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Abstract

A nanosecond pulsed LiF : F;** color center master oscillator and power amplifier scheme is presented. Maximum
amplified pulse energies of ~15 mJ near 930 nm are achieved, with an amplification gain of more than 35x under less
than 50 mJ of absorbed pump energy. Furthermore, flexibility in the amplifier design should allow for additional
improvements through steps such as saturating the passive losses in the crystal. We also discuss the optimization of
color center crystal preparation, which has facilitated the growth of LiF : F;** color center crystals with large absorp-
tion coefficients (from 2 to 8 cm ™" at the maximum near 600 nm). Passive losses in these crystals are estimated to be less
than 0.08 cm™! at the oscillation wavelength and are attributed to the presence of “F;**-like” color centers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Lasers based on LiF crystals containing stabi-
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with axial symmetry along the (110) direction [3],
and exhibit some very favorable optical properties.
For example, the F; CCs are characterized by a
high quantum efficiency of luminescence at room
temperature and have large absorption and lumi-
nescence cross-sections (~5.7x107'7 cm?). In
addition, the wide absorption band (500-800 nm)
of F; CCs makes possible the use of a variety of
pumping sources, such as ruby lasers, alexandrite
lasers, diode lasers, and the second harmonic of
the Nd:YAG laser. However, F; CCs in undoped
LiF are thermally unstable at room temperature
with a decay time of ~12 h [3].

To increase the thermal stability of F; CCs,
Khulugurov and Lobanov [4] suggested co-doping
LiF crystals with suitable anion or cation impuri-
ties. Impurity doping has proven to be a key com-
ponent of creating stable color centers in LiF.
Specifically, vy-irradiation of LiF doped with
OH ™ and Mg?" impurities results in the formation
of Ff-O%"/Mg’" complexes (F;** centers). The
F3™ color centers are stable at room temperature
over periods of months and even years, making
them suitable for use in laser development. Re-
cently, progress in the development of stable
LiF : F;** CC crystals resulted in the design of a
nanosecond-pulsed laser with an efficiency of
58% for operation at room temperature and tun-
able over the 800-1200 nm spectral range [1].
The work presented here is motivated by the desire
to increase the energy of pulses emitted by a
tunable nanosecond LiF : F;™ laser for use in
nonlinear optics and excited-state absorption
measurements. The typical method used to obtain
high-energy output pulses from a tunable
LiF : F;** CC laser is to increase the pump energy.
Unfortunately, under high-energy pumping, it is
difficult to maintain the spectrally-narrow laser
output due to non-wavelength-selective amplifica-
tion of superluminescence (i.e., amplified sponta-
neous emission). Theoretically, the wavelength-
selectivity of the cavity can be improved by
decreasing the Fresnel number of the cavity, either
by decreasing the pump beam size in the laser crys-
tal or by increasing the cavity length. However, at
high pumping energies, decreasing the pump beam
size can lead to optical damage of the crystal, and
increasing the cavity length typically increases the

oscillation build-up time and decreases the laser
efficiency.

An alternate method for achieving high-energy
output pulses with favorable spatial and spectral
characteristics is to employ a two-stage laser oscil-
lator and amplifier. The use of a master oscillator
and a power amplifier (MOPA) scheme is standard
practice in laser systems where high output powers
are required [5]. For example, the MOPA scheme
has been used to increase the output power of
dye lasers using either single-pass or multi-pass
power amplifiers [6-10]. Using color center crys-
tals, amplification of the output of a diode laser
in a LiF : F;™ CC crystal was achieved by Basiev
and co-workers [11,12]. In their work, a LiF : F5™*
CC crystal amplifier was seeded with the narrow-
band output of a diode laser at 900 nm. They
achieved 300-fold magnification of the diode laser
radiation in single pass amplification, but due to
very low seeding energy the total output energy
was only 40 nJ.

