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ABSTRACT

We report on the generation and tuning of single-frequency laser light in a monolithic Fabry-Pérot diamond Raman resonator operating
in the visible spectral range. The device was capable of squeezing the linewidth of a broad multi-mode nanosecond pump laser
(Av, = 7.2+ 09GHz at 4, = 450 nm) to a nearly Fourier-limited single axial mode Stokes pulse (Avs = 114 * 20 MHz at A5 = 479 nm).
The tuning was achieved by precise adjustment of the resonator temperature, with a measured frequency-temperature tuning slope of
Ovy/OT = —3 GHz/K, and a temperature dependence of the first-order Raman phonon line of dvx /0T = +0.23 GHz/K. The Stokes center
frequency was tuned continuously for over 20 GHz (more than twice the free spectral range of the resonator), which, in combination with
the broad Ti:Sapphire laser spectral tunability, enables the production of Fourier-limited pulses in the 400-500 nm spectral range. The Stokes
center-frequency fluctuations were 52 MHz (RMS) when the temperature of the resonator was actively stabilized. Moreover, the conversion
efficiency was up to 30%, yielding an overall power spectral density enhancement of >25x from pump to Stokes pulse.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0088592
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Fourier-limited nanosecond pulses are important tools for appli- for this task are based on acousto-optics,”~ wave-mixing, and

cations exploiting light-atom interactions at high intensity. Beyond
the requirement for a specific linewidth, precise tunability plays a cru-
cial role for the spectroscopic study of narrow-band transitions,”
atomic clocks and cooling,”* or photonic quantum technology.” * One
key aspect hindering progress is in the complexity and scaling of indi-
vidually and precisely tuned single-frequency laser sources at distinct
wavelengths across the spectrum.

Beyond the problem of generating Fourier-limited pulses, realiz-
ing gigahertz-range frequency shifts with high accuracy while main-
taining high efficiency and low loss—in particular, using a miniature
and scalable device—is challenging because it requires efficient and
controllable nonlinear processes. Typical integrated approaches used

electro-optics.'” Acousto-optic modulators use phonon scattering to
control the light center-frequency and can provide shifts in the kHz to
few GHz range while being implemented on a silicon chip."” Wave-
mixing can achieve efficient frequency conversion but requires strin-
gent phase-matching conditions and is difficult to control due to a
strong nonlinear dependence on optical power. The electro-optic effect
typically produces parasitic side-bands, which requires additional
spectral filtering elements to reduce spectral noise.

Alternatively, stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS) can lead to the generation of highly coherent
photons in a large variety of materials and at varied wavelengths,"* '°
some of which are suitable for integration on photonic chip
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platforms.'”'” Unlike typical inversion lasers, the emissions from

stimulated-scattering lasers are not limited to specific wavelength
ranges since no real energy levels are required; this provides unique
advantages, such as access to unconventional wavelengths and com-
patibility with other integrated laser sources. In addition, the genera-
tion of the single longitudinal mode (SLM) laser light via SRS can
directly provide an intrinsically stable single-frequency output without
the parasitic effects of spatial hole burning mode competition,”’
although typically requires elaborated feedback loops to stabilize the
cavity length.”

Recently, by embedding the laser resonator in the Raman media,
it has been demonstrated that is possible to produce frequency stable
output from a Fabry-Pérot (FP) diamond resonator without the need
of external mechanical feedback loops to control the cavity length
given that the temperature of the crystal is stabilized.”” Moreover,
these resonators can perform complex functions, such as “linewidth
squeezing” when pumped by few GHz linewidth multi-mode lasers.
Such mechanism, supported by phonon-resonant Raman interactions,
directly enhances the power spectral density (PSD) of broadband
nanosecond lasers by 50x. Furthermore, by operating in the so-called
high Raman gain regime'"'°—where the gain bandwidth is reduced to
that of the pump laser, the constraints in the design of a resonator to
support a single axial mode are further relaxed.

