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Edge-Pumped Quasi-Three-Level Slab Lasers:
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Abstract—We present a novel design for a quasi-three-level laser.
The design uses a slab laser configuration with the pump light in-
cident from the slab edge. This allows a lower threshold and better
power scaling than a conventional face-pumped slab. We present
an analytic description of pumping optimization, thermal distor-
tion, and power scaling. Several point designs illustrating power
scaling are also described.

Index Terms—Laser thermal factors, modeling, optical distor-
tion, optical pumping, power lasers.

I. INTRODUCTION

SOLID-STATE lasers with high average powers are useful
in a wide variety of applications. These include materials

processing [1]–[4], remote sensing [5], free space communica-
tions [6], laser particle acceleration [7], and gravitational wave
interferometry [8]. All of these applications benefit from lasers
that are compact, efficient, robust, and have good beam quality.
Quasi-three-level lasers generally offer improvements in these
areas compared to four-level lasers due to a higher photon ef-
ficiency and the associated lower thermal loading. Quasi-three-
level lasers have been demonstrated in a variety of configura-
tions. At low powers, microchip [9], [10] designs, waveguides
[11], [12], and nonplanar ring layouts [13] have been used. In
medium average power ranges with lower peak powers, fiber
lasers [14], [15] provide an efficient and compact solution. At
high peak and average powers, rod lasers, both end-pumped [16]
and side-pumped [17], [18] as well as thin disk geometries [19],
[20] have been demonstrated. However, all of these designs have
limits on the power that can be extracted from a single gain el-
ement with good beam quality.

The zigzag slab geometry has traditionally been used to scale
solid-state lasers to high peak and average powers. See, for in-
stance, [21]–[24] and references contained therein. However,
conventional slab designs have been difficult to apply to quasi-
three-level lasers because of the high pump brightness required
to overcome the thermal population of the lower laser level.

We present a novel zigzag slab design which uses pumping
along the slab’s edge to effectively increase the pumping bright-
ness. Modeling of the pump absorption, thermal performance,
and power scaling of this design are presented.
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Fig. 1. Orthographic drawing of an edge-pumped zigzag slab.

II. EDGE-PUMPING GEOMETRY

The edge-pumping geometry is shown in Fig. 1. The cooling
and the zigzag path are the same as in a conventional zigzag
slab laser design, which we refer to as face-pumping [25]. In
both geometries, the cooling is through the large slab faces and
the laser mode follows a zigzag path between these faces by
multiple total internal reflections (TIR’s). As a result, the effect
of the primary thermal gradient in the laser medium due to the
cooling is averaged by the zigzag path of the laser mode [26].

In the edge-pumped slab, the pump light is incident normal
to both the plane of cooling and the plane of laser beam
propagation. The pump absorption is thus in the direction of
the larger cross-sectional dimension, unlike a face-pumped slab
which has pump light entering through the large TIR faces,
along the smallest slab dimension.

The edge-pumped design realizes the separation of the
pumping and cooling interfaces. The first benefit of this
separation is the simplification of the laser head engineering,
as discussed in the next section. This advantage applies to
four-level as well as quasi-three-level lasers. Our Nd : YAG
edge-pumped zigzag slab laser has demonstrated 127 W of
multimode output power from 300 W of pump power (see [27]
for earlier results). The second advantage applies mostly to
quasi-three-level media, where pumping along the slab width
allows a longer absorption path and hence lower doping. This
means a significant reduction of the quasi-three-level laser
threshold.

We define a coordinate system with respect to the slab as fol-
lows. The direction is along the width, is along the thickness,
and is along the length. The full width is , the full thickness
is , and the full length is . The origin is taken as the center of
mass of the slab, so , , and

.
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III. ENGINEERING ADVANTAGES

The engineering advantages of edge-pumping are derived
from the separation of the pumping and cooling interfaces. The
performance of each interface can be individually optimized.
Face-pumped slabs typically require a cooling fluid which is
transparent to the pump light and directly impinges on the
slab. In an edge-pumped slab, heat can be removed by direct
conduction to an opaque heat sink. Thus, the contamination
associated with the direct flow of cooling fluid over optical
surfaces is eliminated. Because the heat sink can be cooled by
a separate fluid loop, the cleanliness and optical properties of
the cooling fluid are unimportant. Also, mechanical stability
is improved by removing the turbulent fluid flow from direct
contact with the slab. The heat sink can be tailored to optimize
the temperature distribution within the laser gain medium,
which reduces residual distortions.

Pumping through the slab edges improves the optical effi-
ciency of the laser. The pump light can be directly coupled to
the slab with no intermediate optics or materials. Total internal
reflection guides the pump light along the width. For example, a
YAG crystal ( ) with an SiO coating ( ) on the
TIR faces captures pump light at all incident angles. This pump
light trapping due to TIR increases the effective brightness and
is crucial for quasi-three-level lasers. The edge faces require
only a basic polish and antireflection coating for essentially
lossless transmission. The result is an optomechanical design
that is simple, robust, and efficient. The Nd : YAG edge-pumped
slab mentioned above has demonstrated 42% overall optical ef-
ficiency.

