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Abstract: The possibilities of Yb*" doped Y3Als01;, LiNbO; and NaBi(WOa), crystals as
materials for optical temperature sensor (OTS) based on fluorescence intensity ratio (FIR),
absorption coefficient ratio (ACR) and relative zero-phonon line intensity (ZPLI) techniques are
discussed. The operating temperature regions and average sensitivity for the considered OTSs are
determined. It is shown, that the ZPLI technique is more effective for OTS at cryogenic
temperatures, whereas FIR and ACR one — at high (above room) temperature range.
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1. Introduction

Recently, there are many researches for new optical sensors possibilities because of their high
sensitivity and wide range of application areas (chemical and biochemical changes, measurement
of deformations, temperature, pressure etc.). Optical temperature sensors (OTS) are a special
case among optical sensors. These can be effectively used for measurement and control of
temperature, in cases where conventional techniques cannot be used and/or have significant
drawbacks (highly corrosive media, electrical power stations, oil refineries, coal mines and fire
detection systems). They have significant advantages compared to conventional ones in remote
sensing possibility, electrical passiveness, greater sensitivity, protection from electromagnetic
noise, and wide acting range.

Rare earth (RE™) ions doped materials (particularly dielectric crystals) are well known from
the point of view of the temperature dependences of spectroscopic characteristics (fluorescence
intensities, fluorescence lifetimes, absorption coefficients etc.) in the infrared and visible range.
This makes them good candidates for OTS. So far, OTSs on the base of different RE** ions

(Er**,Sm™, Eu’,Pr’*) doped glasses, ceramics and fibers have been presented [1-4]. OTSs on

above mentioned materials have ability to cover a wide temperature range (300° to 1623°K)
with reasonable measurement resolution [3-7]. However, not much research work has been
carried out on Yb’* doped materials for such purpose. Usually, Yb’" is used as a sensibilizator to

enhance efficiency of up-conversion luminescence of erbium, holmium, thulium ions, etc. [8-
10]. J. L. Kenndey at al. [9]have reported the fiber-optic temperature sensors based on

fluorescence decay in Yb** doped yttrium aluminum garnet (YAG) and YAG: Yb™,Tb™" . S.A.
Wade et al. [11] have reported the fluorescence intensity ratio (FIR) based temperature sensing

performance of Yb*" doped silica fiber using Stark sublevels of 2F5/2 manifold of Yb’" ion.

In this paper, we discuss sensing properties of Yb’* doped LiNbO,(LN),Y,Al,O,(YAG) and
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NaBi(WO,), (NBW) crystals based on FIR, absorption coefficient ratio (ACR), as well as on

zero-phonon line intensity (ZPLI) of fluorescence techniques.

2. Technology

There are several optical sensing techniques based on RE’ ions doped materials. The
operation of OST is based on the temperature dependences of the measurable spectroscopic
and/or kinetic characteristics R(T) of the optical spectra of an impurity ion, as such intensity or
lifetime of fluorescence, absorption coefficient etc. The sensitivity of OTS based on
measurement of a temperature dependent spectroscopic characteristic, R(T), is defined by the

relation

1 dR
T)=—— 1
S(M=%qt (M

In general, the sensitivity defined by (1) itself depends on temperature and can have the quite
complex analytical forms. Therefore, as a quantitative characteristic for OTS, it is convenient to
use the average sensitivity defined by the expression

_ 1%
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where AT =T, —T, is width of operational temperature range.

For searching new materials and mechanisms for temperature sensing it is necessary to
consider, that thermal coupled operating energy levels of OTS must satisfy the following
conditions:

1. Energy gap between initial levels

= must be at least~200cm ' to guarantee the required solvability of corresponding spectral

lines,

= must not exceed ~ 2000cM ' to ensure the required population of the initial levels in a given

temperature range.

2. The energy gap between the initial level and the nearest lower level should be enough large
(more than 6 times larger than Debye phonon energy of considered material) to guarantee
domination of radiative transitions over non-radiative.

