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Abstract. Near-UV radiation is generated by doubling
the frequency of a semiconductor laser in a nonlinear
crystal. The crystal is contained in a resonant cavity in
order to improve the conversion efficiency. The cavity
increases the efficiency by about three orders of mag-
nitude. This radiation has been used to perform spectros-
copy of metastable magnesium in an atomic beam. We
observed the (3s3p)*P—(3s3d)*D transition multiplet,
which is of interest for metrological applications. The
isotopic shift between Mg and Mg was measured and
new information on the hyperfine structure of 2°Mg was
obtained. This radiation source is promising also in order
to improve the Mg frequency standard.

PACS: 42.65, 32.00

The use of semiconductor lasers for spectroscopy is very
attractive, especially when long-term, reliable operation
of the laser source is a primary requirement. This is the
case for metrological applications. Low-cost single-mode
diode lasers, which can be easily tuned in frequency, are
commercially available in the red and in the near-infrared
between 750 nm and 850 nm. The use of these lasers for
spectroscopical applications is described in detail in
[1, 2]. Linewidths narrower than 1 MHz are easily ob-
tained and a single laser can be tuned over a range larger
than 20 nm. The technique of Second-Harmonic Genera-
tion (SHG) in a nonlinear crystal allows the extension of
the use of semiconductor lasers to the biue and near-UV
spectral regions.

In this paper we describe a laser source which
produces a few hundreds yW of power at 383 nm, in the
near UV, This frequency is obtained by SHG of a diode
laser. We also discuss the application of this source to the
spectroscopy of an atomic beam of metastable mag-
nesium.

1 Second-harmonic generation in nonlinear crystals

When the type-1 phase-matching condition can be ac-
complished and a Gaussian laser beam is focused into the
center of the crystal, the SHG power P,, can be
evaluated as a function of the incident power P, as:
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where d.; is the nonlinear effective optical coefficient, n
the refraction index, k, the wavenumber at the funda-
mental frequency, / the crystal length and o' =«,+ % a,,
its absorption coefficient. The function A, (B, &), where
& is the focusing parameter of the laser beam and the
parameter B=g(lk,)"?/2, proportional to the crystal
double refraction angle g, is given by Boyd and Kleinman
[3]. They have demonstrated that #,,,(B)~0.714/B for
B>2, in conditions of optimum focusing. The formula
is valid in the hypothesis of small conversion efficiency
(P 2w <P w) :

The efficiency of direct SHG of a c¢w diode laser is
limited by the low power of the available lasers. The
technique of SHG in an external resonant cavity can be
used to overcome this problem, as originally suggested
by Ashkin et al. [4]. Very high conversion efficiency in the
blue [5] has been obtained with this technique, using a
KNbO; crystal. Unfortunately, KNbO; cannot be used
at shorter wavelengths. The best choice in the near UV
is the LilO; (LIO) crystal. It can be tuned to type-I phase
matching by angle tuning. At the wavelength of 383 nm
the angle 6 is about 45°. The non-linear coefficient
doe=d3q sin (B4 g) is ~2.9 pm/V, and its double refrac-
tion angle g is 4.4°. Thus, a LIO crystal 15 mm in length
has B~18, #,,,,~0.04, and, according to (1), its optimized
SHG efficiency P,, /P2 (neglecting the absorption factor)
is expected to be of the order of 0.223 x 1073 W*, Ex-
perimentally, we have obtained 0.157x 107> W~ from
single-pass SHG (Fig. 1). It is worth to note that we have
obtained this results by matching the diode lasers’ ellip-
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Fig. 1. UV power at 383 nm, obtained in a LIO crystal 15 mm long
by single-pass SHG, as a function of the incident power

tical waist to the crystal asymmetry, so that the light
beam was focused stronger in the direction of the non-
critical crystal axis. In the opposite orientation the
efficiency was lower more than 30%.

