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Abstract

F5 color center in LiF crystals is a unique specie of color centers concerning its photothermal stability, its broad absorption
band, centered at 0.96 pm, and its broad emission band peaking at 1.12 um, being a tunable laser operating in the range from
1.08 um to 1.22 um. The luminescence quantum efficiency of the main transition in the laser optical cycle was determined, at
room temperature, and its value is 0.5+ 0.1. This value was obtained using a method correlating the absorption, excitation and
photoacoustic spectra. Besides, the luminescence quantum efficiency of the fundamental transition of the F5 color center was
determined. Also was estimated the energy transfer efficiency due to the overlapping of the F5 center emission and the F; center
absorption bands. Possible nonradiative deexcitation mechanisms accounting for the small luminescence quantum efficiency of

the F5 color centers in LiF are also discussed.

1. Introduction

Color center lasers represent a very important class
of light sources, due to their tunability, covering a very
broad spectral region, and their capability of short
pulse generation. In particular, the laser active me-
dium F5 color center in the LiF matrix presents very
good photothermal stability, even at room tempera-
ture [1], allowing high intensity optical excitation
without destruction of the centers involved in the laser
transition. It can be used for obtaining Q-switching
and mode-locking regimes of Nd lasers. The laser ac-
tion in LiF:F5 was attained for the first time in 1978
in the pulsed mode and in 1981 in the CW mode.
This laser is tunable from 1.08 to 1.25 um, and using
a mode-locked neodymium-glass laser as the pump
source, subpicoseconds pulses could be obtained [1].
All these results were obtained at room temperature.
F3 centers are also present in LiF, in the neighbor-
hood of the F5 centers; they present nonlinear ab-

sorption of light and are not a laser active medium
due to their low thermal stability [2,3]. These two
centers present a mechanism of energy transfer due
to the overlapping of the F5 center emission and the
F5 center absorption bands.

In this paper the determination is reported of the
Luminescence Quantum Efficiency (LQE) for F5
and F5 centers in LiF crystals at room temperature.
The LQE, defined as the ratio between the emitted to
the absorbed photons number in a given excitation,
is important for the laser development, concerning
optical pumping efficiency determination, for exam-
ple, as well as for the basic understanding of the op-
tical system. The understanding of physical pro-
cesses, like radiative and nonradiative decay, is still
very poorly known for this specie. The LQE param-
eter determination is not a straightforward measure-
ment, and the majority of the employed models in-
troduces a large uncertainty in the obtained values.
Among these models one can point out the calori-
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metric ones, that are practical and comprehensive.
The models based on the photoacoustic effect are, in
general, more sensitive [4-7].

The basic principle of the photoacoustic effect is
simple to understand [8]: when a material is excited
by a modulated light beam, the nonradiative deexci-
tation component generates heat, giving rise to a
pressure wave propagating from the excitation region
throughout the material. This pressure wave follows
the same modulation frequency as the illumination
beam and can be detected by a microphone or a pie-
zoelectric transducer.

2. Theory

The luminescence quantum efficiency (LQE) for
an optical transition in a sample excited with mono-
chromatic light (1) is defined as the ratio

n(d)= ;Ne(ie)/Na(i), (1)

where N, is the number of emitted photons with
wavelength 4. and N, is the number of absorbed pho-
tons with the excitation wavelength A.

The conversion efficiency of the absorbed lumi-
nous energy (E,) into thermal energy (E1) is de-
fined as

E E,—FE.
F(A)= E—T =2
_BN,(D) /A= Su hNe(e) c/de 2)
- hN,(A) c/A >
F(A)=1— (/A )n(), (2a)

where £ is Planck’s constant, ¢ is the velocity of light
and 4, is the wavelength of the maximum of the
emission band; in other words, E, is calculated as
Ee'_— (hc/ie)zlcNe(”{e)-

The LQE can then be written as

n(A)=(Ae/2)[1=F(2)] (3)

showing that the LQE can be calculated from F(4).
The intensity of a photoacoustic (PA) signal gen-

erated in a sample illuminated with chopped mono-

chromatic light (1) can be described as [5]

ipa(A)=Aio(2) {I —exp[ - B(A)I}F () , (4)

where /(1) is the beam intensity incident on the
sample, (1) is the optical absorption coefficient of
the sample, / is the sample thickness and A is a func-
tion dependent on the geometric parameters of the
photoacoustic cell, on the thermal properties of the
sample and the gas, and on the microphone sensitiv-
ity (more details in the experimental). For a fixed
geometry, sample and transducer, A is a constant rep-
resenting the cell sensitivity.