2.1 Fluorescence Intensity Ratio Technique

In fluorescence intensity ratio (FIR) technique as a temperature dependent value (R) the
fluorescence intensities ratio is considered (Fig.1a):

L, E,
Rn == Bexp o (3)
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where |, and |, are intensities of spectral lines of corresponding transitions starting from
thermally coupled levels i and j (Fig. la), AE; is energy gap between initial levels, k is
Boltzmann’s coefficient, T is temperature, B is temperature independent value [1,2]
_99%

B ,
giaiovio

“

where o, andv ,, are cross-section and frequency of & — Otransition, g, is degeneracy of level ¢

. It is assuming, that temperature dependence, Rz, is conditioned by Boltzmann factor of
population of neighboring energy levels [1-7]. It is assumed, that the speed of thermalization
between two excited i and | levels is larger compared to the probability of spontaneous
transitions fromiand j levels: A and A,,. For Yb** doped crystal, in which we should consider

inter-Stark transitions, the expression (4) can be transformed as follow. At first, we use the
expression for peak value of cross-section

2
o o :LA»O
“ 16n°T,,

and, second, we consider that A, ~ VfonjOSjo. Then the expression (3) is transformed to the form

_ gjrfo iriosjo (5)
gi nfoﬂ’jzonOSO

Heren is refractive index at the transition wavelength 4, T is linewidth and Sis line strength of
corresponding transition.
Note, that, in this case, the dependence of R ;on temperature is determined by both

Boltzmann factor and homogeneous widths of the corresponding spectral lines. However,
compared to Boltzmann factor the temperature dependence of the ratio I’ e / I, is weak, and, as

a rule, it can be neglected. Thus, sensitivity of OST based on FIR technique is defined via a
simple expression

AE,

S(T)=17 ©)

and average sensitivity at the[T,,T, | temperature range —

S = o (7)
FIR = leTz
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Fig. 1. OTS’s schemes operated on (a) FIR and (b) ACR techniques.

2.2 Absorption Coefficients Ratio Technique

The scheme of absorption coefficients ratio (ACR) technique is given in Fig.1(b). The
absorption coefficients ratio from two thermally coupled levels i and j is used as a temperature-
dependent measure value (R). Wherein, the final state of transitions may be either one level or

two different levels, depending on line strengths of corresponding transitions.

For Yb* doped crystal, by taking into account that the energy levels shift during electron
transitions is less than width of corresponding spectral line, the absorption coefficients ratio from
ground and first excited states (transitionsi — 4 and j — g, )may be presented by the next

expression given in [12]

R Xy, D AEji
=X = ex R L
ACR O(iyp p KT

: ®)

where D is determined by the expression

— ni‘p 21/1;3 riﬂp Sj/uk , (9)

D 2
ni/lk /?’J/zkri/lk S,,

p

Note, that like the FIR techniqueit is often assumed, that temperature dependence R,-(T) is

determined by Boltzmann factor of neighboring energy levels’ population, and thermal coupled
operating energy levels of OTS satisfy the above-mentioned conditions. Then the sensitivity

Sucr (T) and the average sensitivity Sacrwill be determined by similar to (6) and (7) expressions.
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2.3 Zero-Phonon Line Intensity Technique

Zero-phonon line intensity (ZPLI) techniques based on temperature dependence of intensity
of zero-phonon line induced by inter-Stark transitions. As a temperature-dependent value, the
relative intensity of the most intense zero-phonon spectral line is considered [12]

_ r(T)
CI(T) T [ae(M+T(T)

exp[ —2M (T)] (10)

whereT'(T),Ag(T)and 2M (T ) are homogenous width, shift and Debye-Waller (D-W) factor of
zero-phonon spectral line, respectively, B= {[Ae (T, )T +I7(T, )} r' (To)exp[2M (T, )} is

determined at fixed T, temperature.In general, the sensitivity of ZPLI techniqueis defined by

dM 1dr 2(Ae) {1 dAe ldl“}
+—— X| — —= :

—_— > — (11)
dT T dT (Ag) +T2% |Ae dT I'dT

Sy =2

Or assuming that Ae = 0 and neglecting third term in (11), we obtain

dM (T) _ dinT(T)
dT ar

Sy =2 (12)

Then, the average sensitivity in temperature range T, <T <T, is defined by

(M)
r(T)’

§ZPLI =2AM +1n

(13)

—

where AM =M (T,)-M (T)).

