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High-power single-mode solid-state laser with a
short, wide unstable cavity
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A wide, short unstable cavity laser design is proposed for high-power, single-longitudinal, single-transverse-
mode emission from a solid-state laser. Such a laser combines the single-mode master oscillator and the single-
mode amplifier in a single piece. Design formulas are suggested; the efficiency and conditions of the single-
longitudinal-mode operation are analyzed. Examples with Nd:YAG and Yb:YAG are considered. For a device
of a few millimeters wide, the slope efficiency of �50% and the threshold of a few watts are predicted. © 2005
Optical Society of America

OCIS codes: 140.3570, 140.3410, 140.3580, 080.2740, 140.3300, 140.3530.
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. INTRODUCTION
everal applications require the concentration of a high-
ower light source onto a small area. It can be important
or two-photon microscopy, the study of highly relativistic
aser–plasma interactions, and precise cutting in micro-

achining. This requires high-beam-quality, high-power
aser sources. Some applications (laser frequency stabili-
ation, interferometric gravitational-wave detection, or
pace communications) also require single-transversal-
ode (STM) and single-longitudinal mode (SLM) opera-

ion. The STM operation is difficult to obtain at high
ower when stable cavities are used. The powerful
ources of light emission sometimes combine a master os-
illator with a power amplifier1,2 or use unstable
esonators.3,4 Because of the relatively long length of
esonators, these lasers emit many longitudinal modes.
chievement of SLM operation in solid-state lasers re-
uires special efforts because the spatial hole burning
SHB) destabilizes the monochromatic standing wave.5,6

he ring cavities,7,8 twisting of modes,9 or even the
lectro-optical modulation10 allows for the avoidance of
he SHB. Most of single-mode lasers use the longitudinal
cheme of delivery of the pump. The mismatch of the
ump beam and the signal mode leads to low efficiency of
he device; typically, monolithic, isolated, single-mode,
nd-pumped ring oscillators7 dissipate �100 W to yield a
att of single-mode output.
Here we propose a short unstable cavity that makes it

ossible to achieve both SLM and STM operation with
igh efficiency. It includes a master oscillator and ampli-
er integrated in the same device as shown in Fig. 1. The
evice consists of a pie-shaped unstable cavity with offset
eometry, which provides STM oscillations, and input and
utput windows. The seed of laser oscillation takes place
n the small region where the plano—convex mirrors fac-
ng each other are parallel. Some part of this seed signal
eaks away from the seed region due to the convex reflect-
ng surface and is then amplified without feedback, as in

single-pass amplifier.
Such a scheme also allows transversal delivery of the
0740-3224/05/081605-15/$15.00 © 2
ump, similar to that considered in Ref. 11. Then the high
bsorption efficiency of the pump beam, required for the
fficient operation of the device, can be combined with the
hort length of the resonator, required for SLM operation.
he device shown in Fig. 1 has a flat bottom mirror that
an be placed on a heat sink. A large surface for cooling
llows power scaling. A large volume-to-length ratio may
lso be useful for the generation of energetic solitary
ulses of high quality.
The pie-shaped device shown in Fig. 1 may be difficult

o manufacture. The configuration shown in Fig. 2 should
e easier to realize. The pump is still confined in the ver-
ical direction. It should be focused to the optical axis of
he unstable cavity. This focusing can partially compen-
ate for the depletion of the pump because of the absorp-
ion in the active medium. Then the intensity will not
ary by much on the right-hand side of the device. As for
he left-hand side of the cavity, the already depleted pump
eam diverges, so the gain should be weak. The shape of
he pumped areas in Figs. 1 and 2 determines the direc-
ion and numerical aperture (NA) of the output signal in
he horizontal direction. The length h of the amplifier
thickness of the specimen) and magnification coefficient

of the resonator determine the NA of the output signal
n the vertical direction. An example of the signal ray
racing is shown in Fig. 3.

Recently, the tapered slab delivery of the pump to the
ctive fiber12–14 was suggested, which also provides an al-
ost constant pump intensity along the fiber laser; the

dvantages of such a delivery were also discussed. Here
e consider the solid-state analogy. We analyze the con-
itions when the intensities of both pump and signal re-
ain approximately constant during the propagation of

he pump from the input window to the seed region and
ropagation of the signal from the seed region to the out-
ut window.
In the standing-wave resonator, the single-mode opera-

ion is limited by the SHB.5,6 This SHB can be mitigated
ith a special coating of the surface of a mirror with bi-

efringent layers, which causes the twisting of
005 Optical Society of America
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olarization9 in such a way that the polarization of the
ave going forward is orthogonal to that of the wave go-

ng backward. This technique can be applied to our de-
ice. However, the birefringent coating may be not suit-
ble for the prototype of the device. Therefore in this
aper we consider both cases.
The efficient operation requires that the dimensions of

ur device, i.e., the radius of curvature of the convex mir-
or and the size of the output window, correspond to the
vailable pumping power, spectroscopic properties of the
edium, and mirror reflectivities. In Section 2 ray tracing

s used to estimate the size of the output window required
or efficient coupling of the generated light.

Fig. 1. Pie-shaped solid-state laser with an unstable cavity.

ig. 2. (a) Rays of the signal in a laser with an unstable cavity
umped laterally; (b) the pie-shaped pumped region can be
erged into a disk of an active medium.

ig. 3. Ray tracing in the unstable cavity and the resulting ge-
metry of the device.
. RAY TRACING
o predict the properties of a laser with an unstable reso-
ator, we have to estimate the magnification coefficient
nd the size of the output window. This window should be
arge enough to allow all the signal rays to get out, but
hould not be too large because we do not want to pump
he region where the signal does not go. Also, we should
stimate the parameters of the output signal beam. In
his section, we perform these estimates with the ray
racing method.

. Size of the Output Window
he aspect ratio of the width of the resonator to the

ength is large, so the Fresnel numbers are large, of the
rder of 106 for the cases considered below. Therefore geo-
etrical optics is applicable. Assuming that the seed re-

ion is small, we consider only the axial rays; we let them
e in the x ,y plane. We let the equation of the plane mir-
or be y=0 and that of the spherical mirror be x2+ �y−h
r0�2=r2, as shown in Fig. 3.
We consider rays that originate close to the optical axis.

o simplify the ray tracing, we consider the image of a
pherical mirror in the plane mirror. Then our resonator
ecomes equivalent to the symmetrical resonator consid-
red by Siegman,15 p. 875, example 22(a).

