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Measurement of solid-state optical refrigeration by
two-band differential luminescence thermometry
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We present a non-contact optical technique for the measurement of laser-induced temperature changes in sol-
ids. Two-band differential luminescence thermometry (TBDLT) achieves a sensitivity of �7 mK and enables a
precise measurement of the net quantum efficiency of optical refrigerator materials. The TBDLT detects in-
ternal temperature changes by decoupling surface and bulk heating effects via time-resolved luminescence
spectroscopy. Several Yb3+-doped fluorozirconate (ZrF4–BaF2–LaF3–AlF3–NaF–InF3, ZBLANI) glasses fabri-
cated from precursors of varying purity and by different processes are analyzed in detail. A net quantum effi-
ciency of �97.39±0.01�% at 238 K (at a pump wavelength of 1020.5 nm) is found for a ZBLANI:1% Yb3+ laser-
cooling sample produced from metal fluoride precursors that were purified by chelate-assisted solvent
extraction and dried in hydrofluoric gas. In comparison, a ZBLANI:1% Yb3+ sample produced from commercial-
grade metal fluoride precursors showed pronounced laser-induced heating that is indicative of a substantially
higher impurity concentration. The TBDLT enables rapid and sensitive benchmarking of laser-cooling mate-
rials and provides critical feedback to the development and optimization of high-performance optical cryocooler
materials. © 2010 Optical Society of America

OCIS codes: 160.5690, 300.2530, 300.6430.
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. INTRODUCTION
he first successful laser-induced cooling of a solid in
995 produced a mere 0.3 K of cooling in the Yb3+-doped
uorozirconate glass (ZrF4–BaF2–LaF3–AlF3–NaF,
BLAN) [1]. Since then, the field has made a steady
rogress in material preparation methods [2,3], optical
onfigurations [4], and characterization techniques; and
his effort has recently resulted in the laser cooling of a
iYF4:Yb3+ bulk crystal to 164 K [5]. This temperature ri-
als high-end thermoelectric coolers [6] and underscores
he potential of laser cooling as an emerging solid-state
ryogenic refrigeration technology. Laser cooling down to
70 K is theoretically possible in Yb3+-doped materials

7,8], and even lower temperatures may be achieved with
ther rare-earth ions (such as Tm3+ or Dy3+) that have
maller energy gaps and higher laser-cooling efficiencies.

The ability to accurately and rapidly measure the laser-
ooling efficiency of a sample is critical for the systematic
evelopment of the purification and fabrication processes
ssociated with the preparation of optical refrigerator ma-
erials. The measurement of the laser-cooling efficiency,
owever, is met with difficulties. Significant pump light
bsorption and a corresponding significant temperature
hange are only achieved in multi-pass pump geometries.
hese involve not only the setup and alignment of a pump
avity, but also the laborious preparation of a sample with
igh quality optical surfaces. Furthermore, non-contact
hermometry is required since a temperature sensor in
hermal contact with the sample would potentially be-
ome a heat load when exposed to the pump light and
ample luminescence. A simple single-pass pump geom-
try and a thermometry method that is insensitive to the
0740-3224/10/030611-8/$15.00 © 2
urface preparation would greatly facilitate the sample
haracterization and enable expeditious feedback of laser-
ooling performance data to the material development ef-
ort. A non-contact thermometry method is therefore
eeded that (1) has sufficiently high sensitivity to detect
he �0.1 K temperature changes that are typical of
ingle-pass pumping of laser-cooling materials, (2) is in-
ensitive to laser-induced heating at imperfect sample
urfaces, (3) can be used at low temperatures, and (4) can
esolve the fast thermal response in the time domain. Lu-
inescence spectra have been used in the past as non-

ontact internal temperature probes and, in the case of
are-earth-doped materials, absolute temperature mea-
urements with ±0.1°C accuracy have been reported [9].
he changes in the luminescence intensity distribution

or rare-earths are quite subtle, especially when com-
ared to those observed in semiconductors where sub-
tantial wavelength shifts produce large changes in the
ntensity distribution [10]. In contrast, the 4f electrons in
are-earths are well shielded from the environment in the
olid, and crystal field transitions therefore do not appre-
iably shift with temperature. The temperature-induced
ntensity changes in rare-earth luminescence spectra are
hus primarily due to changes in (1) the Boltzmann popu-
ation of the crystal field levels of the emitting state and
2) the homogeneous linewidths of the individual crystal
eld transitions. Seletskiy et al. reported a time-resolved
echnique that detects small laser-induced temperature
hanges inside the sample via changes in its lumines-
ence spectrum [11]. Their differential luminescence ther-
ometry (DLT) experiment correlated the relative inten-

ity change of two adjacent regions in the luminescence
010 Optical Society of America
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pectrum to a temperature change and, using a mono-
hromator in conjunction with a balanced pair of photo-
iodes, achieved millikelvin sensitivity for a GaAs hetero-
tructure sample.

