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Frequency measurement of the 6P3/2 → 7S1/2 transition of thallium
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The saturated absorption spectrum of the 6P3/2 → 7S1/2 transition of 203Tl and 205Tl in a hollow cathode lamp
has been observed with a frequency-doubled 1070 nm Nd : GdVO4 laser. The third-derivative spectrum of the
hyperfine components are obtained using the wavelength modulation spectroscopy and used to stabilize the laser
frequency. The analysis of the error signal shows that the frequency stability reaches 30 kHz at 1 s averaging time.
Such a frequency-stabilized light source at 535 nm can be used for laser cooling of thallium and for investigating
the parity non-conservation effect in thallium. The absolute frequencies of hyperfine components are measured
with an accuracy of 30 MHz using a precision wavelength meter. Including the pressure shift correction, the center
of gravity of the transition frequency is determined to an accuracy of 22 MHz for both isotopes. Meanwhile, the
isotope shift derived is in good agreement with earlier measurement.
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I. INTRODUCTION

High precision measurements of the parity non-
conservation (PNC) effects and the permanent electric dipole
moment (EDM) using atomic systems are promising in testing
the standard model (SM) and searching for new physics. Heavy
atoms, such as cesium (Cs) and thallium (Tl), are adopted in the
PNC and EDM experiments because these symmetry violation
effects are enhanced by their large atomic number. However,
in the atomic PNC measurement, an accurate theoretical
calculation of atomic structure is needed for such test. In the
case of Cs, a PNC measurement of 0.35% accuracy combined
with a calculation of 0.5% accuracy leads to the most accurate
result for the weak charge of cesium nucleus, which can be
compared with the prediction of the SM [1,2]. On the contrary,
the 1.7% uncertainty of the PNC experiment in the Tl system
using the 6P1/2 → 6P3/2 transition [3,4], combining with the
2.5% accuracy of Tl atomic theory, leads to a total uncertainty
of 3.0% for the weak charge of thallium nucleus. The Tl
atom, which has only one unpaired electron, is one of the best
candidates to measure the weak charge of nucleus. However,
its atomic structure is more complicated than the alkali
metals and the accuracy of theoretical calculation is limited.
Precision measurements of thallium atomic structure, such as
the absolute transition energy, hyperfine splitting (HFS) and
isotope shift can serve as the experimental constraints and
benchmarks for the improvements of theory.

On the other hand, the measurement of the electric dipole
moment of atomic Tl [5] has been the most precise experiment
to set the upper limit of electron’s EDM for decades, until the
recent improvement using molecular YbF [6]. The implemen-
tation of laser cooling on atomic thallium, which produces
slow intense atomic beam or ultracold sample, can offer great
advantages for further reducing systematic uncertainties and
increasing signal strength for the EDM experiment. A cooling
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scheme based on the metastable 6P3/2 state has been proposed
and investigated [7]. It utilizes the 6P1/2 ↔ 6D5/2 transition,
which has a high transition rate and can be considered as a
nearly closed two-level cooling cycle. However, the difficulty
of this scheme is the availability of high power 352 nm cooling
UV laser source. An alternative approach is the two-color
� type cooling scheme, which can be adapted to group III

atoms and has been realized for cooling indium [8]. In atomic
thallium, as the energy levels show in Fig. 1, it involves the
6P1/2 − 7S1/2 − 6P3/2 transitions at 378 nm and 535 nm.
Therefore, stable and powerful laser sources are required to
access these transitions and to achieve such a cooling scheme.
Especially, a single frequency tunable 535 nm laser was only
available with a dye laser system before 2011 [9]. In addition,
a stabilized 535 nm laser can be applied to the electromagnet-
ically induced transparency (EIT) measurement which may
improve the sensitivity of the PNC measurement [10].

The simplified low-lying energy levels of thallium are
shown in Fig. 1 with the most precise values of HFS and
isotope shifts. Early literatures have reported precise HFS
measurements with uncertainties <1 kHz for both 6P1/2 and
6P3/2 states using microwave magnetic resonance techniques
in the 1950s [11,12]. Recently precise measurements of the ab-
solute transition frequency and the HFS of the 6P1/2 → 7S1/2

transition have been reported [13]. However, no precise
measurements have been carried out for the 6P3/2 → 7S1/2

transition at 535 nm up to now.
In this paper, we report a precise measurement of the

absolute frequencies of hyperfine components of the 535 nm
6P3/2 → 7S1/2 transition for 203Tl and 205Tl using an all-solid-
state laser system [9]. A hollow cathode lamp (HCL) is utilized
to provide vapor of the atomic thallium at the metastable
6P3/2 state. The saturation spectroscopy is employed to resolve
all the hyperfine transitions, and their absolute frequencies
are measured using a precision wavelength meter. We have
achieved the frequency determination of the center gravity of
the 6P3/2 → 7S1/2 transition with accuracy better than 22 MHz
for both isotopes.

