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Laser cooling of bulk matter uses thermally assisted fluorescence to convert heat into light and can
be interpreted as an optically pumped laser running in reverse. Optical pumping in such devices
drives the level populations out of equilibrium. Nonthermal radiative energy transfers are thereby
central to the operation of both lasers and luminescent coolers. A thermodynamic treatment of their
limiting efficiencies requires a careful development of the entropy and effective temperatures of
radiation, valid for the entire range of light from the blackbody to the ideal laser limiting cases. In
particular, the distinct meaning and utility of the brightness and flux temperatures should be borne
in mind. Numerical examples help illustrate these concepts at a level suitable for undergraduate
physics majors. ©2005 American Association of Physics Teachers.
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[. INTRODUCTION placing it in an optical cavity tuned to the pump wavelength.
) Subsequently the medium relaxes by spontaneous emission
Energy transfers between thz;nn]odynam@ systems are ofy a variety of different possible energy-level transitions, so
ten Iabgleg ar? eltrk:er Worrll< orh ; O\I/vever, it s g(_anera:]Il!y __that the output fluorescenéehich carries away enerdy,,,,)
recognized that the exchange of electromagnetic radiation , isgirectional(probably isotropic), incoherent, unpolar-
cannot be neatly categorized as one or the other. EXCeptions, (o at most, partially polarizédand broadened in band-
are blackbody radiation, which is one of the three traditional idth. (This ﬂuo,rescence must be absorbed by some external

fcr)1rms ?f heaé transfelr(, gniihldegl Igmssr rag'?"’.tf.‘ Wy'éh can bﬁeat sink which is thermally insulated from the refrigerator.
characterized as work by the L.araiery definition. Some — cara myst be taken to minimize reabsorption of the exiting

authors explicitly distinguish radiation as a third category Offluorescence, for example by employing a fiber sample ge-

energy ;ransfe?.Howgver there is nothing special about ra- o4y that enables the fluorescence to readily escape out its
diation in this regard; any irreversible transfer of energy be-

tween two systems generally involves a mixture of heat an%'des')m ordlngry cases of laser absorptlcE],ut 1S !ess th_an
work. For example, when a block slides over a rough tableEin, @nd the difference appears as an increase in the internal

there is both mechanical work involved in the bending of€N€rgy of the material, thereby enabling lasers to cut, weld,
asperities on the surfaces of the block and the table, and he@f a@blate substances. However, the crucial and surprising
transfer between portions of the block and table at differenProperty of_certaln matenals_lrradlated _W|th lasers of just the
temperature8. right color is that they emit light of a higher frequen@nd

The primary reason for delineating heat from work is tohence photon energythan they absorb; this property is
introduce the second law of thermodynamics and arrive afnown as anti-Stokes or thermally assisted fluorescence. If
the concept of entropy. The limiting efficiency of an engineantl-Stokes emission predominates over resonant and Stokes
or refrigerator depends on the entropies of the input and ouiProcesses, then he@ is withdrawn on average from the
put energy fluxes. This paper explicitly treats photon enginegnedium in each excitation—relaxation cycle. .
and optical coolers, thereby requiring a robust understanding The simplest possible level scheme of such an absorber is
of the thermodynamic terms that apply to radiation. depicted in Fig. 2. The material has only three energy levels,
where level 1 is the ground state. The pump laser frequency
vy, is tuned to resonance with the 1-2 transition, so that
Il. BASIC CONCEPTS OF LASER COOLING Ei,=hv, (times the number of photons absorpeghereh

OF BULK MATTER is Planck’s constant. Suppose that is large enough that
Before jumping into the abstractions of radiation entropynonrad|at|ve relaxation from the excited states to the ground