To our knowledge, we present in this paper the
first high-energy amplification of the output of a
tunable LiF : F;™ CC laser using a LiF:F,™
CC amplifier crystal. This two-stage oscillator—
amplifier is designed to yield pulse energies
suitable for nonlinear optical applications while
maintaining the spatial and spectral output char-
acteristics of the tunable LiF : F;** CC laser. We
also discuss two related issues: preparation of the
stabilized LiF : F;™ color center crystals and pas-
sive losses in LiF : F;** color center lasers at the
oscillation wavelength due to the presence of
Fj**-like color centers. Passive losses due to the
F;**-like color centers may ultimately limit the
performance of the LiF:F;* laser amplifier.
However, by optimizing the amplifier design it
should be possible to achieve even higher pulse
energies than are presented here.

2. Crystal preparation

The preparation of stable LiF : F;** color center
crystals is a crucial part of laser design. Preparation
of these crystals is described in detail elsewhere [1],
but in general it is carried out as follows. LiF crys-
tals with different impurities (Mg, OH, and LiO»)
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essential for stabilization of F;™ centers were
grown from the melt using the Czochralski method.
In order to obtain a high concentration of F;** cen-
ters and a small concentration of colloids and par-
asitic aggregate color centers, LiF crystals doped
with LiOH and MgF, were subjected to a multi-
step Co®® y-irradiation treatment with a dose up
to 108 R. The crystals are then stored at room tem-
perature for a period of several months.

The physical processes that lead to formation of
stable F;™* color centers in LiF crystals are widely
understood and are discussed in detail elsewhere
[1,3]. We discuss some of the specific mechanisms
here and present some new data related to crystal
preparation. First, there are processes that occur
during the ionizing radiation treatment, such as
dissociation of the OH impurities according to [13]

OoH L0 +H (1)
or
2(0H)" 0; +e + V! +2H. (2)

In order to measure the concentration of LiOH
impurities, which determines the optimal radiation
dose for each crystal, absorption measurements
were conducted on each LiF crystal.

The presence of OH ™ impurities in LiF creates
an absorption band centered at 2680 nm. The
absorption spectra of two different LiF:LiOH crys-
tals in the near IR spectral region are shown in
Fig. 1(a) and (b). Fig. 1(c) shows that the OH™
absorption band is greatly diminished after y-irra-
diation of the crystals with a dose of 2.4 x 107 R.
This suggests that a dose of 2.4 x 10" R is sufficient
for nearly complete destruction of the hydroxyl
group. The destruction of the hydroxyl group
and formation of the products of mechanisms (1)
and (2) are essential for formation of stable, posi-
tively charged F;** centers via [3]

O +e +V/ = V0" (3)
followed by
V0™ +F - F;0". (4)

The cation impurities are also important. The
mechanism for the formation of F;**-like CCs by
cation impurities in LiF was proposed by Khulu-
gurov and Lobanov [4], as follows. During the
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Fig. 1. Infrared absorption spectra of LiF:LiOH crystals.
Curves (a) and (b) show spectra for two LiF:LiOH crystals
with different concentrations of OH™ impurities. Curve (c)
shows the absorption spectrum of the crystal of curve (a) after
irradiation with 2.4 x 10" R.

crystal growth process, divalent metals replace
Li" ions in the lattice. Charge compensation is
usually provided by the cation vacancy, V_, lo-
cated nearest to a given Me*" ion. Interaction be-
tween the vacancy-metal dipole and an F center
leads to the formation of a singly-ionized metal
atom, Me", and a pair of anion-cation vacancies
according to the following mechanism [1,14]:

V.Me*" + F — Me' + V/V,. (5)

Over a period of time, due to its mobility at room
temperature, the VV_ bi-vacancy can associate
with an F center to form a thermally stable F;™*
CC according to

ViV.+F—F;V,. (6)

An important issue related to preparation of
these crystals is that some of the mechanisms lead-
ing to F;™ CC formation occur on a very long
time scale. Of the mechanisms outlined above,
mechanisms (4) and (6) both proceed as a result
of thermal diffusion processes that are active at
room temperature and above. Fig. 2(a) shows the
absorption spectrum of a single LiF crystal (doped
and y-irradiated) after storage at room tempera-
ture for one month (curve 1), four months (curve
2), and nine months (curve 3). Fig. 2(b) shows
the concentration of F;** CCs measured in the
same LiF crystal at the different time intervals.
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Fig. 2. (a) Absorption spectrum of a LiF crystal irradiated with a total dose of 4.8 x 10’ R after one month (curve 1), four months
(curve 2) and nine months (curve 3) of storage at room temperature; (b) concentration of F;** CCs versus time elapsed after
irradiation; (c) difference in absorption spectra of two LiF crystals doped with different stabilization impurities. The absorption due to

F;**-like CCs is clearly visible centered at 770 nm.