2 SHG experimental setup

The setup for laser SHG is shown in Fig. 2. We use a
Spectra Diode laser, type SDL-5411-G1 as laser source.
Its emission wavelength is 780 nm at 25° C, with 100 mW
maximum output power. The laser chip is cooled down
to a temperature of about —30° C by a Peltier module
in order to reach the wavelength of 766 nm. In these
conditions, the laser operates no more on single mode for
output powers exceeding 85 mW. The whole system is
kept in a vacuum chamber with an output window AR
coated in order to achieve this temperature easily and to
avoid water condensation. A home-made temperature
controller stabilizes the temperature within 1 mK.

The LIO crystal is placed in a Fabry-Perot resonant
cavity made by two spherical mirrors of 30 mm of cur-

R(766mm) = 97.1%
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vature radius. The input mirror has a reflectivity
R =97.1% at 766 nm. The output mirror is dichroic with
a transmission 7,=0.2% at 766 nm and 7,=88% at
383 nm, and can be moved by a PZT to scan the length
of the cavity. The laser light is focused to the center of
the cavity through an AR coated lens with a focal length
of 100 mm. Two optical isolators, with a whole isolation
of about —75dB and a total transmission of 72%, are
inserted between the laser and the cavity, in order to
avoid unwanted optical feedback. The whole system is
held fixed on a solid and stable structure built on four
steel rods.

The finesse of the cavity was measured to be greater
than 80 (limited by the laser linewidth, which is about
15 MHz) and the free spectral range is about 1.25 GHz.
A beam splitter transmitting about 0.94 is inserted be-
tween the optical isolator and the SHG cavity. Therefore,
only about 56 mV are available at the input mirror. Only
a fraction of this power can be coupled to the TEM,,
resonant mode, because the laser beam cross section is
elliptical. In fact, the measurement of the power reflected
by the cavity shows that about 44% of the incoming
power is reflected back at resonance. The reflected inten-
sity is expected to be much smaller for a better laser beam
cross section, because the input mirror reflectivity was
selected to match the internal cavity losses (estimated to
be about 3%). In conclusion, the power really injected
into the cavity is about 32-36 mW. The power trans-
mitted by the output mirror is 2 mW, corresponding to
an intracavity circulating power of 1 W, and an enhance-
ment of about 31. In these conditions, the maximum
second-harmonic power from the cavity is about
200 uW; a result in good agreement with the expected
intracavity SHG enhancement of about 1000, and with
the single-pass SHG observed from the same crystal
(about 0.2 pW for a beam intensity of 33x36 mW).

The laser wavelength was locked to one of the cavity
resonance modes by a feedback circuit that analyses the
polarization of the radiation reflected by the cavity. This
method, originally applied to laser frequency stabiliza-
tion by Hénsch and Couillaud [6], exploits the 180° phase
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Fig. 2. Apparatus for SHG
in an enhancement cavity
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Fig. 3. Polarization of the radiation reflected from the SHG cavity,
as observed through the ellipticity analyzer, while the diode-laser
frequency in swept (fop). SHG power transmitted by the cavity
(bottom)

