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Abstract.  The saturated-absorption resonances on the 3P0, 1, 2 – 
3D1, 2, 3 transitions of magnesium atoms in a hollow-cathode dis-
charge cell are studied. The line width (FWHM) for the observed 
saturated-absorption resonance on the 33P0 ® 33D1 transition turns 
out to be ~220 MHz. Experiments are performed using a system 
based on a 766-nm diode laser with amplification and frequency 
doubling in a nonlinear BiBO crystal. The results obtained are of 
interest for sub-Doppler cooling on the 33P2 ® 33D3 transition.

Keywords: laser cooling, magnesium, frequency standards, satura­
ted-absorption spectroscopy.

1. Introduction

Precise time and frequency measurements play an important 
role in both applied and fundamental research. Frequency 
standards are most precise among all existing ones. Currently, 
most attention is paid to the development of frequency stan-
dards in the optical range based on laser-cooled and trapped 
neutral atoms [1] or single ions [2]. The relative frequency 
uncertainty of the best optical frequency standards reach 
~10–17 – 10–18. Frequency standards are based on alkaline-
earth and similar atoms, such as Yb, Ca, Sr, Hg, Tm, and Mg 
[3, 4]. Magnesium atoms (24Mg) have a number of advantages 
in comparison with other alkaline-earth elements used in 
optical frequency standards. In particular, the simpler elec-
tron configuration of magnesium atoms, 1s22s22p63s2 (term of 
the ground state 1S0), in contrast to other atoms, allows one to 
calculate more exactly [5, 6] the frequency shifts for a clock 
transition at various physical and technical factors. The fre-
quency shift of the 31S0 ® 33Pj transitions (  j = 0, 1) in Mg due 
to blackbody radiation is very small [6]. There is a closed reso-
nance transition 31S0 ® 31P1 (with a natural linewidth g = 79 
MHz) in magnesium, which is used for efficient cooling [7]. 
However, because of the large linewidth, the Doppler tem-

perature limit is fairly high: ТD = 1.9 mK. Further sub-Dop-
pler cooling of atoms to temperatures of ~10 mK can be per-
formed using the triplet transition 33P2 ® 33D3 at a wave-
length of 383 nm with a natural width g = 26 MHz [8]. Deep 
sub-Doppler cooling of atoms is necessary to localise them in 
‘optical lattices’. Localisation in a spatial region with sizes 
smaller than the radiation wavelength gives rise to the 
Lamb – Dicke regime, which completely removes the influ-
ence of the linear Doppler effect and recoil effect on the 
clock transition frequency shift [9]. To implement sub-Doppler 
cooling of magnesium atoms, one must tune the cooling laser 
radiation frequency to the cyclic transition 33P2 ® 33D3. 
Below we analyse the possibility of using the saturated-
absorption resonance of magnesium atoms in a hollow-cath-
ode discharge absorption cell to this end. Similar studies were 
performed previously on resonance transitions in calcium [10] 
and ytterbium [11] atoms, as well as on transitions from meta-
stable levels in strontium atoms [12].

2. Experiment

The saturated-absorption resonances were investigated using 
a laser system with a wavelength l = 383 nm, which is based 
on a diode laser with a working wavelength l = 766 nm. The 
laser components are as follows: a diode emitter Sacher 
Lasertechnik SAL-780-60, a collimating aspherical lens 
Thorlabs 352230 (  f = 4.5 mm, NA = 0.55), and a diffraction 
grating Thorlabs GR13-1205 (1200 lines mm–1). The external-
cavity geometry in the quasi-Littrow configuration is used to 
implement single-frequency lasing and frequency tuning. The 
diffraction grating is installed on a piezoelectric actuator 
(PZT), which makes it possible to tune steplessly the laser fre-
quency in the range of several gigahertz. The laser power is 
about 60 mW. Some part of this power (~20 mW) is coupled 
into a laser amplifier based on a diode chip Dilas-TA-0765-1000 
(Fig. 1).

The diode laser beam is focused into the amplifier chip by 
an aspherical lens Thorlabs 352230; the amplified radiation is 
collimated by the same lens (omitted in Fig. 1). The beam at 
the amplifier output is highly astigmatic; this astigmatism is 
compensated for by cylindrical lens (3 ), and the final correc-
tion of beam divergence is performed using spherical lens (4 ). 
The power of 766-nm radiation at the amplifier output is 
~1  W.

The laser frequency is stabilised using the transmission 
peak of an external Fabry – Perot interferometer. Stabili-
sation is implemented by locking the laser frequency near 
the interferometer transmission peak using an automatic 
frequency control system. The interferometer with a base L = 
30 cm (free spectral range FSR = c/2L = 500 MHz) is an 
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invar rod 80 mm in diameter with an internal hole 10  mm in 
diameter. Two mirrors are mounted on the rod end faces 
(the mirror curvature radii and transmittances are, respec-
tively, R1 = ¥, Т = 5 % and R2 = 50 cm, Т < 0.1 %). The 
mirror with R2 is installed on a piezoelectric actuator (PZT) 
for frequency conversion.

