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1. Introduction

Since the successful realization of laser cooling of solids in 1995!, the optical cooling
techniques?5 have made fast development, and laser cooling experiments have obtained
some important progress. However, how to improve the absorption of pump laser and
enhance the temperature drops so as to realize the practical optical refrigeration, it has
become a hot research point in applied physics. As early as 2002, the Heeg et. al proposed an
extra- or intra-cavity enhancement scheme to improve the laser cooling effect of solids?, and
experimentally demonstrated their intra-cavity enhancement scheme in 2004, and found that
there is no large temperature drops due to the experimental parameters were not
optimized3. In 2003, Hoyt proposed a multiple-pass scheme to enhance the absorption of
pump laser and did a series of experimental researches about the multiple-pass scheme#. As
expected, a greater temperature drop was obtained. However, due to some limitation in the
early work, it is difficulty to cool the sample to the cryogenics temperature, such as low
absorption of cooling materials5, the coating of the sample surfaces?, the purity of the
sample¢, the load from the ambientl?, etc. Therefore, people have done much work to
improve the record of temperature drop. For example, to avoid the coating absorption
deposited on the sample surface, they cut the sample with a Brewster angle along with the
cavity axis®, or improve the purity of cooling material®!!, and so on. Mansoor. Seletskiy used
the multi-pass scheme to do some meaningful experiments and obtain a milestone progress,
that is, they cool a high pure Yb3*-doped YLF to cryogenic temperature!? in this year. To
obtain an efficient absorption, another scheme was proposed to insert a Brewster-cut sample
into a resonant cavity and make the cavity to be resonated with the pump laser, and then the
maximum absorption of the pump laser can be achieved 2 1318, Seletskiy demonstrated this
scheme in the experiment!3. However, this scheme depends on the power of the pump laser.
Fortunately, the intra-cavity scheme proposed by Heeg can solve this problem in the case of
low absorption2. He also suggested that inserting a cooling sample into the resonant cavity
of a laser with a gain (so-called intra-cavity enhancement scheme) to realize the maximum
absorption of the pump laser? 1419 and carried out it in the experiments.

Besides of enhancement laser cooling of bulk solids using resonant cavity, we propose
another new scheme to optically cool some film materials (i.e., filmier solids) by using a high
fineness planar waveguide, which is similar to the cavity enhanced cooling scheme. In our
laser cooling scheme, the solid film as a high-index gap waveguide is separated from a
prism by a low-index gap one, and an incident laser beam is resonantly coupled into a
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waveguide mode through the gap, by frustrating total internal reflection. This will result in
a large enhancement of the pump laser in the solid film and strengthen the effect of laser
cooling.

In this chapter, some multi-pass, extra- and intra-cavity enhanced schemes for laser cooling
of solids are reviewed and some experimental details of these schemes are discussed. In
section 2, multi-pass laser pump scheme for laser cooling of solids are presented. In section
3, the basic principles of extra- and intra-cavity enhanced resonant absorption for laser
cooling of solids are described, and the laser cooling effects between the multi-pass laser
pump and cavity-enhancement schemes are compared. In section 4, some experimental
results on laser cooling of solids using cavity-enhanced technologies and their recent
progress are introduced in some detail and reviewed. Some main conclusions and outlook
are summarized in the final section.

2. Multi-pass laser pump scheme for laser cooling of solids

In this section, the basic principles of the multi-pass laser pump scheme to increase
absorption for the laser cooling of solids are briefly described, and the corresponding
experimental results are introduced in some detail.

For the single pass pump geometry, the net power transferred to the sample for the laser
radiation can be expressed as®

~ ~hv, —hv
ety (V)L @, + (1 - 77;] )ar (V) -Q, (V)nq T
Pnet = Pahsncool = [Pm (1 —e )][ ] . (21)
Ciotal (V)

The negative P,

net

corresponds to laser cooling for solids. In Eq.(2.1), P, is the incident laser
power, P

abs

is the absorption power of the sample, and 7, is the cooling efficiency, ¢, is the
background absorption coefficient, which includes both the material’s inherent absorption
and the frequency-independent heat-generated absorption. «,is the resonant absorption
coefficient, «,,,(v)is the total absorption, which includes a generalized background
absorption (a,) contributing to heating the sample, resonant absorption (¢,)and an
effective absorption due to scattering losses (¢, ), which describe the Fresnel reflections
losses from the sample facets20. L is the physical path length of the laser beam in the sample.
Andv and v, are the laser frequency and the mean fluorescent (which represents the mean
fluorescent photon energy), respectively. 7, is the external quantum efficiency which
represents the fraction of fluorescent emitting from the sample?! and given by

— 77@ Wmd
=_ e’ Trad 2.2
T nW (22)

rad + Wnr '

The principle scheme of the multi-pass pump laser cooling for the cuboid solid sample* is
shown in Fig 2.1. An incident pump laser beam goes into a solid sample by a hole on the
first mirror, and is reflected back at a slightly sloped angle (or along the slightly deviating
the incident direction) by the second concave mirror. Taking account of the first bracket
term in Eq. 2.1, we can see that if we adopt the multiple pump passes geometry, it will be
increased with the number of passes. If the P, is the laser pump power before the first
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mirror, then the absorbed power after multiply passing the sample with «,,,(v) and the

length L is expressed as!6

P,. =P, [1-exp(—aL)][1+ R, exp(—aLl) + R,R, exp(—2aL) +
+R,’R, exp(-3aL) + R,’R,* exp(—4aL) +...]
2-2(R,R, exp(—2aL))" ] ) 2.3)
1-R,R, exp(—2al)
2-28"
1-S

< B, [1-exp(-aL)I[
— Rn (1 _ efatm‘al (V)L)

where N is number of passes, S = R,R, exp(—2aL), R, and R, are the reflectance of the first

and second mirrors, respectively.

Pumping
Beam

Sample

Fig. 2.1. Multiple-pass illustration scheme of cuboid sample laser cooling (figure from ref. [4])

To simplify equation 2.3, we can express the net power transferred to the sample as3

P

net

= MI)H’I (1 - eiat()tﬂl (V)L )UCDOZ 4 (2'4)

where M =(2-25") /(1-S), whenp,,, is negative, P

o 15 also negative and represents the
cooling power.

In recent years, Hoyt et al proposed and demonstrated three multiple-pass cooling schemes
for solid sample and obtained some good results, which will be introduced as follows: The
first is the Brewster sample multi-pass illustration scheme (see Fig.22). In this scheme, the
solid sample is placed between the two mirrors, and the sample is cut as a cuboid geometric
shape. It is clear that there are some disadvantages in this scheme, such as the Fresnel
reflection losses from the sample facets, or the absorption pump laser contributing to
heating due to the anti-reflection coating on the sample, etc. To avoid these disadvantages
above mentioned, Hoyt et al used the Brewster-cutting geometry to reduce the Fresnel
reflection losses from the sample facets by adjusting the polarization of the incident laser
beam.
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vacuum chamber

Fig. 2.2. Multi-pass illustration scheme of Brewster cut sample (figure from ref. [4])

The second scheme is the mirrored sample multiple-pass illumination (see Fig.2.3). In this
scheme, the two mirrors are deposited directly on the samples, and the coating is
exaggerated. There is a pore on one facet of the sample and the incident laser beam
irradiates the sample by this hole, and the orientation of the pump beam deviates slightly
the normal of the sample facet so as to multiply reflect the pump light in the sample back
and forth. In this case, the absorption of the pump laser can be maximized.

