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a b s t r a c t

A new approach is proposed for 3-D laser cooling of solids. Stimulated Raman scattering on a

narrowband electronic transition is used in conjunction with 1-photon optical pumping on a broadband

transition to provide a mechanism that cools all the vibrational modes of solids while conserving

energy and momentum, photon by photon. The individual steps in the 2-photon Raman process are

4f–5d and 5d–4f transitions which are electric-dipole-allowed (broadband) transitions that form a

L-system. By contrast, the 2-photon transition between the 4f states of the rare earth ion is

narrowband. By considering examples of Ce3þ ions in Y3Al5O12 and CeF3, elevated transition rates

are predicted to offer substantial improvement over anti-Stokes fluorescence cooling when all 1-photon

detunings exceed their corresponding Stokes shifts.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Optical refrigeration of gases is a relatively mature subject. In
the past, laser cooling of bosonic systems was systematically
developed [1–3] to achieve Bose–Einstein Condensation (BEC) for
the first time [4], and the continuing effort to refine techniques
that allow light to transport energy, momentum, and entropy out
of atomic systems has shown that fermionic atoms can similarly
condense into a single macroscopic quantum state [5]. These
advances have drawn the subjects of superconductivity and BEC
closer together and promise a unified view of these basic physics
topics in the future. Experimental techniques for laser cooling
have relied heavily on one simple but important characteristic of
atoms in gases, namely that the atoms comprising a gas are in
motion. Moving atoms experience the Doppler effect in inelastic
collisions with photons, and can progressively be slowed down
(cooled) while conserving energy and momentum in each and
every interaction, provided that the light field undergoes an
increase of entropy. Hence, although other mechanisms such as
evaporative cooling have been applied in combination with laser
cooling to attain the most extreme temperatures [4], it may be
said that the harnessing of Doppler interactions has provided the
most powerful set of approaches for optical cooling [6–10].
Unfortunately in solids the Doppler effect is ostensibly absent.
This implies that the optical refrigeration of condensed matter
must rely on a drastically more limited set of cooling mechan-
isms, and dims the prospect of using condensed matter to form
new quantum states.
ll rights reserved.
The motivation to discover efficient new laser cooling methods
for condensed matter is nevertheless strong. Potential applica-
tions exist for ‘‘radiation-balanced’’ solid state lasers [11],
improved gravitational wave detection [12], compact frequency
references [13], refrigeration of infrared imagers below the
thermo-electric limit in space [14], and compact cooling systems
for super-conducting electronics. In the past, the axial vibrations
of mirrors in Fabry–Perot interferometers were reduced with all-
optical techniques to improve the sensitivity limits of gravita-
tional observatories. However this opto-mechanical cooling of a
single mode was not accompanied by an irreversible increase in
entropy of the optical field and therefore altered the (non-
equilibrium) distribution of phonons without cooling the solid
as a whole. Parallel efforts with anti-Stokes cooling sought to cool
the entire distribution of internal vibrational modes of solids in
order to surpass the thermo-electric cooling limit that determines
the signal-to-noise ratio of imaging arrays in space. Space-based
infrared imagery is an example of an important technology that is
hampered by detector noise, and could be greatly improved by
refrigeration below this limit (N 153) in the rarified environment
of space. Thermo-electric temperature limitations have now been
surpassed with anti-Stokes fluorescence cooling [14], but far more
effective methods are needed to reach temperatures of only a few
Kelvin starting from room temperature. There is also interest in
the fundamental objective of cooling solids to their vibrational
ground state, but higher cooling rates are needed for that too.

