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Cavity-enhanced laser cooling of solid-state materials in

a standing-wave cavity
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We propose a new method to cool the Yb3+-doped ZBLANP glass in a standing-wave cavity. There are two
advantages of this cavity-enhanced technique: the pumping power is greatly enhanced and the absorption
of the cooling material is greatly increased. We introduce the basic principle of the cavity-enhanced laser
cooling and discuss the cooling effect of a solid-state material in a cavity. From the theoretical study, it
is found that the laser cooling effect is strongly dependent on the reflectivity of the cavity mirrors, the
length of the solid material, the surface scattering of the material, and so on. Some optimal parameters
for efficient laser cooling are obtained.
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At the beginning of this century, Pringsheim suggested
the possibility of cooling an object by using anti-Stokes
fluorescence. In 1995, the first experimental evidence
of laser cooling in a solid was presented, in particular,
for an Yb3+-doped fluorozirconate glass[1]. From then
on, several works have been published regarding topics
such as the composition requirements of the matrices
to achieve cooling and the temperature drop attain-
able in fiber configuration[2−5]. Anti-Stokes fluorescence
cooling solids may lead to the development of an all-
solid-state cryogenic refrigerator that can be used for
a variety of applications[6,7]. Though a lot of progress
has been made in laser cooling of solid-state materials,
improvements toward some real applications of this laser
cooling technology are still need. This is due to two main
obstacles. One is the power of pumping laser needs to
be several watts, and the pumping laser that meets this
condition is rather expensive. The other is the whole
cooling system is too big and too weighty for the loaded
ability of cooling. In this letter, therefore, we propose
a cavity-enhanced cooling scheme to overcome the first
obstacle mentioned above and amend the current laser
cooling results. We calculate the cooling process and
theoretically analyze this cavity-enhanced cooling effect.

The cavity arrangement is shown in Fig. 1. Two Mir-
rors M1 and M2 compose a Fabry-Perot (F-P) cavity
and their amplitude reflectivities are r1 and r2 re-
spectively. We place a cooling material (Yb3+-doped
ZBLANP glass) inside this standing-wave F-P cavity,
and then the pumping laser power in the cavity can be
enhanced by 10 − 100 times compared with the incident
laser power. If the length of the sample is L and the ab-
sorption coefficient is α, then according to the Beer’s law,

Fig. 1. Standing-wave cavity arrangement.

the absorption loss is e−αL after a single pass through the
material. At the same time, we must consider the inten-
sity losses resulting from the reflection of the two ends of
the sample. For the case of perpendicular incidence, the
reflectivity of one optical surface can be described as

Rs =

(

n0 − n1

n0 + n1

)2

, (1)

where n0 and n1 are the refractive indices of the incident
medium and the transmission one, respectively. Here
we suppose n0 = 1, n1 = 1.5, so the intensity loss is
about 4% when the incident light passes through one end-
surface of the sample once. However, if we use a coating
to increase its transmission, Rs can be reduced to 1%. It
is quite important for the cavity-enhanced experiment.
In this case, the circling intensity at last in the cavity is
given by

Icicr =
2I0

1 + [r1r2(1 − Rs)2e−αL]2 − 2r1r2(1 − Rs)2e−αL
,

(2)

where I0 is the laser intensity after the first mirror and
can be represented by the intensity of the initial input
laser I as I0 = I(1 − r2

1). And then we can obtain the
cavity enhancement factor:

Ecav =
Icicr

I

=
2(1 − r2

1)

1 + [r1r2(1 − Rs)2e−αL]2 − 2r1r2(1 − Rs)2e−αL
. (3)

The absorption coefficient can be defined as the ab-
sorption cross section σ multiplied by the rare-earth
doped ion’s concentration N :

α = σN = 3.7 × 10−22 (cm2) × 2.42 × 1020 (cm−3)

= 0.09 (cm−1). (4)

Supposing L = 3 mm and r2 ≈ 1, we study the depen-
dence of the cavity enhancement factor Ecav on the
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Fig. 2. (a) Relationship between the cavity enhancement fac-
tor Ecav and the reflectivity of the first mirror r1; (b) rela-
tionship between the cavity enhancement factor Ecav and the
sample length L. Curves A and B show the results with and
without the coating, respectively.

