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HIGHLIGHTS

® First demonstration of a diode-pumped SLM up-conversion laser emitting at 640 nm.
® Maximum output power of 403 mW with a slop efficiency of 26.8% for SLM operation.

® The SLM emission linewidth was 150 MHz at maximum output power.
e Diffraction limited beam quality at maximum output power.
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A diode-pumped solid-state laser directly emitting continuous-wave (cw), single-longitudinal mode (SLM) output
at 640-nm with a c-cut praseodymium-doped yttrium lithium fluoride (Pr:YLF) crystal was demonstrated for the
first time, to the best of our knowledge. Combining two quarter-wave plates (QWPs) and one Brewster plate to
form a twisted-mode cavity, this SLM solid-state laser achieved a maximum cw output power of 403 mW with a

threshold of 600 mW and a slope efficiency of 26.8%. The emission spectrum had a linewidth of 150 MHz. The
single-mode beam quality (M?) was 1.10 and 1.07 along the x and y direction, respectively.

1. Introduction

Visible single-longitudinal-mode (SLM) lasers are highly desirable
for important applications including high-resolution Raman spectro-
scopy and microscopy [1,2], as well as Brillouin microscopy [3,4]. SLM
lasers near 640 nm, in particular, are critical for spectral studies of
molecular iodine hyperfine structure [5] and multi-wavelength digital
holography [6]. Visible SLM lasers traditionally have been realized by
nonlinear conversion processes such as second harmonic generation
[7,8], sum frequency generation [9], and optical parametric oscillation
[10]. For simpler cavity structure and higher efficiency, direct gen-
eration of visible SLM emissions with diode-pumped solid-state (DPSS)
lasers could be an excellent candidate. At the specific wavelength
around 640 nm, there has been a lack of literature reporting DPSS lasers
capable of directly delivering the 640-nm SLM emission up to date.
While there has been a commercial SLM DPSS laser with 100-mW cw
output power at ~640nm listed recently [11], no technical details,
including the gain medium, is disclosed.

Among potential DPSS laser crystal candidates for the 640-nm
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emission, praseodymium-doped yttrium lithium fluoride (Pr:YLF)
crystals have been well known as a promising gain medium in the
visible region. It has the strongest emission peak around 640 nm due to
the associated low phonon decay and long fluorescence lifetime [12]. In
recent years, various continuous-wave [13-15], Q-switched [16-18],
and mode-locked [19-21] multimode Pr:YLF lasers in the visible have
been demonstrated. Although the Pr:YLF laser transitions are homo-
geneously broadened in nature [22], typical outputs of Pr:YLF lasers are
generally multimode because of the spatial hole burning (SHB) effect
caused by standing waves in the gain medium.

The most challenging aspect for visible Pr:YLF lasers to efficiently
transit from multimode to SLM operation is that there does not seem to
be a clear-cut easy approach for this particular crystal. The straight-
forward technical route is to increase the longitudinal mode spacing by
substantially shortening the cavity length, so that only one longitudinal
mode exists within the visible gain bandwidth [23]. However, the gain
bandwidth at the 640-nm transition is ~0.7 nm [24] and the cavity
length has to be reduced to less than 0.3 mm to ensure SLM operation.
Such a minimal gain section will inevitably lead to insufficient pump
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absorption with very limited output. While heavily doped Pr:YLFs can
boost the pump absorption, they will consequently suffer from serious
quenching effects [25]. As a result, there have been no reported visible
SLM lasers utilizing Pr:YLF crystals up to date.

A few technical approaches are existing to realize SLM operation
with longer laser cavities, e.g., to utilize a birefringent etalon as the
longitudinal-mode-selective elements [26], to use a ring cavity config-
uration to suppress the standing waves and eliminate the SHB effect
[27], to introduce relative motion between the gain media and cavity
field [28], and to modulate the position of standing-wave field inside
the laser cavity [29]. Besides these technical measures, another simple
yet efficient way to eliminate the standing wave effect is to utilize a
twisted-mode cavity scheme to realize circularly polarized light inside
the crystal field and achieve an axially uniform energy distribution
[30]. This twist-mode technique has been successfully demonstrated
both with the solid-state [31,32] and fiber lasers [33]. However, a
simple combination of the Pr:YLF crystal and twisted-mode cavity is not
sufficient for SLM lasing. The Pr:YLF is a uniaxial crystal [34] where the
common a-cut crystal orientation generally has higher absorption and
gain than those of the uncommon c-cut crystal, which was only utilized
for some special lasing wavelengths [35]. On the other hand, the a-cut
Pr:YLF crystal is anisotropic along the laser cavity axis, while c-cut
Pr:YLF is isotropic [31]. Therefore, to establish a uniform intensity
distribution along the cavity axis and eliminate the undesirable SHB
effect for SLM operation, the twisted-mode cavity has to be utilized
with the selective c-cut Pr:YLF crystal.