On the other side, the excitation signal intensity can
be written as [5]

lex () =Bio{1 —exp[ - B} [1-F(A)]),  (5)

where B is a function dependent on the experimental
arrangement and on the optical properties of the
sample, being also a multiplicative factor.

The signals obtained (ip, and igx ) were corrected
concerning the whole system spectral response (lamp
plus monochromator). This was done using a total
absorber as sample in the PA cell to obtain the light
intensity incident on the sample. Thus, there is no
wavelength dependence on the constants 4 and B.

The addition of Eqs. (4) and (5) gives

Les(3) | Tex(2)

y B =1—exp[—B(1)!], (6)

where I;(1) =i;(A)/iy(A) are the normalized intensi-
ties.

The methodology employed in the LQE determi-
nation needs the three spectra, photoacoustic
(Ipa(A)), excitation (Igx (1)) and absorption (8(4))
spectra. If the three spectra are known the absolute
values for 4 and B can be evaluated by fitting Eq. (6)
for several wavelengths. To avoid background prob-
lems one can do the following [5]:

Ipa(A)) —Ipa(A5) | Tex(41) —Jex(4,)

A + B

=exp[—p(A:)!] —exp[ - B(42)!] , (7

where A, and A, are different wavelengths. To get a
good statistics several different values for 1, and 4,
were used to adjust 4 and B. In a simplified notation
Eq. (7) can be rewritten as

Alps | Alpx
- = . 7
y + i Ap (7a)
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Once the 4 and B values are known, the LQE can
be obtained from
he  Ix(2)/B

M= T B+ Iea () /A (8)

3. Experimental

The LiF crystals were grown by the Czochralski
method. Four samples were studied. These samples
were cut and polished in the following dimensions:
1X1x0.25cm? (samples 1 and 4) and 1 X 1 X2 cm?
(samples 2 and 3). Samples | and 4 were grown at
our crystal growth laboratory and samples 2 and 3
were grown at the General Physics Institute, Russia.
Sample | was electron-irradiated and samples 2, 3 and
4 were y-irradiated.

The optical absorption spectra were obtained us-
ing a Cary 17D spectrophotometer and the excitation
spectra were obtained collecting the emitted light us-
ing a right angle optical path, in the same arrange-
ment used for the photoacoustic experiment. Special
care was taken to avoid autoabsorption of the F3
centers by making the excitation light incident on the
border of the sample, since there is a small Stokes shift
between the absorption and the emission spectra.

The PA measurements were done employing an ex-
perimental apparatus where the light from a tungsten
filament halogen lamp was sent through a 0.25 m
monochromator and then modulated by a chopper.
The light beam was then focused onto the sample in
the photoacoustic cell; the PA signal was amplified
by a lock-in amplifier and then registered. The tung-
sten lamp was chosen due to its flat emission in the
process, that was previously obtained using a photo-
acoustic cell containing a wavelength independent
absorber (carbon black). Reproducible results were
obtained normalizing the results of the measure-
ments with respect to the spectral response of the ap-
paratus. A spectral resolution of 20 nm was used to
provide enough light intensity in the samples (the
resolution does not affect the measurements due to
the broad emission bands of the F5- and F5 centers).
The PA cell was designed and built at our facilities
(Fig. 1). It is an open photoacoustic cell made out of
Plexiglas, in a configuration where the sample acts as
window for the cell, with indirect detection of the PA

?

Fig. 1. Schematic drawing of the photoacoustic cell (S — sample;
M - microphone; W — window).

signal. The volume of the cell is around 60 mm?>. The
detection element is a low cost electret microphone
with — 6514 dB sensitivity (0 dB REF 1 V/ubar at
1 kHz). When carbon black was used as absorbing
material in the PA cell a 0.5 V/W sensitivity was ob-
served in the system. The modulation frequency cho-
sen was 40 Hz, due to the better signal to noise ratio
and the time constant of the lock-in amplifier was set
to 30 s.

4. Results
4.1. Luminescence quantum efficiency for LiF: F5

All the obtained spectra were decomposed in gaus-
sians in order to obtain the F5 band isolated from
the bands due to other color centers located near the
F5 center.