In this paper we present a two-band differential lumi-
escence thermometry (TBDLT) method that achieves
7 mK sensitivity in rare-earth-doped materials. By se-

ecting two bands in the luminescence spectrum by inter-
erence filters, in combination with large core optical fi-
ers and highly amplified balanced photodetectors, an
mproved optical throughput and significantly higher sen-
itivity are achieved compared to earlier DLT studies [9].
he TBDLT method offers substantially higher sensitiv-

ty than data acquisition (DAQ) with a commercial lumi-
escence spectrometer and is a tool to study laser-induced
hermal processes in any doped luminescent solid. In this
tudy, we apply the TBDLT to rare-earth-doped optical re-
rigerator materials. We present a detailed analysis of
everal Yb3+-doped fluorozirconate glasses and show that
he measured laser-cooling performance correlates with
he fabrication history of the sample, providing valuable
nformation for further optimizing the material prepara-
ion processes. The TBDLT technique and data analysis
ethods are described in Section 2 followed by a descrip-

ion of the experiments in Section 3. Section 4 presents
easurements of two ZBLAN:Yb3+ laser-cooling samples,

nd Section 5 summarizes the findings of this study.

. TBDLT
. Principle of Operation
he TBDLT monitors the luminescence from a sample
nd deduces laser-induced temperature changes from
hanges in the spectral distribution. Laser-induced tem-
erature changes can arise from (1) local cooling or heat-
ng inside the material and (2) heating at imperfect
ample surfaces. The main advantage of the TBDLT is in
ts ability to distinguish the intrinsic laser-induced cool-
ng or heating processes from laser-induced heating at the
ample surfaces, thereby eliminating the need for a diffi-
ult and laborious surface preparation and thus greatly
acilitating the sample characterization. Bulk cooling or
eating is decoupled from surface heating by monitoring

aser-induced temperature changes in the time domain
nd in a small internal volume. This can be achieved be-
ause internal cooling or heating processes dominate the
emperature change immediately after turning on the la-
er, and it is only after some time that the heat generated
t the sample surface reaches the locally monitored exci-
ation volume inside the sample. The experiment, there-
ore, consists of turning on the laser for a period of time
nd monitoring the temperature change that occurs due
o intrinsic cooling or heating processes, followed by turn-
ng off the laser for a period of time for the sample to ther-

alize back to the ambient temperature. This sequence is
epeated, and the signals are averaged over many cycles.
his cycled pumping method also eliminates the effects of

ong-term ambient temperature drifts. Such an experi-
ent is also, importantly, insensitive to reabsorption ef-

ects which plague experiments taken with an infrared
amera, for example.
Let us now look more closely at one such pumping cycle
or the example of the Yb3+-doped fluorozirconate glass
ZrF4–BaF2–LaF3–AlF3–NaF–InF3, ZBLANI). Assume a
ulk sample of ZBLANI:Yb3+ in thermal equilibrium with
he surrounding bath temperature. A pump laser with a
aussian transverse intensity distribution is focused into

he bulk of the sample and turned on at time t=0. A spa-
ially non-uniform and time-dependent temperature dis-
ribution will develop as a result of laser-induced internal
eating or cooling processes. As illustrated in Fig. 1, the

2F5/2→ 2F7/2 luminescence spectrum of Yb3+ is tempera-
ure dependent, and the Yb3+ ions can therefore serve as
ocal temperature probes. Specifically, the ZBLANI:Yb3+

uminescence spectrum contains four spectral regions in
hich the luminescence intensity either increases (re-
ions A and C) or decreases (regions B and D) as the
ample temperature is raised (see Fig. 1). We will focus on
egions A and D since they can be easily selected with
ommercial bandpass filters (see Subsection 3.B). The
b3+ luminescence spectral distribution I�� ,T , t� at time t

s determined by the local temperature T, and the respec-
ive differential luminescence signal is defined as [12]

