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Abstract. Solid state lasers have undergone a renaissance since the development
of reliable and cheap laser diodes which can be used as pump sources. The result
is compact, efficient laser sources which are attractive for a wide range of
applications. This review summarizes the properties of laser diodes which are
advantageous for pumping solid state lasers and describes the diverse laser
materials and configurations of solid state lasers reported in the literature.

1. Introduction

Laser diode pumped solid state lasers (LDPSSLs) have,
over the last five or six years, become very important in
the laboratory and are beginning to make an impact in
the market place. This growth in interest can be traced
directly to the production of semiconductor laser
diodes (LDs) in large quantities with well defined char-
acteristics—particularly with regard to wavelength stab-
ility, efficiency and lifetime. The large volume pro-
duction runs of LbDs that are now possible have
significantly reduced the unit cost of delivered power
from semiconductor LDs. LDs are available with a range
of wavelengths, which makes them ideal sources to pump
solid state lasers, thus yielding a device which is suf-
ficiently compact to warrant the name miniature and
which can achieve very large conversion efficiencies from
electrical to optical power.

This review s arranged in the following manner:
section 2 describes the historical development of
LDPSSLs; section 3 introduces LDs in sufficient detail for
the purposes of this review; section 4 discusses the
various pumping schemes that have been utilized in
LDPSSLs; section 5 summarizes recent progress in a var-
iety of LDPSSLs; section 6 covers the various reports
of short pulse generation from modelocked LDPSSLs;
section 7 outlines the techniques used to produce single
frequency generation from a LDPSSL; and finally section
8 summarizes the material of the review.

Before proceeding with the text of the review the
properties of LDPSSLs that are novel and make the
LDpsSL a fertile field for research will be outlined.
These points will be fully discussed in the main parts
of the review but a list which the reader can keep in
mind may help to emphasize the main points and to
introduce the concepts that characterize LDPSSLs.

(1) The complete diode pumped solid state laser
system is efficient. Electrical to optical conversion
efficiencies of 15.8% have been obtained [1].
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(2) Lifetimes of the LD are long, particularly when
compared with traditional pumping schemes. Typically
a continuous wave (CW) LD may be expected to have
a lifetime well in excess of 100 h continuous operation.
In fact the lifetime for many commercial devices are
too long to measure directly and are extrapolated from
accelerated ageing tests. A value of 40 000 h for a 50%
increase in current to maintain a specified output power
has been measured for a 500 mW array [2].

(3) The pump source is selective and only pumps a
single absorption band of the active ion, in contrast
to flashlamps which pump over most of the visibie
spectrum. This reduces the heat loading which results
from the difference in wavelength between the pump
laser and the lasing wavelength. Consequently thermal
effects such as thermal birefringence, thermal lensing
and thermal damage are significantly reduced. The
overall optical to optical conversion efficiency (i.e.
from pump power to useful output power) of LDPSSLs
may be in the region of 20-60%.

(4) The output beam quality of a LDPSSL can closely
approximate to a TEMy mode which is a vast improve-
ment over the properties of the LD itself. LDs typically
have a non-circular beam profile due to the dimensions
of the emitting region. This point is elaborated further
in section 3.

(5) The LD is not a suitable device for high-power
peak power applications. The short recombination life-
time of holes and electrons (1 ns) prohibits significant
energy storage. The upper level lifetime of LD pump-
able solid state lasers normally exceeds 200 us indi-
cating that these systems are suitable for Q-switching.
The small area of the emission region and the low
intensity required for catastrophic optical damage
ensures that LDs are effectively low-power devices.

(6) The LD is a very quiet pump source with good
amplitude stability. To a good degree the LDPSSL is also
a quiet source. As a consequence of this some small
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Figure 1. An illustration of a number of LD pumping
geometries. The following notation is used: LD, laser diode;
M1, mirror with high transmission at the LD pump
wavelength, high reflectivity at the LDPSSL wavelength; M2,
reflector at the LDPSSL wavelength; ssL, solid state laser;
L1, spherical lens; L2, cylindrical lens; M3, mirror deposited
directly onto the fibre surface; FL, fibre laser. (a) Shows a
simple longitudinal geometry; (b) shows a remotely sited LD
coupled to the ssL through an optical fibre; (¢) is a
transversely pumped solid state laser; and (d) shows an
Lo-pumped waveguide laser, in this case a fibre laser.

effects which are masked in other lasers may be
exploited in the LDPSSL.

(7) A wide variety of LDPSSL configurations have
been adopted. Some of the common schemes are illus-
trated in figure 1. The LD may be coupled directly to
the laser material (figure 1(a)) or remotely via an opti-
cal fibre, (figure 1(b)). The device may be longi-
tudinally pumped, (figure 1(a), (b)), or transversely
pumped, (figure 1(c)). The laser host may be bulk or
in the form of a waveguide or optical fibre, (figure

1(d)).

Most of the advantages of the LDPSSL arise from
features of the LD and the solid state laser component
simply overcomes some of the disadvantages of the
LD. When looking further into the future some of the
disadvantages of LDs may be removed. For example,
the beam quality and output power of LDs are likely
to improve. However, it is unlikely that the peak power
capabilities and energy storage capacity of the solid
state laser will be superseded by the LD.
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The LDPssL field has expanded enormously over the
past five years and now covers bulk lasers, fibre lasers
and crystal waveguide lasers as well as the division
between continuous wave lasers and pulsed lasers. In
general, this review is restricted to continuous wave
bulk lasers although brief mention will be made of the
various waveguide lasers and pulsed operation.

2. Overview of laser diode pumped solid state
lasers

An important point worth emphasizing is that LDPSSLs
are not a new concept. Indeed the first publications
which used a semiconductor pn junction either as a
light emitting diode (LED) or as a LD to optically pump
a laser date from the 1960s [3-5]. Due to the poor
performance of these early pump sources, where cw
operation was difficult even at cryogenic temperatures,
relatively little attention was paid to LDPSSLS.

The story really became interesting when reliable
LDs became available in the early 1980s. These LDs
could be operated either in cw or pulsed mode at room
temperature and had long lifetimes in the region of
100s to 1000s of hours. Moreover the Lbs were avail-
able at interesting wavelengths around 807 nm which
corresponds to a strong absorption line in Nd:YAG.
Commercially, the main driving force behind the dev-
elopment of the LDs was usage in mass markets, such as
the compact disc player which required sources around
780 nm. Additional applications requiring higher pow-
ered devices are laser printers and optical memories.
The use of LDs to pump solid state lasers was recog-
nized, with the main applications seen to arise from
tasks which require efficient, reliable, long-lived optical
sources. These tasks could be remote sensing from
satellites, space-based communications and wind shear
sensing from aircraft or at airports. Clearly a satellite-
based system cannot be routinely serviced and must be
efficient.

Reliable LDs with continuous wave powers of
100 mW and the correct wavelength range (790-
810 nm) for pumping solid state laser materials stimu-
lated scientific and commercial interest in LDPSSLs. The
increasing activity resulting from the availability and
affordability of LDs is reflected by the dramatic increase
in the publication rate of scientific papers which men-
tion LDPSSL in the title or abstract. Since the late sixties
the publication rate remained constant at the few (0 to
4) papers a year level arising mainly from laboratories
with special access to LDs or theoretically interested in
the commercial or scientific possibilities presented by
these lasers. Since 1986 the publication rate has
increase fortyfold to more than 150 papers published
in 1990. Over the same period the continuous power
output available from commercial LDs increased to
15 W while the cost per Watt decreased as the demand
for LDs increased. The LDPSSL can now be puchased as
a complete unit from a variety of vendors and produces
output in a range of sophisticated formats, for example



single-frequency sources, frequency-doubled sources
or modelocked sources. It is fair to say that the main
barrier to extensive exploitation of LDPSSLs is still the
high cost of LDs in comparison with the ma-
ture technologies associated with flashlamp-pumped
systems. The technical problems encountered when
using LDs as pump sources are being solved but atten-
tion is still being paid to coping with the thermal sen-
sitivity of LDs and designing efficient ways of coupling
light from the LD into the solid state laser material.

2.1. Early laser diode pumped solid state lasers

Much of the early work on LDPSSLs has been reviewed
up to the end of 1987 in an article by Fan and Byer
[6]. A brief summary of the salient points will be given
here. The earliest example of a LDPssL was U*: CaF,
which lases at 2.613 um and was pumped at 840 nm
[7]. Subsequent interest has concentrated predomi-
nantly on rare earth (RE) ions doped into various hosts.
The ubiquitous example is of course Nd:YAG which
was first LD pumped by Ross in 1968 [4], although
another RE ion, Dy?*, had earlier been pumped by an
array of light emitting diodes [8]. Nd:YAG and other
Nd-doped laser hosts including Nd:glass and Nd: YLF
have had a long history as solid state laser materials
since Nd laser operation was first demonstrated in 1961
[9]. Yttrium aluminium garnet (YAG) was demon-
strated as a host in 1964 [10] and since then has become
one of the most widely used solid state laser materials.

The early work on LDPSSLs used a traverse pumping
geometry (see section 4.1) which is convenient when
using a number of sources with poor beam quality.
Longitudinally or end-pumped LDPSSLs (see section
4.2) were first demonstrated in 1973 [11-14]. The
advantages of this latter approach in minimizing the
laser threshold was noted, as was the disadvantage of
limited power scaling due to the problem of coupling
the output of many LD sources into the gain medium.

Fibre optic waveguides have also been doped with
various RE ions and pumped by semiconductor lasers.
Fibre lasers [15, 16] were realized shortly after the dis-
covery of the laser and were initially transversely
pumped by the crude but effective technique of coiling
a fibre round a flashlamp. Mirrors were butted up to
the end of the fibre or directly deposited onto the fibre
ends. The motivation for using the fibre geometry for
end pumping by LDs was the long interaction length
that could be achieved between the pump beam and
the gain medium without diffraction effects reducing
the pump intensity. In this way low threshold could be
reached [17-20]. The development of techniques to
dope single transverse mode optical fibres with RE
ions [21], in such a way that low propagation losses
occurred, allowed the construction of single mode fibre
lasers [22]. These devices proved to be easily LD pump-
able provided that efficient coupling between the LD
and the fibre could be achieved [23]. Moreover, the
long interaction lengths allows the use of RE ions or
pump absorptions where very long absorption lengths

Laser diode pumped solid state lasers

made bulk lasers impractical. Probably the most impor-
tant commercial application of this technology is the
development of the erbium-doped fibre amplifier which
amplifies near 1.54 um [24]. This corresponds to the
low loss window in silica fibre and is used for long
distance communications. This device is LD pumpable
at 980 nm and 1.48 um.