IV. PUMPING UNIFORMITY

The main challenge for the edge-pumped slab geometry is
to achieve uniform pump absorption along the width, since op-
tical distortions of the crystal in this direction are not compen-
sated by the zigzag path. For unsaturated absorption of the pump
light, achieving perfectly uniform pump absorption is not pos-
sible. The slab edges near the pump source are always pumped
harder than the slab center. However, as we show in this sec-
tion, in practical cases this deviation can be made quite small.
In subsequent sections, we compare the size of optical distor-
tions created by the nonuniform pumping with those caused by
stress effects that are present in any finite slab [28].

The analysis of the pumping begins with a calculation of the
pump absorption profile along the slab width. We treat only the
case of symmetric pumping from both slab edges. Single-sided
or uneven double-sided pumping can be examined with a simple
extension of the following methods. For simplicity, we consider
the pump light to be a uniform plane wave. In reality, the pump
may have some divergence and intensity nonuniformities, but
the main results of this section still apply. The divergence of
the pump beam can be included in the analysis by defining an
effective absorption coefficient which is larger than the true one,
to account for the slightly increased optical path. Also, intensity
variations of the pump beam in the plane are averaged to first
order by the zigzag optical path.

Fig. 2. The measured and calculated normalized fluorescence in an
edge-pumped slab versus the normalized slab width. The slab width is 4.5 mm
and the theory line uses� = 3:1 cm . Since the plot is normalized,R does
affect the fit.

In cases of practical interest, all of the pump light is not ab-
sorbed in a single pass through the slab. We define a pump re-
flectivity as the fraction of the pump light exiting the slab at

that is reflected back into the slab. For simplicity,
is taken as the average pump reflectivity over the entire edge

face. In reality, there are some areas on the edge that are highly
reflective and other areas where the pump light enters which
need to be highly transmitting. With the above assumptions and
allowing for an infinite number of pump light passes with reflec-
tivity between each pass, the absorbed pump power density
as a function of the position along the slab width is given by

(1)

where
total pump power incident on the slab;

pump absorption coefficient;

dopant concentration;

effective absorption cross section.

The validity of (1) is shown by comparison with experiment in
Fig. 2. The pump absorption data were acquired by imaging
the fluorescence at 1064 nm from a Nd : YAG edge-pumped
slab. The slab was pumped by fiber-coupled laser diodes with a
600- m diameter, 0.4 NA fibers. Stray pump light was removed
with a filter. The figure shows the fluorescence, which is pro-
portional to the absorbed power, as a function of position along
the 4.5-mm-wide slab. Also shown is a fit to (1) with
cm , which is in good agreement with the expected value for
the absorption of laser diode light in 1% doped Nd : YAG. This
example illustrates that the shape of the pump distribution de-
pends on only, while the magnitude depends on, , , and

.
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Fig. 3. The pump absorption efficiency, pump absorption uniformity, and
pumping figure of merit as a function of the absorption depth�w. In this case,
with R = 0:5, the ideal doping length product is about 1.2.

Using (1), we can quantify the pumping performance. The
pumping efficiency is simply the total absorbed pump power
divided by the total incident pump power

(2)

Therefore, depends only on the dimensionless variables
and . The variable , which we call the absorption depth,
is proportional to the product of the doping and the width. As
expected, goes to 1 as goes to 1, regardless of the ab-
sorption coefficient. In practice, however, is limited by the
need to have some nonreflective areas through which to inject
the pump beam, but, as shown in Fig. 4, efficient operation is
still possible with lower values of .

Next, we define the pumping uniformity as the pump power
absorbed per unit area at the point of least absorption compared
to that at the point of greatest absorption. In this case, those
points are the center and edge of the slab, respectively. Using
(1), we find

(3)

Interestingly, the pumping uniformity does not depend upon.
However, larger reflectivity can lead to better uniformity be-
cause can be reduced while maintaining the efficiency. This
can be better understood by defining a pumping figure of merit.
Since larger absorption depths lead to good efficiency but low
uniformity and small absorption depths have the opposite effect,
a natural pumping figure of merit is the product of the pump ef-
ficiency with the pump absorption uniformity
which can be written as

(4)

Fig. 4. The optimum�w product as a function of the pump reflectivityR .
Also shown are the pump absorption efficiency, uniformity, and pumping figure
of merit which can be achieved at this optimum condition.

Fig. 3 shows a plot of the efficiency, uniformity, and pumping
figure of merit as a function of absorption depth for .
We see that there is an optimum value for the absorption depth
which maximizes the pumping figure of merit. This optimum is
useful for choosing the slab width and doping level in a practical
design. Fig. 4 shows this optimum as a function of , along
with the optimum pump absorption efficiency, uniformity, and
figure of merit that result. We see that, for lower , the ideal
absorption depth is larger and the maximum figure of merit is
smaller. Conversely, as approaches 1, the doping can be re-
duced toward zero, while the efficiency and uniformity rise to-
ward 1. However, even at values of the reflectivity considerably
less than 1, a reasonable figure of merit is still possible.