��T,t� =
IA

� �T,t� − ID
� �T,t�

IA
� �T,t� + ID

� �T,t�
. �1�

n Eq. (1), IA
� �T , t� and ID

� �T , t� are integrals over the prod-
ct of the luminescence spectrum, I�� ,T , t�, and the band-
ass filter transmission spectra �A��� and �B���, respec-
ively, i.e.,

IA
� �T,t� =� I��,T,t��A���d�,

ID
� �T,t� =� I��,T,t��D���d�, �2�

here Fig. 2 shows this overlap for our particular ex-
mple.
Finally, since luminescence is collected from a finite

olume, we must account for the temperature distribution

ig. 1. Area normalized luminescence spectra at different tem-
eratures for Sample 4 (see Table 1). As the temperature is in-
reased, the luminescence intensity of regions A and C increases
hile the luminescence intensity of regions B and D decreases.
ote that the full spectrum, which extends to �1030 nm, is not

hown for clarity.
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n the collection volume not being uniform. The measured
BDLT signal ��T , t� is therefore obtained by the integra-

ion of Eq. (1) over the transversal plane. Note that the
uminescence intensity is proportional to the excited state
opulation n2�x ,y , t�, and ��T , t� is thus weighted by
2�x ,y , t� accordingly, as discussed in detail elsewhere

12]. ��T , t� is defined such that it decreases with decreas-
ng sample temperature, i.e., laser-induced cooling will
ause the value of ��T , t� to decrease with time. The nor-
alization to the total luminescence intensity IA

� +ID
� ac-

ounts for the temperature dependence of the absorption
oefficient as well as for drifts in the optical alignment
nd laser power. The change in ��T , t� is thus a direct
easure for the laser-induced temperature change in the

ollection volume. ��T , t� can be found, in principle, from
series of luminescence spectra recorded in rapid succes-

ion after the laser has been turned on. The sensitivity of
ommercial luminescence spectrometers, however, was
ound to be insufficient and did not allow for sufficiently
igh DAQ rates to resolve ��T , t�. This provided the main
otivation for developing the TBDLT method presented

ere.

. Data Analysis Method
he local temperature in the excited volume, and thus the
easured TBDLT signal ��T , t�, varies as a function of

ime after turning on the laser. ��T , t� therefore depends
n several factors including (1) host material properties
uch as heat capacity, thermal conductivity, and the mass
ensity; (2) pump beam characteristics such as beam
aist and laser power; (3) the rare-earth dopant ion den-

ity and relaxation rate; (4) the net quantum efficiency �,
hich is affected by impurity concentrations; and (5) the

ample size. A formal description of the spatial and tem-
oral dependence of temperature in laser-cooling materi-
ls is given elsewhere [12]. From these calculations we ex-
ect the TBDLT signal ��T , t� to have three temporal
omponents. There is an initial fast component with a
ime constant governed by the excited state lifetime of the
are-earth ion, and it is characteristic of how quickly heat
s removed from (cooling) or deposited into (heating) the
ample in the small excitation volume defined by the fo-
used laser. A subsequent second slow component has a

ig. 2. Area normalized luminescence spectra at different tem-
eratures for Sample 4 (left axis) and transmission spectra of the
ommercial bandpass filters (right axis) used in the TBDLT ex-
eriment. Filters A and D are chosen such as to select and inte-
rate a sizable portion of the luminescence spectrum regions +A
nd 
D (see Fig. 1), respectively.
ime constant that is governed by the material properties,
nd it is characteristic of how quickly heat flows out of
cooling) or into (heating) the much larger bulk volume of
he sample. Finally, the sample reaches thermal equilib-
ium and ��T , t� reaches a steady-state value. The period
f time required for the steady state to develop depends
n the sample size and was found to be �5 s for the
amples of this study. The experimental setup, described
n detail in Subsection 3.B, did not allow for measurement
f the initial fast component and therefore only captured
he second slow component (beginning at t�25 ms in
BLANI:Yb3+). The functional form of the slow compo-
ent of the ��T , t� transient follows a simple power law
12],

��T,t� � t�. �3�

he slope � of the respective line in the double-
ogarithmic representation is a metric for the laser-
nduced temperature change, and it can be used as a char-
cteristic TBDLT parameter that provides a measure of
he laser-cooling performance of the material at a given
ath temperature. Laser-induced cooling or heating is
herefore present if ��0 or ��0, respectively. �=0 cor-
esponds to the temperature at which the rates of laser-
nduced heating and cooling processes are exactly bal-
nced. As shown in the next section, this heat-balanced
oint is of particular significance as it can be used to de-
ermine the net quantum efficiency of the material.