LDpssLs have also been used to generate various
type of output. Q-switching and mode locking have
been used to increase the peak power from these
sources while single longitudinal mode operation dem-
onstrates their good spectral properties. Further discus-
sion of these topics will be given in sections 6 and 7.

3. Laser diodes

This section describes the main attributes of LDs com-
monly used to pump solid state lasers. The features of
LDs that are important in the design and operation of
LDPSSLs are presented. Full details of the constructional
techniques of LDs may be found in a review by Streifer
et al [2]. LD technology is rapidly changing as evidenced
by the change in cw powers available from commercial
LDs mentioned previously, consequently the data pre-
sented in this section may become rapidly out of date.

The wavelength and lifetime properties of Lbs will
be discussed followed by the optical properties of LDs.
The types of problem found when coupling the output
of LDs, LD arrays and LD bars into solid state laser
materials will also be discussed.

3.1. Wavelength

The wavelength at which LDs operate is dictated by the
size of the band gap, since the light arises from the
recombination of electrons and holes in a pn junction.
The band gap may be tuned in size by two main pro-
cesses:

(i) altering the composition of the host material,
(ii) changing the temperature of the host material.

These properties will be discussed in turn. Other physi-
cal effects such as the application of pressure may also
change the bandgap but they tend to produce too small
an effect to be useful.

3.1.1. Material. Selecting the composition of the host
material enables LDs to be constructed with wave-
lengths between 600 nm and approximately 30 um in
the infrared. Over much of this region the output
power and lifetime of LDs is remarkably poor. Only in
wavelength regions where strong commercial or mili-
tary interest is present have sufficient resources been
deployed to develop an efficient and long-lived device.
Notable examples of this process have occurred at
1.5um and 1.3 ym, which are important telecom-
munications wavelengths, and near 800 nm which is
important for communications, entertainment and
medical applications. Only in the vicinity of 800 nm

565



D W Hughes and J R M Barr

have high-powered devices been built. The driving
force has been military applications including pumping
Nd-doped solid state lasers. It is interesting to note
that strained layer InGaAs devices with wavelengths
in the range 870 nm-1.1 ym region are being actively
developed for use with erbium-doped fibre amplifier
for use in 1.5 um long-haul communication systems.
Both single stripe and array devices are built, so high
power may be available in this region shortly.

The 800 nm LDs are based on Ga, _,Al,As material
where x = 0.09 for devices emitting near 807 nm which
is the Nd: YAG absorption line. Varying the amount of
aluminium changes the emission wavelength over the
range 680~-900 nm with decreasing efficiency and life-
time at either end of the range. Strict control on the
quantity of Al doping is essential since varying the
doping level by =1% leads to wavelength shifts of the
order of 1 nm.

3.1.2. Temperature. Fine tuning the temperature of the
LD causes a change in wavelength. For GaAlAs devices
the wavelength tunes at an approximate rate of
+0.25 nm °C™! mainly due to the change in band gap
with temperature. This feature is used to tune the LD
into coincidence with the absorption bands of RE ions.
Normally the lasers will be cooled down, since this
gives a longer lifetime for the LD. It is usual to specify
the room-temperature wavelength of the LD some 5 nm
longer than the RE absorption feature that will be
pumped. Simple Peltier coolers can provide a tem-
perature change of about 40°C corresponding to a
wavelength shift of 10nm. The Nd:YAG absorption
linewidth is =2 nm so the diode temperature has to be
set to better than +4°C, which is not too demanding
in the laboratory. The influence of temperature on the
wavelength of the LD causes problems of packaging an
LDPSSL. An ambient temperature range of, say, —20
to +50°C would require a substantial investment in
temperature control that would reduce the system
efficiency and increase the weight and size of the final
device.

Pulsed LDs suffer from a transient thermal wave-
length shift. Since the current is pulsed through the LD,
the temperature is never in equilibrium and a transient
wavelength shift occurs. The wavelength increases dur-
ing the optical pulse. Measurements of this effect have
revealed shifts of =5 nm. Shifts of this magnitude are
larger than the absorption linewidth of many solid state
laser materials [2, 25]. Account has to be taken of this
effect when predicting the efficiency of pulsed LDPSSLs.

3.1.3. Lifetime. Commercial LDs can have room-tem-
perature lifetimes, defined as the mean time to failure,
of 3 x 10*h for cw devices and around 10° pulses for
pulsed LDs. These values should be compared with
lifetimes for arc lamps, for cw pumping, of 200 h and
flashlamps, for pulsed pumping, of 107 shots. Failure
of the LD may be sudden and catastrophic or gradual,
leading to an increase in current required to maintain
a specific output power.
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There are three main causes of LD failure:

(i) degradation of the laser mirrors or facets leading
to a lower reflectivity or higher absorption losses;

(ii) increasing resistance of the electrical contacts
to the laser causing resistive losses and heating;

(iii) internal damage arising from lattice defects
occurring within, or migrating to, the active region of
the laser, giving rise to higher optical absorption.

The long lifetimes mean that it is usually impractical
to measure the lifetimes directly under normal oper-
ating conditions. The usual procedure is to use accel-
erated testing at raised temperatures. Three failure
modes may be identified during these tests:

(1) a group of failures occurs during initial opera-
tion or ‘burn in’, which is attributable to dark line
defects;

(2) gradual degradation of the LD and an increase
in current required to maintain a specific output power
is observed at all temperatures;

(3) above about 30 °C sudden failures occur which
are due to an increase in resistance of the contacts.

There are two further causes of LD mortality which
arise from the way in which they are used. LDs are
particularly prone to optical damage to the laser facets.
Damage, which is normally localized melting, occurs
either because a current spike drives the device beyond
its rated electrical or optical limits or because an inad-
vertent retroreflection raises the local intensity beyond
its rated level. The current supplied to an LD should
be properly regulated and filtered to remove mains
noise and switching transients and anti-static pre-
cautions should be taken when handling the LD. Appro-
priate care is required when aligning coupling optics
to avoid retroreflections. The feedback can cause an
increase in the apparent reflectivity of the LD facets
leading to a larger circulating optical field within the
LD cavity. The unpumped regions of the semiconductor
adjacent to the facet see a higher level of heating due
to increased absorption which can eventually lead to
local melting of the facet and termination of the laser
action. This is called catastrophic optical damage for
obvious reasons and its implications for the design of
LDs is considered in the next section.

3.2. Optical properties of laser diodes

LDs can be fabricated in a number of different geom-
etries. The main limit to high-power LDs commonly
used to pump solid state lasers is melting of the facets
due to absorption of the laser light in unpumped
regions of the active layer. This is catastrophic optical
damage and occurs at intensities of a few MW cm™2.
Typical dimensions of the emission region of a double-
heterostructure quantum well laser might be 3 X 1 ym
indicating a maximum power of the order of 30 mW.
Increased output power can be achieved most simply
by increasing the width of the strip leading to the
so called broadstripe array. The problem with this
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Figure 2. The elliptic beam shape arising from the transverse dimensions of a
single LD stripe. The stripe dimension is typically 3 um in the X plane and 1 um
in the Y plane which is the origin of the greater divergence in the Y plane.

approach is that the LD output is no longer constrained
to be in a single transverse mode and it is found that
the LD lifetime is compromised due to filamentary
operation which can cause optical damage. This prob-
lem can be avoided by making an array of LD stripes
each perhaps 3 X 1 um on 10 um centres. Normally,
for LD pumping of solid state lasers the stripes forming
the arrays will be partially coherent through a small
amount of evanescent coupling between adjacent
stripes. Large coupling between the stripes, while
enforcing coherent output, also places an upper limit
on the number of stripes forming the array to prevent
transverse lasing and other parasitic effects which limit
the output power. cw devices might consist of 10, 20
or 50 stripes with overall apertures of 100 um, 200 um
or 500 um respectively. The total output power will
range from 500 mW for the narrower device to 3 W for
the largest device which ensures that the output per
stripe is about 50 mW ensuring a low risk of optical
damage and a reasonable lifetime.

3.2.1. Single stripe devices. The best transverse mode
quality is obtained from single stripe devices. The low
ellipticity of a source with dimensions of 3 X 1 um
ensures that the output power may be efficiently
coupled into optical fibre or into solid state laser
materials. Single LDs may provide up to 150 mW in a
single transverse mode. The shape of the output beam
from a single strip device is shown in figure 2.

The elliptical output from these devices may be
circularized using a relatively simple optical arrange-
ment as shown in figure 3. A simplified analysis of this
configuration involving a spherical condensing lens of
focal length f and a prism beam expander (PBE) with
expansion M in the plane parallel to the long dimension
of the LD (the x plane) is presented here. The lens is
placed d, from the LD and PBE is d; from the lens. The
diode output will be treated as an elliptical Gaussian

beam with waists in the same plane, z = 0, and confocal
parameters

—il
qx nwi
—iA
4y =3
Tw?

in the x and y plane respectively. The prism beam
expander (PBE) operates in the y plane and will be
represented for the purposes of this analysis by the
ABCD matrix:

) )
M D+-+—

n Mn
0

/M

where M is the magnification [26-32]. The separation
of the prisms is D while the path length within the
prisms of refractive index n is /. Assuming that the lens
is positioned so that d, = f and the lens PBE spacing is
neglected (d, =0), then the net ABCD matrix for a
translation from the LD to after the PBE may be cal-
culated to be:

[1 d, ] M1 "14"‘
_l/f l’dl/f —f_M M(l—dl/f)

in the y and x plane respectively. The additional
assumption that the PBE is ideal

) l
D+—+—=
( n Mn 0)
has been used.
If the optical system is to circularize the beam, then

after the PBE, both planes must have identical complex
beam parameter g. Using the ABCD rule to calculate
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Figure 3. Simple optical scheme commonly adopted to circularize the

output of an LD.

the complex beam parameter after the optical system
yields:

_ q,+d;
T =(Wpg, + A —di/f)
Mg, + Md,

T (/M. + /MY - d\ff)

The equality holds provided that g, = M?q, where |q,/|,
|g,| <d. The latter inequality holds very well since
w,=5um, A=800nm and |q,,|=10"*m, d,=
102> m. In order for the beam to be circularized after
the PBE, the size of the emission regions in the x and
y planes have to be related by w, = w,/M. Typical
values of M are in the range M = 3-7.

The coupling optics can have very high trans-
missions of 95% to 99% since the spherical lens and
the PBE may be anti-reflection coated. Additional com-
ponents such as cylindrical lenses may be included to
improve the performance of the anamorphic optical
system and can lead to equal spot sizes in the x and y
planes [32].

