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Heat evacuation from active Raman media using frequency-selective dissipative coupling
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We propose to use frequency-selective dissipative coupling to reduce the heat generated by coherent anti-
Stokes Raman scattering (CARS) reversed cycles in active Raman media with phase mismatch. This is
accomplished using a coupled-waveguide structure, which includes the active Raman waveguide (RW), where
the Stokes signal undergoes amplification via stimulated Stokes Raman scattering (SSRS), and a dissipative
waveguide (DW), which is tuned to the anti-Stokes wavelength so as to evacuate the corresponding anti-Stokes
photons from the RW by coupling. The DW introduces optical loss that partially offsets the growth of the
anti-Stokes signal in the RW and hence suppress the reversed CARS cycles that would otherwise result into
heat generation in the RW. It is shown that the frequency-selective dissipative coupling provided by the DW
can reduce the heat in active Raman media by a very factor of up to 5 when the CARS phase mismatch is
compensated for by the optimum level of coupling between the RW and the DW.
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In 1929, Pringsheim proposed to use anti-Stokes fluo-
rescence to cool sodium vapor by leveraging the quantum
defect existing between the pump and anti-Stokes photons
to annihilate phonons [1]. This approach was later extended
to cool solids, such as rare-earth (RE) doped glasses [2] or
crystals [3,4] and to mitigate heat generation in RE-doped
lasers or Raman lasers [5–9]. In these cases, each cooling
cycle includes the absorption of the pump photon followed
by phonon annihilation and radiation of an anti-Stokes photon
that removes energy from the system. The energy difference
between the anti-Stokes and pump photons is equal to the
suppressed heat energy. Unfortunately, a reverse cycle that
results into heat generation also takes place in the system. The
reversed cycle consists of in anti-Stokes photon absorption
followed by pump photon emission and phonon generation
that reintroduces some energy into the system. These reverse
cycles are major obstacles to laser cooling with anti-Stokes
fluorescence, and solutions to this issue are needed to advance
this technology.

In this work, we propose to use frequency-selective dissi-
pative coupling to suppress the reversed cycles in laser cooled
systems, and hence enhance the cooling efficiency. This ap-
proach may represent a major advance in the long-lasting
issue of laser cooling limitation due to reverse anti-Stokes
cycles in different solids. We shall consider its application
to Raman active media and specifically show how frequency-
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selective dissipative coupling can improve heat mitigation in
Raman amplifiers.

The operation of Raman amplifiers is based on stimu-
lated Stokes Raman scattering (SSRS), which is depicted in
Fig. 1(a). SSRS is a third-order nonlinear, inelastic scattering
process occurring in certain materials, called Raman media,
such as tungstate (BaWO4 [10], SrWO4 [11,12]), nitrate crys-
tals [Ba(NO3)2] [13], vanadate (GdVO4) [14], silicon [15],
diamond [16], etc. As all conventional lasers and amplifiers,
Raman amplifiers suffer from heat generation within the ac-
tive medium caused by the quantum defect between the pump
and lasing (Stokes) photons, which deteriorates the device
performance. In addition to SSRS, such media involve the
processes of coherent anti-Stokes Raman scattering (CARS)
and stimulated anti-Stokes Raman scattering (SARS), which
are, respectively, represented in Figs. 1(b) and 1(c). SSRS and
SARS are processes that generate a single photon and a single
phonon per cycle. In contrast, CARS is a four-wave mixing
process that exchanges energy with the medium; causing the
annihilaton of two phonon per cycle, and may be used for heat
reduction [17].