3. Yb*" doped crystals: sensing possibilities on the base of FIR, ACR and ZPLI techniques

As known the energy scheme of the Yb** ion (4f" electronic configuration) consists of 2F7/2
and ZFS/2 manifolds, which are split into Stark sublevels in a crystalline field (Fig.2). Thereby,

for studying spectroscopic properties of Yb** doped crystals, Stark structure of the optical
spectrum of the impurity ion should be considered. All above mentioned sensing techniques
applied to the Yb’* doped YAG, LN and NBW crystals are presented below. The principle
possibility of the use of Yb’* doped YAG, NBW and LN crystals as materials for OTS have
reported in [12-14].
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Fig. 2. Energy levels schemes of Yb*" ion and transitions in LN (solid), YAG (dash) and NBW (dash-dot) crystals.

3.1. YAG-Yb*crystal

The main spectroscopic and kinetic characteristics of YAG: Yb* crystal (the line strengths
and cross - sections of inter-Stark transitions, absorption coefficients, etc.) are determined in [15-
17]. The results of experimental and theoretical investigations of temperature dependences of
ZPLI at 960—1030nmrange are given in [18, 19]. The values of the main spectroscopic
characteristics required for subsequent quantitative estimates of sensing characteristics of YAG:
Yb™* crystal are given in Table 1.

Table 1. Spectroscopic characteristics of YAG: Yb** crystals.

Transition vV, =V vV, =V, V, =V Vs =V, Ref.
Wavelength, nm 968.3 967.4 9941 1029.3 [15]
3 -20 2
Line strength, 10~cm 0.1016 0.0717 0.1711 0.1878 [17]
Width of ZPL, cm™!
500—1000°K 10.7-27.2 | 540958 | 43.9-87.2 | 163-39.8 | [19]
77 _300°K 0.1-4.6 | 256-382 | 14.9-27.6 0.2-7.2
D — W’s factor
500—1000°K 0.03-0.06 | 0.44-0.84 |2.12-405 |13.68-26.19 | [jo]
77 —300°K 0.01-0.02 | 0.17-0.29 | 0.80-1.39 5.17-9.0

3.1.1. YAG: Yb** sensors based on the ZPLI technique

The sensing property of YAG:Yb3" crystal based on ZPLI technique is reported in [12]. As
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shown in [18, 19] the intensity of fluorescence at 1029.3nmwavelength increases sharply when
temperature drops below nitrogen values. Therefor the YAG: Yb'" crystal is perspective material
for ZPLI-based OTSs in the cryogenic temperature range: temperature dependences of relative

intensity 1 (T)/1(T,) (TO =77°K) spectral line at 1029.3nm and corresponding sensitivity
determined by (12) are given in Fig.3. It is seen that when the temperature is decreased from
100°K

to10°K , the radiation intensity increases by factor of 12. That provides high sensor sensitivity on
the ZPLI technique (the average sensitivity is3.4%xK™). At the same time, in the temperature
range 30—77°K , the dependence of the intensity ratio on temperature is nearly linear. The main
characteristics of the OTS based on ZPLI technique are given in Table 1.

- 10
2.
~
L \ \ -s
10 . 'y
\ Yy
: 1
\
8 N T I
\ | -
- a ! 1 M
= «— \ .
. b A
TN i A R
4 S R \
’ . AN 4 v
- N Y} s
’ N -2
2 ’ ‘N
/7 -~
s, -. o
0 =7 R L S 0
0 25 50 75 100 125 150 175
T,K

Fig. 3. Temperature dependence of (a) relative intensity of fluorescence on 1029.3nm wavelength and (b) OTS’s
sensitivity of ZPLI method for YAG:Yb" crystal.