The results derived in this section are valid in the case where
there is no saturation of the pump absorption. This assumption
is usually reasonable in oscillators since the upper manifold
population is clamped at the threshold value regardless of the
pumping strength. As an example, consider Yb : YAG at room
temperature, where 5.6% of the total number of dopant atoms
must be pumped into the upper manifold to equate the
upper and lower laser level populations. This transparency point
is thus reached without significant reduction in the ground state
population. Laser operation clamps the upper manifold popu-
lation close to this point, so pump bleaching can be ignored.
However, the no-saturation assumption may be violated if the
medium is operating at high temperatures, where significant
thermal depopulation of the ground state occurs. We treat this
regime in the model for the laser oscillator output power pre-
sented in Section IX.

Operation of an edge-pumped slab in an energy storage mode
with low pulse repetition frequency (PRF) results in several
changes to the design described above. First, saturation of the
pump absorption is a significant effect in this regime. Second,
suppression of parasitic oscillations may dictate a lower value
of or the use of a pump reflector that has higher loss at the
laser wavelength. For the remainder of this paper, we consider
only edge-pumped slab lasers operating in a CW or high PRF
pulse format.
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V. TEMPERATUREEFFECTS

Knowledge of the slab temperature distribution is required
before we can proceed with an analysis of the laser performance.
This is because the population of the lower laser level increases
with increasing temperature. Also, temperature gradients along
the width give rise to optical distortions which are not cancelled
by the zigzag path. We follow the notation used in [26] and write
the slab temperature in terms of an average temperatureand
a position-dependent term which averages to zero over the slab
cross section so that

(5)

Here and in the rest of the paper, we assume uniform temper-
ature along the slab length, creating a two-dimensional (2-D)
solution in the plane. The pump light is assumed to be a uni-
form plane wave incident from both slab edges, as in Section IV.
The edges of the slab are insulated, which is a good approxima-
tion in a slab that is actively cooled through the large TIR faces.

Calculation of the temperature and stress in the slab is greatly
simplified by using a 2-D approximation. This means that the
end effects are ignored. However, end effects are largely unaf-
fected by the change to edge-pumping and there is empirical
evidence that these effects can be greatly reduced by leaving an
unpumped region of the slab of length greater thanat each end
[21], [29], [30]. In a quasi-three-level laser, these unpumped re-
gions can be realized by bonding undoped material to each end
of the slab, eliminating reabsorption losses from the unpumped
regions [16]. A detailed calculation of the 2-D temperature dis-
tribution is provided in Appendix B; the important results are
summarized in this section.

A. Average Temperature

The average temperature of the slab is determined by the
thermal conductance of the slab itself, , and the thermal
conductance between the slab and the coolant, . Starting
with (B17),

(6)

where
coolant temperature;
thermal conductivity of the slab;
average slab heating per unit volume.

By comparing the last two terms, an effective thermal conduc-
tance of the slab can be defined as . Table I shows
the thermal conductivities of some common hosts and laser
head components. Using the result (B15) for and writing
the overall thermal resistance , we
can restate (6) as

(7)

where is the heat fraction and is the absorbed pump
power per unit volume given in (1), averaged over the slab width.

TABLE I
COMPARISON OF THE THERMAL

CONDUCTANCE OFVARIOUS MATERIALS AND CONFIGURATIONS

The effect of the increase in temperature on the performance
of the laser can be calculated as follows. First we define some
standard terms for quasi-three-level lasers, following [32]–[35].
The dopant atom density is . The density of atoms in the upper
manifold is , and the density of atoms in the ground state
manifold is . By conservation of atoms

(8)

The fraction of the atoms in the ground state manifold which are
in the lower laser level is and the fraction of the atoms in the
upper manifold which are in the upper laser level is. and

are computed from a Boltzmann distribution (A1) and (A2)
and are thus functions of the average slab temperature. The gain
medium becomes transparent at the lasing wavelength when

(9)

Using (8) and (9) to eliminate gives the density of atoms in
the upper manifold at the transparency point

(10)

Since each absorbed pump photon moves one atom from the
ground state manifold to the upper manifold for an average of
one upper manifold lifetime, the steady-state absorbed pump
power per unit volume can be written as

(11)

where is Planck’s constant and is the frequency of the pump
light. Transparency at the laser wavelength is reached when the
upper and lower laser level populations are equal. Combining
(10) and (11) gives the result for the absorbed pump power den-
sity at the transparency point, ,

(12)

which is the result given in [32]. Since and depend on
the crystal temperature and the average temperature depends on
pump power by (7), finding involves the simultaneous
solution of (7) and (12). Fig. 5 shows the example of Yb : YAG
with two different doping levels. The important thing to notice is
that, below a critical thermal conductance , the transparency
point increases sharply.
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Fig. 5. The absorbed pump power density required to reach transparency in
Yb : YAG as a function of the overall thermal conductance for several doping
levels and coolant temperatures. Also shown on each curve is the critical thermal
conductance� , calculated using (13). The slab thickness is 1.5 mm and the
pump wavelength is 940 nm.

We can write this critical conductance as a function of
the doping, the thickness, and the coolant temperature. The cal-
culation is presented in Appendix A. The result (A7) is

(13)
where

Boltzmann’s constant;
number of Stark levels in the upper manifold;
number of Stark levels in the lower manifold;
effective energy splitting defined in (A6).

