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Abstract

Experimental investigations of Cr:LiSAF laser output spectra have shown that its emission line is inhomogeneously broa-
dened. This is clearly evident from the fact that the measured laser line width is always much broader than what is possible due
to ‘spatial hole burning’ in a Cr:LiSAF standing-wave resonator, if the Cr:LiSAF emission line is assumed to be homogeneously
broadened. By assuming the possibility of a slight inhomogeneous broadening of the Cr:LiSAF emission line, corresponding to
the “T,-*A, transition of Cr**-ions, the observed laser line width can be explained. We have calculated the extent of laser output
reduction due to inhomogeneous broadening, by means of a simple model. By comparing the measured laser output energy with
the calculated laser output, the relative spectral inhomogeneity parameter 3 is estimated to be g = 1.6—1.8. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

In recent years, diode-pumped Cr’*:LiSrAlF, (LiSAF)
lasers have been successfully developed as an all-solid-
state laser which can be used to replace the well-known
Ti-sapphire laser in many applications [1,2]. The most
attractive features of Cr:LiSAF lasers are their capability
of being effectively directly pumped by AlGalnP laser
diodes near 680 nm due to the relatively long excited-state
radiative lifetime (67 ws), and a broad tunability, at least
from 800 to 1000 nm, combined with the possibility of
having a narrow laser line width [1-3]. These important
features make Cr:LiSAF lasers an ideal source for high-
resolution spectroscopy and airborne DIAL systems [4,5].
The broad emission of Cr:LiSAF, centered at ~840 nm,
provides the capability of reaching the 820 and 940 nm
H,O absorption bands for making atmospheric water
vapor measurements. A high output energy (~50 ml/
pulse) and a narrow line width (<300 MHz) of the laser
are required for accurate DIAL measurements. Such a
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high energy diode-pumped laser is currently being built at
SESI for use in an airborne water vapor DIAL system.

The ability to extract the maximum value of the stored
energy from an excited laser medium in a single longitudinal
mode, or in a narrow laser output line width, is determined
by the nature of spectral broadening of the active medium
emission line. It can be shown [6], that the extraction effi-
ciency of a laser with a homogeneously broadened emission
line is the same both in the case of a broad laser output line
width and in single longitudinal mode operation. On the
other hand, laser extraction efficiency can be quite different
for these two regimes if the laser emission line has an
evident inhomogeneous spectral broadening. Neodymium
glass lasers are a good example of such of behavior.

So far, it has been assumed that Cr*-ions in LiSrAlFs
crystal have a homogeneously broadened emission line for
the *T,-*A, transition because they replace only one type of
nearly identically located Al-ions in the lattice [7,8]. As a
result, an absence of any reduction in Cr:LiSAF laser effi-
ciency is assumed both for broad line width operation and
for a single longitudinal mode regime. But, as will be shown
in this paper, certain features of Cr:LiSAF laser behavior
clearly indicate the possibility that the laser emission line of
the Cr’*-ions in LiSrAlF crystal is slightly inhomogen-
eously broadened. The broadening has influence both on
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Fig. 1. Cr:LiSAF end-pumped laser schematic. The pump power from fiber coupled diode array is focused on the Cr:LiSAF crystal through the
dichroic mirror by two aspheric lenses. The output coupler is a curved mirror (RoC = 20 c¢m, at 870—960 nm R, = 99.6-99.0%). BRT is the

two-plate birefringent tuner.

the laser output spectrum, and on the laser efficiency when
the laser is operated with a narrow line width. The spectro-
scopy features of Cr:LiSAF crystals [7] are not investigated
enough to eliminate totally possibility of inhomogeneous
broadening of these crystals. Laser operation with Cr:LiSAF
crystals provides a very sensitive method of investigating
the laser emission line broadening, because laser line width
and energy extracted from the laser medium are both a
function of spectral inhomogeneity of the laser emission
line. In this paper, we present the results of an experimental
investigation of Cr:LiSAF laser output linewidths for differ-
ent pump levels. In these experiments, the laser energy
output and spectral linewidths were measured in free
running pulsed mode with narrow (0.03 nm) and very
wide (13-20 nm) output line width for a wide range of
pump values exceeding the laser threshold. Also presented
is a comparison of experimental data with the theoretically
expected laser line width for a homogeneously broadened
emission line. The value of inhomogeneous broadening has
been estimated by comparing the experimental and theore-
tically expected values of the laser output energy in free
running operation for various values of inhomogeneous
broadening of the emission line.

