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Temperature dependence of thermo-optical properties of fluoride glasses determined
by thermal lens spectrometry
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In this work we report on the use of the thermal lens spectrometry to determine the absolute values of
thermal diffusivity, thermal conductivity, and temperature coefficient of optical path-length change of several
fluoride glasses. The results showed that flouride glasses doped with minor quantities of Ga, In, and Zn exhibit
thermal conductivities and thermal diffusivities roughly 20% larger than that of fluorozircqdateAN )
glasses, whereas their temperature coefficients for the optical path-length change was found to be 50% smaller.
This suggests that these fluoride glasses may be considered as promising candidates for high power laser
applications. We have also demonstrated how this technique can be used for the complete thermo-optical
properties characterization as a function of temperaf®@163-18209)01342-9

INTRODUCTION Gaussian laser beareither the excitation laser beam itself
or a probe beainis affected by the refractive index profile,
Fluoride glasses have been a subject of increasing interest more generally, by a profile of the optical path length
mainly due to their high transparency at long wavelength, ughis results in beam spreadifigghends/dT<<0) with a re-
to 10 um.1? When doped with rare-earth ions these glassesluction in its on-axis intensity, or beam focusirfgshen
present very low nonradiative decay rates as compared to thiss/d T>0) with an increase in on-axis intensity.
oxide glasses. These two features are essentially due to their There are several experimental configurations for the ther-
low-field strength and weak chemical borfddowever, this mal lens spectrometry. The two-beam mode-mismatched ex-
also implies in poor physical and chemical properties,perig;ental arrangt_—zment has shown to be the most sens!tive
namely high expansion coefficients, low values of both therone:* The theoretical model for the thermal lens effect in
mal conductivity(K) and thermal diffusivity(D) and high-  this configuration has been developed and an analytical ex-
temperature coefficient of the optical path-length changd'essions fo treat the thermal lens effect quantitatively was
(ds/dT).3"® These thermo-optical properties are among thePbtained***° By measuring the beam on-axis intensity in
most important characteristics determining the figures ofhe_ far field a_nd using this theoretical mod.el the thermo-
merit of optical glasses. They essentially determine the glas%pt'c"’lI properties of.the sample.can be optgmed.
servicing conditions such as thermal shock and thermal (':on5|der|ng. the |mporFance in determining the; ‘h?‘”"‘?'
stress resistanéahermal lens effect, and so on. The thermaloptlcal properties of ﬂuo_nde g_Iasses and_the d|ff|CL_1It|es in
e ) AT measuring these properties using conventional calorimetry, a
diffusivity measures essentially the thermalization time of

. . o imple and accurate method to determine the temperature
given material and it is known to be strongly dependent UPORjependence of these properties is of utmost importance. In
the compositional and microstructural variables as well a

X T ° %his work the two-beam mode-mismatched TL technique is
processing conditionS,™ while ds/dT describes the ther- ;564 to determine the absolute value of thermal diffusivity,
mally induced distortion of a laser beam after its passinghermal conductivity, and the temperature coefficient of the
through the samplé.Furthermore, it is also important to gptical path-length change of several fluoride glasses. For the
know the thermal properties in a wide temperature range, UgBLAN glass doped with 0.2% mol CgRve have measured

to the glass transition temperatufgj, since they affect the the temperature behavior of the thermal diffusivity and
fiber pulling, glass formation and devitrification procesSes. ds/dT from 25°C up to 315 °C. This range of temperature

The thermal len$TL) technique has proved to be a valu- jncudes the temperature transformation of the glagg),(
able method to study the thermo-optical properties of transyhich is around 298 °C.

parent material®1%12-1|t allows the determination of ther-
mal diffusivity and thermal conductivity®!® the
temperature coefficient of optical path length, optical ab-
sorption  coefficient® and  fluorescence  quantum
efficiency!®*3 Since this is a remote technique the measure- In the mode mismatched thermal lens measurement, the
ment on a sample inside a furnace presents no extra diffsample is illuminated by a TE) Gaussian laser beam. As a
culty, allowing therefore the measurements to be performedesult of the optical energy absorption, a local temperature
as a function of the temperature. rise is produced within the sample due to the nonradiative
In the thermal lens effect, the propagation of a T§gM decay processes. The change of the refractive index with the
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TABLE |. Comparisons of the fluoride glasses studied in this wonkl %).