Our enhanced-cooling technique combining anti-Stokes
and dissipative coupling is depicted in Fig. 2. Specifically,
this technique is based on a frequency-selective dissipative
coupling and mitigates heat in Raman active media even in the
presence of some phase mismatch. Contrary to conventional
planar Raman lasers and amplifiers, which involve a single
waveguide, our structure consists of two coupled waveguides.
One of these waveguides is the Raman waveguide (RW),
which supports nonlinear depleted pump power at the wave-
length λp and generation and amplification of the Stokes and
anti-Stokes modes at the wavelengths λs and λa, respectively,
while the second waveguide is a dissipative waveguide (DW)
that is tuned to the anti-Stokes wavelength λa to evacuate the
related heat energy. The RW-DW coupled pair is designed to
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(a) (b) (c)

FIG. 1. Processes taking place in a Raman medium: (a) SSRS,
(b) CARS, (c) SARS. λp, λs, λa are the pump, Stokes and anti-Stokes
wavelengths, while � is the phonon frequency.

form a system with frequency-selective dissipative coupling
where the DW provides an optimal evacuation channel for the
anti-Stokes phonon and an efficient strategy to reduce heat. In
our scheme frequency-selective dissipative coupling, which is
provided by a loss channel made of the DW for the growing
anti-Stokes signal in the RW, prevents reverse CARS cycles in
the RW accompanied by phonon generation.

The operation of the proposed structure can be analyzed
with the propagation equations, which describe the evolution
of the electric field of the pump (Ep), Stokes (Es), anti-Stokes
(Ea), and DW (ED) modes, respectively:

∂Ep

∂z
= − λs

λp
Gs|Es|2Ep + Gp|Ea|2Ep − αpEp, (1)

∂Es

∂z
= Gs|Ep|2Es + λa

λs
CsaE2

pE∗
a ei�kz − αsEs, (2)

∂Ea
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= −Gp

λp
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|Ep|2Ea − CsaE2

pE∗
s ei�kz + iκDED − αaEa,
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FIG. 2. Proposed frequency-selective dissipative structure to en-
hance the cooling efficiency of a Raman amplifier, composed of a
Raman waveguide (RW), where the generation of the Stokes and
anti-Stokes signals takes place, and a dissipative waveguide (DW),
that is tuned to the anti-Stokes wavelength to evacuate and dissipate
the anti-Stoke photons. κD is the coupling coefficient between the
waveguides.

where Ep, Es, Ea, and ED are the complex amplitudes of
the pump , Stokes, anti-Stokes, and DW modes, respectively,
κD is the coupling coefficient between the RW and the DW,
αp, αs, and αa are the absorption coefficients in the RW at
the pump, Stokes, and anti-Stokes wavelengths, respectively.
αD is the optical loss in the DW at the anti-Stokes wave-
length λa. gR is the Raman gain coefficient. �k = |��k| =
|2−→

kp − −→
ks − −→

ka | is the mismatch, which includes the wave

vectors of the pump (
−→
kp ), Stokes (

−→
ks ), and anti-Stokes (

−→
ka )

modes. If �k = 0 the CARS process is phase matched. If
�k �= 0 it is mismatched. If we put the relations Es(z) =
Bs(z)ei�kz/2, Ea(z) = Ba(z)ei�kz/2, and ED(z) = BD(z)ei�kz/2

into equations of the system (1)–(4), we will see that the
CARS process is quasiphase matched if |�k| � Gs|Ep|2.
Taking into account the relations Pp,s,a = 1

2 ( ε0
μ0

)
1
2 |Ep,s,a|2ARW

eff ,

PD = 1
2 ( ε0

μ0
)

1
2 |ED|2ADW

eff , and Np,s,a,D = Pp,s,a,D

hνp,s,a,D
and using the

system of Eqs. (1)–(4) one obtains the system of equations,
which describe the evolution of the number of photons in the
pump (Np), Stokes (Ns), and anti-Stokes (Na) modes of the
RW as well as the evolution of the number of photons at the
anti-Stokes wavelength λa in the mode propagating in the DW
(ND) along the axis (z) of the coupled structure:

∂Np

∂z
= ARW

eff

μ0hc2
λp

⎡
⎣− λs

λp
Gs|Es|2|Ep|2

+ Gp|Ea|2|Ep|2 − αp|Ep|2
⎤
⎦, (6)
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]
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∂Na

∂z
= ARW

eff

μ0hc2
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− C̃sa + C̃RD − αa|Aa|2
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∂ND

