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We report the first operation of a side-pumped crystal waveguide laser. Both diode array and dye laser side-pumping of an
epitaxiaily grown Nd:YAG planar waveguide laser have been demonstrated, with thresholds as low as 8 mW observed for a simple
plane mirror cavity. Output slope efficiencies of 19% have also been demonstrated. The threshold and slope efficiency of this
system is found to be in good agreement with a simple analytical model.

1. Introduction

The advantages that can be offered by doped op-
tical waveguides, including very low laser thresholds
and high performance amplifiers, have been clearly
demonstrated in glass optical fibres [1]. Recently
much work has also been carried out on waveguide
lasers based on crystal hosts because these materials
offer a wide range of interesting possibilities, such as
broadly tunable operation [2,3,4] and upconversion
lasing [5,6]. Some crystal hosts also offer nonlinear
and/or electro-optic properties which allow internal
second harmonic generation and integrated modu-
lation [7,8]. Many techniques can be used to form
crystal waveguide lasers, including ion-implantation
[9,10], proton exchange [11], Ti-indiffusion [12]
and crystal fibre growth [13]. Liquid-phase epitax-
ial growth [14] offers another technique which can
be applied to a wide range of different crystals and
has recently been used to produce an exceptionally
low loss planar Nd:YAG waveguide laser [15].

A typical pumping arrangement for such wave-
guide lasers has been longitudinally pumping by sin-
gle stripe diode lasers, thus limiting the output to
rather low average powers at present. An exception
to this is the cladding-pumping scheme, demon-
strated for fibre lasers, which allows efficient end
pumping with a high power diode array [16]. For

diode-array-pumped bulk (unguided) crystal lasers
there have been numerous reports of both end
pumping and side pumping, including a hybrid ar-
rangement referred to as the tightly folded resonator
[17]. Here we report the first side-pumped crystal
waveguide laser, using both dye laser and diode ar-
ray pumping. The waveguide used is the same as that
used in the longitudinally pumped experiments of
ref. [15]. Our results confirm that the planar wave-
guide geometry is well suited to this transverse
pumping arrangement, with the tight pump confine-
ment leading to a low threshold and good slope ef-
ficiency. The simplicity of this pumping arrange-
ment suggests that a rugged compact system should
be feasible with multiwatt performance when
pumped by diode bars. A simple theory of laser
threshold and slope efficiency for such a side-pumped
system is developed and shown to be in good agree-
ment with our experimental results. This theory sug-
gests that for an optimised system diode-pumped
slope efficiencies of ~ 30% should be obtained.

2. Waveguide properties
The fabrication details of the waveguide used in

these experiments are described in ref. [15]. The
guide consists of a 38 um deep layer of 1.5 at% Nd3+

0030-4018/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved. 229



Volume 91, number 3,4

doped YAG grown by liquid phase epitaxy on an un-
doped YAG substrate. A 60 um layer of undoped
YAG is then grown on top of this to act as a cladding.
The guide was cut and polished to a length of 6 mm
as in ref. [15], but this time the side face was also
polished to allow side-pumping. The refractive index
difference between the doped and undoped layers is
sufficient to provide waveguide confinement in the
Nd:YAG layer. This guide was multimode at the sig-
nal wavelength of 1.064 um and had a fundamental
mode spot size (1/e? half width of intensity) of 14
pm. indicating good confinement within the physical
dimensions of the doped laver. From the laser
threshold obtained with longitudinal pumping an
upper limit of 0.05 dB/cm can be placed upon the
propagation loss, which is near to that of bulk
Nd:YAG.

