 nm was achieved. More recently, by use of higher
power diode laser arrays, up to 370 mW at 1.06 um was
obtained in CW, TEMy, operation. The overall electrical
to optical efficiency of this device is 9.1 percent [63]. Sin-
gle-axial mode operation was demonstrated in a diode
laser-pumped, monolithic Nd: YAG laser in a nonplanar
ring geometry by Kane et al. [64]. This unique device is
shown in Fig. 8(a). Up to 25 mW at 1.064 um was ob-
tained with a measurement limited linewidth of less than
3 kHz over a 100 ms measurement time. Fig. 8(b) shows
the beat frequency spectrum between two independent os-
cillators. This source was used as a master oscillator for
a solid-state coherent laser radar system [65]. Kozlovsky
et al. [66] efficiently frequency doubled this source in an
external resonator containing MgO : LiNbO;. The single-
axial mode operation and good frequency stability al-
lowed locking of the external cavity to the laser fre-
quency. Up to 2 mW at 532 nm was generated for 15 mW
input power at 1.06 um. A single-axial mode source at
1.319 and 1.338 um in Nd: YAG using a modified ver-
sion of the nonplanar ring has been demonstrated by
Trutna et al. [67]. The modified geometry allows good
performance with less applied magnetic field. Owyoung
and Esherick [68] have shown rapid stress-induced fre-
quency tuning in a diode laser-pumped, longitudinal ge-
ometry Nd:YAG rod. Scan rates of up to 1 THz/s over
a 1 GHz range have been achieved. By intracavity fre-
quency summing the 1.06 um radiation of an Nd: YAG
laser and its pump radiation in KTP, Risk e al. [69] have
demonstrated generation of blue coherent radiation. Un-
der infrared dye laser pumping, 1 mW of blue was gen-
erated for 275 mW pump power. Using a 200 mW broad
area diode laser, output power was limited to 10 uW due
to decreased brightness of the pump source.

Allen et al. [70] and Smith et al. [71] developed linear
diode laser arrays and demonstrated a CW diode laser ar-
ray-pumped Nd: YAG laser in a transverse geometry. Up
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Fig. 8. (a) Schematic of solid-state, unidirectional, nonplanar ring oscil-
lator. (b) Frequency spectrum generated by beating two independent la-
sers. Linewidth measurement was limited by frequency jitter between
the two lasers caused by technical noise.

to 108 mW output at 1.06 um was achieved for an elec-
trical input to the diode lasers of 25 W. Katzman analyzed
the use of a diode laser-pumped Nd: YAG laser for a space
communication system [72]. He subsequently demon-
strated a diode laser-pumped Nd: YAG as an amplifier for
a GalnAsP diode laser [73] which allows direct modula-
tion of the diode to be combined with the higher output
provided by the Nd: YAG. Work has continued on using
diode laser arrays for side pumping neodymium-doped la-
sers [74]-[77]. Up to 3 percent overall electrical to optical
efficiency has been demonstrated for a CW, TEM,,
Nd: YAG laser pumped by linear arrays [74]. In a long
pulse mode, up to 21 W peak power was obtained from a
transverse diode array-pumped Nd: YAG rod at 1.06 pm
and up to a 3 W peak power at 532 nm by intracavity SHG
with KTP [75]. In a Nd: YAG slab, 170 mJ at 1.06 um
in a long pulse mode has been demonstrated with 6 per-
cent overall electrical to optical efficiency [76]. Reed et
al. [77] have also demonstrated diode array pumping of
Nd: YAG slabs as well as Nd: glass slabs. Up to 70 kW
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peak power and 585 mW average power with electrical to
optical efficiencies of 4 percent have been obtained.

Advances in Nd-doped fiber devices have also been re-
ported. Diode laser-pumped operation of an Nd-doped
Si0, single-mode fiber laser as opposed multimode fibers
was demonstrated with thresholds under 1 mW for the
4F3/2—4I“/2 transition in Nd** [78]. Much higher gains
can be expected in this device compared to the bulk under
the same pump power because both the pump and laser
beams are guided. Laser action was also reported in a sin-
gle-mode fiber on the “F;/,-*1y/, transition in Nd*>* near
0.9 um with low thresholds under R6G dye laser pumping
at 590 nm [79]. Diode laser pumping of this transition as
well as the *F, /2—41,3 /2 transition near 1.4 pm was sub-
sequently reported in a single-mode fiber device [80]. In
Nd:YAG fibers, threshold of 4 mW with a slope effi-
ciency of 10 percent was shown in a diode laser-pumped
device at 1.06 um [81].

Neodymium-doped materials other than YAG and stoi-
chiometrics have been used. Other materials have differ-
ent spectroscopic properties which have advantages over
YAG and stoichiometrics. Three important properties are
upper state lifetime, absorption spectra, and output wave-
length. To obtain larger energy storage, it is desirable to
use materials with longer upper state lifetimes. In a pulsed
mode, the maximum pulse energy is proportional to the
upper state lifetime for a fixed value of CW pump power.
The absorption features in the diode laser wavelength band
should be wide so that control of the diode laser wave-
length is less critical. In addition, it is shown later that
the strength of the absorption is a key parameter for these
devices. The exact output wavelength of the diode-
pumped solid-state laser is important in some applica-
tions. For example, the 1.064 pm output of Nd: YAG does
not match the peak gain of Nd-doped phosphate glass sys-
tems. Fan et al. [82] have demonstrated laser operation
in Nd:LiYF,; (YLF) which has two times longer upper
state lifetime than Nd: YAG and an output wavelength
which matches Nd: glass systems. Thresholds were as low
as 1 mW and slope efficiencies as high as 38 percent as
shown in Fig. 9(a). Intracavity SHG to the green in this
device with MgO : LiNbO; was shown with up to 145 uW
single ended output power for 30 mW of pump power. A
schematic of this experiment is shown in Fig. 9(b). Ko-
zlovsky et al. [83] obtained laser oscillation from
Nd: glass in a bulk device. The stimulated emission cross
section is lower than Nd:YAG due to inhomogeneous
broadening, but glass offers the advantages of a much
broader absorption band and lower intrinsic loss. Thresh-
old near 2 mW with slope efficiency of 42 percent was
shown under single-stripe diode laser pumping in a lon-
gitudinal geometry. Diode-pumped CW operation has also
been shown in Nd:MgO: LiNbO; [84]. This is an inter-
esting laser material because it combines the laser prop-
erties of the Nd*>* jon with the electrooptical and nonlin-
ear optical properties of the host material. Such a
combination allows the construction of devices such as
self-frequency-doubled lasers [85] and active internal Q-
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Fig. 9. (a) Output power as a function of incident input power for Nd: YLF
with two different values of output coupling. Results are similar to that
obtained from Nd:YAG. (b) Schematic of diode laser-pumped, intra-
cavity doubled Nd: YLF laser. The Nd: YLF is ~0.5 cm long and the
MgO: LiNbO; is 0.8 cm long.

