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Nd:MgO:LiNbO 3 spectroscopy and laser devices
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Laser oscillation in Nd:MgO:LiNbO3 has been demonstrated. Thresholds as low as 3.6 mW and slope efficiencies
up to 39% were achieved in a resonantly pumped miniature device. The electro-optical and nonlinear-optical
properties of the host were also used to make active internal Q-switched and self-frequency-doubled lasers.
Photorefractive damage is shown to be greatly suppressed compared with that for non-MgO-doped material.
Absorption spectra, fluorescence spectra, and lifetime measurements are also reported.

1. INTRODUCTION

Nd-doped LiNbO3 is a promising laser material that com-
bines the excellent laser properties of the Nd 3+ ion with
the electro-optical and nonlinear-optical properties of lithi-
um niobate. This permits the design of interesting yet sim-
ple devices, including self-frequency-doubled lasers, self-Q-

switched and self-modulated lasers, and waveguide devices.
The first laser oscillation in Nd:LiNbO3 was reported in

1967.1 Subsequently several research groups studied the
absorption and fluorescence spectra and the energy levels of
this material2 -5 and investigated both flash-lamp-
pumped3 6 7 and laser-pumped Nd:LiNbO3 lasers.8 9 Self-
frequency doubling was originally demonstrated in
Tm:LiNbO33 and later in Nd:LiNbO3 .10 However, the pho-
torefractive effect in LiNbO3 appeared to reduce greatly the
efficiency and usefulness of the devices that involved short-
wavelength radiation.

Several years ago Zhong et al." showed that LiNbO3

doped with approximately 5% or more magnesium oxide
exhibits a remarkably reduced photorefractive response
compared with undoped LiNbO3 . This highly MgO-doped
material has been used to make Q switches and frequency
doublers.' 2 MgO doping of Nd:LiNbO3 was previously used
to increase the distribution coefficient of Nd into LiNbO3.7

Yet no reduction of the photorefractive effect was noted,
most likely because of a low MgO concentration. In view of
the previous work and more recent studies,' 3 it was interest-
ing to investigate the properties of Nd:MgO:LiNbO3 as a
potentially high-damage-threshold laser material.

Recently we reported successful laser operation and self-
frequency doubling in this material8 as well as self-Q-
switched laser operation.' 4 In this paper we give a more
thorough description of our investigation of the properties of
Nd:MgO:LiNbO3 as well as of several laser devices. In Sec-
tions 2 and 3 we discuss the material properties and spec-
troscopy, respectively. This is followed in Section 4 by the
description of quasi-cw and cw room-temperature lasers. In
Section 5 we characterize the resistance of these devices to
photorefractive damage. Finally, self-frequency doubled
and self-Q-switched laser operation are described in Sec-
tions 6 and 7.

2. MATERIAL

LiNbO3 is a uniaxial crystal that belongs to the space group
CM. Nd3+ can substitute into either the Li+ or the Nb5

+

site'5 ; both sites are on the C3, axis and are characterized by
C3, site symmetry. Neither substitution site lies on an in-
version center, so electric-dipole transitions should be al-
lowed.

The samples used in this work were cut from two boules
grown and provided to us by Crystal Technology. Both
boules were grown from originally congruent Li/Nb ratio
melts into which 5-mol. % MgO and 0.5-1.0-at. % Nd were
added. Emission spectroscopy analysis indicates that both
boules contained 2.5-wt. % MgO. They were also doped
with 0.15- and 0.2-wt. % Nd2O3 and will be referred to as the
low- and high-doped samples, respectively. The ratio of Nd
concentrations was confirmed by optical absorption mea-
surements. Both samples were grown along the crystal z
axis. They exhibited striations perpendicular to this direc-
tion, which were quite visible to the naked eye, with a period
of the order of 0.2 mm for the low-doped sample and 0.5-1.0
mm for the high-doped sample. The most likely explana-
tion for these striations is a variation in the material refrac-
tive index induced by composition variations, in particular
changes in the Li/Nb ratio and/or in the Mg concentration.
In addition, the higher-Nd-doped sample exhibited a large
number of inclusions. However, as we shall see, we were
able to demonstrate remarkably low-loss devices with these
early samples. Further loss reduction is expected in future
generation crystals.

