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We report the tirst faser operation et anson-mmplanted Nd- GGG planar was epaide laser an

s um Diode array and dyve laser

pumping 1s deseribed wath threshold absorbed powers as tow as » mW . Slope eriiciencres of 30 with respect to absorbed power

fve been observed with output powers ot up to 40 mW

1. Introduction

The use ol 1op-implantaton to torm waveguides
fasers 1ina range of ervstals has recently been re-
ported [1-3]. By creating single mode waveguide
ceometries within doped laser ervstals it should be
possible to obtamn very high gamn and very tow laser
thresholds. as has already been demonstrated very
successtully m glass lasers in the torm of doped op-
tcal fibers [6]. Cryvstal hosts can provide a number
ot advantages over glass such as large clectro-optic
and non-linear cffects. and a large range of possible
laser transitions with linewidths ranging trom ven
narrow to very broad. In particular we are interested
in the possibility of obtaining low threshold diode-
pumped operation of broadly tunable lasers and tor
this reason GGG (GdGaO,-) s of particutar in-
terest as laser action has been observed in Cr'* doped
GGG [7]. As annital step towards such a tunable
laser we have investigated the properties ot a planar
Nd: GGG waveguide and have found that 1t gives
the best ion-implanted waveguide laser performance
vet reported.

2. Waveguide properties

Waveguides have been tormed 1n GGG ervstals by
implantation of He ' ions through a polished sur-
face. The refracuive index protile tormed by the im-
plant has been tound 1o be similar to that obtained
I YAG (Y ALO )0 [y ] showing an inerease in re-
fracuive index in the “electronic stopping” region
{ where the 1ons are stowed by clectronic excntation )
and a low index barrier at the end ot the won track
(where the 1ons undergo nuclear collisions ). Iniial
trials of waveswide tabrication were pertormed on
undoped GGG samples. A guide with anon dose ol
4 10 1ons ¢m
increase in the clectronic stopping region and a 2%
index decrease at the end of the 1on track. These fig-
ures are a theorctical tit 1o the dark mode pattern
observed experimentally tor the TM polarisation via
prism coupling [9]. Similar measurements for the
TE polarisation proved impossible as we could not
obtain a dark mode pattern in this case. This guide
showed a transmission ot 50% (the combined ctfect
of launch loss and propagation loss ) at 1.064 um over
a 4 mm long guide for the TM polarisation, whereas
the TE transmission was neglhgible. Thus it would
appear that. as has previously been found in YAG.

Cat 2.3 MeV ogave a 0.23% index
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there are different index protiles tor the TE and TM
polarisations which leads to a lower cut-oft wave-
length 1in the TE case (we observed good transmis-
stons for the TE polarisation in the visible region).

Guides tabricated with the same implant in Nd '
doped GGG (3335 ato), while sull showing good
transmissions i the visible region. had no mode at
1.064 um. To increase the cut-off wavelength and al-
low a .06 um mode to propagate. a deeper guide
was tabricated using 2.9 MceV energy ons at - dose
of 2x 10" jons ecm -
shown n fig. 1 for both 2.7 at.e and 3.35 at."e doped

-. The resulting index p. ile is

GGG These results are the first mowhich we have
observed a significant dependence of the refractive
mdex protfile on the doping level. The laser results
deseribed here were taken using the 3.3 at.?o doped
crvstal, This guirde atlowed single mode propagation
at the two mam pump wavelengths ( 388 nm and 805
nm) and the signal wavelength (1,062 pm ) with spot
stzes calceulated tfrom measurements of the output di-
vergence (the ¢~ halt width of the intensity profile )
of 2.8 um. 3.6 um and 4.6 pm respectively, A second
mode can propagate at 388 nm. but optimused launch
conditions alwavs resulted in propagation ot just the
lowest order mode. The waveguide shows 80% trans-
misston (tor the TM polarisation) over the 2.5 mm
length ervstal when a 1.064 um beam 1s end-launched.
\s this figure includes the launch efticiency. which
is typically found to be n the region ot 80% under
optimum tocusing conditions. 1t appears that the
cutde losses must be small. probably = 1 dB/em. An
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Fig. 1 TM refractive index profiles for 2.7 at% and 3.5 at.% Nd*
doped GGG waveguides (He' implant of 210" 1ons em © at

2.9 MeV),
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accurate loss measurement has not vet been made.
This would require a fonger length ot ¢ryvstal so as 1o
allow measurement. via prism coupling. of trans-
mitted output versus propagation lengti.

