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Abstract

Efficient room temperature operation of a LiF:F;

color center laser at record levels of output energy (up to ~ 100

mJ) and average power (up to ~ 1.4 W) with a very wide 796-1210 nm tuning range is described. A photo- and

thermostable lasing was realized due to: (i) improved technology of LiF crystals with stabilized F;
appropriate choice of the pumping laser wavelength. Record real efficiencies for LiF:F,

color centers and (ii)
laser, 28% under pumping by

radiation of an alexandrite laser (740 nm) and 53% under pumping by Raman shifted (H, and D.) second harmonic of a
Nd:YAG laser (683 and 633 nm). were achieved. © 1998 Elsevier Science B.V.

PACS: 42.55.Qy: 42.60.Fc: 42.60.Jf: 78.50.Ec: 78.55 Hx

Kevwords: Color center laser: Tunable laser: LiF:F)

o Alexandrite laser

1. Introduction

LiF:F" is a high gain active medium with large absorp-
tion and emission cross-sections. and a wide near IR

tuning range [1.2]. Unfortunately. low thermal stability of

“pure’” Fy centers at room temperature (half decay time
~ 12 hours) made the LiF:Fy" laser medium very inconve-
nient for use, as it could be operated only at temperatures
< 100 K [1].

In 1978, Khulugurov and Lobanov [3] discovered that
thermal stability of positively charged “pure™ F5' centers
could be increased by co-doping LiF crystals with suitable
anion or cation impurities, with formation of complex

F;'-like centers. However. the improved thermostability of

these centers at room temperature did not provide appro-
priate photostability of active media under powerful laser
excitation at wavelengths < 590 nm. For example. pump-
ing of LiF crystals with F.-stabilized color centers by

" Present address: Schwartz Electro-Optics Inc.. 135 South Rd..
Bedford. MA 01730. USA.

powerful radiation of the second harmonic of a Nd:YAG
laser (532 nm) results in significant fading of the color
center laser output [4], although. at low levels of pumping
(several tens of millijoules), the color center laser will
operate relatively well [5]. The fading under high power
excitation is caused by the photo-chemical process in the
pumping channel of the crystal. which involves two-step
photoionization of neutral F, centers (F, + 2iv=F, +¢)
and trapping of the released electron e by the positively
charged Fy centers (F, *~ +¢=F, 7). Concentration
of “"pure”” F; centers which appeared due to photoioniza-
tion of F, centers quickly reduces as Fy centers migrate
through the crystal with creation of F; centers: Fy +
F=F; [6]

In this paper, we report on the development of a high
power room temperature photo- and thermostable tunable
LiF:F, - laser. The optimized technology of ther-
mostable Fy° color center in LiF crystals and appropri-
ate choice of the pumping laser wavelength allow for
simultaneous solution of the problems of photo- and ther-
mostability of laser materials based on LiF crystals with
F,"-like color centers.
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2. Technological aspects of LIF:F," "~ crystal prepara-
tion

The peculiarities of technological preparation of
LiF:F, " * crystals are given in our recent study [7]. The
crystals were grown by the Kyropulos method. in argon
atmosphere, from nominally pure raw materials, and doped
with LiOH, Li,O and MgF,. In order to obtain a high
concentration of F;7 "~ centers and a small concentration
of colioids and parasitic aggregate color centers, grown
crystals were subjected to a multi-step y-irradiation treat-
ment with a Co® source [7].

The most important difference between the stabilized
LiF:F," * * crystals described in the current paper and
LiF:F;-like crystals reported in the literature [1-3,5] is the
technology of multistage irradiation and thermal treatment
of impurity doped LiF crystals. The proposed technology
simultaneously provides efficient thermal stabilization of
F. like centers, the highest possible concentration of these
centers at a small level of optical losses, and significantly
reduces the efficiency of formation of color centers -
donors of electrons. The latter dramatically improves the
overall photostability of the crystal under powerful laser
excitation.

As grown LiF crystals have intense infrared absorption
band at u,_ = 3730 cm™' (absorption coefficient ~ 1.2
cm ™) due to OH™ ions, which substitute fluoride in the
anion node of the crystalline lattice, and intense bands with
frequency maxima at 3560 and 3610 c¢cm ', due to
Mg**OH OH™V,” complexes. UV absorption spectra of
the grown LiF crystals exhibit strong absorption bands in
the region 200-270 nm that are due to the O? -V, as
well as 02 —-Mg** dipoles.

The efficiency of formation of any type of color centers
depends on the temperature of irradiation and storage of
the crystal. impurity composition of the initial material,
ionizing radiation dose power and irradiation dose. The
optimized irradiation treatment to create F," stabilized
color centers in doped LiF crystals is discussed below.