3. SPECTROSCOPY

The fluorescence lifetimes, absorption spectra, and fluores-
cence spectra have been investigated. The fluorescence life-
times were measured by pumping the samples with a fre-
quency-doubled Q-switched Nd:YAG laser. A long-pass fil-
ter was used to block the pump light and pass the near-
infrared fluorescence from the sample. The signal was
monitored with a silicon detector and then displayed on an
oscilloscope. The measured lifetimes were 120 and 102 ,sec
at room temperature for the low-doped and high-doped sam-
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tix Model CT 103 monochromator and a calcite polarizer to
analyze the spectra, and a germanium detector. The spec-
tra were digitally recorded and corrected for the relative
response of the detection system. The fluorescence spectra
near 1.09 ,um are similar to previously published data.35

The spectrum of the E c (or o) polarization was found to be
identical to the axial spectrum for both the absorption and
the fluorescence, which indicates that the transitions in-
volved are electric-dipole in nature, as expected.

From the fluorescence spectra, the effective stimulated
emission cross section can be calculated by using the follow-
ing equation 17' 18 :

UP'(X) =
3X

5
jIP(X)

8lrn2CTRJ XI(X)dX

(1)
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Fig. 1. Absorption coefficient as a function of wavelength for the
high-doped sample.
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Fig. 2. Effective stimulated-emission cross section calculated from
the fluorescence spectrum.

ples, respectively. Previous reports indicated lifetimes in
the 80-85-Asec range for 1-wt. % Nd sampleS2 and 100 sec

for 0.5-wt. % Nd samples. 9 These results indicate concen-
tration quenching. In addition, no change in lifetime was
measured in the high-doped sample for temperatures up to
100'C. This is consistent with other measurements of the
temperature dependence of the Nd3+ fluorescence lifetime
in other single-crystal hosts (YAG, YAlO3).'6 The fluores-
cence decay was exponential in character even though the
Nd3+ ions occupy two different substitutional sites in
LiNbO 3. In general, the two sites would be characterized by
different lifetimes, which would lead to a nonexponential
fluorescence decay. However, based on the exponential flu-
orescence decay, it appears that the two sites must have
nearly equivalent lifetimes.

The absorption spectra for both the r (Ellc) and o (E c)
polarizations are shown in Fig. 1 for the 0.2-wt. % Nd2O3

sample. These spectra were measured using a Perkin-
Elmer 330 spectrophotometer with a resolution of 0.9 nm
and a calcite polarizer to separate polarizations.

The fluorescence spectra were measured using a Rhoda-
mine 590 dye laser to excite the Nd:MgO:LiNbO3 , a Chroma-

where X is the signal wavelength, n the material refractive
index, c the speed of light, TR the radiative lifetime of upper
laser level, and IP(X) the light intensity as a function of
wavelength. The superscript p denotes either state of po-
larization. The integral in the denominator is performed
over the fluorescence in all polarizations between the mani-
folds of interest, in this case 4F3/2-

4 1/ 2. The branching
ratio Oj is defined to be

J X1j(X)dX

iX=

>i J XI(X)dX

(2)

where the integral in the numerator is calculated from the
upper laser level to the manifold of interest and the sum in
the denominator is carried out over fluorescence from the
upper laser level to all lower-lying manifolds (4I15/2, 4I13/2,

4I11/2, and 4I9/2). The branching ratio for 4F3/2-411 /2 has
been measured to be 0.44.19 Using Eq. (1) and the assump-
tion that the radiative lifetime is 120 Atsec (i.e., unity radia-
tive quantum efficiency), the effective stimulated-emission
cross section can be calculated. The results are shown in
Fig. 2. The peak cross section calculated by this method is
near (-e = 1.8 X 10-19 cm2 for the r polarization and 5.1 X

10-20 cm 2 for the polarization compared with previously
measured values of 5 X 10-19 cm2 and 2 X 10-19 cm 2, respec-
tively.5