3.1.2. YAG: Yb* sensorson the ACR technique

The sensing property of YAG: Yb** crystal based on ACR technique is investigated in [12].
From the energy levels scheme of the Yb** ion in YAG it is seen that the first excited Stark level

v, is separated from ground levelv, by energy gap of 565cm' (Fig. 2). Thus, ACR technique can
be effective at sufficiently high temperatures (T > 500°K) , providing the necessary population
(~ 20%) of v, excited level.Temperature dependences of the absorption coefficient ratio
R.cr (T)at wavelengths of 994.1nm and 968.3nm and the sensitivity S(T )are given in Fig. 4.1t

is seen that in temperature range 500 —1000°K the absorption coefficient ratio smoothly, almost
linearly changes by the factor of two, which makes it possible to register temperature with 50°K

step at an average sensitivity of Sacr =0.16%x K™
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Fig.4. Temperature dependence of (a) absorption coefficient ratio on 994.1 and 968.3 nm wavelength; (b) OTS’s
sensitivity of ACR technique for YAG: Yb’* crystal.

3.1.3. YAG:Yb* sensors on the FIR technique

As a temperature — dependent value we considered the ratio of the two most intensive

emission lines starting from ground and first excited Stark sublevels of 2F5/2 manifold correspond

to two transitions vy =V, (/?.v ,, =1029.3 nm) and v, =V, (ﬂvﬁ,vz = 994.1nm) . By using the

5

temperature dependences of the line widthsT,

55V

candl', | given in [19] and the values of line

strengths §, , =0.188x1 0~’cm’ and S,,, =0.17Ix1 0’cm?’[17] we determined the temperature

dependences R,z (T) and the sensitivity Sz (T) for considered wavelengths (Fig.5). It is seen,
that optimal temperature region of operating is 300 —1000K and then the average sensitivity
according to (7) is Ser = 0.2%x K ™'
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Fig.5. Temperature dependences of fluorescence intensities ratio on 1029.3 nm and 994.1 nm,
and OTS’s sensitivity of FIR method for YAG: Yb*" crystal
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3.2. LN- Yb** crystals

As seen in Fig. 2, the first excited Stark sublevels of both °F,, and *F,,, manifolds are

separated from the ground sublevels of corresponding manifolds by 303 and 267 cm™ energy
gaps. Thus, a disposition of energy sublevels of Yb' ion satisfies the above-mentioned
conditions and LN: Yb’* crystals may be considered as a potential material for OTS based on FIR

and ACR techniques. The spectroscopic characteristics of LN:Yb™ crystals are investigated in
[20, 21].

The values of the main spectroscopic characteristics required for subsequent quantitative
estimates of sensing characteristics of LN: Yb** crystal are given in Table 2. [20].

Table 2. Spectroscopic characteristics of LN: Yb*" crystals.

Transition Ve =V, Vs >V, Ve =V, Ref.
Wavelength, nm 955 1010 1060

Line strength, 10-*’cm? 0.8514 1.2287 0.8286 [20]
Width of ZPL, cm!

100-600°K 9.1-28.4  11.0-33.8 4.2 -18.0 [20]
150-350°K 10.1-7.4 12.2-20.9 5.0-10.2

D — W’s factor

100-600°K, 3.83-41  4.42-0.48 8.91-0.96 [21]
150 —350°K 2.08-.73  2.40-0.85 4.83-1.70

3.2.1. LN: Yb** sensors on the FIR technique

In the luminescence spectrum, a line at the 955nm wavelength is the only distinctly
pronounced peak corresponding to the transition from the Stark sublevel v, [20]. As it is seen in

Fig.2, this peak corresponds only to the v, —v, transition. On the other hand, in the
luminescence spectrum, among the four lines, a peak with the maximum at 1060nm, correspond
to the transitionv; — v,. Therefore, as a temperature-dependent value the ratio of mentioned
lines intensities, Roz =1, /15, is considered [14].