∂z
= ADW

eff

μ0hc2
λa[−C̃RD − αD|AD|2], (9)

where Aa,D = Ea,De−iκD , ARW
eff and ADW

eff are the effective areas
of the RW and DW, respectively,

C̃sa = Re
(
CsaE2

p A∗
a E∗

s ei(�k−κD )z
)
, C̃RD = Re(iκDADA∗

a ).
(10)

Let us consider the different terms in Eqs. (6)–(9) in some
detail. The terms with Gs and Gp are related to the process
of stimulated Raman scattering. The first terms in the square
brackets of Eqs. (7) and (8) describe the change in the number
of the Stokes and anti-Stokes photons propagating in the RW
as a result of the SSRS and SARS processes, respectively.
Both these processes are accompanied by phonon generation
[Figs. 1(a) and 1(c)]. Each of the SSRS or SARS cycles
generates a single phonon with the energy h� resulting into
heating of the RW. The terms C̃RD in Eqs. (8) and (9) describe
the change in the anti-Stokes photon numbers in the RW and
DW caused by the mutual coupling of these waveguides. The
terms C̃sa in (7) and (8) are related to the CARS process
[Fig. 1(b)]. They include the phase mismatch of the CARS
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process ��k · z̃ = (2
−→
kp − −→

ks − −→
ka ) · �z, which depends on the

wave vectors of the pump (
−→
kp ), Stokes (

−→
ks ), and anti-Stokes

(
−→
ka ) modes. The terms C̃sa include the phase change κDz that

is caused by the coupling between the RW and the DW. This
phase change can compensate for the phase mismatch ��k · z̃.
As one can infer from Fig. 1(b), the CARS process can take
place only in an excited Raman medium because it is triggered
by photons that are generated by SSRS. As can be seen in
Eq. (8), the CARS process alternatively serves as a source for
anti-Stokes photon generation in the RW.

If the RW and the DW are not coupled (κD = 0) and phase
matching is insufficient to satisfy the relation |�k| � Gs|Ep|2,
the coefficient C̃sa oscillates and changes its sign along the
length of the sample. As we already mentioned Eq. (8) de-
scribes the increase (C̃sa < 0) or decrease (C̃sa > 0) in the
anti-Stokes phonon number along the length of the sample as a
result of CARS. The decrease in the anti-Stokes phonon num-
ber is caused by reversed CARS cycles when all the arrows in
Fig. 1(b) reverse their direction. This reverse CARS process,
which starts with the anti-Stokes photon absorption, generates
thus a Stokes photon and two phonons. These phonons are
sources of heat and therefore alter the cooling efficiency of
the system. The role of the DW is to remove these CARS-
generated anti-Stokes photons by the introduction of loss. But
the problem is not trivial. If the DW is lossless (αD = 0),
the anti-Stokes signal oscillates between the RW and the DW
along the coupled structure with a period corresponding to the
coherence length. The loss (αD �= 0) in the DW prevents such
oscillation, but it must still be small enough to provide a suffi-
cient coupling length for the initial transfer of the anti-Stokes
phonons into it. The loss of the DW should therefore be tuned
to the optimum accounting for these two antagonistic effects,
the ultimate goal being to maximize the amount of phonon
power dissipation in the RW. This power can be estimated as
the difference between the phonon power generated by SSRS
plus SARS and the phonon power annihilated or generated by
CARS or reverse CARS, respectively. Each SSRS and SARS
cycle generate a single phonon [Figs. 1(a) and 1(c)]. The first
terms in the square brackets in Eq. (7) and (8) describe the
number of phonons generated with SSRS and SARS, respec-
tively. The number of phonons generated in the RW at the z
point with both cycles is

N (SSRS_SARS)
Phonon = ARW

eff

μ0hc2
λsGs|Es|2|Ep|2+ ARW

eff

μ0hc2
λpGp|Ep|2|Aa|2

= ARW
eff

μ0hc2
λsGs|Ep|2(|Es|2 + |Aa|2). (11)

The term C̃sa in Eqs. (7) and (8) describe the number of
phonons annihilated or generated in the RW with CARS or
reverse CARS cycles, respectively. The number of phonons
associated with the CARS cycles on at the z point is

N (SSR_SARS_−CARS )
Phonon = 2

ARW
eff

μ0hc2
λaCsaRe

(
E2

pA∗
aE∗

s ei(�k−κD ) z
)

= 2
ARW
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μ0hc2
λsGsRe

(
E2

pA∗
aE∗

s ei(�k−κD ) z
)
.