At the ith round trip, the ray comes to point �Xi ,Yi� at
he spherical mirror (or its image, as shown in Fig. 3)
ith an angle �i. The mirror at this point is inclined with
ngle �i=arcsin�Xi /r0�. After reflection, the angle of incli-
ation of the ray becomes

�i+1 = �i + 2 arcsin�Xi/r0�. �1�

his ray reaches the spherical mirror again at a point
ith coordinates �Xi+1,Yi+1� such that

Xi+1 − Xi = ti��Yi� − �Yi+1��, �2�

Xi+1
2 + ��Yi+1� − h − r0�2 = r0

2, �3�

here

ti = tan��i+1�. �4�

hen the appropriate solution of Eqs. (2) and (3) can be
xpressed as follows:

�Yi+1� = h +
r − �i − ��r − �i�2 − �1 + ti

2��i
2�1/2

1 + ti
2 , �5�

Xi+1 = Xi + ��Yi� + �Yi+1��ti, �6�

�i = �Xi + �Yi�ti + hti�ti. �7�

his solution is shown in Fig. 3 with thin lines. Then we
hoose the appropriate i, and, to release all the rays, we
ut the output window between the traced ray at the ith
teration and the ray at the �i+1�th iteration. This defines
he radius of the spherical mirror r1=Xi, the resulting
hickness of the device H= �Yi��h+r1

2 / �2r0�, and the ra-
ius of the device r2=r1+2ti�Yi�. This shape and the recon-
tructed rays are shown in Fig. 3 with thick lines. Such a
ay analysis gives the size of the output window r −r
2 1



a
d
c
t
o
v
t
m
e
p

a
l
s
p
c
o
b
d
l

t
v
s
m
4
r
s
g

o
h
s
p
h
s

s
o
A
s
A
a
p

T
t
a
o
s
p
b

w
i
i
A
c
s
o
s
s

s
t
o
n
l
1
c

E
o
g
o
T
p
s
d
m
t

B
T
t
e
p
m

i
p
T
t
n

F
r
=
a
l
s

Kouznetsov et al. Vol. 22, No. 8 /August 2005 /J. Opt. Soc. Am. B 1607
nd the divergence of the output beam ��i+1−�i� /2 and its
irection; it is inclined with angle ��i+1+�i� /2 to the opti-
al axis. As for the divergence of the beam in the horizon-
al plane, it should coincide with the angle of convergence
f the pump beam. However, the seed of generation pro-
ides rays in all directions, but only those rays that go
hrough the pump region are not depleted because of
agnification. In such a way, the ray tracing gives param-

ters for the design of the laser with a short cavity and
redicts the transversal properties of the output beam.
The angle �i+1 has no need to be small, as no paraxial

pproximation is used above. This angle may be even
arger than the angle of total internal reflection; then
ome output coupler (not shown in Figs. 1–3) with an ap-
ropriate refractive index is necessary. (The same output
oupler can also be used to equalize the divergence angle
r eliminate the possible astigmatism of the output
eam.) The input coupler in the bottom right corner of the
evice (Fig. 3) is not essential, but it allows us to avoid
osses of the pump in the region without a signal.

Variation of the number i of iterations or initial devia-
ion of the ray from the optical axis allows us to obtain
arious configurations of wide, short lasers with an un-
table cavity. The ratio r2 /r1 should be interpreted as the
agnification at the last trip. This ratio is plotted in Fig.
as a function of the ratio r1 /r0 for various values of the

atio h /r0. These graphics can be used to determine the
ize r2 of the device with given properties at the seed re-
ion.

The radius r2 of the laser is limited by the amplification
f spontaneous emission and parasitic oscillation. With
igh reflectivity of mirrors, the gain G can be relatively
mall, e.g., Gh�0.1. Therefore, at moderated values of
roduct Gr2, the radius r2 can be much larger than length
; so, from the point of view of manufacturing, such a la-
er is a thin disk.

ig. 4. Magnification M=r2 /r1=M�r1 /r0� as a function of the
elative size r1 /r0 of a spherical mirror for h /r0=0.039 [M�0�
1.196, thin curve] and h /r0=0.002 [M�0�=1.314, thick curve] as
result of ray tracing. The parameters suggested in the text for

asers with Nd and those with Yb are shown with a large and
mall circle, respectively.
The appropriate technology for the manufacturing of
uch a device can be the following. First, the flat surface
f the disk is polished and will be the bottom flat mirror.
fter the appropriate coating, the disk is glued to the heat
ink, and the upper surface is polished to curvature 1/r0.
fter measuring the resulting thickness h, the appropri-
te radius r1 of the mirror is chosen, and the specimen is
olished to plane with thickness

H = r0 − �r0
2 − r1

2�1/2 + h � h + r1
2/�2r0�. �8�

his thickness has no need to be precisely adjusted, but
he resulting radius r1 of the mirror should be measured
nd the required r2 should be evaluated with the results
f this section. Finally, the input window for the pump
hould be polished and the optional input and output cou-
lers (required in the strongly nonparaxial case) should
e glued.
An alternative technology may imply gluing the output

indow directly on the spherical mirror. This modification
ncreases the amount of material that needs to be pol-
shed out, but skips the polishing of the output mirror.
lso, at this modification, the edge of the spherical mirror
an be semitransparent, avoiding diffraction of the output
ignal at this edge and improving the beam quality of the
utput signal. The physics of such a modified device is the
ame; so, in the following, we refer to the initial scheme
hown in Figs. 1–3.

Although the paraxial approximation is not used in this
ection to determine the dimensions of the device, we use
his approximation in this paper to estimate the efficiency
f the device. In the paraxial case, the magnification does
ot depend on the radius r1 of the mirror, and the formu-

as above can be simplified. This case is considered in Ref.
5, p. 875, table 22.1a. In our notations, the magnification
oefficient is

M =
Xi+1

Xi
= 1 + 2� h

r0
�1 +

h

r0
	
1/2

+ 2
h

r0
. �9�

quation (9) can also be obtained by asymptotic analysis
f Eqs. (1)–(7). It corresponds to the left-hand side of the
raphics in Fig. 4. In this approximation, all the output
riginates from the same virtual point �0,−�h�h+r0��1/2�.
his point is called the virtual source; the size of the out-
ut window determines the NA of the output signal. In
uch a way, the spatial properties of the output beam are
etermined by the geometry of the device. The basic for-
ulas of this section and examples of values are given in

he bottom half of Table 3.

. Seed Region and Beam Quality of Pump
o describe the properties of the suggested laser, we need
o estimate the size of the seed region. Then we use this
stimate to formulate the criteria for the properties of the
ump beam, NA, and the beam quality, which allow al-
ost uniform illumination of the region required.
For scaling to the high power, the noncoherent combin-

ng of several pump beams makes the divergence of the
ump beam much stronger than the diffractional limit.
he geometry of a scalable laser should take into account

his property. For the laser shown in Fig. 2, we do not
eed to pump the whole domain; only one sector of the
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isk should be pumped. Then the pump should be focused
nto the optical axis. This focusing can partially compen-
ate the depletion of power of the pump; then the active
edium will work in the most efficient regime, providing

ood performance of the device.
The size of the seed of the laser oscillation at the optical

xis can be estimated using the concept of the equivalent
resnel number (see Ref. 15, p. 872). Consider a similar
avity with small mirror of size w. In our case, the equiva-
ent Fresnel number can be expressed as

Neq =
nw2

2h�s
�M −

1

M
	 , �10�

here n is the refractive index, h is the length of the reso-
ator (or half-length if we consider the equivalent ex-
anded symmetric resonator, as shown in Fig. 3), and M
s the magnification coefficient considered in Subsection
.A. This Neq measures the optical length difference, in
nits of �s, between the edge of the mirror and the wave

ront that touches the mirror at the optical axis. This pa-
ameter is crucial for the behavior of unstable cavities, as
t determines losses L of the principal mode. At high val-
es of Neq�1, the losses are determined by the magnifi-
ation coefficient M and the reflectivity R of the mirrors;
−L=R2 /M2. (We assume that both mirrors have equal
eflectivity.) As we reduce Neq, the losses show oscilla-
ions, but at Neq�1 the losses L increase and the quality
f the resonator quickly decays. To avoid strong losses,
he pump should illuminate the first equivalent Fresnel
one, which would correspond to Neq=1. This gives an es-
imate of the waist of the pump at the optical axis:

w = � 2h�s/n

M − 1/M
	1/2

. �11�

here is no reason to focus the pump beam to the strip
uch narrower than this w because the losses of the sig-
al mode due to the cutting at the edges of the gain will
reatly offset the increase of gain due to the strong pump
ocusing. Therefore this w can be interpreted as the waist
f the pump beam in the horizontal direction.