switched lasers [86] in which the crystal serves as the gain
medium and the nonlinear optic or electrooptic crystal
simultaneously. The difficulty with LiNbO; as a host ma-
terial has been with the photorefractive effect, but the use
of diode laser pumping and the addition of MgO allows
laser operation with little or no decrease in performance
due to the photorefractive effect [84]. Thresholds are near
2 mW with slope efficiencies as high as 39 percent. Fields
et al. [87] made a comparison of Nd: La,Be,Os (BEL),
Nd:YAG, and Nd:YVO,. They were able to obtain
higher slope efficiency and lower threshold for Nd: YVO,
than for Nd: YAG with 12 percent electrical to optical
efficiency. Laser diode pumping of La,Nd, ~MgAl; |04
has been demonstrated for helium optical pumping at
1.083 pm in both a longitudinal and transverse pump ge-
ometry [88]. The slope efficiency is low, 9.5 percent,
compared to other Nd-doped laser and appears to be due
to high material loss.

There has been progress in operating new transitions
under diode pumping. This provides additional wave-
lengths for these devices and also allows the use of ions
which have different spectroscopic properties such as a
longer upper state lifetimes. Allen er al. [89] demon-
strated an end-pumped 2 um Ho:YAG laser sensitized
with Er’* and Tm** at 77 K on the °1,-’I; transition. Er’*
is used to absorb the pump light. This is followed by en-
ergy transfer to Tm>* and then to Ho®" to populate the
upper laser level. The energy level scheme is similar to
that of Castleberry [52] shown in Fig. 6(b), except that
the Yb** is replaced by Er**. The lower laser level is in
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the ground state manifold; thus, the laser is cooled to op-
erate as a four-level laser. A similar device was demon-
strated by Hemmati [90] in YLF also with cryogenic cool-
ing. Fan et al. [91], [92] have demonstrated single-stripe
diode-pumped laser operation on this transition at room
temperature in Ho: YAG sensitized with Tm**. The en-
ergy level scheme for this device is shown in Fig. 10(a).
The pump radiation is absorbed by Tm>*. This is fol-
lowed by a cross-relaxation process which allows nearly
two excited Tm** ions to be produced from one absorbed
photon. There is rapid energy migration among the Tm**
jons and energy transfer to the Ho’" °I, manifold, and
laser action is to a level ~460 cm™' above the ground
state. Threshold of 4.4 mW absorbed pump power with
19 percent slope efficiency were shown. Kintz et al. [93]
subsequently demonstrated diode laser-pumped operation
on this transition as well. Using a 100 mW diode laser
array, they obtained over 2 mW output power.

As previously mentioned, laser operation on the *F; Jr—
“Iy/, Nd** transition has been demonstrated in fiber de-
vices at room temperature [79], [80]. Fan and Byer pre-
dicted by modeling [94] and subsequently demonstrated
[94], [95] diode laser-pumped operation of the 946 nm
*F3/,-*Ig/> Nd: YAG laser transition at room temperature
in a bulk device. The energy level diagram of this quasi-
three-level laser is shown in Fig. 1. Threshold of under
10 mW and slope efficiency of 16 percent near threshold
were shown. The authors predict slope efficiency of 34
percent for laser operation well above threshold. An all
solid-state source in the blue can be obtained by fre-
quency doubling of this device. Intracavity frequency
doubling of a 946 nm Nd: YAG laser by KNbOj has been
shown under R6G dye laser pumping with output powers
at 473 nm of over 5 mW [96]. Diode array pumping of
this transition has also been demonstrated with intracavity
frequency doubling by LilO; [97]. Output power at 473
nm is limited to 100 W by the small effective nonlin-
earity and large Poynting vector walk-off angle of LilOs
compared to KNbO;.

The 2.3 um *F,~>Hs Tm>" transition as shown in Fig.
10(b) is also of interest. Thomas et al. [98] demonstrated
laser operation of this transition in Tm: YLF using an al-
exandrite laser to emulate diode pumping. Operation of
this transition was subsequently extended to diode laser
pumping [99]. Kintz er al. [100] have obtained pulsed and
CW laser operation on the 2.8 um *I;; /,-*I;3/, Er*" tran-
sition. This laser transition is normally self-terminating,
that is, the lower laser level lifetime is longer than the
upper laser level lifetime, but CW operation is allowed
by a cooperative upconversion process that empties the
lower laser level. The energy level scheme is shown in
Fig. 11(a). Slope efficiency is limited to 0.7 percent; the
authors predict that by optimization of the Er’* concen-
tration and pumping by a single-stripe diode laser, an or-
der of magnitude increase in efficiency is achievable. The
Er’* *1,5/,-"1,3/, transition near 1.6 um shown in Fig.
11(b) is of interest for optical communications. Low
threshold operation of a fiber laser under dye laser pump-
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Fig. 10. Energy level schemes in recently demonstrated diode-pumped
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with a possible transition at 1.5 um also illustrated.
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Dashed lines in (a) indicate upconversion.

ing near 800 nm has been demonstrated despite the weak
absorption in this wavelength region [101]. More re-
cently, Reekie er al. [102] have extended operation to
diode pumping with thresholds near 3 mW and output
power up to 130 puW.