The error signal for the frequency stabilisation system 
was generated by the Pound – Drever – Hall (PDH) locking 
technique with a modulation frequency of 20 MHz; the laser 
frequency was modulated using the corresponding modula-
tion of diode laser current. For the feedback loop of the sta-
bilisation system with a bandwidth of ~300 kHz, the radia-
tion linewidth of the laser system at l = 766 nm was esti-
mated to be ~100 kHz (estimated by the residual in-loop 
error signal).

The 383-nm laser radiation was produced as a result of 
frequency doubling in a nonlinear bismuth triborate (BiBO) 
crystal placed in an enhancement cavity. The BiBO crystal is 
most efficient for generating the second harmonic from radi-
ation with l = 766 nm, because it has a high optical damage 
threshold, a wide operating temperature range, and a high 
optical homogeneity (dn » 10–6 cm–1); in addition, it is not 
hygroscopic and contains no impurities.

We used a crystal 3 ́  3 ́  10 mm in size. To increase the 
second harmonic power, the crystal was placed in an enhance-
ment cavity (Fig. 2).

Using an automatic control system, the cavity length was 
tuned in resonance with the incident radiation frequency. To 
this end, an error signal with a frequency of 20 MHz was used 
in the feedback loop (PDH method). The 383-nm radiation 

power exceeded 30 mW. The experimental dependence of the 
second harmonic power on the input power is presented in 
Fig. 3.

Saturated-absorption resonances were observed in a dis-
charge cell with a hollow magnesium cathode L2783-12NE- 
Mg (Hamamatsu Photonics). In a glow discharge with hollow 
magnesium cathode, the 3P levels in 24Mg atoms (present in 
the discharge cell) are populated, due to which the absorption 
on triplet transitions 3P – 3D can be observed. The glow dis-
charge current in our experiment was 15 mA. To detect satu-
rated-absorption resonances, the pump-beam power was mod
ulated (sinusoidal modulation with a depth of 80 %) using an 
acousto-optic modulator (AOM) at a frequency of 20 kHz; 
the recording signal was detected in the power of a probe 
weak beam by the lock-in amplifier [10].

A schematic of the system is presented in Fig. 4. It is based 
on a magnesium hollow-cathode discharge cell filled with 
neon to a pressure of about 600 – 700 Pa (the neon pressure in 
the cell is specified by the manufacturer and may amount to 
5 – 10 Torr). The temperature of magnesium atomic vapour, 
estimated by us previously from the half-width of Doppler 
absorption profile DnD ~ 2 GHz, is on the order of 1200 K. A 
plane-parallel plate (PPP) is used to split 383-nm radiation 
into probe (which does not pass through the AOM) and pump 
beams. The pump-beam power was modulated by the AOM. 
To this end, a 180-MHz signal from a generator was amplitude 
modulated at 20 kHz, transmitted through an amplifier and a 
power meter (PM), and then applied to the AOM.

The high-frequency (180 MHz) signal power was 1.8 W. 
The beam diffracted into the AOM first order was used for 
pumping, due to which the position of the observed saturated-
absorption resonances was shifted by half AOM frequency.

The counterpropagating linearly polarised pump and probe 
beams with a diameter 2w0 = 3 mm were aligned in the dis-
charge cell. The powers of these beams were, respectively, 
Ppr = 0.25 mW and Ppump = 1.25 mW.

Saturated-absorption resonances were recorded by 
laser system frequency tuning and lock-in detection of the sig-
nal from photodetector PD2, which registered the probe 
beam power transmitted through the cell; this approach made 
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Figure 1.  Optical scheme of 766-nm radiation source:	
( 1, 2 ) plane mirrors; ( 3 ) cylindrical lens (  f = 15 cm ); ( 4 ) spherical col-
lecting lens (  f = 75 cm ).
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Figure 2.  Ring cavity with a BiBO crystal:	
( M1 ) plane mirror ( T = 1.2 %); ( M2 ) plane mirror ( T = 0.03 % ); ( M3, 
M4 ) spherical dichroic mirrors with a curvature radius R = 50 mm.
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Figure 3.  Experimental dependence of the second harmonic power P2w 
on the input power Pw (the solid line is a second-order polynomial ap-
proximation).
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it possible to record Lorentz profiles of saturated-absorption 
resonances.

Note that the observed resonances are planned to be used 
for tuning radiation frequency to a cooling transition accu-
rate to ~1 – 10 MHz.