In the case of a pump ray with diffractional quality, this
ould correspond to the pump beam with a convergence
ngle �p /nw. However, at the combining of m pump
eams in a row, the angle would be at least q−1=m /2
imes larger. The pump is supposed to be confined in the
ertical direction; the factor 2 appears in the denominator
ecause of the possibility to combine beams with both po-
arizations. The parameter q can be interpreted as the
eam quality of the pump. (Sometimes the notation M
actor is used instead of 1/q, but we use the notation q to
void confusion with magnification M of the resonator.)
hen the angle

NA =
�p

nqw
�12�

hould be interpreted as the NA of the pump beam inside
he medium. The NA of the incident beam can be recalcu-
ated from this NA, taking into account the shape of the
nput window (it can be a plane and it can be cylindrical
s shown in Fig. 1).
As is mentioned in Refs. 12 and 13, the medium works
specially efficiently if the depletion of the pump is com-
ensated with its concentration in such a way that the
ump intensity remains approximately constant. Let us
ormulate the conditions of an approximately constant in-
ensity for our case. The spot size w�z� of the Gaussian
eam can be expressed as follows:

w�z� = w0�1 + � �z

�qw0
2	2
1/2

, �13�

here w0=2�p /q�NA is the waist of the pump beam. (For
diffraction-limited pump, we would have q=1 and the
aist w would be the same as in the case of a coherent
aussian beam.15) In the absence of absorption, the in-

ensity versus length z of propagation would behave as
/w�z�. The pump is confined between two mirrors, so we
eglect the dependence of the pump intensity along the
ptical axis of the resonator. Only diffraction in the plane
f the mirror takes place. Then the reduction of w may
artially compensate depletion of power in such a way
hat the intensity remains almost constant. However, the
unction 1/w�z� cannot completely compensate the expo-
ential decay of the pump power because of absorption,
ut the approximate compensation takes place at

exp�− Ar2� =
w

NA r2
, �14�

here A is the saturated absorption of the pump. We as-
ume that the beam quality of the pump

q =
�p

2nw NA
�15�

llows its focusing onto a strip of width 2w at the optical
xis of the cavity. The distribution of intensity of the
ump in the plane orthogonal to the optical axis of the
esonator can be approximated as follows:

Ip�x1,x2�

Ip�0,r2�
� u�x1�exp�− � x2

w�x1�
	2
 ,

u�r� =
r2 exp�Ar�

�r2
2 + �exp�2Ar2� − 1�r2�1/2

. �16�

unction u�r� by approximation (16) is plotted in Fig. 5(b).
t positive values of r, this parameter can be interpreted
s a radial coordinate of the cylindrical system centered
t the optical axis of the resonator. For comparison, in
ig. 5(b) we plot the exponential profile with the same
ecrement A, which would take place if the pump was not
ocused. Two vertical lines at r= ±0.04 mm mark the typi-
al size of the seed area of the resonator shown in Figs.
–3. For a �p=80% absorption efficiency, the variation of
ntensity does not exceed 15%.

. Properties of the Signal Beam
e expect the output to be a single transverse mode. We

uggest a short speculation in favor of this expectation. In
he seed region, the field of the signal is paraxial, and the
caling transformation of a mode 	 at the round trip can
e written as follows:
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	�x� →
R exp�Gh�

M
	� x

M
	 , �17�

here x= �x1 ,x2� and x1 , x2 are transversal coordinates.
The principal mode gets magnified with coefficient M,

hich reduces its intensity M2 times. This reduction, to-
ether with losses at the mirror, is compensated by the
ain. The principal mode of the resonator is almost flat in
he vicinity of the optical axis, 	�constant. The transfor-
ation of relation (17) should be identical for the princi-

al mode as this determines the saturated gain G in
erms of the parameters of the resonator.

In the seed region, the first excited mode is approxi-
ately proportional to some coordinate x̃, which is a lin-

ar combination of x1 and x2 shown in Fig. 5(a). Such a
ode can be written as

	1�x� = x̃
f�x�, �18�

here 
f�x� is a smooth function. The substitution of Eq.
18) into relation (17) yields

x̃
f�x� →
R exp�Gh�

M

x̃

M

f� x

M
	 . �19�

e can see that the amplitude of mode 	1 gets an addi-
ional factor 1/M at each round trip. At values of the mag-
ification coefficient M�1.2, we have good conditions for
iscrimination of higher transverse modes.
Consider now the behavior of the principal mode out-

ide of the region of the seed of generation. This region is
arked with a circle in Fig. 5(a). Outside of the seed re-

ion, we can use geometrical optics. The projection of one
ay of a signal originating at the seed region is shown
ith a dashed line. This ray feels almost constant pump

ntensity. The significant difference in intensity appears
nly for rays that are well out from the aperture of the
ump beam; they quickly leave the pumped region. This

ig. 5. Example of distribution of intensity in the vicinity of the
ump beam, calculated by approximation (16). (a) Contour lines
f pump intensity focused from radius r2=2 mm with a NA of
.091 into the seed region (shown by the circle) or radius w
0.04 mm; levels exp�−1�, 0.6, 0.8 are marked. (b) Distribution of

ntensity along the direction of propagation of the pump. The
olid curve is the profile of intensity u�r� for r2=2 mm, A
0.769/mm. The dashed curve is the exponential profile
xp�−A�r2−r��.
ustifies our statement that most of the signal should be
mitted in the direction of the pump (see Figs. 1 and 2)
ith the same aperture.
Each ray of signal, originating in the seed region, feels

ome pump intensity almost constant along its propaga-
ion in the medium. The different rays of signal may have
ifferent intensities, but the same phase, as they come
rom the diffraction-limited spot. The difference in inten-
ities does not cause the diffraction because of huge
resnel numbers. Therefore we can consider each ray in-
ependently in the approximation of constant intensity.
To estimate the properties of the output signal, we use

he paraxial approximation. In this approximation, all the
ays of the signal come from the same virtual point at the
ptical axis of the resonator. This point is localized at dis-
ance

Z0 = ��r0 + h�h�1/2 �20�

rom the plane mirror. While h�r0, we can estimate the
A of the output signal beam

NA1 = �r2 − r1�/�2Z�, NA2 = NAp/�Z� �21�

n two directions, where Z=Z0 /n and n is the index of re-
raction. In general, the output signal beam may have
stigmatism, so we specify two values of the NA.
The output of the signal is expected to be single mode.

n the paraxial approximation, such a laser should also
rovide good beam quality at the output. As mentioned in
ection 1, the laser has no need to work in the paraxial
egime. The output of such a nonparaxial device may be
ingle mode, but the beam quality may be nonideal. How-
ver, it can be corrected with a passive output coupler.
he single-mode output of a nonparaxial laser can be con-
erted to high beam quality by using a passive element.16

he analysis of such a correction is outside the scope of
his paper.