A number of diode laser-pumped, Q-switched Nd**-
doped lasers have been shown. Up to 150 mJ was ob-
tained from a transverse-pumped Nd: YAG laser with a
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Fig. 12. Autocorrelation trace from a diode laser-pumped, mode-locked,
Nd: glass laser.

slope efficiency of 30 percent [103]. In an end-pumped
geometry, typical pulse energy obtained from diode ar-
ray-pumped, Q-switched Nd: YAG lasers is 10 uJ [104]-
[106]. By using Nd: YLF, the pulse energy is two times
higher for the same pump power [105], [107] as expected.
Peak powers in these devices of 2.8 kW for Nd: YLF and
1.2 kW in Nd: YAG have been obtained in 10 ns pulses
[107] by pumping with a 200 mW diode laser array. By
intracavity frequency doubling a Q-switched Nd: YAG
laser with KTP, up to 15 mW average power in the green
was generated with 5 uJ per pulse [108]. A miniature end-
pumped, mode-locked Nd:YAG laser was developed
[109] which could be pumped either by a diode laser or
by an R6G dye laser. Pulse widths of 240 ps full width
half maximum (FWHM) with pulse energies of 138 pJ
were observed. Basu and Byer [110] have shown mode
locking in a single-stripe diode laser-pumped Nd: glass
and Nd:YAG lasers in a folded three-mirror cavity.
Pulsewidths of less than 10 ps FWHM were measured.
Fig. 12 shows an autocorrelation trace of the output from
this source. Diode laser-pumped Nd:YAG lasers have
also been used to injection seed higher power Q-switched
Nd: YAG lasers [111]-[114]. One approach has been to
use gain-switched diode-pumped rod lasers to produce up
to 60 mW of single-axial mode peak power [111]. The
output is then injected into the slave laser to force it to
run single-axial mode [112], [113]. Injection seeding can
also be obtained by using a low-power, ~ 120 uW, CW
single-axial mode master oscillator [114].

The field of diode laser-pumped solid-state lasers is
moving rapidly. We believe that this historical overview
is reasonably complete to the time of writing, although
clearly there will be advances in the field before publi-
cation of this paper.

III. COMPARISON OF DIODE-PUMPED SOLID-STATE
LASERS TO OTHER DEVICES

Diode laser-pumped solid-state lasers offer significant
advantages over both lamp-pumped solid-state lasers and
direct use of diodes. In this section, we compare diode-
pumped solid-state lasers to these other devices.

A. Diode-Pumped Versus Lamp-Pumped Solid-State
Lasers

Diode-pumped solid-state lasers offer the main advan-
tages of higher efficiency and better frequency stability
than lamp-pumped devices. The highest efficiency diode
laser-pumped solid-state lasers to our knowledge is that
of Fields et al. [87] with 12 percent electrical to optical
efficiency in Nd: YVO, compared to 8 percent in a lamp-
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pumped Nd: glass laser by Mak er al. [115]. The lamp-
pumped result was for an atypical pump geometry in
which the lamp is located in the center of a hollowed-out
cylinder of the gain medium. In the more typical rod ge-
ometry, electrical to optical efficiencies on the order of §
percent have been observed for Nd:Cr:GSGG [116]-
{118] and liquid O,-cooled Er, Tm, Ho:YAG [119].
Thus, diode laser pumping allows on the order of twice
the overall efficiency compared to flashlamps at the pres-
ent time. In the future, the efficiency of diode-pumped
solid-state lasers will increase due to increases in diode
laser efficiency. The diode laser arrays currently used have
typical efficiencies of somewhat greater than 25 percent
[120]. However, recent work has shown external quantum
efficiencies in diode lasers of 79 percent and overall effi-
ciencies around 50 percent [121] which will lead to in-
creased efficiency for diode laser-pumped solid-state la-
sers.

The frequency stability and linewidths of diode laser-
pumped solid-state lasers is better than that for lamp-
pumped lasers due to decreases in technical noise because
of the reduced need for cooling and more stable pump
sources. Diode-laser pumped solid-state lasers have dem-
onstrated linewidths of 3 kHz measurement limited [64]
compared to lamp-pumped linewidths of 120 kHz [122].
The 3 kHz measurement limit is attributed to jitter due to
residual pump fluctuations.

Higher average powers can presently be obtained from
lamp-pumped systems. However, scaling to higher aver-
age powers for diode-pumped systems appears feasible
due to rapid advances in diode laser array technology.

B. Diode-Pumped Solid-State Lasers Versus Direct Use
of Diodes

Diode laser-pumped solid-state lasers have the advan-
tages of narrower linewidth, higher peak powers, and
higher brightness compared to the direct use of diodes.
Solid-state lasers have the potential to have narrower line-
widths than the measurement limited 3 kHz already dem-
onstrated [64]. The fundamental limit on laser linewidths
is given by the Schawlow-Townes equation given by
[123]

Av = hv /(277 2P) (1)

where Av is the linewidth in hertz, 7. is the cavity decay
time, P is the output power, and hv is the output photon
energy. The Schawlow-Townes linewidth limit for these
devices is less than 1 Hz for | mW output {60]. Mono-
lithic diode lasers have much larger linewidth limits than
solid-state lasers because of short cavities and low reflec-
tivity of the facets which lead to small 7. 7. for solid-
state lasers is on the order of 10° larger than for mono-
lithic diode lasers; thus, the fundamental linewidth is 10~¢
smaller. The linewidth of diode lasers can be reduced by
going to external cavity diode lasers, but only at the ex-
pense of increased complexity.