shift that the radiation reflected from a cavity exhibits,
when the frequency is swept across the resonance. If the
cavity contains a polarization discriminator, in our case
a birefringent crystal, that forms an angle 6 with the
polarization vector of the incident wave, this phase shift
can be detected analysing the polarization of the reflected
wave. In fact, this wave is the result of the interference
between the polarization component parallel to the intra-
cavity polarizer, which is phase shifted with respect to the
orthogonal component, which is reflected directly by the
input mirror and is then insensitive to the resonance. As
a result, the reflected wave shows a frequency-dependent
ellipticity. A beam splitter samples the reflected wave and
the two circular components are separated by a 1/4 plate
and a Wollaston prism, and are detected by two photo-
diodes. A differential amplifier produces a dispersion-
shaped resonance signal, that can be used as correction
signal for electronic frequency stabilization. We have
found that an efficient locking can be obtained also with
a value of 8 of the order of 5°. In these condition the loss
of useful radiation for SHG is limited practically only to
the insertion loss of the beam splitter. Figure 3 shows a
typical recording of the reflected-wave polarization sig-
nal (Fig. 3a), together with the UV SHG (Fig. 3b), ob-
tained by tuning the laser frequency. The capture range
of the servo results to be + 300 MHz. The bandwidth of
the electronics is of the order of 1 kHz, which is the best
compromise between short-time frequency noise of the
locking system and its stability against large external
perturbation (the system is quite sensitive especially to
acoustic noises). In this condition the lock is usually
maintained for times longer than one hour. The final
linewidth of the frequency-doubled radiation is of the
order of 25 MHz, since the locking system is too slow to
affect the short-time stability of the laser.

The cavity resonance frequency can be scanned by a
PZT glued to the input mirror, and the servo circuit is
able to track continuously the SHG radiation over the
whole PZT range (about 7 GHz in the UV).
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3 Magnesium-beam spectroscopy

The Mg atom has a metastable triplet state (3s3p) *P of
high interest for metrological application {7, 8]. These
levels are connected by three strong lines around 383 nm
to the (3s3d) 3D level, which has a natural width of
27 MHz (Fig. 4). All the excited atoms return by spon-
tancous emission decay to the metastable triplet. As a
consequence, these lines allow optical pumping between
the metastable levels and laser cooling of the atoms in the
3P, level, through the *P,—3D; component [8, 9]. These
laser manipulations are very important in order to im-
prove the performance of the Mg atomic frequency stan-
dard [10].

Natural magnesium is the mixture of three isotopes,
with mass numbers 24 (abundance 78.70%), 25 (10.13 %),
and 26 (11.17%). Only the odd isotope has a nuclear spin
(I=5/2) and thus presents a hyperfine structure.

It is useful for the applications to know the spectro-
scopical parameters of this transition. The isotopic shift
was measured by Hallstadius [11] to be rather small; the
26-24 difference is 60 MHz and the 25-24 difference is
30 MHz. This is important for metastable optical pump-
ing, because a single-frequency laser can pump, at the
same time, different isotopes. However, the presence of
a large hyperfine structure changes the situation in the
case of the 2°Mg isotope. The hyperfine structure of the
3P level has been measured with good resolution [12-13],
while no experimental data exist for 3D levels.

We have performed our measurements on a beam of
metastable atomic magnesium, which is working since
many vears in our laboratory. The atoms exit from an

Fig. 4. Simplified level scheme of Mg. The magnetic dipole tran-
sition 3P,—3P, at 498 um (602 GHz) is the reference transition for
the Mg atomic clock
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oven in a thermal effusive regime. An electronic self-
sustained discharge excites the beam just in front of the
hole with very high efficiency (~30-40%). The collima-
tion factor of the beam is of the order of 1:100.

3.1 Fine and hyperfine structure of the *P->D multiplet

We have sent the radiation produced by our frequency-
doubling system in the direction orthogonal to the atom-
ic beam, and we have detected the induced fluorescence
by a photomultiplier (Fig. 5). A photodiode samples the
intensity of the UV radiation in order to correct the
intensity variation during the frequency scanning. The
laser wavelength is measured with a lambda-meter inter-
ferometer and the frequency scanning is calibrated by a
300 MHz Fabry-Perot cavity.

