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Abstract—The pulsed LiF:F, color-center laser with a grazing incidence grating cavity was investigated the-
oretically and experimentally. The SLM laser operation with an efficiency of about 1% was achieved. A novel
scheme for the high-power narrowband col or-center laser was proposed.

1. INTRODUCTION

At the present moment, the various schemes of the
grazing incidence grating cavity (GIG or Littman—-Met-
calf scheme [1]) are in wide use in dye lasers, Ti:sap-
phire lasers, diode lasers, and other types of tunable
laser techniques [2, 3]. The main advantages of the
grazing incidence grating cavity are high spectral selec-
tivity, simple construction, and ease of control.

Inthis paper are presented the results of atheoretical
and experimental investigation of the LiF:F, color-

center laser with aGI G cavity. Thetheoretical model of
the laser makes it possible to determine the parameters
of the laser cavity providing single-longitudinal-mode
(SLM) laser operation. On the basis of the theoretical
results, the SLM color-center laser with agrazing inci-
dence grating cavity was built and studied. With the
standard Littman—Metcalf cavity scheme, the laser effi-
ciency was about 1% while Nd:YAG laser pumping
with a pump pulse energy of about 20 mJ and a pulse
duration of about 20 ns was used.

To improve the laser characteristics, various cavity
configurations and pumping schemes were experimen-
tally investigated. As a result, a novel scheme for the
high-power narrowband color-center laser was pro-
posed. Our experiments have shown that, for the novel
cavity scheme, considerable laser efficiency and spec-
tral selectivity could be reached.

2. MODELING OF THE LIF:F, COLOR-CENTER
LASER WITH A GIG CAVITY

2.1. Model Description

A schematic of the GIG cavity color-center laser is
shown in Fig. 1. The laser cavity consists of the back
mirror M1, tuning mirror M2, and the diffraction grat-
ing G in agrazing incidence mounting. The pump radi-
ation P couples in the laser crystal C via the dichroic
mirror M 1. The spectral selectivity of the cavity can be
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improved by using the intra-cavity beam expander E
and etalon F [4, 5]. The laser operation wavelength A,
is determined by the well-known diffraction grating
formula

Ao = A(sSinB + sing), Q)
where A isthe grating period and 6 and ¢ are the grat-
ing incidence and diffraction angles. Usually, the tun-
ing of the GIG laser wavelength is carried out by vary-
ing the angle ¢ (mirror M2 rotation).

The dispersive properties of the GIG cavity were
estimated in the geometrical optics approximation. In
Fig. 2 is shown the GIG cavity with the laser crystal
removed and the M1 mirror replaced by the pin hole.
Let us consider propagation of a Gaussian beam with
frequency deviation év from the central wavelength A,
inthisoptical system. Let the pin-holetransmissiont be
determined by the relation
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Fig. 1. Schematic of the color-center laser with aGIG cavity.
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Fig. 2. Schematic for estimation of GIG cavity transmis-
sion.
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Fig. 3. GIG cavity roundtrip transmission Q vs. frequency
detuning ov (for different values of grating incidence
angle 6).

where R is the effective pin-hole radius and the initial
distribution of the beam intensity at the pin-hole plane
isgiven by
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The beam parameters after the cavity roundtrip could
be described by the following expression:
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Thefactor A depends on the frequency detuning dv and
characterizes the deviation of the beam position from
the cavity axis. The beam transverse size changes due
to its natura divergence. Moreover, the strong expan-

