
Abstract. A � 20-mW cw radiation source is developed emit-
ting at a wavelength of 457 nm with the linewidth less than
30 kHz. The source is based on a Ti:sapphire laser with freq-
uency doubling in an external cavity containing a nonlinear
LBO crystal. The results of high-resolution spectroscopy of
magnesium atoms in separated optical éelds, which demon-
strate the possibilities of the system, are presented.

Keywords: Ti:sapphire laser, second-harmonic generation, high-
resolution spectroscopy.

1. Introduction

The energy level diagrams of alkali-earth elements Mg
and Ca are of interest for the development of frequency
standards in the visible [1 ë 6] and microwave [7 ë 10] spec-
tral regions, as well as for the building of highly sensitive
atomic interferometers for precision physical measurements
[11].

To build an atomic interferometer based on magnesium
atoms with the best possible parameters, a laser radiation
source is required emitting at a wavelength of 457 nm with
the linewidth of no more than 30 Hz and the output power
� 50 mW. The precision spectroscopy of magnesium in the
blue spectral region can be performed with the help of a dye
laser pumped by a UV argon laser and actively frequency-
stabilised relative to the transmission band of an external
highly stable interferometer [1 ë 3]. Another possibility of
obtaining tunable radiation in the region of 457 nm is the
use of frequency-doubled radiation from a Ti:sapphire laser
at 914 nm.

The use of a Ti:sapphire laser offers a number of advan-
tages. This solid-state laser is tunable in a very broad spec-
tral range from 700 to 1100 nm, which allows one to obtain
frequency-doubled radiation tunable from 350 to 550 nm.
The Ti : sapphire laser is pumped by visible radiation from
an argon laser, which is more reliable than a UV argon laser
required for pumping a dye laser.

In contrast to a jet dye laser, the spectrum of perturba-
tions of the frequency of a solid-state Ti:sapphire laser lies
mainly in the frequency range up to 50 kHz, which sub-
stantially alleviates the problem of active stabilisation of the
laser frequency. The use of a high-Q external cavity and
efécient nonlinear crystals provides the generation of several
hundreds of milliwatts of frequency-doubled radiation at the
fundamental-frequency output of � 1 W.

In this paper, we report the development of a cw
Ti :Al2O3 laser radiation source tunable in the region of
457 nm with the lasing linewidth less than 30 kHz and the
output power � 20 mW.

2. Experimental

2.1 Ti:sapphire laser

A Ti:sapphire laser we used in our experiments was built on
the basis of the optical scheme described in Ref. [12]. This
scheme, optimised by us for lasing at 914 nm, is shown in
Fig. 1.

Radiation from a pump argon laser was focused by a
spherical mirror with the radius of curvature R � 250 mm
into a Ti :Al2O3 crystal of length 15 mm through one of the
mirrors (R � 100 mm) of the laser cavity. The ring cavity of
the laser was formed by six mirrors: two spherical mirrors
with R � 100 mm and four êat mirrors. The single-fre-
quency generation and laser tuning to the required wave-
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Figure 1. Optical scheme of a Ti:sapphire laser: ( 1 ë 4 ) êat mirrors; ( 5 )
three-element Lyot élter; ( 6 ) etalon with a free spectral range (FRS) of
100 GHz; ( 7 ) etalon with a FSR of 20 GHz; ( 8 ) Faraday rotator; ( 9 )
`slow' piezoelectric ceramics; ( 10 ) `fast' piezoelectric ceramics; ( 11 )
photodiode; ( 12 ) spherical mirrors; ( 13 ) automatic selector control
(ASC) system; ( 14 ) voltage supply for controlling piezoelectric mirrors.



length were obtained with the help of a three-element Lyot
élter and two etalons placed in the cavity. A thin etalon
represented a plane-parallel quartz plate of thickness 1 mm
without any coating. A thick etalon consisted of two Littrow
prisms, which were separated by a 8-mm spacing, which can
be changed with the help of piezoelectric ceramics. The inner
surfaces of Littrow prisms had dielectric coatings with the
reêectivity 30%. The one-directional generation was provi-
ded by inserting an optical diode into the cavity. The optical
diode consisted of a Faraday rotator and three mirrors, one
of which (mirror 3) was located outside the cavity plane. The
Faraday rotator consisted of a Brewster rod of length 10
mm made of a MOS-31 magnetooptical glass and placed in
the magnetic éeld of a permanent magnet (Nd15Fe77B8). The
Faraday rotator provided the optical rotation by � 38 at a
wavelength of 914 nm.