and temperature, consider the principles of operation of agtate is much less likely than radiative decay. In other words,
optical engine or refrigerator. Figure 1 is a simple block dia-the fluorescence quantum efficiency is essentially unity. Ac-
gram of a laser cooler, presented in the same style that phy§0rding to the energy gap latthis requirement is satisfied if
ics textbooks typically use to introduce refrigerators. The¥p> Vacceptor WHETe vaccepioriS the frequency of any other
left-hand arrow denotes an external source of en&gy'n mOdeS Of the Substance to Wh|Ch the eXC|teq states can
a conventional refrigerator this external source does electricouple. For a solid materiah,vccepto=K T (Wherek is Boltz-
cal work, but in the present context it is a directed, coherenmann’s constantgould represent phonon energies, whefe
(and possibly polarized, particularly if the active material isis a typical thermal energy at the refrigerator’s operating
axial) narrowband laser beam. temperaturel. Alternatively, the energy acceptors might be
The refrigerator consists of an optically active mediumlocalized vibrational or rotational modes. If we assume that
that resonantly absorbs most, if not all, of the input laseithe radiative time constant for relaxation from the excited to
radiation.(The absorption length may be increased either bythe ground states is relatively long, as is typical of fluores-
shaping the material into the form of an optical fiber or by cent materials, and that the spacing between levels 2 and 3 is
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Fig. 1. Block diagram of the input and output energy flows for a laserFig. 3. Thermodynamic diagram analogous to Fig. 1 describing a laser
cooler. pumped by an external light source.

small (compared tokT), so that rapid nonradiative ex-

changes occur between them, then a ther(Baltzmann)  transmits the fluorescence but reflects the ambient blackbody
distribution of population between these two excited |eve|Sight (assuming that the fluorescence and the blackbody ra-
will be established prior to relaxation to the ground state. Indiation, which peaks at 1@m in the case of 300 K surround-
that case, some fraction of the active spedigs. ions, at- ings, are spectrally well separated from one another
oms, molecules, or electronsvill be thermally promoted The current record temperature drop for an unshielded
into level 3.(The fraction depends on the relative degenerasolid sample suspended in vacuum starting from room
cies and energy spacing of levels 2 aniGonsequently, the  temperaturéis an impressive 65 °C. This drop was achieved
average fluorescence photon enehgy will be larger than  for optical pumping of the rare-earth ion ¥b doped into a
the laser pump photon energpy,,, with the differency rep-  heavy-metal fluoride glas§ZBLAN). The advantages of
resenting thermal energy withdrawn from the syste@n, Yb3* over other species are threefold: It consists of only two
=h(vi—vp) per cycle. bands of energy levels, thus avoiding excited-state absorp-
This cooling energyQ may be used to chill an external tion of the pump or fluorescence radiation; the two bands are
load. Typical proposed applicatidhef optical refrigerators each split into a number of closely spaced levels, thus per-
are to cool infrared detectors in satellifg®cause competing mitting efficient absorption of thermal energy from the host;
Stirling-cycle compressors introduce undesirable vibrationsand the energy gap between the two bands is lézgere-
and thermoelectric coolers are highly inefficient at the liquid-sponding to a near-infrared wavelength ofuin), thereby
nitrogen temperatures of intergsind to cool small, special- minimizing nonradiative decdy.Although helpful, these
ized electronic or high-temperature-superconductor devicethree factors are not required for successful cooling of rare-
(which can justify the expense of designing an opticalearth ions, as evidenced by recent reSuits Tm®*. Laser
cooler). In the laboratory, the cooling load often is simply thecooling of gaseous carbon dioxid®organic laser dyes in an
absorbing sample itself. In that case, the cooling energy firstlcohol  solution''*? and gallium arsenide hetero-
reduces the temperature of the matefislispended in an structure$®'*also have been reported.
optical-access vacuum champand eventually balances the  The alert reader may notice that these systémae-earth
heat load on the sample from the surroundings. In a welldoped solids, C®, solvated organic dyes, and semiconduc-
designed system, this load arises primarily from ambientor heterostructuresilso make efficient lasers. The proper-
thermal radiation, implying that all three inputs and outputsties required for a material to perform well as an optical
in Fig. 1 are radiative. Optical heat shield®metimes called cooler (efficient luminescence, large optical cross sections,
hot mirrors)can be used to further reduce this heat leak. Theninimal competing decay channglalso are properties that
sides of the active sample are coated with a material thgsromote lasing. In fact, one need simply reverse every arrow
in Fig. 1 to obtain the optically pumped laser sketched in Fig.
3. The optical pump might now be a flashlamp, which, like
T 3 the fluorescence in Fig. 1, is broadband, incoherent, undi-

thermal
excitation

rected, and unpolarized. Some fraction of this radiative en-
ergy is converted into laser light and the rest appears as

2 waste heat to be removed say by circulating cooling water.
The realization that good lasers can also make good opti-
cal coolers suggests other possible cooling candidates. Both

hv hvf) mean Nd®*:YAG and ruby have been explored for this rofe®
laser P although for technical reasons these particular materials have
pump fluorescence not lived up to their theoretical cooling potenttdl.