sion of the beam in the Oxy plane takes place because
of the diffraction at the grating. Thus,
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where 30 ~ Ay /R is the beam divergence angle, L) is
the cavity length, and LM1-9) is the pin-hole—grating
distance. If the grating input aperture 2R; = Lgcos0 is
smaller than theinitial transverse size of the beam, then
the part of the beam bypasses the grating. These addi-
tional losses are taken into account in Eq. (4) by factor
Te. Factor Eg in Eq. (4) characterizes the grating dif-
fraction efficiency. The roundtrip transmission of the
cavity can be found from Egs. (2) and (4):
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In Fig. 3 is shown the cavity transmission Q as a
function of the frequency detuning ov. Calculations
were made for the cavity length L = 15 cm, grating
length Lg = 6 cm, pin-hole diameter 2R = 1 mm, and
different values of grating incidence angle 0. It was
supposed that the grating diffraction efficiency was
equal to 100% (Eg = 1). As shown, the cavity spectral
selectivity increases rapidly as the grating incidence
angle increases. For 8 = 89.5°, the spectral width of the
cavity transmission contour became comparable with
the cavity mode space (dV() = ¢/2L) = 1 GHz).
However, for such a close-to-limit incidence angle, the
grating input aperture (2R; = LgcosB = 0.5 mm)
became smaller than the pin-hole diameter, which leads
to additional losses.

Themodel of the color-center laser with adispersive
cavity was built on the basis of a 0D approximation;
i.e., the averaged on the cavity length parameters of the
active medium and the laser radiation were considered.
This approximation is usual for the color-center laser
modeling and makes it possible to obtain qualitative
and quantitative estimations of the laser characteristics
[6].

The equations describing the laser action in the 0D
approximation are the following:
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Fig. 4. Color-center laser efficiency n and line-width factor
Svs. grating incidence angle 6 (for different diameters of
the active region).

where c is the light velocity [cm s, N is the concen-
tration of active centersin the laser crystal [cm™], nis
the upper laser level population [cmS], F is the flow
density of laser radiation photons [cm™ s}], Fp is the

flow density of pump radiation photons[cm2 s7], off)

are the effective cross section of the stimulated transi-
tions [cm?] (the wavelength of transition is denoted by
subscript, and direction of the transition is denoted by
superscript), K, arethe parasitic lossesin the laser crys-
tal [cm™], T is the characteristic time of spontaneous
decay of the upper laser level [g], L isthelaser crystal
length [cm], L& isthe cavity length [cm], parameter y
characterizesthe cavity losses, and parameter w charac-
terizes the origin of the laser emission. The averaged
pump intensity Fp can be approximated by the relation

Fe = Fo [1—exp(-a)]/a, ®)
where
a = Le(Nop=n(af? +a8?) +k)  (9)

and F,(DO) isthe pump intensity at the laser crystal input
end. The parameter y is determined by the relation

(o]
21 ()

where Q is the cavity feed-back factor. The temporal
shape of the laser pulseis given by

InQ, (10)

v =-

FOO(1) = %TFL, (11)

where T is the transmission of the cavity out coupler.
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Fig. 5. Color-center laser efficiency n and line-width factor
S vs. grating incidence angle 6 (for different intracavity
expander magnifications).

To simulate the narrowing of the laser emission in
the dispersive cavity, Egs. (7) were solved simulta-
neoudly for three spectral components: the principal
cavity frequency (see Eg. (1)) and two neighboring lon-
gitudinal modes (frequency deviation dv = c/2Lc),
The cavity lossesfor each spectral component were cal-
culated from Eg. (6). The experimentally measured val-
ues of the diffraction grating efficiency were used for
simulations (see Fig. 7). The spectral line width of the
laser emission was characterized by factor S.

S = E/(Essy+ Eo + Esy), (12)
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Fig. 6. Absorption spectraof the LiF:F, color-center crys-
tal.
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Fig. 7. Gold-coated diffraction grating efficiency Eg and
losses vs. radiation incidence angle 6.

where E; is the energy emitted on the principal fre-
guency and E,;, are the aside longitudinal mode ener-
gies. Equations (7) were solved numerically. The
parameters of the laser crystal are presented in the
table.

2.2. Modeling Results

In Fig. 4 are shown the laser efficiency n (solid
lines) and line-width factor S(dash lines) asafunctions
of the grating incidence angle 6. Calculations were car-
ried out for L = 15 cm, grating length Lg = 6 cm, and
different transverse diameters of the activeregioninthe
laser crystal. As shown, with an increase in the inci-
dence angle, thelaser efficiency falls. Firstly, thisisdue
to adecrease in the grating efficiency (see Fig. 7). Sec-
ondly, at high incidence angles, the grating input aper-
ture became smaller than the active region transverse
size, leading to additional losses. The principal longitu-
dinal mode begins to dominate in the laser emission
spectrum at the close-to-limit incidence angles. How-
ever, even near the lasing threshold, the principal mode
accumulates only 50% of the laser output.