reflectivity of the first mirror r1, and the results are
shown in Fig. 2. Curve A in Fig. 2(a) describes the coat-
ing case of the cooling material ends with a reflectivity
of Rs = 0.01, and curve B shows the calculation results
without coating (i.e., Rs = 0.04). It is clear from Fig. 2(a)
that when the reflectivity of the end-surface of cooling
material is reduced from 0.04 to 0.01, the maximum cav-
ity enhancement factor will be increased from about 15
to 28, and the corresponding optimal reflectivities of the
first mirror are about 0.94 and 0.96, respectively.

We also study the relationship between the cavity en-
hancement factor Ecav and the length of the sample L,
and find that Ecav is strongly dependent on L due to the
absorption loss, especially in the case of coating the end
surfaces of the sample, as shown in Fig. 2(b). When L is
reduced from 6 to 1 mm, Ecav will increase from about
14 to 23. This shows that the dependence of the cavity
enhancement factor on the length of the sample is very
important in the laser cooling experiment.

From the above analysis, we know that the cavity-
enhanced technique may greatly improve the cooling
effect because of the cavity enhancement and the increas-
ing of the absorbed power. Here we use a two-energy-level
system to analyze the cooling power and discuss how the
cavity enhancement influences the cooling result. First
of all, the cooling power can be expressed as[3]

Pcool =
NσabsLαeffIs(λ/λF∗

− 1)

1 + σse/σabs
+ αeffIs/P

, (5)

where αeff is the effective pump-spot area, Is is the
characteristic wavelength-dependent saturation intensity,
σabs and σse are the absorption and stimulated-emission
cross sections, respectively, λ is the pumping wavelength,

P is the pumping power, λF∗ is the effective mean emis-
sion wavelength.

Taking some parameters which are used in Mungan’s
experiment[3] as input data, we study the dependence of
the temperature drop on the pumping laser power and
the results are shown in Fig. 3. We find that the cool-
ing temperature will be reduced with the increase of the
pumping power. For example, when the pumping power
is increased from 0.22 to 2.2 W, the cooling temperature
will be reduced from about 294.6 to 280.5 K.

For high pumping power, the cooling effect is not
greatly enhanced mainly due to the saturated absorption.
According to the enhancement factor obtained above, we
only need to use a pumping laser with a lower power of
100 mW even a few tens of milliwatts for efficient laser
cooling, which can be satisfied by using a laser diode
(LD) with a moderate power (10 − 100 mW).

Moreover, the cooling power can also be defined as[8]

Pcool = Pabsη = Pabs
λ − λf

λ
, (6)

where η is the quantum efficiency. If we suppose that η is
a constant (actually η will be slightly reduced during the
cooling process)[9], the cooling power will be proportional
to the absorbed power Pabs. In a cavity, we have

Pabs = Pcirc[1 − exp(−αL)], (7)

where Pcirc is the circling power in the cavity. If we use
coating technique to increase the transmission of the solid
sample ends, from Eq. (7) we know that the absorbed
power can be increased by 27 times. Even without coat-
ing, the absorbed power can also be increased by about
14 times.

In order to find the advantage of this cavity-enhanced
cooling scheme, we compare it with the most popular
multi-pass scheme used in solid cooling[10], as illustrated
in Fig. 4. In this configuration, the sample is placed

Fig. 3. Temperature drop under different pumping powers.

Fig. 4. Cavity arrangement for the multi-pass scheme.
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on glass supports between two dielectric mirrors of high
reflectance for the pumping beam. The beam passes
through a small hole in the dielectric coating of a pla-
nar mirror. After the first pass through the sample, the
pumping beam is reflected by a second mirror with a cer-
tain radius of curvature and back into the sample. The
mirrors have been optimized so that the beam slightly
misses the hole in the first mirror, resulting in multiple
passes.