The dynamics of F;** CC accumulation at room
temperature are fit quite accurately by an exponen-
tial curve with an effective time constant of 3
months. The fact that the LiF : F;™ CC concen-
tration increases with time, rather than decaying,
is important for use of these CC crystals in devices
over a period of years.

The crystal preparation process above can lead
to high concentrations of stable F;** CCs in LiF
crystals, as evidenced by the large absorption coef-
ficients seen in Fig. 2(a). The maximum absorption
coefficient achieved in this study was 8 cm™' at
approximately 600 nm. To our knowledge, this is
the highest absorption observed to date in LiF:OH
crystals, and it serves as evidence of the effective-
ness of the coloration process outlined above.
Unfortunately, the crystal with the highest absorp-
tion coefficient exhibited a prohibitive amount of
light scattering. Thus, crystals with smaller
absorption coefficients were used in the work pre-
sented here.

In addition to the F;™ CCs described above,
additional “F;**-like” CCs with an absorption
band maximum at 770 nm have been observed in
low-temperature studies [15,16]. At room tempera-
ture, the absorption band due to the F;**-like cen-
ters is difficult to resolve due to overlap with the
F;** absorption band. However, by comparing
the absorption spectra of crystals with different

concentrations of the various CCs, the absorption
due to F;*-like centers can be detected. For exam-
ple, one might compare the absorption spectra of
two LiF crystals doped with different stabilization
impurities. Fig. 2(c) shows the difference between
two such absorption spectra. The F;*-like CC
band (which peaks at 770 nm and has a linewidth
Alrwuam = 140 nm) is clearly visible along with
the F;™* CC absorption band (which peaks near
600 nm). The existence of the F;"-like CCs has
two major consequences. First, the presence of
the F;**-like centers increases the long-wavelength
tuning range of the CC laser. A second, deleteri-
ous, effect is the introduction of additional losses
for laser oscillation at long wavelengths. In the
next section, we estimate the passive losses due
to F,**-like CCs when a LiF : F;** CC crystal is
used as the lasing medium in a simple flat cavity.

3. Estimation of passive losses in the laser crystal

Optical losses in laser cavities depend on the
losses in the laser crystal and losses in the other
optical components. In the crystal, losses can oc-
cur at the pumping wavelength or at the wave-
length of laser oscillation. In lasers based on
LiF : F;* CC crystals, losses at the wavelength
of oscillation (centered near 930 nm for a non-
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selective cavity) should be much greater than
losses at the pumping wavelength (633 nm in this
work).

In order to estimate losses in the LiF : F;** CC
laser crystal at the laser oscillation wavelength,
experiments were performed using a non-selective
flat-flat laser cavity. Pumping was provided by a
10-Hz repetition rate Q-switched single-frequency
Nd:YAG laser emitting pulses of 7-ns duration.
The second harmonic of the Nd:YAG laser, at
532 nm, was Raman-shifted in the backscattering
geometry using a D, Raman cell, yielding 633-
nm light that was used to pump the CC laser.
The Brewster-cut LiF : F;** CC laser crystal was
2.7 cm long with an 8 X 16 mm clear aperture
and maximum absorption of 1.97 cm™' at 600
nm. The total cavity length was 11 cm. The unfo-
cused 633-nm pump beam with diameter 3.5 mm
was introduced into the LiF crystal through a di-
chroic mirror. The input dichroic mirror had
93% transmission at the pumping wavelength
and high reflectivity in the 800-1040 nm spectral
range. Output couplers with different peak reflec-
tivities were used during the experiment.