Our calculations have shown that the SLM laser
operation can bereached if the cavity length islessthan
7 cm (mode spacing >2 GHz) and the diameter of the

LiF:F, color-center crystal parameters were used for the
simulations

N 3x10% cm=3
o1t 1.9x10%/45x 1077 cm?
Mg 0.1x1017/7.3x 1017 cm?
Kp, K 0.01 cm
T 55 ns
Lc 6 cm

activeregionislessthan 0.5 mm. However, experimen-
tal redization of the color-center laser with such
parametersisrather difficult. The GIG laser cavity with
a standard metal-coated diffraction grating has a low
Q-factor; therefore, the 4- to -8-cm-long laser crysta
should be used for effective pump radiation conversion.
This leads to a minimal cavity length of about 10—
15 cm. Moreover, the formation of an active region
with a diameter smaller than 1 mm in the laser crystal
isalso difficult mostly because of the high risk of dam-
age to the metal-coated grating by the pump radiation.

The standard way to improve the GIG cavity spec-
tral selectivity is the use of an intracavity prism-beam
expander. The intracavity beam expander makesit pos-
sibleto increase the selectivity in proportion to its mag-
nification. The drawbacks of using the expander are the
extra losses and undesirable lengthening of the laser
cavity. In Fig. 5 are shown the laser efficiency n and
line-width factor S for the GIG cavity with a beam
expander as functions of the grating incidence angle 0.
Calculations were carried out for different expander
magnifications. The cavity parameterswere the same as
for Fig. 4, and the diameter of the laser active region
was 1 mm. From the figure it follows that the use of the
4x—8x beam expander makes it possible to reach the
SLM laser operation (S— 1) at incidence angles of
about 88.5°—89°. With this, the laser efficiency does not
exceed 1%.

3. EXPERIMENTAL RESULTS
3.1. Laser Crystal

The color-center laser characteristics are strongly
dependent on the technology of laser crystal fabrica-
tion. One of the most important criteria of the active
element quality is the proportion of the active color
centers to parasitic color centers in the crystal. Such
parasitic color centers cause absorption and additional
losses at the pump laser wavel ength and the color-cen-

ter laser wavelength. Inthe case of the LiF:F, laser, the

parasitic color centers are the F; color centers with

maximum absorption at 810 nm and aggregate color
centers with an absorption band in the 1150- to
1200-nm region.

The spectra of the LiF:F, laser crystals are shown

in Fig. 6. Asfollows from the figure, the maximum val-
ues of absorption of the F, centers (at 960 nm) and the

F; centers (at 800 nm) are approximately equal. Such
a proportion between the concentrations of F, and F3

centers alows us to neglect the absorption of F; color

centers at the pump laser wavelength, 1064 nm (see
dashed parts in the curvesin Fig. 6). The spectral tests
of 3-cm-long crystals did not fetch out any additional
bands corresponding to the absorption of aggregate
color centers. This alows usto use the value 0.01 cm
as an upper estimate for the absorption of aggregate
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color centers. For our experiments, we used 4-cm-long
aBrewster-angle-cut LiF:F, crystal.

3.2. Grating and Expander

In our experiments, we used the standard gold-
coated holographic diffraction grating. The frequency
of the grating grooves was 1200 mm, and the grating
length was 6 cm. In Fig. 7, the grating diffraction effi-
ciency is shown as afunction of the angle of incidence.
Experimental measurements results are shown by cir-
cles, and the theoretical figures for the grazing inci-
dence-optimized gold-coated grating are shown by
solid lines. As shown, the measured diffraction effi-
ciency is approximately 10% below and the grating
losses 5% above the theoretical limits.

A small-size, double-prism beam expander with 4x
magnification was mounted in the laser cavity. The
expander dimensions were 10 x 10 x 12 mm, and the
input aperture was about 1 mm. The expander prisms
were made of TF-4 optical glass (ref. index 1.73). The
back sides of the prismswere AR coated. The expander
transmission was about 98% (approximately 1% below
the theoretical limit for the expander with such magni-
fication).