2. Experimental layout

An experimental study was performed with two types of
diode-pumped Cr:LiSAF lasers in free running operation.
The first laser was running in the wJ range of output energy.
It utilized a 3% doped Cr:LiSAF crystal (3 X3 X5 mm,
Lightning Optical Corporation) that was end-pumped by a
cw 3W fiber coupled diode array (SDL-8300, Spectra Diode
Laboratories) at a wavelength of 670 nm (Fig. 1) [9]. The
pump power was focused on the flat end of the crystal to a
spot size of 250 wm by two aspheric lenses (f; = 6.24 mm
and f; =4.51 mm).The pumped end of the crystal had a
dichroic coating with a high transmission (7> 93%) at
670 nm and a high reflection ® >99.9%) in wavelength
range of 870-960 nm. The other crystal end had an AR
coating with a residual reflection of less than 0.2%for the

wavelength range of 860-950 nm. The laser cavity
consisted of a flat mirror on the Cr:LiSAF crystal end
surface, and a concave output coupler with a radius of curva-
ture r. = 20 cm and reflection of Ry, = 99.6-99.0% for the
wavelength range of 870-960 nm. The cavity length was
L=18cm and a TEM, transverse mode operation was
obtained. The laser beam is measured to be a diffraction
limited beam (M? ~ 1) for all power levels. The TEM
transverse mode diameter on the flat HR mirror (end of
the crystal) was 220 wm. Pump pulse duration was about
~200 ms, pulse repetition rate was 100 Hz. Wavelength
selection and tuning of the laser output spectrum was
performed by an intra-cavity birefringent tuner (BRT)
consisting of two or three crystalline quartz plates with
thicknesses of 0.5 and 5.0 mm, or 0.5, 1.0 and 5.0 mm,
respectively. The plates were mounted with their optical
axes parallel to each other and were oriented at the Brewster
angle in the cavity. The output beam of the Cr:LiSAF laser
was linearly polarized (E//c) due to anisotropic spectro-
scopic features of Cr:LiSAF crystals. If the BRT was rotated
about the perpendicular to the optical axis, approximately
parallel to the polarization plane of the laser (w = 0), there
was no laser output spectrum selection introduced by the
BRT, except, of course, restriction of the output spectrum
by the wavelength characteristics of the cavity mirror coat-
ings. By rotating the BRT about the perpendicular so that the
optical axis was positioned at some angle with the laser
polarization plane, the laser output line width of 0.03 nm,
centered at the same wavelength as the middle of the broad
laser output spectrum located, could be achieved. By using
this method of getting broad or very narrow laser line width,
we can be sure that the difference in the laser performance is
caused by only the difference in laser line width, not by
other reasons (cavity losses, wavelength position, and ets.)
which stay intact.

The second Cr:LiSAF laser that was used for these
experiments was a high energy diode-pumped laser based
on the double Total Internal Reflection (TIR) cavity shown
in Fig. 2 [10] The 5.5% doped Cr:LiSAF slab (6 X 6 mm,
25 mm long) was pumped on two sides by eight 690 nm
diode laser stacks (developed at Lawrence Livermore
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Fig. 2. Cr:LiSAF TIR cavity laser layout. Resonator consists of four mirrors: HR curved mirror (RoC = 200 cm, at 810—840 nm, R, = 99.5%),
two HR flat mirrors (at 810-840 nm, 45°, R, =99.5%), and flat output coupler (at 810-840 nm, R, = 70%). BRT is the three-plate

birefringent tuner.

National Laboratory), placed around the Cr:LiSAF slab. The
pump energy was focused on the sides of the Cr:LiSAF slab
in a strip with dimensions of ~8.9 mm (length) and
~1.61 mm (height). The pump beam polarization was paral-
lel to the c-axis of the crystal. The pump pulse duration and
pulse repetition rate were 74 s and 1 Hz, respectively. The
laser cavity consisted of a HR concave mirror (7. = 200 cm),
two dielectric flat HR mirrors (45° for mr-polarization), and
an output coupler (Ry, = 70%). The single TEMy, trans-
verse mode operation, with a mode diameter of ~1.5 mm
inside the Cr:LiSAF crystal, was achieved with the cavity
length of 1.2 m. The laser beam was diffraction limited
(M2 ~ 1) for all used power levels. The external TIR inci-
dent angle of 11.3° was chosen to produce a good overlap
between the TEMj, transverse cavity mode and the pumped
area of the crystal. For wavelength tuning and narrowing of
the laser output line width, a three-plate BRT tuner was
utilized, similar to the one described for the previous
laser. A 1 m focal length, 0.1 nm resolution Czery-Turner
spectrometer with diode array readout was used to monitor
the wavelengths of the Cr:LiSAF lasers.

