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Abstract

Stimulated Raman scattering is a third-order nonlinear optical effect that is not only effective for wavelength converting
laser output, but also for single longitudinal-mode output due to the absence of spatial hole burning. Diamond is a
prominent Raman-active medium that has significant potential for linewidth narrowing and wavelength converting lasers
at high power levels due to its high thermal conductivity, long Raman frequency shift and wide spectral transmission
range. In this work we utilize diamond in a resonantly mode-matched external cavity to achieve cascaded Raman
conversion of a 1064 nm laser. By fine-tuning the length of this external cavity, we can obtain narrow linewidth emission
at 1240 and 1485 nm. When operating at maximum power, the measured linewidths were more than twofold narrower
than the linewidth of the fundamental field. In addition, the noise levels of the Stokes fields are lower than that of the
fundamental field throughout the entire noise frequency range, and the intrinsic linewidth of the second Stokes field,
which is expressed at the hertz level (~3.6 Hz), is decreased by approximately three orders of magnitude compared to
that of the pump. This work represents the first measurement and analysis of the linewidth and noise characteristics of
cascaded diamond Raman lasers and, significantly, offers a new means by which high-power, narrow linewidth laser
output can be produced from wavelength-converted laser systems.
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1. Introduction cavity methods!”!, frequency-selective elements!®! and seed

injection”’; however, these approaches typically increase

Narrow linewidth lasers are essential tools used across a
plethora of high-precision measurement and scientific appli-
cations, including gravitational wave detection!!!, quantum
optics'!, laser guide stars®! and laser cooling!*!. In addition
to a narrow linewidth, these applications can also have other
significant laser requirements pertaining to wavelength and
output power. The wavelength output range of conventional
particle inversion lasers can be limited, owing to the char-
acteristics of the atomic transition energy levels of their
gain medium. Furthermore, the linewidth of these lasers can
also be affected by spatial hole burning (SHB) (a periodic
modulation of the gain within the laser gain mediuml'),
which usually results in an output with multiple longitudinal
modes (and hence broad linewidth). The impact of SHB can
be alleviated using unidirectional annular cavities®, short
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system complexity and can limit output power.

Third-order nonlinear frequency conversion processes
such as stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS) do not involve the storage of
energy within the conversion medium, and therefore do not
suffer from SHB. Therefore, lasers that utilize these effects
can directly generate single longitudinal-mode (SLM) laser
output!'%~3! In addition, SRS and SBS are not constrained
by phase matching and hence, in theory, laser output at
any wavelength within the SRS/SBS-active medium’s trans-
parency range can be achieved. The magnitude of the fre-
quency shift achieved using the SRS process is typically two
to three orders of magnitude greater than that achieved using
SBS. As such, the design characteristics of Raman lasers
are typically less constrained/complex than Brillouin lasers,
especially in relation to fine control of cascading Stokes
orders. In this respect, Raman lasers have greater potential
to expand the wavelength range of single-frequency lasers.
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In the context of single-frequency lasers, diamond has
significant potential to simultaneously enhance the output
power and wavelength coverage of such lasers, owing
to the ultra-high thermal conductivity of the crystals
(>2000 W/mK), extremely broad spectral transmission
range (for wavelengths >0.23 pum)!'*~% and outstanding
nonlinear optical characteristics. Within the literature, a
continuous-wave (CW) SLM 1240 nm Raman laser of output
power up to 4 W has been achieved from a free running
diamond Raman standing-wave cavity without the need
for additional frequency-selective elements!'”l. However, it
was reported that thermal effects within the cavity led to
changes in the cavity length, which limited the system’s
power scaling capacity. Cavity locking using the Hansch—
Couillaud (HC) technique is an approach that has proven
effective at improving the stability and power scalability of
SLM diamond Raman lasers, and outputs of up to 7.2 W
have been demonstrated”!!. With the adoption of V-shaped
cavities, which have lower sensitivity to misalignment and
single-mode fluctuation in comparison to linear cavities,
CW SLM diamond Raman laser outputs have been scaled
to powers of up to 20 W32l The large Raman shift in
diamond in conjunction with cascading of Stokes orders
highlights the expansive breadth of wavelengths that can be
achieved when using this crystal for SRS. Furthermore,
this wavelength diversity can be further expanded with
the inclusion of other nonlinear optical processes, such
as sum-frequency generation/second harmonic generation,
expanding the wavelength range of narrow linewidth
diamond Raman lasers across both long- and short-wave
spectral regions!>*~201,

