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‘We propose and demonstrate a simple approach to lower the thermal quenching effect and improve the output

power of Cr:LiSAF lasers, which is accomplished by employing two laser rods. The resonator contains two laser rods

and is designed by using two “X” folding cavities in cascade. A tunable laser output of ~ 180 mW has been achieved

with the pump of single-striped laser diodes. Compared with lasers using single gain rod, the laser with dual rods shows

less severe thermal effect and increases the output by more than two times.
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1. Introduction

All-solid-state Cr:LiSAF lasers have attracted in-
Cr:LiSAF has a
broad gain linewidth (185nm) and long upper-state

terest since the past few years.

lifetime(67us),!*) which can be used as laser media of
tunable and/or femtosecond laser source. More impor-
tantly, it can be directly pumped by commercialized
Thus diode-pumped Cr:LiSAF lasers

have a wide commercial foreground as a replacement

laser diodes.

for more expensive and voluminous Ti:sapphire lasers,
which are usually pumped by Ar-ion or frequency-
doubled Nd-doped solid-state lasers.2~—6 However,
the output power obtained from standard diode-
pumped Cr:LiSAF laser is very limited!"1° due
to the thermal quenching of upper-state lifetime.
For temperature higher than 30°C, the upper-state
lifetime of Cr:LiSAF almost decreases linearly with
temperature.'2l Eventually Cr:LiSAF lasers will not
work when the temperature reaches a critical value.
Therefore, the pump density in Cr:LiSAF has to be
limited. By resorting to the idea of elliptical pump-
ing, higher output power is possible with more pump
energy in a larger area.['3=16] Tt generally adopted a
thin Cr:LiSAF slab in which heat efficiently dispersed

in a fashion of a one-dimensional heat flow and cylin-
drical cavity optics which caused elliptical cavity mode
to match with the pump spot. Continuous wave (CW)
output power of 1.42W was obtained by pumping of
high-power diode bar.['5l Providing the cavity mode
is highly astigmatic, elliptical pumping approach can
sustain high-power pumping without severe thermal

quenching,.

In this paper we report a diode-pumped laser with
a combined cavity containing dual Cr:LiSAF rods.
The approach by using dual laser rods reduces the
thermal effect, while it offers higher gain. Thus this
approach is particularly appropriate for diode pump-
ing. This approach to reduce thermal effect was origi-
nally adopted in Nd:YAG lasers.['”] As a result of high
gain by employing dual rods, wider wavelength tuning
range and higher output power could be obtained as
compared with that of the laser with single Cr:LiSAF
rod. The resonator with dual laser rods was basically
composed of two cavity parts, each was just like a
standard “X” folding cavity in which a Cr:LiSAF rod
was installed. Each Cr:LiSAF rod was pumped by two
single-striped diodes from two ends separately. Using
this combined cavity with dual Cr:LiSAF rods, the
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total gain of the laser would be increased by 2 times
and the output power would exceed two times as com-
pared with that of the laser with single rod. Thus, it
can be expected to generate very high output power
for tunable diode-pumped Cr:LiSAF lasers. With to-
tal absorbed pump power of 1W, a CW tunable laser
of 180 mW was obtained. The laser would be useful as
a tunable infrared light source or a tunable blue light

source by frequency doubling.
2.Cavity design and analysis

The laser resonator is shown schematically in
Fig.1(a). Two Cr:LiSAF laser rods (1.5 at % Cr
doping concentration with a size of 3mm in diam-
eter and 5mm in length, supplied by VLOC) were
used in two “X” folding parts of the combined cavity.
Both ends of Cr:LiSAF rod were cut at Brewster’s
angle for light polarized parallel to the ¢ axis. To ef-
ficiently remove the generated heat, Cr:LiSAF rods
were wrapped with indium foil and tightly mounted
in copper holders. Four AlGalnP laser diodes (sup-
plied by Coherent laser group) serving as pump source
emitted maximum 350mW each, from a 50-um stripe
at wavelength of 670 nm. The light emitted from the

2
(a) LD AL1 AL M1

Cr:LiSAF

laser diodes was non-diffraction-limited in the direc-
tion parallel to the junction with a beam quality fac-
tor of M? = 12, and was diffraction-limited in the
direction perpendicular to the junction. Each pump
beam was first corrected for astigmatism by a fibre
lens, collimated by an achromatic lens (focal length of
8cm) and then focused through a cavity folding mir-
ror by another achromatic lens (focal length of 8cm)
into a Cr:LiSAF rod. All flat mirrors (FM) were high-
reflectivity (HR) coated with a film of reflectivity more
than 99.7% at wavelength of 850nm and of a band-
width more than 100nm. The four concave mirrors
M1, M2, M3 and M4 with a same radius of curvature
of 100 mm, were HR-coated (>99.7%) at wavelength
of 850 nm and high-transmission (HT)-coated (>90%)
at 670 nm on the concave surface and uncoated on the
The tilted angles of M1, M2, M3 and

M4 were all set at a value of about 6° to compensate

flat surface.

for the cavity astigmatism. A fused silica prism with
Brewster cuts inserted in the cavity was used to tune
the wavelength. The arms L1 and L2 were 0.6 m and
0.8 m in length, respectively. The middle arm L be-
tween two cavity parts was designed to be 1.4 m long

for symmetry.