To obtain the maximum width of the region of con-
tinuous laser tuning, which was limited only by dynamic
characteristics of `slow' piezoelectric ceramics, the thickness
of the thick etalon was tuned to the cavity mode by the
automatic selector control (ASC) system, which provided
the laser action without mode jumps for a long time (� 1 h).
The laser frequency can be continuously tuned within
2 GHz. For the transmission coefécient of the output mirror
T � 5% and the pump power 18 W, the output power of the
laser at 914 nm was 1 W.

The active stabilisation of the Ti:sapphire laser was
provided by automatically tuning its frequency to the centre
of the transmission band of an external highly stable Fab-
ry ë Perot interferometer. The scheme for the frequency
stabilisation of the Ti:sapphire laser is shown in Fig. 2.
The interferometer base represented a thick-walled Invar
cylinder of length 500 mm and diameter 80 mm with an
inner hole of diameter 18 mm. Mirrors with R � 500 mm
were glued to the base ends. For the transmission coefécient
of mirrors T � 1 %, the interferometer énesse F was � 300.
A vacuum chamber, in which the interferometer was moun-
ted with the help of vitone rings, was evacuated to a pressure
of 10ÿ4 ÿ 10ÿ5 Torr. A thermal stabilisation system provi-
ded the temperature stability of the interferometer base of
the order of 10ÿ3 8C.

The interferometer was tuned by applying voltage to the
piezoelectric ceramics to which one of the interferometer
mirrors was glued. The laser frequency was stabilised by the
method of sidebands developed in Ref. [13]. Phase modu-
lation at a frequency of 6 MHz was performed with an
electrooptical modulator based on a lithium tantalate crystal
LiTaO3. The automatic frequency control (AFC) system

consisting of two feedback circuits, a fast one and a slow
one, provided the feedback bandwidth about of 30 kHz.

Fig. 3 shows the spectrum of residual perturbations of
the laser frequency observed using the AFC system. The
laser linewidth Dv in the stabilised regime was estimated to
be � 15 kHz and was mainly limited by the stability of the
Fabry ë Perot interferometer itself, which was used for
frequency stabilisation. We assume that the laser linewidth
can be further decreased by improving the stability of the
reference interferometer and increasing the bandwidth of the
AFC system by using an intracavity electrooptical modu-
lator.

2.2 SHG in an LBO crystal

The efécient SHG of radiation from a cw Ti:sapphire laser
emitting at 914 nm can be produced in LBO, BBO, LiIO3,
and KNbO3 crystals. The most promising among these
crystals is a potassium niobate crystal KNbO3 in which 90 8
noncritical phase matching is possible in this spectral region
with the SHG eféciency exceeding 10ÿ3 Wÿ1. However, this
crystal was unavailable to us by the beginning of this study.

In accordance with a comparative analysis performed in
paper [12], we have chosen a lithium triborate crystal LBO.
This nonhygroscopic crystal provides the highest SHG efé-
ciency at 914 nm among the crystals available to us. Its
good optical quality and a relatively small birefringence
angle (in our case, r � 11 mrad) provide suféciently high
spatial quality of radiation at 457 nm.

The SHG of 914-nm radiation occurs most eféciently
when the radiation propagates in the XY plane of the
crystal, with polarisation directed along the Z axis. With the
angle j between the wave vector k and the X axis equal to
23.88, the phase matching condition is fulélled for the érst
type conversion (ooe). For this conversion, the effective
nonlinear coefécient is determined from the expression
deff � d32 cosj, and for d32 � (1:17� 0:14)�10ÿ12m Vÿ1