Fig. 2.3. Mirrored sample multiple-pass scheme (figure from ref. [4])

pump
beam

Fig. 2.4. Total internal reflection scheme of pump beam (figure from ref. [3])
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The last scheme is the total internal reflection one of the pump laser beam, as shown in the
Fig. 2.4. In this scheme, the total internal reflection is used to multiply reflect the pump
beam in the sample and absorb the pump light as much as possible. For this, one vertex
angle of the cubic sample at a diagonal is cut as a small square facet, and the pump beam
goes into the sample from this square facet with a small departure, and then the pump laser
beam can realize the total internal reflection in the sample, and then the pump beam can be
almost absorbed.

On the other hand, the above three schemes have individual advantages. From the right term
of Eq.2.5, we can see that if we want to maximize the net cooling power P,,, deposited on the

sample, we must maximize the factor M. Therefore in the second scheme when the mirrors
are deposited directly on both sides of the sample, the factor M can be effectively maximized?
because of a potential large number of passes (N). However, this will be detrimental for
obtaining a potential large a, due to the mirror absorption of the pump laser and resulting in

a heating. This can be avoided in the first scheme because the mirrors are placed at the
outsides of the cooling sample, and the effective background absorption will leave the
material alone. Unfortunately, M is no longer maxima due to the finite scattering losses (e.g.
Fresnel reflections), and there is also the difficulty of the maximizing N, but if adopting the
Brewster-cut sample, the facet reflections are negligible and the factor M can be increased.
Hoyt et al made a cylindrical 1 wt% Tm3*: ZBLANP sample with a radius of ~3mm and did
some experimental researches for the above scheme* 8. In this experiment, the highly-
reflecting dielectric mirrors (Cascade optical) are deposited directly on both sides of the
sample, and a small entrance aperture for the pump beam is made in one of the mirrors.
After coupling the pump laser beam into the sample, unfortunately, the heating effect was
observed at all pump wavelengths instead of cooling in the expected wavelength. The
experimental results in Fig. 2.5 tell us that the heating magnitude varies with the pump
wavelength?2. From Fig. 2.6, it is obvious that there is the water absorption in the mirrors,
and this water absorption in the mirrors are contained in the effective total absorption?? (i.e.
added to «, =0.0002 cm-!) distributed across the sample length in the mathematics.

0.2- * -

2

AT/ P, e [K/ MW]

%y

0.0 . . N—
1850 1900 1950 2000 2050 2100
Wavelength [nm]

1800

Fig. 2.5. Mirrored sample heating with qualitative fit using water absorption (figure from
ref. [4])
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If using Eq. 2.68 with an additional absorption due to water in the mirrors to fit the
experimental data in Fig 2.5, we can obtain the expression of the temperature drop of the
sample as follows

AL e, +a,(v)1-7) - a, ()7,

f
) P ] (2.6)

Transmission

" 1700 1800 1900 2000 2100
Wavelangth [nm|

Fig. 2.6. Transmission spectrum of the cooling sample with a length of 20 x m (figure from
ref. [4])
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Fig. 2.7. The temperature drops from the room temperature. The bright areas correspond to
cooling and the dark to heating (figure from ref. [4])
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The solid line in Fig. 2.5 represents the quantitative fitting. From Fig.2.5 we can see that the
change of the sample temperature is dependent on the wavelength of the pump laser. Fig.
2.7 shows the cooling results of the multiple-pass pumped cuboid sample in a non-resonant
cavity configuration. The pump power is about 3.5W at a wavelength of 1.9pm. We can see
from Fig. 2.7 that after the sample is illuminated by the pump laser, the sample temperature
starts to be dropped at about 10min, and the sample was cooled to 19 K below the room
temperature at the 30min and the sample temperature is no longer changed after ~ 30min.
This shows that the net cooling is obvious because the heating from the mirrors that directly
deposited on the sample is eliminated, however, the parameters M is not optimized because
the pump beam undergoes 4% Fresnel losses at one facet of the sample at each pass?.

To avoid the Fresnel losses, Hoyt et al. used the Brewster-cut sample in the non-resonant
cavity to improve experimental results, and the corresponding experimental setup and
results are shown in Fig. 2.8 and table 2.1. Here the OPO beam is the pump source with a
power of 4.35W and 4.5W, which are coupled into the first facet of the two samples,
respectively. In the two experiments, the cavity length is about 1lcm and the second
concave mirrors has a radius of 20 cm, and the change of the sample temperature was
measured by recording the phase change in a calibrated Mach-Zehnder interferometer.

OPO

HeNe beam .
from AOM /wmdow

! .

heterodyne
phase
detection

Fig. 2.8. Laser cooling setup using Brewster-cut sample in non-resonant cavity (figure from
ref. [4])

Sample AT from RT (K] Pg, [W] Peoot IMW] Trie S|  Teate
Tm C -19 2.23 73 13.8 12
Tm D -24 1.22 40 9 7.8

Table 2.1. The cooling results of Brewster-cut sample (table from ref. [4])

In the table 2.1, Tp is the fitted time constant, and 7, is the theoretical time constant from

the equation*

calc

_ V(1 +7) 2.7)
4e cAT]
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where c,, is the heat capacity per volume, p is the sample density, V,is the sample volume,
T is the chamber temperature, A, is the sample surface area, and o is the Stefan-Boltzmann
constant. In addition, the y in Eq. 2.7 is defined as

r=(EA /e A)1-¢), (2.8)

where ¢, is the emissivity of the sample and chamber. Assuming the unity emissivity for
sample and chamber, we can find from table 2.1 that 7, are 13.8min and 12min for the two
samples, while 7, are 12min and 7.8min, respectively. So the difference between 7 and
7., are approximately 15%, but if presuming the sample emissivity is 0.9, the difference
between 7, and 7, is reduced to about 5% in the both cases.

Hoyt et al studied the dependences of laser cooling power on the number of passes N for three
different multi-pass schemes: cuboid sample with Fresnel losses in the non-resonant cavity,
Brewster-cut sample with the same condition as cuboid sample, and a similar sample with the
mirrors deposited directly on its facets, and the experimental results are shown in Fig. 2.9.