For example, in Yb : YAG, , , and
cm .

Using (13), we can begin to see the advantages of the edge-
pumping concept. The only parameters in (13) that are free once
the dopant and host materials are chosen are, , and . Since
it is desirable for to be as small as possible, we want to re-
duce and . However, in a face-pumped slab, the product of
and must remain fixed to maintain efficient pump absorption.
Thus, for a face-pumped zigzag slab, the only remaining op-
tion for reducing is to lower the coolant temperature, but
using a coolant below a few degrees Celsius is undesirable from
a practical point of view. Edge-pumping solves this dilemma
since can be made small without sacrificing pump absorption.
This is shown in detail in Section VIII. Also, the doping den-
sity can be reduced by increasing the slab width to maintain the
same absorption depth. Thus, an edge-pumped slab has lower
critical thermal conductance than a face-pumped design.

B. Temperature Gradients

In this section, the temperature gradients in the slab are com-
puted using the absorbed pump power density (1). The resulting
temperature distribution for the normalized position along the

Fig. 6. The normalized temperature distribution of an edge-pumped slab
referenced to the coolant temperature(T = 0). The pumping is along the
width and the cooling is through the faces aty=t = �0:5. The aspect ratio is
6, �w = 1, and� =� = 1. Because the thermal conductance of the
heat sink is finite, the temperature at the side of the slab is not equal to the
coolant temperature.

slab width and the normalized position along the slab thick-
ness is derived in Appendix B as (B18). We can write the
temperature as a function of the absorption depth, the slab
aspect ratio , the ratio of the thermal conductance of
the heat sink to that of the slab , and the pump power
per unit length as

(14)

Fig. 6 shows the shape of for a slab with an aspect
ratio of 6. The distribution has a saddle shape, with the hottest
regions at the center of each edge face. The effect of the zigzag
path in the slab is to average the temperature in thedirection.
So, to first order, only the temperature gradients in thedi-
rection lead to optical distortions through changes of index of
refraction and thermal expansion. We can analyze these distor-
tions by integrating (14) over, leaving only the dependence on
the width. Define

(15)
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Fig. 7. The normalized temperature averaged over the slab thickness as a
function of the position along the slab width for several different thermal
conductance values. Here the aspect ratio is 6 and�w = 1.

which, using (14), yields the result

coth

(16)

We can further simplify (16) if we assume that . Then
the temperature over the center of the slab, more than one thick-
ness away from the edge faces at , is derived in Ap-
pendix B as

(17)

Fig. 7 shows the exact (16) and approximate (17) normal-
ized temperatures along the slab width. As expected, the ap-
proximate expression shows a good agreement in the center of
the slab, but does not have the correct behavior near the slab
edges. The temperature distribution is plotted for several dif-
ferent values of the heat sink thermal conductance. We see that
a lower heat sink conductance increases the size of the center to
edge thermal gradient in addition to increasing the average tem-
perature of the slab (7). Also, the approximate solution is less
accurate as .

VI. STRESSEFFECTS

Heating within the slab gives rise to stress in the laser host
material. This thermal stress causes optical distortions, and at

higher power levels, catastrophic failure due to fracture. Solu-
tion of the full three dimensional problem is best left to numer-
ical solution for the specific slab shape under consideration. In
this section we look for a closed form approximation in the two
dimensional plane strain limit that provides some insight and
can be used in scaling arguments presented later.

The derivation is presented in Appendix C. Equations (C12)
and (C13) give approximate expressions for the stress compo-
nents and that are valid more than one thickness away
from each slab edge. For calculating optical distortions due to
thermal stresses, we are interested in the-averaged stresses

(18)

(19)

where , is Poisson’s ratio, is the
thermal expansion coefficient, and is the modulus of elas-
ticity. The only stress component of concern for optical distor-
tions is thus , which varies along the width as .
Next we compute the total optical path length change due to
nonuniform temperature and stress in an edge-pumped slab.

VII. OPTICAL DISTORTION

Optical path length variations across the width of the slab
are due to several different effects. In this section, we follow
the approach outlined in [28, Section III-C] to analyze these
distortions. In general, these effects may be separated into those
proportional to temperature and those proportional to stress by
writing the width-dependent path length changeas

(20)

where is the geometric length of the zigzag path.
The values of and depend on the polarization
and the TIR bounce angle, as well as material parameters [28].

Using (17) and (19) in (20) gives the approximate path length
change across the central part of the slab width. Since both
and have the same dependence, we can find the
lowest order distortion by expanding in a power series.
Ignoring the constant terms, the resulting path length change is

(21)



RUTHERFORDet al.: EDGE-PUMPED QUASI-THREE LEVEL SLAB LASERS: DESIGN AND POWER SCALING 211

and, for small distortions, (21) can be written in terms of a thin
lens with focal power given by

(22)

where is the lens focal length. For a Brewster-end YAG slab
with p-polarized light, , , and , the
lensing is dominated by and the focal length is

meters
W cm

(23)

So we see that the focusing caused by edge-pumping is weak. In
practice, the lensing in these crystals is dominated by end effects
that are present regardless of the pumping direction.

