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Abstract Single-frequency Cr,Tm,Ho:YAG (CTH:YAG)
microchip lasers pumped by a 785 nm laser diode were re-
ported. Three kinds of pump spot diameters (75, 100, and
120 µm) were investigated for 1 and 0.7 mm thick laser
crystals. The maximum single-frequency output power was
32 mW at a crystal temperature of 10°C. The output power
against the laser crystal temperature demonstrated the tem-
perature sensitivity of the CTH:YAG laser. The frequency
tuning by changing the temperature of the crystal was also
investigated. A tuning coefficient of 1.4 GHz/°C was ob-
tained.

PACS 42.55.Sa · 42.55.Xi

1 Introduction

Diode-pumped solid state lasers with wavelengths around
2 µm are useful in laser medicine, remote sensing, and
Lidar [1–3]. In some applications single-frequency opera-
tion of the 2 µm lasers is required, such as the Coherent
Doppler Lidar and Differential Absorption Lidar [4]. Sev-
eral methods were used to obtain the single-frequency op-
eration in the 2 µm region, such as an intra-cavity Fabry–
Perot etalon [5], a microchip cavity [6, 7], a non-planar ring
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resonator [8–10], etc. Among them, the diode-pumped mi-
crochip laser has the advantages of compactness and sim-
plicity. He and Killinger [6] reported the single-frequency
operation of the diode-pumped Tm:YAG and Tm–Ho:YAG
systems. The maximum single-frequency output was 5 mW,
obtained with a Tm,Ho:YAG microchip laser at a tempera-
ture of −10°C. Single-frequency operation with other Tm,
Ho co-doped crystal microchip laser such as Tm,Ho:YLF
were also reported [7]. The maximum single frequency out-
put power was limited to 11 mW.

In this paper, we present the experimental results of
diode-pumped Cr,Tm,Ho:YAG (CTH:YAG) microchip la-
sers. The temperatures of the crystal were kept around 10°C
by using a Thermal-Electric Cooler (TEC). Up to 32 mW
single-frequency output power was obtained with a 1 mm
microchip laser, which is the maximum output power from
the 2 µm microchip lasers to our knowledge. The depen-
dence of the output power on the temperature, and the ther-
mal tuning coefficient of the laser frequency were also in-
vestigated.

2 Experimental setup

The CTH:YAG laser crystals used in our experiment were
4 mm in diameter and 1 mm (0.7 mm) in thickness, doped
with 0.85 at% Cr3+, 5.9 at% Tm3+, and 0.36 at% Ho3+.
The input surface of the crystals has a coating with high
transmission at 785 nm (T > 99%) and high reflectivity at
2.09 µm (R > 99.9%). The output surface of the crystals has
a high reflectivity coating at 785 nm (R ∼ 93%) and 97.7%
at 2.09 µm. The absorption coefficient α of the laser crys-
tal at the pump wavelength of 785 nm was measured to be
4.3 cm−1. Considering the reflectance of the output surface,
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Fig. 1 The schematic setup of the CTH:YAG microchip laser

the absorption of the 1 and 0.7 mm crystal for the pump
beam are 56 and 44%, respectively.

The experimental setup is shown in Fig. 1. It consists of
a diode laser, a focusing optical system, a microchip crystal,
a copper cooler, and an infrared filter. Two kinds of 785 nm
laser diodes were used for pumping CTH:YAG crystals. One
pump source was a 100 µm fiber-coupled laser diode with a
maximum output power of 1.9 W. The pump beam was fo-
cused by a 1:1 coupling optical system to a pump spot diam-
eter of 100 µm. For comparison, we also used a 4:3 coupling
optical system, and the minimum spot diameter of the pump
beam was 75 µm. Another pump source was a commercial
laser diode with an emitting area of 150 µm × 1 µm and
an output power of 2 W. The pump beam was focused by
two lenses with the focal lengths of 32 and 25 mm. In this
case the minimum spot size of the pump beam was about
120 µm. The microchip was attached to a heat sink, which
was cooled by a TEC. The temperature of the heat-sink can
be controlled between 10–20°C. An infrared filter was used
to block the non-absorbed pumping beam. The filter has a
high absorption below 1 µm (T < 1%) and a transmission of
T ∼ 90% at 2.09 µm. The output power was measured by a
power meter behind the filter. A scanning confocal Fabry–
Perot interferometer with a free spectral range of 2.5 GHz
was used to observe the axial modes of the output beam.

3 Results and discussion

3.1 Laser output

First, the 1 mm thick CTH:YAG microchip laser was inves-
tigated. The pump spot sizes were 75, 100, and 120 µm, re-
spectively. Figure 2 shows the output power as a function
of the pump power for three pump spot sizes. The temper-
ature of the CTH:YAG microchip was kept at 10°C in the
three cases. By using the scanning confocal Fabry–Perot in-
terferometer, we can find the single-frequency region and
the multi-mode region. At 75 µm pump spot diameter, the
maximum single-frequency output power was 32 mW. For
100 and 120 µm pump spots, the maximum single-frequency
laser output powers were 30 and 21 mW, respectively. The
slope efficiencies of single-frequency output powers respect
to the pump powers were 9.5, 7.4, and 4.1% for three pump

Fig. 2 The output powers of 1 mm CTH:YAG microchip laser as func-
tions of the pump power for different pump spot diameters. The crystal
temperature was kept at 10°C

spot diameters, respectively. Since the absorption length of
the microchip laser was only 1 mm, the efficiency of the mi-
crochip laser was lower than that of diode-pumped rod lasers
which have longer absorption lengths. If the pump power
absorbed by the microchips were used, the slope efficiencies
were 17.0, 13.2 and 7.3%, respectively. It was shown that the
microchip laser with smaller pump spot diameters had lower
thresholds and higher slope efficiencies, since bigger pump-
ing rates were obtained by using smaller pumping spots. The
stability of resonator was achieved due to the thermal lens of
the microchip crystal. However, the thermal lens has little ef-
fect on the mode size because the microchip laser has a very
short cavity length. The thresholds and single-frequency ef-
ficiencies of the microchip CTH:YAG laser under different
pump spots depend mostly on the pumping rates. Obviously
smaller pump spots produce higher single-frequency effi-
ciencies.