Acronym Zrky  YF; LaFk, AIF; Gak InF; Cak Srk, Bak ZnF, Pbk NaF

ZBLAN 53 4.5 3.5 29 10
YABC 20 40 20 20

PGIZCa 20 15 20 15 30

I1ISZn 6 34 20 16 20 4
INSBZnGdN 2Gdg 40 20 16 20 2

temperature produces a lenslike element within the heateidito account both thermal expansion and refractive index
region. A weak probe beam propagating through this heatedhanges. According to Refs. 9 and #&/dT can be ex-
region will experience an optical path-length change, resultpressed as
ing in a variation of its intensity at the beam center in the far

field. The resulting change of the center probe beam intensity

ds dn
due to the thermal lens can be expressed®s gt (- DA+w)y+ o= ®)

daT’
P wherey (K1) is the linear thermal expansion coefficient,
L(t)=1(0)| 1— Etanfl is the refractive index, and is Poisson’s ratio. Since the first
term in Eq. (4) is always positive, glasses with negative
dn/dT are required to minimizels/dT. So far all glasses
2my 2 with ds/dT are fluoride glasses or glasses containing fluo-
X , (D rine. In order to analyze the magnitude @d/dT it is con-
te ; : ; _ 9
[(1+2m)2+ p2] = + 1+ 2m+ 12 venient to express it as proportlt_)r_lal [t — nB], where<_;5
2t and B are the temperature coefficients of the electronic po-
larizability and volume expansion, respectively, ands a
constant that depends on the glass refractive index and the
Poisson ratiov. It can be seen that the values éfand g8
determine the absolute value @§/dT.

We have performed time-resolved TL experiments in sev-
eral fluoride glasses, using the two-beam mode-mismatched
Here, t. is the characteristic thermal lens time constant,TL configuration. From the transient TL signal data fitting

we IS the excitation laser beam radius at the sample, the parameterg andt. are obtained from which the values
=K/pC (cn?s™Y) is the thermal diffusivity,p (gcm 3 is  of D, K, andds/dT are deduced.

the densityC (Jg~ 1 K™1) is the specific heaf, is the con-

focal distance of the probe bea®, is the distance between EXPERIMENT

the probe beam waist and the sampfg, is the distance ) _
between the sample and the detectoy, is the probe beam The fluoride glasses are very transparent, presenting a

; . i o —10-3 -4 a1y i
radius at the sample, and0) is the value of (t) when the Very low absorption coefficientA~10""—10""cm™) in
transient timet or @ is zero. The TL transient signal ampli- the visible and an even lower coefficient in the mid infrared.

where

z
m:(ﬂ); V=" when Z,<Z,; te=—o. (2)

We Z;

tude is proportional to its phase shit given by Since the TL signal is proportional t4, the signal of un-
doped matrixes is very low. We have accordingly increased
PAL ds the absorption of these glasses by doping them with low
0=— o dT (3)  concentrations of Cobalt fluoride, CgFn order to improve
Np the signal-to-noise ratio.

. ; ; The starting materials used for the preparation of our
where ¢ is approximately the phase difference of the probe . .
beam atrzopgndrz(zl’%w ) igduced by the thermal I(gns glasses were fluoridé8DH and Strem productsand oxides
€. I

; o 1y InOs, ZnO, and GgO; (MetalEurop. The ammonium
P(W) is the excitation laser powef(cm™?) is the absorp- as s 3 . . .
tion  coefficient at the excitation beam wavelength,b'ﬂuor'de was used to transform oxides into fluorides. The

K(WK~tem 3 is the thermal conductivityh, (cm) is the mixtures were heated in a platinum crucible for melting and

probe beam wavelength, (cm) is the sample thickness and refining. Finally, the melt was poured into a brass mold pre-

BT ; - heated few degrees beldly temperature to prepare samples
ds/dT (K™Y) is the optical path-length change with tempera- . i ! .
ture, which is given by?° 4-mm thick. All these operations were carried out in a glove

box with controlled inert atmosphere whose relative moisture
dn was kept below 10 ppm. Table | summarizes the glass com-
) , (4) positions used in this work. They are fluoroindae&I1ZCa,
TO

dT L \dT dT ISZn, INSBZnGdN, fluoroaluminatg YABC), and fluorozir-
conate§ZBLAN). The C3* doped glasses presented a wide

wheren andL are the sample’s refractive index and length,(~ 130 nn) absorption band, centered at 550 nm with sig-

respectively, at the initial temperatuffg . We note that the nificant absorbance at 514.5 nm. The density of the samples

above expression fats/dT is a normalized quantity taking were measured using the buoyancy method with,@Slthe

ds (n—1) (dL)
TO
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FIG. 1. A schematic diagram of the mode-mismatched thermal
lens experimental apparatus, whéte, M,, M3, M4, andM5 are FIG. 2. Transient TL signal at room temperature for the 0.2%
mirrors, PO and PO are detectors, andl; and L, are lenses. CoF,ZBLAN sample. The line indicates the curve fitting using Eq.