In this work, we build upon these recent demonstrations and pre-
sent a tunable monolithic diamond Raman converter pumped by a
frequency-doubled broadband nanosecond Ti:Sapphire laser. We
demonstrate that the combination of FP diamond resonators with
widely tunable multi-mode pump lasers not only is capable of produc-
ing a nearly Fourier-limited single-frequency pulses but also can be
precisely tuned with an accuracy better than <52 MHz RMS over the
entire spectral range of the pump laser tuning.

The monolithic Fabry-Pérot Raman medium was a synthetic
diamond cuboid crystal with dimensions of 6 x 2 x 2 mm® [free spec-
tral range (FSR) at 479 nm =~ 9.5 GHz], plane-cut for beam propaga-
tion along the (110) axis, and end-faces re-polished with a parallelism

Birefringent
(@) Etalon filter DM1 BiBO

Tunable Ti:Sapphire

Raman converter

M1 Oven/ lens DM2

Diamond resonator Output @ 479 nm

Monolithic diamond resonator

Insulator
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better than 0.5 um/mm. Thanks to the high Raman gain of diamond
at 450 nm, the Fresnel reflectivity of un-coated surfaces (R;, R, ~
18%) was sufficient to ensure highly efficient operation. A curved
retro-reflector (M1) was used for circulating the pump pulse twice
through the Raman medium, ensuring high conversion efficiency. The
diamond crystal was placed on a copper mount inside a high precision
oven (Covesion Ltd), with a temperature stability <10 mK.

The experiments were carried out using the tunable output pro-
vided by an intracavity frequency-doubled gain-switched Ti:Sapphire
laser operating at 450 nm, similar to the one described in Refs. 14
and 26. Figure 1 shows a schematic diagram of the experimental
setup. The Ti:Sapphire laser was pumped by the second harmonic of
a Q-switched Nd:YAG laser (Innolas Nanio 532-20-V) producing
up to 18 W of 532 nm light at a 10 kHz repetition rate, although only
8 W was used. The resulting pulse length of the Ti:Sapphire was
50 ns long, with a smooth temporal profile of asymmetric Gaussian
shape. The second harmonic of the Ti:Sapphire laser was efficiently
produced by intracavity frequency-doubling and exhibited a TEMy,
Gaussian mode with an M*> < 1.3. The second harmonic was then
extracted from the Ti:Sapphire cavity by means of a dichroic mirror
(DM1).

With this configuration, the system was capable of producing
approximately 1.2 W of average power at 450 nm, with a continuously
tunable output ranging from 350 to 470 nm. The output was focused
into the diamond crystal by a 150 mm focal length lens, producing
a waist of 57 *5um in diameter and a resulting intensity of
0.1 GW/cm? The linewidth (FWHM) of the 450 nm light was mea-
sured with a wavelength meter LM-007 (CLUSTER LTD Moscow)
and was 7.2 = 0.9 GHz averaged over ~1000 shots. In order to sepa-
rate the pump from the Stokes output, a pair of dichroic mirrors
(DM2 and DM3) were used, being possible to tune their angle to opti-
mize the transmission of the pump and the reflection of the Stokes
wavelength. The resulting tuning range depends both on the tunability
of the pump laser as well as the spectral response of the dichroic mir-
rors in use.

FIG. 1. Experimental setup. (a) A widely
tunable frequency-doubled gain-switched
Ti:Sapphire laser was used for pumping
the Raman converter, its polarization con-
trol was performed using a half-wave plate
(HWP) and a lens to focus it into the dia-
mond resonator. (DM1) Dichroic mirror for
separating fundamental and second haro-
monic beams, (DM2, DM3) Dichroic mir-
rors for separating pump at 450 nm and
Stokes at 479nm, (M1) curved retro-
reflector. (b) Detail of the monolithic
diamond resonator mounted on a temper-
ature stabilized copper substrate within
the insulated oven. R; and R, are the dia-
mond surface reflectivites and Lo the
effective resonator length. /,(t) and /Is(f)
represent the intensity amplitude enve-
lopes in the time domain of the pump and
Stoke pulses, respectively.