The temperature dependences of R (T) as well of sensitivity S,z (T) were determined

according to (3) - (5) by using the values in Table 2 and the temperature dependences of
linewidths T’  and T’y given in Fig. 6 [21]. As seen, the temperature range 100—600K the

dependences RF,R(T) with good accuracy is approximated by linear function, by which

determines the operating range of OTS on FIR technique. In the temperature range under

consideration the sensitivity changes from 3.95t0 0.12%K ™. In particular, at room temperature

it is 0.49%xK™ [14]. The average value of sensitivity on this temperature range is
S, =0.704%xK™.
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Fig.6. Temperature dependences R(T ) and S(T ) for FIR technique in LN-Yb**

3.2.2. LN: Yb** sensors on the ACR technique

As seen in Fig. 2, spectral lines at the wavelengths 1010nm(v, — v, transition) and
955nm (v, — v, transition) are most suitable to operate OST based on ACR technique. As a

temperature-dependent measurable value the ratio of peak values of the absorption coefficients
Ry =, s/, atthe mentioned wavelengths are considered. The temperature dependences of

absorption coefficient ratio R,x(T) and sensitivity S,.(T), which were determined according

to (8) and (9) by using the values in Table2 and the temperature dependences of linewidths
I',(T) and T')s(T) [21], are given in Fig.7. As seen in Fig. 7, in the temperature range

150-600K the dependence R,.-(T) with good accuracy is approximated by linear function, by

which determines the operating range of OTS on ACR technique. In considered temperature
range the average sensitivity is S,, = 0.48%K ™.
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Fig. 7. Temperature dependences of R(T) and sensitivity S(T) for ACR methods in LN-Yb.
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3.2.3. LN: Yb** sensors on the ZPLI technique

There are two intensive zero-phonon lines at 1010nm and 1060nm wavelengths in emission
spectra of LN: Yb™" .
techniques the intensities of impurity fluorescence at 1010nmand 1060nm wavelengths are

Therefore, as a temperature-dependent value for sensing on ZPLI

considered. Temperature dependences of the relative intensities | (T) / I (To)of fluorescence at

considered wavelengths and of corresponding sensitivities are given in Fig. 8 [13]. As seen in
Fig. 8, operating temperature range is 150° —350°K , for which the average sensitivities are
S, =097%xK™" and S, =0.66%xK™ for the luminescence at 1010nm and 1060nm

wavelengths respectively.
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Fig.8. Temperature dependences of relative intensities and
sensitivities of OTS based ZPLI techniques in
LN: Yb** for luminescence at: a) 1010nmand b) 1060nm wavelength.

3.3. NBW: Yb* crystal

Spectroscopic characteristics of NBW: Yb'* crystals due to the inter-Stark transitions are
determined in [22, 23]. Temperature-dependent line widths and associated Debye—Waller factors
(DWFs) for zero-phonon transitions between the Stark sublevels of the °F, (J =7/2,5/2)

manifolds of Yo’ in NBW are investigated, as well as the temperature dependences of the
linewidths, DWFs and the intensities of the inter-Stark transitions are determined in [24].

11
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Table 3. Spectroscopic characteristics of NBW: Yb** crystals.

Transition Vs 2V, VsV ViV VeV, ViV, V, 2V, V2V, Ref

Wavelength, nm 997 1010 964 985 998 962 984 [22]

Line strength, 102%cm?>  1.1560 0.90 1.0890 1.3912  0.5232  0.0643 1.0977 [24,25]
Width of ZPL, cm!