Diode-pumped solid-state lasers can have enhanced
peak powers because of their long upper state lifetime.
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While the peak powers of diode lasers can be enhanced
by pulsing, the increase is limited to about an order of
magnitude because diode lasers are essentially CW de-
vices. The demonstrated enhancement of peak power from
solid-state lasers over the CW power of diode lasers is
greater than 10 in a Q-switched Nd:YLF laser [107].
Larger increases in peak power may be possible with
longer lifetime, higher energy storage materials.

In addition, diode-pumped solid-state lasers can have
higher brightness than diode lasers. For example, in an
end-pumped geometry, it is easy to convert the output of
current diode laser arrays with beams with two lobed out-
put into a TEM, diffraction-limited output from a solid-
state laser [61], [63]. In systems with single-stripe diode
laser pump beams, the typical elliptical output beam from
the diode laser is converted to a round beam; thus, astig-
matism is eliminated.

There are also other advantages of diode-pumped solid-
state lasers over lamp-pumped devices and direct use of
diode lasers which cannot be quantified. For example,
diode-pumped solid-state lasers allow simpler design due
to reduced need for cooling. In many cases, air cooling is
sufficient as opposed to the liquid cooling often required
for lamp-pumped systems. Diode-pumped solid-state la-
sers offer the possibility of operation in wavelength re-
gions where diode lasers either perform poorly or are not
available.

It is clear that diode-pumped solid-state lasers offer
some significant advantages over lamp-pumped devices
and direct use of diodes. However, there are disadvan-
tages as well. Currently, the cost of diode lasers is higher
than for the equivalent power flashlamps, but the cost of
diode lasers has dropped significantly in the past few
years. Projections indicate that the price decrease should
continue over the next few years as the sales volume in-
creases. Diode-pumped solid-state lasers are obviously
less efficient than the diode lasers themselves and more
complex, but these disadvantages must be weighed against
the significant advantages in various applications.

IV. MODELING OF END-PUMPED LASERS

There are a number of reports on the modeling of CW
end-pumped Nd** lasers to derive threshold and slope ef-
ficiency. In this section, we summarize the results and
derive scaling laws to show the importance of various
spectroscopic parameters. A number of workers have de-
veloped rate equation models for CW end-pumped four-
level Nd** lasers with the spatial variation of pump and
intracavity circulating intensity included [31], [32]. [49],
[124]-[127]. Casperson [128] has shown the importance
of including the spatial variation as opposed to the as-
sumption of uniform pumping and extraction. While the
exact formalism between the previous works may be dif-
ferent, the essential results as far as threshold and slope
efficiency are the same. Recently, the rate equation models
for the four-level lasers have been extended to include the
case where there is significant population in the lower laser
level in equilibrium, that is, quasi-three-level lasers [94].
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The quasi-three-level case is important because a number
of potential diode laser-pumped solid-state laser transi-
tions are quasi-three level at room temperature.

There are a number of assumptions used in developing
these models about the spectroscopy of the transitions. 1)
It is assumed that a constant fraction 7, of the excitations
to the pump band relax to the upper laser level. 2) The
relative populations of the Stark splittings within a man-
ifold can be given by a Boltzmann distribution at all times.
3) Relaxation from the lower laser level is infinitely fast.
4) Losses are low so that the low gain approximation is
valid. 5) The population of the lower laser level in equi-
librium is small compared to the doping concentration. 6)
The pump band and upper laser level populations at
threshold are such that depletion of the ground state pop-
ulation can be ignored. 7) There are no higher order pro-
cesses such as excited state absorption or cooperative up-
conversion. These assumptions are realistic for CW Nd**
lasers and for a number of other laser transitions in rare
earth ions. For transitions such as the 2.8 ym 411,/3—4113/3
Er** transition which is self-terminating [129] or the 2.1
pm Tm, Ho: YAG laser which has energy transfer upcon-
version [92], these assumptions are not valid and addi-
tional terms are required in the rate equations. However,
this model still allows insights to be made about these
other transitions. For the geometry of the device, we as-
sume negligible diffraction of the pump laser cavity modes
in the gain medium, the cavity length is that of the gain
medium, and both the pump beam and laser cavity mode
are TEM,, Gaussian beams. Within the formalism devel-
oped later, none of these assumptions is necessary, but
they simplify calculations with little affect on the accu-
racy of the answers.

A. Threshold

A rate equation approach is used to derive the popula-
tion of the upper laser level which gives the gain of the
device. Then the threshold condition that roundtrip gain
equals roundtrip loss is used to derive an expression for
the threshold power. The upper laser level population N,
at or below threshold is given by

dN,,(r, Z) _Nb(rsz)
T

=0 =
dt

+ Rfyr,(r.2)  (2)
where 7 is the upper manifold lifetime. £, is the fraction
of the upper manifold population in the upper laser level,
and r, (r, z) is the normalized pump intensity distribution
in the gain medium. The first term on the RHS is a relax-
ation term due to spontaneous emission and nonradiative
relaxation and the second term is due to pumping. R is
the total pump rate given by

R = n,P,/hy, (3)

where P, is the absorbed pump power, hv, is the pump
photon energy, and 7, is the pump quantum efficiency
which is the number of ions in the upper manifold created
by one absorbed photon. The roundtrip gain is equal to
20AN(r, z)L where o is the stimulated emission cross
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section, AN(r, z) is the population inversion density, and
L is the gain medium length. AN(r, z) is given by N, (r,
z) — N,(r, z) where N,(r, z) is the population of the
lower laser level. However, the spatial distribution of the
pump and laser cavity mode must be taken into account.
This can be done by calculating an overlap integral which
averages the upper laser level population given by (2) over
the laser cavity mode. The threshold condition is then