3. Theory of laser threshold and slope efficiency

The threshold pump power P, and slope effi-
ciency 7 for a laser-pumped four-level laser is given
by [18]

P - hv, L
PN e Wor[ 1 —exp(—apl) ]
-1
X( J‘ rO(xvyyz) SO(x’y’z)dV> (l)
Cavity
and
Ty,
1= 51, [1=exp(=anl) et (2)

where v, is the pump frequency, v, is the laser fre-
quency, L is the single pass loss, o is the emission
cross-section, ¢ is the fluorescence lifetime, 7, is the
pumping quantum efficiency, W is the length of the
medium in the lasing direction, / is the length of the
medium in the pumping direction, «, is the pump
absorption coefficient and T is the output mirror
transmission. The factor n,, modifies the plane wave
expression for n and for low power operation (s./
Iy 1, where s, is the steady-state photon density and
Iy=1/c,01q [18}) is given by
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Cavity

The normalised pump-rate per unit volume, r,, and
photon density, s,, are defined by

j ro(x, y,z)dV= J Solx,y,2)dV=1. (4)

Cavity Cavity

Figure 1 shows the system being modelled. The in-
tegration for 7, is carried out over the limits 0 to W
(for z), —d to d (for y), and 0 to 1 (for x) as this
defines the doped region. The limits used for s, are
the same except for the y direction where limits of
— o0 10 oo are used since the signal mode can extend
outside the doped region. However the large index
difference between the crystal and air will give very
strong confinement in the x direction so the limits Q
to 1 are retained. Thus assuming single mode gaus-
sian profiles in the vertical () and horizontal (x)
dimensions, and also assuming the spot sizes do not
vary as they propagate, we obtain the following,

_ 4o,
T RW, W, [l—exp(—apl)]

Xexp[ (2y2 + 2—22 +a x)]
Wo Wi 7

@2

y

o

and

2(x—a)*  2y*
So= nl/VlyWuWexD[_< wi T wi

o]

Wi Wiy

where a is the distance between the edge of the crys-
tal and the centre of the signal mode profile (in the
x direction ). Combining egs. (1), (2), (3), (5), and
(6) leads to
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Fig. 2. Schematic diagram of the experimental arrangement for the side-pumped waveguide laser.

gave poor results in this case, possibly due to non-
uniform butting of the mirror over the large, hori-
zontal (unguided) mode profile. We have therefore
resorted to using large mirrors (without any liquid)
close to the waveguide ends but not in actual contact
with them. Since the mode size is relatively large (14
um) the consequent diffraction loss is not signifi-
cant. For optimised performance, direct coating of
the guide end-faces would obviously be preferred. The
light output was monitored from both ends of the
waveguide by a large area photodiode to observe
when lasing occurred and a CCD camera connected
to an image analyzer to observe the output profile.
Using high reflectivity mirrors, laser action occurred
at a power of 10 mW incident upon the 5 cm lens.
Taking into account the measured lens transmission
(90%), the Fresnel loss at the YAG side face (8%),
and assuming 100% launch efficiency we obtain a
launched power threshold of ~8 mW. Near thresh-
old the output is observed to be a single gaussian
mode in both planes with spot sizes of 14 pm and
140 um in the vertical and horizontal planes re-
spectively. Figure 3 shows a 3D plot of the imaged
output profile observed with the CCD camera. It is
also possible to see the top and side edges of the crys-
tal with the camera (although they are less clearly
visible in the 3D plot), and it can be seen that the
output beam is formed very close to the side edge
where the pump beam enters. This is typical of the
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output profile when the mirrors are adjusted for op-
timum threshold.

The absorption length of the dye laser pump was
measured by directing the beam through the large, 6
mm by 5 mm, faces perpendicular to the plane of the
guide. From the transmission measurement over the
known depth of the guide (there is a guide on both
the top and bottom surfaces) and accounting for
Fresnel losses we find an absorption length of ~ 330
nm. Thus the laser mode with its 140 pm radius (at
the 1/e? point of intensity) laser mode should have
a reasonable overlap with the pumped volume, al-
though it is not at the optimum condition mentioned
earlier (W,=0.83/,,,).
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Fig. 3. 3D plot of the imaged output profile of the side-pumped
waveguide laser near threshold.
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Fig. 1. Model for the side-pumped waveguide system.

ky/nhv,L (Wi + Wiy

pth = V/meq a,
xexp(aa, - Wio3/8) (7)
and

_ k' 7T, o, Wy W, (WE+2W2)/2
- 2Ly, Wi+W3,

xexp(3Wiai/16—aa,) , (8)

where k and k' are factors containing error functions
arising from our choice of integration limits and are
stated in the appendix. For all practical situations &
and &’ are close to unity and indeed if the integration
limits over x and y are changed to + co we obtain the
same as eqs. (7) and (8) without these factors
present.