The linewidths of the transitions are substantially greater
than those in Nd:YAG. This can most likely be attributed
to the two distinct sites for the Nd3 + ion, which have slightly
different energy levels.2 Although two separate sets of tran-
sitions that are due to the two different sites cannot be
observed at room temperature, it was previously noted that
at lower temperatures, 77 K, double peaks in the transitions
can be observed, indicating differences in transition energies
for the two sites in the 10-20-cm-1 range.2

4. CONTINUOUS-WAVE LASER OPERATION

System Description
Continuous-wave and quasi-cw room-temperature laser op-
eration was achieved in four samples of Nd:MgO:LiNbO3 .
Two of these samples were cut along the y axis, so that laser
oscillation was obtained preferentially in the high-gain or r

polarization at a wavelength of 1.085 Aim. The other two
crystal rods were oriented along the z axis. In these samples
laser action could be achieved only in the low-gain polariza-
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Fig. 3. Schematic of the miniature Nd:MgO:LiNbO 3 laser experi-
mental arrangement. (ND, neutral density.)

tion at X = 1.093 Am. Since the axial spectrum was shown to
be the same as the a. spectrum, the low-gain polarization will
be referred to as the a. polarization. The two y-cut rods, with
dimensions 2 mm X 2 mm X 10 mm, as well as one of the z-
cut rods (1 mm X 1 mm X 5 mm) had their end faces
antireflection coated with 1875 A of SiO2. The second z axis
rod (2 mm X 2 mm X 11.5 mm) had its ends antireflection
coated with multidielectric layers. All samples were of the
low-doped type.

The experimental arrangement used for the laser mea-
surements is illustrated in Fig. 3. It consists of the pump
lasers, the Nd:MgO:LiNbO3 laser cavity, and the detection
elements. The components shown by dashed lines were
incorporated only for Q-switched operation.l4 The pump
laser was a cw Rhodamine 6G dye laser tuned to the 598-nm
absorption line of the material. To reduce measurement
errors owing to feedback, we optically isolated the miniature
laser cavity from the pump laser, as shown in Fig. 3.

To minimize degradation resulting from the residual pho-
torefractive effect in the material, the pump beam was
chopped to reduce its duty cycle to -1.2%. The crystals
were thus pumped with -500-sec-long pulses at a repeti-
tion rate of 25 Hz. The pulse width was chosen to be more
than four times the fluorescence lifetime of the material to
be in the quasi-cw mode.

From Eq. (3) it is clear that for a given material the
threshold is minimum when both the average signal- and
pump-mode areas inside the crystal are minimized. The
average mode radii can be simply calculated by integrating

R the well-known Gaussian-beam propagation equation over
the crystal length as follows:

Wi I o z L irwn J J

In this expression, the subscript i refers to pump (p) or signal
(s), wi is the beam-waist radius, zi is the location of this waist

E inside the crystal where z = 0 at the input face of the crystal,
and is the crystal length.

The value of wi that minimizes wi is equal to

/ ( Xil 1/2 (5)

where Xi is the pump (i = p) or signal (i = s) wavelength.
From resonator Gaussian-mode theory it can be shown

that for given mirror curvatures there are two cavity lengths
L that realize condition (5). With the mirrors that were
available to us, the first of these lengths corresponded to
cavities that were shorter than our crystals and therefore not
physically realizable. The smallest practical signal waist
obtainable with a short cavity is achieved when L = 1. This
configuration will be referred to hereafter as the minimum-
length cavity. The second solution is very close to the so-
called spherical-cavity configuration, which is at the edge of
the stability region. Therefore, as a compromise between
minimum threshold and mechanical stability, slightly small-
er lengths than this optimum were selected. This type of
cavity configuration is referred to as the nearly concentric
cavity.

A similar analysis was carried out to optimize the pump-
waist radius through the selection of the optimum focal
length for the focusing element. The pump-beam diameter
was accurately measured just before the miniature laser cav-
ity by using a Reticon linear detector array. An f = 10.0-cm
lens was then selected to provide near-optimum pump-waist
radii inside the crystal.