The 0.7 mm thick CTH:YAG microchip laser was oper-
ated by using the fiber-coupled pump-diode. Figure 3 shows
the output powers versus the pump powers. The coupling
systems and the crystal temperature were the same as in the
former experiment. With the 75 µm pump spot, the maxi-
mum single-frequency output power was 33 mW, while for
the 100 µm pump spot, it was 30 mW. The slope efficiencies
of the single-frequency output powers with respect to the
pump powers were 8.6 and 3.8%, respectively. If the pump
powers absorbed by the microchips were used, the slope ef-
ficiencies were 19.5 and 8.6%, respectively.

The single-frequency operation region depends on the
free spectral range (cavity length) and on the gain profile
of the active material. In our experiment single-frequency
operation can be obtained from the 1 and 0.7 mm thick mi-
crochip, but the efficiency is dependent on the pumping rate.
The output coating can also influence the threshold and effi-
ciency of the CTH:YAG microchip laser. By optimizing the
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Fig. 3 The output power of the 0.7 mm CTH:YAG microchip laser
versus the pump power for different pumping spots. The crystal tem-
perature was kept at 10°C

Fig. 4 The output power of the 0.7 mm CTH:YAG microchip laser
versus the laser crystal temperature for different pumping powers

transmission of the output coating and decreasing the pump
spot diameter, higher single-frequency output power can be
achieved.

3.2 Tuning experiments

The dependence of the output power on the crystal temper-
ature is shown in Fig. 4. For a constant pumping power of
1.86 W, the output power of the laser was 32 mW at 10°C
and 12 mW at 20°C. With the incident pump power fixed at
1.28 W, the laser provided 13 mW at 10°C but was reduced
to zero above 18°C. The CTH:YAG laser crystal is strongly
temperature-sensitive.

The frequency tuning coefficient of laser is given by [8]

dν

dT
= −ν

[
1

n

dn

dT
+ αT

]
,

Fig. 5 Frequency tuning of the CTH:YAG microchip laser when the
temperature varied from 10 to 13°C

where ν is the frequency of the laser, n is the index of
refraction, dn

dT
is the temperature coefficient of the index

of refraction, and αT is the thermal expansion coefficient.
For the CTH:YAG laser with a wavelength of 2.09 µm,
the tuning coefficient is calculated to be 1.426 GHz/°C.
Figure 5 shows the shift of the laser frequency when the
crystal temperature turned from 10 to 13°C. The laser did
not undergo a mode-hopping in this temperature range.
From the ratio of frequency shift to the free spectral re-
gion (FSR) of the interferometer the tuning coefficient was
obtained to be 1.4 GHz/°C, which agreed with the calcula-
tion.

4 Summary

We have investigated the single-frequency operation in
diode-pumped CTH:YAG lasers by using different pump
spot diameters. The CTH:YAG microchip lasers have ex-
cellent characteristics in single frequency operation. At
75, 100, and 120 µm pump spots, the maximum single-
frequency output powers of the 1 mm thick CTH:YAG
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microchip laser was 32, 30, and 21 mW, respectively.
33 mW single-frequency output power was obtained from
the 0.7 mm thick microchip CTH:YAG laser. The laser
thresholds, output powers. and single-frequency output
powers were influenced by the pumping spot diameters. The
frequency tuning of the microchip CTH:YAG lasers were
also investigated, and the tuning coefficient 1.4 GHz/°C
was measured. The single frequency microchip CTH:YAG
laser can be used as a seed laser for high-energy CTH:YAG
lasers.

Acknowledgements This research was supported by the National
Science Foundation of China (60478046, 60778002), the Program for
New Century Excellent Talents in University (NCET-05-0178), and
Sino–German Collaboration funded by DFG and NSFC.

References

1. L.E. Batay, A.A. Demidovich, A.N. Kuzmin, A.N. Titov,
M. Mond, S. Kuck, Appl. Phys. B 75, 457–461 (2002)

2. G. Galzerano, E. Sani, A. Toncelli, S. Taccheo, M. Tonelli, P. La-
porta, Appl. Phys. B 78, 733–736 (2004)

3. D. Gatti, G. Galzerano, A. Toncelli, M. Tonelli, P. Laporta, Appl.
Phys. B 86, 269–273 (2007)

4. C.P. Hale, J.W. Hobbs, P. Gatt, Proc. SPIE 5086, 253–263 (2003)
5. P. Laporta, M. Marano, L. Pallaro, S. Taccheo, Opt. Lasers Eng.

37, 447–457 (2002)
6. C. He, D.K. Killinger, Opt. Lett. 19, 396–398 (1994)
7. C. Nagasawa, T. Suzuki, H. Nakajima, H. Hara, K. Mizutani, Opt.

Commun. 200, 315–319 (2001)
8. T.J. Kane, T.S. Kubo, Adv. Solid-State Lasers 6, 136–139 (1991)
9. C. Svelto, I. Freitag, Electron. Lett. 35, 152–153 (1999)

10. T.S. Kubo, T.J. Kane, IEEE J. Quantum Electron. 28, 1033–1040
(1992)


	Diode-pumped single-frequency microchip CTH:YAG lasers using different pump spot diameters
	Abstract
	Introduction
	Experimental setup
	Results and discussion
	Laser output
	Tuning experiments

	Summary
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