(12)
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FIG. 3. Power distribution for the pump, Stokes and anti-Stokes
signals along the length of the RW without coupling (κD = 0), for
the phase matched (�̃ = 0) and phase mismatched �̃ = 25 cases.

Here 2 means that each CARS or reverse CARS cycle is
accompanied by annihilation or generation of two phonons,
respectively. Using relations (12) and (13) we can estimate
the phonon power in the system as

Pphon = h�
ARW

eff

μ0hc2
λsGs

[|Ep|2(|Es|2 + |Aa|2)

− 2Re
(
E2

pA∗
aE∗

s ei(�k−κD ) z
)]

, (13)

where h� = hc(λ−1
a − λ−1

p ) is the phonon energy. As an
example, let us consider a diamond sample operating as
a Raman amplifier. The RW is pumped at the wavelength
λp = 1064 nm. The Raman gain coefficient in diamond at
1064 nm is gR ≈ 10 cm/GW. The wavelengths of the Stokes
and anti-Stokes signals are λs = 1240 nm and λa = 888 nm,
respectively. The absorption loss in the sample at the Stokes
and anti-Stokes wavelengths are αs = αa ≈ 0.11 cm−1 [18].
The length of the sample considered in our simulations is
L = 25 cm. As we already mentioned, the power of the pump
(Pp), Stokes (Ps), and anti-Stokes (Pa) modes propagating in
the RW and the power of the waveguide mode propagating
in the DW at the anti-Stokes wavelength (PD) are related to
the photon numbers, Np,s,a,D, in these modes as Pp,s,a,D =
hcNp,s,a,D/λp,s,a,D, where h is the Planck constant and c is the
speed of light in vacuum. The forthcoming numerical results
simulate the different power distributions using Eqs. (6)–(9)
while Eq. (13) can be used to simulate the phonon distribution
along the structure.

Let us first consider the case where the RW and the DW
would not be coupled (κD = 0) and the CARS process in the
RW would be phase matched (�k = 0). The solid curves in
Fig. 3 show the power distributions of the pump, Stokes and
anti-Stokes signals in solid lines along the RW. The pump
power decreases along the sample, due to power transfer to the
Stokes and anti-Stokes signals, and the powers of the Stokes
and anti-Stokes signals are almost equal to each other. The
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FIG. 4. Phonon power distribution along the RW without cou-
pling (κD = 0) and with phase matching (�̃ = 0) and phase
mismatch �̃ = 25.

solid curve in Fig. 4 shows the corresponding phonon power
variation. We see that in the phase matched case, where the re-
verse CARS cycles are absent, the CARS process annihilates
most of the phonons generated by SSRS and SARS.

However, such a perfect matching condition (�k = 0) is
typically unrealistic in practice. Let us therefore introduce
some phase mismatch into the system. For simplicity, we de-
fine the normalized phase parameter �̃ = �kL. For example,
let us consider a system with the normalized phase mismatch
�̃ = 25. In this case, the length of the sample (L = 25 cm)
includes several coherent lengths (lc ∼= 3 cm). The evolution
of the powers in the pump, Stokes, and anti-Stokes signals
along this mismatched RW are plotted in dotted lines in Fig. 3.
Now, the powers of the Stokes and anti-Stokes signals are

Length (cm)

Po
w

er
 (W

)

FIG. 5. Phonon power distribution along the RW without cou-
pling ( κ̃D = 0) and with coupling κ̃D = 25 and with phase mismatch
�̃ = 25.
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FIG. 6. Power distributions of the pump, Stokes, and anti-Stokes
signals along the RW with coupling (κ̃D = 40) and phase mismatch
(�̃ = 25), without loss (α̃D = 0) and with loss α̃D = 25.

very different from each other for most structure lengths. The
reverse CARS cycles together with the dramatic growth of
the Stokes signal result in the dramatic growth of the phonon
power in the RW, as shown by the dotted curve in Fig. 4.