Miniature Laser Cavity Design
The first criterion in the design of the miniature laser cavity
was the minimization of the pump threshold power by prop-
erly choosing the lens and cavity parameters. From the
formalism of mode overlap20'2' an approximate expression
can be derived for the pump power Pth that needs to be
absorbed by the material to reach oscillation threshold:

th = 2 [2 ( p + W, )] (3)

where vp is the pump frequency, a. the net-gain cross section,
rf the fluorescence lifetime, and the round-trip cavity loss
including output coupling. wp and w, are the average pump-
and signal-mode radii averaged along the length of the crys-
tal.2 ' The net-gain cross section a. is the difference between
the effective stimulated-emission cross section oe [Eq. (1)]
and the excited-state absorption (ESA) cross section. The
latter parameter has not been measured in this material, but
we believe that the ESA cross section is small, and we will
treat a and ae as the same parameter.

Experimental Results
Both nearly concentric cavities and
ties were investigated in this work,
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Fig. 4. Output-power versus pump-power curves, r polarization.
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Fig. 5. Output-power versus pump-power curves, a polarization.
(a)R = 5cm,L = 106mm, T= 0.42%. (b)R = 10cm, L = 6.5mm, T
= 0.30%.

Table 1. Continuous-Wave Laser Data

Inferred
Slope Crystal Threshold

Polar- T Efficiency Loss Power
ization Crystal (%) (%) (%) (mW)

7r y axis 4.4 39 1.8 12
7r y axis 0.42 11.7 1.6 3.6
af z axis 0.42 9.05 2.1 3.9
f z axis 0.3 5.4 2.7 18.8

their inherent lower threshold and the latter because they

provide a way to estimate the net-gain cross section of the
material.

Figure 4 shows plots of the laser output power at X = 1.085
Am versus absorbed pump power for y-cut lasers in a short
cavity. The first laser consisted of two 5-cm-radius mirrors,
a high reflector, and a 0.42% transmissive output coupler
separated by a distance of 11.5 mm. The second laser was
identical, except that the output coupler was 4.4% transmis-
sive with a 10-cm radius of curvature. The oscillation
thresholds are relatively low, of the order of 4 to 12 mW. As
expected, the output grows linearly with the absorbed pump
power. A least-squares fit to a straight line was made to the
experimental data (solid lines in Fig. 4). The device slope
efficiency is defined as the slope of the curve fits, i.e., as the
ratio of output energy to input energy above threshold. The
slope efficiency of 39% observed with the high-transmission
output coupler is close to the theoretical limit of 55% given
by the ratio of signal to pump photon energy. A maximum
quasi-cw output power in excess of 22 mW was observed for
an absorbed pump power of 70 mW, which corresponds to a
maximum available pump power incident upon the laser
cavity of 128 mW.

Note that the analysis presented previously predicted a
pump-power threshold much smaller for a nearly concentric
cavity than for a minimum length cavity. This was verified
experimentally by increasing the mirror separation up to
10.4 cm in the laser having a 0.42% transmissive output
coupler. Under these conditions the absorbed pump power
required to reach threshold was lower than 1 mW. Howev-
er, the short-term power fluctuations of this laser, about 3 to
6%, were larger than those for the short-cavity lasers, which

were typically 1%. The better stability of the short laser is

probably attributable to the less severe influence of pump-

beam wandering because of the much larger signal-mode

size.
Figure 5 shows the output power characteristic of two low-

gain, z-cut lasers. The first one was made of the longer

crystal in a nearly concentric cavity. This laser was run cw

without noticeable output degradation during the time it

took to characterize it. To the best of our knowledge this is
the first report of cw oscillation in Nd:LiNbO3. Because of

the smaller mode size in this device, its threshold was com-

parable with that of the previous high-gain devices, of the

order of 4 mW. The second laser was made of the short

crystal placed in a short cavity. The larger mode size is

responsible for its higher threshold. The data for the lasers

of Figs. 4 and 5 are summarized in Table 1.