300—1000°K 17.3-48.1 6.8-24.4 13.0-56.5 23.0-70.4 12.5-46.7 27.3-66.6 16.0-38.7

30— 400°K 8.9-21.6 1.0-9.3 1.9-18.9 10.8-29.6 2.9-17.2 17.6-32.7 10.2-19.1 [24,25]

50-150°K 9.0-11.4 1.2-3.1 2.0-4.9 10.9-142 2.1-59 17.7-32.6 10.2-11.8

D — W’s factor x 1073

300-1000°K 54-15 1.1-03 1.6-05 0.8-02 63-1.8 163-4.6  3-0.9

30-400°K , 217-4.0 45.4-0.8 67.7-1.2 33.3-0.6 250-4.6 651-11.9 130-2.4 124251
50—150°K 81.5-13 17.0-2.7 25.4-4.0 12.5-2.0 93.8-15.0 246-38.9 48.7-7.8

3.3.1. NBW: Yb* sensors on the FIR technique

From NBW: Yb** crystal’s luminescence spectrum it is seen that there are two intensive lines
on ~985nmand ~997nm. On the other hand, the analyses of the Stark structure of energy
scheme shows, that there are two couples of inter-Stark transitions on these wavelengths, which
are agreed with above mentioned conditions for FIR sensing technique. First couple is

Vi =V, (ﬁwv2 = 985.3nm) . VoY, (ﬂ,vw = 983.8nm) and the second is

vV, >V, (ﬂ%,vz = 996.6nm) Ve DV, (ﬂvm =998.6nm) .Therefore, in this case, the temperature -

dependent parameter is defined by following expression

-1
|62 + |74 862 ( 865 j S74 ( 875 ) 852 863 ( 865 j
= = exp| ——= |+ exp| ——= | |X +——exp| ——= 14
RFIR |52 + |63 16221—‘62 p kT 2'7241—‘74 p kT 15221—‘52 2’6231—‘63 p kT ( )

Using the numerical values of the line strengths: S, =1.39x107" , S, =548x10" ,

wf = Ji0
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Fig. 9. Temperature dependences of fluorescence intensities ratio and OTS’s sensitivity of FIR method for NAB:
Yb3+ crystal.
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S, =11x107", S, =1.16x107" (in cm?) [23], as well the temperature dependencies of line
widths: T, (T),T,, (T), s, (T), T (T) given in [24], we determine the temperature dependences
of R rand of sensitivity S ; (Fig. 8). As seen in Fig. 9, the operating temperature range is,
[300°K ,1000°K} and the average sensitivity is S,, =0.095%x K ™.

3.3.2. NBW: Yb** sensors on the ACR technique

For determination of possibilities of ACR sensing technique in NBW:Yb’" crystal, we
analyzing absorption spectrum of this crystal, from which it is seen, that again we should
consider, that there are two lines overlapping of two couples of inter-stark transitions: first

couple is v, > (/LZVS =961.8nm) . VoV, (ﬂwﬁ =998.6nm) and the second is

3

Vi >V, (/?W6 = 964.2nm) sV, DV, (/lv vy = 961.8nm) . So, as a temperature dependent value

Pl

-1
R _ a25 +a36 — ﬂ'ZSSZS exp(—i}%ﬁexp _i X ﬁ.{.ﬁexp(—ij (15)
"R o +ay, T, KT T, KT T T, KT

Using the numerical values of the line strengths: S, =1.16x10", S, =6.43x107",
S, =1.09x10", S,, =5.23x107*’ (in cm?) [23] and the temperature dependencies of line widths:
[(T).T,, (T).Ty(T). Ty (T)[24], it was determined the temperature dependences of R, and
of sensitivity S,z (Fig.10). As seen in Fig.10, the operating temperature range is
[300°K ,1000°K] , for which the average sensitivity is 0.172%x K™ .
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Fig. 10 Temperature dependence of (a) absorption coefficient ratio; (b) OTS’s sensitivity of ACR method for NBW:
Yb3* crystal.
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3.3.3. NBW: Yb** sensors on the ZPLI technique

There are two intensive zero-phonon lines at 1010nm and 996.6nm wavelengths in emission
spectra of NBW: Yb** crystal corresponding to the inter-Stark transitionv, — v, andv, —>v,.