1 Ill. REVIEW OF RADIATION THERMODYNAMICS

Fig. 2. A possible energy-level scheme of a cooling material. The three Th te at which t . ied b tead |
states could represent electronic levels of an atom, vibrational levels of a € rate at which entropy IS carrie y a steady, unpolar-

molecule, or levels within the valence and conduction bands of a semiconiZ€d beam of ”9ht(n9t necessarily collimatedn vacuum
ductor. across a surfaca is given by
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'S=2kc’2f f f [(1+n)In(1+n)
AJQJAv —_ -
=

—ninn]v?dvcosd dQ dA, (1) é 9
as discussed in the Appendix, wherés the speed of light, o~ A
and ¢ and ¢ are the polar and azimuthal angles, respectively, g
at which a photon is traveling into elementl() § 1 -
=sindd#d¢ of a solid angle relative to the normal to an <
elementd A of the surface(Note thatA could be part or all NT
of an arbitrary cross section of the beam, or it could be a 0 Tt
portion of the real surface of a material emitting or absorbing
the light.) The radiation is distributed over a set of optical 0 500 1000 1500 2000
modes with mean occupation numbethat depends on the A (nm)

photon frequencyy, the direction of traveld and ¢ of the _ _
photon (within a range of solid ang|@), and two position Elgd. 4. T:e spectra_l radiance of_ah580(I$(P)‘Iar surface tempera_tl)rblack-
coordinates of the photon on the surfatdaffording a con- ~ PdY and a Gaussian source with a pearﬁﬁl pm representing a LED

id ble opportunity for confusion if soherical coordinatesW'th a hemispherical irradiance of 1 W/mnand a 25 nm bandwidthw(
siaera pp . y, ,p " A =10 nm). Within this bandwidth, the area under the Planck curve is equal
are used to describe it). The frequency integration is over thg the area under the Gaussian. We could therefore describe this LED as
relevant spectral bandwidthy of the light, where the factor being as bright as the sun.

of »? comes from the density of states. Finally the term in

square brackets in E@l) arises from Bose—Einstein statis-

tics. It is crucial to realize that Eql) is valid whether or not

the radiation is thermal, that is, even for a nonequilibriumHere o=27°k%(15ch3) =5.67x10" 8 Wm 2K % is the

photon distribution such as the fluorescence emission obtefan—Boltzmann constant.

Fig. 2. Likewise its entropy flux densitys=dS/dA is'®
Entropy leads to the concept of radiation temperature. Two

definitions of this quantity have been proposddalled the g, 2wk (= hv/kTg

brightness and flux temperatures. Because the energy ofla = c2 f 1—exp—hv/kTg)

photon ishv and the average number of such photons in a

particular beam mode is, the replacement dk times the oy A

quantity in square brackets in E@.) by nhv gives the rate at Xvidv=zoTg. ©®)

which energy is carried by the beahat is, its power),

. —In[exp(hv/kTg)—1]

The thermodynamic definition of temperature is
EZZhC?ZJ’AJQL nvidv cosd dQ dA. 2) 1 4s

T OE (7)

From Eq. (2) the spectral radiancéoften referred to as v
brightness? although properly speaking that is a photomet-If we apply Eq.(7) to the cavity radiation escaping from the
ric not a radiometric terinL,=dE/(dA, drdQ), where interior of a furnace of volum&, we find

dA, =cosfdA, is seen to be d|88 40’T3dTB
E B
L,=2nhv%c?, 3) 1= = 257241, '® (@8)