[14], we have deff � (1:07� 0:13)� 10ÿ12 m Vÿ1. We calcu-
lated the SHG eféciency and the optimal focusing of
radiation in the crystal using the results obtained in paper
[15]. The SHG eféciency upon optimal focusing is
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Figure 2. Optical scheme of a narrow-band radiation source emitting at
457 nm [( 1 ë 4 ) mirrors, ( 5 ) photodiodes].
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Figure 3. Spectral density of the perturbations of a Ti:sapphire laser
frequency for the transmission band of an SK4-59 spectrum analyser
equal to 100 Hz at maximum ( 1 ) and 10 times lower ( 2 ) gain in the
negative feedback circuit.
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where L is the crystal length; o is the circular frequency of
radiation; c is the velocity of light; e0 is the permittivity of
vacuum; n is the refractive index of the crystal; and hm is a
dimensionless factor, which determines a decrease in the
SHG eféciency due to a spatial separation of the érst and
second harmonics in the crystal. The factor 1=n in expres-
sion (1) is related to a decrease in the SHG eféciency when
radiation is incident on the crystal at the Brewster angle due
to a decrease in the radiation intensity in the crystal com-
pared to the case of normal incidence. This decrease is
caused by the beam expansion in the tangential plane [12].
With the birefringence parameter B � 1

2 r(onL=c)
1=2 � 1:99

and the crystal length L � 1 cm, the factor hm � 0:33 and
the optimal radius of the beam waist in the crystal w0 � 24
mm. The calculated SHG eféciency g � (7� 1:7)�10ÿ5 Wë1.

We measured the SHG eféciency in a LBO crystal. The
crystal geometry (3 mm� 3 mm� 10 mm) provided the
incidence of radiation on its surface at the Brewster angle
and its propagation inside the crystal at � 238 to the crystal
axis in the XY plane. Radiation from the 400-mW Ti : sap-
phire laser was focused into the crystal by a lens with the
focal length f � 100 mm. With such focusing, the beam
waist radius in the crystal was nearly optimal. The radiation
power at 457 nm was approximately 10 mW. The measured
SHG eféciency equal to gex � (5:8� 0:6)�10ÿ5 Wÿ1 is in
good agreement with its calculated value.

To increase the radiation intensity at 457 nm, the
nonlinear LBO crystal was placed inside an external ring
cavity (see Fig. 2), which provided the 35-fold enhancement
of the fundamental harmonic intensity in the crystal. In our
case, the cavity quality was limited by losses at mirrors and
crystal surfaces, which were estimated to be 2.7% during
the round trip in the cavity. The cavity, consisting of two êat
(1, 2 ) and two spherical ( 3 ), ( 4 ) mirrors with radii of curva-
ture R � 100 mm, was designed for optimal (w0 � 24 mm)
focusing of radiation from the Ti:sapphire laser in the
crystal. A total round-trip path in the cavity was 130 cm.

Radiation from the Ti:sapphire laser was coupled into
the cavity through mirror ( 1 ) with T � 3%. A Gaussian
mode of the cavity was matched with the laser beam with
the help of a spherical mirror with R � 2 m. The second
harmonic radiation was outcoupled from the cavity through
a dichroic mirror ( 4 ) with the transmission coefécient T <
0.1% at 914 nm and a high transmission coefécient T � 90
% at 457 nm. A spherical lens with f � 100 mm was used to
collimate the second harmonic beam, and a cylindrical lens
with the focal length f � 170 mm was used to correct for the
beam astigmatism caused by the second-harmonic beam
displacement in the LBO crystal.

The automatic cavity length control (ALC) system
provided the coincidence of the centre of one of its trans-
mission bands with the radiation frequency of the Ti:sap-
phire laser. The HaÈ nsh ëCouillaud polarisation method [16]
was used for obtaining the error signal required for the
operation of the ALC system. A small (� 58) angle between
the polarisation plane of the input laser radiation and the
cavity plane required for the polarisation method was pro-
duced with the help of a phase half-wave plate.

The dynamic characteristics of the ALC system provided
the perturbation response band of � 30 kHz. Pulsations of
the radiation power at 457 nm in the ALC regime did not
exceed 5%. For the 600-mW radiation power of the Ti : sap-
phire laser at the cavity input, the second-harmonic output
power was 20 mW, in good agreement with the calculated

value at the SHG eféciency gex � (5:8� 0:6)� 10ÿ5 Wÿ1and
intracavity losses equal to 2.7%.

The radiation power at 457 nm can be increased by
reducing intracavity losses. For example, a similar cavity
described in paper [12] had losses equal to 0.7%. In our
case, this would mean more than a évefold increase in the
second-harmonic power. Unfortunately, mirrors with small
losses that are required for this are not available to us. Ano-
ther possibility of increasing the second-harmonic power is
the use of a nonlinear KNbO3 crystal, which is the most
efécient in this spectral region.