. TBDLT of Optical Refrigerator Materials
n rare-earth-doped optical refrigerators, a pump laser is
uned to excite the rare-earth ion at a wavelength �p that
s longer than the mean luminescence wavelength ��̄f�,
nd the thermal energy is subsequently removed from the
olid by the anti-Stokes luminescence. The laser-cooling
rocess is characterized by the cooling efficiency

�cool = ���p − �̄f�/�̄f, �4�

here � is the net quantum efficiency of the rare-earth
xcited state [13]. � is defined as

���p,T� = �abs�ext, �5�

here �ext describes the efficiency with which an excited
on produces a luminescence photon that escapes from the
ample. The absorption efficiency �abs=	r��� / �	r���+	b�
ccounts for the fraction of excited photons that are en-
aged in cooling, where 	r��� is the resonant (e.g., Yb3+)
bsorption at a given wavelength and 	b is the back-
round absorption of the material, typically assumed to
e independent of the pump wavelength and tempera-
ure. Note that � is a function of both temperature and
ump wavelength, largely through the absorption term
abs, but also due to the spectral overlap between the
are-earth ion emission and the impurity absorption. Pre-
ious studies have identified certain transition metal ions
e.g., Cu2+, Fe2+, Co2+, and Ni2+) and impurities having
igh-energy vibrational modes (e.g., OH− and H2O) as
ontributors to lowering the net quantum efficiency [14].
t was estimated that the concentration of such impuri-
ies must be below the 100 ppb range for a material to re-
lize practical cooling efficiencies at cryogenic tempera-
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ures [14]. The measurement of impurity concentrations
s therefore a prerequisite for the systematic development
f advanced purification and fabrication methods for
aser-cooling materials.

Here we use the net quantum efficiency of the material
s an indirect measure of the aggregate impurity concen-
ration, providing a quantitative benchmark for the qual-
ty of a sample. While measurements of absolute quan-
um efficiencies of luminescent materials are notoriously
ifficult, particularly when � is close to 1, the situation is
ortunate in laser-cooling materials. Here, the wavelength
ifference ��p− �̄f can be tuned to one of the two points
here laser-induced cooling and heating are exactly bal-
nced and no laser-induced temperature change occurs.
igure 3 illustrates the normalized laser-induced change

n temperature �T (which is proportional to �cool) as a
unction of the pump wavelength. The heat-balanced
oints (solid dots) can be reached by tuning ��p− �̄f either
y (1) changing �p at a fixed sample temperature and ob-
erving the wavelength where this crossover point occurs
referred to as the zero-crossing wavelength �ZCW) or (2)
hanging �̄f�T� via the sample temperature at a fixed la-
er wavelength. In the latter case, � then gradually in-
reases as the sample temperature is lowered (and ��p

�̄f is decreased via increasing �̄f) until laser-induced
ooling switches over to laser-induced heating ���0� at a
haracteristic sample temperature. This crossover point
s referred to as the zero-crossing temperature �TZCT�
here laser-induced cooling and heating are exactly bal-
nced, i.e., �=0. This is the lowest temperature at which
he sample can sustain laser-induced cooling and is yet
nother benchmark for laser-cooling performance. At the
wo heat-balanced points, the laser-induced temperature
hange �T��cool= ���p− �̄f� / �̄f=0 and the net quantum ef-
ciency ���p ,T�= �̄f /�p can be calculated from two easily

ig. 3. Calculation of the normalized laser-induced temperature
hange as a function of wavelength illustrating the two points for
given sample temperature where �T (and thus �cool) goes to

ero. The long-wavelength zero crossing arises due to 	b�0. A
idely tunable pump source would clearly be required to predict
ZCT for this long-wavelength zero crossing. However, near this
ero crossing, a large �T is observed, allowing greater sensitivity.
he short-wavelength zero crossing occurs when �p= �̄f. Here, 	r

s large and 	b can be neglected, allowing for a measurement of
ext. The values of �ext, �abs, and 	b used for this example calcu-

ation are also shown.
bservable quantities. Laser-induced temperature
hanges near the heat-balanced point are small, and a
ensitive non-contact thermometry method is therefore
eeded.
Changing the pump wavelength to locate one of the

emperature balanced points is a conceivably easier ex-
eriment; however, widely tunable high power lasers are
ot necessarily available at the desired pump wave-

engths. At longer pump wavelengths, we can take advan-
age of the second approach to finding a temperature bal-
nced point when such tunable pump sources are not
eadily available, as was the case for our particular ex-
eriment. At shorter wavelengths, where �p��f, 	b is in-
ignificant with respect to the large 	r. Therefore, �abs
1 and thus ���ext and the cooling efficiency should be

pproximately linear with respect to �p. In this case, �ext
an be measured by a standard fractional heating experi-
ent [14] that observes �T as a function of �p to find