In this paper we estimate mainly the slope efficiency of
he proposed laser. This slope efficiency is the same for all
ays within the aperture of the pump. Being well pumped,
uch a laser provides a signal with an intensity profile
hat follows the profile of the pump, and the projection of
he virtual point is the center of the seed region. There-
ore, to estimate the slope efficiency, we have no need to
onsider many rays. We may estimate the slope efficiency
or the central ray [its projection coincides with axis x1 in
ig. 5(a)] and extrapolate the estimate to the whole de-
ice. In this approximation, the saturated gain is deter-
ined by the magnification of the resonator and the re-
ection coefficient R of the mirrors.
Assuming the uniform distribution of intensities along

he ray of the signal, we conclude that

R2

M2exp�2Gh� = 1, �22�

here G is the saturated gain and R is the reflection co-
fficient; we assume that this coefficient is the same at
oth mirrors of the resonator. However, we need some
odel of the gain medium to estimate the intensity of the

ignal at which the gain G satisfies Eq. (22).
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. MODEL OF THE MEDIUM
n this section we analyze the simple model with two
anifolds of levels. We apply this model to the case of
d:YAG and Yb:YAG ceramics. This approximation

eems to work well not only for Nd:YAG4,8,9 and Yb:YAG2

ut also for media made of different host–dopant combi-
ations (e.g., Nd:YVO4 or Er:silica at moderated
oncentrations17) can be described with the same equa-
ions below.

. Local Rate Equations
ssume that the medium has two manifolds of levels such

hat all the relaxation processes within each manifold are
ast in comparison to the rates of transition between these
wo manifolds. Let N be the concentration of active cen-
ers, � be radiative lifetime of the upper laser manifold,
nd 
a��� and 
e��� be the effective cross sections of ab-
orption and emission at wavelength �.

Let n1 and n2 be the relative populations at the lower
nd upper manifolds, n1=N1 /N , n2=N2 /N. Then n1+n2
1. The kinetic equations for these populations can be
ritten as follows:

�n2/�t = − Wun1 + Wdn2, �23�

�n1/�t = Wun1 − Wdn2, �24�

here

Wu =
Ip
ap

��p
+

Is
as

��s
, Wd =

Ip
ep

��p
+

Is
es

��s
+

1

�
�25�

re the transition rates for the absorption and relaxation.
ere Ip and Is are local intensities of pump and signal; 
ap
nd 
ep are effective absorption and emission cross sec-
ions at frequency �p of pump; and 
as and 
es are the
ame for the signal frequency �s. The steady-state solu-
ion for n1 and n2 can be written as follows:

n1 =
Wd

Wu + Wd
, n2 =

Wu

Wu + Wd
. �26�

Let the medium be pumped at wavelength �p, and let it
ase at wavelength �s, so �p=2�c /�p , �s=2�c /�s, where c
s the speed of light. The dynamic saturation intensities
an be defined as follows:

Ipo =
��p

�
ap + 
ep��
, Iso =

��s

�
as + 
es��
. �27�

e define the absorption at strong signal A0 and gain at
trong pump G0 as follows:

A0 =
ND


as + 
es
, G0 =

ND


ep + 
ap
, �28�

here

D = 
ap
es − 
ep
as. �29�

hen the local absorption of pump A=N�n2
ap−n1
ep�, lo-
al gain G=N�n2
es−n1
as�, and local quantum efficiency
q and local efficiency of medium �m can be expressed as

ollows:
A = A0

U + s

1 + p + s
, G = G0

p − V

1 + p + s
, �30�

�q =
1 − V/p

1 + U/s
, �m =

IsG

IpA
=

�p

�s
�q, �31�

here p=Ip /Ipo , s=Is /Iso , U= �
as+
es�
ap/D , V= �
ap

ep�
as/D. As U−V=1, Eqs. (30) lead to the following

dentity:

A

A0
+

G

G0
= 1, �32�

hich simplifies the analysis.
In the steady-state cw generation, the gain compen-

ates the losses; and Eq. (22) determines the gain G. Then
q. (32) defines the absorption A. Also, we can express the
orresponding intensity of the signal as a function of the
ntensity Ip of the pump using the second Eq. (30). This
ill lead to the estimate of the efficiency of the laser. The
ppropriate weighting of the local efficiency of the me-
ium by Eqs. (31) can be used to deduce an independent
stimate of the efficiency of the laser.

. Nd:YAG and Yb:YAG
he properties of the medium depend mainly on the emis-
ion and absorption cross sections of the working transi-
ions. For the ceramics available, the absorption and
mission rates were measured; the resulting spectra of
mission and absorption are shown in Fig. 6.

One objective is to provide simple estimates of quanti-
ies relevant to the design of such a laser. Therefore we fit
he cross sections with elementary functions. For
d:YAG we use


a��� � f0��/nm� � 10−20 cm2, �33�


e��� � f1��/nm� � 10−20 cm2, �34�

here

ig. 6. Affective absorption and emission cross sections for
d:YAG and Yb:YAG (solid curves); fits of approximations (33)
nd (34) for Nd and approximations (36) and (37) for Yb (dashed
urves).
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fj�x� = 

m=1

Kj aj,m

1 + �x − bj,m

cj,m
	2 , j � �0,1�. �35�

he parameters of these fits are given in Table 1.
For Yb:YAG, the McCumber theory (see Ref. 17, pp.

04–105) allows one to approximate two functions with
he same fit:


a��� � f3��/nm�exp��/� − �/�0� � 10−20 cm2, �36�


e��� � f3��/nm�exp��/�0 − �/�� � 10−20 cm2, �37�

f3�x� = 

m=1

5 am

1 + �1/x − 1/bm

cm/bm
2 	2 , �38�

here �=��c /KBT; �0=964.6 nm; T=300 K is the tem-
erature; KB is the Boltzmann constant; and parameters
m , bm , cm are found in Table 2. These fits are shown in
ig. 6 with dashed curves. They satisfactorily reproduce
ross sections around the pump and signal wavelengths.
hese fits will be used for the analysis of the efficiency
nd stability of the SLM generation.