In this paper, a new method is outlined that accelerates
cooling of the internal vibrations of solids by combining a fast,
stimulated Raman process to annihilate specific phonons of the
host medium in a resonant manner with rapid optical pumping
on an allowed fluorescent transition. The method avoids heating
due to multi-phonon emission by atoms with arbitrarily large
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Stokes shifts (and high transition rates) and furnishes the neces-
sary increase in entropy of the radiation field [15] to cool the
entire solid.
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Fig. 2. Stimulated Raman cooling of Ce3þ . Fields 1 and 2 are applied simulta-

neously to cause the absorption of a phonon of wavevector qffi2k and frequency

O¼d. The bold vertical arrow (repump field 3 at o3) provides an optical pumping

to avoid population buildup in the 2F7/2 state that would reverse the 2-photon

process. This field also ensures that entropy increases in the overall interaction [4].
2. ‘‘Doppler’’ cooling principle for solids

The vibrations of atoms or molecules in a solid constitute the
motion that determines its kinetic temperature. This motion may
be analyzed as phonons, and phonons undergo ‘‘collisions’’ during
their interactions with light. As a consequence, incident photons
of frequency and wavevector (o1,k1) experience Doppler-like
interactions with phonons of frequency and wavevector (O,q) to
produce scattered light. The scattered field has a frequency and
wavevector described by (o2,k2), and the conditions o2¼o17O
and k2 ¼ k17q must be met to conserve energy and momentum
when phonons are annihilated or created (upper or lower sign,
respectively). Doppler analogies are commonplace in acousto-
optics [10], but they take on special significance in the context of
laser cooling of solids where they can guide the adaptation of
Doppler-shifted atom-field interactions to phonon-field interac-
tions in condensed matter.

Here we propose an approach to cool rare earth ions in solids
based on a coherent 2-photon interaction [16–18] that destroys
phonons and an incoherent step that adds entropy, completing a
repetitive cooling cycle that exploits fast fluorescence of impurity
or host ions. The method uses counter-propagating laser beams
whose difference frequency is slightly lower than the transition
frequency to a long-lived excited electronic state. A phonon is
annihilated during each electronic Raman transition to the latter
‘‘shelving’’ state, when detuning is to the long wavelength (‘‘red’’)
side of the 2-photon 4fn–4fn transition. Subsequently, the excited
ion is returned to its ground state via fast optical pumping on a
spontaneous 4fn�1 5d24fn transition which raises the entropy of
the field. This last step makes the cooling irreversible. Through
rapid repetition of this phonon annihilation and optical pumping
cycle, cooling can proceed at a high rate.

Fig. 1 illustrates the basic geometry of inelastic light scattering
by phonons. In spontaneous 1-photon interactions, the scattered
light has a higher or a lower optical frequency and wavevector
(o7O, k7q) depending on whether the specific phonon that
conserves energy and momentum at scattering angle y is
absorbed or emitted. Consequently, both upshifted and down-
shifted components are observed in the spontaneous light scat-
tering spectrum. In scattering with two input fields however,
interaction with a specific phonon may be made more selective,
through the involvement of an excited state resonance. For
example, counter-propagating beams with a positive 2-photon
detuning of d�DF�(o1�o2)¼O in Ce3þ (with respect to the
2F5/2(n)-2F7/2(n) transition, as shown in Fig. 2) can produce only
phonon annihilation at frequency O through the vibronic transi-
tion 2F5/2(n)-2F7/2(n�1). If the fields E1 and E2 are interchanged,
a phonon of the same frequency propagating in the opposite
direction can be annihilated. However no phonons are created by
this process in either direction on average.
θ
E1, k1

E2,k2

q

Fig. 1. Wavevector diagram for Raman scattering through angle y. Phonon

wavevector q¼ k2�k1 conserves linear momentum of the vibrational mode driven

by field E1 and field E2.
Phonon annihilation cannot be sustained indefinitely using
stimulated Raman scattering with continuous-wave radiation.
Because the net Raman transition rate is proportional to the
population difference between the 2F5/2 and 2F7/2 levels, forward
and backward transitions are balanced at high intensity in steady-
state. Under continuous excitation, the excited state population
accumulates until it equals that of the ground state. Forward
(cooling) and backward (heating) transition rates then become
equal. To ensure that only the forward process takes place, the
Raman interaction should be pulsed and the 2F7/2 state must be
emptied periodically. Depletion of the 2F7/2 state can be accom-
plished with an intense ‘‘repump’’ field E3 of an appropriate
wavelength, as depicted in Fig. 2.