In this paper, we demonstrate the generation of narrow
linewidth Raman laser emission at wavelengths of 1240 nm
(first Stokes) and 1485 nm (second Stokes) through cascaded
SRS conversion using diamond in a simple linear standing-
wave cavity structure, without the need for additional
frequency-selective elements. The corresponding maximum
output powers are 14 and 8 W, respectively. We actively
tuned the cavity length to match the Stokes wavelength in
order to achieve narrow linewidth output. By measuring
the Raman laser linewidth at different output powers, we
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found that the self-heterodyne-measured linewidths of the
first and second Stokes fields were compressed by more than
twofold in comparison to that of the pump/fundamental field.
Analysis of the noise characteristics of the laser showed that
the second Stokes field had significantly lower noise than the
pump/fundamental field. To the best of our knowledge, this
work constitutes the first characterization and measurement
of the linewidth and noise of a cascaded diamond Raman
laser.

2. Experimental setup and results

A schematic showing the layout of the diamond Raman
laser is shown in Figure 1. A 1064 nm single-frequency
CW semiconductor laser (RIO origin RIO0175-5-07-1)
was used to seed an ytterbium-doped fiber amplifier that
produced a maximum power of 50 W (this was used as the
pump/fundamental field input into the cavity). A half-wave
plate (A/2) and an isolator were used to control the power of
the fundamental field input into the cavity. Lenses L1 and
L2 were used to collimate and adjust the diameter size of
the fundamental field to approximately 2.7 mm, ensuring
the appropriate pump focusing size at the cavity waist when
combined with lens L3. Another /2 was used to adjust the
polarization direction of the fundamental field so as to be
parallel to the <111 > axis of the diamond crystal, achieving
maximum Raman gain'””). The Raman medium used in the
experiment was a 2 mm X 2 mm X 7 mm chemical vapor
deposition (CVD) single crystal diamond with anti-reflection
coatings for 1064 nm (fundamental field), 1240 nm (first
Stokes field) and 1485 nm (second Stokes field) applied to
the two end faces perpendicular to the direction of laser
transmission. The diamond was positioned at the beam
waist of the cavity, with its four planes parallel to the
optical axis surrounded by a copper heatsink. This setup
facilitated heat dissipation through water cooling at 20°C
to quickly achieve thermal stability and prevent damage to
the diamond’s coating due to excessive temperatures'”®!. The
output coupler (OC) was fixed to a piezoelectric-actuated
translation stage (PZT) that enabled fine adjustment of the
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Figure 1. Schematic diagram of the cascaded narrow linewidth diamond Raman laser system. A/2, half-wave plate; IC, input coupler; OC, output coupler;
PZT, piezoelectric-actuated translation stage; LPF, long-pass filter; BS, beam splitter; FPI, Fabry—Pérot interferometer.
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cavity length. In addition, no active cavity locking was
implemented in our study; therefore, the resonance of the
Raman field was achieved solely through the coating of
the cavity mirror. Lens L4 (which had a focal length of
150 mm) and a long-pass filter (LPF) were positioned after
the cavity to collimate the output Stokes fields and filter out
the residual fundamental field passing through the cavity. In
optimizing the output characteristics of the first and second
Stokes fields, different cavity parameters (such as output
transmittance and cavity length) were used, and these are
described in detail in the corresponding sections below.

2.1. Generation of first Stokes emission

To generate the first Stokes emission from the system, a
focusing lens L3 with a focal length of 75 mm was used.
The input coupler (IC) had a radius of curvature (ROC) of
50 mm and was coated with a high-transmission coating for
1064 nm and a high-reflection coating for 1240 nm. The OC
had an ROC of 50 mm and was coated with a high-reflection
coating for 1064 nm and a partially transmitting coating
(T = 0.73%) for 1240 nm. This configuration enabled
double-pass pumping of the diamond crystal. The diamond
Raman cavity had a length of approximately 103 mm, with
beam waist radii of 30 and 45 pwm for the fundamental and
first Stokes fields in the diamond, respectively.