3.2.2. Laser diode arrays. Frequently, LDPSSLs are
pumped by LD arrays in order to achieve high output
powers. As has been noted, the simplest way to
increase the output power from a single LD is to
increase the width of the emitting region either by
fabricating a number of LD stripes in close proximity
so that there is a series of emitting regions, or by
enlarging the width of the electrically pumped region.

The output of arrays lies in the region of 200 mW
to 3 W cw output at present. True arrays of LD stripes
tend to be partially coherent and may exhibit the two-
lobe structure in the far field characteristic of a pi phase
changes due to evanescent coupling between adjacent
stripes. This feature appears less obvious as the output
power and number of stripes increase due to reduced
coherence across the array. The broad stripe arrays are
multi-transverse mode devices and the beam quality
depends on how hard they are driven.
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Both types of array are used to pump solid state
lasers longitudinally. The emitting region may be over-
all 500 um wide by 1 um deep, so the divergence is
different in the two planes. The direct coupling
scheme, illustrated in figure 1(a) and described in sec-
tion 3.2.1, is often used to couple light into the solid
state laser material.

3.2.3. Laser diode bars. The length of arrays is limited
by thermal problems related to removing the heat gen-
erated in the active region. Initially this is conducted
through the LD substrate material. The scaling of cw
arrays to higher power levels (SW, 10W and 15W
devices) has been achieved using a bar structure. The
5W and 10 W (15 W) devices are composed of twelve
(thirty-five) individual arrays with an aperture of
200 ym (100 ym) which are grown on a single 1cm
substrate whose length is limited by growth constraints.
The complete bar, as this device is called, is then used
as a unit with all the arrays being electrically connec-
ted in parallel. The output of these devices is pre-
dominantly incoherent since there is no possibility of
coupling between adjacent arrays. It is also a difficult
device to work with and to couple into solid state laser
materials particularly in longitudinal geometries. LD
bars are normally used in pulsed mode in side-pumped
geometries where the high peak powers achievable
overcome the low gain inherent in this scheme [33, 34].

Since bars are made up of a number of independent
sources, the wavelength distribution has to be very
carefully controlled during the manufacturing stage in
order that efficient pumping of solid state lasers is
possible. The wavelength change along a bar might be
2-3 nm due to small material variations.

3.3. Alternative optical delivery schemes

The optical coupling schemes that have been discussed
so far rely on circularizing the output from an LD array
or bar using bulk optics. An intriguing development is
to use the solid state laser material in close proximity



to the LD with no intervening optics. This process is
capable of allowing the construction and packaging of
a device which is not much larger than the LD device
itself. Under these conditions the output of the LDPSSL
can be in an excellent TEMy mode with the added
bonus of single longitudinal mode operation in many
cases. Good beam quality arises through the transverse
mode selection of the pumped region which, in the
short absorption length, does not become larger than
the lasing mode. Additional processes such as thermal
lensing may help the stability of these cavities. Single
longitudinal mode operation is enforced by ensuring
that the length of the laser is sufficiently short that only
a single longitudinal mode of the laser cavity lies under
the gain curve [35, 36]. This requirement also aids the
formation of a good single spatial mode. The short
lengths that are required for single-frequency operation
(typically 750 um for Nd: YAG) means that the absorp-
tion of the pump light is small, resulting in a reduced
overall system efficiency.

Many LD arrays can now be purchased with an
optical fibre pigtail [37]. A multimode optical fibre with
a typical core diameter of 100-200 um is placed close
to the LD facet and collects about 50% of the emitted
light. The fibre provides simple handling and remote
siting of the LD output so that the LDPSSL can be de-
coupled from the LD as shown in figure 1(b). LD bars
can also be coupled in this fashion using a single fibre
for each emitting region along the bar. The fibres can
then be bundled to produce a high average power of
up to 10 W from a 380 um aperture. In this case, of
course, the output from each region (and fibre) is inco-
herent.

4. Pumping schemes

Most pumping schemes may be categorized as either
longitudinally pumped or transversely pumped. The
choice of pumping scheme depends primarily on the
beam quality of the pump source and the power avail-
able from that source. Low-quality beams available
from LEDs and early LDs were difficult to focus to small
spot sizes, so the pumping geometry tended to be the
transverse scheme discussed in section 4.1. The large
surface area of the laser host was illuminated in a
direction perpendicular to the laser emission as shown
in figure 1(c) and figure 4. Transverse pumping allows
scaling to high-power operation by the simple mech-
anism of increasing the number of pump sources placed
around the laser rod. The advent of LDs with better
quality beams allowed the use of longitudinally
pumped lasers, shown in figure 1(a, b) and figure 5,
and discussed in section 4.2, which have the advantage
of low thresholds due to the small pumped area.
Transverse and longitudinal pumping geometries
are not unique to LDPSSLs. All optically pumped lasers
use one or the other system. Continuous wave dye
lasers or Ti:sapphire lasers tend to be longitudinally
pumped by Ar* or Kr* ion lasers since these provide
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Figure 4. A schematic diagram of a transverse pumped
LDPssL. The notation is: LD, laser diode; L1, cylindrical lens;
L, the length of the line focus in the ssL; ssL, solid state
laser; /,, absorption length of the pump wavelength.
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Figure 5. A schematic longitudinal pumping geometry. The
notation is: LD, laser diode; L1, L2, collimating and focusing
lens respectively; I,, absorption length of the pumped
region.

the lowest threshold, whereas dye lasers and amplifiers
pumped by excimer or nitrogen lasers are usually trans-
versely pumped due to the poor beam quality from
these lasers [38—40].

4.1. Transverse pumping scheme

The primary consideration for any pumping scheme is
that the incident light must be efficiently absorbed
within the laser host. For transverse pumping shown
in figure 4 this implies that the thickness of the laser
material should be sufficient to absorb a significant
fraction of the pump light. However, the material can-
not be too thick otherwise a portion will remain
unpumped. The simplest approach, which suffices for
this discussion and which neglects refinements such
as retroreflectors for multipassing the pump light or
multiple pump sources, is to assume that the laser
material is one absorption length /, thick:

[, =1/No,

where o, is the absorption cross section for the pump
light and N is the number density of the active ions.
Assuming that there is a monochromatic continuous
wave power P incident on the laser material over a
length L the steady state population inversion n, in the
absence of stimulated emission, is

_r T
hv 2L

where 7 is the fluorescence lifetime of the upper laser

n
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level and » is the pump frequency. The steady state
gain may be estimated to be

P 1o,
G =exp(no. L) = eXp L3

where o, is the stimulated emission cross section at the
laser wavelength. The important point to notice is that
the gain is strongly dependent on the absorption length
[, and not on the length of the laser material. For
Nd: YAG at 807 nm the absorption length is about 2 mm
leading to the requirement for relatively high pump
powers. In most solid state laser materials the absorp-
tion length is relatively long and cannot easily be
decreased by increasing the dopant level, due to prob-
lems associated with the interaction of the ions at high
concentrations. In Nd:vaG the fluorescence lifetime
reduces due to non-radiative de-excitation caused by
other ions. Other RE ions exhibit clustering at high
concentrations, which allows significant interactions,
such as energy transfer, to take place which reduce the
efficiency of the pumping process. The only parameter
which is at the disposal of the laser designer is the
pump power P which cannot always be arbitrarily
varied. Since pulsed LDs produce high peak powers
which are easily coupled into large volumes, most
transversely pumped LDPSSLs are pulsed.

4.2. Longitudinal pumping

A somewhat more sophisticated approach which allows
lower laser thresholds is to longitudinally pump the
laser material as shown in figure 5. The optical pump
beam is directed longitudinally along the laser axis. It
is focused to a spot size of area A which will be assumed
constant throughout a length L of the laser material.
In a similar fashion to the previous section the gain
may be estimated to be

P 7o,

G=expﬁ e

The gain has no dependence on the absorption length
of the material provided that /, < L which is consistent
with the earlier assumption that the pump power is
substantially absorbed within the laser material.

If the beam quality of the pump laser is good
enough the area can be quite small (perhaps 100 um?)
and the gain G may be quite large. LDs with good beam
quality tend to be relatively low-power devices as was
observed in section 3, nevertheless the increased gain
due to the tight focusing more than compensates for
the low power and enables the construction of efficient
lasers.

It would appear that the gain may be made arbi-
trarily large by reducing the cross sectional area of the
pump beam. Due to the increased diffraction spread
of the pump beam the assumption made in the analysis
that the area of the pump beam was constant through-
out the sample would be violated. By manipulating the
structure of the material the diffracting effects of light
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may be avoided by producing an optical light guide by
varying the refractive index transversely. These are
commonly in the form of single transverse mode optical
fibres, but planar and stripe waveguides in bulk crys-
talline materials have been demonstrated, and enable
beams with transverse dimensions of the order of the
wavelength of light to be maintained over a distance
of kilometres. Optical fibres may be doped with many
different RE ions and have been used to make lasers
which can exhibit extremely low thresholds.

An additional advantage of longitudinal pumping
over transverse pumping is that the size of the pumped
region may be easily matched to the transverse dimen-
sions of the laser mode, thus forcing single transverse
mode operation without the need to use lossy mode
selecting apertures. In addition, the good overlap of
the pump and laser mode ensures good extraction
efficiency [39,41]. Longitudinal pumping, however,
does suffer from the disadvantage that high-power
operation is difficult due to the problems of physically
coupling many LDs into the small pumped volume. The
use of remote fibre coupled LDs or spatially stacking

the output of LDs may overcome this to an extent
[42, 43].

5. Specific examples of LDPSSLs

In this section we consider the performance of a range
of specific LDPSsLs. Where appropriate, both cw and
pulsed operation will be discussed, although the use of
modelocking techniques to produce ultrashort pulses
will be considered in detail in section 6. We begin by
considering in some detail the LD-pumped Nd:YAG
laser, which is certainly the best studied LD-pumped
system. We will then consider the performance of the
LD-pumped Nd: X laser, where X is any one of a num-
ber of host materials, and also LD-pumped stoi-
chiometric materials. Other RE-doped lasers will then
be discussed, and we will also consider the recent inter-
est in the pumping of tunable chromium-doped lasers
with visible LDs. Finally, optical fibre lasers and crystal
waveguide lasers will be briefly discussed. This section
is by no mean exhaustive, but rather is intended to
give the reader a good idea of the current state of
research in the field of LDPssLs. It thus necessarily
concentrates on relatively recent work. For a more
historical overview of the performance of various
LDPSSLs the reader is referred to the review article of
Fan and Byer [6].