In this letter, we report a first demonstration, to the best of our
knowledge, of a 640-nm visible SLM laser utilizing a c-cut Pr:YLF
crystals. The maximum cw output power achieved was 403 mW, more
than quadrupled the commercially listed product, under the absorbed
pump power of 2.1 W. The lasing threshold was 600 mW and the slope
efficiency was 26.8% against the absorbed pump power. The emission
spectrum linewidth was 150 MHz and the M? factor of the single-mode
laser beam was 1.10 and 1.07 along the x and y direction, respectively.

2. Experiment setup design

The configuration of the laser cavity is illustrated in Fig. 1. The gain
medium was a 10-mm-thick Pr:YLF crystal (Unioriental Inc.) that had a
Pr®* doping concentration of 0.5 at.%. The crystal was cut along the ¢
axis to eliminate the perpendicular birefringence to the optic axis. The
emission cross-section of the c-cut Pr:YLF crystal is 21.8 x 10~ 2° cm?,
almost the same as that of its a-cut counterpart of the same doping
concentration [36]. Both end surfaces of the crystal were anti-reflection
coated in visible to minimize the insertion loss. The side facets of the
crystal were wrapped with indium foils to assist the thermal contact.
The crystal was mounted on a Peltier heat dissipation component (HP-
199-1.4-0.8, TETech Inc.) with temperature stability < 0.01 °C at idle.
Compared with water-cooled laser system, the Peltier-cooled system
provides more accurate temperature control and introduces less me-
chanical vibration, thus facilitates the SLM operation.

One InGaN blue LD (Nichia Inc.) emitting at 441 nm, which was
inside the Pr:YLF absorption band, was used as the pump source. The
LD was also encapsulated with a thermoelectric Peltier-cooler for
temperature control. The optimal LD temperature was found to be
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~19°C when maximal pump absorption was achieved at maximum
power of 3.5W. The divergence angle of the multimode pump beam
was 14 x 45° (fast X slow axes). The LD output was collimated with an
aspherical lens of 4.3-mm focal length (MDTP OPTICS Inc.), and the
beam was expanded along the slow axis with a cylindrical lens pair by a
factor of 3.3. Afterwards, a 75-mm plano-convex focal lens focused the
pump beam into the crystal with a beam waist radius of 39 X 42 um
and an estimated Rayleigh length of 11 X 13 mm for the fast and slow
axis, respectively. All lenses were also anti-reflection (AR) coated in the
visible.

The designated twisted-mode cavity was composed of two mirrors,
two QWPs (Thorlabs Inc.) with the Pr:YLF sandwiched inside, and one
Brewster polarizer (BW0601, Thorlabs). The input mirror (IM) was a
spherical mirror that had an outer surface curvature matched to that of
the inner surface to eliminate the lens effect. The outer surface of IM
was AR coated for the pump wavelength (transmission > 96% at
441 nm), while the inner surface was also AR coated for the pump and
highly reflective to the lasing wavelength (reflectivity > 99.9% at
640 nm). The output coupler (OC) was a coated concave mirror whose
transmission was 4.3% at 640 nm and 23.7% at the pump. We experi-
mentally found that the pump reflection at OC had little effect upon the
laser efficiency as it was very difficult to rematch the reflected pump
beam with the lasing mode for pump recycling. To suppress the para-
sitic oscillation at the competitive emission line of 607 nm [35], the
transmission of OC at 607 nm was chosen to be 25.6%. The curvature
radius of IM and OC was both 50 mm. The single QWP component was
constructed by attaching a birefringent quartz plate with another bi-
refringent plate made from magnesium fluoride, so that minimal wa-
velength dependence of the retardation and a nearly flat spectrum in
visible was achieved. Besides, the exterior surfaces of each birefringent
plate were AR coated from 400 to 800 nm. The Brewster plate was a 1-
mm-thick plate of uncoated UV-fused silica. To achieve SLM operation,
the overlapping between the pump beam and laser cavity mode is es-
sential. Provided the pump beam size and laser cavity parameters
mentioned above, maximal mode-matching efficiency was achieved by
setting the effective cavity length to ~94 mm by ABCD matrix calcu-
lation. The resulting longitudinal mode interval was calculated to be
~1.59 GHz. Considering that the Pr:YLF gain bandwidth around
640nm transition is ~0.7nm (corresponding to a bandwidth of
~512 GHz), the number of longitudinal modes for a free-running laser
could be as large as 321, which is highly multimode.

3. Experiment results and discussion

We started experiments with an initial investigation of free-running
lasers emitting at 640 nm without the QWPs and Brewster plate. The
cavity was carefully tuned and a maximal 660-mW multi-longitudinal-
mode (MLM) cw output was achieved at the absorbed pump power of
2.1 W with a slope efficiency of 43.4%. The ratio of absorbed pump
power with respect to the incident power was ~60%. Linearly polar-
ized output was obtained by inserting a Brewster plate, at an angle of
~56°, in front of the OC. The maximal output power was reduced to
527 mW with a slope efficiency of 35.6%. The power reduction we
believe was due to the suppression of unwanted polarization oscilla-
tions by the Brewster plate. Finally, a pair of QWPs were inserted. The

Fig. 1. The SLM Pr:YLF laser scheme with a twisted-mode cavity configuration pumped by InGaN blue LD.
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Fig. 2. Output power of the three Pr:YLF lasers.