The repump interaction at o3, as well as all other possible
1-photon transitions in the overall cooling cycle (namely those at
o1 or o2), must avoid generating phonons originating from
relaxation in either the ground or excited state. Transitions
consistent with zero heating (or net cooling) require detuning
to the red by an amount equal to or greater than the Stokes shift
of the longest wavelength 4fn�1 5d24fn transition. For Ce3þ this
means,

DLaser ZDStokesþDF ð1Þ

This choice is necessary to ensure that each photon has less
energy than required to generate either a vibrationally excited
upper state or a vibrationally excited ground state. The maximum
2-photon Raman transition probability compatible with cooling
therefore occurs when DLaser¼DStokesþDF in the Ce3þ system.

The inter-configurational transition of Ce3þ is of 5d-4f
character, so the corresponding wavelength is strongly host-
dependent. Consequently the selection of host crystal can in
principle be used to match desirable laser wavelengths for cooling
or optical pumping. On the other hand, an arbitrary choice of host
does not change the fundamental design of the cooling



Fig. 3. Absorption (dashed) and emission (solid) curves of Ce:YAG. The vertical

arrow indicates the peak of the 4fn�1 5d22F7/2 fluorescent transition which

appears as a shoulder on the two overlapping inter-configurational transitions

back to 4fn. This identifies the shortest wavelength excitation that can be used for

Raman cooling of Ce:YAG.
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experiment or alter the key conditions that determine optimal
detunings for experiments. It is sufficient to measure the fluor-
escence emission spectrum of Ce3þ in the chosen host to
determine the minimum 1-photon detunings compatible with
overall cooling. This determination is illustrated for the case of
Ce:YAG in Fig. 3. All incident laser light must have a wavelength
longer than that of the fluorescent transition 4fn�1 5d22F7/2 in
Ce3þ . In the figure, the minimum wavelength compatible with
cooling in Ce:YAG is marked by the vertical arrow at the shoulder
corresponding to this transition in the emission spectrum.
3. Results for the cooling rate

We now proceed to estimate the high temperature cooling rate
by specializing to optical phonons in the classical limit. We omit
the case of acoustic phonons since they couple to the light via
deformation potential rather than transverse, field-driven charge
motion [19].

For optimum efficiency in the stimulated Raman interaction,
two separate detuning conditions must be met. The first is the
1-photon detuning: DLaserZDStokesþDF. The second calls for a
2-photon detuning equal to the selected phonon frequency O,
which could be an arbitrary value or the dominant phonon
frequency Odom at a temperature of interest (d¼Odom(T)). The
latter detuning not only ensures resonance with a selected
vibronic transition, but also implies ‘‘adjustability’’ to adapt to
temperature changes as the sample cools. By tuning the frequency
offset of the counter-propagating Raman beams to match a
specific phonon frequency and wavevector, energy and momen-
tum can be conserved on average in each phonon annihilation.
Additionally, the detuning can theoretically be adjusted to follow
the shift in the distribution of phonon occupation probability,
thereby maximizing the cooling rate at any given temperature. In
this way the 2-photon detuning can be used to maintain reso-
nance with a dominant phonon at frequency Odom (T) during
cooling in the same way that chirped detuning is used during the
laser cooling of gases to track the average Doppler shift [16,18].
However the fixed optical geometry and fixed wavevector differ-
ence of the optical waves mandate that changes in the detuning
must be performed in jumps between discrete optical modes
rather than as the continuous, monotonic adjustment that is
typically used in laser cooling of gases.
For the present estimate the 2-photon detuning is assumed to
have a fixed value d¼O matching the frequency of the phonon of
interest. The rate of energy loss R per coolant atom is then simply
given by the stimulated Raman transition rate GR(DLaser) to the
excited state 2F7/2 multiplied by the phonon energy. That is,