SSS 20Lso(r, 2) [y foPa,mty (s 2)7/h¥, — f,No]

dv =28 (4)
where s0(7, z) is the normalized cavity mode intensity
distribution in the gain medium, P, y, is the absorbed pump
power at threshold, f; is the fractional occupation of the
lower laser level given by a Boltzmann distribution, Nj, is
the dopant concentration, and § is the roundtrip loss. The
quantity f,N, is equal to N,, and we have assumed no
ground state depletion; thus, N, does not vary with posi-
tion at threshold. Equation (4) can be rewritten

P ||| sr ) mir 0y v

hy 5
=72 <—e + oL + oz,L).
Np0. 7L \ 2

The roundtrip loss 6 has been written in terms of 8, +
20; L where §,, the extrinsic loss, is due to losses not de-
pendent on the length of the gain medium such as output
coupling, scattering at interfaces, and Fresnel refiections
and o; L represents losses which are proportional to the
gain medium length such as impurity absorption and bulk
scattering. d, can be further written as T’ + &, where T is
the loss due to output coupling and &y is the rest of the
extrinsic loss. The substitution of, Ny = «; has been per-
formed where «; is the absorption coefficent at the laser
wavelength in the gain medium due to the lower laser level
population. Finally, o,, the effective stimulated emission
cross section, has been substituted for of,. Equation (5)
shows that the threshold power is dependent on spectro-
scopic and material properties (hv,, 7, 0,, 7, o, ;), and
geometry factors through the overlap integral and design
choices (L, T). The geometry factors and design choices
are not independent of each other nor independent of the
spectroscopic properties as discussed later. To carry this
calculation further, functional forms must be assumed for
So(r, z) and r,(r, z). We assume that the pump and laser
cavity modes are TEM,, Gaussian beams with negligible
diffraction in the gain medium. Then

(5)

_ 2 (-az) —-2r?
p(r2) = w1 — exp (—aL)] explmaz)exp w;
(6a)
2 -2r
so(r, z) = i P\ (6b)
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where

SSS rp(r, 2) dvV = SSS so(r,z)dV =1. (6c)

o is the absorption coefficient at the pump wavelength, w,
is the Gaussian beam radius of the pump beam, and w, 1s
the Gaussian beam radius of the laser cavity mode. The
radii are defined such that at r = w, or r = w, the electric
field amplitude is 1/e of that at r = 0. It is possible to
account for different pump distributions [31], [125],
higher order transverse modes [49], [124], noncollinear
pump beam and cavity mode [124], or diffraction of the
beams within the gain medium [126] by assuming the
proper forms for r,(r, z) and so(r, z), but these end-
pumped devices typically operate in a TEMy, mode, and
the threshold is not highly dependent on the exact form
for r,(r, z) as long the power can be described as being
within some radius r = w, [125]. Substituting (6) in (5),
the absorbed power at threshold is

hv,
th = ( 0+wp)< +aL+a,L> (7)
20,1,T
For minimum threshold, it is desirable to have low losses
and small spot sizes. There are a number of limiting cases
which can be considered to see how the minimum thresh-
old scales with the spectroscopic parameters.

It would be useful to find the scaling of minimum
threshold with spectroscopic and material dependences so
a figure of merit for threshold can be formulated which
allows side-by-side comparison of laser materials.
Threshold is inversely proportional to the quantity o, NpT;
thus, these spectroscopic properties need to be included
in a figure of merit. Spectroscopic properties also ulti-
mately determine the minimum value for the geometry
factor in (7). Equation (7) gives a nonphysical answer of
a minimum threshold of O for infinitely tight focusing To
account for diffraction, the average of values of w} and
w in the gain medium can instead be used [126]. These
minimum average values are proportional to L. The value
of L is a design choice, but to absorb a reasonable fraction
of the pump radiation, L should be on the order of or
greater than 1/«. On the other hand, if L is too long, the
average spot sizes in the crystal increase, as does the ab-
sorption at the laser wavelength both of which increase
threshold. Consequently, the value of L chosen will be
inversely proportional to .

Consider three limiting cases to determine how the ge-
ometry factor scales with spectroscopic properties. In the
limit where 6, >> (a; + o)L, the threshold scales with
the geometry factor in (6) as wg. Thus, the minimum P, ,,
is inversely proportional to «. This limit applies for four-
level lasers in low-loss material with reasonable output
coupling like the 1.06 um Nd>* transition in many hosts.
A second limit 1s a;L >> §, + L. Minimum P, is
propomonal to waa, L, and thus is inversely propomonal
to & /a;. This limit applies for four-level lasers if the gain
medlum is of poor optical quality and has high scatter loss



906

or if the laser is being operated in a high Q regime in
which output coupling has been minimized. The third
limiting case is a;L >> 6, + o, L. P, y, is proportional to
wiayL, and thus is inversely proportional to o’/a;. It is
important to include the factor of «; in the denominator
of the scale factor because « in the numerator can be in-
creased by increasing Ny, but this also increases o;. A
typical example of this last limiting case is a quasi-three-
level laser. Given the spectroscopic quantities on which
P,  is directly dependent and the spectroscopic quantities
on which the geometry is dependent, a figure of merit for
minimum threshold is

o 8, > (a; + o)L
0‘2/01;

042/ 7]

M, = o >> 6, + oL (8)

O NpT X

o >> 6, + oL

where larger M, leads to smaller P, ,. This allows a direct
comparison of various laser materials based on spectro-
scopic quantities for minimizing threshold. One other
spectroscopic quantity that is of practical interest in the
design of these devices is the width of the absorption fea-
ture for diode pumping AN,. Wider absorption features
are desirable because they allow less stringent require-
ments of diode laser selection and wavelength control.
This perhaps could be incorporated into the figure of merit
as well by multiplication of M, by A\,

M, was derived for TEM, pump beams, but in practice,
the pump beam is often not a Gaussian beam, especially
in diode laser array pumping. However, the figure of mer-
its are still valid. For diode laser array pumping, the di-
mension of the pump beam in the gain medium is larger
than the minimum acheivable cavity mode dimension. The
reverse is true under TEMgy, pumping since the wave-
length of the cavity mode is longer than the pump beam
wavelength. Hall [130]} has shown that for a given value
of Ry, the optimum value of wy is w, = Ry where 7R} is
the approximate area of the pump beam. For a non-Gauss-
jan pump distribution, the average value of R} scales as
least as fast as L, which is the same scaling as before;
thus, the derived values of M, are still valid.