3. Experimental results

To carry out measurements, the diode laser frequency was 
previously adjusted (with the aid of a wavelength meter) to 
the desired absorption line of magnesium atoms:

1) 33P0 ® 33D1 – n = 782.65772 THz,  0.5n = 391.329 THz;

2) 33P1 ® 33D2 – n = 782.05626 THz,  0.5n = 391.028 THz;

3) 33P2 ® 33D3 – n = 780.8354 THz,  0.5n = 390.417 THz.

A diagram of the triplet transitions of magnesium atom is 
shown in Fig. 5.

It can be seen that some transitions have common lower 
levels. Hence, due to the Doppler broadening, the resonances 
corresponding to these transitions are overlapped. One should 
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Figure 4.  Schematic of the experiment on observing saturated absorption:	( M1, M3 – M7 ) high-reflectance mirrors; ( M2 ) mirror with a reflectance 
of 5 %; ( L1 – L3 ) collimating lenses; ( PPP ) uncoated plane-parallel plates; ( l/2 ) half-wave phase plate; ( AOM ) acousto-optic modulator MQ180 
( AA Opto-Electronic ); ( PD1, PD2 ) photodetectors; ( PM ) power meter.
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Figure 5.  Diagram of levels and triplet transitions in the 24Mg atom [13].



	 A.N. Goncharov, O.A. Klimacheva, A.O. Mel’nikova564

expect additional resonances in the spectrum due to these 
transitions; they are referred to as cross-resonances. Their int
ensity is determined as the geometric mean of the intensities 
of resonances on the transitions between levels [13].

It is convenient to use the isolated transition 33P0 ® 33D1 
with a relative oscillator strength of 23.8 to study the absorp-
tion line shape; the line profile for this transition is presented 
in Fig. 6.

By analysing the line profile for the 33P0 ® 33D1 transi-
tion, one can estimate the spectral resolution of the system. 
The experimentally found linewidth 220 MHz can be deter-
mined, for example, by the neon gas pressure (650 Pa) in the 
cell. The pressure-induced broadening of resonances may exc
eed 0.15 MHz Pa–1. It can be seen that the resonance shape is 
close to Lorentzian; this is an indication of weak influence of 
flight broadening, Dwfl = V/D = 150 kHz, where V is the most 
probable atomic velocity and D is the beam diameter.

The 33P1 ® 33D2 transition has a common lower level with 
the 33P1 ® 33D1 transition; their relative oscillator strengths 
are, respectively, 53.6 and 17.9. The frequencies of these tran-
sitions differ by ~ 0.91 GHz (see Fig. 5). Peak (1) in Fig. 7 
corresponds to the 33P1 ® 33D2 transition, and peak (3) cor-
responds to the 33P1 ® 33D1 transition. The spacing between 
the peaks is 0.93 GHz, which coincides with good accuracy 
with the distance between the 33D2 and 33D1 levels. Peak (2) is 
related to the cross signal. All three peaks are equidistant (see 
Fig. 7).

The 33P2 ® 33D3 transition has a common lower level with 
the 33P2 ® 33D2 and 33P2 ® 33D1 transitions. However, the 
33P2 ® 33D1 transition with a relative oscillator strength of 1.2  
was not observed in our experiment. Peak (1) (Fig. 8) corre-
sponds to the 33P2 ® 33D2 transition with a relative oscillator 
strength of 17.9, and peak (3) corresponds to the 33P2 ® 33D3  
transition with a relative oscillator strength of 100. The fre-
quencies of these transitions differ by 0.53 GHz (see Fig. 5.). 
The experimentally observed frequency difference between 
the corresponding peaks is 0.51 GHz, which is in good agree-
ment with the data of [14]. Since the cross signal [peak (2)] 
arises in the middle of the gap between peaks (1) and (3), the 
peaks are equidistant.

Both estimates and experiments showed that the field 
broadening of the observed resonances is insignificant under 
our experimental conditions. The saturation intensity for the 
natural width of cooling transition 33P2 ® 33D, equal to 
26 MHz, is

Isat = 
hc

3

2
3

p
l

g
 = 60 mW cm–2.

For a pump beam with a power of 1 mW and diameter of 
3 mm, the laser beam intensity is I = 15 mW cm–2, and the 
saturation parameter is S0 = 0.25.

In this work, we detected for the first time saturated-
absorption resonances on triplet transitions 3P – 3D with a 
width of ~200 MHz. The results obtained are planned to be 
used for frequency tuning in experiments on sub-Doppler 
cooling of magnesium atoms in a magneto-optical trap.
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Figure 6.  Saturated-absorption resonance on the 33P0 ® 33D1 transi-
tion ( the solid line is an approximation by a Lorenzian with FWHM = 
220 MHz ). The lock-in amplifier time constant is t = 0.1 s, the reso-
nance recording time is 30 s, and the number of points is 200.
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