With guide tosses i the region of ~1 dB/em
threshold powers tor a planag waveguide laser are not
expected 1o show anv improvement over the per-
formance of an ordinary bulk laser [3]. To achieve
threshold reduction will require the use ot a channel
waveguide geometry. This can be readily achieved
by 1on-implantation [ 2,107, and the tact that GGG
shows an mdex rise i the guide region 1s an advan-
tage simce this atlows tabrication of channel wave-
cutdes with just a single implant through an appro-
priate ton-stoppimg mask {27,

3. Spectroscopy

lon-implantation has been shown 1o cause a
broadening ot the narrow linewidth tluorescence
speetra of Nd ' 1ons in various crvstal hosts [1=3].
The broademing appears 10 be dose dependent and
so again the fact the GGG has an index enhance-
ment type profile s an advantage. as the total 1on
dose can be kept to a relatively Tow level for this tvpe
of guide [2]. Fig. 2 shows the tluorescence spectra
in the 1.06 um regron tor the guide and bulk e-
rial. It can be seen that the broadening ol the -, ec-
trum and conscquent reduction i peak emission
cross-section has been kept to a small level (a factor
of 0.58). Mcasurcments ot the tluorescence hifetime
{ 7y= 180 us) show no change between the bulk and
the guide regions.

The 2.5 MeV waveguide described cartier which
has no mode at 1.062 pm may be ot interest for quasi-
three level faser operation in the 940 nm region. For
bulk operation at ~940 nm [[1.12]. 1t is necessary
to us¢ mirrors with a high degree of wavelength se-
fectivity so as to suppress the normally dominant 1.06
um line. In this case the guide could provide the se-
lection. Fig. 3 shows the fluorescence spectra in the
900 nm region for this guide and for the bulk ma-
terial. The waveguide spectrum is vertcally dis-
placed ftor case of reading. In this case the peak emis-
sion cross-section 1s virtually unchanged, as has also
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Fig. 3. Waveguide and bulk crystal fluorescence spectra in the 900 nm region.
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been observed tor some other relatively broad emis-
sion lines [37].

4. Laser performance

Fig. 4 shows a schematic diagram of the experi-
mental apparatus used to ivestigate the 1062 pm
laser performance ol the Nd: GGG planar wave-
cuide. The ervstal (supphed by Wacker Chemu-
tronic ) was oriented tor propagation along the (111
direction. 1t was noticed that it exhibited striations
perpendicular 1o this direction. The laser caviny s
formed by butting mirrors directly to the end taces
of the ervstal. This is achieved by using thin mirrors
held agamst the crystal by the surtace tension of a
small drop of tfluorinated hquid |13}, Imually we
used an ReG due laser tuned 1o the 388 nm absorp-
tion as the pump laser. With a pump waist spot size

5

of ~3 um ncdent on the waveguide end-face and

using plane high reflectuvity murrors, a threshold of

20mW power incident on the launch microscope ob-
jective was observed. This corresponds to a 123 m
absorbed power threshold (accounting tor the ob-
jJeetive and mirror transmusstons and an assumed
launch ctticiency of 80% ).