B. Operation Above Threshold

Operation above threshold also can be treated by a rate
equation analysis. Above threshold, the rate equations
must account for stimulated emission and the circulating
intensity in the cavity. The rate equations above threshold
in steady state can be written as [94]

BNEL) o = (g + )R (2
_AN(r,z) = AN®
T
_h +fa)cnoAN(r, z) Sso(r.2) (%)
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a-0= il

i 0= " AN(r, 2)
Csso(r 2y av — < s (9b)
Solr, 2 ZnL

AN is the equilibrium population inversion density, ¢ is
the speed of light, n is the index of refraction of the gain
medium, and S is the cavity photon number. Equation (9a)
describes the population inversion density. This is essen-
tially (2) written more exactly with an additional term de-
scribing the simulated emission (the last term on the
RHS). Equation (9b) describes the cavity photon number
which is proportional to the circulating power and the out-
put power. The first term on the RHS is an increase in
photon number due to stimulated emission and the second
term is a decrease in photon number due to losses. An
assumption in (9) is that only one transverse mode is con-
sidered, although extension to more transverse modes is
possible [49], [126]. The assumption of one transverse
mode is reasonable for end-pumped systems; as long as
the pumped volume lies within the volume of the TEM,
cavity mode, single transverse mode operation is easily
achievable.

Solving (9a) for AN(r, z) and substituting in to (9b),
one obtains

so(r, z) dV

8 + 20yL g“ 1 +W550(r,z)

e (]

20L

ro(r, z) so(r, 2) dV
(fo + fu) cor

n

1+ Sso(r, 2)

(10)

where the substitution —oAN® = o, has been made. The
LHS of this equation represents the loss terms of (9b) and
the RHS the gain terms. There are two components to the
loss term. One is the roundtrip loss 6, and the other is the
absorption at the laser wavelength due to lower laser level
population. In a four-level laser, this second loss term is
0, and (10) reduces to that for a four-level laser as ex-
pected.

To get the output power in terms of the input power, S
needs to be solved in terms of R. The number of output
photons per unit time S, and the output power P, are given
by

TSc

Py = hvSy = hv —

2nL’ (1

To solve (10), so(r, z) and r,(r, z) are assumed to be
TEMg, Gaussian beams. While it is possible to analyti-
cally solve the integrals in (10) in some cases, the form
of the solution does not lead to physical understanding.
However, the results can still be easily described.

First consider a four-level laser where AN = 0. It has
been noted that a condition for good slope efficiency is w,
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= wy [32]. While slope efficiency is the best for the tight-
est pump focusing, the increase in slope efficiency is small
once the above condition is met. In addition, most of this
increase in slope efficiency occurs near threshold [127],
but in practice, the operating point will be a few times
above threshold. The slope efficiency 5 for a four-level
laser which satisfies the condition w, < wy is given by

(12)

For high slope efficiency, one wants high 7, and low &,
+ «;L. High slope efficiency can still be achieved by in-
creasing T if these other losses are not low, but this is
undesirable because it increases threshold.

The quasi-three-level analysis is somewhat more com-
plicated. The best description is that the lower laser level
population acts as a saturable loss. This saturable loss term
is given by in (10)

b=t ||| —
n

=°"—L’s=“1n<1+£>

Sso(r, z)

13
1 Iy (13)

where the laser cavity mode is assumed to be given by a
TEMy Gaussian beam. The saturation intensity I, is
given by
hy
Iy = >
(fs + fa)or

and / is the circulating intensity averaged over the Gauss-
ian beam given by

(14a)

Schy
awinl’

= (14b)
Near threshold, when the circulating intensity is 0, §, =
2oy L. In other words, the loss is equal to the absorption
at equilibrium at the laser wavelength due to the lower
laser level population. Therefore, near threshold, the slope
efficiency is reduced because of the saturable loss since
the slope efficiency now goes as T/(8 + §,). As the cir-
culating intensity increases, &, goes to 0, and thus the
slope efficiency approaches that of a four-level laser.

The reason that the lower laser level population acts as
a saturable loss can be explained. If w, < wy, then at
threshold, AN(r, z) is negative over much of the cavity
mode intensity distribution; thus, in these regions, there
is absorption at the laser wavelength which can be viewed
as a loss at or near threshold. As the circulating intensity
increases, the transition saturates due to absorption of the
circulating power; thus, AN(r, z) increases toward O in
the regions where AN(r, z) < 0. At very large circulat-
ing intensity, the transition is saturated in essentially the
entire volume of the laser cavity mode, and the lower laser
level population no longer acts as a loss.

Fig. 13 shows the effect of the lower laser level popu-
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Fig. 13. Normalized output as function of normalized input for quasi-three-
level lasers and four-level lasers. The four-level lasers are in the dashed
curves. The ratio 2,1 /8 is 4.4.

lation on laser output. The input pump rate has been put
in terms of F = R /Ry, where R,o, = ww§5/4npfb oris
the pump rate at threshold for a pump beam focused in-
finitely small. The output is given in terms of s =
S0/ Rnoms and p is the quantity (wo/w,)’. The roundtrip
cavity loss is taken to be due solely to output coupling.
With this last assumption and other assumptions made
about this model, lasers with the same values of the ratio
2L /6 and p have identical curves for s as function of
F. In Fig. 13, the dashed curves are for 2a;L /& = 0 and
the solid curve is for 2a;,L /8 equal to 4.4. The effect of
d; on n, near threshold is clear as is the saturation of this
loss as the laser is operated farther above threshold. For
o, >> §;, the quasi-three-level laser acts essentially as a
four-level laser.