5.1. Nd-doped laser diode pumped lasers

The trivalent neodymium ion was the first of the RE
ions to be used in a laser, and it is the dopant which
has received most attention in the field of LDPSSLs. The
Nd** jon has a strong absorption at 807 nm, which
coincides with the emission wavelength of com-
mercially available GaAs and GaAlAs LDs. Most of
the research reported on LD-pumped Nd-doped lasers
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Figure 6. Simplified energy level diagrams for some of the most important
RE ions. The approximate absorption wavelengths are: Nd®* :%lg,—*F s »:
807 nm; Er* :41y5,,—=%1g,0: 797 nm; Yb3* :2F5 »—2F; 51 950 nm; Dy?* :Slg—(4f—
5d): ~720 nm; Tm3* :3H3F,: 780 nm; Ho* : see text and figure 8. The
approximate emission wavelengths are: Dy?* 2.4 um; for other materials,
refer to the relevant sections in the text.

has concentrated on the four-level high-gain “F;/~
“I;1/, transition, which corresponds to a laser output in
the region of 1.06 um. However, work has also been
reported on the 1.3 um *F;/,—*I,;, transition, and on
the three-level 946 nm *F;/—*Iy, transition. In this
paper, all Nd-doped laser results refer to the 1.06 um
transition unless otherwise stated. Figure 6 shows a
simplified energy level diagram for Nd and several
other important RE ions.

The question of whether one host medium is any
‘better’ than another is not a trivial one, and depends
to some extent on the application for which the laser
is intended. The choice of host medium affects the
upper state lifetime of the Nd ion, as well as its absorp-
tion and emission spectra. A broad absorption spec-
trum is useful for LD pumping, since it decreases the
necessity for precise temperature control of the LD
wavelength. This is particularly useful for pumping
with pulsed LDs where the wavelength of the LD can
vary considerably during the current pulse [2,25]. A
broader emission spectrum, while increasing the pump-
ing threshold, offers the possibility of obtaining shorter
pulses via modelocking techniques. It also leads to a
reduced stimulated emission cross section, which
allows for a larger amount of energy to be stored in
the upper laser level. This is particularly important for
Q-switched operation.

The upper state lifetime is another important para-
meter for energy storage which can vary significantly
with the choice of host medium. One problem which
affects Nd**-doped laser materials is that of con-
centration quenching of the upper state lifetime, where
the lifetime decreases with increasing Nd** concen-

tration. This leads to an increase in pump threshold.
However, high doping is often desirable in LDPSSLs so
that the pump radiation can be absorbed in a smaller
volume, yielding a lower pump power threshold. One
class of material in which this problem may be over-
come is that of stoichiometric materials, where the
Nd** is a constituent component of the material, rather
than a dopant. These materials can have a much higher
(greater than an order of magnitude) Nd** con-
centration than, for example, Nd: YAG, yielding a very
high absorption of pump radiation in a small volume.
These materials will be considered later in this section.

5.1.1. The LD-pumped Nd:YAG laser. The Nd:yvac
(yttrium aluminium garnet) laser has become the most
common LDPSSL for a variety of reasons. The advan-
tages of the Nd** ion as a dopant have been mentioned
previously. The cubic structure of YAG favours a nar-
row emission spectrum, which leads to a low threshold
for laser operation. However, the level of neodymium
doping in YAG is limited to about 1.5% due to con-
centration quenching of the upper state lifetime. Some
of the relevant optical parameters for Nd-doped lasers
are shown in table 1 and will be referred to throughout
this section. The YAG host is noted for its hardness,
high thermal conductivity and good optical quality.
This section has been divided into several subsections
due to the large volume of work which has been pub-
lished on the LD pumped Nd: YAG laser.

5.1.1.1. Longitudinally pumped Nd: YAG rod lasers.
The highest overall efficiencies are generally obtained
from the longitudinally, or end-pumped geometry, due
to the excellent matching that can be obtained between

571



D'W Hughes and J R M Barr

Table 1. The various material parameters that are obtained from Nd doped into some common

laser hostst.

AL g 7 Ap Alp Ale

Nd:YAG 1.064 6.5 230 807.5 1.2 0.5
Nd:YLF 480 1.4

g 1.053 3.2 806.0 2.8

4 1.047 792.5 1.7
Nd:BEL [84, 86] 150 6.9 34

X 1.070 1.2 811.0

Y 1.079 0.7 811.0

Z 1.079 0.4 810.5
Nd:YAP [90] 1.079 150 800.0
Nd:GSGG [93, 95] 1.061 1.31 284 808.0 1.2
Nd:YVO, [87] 1.06 20.1 98 809 20 1
Nd:CaYAIO, [96] 1.081 8.9 113 805 5 11
Nd:glass 1.053 42 350 801 14 20

(LG760
phosphate glass)

t In this table, the following symbols and units are used: A, lasing wavelength for the *F;,—
41,42 transition (um); o, stimulated emission cross section (x107'°cm?); 7, upper level lifetime
(us); Ap, peak of absorption spectrum in the 800 nm region (nm); Aip, FWHM of absorption
spectrum in the 800 nm region (nm); Ad,, FWHM of fluorescent spectrum (nm). The numbers in
brackets in the materials column refer to the references (and references therein) from which

most of the data were obtained.

the focused pump beam and the SSL TEMy, mode. The
first highly efficient LD end-pumped Nd: YAG laser was
reported by Sipes [44], who obtained an output of
80 mW at an overall (electrical-to-optical) efficiency of
8%. At the time this was the highest overall cw
efficiency reported for an Nd: YAG laser. Berger et al
[45] reported an overall efficiency of 10.8% and an
output power of 415 mW from an Nd:YAG laser end-
pumped by an LD array (LDA). The output power avail-
able from this system was limited by the power from
the pump source. Simply increasing the width of the
array to increase its power would reduce the ability of
the collecting and focusing optics to match the highly
asymmetric pump beam to the Nd:YAG TEMy; mode.
Berger et al [43] reported a means of overcoming this
problem by coupling the output from seven LDASs into
a fibre bundle, and focusing the output from the bundle
onto the Nd:YAG rod. An output power of 660 mW
was obtained, although at a reduced overall efficiency
of 4.4%. The reduction in efficiency was mainly due
to the coupling of the pump light into the fibre. Fan et
al [42] proposed another method for scaling end-
pumped lasers to higher powers, whereby a number of
LDs are placed close together, and each is collimated
individually. Using three LDAs, this technique yielded
an output power of greater than 500 mW with an opti-
cal slope efficiency of 58%. More recently, Shannon
and Wallace [46] end-pumped an Nd:YAG laser using
a 10 W LD bar. To match the focused pump beam to
the laser TEMy, mode, a cavity was designed which had
an elliptical TEMy mode. An output power of 1.9 W
was obtained, which represented an optical-to-optical
efficiency of 19%. Tidwell et al [47] used a geometric
multiplexing scheme in which the output from four
10 W LD bars was used to end pump an Nd: YAG rod.
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15 W of multimode output power was obtained, which
corresponded to an overall efficiency of 10.5%. The
maximum TEMgy, output power was 3 W. Yamaguchi
and Imai [48] used 20 gradient index (GRIN) lenses to
collimate the 20 stripes of an LDA. Using this technique,
1.33 W of output was obtained from an Nd:YAG laser
with 4.58 W of pump power.

Several authors have reported LD-pumped laser
operation of the 946 nm 4F3/2—419 /2 transition in Nd: YAG
[49-53]. Risk and Lenth [50] reported on the room-
temperature operation of this laser, and obtained
42 mW of TEMy, output. This was achieved for a very
low (0.7%) output coupling, which the authors noted
was not optimum. 946 nm Nd: YAG laser operation has
recently been reported [51,52] using laser cavities
which resonate both the pump radiation and the
946 nm laser radiation. Kozlovsky and Risk [51]
obtained 25 mW output power for 51.8 mW pump
power incident on the crystal.

5.1.1.2. Transversely pumped Nd: YAG rod and slab
lasers. The limitations imposed on efficient coupling
using end pumping mean that to obtain higher powers
it is necessary to use a scheme whereby a laser rod or
slab is pumped using a transverse pumping geometry.
A disadvantage of the transverse-pumped geometry is
that the efficiencies for TEMy, operation generally tend
to be much lower than for the end-pumped case due
to poor mode matching. Several authors [34, 54-56]
have published results for pulsed systems. Optical slope
efficiencies of 23% for slabs [54] and 54% for rods [56]
have been obtained. The high efficiency obtained by
Hays et al [56] was for multimode operation. Berger et
al [57] reported a novel scheme combining low-power
cw LD end pumping and high-power pulsed LD trans-
verse pumping. This scheme was found to suppress



relaxation oscillations, increase pulse energy, and pre-
vented the laser operating in higher order transverse
modes.

Transversely pumped cw Nd: YAG lasers have also
been reported [58, 59]. Burnham and Hays [59] used
four cw LDAs to pump a Nd:YAG rod transversely.
3.3 W of multimode output were obtained, at an over-
all efficiency of 3.5%. As expected, the efficiency of
TEM, operation was lower, at 2%.

5.1.1.3. Longitudinally pumped Nd:YAG slab
lasers. Higher TEMy, CW powers than those obtained
using longitudinal pumping of rods or transverse pump-
ing of rods and slabs have been obtained by the longi-
tudinal pumping of Nd:YAG slab lasers [60, 61]. Baer
et al [60] reported a TEMy, output power of 3.8 W (the
optical slope efficiency was 46%) using a tightly folded
resonator. This was designed to provide a laser mode
to match the collimated output from a 10 W LD bar.
Watanabe et al [61] described the use of twenty 1W
LDAs, each focused into a fibre before being directed
onto appropriate points on an Nd:YAG slab. They
obtained 3.5W of TEMy, output, at an optical slope
efficiency of 37%. As in the work of Berger et al
[43], however, the overall efficiency was significantly
reduced due to the use of fibres. Another technique
still [62], where the output from four 500 mW LDs was
used to pump each reflection point in an Nd: YAG slab
laser, has yielded 685 mW of TEMy, output power at an
overall efficiency of 8.5%. The authors note that this
system should be readily scalable to higher powers.