3. Experimental results

Before we present the experimental data about Cr:LiSAF
laser output line width, let us consider the theoretically
expected value of the laser line width assuming a homoge-
neously broadened emission line for the “T,-*A, transition
of Cr**-ions in the crystal. It is well known that, in free
running operation, the laser line width (without any special
wavelength selection in the cavity) depends on two factors:
(1) the nature of the spectral broadening of the emission line
of the active medium, and (2) intracavity spatially inhomo-
geneous distribution of the cavity mode fields, which leads
to a multi-mode regime due to the ‘spatial hole burning’
effect [11]. Suppose that the laser emission line is homoge-
neously broadened and the active medium fills all the cavity

space between mirrors. It is also assumed that the laser
operates only on TEMy, transverse mode, and all of the
longitudinal modes have equal losses. In this case, the
laser output spectral half-width (FWHM), Av,,, due to
longitudinal mode ‘spatial hole burning’ in the standing
wave resonator is calculated by using [12,13]

_ 173
AVout = (AVmodAVlzinep ! ) (1)
p

where Av,,,q = ¢/2L is the laser resonator longitudinal mode
spacing, c¢ is a speed of light, L is the laser cavity length,
Avy,. is the laser active medium emission line width
(FWHM), and p is the pump power measured relative to
the laser threshold pump power.

The emission line width, Avy,, of the “T,-*A, laser tran-
sition of Cr**-ions in LiSrAIF crystal is quite broad, with a
full width at half maximum of about 200nm
(Avji. = 8.8 % 102 Hz) [1]. Fig. 3 (curves 3 and 4) shows
a Cr:LiSAF laser line width, Av,,, calculated from (1),
which is theoretically expected for a homogeneously broa-
dened emission line, depending on relative pump power p
for a laser cavity length of L = 20 cm (this corresponds to an
end-pumped Cr:LiSAF laser), and for a cavity length of
L=120cm (this corresponds to TIR cavity laser). One
can see, that, for a moderate value of the relative laser
pump power, p ~2 to 2.5, calculated value of the first
laser line width due to a ‘spatial hole burning’ effect
would not exceed of ~3.4 nm, and the maximum expected
value of the laser line width for an extremely high pumping
(p > 100) would be only ~4.0 nm. For the second laser, the
calculated line width is ~1.7—-1.8 nm for p ~2 + 2.5, and
~2.2 nm for p > 100, accordingly.

In Fig. 3, experimental values of the Cr:LiSAF laser line
width versus the relative laser pump power, p, are also
shown, both for end-pumped, and for TIR cavity laser
(curves 1 and 2). It is seen that for both the investigated
lasers, experimental values of laser line width are always
much larger than linewidths calculated with the assumption
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Fig. 3. Laser line width depends on the relative pump power. 1, 2—experimental data; 3, 4—calculation, according to Eq. (1). Curves 1 and 3
correspond to the end-pump laser with cavity length of L, = 20 cm; curves 2 and 4 correspond to the TIR cavity laser with resonator length of

122 cm.

of homogeneously broadened laser emission line, where
only a ‘spatial hole burning’ effect is taking into account.
For example, the measured output line width of the end-
pumped Cr:LiSAF laser was found to spread to 14 nm for
the relative pump power of p = 1.5, while expected value of
line width, calculated from (1), is only 3.0 nm. The similar
ratio between experimental and calculated values of laser
line width is observed for a TIR Cr:LiSAF laser: 13 and
2 nm, correspondingly.

This large difference between experimentally observed
and calculated values of the laser line width clearly indicates
the existence of another mechanism for the laser line width
broadening than a ‘spatial hole burning’ effect in Cr:LiSAF
lasers. The most likely, reason is some inhomogeneous to
the broadening of the Cr:LiSAF crystal emission line of the
4T2-4A2 transition of Cr’*-ions. In addition with the broad-
ening of laser output line width, inhomogeneous broadening
should lead to a reduction of the laser output power, when
the laser line width is made very narrow. In other words, the
reduction in output power of a single longitudinal mode
laser will be a function of the relative inhomogeneity of
its emission line, where we define relative inhomogeneity
as the ratio between the inhomogeneous and homogeneous
width of the emission line. This dependence can be used for
the quantitative estimation of inhomogeneous broadening of
the Cr:LiSAF laser emission line. To do this, we need to
calculate the output power of a single mode laser with inho-
mogeneously broadened emission line.