1050-2947/2013/88(6)/062513(5) 062513-1 ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevA.88.062513


SHIE, CHANG, HSIEH, LIU, AND SHY PHYSICAL REVIEW A 88, 062513 (2013)

FIG. 1. (Color online) Energy-level diagram of 203Tl and 205Tl
with the hyperfine splittings and isotope level shifts in the unit of
MHz. Energy levels are not to scale. The six lines investigated in this
work are labeled A1, A2, A3 and B1, B2, B3. The hyperfine splittings
of 6P1/2 and 6P3/2 are taken from [11] and [12], respectively. The
hyperfine splittings of 7S1/2 are taken from [13]. The level isotope
shifts are taken from [14].

II. EXPERIMENT

The scheme of our experimental setup for the absolute
frequency measurements of the hyperfine components of the
535 nm 6P3/2 → 7S1/2 transition of Tl is shown in Fig. 2. The
laser source is a frequency-doubled 1070-nm Nd:GdVO4 laser.
The laser uses a volume Bragg grating (VBG) as the output
coupler and wavelength selector. This 1070-nm laser is similar
to our previous design [9] except an Nd:GdVO4 laser crystal

FIG. 2. (Color online) The experimental setup. OI: optical iso-
lator, FA: fiber amplifier, FPI: Fabry-Perot interferometer, PD:
photodiode, PI: PI servo loop, SG: signal generator, Lock-in: Lock-in
amplifier, VA: variable aperture, ABR: auto-balanced receiver, BS:
beam splitter, λ/4: quarter-wave plate, DM, dichroic mirror, HV DC:
high voltage dc power supply for HCL.

FIG. 3. (Color online) Schematic diagram of the single fre-
quency Nd:GdVO4 laser. VBG: volume Bragg grating; PZT: piezo-
electric transducer.

with a spherical input surface (R = 30 cm, HT at 808 nm, HR
at 1070 nm) and a flat end surface (AR at 808 and 1070 nm) is
adopted to improve the mechanical stability, as shown in Fig. 3.
The spherical surface of this laser crystal acts as the concave
mirror of the plano-concave laser cavity. The laser crystal is
mounted on a piezoelectric transducer (PZT) for cavity length
tuning. There are three main output beams with almost same
power due to the reflections of the Bragg grating planes and the
VBG surfaces. All outputs are linearly polarized. The central
laser beam is used to carry out the spectroscopic experiment.
To reduce the environmental disturbances, the entire laser
assembly is put in an aluminum housing whose temperature is
stabilized by a thermoelectric cooler. The frequency of the
laser can be tuned coarsely by the VBG temperature and
finely by the PZT voltage. To reduce the laser frequency drift
it is locked to a confocal Fabry-Perot interferometer (FPI).
One of the other output beams is directed into the confocal
FPI and the FPI cavity length is modulated at 1.3 kHz. The
1070 nm light signal after the FPI cavity is demodulated to
obtain the error signal for locking the laser frequency to the
FPI. The laser frequency is then tuned by scanning the FPI
cavity length after it is locked. In our experiment, the VBG
is heated to ∼42.5oC to generate the correct wavelength for
the 6P3/2 → 7S1/2 transition after frequency doubling. By
tuning the PZT, the single frequency tuning range without
mode-hopping at total output power >100 mW is about 5 GHz
at 1070 nm, which is not wide enough to cover the whole
6P3/2 → 7S1/2 hyperfine transitions after frequency doubling.
Therefore, the whole spectrum of the 6P3/2 → 7S1/2 transition
is divided into two regions to be separately investigated and the
center of each region is set by tuning the VBG temperature.

The central beam of the VBG laser is boosted by a 900-mW
Yb-doped fiber amplifier. The amplified 1070 nm laser beam
is then focused into a 50 mm long MgO-doped periodically
poled lithium niobate (MgO:PPLN) crystal with a lens (f =
100 mm) for frequency doubling. The PPLN crystal is mounted
in a temperature-stabilized oven and the quasi-phase matching
condition is achieved around 101oC. After passing through the
PPLN, the 1070 nm beam is separated out by two dichroic
mirrors (DMs) and the second harmonic 535 nm green beam
is collimated to a beam size of 8.4 mm in diameter. The power
of 535 nm beam after these two DMs is typically 46 mW with
700 mW 1070 nm fundamental pump power.