Thus far we have ignored the heat sink which is in contact
with the slab. In fact, this heat sink offers another method for
controlling the residual distortions due to nonuniform absorp-
tion. An appropriate variation of the thermal resistance
of the heat sink along the width has the effect of altering the
boundary conditions used to solve (B1). An in-depth examina-
tion of this solution is beyond the scope of this paper. In the
simplest realization, this effect could be achieved in a metal
heat sink by using multiple coolant channels at varying distances
from the slab.

VIII. POWER SCALING

The promise of the zigzag slab geometry is the potential to
scale the laser to high powers without significant optical distor-
tion or thermal fracture. In this section, we compare the quasi-
three-level power scaling of the edge-pumped slab with that of
other laser geometries. Yb : YAG pumped at 940 nm is taken as
an example.

Consider a laser medium which is uniformly pumped in some
volume . For any configuration, the absorbed pump power re-
quired to reach transparency is found from (12) by multi-
plying by the pumped volume

(24)

It is important to note that this transparency pump power de-
pends directly on the total number of dopant atoms.

One limit on the absorbed pump power is the stress fracture
of the laser medium [26]. The absorbed pump power at the point
of stress fracture depends upon material parameters and the
shape of the laser medium. Each configuration is treated sepa-
rately in the following sections.

We require that for the laser to reach threshold prior
to fracture. The thermal problems discussed in Section V get
worse as the slab gets closer to stress fracture, so the ability to

operate well below stress fracture and well above transparency
is desirable. The ratio thus provides a good figure
of merit for the robustness of the laser design. A largeris de-
sired since the laser can be operated farther above transparency.
Next we find for a face-pumped slab, an edge-pumped slab, a
side-pumped rod, and a thin disk.

A. Face-Pumped Slab

For a uniformly pumped and cooled slab, the absorbed pump
power at the stress fracture limit [26] is given by

(25)

where and is the tensile stress at frac-
ture, which depends upon the mechanical properties and surface
preparation of the laser material. Using (24) and (25) givesfor
a slab

(26)

The first term contains material parameters and the second con-
tains the temperature dependence of the upper and lower laser
level populations. The third term contains all of the geometrical
information.

Equation (2) gave the absorption efficiency for an
edge-pumped slab. A similar expression gives the absorp-
tion efficiency for a face-pumped slab

(27)

If we assume that must be above some minimum acceptable
value to have a practical design, then solving (27) for
gives the constraint

(28)

where is the maximum dopant concentration for the
crystal. For some laser media that can be highly doped
(Yb : YAG), the thickness limit at lower pump powers may be
due to fabrication or laser mode size constraints. However, we
ignore this case since we are considering power scaling.

The stress fracture concerns requireto be small, (26), and
pump absorption efficiency considerations requireto be large,
(28). Combining (26) and (27) givesfor a face-pumped slab,
with the added constraint thatmust satisfy (28):

(29)
The only parameters available to the laser designer are(al-
though it is still constrained by (28), since cannot be made
arbitrarily large) and , which is fundamentally limited by the
need to couple the pump light uniformly into the large TIR face.
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B. Edge-Pumped Slab

By moving to edge-pumping, we eliminate the tradeoff be-
tween pump absorption and stress fracture. Equation (2) gives
the absorption efficiency for an edge-pumped slab. Solving (2)
gives

(30)

and substituting into (26) gives the ratio for edge-pumping

(31)
Now is subject only to fabrication constraints, so, to increase

, can be reduced, and independentlycan be increased
to reach an acceptable pump absorption efficiency.

C. Side-Pumped Rod

For a rod geometry laser, the absorbed power at the stress
fracture limit is [26]

(32)

where is the rod length. Using (24) and (32) gives

(33)

where is the rod diameter.
Next we define the pump absorption efficiency for the rod

(34)

where is the reflectivity after each pump light pass through
the rod. This result is optimistic since many pump rays do not
travel through the full diameter.

Solving (34) for gives the constraint

(35)

which is substituted into (33) to give

(36)
where is constrained by (35) so that the only way to increase

is to increase . This is the approach taken in [18]. How-
ever, as was the case for the face-pumped slab,cannot be
increased arbitrarily since openings must be left for the pump
light to enter.

D. Thin Disk

For a thin disk [19] of thickness, the absorbed pump power
at the stress fracture limit is

(37)

assuming uniform pumping of a spot with areawhere the
pump spot diameter is larger than. Combining (24) and (37)
gives

(38)

which is the same as (26), as expected. The pump absorption
efficiency for the thin disk is

(39)

where is the number of passes of the pump light through the
crystal. Solving (39) for gives the constraint

(40)

and substituting into (38) yields

(41)

Improvement of the thin disk geometry is accomplished by de-
creasing subject to the limit imposed by (40) and increasing
the number of pump light passes.

E. Configuration Comparison

Now we can compare the figure of merit for each of the ge-
ometries. Comparing the power scaling figure of merit for the
two slab geometries gives the simple result

(42)

Therefore, the edge-pumped design is better by a factor equal to
the aspect ratio of the slab, which is always greater than one.