Temperature stabilized
copper substrate
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The theory underlying the complex interplay between pump and
Stokes spectral modes has been described in detail in Ref. 25. Here, we
only discuss the most important modifications to adapt it to our exper-
imental situation, in particular, regarding the effects of the temperature
on the resonating Stokes mode frequency v.

In contrast to previous works, our resulting Stokes frequency was
precisely tunable (in the MHz range) using temperature while the
pump laser modes were also tuned coarsely (in the multi-GHz
domain) using intra-cavity spectral elements. The condition to obtain
a spectral “funneling” effect described in Ref. 25, therefore, needs to be
modified to

vo(T) = vpg) — (vr(T) = QI). 1)

Here, the term (vg(T) = QI) accounts for a phonon that resonantly
interacts with the fundamental field mode vp() and is within the
Raman linewidth (Avg > QI VI). Q is the pump laser mode spacing.
This situation corresponds to the sketch shown in Fig. 2(a) at T = T,
The Raman shift [vg(T)] is temperature-dependent, and the resonat-
ing wavelength is determined by the mode closest to the peak of the
temperature dependent Raman spectral gain as depicted in Fig. 2(b).
Both effects and gain depletion dynamics interplay resulting in a
specific Stokes center-frequency. Tuning adiabaticity is ensured by the
continuous nature of the parameters involved in the process, with the
exception of eventual mode-hops occurring at the edges of the resona-
tor FSR. Meanwhile, the output linewidth is largely determined by the
temporal characteristics of the fundamental field and the photon life-
time of the monolithic resonator, both of which are independent of
temperature.

The sufficient conditions to ensure a single frequency operation
of monolithic diamond resonators were studied in Ref. 25: First, the
integrated resonator shall operate in the high Raman gain regime so
that the Raman gain spectral width approaches the pump spectral
width (Avg = Avp). Second, the free spectral range (FSR) of the dia-
mond resonator needs to be larger than the pump laser linewidth (FSR
>Avp). The high Raman gain regime condition is fulfilled here by
adjusting the Raman gain to values similar to Ref. 25. In our experi-
ments, the pump intensity was comparatively lower (0.1 GW/cm®

(@ T, (b) T3 #Tp

Tuning

Spectral funneling

Pump

0
v
Raman gain Resonator .
spectral profile ":deeS L tuning
Stokes <
0 0

FIG. 2. Schematic depiction of (a) spectral funneling effect in monolithic diamond
Raman lasers and (b) tuning of the funneling employing temperature.
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compared to 0.3 GW/cm?), but thanks to the favorable scaling of the
Raman gain with shorter pump wavelengths,”” the resulting gain was
equivalent for both cases. The selected diamond had a FSR of 9.5 GHz
compared to the 7.2 GHz linewidth of the pump laser ensuring single
longitudinal mode operation.

The diamond converter produced a shifted Stokes output at
479 nm with <114 MHz linewidth at 30% power conversion efficiency
(slope efficiency 58%), yielding a maximum peak power spectral den-
sity (PSD) enhancement of >25x, as shown in Fig. 3. The PSD nor-
malization was carried out scaling the spectral curves so that their
integrals correspond to the measured pulse energies.

The frequency stability results are shown in Fig. 4. Here, the dia-
mond bulk was temperature stabilized with an accuracy <10 mK, and
the resulting RMS fluctuation of the output Stokes center frequency
was <52 MHz, measured over a period of two hours with a sampling
rate of 15 Hz.

The measured peak-to-peak frequency fluctuation was
<200 MHz. These fluctuations are assumed to be related to environ-
mental factors, although a likely correlation between pump pulse
energy and Stokes center frequency—due to the variable laser heat
deposition in the crystal—also could render deviations in the resonator
effective length. Likewise, the temperature gradient generated by the
laser illumination of an area of only 160 um? could in principle
account for some discrepancy between the bulk temperature measure-
ments and the actual diamond temperature at which the Raman inter-
action takes place. Such deviations, however, are assumed to be
negligible due to the power stability of the pump laser (less than 1%
RMS power fluctuations) and the high thermal conductivity of the dia-
mond crystal, and so not affecting considerably the tuning slope.