A commercially available see-through hollow cathode lamp
(HCL) is used as the thallium atomic source. HCL is a
metal-vapor discharge lamp specifically developed for atomic
absorption spectroscopy and narrow band atomic line filter
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[15]. Exciting the HCL with a high voltage source, a discharge
plasma is generated inside the cathode. HCL produces not
only sufficient metal vapor without high temperature oven, but
also the atoms at the excited states. When a laser enters the
cathode and the atoms inside the discharge plasma resonantly
interact with the incident photons, the electrical impedance
of the discharge plasma is altered, by which an optogalvanic
(OG) signal is obtained. Optogalvanic effect has been widely
used to stabilize laser frequency [16]. In our experiment, a
Hamamatsu L2783-81 NE-TL see-through HCL is used as the
thallium vapor cell. The cylindrical cathode (19 mm in length
and 3 mm in diameter) and the ring anode are sealed with neon
buffer gas at a pressure of 14 torr. The HCL is operated at a
current of 10.7 mA with a 30 k� ballast resistor.

The absorption lines of thallium in the HCL are Doppler-
broadened by the random thermal motion of the thallium
atoms. Saturated absorption spectroscopy is used to eliminate
the Doppler-broadening by counter-propagating a strong pump
beam over the probe beam. The linear polarized green light
passes through a 95:5 (R:T) beam splitter (BS) reaches
a precision wavelength meter (HighFinesse, WSU 30) for
frequency measurement. The beam reflected by the BS is
further reflected by a polarizing beam splitter (PBS) and
transformed into circular polarization by a quarter-wave plate
(λ/4), and then goes through the HCL acting as the pump
beam. The circularly polarized green light is further separated
by a 50/50 beam splitter. The beam passing through the
BS is retro-reflected by a mirror into the HCL acting as
the probe beam. The reflected light is then transformed into
linear polarization by going through the λ/4 plate again and
passes through the PBS to the signal input of an auto-balanced
receiver (ABR, New Focus, 2017 Nirvana). The auto-balanced
receiver is used to suppress the intensity noise of the 535 nm
light. The counter-propagated pump and probe beams are
overlapped within the HCL with powers of 12.5 mW and
2.7 mW, respectively. The beam reflected by the 50/50 BS is
directed into the reference input of the auto-balanced receiver.
The optimal power ratio of the signal to the reference beam for
noise cancellation is achieved by a variable aperture in front
of the reference input.

To tune the laser wavelength to the thallium transition,
the 535 nm green light is first amplitude modulated by a
mechanical chopper at 2 kHz. The optogalvanic signal from the
HCL is detected with a lock-in amplifier (Standard Research
Systems SR830) to obtain the Doppler broadened spectrum of
the 6P3/2 → 7S1/2 transition by tuning the laser frequency via
scanning the FPI cavity length. To obtain the third-derivative
saturated absorption spectrum of the hyperfine transition, the
laser cavity length is modulated at 12 kHz and the balanced
signal from the auto-balanced receiver is demodulated with
a lock-in amplifier at the third harmonics (36 kHz). The time
constant is set to 30 ms at 12dB/oct. To lock the laser frequency
to the center of the hyperfine transition, the demodulated signal
is feed through a PI (proportional and integral) servo loop to
control the FPI cavity length.

The absolute transition frequencies are measured using the
precision wavelength meter. It is a Fizeau based wavelength
meter and a similar wavelength meter has been used to measure
the hyperfine splitting in Cs to an accuracy of 0.5 MHz [17,18].
Our wavelength meter has an absolute accuracy of 30 MHz in

FIG. 4. (Color online) Observed spectrum of hyperfine compo-
nents of the 6P3/2 → 7S1/2 transition in atomic thallium at 535 nm.
The upper figure is the optogalvanic (OG) spectrum. Vertical lines
show the calculated spectral intensity. The lower figure is the
third-derivative signal of the saturated absorption spectrum.