1m ot L) v L] e L it L] L LI L L| Lt L) h L "'-'l__-!-s
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e 4 < _a===
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Fig. 2.9. Cooling power modeling for samples with cuboid and Brewster respectively, placed
in a non-resonant cavity and a sample with mirrors deposited directly on its facets. (Figure
from ref. [4])

In Fig. 2.9, the solid line represents the cuboid sample in non-resonant cavity according to
Eq.2.5, and setting the parameters as follows: «,=0.0002 cm, «, =0.025 cm, 777 =0.99 and
the sample length is 0.84 cm, the scattering losses ¢, and Fresnel loss about 4% at each facet
per pass are included in the total effective absorptivity &, . The power of pump beam is 1.5W
at a wavelength of 1.9pm, and the mean fluorescent wavelength is 1.803pm. The doted line
shows the cooling power with the same condition as cuboid sample except without the
Fresnel losses due to Brewster-cut surface. Taking into account the little loss on the Brewster
cut facets, so setting that a loss values is 0.5% per pass in each facets. The dashed line is also
the same calculation other than the mirrors deposited directly on the surface of the sample.
Then in the case of «, =0, the absorption in the mirrors can be added into the background
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Cavity Enhanced Laser Cooling of Solids 625

absorption distributed across the sample length?, so we can set «,=0.0002 cm?. The
parameters for calculating the cooling power for the mirrors attached directly on the two
sides of the samples are arbitrary because it lies on the background absorption in the
mirrors4. So it is the most important for cooling power that reducing the mirror’s absorption.
If the reflectance of the mirror deposited directly on the sample is 99.95%, then the
remaining 0.05% power was absorbed by the mirrors. As the above discussed, we add this
absorption into the background absorption distributed across the sample length. So each
mirror has an optical density (OD) of (aL) =0.0005.

mirror

100 T T T T T T r

._-. 5o

Cooling power [mW]
!
2
i
8
[}

(- TR R R T e i
Optical density (a_, L ) [x10%]

Fig. 2.10. The relationship between the cooling power and optical density (OD) in the
scheme of mirror deposited directly on the samples. (Figure from ref. [4])

Fig. 2.10 describes the relationship between the optical density (OD) and the cooling power
for N=50 and 20, respectively. From Fig. 2.10, we can find that the OD must less than the
certain value otherwise the cooling power will be become a negative value, which can also
be seen from Fig. 2.10. If the value of the OD is larger than 0.00078, there will be no cooling
was observed.

In 2010, D. Seletskiy’s group prepared the home-prepared high-purity 5% ytterbium-doped
YLF crystal and cooled it down to the cryogenic temperatures, and the absorption, emission
and cooling efficiency spectra of the 5% doped Yb3* YLF crystal is shown in Fig.2.11.

In Fig. 2.11, figure (a) represents the absorption and emission spectra, and (b) describes the
cooling efficiency. Fitting the experimental cooling efficiency using Eq. 2.9 23, we can obtain
M, =0.995 and o, =4.2x10*cm™ .

-1, (2.9)

wheren,,, is the external quantum efficiency, ¢, is the background absorption, «a(v,T)is the
resonant absorption coefficient of the active ion, and v, is the frequency of the escaped mean

luminescent photon, including the reabsorption effect of the emitted fluorescent photon.
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Fig. 2.11. Absorption, emission and cooling efficiency spectra of the 5% doped Yb3* YLF
crystal. The red and blue lines are the absorption and emission spectra respectively for a
pump laser with A=1055nm and polarization along the c-axis. The shade of the red line is the
cooling tail. Inset: 2F 5,2 and 2F7/; levels in the crystal position containing seven stark
manifolds. Figure b, cooling efficiency curve, the open circles is the experimental data and
the line is the mode fitting one. (Figure from ref. [12])
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Fig. 2.12. Dependences of the sample cooling temperature on the absorbed power for
different pump laser wavelength. The open circles are the experimental data and the solid
lines are the mode fitting curves from Eq. 2.10. The blue line indicates the sample used in the
experiment can achieve the minimum temperature. (Figure from ref. [23])
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Fig. 2.12 shows the dependences of the cooling temperature of Yb: YLF sample for the pump
wavelength at A4=1020nm, 1023nm and 1030nm, respectively. According to the
experimental data in Fig. 2.12 and the Stefan-Boltzmann law associated with the measured
Nas(v,T) and n,,, , the dependence of the sample cooling temperature on the absorbed power
can be modeled? as

7.V, D)pa (v, T) = (T =T, (2.10)

where T is the chamber temperature, and « is the radiation load constant depending on the
geometry and joint thermal emissivities of chamber and sample.

In Fig. 2.12, the red, green and blue lines represent the cases of the pump laser wavelength of
1030nm, 1023nm and 1020nm, respectively. The above arrow indicates the previous cooling
record in ytterbium-doped ZBLAN glass, the middle arrow shows the standard thermoelectric
coolers (TEC) and the below arrow indicates NIST-defined cryogenic temperature. In this
experiment at the maximum available absorbed power of 3.5W at 1023nm, the sample is
cooled to 155K + 1K absolute temperature, and the heating is lifted up to 90mW.

3. Resonant cavity-enhancement schemes for laser cooling of solids

In this section, we review the basic principles and theoretical researches of laser cooling of
solid in resonant extra- or intra-cavity, and compare the laser cooling results in the above
schemes. Furthermore, we compare the cavity-enhancement schemes with the multi-pass
enhancement absorption one.

3.1 Extra-cavity enhancements for laser cooling of solids
Fig. 3.1 shows the scheme of the extra-cavity enhancement for laser cooling of solids. As
shown in Fig. 3.1, the two mirrors with a reflectivity R; and R, are composed of a resonant
extra-cavity, and the cooling medium with an absorption coefficient & is placed between the
mirrors. According to the Beer Law, the loss of the pump beam is proportional to e’ in
each pass, and in the same time the other losses including the reflection on the surface of
sample and its scattering is defined as x, the pump laser with an intensity of Iy is coupled
into the cavity, and pump/illuminate the sample with a length of L and a lower absorption.
The pump beam is reflected on the two cavity mirrors back and forth. If the cavity is
resonant with the pump laser, consequently, the beam intensity in the cavity will be
resonantly enhanced, and the absorption of cooling sample will be also enhanced.

R1 R2

laser

E— Sample

M1 L Me

Fig. 3.1. The principle scheme of extra-cavity enhancement for laser cooling of solids (Figure
from ref. [16])
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Here we assume that the amplitude of the pump laser is E in the cavity and the
corresponding intensity is I, while the amplitude of the incident laser beam before the first
mirror Ry is Eg and the corresponding intensity is I, and then the amplitude of the laser after
each time reflection from R; and R; are given by

E*x(1-R,)=E.?, (3.1)

E, =Er,exp(ikx2L), (3.2)
E, =Enr,exp(ikx2L), (3.3)
E,=E, nr,exp(ikx2L), (3.4)

where 1, , are the amplitudes of the reflectivity of the first and second mirrors respectively,

and then the total amplitude of the pump beam forward to the right can be expressed as

ad E
E =E,Y (r,1,)*" Vexplikx2(n-1)L] = 0 , 3.5
a 0;(12) pl ( )L] 1— 17, exp(ik  2L) (3.5)
and the corresponding intensity is
Ia:Eaan*: ,510 Tis = ZIO , (36)
(1-nne’)1-nne™) 1+(nr,)" —2nr,cosd
where 6 =2kL . When the laser is resonant with the cavity, we have
10
coso=1> 1 = (3.7)

1+(nr, )2 —-2nr, '

Assuming the axis of optical cavity is the x axis, the total amplitude of pump laser in the
cavity is given by

E=(Ee™ +E,e’™)e ™ =2E, jsinkxe ™, (3.8)
and the corresponding intensity of the pump beam is
[=ExE =1,(1-cos2kx). (3.9)
Then the mean intensity of the pump beam can be written as!6

- I
I= — g — . (3.10)
1+[rn(1-x)e "] -2rnn(1-x)e

In final, the mean enhancement factor is defined as a ratio of the mean intensity of the pump
beam in the cavity to the initial intensity of the incident laser beam and given by 16

T 2
Emv — Peir :£: (_11 :1 ) — . (311)
P I 1+[nrn(1-x)e ™) -2 (1-x)e™

in
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We take the ZBLAN for an example and set x= 0.05, I=3mm, and & =0.09cm, and study the
dependence of the enhancement factor E,, of the pump laser in the cavity on both the
amplitude r, of the reflectivity of the first mirror R;, and the sample length, and the results
are shown in Fig.3.2.