. Spatial Hole Burning
he interaction of coherent waves inside a laser causes
HB. This effect slightly reduces the efficiency of
tanding-wave lasers and may cause instabilities of the
ingle-mode generation. The weak signal with a slightly
ifferent wave vector may have an advantage, as the
axima of its intensity are not correlated with the
inima of gain. Here we analyze the conditions of the
LM generation.
Let I1 and I2 be the intensities of counterpropagating

aves of the signal and s1=I1 /Iso s2=I2 /Iso be the corre-
ponding normalized intensities. The efficient diffusion of
xcitations in the active medium discussed in Ref. 18, or

Table 1. Parameters of the Fits of Eqs. (33)–(35)

j Kj m aj,m bj,m cj,m

0 3 1 3.4 805.0 1.4
2 7.1 808.5 0.7
3 2.5 812.8 1.0

1 4 1 19.4 1061.431 0.24
2 23.9 1064.047 0.29
3 9.9 1064.42 0.28
4 3.7 1068.09 0.6

Table 2. Parameters of the Fit of Eq. (38)

m am bm cm

1 0.13 929.0 8.5
2 0.38 941.0 4.0
3 0.78 968.7 1.4
4 0.21 1024.5 4.0
5 0.36 1029.8 2.3
he forced displacement of the interference picture used
n Ref. 10, as well as orthogonal polarization of the coun-
erpropagating waves (twisted modes),9 eliminate the
rating produced by the counterpropagating waves. In
his case, no SHB takes place; the medium feels only the
um of the intensities, the effective gain is the same for
oth waves, and Eqs. (30) and (31) can be used with the
ubstitution of s=s1+s2.

In the case when the response of the medium is local
nd when the counterpropagating waves have the same
olarization, the formulas above overestimate the gain,
ocal absorption rate, and efficiency. This case is analyzed
n Refs. 5, 6, and 18. For our model, this analysis gives
he following expressions for the absorption rate A, the
ain of the first wave G1, and the quantum efficiency of
he medium:

A = A0

1

�
�

0

� U + s1 + s2 + 2�s1s2 cos���

1 + p + s1 + s2 + 2�s1s2 cos���
d�

= A0�1 −
1 + p − U

��1 + p + s1 + s2�2 − 4s1s2�1/2� , �39�

G1 = G0

1

�
�

0

� 1 + �s2/s1 cos���

1 + p + s1 + s2 + 2�s1s2 cos���
d�

= G0

p − V

2s1
�1 −

1 + p + s2 − s1

��1 + p + s1 + s2�2 − 4s1s2�1/2� , �40�

�q =
1 − V/p

1 +
U

��1 + p�2 + 2�1 + p��s1 + s2� + �s1 − s2�2�1/2 − 1 − p

.

�41�

he effective gain of the second wave can be obtained
rom Eq. (40) by substituting the subscripts 1 and 2. Note
hat at s2=0, Eqs. (39)–(41) are equivalent to Eqs. (30)
nd (31), and Eq. (32) becomes valid again.
The uncorrelated field at wavelength � feels the mean

ain

G̃ = G̃��� =
N

�
�

0

�

�n2
e��� − n1
a����d�, �42�

here the populations n1 and n2 are evaluated by Eqs.
25)–(27) in substitution Ip=Ipop , Is=Isos for the normal-
zed pump intensity p and the normalized signal intensi-
ity s=s1+s2+2�s1s2 cos �. Performing the integration, we
btain

G̃��� =
1

b
�d +

bc − ad

�a2 − b2�1/2
 ,
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where �
a = 1 + p + s1 + s2

b = 2
1�s1s2

c = 
2p − 
a + 
1�s1 + s1�

d = 
1�s1 + s2�


1 =

as
e − 
es
a


as + 
es


2 =

ap
e − 
ep
a


ap + 
ep


a = 
a���; 
e = 
e���

� . �43�

his expression is used in Section 4 for the stability
nalysis of the single-mode oscillation.
In the case s1=s2, we substitute each of these two in-

ensities to s /2. Then

A = A0�1 −
1 + p − U

��1 + p�2 + 2�1 + p�s�1/2� , �44�

G1 = G0

p − V

s �1 −
1 + p

��1 + p�2 + 2�1 + p�s�1/2� , �45�

�q =
1 − V/p

1 +
U

��1 + p�2 + 2�1 + p�s�1/2 − 1 − p

. �46�

quation (46) shows that, for the efficient operation of a
edium with SHB, it is not sufficient that p�V and s
U (as in the case without SHB); we should also have
/ �p+1� / �1+2s / �1+p��1/2−1�1.
For small values of s, Eq. (45) is not very good; we sug-

est

G1 = G0

2�p − V�

1 + p + 2s + ��1 + p��1 + p + 2s��1/2 . �47�

he deduction of Eq. (47) from Eq. (45) could be a good
xercise for students. The representation in Eq. (47) is
sed in Section 5 to extract the normalized intensity s of
he signal as a function of G and p.

We collect the notations and basic formulas of this sec-
ion in the first part of Table 3 and suggest two examples
f values of the parameters for Nd:YAG and Yb:YAG.
hese formulas together with the fits of Eqs. (33)–(38) de-
cribe the behavior of the medium in terms of elementary
unctions, and this description is not specific for our laser
onfiguration.

. MODEL OF THE LASER
n this section we combine the results of Sections 2 and 3
o describe the laser. First we neglect the SHB. Then we
how that SHB has a minimal change on the estimate of
he efficiency. Then we analyze conditions of the single-
ode operation.

. Laser without Spatial Hole Burning
ssume that the medium feels the total intensity of the
ignal as the sum of intensities of the wave going forward
nd the wave going backward. In the steady-state cw re-
ime, the gain is determined by the properties of the reso-
ator. From Eq. (22), we obtain

G =
ln�M/R�

h
. �48�

Equations (48) and (32) allow us to express the local ab-
orption rate as

A = A0�1 −
ln�M/R�

G0h

 . �49�

hen we can estimate the absorption efficiency of the
ump:

�p = 1 − exp�− Ar2�. �50�

his gives an estimate for the reasonable size of the de-
ice. To provide efficient absorption of the pump in the
ain medium, the radius r2 of the device should be of the
rder of 1/A or greater.

To estimate the resulting efficiency of the laser, we
eed to express the intensity of the signal in terms of gain
nd the pump intensity. Solving the second Eq. (30) with
espect to s, we obtain

s = �G0

G
− 1	p −

G0

G
V − 1 = �i�p − pt�, �51�

here the coefficient �i=ds /dp can be interpreted as some
ormalized slope of intensity (this slope has no need to be
maller than unity), and pt= ��G0 /G�V+1� /�i is the nor-
alized threshold pump intensity.
While we know the relative sizes of the input and out-

ut windows and relations Is=sIso and Ip=sIpo between
he normalized intensities and the intensities, we can ex-
ress the power of the pump in terms of the normalized
ump intensity and the same of the signal:

Pp = 2L�r2 − r1�Isop, �52�

Ps = L�r2 − r1�Isos. �53�

hese formulas take into account the fact that only half of
he signal intensity goes to the mirror with an output
indow (up in Figs. 1–3, whereas the whole pump power
oes through the input window.

Combining Eqs. (51)–(53), we express the output signal
ower in terms of input pump power:

Ps = �slope�Pp − Pth�, �54�

here

Pth = 2LhIpopt �55�

hould be interpreted as the threshold pump power, and

�slope = �G0

G
− 1	 Iso

Ipo

r2 − r1

2h
�56�

hould be interpreted as the slope efficiency. In Eq. (56)
he output power is a linear function of the input power.