We have tuned the laser frequency around the
*PD, 3P-3D, 3P,—*D multiplet at 382.93 nm,
383.23 nm, and 383.83 nm, respectively. The 3D fine
structure [14] is small enough to be contained in a single
laser scanning. The experimental results are shown in
Figs. 6-8. The fine structure frequencies fit the values
given in [14]. The presence of **Mg can be deduced from
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Fig. 5. Experimental apparatus for the spectroscopy of metastable
Mg atoms. The 383 nm radiation is sent orthogonally to the beam,
in order to obtain Doppler-free spectra. A second beam, nearly
counterpropagating to the atomic beam, allows the measurement
of the velocity distribution by the Doppler effect
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Fig. 6. 3P,—3D spectrum at 382.93 nm
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Fig. 8. 3P,-3D spectrum at 383.83 nm. The asterisk (*) shows the
position of the 23Mg 3P, (F=9/2)—3D (F=11/2) component

Table 1. Isotope shifts 25Mg—2*Mg observed in the present work,
compared with previous results. All values are in MHz

3p~3D, 3P,-3D, 3P,-3D, 3P,-3D,
Hallstadius [11] 60* 60.6+3.0 58.2:4+3.6
This work 65.0+3 61.3+6 62.5+4 67.6+3

* This value is given by the author as affected by a large error

the asymmetric deformation of the 2*Mg profile. We
have extracted the relative shift of 2°Mg 3P,-3D,,
3P-3D,, *P,-3D,, and *P,-*D, transitions by analysis
of the asymmetry of the lines. The intensity of these
components is consistent with the isotopic abundances.
The results are summarized in Table 1. The larger value
found for the 3P,-3D, transition is probably due to the
presence of a hyperfine component of 2°Mg, near the
24Mg peak.

The hyperfine structure of 2°Mg is well evident. It is,
however, very difficult to explain these spectra complete-
ly. In fact, the situation of the hfs of 2°Mg is quite
peculiar. The fine structure of the ®D multiplet is small,
with a large contribution from the electronic quadrupole
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term. At the same time the hfs interaction, caused by the
3s electron, remains approximately the same as in (353p)
3P metastable levels. As a result, the fine splitting and the
hyperfine splitting are of the same order of magnitude,
and the usual assumption that hyperfine interaction is
small and can be treated as a perturbation with respect
to fine structure breaks down entirely [15, 16]. In these
conditions, levels with the same F, but different J, are
mixed together, thus changing the frequency and the
intensity of the transition components. A theoretical
treatment of this situation can be found in Giittinger and
Pauli [17]. This effect is particularly evident on the
3P,—*D transition (Fig. 6), where the perturbation theory
would expect three components, due to 3D, splitting,
with relative intensity 3:5:7. It should be noted that
Hallstadius {11] was not able to obtain an accurate deter-
mination of the isotope shift of this particular transition
because of “the presence of one or more interfering
lines”.

The presence of the large signal of **Mg, whose spec-
tral profile cannot be known with enough accuracy, does
not allow a complete interpretation of the spectra. We

can however deduce some useful information. In the:

3P,—*D trapsition (Fig. 8) the 3D level with J=3, F=11/2
cannot be mixed with other levels. Then the component
3P,, F=9/2-3Dy F=11/2 is not perturbed and can be
identified by its intensity. Because the coupling of the 3d
electron to the nuclear magnetic moment and to the
nuclear electric quadrupole is completely negligible [16],
we deduce a hfs g-factor for the 3s electron in the *D
configuration of 380 MHz, in rough agreement with the
value of 474 MHz reported by Lurio [12] for the *P
configuration. We note that some hfs components of
25Mg fall near the resonance frequency of **Mg, both for
the 3P,—*D transition and the 3P,-3D transition. This
fact can increase the efficiency of optical pumping of the
metastable level in a beam of natural Mg and can ex-
plain, for example, the better efficiency obtained by
*P,~*D, pumping with respect to *P,~D, [9].