The output efficiency of the laser was measured
while varying the reflectivity of the output coupler.
Fig. 3(a) shows the output energy per pulse as a
function of absorbed pump pulse energy for differ-
ent output couplers, and Fig. 3(b) shows the slope
efficiencies calculated from Fig. 3(a) as a function
of output coupler reflectivity, R. The maximum
slope efficiency for this non-selective cavity was
~34%, which was obtained using an output cou-
pler with R = 20%. However, the slope efficiency
is fairly constant between R = 10% and R = 60%,
providing some flexibility in the choice of diffrac-
tion grating used for output coupling in a disper-
sive cavity.

The dependence of the slope efficiency on R can
be easily explained. Above R = 20%, the decrease
of the slope efficiency with increasing output cou-
pler reflectivity is simply due to the introduction
of passive losses in the cavity. Below R = 20%,
the decrease of the slope efficiency with decreasing
output coupler reflectivity is due to the oscillation
build-up time. During the build-up time of the
oscillation, the conversion efficiency of the pump
energy is low. Low output coupler reflectivity
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Fig. 3. (a) Laser output energy per pulse versus absorbed pump
energy per pulse for the non-selective LiF : F;** CC laser with
different output couplers. The lines are linear fits to the data. (b)
Slope efficiency versus output coupler reflectivity, calculated
from the data shown in (a).

(i.e., decreased positive feedback in the laser cav-
ity) increases the build-up time required for oscilla-
tion, and therefore decreases the slope efficiency of
the lasing process.

Based on the measured slope efficiency as a
function of output coupler reflectivity, two types
of analysis are used to estimate the losses in the
LiF : F;** CC laser crystal and the maximum pos-
sible slope efficiency for the laser. We analyze only
the data taken using output couplers with
R = 40%, since the models used are not appropri-
ate for the case of low output coupler reflectivity
and short pump pulses. The first analysis method,
proposed by Caird et al. [17], is based on a com-
parison of inverse slope efficiency (1/x) versus in-
verse output coupler transmission (1/7), where
T =1 — R. Fig. 4(a) shows such a plot for the data
in Fig. 3. The round trip cavity losses (L = 20/,
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where [ is the length of the lasing medium and ¢
represents the loss per unit length) and the maxi-
mum intrinsic slope efficiency (7y) can be calcu-
lated using [17]

-1(1+3).

By fitting the experimental data in Fig. 4(a) with
this expression, we find that the losses in the crys-
tal at the wavelength of laser emission are given by
6=0.05 cm~'. The corresponding maximum
intrinsic slope efficiency is 1o = 0.41, or 41%. The
maximum measured slope efficiency of 34% com-
pares fairly well with this theoretical maximum
slope efficiency.
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Fig. 4. (a) Inverse slope efficiency versus inverse output coupler
transmission for a broadband laser cavity with 2.7-cm LiF CC
crystal. (b) Plot of —In(R) versus lasing threshold energy, where
R is the reflectivity of the output coupler, for the same laser
cavity as in (a). The solid lines are linear fits to the data. The
data in this figure corresponds to the data shown in Fig. 3(a)
and (b) for R = 40%.

The second analysis method, originated by
Findlay and Clay [18], consists of plotting the laser
threshold energy versus the natural log of the out-
put coupler reflectivity, as shown in Fig. 4(b). In
this case, the relationship between the threshold
energy, output coupler reflectivity, and crystal
losses is given by [18]

, InR
Ew = Ey (1 - m)y (8)

where R is the output coupler reflectivity (assum-
ing 100% reflectivity of the other cavity mirror)
and Ej, is the threshold energy for zero output
coupling. The crystal loss at the emission wave
length calculated using this technique is ¢ = 0.08
cm ', which is in good agreement with the results ob-
tained above using the Caird analysis. In addition,
the Findlay—Clay analysis yields a zero-output-
coupling lasing threshold energy Ej, = 0.3 mJ.