If we assume that the laser intensity falls to ~0 at
the edge of the crystal such that 3W,.=2a (equiv-
alent to the condition for transmitting ~99% of a
gaussian profile beam through an aperture) we find
that the factor 5, has an optimum value of 0.415
when W\, =0.83/,,, (where [,s=1/a,). Thus we can
predict a maximum possible slope efficiency of 31.5%
(0.415 multiplied by the ratio of the signal and pump
wavelengths ) for diode side-pumping of this system,
e.g. in principle one could obtain 1.5 W of output
when pumping with a 5 W diode bar. Double-sided-
X pumping or reflecting the pump after ~ 4/,,, should
" further improve the possible slope efficiency by pro-

ducing a more uniform inversion density distribution.

4. Experimental results

While our ultimate interest was in the perform-
ance under diode array pumping, our initial trials
were carried out using an R6G dye laser as the pump
source. In fact, using the ~590 nm pump wave-
length with its shorter absorption length than for the
807 nm output of the diode gives useful information
on how the side-pumped performance varies with
absorption strength and hence gives some indication
of what should be optimum Nd** doping level in fu-
ture experiments. The experimental set-up is shown
schematically in fig. 2 where the pump beam travels
in the plane of the waveguide. The pump light was
focused in the vertical (guided) plane with a 5 cm
focal length cylindrical lens, to produce a ~7 pm
waist spot size at the entrance to the polished side
face of the guide. The beam was unfocused in the

~ horizontal plane having a spot size of 1.25 mm. In

previous experiments with crystal waveguide lasers
the cavity has usually been formed with two plane
mirrors butted against the waveguide ends. Damage
to the crystal end faces can be a problem with this
arrangement but an effective way to overcome this
is to use very light-weight mirrors heid in place
against the crystal by the surface tension of a drop
of liquid (e.g. refs. {9,10]). However this method
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Using eq. (7) with the standard Nd:YAG values
d=3.5%10"?3 m? and 77=230 ps and assuming the
guided pump spot size to be the same as that of the
signal we deduce a value for the single pass loss L of
0.013. This is approximately twice that found as the
upper limit for the propagation loss in our longitu-
dinally pumped experiments. This is probably due to
increased losses associated with the butting of the
large plane mirrors used to form the cavity as de-
scribed earlier. This would suggest that with coated
end faces at least a factor of two improvement in
threshold could be expected. The profile shown in
fig. 3 was observed to change at higher pump powers
becoming much broader and multimode in the un-
guided plane. Methods of maintaining a fundamen-
tal mode profile will be discussed later.

The output efficiency of this laser was tested by
replacing one of the high reflectivity mirrors with a
90% reflectivity output coupler. The results for out-
put versus input power are shown in fig. 4. The
threshold has increased to a value of 48 mW in good
agreement with the predictions of eq. (7) (41 mW),
and a slope efficiency of ~19% is obtained. This is
near to the optimum value for 590 nm pumping pre-
dicted from eq. (8) (~23%) although it should be
noted that the theory assumes a single mode laser
profile.

Having successfully demonstrated side-pumped
waveguide laser operation with a dye laser pump the
more interesting situation of diode array pumping
was investigated. The 500 mW, 10 stripe, diode ar-
ray (SDL-2432-H1) was collimated in the diffrac-
tion-limited (vertical) plane with a 6 mm focal length
lens. A 15 cm cylindrical lens was needed to give fur-
ther collimation in the horizontal plane. The result-
ant beam was focused, as shown in fig. 2, with a 10
cm focal length cylindrical lens such that a 8 ym
(vertical) by 1.95 mm (horizontal) spot was pro-
duced at the side face of the waveguide. Using the
same cavity configuration described above a thresh-
old launched power (assuming 100% launch effi-
ciency) of 19 mW was obtained when using high re-
flectivity mirrors. The threshold is higher than that
obtained by dye laser pumping despite the use of
lower energy photons. This is due to the longer ab-
sorption length (measured to be ~730 pm) at this
wavelength, ~807 nm, leading to a worse overlap
with the laser mode which, near threshold, is similar
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in size and location to that found previously. The
discrepancy between the observed threshold value of
19 mW and that calculated from eq. (7) (10 mW)
is likely to be due to having a launch efficiency lower
than the assumed 100%. Once again the output pro-
file becomes elongated and multimode in the hori-
zontal dimension for larger pump powers.