We have also demonstrated diode pumping using
a 300 mW. 10 stripe diode array (SDL 24320 The
set up. as shown in fig. 4. 1s the same as for dyve laser
pumping except for the collimaung optics which
consisted of a 6.5 mm focal length diode collimating
lens and a 13 em tocal length evelindrical Iens which
gives extra collimation in the planc ot the array. The
launching X 10 microscope objective produces a 3
iwm by 65 pm waist spot size i the vertical (dif-
fraction-himited ) and horizontal planes respectively.
which allows efficient coupling to the planar wave-
guide. A half-wave plate 1s used 1o ensure TM po-
larisation for the pump lLight. The drode was tem-

spatial

thin mirrors filter
Pump X10 Y
Lus(}r crvstal N1o detector
waveguide colour
collimating opties filter
when diode array
pumping

Fig. 4. Experimental arrangement tor assessing laser performance.
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perature tuned 1o the 803 nm absorption which.
proved to be the optimum wavelength for diode
pumping. Fig. 3 shows the bulk absorption spectrum
around the 8300 nm region (obtained using a Perkin
Flmer lambda Y spectrophotometer) showing that
the 805 nm and 307 nm absorptions are of similar
strength but the 805 absorption 1s shightly broader.

With the diode set at tull output power and using
a variable neatral density tilter to adjust the power
reaching the waveguide we tound a threshold of 30
mW ncident upon the launch objective. This cor-
responds to an absorbed power threshold of 17 mW
(again assuming an 0% launch efficiency). This
higher threshold compared 1o the dye faser result 1s
probably due to the ditterent pumping geometry, If
the diode power tseli was adjusted to find the
threshold then a tigure of just 8 mW absorbed power
was observed (taking care 1o account for any in-
crease of diode output due to feedback ). Again this
difference in threshold 1s probably due to the changed
diode output profile. and hence pumping geometry,
at this very low output power. A rough estimate of
the absorbed threshold power [2.4]. based on the
observed pump and laser spot sizes and assuming that
the losses are dominated by a waveguide loss ot |
dB/em. gives an answer of 4.3 mW for Code laser
pumping. In this calculation we have used an emus-
sion cross-section ot 1.7 10 ' m- which 1s the fig-
ure found by Kaminskint et al. [ 14}, multuphed by
(.38 10 account for the tluorescence broademimg in
the waveguide. Given the uncertamty in many of the
figures used in this caleulauon (especially the as-
sumption of loss-less mirror butting) the estimate
provides a useful. if rough, guide 1o actual threshold.

The waveguide laser output profile was monitored
on a beam profile analvzer (Big Sky Software Cor-
poration beamview analyzer). The output was single
mode with approximate gaussian protiles in both
planes. Spot sizes ot 4.6 um and 72 um respectively
in the guided and unguided planes were calculated
from the measured output divergences. The ouiput
was TM polarised due to the guide’s polarisation
selection.

To test the etficiency of the waveguide laser were
replaced one of the high retlectivity mirrors with a
an output coupler of nominally 17% transmission.
With the diode running at full power and using the
variable neutral density tilter to vary the power in-
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Fig. >0 Bulk ervstad absorption spectrum in the 300 nm regIon.
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Fig. 6. Output power versus absorbed pump power tor the Nd: GGG planar waveguide laser using & 1 7% output couplery.
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cident on the waveguide the results shown in fig. 6
were obtamed. These resuits show a 30% sjope ef-
ficiency with respect to absorbed power and output
powers of up to 40 mW (with 360 mW of power in-
cident on the launch obrective) with no indication
ot any talling oft of the efficiency. Improvements in
both threshold and slope etticieney may be obtained
by using mirror coatings directly deposited onto the
end taces rather than the butting technique de-
seribed here. These results suggest that it a similar
foss can be achieved tor a channel guide. where the
faser and pump spot sizes could be kept 1o just a few
microns in both dimensions. then sub-milliwvan
thresholds tor Nd ' doped GGG should be avarlable,

S, Summary

We have demonstrated the tirst operation ot'an won-
implanted Nd: GGG waveguide laser. Diode pumped
thresholds as low as 8 mW have been achieved in a
planar waveguide geometry. suggesting that sub-mil-
frwatt thresholds should be obtainable 1n a channel
waveguide verston. Slope etticiencies of 30% have
been observed with output powers of up to 40 mWw.
These resuits provide encouragement that it should
ultimately be possible to obtain low threshold op-
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eration for a broadly tunable channel waveguide laser
based on Cr*' doped GGG,
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