3.2 Optical pumping of the metastable beam
We have also tested the use of this SHG radiation for the

optical pumping of the Mg atoms out of the * P, metasta-
ble level. The measurements performed by using a dye
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Fig. 9. Experimental apparatus for 3P optical pumping by using
the frequency-doubled laser diode
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Fig. 10. Metastable beam fluorescence at 457 nm, when the beam
is pumped by 383.23 nm radiation. The two minima coincide with
the 3P, —3D, and 3P, —3D, transitions

laser [9] have demonstrated that a UV power of the order
of 1 mW was necessary to obtain a good efficiency. We
have used the multiple reflections in two dielectric mir-
rors, having a reflectivity exceeding 98%, to increase the
pumping efficiency (Fig. 9). In Fig. 10 we show the signal
recorded by a photomultiplier, that observes the fluores-
cence at 457 nm, due to the forbidden 3P,-1S, decay
downstream the pumping region, while the diode laser is
tuned around the 3P,-3D transition. The UV power
incident on the beam was only of about 120 uW, due to
the optical losses in the transmission of the light from the
doubling crystal to the beam. We have observed a reduc-
tion in the detected fluorescence of 56%. At this level, the
S/N ratio of the resonance signal in the Mg atomic clock,
and consequently its stability, can be expected to increase
by a factor larger than 5.

3.3 Velocity distribution in the metastable P, level

We were also able to observe the velocity distribution of
the metastable atoms in the beam, by using our laser
frequency doubling system. For this purpose, we have
added a beam splitter to the apparatus used for the Mg
spectroscopy, and we have observed also the fluorescence
induced by the second laser beam, sent in the opposite
direction to the atomic beam (Fig. 5). The laser is tuned
around the *P,~*D transition. Figure 11 shows a typical
result, and demonstrates the deviation from a Max-
wellian distribution, as a consequence of the loss of
low-velocity atoms by collisions with the electrons in the
excitation region [18]. The two narrow peaks are due to
the fluorescence induced by the orthogonal laser beam.
The velocity scale has been calculated with reference to
the larger one, corresponding to the 3P,-3D; transition.
The smaller peak, at about 600 MHz, corresponds to the
*P,—*D, transition, that has a probability lower by a
factor 5.5.

This setup is particularly convenient for monitoring
the velocity distribution in a laser cooling experiment of
the atoms in the 3P, level [8].
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Fig. 11. Velocity distribution of the metastable 3P, atoms in the
beam. The bottom scale shows the Doppler shift at 383 nm, relative
to the 3P, —3D; transition. By comparison, the profile calculated
from the Maxwellian distribution at the oven temperature is also
shown (the presence of 3P,—3D, transition has been taken into
account in the calculation

4 Conclusion

We have demonstrated that the frequency-doubled cw
laser diode can be a useful tool for spectroscopy also in
the region of the near UV, where powerful single-mode
diode lasers at the corresponding IR wavelengths are
commercially available. The power level which can be
obtained is high enough for many spectroscopic and
technological applications. The frequency-doubled diode
laser cannot compete in power level with other cw laser
sources available in the near UV, namely dye lasers and
frequency-doubled Ti-Sapphire lasers, that can be more
powerful by two or three orders of magnitude. However
the reliability of these laser systems is not high enough
to be implemented in metrological applications or other
ones, in which the system must work continuously for a
long time. In addition, these complex laser systems re-
quire a large frame ion laser as a pump, and, consequent-
ly, a special high-power electric line and a large cooling
system. All these factors impose an installation and
maintenance cost by far larger.

The power we have obtained in SHG can be still
increased. The diode laser may be forced to work single-
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mode at the right frequency at its maximum power level
by injection locking from a second narrow-band single-
mode diode laser of lower power. The resulting narrow-
ing of the laser linewidth would also increase the cou-
pling efficiency. The use of an anamorphic prism for cor-
recting the astigmatism of the laser beam may further
increase the coupling efficiency. The efficiency of the
optical isolators could also be increased. More powerful
single-mode diode lasers up to almost 150 mW are ex-
pected to be commercially available in the near future.
With the actual doubling efficiency, a 1 mW power level
will be reached, with a power of about 100 mW at the
input mirror. Finally, we hope that more efficient non-
linear crystals will be available in the future.
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