At the first stage the crystals are subjected to an
ionizing treatment (y-irradiation, (2-5) X 107 R) at tem-
peratures lower than the temperature 7(V,*) =240 K of
anion vacancy (V,") mobility in LiF crystals.

lonizing treatment creates a great number of free elec-
trons and holes, which can form self-localized excitons
after thermalization. These excitons localized near a spe-
cific anion node of the crystalline lattice may annihilate
and the released energy can be used for shifting an anion
from its node to the interstitial position causing formation
of an anion vacancy and an F center according to the
schemes [8]:

e’ = F+H. (N
ey =V, +1,, (2)

where F is an F-center and H is an interstitial halogen

atom. A fast recharging of F-H pairs under flux of elec-
trons gives rise to actually simultaneous formation of the
anion vacancies V,* and interstitial halogen ions 1; [9].

Simultaneously with primary defect formation accord-
ing to (1) and (2), two processes of (OH) ™ ion dissociation
are taking place under ionizing treatment [10];

2(0H") =0 +e+V,” +2H?, (3)
and
200H )+ V," +e=07"V + O+ 2H, 4)

where O; is a molecular ion of oxygen. O7 is a single
ionized atom of oxygen, and H{' is an interstitial atom of
hydrogen.

It is very important that there is no formation of
aggregate color centers during irradiation of the crystal at
temperatures below the temperature of mobility of anion
vacancies. 0?7 V,* dipoles are accumulated in a high
quantity, since they are photo- and thermostable under
y-irradiation. In addition to this, ionizing treatment creates
a high concentration of single ionized oxygen atoms and
molecules due to a hydroxyl group dissociation. It is
noteworthy to mention that one of the products of OH™
radiolysis — interstitial HY atoms are efficient traps of
electrons:

H{+e=H_, (3)

which prevent the electrons from being captured by the F,"
center at the subsequent stages of crystal preparation,
thereby increasing the efficiency of accumulation of stable
F; 7" centers.

The role of Mg impurity can be explained as follows.
The F-center formation is likely to occur near the impu-
rity-cation vacancy dipole Mg?*— V,". In accordance with
the following reaction:

MgtV + F= Mg+ V,* V" (6)

an F center can give its electron to a divalent metal
impurity forming Mg* and a pair of vacancies V,” V",
Anion-cation dipoles V," V" play an important role in the
formation of F, perturbed color centers at the subsequent
stages of crystal preparation. However, excessive concen-
tration of Mg dopant may play a negative role due to
decreasing concentration of the useful O?~ V," dipoles by
bonding with oxygen and formation of Mg?* Q2" dipoles
that do not take part in F; like center formation.

At the second stage of the technological process. the
crystals are heated up to 7, < 7 < T,, where T, (~ 240 K)
is the threshold temperature of V," mobility and T, ( ~ 270
K) of F, V*V.” and O~ V," mobility in a LiF crystal,
and stored at this temperature for some time. The above
mentioned temperature interval is chosen within these
specific himits so that anion vacancies are mobile in the
crystal and F; centers as well as V¥V, and 02"V,
dipoles are frozen and cannot diffuse in the crystalline
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lattice. During this time an important process of formation
of unperturbed F;" color centers takes place due to diffu-
sion of mobile anion vacancies and their association with F
centers:

VY +F=F]. )

Consequently the concentration of F centers is decreased
due to their association with anion vacancies. It is a useful
process helping to increase the concentration of F," stabi-
lized centers at the following stages and decrease the
concentration of other aggregates and colloids.

At the third stage the crystals are re-irradiated at the
temperature 7 <7, in order to increase the amount of
anion vacancies (that have been exhausted at the second
stage) by ionizing the neutral F centers. After that the
crystals are again subjected to the procedure described for
stage two in order to increase the amount of pure F.'
centers due to process (7).

At the fourth stage the crystals are heated up to room
temperature and stored for some period of time, after
which the crystals exhibit a stable concentration of the
color centers of interest and are ready for use as a laser
medium. The processes that take place at this stage are as
follows.

(i) The 02~ V,” complexes are mobile at room temper-
ature and their migration leads to the development of
F;" " © centers stabilized with the Q7 ion (F; 0% ):

0 V' +F=F 07" (8)

(i1) Another very important reaction occurs due to the
intrinsic mobility of F; centers at room temperature. The
migration of these centers may lead to a useful process of
association of F;~ centers with a single ionized oxygen
atom O~ with F;; O center formation:

FSf +0 +e=F0"". %)

(iii) Since at room temperature bi-vacancy dipoles
V,"V.” are also mobile (V,"V.” start to be mobile at a
temperature of about 273 K) they may associate with F
centers and perturbed F5" centers occur:

VIV +F=F V.. (10)

S

Due to the described LiF crystal multistage treatment,
the optimum conditions for useful processes (8)-(10) of
F," stabilized color center formation are provided and the
efficiency of the parasitic processes (F; +e=F,, F, +e¢
=F F+F=>F F+F,=F F+F=F,V +
F, = F;") responsible for formation of other aggregates
and cotlloid centers is suppressed.