Comparing the edge-pumped slab to a side-pumped rod, we
find

(43)

For a gain medium with comparable minor dimensions ,
the edge-pumped slab has a higher figure of merit as long as the
aspect ratio is greater than 8/3.

Making the comparison of the edge-pumped slab to a thin
disk gives

(44)
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TABLE II
A COMPARISON OF THEVALUE OF THE FIGURE OFMERIT � = P =P FOR

THE FOUR CONFIGURATIONSDISCUSSED IN THETEXT*. L ARGER� INDICATES

THE POTENTIAL FOR OPERATION FARTHER ABOVE TRANSPARENCY

*The assumptions here are 15% pump reflectivityR , 80% pump absorption

� , a slab aspect ratio of 10, slab thicknesst = 1 mm, rod diameterd = 1

mm, and 16 pump light passesN through the thin disk.

So, in the worst case where , the slab is better if the
aspect ratio is larger than the number of thin disk pump light
passes . Currently the highest reported number of passes is 16
[20].

Table II shows the figure of merit for Yb : YAG pumped
at 940 nm. As expected, the figure of merit improves as the
temperature is decreased. Also, the edge-pumped slab and thin
disk configurations have higher than the side-pumped rod or
face-pumped slab.

IX. L ASER OSCILLATOR MODEL

We now present a model for the output power of an edge-
pumped quasi-three-level slab laser. The approach used below
is based on the theory of [33], altered to treat the case of an
edge-pumped slab. The model includes the effect of depletion of
the lower manifold, arbitrarily large gain and output coupling,
and the self-heating described by (7).

First we treat the case of multiple transverse mode oscilla-
tion, where the laser mode completely fills the slab. The overall
excitation rate of atoms from the lower manifold to the upper
manifold is then

(45)

and the overall de-excitation rate can be written by tracing the
mode around the cavity to track the stimulated emission and
then adding a spontaneous emission term

(46)

where
laser frequency;
output coupler reflectivity;
population inversion density on the laser transition;
one-way cavity loss;
laser output power.

is a zigzag overlap factor which measures the amount of beam
overlap in the zigzag path. varies from 1 when there is no
overlap at the bounce points (an infinitely small beam) to 2 when
there is complete overlap (a beam which totally fills the slab). At

steady state, the rate of excitation must match that of de-excita-
tion, so we equate (45) and (46) and solve for the output power

(47)

Next we find the value for the upper manifold population.
This is done by setting the round-trip gain of the resonator equal
to one, , solving for and using
the identity . The result is

(48)

where . The only other term in (47) that needs to
be found is . We generalize (2) to include depopulation of
the lower pump level by writing , where

is the fraction of the lower manifold atoms which are in the
lower pump level and is the fraction of upper manifold atoms
which are in the upper pump level. Using this relation for,
(48), and the conservation of atoms gives the result

(49)

where is given by

(50)
On their face, (47)–(50) provide an explicit solution for the
output power. However, all the Boltzmann population fractions
depend upon the absorbed pump power due to the self-
heating of the slab. Thus, (49) is really an implicit equation
which requires a numerical solution. We can avoid this difficulty
by assuming that the self-heating is proportional to the incident
pump power . This means that the heating will be somewhat
overestimated when the pump absorption is decreased by satu-
ration from its unsaturated pumping value. As a result, we un-
derestimate the output power at high pump powers. So long as
the pump absorption has not been drastically reduced, the ap-
proximation is a good one.

To model a TEM mode laser, we simply include a mode
overlap term in the overall efficiency. The final result is

(51)

A. Practical Limits

In addition to (51), the design of edge-pumped slab lasers
has some practical constraints. We have already mentioned heat
removal, thermal- and stress-induced distortions, and pumping
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Fig. 8. The predicted laser oscillator performance for a 1-kW edge-pumped
Nd : YAG slab laser.

uniformity. In addition, the area of the edge faces must be large
enough to accommodate the available pump light.

Parasitic oscillations and gain saturation by amplified spon-
taneous emission (ASE) also place a limit on the small-signal
gain in TEM oscillators. In low-repetition-rate pulsed lasers
with energy storage, the small-signal gain coefficient must be
kept below about [36], [37] to prevent significant
energy loss by this mechanism. The effect is not as severe in
CW oscillators, so, for the point designs that follow, we take

as a conservative limit.
As the width of the slab is increased beyond a few millime-

ters, laser extraction in a fundamental mode which fills the en-
tire width becomes difficult due to the large mode size required.
However, TEM output is still possible in these large aspect
ratio slabs. Folded resonator configurations that pass a smaller
beam through the slab at several positions can extract power
from a large fraction of the slab volume. In the next section,
we assume that resonator extraction can be modeled with the
single-mode overlap term . More detailed calculations of
extraction from end-pumped quasi-three-level lasers are pre-
sented in [34] and [38].

B. Point Designs

Using (51), we develop point designs at several power levels
in Nd : YAG and Yb : YAG. Also included is a calculation of the
small-signal gain, which requires a numerical solution for.
All the point designs meet the optimum pumping condition at
full pump power, as well as all the other constraints mentioned
above.