2.3 Spectroscopy of the 1S0 ÿ3P1 intercombination
transition in the Mg atom

The linewidth of our radiation source emitting at 457 nm is
determined by the stability of the transmission band of the
Fabry ë Perot interferometer and by the accuracy of locking
the Ti:sapphire laser frequency to this band. We estimated
the interferometer stability based on the results of our
previous paper [17], in which the stability of the trans-
mission bands of interferometers was estimated to be
20 kHz from the beat signal of two Ar� lasers. The error of
locking of the Ti:sapphire laser frequency to the trans-
mission band of the interferometer was estimated from the
error signal in the AFC feedback circuit and did not exceed
10 kHz. Taking these values into account, the laser
emission linewidth was estimated as Dv4 30 kHz.

The most reliable information on the linewidth and the
eféciency of the radiation source developed by us can be
obtained in high-resolution spectroscopy experiments. We
observed experimentally the Ramsey resonances in sepa-
rated optical éelds at the 1S0 ÿ3P1 transition in magnesium
atoms. A simpliéed energy level diagram of the magnesium
atom is presented in Fig. 4. A long lifetime of the upper 3P1

level equal to 5.1 ms allows us to separate the optical éelds
by a great distance, which provides a high spectral reso-
lution by observing resonances in these éelds. Fig. 5 shows
the scheme of the experiment on observing Ramsey reso-
nances in separated laser éelds.

A magnesium beam was formed by effusion of magne-
sium atoms from a source with a hole of diameter 0.8 mm
into a vacuum chamber. The pressure of magnesium atoms
in the source was determined by the temperature of its most
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Figure 4. Energy level diagram of Mg.
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cold wall. The temperature was controlled by a thermo-
couple and was stabilised by the thermal stabilisation sys-
tem. The operating temperature was 5108C, corresponding
to the pressure of magnesium vapour of � 0:1 Torr. The dis-
tance from the beam source to the region of its interaction
with the laser éelds was � 50 cm. The atomic beam was col-
limated with a diaphragm of diameter 5 mm placed directly
in front of the interaction region. The atomic density of the
beam in the interaction region was estimated as 108 cmÿ3,
and the atomic êux through the region of interaction with
laser éelds was � 1012 atom sÿ1. The vacuum chamber was
evacuated by diffusion and magnetic-discharge pumps down
to the residual gas pressure of � 10ÿ6 Torr.

The laser radiation was injected into the vacuum cham-
ber through plane ë parallel quartz windows with antireêec-
tion coatings. The required conéguration of four parallel
laser beams was produced with the help of the optical sys-
tem consisting of two `cat's eye' type reêectors. Each reêec-
tor consisting of a two-lens objective with f � 30 cm and a
êat mirror located at its focus was preliminary adjusted.
After the adjustment, the laser beams were parallel to each
other with an error of � 10ÿ5 rad.

The optical system was aligned so that the optical axes of
the reêectors were parallel to each other and perpendicular
to the atomic beam. By changing the distance between the
optical axes of the reêectors and the position of the input
laser beam, we could vary both the distance l between pairs
of copropagating laser beams and the distance d between the
laser beams in a pair. In our experiment, the distance l was
determined by the aperture of the optical windows of the
vacuum chamber and was equal to 3 cm. The distance d,
which determined the width of Ramsey resonances, was
taken to be � 3 mm. In this case, the width of Ramsey reso-
nances should be � 30 kHz. Diameters of the laser beams in
the interaction region were 2w0 � 1 mm for the radiation
power � 5 mW.

We detected the luminescence signal from a magnesium
beam induced by laser éelds. This signal is proportional to
the population of the upper 3P1 level. Because the lifetime of
the 3P1 level is t � 5:1� 10ÿ3 s, we could detect the lumines-
cence signal at a large distance from the interaction region.
The luminescence signal from the beam decreases by a factor
of 2.7 at a distance of hvit � 4 m (hvi is the velocity of
atoms in the beam).

We detected the luminescence signal from the excited
magnesium beam with a photomultiplier at a distance of

� 1 m from the interaction region. Our system for collecting
the luminescence signal provided the detection of � 1=100
part of luminescence photons with the quantum yield Z �
0.15. The separation of the regions of excitation and detec-
tion resulted in a substantial decrease in the background
stray laser radiation, thereby increasing the signal-to-noise
ratio.