3.3. Pump Laser

The pump source of the color-center laser was a
pulsed Nd:YAG laser with passive Q switch. As the

Q-switch element was used, the LiF:F, crystal had an

initial transmission of about 16%. The pump pulse rep-
etition rate was 12-25 Hz, the pump pulse energy was
10-30 mJ, and the pump pulse duration was 25 ns.

3.4. Line-Width Measurements

The spectral characteristics of the color-center laser
were measured using a Fabri—Perout interferometer
(Burleigh, model RC-110). The second harmonic of
the fundamental laser radiation was used for measure-
ments. The interferometer base was variable from 2 to
150 mm. The fines of the interferometer were equal to
6 (measured using asingle-frequency He-Ne laser). As
the nonlinear element for second harmonic conversion,
the KDP crystal was used. This nonlinear crystal has
broad-band synchronism in the spectral region of

LiF:F, laser generation (300 A/cm). Therefore, the

spectral shape of the LiF:F, laser pulse can be mea

sured via second harmonic radiation with sufficient
accuracy. The interference pattern was registered by a
CCD array.
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Fig. 8. Interference patterns for multiple-longitudinal mode
laser emission.

3.5. Experimental Results
The standard layout of the GIG cavity laser isshown
inFig. 1. AtaLiF:F, crystal length of about 4 cm and

agrating length of about 6 cm, the cavity optical length
was approximately equal to 14 cm, which corresponds
to acavity mode spacing of 0.04 cm™. The grating inci-
dence angle was variable in the range 85°-88°. The
pump laser beam was focused in the laser crysta
through alenswith afocal length of 30 cm. The average
transverse diameter of the pumping region in the active
crystal was about 2 mm.

At a grating incidence angle of 85°, the laser effi-
ciency was 5%, and at the laser emission line -width,
was about 0.08-0.12 cm2. This correspondsto the laser
operation of 2-3 longitudinal modes. The interference
patterns for the multimode lasing are shown in Fig. 8.
The SLM laser operation wasreached for agrating inci-
dence angle of about 89°. At this angle, the laser effi-
ciency was equal to approximately 0.1%. These exper-
imental results are in good agreement with the theoret-
ical estimations (see Fig. 5).

To improve the cavity spectral selectivity while
keeping an acceptabl e laser efficiency, the cavity mirror
M2 was replaced by a second diffraction grating in a
Littrow mounting. For this cavity scheme, the SLM
laser operation wasreached at agrating incidence angle
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laser emission.

Fig. 10. Novel scheme for the high-power narrowband
color-center laser.

of about 86°-87°, at which the laser efficiency was 0.5~
1% at a pump pulse energy of about 20 mJ. The inter-
ference patternsfor the SLM lasing are showninFig. 9.
As follows from the figure, the laser emission line
width does not exceed the Fabri—Perout resolution

(0.01 cm™).

4. PROSPECTIVE SCHEME OF THE LASER
CAVITY FOR THE HIGH-POWER
NARROW-BAND COLOR-CENTER LASER

The presented theoretical and experimental results
demonstrate two drawbacks of the standard GIG cavity
scheme. Firstly, low efficiency of the diffraction grating
in a grazing incidence mounting limits the laser effi-
ciency. Secondly, the small input aperture of the grating
in a grazing incidence mounting limits the transverse
size of the laser active region and, hence, the maximum
output power of the laser.

The GIG laser efficiency can be significantly
improved by using dielectric diffraction structures
instead of a metal-coated grating. In papers [7-9], the
combination of the dielectric diffraction grating with
the metal of amultilayer dielectric mirror was proposed
and studied. In particular, it was shown that the effi-
ciency of the combined grating in a grazing incidence
can be close to the 100% limit.