ZCW. However, in the longer-wavelength region, 	r is sig-
ificantly smaller, and 	b becomes more significant and
ust be accounted for. Assuming that �ext does not vary
ith the wavelength, 	r can be found at the shorter wave-

ength and used to determine �abs [in Eq. (5)]. Addition-
lly, given 	r�T�, we can estimate the background absorp-
ion 	b. Thus, each zero-crossing point provides valuable
nformation on �ext and 	b and thus on the impurity con-
entration.

An experiment thus consists of measuring ��T , t� tran-
ients at different sample temperatures, fitting the power
aw [Eq. (3)] to the slow component of each transient, cal-
ulating the slopes �, deducing TZCT from a plot of � ver-
us the sample temperature, and calculating �= �̄f /�p

rom �̄f at TZCT. The measured net quantum efficiency �
r TZCT can be used as a measure for the quality of a
aser-cooling sample, where a higher value of � or lower
ZCT is indicative of a sample with a lower level of impu-
ities. This method enables performance benchmarking of
aser-cooling samples by correlating lower impurity
amples with lower TZCT values.

. EXPERIMENTAL SECTION
. Yb3+-Doped Fluorozirconate Glasses
everal Yb3+-doped ZBLANI glasses were characterized
y the TBDLT method described in Section 2. Table 1
ummarizes the glass compositions and provides com-
ents on sample preparation conditions. Sample 1 was

ynthesized from commercially available high-purity
etal fluoride precursors without conducting any further

urification except the mandatory drying and fluorination
f metal fluoride precursors in hot hydrogen fluoride gas.
amples 2–4 incorporate progressive stages of the
olvent-extraction purification currently under develop-
ent in our laboratory, a process that aims at reducing

ransition-metal impurities to low-parts-per-billion levels
2,3]. Samples 5 and 6 are identical to Sample 4, except
or a higher 2 mol. % Yb3+ concentration in Sample 5 and
ublimated (another purification technique) rather than
olvent-extracted ZrF4 in Sample 6. Sample 7 is a com-
ercial ZBLAN:Yb3+ sample procured from IPG Photon-
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cs that has shown good laser-cooling performance, and it
as used as a point of reference in this study.

. TBDLT Experiments
he TBDLT experimental setup is shown schematically in
ig. 4. The sample was mounted on the temperature-
ontrolled cold finger of a liquid-nitrogen flow cryostat
Helitran, LT-3-110) and cooled to the desired tempera-
ure in the 100–300 K range. The ambient sample tem-
erature was measured by a miniature (1.5 mm diameter)
alibrated silicon diode (Lakeshore DT-421) mounted di-
ectly onto the surface of the sample using a small
mount of Apiezon grease. Direct measurement of the
ample temperature was important because different
amples exhibited different temperature gradients be-
ween the sample and the cold finger temperature sensor
epending on the quality of the thermal contact. The TB-
LT decouples laser-induced temperature changes at the

urface from those inside the sample in the time domain,
nd we confirmed that any potential heating of the small
ilicon diode at the sample surface during exposure to la-
er and luminescence light did not affect the measure-
ent.
A diode-pumped continuous-wave (CW) Yb:yttrium alu-
inum garnet laser (Nanolase, DP12011-T01) equipped
ith a tunable birefringent filter (1010–1050 nm) pro-
uced �3.5 W of pump power at 1020.5 nm with a Gauss-
an intensity distribution. This pump wavelength was
hosen as a compromise between maximizing the ab-
orbed power for the entire temperature range (favoring a
horter wavelength) and maximizing the laser-cooling ef-
ciency (favoring a longer wavelength). The excitation of
he sample was performed in a time sequence consisting
f pump laser exposure for 5 s during which the sample
eated or cooled, followed by the pump laser being off for
s during which the sample equilibrated back to the am-

ient temperature set by the cryostat. A function genera-

Table 1. Yb3+-Doped Fluorozirconate Glass Samples
in Mole Percent of the Respective ZBLANI Met