Fig. 6 shows the érst derivative of the absorption line
proéle at the 1S0 ÿ3P1 transition in separated optical éelds.
The signal was recorded by modulating the radiation fre-
quency at the modulation frequency fm � 182 Hz with the
amplitude of 30 kHz. The output signal from the photo-
multiplier was detected with a lock-in anpliéer. The output
signal from the lock-in anpliéer was recorded as a function
of the laser frequency detuning.

We analysed the experimental results using the qual-
itative theory of the interaction of four separated éelds with
an atomic beam. The luminescence signal detected in our
experiments is proportional to the population of the 3P1

level after the interaction of a magnesium atomic beam with
the optical éelds. The upper level population is determined
by the expression

N /
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where D � oÿ o0 is the radiation frequency detuning
relative to the unperturbed transition; d � �hk 2=2m �
2p(40� 103) sÿ1 is the recoil frequency; k is the wave
number; F (v?; vjj) is the velocity distribution function of
atoms in the beam in the transverse and longitudinal direc-
tions with respect to the laser beam propagation; w0 is the
waist of the laser beam; A�(Dw0=v?) is the envelope func-
tion with the characteristic width equal to the inverse time
of êying of atoms through the laser beam; jL � j2 ÿ j1�
j4 ÿ j3 is the phase term that determines the relative
phases of the four laser éelds; and Anc(D) is the function
describing the incoherent part of the interaction of radi-
ation with the atomic beam.
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Figure 5. Scheme of the experiment for observation of Ramsey resonan-
ces in a magnesium atomic beam.
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457-nm radiation with an atomic beam in the geometry of four separated
éelds for the integration constant of a lock-in ampliéer t � 3 s, and the
calculated line shape (the solid curve without noise).
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After integration over the velocity distribution of atoms
in the beam, the incoherent part describes the line proéle
with the width equal to the residual Doppler broadening
khviy (where y is the divergence angle of the atomic beam).
A dip in the centre of this proéle has a characteristic width,
which is equal to the inverse time of êying of atoms through
the laser beam �hvi=w0. In the case of an effusion beam
with a broad velocity distribution, the coherent part of the
interaction describes two proéles with characteristics widths
equal to half the inverse time of êying of atoms between the
éelds in a pair of copropagating laser éelds hvi=2d. These
two proéles correspond to the recoil doublet.

Expression (2) describes the signal shape only qualitativ-
ely by neglecting relaxation during êying of atoms through
the region of interaction with light éelds. The signal shape
can be calculated exactly using the theory developed in
paper [18].

The solid curve in Fig. 6 shows the érst derivative of the
absorption line shape calculated by expression (2) with the
experimental values of the parameters d and w0, and the
probe modulation of the laser frequency equal to 30 kHz.
The experimental line shape coincides qualitatively with the
calculated shape. In the experiment, the recoil doublet with
the splitting between components equal to 80 kHz was
resolved. Comparison of the experimental line shape with
the calculated one suggests that the resolution of our laser
spectrometer is no worse than 30 kHz, and, hence, the laser
linewidth at 457 nm is Dv4 30 kHz.

3. Conclusions

We have built a narrow-band radiation source tunable in
the region of 457 nm for spectroscopy of the magnesium
atom. The source is based on a Ti:sapphire laser with freq-
uency doubling in an external cavity containing a nonlinear
LBO crystal. The linewidth of the � 20-mW source is Dv
4 30 kHz. The experimental observation of Ramsey reso-
nances in separated optical éelds with the resolution � 30
kHz have demonstrated that this source can be used for
high-resolution spectroscopy of the magnesium atom. The
output power of the source can be considerably increased
by using a more efécient nonlinear potassium niobate crys-
tal KNbO3. To reduce the emission linewidth Dv below
1 kHz, we plan to use a new highly stable Fabry ë Perot
interferometer with the énesse F � 104 made of a zerodur
with high-quality mirrors and a fast frequency stabilisation
system with the operating band broader than 300 kHz
based on an intracavity phase electrooptical modulator.

Note that upon pumping a Ti : sapphire laser by a high-
power 532-nm cw Nd:YVO4=LBO laser, our system will
represent an all-solid-state laser system. The possibility of
using this system for obtaining narrow-band cw radiation
tunable from 0.7 to 1.1 mm and from 0.35 to 0.55 mm upon
frequency doubling in nonlinear crystals makes this system a
unique tool for high-resolution spectroscopy of atoms and
molecules.
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