However, the use of ahighly effective dielectric dif-
fraction grating does not solve the problem of the laser
output power scaling upward. In astandard GIG cavity
configuration (see Fig. 1), the diameter of the active
region (and hence the output power of the laser) islim-
ited by the aperture of the grating. For the 6-cm-long
grating and an incidence angle of 89°, the grating aper-
tureisa = LgcosB = 1 mm, which limits the maximum
pump pulse energy by afew mJ. Moreover, even small
transverse displacements of the active region position
(~AcosB) can cause hops in the laser mode. Thus, for
therealization of the SLM color-center laser with stable
characteristics, a highly stable and high-output-beam-
quality pump laser should be used.

To redlize the high-power narrowband color-center
laser, we propose the novel grazing incidence grating
cavity scheme shown in Fig. 10. In contrast with the
standard GIG cavity scheme, the active element is
placed toward the wider cavity arm (between the grat-
ing G and mirror M2). The pump radiation couples in
the laser crystal via the dichroic mirror M2. To form
active region with the required geometry, the cylindri-
cal optics or the prism beam expander or transverse
pumping scheme can be used. Displacement of the
active element toward the wider cavity arm makes it
possible to significantly increase the pump power and
reduce the requirements on the spatial stability of the
pump laser beam. In particul ar, several pump lasers can
be used.

The effectiveness of the proposed cavity scheme
was examined experimentally. In the first series of
experiments, the laser crystal was pumped by a narrow
beam. To simulate the wide-beam pumping, the prism
beam expander was placed between the mirror M2 and
the grating G. The cavity optical length was about
20 cm. At grating incidence angles of 87° and 88.5°, the
laser linewidths of about 0.2 and 0.1 cm™, respectively,
were reached.
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In the second series of experiments, the wide aper-
ture active element with prism geometry was used.
Such geometry allowed usto incorporate the active ele-
ment and intracavity beam expander and decrease the
cavity length to 12 cm. Simultaneoudly, the externa
pump beam expansion was used. As aresult, the trans-
verse size of the active region in the laser crystal was
variable in the 3- to -30-mm range. At a grating inci-
dence angle of about 87°, thelaser line width was equal
to approximately 0.15 cm and did not change with
variation in the pump beam size. SLM laser operation
with an efficiency of about 0.1% was reached when the
etalon was placed in the laser cavity. Thus, our experi-
ments have shown that the proposed scheme provides
laser efficiency and spectral selectivity comparable
with the standard cavity configuration.

5. CONCLUSIONS

A theoretical and experimental study of the LiF:F,

color-center laser with a GIG cavity was carried out.
The devel oped mathematical model of thelaser alowed
us to estimate the laser spectral and energy parameters.
It was shown that the use of the simplest GIG cavity
scheme (without intracavity expanders or etalons) does
not makeit possibleto reach SLM laser operation. This
is caused by the low diffraction efficiency of the avail-
able metal-coated diffraction gratingsin agrazing inci-
dence mounting and the necessity of using laser crys-
tals that are several centimeters long (long cavity with
small mode space <1 GHz).

The calculations made for the GIG laser with an int-
racavity beam expander have shown that the SLM laser
operation can be reached for an expander magnification
of 4x—8x at grating incidence angles of about 89°. With
this, the laser efficiency does not exceed afraction of a
percent. The experimental measurements of the color-
center laser parameters with a4x beam expander arein
good agreement with the simulation results.

To increase the laser efficiency, one of the cavity
mirrors (mirror M2 in Fig. 1) was replaced by the sec-
ond diffraction grating in the Littrow configuration.

LASER PHYSICS Vol. 14 No.1 2004

This allowed us to reach SLM laser operation at a pri-
mary grating incidence angle of about 87° and increase
the laser efficiency up to 1%.

Our theoretical and experimental investigations
have shown that the important drawback to using the
standard GIG cavity scheme for the realization of an

SLM LiF:F, color-center laser isthe small aperture of

the diffraction grating at the close-to-limit incidence
angles. It limits the maximum pump pulse energy by
few tensof mJ. To overcome this problem, we have pro-
posed and experimentally tested the novel scheme of a
GIG laser cavity. The proposed scheme allows us to
scale up the pump power and significantly decreases
the requirements on the quality of the pump laser beam.
The use of the proposed cavity schemeis most prospec-
tive in combination with a highly effective dielectric
diffraction grating.
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