3. Experimental results and discussion

Absorption and luminescence spectra of our LiF:F,” "~
laser crystals, shown in Fig. 1 were corrected for the
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Fig. |. Absorption (1), deconvoluted absorption (1). luminescence
(2) and lasing (3) spectra {in non-selective resonator) of Fy ™ *
color centers in LiF laser crystal at 300 K.

spectral response of the detection systems. F;* ™ color
centers featured quasi-homogeneously broadened absorp-
tion (A, ~ 620 nm, Av~ 3550 cm™') and wide lumi-
nescence (A, ~ 890 nm, Ay~ 2300 cm™') bands, short
exponential luminescence decay with lifetime of 20 ns at
300 K and 37.5 ns at 77 K, high emission cross section
(0.=57%x10""7 ¢cm® at 890 nm), and high quantum
efficiency of luminescence ~ 55% at 300 K. A high
concentration of active F; ** centers ((4-8) X 10' cm ™)
at a low level of losses (contrast ~ 40) was obtained.

As can be seen in Fig. I, the absorption range (i.e.
suitable pumping range) of F; ™ * laser crystals is between
500 and 800 nm. The threshold wavelength for F, center
two-step photoionization in LiF is about 590 nm [2].
Therefore in order to decrease absorption by F, and N
centers and avoid photoionization of F, centers (Fig. 1,
curve 1), it is necessary to shift the excitation to the long
wavelength part of the F; " * absorption band (620-750
nm). That is why the wavelength range of an alexandrite
laser, which emits in the 700-800 nm range, or the st
Stokes component at 683 nm or 633 nm of a Raman
shifted (H, or D,) frequency doubled Nd:YAG laser
makes them very attractive pumping sources for a
LiF:F, "7 laser.

Initial experiments with a LiF:Fy " " laser were per-
formed in a simple flat—flat resonator, set to a length of
~ 20 c¢m. The active element, with Brewster faces, had 40
mm length and clear aperture of 8 X § mm. The input
dichroic mirror transmitted > 93% at 633, 683 and 740
nm and reflected > 99% in the 875-1040 nm range. The
output coupler transmitted ~ 50% in the 800-1100 nm
range. An unfocused pumping beam from an alexandrite
laser was introduced into a LiF crystal through the dichroic
mirror. The optimum pumping wavelength was determined
experimentally to be ~ 740 nm. Because the alexandrite
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laser has maximum output energy at ~ 750 nm. with a
sharp drop to 720 nm, the pumping wavelength ot ~ 740
nm is a compromise at which the output energy of the
pumping laser is high enough and the absorption of F.
centers is still sufficient for effective lasing.

In present work, we used a flash-lamp pumped alexan-
drite laser PAL-101 (Light Age, Inc.). operated at 20 Hz
with energy per pulse up to 250 mJ at 740 nm and pulse
width ~ S0 ns. The output beam, with diameter ~ 3 mm.
had smooth multimode spatial structure and divergence of
< | mrad.

The lasing spectrum for the LiF:Fy ™7 laser with a
non-selective resonator under alexandrite laser pumping
(740 nm} is shown in Fig. | (curve 3) with a maximum at
950 nm and bandwidth of 30-40 nm (FWHM). The input-
output curve for this laser with a 50% output coupler is
shown in Fig. 2 (curve 1) with the slope etficiency of
~ 31%. The lasing threshold was estimated to be ~ 150
mJ /cm”. A maximum output average power of 1.4 W was
achieved with 5 W of input power at 740 nm incident onto
the crystal (real efficiency ~ 28%). It is necessary to point
out that some laser properties of F;-like centers under
alexandrite laser pumping were briefly discussed by
Lobanov and Kostyukov {11].

In order to measure the tuning range. the output coupler
was replaced with a plane diffraction grating (1200
grooves/mm) in Litrow configuration. The efficiency of
diffraction in the first order was ~ 30%. The experimental
tuning curve extended from 820 to 1120 nm and is shown
in Fig. 3 (1). By replacing the input dichroic mirror
(optimal for 875-1040 nm range) with a mirror which had
high reflectivity at 780-920 nm (low reflectivity at 950
1200 nm) the tuning range was extended towards shorter
wavelengths up to 796 nm (Fig. 3 (2)). and with a mirror
optimal for the long wavelength range (high reflectivity at
1000-1250 nm and low reflectivity at 800-1000 nm) the
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Fig. 2. Input/output dependences for LiF:FS *  laser at 300 K
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tuning range was extended up to 1210 nm (Fig. 3 (3)). The
obtained tuning range is much wider than previously re-
ported [3-5]. The width of LiF:Fy " * laser pulses. both
with a dispersive and with a non-selective resonator, was
very similar and equal to ~ 40 ns.