10 h [19] after it is calibrated against a stabilized laser with an
accurately known frequency. In our work, a frequency doubled
Nd:YAG laser at 532 nm stabilized to the hyperfine component
a10 of R(56) 32-0 transition of molecular iodine is utilized
to calibrate the wavelength meter. Its absolute frequency has
been recommended as an optical frequency standard [20,21].
We find that the drift of the wavelength meter is less than
1 MHz within 10 min after calibration. To check the accuracy
of the wavelength meter at 535 nm, the frequency doubled
Nd:GdVO4 laser is stabilized to the hyperfine components
of the P (28) 30-0 transition of molecular iodine at 535 nm,
which is less than 10 GHz away from the thallium transitions.
The absolute frequencies of the a1, a10, and a15 hyperfine
components have been measured using an optical frequency
comb (OFC) to an accuracy of 11 kHz [22]. The differences
between the absolute frequencies measured by the wavelength
meter and the OFC are less than 3 MHz for all three
hyperfine components. In addition, the separation of hyperfine
components obtained by the wavelength meter is less than
1 MHz deviation from the values obtained by OFC. To avoid
the long time drift in the wavelength meter during frequency
measurement, the calibration using iodine-stabilized 532 nm
laser is carried out every 10 min to assure the accuracy of our
measurements is better than 30 MHz.

III. RESULTS AND DISCUSSION

The 6P3/2 → 7S1/2 transition for 203Tl and 205Tl consists of
six hyperfine components as shown in Fig. 1. These hyperfine
components are labeled as A1, A2, A3 and B1, B2, B3
for 203Tl and 205Tl, respectively. The output of the lock-in
detection of the discharge current modulation, due to the laser
intensity modulation by the mechanical chopper, provides
the OG spectrum shown in the upper curve of Fig. 4. The
hyperfine components of 6P3/2 → 7S1/2 transition are not
resolved in the OG spectrum due to the Doppler broadening.
The Doppler-free saturated absorption spectrum is shown
in the lower part of Fig. 4. For the strongest component B2,
the signal-to-noise ratio (SNR) is 220. The ratio of the signal
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strength between the observed transitions does not agree with
the predicted strength based on the transition rate calculation
(shown in the OG spectrum in Fig. 4). This discrepancy,
which was also observed in the emission profile of the earlier
literature [15], is attributed to the high drive current of the
HCL. The SNR of the A1, A2, B1, and B2 components is high
enough for laser frequency stabilization and direct frequency
measurement using the HighFinesse wavelength meter.

The observed saturated absorption spectrum shown in Fig. 4
is acquired using a frequency modulation width that is opti-
mized for the third-derivative signal of the B2 component. For
a spectral line with a Lorentzian profile, the third derivative sig-
nal reaches a maximum while the modulation width is 1.75 ×
FWHM (full width at half-maximum) and the peak-to-peak
frequency interval then equals to 1.65 × FWHM [23]. The
peak-to-peak frequency interval is 70 MHz in our experiment,
thus the FWHM of the B2 component is 42 MHz. For
comparison, the natural linewidth of the B2 component is
estimated to be 17 MHz by the lifetime of 7S1/2 state [24].

The absolute frequency measurements of the
6P3/2 → 7S1/2 hyperfine transitions are performed using
the HighFinesse wavelength meter, while the laser is
locked to the zero-crossing points of the third derivative
signal. The error signal of the stabilized laser is used to
evaluate the stability of the laser frequency. The 70 MHz
peak-to-peak frequency interval of the third-derivative
signal of the B2 component is employed to determine
the frequency discrimination slope. Figure 5 shows the
Allan deviation for the frequency doubled Nd:GdVO4 laser
stabilized at the B2 component. The frequency stability is
30 kHz at 1 s averaging time and reaches 2 kHz at 10 s. This
frequency stabilized laser system is suitable for the thallium
laser cooling experiment and for investigating the PNC effect
in thallium using the EIT technique in the future.

Each measurement of the locked laser frequency is com-
pleted in 5 minutes after calibration of the wavelength meter.
The accuracy of the wavelength meter is rechecked with
the calibration laser after every measurement. The laser is
unlocked and relocked between each measurement. More than

FIG. 5. (Color online) Allan deviation of the laser locked to B2
component at 535 nm.

5000 data are taken for an individual measurement and more
than 20 frequency measurements are taken for each transitions.
The standard deviations for each frequency measurement
of these four strong components is from 0.8 to 2.6 MHz,
depending on the SNR. The standard errors of the mean, as
the statistical uncertainty of the central frequency for these
hyperfine transitions, are from 8 to 18 kHz. Various systematic
uncertainties are also studied, including: 0.6 MHz error due
to the DC-offset of the third derivative signal and 0.2 MHz
uncertainty caused by the electronic noise. However, the final
accuracies of frequency measurements, which are dominated
by the accuracy of the wavelength meter, are 30 MHz for all
of the A1, A2, B1, and B2 components.