5.1.1.4. The Q-switched LD pumped Nd:YAG laser.
The long upper state lifetimes (100s of us or longer)
of solid state laser transitions mean that large amounts
of energy can be stored in the upper laser level. This
means that LDPSSLs are good candidates for high peak
power Q-switched operation. There has been much
work reported on the Q-switched operation of the LD
pumped Nd: YAG laser [46, 63—68]. Gerstenberger et al
[66] used high peak power (120 W) pulsed LD bars as
a transverse pump source, and obtained 587 kW of
peak power in a 7.5 ns output pulse. For longitudinal-
pumped operation, Grossman et al [68] obtained peak
powers of 1.1kW at 1.3 um (pulse width 22 ns) and
7kW at 1.06 um (pulse width 6ns). Each of these
results was obtained using active Q-switching. Morris
and Pollock [67] obtained a peak power of greater than
1kW in pulses of duration 20-30 ns using passive Q-
switching where F3 colour centres in lithium fluoride
were used as a saturable absorber. These colour centres
show greater thermal stability than organic dyes.

5.1.2. The LD-pumped Nd: YLF laser. The Nd: YLF laser
has several properties very different from those of the
Nd:YAG laser. The fact that it is a uniaxial material
means that, simply by using an intracavity polarizer,
one can select one of two different wavelengths for
each transition. For the *Fy,-*l,;, transition these
wavelengths are 1.047 yum, and 1.053 um, with the
1.047 um polarization exhibiting the higher gain. The
natural birefringence of Nd: YLF swamps the effect of
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thermally induced birefringence observed in materials
such as Nd:YAG. Fan er al [69] reported the efficient
diode-pumped operation of the Nd:YLF laser, where
output was obtained at both 1.047 ym and 1.053 ym.
For the high-gain polarization (1.047 um), an optical
slope efficiency of 38% was observed. The lower pump
power threshold (<1 mW) obtained (compared with
similar LD-pumped Nd:YAG lasers) can be attributed
to the higher product of the stimulated emission cross
section and the fluorescence lifetime for Nd: YLF (see
table 1). More recently, Baer et al [60] obtained a TEMgy,
output power greater than 3 W using the tightly folded
resonator. The highest cw output power from an LD-
pumped Nd: YLF laser was obtained by Keirstead and
Baer [70]. They used three 10 W LD bars as the pump
source, and obtained 10 W of TEMy, output power. The
optical slope efficiency was greater than 40%. Utano
et al [71] side pumped an Nd: YLF laser using an LDA.
The array output consisted of >100 mJ pulses of dura-
tion 300 us. An optical slope efficiency of 42.9% was
observed for long pulse operation, with a maximum
output energy of 30 mJ.

The fluorescence lifetime of Nd:YLF is approxi-
mately twice as long as that of Nd:vAG. Furthermore,
a large amount of energy can be stored in the medium
gain 1.053 ym transition before the onset of amplified
spontaneous emission. These facts make the LD-
pumped Nd:YLF laser an attractive medium .for the
generation of high-power Q-switched pulses [60, 65,
68, 72-75]. The results of Grossman et al [68] show
that approximately twice the puise energy can be
obtained from a Q-switched Nd: YLF laser than from a
Q-switched Nd: YAG laser, due to the difference in the
fluorescence lifetime for these media. The highest peak
power that has been obtained to date from the LD-
pumped Nd: YLF laser is 70 kW, in a pulse of duration
<10 ns, by Baer et al [75]. In this work, a 10 W LD bar
was used to pump a tightly folded Nd: YLF resonator.

5.1.3. The LD-pumped Nd:glass laser. Nd:glass is an
ideal candidate for LD pumping due to its wide absorp-
tion spectrum in the region of 800 nm. Unlike, for
example, the YAG host, the concentration of active ions
can be very high before the onset of concentration
quenching (approximately 7% Nd,O; in phosphate
glasses). The main disadvantage of glass as a host
medium is its low thermal conductivity (0.6 Wm 1 K™!
for Schott LG760 phosphate glass as opposed to
11 Wm™!'K™! for Nd:YAG). This makes the Nd:glass
laser particularly $usceptible to thermal effects, such as
thermal lensing, thermally induced birefringence and
thermal damage.

The first reported operation of an LD-pumped
Nd:glass laser was by Kozlovsky et al [76]. A pump
power threshold of 2 mW and a slope efficiency of 42%
was obtained from a monolithic device, when pumped
with a low-power single-stripe LD. Much lower slope
efficiencies (9-12%) have been obtained when the
Nd:glass laser has been pumped using high-power
LDAs [77,78]. Hughes et al [79,80] pumped an
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Figure 7. Schematic diagram of the high-power LD-pumped Nd:glass laser
(after Hughes et al [80]). The abbreviations are: LD, laser diode; PBC,
polarization beamsplitting cubes; co LD, collimating optics; oc, output coupler
(5% transmitting); L1, L2, spherical lenses; Roc, radius of curvature.

Nd: glass laser using a phosphate glass (Schott LG760)
with two different dopings (4% wt and 8% wt). The
pump sources were high-power (500 mW ) broad stripe
LDs. In this case, the Nd: glass laser cavity was a stand-
ard three-mirror astigmatically compensating cavity
[38], and the active medium was pumped through both
the cavity rear mirror and the turning mirror. This
pumping scheme, shown in figure 7, was used to avoid
melting the glass (this was a particular problem for the
highly doped glass, where melting occurred at a pump
power of about 600 mW ). An output power of 420 mW
was obtained at a slope efficiency of 32% [80]. The
highest output power obtained from an LD-pumped
Nd: glass laser was reported by Fan [81]. Using a spin-
ning glass disc as the gain medium to overcome thermal
problems, an output power of 550 mW was obtained
for an absorbed power of 2 W. Basu and Byer [82]
carried out an analysis of the scalability of LD-pumped
Nd:glass lasers in the zig-zag slab and rotating disc
geometries. They predicted that for the rotating disc
laser, up to 20 kW of average output power should be
achievable.

In all the above cases, the Nd: glass laser was end
pumped. This laser has also been transversely pumped
using pulsed LDs [54, 83]. Hanson and Imthurn [83]
reported an output pulse energy of 7.5 mJ and an opti-
cal slope efficiency of 29%. The pump pulse energy
was 35 mJ in 200 us.

5.1.4. Other Nd-doped LD-pumped lasers. There have
recently been several comparisons of the performance
of LD-pumped Nd:YAG lasers with that of LD-pumped
Nd:La,Be,Os (Nd:BEL) lasers [84-86]. Scheps [85]
reported 635 mW output from an LD-pumped Nd:BEL
laser, with an optical slope efficiency of 46%. This
corresponded to an overall efficiency of 9.5%. The
performance was below that of a similar Nd: YAG laser
due partly to the smaller ot product, which increases
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the pump power threshold, and partly to the low quan-
tum efficiency and higher internal loss of Nd:BEL. It
was noted, however, that the broad absorption spec-
trum of Nd:BEL in the region of 800 nm may make
it a superior host to Nd:YAG for pulsed high-power
transverse pumping, where the LD emission spectrum
tends to be larger. Rappoport and Chin [86] com-
mented on Nd:BEL’s greater energy storage capacity
and its ability to be doped to higher levels than
Nd:vaG.

Work reported on the LD-pumped Nd: YVO, laser
[1,87] has shown that this laser outperforms both
Nd:YAG and Nd:BEL in terms of slope efficiency and
threshold. Fields et al [1] reported 750 mW output
power, 64% optical slope efficiency, and an overall
efficiency of 15.8%. It was also noted [87] that a further
advantage of Nd: YVO, is its broad absorption band
in the 800 nm region. Its high stimulated emission cross
section at 1.342 um (similar to that of Nd:YAG at
1.064 um) should lead to a very efficient 1.3 um LD-
pumped Nd:YVO, laser. Jain et al [88] obtained an
output of 18 mW at 1.3 um for a 200 mW pump power.
The relatively high threshold pump power (50 mW)
and low slope efficiency was attributed to poor pol-
ishing of the crystals used.

The LD-pumped Nd:YAIO; (Nd:YAP) laser has
been operated successfully at both 1.34 um [89] and
1.079 um [90]. At 1.34 um, the optical slope efficiency
was 9% and the maximum output power was 26 mW.
This relatively low efficiency was attributed to poor
spatial overlap of the pump beam and the Nd:vap
laser mode. Schearer and Tin [90] reported an output
power of over 100mW at 1.079 um for an incident
pump power of 450 mW. By using a Lyot filter, laser
emission on six of the laser lines of the 4F3/2—4I“/2
transition was obtained. Of particular interest was the
generation of output at 1083 nm, since this corresponds
to the helium triplet resonance line. Many of the physi-
cal and spectroscopic properties of Nd: YAP are similar



to those of Nd:YAG, although yvAP, like YLF, is an
anisotropic material.

The helium triplet resonance line can also be ac-
cessed using the Lb-pumped La,Nd, _ ,MgAl;;0 ¢ (LNA)
laser [91, 92]. One of the differences between the LNA
laser and the Nd:YAG laser is the Nd concentration,
which can be much higher for the LNA laser. Output
powers of up to 100 mW were obtained using a 500 mW
CW pump source, and the emitted wavelength could be
tuned from 1.046 um to 1.090 um [92].

Nd-doped gadolinium scandium gallium garnet
(Nd:GsGG) has been investigated [93] as a potential
laser material for high average power output using LD
side pumping. Much of the literature (e.g. [94]) has
been concerned with Cr** sensitized GsGG. However,
while the Cr** ion are useful in flashlamp-pumped sys-
tems for absorbing pump photons whose energies lie
outside the Nd3* absorption band, they also contribute
to heating of the host material via non-radiative tran-
sitions. For LD pumping, co-sensitization with Cr** ions
is not helpful, since the absorption of the relevant Cr**
level (*T,) is low at 800 nm. Also, the emission of the
LD source falls mainly within the Nd** absorption band.
Nd:GSGG can be doped to higher levels than Nd: YAG
before the onset of concentration quenching (due to
its larger lattice parameter) and has a larger absorption
than Nd:vAG at the peak of its absorption band
(808 nm). The smaller stimulated emission cross sec-
tion [95] of Nd: GSGG also means that more energy can
be stored in this medium before the onset of ASE. All
these factors suggest that Nd:GSGG could be
a useful laser material for high average power Q-
switched operation. Caffey et al [93] reported on opti-
cal slope efficiency of 41.5% for Nd:GSGG in the rod
geometry when side pumped. They also noted that
this maximum slope efficiency was observed when the
pump wavelength was detuned to 811 nm, away from
the maximum absorption. This was attributed to a
more uniform and deeper penetration of the pump
radiation into the rod.