In all- miniature lasers the transverse mode structure of

the signal beam was carefully analyzed with a Reticon linear

detector array. Under optimum threshold conditions, all

lasers were found to oscillate in the fundamental Gaussian

mode. The measured beam diameter served to determine

the signal-waist radius inside the cavity by using standard

matrix formalism. The signal-waist radii obtained by this

method agree to better than 10% with theoretical predictions

from the cavity parameters. The waist radii were typically

70 Am for short-cavity lasers and about 34,um for the nearly

concentric-cavity laser. By comparing these figures with

the optimum value predicted by Eq. (5) it can be seen that

the threshold could be further reduced. The pump-waist

radii were about 20 Am for the short cavities and 29 Am for

the nearly concentric laser.

Determination of a and a

The theoretical analysis given in Ref. 22 indicate that above

threshold the laser output Pout of a four-level system grows

linearly with the input pump power with a slope efficiency

defined as s = Pout/(Pabs - Pth). For relatively low round-
trip losses this slope efficiency may be approximated by23

T hvs

hp
(6)

where Pabs is the absorbed pump power and T is the output
coupling.

This relation was used to calculate the round-trip cavity

loss and the material cross section a from the measurable
laser quantities Pth and s. The laser loss 6 was obtained

directly from the measured slope efficiency by using relation

(6). The measured pump- and signal-waist radii were re-

placed in Eq. (4) to yield the average waist radii inside the

crystal rod. With these values and the cavity loss, 3, a was

determined with the help of Eq. (3).

When the waist radii are small (30 Am or less), the error

introduced on a may be significant. For this reason, in

calculating a we used only data from the short-cavity lasers,

for which w, 70 Am. In addition, for these cavities the

pump-waist radius was much smaller than the signal-waist

radius, and an error in wp had less severe influence in the

determination of a.

The residual crystal loss figures inferred from relation (6)

are listed in Table 1. They are defined as the excess loss 6 -

T and therefore include crystal loss and antireflection-coat-

ing spurious reflections. These losses, of the order of
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1%/cm, indicate that the crystals used exhibited relatively
small losses despite the optical defects that they contained.
The values of the effective gain cross section deduced by the
method described above are a = 1.8 X 10-19 cm2 for the low-
gain polarization and a = 6.1 X 10-19 cm 2 for the high-gain
polarization. It was not possible to measure these values to
better than about 20%. They agree to better than 20% with
data measured in Nd:LiNbO3 by other authors.7 However,
these values are approximately three times larger than those
extracted from fluorescence measurements (see Section 3),
although the ratios of high- to low-gain cross sections are
about the same in both measurements, namely, about 3.5.
This disagreement has not yet been resolved but does not
constitute a serious discrepancy for a quantity generally
difficult to measure accurately. Laser characteristics cer-
tainly suggest that this material has a gain comparable with
that of Nd:YAG under identical pumping arrangements.

5. PHOTOREFRACTIVE EFFECT

MgO doping has substantially reduced zero-field photore-
fractive damage. Previous reports on this effect in
Nd:LiNbO3 (Ref. 9) indicate a more severe problem than we
observed. However, the photorefractive effect is still pres-
ent despite the MgO doping. It also appears that Nd doping
enhances this effect, as was previously noted in non-
MgO-doped LiNbO3.5 It was ascertained that the damage
was greater in the Nd-doped sample by visually comparing a
Nd-doped and a non-Nd-doped sample after each was ex-
posed to a focused 600-nm laser beam under similar condi-
tions. A damage spot could be seen only in the Nd-doped
sample. The damage spot could be annealed either by heat-
ing or by leaving the sample in room light for several hours.

In an attempt to obtain more quantitative results, we tried
to form a photorefractive diffraction grating in the low-
doped sample by intersecting two coherent pump beams at
514.5 nm. This diffraction grating was then probed by a
laser beam at 632.8 nm. No diffraction could be observed
with typical pump intensities of 1 W/cm2. The instrument
sensitivity placed an upper limit on the diffraction efficiency
of about 10-5. Previous reports indicate that diffraction
gratings can be written into MgO:LiNbO3 by using a similar
technique'3 with 1-order-of-magnitude greater pump inten-
sity.