We take as a starting point the edge-pumped Nd : YAG slab
laser we have demonstrated, which generated 127 W of multi-
mode output power with 300 W of incident pump power. Ex-
tending this result one order of magnitude, we arrive at a point
design for a 1 kW Nd : YAG laser, shown in Fig. 8. All the point
designs assume and for a multimode oscillator
and and for a TEM oscillator. The other
parameters used in this design are shown in Table III, along
with the measured parameters from the demonstrated 127-W
edge-pumped slab. The calculated parameters in Table III are
found using the results derived earlier, with the exception of,

which is found by a comparison of the pumping area to the total
area of the edges

(52)

where is the maximum pump power required for the point
design and is the available pump brightness. The values
assumed for correspond to commercially available laser
diodes (50 W from a 440-m-diameter fiber gives
kW/cm ).

From Fig. 8, we see that the small-signal gain of the Nd : YAG
laser is approaching at 2 kW of pump power. Power scaling
of Nd : YAG is thus limited by the parasitic and ASE problems
mentioned above. However, with a smaller stimulated emission
cross section, Yb : YAG does not reach this gain limit until much
higher powers.

To illustrate the power scaling that is possible with the edge-
pumped design, we present three point designs for an edge-
pumped Yb : YAG slab. The parameters for these point designs
are also shown in Table III. Figs. 9–11 show the results for
1-, 10-, and 100-kW point designs in Yb : YAG pumped at 940
nm. Results for 968-nm pumping are similar, since the slightly
increased photon efficiency is offset by the lower absorption
cross section. By increasing the aspect ratio and decreasing the
doping, the edge-pumped slab can be scaled to high powers. No-
tice that the lasers stay at roughly the same proportion of stress
fracture, and the pump power density decreases as we move to
higher powers. Because of the lower pump power densities, the
average temperature increase in the 100-kW slab is lower than
in the 1-kW slab.

X. CONCLUSIONS

The edge-pumped zigzag slab laser geometry offers a ro-
bust, scalable laser design. By using separate crystal surfaces for
pumping, cooling, and laser extraction, each boundary can be in-
dividually optimized. A small pumping gradient along the slab
width results from exponential absorption of the pump light.
However, we have shown that, with proper choice of the ab-
sorption depth , the optical distortions due to the pumping
gradient are smaller than the distortions present in any zigzag
slab due to end effects.

For quasi-three-level lasers, an edge-pumped slab laser can
have a low threshold. The long path length along the width
for large aspect ratio slabs means that the doping can be re-
duced without compromising pump absorption efficiency. This
translates to reduced threshold which is critical for quasi-three-
level lasers. The edge-pumped slab is thus power scalable by
increasing the aspect ratio, which improves the cooling and re-
duces the doping. Comparison with existing quasi-three-level
laser geometries shows that the edge-pumped slab is capable
of operation much farther above threshold than either a face-
pumped slab or a side-pumped rod and is comparable to a thin
disk design. Moreover, it can operate at higher average powers.

Oscillator modeling of Yb : YAG edge-pumped slab lasers in-
cluding depletion of the lower laser manifold was performed.
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TABLE III
DESIGN PARAMETERS FOREDGE-PUMPED Nd : YAG AND Yb : YAG LASERS. ALSO SHOWN ARE THE MEASURED PARAMETERS

OF A DEMONSTRATED127-W EDGE-PUMPED Nd : YAG LASER

Fig. 9. The predicted laser oscillator performance for a 1-kW edge-pumped
Yb : YAG slab laser.

Fig. 10. The predicted laser oscillator performance for a 10-kW edge-pumped
Yb : YAG slab laser.

Point designs with comparable heat removal, pump power den-
sities, and overall efficiency at the 1-, 10-, and 100-kW output
power levels illustrate the scaling of the edge-pumped slab de-
sign. The most powerful aspect of edge-pumping a quasi-three-
level slab laser is the scaling that is possible by increasing the
slab aspect ratio and reducing the doping concentration.

Fig. 11. The predicted laser oscillator performance for a 100-kW
edge-pumped Yb : YAG slab laser.

APPENDIX A
CALCULATION OF THE CRITICAL THERMAL CONDUCTANCE

We treat the general case of an energy level structure with an
upper and lower manifold, with Stark splitting in each manifold.
Call the number of Stark split levels in the lower or ground
state manifold and the number in the upper manifold. Then
define as the energy difference between the ground state
and the th Stark level in the lower manifold. Similarly,
is the energy split between the lowest level in the upper man-
ifold and the th level in the upper manifold. The lower and
upper laser levels are singled out as and , respectively.
The Boltzmann population fractions and for the lower and
upper laser levels, respectively, are written as

(A1)

(A2)



216 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2000

In the limit that the thermal conductance is very large,
the average temperature of the slab remains fixed at the coolant
temperature and does not increase with absorbed pump power.
In this limit, we can write (12) as

(A3)

which is independent of .
In the limit that is small, increases rapidly with pump

power, and we can ignore and write

(A4)

We then proceed to expand (12) to first order in , which
becomes arbitrarily small as goes to zero. After some algebra,
we arrive at

(A5)

which is linearly decreasing with . Here is an effective
energy splitting that can be written as

(A6)

The critical conductance is found at the point where (A3) and
(A5) intersect. Setting these two equations equal and solving for

gives

(A7)
which is written as (13) in the body of the paper.