The signal amplitude of A3 and B3 components are too
small to stabilize the laser for a direct frequency measurement.
Alternatively, the frequency intervals A2-A3 and B2-B3 are
acquired from the observed spectrum by scanning the laser
frequency. The third derivative spectrum in Fig. 4, where
the frequency axis is given by simultaneously acquiring the
wavelength meter output, is obtained in a total measuring
time of 10 min. Two crossover signals of A2, A3 and B2,
B3 components can be also observed in the spectrum. In
this method, two major systematic errors must be taken care:
the DC-offset of the signal and the determination of the
zero-crossing point (the line center). The DC-offset of the
third derivative signal is carefully removed before performing
the frequency interval measurement. The zero-crossing point
frequencies are determined using the cubic spline interpolation
of the nearby data points. Data analysis for 12 upward
and downward laser frequency scans gives the frequency
intervals of 524.6(1.1) MHz and 531.64(50) MHz for A2-A3
and B2-B3 components, respectively. Our results agree very
well with the best previous measurements [12]. With the
measured absolute frequencies of A2 and B2 components, the
absolute frequencies of A3 and B3 component are then derived
from the A2-A3 and B2-B3 frequency intervals. Combining
with the precise values of HFSs of 6P3/2 [12] and 7S1/2

[13], we are able to derive the center of gravity (c.g.) of
the 6P3/2 → 7S1/2 transition frequency with an accuracy of
17 MHz. The results of the absolute frequency measurements
of the hyperfine components of 203Tl and 205Tl at 14 torr Ne
background pressure are listed in Table I. The isotope shift

TABLE I. The absolute frequencies of the hyperfine components
within 6P3/2 → 7S1/2 transition of 203Tl and 205Tl in HCL at a
background neon pressure of 14 torr.

Line F − F ′ Frequency (MHz)

A1 203Tl ,1 − 0 560 147 075(30)
B1 205Tl ,1 − 0 560 148 751(30)
A2 203Tl ,2 − 1 560 158 729(30)
A3 205Tl ,1 − 1 560 159 254(30)
B2 203Tl ,2 − 0 560 160 514(30)
B3 205Tl ,1 − 1 560 161 045(30)

c.g. of 203Tl 6P3/2 → 7S1/2 560 155 881(17)
c.g. of 205Tl 6P3/2 → 7S1/2 560 157 638(17)

Experiment(205Tl) [24] 6P3/2 → 7S1/2 560 156.2 (GHz)
Theory(205Tl) [25] 6P3/2 → 7S1/2 558 183.6 (GHz)
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(IS) of this transition is calculated to be 1757(24) MHz, which
is consistent with the previous result [14], by subtracting the
c.g. frequencies of the two isotopes.

The pressure shift of this transition under neon has been
measured to be −2.3(1.0) MHz/torr [26]. Therefore, by
taking the pressure shift (−33 ± 14 MHz) into account, the
zero-pressure transition frequencies of the 6P3/2 → 7S1/2

transition is determined to be 560 155 914(22) MHz and
560 157 671(22) MHz for 203Tl and 205Tl, respectively. The
energy of the 6P3/2 → 7S1/2 transition has been calculated to
be 18619 cm−1, corresponding to 558 183.6 GHz, using the
many-body perturbation theory (MBPT) with the configura-
tion interaction (CI) method [25].

IV. CONCLUSIONS

In summary, the saturated absorption spectrum of the
hyperfine components of the 6P3/2 → 7S1/2 transition of 203Tl
and 205Tl in a hollow cathode lamp has been observed using
a tunable frequency doubled 1070 nm Nd:GdVO4 laser. The

laser can be frequency stabilized to the four strong hyperfine
components with a stability of 30 kHz at 1 s averaging time.
This compact 535 nm laser system has a power >50 mW
and a frequency tuning range of 10 GHz. It will be used
for the thallium laser cooling experiment and for the PNC
measurement in thallium using EIT in the future. Furthermore,
the absolute frequencies of the hyperfine components have
been measured using a precision wavelength meter with
accuracy of 30 MHz. Combining with previous accurate HFS
of the 6P3/2 and 7S1/2, the c.g. of the transition frequency
of 6P3/2 → 7S1/2 is determined to an accuracy of 22 MHz
(better than 4 × 10−8) for both isotopes. Finally, the isotope
shift of 6P3/2 → 7S1/2 transition determined is also in good
agreement with the previous measurement.
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