Thl_Js an experimental measurement of t_he spectral radiangg agreement with Eq(4), the brightness temperature of
(using an angle-resolved absolute-intensity spectrometer pjackbody radiation is equal to the absolute temperature of
rectly gives the photon occupation numbers the furnace emitting that radiation. Hence the irradiance of

The brightness temperaturlgs of a beam of radiation is blackbody radiation is only a function of the temperature of
defined as the temperature of a blackbody whose spectritk source, and it is in this sense that one describes blackbody
radiance integrated over the bandwidth of the radiation isadiation as “pure” heat or “low-grade” energy.

equal to the(integrated)radiance of the beam, Consider next the case of narrowband radiation centered at
3 peak frequencyy, such as might be emitted by an LED or
J nud dV:J V—d,j, (4) areal laser. It follows from Eq(4) that its mean brightness
Av Ay Xpthv/kTg)—1 temperature is
according to Planck’s law. Further insight into the meaning  _ hvg
of the brightness temperature can be obtained by examining TBZM’ 9)

two special cases of radiation. First consider a blackbody
emitting isotropically into a hemisphefgia a_small hole N \wheren=c2L. /(2hvg) according to Eq(3). Herel . is the
a furngce fqr example). Its energy flux density irradiance) spectral radiance of the source averaged over its bandwidth
le=dE/dA is?° A,
omh [ 3 The intuitive meaning of Eq.9) is easier to grasp from a
_cm v 4 graph such as Fig. 4. Suppose the source spectrum has a
2 5)

|EB dv=0Tg. ) Lo s
o explhv/kTg)—1 Gaussian distribution

E
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2 (10)  zero, as one might have expected if this integral defined a
heat flux density. Entropy and heat are not directly related for
where L e is the spectral radiance at the source’s peaknonequilibrium distributions.
wavelengthhy=c/v, and w is the spectral width corre- To analyze the efficiency of optical devices, it is useful to
sponding to one standard deviation. If we define the source#itroduce the flux temperature,
bandwidth as

1[A—Ng\? irradiance(just as it did for blackbody radiatiorand is not
L)\:Lpeakex __( W ) ]

" Te= o (18)
szf g(V)dx, (11) °
0 Equations(14) and (15) imply for a narrowband source that
where g(N) =L, /Lcak is the normalized profile, then one hv n

can show that TF:T A+l —ninn (19)
AN=wy2m=2wy2In2, (12) | the source is no more than moderately bright, tiea1,

which is the full-width at half-maximum of the source’s and Eq.(19) becomes

spectrum. It is left as an exercise to verify that

; L _hwe W hwulk ”
o 2hc?\, =k (1)(Mm-ninn  1+In(1/m)° (20)

Lpea=Ly (No) = = : (13) _
expthc/kTghg) —1 Equations(9) and (20) imply that Tg/Te—1 asn—0, so

That is, to an excellent approximation one can determine théat the flux and brightness temperatures are equal for dim,
brightness temperature of a narrowband source by plottingarrowband radiation. o .
its spectral radiance and then finding the blackbody curve In contrast,T=0.75Tg for blackbody radiation according
which passes through its peak, as in Fig. 4. to Egs.(5) and (6). At first glance this result is surprising,
For a very bright source, Eq9) becomeskTg=nhy, because it implieg that if a large bodyf surface area\_) at
=)\(2)fV/2. For example, an unpolarized 1 mW red he”um_temperatureT radiates away a ;mall amount of héatinto
. . free space, then the light carries away entrégy4Q/3T
neon laser with a beam area of 1 fina divergencghalf- . .
angle §) of 0.5 mrad corresponding to a solid angle of ap_accordlng to Eq(1_8), rather _tharQ/T._ This entropy trans-
proximately s 82=0.8 usr, and a bandwidth of 1 GHz has a por.t appears to dllsagrge W_'th the flrgt eq“?‘"ty n m
mean brightness temperature on the order &fL@'° K.1° which can be rewritten in this context &= [dQ/T. But in
(The detailed variation in the brightness temperature witdact Ed.(8) does not imply thaS=[dQ/T=Q/T, because
f_requency and angl_e can easily be deduced for simple pra@ is only a function of temperaturégspecifically dQ
files such as Gaussnaﬁ’s)._ o =40AT3dT), wherea®) is implicitly being interpreted as a
If the narrowband radiation is independent of the angulafunction of time at the(nearly) constant temperature of the
directions6 and ¢ over a circular cone of half-anglg then  emitter. The lesson is to exercise caution when relating the