Solvent-Extraction and Hydrogen Flu

Sample
Number

Yb3+

(mol. %)
ZBLANI Composition

(mol. %)

1 1 54–21–3.5–3.5–16.5–0.5

2 1 54–21–3.5–3.5–16–1

3 1 53–20–3–3–17.5–2.5

4 1 53–20–3–3–17.5–2.5

5 2 53–20–2–3–17.5–2.5

6 1 53–20–3–3–17.5–2.5

7 2 Unknown
or was used to control the respective laser shutter and to
rigger the DAQ system. The time constant of the me-
hanical laser shutter was �20 ms, and the luminescence
ransient data collected for t�25 ms were therefore dis-
arded. The pump beam was focused into the sample and,
n order to reduce the effects of luminescence reabsorp-
ion, the focal spot was aligned near the sample surface
hrough which the luminescence was collected.

The sample luminescence was collected and collimated
y a 2 in. diameter lens �f=60 mm� and coupled into a
00 �m diameter multimode fiber by a second lens �f
100 mm�. For reference, the luminescence spectrum was
ecorded with an Ocean Optics mini-spectrometer
SD2000) at each sample temperature. The luminescence
merging from the multimode fiber was collimated and
hen divided into two beams by a 50:50 non-polarizing

ig. 4. Schematic of the TBDLT experimental setup described
n detail in Subsection 3.B. The transmission spectra of the fil-
ers used to define bands A and D are shown in Fig. 2.

in This Study. The ZBLANI Composition is Given
uoride Constituents. A Detailed Description of
Gas Drying Processes is Given in [2]

Sample Descriptions and Preparation Notes

Synthesized from commercial metal fluoride precursors
without further purification. Some bulk scattering.

First generation solvent-extraction purification process. Some
bulk scattering.

Second generation solvent-extraction purification process.
Excellent optical quality.

Third generation solvent-extraction purification process.
Improved hydrogen fluoride gas drying process. Excellent
optical quality.

Same as Sample 4 but with 2% Yb3+ doping.

Same as Sample 4 but ZrF4 was purified by sublimation rather
than solvent extraction.

Commercial ZBLAN sample from IPG Photonics.
Used
al Fl
oride
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eam splitter cube. One beam was filtered by bandpass
lter A (Andover Corporation, 950FS10), and the other
eam was filtered by bandpass filter D (Andover Corpora-
ion, 100FS10). Figure 2 shows the transmission spectra
f the commercial interference filters used to select bands
and D of the Yb3+ luminescence spectrum. Note that the

pectrally narrower bands B and C (indicated in Fig. 1)
ere omitted for simplicity and because they could not be

elected easily with commercially available bandpass fil-
ers. Each filtered beam was re-coupled into respective
00 �m diameter multimode fibers that terminated on a
air of InGaAs balanced photodiodes (ThorLabs
DB150C). The PDB150C balanced photodetector con-
ists of two photodiodes with well matched responsivities
nd provides separate voltage outputs that are propor-
ional to the optical power received in each of bands A and
. In addition, the PDB150C includes an ultra-low noise
igh speed transimpedance amplifier that generates an
utput voltage proportional to the difference in the optical
ower in bands A and D, i.e., �IA

� −ID
� �. The voltage at each

f these three detector outputs was independently and si-
ultaneously measured by a multi-channel DAQ board

Measurement Computing, USB-1616FS) that provided
6 bit resolution at a simultaneous acquisition rate of 36
Hz/channel, enabling time resolutions of up to �30 �s in
he measured TBDLT transients. The DAQ board trans-
erred the data via universal serial bus to a personal-
omputer-based LabView application that captured and
nalyzed the data in real time. To achieve the maximum
ynamic range, the two filtered beam paths were aligned
or each measurement such that the measured difference
ignal �IA

� −ID
� � was zero for the CW pumping.

The transients recorded during each 5 s pump interval
ere averaged until the desired signal-to-noise ratio in

he TBDLT transient was obtained. Typical averaging
imes ranged from 10 min (60 intervals) to 2 h (720 inter-
als), depending on the luminescence intensity available
t a particular temperature.