Therefore, as a temperature-dependent value for sensing on the ZPLI technique the intensities of
fluorescence at these wavelengths are considered. Temperatures dependences of the relative

intensities Ry, =1 (T)/1(T,) of fluorescent considered wavelengths and of corresponding
sensitivities, which were determined by formulae (10) and (11), are given in Fig.11 [13]. As seen
in Fig.11, operating temperature ranges are[30°K,350°K] and[50°K,400°K]for luminescence

at 996.6nm and 1010nm wavelengths, respectively. Corresponding values of average
sensitivities are 1.16 and 0.84%K ™" for 1010 and 996.6nm wavelengths.
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Fig.11. Temperature dependences of relative intensities and sensitivities of OTS based on NBW:Yb*":
a) 996.6 nm, b) 1010 nm.

4. Conclusion

Thus, the Yb** doped YAG, LN and NBW crystals can be considered as good materials for
the OTSs based on FIR, ACR and ZPLI techniques and they can be used in the development of
optical temperature sensors at wide temperature regions. In the temperature range of
(40—130K) for YAG: Yb’*, (50-300K) for LN: Yb*" and (50-300K) for NBW: Yb*

crystals the temperature dependences of the ZPLI intensity with high accuracy (~ 0.1%)

approximates by a linear function, which increase the attractiveness of these materials as OTS.
This mainly concerns to the YAG: Yb’* crystal, the radiation intensity temperature sensitivity of
which at the wavelength of 1030nm is “drastically” high. As a result the expected average
sensitivity of the temperature sensor in the temperature range of 40 —130K reaches a value of
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3.4%x K™, which in the considered temperature range on one order of magnitude exceeds the
average sensitivity of cooper-constantan thermocouples (0.31% x K™') and is nearly the same as
for the chromel-constantan (2.8% x K™') one [1].On the other hand, the LN: Yb**, NBW: Yb**

and YAG: Yb'" based OTSs on the FIR and ACR technics effectively operate in high
temperature range and its sensitivity is comparable to the sensitivity of other sensors (Table 4).

Table 4. Sensing characteristics of YAG: Yb*", LN: Yb’" and NBW: Yb*" crystals.

Maximal Average Operating
sensitivity sensitivity temperature
materials technique Smax(To), Sav, range Ref.
%x K™ %x K™ AT,K
YAG:YO™  FIR: v, -V, v, >V,  300K,0.72 0.20 300-1000 -
ACR:V, >V, :V, >V,  500K,0.31 0.16 500-1000 [12]
ZPLLV, >V, 75K, 4.21 3.40 40-130 [12]
ZPLLV, >V, 120K, 0.04 0.02 100-240 [12]
LN: Yb™  FIR:v, >V, v, >V, 100K, 1.96 0.71 100-600 [14]
ACR:V, >V, :V, =V,  150K,2.10 0.48 150-600 [14]
ZPLLV, >V, 324K, 1.13 0.97 150-350 [13]
ZPLLV, >V, 185K, 0.78 0.66 100-350 [13]
NBW: Yb** Ve oV,
FIR: [V, >V,  300K,0.26 0.10 300-1000 -
v, =V,
v, >V, |V, =V
ACR:J 72 775070 770 300K, 0.58 0.17 300-1000 -
Vy = Vg vV, =V,
ZPLLV, >V, 100 K, 1.92 1.66 30-400 [13]
ZPLLV, >V, 150 K, 0.88 0.84 50-150 [13]
ZBLANP:N@* FIR: *F3», “Fsn—*lo» 293K, 115 - 296-473 [11]
Silica:Sm“ FIRZ4F3/2,4G5/2—>6H5/2 296 K, 1.84 - 295-473 [26]
YAG:Nd@* FIR: “F3p, *Fsn—*los 293K, 1.43 - 299-523 [11]
Telluride:Pr**  FIR: 3PPy —°Hs 293K, 1.02 - 273-453 [3]
BiLiBaPb: El‘3+ FIR: 4S3/2, 2H11/2—>4115/2 296 K, 0.44 - 296-603 [25]
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