its energy flux density is fluxes to the total energy and entropy. The light carries away
|EB:2thfzﬁygAV Sl 5, (14) entropy 4Q/3T, while the entropy of the body decre{ases b)_/
) o Q/T, and thus the total entropy change of the universe is

and its entropy flux density is positive in this irreversible emission process.
|QB:27rkc’2[(1+ﬁjln(1+ﬁ)—ﬁlnmvéAvsir12 5 On the other hand, we expect entropy to balance if a hot

(15) body at temperaturd +AT is radiatively coupled to sur-
roundings at temperaturd that are only infinitesmally

The analog of Eq(8) becomes smaller in temperature by T. In this case, the net rate of

dIEB hvedn — _radia_tive energy transport from the hot body to the surround-
= diN® " kin(1+ Tydn '8 (16)  ings is
using Eq.(9) in the last step. Therefore the brightness tem- Q=0cA[(T+AT)*-T4=40AT3AT, 21)

perature remains an absolute thermodynamic temperature f@jle the net rate of entropy transport is

nonequilibrium radiation. 4
Itis worth noting what happens if either the banQWmm S= CoA[(T+AT)*— T3=40AT2AT. 22)

or divergences of the source collapses to zero. If its energy 3

flux density is to remain finite, then Eql4) implies that

A—. In this limit, Eq. (15) becomes This time S=Q/T, as one would predict from the quasi-

equilibrium of the bodies with the radiation.
188=27kc™[(1+N)InA—NInA]viA v sir? & Returning to our discussion of E¢L9), for a very bright
K T source fi>1) we obtain
:h_VOIEB?HO' (17) _hwyg n _hyg W
Te= % +minn—ninn~ k Inn° @3)

That is, the entropy carried by monochromatic or unidirec-
tional radiation is zero, so that one can characterize an ide&or ideal laser radiatiom— o and thusT g becomes infinite,
laser beam as “pure” work or “high-grade” energy. Note which is consistent with the fact that it carries zero entropy at
from Eg. (16), however, thaff T dlg remains equal to the a finite irradiance. Onébut not the only)way to get zero
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entropy transport is if the radiation occupies a single opticalV. LIMITING EFFICIENCIES OF OPTICAL

mode, corresponding to a monochromatic plane wave, SSONVERTERS

that the multiplicity of its macrostate is unity. Also note that

Egs. (9) and (23) imply that Tg/Te=InTn for a bright nar- The stage is set for a thermodynamic analysis of the effi-

rowband source. That is, the brightness temperature diverg&tency with which the optical refrigerator in Fig. 1 converts
even more rapidly than the flux temperaturenas . heat into light. According to the first laenergy conserva-

So far it has been implicitly assumed that the fluorescenti®n):

emission in Fig. 1 is into free space. However if the cooling Eou=Eint+ Q. (27)

sample is bathed in thermal radiation from the surroundings , - ) , ,

at ambient temperaturg, , then one needs to account both The cooling coefficient of performance is defined in the

for the occupation numbaer of fluorescence photons and the usual way for a refrigerator as

distribution n, of ambient photon$? The net energy and Q

entropy fluxes stem from the difference between the radia- 7= g - (28)

tion leaving the body(fluorescence plus thermal radiation "

which is reflected or transmitted, assuming for simplicity thatThe maximum value ofy is the Carnot limit,7c, and is

the sample has negligible thermal emissiviand that inci- determined by the second law of thermodynamics. The en-

dent on the bodythermal radiation?® Hence tropy carried away by the fluorescence cannot be less than
the sum of the entropy withdrawn from the cooling sample
and the entropy transported in by the pump laser,