. RESULTS AND DISCUSSION
he TBDLT characterization included six Yb3+-doped
BLANI samples prepared in our laboratory (Samples
–6) and a commercial 2% Yb3+-doped ZBLAN sample

ig. 5. Transient TBDLT signal corresponding to the laser-indu
amples 4 (left) and 7 (right). Negative slopes indicate laser-ind
olid lines are fits of the power law [Eq. (3)] to the experimental
IPG Photonics; Sample 7) which had shown substantial
aser cooling in earlier experiments (see Table 1). Figure 5
hows TBDLT transients for Samples 4 and 7 at different
emperatures. The solid lines represent least-squares fits
f the power law in Eq. (3) to the transient data. The mea-
ured TBDLT transients are described well by this func-
ional shape. Both samples exhibit laser cooling at 300 K
s evident from the negative slope of the transient at that
emperature. The magnitude of cooling gradually dimin-
shes as the temperature is lowered, i.e., as ��p− �̄f de-
reases due to the increase in �̄f. This is more clearly il-
ustrated in Fig. 6, which shows the respective TDBLT
arameter � as a function of the sample temperature. The
losed symbols are the experimental data while the open
ymbols were obtained from modeling calculations de-
cribed in detail elsewhere [12]. The temperatures at
hich laser-induced cooling and heating are exactly bal-
nced, TZCT, are found by interpolation to be 238 and 158

for Samples 4 (filled circles) and 7 (filled squares), re-
pectively. Note that � goes through a maximum around
33 K for Sample 7. With decreasing temperature, the
ump absorption coefficient decreases and causes the
ample to heat less, while the cooling efficiency decreases

perature change at different ambient sample temperatures for
ooling while positive slopes indicate laser-induced heating. The

ig. 6. TBDLT parameter as a function of ambient temperature
or Samples 4 (circles) and 7 (squares). Open symbols indicate �
alculated from a theoretical model [12], while closed symbols in-
icate experimental data. Points below the horizontal line ��
0� indicate laser-induced cooling while points above the line

��0� indicate heating. From this data, the TZCT� can be deduced
s 238 K for Sample 4 and 158 K for Sample 7.
ced tem
uced c
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nd causes the sample to heat more. The maximum at
33 K is a result of these two competing effects.
The 150 K measurement of � for Sample 7 has an un-

ertainty that is just above the zero line, indicating that
his temperature change is just resolvable with the TB-
LT technique. The calculated laser-induced temperature

hange at this point is �7 mK [12], a value that is repre-
entative of the sensitivity of the TBDLT method. This
ensitivity is indicative of what can be achieved for a
b3+-doped ZBLAN glass. Other materials will have dif-

erent luminescence spectra with different temperature
ependences and may thus lead to a different sensitivity.
Figure 7 shows the mean luminescence wavelength

f�T� calculated from the luminescence spectra recorded
t different temperatures for Samples 4 and 7. �̄f�T� is fit
ith a cubic polynomial function, and the respective fits

solid lines in Fig. 7) can be used to calculate �̄f�TZCT�. Us-
ng TZCT found in Fig. 6, this yields 993.9±0.4 and
95.9±0.4 nm for Samples 4 and 7, respectively. Given
he fixed laser wavelength of 1020.6 nm, the net quantum
fficiency �= �̄f /�p can now be calculated to yield
97.39±0.01�% (at 238 K) and �97.58±0.01�% (at 158 K)
or Samples 4 and 7, respectively. The higher TZCT and
lightly lower net quantum efficiency of Sample 4 indicate
hat this sample had a higher concentration of impurities
han the commercial Sample 7, demonstrating that pre-

ig. 7. Mean luminescence wavelength �̄f�T� as a function of
emperature for Samples 4 (open circles) and 7 (filled squares).
he cubic polynomial fits (solid lines) were used to interpolate

f�T� at temperatures of interest. The mean luminescence wave-
ength is defined as �̄f�T�=��I�� ,T�d� /�I�� ,T�d� which is calcu-
ated from luminescence spectra I�� ,T�.