Let us analyze the error of our estimate. The actual in-
ensity of the pump varies according to the profile shown
n Fig. 5; let u and u be the minimal and maximal val-
− +
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Table 3. General Properties of Media and Examples of Resonators

uantity Expression Example Nd:YAG Example Yb:YAG

ifetime � 0.25�10−3 s 0.97�10−3 s

tomic concentration Nat 1% 10%

oncentration N 1.380�1026 m−3 26.660�1026 m−3

ndex of refraction n 1.820 1.820

ump wavelength �p 808.5 nm 940.0 nm

ignal wavelength �s 1064.2 nm 1029.6 nm

ump absorption cross section 
ap=
a��p� 7.6972�10−20 cm2 0.8738�10−20 cm2

ump emission cross section 
ep=
e��p� 0.0001�10−20 cm2 0.1917�10−20 cm2

ignal absorption cross section 
as=
a��s� 0.0002�10−20 cm2 0.1021�10−20 cm2

ignal emission cross section 
es=
e��s� 26.2989�10−20 cm2 1.8988�10−20 cm2

ump saturation intensity Ipo =
2��c

��p�
ap + 
ep� 127.7 W/mm2 204.5 W/mm2

ignal saturation intensity Iso =
2��c

��s�
as + 
cs� 28.4 W/mm2 99.4 W/mm2

eterminant of cross sections D=
ap
es−
ep
as 202.43�10−40 cm4 1.64�10−40 cm4

aximal pump absorption Amax=N
ap 1.0622 mm−1 2.3295 mm−1

ump absorption at strong signal A0=ND / �
as+
es� 1.0622 mm−1 2.1846 mm−1

ignal gain at strong pump G0=ND / �
ap+
ep� 3.6292 mm−1 4.1026 mm−1

ormalized displacement of signal U= �
as+
es�
ap /D 1.000007 1.066343

ormalized displacement of pump V= �
ep+
ap�
as /D 0.000007 0.066343

edium transparency threshold Ipt=IpoV 0.0 W/mm2 13.6 W/mm2

ignal needed for efficiency Isf=IsoU 28.4 W/mm2 106.0 W/mm2

ength of resonator h 0.75 mm 0.16 mm

adius of device r2 2.00 mm 1.50 mm

adius of curvature r0 40 mm 20 mm

agnification M = 1 + 2� h

r0
�1 + h

r0
�
1/2

+ 2 h
r0 1.314 1.196

istance to virtual source Z= �h�r0+h��1/2 /n 3.038 mm 0.987 mm

ize of seed w = � 2�sh/n

M − 1/M
	1/2

0.040 mm 0.022 mm

eflection factor of the mirrors R 0.95 0.95

aturated gain G =
ln�M/R�

h 0.432 mm−1 1.437 mm−1

fficiency of signal coupling �s =
M − 1

M − R 0.863 0.796

imensionless threshold pt =
VG0 + G

G0 − G 0.1353 0.6413

ump intensity threshold Ipr=ptIpo 17 W/mm2 131 W/mm2

adius of mirror, paraxial r1=r2 /M 1.52 mm 1.25 mm

adius of device, ray tracing r2 2.03 mm 1.68 mm

ize of output window, paraxial r2−r1 0.48 mm 0.25 mm

ize of output window, ray tracing r2−r1 0.52 mm 0.33 mm



u
c
a
=
d
t

l
n
t
w
c
o

t
d
t
e
b
t
t
c
e
fi
c
t
s
t
e

t
p
i

m
d
o
p
c

w
c
l

F
t
t
s
t
f
m
t

e
e
m
e
s
T
o
t

F
e
−
e s

1614 J. Opt. Soc. Am. B/Vol. 22, No. 8 /August 2005 Kouznetsov et al.
es of the intensity profile shown. Applying these coeffi-
ients to the estimate above, we obtain both the optimistic
nd the pessimistic estimates of the slope efficiency �±
�slopeu±. These estimates are shown in Fig. 7 with
ashed curves; they can already be used for the predic-
ions of the properties of such a device.

The optimistic estimate shows almost linear growth at
arge values of r2; the pessimistic one shows almost expo-
ential decay, and some reasonable average between
hem could give a reasonable fit of experimental data. As
e still lack such data, the heuristic weighted estimate

ould be useful. Such a heuristic estimate can be obtained
n the basis of the law of conservation of energy.

In the estimates above, we were tracing the power as it
ransfers from pump light at the input window to the me-
ium, then to the signal light inside the cavity, and then
o the output window. We can also trace the losses of en-
rgy. Not all the pump light is absorbed by the medium
efore the seed region. The medium does not convert all
he power to the signal. Not all the signal power reaches
he output window. We already have estimated the effi-
iency �m of the medium; in our approximation, the slope
fficiency of the medium is just the quantum defect coef-
cient �p /�s. We have also estimated the absorption effi-
iency �p of the pump [see Eq. (50)]. Hence, we should es-
imate the efficiency �s of the output coupling of the
ignal. The product of these three estimates is an addi-
ional (and, in some sense, independent) estimate of the
fficiency of the device.

To estimate �s, note that the output power is propor-
ional to the area of the window �r2

2−r1
2� NA. The absorbed

ower is proportional to the product of the area of mirrors
lluminated and the loss coefficient �1−R�. The area of

ig. 7. Upper graphics: Pump threshold power Ppt by Eq. (41)
fficiency without hole burning. The two dashed curves sho
r1 /2h�u±. The thin solid curves show independent estimate �3=
stimates above; the corresponding error bars are cut at �=�p /�
irrors exposed to the signal is r1
2 NA for the upper win-

ow and 0.25�r1+r2�2 NA for the lower window. The ratio
f output power to the sum of output power and absorbed
ower gives the estimate of the efficiency of the output
oupling:

�s =
�r2

2 − r1
2�

�r2
2 − r1

2� + r1
2�1 − R� + � r2 + r1

2
	2

�1 − R�

=
M − 1

M − R + O
,

�57�

here O= �R−1��M−1�2 / �4�M+1�� is small; in the typical
ase, it is smaller than 10−3, so we replace it by zero. (Re-
ation r2=Mr1 was used.)

The estimate �3=�p�m�s is shown in the lower part of
ig. 7 with thin solid curves. This estimate shows the por-

ion of total power that goes to the signal. The overlap of
he signal with the pump is not complete, especially at
mall values of r2, so not all the signal goes to the NA of
he pump. For this reason, at small values of r2 the curve
or �3 is higher than both optimistic and pessimistic esti-

ates that count only the signal that goes to the same NA
hrough which the pump goes through.

The sources of error of the estimates �+, �− are differ-
nt from those of the estimate �3. Therefore we can treat
stimates �−, �+, �3 as if they were independent experi-
ental data and calculate some mean value and plot the

rror bars. The mean geometric value �4= ��+�−�3�1/3 is
hown in the lower part of Fig. 7 with thick solid curves.
he error bars correspond to the mean-square deviation
f the logarithm of the estimate. These error bars indicate
he shadowed confidence interval in lower parts of Fig. 7.

e case with Nd and Yb. Lower graphics: Estimates of the slope
optimistic and pessimistic estimates �±=Iso /Ipo��G0 /G�−1��r2
�p�s. The thick curves show the mean geometric values of three
for th
w the
��s /�p�
.
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n the case of Yb, these error bars exceed the quantum
imit, so the upper part of the error bars was truncated.