E =2hc*2f n+n,) v3dv cosd dQ dA .
net ( A) Eout) 9 N E, (29)
T T T,
—2hc™? f nav’dv cosfdQ dA whereT is the steady-state operating temperature of the re-
frigerator, andT; and T, are the flux temperatures of the
— -2 3 fluorescence and pump radiation, respectively. The reversible
zhe J nvidv cos6 dfd dA, (24) Carnot limit is obtained by choosing the equality sign in Eq.
(29). If one substitutes Eq$27) and (28) into Eq. (29), we
so that one recovers E@). In contrast obtain
T—-AT
nc== _+ (30)

T—T°
whereAT=TT;/T,. Equation(30) can be interpreted as the
Carnot coefficient of performance of the engine-driven re-
frigerator depicted in Fig. 5. The engine extracts hEgt
+nalnn,]v?de cosd d) dA, (25)  from a hot reservoir at temperatufg and rejects hedg?"®
to a cold reservoir at temperatufe. It thus produces work

which does not simplify to Eq(1). That is, the entropy car- W with a Carnot efficiency of

ried by the net radiative emission from the refrigerator is not T-T

independent of the ambient temperature in general. However nengme:p—f_ (31)
for practical optical refrigerators)>n,, and Eq.(1) is an T

excellent approximation to the net entropy flux. It is only in This work then drives a refrigerator to draw h&atout of a

the limit of vanishing fluorescence radiance that the ambientq reservoir at temperatur€ and to dump waste heat
radiation matters. Specifically E€R5) can then be approxi- EMMd%e into a hot reservoir at temperatufe, with a Carmnot

out
mated as coefficient of performance given by

-
'SnetEchfzf [(L+n+np)In(1+na)—(n+nylnny Midge™ T T -

Snet=2kc‘2J [(1+n+na)In(1+n+ny)

—(n+na)In(n+ny)—(1+ny)In(1+nu)

(32)

—(1+nyIn(1+ny) +nylnns]v?dvcosodQ dA  Note that as the pump powe, is reduced]T; decreases—
with a lower limit of T,=T according to Eq.(26)—and

:ch—zf nIn(1+ 1/ny) v2dv cose dQ dA hence7yiqge iINCreases, but at the expense of an overall de-
creased cooling powen;CEin. The product of Eqs(31) and
=E,/Ta (26) (32) equals Eq.(30), and the net input and output energy

fluxes of Fig. 5 reproduce those of Fig. 1 if one identifies

Eou=ESN9Me EMY9e - This scheme prompts the realization
after substituting the Planck expression fof in the last  that the engine is required only because the pump radiation is
step. Consequently the lower limit of the fluorescence fluxnot “pure work” for a real laser. If the pump laser were ideal,
temperatureE, /S, is the ambient temperatufg, as the thenT,—c« so thatAT=0 and Eq.(30) would directly re-
pump power in Fig. 1 is reduced toward zero. Even if theduce to Eq.(32). In contrast, if one were to try to pump an
laser pump is shut off, there remains some weak fluorescenegptical cooler with fluorescence radiatiésay by recycling
stimulated by the absorption of ambient thermal radiation. the light), thenT,— T and Eq.(30) indicates that its coef-
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engine
E out

fridge
E out

0

T

- hc 1
" khor 1+In(1/my)’
with

(35)

5 .
~_ Mot B
f 2hc AsampI(A Vf7T.

The fluorescence spectrum has a peak wavelength,pf
=975 nm and a full-width at half-maximum of abont ¢
=35 nm%fl)\ng v; at room temperature. The fluores-
cence is assumed to be emitted homogeneously and hemi-
spherically from the surface of the cooling sampdé area
Asampid» Which is taken to be a cylinder whose height and
diameter are each 3.0 cm, with a total powerEgf=40 W.
[Note thatE,=E;/(1+#) according to Eqs(27) and (28),
thus explaining the approximation in the specification of the
pump power.JHencen;=6.4x10 % and T;=1760 K. (An
exact calculation using a measured fluorescence spettrum
gives a similar value of 1530 K, thereby justifying the ap-
proximations used heneClearly T, is so much larger than
T; that Eq.(32) can be taken to be the Carnot coefficient of
performance of this optical refrigerator. Consequenjly
=20% at room temperature, and it diminishes approximately
linearly to zero asl—O0.