In our experiments, the effect of photorefractive damage
was to prevent true cw oscillation at room temperature in y-
cut samples, whether for the r or a polarization. However,
quasi-cw oscillation was possible, as described earlier, with a
duty cycle of 1.2%. At higher duty cycles degradation of the
output power was observed, presumably caused by optical
damage. At 33% duty cycle the output was reduced by a
factor of 2. When the chopper was stopped, oscillation
continued for 1-2 sec, then stopped. When the chopper
was restarted, oscillation slowly returned over a period of
1-2 min.

On the other hand, as was previously mentioned, damage
did not appear to affect true cw oscillation at room tempera-
ture in z-cut samples. Also, true cw oscillation was obtained
in y-cut samples at elevated temperatures. For tempera-
tures greater than 100 °C, damage had little or no effect on
oscillation. As the temperature was continously lowered
from 100 °C, the photorefractive effect slowly became worse,

but true cw oscillation was obtained down to 50 °C for the r
polarization and 30 °C in the a polarization. The photore-
fractive damage appeared to be larger for the extraordinary
index of refraction, as expected, since the damage is caused
by index-of-refraction variations resulting from local elec-
tric fields coupling to the electro-optic effect. Since the r33

electrooptic coefficient of LiNbO3 is relatively large com-
pared with the other coefficients, one would expect the pho-
torefractive damage to affect mainly the extraordinary index.

We hope to reduce this problem by investigating crystals
with greater MgO doping and using semiconductor diode
lasers as pump sources. It is hoped that greater MgO doping
will offset the increase in photorefractive damage that is due
to the addition of Nd, and semiconductor diode pumping
will allow us to use longer pump wavelengths, for which the
photorefractive response of the material is lower.

6. SELF-FREQUENCY DOUBLING

Self-frequency doubling offers the potential for efficient
doubling because of the high intracavity intensities available
in a simple system. We report here the first demonstration
to our knowledge of cw self-frequency doubling. Previous
demonstrations of self-frequency doubling have been in a
pulsed mode.3 ,0,24

The experimental apparatus used for these measurements
is essentially that described previously for cw laser opera-
tion. We chose to use 900 phase matching to avoid Poynting
vector walk-off and obtain a higher conversion efficiency.
To achieve 900 phase matching, the laser oscillation must be
in the ordinary polarization (perpendicular to the z-axis),
while the second-harmonic wave has an extraordinary polar-
ization. Phase matching was achieved by temperature tun-
ing the crystal birefringence. We therefore used a y-cut
crystal that we placed in an oven. A Brewster angle window
was inserted in the cavity to force the laser to oscillate in the
a polarization. Both cavity mirrors were 67% transmissive
at the second-harmonic wavelength near 547 nm and highly
reflective at the fundamental wavelength ( - 1 .0 9 m). No
attempt was made to oscillate the second harmonic, al-
though it should be possible to increase the single-ended
second-harmonic output by a factor of 4 if one of the cavity
mirrors is made highly reflecting at the second-harmonic
wavelength and if the proper phase relationship between the
second harmonic and the fundamental required for second-
harmonic generation is maintained in the crystal.25 This
fator-of-4 enhancement should be almost fully realizable in
Nd:MgO:LiNbO 3, which has little absorption at the second-
harmonic wavelength (unlike Nd:YAG or Nd:YLF).

Figure 6 shows the second-harmonic power generated in
the forward direction as a function of dye-laser input power
at a phase-matching temperature of about 1520C. The solid
curve is a least-squares fit to a parabola. Twice as much
second harmonic as indicated was actually generated be-
cause this figure is for single-ended output. Because of the
high operating temperature the second-harmonic output
was not limited by photorefractive damage, even up to the
maximum power of 1 mW that we observed.

The conversion efficiency, defined as the ratio of total
second-harmonic output to pump power absorbed above
threshold, was 7.6% per watt. As mentioned above, this
figure could be improved by making the laser cavity reso-
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Fig. 6. Single-ended output at the second harmonic for the self-
frequency-doubled laser.

nant at the second-harmonic wavelength and also by lower-
ing the crystal loss and/or optimizing the crystal length. The
efficiency of intracavity second-harmonic generation de-
creases rapidly with increasing intracavity loss2 5 because of
increasing threshold and lower cavity fluences for the funda-
mental. The sample used here had round-trip loss of about
2.3%. Improvement of the efficiency by at least 1 order of
magnitude should be possible under optimum conditions.