In Eq. (57) we ignored the fact that, in the region close
o the output window, the laser works as a single-pass
mplifier. In this region, s2=0; therefore the gain is
lightly larger than Eq. (48) suggests. This effect may pro-
ide an additional improvement of the efficiency of active
nstable resonators that work far from the paraxial re-
ime. In addition, in the paraxial approximation, we do
ot take into account the increase of the optical path of
he signal between reflections for nonparaxial rays, which
eads to an increase in the signal intensity. Also, the in-
rease of the size of the output window compared to the
araxial estimate may improve the performance of the de-

Table 4. Parameters of a Laser w

uantity Expression

symptotic ratio s /p �i =
G0

G − 1

aturated absorption A = A0�1 − G
G

symptotic ratio Is /Ip
�I = �i

Iso

Ipo

fficiency of pump coupling �p=1−exp�−
ize of pumped spot L = w

1−�p

ump power threshold Ppr=2hLIpr

lope efficiency, direct estimate �d =
�I�r2−r1�

2h

lope efficiency, independent estimate �3= ��p /�s��
A of pump suggested NA=L /r2

eam quality required q=�p / �2nwN

ump intensity profile u�r� =
ex

�r2
2+�exp

A of signal NA1= �r2−r1

A of signal NA2=L / �2Z
ormalized pump intensity p (example)
ump intensity Ip=pIpo

nput pump power Pp1=2LhIpo

nput pump power Pp2=2LhIpo

ormalized signal intensity s = �G0

G − 1�p

ignal intensity Is=sIso

utput signal power Ps= �r2−r1�L

ocal efficiency of medium �m =
IsG

IpA�m =

ocal gain (checkback) G = G0
p−V

1+p+s

ocal absorption (checkback) A = A0
s+U

1+p+s

fficiency, pessimistic estimate �−=Ps /Pp1

fficiency, optimistic estimate �+=Ps /Pp2

fficiency, independent estimate �3=�s�p�m

fficiency, balanced estimate �4= ��+�−�3�
ice. The effects mentioned may cause an increase in the
fficiency compared with the estimates above.

For the parameters of a laser without SHB, see Table 4.

. Laser with Spatial Hole Burning
he consideration of Subsection 4.A ignores the inhomo-
eneity of gain caused by the SHB. Now we consider the
ase with SHB. Assume the reflectivity R of both mirrors
o be high (0.95 in the examples considered) and the mag-
ification coefficient to be small (say, less than 1.4). Then
he intensities of the counterpropagating waves of the sig-
al are almost equal, and we can use Eqs (44)–(47). We
ssume some constant pump intensity Ip and calculate p
Ip /Ipo. Using Eq. (47), we obtain

ut SHB and Examples of Values

Value, Nd:YAG Value, Yb:YAG

7.393 1.855

0.936 mm−1 1.419 mm−1

1.644 0.902

0.846 0.881
0.259 mm 0.189 mm

6.704 W 7.919 W

0.524 0.691

0.554 0.641
0.128 0.125
0.044 0.092

r2�1/2 0.76�u�1.05 0.67�u�1.03

0.0787 0.1243
0.0852 0.1912
1.000 4.000
127.7 W/mm2 817.9 W/mm2

65.391 W 73.678 W
47.400 W 47.756 W

− 1 6.393 6.229

181.5 W/mm2 619.2 W/mm2

22.443 W 28.677 W

0.657 0.767

0.432/mm 1.437/mm

0.936/mm 1.419/mm

0.34 0.39
0.47 0.60
0.48 0.54
0.43±0.05 0.50±0.07
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s =
G0

G1
�p − V� −

1 + p

4 �1 + �1 + 8
G0�p − V�

G1�1 + p� 
1/2� . �58�

he gain G1 should be the same as G by Eq. (48). At s
0, Eq. (58) gives the same expression of the threshold
ump intensity as Eq. (48). The threshold is plotted in the
pper part of Fig. 8. However, the values of this threshold
re slightly lower than in Fig. 7 due to the stronger re-
uirements on the pump beam quality discussed below.
Expanding Eq. (58) at large values of p (well above

hreshold), we obtain the asymptotic estimate of the ratio
f the normalized signal intensity to the normalized pump
ntensity �i= �s /p�asymp=G0 /G1−1/4−1/2�1+8�G0 /G1��1/2.
hen, in analogy with Subsection 4.A, we obtain two es-
imates for the slope efficiency �±=�i�Iso/Ipo��r2
r1 /2h�u±. These estimates are plotted in lower part of
ig. 8 with the dashed curves.
As in Subsection 4.A, we can also obtain the balanced

stimate of the slope efficiency, which we plot in the lower
art of Fig. 8. In the same asymptotic case of a strong
ump, for the saturated absorption we obtain Aasymp
A0�1−1/��1+2�s /p�asymp�1/2�. Then the pump absorption
fficiency can be estimated as follows: �p,asymp=1
exp�−Aasympr2�. For the approximation of constant inten-
ity, we should have the input spot size of pump L
w / �1−�p,asymp�. This determines the pump power

hreshold Ppt=2hLIpt.
Because of the SHB, the NA of the pump should be

lightly larger than that in the case without SHB, and the
ump intensity threshold happens to be lower than in the
ase without SHB. The pump power threshold is plotted
ersus radius r2 of the device in the upper graphics of Fig.
in the same manner as in Fig. 7.

ig. 8. Pump threshold power Ppt for a laser with Nd and a laser
ith SHB: pessimistic and optimistic estimates �±=�du± are sh

urves; and the thick curves show the mean geometric values of
As in the case without SHB we also obtain the balanced
stimate � = �� /� �� � and calculate the mean geo-

Yb and various estimates of the slope efficiency �slope for the case
ith two dashed curves; �3= ��s /�p��p�s is shown with thin solid
estimates. We also plot the corresponding error bars.

ig. 9. Output signal power versus input pump power. Lines
ith a larger tangent correspond to the case without SHB. Lines
ith a lower tangent correspond to the case with SHB. Here, r2
2 mm, h=0.75 mm for Nd, and r2=1.6 mm, h=0.16 mm for Yb.
with
own w
three
3,slope p s s p
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etric value (thick curve in the lower part of Fig. 8) and
lot the error bars. Combining the analysis of the two
ubsections, in Fig. 9 we plot the output signal power as a
unction of the input pump power. We use the value h
0.75 mm, r2=2 mm for the case with Nd:YAG and h
0.16 mm, r2=1.6 mm for the case with Yd:YAG for two
ases without SHB and with SHB.

The smaller absorption in the case with SHB leads to
maller values of size L of the input window, at the same
ize of the device. For this reason, the threshold power in
he case with SHB (Fig. 8) is lower than that in the case
ithout SHB (Fig. 7), but the conditions for the constant
ump intensity require higher beam quality of the pump.