In contrast, the actual cooling coefficient of performance
is

(36)

Nactuar (V1= Vo) vp=(Np—N1)/\¢, (37)

Fig. 5. A heat engine operating between thermal reservoirs with a higraccording to the discussion in Sec. I, assuming that the

temperature off, and a cold temperature % which is moderately larger

pump beam is entirely absorbed by the sample. In thebcase

than ambient, whose output wokkK is used to drive a refrigerator, which of Yb3*: ZBLAN, EZ 995 nm so thab?actualz 3.5% at the

cools a load at temperatufie somewhat less than ambient and rejects heat

into the reservoir at intermediate temperatlire

ficient of performance would fall to zero. Thermodynamics
thus explains why optical cooling requires a laser pump fo
efficient operation: The loss in entropy of the cooling load
must, at minimum, be compensated by the gain in entropy

pump wavelength of 1030 nm used in E433) and (34).
Although it might appear that one could increase the cooling
performance by tuning the pump laser to longer wavelengths,
in practice the measured value gfis found to roll off be-
cause(heat producingtrace impurity absorption begins to

dominate the rapidly decreasing ytterbium absorption. Fur-

thermore, the cooling coefficient decreases faster than lin-

ofarly as the operating temperature is decredsbdcause the

the radiation as it is converted from the input pump to thelONg-wavelength absorption coefficient decreases with de-
output_fluorescence. Therefore, it is not surprising thafréasing temperatureso thath, has to be reduced), while

Landad* dismissed the practicality of fluorescent cooling in
1946.

Consider an example using actual vafifeglevant to la-
ser cooling of YB*:ZBLAN. The laser pump is narrowband
and very bright, so that Eq23) is applicable,

p:khc |ﬁ£ | 33)
)\p nng
where
3 )
o & (34)

n=st———t—
P 2hc WRSAvarés’

from Eq. (3). Suppose that the pump laser has a power o
Ep~40 W, a beam radius dR,=0.5 mm, a bandwidth of
Av,=40 GHz, a divergence 0b,=1 mrad, and a wave-
length of \,=1030 nm. Them,~10°, which justifies the
use of Eq(23), andT,~7x 10" K. In contrast, the fluores-
cence is only moderately bright, so that E2Q) is called for,
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simultaneously the average fluorescence wavelengtn-
creases(due to diminishing phonon absorption within the
ground and excited bands of energy leyels

An alternative to pumping the refrigerator in Fig. 1 opti-
cally is to pump a semiconductor diode electricaflyThe
key to this electroluminescent cooling is to choose an applied
forward biasV which is sufficiently smaller than the average
bandgap emission enerdy divided by the electron charge
e. As in the case of laser cooling, one factor that determines
how much smaller the pump energy¥ must be tharhv to
achieve net cooling is the fluorescence quantum efficiency.
In particular, Auger processes and surface recombination
limit this efficiency. If we ignore such limitations, the Carnot
goefficient of performance is again given by H2), be-
cause the electrical pump in this case is a source of “pure”
work. In practice, however, the required electrical current
creates Joule heating of the diode, which is the primary rea-
son that optical pumping is preferrét Unfortunately, the
large refractive index of semiconductdesg., 3.6 for GaAs)
leads to trapping of the fluorescence photons, which de-
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creases the external fluorescence quantum efficiciency, as theln particular, a statistical equation for radiation entropy
photons rattle around inside the sample and are thus moan be deduced from the Shannon information-theoretical
likely to encounter a nonradiative decay channel. Berdahl definition. The advantage of this approach over the tradi-
has suggested that this total internal reflection could be frusional radiative heat transfer viewpoint is that it encompasses
trated by bringing an external absorber to within a few mi-nonequilibrium photon distributions. Once the entropy is de-
crons of the semiconductor surface. Another suggestion bfined, two effective temperatures of radiation can be intro-
Berdahl is to reverse bias the diode so that it cools a neighduced to parametrize it. A Carnot limit on the performance of
boring sample by absorbing its thermal emission, a phenoman optical engine or refrigerator is then easily derived from
enon known as negative luminescence. the first and second laws of thermodynamics. As usual, this
The preceding thermodynamic analysis of photoluminestimit would only be attainable for reversible operation of the