R¼GRðDLaserÞ_O ð2Þ

In the model system based on Ce3þ and depicted in Fig. 2,
there are only three active levels to take into account, namely the
high-lying 5d state and the two lower levels of the 4fn configura-
tion. We refer to 2F5/2(n) and 2F7/2(n�1) as states 1 and 3,
respectively, and the excited state of the 4fn�1 5d configuration
is labeled as 2. The repump interaction is taken to be sufficiently
effective in returning excited state population to the ground state
that only the Raman transition 1-3 takes place. The reverse
transition 3-1 may therefore be neglected. It is further assumed
that the repump transitions are excited at a 1-photon detuning of
DLaser�o12�o1¼DStokesþDF, to avoid heating from 1-photon
interactions. For simplicity, the laser linewidth is taken to match
the transition linewidth. For the Ce3þ model, the transition rate is
then given by the standard expression [19,20]:

GRðDlaserÞ ¼
8p3G13on4

_4
½ðd�OÞ2þ iG13�

2
/f 9M9iS
�� ��2, ð3Þ

where on4 is the mode occupation number. In this model the
summation over intermediate states in the interaction matrix
element f

� ��M i
�� � reduces to a single term with

/f 9M9iS¼
/39mðeÞUê292S/29mðeÞUê191S

½DLaserþ iG12�

� �
Eðo1ÞE� ð�o2Þ

4
ð4Þ

The duration of excitation is implicitly assumed to be much
shorter than the 2F7/2 lifetime.

For the purpose of illustration, each of the counter-propagating
Raman beams is assumed to consist of 1 W focused to a diameter
of 300 mm, yielding an average intensity of I¼2.829�103 W/cm2

which is comparable to that of Ref. [14]. The refractive
index of undoped YAG is n¼1.8329 at 575 nm [21]. Other
parameters estimated from Fig. 3 and tabulated energy levels
[22] are DLaser¼8.76�1014 rad/s, o1¼3.28�1015 rad/s, and
o2¼2.87�1015 rad/s. The wavevector determined by these opti-
cal frequencies is q¼2.05�105 cm�1, which would correspond to
a longitudinal acoustic phonon frequency of O¼1.77�1011 rad/s
in YAG [21]. However we chose to consider the Raman-active A1g

mode of the optical branch [23,24] with a frequency of
783 cm�121.885�1013 rad/s to exploit its higher energy. The
dipole moments on the 4f–5d and 5d–4f transitions were pre-
sumed to be equal, because the initial and final states
are of very similar character. For linear polarization, the squares
are proportional to the inverse lifetime t�1 of the 5d state
according to

9mðeÞ129
2
ffi9mðeÞ239

2
¼

3pc3_e0

no3t
ð5Þ

Next it is assumed that DLaserbG12 and that the initial phonon
occupation has the value given in the classical limit. Hence the
linewidth may be ignored in /f 9M9iS and on4ffikBT/_O�1.
Propagation of the selected phonon causes the bichromatic
optical field, which is red-detuned with respect to the
2F5/2(n)-2F7/2(n) electronic transition, to be ‘‘Doppler-shifted’’
into exact resonance. That is, the transition 2F5/2(n)-2F7/2(n�1)
is fully resonant when d¼O. Upon replacement of field ampli-
tudes with corresponding intensity factors using I¼ne0cE2/2, the
expression for the stimulated Raman transition rate reduces to

GRðDlaserÞ ¼
8p3

_2o3
1o3

2G13

3pc2

n1n2tDLaser

� �2

I2, ð6Þ
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ignoring pump depletion. The measured lifetime of the 5d state in
YAG is t¼60 ns [25]. At room temperature the full width at half
maximum of the A1g mode has a value of 12.5 cm�1 [24]. Thus,
the Raman transition rate is GR(Dlaser)¼2.33 s�1. Using
Eq. (6) in Eq. (2), one finds the initial rate of energy loss per Ce
ion at room temperature is

R¼ 3:63� 10�20W ð7Þ

For an arbitrarily specified density of Ce ions of N¼1021 cm�3,
the cooling power within the cylindrical volume illuminated by the
beam (namely V¼7.07�10�4 cm3) in a 1 cm thick sample is then