In order to study the temperature dependency, we define
“effective length” (L.s) as the exact optical path length between

30 T T T : :
Avp~ 7.2 GHz =35 035
| %30 03 % |
25 508 G625 0.25 %‘
S o6 £20 —>lo2 %
a7 | «— £ 15 015 %
20 & 04 210 0.1 %,
5 0.05
—_ 0.2 5
=} o0 0
= 20 o 20 0.4 . o.eP o.sW 1
o 15 - »[GHz] ump Power [W] i
@ —>|“— Avg~ 114 MHz
10 ¢ Ler .
51 Stokes
Ry T R &-\; Pump
0 .

40 30 20 10 0 10 20 30 40
v [GHz]

FIG. 3. Normalized power spectral density profile of the pump and Stokes pulses at
maximum conversion efficiency. (Inset left) Pump pulse linewidth measurement.
(Inset right) Slope and conversion efficiency. (Inset down) Sketch of the monolithic
Fabry—Pérot diamond resonator, where R; and R; are the reflectivities of the paral-
lel end-surfaces, T is the temperature setting, L is the effective medium length at
V.
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FIG. 4. Stokes frequency stability over a period of 2 h under constant temperature.
(Inset) average measured Stokes linewidth during the same period.

resonator facets at a particular Stokes wavelength /g, which defines the
resonating Stoke longitudinal modes frequencies. For Raman pro-
cesses, the temperature dependence of the first-order Raman phonon
line needs also to be taken into account to predict the output Stokes
frequency accurately.

In general, it is possible to calculate separately the effects that pro-
duce a shift to the Stokes resonant frequency v,. The temperature
affects the optical length of the resonator as well as the Raman shift.
The effective length or optical path length at the wavelength Ag and at
temperature T, can be defined as

Legt (To, As) = L(To)n(Ty, As). (2)

The condition for resonance within the diamond resonator is
s 2 2
As(To) =aLeff(To,is) = aL(To)n(Ton), (3)

where g is the mode number. Note that all wavelengths used in this
mathematical formulation are in vacuum. For small shifts in tempera-
ture (AT), we can use a perturbation theory approach to estimate the
resulting wavelength shift of the Stokes by

2 OL
Is(To + AT) = (L(TO) + ﬁAT)

X (n(TO,J,s) +%AT+%AAS>. (4)
Here, the term OL/OT can be expressed in terms of the linear thermal
expansion coefficient (o in the following) as OL/OT = oL(Ty).
The shift in wavelength can be directly calculated by AZg
= Js(To + AT) — 25(Ty). The terms On/OT and 9n/IA correspond
to the thermo-optic coefficient at T, and the chromatic dispersion at
As> respectively. Here, we assume that dispersion terms do not change
for small temperature increments AT.
Reorganizing Eq. (4) and neglecting second order differential
terms, we can obtain an approximate tuning slope of the center Stokes
wavelength as a function of temperature. Changing variables from

scitation.org/journal/apl

Stokes wavelength /g to resonating Stokes frequency vy, Eq. (4)
becomes
Ovg ¢ (1/n)(On/OT) +a
aT B )vsl—;us(l/n)(an/al)

@)

Note that, in general, the thermo-optic coefficient is a function of tem-
perature and, therefore, the tuning slope will have a resulting tempera-
ture dependence; here, we take into account only the first-order term.
It is apparent from Eq. (5) that in order to obtain an accurate and sta-
ble tune of the Stokes wavelength, materials exhibiting low thermo-
optic coefficient and low thermal expansion coefficient o will present
an advantage. Similarly, highly dispersive materials may further reduce
requirements for temperature accuracy when high Stokes frequency
stability is pursued.