28| (@) A

00 02 04 06 08 1.0
94 | ()

20 1 A

16 -
12 ] \

1 2 3 4 5 6
L (mm)

Cav

Fig. 3.2. (a) The relationship between the enhancement factor E_,, of the pump laser in the

cavity and the amplitude of the reflectivity of the first mirror. (b) The relationship between
the enhancement factor E_,, and the sample length L. (Figure from ref. [16])

In Fig. 3.2 (a), the curve A is the case of the sample surface with an AR coating, which can be
used to reduce the losses of reflection on the sample surfaces so as to enhance the intensity
of the pump beam in the cavity. The curve B is the case of the sample’s surface without an
AR coating. It can be seen from the curves A and B that when the reflection loss from the
sample surfaces is reduced from the 0.04 to the 0.01, the enhancement factor of the pump
laser in the cavity is enhanced from the 15 to 28. From Fig. 3.2(b), we can see that with the
increasing of the sample length, the enhancement factor will be reduced. This is because the
absorption of sample will follow the Beer Law. This shows that by reducing the sample
length, one can obtain higher enhancement factor of the pump beam in the cavity, but it also
reduce the cooling power. So it is must be taken into account an optimal sample length and
a cooling power as high as possible.
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Then we use the two energy level system to analyze the Yb3* level transition between
2F;/2—>2F5/,, and obtain an expression of the cooling power in the Extra-cavity enhancement
scheme 24 as follows

No, La 1 (%, -1
P O abs aeff b(AF* )

cool — /
1 + O-se + agﬁr IS/
O-abs P

where o, is the effective irradiation area of the sample, P is the power of pump laser, and

(3.12)

I, is the characteristic wavelength-dependent saturation intensity??, which is defined as

_ hey,
I - %% , (3.13)

where o, and o, are the absorption and stimulated emission cross-sections respectively, A
is the wavelength of the pump laser, and 4. is the effective mean fluorescent wavelength?,
which can be defined as

1 K
=0
F C]/md

). (3.12)

According to Eq 3.12, we study the dynamic process of the cooling temperature for different
pump power, and the results are shown in Fig.3.3. In our calculation, the used parameters
come from Ref. [7].

297 4
Q 294 - P=0.22W
g 291 1
& 288
2
= 285 - P=0.85W
& 289 - P=1.36 W
P=22W
279 T T T T T y
0 100 200 300 400 500

Time (s)
Fig. 3.3. Temperature drop with different pump laser power (Figure from ref. [16])

From Fig.3.3, we can find that with the increase of the pump power from 0.22W to 2.2W, the
temperature of the cooling sample will be reduced from 294.6K to 280.5K. This shows that
the extra-cavity enhanced laser cooling for solid is also very effective.

In 2006, D. Seletskiy et al proposed another method to describe the extra-cavity resonant
enhancement for optical refrigerator. They assumed that the reflectivity R, of the second
mirror of the cavity is approximately equal to 1, the absorption coefficient A of the cavity is
defined as!3
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A=1-(T+R), (3.13)
1-A
or =, 3.14
1+ Fsin®§ (3.14)
’R _ —al\2
where A= % , (3.15)
- ic
—al
Fo_20 VR (3.16)

S (1-e YR

and R, is the input coupling reflectivity and ¢ = kI , k is the wave vector inside the absorbing
material here assuming that the material fills up the whole cavity, and [ is the length of
cooling material, and « is the absorption coefficient. From Eq. 3.14, it is clear that A can be
achieve to be unity when A and sin¢ are set to be zero, i.e,, when R, = e and S =mr .
From the above two methods, we find that when the reflectivity R; of the in-couple mirror is
about 95% in the case of setting the same sample absorption, the intensity of the pump beam
in the cavity and the absorption of the pump laser can achieve the maximum value.

Similar to the extra-cavity resonant enhancement laser cooling scheme for solids, we
proposed a resonant waveguide structure (see Fig.3.4) to effectively cool solid sample,
which will enhance the intensity of an evanescent wave by more than two orders of
magnitude in the doped Yb3* YAG film with a refractive index ns. The waveguide structure
for this scheme is consisted of a prism and two waveguides, which form three layer films
with different refraction index ni, n; and ns from the bottom to up, here n< n;< ns. The
enhancement principle of this resonant waveguide scheme is similar to a Fabry-Perot cavity
with a high finenss?. On the doped Yb3**YAG film-vacuum interface, the light is totally
reflected, corresponds to the second mirror of the cavity with a reflection coefficient of 1.0.
We thus have a Fabry-Perot cavity with a high fineness: for given values of incident light
parameters (e.g. the wavelength), the light field amplitude inside the waveguide will
experience a strong resonant enhancement.

[

Low-index gap ne__| ~—Yb-doped YAG n

Prism n.

Laser

Fig. 3.4. Scheme of resonant waveguide enhancement for laser cooling of solids
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We calculate the enhancement factor of the pump laser in the resonant waveguide structure
for the different thickness of doped Yb3*YAG film, and the results are shown in Fig.3.5.
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8
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thickness of the Yb-doped YAG film(nm)

Enhancement of the field of laser

Fig. 3.5. Dependence of enhancement factor on the thickness of Yb-doped YAG film

It is clear from Fig.3.5 that with the increase of the thickness of Yb-doped YAG film, the
enhancement factor of the intensity inside Yb-doped YAG film will be greatly increased. In
particular, when the thickness of Yb-doped YAG film is increased from 10nm to 160nm, the
enhancement factor will be increased from about 200 to 1600 times. This shows that our
proposed resonant waveguide enhancement scheme can be used to efficiently cool the solid
film material.

