Laser action in chromium-doped forsterite
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Room-temperature vibronic pulsed laser action in trivalent chrominm-activated forsterite
(Cr’+:Mg,Si0, ) is reported for the first time. The free-running laser emission is centered at
1235 nm of the broad * T,~* 4, fluorescence band, and has a bandwidth of ~22 nm.

Prompted by the successful broadly wavelength-tuna-
ble, room-temperature operation of alexandrite! and emer-
ald>* lasers, the surge in research activities on tunable solid-
state lasers has been extensive in the 1980s.*"" The thrust of
these research endeavors has been twofold: first to look for
new host materials for the trivalent chromium ion,”** and
second, to search for new ions that will lase in commonly
used host crystals.**'?"!" These efforts have been rewarded
by the successful wavelength-tunable laser operation of
Cr’* inanumber of hosts,”"! by the discovery of new lasing
ions trivalent titaniom (Ti* + )13 and divalent rhodium'®
(Rh?™ ), as well as by the “rediscovery” >4 of tunable
phonon-terminated lasers based on divalent transition metal
ions Ni**, Co?*,and V**. In this letter, we present the first
room-temperature vibronic pulsed Jaser operation of Cr* +
in forsterite (Mg, Si0,).

Forsterite, like alexandrite, is a member of the olivine
family of crystals. It is a naturally occurring gem. Single
crystals of forsterite may be grown by the Czochralski meth-
od. A unit cell of forsterite has four formula units in an or-
thorhombic structure of the space group Phrm.'® The unit
cell dimensions are: @ = 4.76 A, b= 1022 A, and ¢ = 5.99
A.The Cr** fon substitutes for the Mg? + ion in two distinct
octahedrally coordinated sites: one (M1) with inversion
symmetry (C;), and the other (M2) with mirror symmetry
(C,). The occupation ratio of the two sites'® by the Cr* + ion
is M1:M2 = 3:2.

The single crystal of Cr* +: Mg2 Si0, used for spectro-
scopic and laser action measurements was grown by the
Czochralski method at the Electronic Materials Research
Laboratory of the Mitsui Mining and Smelting Co., Ltd.,
Japan. The crystal is a 9 mm X9 mm 4.5 mm rectangular
parallelepiped with the three mutually orthogonal axes ori-
ented along the b, ¢, and a crystatlographic axes of the crys-
tal. The crystal contains 0.04 at. % of Cr>* ions, which is
equivalent to a chromium ion concentration of 6.9 102
ions/cm’,

The room-temperature fluorescence and absorption
spectra of Cr’+:Mg,SiO, for Ej|b crystallographic axis are
shown in Fig. 1. The fluorescence spectrum of Cr**+: Mg,
8i0, was excited by the 488-nm radiation from an argon-ion
laser and recorded by a germanium photodiode detector
lock-in amplifier combination at the end of a 0.25-m mono-
chromator equipped with a 1000-nm blazed grating. The
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room-temperature spectrum is a broad band covering the
wavelength range 700-1400 nm. The room-temperature flu-
orescence lifetime is 15 us.

The absorption spectrum was taken with a Perkin-
Elmer Lambda-9 spectrophotometer along the 4.5-mm path
length of the sample. It is characterized by two broad bands
centered at 740 and 460 nm attributed to the *4, -*T, and
4, —*T, absorptive transitions, respectively, of the Cr®+
ion. The broad, weak absorption band between 850 and 1150
nm is not observed in the excitation spectrum.?® This indi-
cates that the origin of this absorption is not transitions in
Cr** jon, but in some other impurity ions, e.g., Fe* * in the
host crystal. > It is evident from Fig. 1 that this background
absorption overlaps a significant spectral region of Cr+:
‘Mg;SiO, emission, and inhibits laser action in that region.

The experimental arrangement for investigating the la-
ser action®® in Cr* + :Mg, 8iO, is shown schematically in Fig.
2. The sample is placed at the center of a stable resonator
formed by two 30-cm-rad mirrors placed 20 cm apart. The
mirrors were dielectric coated to transmit the 532-nm pump
beam, and to have high reflectivity in the 1150-1250 nm
spectral range. The reflectivity of the back mirror M, is
99.9%, while that of the output mirror M, is ~989% for
normal incidence over the specified wavelength range. It is
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FIG. 1. Absorption and fluorescence spectra of Cr**:Mg, 8i0, at room

temperature. Both the spectra were taken for E||# axis and excitation along
a axis. The thickness of the sample along @ axis is 4.5 mm.
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FIG. 2. Schematic diagram of the experimental arrangement for investigat-
ing laser action in Cr** :Mg, 8i0, (Key: F, = 1060-nm blocking filter, F;
— 532-nm blocking infrared transmitting filter, M, = back mirror, M,
= output mirror, L = lens, § = sample, Ge = germanium photodiode de-
tector, M = monochromator.}