cent cooling can be similarly applied to the optically pumpeddevice. The calculations in this article indicate, for example,
laser in Fig. 3. We define its efficiency as that an ytterbium based solid-state laser cooler has a thermo-
dynamic limit on its coefficient of performance of 20% for a

nEEL“t_ (38) typical set of operating conditions. However, experimental
Ein measurements to date have indicated that at best 3.5% of the
An analysis similar to the derivation of E(B0) can be used PUMP power has actually been converted into cooling using
to deduce a Carnot limit of this material. This discrepancy is indicative of the inefficien-
cies resulting from impurities in the samples and irrevers-
T T ibilities in the fluorescent emission. On the positive side, this
nc= T,—AT’ (39) shortfall implies that the ultimate limits on optical cooling of

i ) bulk matter have not been approached and that plenty of
whereAT=TT,/T,. In this caseT is the steady-state oper- room remains for new scientific and engineering develop-
ating temperature of the laser medium, ai@ndT, are the  ments in this emerging field of researth.
flux temperatures of the output laser and input pump radia-
tion, respectively. As one might have guessegg,increases AckNOWLEDGMENT
as the ratiol', /T, of these two flux temperatures increadés.

In fact, the thermodynamic limit on the efficiency of the laser | thank the Research Corporation for its support of this
becomes 100% as this ratio approaches unity, which is a big/ork.

advantage of diode-pumped laser systefimspractice, how-

ever, T, will always be less thafl; because a set of mutually APPENDIX: THE ENTROPY OF RADIATION

incoherent diode laser beams is essentially being combined o .
into a single, high quality output beam.) A recent derivation of Eq(1) can be found in Ref. 21, but

The idea of pumping one laser with another suggests alt is beyond 'ghe understandjng of undergradyate s_tudents. A
intriguing concept. One can connect the refrigerator of Fig. 1MOre accessible treatment is in Ref. 18 and is outlined here.
to the laser of Fig. 3, and simultaneously pump both in suctrilling in the d_etalls in the (_Jlerlvanon makes for a reas_o_nable
a manner that all of the waste heat generated by the latter ffudent exercise. We begin from the Shannon definition of
removed by the former. Remarkably, this scheme can b&€ entropy,
implemented using the same active material for both
devices;® by choosing the pump frequeney to be interme- S=—K>X P Ptater (A1)
diate between the mean spontaneous emission frequgncy states
and the stimulated emission frequemy_ In effect, one is where the summation is over all possible states of the sys-
balancing the anti-Stokes cooling from the refrigeratortem, each of which has probabiliBs. In the present con-
against the Stokes heating from the laser, resulting in what itext, a particular state is defined by the occupatiorNef
known as athermal or radiation-balanced lasing. A simultaphotons in optical mode 1\, photons in optical mode 2,
neous optical and thermodynamic analysis of a model athe&and so on. Now assume that the probabiitN;) of finding
mal laser based on an ytterbium-doped crystalline systery; photons in modei is independent of the probability
can be found in Ref. 29. p;(N;) of finding Nj photons in modej wheneveri#j.

Then
V. CONCLUDING REMARKS

Laser cooling is now a well established laboratory tech- Pstate:iﬂl Pi(Ni), (A2)
nigue with myriad practical applications. For atom cooling,
the concept frequently is explained from the point of view of where
momentum, in which large numbers of photons are fired like o
high-speed ping-pong balls against an oncoming bowling- > p.(N,)=1 for anyi. (A3)
ball-like atom to translationally slow it dowi!.Another ex- Ni=0
planation, appropriate both to the idea of the ami'StOKe%traightforward algebra leads to
cooling of solids and Doppler cooling of atoms, is to use
energy conservation to balance the heat loss from the target o
against the energy gain of the radiation. As good as these S=—k> > pi(N)Inpi(Ny). (A4)
explanations are, neither is able to explain why a laser pump =1 Ni=0
is required rather than say a collimated beam of narrowbanblext assume that the probability of finding one additional
light from a high-intensity lamp. The simplest explanation of photon in any mode is independent of the number already
this last issue invokes entropy as discussed in this paper. occupying that mode. This assumption implies that
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