Semiconductor diode pumping should also increase the
efficiency. However, it is necessary to reduce the threshold
by using lower-loss crystals and reducing phase-matching
temperature before diode pumping becomes practical. We
have found that at the phase-matching temperature the
threshold is 2.3 times higher than at room temperature,
which is consistent with previous results.5 This could be
due to a combination of (1) decreased stimulated-emission
cross section because of thermally induced linewidth broad-
ening, (2) increased lower laser level absorption, and (3)
decreased fluorescence lifetime at elevated temperatures.
Our lifetime-versus-temperature measurements rule out the
last possibility, so the increased threshold is probably due to
a combination of the first two effects. It appears possible to
decrease the phase-matching temperature by increasing
MgO doping26; however, clearly the crystal losses are of
greater concern, and it is hoped that higher-quality crystals
can be grown in the future.

7. ACTIVE INTERNAL Q SWITCHING

The term active internal Q switching is used in this paper to
denote Q-switched operation in a laser in which the electro-
optic (Pockels) cell and the active laser medium have been
integrated into the same crystal rod. This Q-switching
scheme offers the advantages over standard Q switching of
miniaturization and reduced cavity loss. Our design of an
internally Q-switched Nd:MgO:LiNbO 3 laser was based on
the principle of cavity-loss modulation by means of a retar-
dation plate and a polarizer, which is also the operation

principle of LiNbO3 Q switches. These Q switches are usu-
ally operated as quarter-wave plates during the low-Q state
for low switching voltage V1 /4. During the low-Q state radia-
tion incident upon the crystal must be polarized at 450 to the
crystallographic axes.

A detailed analysis of the possible crystal configurations
for active internal Q switching was carried out assuming
that the electro-optic tensor in LiNbO3 was not modified
appreciably by the Nd and MgO dopants. A result of the
analysis was that x- and y-axis configurations are not suited
for this type of Q switching. As discussed in previous sec-
tions, in x- and y-cut rods laser action is attained with the
optical field being either parallel (r polarization) or orthogo-
nal () to z. A voltage applied to the crystal will change the
state of polarization of this field only if it induces a rotation
of the principal axes. However, the angle of rotation is
either zero or exceedingly small even for voltages of the order
of thousands of volts. On the other hand, in z-axis rods the
lasing field can be forced to be linearly polarized at an arbi-
trary angle by means of an intracavity polarizer or a Brew-
ster plate. In this case, applying an electric field parallel to
the x-axis induces the required rotation of principal axes.

The experimental setup was the same as for the cw and
quasi-cw measurements, except that we included the compo-
nents shown in Fig. 3 by dashed lines. The miniature laser
consisted of the long z-cut crystal in the nearly concentric

cavity described in Section 4. Thin gold electrodes were
deposited upon the side faces of the crystal, permitting the
application of an electric field parallel to the crystal x axis.
A thin Brewster window was inserted into the cavity to force
the laser polarization also to be parallel to the crystal x axis.
The chopper was replaced by an acousto-optic (A-O) cell,
which modulated the pump into 500-/Asec pulses at a repeti-
tion rate of 22 Hz.

A voltage pulse was applied to the crystal slightly before
the beginning of each pump pulse to prevent quasi-cw oscil-
lation. Switching this voltage to zero just before the end of
the pump pulse resulted in the emission of a Q-switched
pulse.

During pumping twice above threshold, a voltage of 250
volts was required to hold off quasi-cw oscillation. At this
pump level the laser generated pulses 490-nsec wide (full
width at half-maximum) with a peak power of 220 mW.
When the Q-switched laser was operated at 4.5 times above
threshold (110 mW of absorbed power), the pulse width was
reduced to 250 nsec and the peak power was increased to 560
mW. The switching voltage was then 1000 V.