Pcool ¼NVGR_O¼ 12:8mW ð8Þ

When pulsed with a duty cycle of 50% due to beam-switching,
the cooling power would be 6.4 mW for an efficiency of
Zcool�Pcool/Pin¼0.0128/2E0.6%. This value begins to approach
efficiencies reported in recent experiments based on anti-Stokes
fluorescent cooling [14], but uses only a single pass Raman
interaction. In Yb-doped media used for anti-Stokes cooling such
as Yb:YAG, the intrinsic lifetime of the fluorescent manifold is
0.951 ms [26]. This yields a maximum excitation rate of
1.052�103 s�1 per ion whereas the excitation and Raman cooling
rate in Ce ions can in principle be pushed much higher due to the
short 5d lifetime. The improvement offered by the Raman process
over anti-Stokes fluorescent cooling is ascribable to the rapidity
(wide bandwidth) of the Raman and repump transitions in
combination with the precise interrogation of phonons via the
long-lived (narrowband) 2F7/2 shelving state of Ce.

The estimate in Eq. (7) is the cooling rate per Ce ion based on
interrogation of a fixed frequency optical mode at a high initial
temperature. It does not take into account the temperature depen-
dence of quantities such as phonon occupation, linewidths or shifts
in the dominant phonon frequency as the sample cools. These
effects, as well as the underlying premise that the sample tempera-
ture has adequate time to equilibrate with the cooled Raman mode
during the irradiation sequence, and that the Ce phonon spectrum is
the same as the host bulk modes, are considered next.
4. Temperature dependence, selection rules, and local modes

At low temperatures, the phonon occupation in Eq. (3) drops
below one and varies as on4ffiexpð�_O=kBTÞ. In this non-
classical regime, Raman cooling might be expected to become
ineffective, because the proportionality of GR to on4 appears to
reduce the cooling rate dramatically as the temperature drops.
However the phonon-broadened linewidth G13 of the Raman
transition in the denominator of Eq. (6) offsets the strong
temperature dependence of the numerator with a matching
proportionality to on4 . With the assumption that linewidth is
well-approximated by a fixed, low temperature limit plus a
2-phonon Orbach process [27], it can be modeled as
G13ðTÞffiG0ð1þ/nS½G00=G0�Þ. With the further assumption that
the phonon-related linewidth parameter G00 is larger than G0, this
reduces to G13ðTÞffion4G00. Upon substitution into Eq. (3), the
cooling rate is then predicted to be constant over the entire range
kBT4_G0, provided Raman resonance is maintained.

This temperature-independent cooling rate is quite different
from that obtained with anti-Stokes fluorescence. In the latter case,
the phonon-assisted absorption responsible for cooling drops expo-
nentially at low temperatures whereas the background impurity
absorption responsible for unintended heating remains constant.
This leads to a minimum attainable temperature in the anti-Stokes
approach that is relatively high, even in purified solids [28]. The
temperature limit applicable to Raman cooling is much lower, and is
similar to the Doppler cooling limit in gases kBT � _G0. For example,
in solids with a low temperature inhomogeneous linewidth of G0/
2p¼1 GHz, the minimum temperature is found to be 48 mK. Thus,
the Raman technique offers exponential improvement over the anti-
Stokes cooling rate in the cryogenic temperature range, and can
attain much lower temperatures.

The one-dimensional Raman interaction described in earlier
sections involved a phonon near the center of the Brillouin zone
propagating along a single optical axis. However zone center
phonons cannot participate directly in the collisional processes that
establish thermal equilibrium within the phonon distribution. Hence
it is natural to inquire as to how effectively a mode that is cooled
irreversibly can equilibrate with the reservoir of other phonons in
the solid. Restoration of equilibrium in solids is governed by
Umklapp processes, phonon collisions requiring a reciprocal lattice
vector G to conserve the momentum (see for example [29]). Zone
center phonons have low wavevectors, so when two phonons
interact with a third via an Umklapp process, there is no way to
satisfy the relation k1þk2 ¼ k3þG with a wavevector G that spans
the entire Brillouin zone. To achieve uniform cooling of even a single
mode, phonons propagating along orthogonal axes should be
addressed, and this calls for the introduction of two more sets of
counter-propagating Raman beam pairs to cover all three orthogo-
nal space axes. Additionally, beam switching along each axis is
needed to interrogate both forward- and backward-travelling pho-
nons of the same frequency. Fast directional switching of each beam
pair can be implemented with a Pockel’s cell that reverses the
propagation direction of the o1 and o2 beams simultaneously
within the sample [16] on a timescale much shorter than the
lifetime of the 2F7/2 shelving state.