APPENDIX B

CALCULATION OF SLAB TEMPERATUREDISTRIBUTION

In this appendix, we derive the expression for the 2-D tem-
perature distribution in the slab cross section. We start with
the steady-state partial differential equation for conductive heat
transfer in an isotropic solid

(B1)

where is the heat generated per unit volume in the slab and
is assumed to be only a function of, as discussed in Section IV.
To keep the equation analytically tractable, we ignore any tem-
perature dependence of the thermal conductivity. Numerical
solutions for a uniformly pumped YAG slab witha function
of temperature can be found in [39]. We assume that the edge
faces are insulated so that the first two boundary conditions are

for (B2)

For the second pair of boundary conditions, we use Newton’s
law of cooling for the large TIR faces of the slab

for (B3)

for (B4)

where we have set . This only has the effect of offsetting
the entire solution by , which can simply be added back to the
final result. Next we expand the temperature in a Fourier series
in

(B5)

where , in order to automatically satisfy the
boundary conditions (B2). can then be expanded in a
similar series

(B6)

where the are computed using

(B7)

Substituting (B5) and (B6) into (B1) gives

(B8)

Using this equation, we can equate terms of equal order in
independently. For the terms, we have

(B9)

Solving this equation with the boundary conditions (B3) and
(B4) gives

(B10)

Similarly, the terms where are found from solving

(B11)

with the same boundary conditions (B3) and (B4). The result is

(B12)
All that remains is to find the Fourier coefficients of the pump
absorption distribution . For the heat per unit volume, we can
write

(B13)

where is known from (1). Application of (B7) using
(B13) gives the result

(B14)

where is the overall heating per unit volume and can be
written as

(B15)



RUTHERFORDet al.: EDGE-PUMPED QUASI-THREE LEVEL SLAB LASERS: DESIGN AND POWER SCALING 217

We now have all the pieces in place to write down the temper-
ature equation. Substituting (B10), (B12), and (B14) into (B5),
we get

(B16)

A result in the form of (5) needs an expression for the average
temperature . This is done by integrating (B16) over the slab
cross section. If we choose theintegration first, this is an easy
task, since all the terms integrate to zero. The end
result is

(B17)

where we have added the coolant temperature to provide an ab-
solute point of reference. By subtracting the second and third
terms in (B17) from (B16), we arrive at the second difference
temperature term in (5). Along the way, we also express every-
thing in terms of the pump power per unit length and the
dimensionless variables , , , , and

(B18)

A simpler expression for can be found if we ignore
the flow of heat in the direction. This approximation is valid
in the central region of the slab, more than one thickness away
from each edge, i.e., for the region . Of
course this means that what follows is only valid for slabs with
aspect ratios greater than 2. Instead of (B1), we ignore
and write

(B19)

Using the same Newton’s law of cooling boundary conditions
written as (B3) and (B5), we find

(B20)

and .
For calculation of the thermal lensing across the center

of the slab, we need , which is found by integrating
over the thickness. The result, including the explicit

expression (B13) for , is

(B21)

APPENDIX C

CALCULATION OF APPROXIMATESLAB STRESSDISTRIBUTION

Here we are interested in calculating a relatively simple ana-
lytic approximation for the stress developed in an edge-pumped
slab with pump absorption given by (B13). We begin with two
important assumptions. First, we invoke the plane strain approx-
imation [28], [40] to reduce the problem to two dimensions.
This is equivalent to assuming that the slab is infinitely long
with pumping and cooling independent of. As the point de-
signs in Section IX-B showed, the width of the slab begins to
approach the length in some cases. This means that the condi-
tions for plane strain are not perfectly met. However, the results
are still valid for order of magnitude scaling arguments.

The second approximation is to ignore the areas within
one slab thickness of the edge of the slab. According to
Saint–Venant’s principle, the boundaries at only
influence the stress within about one thickness of the slab edge.
Thus the results are valid in the central area of slabs with aspect
ratio of at least 2.

In the plane strain limit, the stresses can be found from the
Airy stress potential , which obeys the partial differential equa-
tion for a simply connected isotropic medium

(C1)

with boundary conditions

at (C2)

at (C3)

Using (B13), we write

(C4)

Begin by ignoring the partial derivatives with respect toin
(C1) and also the boundary condition at the slab edges, (C2).
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The validity of this approach is addressed below. The resulting
equation is

(C5)

which, using boundary condition (C3), has the solution

(C6)
Now we check the error by substituting (C6) back into (C1).

The three terms on the left-hand side are

(C7)

(C8)

(C9)

and, since is of order 1, . Thus, (C8) is at smaller
than (C7) by at least and (C9) is smaller by at least .
So we see that (C6) is a good approximation tofor reasonable
aspect ratios and absorption depths.

Now all that remains is to calculate the stresses. The shear
stresses and are zero since we have assumed that all
the surfaces are free. The two remaining stress components are
given by

(C10)

(C11)

so using (C.6) we arrive at the final result

(C12)

(C13)
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