Sample is placed inside the heating unity. (1) of the text.

immersion liquid. The samples’ specific heat were measureguor'de samples the thermal conductivity values are summa-

by using the thermal relaxation method. rized in Table 1.

The mode-mismatched thermal lens experimental setup is _In this way, we (.:OUId perform a complete thermal prop-
I n - erties characterization of the fluoride glass samples using the
shown in Fig. 1. We have used an"Alaser as an excitation

beam and a HeNe laser as the probe beam. The sample Wt%éarmal lens technique. In particular, we note from Table I

positioned at the waist of the excitation laser beam, wher at thelllntroduc'uon of Ga, In, and Zn quonqes In t'he base

the power density is maximum. The excitation beam Wascomposmon of the fluoride _glasses results in an improve-

fooused with af.— 15-cm lens (_ ), and the sample was ment of the thermal properties of these glasses, without af-
1~ - 1)

ositioned at its focal plane. The exposure of the sample tfecting the good optical properties of these materials. The
P N P X b b ermal diffusivity and thermal conductivity of the first three
the excitation beam was controlled by means of a shutter, ; .
. . lasses in Table Il are roughly between 25 and 35% higher
The probe laser beam was focused using a converging le

(L,) with focal lengthf,=25cm at an angler<1.5° with than those of ZBLAN. For laser applications, this represents
2 2= '

respect to the excitation beam and centered to pass throug%conS'derable gain in terms of heat dissipation, especially

the thermal lens to maximize the TL signal. The excitation or the case of high power applications.

beam was incident on a detectd ;) and used as a trigger We have next used the above values of the thermal con-
1 . i i i
The adjustable mirror8 ;. M,, andMy were used to get a ductivity of these samples, together with the corresponding

long optical length(~2 m) from the sample to an iris measured values for their optical-absorption coefficients and

mounted before the detectoPD,). For the measurements 6, to calculateds/dT. The results are summarized in Table
. 2 . 1. All fluoride glasses studied presented positéyavhich[cf
at different temperatures, the sample was placed in an ove

The experiments were carried out in the temperature ran %q. ()] indicates negativels/dT values. The reason for this
P P 9% that fluoride glasses are known to present very large ther-

between 25°C up 16-350°C. Using the same TL EXPEN- hal expansion coefficien8, which combined with the small
mental configuration we have also measured the optical ab- S . )
; L . values of¢ for the fluoride ions, results in negativn/dT
sorption coefficients of our samples, by measuring the trans- 21-23 .
mitted Ar® laser light as a function of the incident power andds/dT. I can.b_e seen from Table Il that fo_r the first
" three samples, containing the Ga, In, and Zn fluoride&] T
is roughly 50% smaller as compared to the ZBLAN sample
RESULTS AND DISCUSSION values. _T_hat is, the a_ddition of the_se fluorides to the base
composition not only improves their thermal properties but
Figure 2 shows a typical TL signal for the ZBLAN with also makes the optical path within these materials less sus-
0.2% mol of Cok. The experimental data fitting to E¢L)  ceptible to temperature changes. Considering tsati T is
yielded #=0.3010-0.0005 andt.=0.55+0.01ms. Using proportional tq ¢— 53], the observed decrease in the value
Eq. (2) for t. we obtainedD =(2.5+0.1)x10 3cné/s, for  of ds/dT for the samples 1, 2, and 3 can be associated with
the thermal diffusivity. The same procedure was carried out better combination of the two parametefsand 8 mini-
with all the other fluoride samples, and the resulting valuesnizing the values ofls/d T for these samples as compared to
for thermal diffusivity are summarized in Table II. In par- the ZBLAN glasses. The observed decreasedsfdT for
ticular, for the case of the ZBLAN glasses, we have perthese samples is quite interesting. It indicates that these
formed the measurements with four samples with differenglasses should exhibit lower thermal distortions, at the same
concentrations of Caof namely, 0.1, 0.2, 0.3, and 0.38 time that it suggests that further modification in the samples
mol %. The results obtained for their thermal diffusivities in composition may lead to an improvement in lowering the
this concentration range is practically constant and equal tds/d T values for these samples.
D=(2.6+0.1)x 10 3cn¥/s, as shown in Table Il. From this Finally, to further demonstrate the usefulness of the TL
value of D, and the measured values @and C also shown  technique for the complete thermo-optical characterization of
in Table Il, the thermal conductivity for these samples wasglass samples, we have performed some measurements of the
calculated ask=(7.6+0.1)x10 *W/cmK. For the other thermal properties as a function of temperature. These mea-
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TABLE II. Optical absorption coefficien®/P, thermal diffusivity, thermal conductivity, andls/dT of the fluoride glasses determined
at room temperature.