3.2 Intra -cavity enhancements for laser cooling of solids

The extra-cavity resonant enhancement technology is useful to laser cooling of solids due to
the greatly-increased pump laser intensity. However, because the partial transparence of in-
couple mirror M; (R, <1) confines the pump power coupled into the cavity (that is, there is

a coupling loss from M), the enhancement of pump-beam intensity and the cooling effect of
the sample is limited. However, if placing a cooling sample into a resonant cavity of with a
gain, we can obtain a greater pump-laser power for laser cooling of solids. This is so-called
the intra-cavity cooling scheme, which is shown in Fig. 3.6. In this scheme, the cooled
sample is inserted in the resonant cavity of laser with a gain, and the two mirrors (M; and
M>) with a reflectivity R; and R; are the two resonant-cavity mirrors of laser with a gain
coefficient g, . In this case, the two main losses, the absorption loss of sample and the

reflection loss of sample surfaces, are added into the original loss ¢, of the used laser, which
forms a total loss ¢ for the laser. As long as g, >, the used laser can be still satisfied its

resonant condition and form a stable laser oscillation. It is clear that the laser intensity in
such a laser cavity is far higher than one in a conventional laser because the reflectivity R (=
R; =Ry) of the mirrors in our proposed intra-cavity cooling scheme can be higher than one R;
of the output mirror M; in a conventional laser. So the intensity of the pump laser in intra -
cavity resonant enhancement scheme will be greatly amplified, and an efficient laser cooling
for solids will be obtained.
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d

M, M2
Fig. 3.6. Intra-cavity cooling scheme for solids (figure from ref. [14])

It is well known that the output power of a conventional laser system is given by 26

p =LarT 28 _yy, (3.17)
2 T + 6,
where I is the saturation parameter of laser system, A is the average effective cross section,
g, 1s the gain coefficient of laser, &, is the loss on the surface of sample, &, is the original
loss in laser cavity. When the cooling sample is placed in a resonant cavity of laser, the
circular power in the cavity is given by 26

Lar— 28y, (3.18)
TT+06,+ 05 +2ad

and then the enhancement factor can be expressed as!4

28, _
Mo Py _T+6, +25S +2ad (3.19)
P T(-280 1)
T+ 0,

In the low gain case, assuming g, =0.084, ¢, =0.076,, =0.004 , and the sample length is

d=3cm and « =0.09cm ™", for Yb3*-doped material. When d=2mm, 3mm, 4mm, according to
Eq. 3.19, we study the dependence of the enhancement factor M on the transmittance T of
the mirror My, and the results are shown in Fig. 3.7.

From Fig.3.7, we can see that with increasing of the sample length, the enhancement factor
will be reduced because the longer the sample length is, the more the sample absorption of
the pump laser is according to Beer Law. However, for a given sample length, the
enhancement of the pump beam intensity will be reduced with the increase of the
transmissivity T of the output mirror M, due to the increase of the output loss from the
mirror Mz. The cooling power of the perfect sample placed in the intra-cavity can be
described as!

A-2
P = Pt = P — L, (3.20)
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Fig. 3.7. Enhancement factor as a function of transmittance T of the mirror M, for different
sample length (Figure from ref. [14])

where P, is the absorption power of the sample, 7 is the quantum efficiency that will be

abs
slightly reduced during the temperature drop of the sample, simultaneously the mean
fluorescent wavelength will be red shift26, and we have

P

abs

= Pcirc X (ead - 1) : (321)

Substituting Eq.3.21 into Eq.3.20, and making the assuming that ad is small, Eq. 3.21 can be
approximately as!4

P, = LadAl( 28 -
T+06,+0s+2ad

=% 1). (3.22)

From Eq.3.22, it is obvious that for the some sample the absorption power of the sample
depends on both the sample length and the transmissivity of the output mirror M. It is clear
in physics that the longer the sample length is, the more the absorption power of the sample
is, and then the increasing cavity loss will result in the reduction of the laser oscillating
intensity in the cavity. So there must be the optimal length, which can lead to the
maximum P

abs *

d(Py,)

By solving the steady-state solution of Eq.(3.22), that is, by solving W =0, we can obtain
a

the relationship between the optimal sample length d , and the transmissivity T of the

opt

output mirror as follows!4

1
ad,, =E[\/2gO(T +8y+85) ~(T+8,+85) |, (3.23)

and the corresponding maximum absorption power is!4

P

abs, max

= %Als(\/z Qo — T+ +35). (3.24)
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Fig. 3.8 shows the dependence of the optimal sample length on the transmittance T of the
output cavity mirror M.
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Fig. 3.8. Optimal sample length as a function of transmittance T of the output mirror M»
(Figure from ref. [14])

It is clear from Fig.3.8 that the optional sample length will be nearly linearly reduced with
increasing the transmittance T of the output mirror M,. In particular, the sample length does
not exceed 2mm in order to obtain a higher enhancement factor and better cooling effect.

3.3 Comparison between multi-passes pump and cavity-enhancement schemes

The enhancement of three schemes, multi-passes, extra-cavity and intra-cavity, are analyzed
in the section 2, sub-section 3.1 and 3.2 respectively, and these schemes have their different
advantages. In this section, we will compare make the comparison between the multi-pass
pump scheme and two cavity-enhancement ones, and hope that one can learn some guiding
sense.

Firstly, we compare the multi-passes pump scheme with the extra-cavity enhancement one.
According to Eq. 2.3, when the reflection times N of the pump beam approach an infinite
value, we can obtain the maximum absorption power as follows 14

Pu = B[l —exp(-allly gz s l=97 Bl -exp(-ab)l, (29

where assuming R, =R, =99.9%. However, in the extra-cavity enhancement scheme, the

absorption power can be described as

P P

circ

[1-exp(-aL)], (3.26)

abs —

where P, =E_ P, , according to Eq.3.26 and setting the same parameters, we can obtain
P,.=13.8P, . Itis clear that the enhancement factor in the extra-cavity resonant (absorption)
scheme is larger than that in the multi-passes one. By comparing the temperature drop in
the above two schemes, one can easily observe the advantages of the cavity-enhancement.

The temperature drop of the cooling sample can be given by ¢
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Cmpmﬂ-l)2 d(TS _Tr>

4 dt = Pload (TS) - Pcool (TS) ’ (327)
and Poua = Aj.ﬁvﬂ%](?)ATdv =47Deo,T°AT = nDeo,(T.* - T,*), (3.28)

wgere S is the cross section of the sample, P, is the radiative and conductive load, C,, is the
specific heat, p, is the mass density, T;andT, are the sample and room temperatures,
respectively. Fig. 3.9 is the results of the temperature drop of the multi-passes pump and
extra-cavity enhancement schemes.
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Fig. 3.9. the temperature drop comparison between the multi-pass pump and the extra-
cavity enhancement schemes (Figure from ref. [14])

From Fig. 3.9, we can find that under the same parameters, the limit of temperature drop in
the multi-pass pump scheme is smaller than that in the extra-cavity enhancement one. That
is, the cooling effect of the extra-cavity enhancement scheme is better than one of the multi-
pass pump one.

Usually, in the resonant extra-cavity enhancement scheme, the absorption power of the
sample for the pump can be easily calculated by the multi-absorption. However, in the intra-
cavity enhancement scheme, before calculating the absorption power of of the sample for
the pump laser, we first have to calculate the laser power in the cavity.

In order to compare the intra-cavity enhancement scheme with the extra-cavity one, we
define the input power of the extra-cavity by the gain-saturation formula2

p =LarT8__q, (3.29)
27 T g,

where T is the transmittance of the couple mirror M;, I, is the system saturation parameter,
and g, is the gain of laser gain medium.