Verdun and Thomas [96] recently reported results
obtained from a new laser crystal, Nd:CaYAlO,.
Attractive properties of this material include its broad
absorption spectrum centred at 808 nm. An output
power of 80 mW was obtained for an absorbed pump
power of 650 mW. The authors also observed that the
thermal conductivity of this material is expected to be
much larger than that of Nd:glass, so that improved
thermal performance may be achieved.

The LD-pumped properties of Nd**:Y,Sc,Al;Oy,
(Nd:YsAG) [97] and Nd**:Ba,ZnGe,0, (Nd:BzAG)
[98] have also recently been reported. In each case,
the laser medium, which was a rod, was side pumped
using a pulsed LD whose output consisted of 475 W in a
variable 100-300 us pulse. Nd:BzZAG yielded an optical
slope efficiency of 22.8% and Nd:YSAG 9.2%. These
slope efficiencies are significantly lower than the 47.7%
recorded for Nd:YAG in a similar set-up [34]. In the
case of Nd:YSAG, the authors attribute the low slope
efficiency to the poor optical quality of the crystal.
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However, they note that Nd:YSAG has an advantage
over Nd:YAG as a potential material for Q-switched
operation due to its longer fluorescence lifetime at
high Nd** concentrations. In the case of Nd:BzAG,
the authors attribute the lower slope efficiency to less
efficient pump coupling due to the use of a smaller
diameter rod, and higher scattering losses.

It is often required to double the frequency of
the near infrared radiation obtained from Nd-doped
LDPSSLs into the visible part of the spectrum. We con-
sider self-frequency doubling where the laser crystal
acts as both gain medium and nonlinear crystal. For
this purpose, there is much interest in MgO : LiNbO;,
which is a host medium with excellent electro-optical
and nonlinear properties. Self-frequency-doubled
operation has been obtained in an Nd: MgO:LiNbO,
laser-pumped by a dye laser at 598 nm [99]. To date,
however, self-frequency-doubled operation has not
been reported in this laser using diode-pumping.
Cordova-Plaza et al [100] have obtained an opti-
cal slope efficiency of 37% from an LD-pumped
Nd:MgO:LiNbO; cw laser, with an absorbed pump
power threshold of 1.9 mW. There appears no obvious
reason why this laser should not operate self-frequency
doubled in the near future.

Self-doubled operation has been achieved in the
LD-pumped Nd,Y,_,Al;(BO;), (Nd:vaB) laser [101,
102]. In Nd: YAB, the Nd** concentration can be much
higher than in Nd:YAG without suffering quenching
effects. Nd:vAB also has a higher absorption and a
broader absorption spectrum (6 nm) than Nd:YAG at
800 nm. Lin et al [102] obtained more than 80 mW of
green radiation with a pumping power of 1 W from a
monolithic device. They predicted that with properly
optimized coatings, 150-200mW cw green output
should be obtained using a 1 W LD-pumped laser.

5.2. Other rare earth (RE)-doped laser diode pumped
lasers

We now consider the operation of LDPSSLS using
transitions in REs other than neodymium. This section
will be divided into three subsections, focusing on hol-
mium-, thulium- and erbium-doped lasers.

5.2.1. The laser diode pumped Ho-doped laser. There
is much interest in the 2.1 um 1,-°I4 transition in Ho*,
due to its eyesafe wavelength. Because of the three-
level nature of this transition, early work required cool-
ing to 77K to obtain laser action [103]. In this laser,
the Ho:YAG laser medium was sensitized using Er**
and Tm**. The LD wavelength was temperature tuned
to the centre of the Ho:YAG absorption band at
785.5 nm. A comparison carried out with Nd: YAG indi-
cated a lower pump power threshold for Ho: YAG. This
is not surprising when one considers the long fluor-
escence lifetime (5 ms) of Ho:YAG. Later work on the
LD-pumped Ho:YAG laser [104-106] reported room-
temperature operation of this laser. This was ac-
complished using high thulium doping compared with
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Figure 8. Cross relaxation process in the thulium-
sensitized holmium laser. The pump radiation (780 nm) is
absorbed by a thulium ion. There follows a cross relaxation
process where two excited (3H,) thulium ions are obtained
from a single pump photon. Rapid energy migration occurs
among the thulium ions, followed by energy transfer to the
holmium 51, tevel. 2.1 um lasing then takes place from this
level.

holmium doping (16 times greater [106]) which enables
effective cross relaxation to occur in the thulium ions.
This cross relaxation process can result in two excited
holmium ions for each 785nm photon absorbed as
shown in figure 8. The lower holmium doping also
improves the laser performance by keeping reabsorp-
tion losses to a minimum. Using this cross relaxation
scheme, Fan et al [106] reported operation of the LD-
pumped Ho:YAG laser with a slope efficiency of 19%
and a pump power threshold of 4.4 mW. Kane and
Wallace [107] have reported output powers as high
as 34 mW for a pump power of 170 mW when the
Tm:Ho:YAG crystal was reduced in temperature to
=55°C.

This laser transition has also been successfully LD
pumped when the host medium was YLF [108, 109].
At room temperature, Hemmati [109] reported a 30%
slope efficiency and a pump power threshold of
108 mW. Both Ho: YAG and Ho: YLF appear promising
candidates for Q-switched operation due to their long
fluorescence lifetimes (5 ms and 12 ms respectively).
Hemmati [109] reported a pulse energy of 165 uJ at a
repetition rate of 100 Hz from Ho: YLF.

5.2.2. The laser diode pumped Tm laser. Also of inter-
est in the same wavelength region as the Ho laser is
the F~*H, laser transition in Tm3*. Kintz et al [110]
reported 2.02 um emission at a slope efficiency of 56%
at room temperature of an LD-pumped Tm: YAG laser.
The high efficiency was once again due to a cross relax-
ation process in the Tm** jons. More recently, Kintz
[111] reported 200 mW output from an LD-pumped
Tm:YAG laser. The fluorescence lifetime was measured
to be between 6 and 13 ms, suggesting that Tm: YAG is
a good candidate for high-energy Q-switched opera-
tion. Suni and Henderson [112] have reported both cw
and Q-switched operation, obtaining CW output powers
of 530 mW multimode for a pump power of 1.37 W.
This corresponded to an optical slope efficiency of
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49%. When Q-switched, a pulse energy of 1 mJ was
obtained at a repetition rate of 100 Hz, and the output
was single transverse mode. More recently, Suni and
Gates [113] reported 2.5 mJ pulse energies at a rep-
etition rate of 50 Hz.

5.2.3. Laser diode pumped Er/Yb lasers. Kintz et al
[114] have reported both cw and pulsed operation from
the 2.8 um *I;;,~*I;3, transition in Er:YLF. For cw
operation, the pump power threshold was 147 mW and
the optical slope efficiency 0.7%. The cw operation
was achieved on a normally self-terminating transition,
and was attributed to a cooperative upconversion pro-
cess. The authors suggested that an order of magnitude
increase in slope efficiency should be possible. This
was achieved by Esterowitz and Stoneman [115] who
obtained an optical slope efficiency of 10%. The
authors noted that this increase was due to a greatly
increased Er concentration (four times greater than
that used by Kintz et al [114]). They also commented
that a further increase in the Er concentration may not
be useful due to a cross relaxation process from the
Top—"113 level.

The work described thus far has concentrated
on the use of LDs operating in the 800 nm region. How-
ever, the recent development of strained layer InGaAs
LDs operating between 870 nm and 1.1 ym has opened
the way to pumping erbium [116] and ytterbium [117]
doped lasers at these longer wavelengths. Hutchinson
et al [116] used ytterbium as a codopant in an Er: glass
laser operating at 1.535um (the *I;3,—I;s;, tran-
sition). The Yb** absorption was nearly at its maxi-
mum at the pump wavelength (962 nm), while Er**
EsA was avoided. The optical slope efficiency ob-
tained was 7.1% and the pump power threshold was
0.9mJ in an end-pumped configuration. The Er**
“1)3, level fluorescence lifetime was measured to be
7.6 ms. The authors noted that this slope efficiency
was greater than any reported previously for either
flashlamp or laser pumping of Er: glass. Lacovara et al
[117] used a strained layer InGaAs quantum well laser
to diode pump a Yb: YAG laser, and obtained an optical
slope efficiency as high as 25%. The authors noted that
the absorption spectrum of Yb** in the emission region
of these LDs is 18 nm wide, considerably broader than
that of Nd:YAG, and that the fluorescence lifetime is
1.26 ms for a doping level as high as 6.5%.

5.3. Tunable laser diode pumped lasers

Visible LDs have recently been used to pump Cr-doped
solid state lasers [118~120]. Using visible LDs operating
in the 670-680 nm range, Scheps et al [118] have suc-
cessfully pumped the highly tunable alexandrite
(Cr:BeAlO,) laser. The pump power threshold was
12 mW and the optical slope efficiency was 25%. This
performance was similar to that obtained using a dye
laser pump at the same wavelength. Scheps er al [119]
also reported the performance of an end-pumped
Cr:LiCAF laser, using a dye laser operating between



610 and 680 nm. With a pump wavelength of 670 nm,
an optical slope efficiency of 37% and a threshold
pump power of 49 mW was obtained. The authors
noted that this laser appears to be an excellent can-
didate for LD pumping. LD-pumped operation has since
been realized, using two 10 mW 673 nm LDs as the
pump source [120].

A further development has been the use of a fre-
quency doubled LD-pumped Nd:YAG laser to pump
a cw Ti:Al,O5 (Ti:sapphire) laser [121]. The single
frequency Ti:sapphire ring laser was tunable from 773-
829 nm when pumped with 173 mW at 532 nm. Steele
et al [122] used an LD-pumped, Q-switched, frequency-
doubled Nd:YAG laser to pump a Ti:sapphire laser,
obtaining a maximum pulse energy of 720 uJ at 795 nm.
The laser was tunable (using three mirror sets) from
696 nm to 1000 nm (see also section 6 for pumping of
Ti:sapphire lasers with Q-switched and modelocked,
frequency-doubled LD pumped Nd lasers).

Doualan [123] has used an LDA to pump a colour
centre laser. The centre pumped was the (F3)* centre
in NaF. The absorption band peaks at 870 nm and the
fluorescence spectrum at 1.07 um; 7.8 mW of output
power was obtained, and the laser was tunable from
1.03 to 1.12 um. The author comments that it should
be possible to pump other colour centre lasers using
LDS.