L A, a/pP D 0 c K ds/dT
Samples (cm) (cm™ (W™ (1073 cnéls) (gem ) JigK (103W/Kem) (10°8K™Y
PGlzCa 0.366-0.001 0.9:0.04 1.20G:-0.002 2.9-0.1 5.359-0.004 0.670.03 10.4-0.9 —2.4+0.3
0.2 Cok

IsZn 0.324-0.001 1.0:0.1 0.70G:0.001 3.1+0.1 4.761*+0.004 0.670.03 9.9-0.8 —1.3=0.2
0.2 Coh

INSBZnGdN 0.272+0.001 0.8:0.02 0.706:0.001 3.2:0.1 4.753:0.004 0.670.03 10.2-0.8 —2.1+0.2
0.3Cok
YABC 0.212-0.001 1.86:0.03 1.500:-0.002 3.3:0.1 3.704-0.004 0.670.03 8.2:0.7 —2.0+0.2

0.38 Cok
ZBLAN 0.31+0.001 0.46:0.05 1.506:-0.003 2.6:0.1 4.445-0.004 0.6740.03 7.7%0.7 —59+1.3
0.1Cok
ZBLAN 0.349-0.001 0.7:0.01 3.10G-0.004 2.5-0.1 4.445-0.004 0.670.03 7.4-0.7 —6.0=0.6
0.2 Cok
ZBLAN 0.322-0.001 1.56:0.02 6.000:0.001 2.5-0.1 4.445-0.004 0.670.03 7.4-0.7 —5.80.6
0.3Cok
ZBLAN 0.268-0.001 2.26:0.10 7.40:0.001 2.70.1 4.445-0.004 0.670.03 8.0-0.7 —6.4+0.9
0.38 Cok;

surements were carried out with the ZBLAN sample withdifferential scanning calorimetry measurements on ZBLAN
0.2% Cob. The sample was positioned inside an oven andjlasses! it has been shown that the specific heat of these
the temperature was varied from 25°C up to 320 °C. Thigylasses exhibits a sharp increase of about 1.6 closk,to
upper limit for the temperature excursion was essentially dicAssuming that this is actually the case, and noting that the
tated by the glass transition temperatliggof this material. ~ thermal conductivity is related td andC by K=pCD, we

The glass transition temperature was independently meaonclude that at the glass transition temperature the thermal
sured using a differential thermal analyZ&TA), and the conductivity should decrease by a factor of 8.

value found forTy was 298°C. The results of our DTA To get further insight into the observed temperature de-
measurements for the ZBLAN doped with 0.2% Gaife  pendence ofg we address ourselves to its definition. As
shown in Fig. 3. In Figs. 4 and 5 we show the resultinggiven by Eq.(3), 6 is essentially a measure of the probe
temperature dependence of the thermal lens signal parameteeam phase shift betweer-0 andr =v2w, induced by the

0 and thermal diffusivity of the ZBLAN sample as obtained thermal lens. Writing the thermal conductiviyin terms of
from the TL measurements, respectively. As before, the valthe thermal diffusivity, namelyK=pCD, Eq. (3) can be

ues of these parameters were obtained from the transient Tiewritten as

signal data fitting to Eq(1). We note from Figs. 4 and 5 that

both parameters exhibit a marked change aroligd The (PAeL)
parameterg exhibits a sharp jump arounfly, whereas the I Dr.
thermal diffusivity, after remaining practically constant up to .
280 °C, it passes through a sharp minimunT at The over-  The first term on the right-hand side of H) is essentially

all decrease of the thermal diffusivity in the temperaturethe energy deposited by the pumping beam within a probe
range close td  is of a factor of 12. On the other hand, from beam characteristic volume consisting of a cylinder of unit

(6)

1 ds
pC dT)"
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FIG. 3. Differential thermal analyz&¢DTA) curve of the 0.2%
mol of CoF, doped ZBLAN glass.