Figure 2(a) is a plot showing the power-transfer character-
istics of the first Stokes field as a function of the incident
fundamental field/pump power, along with the residual fun-
damental power passing through the cavity. The threshold
for first Stokes generation was approximately 13 W, and at
a maximum fundamental power of 45.5 W, a first Stokes
output power of 14.5 W was achieved, corresponding to a
conversion efficiency of 31.8% and a slope efficiency of
44.6%. Shown in the inset is the spatial intensity profile of
the first Stokes field at 1240 nm. We used a wavelength meter

(HighFinesse WS7-60) to measure the wavelength stability
of the first Stokes output over a period of 10 minutes and this
is plotted in Figure 2(b). The plot indicates that for a first
Stokes output power of 10 W, the center wavelength of the
first Stokes field fluctuates within a bandwidth of approxi-
mately 68 MHz over a period of around 13 minutes, while
the root mean square (RMS) variation of the output power
remains around 1% during SLM operation. However, due to
temperature fluctuations and environmental vibrations, mode
jumping occurred afterward, leading to a transition to multi-
longitudinal-mode (MLM) operation.

To investigate the longitudinal-mode characteristics of the
generated Stokes fields, we utilized a spectrum analyzer
(AQ6370D, Yokogawa) and a scanning Fabry—Pérot interfer-
ometer (FPI, SA210-8B, Thorlabs). We observed that as the
Stokes output power changed, so did its spectral characteris-
tics, specifically its longitudinal-mode characteristics. These
changes were due to differing thermal intensities manifesting
within the cavity caused by changes in power. These thermal
fluctuations had the net effect of altering the length of the
cavity. In order to counter these undesired changes in cavity
length, for specific operating points, we actively adjusted the
cavity length using a PZT (using adjustment step sizes of
approximately 30 nm) while monitoring the output spectrum
and FPI transmission signal. Representative plots of the
outputs that we recorded are shown in Figure 3; the left-
hand panels of plots show the measured first Stokes output
spectrum, while the right-hand panels of plots show the
corresponding FPI transmission signal. As can be seen
from the spectra, the center wavelength is approximately
1240 nm. As the cavity length changes, the morphology
of the spectral output switches between smooth and rough
states. Specifically, the smooth spectral state corresponds
to SLM output, while the rough spectral state corresponds
to MLM output, as illustrated from the FPI output plots in
Figure 3. When the cavity length was set so as to produce
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Figure 2. Plots showing (a) variation of the first Stokes field and residual fundamental powers with respect to incident fundamental (pump) power and (b)
wavelength stability of the first Stokes field at an output power of 10 W and monitored over a period of 10 minutes.
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Figure 3. First Stokes output spectrum and longitudinal-mode structure for different Raman cavity lengths obtained by controlling the voltage applied to
the PZT. Black represents the output spectrum and red represents the corresponding FPI transmission signal. From (a) to (c), the cavity length decreases

incrementally by 690 nm.

SLM output, the fluctuation in the center frequency was of
the order of tens of MHz, as shown in Figure 2(b).

Changes to the cavity length effectively scan the longitu-
dinal modes of the cavity through the SRS gain profile, thus
providing a means by which a single mode can have max-
imum gain, or two modes can have equal gain. Ultimately,
this results in a transition between SLM and MLM Raman
output as the cavity length is varied. Figure 4 outlines the
relationship between the longitudinal modes of the cavity
and the Raman gain at different cavity lengths. Let us focus
on the condition whereby a longitudinal mode of the cavity
is located at the center of the Raman gain spectrum, as
illustrated in Figure 4(a). In the absence of SHB (as is
the case in SRS) and with the fact that the linewidth of
the pump/fundamental field is much narrower than the SRS
gain bandwidth of diamond, depletion of the fundamental
field takes place at the center of the SRS gain spectrum,
and adjacent longitudinal modes reach gain saturation, thus
preventing them from extracting energy from the funda-
mental field. This results in SLM Stokes output. When the
cavity length is varied, the modes are swept through the
Raman gain profile for the fixed fundamental wavelength.
Also highlighted in Figure 4 is the condition where the
longitudinal modes of the cavity are located at either side of
the gain peak (Figure 4(b)). In this case, the two longitudinal
modes closest to the gain center experience almost identical
SRS gain, leading to approximately equal gain between the
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modes, in which case small system perturbations lead to
multimode behavior.