We believe that the crystal losses in the near
infrared calculated using the Caird and Findlay-
Clay methods are due to absorption by the F; -
like CCs. As shown by Jenkins and co-workers
[16], these CCs have some absorption in the
near-infrared oscillation region of the LiF : F;*
CC laser. Due to the weak excitation energies used
in the current work, we do not observe saturation
of the losses attributed to absorption by F;**-like
CCs. However, saturation of these losses can be
achieved under high energy pumping, as demon-
strated by Dergachev and Mirov [1]. In that work,
the slope efficiency was larger for pumping ener-
gies above 100 mJ compared to the efficiency for
low-energy pumping. The increase in slope effi-
ciency at high pumping energy in [1] most likely
resulted from saturation of the losses due to
F;**-like CCs and allowed the authors to achieve
a maximum slope efficiency of 58% that was close
to the Stokes shift limit of 68%. To summarize,
although the presence of F;**-like CCs in LiF crys-
tals increases the tuning range of wavelength-selec-
tive LiF : F;** CC lasers, at low energy pumping
the F;"-like centers introduce passive losses of
~0.08 cm ™! at the oscillation wavelength. We be-
lieve these losses can be saturated at high pumping
energies. Alternatively, the growth process of the
LiF : F;** CC crystals could be optimized to min-
imize the concentration of F;**-like centers, but
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this would limit the tuning range of the CC laser.
Care is needed to balance these considerations
when designing a LiF : F;™* CC laser in order to
obtain the desired tuning range, efficiency, and
range of pumping energies.

4. Amplification of narrow line LiF : F,"" laser
oscillation

The main goal of this work was to study ampli-
fication of narrow-line LiF : F;™ CC laser emis-
sion in order to develop a tunable source of
high-energy nanosecond laser pulses in the near-
infrared. The near-infrared emission could then
be frequency-doubled to provide a source in the
visible range suitable for nanosecond nonlinear
optics experiments.

The primary oscillator in this work was a tun-
able LiF : F;™* CC laser operated in a Littrow con-
figuration. This oscillator design provided wide
tunability, a narrow spectral line and high laser
efficiency, along with a variety of possible pump
wavelengths [1]. However, at reasonable pump
energies, the output energy was insufficient for
many nonlinear-optical applications. When the
pump energy was increased, the spatial beam qual-
ity decreased and the spectral linewidth of the
LiF : F;™ laser broadened, which is undesirable.
In order to increase the usable pulse energy and
still maintain the narrow linewidth and good spa-
tial quality of the output pulses from the tunable
LiF : F;™ CC laser, a two-stage oscillator—ampli-
fier configuration was designed.

The optical arrangement of the two-stage sys-
tem is shown in Fig. 5. The pump beam (633
nm, 7-ns pulses at 10-Hz repetition rate, as de-
scribed above) was split into two channels at beam
splitter BS1. Approximately 10% of the pump
beam was used to pump the laser oscillator, and
the rest was sent to the amplifier crystal. The laser
oscillator pump beam passed through a 4x beam
compressing telescope (T1) before being coupled
into the laser cavity via flat mirror M1. The pump
beam diameter was ~2.5 mm at the laser crystal.
The laser cavity was 19 cm long and contained
the 27-mm LiF : F; CC laser crystal. The laser
crystal absorption was 1.97 cm™' at the 600-nm

M3 G
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Il J1 ™ LiF:F,
’\\ laser crystal
‘ L—
BS1 ! T1 Mi M2

ek

M5 L LiEF
amplifier =~ F Output
crystal beam

Fig. 5. Experimental set-up of the LiF : F;** color center laser
and amplifier.

absorption peak and 1.8 cm ™' at the pump wave-
length of 633 nm. The cavity was formed by mirror
M2 and a diffraction grating (G, 1200 grooves/
mm) with diffraction efficiency of R = 50% operat-
ing in the autocollimation regime. The zeroth or-
der of diffraction served for oscillation output. A
3x telescope (T2) expanded the beam before the
diffraction grating in order to achieve higher reso-
lution and prevent damage to the grating. Tuning
of the output wavelength was accomplished by
rotating the corner reflector formed by the grating
and mirror M3. The LiF : F;™ CC laser efficiency
at the maximum of the tuning curve (near 930 nm)
was ~20%. The peak emission wavelength was
determined largely by the reflectivity of the mirror
M2. As shown in Fig. 6, the pulses emitted by the
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Fig. 6. Temporal profiles of the 633-nm pump pulse (dashed
line) and output of a tunable LiF : F;™ laser cavity (solid line)
measured with a fast photodiode detector.
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oscillator overlap in time with the 7-ns pump
pulses and are slightly shorter than the pump
pulses in duration [19].