Once the pump beam passes the sample, the absorption power of the sample for the pump
laser can be expressed as? 19

P =(1-e)(1-R)P, = (1-T)(1- R)ALT(-SL-1). (3:30)
abs s N 2 : ’ T + 50
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After the pump beam Nth passes through the sample, the total effective absorption power of
the sample is given by 219

n-1

1 i} g J
P == (1-e“M)(1- R)ALT(=5C——1)> (4T, 3.31
=y e A R)ALT -3 ) 31
N
_LaemyaoryarrS 120" (3.32)
2 YTy, ) 1-0I,

By optimizing the output coupler (d P,, /dT=0) for maximum P, , we have

in”’

T,. =80 -3, (3.33)

opt

So the maximum of P® can be obtained by 2 19

abs

—(015)"

1
1-e ") (1-R,)AILT( -5,) 3.34
( )( (V&0 -, (3.34)

abs UF’[

For the sake of convenience, Eq. 3.34 and 3.21 are written in dimensionless, respectively 219

ext _ 70:L 2 1 HT )
P =(1-e)(1-R)(/3 — &) o (3.35)
and P, =ad( 280 ~1). (3.36)
T+06,+0s+2ad

Under the low gain conditions, and according to Ref [3], we have g,=0.089 and ¢,=0.078,
which were measured for a practical cw pumped dye laser system by placing an acousto-
optic modulator (EOM) inside the cavity. We used &, =0.004, R =0.001 to calculate and
analyze the dependence of the absorption power of the sample on the optical density for the
different numbers N of passes, and the results are shown in Fig. 3.10.

Wans (arb. units)

T T
1073 1072 10!

Fig. 3.10. Absorption power of the sample in the external cavity scheme with different
numbers N of passes and the intra-cavity scheme as a function of the optical density. (Figure
from ref. [19])
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From Fig.3.10, we can find that for the low optical density, specially as ad <0.008, the
absorption power in the intra-cavity scheme is far high than that in the extra-cavity one.
However, when ad > 0.01, because the losses from the sample approach the laser threshold,
the absorption power will be sharply decreased. So in the region of the large optical density,
the absorption power in the extra-cavity scheme is far higher than one in the intra-cavity
one. As shown in Fig. 3.10, if we increase the pass number N of the pump beam, the
absorption power in the extra-cavity scheme will increase to even exceed one in the intra-
cavity scheme.

4. Experiment studies on laser cooling of solids using cavity-enhanced
technologies

In the above section, we discuss and compare the enhancement effect of laser cooling of
solids in the multi-pass pump, intra-cavity and resonant extra-cavity schemes in some
detail. In this section, we will review experimental researches on laser cooling of solids
using the above cavity-enhanced schemes and its recent progress.

As early as 2003 years, Hoyt et al. at University of New Mexico* and LANL group did
detailed experimental research on laser cooling of solids 8 by using the multi-pass scheme
after proposing how to improve the absorption power of the pump laser. At the same year,
Heeg proposed the two methods using the intra-cavity and extra-cavity scheme to enhance
the absorption power for laser cooling of solids and comparing laser cooling efficiencies
between the intra-cavity and extra-cavity schemes. Afterwards, Heeg’ group demonstrates
the intra-cavity solid-state laser cooling of solids in experiment. Seletskiy’s group and
LANL did a series of experimental researches on the cavity-enhanced resonant absorption
for laser cooling of solids and obtained some important progress. More recently, they have
successfully completed a milestone work and realized laser cooling of doped-Yb*3 YLF
crystal materials with a cryogenic temperature.

4.1 Cooling of Yb: ZBLAN using intra-cavity enhanced absorption

When a diode laser is used to pump a solid laser, the laser radiation will be oscillated in an
optical resonant cavity, at the same time the intensity of laser in the cavity will be
amplified due to the simulation emission of laser gain medium. After the intensity of laser
in the optical resonant cavity exceeds its threshold, the laser will be output from the
cavity?e. If inserting a solid sample with a low loss into the optical cavity, but the excited
wavelength can be sustained to be oscillated in the cavity, and then the intra-cavity
enhanced laser will increase the resonant absorption of the sample, which will result in an
efficient laser cooling for solids in the laser cavity. As discussed in section 3.1, the almost
materials used to form optical refrigeration has a low optical density (ie., a low
absorption), so one can use this intra-cavity enhanced scheme to realize laser cooling of
solids. By choosing some optimal parameters, the intra-cavity enhancement scheme will
become an efficient laser cooling method. In 2004, Heeg’ group demonstrated the intra-
cavity solid-state laser cooling scheme for solids experimentally 3 and the corresponding
experiment setup is shown Fig. 4.1. In their experiment, the Yb3*KY (WOy), (KYW) gain
medium (10% doped, 1mm length, antireflection coated) was pumped along its b axis in
the longitudinal direction by either one or two counter-propagating diode laser
(1x100um) at 981.2nm. The diode laser was focused into the gain medium, which was
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placed at the confocal center of a Z cavity, by using two concave mirrors with a high
reflectivity at 1020-1060nm and a high transmission at 981.2nm. About 3W laser power per
diode was illuminated on the gain medium due to the reflection losses from the pump
optics. A Brewster prism was used to tune the excited wavelength from about 1020nm to
1040nm. A spatial filter was utilized here to minimize the residual radiation and super
fluorescence on the cooling medium. An output coupling mirror with a 2% transmission
was used to output a laser beam with the maximum power of up to 800mw at 1032nm
when the power each diode laser is 1.2W. The intracavity circulating powers was be
increased to 180W by using a high reflectivity mirror.

Yb*KYW
/!
=z |
LD? e ™ It ) 1\ LDI
" ,--“""ﬂl M“H-“h“ .....
iV BP
/ Y to spectrometer

| |SF / HR
H]& uuuuu Gl{)m%f """""" = J(yﬁ eedd—{1PD

\l/to vacuum fiber optic

Fig. 4.1. Schematic of intra-cavity enhancement laser cooling of solids. LD is the laser diode,
PD is the photodiode, HR is the high reflector, BP is the Brewster tuning system, and SF is
the spatial filter. (Figure from ref. [3])

The cooling medium, a 2% doped Yb3: ZBLAN rectangular glass with dimensions
2x2x3mm, is used in this experiment, and the end-faces of the cooling medium is cut as a
Brewster’s angle in order to reduce the reflection losses of the sample surfaces. In the
experiment, the temperature change of the sample is measured by a noncontact fashion
according to the fluorescent spectral narrowing with decreased homogeneous broadening at
lower temperatures. They measured the temperature drop spectrum of the cooling sample
with a 2mm length, and the results are shown in Fig. 4.2.

In this experiment, the gain medium was pumped by two diode laser and the pump power
in the cavity was up to 125W. After 10 minutes the sample reached the new thermal
equilibrium and its temperature dropped to 6 K from the ambient temperature. At the same
time, the heat sink’s temperature rises by 3K due to absorbing the scatter laser and
fluorescent emitted by the sample.