The optical absorption spectra obtained for the four
samples studied are shown in Fig. 2. It can be seen
that the absorption intensity for the F5 centers is of
the same order as for the F5 centers. Up to now it
was not possible to obtain high concentrations of iso-
lated F5 centers and thus to avoid absorption of the
species in the pump wavelength. Sample 4 presents
the highest ratio between the absorption coefficients
for the F5 and F5 centers and this sample is laser
active in the pulsed regime [9].

The optical excitation spectra were obtained mon-
itoring the band emission of F5 centers peaking at
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Fig. 2. Optical absorption spectra of the four LiF:F; samples
studied. Sample 1: X; Sample 2: (0; Sample 3: A; Sample 4: +.
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Fig. 3. Excitation spectra of the four LiF:F; samples studied.
Sample 1: X; Sample 2. [1; Sample 3: A; Sample 4: +.

1.11 eV (1.12 um), presented in Fig. 3. One can see
the band due to the F5 centers peaking at 1.29 eV
(0.96 um) and at 1.55 eV (0.80 um) the band due
to the energy transfer from the F3 centers, that ab-
sorbat 1.55eV and emitat 1.39 ¢V (0.89 um), to the
F; centers.

The photoacoustic spectra obtained can be seen in
Fig. 4. It is observed that the photoacoustic signal in-
tensity for the F5 centers is much higher than for the
F;5 centers, although both centers present very simi-
lar optical absorption, foreseeing a different lumines-
cent quantum efficiency for them.

Considering the three spectra (absorption, excita-
tion and photoacoustic) and Eq. (7a) one can obtain
Algx /AP against Alp, /AP as shown in Fig. 5 for each
sample studied. With the values for the constants A4
and B obtained from Fig. 5 and using Eq. (8) it was
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Fig. 4. Photoacoustic spectra of the four LiF:F5 samples stud-
ied. Sample 1: X; Sample 2: [J; Sample 3: A; Sample 4: +.

080 _—
N \i]b\\ S “

078 \\s\\ 20N
g. N )
Jom SO N |
>< \\\ N \ i
w 074 P \\ i
< O \ 1

072 w\\\\ N ‘

070 i

10 115 120 15 10 1P

Alpa/dg
Fig. 5. Plot of Algx/ABX Alp,/AB for the four LiF:F5 samples
studied. Sample 1: X; Sample 2: (J; Sample 3: A; Sample 4: +.

Table 1
Luminescence quantum efficiency (LQE) for LiF:F; crystals

Sample LQE(n)
#1 0.4+0.1
#2 0.5+0.1
43 0.50.1
#4 0.5%0.1

possible to calculate the LQE values, presented in Ta-
ble 1.

4.2. Luminescence quantum efficiency for LiF: F7

Using the luminescence quantum efficiency ob-
tained for the F5 centers and the obtained spectra it
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was possible to estimate the luminescence quantum
efficiency for the Fi centers. Initially the energy
transfer from the F3 to the F; centers was
disregarded.

The intensity of the normalized photoacoustic sig-
nals generated by the F5 and F5 centers can be writ-
ten respectively as (see Eq. (4))

Ioars (A)=A{l —exp[—Be; (D)1} FF; (4),  (9)
Ioprs (2)=A{1 —exp[ — B (A') 1} Fe5 (1) .

From the ratio of Eq. (9) to Eq. (10) one obtains

Ipar; (4) {1—exp[ —ﬂF{(l)l]}
IPA,F{(A) {1—exp| _BF:;‘()“,)I]}

Fer ()= Fes (2).

(11)

Having a value for Fr; (4) one can get the lumi-
nescence quantum efficiency using Eq. (3) and the
data from the absorption and the photoacoustic spec-
tra. The obtained values are shown in Table 2.

If the energy transfer from the F 3 to the F5 cen-
ters is considered, a different calculation has to be
done. Considering that in the energy transfer mech-
anism there is absorption at the F 57 center (1.55¢eV),
emission from the F 5 center (1.39 eV), absorption
at the F3 center (1.29 ¢V) and emission from the
F; center (1.11 eV), then the PA signal intensity
generated by the F 5 center will be added up by

Iparsr; (A)=A {1 —exp[—Bes (A1}
X [1=Fes (A)1{1—exp[ — Bes ()]} Fr; (4)
(12)

where Ips 7 .r; (4) is the photoacoustic signal gen-
erated only by the energy transfer process described
before and assuming that - (1) and Fg; (1) canbe
approximated by fg- () and Fgs (1), where 4 cor-
responds to the F 5 center emission band maximum.