M2 AL2 ALl LD

part 1

part 2

Fig.1. (a) Resonator configuration: folding mirrors M1, M2, M3 and M4 have the same radius of curvature R=100mm
and tilted angle 8/2 ~ 69. The length of Cr:LiSAF rods is 5mm. (b) Schematic of the resonator parameters.
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To obtain optimum mode matching and cavity
stability, we numerically simulated the cavity mode
of this novel resonator based on mode-image theory
and transform-circle theory.'819 The relationship of
beam waist radius in the Cr:LiSAF rod of cavity part
1 and the folding distance x between M1 and M2 is
shown in Fig.2. By taking into account the astigma-
tism of Brewster’s cut Cr:LiSAF rods and tilted fold-
ing mirrors in simulations, the beam waist at the cen-
tre of stability regions is an elliptical shape with a long
radius and short radius of about 35um and 25um re-
spectively, which match well with the elliptical pump
spot of about 70pum and 20um in radii, within the
Cr:LiSAF rod. Similar to a single “X” folding cav-
ity, the combined cavity has two symmetric stability
regions in terms of x, and the width of every stabil-
ity region is ~4mm. As a combined cavity, the laser
mode is determined by cavity parts 1 and 2 together.
We investigated the influence of the mode size in one
rod by the other cavity part. Figure 3 shows the de-
pendence of the beam waist radius in Cr:LiSAF rod
of part 1 on folding distance y of part 2. In the right
branch of the curve (used in the experiment since it
has a suitable spot size for mode matching), the waist
radius of part 1 varies gently as the folding distance y

of part 2 changes (the parameter of z is optimized).
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Fig.2. Beam waist radius of cavity mode in Cr:LiSAF
rod of part 1 as a function of the folding distance
z between M1 and M2. The solid curve and the
dashed curve indicate the beam waist in the tangential
plane (zz plane) and in the sagittal plane (yz plane)
respectively. In the course of calculation, the opti-
mum parameters of y=106.5mm and the folding angle

0/2 = 6.12° are used.

Similarly, when the parameter of y is optimized,
the waist radius of part 2 is nearly invariable as the
folding distance x of part 1 varies (not plotted). Thus,
when x and y are taken their optimum values, the

beam waists of part 1 and 2 are insensitive to each

other and hence the stability of the laser resonator
is relatively optimum. By further calculations under
the condition of z and y varying near their optimum
values, we find that the position of the beam waist in
the middle arm L is almost invariable and is at the
location of 0.6 m away from the folding mirror M2.
Thus the combined cavity is simultaneously divided
into two 0.6 m—0.6 m and 0.8 m—0.8 m symmetric sub-
cavities, in a sense that the laser mode in each part
of the combined cavity is exactly identical to that of
the resonator formed by the same cavity part. The
size of beam waist and the width of stability region
in parts 1 and 2 correspond to those of 0.6m-0.6m
and 0.8m—0.8m symmetric “X” folding cavities respec-
tively. This can be understood easily and is also veri-
fied by various calculations. The combined resonator
becomes more stable by dividing itself into two sym-

metric sub-cavities.
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Fig.3. Beam waist radius of cavity mode in Cr:LiSAF
rod of part 1 as a function of the folding distance
y between M3 and M4. The solid curve and the
dashed curve indicate the beam waist in the tangential
plane (zz plane) and in the sagittal plane (yz plane)

respectively. In the course of calculation, the opti-

mum parameters of z=106.5mm and the folding angle
0/2 = 6.12° are used.

3. Experiment

In the experiment, we first mounted a coupler at
the position MO that was 0.6 m away from the folding
mirror M2 (Fig.1(a)). With an appropriate alignment
of cavity part 1 to form an oscillator, we obtained
100 mW CW laser output at 872 nm with 2% coupler
under absorbed pump power of 0.5 W (the prism not
inserted). This laser was optimized for a better out-
put power by varying the arm length of the cavity
and carefully adjusting the cavity mirrors. Resorting
to the output laser of this oscillator (cavity part 1) as a
guiding light, we adjusted cavity part 2 and made cav-

ity part 1 and 2 to form a perfect resonator. Then the
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coupler at MO was taken away and an oscillator was
formed by cavity part 1 and 2. By using 4 pumping
diodes, the CW laser output was obtained from this
combined resonator. We used various couplers of 1%,
2% and 5% to maximize the output power, and found
that the 2% coupler was the optimum. CW laser out-
put of 230mW was achieved under a total available
absorbed pump power of 1 W. This output power ex-
ceeded 2 times that of the oscillator formed by cavity
part 1 (100mW), and the laser showed a higher gain.
The output laser beam was a round TEMgg mode.
The dependence of laser output power of the com-
bined cavity on absorbed pump power is shown in
Fig.4. The laser pump threshold is only 250mW that
is much less than the total absorbed pump power of
1.0W, thus the laser will be efficient. The slope effi-
ciency of the laser output is ~ 30% for 2% output cou-
pler. The laser output power increases slowly during
the pumping regime of rod 2 (pump power of 0.5-1 W),
which suggests that the pump system of cavity 2 may
not be aligned to the cavity mode perfectly. Neverthe-
less, the output power almost increases linearly as the
pump power increases, and no indications of thermal
quenching or limitations have been observed through-
out the tested pump power range. As a control exper-
iment for testing the thermal effect, we have applied
all the 4 diodes to a single rod, and the output power
can be seen to start to decrease from the absorbed
pump power over 0.7 W. Based on our approach with
dual laser rods, we can predict that a higher output