This experiment demonstrated the intra-cavity enhancement for laser cooling of solids.
Because the absorption of cooling medium is low and the laser power for the optical
refrigerator is not very high, so this approach is a prospect method for future optical
refrigerator. The temperature drop of the cooling medium is not large in this experiment
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due to not enough pure of the sample and resulting in parasitic heating?’, the thermal
radiation from the chamber, the conductive thermal from the supporter, the reapportion
fluorescent?s, 2% 30, however, these problems will be improved in the future along with the
advance of material fabrication?, low emissivity coating and so on. Furthermore, introducing
the Brewster prism to tune the wavelength is very important for cooling the sample to the
cryogenic temperature. This is because with the temperature drop the population in the
ground upper multi-levels will be decreased, so it must adjust the wavelength to the short
wavelength so as to weaken the decreasing absorption of the pump beam, and is able to
obtain the cryogenic temperaturell3l. Finally, the intra-cavity cooling approach has
prosperously perspective for the practical optical refrigerator.
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Fig. 4.2. The temperature change of the sample with a 2mm length and the heat sink as
function of time (Figure from ref. [3])

4.2 Cooling of Yb: ZBLAN using extra-cavity enhanced resonant absorption

The multi-pass scheme make great successful in laser cooling of solids in Ref [12] and obtain
143K temperature drop from room temperature, but it has own disadvantage. One of the
fundamental defects is a hole on the end-face of the sample because it will introduce light
scattering (parasitic loss) and leak the pump light. Another shortcoming is the mirror
deposited on another end-face of the sample, which will lead to the parasitic heating. The
intra-cavity scheme has some advantages, such as the higher pump laser intensity in the
cavity and an adjustable pump wavelength by the Brewster tuning prism?, but it has not
been adopted usually due to more optical components in the cavity and the complexity of
operation. So it goes against to develop a practical optical refrigeration due to these
disadvantage of the above two schemes. Fortunately, the extra-cavity resonant enhancement
laser cooling scheme for solids offers a relatively simple and feasible technology for optical
refrigeration.
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Fig. 4.3. Schematic experimental setup of the extra-cavity resonant enhancement laser
cooling

The schematic experimental setup for extra-cavity enhancement resonant absorption for
laser cooling of solids is shown in Fig. 4.3. The cavity is made up of two mirrors, and the
first mirror M; is the input coupling mirror with a reflectivity of 95%, which can be adjusted
to the proper value so as to obtain the maximum resonant absorption of cooling medium
according to the absorption of the cooling material and the loss in the cavity. The reflectivity
of the second mirror M; is almost equal to unity. In this experiment, the laser wavelength
should be resonant with the optical cavity with a length of / so that one can obtain the
maximum power in the cavity and the maximum absorption of cooling medium. A small
amplitude signal generated by the function generator is used to dither the cavity, and then
the intensity of laser is modulated, simultaneously, this signal is also input into Lock-In
Amplifier as a reference signal. The dithered transmission is monitored by the photo-
detector and mixed it with the reference signal from the function generator in Lock-In
Amplifier. Then the error signal demodulated by Lock-In Amplifier was feedback to the
PZT on the mirror after amplified by the High-Voltage Amplifier. Thus one can keep the
laser frequency to be resonant with the frequency of cavity. The temperature of solid sample
can be monitored by the thermal camera or Differential luminescence thermometry32-35. In
2006, D. Seletskiy et al studied the cavity enhanced resonant absorption for laser cooling of
Yb3+ ZBLAN glass in experiment!3. A commercial laser (ELS, VeraDisk Yb: YAG) with the
maximum output power of about 45W at 1030nm was used. To avoid the laser unstable due
to the optical feedback, a Faraday isolator (EOT, Model# 411030) with > 30dB isolation was
used. The MML; and MML; (MML; with f1=50 mm, MML; with {2=100mm) coating with
anti-reflection coat for 1030nm on their sides was used to enable the laser beam has a proper
divergence and a proper transverse mode inside the cavity?. The input-coupler was
mounted on the 3-axis piezo-controllers (Thorlabs, Part#MDT693) to control the transverse
mode of the cavity to match with that of the laser. The reflectivity of the coating on the
sample end-face serve as high reflection mirror is higher than 99.9%.
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Fig. 4.4. The relationship between the cavity-enhanced absorption and the input-coupler
reflectivity for two different values of al (Figure from ref. [13])

From the extra-cavity enhancement theory in section 3.1, D. Seletskiy calculated the input-
coupler reflectivity as a function of the sample absorption for different optical density al,
and the results are shown in Fig. 4.4. In the experiment, D. Seletskiy et al demonstrated the
absorption enhancement for two different input-coupler reflectivities, and the results are
shown in Fig. 4.5. We can see from the theoretical calculation (see Fig.4.4) and the
experimental results (see Fig.4.5) that the experimental data are in good agreement with the
theoretical results, which can be further found in Fig. 4.6. In this work, D. Seletskiy et.al did
not give the temperature drop of the sample, but just to prove the enhancement of resonant
absorption of Yb: ZBLAN glass sample by a factor of 11 compared to the double-pass
configuration. This is the great significance meaningful work because it has relatively simple
optical arrangement and great enhancement of the absorption for the cooling sample.
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Fig. 4.5. Experimental demonstration of the absorption enhancement for two different input-
coupler reflectivities R, =90% and 94%, respectively (Figure from ref. [13])
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Fig. 4.6. The dependence of the enhancement absorption factor on the reflectivity of Input-
coupler, and the shaded region represents uncertainty in the measured value

of a1=0.0045+0.005. The enhancement factors y are plotted in the same scale, which is
obtained from the experiments with different reflectivities (90%, 94%, 99%) and show very
good agreement with the expected values, calculated from Eq 3.14. (Figure from ref. [13])

After this work, D. Seletskiy et al did a series of work to improve the extra-cavity
enhancement for laser cooling of solids and made the great achievements, and nearly 20 fold
of enhancement of the resonant absorption are obtained.
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Fig. 4.7. Experimental setup of extra-cavity resonant enhancement scheme for laser cooling
of solids. The thin lines are the optical beam path, and the thicker lines are electronic
connections. (Figure from ref. [10])

Fig. 4.7 is the improved experimental setup. In this experiment, the reflectivity of the
dielectric mirror is greater than 99.99%, and the sample was supported by 4 quartz 600pm
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diameter fiber. The sample was placed in a clam-shell, which was placed in the aluminum
vacuum chamber with 8 vacuum ports, and the windows were coated by AR coating to
increase the transmission of the pump laser. The inside surfaces of clam-shell chamber are
painted with a preferential low-emissivity Maxorb coating, which is a gold-plated copper.
The cavity is kept on working resonant with the pump wavelength and is stabilized via an
electronic feedback loop.

In this experiment, they obtained the absorption efficiency up to91+2%, and the
temperature drop was about 3K, which was measured by a noncontact method, so-called
differential luminescence. This measurement method is so sensitive that can resolve a 0.1K
temperature change by resolving the temperature change from the reference spectra.

In 2008, D. Seletskiy et al studied the cavity resonant-enhanced laser cooling of Yb3*: YLF
crystal and obtained the temperature drop of about 70 degrees from the ambient
temperature. In the experiment, the sample was cut with a Brewster angle to reduce the
Fresnel loss in the end-faces of the sample, and the cavity is also formed in Brewster
geometry for the p-polarized pump light. Fig. 4.8 is the photograph of Brewster geometry
cavity. From Fig.4.8, we can see that in order to reduce the loss of cavity, the mirrors should
be almost contacted with the sample.

Fig. 4.8. Photograph of the Brewster geometry cavity. The left mirror of the image is the
input coupler mounted on the 3-axis piezo mirror mount. The fiber above the sample is used
for collecting luminescence. False color luminescence is visible in the sample, induced by
pump light trapped on resonance. (Figure from ref. [17])

Fig. 4.9 shows the experiment results on the temperature drop of the sample for the different
input power. Due to the sample so close to the mirror, the fluorescent emitted from the
sample will be absorbed by the mirror. Simultaneously, the mirror with a nearly unity
emissivity at the thermal wavelengths radiates on the sample and heats it. So the temperature
drops of the Yb: YLF crystal is up to 69K from the room temperature. This is the cooling
record for crystalline solids, but it not achieves the minimum achievable temperature (MAT).
However, under the ideal conditions, the MAT could be achieved to 170 £ 10K [12].