10 be noted that this spectral region does not correspond to
- the peak of the fluorescence spectrum, but was chosen so
that the background absorption is minimal. The sample was
longitudinally pumped by frequency-doubled 532-nm, 10-ns
full width at half maximuem (FWHM) pulses from a Q-
switched Nd:YAG laser (Quanta Ray DCR-1) operating at
a 10-Hz repetition rate. The spatial profile of the pump pulse
was a doughnut, characteristic' of an unstable cavity. The
* pump beam was lineatly polarized along the b axis and pro-
pagated along the @ axis of the sample. It was focused 3 cm
- beforé the sample by a 25-cm focal length lens, The radius of
the pump beam at the center of the sample is ~ 600 z2zm. The
output from the laser cavity was analyzed by a 0.25-m mono-
chromator and monitored by a germanium photodiode de-
tector. The output of the detector was displayed on a fast
oscilloscope. No dispersive element was placed in the cavity
and the laser operated in a free-running pulsed mode.
Pulsed laser operation was readily obtained for pump-
ing at or above the lasing threshold of 2.2 mJ. A single output
laser pulse was obtained, implying a gain-switched operation
which is a consequence of pump-pulse duration being
shorter than the lasing-level lifetime. The amplitude and du-
ration of the laser pulse varied, as expected, with the pulse-
to-pulse energy fluctuation of the pump laser. The output
was extremely sensitive even to a small misalignment of the
cavity, or insertion of a glass plate (8% loss) in the cavity.
The temporal profile of the Cr* * :Mg, SiO, laser pulseis
shown in Fig. 3(2), and fluctuations in its amplitude, dura-
tion, and delay with respect to the pump pulse are displayed
in Fig. 3(b). The temporal duration (FWHM) of the output
laser pulse varied from 200 ns at the threshold to 100 ns at
2.4 times the threshold energy. The delay between the peak
of the pump pulse and the peak of the Cr** :Mg, SiO, laser
pulse also varied, as expected, with pump-pulse energy, from
700 ns at the threshold to 200 ns at 2.4 times the threshold
energy. This indicates that the laser cavity is highly lossy,
and several hundred round trips are required to build up the
laser oscillation in the cavity. -
The laser threshold and slope efficiency were measured
for the cavity used in this experiment and the data are dis-
played in Fig. 4. The laser oscillation starts to build up at an
absorbed input energy of 2.2 mJ. The measured slope effi-
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FIG. 3. Temporal profile and delay with respect to the pump pulse of the
Cr'+ :Mg, S0, laser pulse: (a) asingle pulse for prmp energy 1.7 times the
threshold energy; and (b) three pulses for pump energies near (right},
twice (middle), and 2.4 times {left} the threshold energy. The narrow pulse
at the extreme left of both the oscilloscope traces is the leakage of the pump

. pulse. For this measurement the monochromator was removed and filters
* were adjusted to allow a small leakage of pump pulse. The time and voltage

scales are 100 ns/div and 20 mV /div, respectively.

ciency of 1.4% is rather low, and indicates large losses in the

. cavity. These losses include ~13% reflection loss from the

uncoated sample surfaces, scattering from inhomogeneities
in the crystal, and a large mismatch between the size of the
pump beam and the Cr® " :Mg,8i0, cavity modes in the
sgample.

The spectrum of Cr* *:Mg, SiO, laser is shown in Fig.
5, for an absorbed pump energy of 3.4 mJ. The spectrum
peaks at 1235 nm and has a bandwidth (FWHM) of 22 nm.
The wide spectrum of the laser output can be used to pro-
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FIG. 4, Output energy of Cr® * Mg, Si0, laser as a function of input energy.
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FIG. 5. Spectrum of free-running Cr* * :Mg, SiQ, laser.

duce femtosecond pulses. The spectral range is limited at the
high-energy end by the mirror transmission and the impuri-
ty absorption, while at the low-energy end by the mirror
transmission as well as by the decrease in fluorescence inten-
sity. Using different sets of mirrors, laser action in the 1.1-
1.3 pm spectral range can be obtained.

In summary, pulsed laser operation has been obtained in
Cr’ +:Mg, Si0Q, at room temperature. The laser emission is
centered at 1235 nm and has a bandwidth of ~22 nm. The
speciral range for laser emission is expected to extend from
850 to 1300 nm if the parasitic impurity absorption may be
minimized by improved crystal growth technique, making it
one of the most widely tunable solid-state lasers in this spec-
tral region. The large fluorescence bandwidth of the crystal
promises ulirashort pulse generation through mode-locked
operation. The fluorescence lifetime of 15 us is suitable for
effective energy storage and high-power Q-switched oper-
ation.
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