Fig. 3. Optical spectrum of the SLM Pr:YLF laser.

orientations of the two QWP fast axes were perpendicular to each other
while aligned at + 45° regarding to the polarization orientation set by
the Brewster plate, which resulted in orthogonal circular polarizations
counter-propagating inside the crystal to uniform intra-cavity intensity
distribution for SHB elimination and MLM suppression. The SLM lasing
threshold was at 600 mW of pump power. A maximal cw output power
of 403 mW was achieved with a slope efficiency of 26.8%. The output
versus absorbed pump power measurements of the free-running, po-
larized MLM, and SLM lasers were shown as the black, red, and blue
dots in Fig. 2, respectively. The linearly polarized SLM output was re-
duced to ~61% of the unpolarized MLM laser output, and the power
reduction was attributed to the extra insertion losses and mode selec-
tion processes by the QWPs and Brewster plate.

In characterizing the twisted-mode SLM Pr:YLF laser, first, the op-
tical spectrum was measured by an optical spectrum analyzer
(Yokogawa, AQ6373B) with a wavelength resolution of 0.02nm. The
emission spectrum was found centered at 639.7 nm at the maximum
output of 403 mW, as shown in Fig. 3.

The output spectrum of the Pr:YLF laser was then observed with a
commercial scanning Fabry-Perot (F-P) interferometer (SA210-5B,
Thorlabs) operating from 535 to 820 nm with a free spectral range
(FSR) of 10 GHz. The minimum finesse was 150 and its resolution was
67 MHz. We used a signal generator (SA201-EC, Thorlabs), which
provided sawtooth waves at a frequency of 50 Hz, to scan this F-P in-
terferometer. The output spectra of the MLM and SLM lasers at the
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Fig. 4. Spectral analysis of the 640-nm Pr:YLF lasers: (a) MLM; (b) SLM.

Fig. 5. Linewidth measurement of the 640-nm SLM Pr:YLF laser.

Fig. 6. Stability measurement.

highest output are illustrated in Fig. 4(a) and (b), respectively. The
MLM operation was observed with a longitudinal mode spacing of
1.59 GHz, as expected. For the SLM operation, only a single spectral line
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Fig. 7. The M? measurement and beam profile.

existed at every FSR of the F-P analyzer without any side mode ap-
pearance. Considering that the F-P interferometer had an FSR nearly
seven times longer than the longitudinal mode spacing of the laser
cavity, a SLM oscillation was clearly indicated.

A second F-P interferometer (Thorlabs Inc., SA200-5B) was utilized
to resolve the spectral linewidth of the 640-nm laser emission. Its FSR
was 1.5 GHz with a minimum finesse of 200 and a finer resolution of
7.5MHz. As shown in Fig. 5, the spectral linewidth at the maximal
output level was measured to be ~ 150 MHz, corresponding to a co-
herence length of 636 mm assuming a Lorentzian spectral line shape,
which was consistent with those of previously reported solid-state
twisted-mode SLM lasers [32,37]. We also observed that the spectral
linewidth was ~120MHz at the lasing threshold and slightly broa-
dened to 150 MHz at the maximum output.

The stability experiment was conducted on an optical table in a
cleaning room with temperature set at 18 °C. Under this environmental
condition, the 640-nm SLM laser have operated stably for weeks. The
output at the maximum level has been recorded for six hours con-
tinuously every half minute and is shown in Fig. 6. The root-mean-
square deviation was calculated to be 0.92%, indicating good output
power stability.

The beam quality of this SLM Pr:YLF laser was measured with a
Spiricon M2-200 beam quality analyzer. As shown in Fig. 7, the M?
factor was measured to be 1.10 and 1.07 along the x and y direction,
respectively, at the maximal output. The inset illustrates the beam
profile, which presents a nearly perfect Gaussian distribution. There-
fore, TEMy, single-transverse-mode operation for the SLM Pr:YLF laser
was also confirmed.

4. Conclusion and summary

In conclusion, we experimentally demonstrated a 640-nm SLM cw
laser utilizing a piece of c-cut Pr:YLF crystal. By using a 3.5-W blue LD
as the pump source and a twisted-mode cavity, maximum laser output
power of 403mW in SLM was achieved with a slope efficiency of
26.8%. The SLM emission linewidth was 150 MHz. The M? factor of the
output beam was measured to be 1.10 and 1.07 along the x and y di-
rection, respectively. Further improvements including output power
enhancement, laser frequency tuning, as well as phase and intensity
noise reduction are currently under investigation.
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