For a cavity length that positions a longitudinal mode at
the center of the SRS gain, SLM output can be achieved
and this is represented by the state shown in Figure 4(c).
Based on the results in Figure 3 and the schematic shown in
Figure 4, it can be concluded that the first Stokes output can
be made to vary between the SLM and MLM in a periodic
fashion by changing the length of the cavity. We determined
that this variation occurs with a period of approximately
690 nm (corresponding to a PZT voltage of ~2.6 V). The
experimental result is slightly larger than the theoretical
values (/2 ~ 620 nm, which corresponds to a free spectral
range (FSR)). We posit that this may be due to thermal
effects inside the cavity causing an increase in the cavity
length of the experimental system!'’!. Therefore, in the
experiments, for each investigated power level, the length of
the cavity was fine-tuned in order to produce SLM output at
the first Stokes wavelength.

We used the delayed self-heterodyne interferometric
(DSHI) method to determine the linewidth of the Raman
output at maximum pump power. Using this method,
the linewidth of the laser under test was determined
by comparing the contrast difference between the first
trough and the second peak (CDFTSP) of the coherence
envelope®>*"1. Firstly, we measured the linewidth of the
pump/fundamental laser using the DSHI method, employing
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Figure 4. Schematic diagram showing the change in longitudinal-mode structure of the cavity in relation to the SRS gain for different cavity lengths.
Gray and red represent the resonant cavity’s intrinsic longitudinal modes, while blue represents the diamond Raman gain spectrum. To facilitate clearer
comparison, the FSR has been appropriately magnified. (The Raman linewidth of diamond is ~40 GHz and the resonant cavity FSR is ~1.33 GHz. As a
result, there are about 30 longitudinal modes within the Raman gain bandwidth.)
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Figure 5. Plots showing (a) the coherence envelope function of the fundamental field and (b) a collection of coherence envelope functions of the first Stokes

field at maximum pump power.

a 100 m delay fiber (Hi1l060 Nufern) and an acousto-optic
modulator (AOM) with a frequency shift of 100 MHz. The
resulting coherence envelope is shown in Figure 5(a), where
the CDFTSP is 16 dB. Through calculations, the linewidth
was determined to be approximately 6.9 kHz. When the
output Stokes field was SLM (achieved by adjusting the
cavity length), the linewidth of the first Stokes field at
maximum pump power was measured using a 1.3 km delay
fiber and an AOM with a frequency shift of 80 MHz. The
resulting coherence envelopes are presented in Figure 5(b).
Here, the CDFTSP is 8.5 dB and remains almost identical
across the different investigated output powers, indicating
that the Raman linewidth did not vary with the output power.
The corresponding first Stokes output linewidth was approx-
imately 3.0 kHz, representing a narrowing by a factor of 2.3
in comparison to the linewidth of the fundamental field.

A range of delay fiber lengths were used in the linewidth
measurements of the fundamental and Stokes fields. A
shorter fiber length resulted in stronger coherence of the
beat signal in the DSHI setup, leading to a more distinct
coherence envelope. Fiber length needed to be selected based
on the anticipated linewidth of the beam under examination.
Too long a fiber could introduce flicker noise, while too short
a fiber could cause excessive envelope size, affecting peak
point accuracy. When a 100 m delay was used to examine
the Stokes fields, the trough points were obscured by noise,
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resulting in overestimated linewidths. Therefore, for Stokes
fields with narrower linewidths, we used a 1.3 km fiber for
measurement.

2.2. Generation of second Stokes emission

The large Raman frequency shift of diamond can enable
the generation of eye-safe 1.5 pwm emission via cascaded
Stokes shifting using a fundamental wavelength at approxi-
mately 1 wm{®*3-321 In this work, we also investigated the
generation of second Stokes emission at 1.5 pwm, with a
mind to produce a system optimized for narrow linewidth
emission. To this effect, we modified our experimental setup
by changing the IC to one that had a high-transmission
coating for 1064 nm and a high-reflection coating for 1240
and 1485 nm. The OC was also changed so as to have a
high-reflection coating for 1064 and 1240 nm, as well as a
partially transmitting (7" = 45%) coating for 1485 nm. The
IC and OCs had ROCs of 100 and 50 mm, respectively.
The focal length of L3 was 100 mm, and the length of
the cavity was approximately 153 mm. The corresponding
fundamental, first Stokes and second Stokes beam waist radii
in the diamond were 35, 48 and 53 pwm, respectively.