Table 2

Luminescence quantum efficiency (LQE) for LiF: F5 crystals at
1.55 eV disregarding the energy transfer due to the overlapping
of the F5 centers emission and the F5 centers absorption bands

Sample F(1.55eV) LQE ()
#1 0.34£0.1 0.71£0.2
#2 0.2+0.1 0.9+0.2
#3 0.28+0.1 0.8+0.2
#4 0.38+0.1 0.71£0.2

Table 3

Luminescence quantum efficiency (LQE) for LiF: F5 crystals at
1.55 eV considering the energy transfer due to the overlapping of
the F5 centers emission and the F5 centers absorption bands

Sample F(1.55eV) LQE ()

#1 0 1.1+£0.2

#2 0 1.1£0.2

#3 0.2+0.1 0.910.2

#4 0.28%0.1 0.8+£0.2
Then

Ipaps(A) =4 {1—exp[— Be; (M1}
X {Fp; (A)+ [1=Fe; ()]

X{1—exp[ —Be; (D]} Fes (4)} (13)

and the ratio of Egs. (9) and (13) allows the deter-
mination of Fg; (4) and #g; (4), shown in Table 3.

These values are the real ones for the sample stud-
ied. The obtained values for F 5 centers in samples 1
and 2 (see Table 3) do not correspond to the ex-
pected ones, since the minimum acceptable value for
F 3, under the employed model, and considering the
LQE equal to one (see Eq. (3)),is Fg; (1.55eV)=
0.1. The errors on these results are due to the diffi-
culties in obtaining the experimental values from the
spectra, mainly from the photoacoustic spectra where
the spectral decomposition in gaussians was ren-
dered difficult due to the background noise. Consid-
ering the F; values for samples 3 and 4 and by com-
paring them to the corresponding ones in Table 2 it
was estimated that 8% of the energy absorbed by the
F 5 centers is transferred to the F 5~ centers in sample
3 (F 5 /F 5 absorption ratio at the peak equal to 1.5)
and 10% in sample 4 (F 3 /F 3 absorption ratio at
the peak equal to 2). Extrapolation of this result for
a sample having equal F3 and F; centers concen-
tration led to a 5% energy transfer value.

5. Conclusions

The results obtained for the LQE of LiF:F; crys-
tals, shown in Table 1, agree with the values from 0.3
to 0.5 reported by Basiev [1] but disagree from the
0.22 value at room temperature reported by Geller-
mann [10]. These values are the only ones reported
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in the literature and the discrepancy among these val-
ues evince the difficulties in obtaining the LQE.

In the present work it was not observed any influ-
ence of the irradiation process (y or electrons), cen-
ters concentration or the relative concentration of
F5 to F5 centers on the LQE value. The obtained
LQE value, not close to the unity, is unexpected since
other deexcitations mechanisms, besides the lumi-
nescent radiative decay, are unknown. A possible
nonradiative mechanism occurring is the quenching
due to other centers [11]. This supposition was
strengthened by the observation of F5 centers for-
mation in the LiF crystal studied, with concentration
around 10'’/mol, only when high F centers (102°/
mol) and F, centers (10'®/mol) concentrations were
present. Another possible extrinsic parameter was the
presence of impurities in the crystal, like OH~ and
Mg**, with concentrations of the same order as of
the F5 centers, 10 ppm. Since the F; center in LiF
is very stable even not having local electric charge
compensation, it should have some mechanism of
charge compensation like an association with a cat-
ionic impurity. This association would be responsi-
ble for the observed stability and could affect the cen-
ter deexcitation mechanism.

The energy transfer from the F5 centers to the F5
centers in LiF crystals allowed the LQE determina-
tion using a different and indirect methodology,
without the need to know the excitation spectrum of
the F5 centers, although with a considerable statisti-
cal error in the measurements evinced by the ob-
tained results. The high LQE obtained, 0.9+ 0.2, was
expected, since other deexcitation mechanisms be-
sides the luminescence are unknown. Considering the
mechanism of energy transfer, extrapolation of our
results for a sample having equal F; and F5 centers

concentration led to a 5% energy transfer value. Al-
though the LQE for the F5 centers in LiF is high, its
application as a laser medium or a Q-switching ele-
ment in a laser cavity is rendered difficult due to its
low thermal stability [2]. This is the first reported
LQE value for F5 centers in LiF.
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