FIG. 4. Temperature dependence of the normalized thermal lens
phase shift of the 0.2% mol of CgBoped ZBLAN glass.
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FIG. 6. Characteristic optical path changes with deposited heat

(—ds/dQ) as a function of temperature for the 0.2% mol of GoF
doped ZBLAN glass.

FIG. 5. Temperature dependence of the thermal diffusivity of
the 0.2% mol of Cofdoped ZBLAN glass.

r nd length equal to the pr am wavelexgthirh - . : .
area and length eq 0 the probe be engtirhe ated within the laser action region, at the same time that a

-1
second term, namely; (pC) ~ds/dT, henceforth denoted small temperature coefficient of optical path length is also

by —ds/dQ, is @ sample’s characteristic response funCtIondesired for smaller thermally induced laser beam distortions.

telling us how the optical path changes with the heat depos- It is well known that fluoride glasses do not have thermo-

ited per unit volume. That is, it is a measure of the thermalo tical properties suitable for high power laser applications
lens distortion induced within a given material by a pumping P prop gnp P !

beam. Erom the point of view of alass laser desian. it ma Our results indicate that fluoroindate and fluoroaluminate
a eér that this puantit is indegd the one we gsﬁould k3’Iasses, which have very good optical properties, exhibit

PPE q Yy ° ' ermal conductivity and thermal diffusivity roughly 18 and
looking at when investigating the laser beam profiles an ) )

: - o ! : . 3%, respectively, greater than those of ZBLAN, while the
distortions within the active medium under high power op- fici f optical path | h b 0%
eration conditions. Using our data for the 0.2% Gaeped temperature coefficient of optical path length was about °0%
ZBLAN alass we Ha e plotted in Fi Gds/d. as a func- smaller. This better combination of the thermo-optical prop-

9 w Ve p In FIg. Q u erties indicates that these glasses are promising candidates

tlog;)(l; tempera_tur((ej. It fo"?]\le frothlgt. GBth?t up t0225%0 C’dfor laser applications. Finally, we have also demonstrated the
Q remained roughly constant. Between an ability of the thermal lens spectrometry to perform the

280°C itincreased with increasing temperature. As the te thermo-optical characterization of glasses as a function of

perature crosses the glass transition temperature, betwe%}nperature. This was demonstrated for the case of the

280 and 300 °C;-ds/dQ passes through a minimum to fi- . : .

o . : ) ZBLAN doped with 0.2% Col: Two interesting aspects
nally exhibit a sharp jump above 300 °C. This behavior of Cen
—ds/dQ s closely related to that of the DTA measurementsemerged from these measurements. First, it was shown that

the thermal diffusivity exhibits a sharp minimum at 298 °C
as follows. Between 200 and 280 °C, the DTA measurements, . L : )
tell us that the sample tends to lose heat so thls/dQ t\?/hmh coincides with thél ; value measured by DTA. Sec

. o ; ond, using the data for the thermal diffusivity and the probe
should increase with increasing temperature. In the temper g y P

yeam phase shift, we calculated the rate of change of the
ture range between 280 and 300 °C, the DTA data tell us that .. :
the sample tends to retain heat so that one expedisdQ tptlcal path with respect to the heat absorbed. It was shown

hat this parameter not only reflects the characteristic depen-

to decrease with increasing temperature. Finally, the SUdde(ﬁlence of the refractive index and thermal expansion coeffi-

rise abover is baspally att”_bqted to the larger increase N cient with temperature, but is also closely related to the be-
the thermal expansion coefficient, and consequently of thﬂavior of the DTA measurements

optical path, which is observed in a glass transition. This application of the thermal lens spectrometry com-
pletely evaluates the thermo-optical properties of fluoride
glasses, including their temperature dependence. We believe
htgat the sensitiveness together with its simplicity and its re-

In this paper we have demonstrated the usefulness of t te ch ¢ der this techni luable ool
thermal lens spectrometry to determine the thermal diffusiyiOt€ character may render this technique as a valuable 100

ity, thermal conductivity, and the temperature coefficient offor the complete characterization of the thermo-optical prop-

optical path-length change of fluoride glasses. The resultgmes of a wide range of transparent materials, especially as

showed that glasses containing Ga, In, and Zn exhibited im2 function of temperature.

proved thermo-optical properties as compared to the ZBLAN
formulation. Especially in the case of high power laser ap-
plications, the thermal parameters play an essential role. For We are thankful to the Brazilian Agencies FAPESP,
these applications one requires glasses with high therm&NPq, and Capes for the partial financial support of this
conductivity in order to effectively dissipate the heat gener-work.
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