With a 90% reflectivity output coupler the output
versus input power behaviour of this diode-array
side-pumped system was as shown in fig. 4. The slope
efficiency of just 7% is worse than that found with
dye laser pumping (~19%) despite the more fa-
vourable energy difference between the pump and
signal photons. To achieve the optimum slope effi-
ciency predicted from eq. (8) (~31%) it would be
necessary for the output to have an unguided spot
size of ~610 um due to the long absorption length.
In practice such a large mode size may have incurred
extra losses due to non-uniformity of the crystal pol-
ishing and mirror butting over this length. One so-
lution to this problem would be to use a higher Nd
concentration. In fact it has been shown that the ep-
itaxial growth technique can allow significantly higher
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30 -

Slope Efficiency = 7%
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Launched Power / mW

O Dye Laser Pump 2 Diode Loser Pump

Fig. 4. Output versus input power for the dye and diode-array
side-pumped waveguide laser.
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concentrations to be incorporated successfully. The
higher concentration should allow the optimum slope
efficiency to the approached. The higher concentra-
tion also leads to concentration quenching, however
in principle this should not affect the slope effi-
ciency, and furthermore the resultant increase in
threshold would be offset by the decrease in thresh-
old due to the shorter absorption length as described
earlier. Pumping a guide of appropriate width from
both sides to give a more uniform excitation profile
should also give higher efficiencies.

With the plane-plane resonator we have used it
was to be expected that operation would become
multi-transverse mode at higher output powers.
However a number of steps could be taken to enforce
single mode operation. The fabrication of a broad
- channel guide, with an appropriately chosen Nd con-
centration to allow efficient use of the pump light,
would help the lateral confinement. Alternatively, the
use of an external resonator, with cylindrical optics
to couple the light from a waveguide to a separate
resonator mirror or a multipass, zig-zag path, would
be further options.

5. Conclusions

We have demonstrated the first side-pumped crys-
tal waveguide laser. This technique should be scal-
able to high output power by increasing the guide
length, allowing pumping by large diode arrays or
bars. Direct coating of the waveguide end faces and
increasing the doping level to achieve a pump ab-
sorption length closely matched to the unguided laser
mode size, should give thresholds of a few milliwatts
and allow high output slope efficiencies to be ob-
tained. Further improvement in the slope efficiency
may be achieved by producing a more uniform in-
version distribution either by pumping from both
sides or by reflecting the pump after approximately
half an absorption length. The results achieved to date
are in good agreement with theoretical expectation,
with thresholds as low as ~8 mW and slope effi-
ciencies of ~ 19%. These results are also a further in-
dication of the high quality of the waveguide pro-
duced by the liquid phase epitaxial growth technique.
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Appendix ¢

The factors & and k' contained in the expressions
for threshold and slope efficiency are given by

= = =
\/2d> (v 2 J2a N Ra
c=erf{ X2 =St
k=e (Wm' erf W W +erf W
1 1 1/2=—1
et s+ ) ]
/21 2a o w
erf < - "‘)
[ WL\* u/l\ \"8

i -2
MY V/S

2

and

=sfer{ac(iz e ar)
x[erf(%p& + %21 - \/—fz—a)

8 WLV
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1/2 -1

*wg) |
W 2 _la)
x[erf( 2 +Wlx_Wlx

-1
(% - )
erf( 2 W .

These can be important if we wish to consider the
optimum value for W,,. For instance, if we did not
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include k in eq. (7) then a threshold power of zero
could be obtained for W, =co. If we include & a non
zero optimum value of threshold is obtained for
W\.=0. In practice a value greater than zero is ob-
tained as we have not accounted for diffraction in
these equations.
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