4. Analysis of inhomogeneous broadening

Inhomogeneous broadening can be considered as being

the result of homogeneous broadened emissions from
several groups of excited ions each of which emits at
slightly different central frequency v, as shown schemati-
cally in Fig. 4. Here we present a simple analysis to estimate
the extent of the inhomogeneous broadening of Cr:LiSAF
emission line by making some simplifying assumptions.
Suppose that the upper and lower levels of a laser transition
have only one Stark component, the lower laser level is
always empty (four-level laser scheme), and laser runs at
a single longitudinal mode with uniform transverse mode
intensity distribution (the TEMy, transverse mode distribu-
tion is also adequate to this approach). The rate equations for
the spectral density of the laser population inversion N(v, f)
and the intra-cavity single laser mode energy density Uy(?)
for an inhomogeneously broadened laser emission line is
given by [6,14]

IN(v, N(v,
% = W,G(v, 1) — (T” 2
_ a0
= B, N(v,0g(v, Vo)Uo(t)N(V’ 1) — N"G(v, »y)
(2a)
aU;t(t) = By hvyUy(t) J: g(v, v)N(v, )ydv—yUy(t)  (2b)

where W, is a pump rate, equal to the number of ions excited
per second in a unit volume. G(v, v) is the function that
describes an inhomogeneous broadened wavelength distri-
bution of the various types of emitting ions in the active
medium, centered at frequency v, v is the current
frequency, and g(v, v) is a function that describes a homo-
geneously broadened wavelength distribution of only one
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Fig. 4. Entire structure of the inhomogeneously broadened laser emission line used in our calculations. g(v, v) is a function of a homo-
geneously broadened wavelength distribution of only one type of emitting ions, centered at frequency of vy; G(v, v) is the function of an
inhomogeneous broadened wavelength distribution of the various types of emitting ions in the active medium, centered at frequency v,.

type of emitting ions, centered at frequency of v,.7,) is the
upper laser level lifetime, and By, is the Einstein coefficient
for the laser transition at frequency v,. vy is the laser cavity
losses, and hv, is the laser photon energy. 7, is the migra-
tion time of the excited energy between different neighbor-
ing ions in the active medium, and N = f,,N (v,0)dvis the
initial density of the excited ions in active medium.

Assuming the line shape of g(v, vg) is represented by
Lorenz profile

2 1
mAuy A= w)
A

8w, v) = 3)

1

where Ay, is the half-width of the homogeneous broadened
line g(v, vo).

The inhomogeneous distribution of G(v, v,) can be repre-
sented by Gaussian profile

2 (In2)"? ( 41n2(v—1/0)2)
€X -

G =
(Va V()) AVinh 771/2 AViznh

“

where Avy,, is the half-width of the inhomogeneously broa-
dened line G(v, vy). Thus, the whole laser emission line
shape is represented by the Voigt profile.

For the Cr:LiSAF crystal, we can also assume that the
speed of migration 7,,' is equal to zero, because experimen-
tal data show a negligible value of emission quenching even
for high doped Cr:LiSAF crystals [8]. For cw and quasi-cw
pulsed regime, Eq. (2a and b) can be simplified, because

IN(vt) U,
a o

=0 (5)

and this set of equations can be solved for the Voigt shape of
the laser emission line.

To compare the output of single longitudinal mode lasers
with inhomogeneously and homogeneously broadened lines
in identical conditions, (i.e. with the same relative pump
power, p), we need to define and compare threshold pump
powers for both.

Assuming the laser mode intensity is given by Ug,, = 0,
and taking into account Eq. (5), we can derive from Eq. (2a
and b) the threshold pump power, Wy, ., of a laser with an
inhomogeneously broadened emission line as

Y
By 111y, f(o)Q g, 1)G(v, vp)dv

(6)

Winjinh =
Accordingly, the threshold pump power, Wy, ;,, of a laser

with a homogeneously broadened line can be represented as

1 7
By maihy [o gn(v, vo)dv

Wth,inh =

where gu(v, vo) is Lorenz profile of the homogeneous broa-
dened emission line with a half-width of Avy;,ep.