5.4. Laser diode pumped stoichiometric lasers

In this section we consider the work carried out to date
on stoichiometric laser materials. The stimulus for the
research into these materials is essentially to reduce
the size of LDPSSLs. Stoichiometric materials are com-
pounds which contain the lasing species, rather than
hosts into which the species is doped. Due to this, the
concentration of active ions can be much larger in
stoichiometric materials, resulting in a shorter ab-
sorption length for the pump radiation. Most of the
work reported in this field has been concerned with
lithium neodymium tetraphosphate (LiNdP,0,,) or
LNP. This material has about thirty times higher neo-
dymium concentration than Nd:YAG, and a similar
stimulated emission cross section. Kubodera ez al [124]
reported the operation of an argon ion pumped minia-
ture LNP laser in which the active medium was a 300 pm
thick crystal. The authors also predicted that this laser
was a good candidate for LED pumping due to small
pump beam expansion over the very thin active
medium. The LD-pumped operation of LNP lasers at
both 1.05 um [125] and 1.32 um [125, 126] has since
been reported. Kubodera and Otsuka [125] reported
optical slope efficiencies of 18.2% (threshold 0.6 mW)
at 1.05 yum and 6.5% (threshold 2.7 mW) at 1.32 um.
The low output powers obtained (2 mW at 1.05 ym and
0.5mW at 1.32 um) were attributed to the low pump
power. Single transverse and longitudinal mode opera-
tion was achieved at all pump powers. The authors
commented that the single longitudinal mode operation
was probably due partly to the etalon effect of the
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300 um thick crystal and partly due to the high-density
pumping used [127] (more detailed discussion of the
single longitudinal mode operation of lasers will be
given in section 7).

Dixon et al [128] have used an interesting technique
to couple the pump radiation into the LNP laser mode
where the crystal is placed in very close proximity to the
LD output facet. Due the very short absorption length
of the LNP crystal, there is no need for collimating and
focusing optics to be used, as is normally the case for
LDpssLs. Using aseparate output coupler, laser operation
was obtained at both 1047 nm (slope efficiency 33%) and
1317 nm (slope efficiency 10%). The maximum output
powers obtained, were 73.5 mW and 24 mW, respect-
ively. Using a monolithic device, 28 mW output was
obtained at 1317 nm. The authors believe that the slope
efficiencies reported will increase as crystal growth and
fabrication techniques are improved. '

5.5. Laser diode pumped waveguide lasers

In addition to bulk lasers, there is much interest in the
use of LDs to pump waveguide lasers. In this section
we will discuss briefly some of the most recent work
on laser performance in both optical fibre waveguides
and in waveguides which have been fabricated in a
bulk material.

Low threshold optical fibre devices have been
reported for a variety of RE ions and glass fibre hosts.
The first fibre laser to be successfully pumped with an
LD was the Nd-doped silica fibre laser [22]. The laser
threshold was less than 1 mW, and the lasing wave-
length 1.088 um. Subsequently, LD-pumped operation
of Nd-doped silica fibre lasers was reported at 0.905 yum
and 1.4 um [129], with thresholds of 4.3 mW and 6 mW
respectively. The Er-doped silica fibre laser operating
at 1.553 um has also been demonstrated [130]. The
pump source in this case was a 1.48 um InGaAsP laser.

LD-pumped optical fibre lasers have also been
recently demonstrated using fluorozirconate fibres as the
host medium. These have included thulium-doped fibres
[131, 132] operating at 2.3 um (*H,~*H; transition) [131]
and 1.97 um (*H,Hy transition) [133]. Allen and
Esterowitz [131] reported a threshold of 4 mW launched
into the fibre, and commented that the laser should
be continuously tunable between 2.2 and 2.5 um. Allen
et al [133] reported the LD-pumped operation of an
erbium-doped fluorozirconate fibre operating at 2.7 um
(I11/~*1;3/, transition). Millar et al [134] have reported
the operation of a neodymium-doped fluorozirconate
fibre laser operating at 1345 nm. Up to 30 mW of cw
output power was obtained for a pump power of 120 mW,
and an optical slope efficiency of 57% was reported.

In addition to optical fibre waveguides, waveguide
lasers have been fabricated in bulk glasses [135, 136]
and in a variety of crystals [137-141]. The work of
Mwarania et al [135] demonstrated the low threshold
powers of these devices (7.5mW of launched pump
power from a Ti:sapphire laser operating at 807 nm).
Aoki et al [136] reported impressive output power
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(150 mW) from an LD-pumped Nd:glass waveguide
laser, although it should be noted that the guide
radius was very large (215 um). Field et al [137, 138]
have reported LD-pumped operation of Nd:YAG,
Nd:MgO:LiNbO; and Nd:GGG planar waveguide
lasers. The threshold absorbed powers were, respect-
ively, 8.5 mW, 17 mW and 8 mW. The Nd: GGG wave-
guide laser yielded 40 mW of output power [138]. An
ion implantation technique was used to fabricate the
waveguides. More recently, ion implanted channel

waveguide laser operation has been achieved in-

Nd:GGG [140] and Nd:YAG. In Nd:YAG Field et al
obtained 4 mW of output power at an optical slope
efficiency of 27%. Lallier et al [141] have used a proton
exchange technique to fabricate a channel waveguide
in Nd: MgO: LiNbQO3, and have pumped this laser with
a Styryl 9M dye laser and a single-stripe LD. With
LD pumping, the Nd:MgO:LiNbO; laser output was
limited to 0.3 mW. The authors attributed this low
power to excess feedback into the diode from the sub-
strate preventing efficient coupling into the waveguide.

6. Modelocked LDPSSLS

Modelocking is a well established technique for the
generation of ultra-short pulses, and much work has
been reported on the modelocked LDPSSL. Results
obtained using two different modelocking techniques
will be discussed in this section, namely active
modelocking [142] and additive-pulse modelocking
(AaPm) [143].

In active modelocking, an intra-cavity modulator is
used. This can be either an acousto-optic amplitude
modulator (AM modelocking) or an electro-optic phase
modulator (FM modelocking). In APM, a portion of the
laser output is directed into an external cavity con-
taining some nonlinear element, typically an optical
fibre. Pulse shaping then results from the coherent
addition of pulses returning from the external cavity
with those already circulating in the main laser cavity.
The APM mechanism is particularly attractive in that it
has been shown to be self-starting (i.e. no intra-cavity
modulator is required to initiate the self-starting
process) in a range of laser materials including Nd: YAG
[144], Nd:vLF [145] and Nd:glass [146]. A further
advantage is that the shortest pulse duration which can
be obtained in the case of APM modelocking is inversely
proportional to the laser gain bandwidth, while for
active modelocking it is inversely proportional to the
square root of the gain bandwidth [147]. This means
that much shorter pulses can be obtained using the APM
modelocking technique.

6.1. The modelocked LD-pumped Nd-doped laser

Several authors have reported the performance of
modelocked LD pumped Nd:YAG lasers using AM
[64,148-150], Fm [151] and ApM modelocking
[144,152]. The best performance (i.e. shortest pulse
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duration) obtained for each type of modelocking is
shown in table 2, together with the shortest pulses
obtained from the modelocked LD-pumped Nd:YLF
and Nd:glass lasers.

The shortest pulses were obtained using ApM
modelocking. The reason for the much shorter pulse
duration obtained using FM as opposed to AM
modelocking is not fully understood. Maker et al [64]
combined AM modelocking and Q-switching to yield
peak powers of up to 7kW. An FM modelocked and
Q-switched Nd: YAG laser yielded peak powers as high
as 19 kW and, when frequency doubled, was used to
modelock a dye laser by synchronous pumping [153].
The modelocked Nd:YAG laser has been efficiently
frequency doubled using an external resonant cavity
[152, 154], yielding conversion efficiencies as high as
61% [154]. Keen and Ferguson [150] have combined
FM modelocking and Q-switching to produce pulses of
700 W peak power from an Nd: YAG laser operating at
1.3 um. Without the Q-switching, modelocked pulses
of duration 19 ps were obtained.

The broader fluorescence linewidth of Nd:YLF
means that this laser medium is capable of supporting
shorter pulses than the Nd: YAG laser. The Lb-pumped
Nd:YLF laser has been modelocked using aM [155-
158], FM [159] and APM [145] techniques. In the case
of Nd: YLF, the shortest pulse duration obtained using
active modelocking is 7 ps. This was produced using a
high-frequency (2 GHz) aAM modelocker consisting of
a sapphire substrate on a lithium niobate transducer
[156]. Juhasz et al [158] used a piezoelectrically induced
strain-optic (PESO) modulator to modelock an LD-
pumped Nd: YLF laser, also yielding pulses of 7 ps dur-
ation. In this type of modulator, the piezoelectric
material itself is used as the deflection medium [160].
The pulse duration of 1.5 ps obtained by Malcolm et al
using APM modelocking is the shortest achieved to date
from an LD-pumped Nd:YLF laser [145]. Combined Q-
switching and active modelocking of the LD-pumped
Nd: yLF laser has yielded peak powers as high as 15 kW
(aM modelocking) [155] and 22 kW (FM modelocking)
[159]. The Q-switched and FM modelocked LD-pumped
Nd: YLF laser has also been used to pump a Ti:sapphire
laser [161, 162]. Malcolm and Ferguson [162] obtained
a maximum pulse energy of 3 uJ from the Ti:sapphire
laser, which could be tuned from 705 nm to 955 nm.

The very broad fluorescence linewidth of Nd: glass
makes this laser a potential source of sub-picosecond
pulses. Using active modelocking techniques [77, 78,
163-165], pulses as short as 5 ps have been obtained
[165]. Sub-picosecond pulses have been obtained from
an APM modelocked Nd: glass laser when a krypton ion
laser was used as the pump source [146]. However,
due to the lower powers which have generally been
available from the LD-pumped Nd: glass laser, and the
existence of an intensity threshold for the onset of self-
starting APM [144], self-starting APM has not yet been
demonstrated in‘the LD-pumped Nd: glass laser. How-
ever, with the development of high-power high-
efficiency LD-pumped Nd:glass lasers [80], it is
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Table 2. The shortest pulses resulting from various techniques used to modelock LD-pumped

Nd-doped YAG, YLF and glass.

Nd:vaG Nd:yLr Nd:glass
Fluorescence linewidth (GHz) 120 360 5300
AM modelocking 55 ps [64] 7 ps [157] 5 ps [165]
FM modelocking 12 ps [151] 9 ps [73] 9 ps [78]
APM modelocking 1.7 ps [144] 1.5 ps [145] 600 fs [192]

expected that self-starting APM will be teported in the
near future.