In this year, D. V. Seletskiy investigate the resonant cavity-enhanced absorption for optical
refrigeration with a low-power laser and find the 20-fold increase over the single path
absorption with the low loss medium (Yb3*-doped ZBLAN glass?) placed in the resonant
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cavity mentioned. Their experiment setup is shown in Fig. 4.10. The 2% Yb3*-doped ZBLAN
glass was placed in the cavity, and one end-face of the sample was coated as a high
reflectivity of mirror (R>0.999), and another face of the sample was deposited a anti-
reflection coating to decrease Fresnel loss on the surface.

20 T T T T

E : ey e
E 0 : 2 i -
I R SAPLE : :

- 1.5W™™==h 5.0W;: 15.0W
AU ! 5"":‘*‘-#?%!. |=:

E . : e :::.'\.'\f,.;";"\:"".;\_m_a
w —B0F | m—irors (M) ' ' % -
W =70 . .S_M : : g\" l‘\n_.-é
< -80 : : : — — '

E 1 L]

: : 3

o 1

- i

E 1

2 [l

4

' ' . ! . .
o 20 40 (1] B0 100 120 140 160 180
time (min)

Fig. 4.9. The top graph shows the temperature dynamics A T(offset to zero at 298K). The grey
closed circles, the red solid line and the blue open circles represent the temperature change
of the sample, cavity mirrors and the difference temperature of the chamber and sample,
respectively. The bottom graph is the absorption on linear scale in arbitrary units. (Figure
from ref. [17])

Isolators Mode monitor
o 0 (B

Pump laser

[ N
Power sinks

S GRYYED)

Mud&matchipg

PRc

10 torr vac

Fig. 4.10. The arrangement of experimental setup. PD+LA+PID is the proportional -integral-
derivative circuit, PD is the piezo driving circuit, LA is the lock-in amplifier, which are used
to control the cavity length to keep stabilization. TC is the thermal camera for monitoring
the cooling process. (Figure from ref. [23])

To optimize the maximum pump laser coupled into the cavity, the reflectivity of the input
mirror is usually equal to the value of R, =e¢ . The input mirror with a reflectivity of
R=94% is housed in a piezo-actuated mount, allowing for cavity length scanning and
stabilization. Moreover, to minimum the heat load adding to the sample, thin quartz fibers
used to support the sample, which is placed in a tightly fitted shell with a low-emissivity
coating. The cooling process is recorded by the thermal camera. Due to the transmission and
losses are minimized by design, so the absorption A can be deduced from A=1-R.. In the
Gires-Tournois limit, the pump absorption at resonance can be expressed as?
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A=1- (1\/:alf/_ 4.1)

Cavity reflectivity (R) &

X 0 1 Jooi o010l 1
Cavity length (a.u.) 1-Ry

Fig. 4.11. (a) Resonant 89% absorption of the cavity plotted on a semi-log scale. (b) The
experiment data agree with model fitting results, according to Eq. 4.1. (Figure from ref. [23])

Fig. 4.11 (a) shows the relationship between the cavity reflectivity and the cavity length.
From Fig.4.11(a), we can find that the maximum absorption reaches to 89+3% when the
cavity length are scanned. From Fig. 4.11 (b), it is clear that the resonant cavity enhancement
factor is up to 20 fold compare with single-time passing the sample. Fig. 4.10 is the
experimental results of cooling process and the temperature drop of the sample. To avoid
the saturation of the thermal camera image, the sample was radiated by the pump laser with
a 1W power for 40 minute.
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Fig. 4.12. (a) Top view thermal image of the cavity at resonance. Blue area represents the
sample, the green area represents the ambient and light gray structure around the sample is
the shell, which is heat by the fluorescence absorption. (b) The red line is the experiment
measurement data, and the gray dot line is the fitting one. (Figure from ref. [23])

By fitting the experimental data toAT(t)=AT/[1-exp(-t/7)], they obtain the final
temperature drop of T; =-3.2£0.1K from the ambient. Form the fitting formula, the thermal
time constant is 7 =45 min. In the case of small input power, the temperature drop linearly
scales to be imperfect efficiencies. The ratio of absorption, stabilization, radiation shielding
are 90%, 60%, and 30% respectively. It can be estimated that the final temperature drop
is3.2x[0.9x0.6x0.3] ' =20K /W . The difference between the above mentioned final
temperature drop per unity power of incident laser (20K/W) and the best cooling
performance of ~22K /W in Yb: ZBLAN glass can be ascribed to the variation of the
impurity of the different sample.
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5. Conclusions and outlook

In this chapter, we have reviewed various enhancement means of the pump beam to
facilitate laser cooling of solids, and especially discussed the multi-pass pump, extra-cavity
and intra-cavity resonant enhancement absorption in some detail from their principles to the
experiment technologies. Although the multi-pass pump scheme has a lower absorption
enhancement relative to two other schemes, it has simple operation and less optical
elements. Therefore one hope to find some more efficient material for laser cooling or
develop some high purity of solids, and first using the multi-pass pump scheme to do
experimental researches on laser cooling of solids, such as using Yb3* -doped ZBLAN and
Yb3* -doped YLF materials in the experiments. So the multi-pass scheme can compete with
other two cavity-enhanced ones in the factual optical refrigerator. The intra-cavity
enhancement scheme can greatly enhance the intensity of the pump laser in the cavity when
the low-loss cavity and low absorption of cooling medium is used, however, due to the
complication of technology and more optical elements, it will lead to some obstacles for
forming a feasible optical refrigerator. In particular, it will be no suitable for some cooling
materials with a large absorption. Since the extra-cavity enhancement scheme is a relatively
simple technology and has a large enhancement of resonant absorption, it would be chosen
as one of the practical or useful optical refrigerators.

The scientists have used the three different schemes mentioned above to investigate laser
cooling of solids in experiment and hoped to find a more feasible technology for the future
optical refrigeration. By optimizing the experiment parameters, one hope to obtain the
maximum temperature drops of laser cooling samples. Furthermore, by probing some new
coating materials to shield the thermal radiation more effectively, adjusting the geometry of
the sample, and reducing the impurity of the sample, one hope to find some new paths to a
practical optical refrigerator. Recently, D. V. Seletskiy utilizing the extra-cavity resonant
enhancement scheme to improve the pump laser absorption by up to 20 folds compared
with the single pass pump one. In this year, especially, laser cooling of solids to cryogenic
temperatures using the multi-pass enhancement absorption shows a new dawn to develop a
promising optical refrigerator. Since such an all-optical refrigerator has some novel and
unique advantages, such as a mini volume, lightly weight, electromagnetic radiation free,
non-vibration, non-noise, and long lifetime, etc, it will become an irreplaceable cryogenics in
the fields of military, space technology, integrated optics, micro-electronics, remote sensing
and telemetering, and so on.
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