As one can see in Eq. (8), the phase mismatch in the system
can be compensated for by introducing coupling, κD �= 0. For
simplicity, and consistency with the normalized phase, we
define the normalized coupling constant κ̃D = κDL. Let us
consider a system with κ̃D = 25, so as to fully compensate for
the phase mismatch of �̃ = 25. As one can see in Fig. 5, ma-
jor heat suppression is achieved in this case, the phonon power

Length (cm)

(
)

FIG. 7. C̃DR parameter along the structure with coupling κ̃D =
40 and phase mismatched �̃ = 25, without loss (α̃D = 0) and with
loss α̃D = 25. Negative and positive values represent, respectively,
phonon annihilation and generation.
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FIG. 8. Phonon power distribution along the RW with coupling
κ̃D = 40 and phase mismatch �̃ = 25, without loss (α̃D = 0) and
with loss α̃D = 25.

being decreased from ∼3.7 W (dashed curve) to ∼0.55 W
(solid curve). Unfortunately, realizing coupled waveguides to
provide such perfect compensation is not a simple task. Let us
therefore consider the more realistic system where the phase
mismatch can be only partially compensated for by coupling.
As an example, we set phase mismatch �̃ = 25 and coupling
κ̃D = 40, which does not compensate for the phase mismatch,
and we compare two designs, one with DW free from any
optical loss, i.e., α̃D = αDL = 0, and one with an of optical
loss α̃D = 25. The power distributions along this structure are
plotted in Fig. 6. In the absence of DW loss (̃αD = 0), the
power of the anti-Stokes signal is higher than that with loss.
Indeed, in the former case, the waveguide coupling constant
C̃RD oscillates between positive and negative values along the
structure, as shown by the solid curve in Fig. 7. Unfortunately,
these recoupled anti-Stokes photons can cause reverse CARS
and SARS, resulting into the heat generation in the RW. The
phonon power generated in the RW when the optical loss in
the DW are absent is shown again, for comparison, the solid
line in Fig. 8, with a peak of ∼3.7 W [a factor 2.4) or a de-
crease of structure (Fig. 6), the waveguide coupling constant
C̃RD becomes exclusively negative (Fig. 7). The majority of
the anti-Stokes photons propagating in the DW are thus dis-
sipated in the DW before having a chance of returning to the
RW and generating heat there via reverse CARS and SARS.
As a result, the phonon power in the system has decreased

Po
w

er
 (W

)

FIG. 9. Evolution of the system performance versus the DW loss
(α̃D) for coupling κ̃D = 40 and phase mismatch �̃ = 25. The dotted
curve represents the difference in the phonon peak power in the RW
without loss and with loss (Fig. 8 at �̃ = 25), while the solid curve
represents the Stokes power in the RW.

from ∼3.7 W to ∼2.4 W (a factor of 1.4 or a decrease of
35%), as shown by the dotted curve in Fig. 8.

Finally, Fig. 9 represents the evolution of the system per-
formance in terms of the DW loss. While the phonon power
reduction monotonically increases with increasing DW loss,
this loss unavoidably also affects the power level of the Stokes
photons, and hence the power level of the overall device. If
stability is the primary concern in the application considered,
one may introduce a large amount of loss in the DW (e.g.,
here α̃D = 30); if, in contrast, in the output power level is also
an important parameter, one may trade off some stability for
higher power by operating in a lower loss regime (e.g., here
α̃D = 5).

In summary, we have introduced the concept of frequency-
selective dissipative coupling in order to improve cooling of
active Raman waveguide systems. This concept consists of
coupling a dissipative waveguide to the amplification waveg-
uide for optimal phonon suppression. We have illustrated this
concept with the example of Stokes amplification in Raman
amplifiers, where heat reduction by a factor of more than 2
has been demonstrated in the case of a phase matched system
amplifier. This concept represents an alternative approach of
anti-Stokes cooling and may play a significant role in the de-
velopment of more stable and athermal amplifiers and lasers.
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