power is possible if a higher pump power is available.
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Fig.4. Output power of the combined cavity with dual
Cr:LiSAF rods as a function of absorbed pump power.

By simply using a Brewster angle cut prism to
serve as a wavelength tunable element in the laser
cavity (Fig.1), we obtained tuning output of the laser.
The comparison of tuning curve of the combined cav-
ity with dual rods and that of the cavity with single
rod is shown in Fig.5. Because the combined cavity
provides a higher gain, it offers a much wider wave-
length tuning range than the cavity with single rod,
as clearly shown in Fig.5. Limited by the resolution
of prism, the typical linewidth of the tunable laser is
around 2 nm. The maximum output power of the com-
bined cavity reduces to 180mW due to the inserting
loss of the prism. The measured peak wavelength of
the combined cavity output is around 872 nm, which
agrees well with the peak emission of Cr:LiSAF.

200
1604
3 L
g
~
) 1204 e N
H
& s [ [
ey 801 .. -\ o
2 N
=] \0\ b
] 40 1 . '\'.\. . . l\
\?\.\. i, ..\
i %
0 ., N\

840 860 880 900 920
Wavelength /nm

Fig.5. Tuning curves of the different cavities. a the
combined cavity with dual Cr:LiSAF rods and b the
cavity with single rod.

4. Conclusion

In summary, we have demonstrated a diode-
pumped tunable laser with dual Cr:LiSAF rods. This
simple approach can efficiently reduce the thermal ef-
fect and linearly scale up the output power with in-
creasing pump power. By use of a prism inserted in
the combined cavity, a tunable CW laser has been
achieved. Under the absorbed pump power of 1W,
the tunable laser with a power of 180 mW has been
obtained. In the course of experiment, there are no in-
dications of thermal quenching or limitations. Finally,
we predict that with a higher pump power available
from diodes, the laser output power can be improved

greatly.



No.3

Diode-pumped tunable laser with dual Cr:LiSAF rods

551

References

(1]
(2]
(3]

[4

(5]

(6

[7]

(8]
[9]

Payne S A, Chase L L, Smith L K, Kway W L and Newkirk
H W 1989 J. Appl. Phys. 66 1051

Spielmann C, Krausz F, Brabec T, Wintner E and
Schmidt A J 1991 Opt. Lett. 16 1180

Wang Y S, Chen G F, Yu L J, Zhao S H and Wang X H
1999 Acta Photo. Sin. 28 789 (in Chinese)

Read K, Blonigen F, Riccelli N, Murnane M and Kapteyn
H 1996 Opt. Lett. 16 489

Liu HF, Yan B S, Lei H R, Zhang G W and Chen Q H
1996 Proceedings of the SPIE—The International Society
for Optical Engineering 2889 226

Tian J R, Wei Z Y, Wang P, Zhao L. H, Wang Z H, Zhang
J, Han H N and Zhang J 2005 Acta Phys. Sin. 54 129 (in
Chinese)

Robertson A, Knappe R and Wallenstein R 1997J. Opt.
Soc. Am. B 14 672

Dymott M J P and Ferguson A I 1995 Opt. Lett. 20 1157
Falcoz F, Balembois F, Georges P and Brun A 1995 Opt.
Lett. 20 1874

[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]

(18]

(19]

Mellish R, Barry N P, Hyde S C W, Jones R, French P M
W, Taylor J R, Poel C J and Valster A 1995 Opt. Lett.
20 2312

Stalder M, Bass M and Chai B 1992 J. Opt. Soc. Am. B
9 2271

Laperle P, Snell K J, Chandonnet A, Galarneau P and
Vallée R 1997 Appl. Opt. 36 5053

Krausz F, Zehetner J, Brabec T and Wintner E 1991 Opt.
Lett. 16 1496

Kopf D, Aus der Au J, Keller U, Bona G L and Roentgen
P 1995 Opt. Lett. 20 1782

Kopf D, Weingarten K J, Zhang G, Moser M, Emanul M
A, Beach R J, Skidmore J A and Keller U 1997 Appl.
Phys. B 65 235

Isemann A and Fallnich C 2003 Opt. Ezp. 11 259

Yang H 2002 Opt. Comm. 204 263

Zhang G Y, JiaoZ Y, Yan C F, Ding X, Zhang C B, Zhang
X H, Gu X W and Song F 2003 Chin. Phys. 12 1414

Zhang G Y 1991 Acta Phys. Sin. 40 1065 (in Chinese)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