A figure of merit M, can also be formulated for slope
efficiency. A reasonable figure of merit for four level tran-
sitions is 5, /(8; + 2o, L) since 7 is directly proportional
to 7, and the quantity é; + 2q;L limits slope efficiency
for a given value of T. By making T larger, one can still
get good slope efficiency for relatively large values of 6,
+ 2q;L, but only at the expense of increased threshold.
We have ignored the quantum defect kv /hv, because in
comparing two laser materials for a given transition, this
quantum defect factor is essentially equal. For quasi-three-
level lasers, M, is dependent on the number of times above
threshold. In the limit of far above threshold, the quasi-
three-level laser acts as a four-level laser; thus, M, is the
same as above. In the limit of near threshold operation, a
better M; is 1,/(8; + 2a;L + 2o,L) since this is the
quantity which limits # for a given value of T. Thus, M,
can be written as

: n,/(67 + 2a;L + 2c/L)

&, << 6, + 2oL

otherwise.

(15)

The figure of merits are different for P, , and 5 al-
though they are not contradictory. An overall figure of
merit is difficult to derive because it is dependent on op-
erating point. For example, if the laser is operated very
far above threshold, M, is of little consequence. However,
these figure of merits still give a basis for comparison be-
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tween laser materials based on spectroscopic and material
quantities and give some indication of scaling in these de-
vices.

It is often difficult in practice to find the relative figure
of merits of various materials since some spectroscopic
parameters such as o can be difficult to measure accu-
rately., while others such as 7 and «, are easy to measure
accurately. In addition, not all materials are fully under-
stood. For example, in Nd’* lasers, 5, is often assumed
to be 1 based on current understanding of spectroscopy of
Nd**, but this is not verified by slope efficiency measure-
ments. For g, = 1, the maximum slope efficiency is given
by the ratio of the output photon energy to input photon
energy. However, the measured slope efficiencies are
consistently below the maximum and are consistent with
n, = 0.7. The discrepancy is not fully understood. Sim-
ilar difficulties with finding the spectroscopic parameters
for other transitions are likely as well, but the figure of
merits are still useful in pointing out the key parameters
and their importance.

The assumptions used in deriving threshold and slope
efficiency accurately describe a number of transitions in
solid-state lasers, but transitions such as the 1.6 um 4113/2-
“I,s/,Er’", Tm-sensitized °I;-"Ig Ho' ", and 2.8 ym *I; />~
41,3/2 Er’* do not satisfy the assumptions. The first two
transitions have a cooperative energy transfer upconver-
sion process that reduces the upper laser level population
below that predicted by (2) [92], [131]. An additional term
is needed in (2) to account for the upconversion. This
raises the threshold, but has little impact on predicted
slope efficiency [131]. Both these transitions are quasi-
three level at room temperature. The 2.8 um Er’* laser is
normally self-terminating, but the lower laser level pop-
ulation is reduced by the same cooperative upconversion
process that affects the 1.6 um Er’ " laser. Rate equations
under uniform pumping for this transition have been
treated by Zhekov er al. [129] and Pollack et al. [132].

It also should be possible to perform a similar analysis
for transverse-pumped lasers. However, there are more
degrees of freedom in the design of such devices. For ex-
ample, there are both rod and slab geometry devices, and
the output can be extracted in either a single transverse
mode or in multiple transverse modes. Thus, the analysis
of transverse-pumped devices is more specific to the de-
sign of the device than for longitudinal geometry.

V. WAVELENGTH DIVERSITY

Diode-pumped solid-state lasers have been demon-
strated on eight transitions in trivalent rare earth ions

(RE**) as well as in Dy** and U®" at various wave- -

lengths in the near infrared as listed in Table I. It should
be possible to operate other transitions in RE* jons to
achieve further wavelength diversity. In this section, we
discuss possibilities for new diode laser-pumped transi-
tions in RE*" ions.

The number of possible laser transitions under diode
laser pumping is limited by the number of RE** ions with
absorption at diode laser output wavelengths. We limit
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TABLE 1
DI0DE-PUMPED SOLID-STATE LASER TRANSITIONS TO DATE

Ion Transition Wavelength (um) Temperature (K)
Nd** M TR PN 1.06 300
Fan-"T30 1.32 300
*Fy/2-"Io /2 0.95 300
Ut -l s 2.61 4.2
Dy’* 1,1y 2.36 1.9
Yb'* ’F,/2-"Fs 12 1.03 77
Ho'' -l 2.10 300
Er* 1= 2.8 300
1is/2-"lo2 1.6 300
Tm?** F,-*H; 23 300

this discussion to consideration of transitions which can
be pumped by GaAlAs diode lasers in the 0.75-0.86 pum
wavelength region. RE** ions with significant absorption
in this region are limited to Nd**, Pm**, Dy**, Er’*, and
Tm?*. While it should be possible to actually operate a
number of the transitions listed below since many have
been operated previously to alternative pumping schemes,
quantitative modeling is difficult since none of these has
been thoroughly characterized spectroscopically.

In Nd**, one possible transition that has not been dem-
onstrated by diode pumping is 4F3/2—4I,5/2 at 1.8 pm il-
lustrated in Fig. 1 which Wallace [133] has oscillated by
flashlamp pumping. The difficulty is the low cross section
compared to that at 1.06 um ( ~ two orders of magnitude)
which will require careful coating design or other form of
wavelength selectivity, even in a CW regime. Laser op-
eration should be possible, but because of the low gain
compared to 1.06 pum, this transition in unattractive, es-
pecially since other transitions also offer promise in this
wavelength region.