The measured pulse widths were compared with the pre-
dictions of Q-switched laser theory from the knowledge of
the cavity loss 3. The cavity loss was deduced by using the
method described in Section 4. We measured a quasi-cw
slope efficiency of 8.4% and a threshold of 25 mW. From
relation (6) we deduced that 6 = 2.7%, which implies a mini-
mum theoretical pulse width Atmin of 30 nsec, equal to the

photon lifetime inside the cavity. The Q-switched pulse
widths At as a function of pump level r = Ni/Nth can be
calculated from2 7

r
At Atmin r_ -1 I (7)

where Ni is the population inversion just before the emission
of the Q-switched pulse and Nth the threshold inversion. In
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this equation, the final inversion Nf has been neglected.
Assuming that r Pabs/Pth, we calculated pulse widths that
coincide with the measured values within a factor of 3.

We tested the effect of an applied voltage on ow and quasi-
cw laser operation after removing the Brewster plate from
the cavity. With a duty cycle of 70% a cw voltage of about
500 V resulted in a reduction of the output power by a factor
of 2/3. This problem was alleviated by reducing the duty
cycle to -1%. These results suggest the presence of non-
zero-field or electrically induced photorefractive damage.

We ascertained that an applied voltage of about 600 V was
required to change the quasi-cw output polarization from
linear to circular. This voltage is consistent with the mea-
sured minimum voltage of 250 V required to hold off quasi-
cw oscillation during pumping twice above threshold. Al-
though these results indicate an electro-optic coefficient r22
within a factor of 2 of that of congruent LiNbO3, we believe
the interpretation of these data may be questionable, as the
internal electric field may have been affected by the electric
field induced by photorefractivity. Further measurements
using infrared radiations are required for r22 in this material
to be determined without ambiguity.

The Q-switched laser that we operated demonstrates the
potential of Nd:MgO:LiNbO 3 as a high-gain internally Q-
switched laser material. The principle of cavity-loss modu-
lation by a retardation plate and a polarizer was used in this
device; nevertheless, other approaches are under investiga-
tion. A design based on an effective gain modulation in-
stead of loss modulation will be particularly useful for x- and
y-axis lasers. In these crystal configurations, zero-field pho-
torefractive damage is also of concern, as discussed earlier,
and further studies are required. Future efforts will concen-
trate also on the implementation of near-infrared pump
sources to avoid zero-field and non-zero-field photorefrac-
tive damage.

8. CONCLUSION

Continuous-wave and quasi-cw laser oscillation near 1.09 Jtm
has been demonstrated in miniature Nd:MgO:LiNbO3 crys-
tals end-pumped at 598 nm, with thresholds of the order of a
few milliwatts and quantum efficiencies approaching the
theoretical limit. In addition, we have demonstrated self-
frequency doubled devices with up to 1 mW of cw output
near 0.54 m and the generation of 250-nsec, 560-mW peak-
power pulses by using the electro-optical properties of the
laser host to achieve internal Q switching. Analysis of the
laser characteristics indicates gain cross sections of 6.1 X
10-19 cm2 and 1.8 X 10-19 cm2 for the high- and low-gain
polarization, respectively. Although these values are higher
than those deduced from independent spectroscopic mea-
surements, they suggest that the optical gain of this material
is comparable with that of Nd:YAG, which makes it a prom-
ising candidate for future solid-state devices.

One of the important results of this study is that the Nd
and MgO dopants were found to have competing effects on
the material's photorefractive properties. As a result, al-
though the samples that we tested were far less susceptible
to photorefractive damage than earlier samples that did not
contain MgO, they still exhibited some degree of damage,
which somewhat limited the performance of some devices.

However, the device characteristics were quite satisfactory
and demonstrated the potential applications of this material
as efficient solid-state lasers.

In the future, we hope to investigate the characteristics of
samples with higher MgO doping levels to reduce photore-
fractive damage further and to lower the phase-matching
temperature to achieve near-room-temperature self-fre-
quency doubling. Also, efforts will be directed toward the
implementation of semiconductor laser diodes as a pump
source to reduce the material susceptibility to pump radia-
tion and to increase the laser efficiency. Finally, a later step
in this work may be the development of similar devices in a
guided configuration, for example, in integrated-optic or
crystal-fiber structures, to take advantage of a greater opti-
cal energy confinement and further improve the device effi-
ciency.
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