While uniform cooling of one mode can be assured by such
procedures, thermal equilibration of the sample as a whole relies
on Umklapp processes that involve phonons of wavevector G.
Although the occupation probability of such phonons drops expo-
nentially with decreasing temperature, the thermal conductivity
which is proportional to phonon mean free path actually rises
through most of the cryogenic ranges. Hence sample equilibration
times drop until temperatures around 10–20 K are reached. Then
the mean free path becomes limited by sample dimensions and
thermal conductivity drops as T3 due to its proportionality to
specific heat [29]. The consequence of this is that fast thermal
equilibration can be anticipated in Raman laser-cooling of solids at
all but the very lowest (To10 K) temperatures.

In Sections 2 and 3, impurity vibrational modes were implicitly
taken to be either the same as those of the host lattice or to be
strongly coupled to them. However in dilute crystals, impurity
vibrations typically form local modes that differ in frequency and
are only weakly coupled to bulk optical modes. As a consequence,
the use of stoichiometric crystals for Raman cooling is preferable
to doped crystals, to ensure that the local modes are the same
as the bulk modes. A suitable host in which the Ce vibrational
modes are identical to the bulk modes of the crystal is CeF3.
The density of trivalent Ce ions is much higher in CeF3

(N¼1.882�1022 cm�3) than in the numerical example for
Ce:YAG (see for example [30]), so the laser cooling rate has the
potential of being higher. However, at power levels and sample
dimensions of the earlier example, pump depletion becomes an
issue in CeF3 and higher incident powers would be needed to
achieve optimal efficiency.
5. Conclusion

Two-photon transitions (4fn–4fn) and incoherent pumping on
fast transitions (4fn–4fn�15d) of RE3þ ions can be combined in an
efficient scheme for laser cooling of solids. Narrowband intra-
configurational transitions are suitable for selective interactions



S.C. Rand / Journal of Luminescence 133 (2013) 10–1414
with vibrational modes and broadband inter-configurational
transitions permit rapid recycling of coolant ions. A key feature
of the cooling method outlined here is the identification of a
minimum detuning that avoids phonon generation during con-
figuration relaxation or repump operations. Incident light must be
detuned to a wavelength on 1-photon transitions that is longer
than the longest wavelength of fluorescence from the emitting 5d
state. This condition makes it possible to exploit ions with
arbitrarily large Stokes shifts for rapid cooling.

The cooling power at room temperature for a single-pass Raman
interaction on an optical mode of Ce3þ:YAG is predicted to approach
that of anti-Stokes cooling of Yb3þ:LiYF4 augmented by an enhance-
ment cavity [14]. A limitation of the method is that direct coupling
to bulk phonon modes is assured only in stoichiometric crystals like
CeF3. However, the Raman method offers exponential improvement
over the cooling power of anti-Stokes fluorescence down to a
temperature in the vicinity of T � _G0=kB. Consequently, the Raman
method should make it possible to attain sub-Kelvin temperatures
starting from ambient conditions. It is also not restricted to the use
of low incident powers as in experiments to date on 4fn24fn

transitions in rare earths. The saturation intensity of 4fn24fn�1 5d
transitions like that of Ce3þ in CeF3 is over four orders of magnitude
higher than those of resonant transitions in Yb3þ . Hence cooling of
solids at very high rates with efficiencies on the order of 10% should
be feasible throughout the cryogenic range.
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