For amplification, the emission from the master
laser oscillator and the remainder of the pump
beam were coupled together at mirror M5 and fo-
cused colinearly into the Brewster-cut 38-mm
LiF : F;** CC amplifier crystal. The amplifier crys-
tal absorption was 2.8 cm ™' at the 600-nm absorp-
tion peak and 2.5 cm~! at the 633-nm pump
wavelength. The position of the amplifier crystal
after the 1-m focusing lens (L) was chosen to cre-
ate high pump power densities in the crystal while
avoiding the excitation of broadband superlumi-
nescence under maximum pump energy. The en-
ergy of the pump beam was attenuated using a
quarter wave plate (WP) and polarizer (P) combi-
nation. The pump beam diameter in the crystal
was ~2 mm, and the diameter of the seed beam
from the LiF : F;** CC laser was ~1.5 mm. After
a single pass through the amplifier crystal, the
remaining 633-nm pump light was absorbed by a
dichroic filter (F).

Fig. 7 shows the output energy after the di-
chroic filter as a function of pump energy absorbed
by the amplifier crystal for two levels of input en-
ergy from the laser oscillator. As shown in the fig-
ure, the slope efficiency is higher when 0.4 m]
seeding energy from the laser oscillator is used
(n = 32%) than when 0.33 mJ of seeding energy
is used (7 =26%). We find that the single-pass

-
[e)]
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Output energy (m
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Absorbed pump energy (mJ)

Fig. 7. Output energy as a function of absorbed pump energy
for single pass amplification with input energy E;, =0.33 mJ
(triangles) and Ej, = 0.40 mJ (circles). The dashed and solid
lines are linear fits to the data, respectively.

optical amplification (G = Eyy/Eyy,) is linearly pro-
portional to the absorbed pump energy density
with a slope of 0.025 cm® mJ~' regardless of
whether 0.33 or 0.4 mJ of input energy is used.
The maximum achieved amplification is G = 37.5
with 47 mJ absorbed pump energy and 0.4 mJ in-
put energy. No saturation of the amplification pro-
cess is observed, indicating that further increasing
the pump energy should increase the amplification
and the output energy.

5. Conclusions

To our knowledge, this paper presents the first
implementation of a nanosecond master oscilla-
tor/power amplifier scheme using LiF : F;** color
center laser and amplifier crystals. The two-stage
scheme is designed to yield high-energy output
pulses while maintaining the spatial and spectral
characteristics of the tunable LiF : F;** CC laser.
With input energies of 0.3-0.4 mJ, we achieve
amplification of more than 35x under less than
50 mJ of absorbed pump energy. The single-pass
optical amplification is found to be linearly pro-
portional to the amplifier pump energy density
with a slope of 0.025 cm? mJ~'. This two-stage
configuration yields nanosecond output pulse
energies up to 15 mJ at wavelengths near 930
nm. These pulses could be frequency-doubled to
create a tunable nanosecond source of visible light.

Additional improvements to the master oscilla-
tor/power amplifier system should be possible. For
example, saturating the passive losses in the ampli-
fier crystal by using higher-energy pump pulses
could lead to a marked increase in amplifier gain.
In addition, optimizing the temporal overlap be-
tween the pump and seed pulses in the amplifier
crystal should also increase the amplifier gain.

We also present details related to the prepara-
tion of the LiF : F;** CC crystals and measure-
ment of passive losses in these crystals.
Optimization of the coloration parameters for
large-scale LiF crystals has enabled us to achieve
the highest absorption coefficient to date in
LiF : F{* CCs (8 cm ™" at ~600 nm). In addition,
we show that the concentration of F;* CCs in-
creases approximately exponentially during
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room-temperature storage with an effective time
constant of 3 months. Using Caird et al. [17] and
Findlay—Clay [18] analysis, the non-saturated pas-
sive losses of a LiF : F;™ CC crystal in a non-
selective cavity were found to be 0.08 cm ™! or less
in the near infrared when the absorbed laser pump
energy is below 20 mJ. We believe that these losses
are related to absorption by F, “*-like color centers
and that they can be saturated at high pump ener-
gies. This information will be useful for designing
more efficient tunable lasers and amplifier systems
based on LiF : F;** color center crystals.
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