Using Eq. (5), the expected values for the tuning slope in fre-
quency (Avg/AT) in the range from 300-400K vary from —2.7 to
—3.6 GHz/K as shown in Fig. 5(b). For this estimation, the thermo-
optic coefficient was calculated using the model described in Ref. 28,
whereas the dispersion was calculated using the two-factor Sellmeier
equation for synthetic diamond found in Ref. 29 and the thermal
expansion coefficient of & ~ 1.1 X107 K™ found in Ref. 30.

The peak position v and the linewidth of the first-order Raman
mode of diamond at ~1332cm ™" are also a function of temperature.
At a certain temperature T, the an-harmonic interactions can effec-
tively change the unperturbed Raman frequency at 0K. From a
Klemens model, which assumes that the zone-center optical modes
decay into two acoustical phonons of opposite momentum, the first
order Raman line shifts by temperature as follows: "'

2
VR(T) = _B<eﬁwo/2k3T — 1)1 (6)

where the unit-less scaling factor B depends on the details of the
diamond dispersion curves.”" A fit to the experimental data shown
in Ref. 31 yields a value of B=1.3x 102, Here, hw, =
1332.7cm ' is the Raman shift at 0 K. It is worth noting that a
negative vg(T) produces a higher Stokes frequency, and so the
tuning slope of the Stokes center frequency will have a resulting
positive sign. Differentiating Eq. (6), we obtain an analytical
expression for the Raman shift tuning slope,

vy e/ 2ksT)

or = B kp T2 (elfen/2%T) — 1)2 @

Using Eq. (7), the theoretical values for (9vg(T)/OT) in the range
from 300-400K induce a frequency shift in the center Stokes
frequency from 40.2 GHz/K to +0.25 GHz/K as shown in Fig. 5(c).

From the calculated slope in Eq. (7), it is clear that for attaining a
frequency stability below 100 MHz required for typical high-resolution
spectroscopy or quantum applications, the temperature of the
diamond resonator needs to be stabilized with an accuracy of at least
<40 mK.

The tunability experimental tests were carried out by adjusting
the temperature setting of the oven in increments of 10 mK, and the
results are shown in Fig. 5(a). The average frequency-temperature tun-
ing slope within a FSR of the resonator was approximately dv/0T
~ —3 GHz/K, whereas the temperature dependence of the first-order
Raman phonon line was about v /0T =~ +0.23 GHz/K. This agrees
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reasonably with previous calculations resulting from the Klemens
model (= +0.2 to 0.25 GHz/K) and with the temperature dependent
effective length calculations (—2.7 to —3.6 GHz/K) as shown in Figs.
5(b) and 5(c). It can be appreciated that the overall tuning slope is a
nonlinear function of temperature due to the temperature dependency
of the thermo-optic coefficient.” Interestingly, the range where the
index of refraction is nonlinear is most severe for temperatures in the
range from 200 to 400 K. Below 200K, (1/n)0n/OT is nearly zero,
whereas for values above 400 K, it asymptotically tends to 7.1 x 10°
K~ '. Within a small tuning ranges smaller than the FSR, the response
was mostly linear, suggesting also that mode-pulling effects were
essentially negligible.

The results portray also the possibility of selecting the optimal
temperature range for ensuring that the Stokes frequency is at the
center of the resonator FSR. This is thanks to the relatively small
Raman shift temperature tuning compared to the thermo-optic and
thermal expansion effects on the Stokes frequency. Such feature can
be then exploited to facilitate pure single frequency operation with-
out spectral side-modes, ensuring maximal output power and PSD
simultaneously.

This work demonstrates that an inherently robust and simple
monolithic diamond resonator can efficiently transform pulsed
broad-band tunable laser radiation into a near-Fourier limited and
continuously tunable output with significantly increased power
spectral density. Our results show that tunable integrated FP dia-
mond Raman resonators hold great promise for the on-chip gener-
ation of high intensity tunable narrow linewidth light across the
optical spectrum, with broad ranging spectroscopy and quantum
optics applications.
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