7. Single-frequency LDPSSLS

In this section we discuss the methods which have been
used to obtain single-frequency (i.e. single-longitudinal
and transverse mode) operation, and the various
LDPSSLs to which these techniques have been applied.
We will first consider standing wave resonators, both
monolithic and hybrid (those where separate output
couplers have been used). We will then consider the
various ring laser configurations which have been used
to achieve single-frequency operation.

7.1. Standing wave cavities

The simplest method of achieving single-longitudinal
mode (SLM) operation of a laser is by using a short
monolithic resonator. Multi-longitudinal mode oper-
ation of lasers is largely due to the phenomenon of
spatial hole burning. One way of alleviating this prob-
lem is to choose a cavity length so short that only
one longitudinal mode falls under the gain curve. This
technique has been graphically demonstrated in
Nd:YAG at both 1.06 um [35,36] and 1.3 um [166,
167], and in the Ho:YAG laser operating at around
2um [168-170]. Zayhowski and Mooradian [35]
reported successful, repeatable SLM operation of a
monolithic Nd:YAG laser at pump powers of around
forty times the 1 mW threshold when pumped with a
Ti:sapphire laser. This corresponded to an output
power of 8 mW. At higher pump powers, they com-
mented that their results were unrepeatable due to
thermal effects, although an sLMm output power of
22 mW was obtained. SLM operation was also obtained
using an unfocused 20 mW LD as the pump. Some of
the other main results from such lasers are shown in
table 3. In each case, SLM operation was observed.

For all available pump powers, Storm [168]
reported that a Tm:YAG laser yielded multi-longi-
tudinal mode operation despite using an identical res-
onator to that used for an SLM Ho:YAG laser. The
reason for this was not fully understood.

Several authors have also reported successful sLm
operation from LDPSSLs where the cavity is long
enough to support several longitudinal modes [63,
171~-173]. In such lasers, multi-longitudinal mode

operation is obtained at pump powers not far above
pump threshold, due to the onset of spatial hole
burning. As an example, Zhou et al [171] observed a
2.3mW threshold and a 25% slope efficiency using a
monolithic, S mm long, Nd: YAG rod. The threshold of
the second longitudinal mode occurred at an Nd:vac
output power of 1.2mW. Scheps and Heller [173]
observed an SLM output power as high as 18.6 mW for
an Nd:BEL laser in a hybrid cavity. When pumped with
a dye laser, an SLM power of 31 mW was obtained from
this Nd:BEL laser. This was despite the fact that the
longitudinal mode spacing (6 GHz) was small com-
pared with the gain bandwidth (156 GHz). The authors
commented that this was consistent with the theory of
Otsuka and Kubodera [174]. In this theory, the authors
show that energy diffusion in lasers, which can reduce
the effects of spatial hole burning, increases with ab-
sorbed pump density.

In order to increase the sSLM power obtained from
standing wave cavities, the use of both gain-switching
[172] and Q-switching techniques [63] have been
reported. Owyoung et al [172] obtained 60 mW of sLM
peak power by first pumping an Nd:YAG laser at its
threshold level of 1.5mW to establish SLM operation.
Gain switching was then accomplished by pulsing the
LD drive current significantly above its threshold value
for several microseconds. Maker and Ferguson [63]
established SLM operation by adjusting the radio fre-
quency (RF) drive power to an acousto-optic Q-switch
so that the Nd:YAG laser was operating just above
threshold. The RF power was then switched off, and
the Q-switched pulse developed out of the single mode
already oscillating. Pulses of peak power 125 W and
duration 40 ns were reported.

Etalons have been used in a range of LDPSSLs to
obtain SLM operation [175-177] and also for frequency
tuning [176, 177]. Nachman et al [176] used three eta-
lons to ensure SLM operation at low output powers
(~1mW, due to a low power pump LD) and to obtain
frequency tuning over ~3 THz, for an Nd:glass laser
operating at 1.06 um. Henderson and Hale [177]
obtained 58 mW of sLM output power and frequency
tuning over a 1 THz range from a Tm:Ho:YAG laser
operating around 2.09 um. This work was carried out
at —40°C.

7.2. Unidirectional ring lasers

The limitation on SLM output power available due to
spatial hole burning in standing wave cavities may be
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Table 3. Single-frequency performance of some LDPSSLS.

Maximum
Wavelength Focused diode SLM power

Laser (um) Type of cavity beam (mw)
Nd:vaG [35] 1.064 Monolithic No 22 mW

(Ti: sapphire-

pumped)
Nd:YAG [166] 1.3 Hybrid Yes 10 mW
Ho:vaG [170] 212 Monolithic Yes 13 mW

. -~ Heater
Thermoelectric

cooler

Figure 9. Schematic diagram of the non-planar ring oscillator

(after Fan and Byer [6]).

alleviated by the use of a unidirectional ring laser. The
ring laser cavity supports a pair of counter-propagating
travelling waves rather than the standing waves of the
linear cavity. To achieve SLM operation from a ring
laser it is necessary to suppress one of these travelling
waves. The usual method of accomplishing this
involves the use of a Faraday rotator, a polarizer, and
a polarization rotator. For one propagation direction,
the polarization rotations produced by the Faraday
rotator and the polarization rotator can be made to
cancel, while for the other direction they will add. The
polarizer will then allow oscillation to occur in one
direction only.

It is possible to obtain unidirectional operation in
an Nd:YAG ring laser by applying a magnetic field to
the laser rod, utilizing its small Verdet constant. This
technique was used by Scheps and Myers [178], who
reported Cw SLM output in excess of 540 mW, and
multi-longitudinal mode Q-switched pulses of energy
22.4 uJ at a repetition rate of 5kHz. Clarkson and
Hanna [179] used a lithium niobate thomb to define
the ring path, provide the polarization discrimination
and act as a Q-switch. Output pulse energies of 20 uJ
were obtained at a repetition rate of 500 Hz.

A design which has recently received much atten-
tion is the non-planar ring oscillator (NPrRO) [180,
181, 182]. In this device, shown in figure 9, the out-
of-plane geometry provides the optical polarization
required to compensate for the Faraday rotation. Once
again, the laser medium acts as the Faraday rotator,
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and polarization discrimination is provided by non-nor-
mal incidence on the output coupler. Using an argon
laser pumped Nd:YAG NPRO, Kane and Byer [180]
obtained a pump-limited output of 163 mW. Cheng and
Kane [181] have recently reported SLM output as high
as 910 mW using a 2 W LDA to pump an NPRO. Trutna
et al [182] used a modification of the design of Kane
and Byer to obtain SLM operation of a diode-pumped
Nd:YAGNPRO at 1.319 and 1.338 um. The modification
was to make the ring almost planar, which meant that
a smaller magnetic field was required to enforce uni-
directional operation. Due to the low-frequency noise
of the LD pumps, and the monolithic design of these
devices, the free-running NPRO show excellent short-
term frequency stability (3—-10 kHz) [183, 184]. NPROs
have also been very successfully actively frequency sta-
bilized for long-term operation [185].

The Faraday effect is not the only technique which
has been used to enforce unidirectional operation.
Bromley and Hanna [186] used an acousto-optic modu-
lator both to enforce unidirectional operation of a ring
laser and to act as a Q-switch. It was found that an RF
drive power of only 250 mW was required to cause
unidirectional operation. The mechanism by which the
modulator enforces unidirectional operation is not fully
understood. Pulses of energy 13 uJ and duration 36 ns
were obtained, at a repetition rate of 1 kHz. Using a
rhomb-type ring laser design shown in figure 10, Clark-
son and Hanna obtained acousto-optically induced sLM
operation of both the Nd:vaG laser [187] and the
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Figure 10. Schematic diagram of the LD-pumped Nd:YLF ring laser
configuration where an acousto-optic modulator has been used to induce
single-frequency operation (after Clarkson and Hanna [188]).

Nd:YAG Brewster
Output
Block Polarizer Coupler
HR 1064 nm |
HT 810 nm
\ Output
/
Pump
— \
R = 97%
re75 mm
1/4 waveplates

10 mm

Figure 11. Schematic diagram of the monolithic twisted
mode cavity Nd:vaG laser (after Wallmeroth [190]).

Nd: YLF laser [188]. Q-switched peak powers of 1 kW
(Nd:YAG) and 6 kW (Nd: YLF) were observed.

7.3. The twisted mode cavity laser

The use of a twisted mode cavity (TMC) laser to obtain
single frequency operation was first reported by Evtu-
hov and Siegman [189]. In the T™MC laser, two quarter-
wave plates are used, one on either side of the gain
medium. If the axes of the wave plates are properly
adjusted, a standing wave with an axially uniform
energy density can be created. Spatial hole burning is
thus eliminated. Wallmeroth [190] has reported the use
of a diode-pumped twisted mode cavity Nd: YAG laser
to produce sLM operation. Using a monolithic T™MC
design as shown in figure 11, Wallmeroth obtained an
SLM output of 80 mW. A linewidth of below 10 kHz
was measured for the free-running device. Using a non-
monolithic design, Wallmeroth and Peuser [191] had
earlier reported 255 mW of single-frequency output
from a T™C laser.

8. Conclusion

The LDPSSL has progressed spectacularly during the last
six years. All areas of the relevant technology have

improved. Average powers from Cw devices are
approaching the level previously associated with arc
pumped systems. Single-frequency operation, which is
an area not normally associated with traditional solid
state devices except for very specialized applications,
has continually improved in terms of linewidth, stab-
ility and delivered power. Modelocked operation has
undergone a large change in pulse duration from typi-
cally 50-100ps from an actively modelocked lamp
pumped system to around 2 ps from APM modelocked
LDPSsLs. As one example of the speed of progress in
this field, preliminary results have demonstrated sub-
picosecond pulses from an LD-pumped APM Nd:glass
laser [192]. Wavelength diversity is continually being
addressed in two ways. Different dopant materials and
hosts are being tested and evaluated. Alternatively,
nonlinear processes are being utilized to provide tun-
able radiation. A synchronously pumped tunable para-
metric oscillator has been recently demonstrated which
provides 2ps pulses over a 92nm range around
1.047 um, although a significantly larger range is poss-
ible in an optimized system [193].

The improvements in the LD pump source that
made this field possible are continuing. The major ben-
efit of price reductions in the cost of LDs is to make
LDPSSLs competitive with traditional systems. Continual
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improvements to wavelength coverage, lifetime and
output power may be expected.

The activity and growth in this field make the writing
of a review such as this difficult. Reports of interesting
experiments which should be included appear monthly.
Important areas, for example second harmonic gen-
eration using LDPSSLs, have only been mentioned
indirectly. The maturity and level of activity in the LDPSSL
field make the scope of this review similar to attempting
to review the complete solid state laser research area.
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