Comparison of Eqs. (6) and (7) shows that the threshold
pump powers of these two lasers are equal on the condition
of equal spectral widths of their emission lines. This corre-
sponds to

JO g(v, v))G(v, yy)dv = ,[0 gn(v, yy)dv (8)

Substitution of Egs. (3) and (4) into Eq. (8) determines the
half-width of an inhomogeneously broadened laser emission
line with the Voigt profile, Avye;m, defined by means of
Ay, and Awy, that corresponds to the same threshold pump
power as a homogeneously broadened emission line would
have with an equal half-width

J7

T
Awy 2o = Mg o
Mg T ®

A Mine,inh =
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where
+/In2
a= (10)
B
AVinh
= —mh 11
B= an
is a parameter of inhomogeneity of the emission line;
® exp(—2a°x?)
op =2 S 12)
0 1+x
and
2(v—w)
=27 13
x An (13)

is a relative frequency.

It should be noted that limg_o{a(B)Q(B)} = /, and Eq.
(9) goes to correct limit with 8 =0 (i.e. the case of no
inhomogeneity).

Solving Eq. (2a and b) for the case of U, # 0 and the
Voigt emission line profile, we have the equation for the
laser mode intensity Ay,

J’°° exp(—a’x?) _ 9B (14)
0 1+ Ainh + x2 2[9

where Q(3) and a are given by Egs. (12) and (11);

Ay = lehV07212Uo,inh (15)

'7TA Vinh

is normalized mode intensity of the laser with inhomogen-
eously broadened emission line, and p = W,/Wy, is the rela-
tive pump power.

Eq. (14) can be solved numerically to find the dependence
of Ajpy = f(i, p).

The normalized mode intensity of the laser with the
homogeneously broadened emission line (Lorenz profile),
Ay, as a function of the relative pump power can be easily
derived from Eq. (2a and b)

Ay=p—1 (16)
where
A, = 2B, hvymy Uy, a7

77'AV1ine,h

The ratio between Up;,, and Uy gives the relative
reduction of the laser output in a single longitudinal
mode regime which is caused by inhomogeneous broad-
ening of the laser emission line. By using Eqs. (14) and
(16), and taking into account Egs. (9), (15) and (17), we
can find this ratio (it should be noticed that this output
reduction will be negligibly small for the multi-mode
regime).

Uoinn

_ _ Ain2a0(B)
X(B7p) - Uo’h - (p _ 1)77_1/2

(18)

Because this ratio is a function of the parameter of
inhomogeneity of the emission line, B, we can compare
experimental data and calculated from Eq. (18) for
various values of parameter 8 in order to do the estima-
tion of the inhomogeneous broadening of the Cr:LiSAF
emission line. Fig. 5 shows curves calculated from
Eq. (18) giving x as a function of p for g =1.5, 1.75,
2.0 and 2.25. Experimental data received with TIR cavity
laser, (i.e. the ratio of the Cr:LiSAF laser output energy
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in the narrow-line width and in multimode regime), are
represented by points on the same plot. The best fit
between the calculated and experimental data is observed
for a parameter of inhomogeneous broadening of the
Cr:LiSAF emission line of B ~ 1.75. This inhomoge-
neous broadening parameter is fairly small, when
compared, for example, with neodymium glasses that
have B values of 8 = 4—6. Nevertheless, inhomogeneous
broadening can be responsible for an unexpectedly wide
Cr:LiSAF laser line width, and also for the reduction in
the laser output. Thus for narrow line width operation we
can expect the reduction in the Cr:LiSAF laser output of
approximately 15-20% compared with wide bandwidth
operation for the values of the relative pump power
p~ 2-3.

5. Conclusion

In free running operation, Cr:LiSAF lasers exhibit a large
line width that cannot be explained only by ‘spatial hole
burning’ effects in a standing-wave resonator. By including
the possibility of a slight inhomogeneous broadening of the
Cr:LiSAF emission line, corresponding to the *T,-*A, tran-
sition of Cr3+-ions, the observed laser line width can be
explained. The relative reduction of the laser output in a
single longitudinal mode regime which is caused by inho-
mogeneous broadening of the laser emission line has been
calculated by means of a simple model. By comparing the
measured laser output energy with the calculated laser
output, the relative spectral inhomogeneity parameter of
the Cr:LiSAF crystal emission line 8 is estimated to be
B =16-138.
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