Figure 6(a) shows the power-transfer characteristics of
the first and second Stokes fields as a function of incident
pump/fundamental power. At the maximum fundamental
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Figure 6. Plots showing (a) the power-transfer characteristics of the first and second Stokes outputs as a function of pump/fundamental power and (b) the

wavelength stability of the second Stokes output at a power of 8 W.
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Figure 7. Plots showing (a) the coherence envelope functions of the second Stokes output at maximum pump power and (b) the noise characteristics of the

fundamental and second Stokes outputs.

power of 45.5 W, a second Stokes output of 8.5 W was
measured, corresponding to a conversion efficiency of
18.7%. The inset shows the spatial profile of the output
second Stokes field at 1485 nm. Similar to observations made
when optimizing for the first Stokes field, the cavity length
also affected the longitudinal-mode output characteristics of
the second Stokes field. Figure 6(b) shows the wavelength
stability of the second Stokes field when it was emitted
as an SLM and the output power was 8 W. It can be
observed that the output wavelength fluctuated within a
bandwidth of approximately 38 MHz over a 60-second
period. Over longer time scales, due to temperature and
environmental fluctuations, the output was found to fluctuate
more significantly, leading to MLM output, as shown in
Figure 3(b). This result highlights that the wavelength
stability of the second Stokes field is lower than that of
the first Stokes field in the first Stokes optimized system. We
believe that this increased level of fluctuation is a result of
additional thermal effects resulting from the Raman cascade
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process and the complex interactions that occur among the
fundamental, first Stokes and second Stokes fields during
this process.

Similar to the results presented for the first Stokes opti-
mized system, we also used the DSHI method to measure
the linewidth of the second Stokes output at different output
power levels. Here, a 1.3 km delay fiber (SM28E Corning)
was used; the coherence envelope functions of the second
Stokes field at maximum pump power are shown in Fig-
ure 7(a). The results are similar to those achieved from the
first Stokes optimized system and the CDFTSP values are
nearly the same across the investigated power levels. The cor-
responding CDFTSP value was 8.9 dB, which corresponds to
a linewidth of approximately 2.7 kHz. Compared to the first
Stokes field, the linewidth of the second Stokes field shows a
slight narrowing effect.

We utilized a commercial laser noise analyzer (SY1550-
LDPD-C-T) to measure the noise of both the fundamental
and second Stokes fields"®*!, which operates within two
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specific wavelength bands, 1 and 1.5 pwm, as illustrated in
Figure 7(b). It can be observed that across the entire mea-
sured frequency range, there is a significant improvement
in the frequency noise performance of the second Stokes
field because of the linewidth narrowing compared to the
fundamental field. After the S line, there is a continued and
significant reduction in the Stokes frequency noise; the white
noise floor of second Stokes is suppressed by approximately
30 dB compared with that of the pump and it is approaching
approximately 2.5 Hz>/Hz corresponding to a fundamental
linewidth of approximately 3.6 Hz**!. The higher noise
region observed in the range from 10 to 10° Hz is attributed
to acoustic noise from the experimental environment. To
the best of our knowledge, this represents the first time
that linewidth measurements and noise analyses have been
performed on a cascaded diamond Raman laser.

3. Conclusion

In conclusion, we have designed and characterized a narrow
linewidth diamond Raman laser cavity pumped using a 1 pm
laser to generate high-power, narrow linewidth emission at
1240 and 1485 nm. Through precise adjustment of the cavity
length, we achieved matching of the cavity modes with the
SRS gain of diamond to produce 1240 and 1485 nm outputs
with linewidths of 3.0 and 2.7 kHz and corresponding
maximum output powers of 14 and 8 W, respectively, and the
linewidths are compressed by more than two times compared
to the pump. The cascaded Raman output exhibited lower-
frequency noise than the fundamental field across the entire
measurement frequency range, the white noise floor of the
second Stokes field is decreased by approximately three
orders of magnitude compared to that of the pump and
the corresponding fundamental linewidth reaches the level
of hertz. In addition, the excellent thermal properties of
diamond allowed the output performance to remain stable
across a range of water-cooled temperatures (20°C £ 5°C).
Although the commercial noise analyzer effectively demon-
strated the noise spectrum, we believe further optimization is
possible. In future work, we plan to implement the correlated
self-heterodyne method*! to enable precise ultra-low-noise
detection. This study demonstrates the potential of diamond
Raman lasers for producing high-power, narrow linewidth
outputs at specific wavelengths, without the need for addi-
tional frequency-selective elements. We anticipate that such
systems will play a crucial role in advancing the development
of narrow linewidth lasers and related applications.
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