Table 2. Summary of Parameters Critical for Asses
were Measured as Described in Detail in this Arti
Ti:Sapphire Pump Source in a Fractional Heating

rived from the Measurements of � and �ext. �b was
�abs, �b, and higher � and �ext, Indicating That It C

The Values for �abs, �b, and �r ar

TZCT
(K) �ext �

ample 4 238 0.9906 0.
ample 7 158 0.9942 0.
ise measurements of net quantum efficiency efficiencies
re possible with the TBDLT. These values are also sum-
arized in Table 2.
A more detailed discussion of the net quantum effi-

iency in Eq. (4) is instructive, as past reports of the
uantum efficiency were higher than those we report here
13]. This lower � in the present experiments is due to the
act that the material is pumped at a longer wavelength
here the absorption efficiency [�a, in Eq. (5)] is lower, in-
icating the presence of impurities. In an impurity-free
aterial, 	b=0 and ���ext. As shown in Table 2, this is

learly not the case for Samples 4 and 7. Given �ext and
r�TZCT,�p�, 	b can be calculated. Background absorption
oefficients of 	b=5.4210−4 cm−1 and 	b=3.11
10−4 cm−1 are found for Samples 4 and 7, respectively,

ndicating a lower impurity concentration in Sample 7.
his trend is in agreement with a lower TZCT for Sample
, compared to Sample 4.
An even more expeditious characterization can be done

y simply measuring the TBDLT parameter � at room
emperature. As seen in Fig. 6, a smaller value of � cor-
esponds to a lower TZCT and thus a higher quantum ef-
ciency. While a room-temperature measurement alone
oes not provide TZCT or �, it allows for a relative com-
arison of the performance of different laser-cooling
amples. All samples listed in Table 1 were characterized
n this manner, and the respective � values are shown in
ig. 8. Sample 1 clearly illustrates that even the best
ommercial metal fluorides have insufficient purity to en-
ble laser cooling; this sample showed substantial laser-
nduced heating even at room temperature. Purification
f precursor materials along with a sufficiently high InF3
xidizer concentration, optimized hydrogen fluoride dry-
ng, and sufficiently long melting times provide a substan-
ial improvement of laser-cooling performance as evident
rom the successive implementation of these processes in
amples 2–4. The 1% Yb3+ concentration of Sample 4 was

ncreased to 2% in Sample 5, which resulted in substan-
ial heating. The rate of energy migration among Yb3+

ons increases with increasing Yb3+ concentration, and
ome of the excitations can find impurity sites where non-
adiative relaxation takes place. This process is more ef-
cient in the 2% sample (Sample 5) compared to the 1%
ample (Sample 4), and the fact that Sample 5 showed
ubstantial heating is direct evidence for energy migra-
ion to transition-metal and/or OH− impurity sites. Also
ote that the use of ZrF4 purified by sublimation (Sample
) resulted in a sample that cooled, however not as much

t and Comparison of Samples 4 and 7. TZCT and �

ext was Measured Using a Thermal Camera and a
riment as Described Elsewhere [14]. �abs was De-
lated Given �abs and �r. Sample 7 has lower TZCT,

ined Fewer Impurities as Compared to Sample 4.
orted at TZCT and �p=1020.6 nm

�
	r

�cm−1�
	b

�cm−1�

0.9739 0.0315 5.4210−4

0.9758 0.0165 3.1110−4
smen
cle. �
Expe
Calcu
onta

e Rep

abs

9831
9815
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s the best sample fabricated from precursors purified by
olvent extraction.

. CONCLUSIONS
e have successfully demonstrated the TBDLT—a non-

ontact spectroscopic technique for measuring laser-
nduced temperature changes in optical materials. This

ethod was used to characterize and benchmark the per-
ormance of optical refrigerator materials. The TBDLT
ethod uses two commercially available bandpass filters

o select regions of the luminescence spectra that show
ifferent temperature dependences. These temperature-
nduced luminescence intensity changes can quantify
aser-induced heating and cooling processes. The TBDLT
chieved a sensitivity of 7 mK and could successfully de-
ect the temperature at which laser-induced heating and
ooling are exactly balanced. We have shown that the net
uantum efficiency can be obtained with a high precision
sing the TBDLT. Several Yb3+-doped fluorozirconate
lasses were characterized by this method, and the re-
ults provided valuable feedback to the development of
aterial purification and fabrication processes. The best

BLANI:1% Yb3+ sample produced in our laboratory had
TZCT of 238 K and a corresponding net quantum effi-

iency of 97.39% at a pump wavelength of 1020.6 nm.
his laser-cooling performance is a substantial improve-
ent over samples prepared from commercial-grade high-

urity metal fluoride precursors. While the TBDLT tech-
ique was shown to be an expedient and effective
xperimental method for characterizing the laser-cooling
erformance of Yb3+-doped fluorozirconate glasses, it can
e adapted easily to other rare-earth-doped crystals and
lasses. The TBDLT enables a key diagnostic capability
hat is critical to the further development of high-
erformance solid-state optical cryocoolers.
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