The total absorbed power in the multi-pass scheme is
given by

Pabs = PinTs[1 − exp(−αL)]

×[1 + R2T
2
s exp(−αL) + R2R1T

4
s exp(−2αL)

+R2
2R1T

6
s exp(−3αL) + R2

2R
2
1T

8
s exp(−4αL) + · · · ]

= PinTs[1 − exp(−αL)]

[

2 − 2(R2R1T
4
s exp(−2αL))n

1 − R2R1T 4
s exp(−2αL)

]

,

(8)

where R1 and R2 are the reflectivities of the two mirrors,
Pin is the input laser power, Ts represents the transmit-
tance for one surface of the sample. To obtain the maxi-
mum value, we assume that the reflection times approach
an infinite value, then Eq. (8) will turn into

Pabs = PinTs[1 − exp(−αL)]

[

2

1 − R2R1T 4
s exp(−2αL)

]

.

(9)

Supposing R1 = R2 = 99.9% and Ts = 96%, Eq. (9) can
be reduced as

Pabs = 9.8Pin[1 − exp(−αL)]. (10)

From our calculation, we find that the cavity-enhanced
cooling scheme can exceed the limit of the multi-pass
scheme and result in a higher cooling power. So we think
that the cavity-enhanced scheme is more efficient than
the multi-pass scheme.

The relationship between the cooling power and the
temperature can be expressed by[11]

CmρmS
d(Tsample − T0)

dt
= Pload(Tsample) − Pcool(Tsample),

(11)

where S is the cross section area of the sample, Pload is
radiative and conductive heat load, Cm and ρm are the
specific heat and the mass density, Tsample and T0 repre-
sent the sample temperature and the room temperature,
respectively.

Figure 5 illustrates the cooling results of the multi-
pass scheme and the cavity-enhanced scheme. It is ob-
vious that the cavity-enhanced cooling scheme is more
efficient. In order to show it more clearly, we compare
the cooling temperature of the sample in the case with
or without coating. Figure 6 shows the dependence of
the cooling temperature on the reflectivity of the surface
of the solid sample ends. When the reflectivity of the

Fig. 5. Temperature comparison between the multi-pass
scheme and the cavity-enhanced scheme.

Fig. 6. Temperature comparison when the end surfaces of the
sample are coated and uncoated.

Fig. 7. Relationship between the improvement factor of cool-
ing power M and the sample length L.

sample ends is reduced from 0.04 to 0.01, the tempera-
ture is decreased from about 286 to 268 K.

We have discussed two main reasons that influence the
cooling effect, but the choice of the sample’s length is still
a crucial question. We know that a solid material with a
longer length can improve the absorbed power, but it will
increase the loss of the pumping intensity in the cavity.
Therefore, there exists an optimal sample length in the
cooling process[12]. Figure 7 shows the dependence of the
improvement factor of the cooling power on the sample
length and calculation shows that the optimal length is
about 3.6 cm. This result is very close to Rayner’s exper-
imental result[2], for which a 4-cm-long fiber was used.

In conclusion, we have proposed a novel cavity-
enhanced scheme to cool a solid sample and introduced
the basic principle of the cavity-enhanced laser cool-
ing. Taking the Yb3+-doped ZBLANP glass as an ex-
ample, we have also studied the dependence of the cool-
ing temperature on the pumping power and discussed the
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influences of the coating and the length of the sample on
the laser cooling effect. The study shows that the laser
cooling effect is strongly dependent on several parame-
ters such as the reflectivity of the cavity mirrors and the
length of the solid sample. In particular, the smaller the
pumping laser power is, the larger the improvement fac-
tor of the cooling power will be; the lower the reflectivity
of the sample ends is, the lower the cooling temperature
will be. The optimal sample length is 3.6 cm. These
results are beneficial to realize the laser cooling of the
solid-state materials in the cavity by using a LD with
a moderate power, which is experimentalized at present.
As we know, diode lasers are relatively cheap and reliable
sources of coherent radiation[13−15]. It will be conducive
to the popularization of the laser cooling experiment and
its technical applications, even to the development of all-
optical solid refrigerator.
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