Pm*®" transitions from the °F, upper manifold have at-
tractive properties for diode laser pumping [134] as shown
in Fig. 14(a). Spectroscopic properties indicate laser op-
eration on the °F,—°Is near 930 nm should operate very
similarly to the 4F3/2—4IH/2 Nd>* transition. Laser oper-
ation was recently demonstrated using this ion [134]. Be-
cause Pm is radioactive and is not generally available, it
does not appear to be a practical source for most appli-
cations.

Dy** has at least one possible diode laser-pumped tran-
sition, °H,3/,-°H,s/, near 3 um as shown in Fig. 14(b).
Fig. 14(b) shows direct pumping of Dy>", but pumping
may be possible with a codopant such as Er** or Tm** as
well. Lamp-pumped laser operation at 77 K was achieved
by Johnson and Guggenheim [135] in BaY,Fg codoped
with Er’*. This quasi-three-level transition at 300 K has
a long upper state lifetime, 7 ms, but little else is known
spectroscopically. More spectroscopic evaluation of Dy**
is needed before further analysis can be performed on
transitions in this ion.

There are additional transitions in Er’* and Tm'" which
may be of interest for diode laser pumping. One transition
is the Er’* *S;/,-*1,5/, at 550 nm illustrated in Fig. 15(a)
by upconversion pumping. Operation of this transition has
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Fig. 15. Possible diode laser-pumped transitions. (a) *S;/,~*I;s/» Er**. (b)
SH,-*He Tm**.

been achieved by Silversmith ez al. [136] by pumping with
two IR dye lasers in YAIO; and by a single IR dye laser
in Er: YLF. Cooling to near 77 K is required to reduce
the lower laser level population. There are two transitions
in Tm®* of interest of diode laser pumping in addition to
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the already demonstrated 2.3 um transition. One is the
3F,->H, transition near 1.5 um shown in Fig. 10(b). Nd**
laser pumped operation has been demonstrated by Anti-
penko et al. [137] in BaYb,Fg: Tm and LiYbF, : Tm. This
is a self-terminating transition; thus, laser operation is
limited to a pulsed mode, although CW operation may be
possible by codoping with another ion to quench the lower
laser level. A second possible laser transition is the 1.8
pm *H,—>H, transition shown in Fig. 15(b) which is quasi-
three level at room temperature. This transition has a long
upper state lifetime which is attractive for high energy
storage. By doping heavily enough, a cross-relaxation
process would allow pump quantum efficiencies of nearly
2 [138]. We performed an analysis of Tm: YAG which
indicated laser operation should be possible with low
thresholds at room temperature provided that cooperative
energy transfer upconversion effects are negligible.

It is clear that a number of possibilities exist for wave-
length extension by operating different transitions in RE**
ions. There may be additional transitions in ions such as
RE?*. Many of the possible laser transitions are quasi-
three level at room temperature; thus, inclusion of the
lower state population in modeling of these lasers is im-
portant.

VI. SUMMARY

The field of diode laser-dumped solid-state lasers is
moving rapidly. These devices have already been shown
to be excellent sources due to their compactness, high ef-
ficiency, good frequency stability, and simple design and
should find a wide variety of applications. Improvements
in these devices are expected. One area for improvement
is materials. While Nd: YAG is the laser material of
choice for lamp pumping, it may not be optimal for diode
pumping. Other Nd-doped materials have longer upper
state lifetimes for increased energy storage and peak
power in pulsed operation and larger absorption band-
widths for relaxed wavelength tolerance requirements of
the diode laser pump sources. For example, laser opera-
tion has been demonstrated in Nd:Nag,YoeF,, [139]
which has a lifetime of ~ 800 us. While other hosts may
not have as favorable thermomechanical properties as
YAG, this is less important for diode laser pumping be-
cause of reduced heating. Scaling to higher powers is also
important for many applications. Only end pumping was
discussed in depth in this paper, but side pumping is nec-
essary for scaling to higher powers to allow for pumping
by arrays of diode lasers. It remains to be seen whether
the efficiency of side-pumped devices can approach that
of end-pumped devices and do so with near diffraction-
limited output beams. One possible approach to pump
with arrays in a small volume is to couple the pump power
from individual diodes to the gain medium through optical
fiber as illustrated in Fig. 16 [140]. Finally, there is in-
terest in new transitions for wavelength diversity. While
there are a number of transitions on which laser action can
be achieved, ultimately the importance of each transition
will depend on a number of factors including overall ef-
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FIBER COUPLED DIODE LASER PUMPED SLAB LASER

LASER DIODE
POWER BANK

Fig. 16. Schematic of proposed transverse geometry, diode-laser pumped
slab laser.

ficiency, ease of operation (for example, is cooling re-
quired), energy storage efficiency, and applications in the
wavelength band. Spectroscopic measurements of the
candidate transitions need to be made to analyze perfor-
mance. For example, it is important to characterize co-
operative energy transfer upconversion in Er’* and the
Tm®* sensitized Ho>* laser since this impacts laser thresh-
old and energy storage efficiency. In addition, because of
the high pump densities achievable and narrow-band ex-
citation under diode laser pumping, effects which were
relatively unimportant in lamp pumping such as excited
state absorption at the diode laser wavelength are more
crucial.

In conclusion, we have presented a historical overview
on diode laser-pumped solid-state lasers. Models for end-
pumped devices and figures of merit for these devices
were reviewed. Laser transitions which offer the possibil-
ity for diode laser pumping are presented. It is clear that
diode-pumped solid-state lasers offer the possibility of
greatly improved performance over lamp-pumped solid-
state lasers and other sources and will be important de-
vices in the future.
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