We also investigated operation of a LiF:F, "~ laser
under 683 nm and 633 nm pumping. Laser radiation at
these wavelengths with energy per pulse up to 250 ml,
pulse width ~ 6 ns, repetition rate 10 Hz, and low
divergence < 0.5 mrad was obtained by Raman shifting
the second harmonic of a pulsed Nd:YAG laser (GCR-230,
Spectra Physics. Inc.) in hydrogen (683 nm) or deuterium
(633 nm).

The same non-selective resonator (as with alexandrite
laser pumping) was used but the output coupler had 10%
reflectivity. A much higher slope efficiency of 58% and
real conversion efficiency of ~ 53% were obtained with
683 and 633 nm pumping (see Fig. 2. curves 2 and 3). The
efficiency was higher than for alexandrite laser pumping
because: (i) the 633 and 683 nm wavelengths are closer to
the absorption peak (620 nm) of F,' © * centers (the ratio of
absorption of the coetficients & 15 kgyy yn/ k700 o = +.8.
Kess wm/ K750 am = 2.9). and (i) the temporal relationship
between the laser pulse width and luminescence decay

time (7, = 20 ns at 300 K) is different: 7., =6 ns <
Tium fOr the 633 and 683 nm pumping, and 7, . = 50 ns

> T, for the alexandrite laser. The lasing threshold of
6-8 mJ/cm? under 633 and 683 nm pumping was also
lower (even with 10% reflectivity of output coupler).
Although the absorption of F. centers at 633 nm is 1.7
times higher than at 683 nm there is only a slight ditfer-
ence in the operation of the LiF:F. laser (see Fig. 2
curves 2 and 3). It can be explained by the fact that the
characteristic absorption length (1/k) at the pumping
wavelength, although different at 633 nm (0.45 ¢cm) and
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683 nm (0.75 cm), is much less than the total length of the
crystal (4 cm).

The width of LiF:F5 * * laser pulses ( < 6 ns) was very
close to the pulse width of the pumping laser radiation
(~ 6 ns) at 633 or 683 nm. Low divergence and smooth
profile of the pumping laser beam resulted in excellent
spatial properties of LiF:F;” " " laser output: smooth multi-
mode beam profile with divergence < 2 mrad.

In our experiments, LiF:F;" ™" crystals did not exhibit
any photodegradation when pumped by radiation in the
620-750 nm range at energy densities of up to ~3
J/cm?. We estimated the lifetime of these color center
crystals to exceed 10 years at room temperature. The
maximum output power of the LiF:F;” " laser was limited
by the capabilities of the available pumping lasers.

The tuning range of the LiF:F; * " laser partially over-
laps with the emission band of commonly used Ti:sapphire
lasers. The luminescence bandwidth is similar for both
materials (185 nm for LiF:F) *~ and 175 nm for Ti:sap-
phire) but the luminescence peak for F, " centers is
shifted toward longer wavelengths (890 nm - F,' =", 760
nm — Ti). The main difference lies in the value of emission
lifetime and cross-section. Ti:sapphire has relatively low
emission cross-section (2.7 X 107" cm?) as compared
with the LiF:F" " " crystal (5.7 X 1077 cm*). The conse-
quences of that for Ti:sapphire are a high lasing threshold
(~ 1 ]/cm?), about 400 times higher than for LiF:Fy "~
(251077 J/cm?) and a lack of temporal overlapping of
pump and generated pulses. (These values of lasing thresh-
old were estimated for a resonator with 100% reflective
mirrors.) Poor temporal overlapping makes it very difficult
to perform nonlinear frequency mixing of pump and gener-
ated laser beams with pulsed Ti:sapphire lasers. Contrary,
LiF:F,"" ~ laser is free of this shortcoming.

A LiF:F) " " laser combines the advantages of a dye
laser, such as high quantum efficiency, large emission
cross section, and wide tuning range, with the advantages
of solid state laser media. The other very important fea-
ture, almost unreachable for dye lasers and OPOs, is the
possibility for easy scaling of a LiF:Fy " " laser. Crystal
sizes as large as &J 400 X 200 mm can be achieved for
LiF.

4. Conclusion

In conclusion, simultaneous solution of the problems
related to thermal degradation and optical bleaching of
F."-like color centers in LiF crystals allowed us to develop
a highly efficient room-temperature-stable color center laser
with significantly enhanced 820-1210 nm tuning range. A
LiF:F; " ™ laser with record output power (up to ~ 1.4 W)
and energy (~ 100 mJ) parameters and real efficiency of
about 28% under alexandrite laser pumping and 53%
under 683 nm or 633 nm pumping has been demonstrated.
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