Table 5. Parameters of a Laser

uantity Expression

symptotic ratio s /p �i =
G0

G − 1
4 − 1

4�1 +

bsorption, asymptotic estimate A = A0�1 − 1

�1+2 �i�1/

lope of intensity �I=�iIso /Ipo

fficiency of pump coupling �p=1−exp�−Ar2�
ize of pumped spot L=w / �1−�p�
ump power threshold Ppr=2hLIpr

lope efficiency, direct estimate �d=�I�r2−r1� / �2h

lope efficiency, independent estimate �3= ��p /�s��p�s

A of pump suggested NA=L /r2

eam quality required q=�p / �2nwNA�

ump intensity profile u�r� =
exp�Ar�r2

�r2
2+�exp�2Ar2�−

A of signal NA1= �r2−r1� / �2Z

A of signal NA2=L / �2Z�
ormalized pump intensity p (example)

ump intensity Ip=pIpo

nput pump power Pp1=2LhIpo /umin

nput pump power Pp2=2LhIpo /umax

ormalized signal s =
G0

G �p − V� − 1+p
4

ignal intensity Is=sIso

utput signal power Ps= �r2−r1�LIs

ain (checkback) G1 =
2G0�p−V

1+p+2s+��1+p��1+

bsorption (checkback) A = A0�1 − 1+p

��1+p��1+

ocal efficiency of medium �m =
IsG

IpA

fficiency, pessimistic estimate �−=Ps /Pp1

fficiency, optimistic estimate �+=Ps /Pp2

fficiency, independent estimate �3=�s�p�m

fficiency, balanced estimate �4= ��+�−�3�1/3

ain for closest mode Gu=G̃��u�
ain for closest mode Gd=G̃��d�
he resulting slope efficiency happens a little bit lower
ue to the SHB. However, the difference in the resulting
utput power (Fig. 9) is not strong.

See Table 5 for the parameters of a laser with SHB.

. Single-Longitudinal-Mode Operation
e now consider the conditions of the SLM generation.
or the SLM operation, the gain of a weak independent
eld by Eq. (43) should be smaller than G1 by Eq. (47) for
he main signal wave. Wavelengths of the closest modes of
he cavity can be expressed as follows:

SHB and Examples of Values

Value, Nd:YAG Value, Yb:YAG

2

6.079 1.384

0.769 mm−1 1.059 mm−1

1.352 0.673

0.785 0.796

0.186 mm 0.110 mm

4.807 W 4.614 W

0.431 0.516

0.515 0.579

0.091 0.072

0.062 0.160

0.86�u�1.06 0.85�u�1.06

0.0787 0.1243

0.0611 0.1114

1.000 4.000

128 W/mm2 818 W/mm2

41.10 W 33.87 W

33.43 W 27.14 W

+ 8
G0

G
p−V
1+p �1/2� 4.953 4.536

141 W/mm2 451 W/mm2

12.47 W 12.17 W

0.432 mm−1 1.437 mm−1

� 0.845 mm−1 1.160 mm−1

0.564 0.683

0.30 0.36

0.37 0.45

0.38 0.43

0.35±0.03 0.41±0.03

0.377 mm−1 1.359 mm−1

0.374 mm−1 1.378 mm−1
with

8
G0

G �1/

2�

�

1�r2�1/2

�

�1 + �1

�

p+2s��1/2

−U

p+2s��1/2
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�± =
�s

1 ± �s/�2nh�
. �59�

he gain G±=G̃��±� for these modes should be compared
ith the effective gain G1 of the main mode of the laser; if
±�G1, then the single-mode regime is stable. The gain

or the closest modes is plotted in Fig. 10 versus input
ump power for three values of the cavity length: h=0.5,
.75, and 1 mm for Nd and h=0.1, 0.16, and 0.2 mm for
b.
For Yb:YAG, the length of the cavity could be of the or-

er of h=0.1 mm. In the case of Nd:YAG ceramics, h
0.5 mm looks reasonable, although a laser with h
0.7 mm also may provide the powerful single-mode out-
ut at the appropriate adjustment of the pump beam and
uning of the frequency of the main mode. As the relative
isplacement of mirrors required for such tuning is small
less than a wavelength), it can be performed with pres-
ure on the specimen, as well as with variation of its tem-
erature.
Deviation from the ideal case of uniform intensity does

ot change the conclusion about high efficiency of the de-
ice. The thickness of the specimen (length h of resonator)
an be increased while keeping the single-mode operation,
f the pump depletes before the seed region. In this case,

ig. 10. Relative gain G̃ /G of closest modes by Eqs. (40) and
43) for Nd:YAG and Yb:YAG lasers versus pump power for vari-
us values of h. The dashed curves correspond to the highest
ode, the solid curves correspond to the lower mode. Case of Nd:
=1 mm (upper curves), h=0.75 mm (intermediate curves), h
0.5 mm (lowest curves). Case of Yb: h=0.2 mm (upper curves),
=0.16 mm (intermediate curves), h=0.1 mm (lowest curves).
he stability of such a device becomes dependent on the d
roperties of the pump beam. The application of a special
oating9 mitigates the SHB; this would allow more free-
om in the choice of thickness of the sample and slightly
ncrease the efficiency. The question of application of such

coating is rather more economical than physical and
alls out of goal of this paper.

Even with simple 95% reflectivity mirrors, the laser
ith a short unstable cavity may provide single-mode op-
ration with an efficiency of the order of 50%. In the cases
f Nd and Yb dopants, the length of the amplifier (thick-
ess of the specimen) should be of the order of 0.5 and 0.1
m, respectively (Fig. 10); then the threshold is of the or-

er of few watts (Figs. 7–9).

. CONCLUSIONS
solid-state laser with a short unstable resonator is sug-

ested (Fig. 1). Such a device allows both extension of
ransversal size of the thin disk lasers and single-mode
peration at high efficiency. The pie-shaped cut should
mprove the confinement of the pump, but the circular
hape of the specimen can also be used (Fig. 2).

The suggested resonator has no need to work in the
araxial regime. Ray tracing (Fig. 3) allows the estimate
f the size of the output window in the nonparaxial case
Fig. 4) and shows the limits of the paraxial estimates.
he lateral delivery of pump light allows the partial com-
ensation of depletion of pump intensity (Fig. 5). In this
ase, the pump intensity is almost constant along its
ropagation in the gain medium. This allows one to ob-
ain high efficiency and simplifies the consideration. Me-
ia with Nd and Yb are used as examples to estimate the
erformance of such a laser in realistic cases. For 95%
irror reflectivity, the slope efficiency can be of the order

f 50% with a threshold of a few watts (Fig. 9). The con-
itions of single-longitudinal-mode operation at high
ower are realized at a thickness of the specimen of the
rder of 0.5 mm in the case with Nd:YAG and of the order
f 0.1 mm in the case of Yb:YAG (Fig. 10).

The flatness of this device allows efficient heat sink.
he large ratio of the volume of the active medium to the

ength of the resonator can be useful for the generation of
igh-energy solitary pulses of single-mode light. Such a

aser can be used as a source of seed for nuclear fusion
rivers and other applications.
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