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Optical manipulation of Ba� ions is performed mainly by a 493 nm laser for the S1∕2 − P1∕2 transition and a
650 nm laser for the P1∕2 −D3∕2 transition. Because the branching ratio between the 493 and 650 nm transitions
of a single Ba� ion is comparable, stabilization systems of both lasers are equally important for Doppler cooling,
sub-Doppler cooling, optical pumping, and state detection. The stabilization system of a 493 nm laser to an
absolute Te2 reference has been well established. However, the stabilization of a 650 nm laser to the absolute
reference of an atomic or molecular spectrum has not been presented before, to our knowledge. Here, we ex-
perimentally obtain the I2 spectrum near 650 nm and provide the experimental connection to the spectrum
of Ba�. We present the 20 spectral lines of I2 in the range of 0.9 GHz above the resonance of the P1∕2 −
D3∕2 transition. We stabilize the 650 nm laser through the optical cavity to the lowest one among these lines,
which is about 350 MHz apart, as the absolute frequency reference. Finally, we measure the frequency differences
between these iodine lines and the Ba� resonance through the fluorescence excitation spectrum with well-resolved
dark states, which is in agreement with the theoretical expectation. The presented stabilization scheme enables us
to perform precise experiments with Ba� ions. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.000243

1. INTRODUCTION

Recently, ion-trap systems have been greatly developed for
quantum computation [1–3], quantum simulation [4,5],
and fundamental tests of quantum mechanics [6–8], where ac-
curate and precise control is required. Because the states of ions
are mainly manipulated by optical methods, it is essential to
stabilize lasers, particularly in the frequency domain. The
performance of a laser system is characterized by its linewidth
and long-term drift of the frequency. To narrow the laser line-
width, a high-finesse cavity is typically used, for example in the
Pound–Drever–Hall (PDH) method [9], but the long-term
drift cannot be overcome in this way.

As a solution, atomic or molecular cells are usually used as
the absolute reference for laser stabilization. In particular,
hyperfine-resolved optical transitions of iodine (I2) have been
thoroughly studied [10,11], providing absolute references
from the dissociation limit at 499.5 nm to the near-infrared
region including the stabilization of 532, 605, 612, 633,
740, and 830 nm lasers [12–17]. Doppler-free spectroscopy,
such as the saturated absorption spectroscopy (SAS) [18] or
modulation transfer spectroscopy (MTS) [19], is widely used

in laser stabilization systems, where the width of the error signal
in the servoloop can be compressed to the tens of MHz level.

In the field of quantum computation [20,21], quantum
communication [22], and precision measurement of parity
nonconservation [23] with trapped ions, the Ba� ion has been
an attractive choice. A single Ba� ion has low-lying and long-
lived D states [24] and a lambda structure of cooling cycle [25],
which are all in the visible wavelength range. A 493 nm laser
drives the S1∕2 − P1∕2 transition, which performs as the main
circulation of Doppler cooling. Because the branching ratios
of the P1∕2 − S1∕2 and P1∕2 −D3∕2 transitions are comparable,
0.73 and 0.27 [26], respectively, a 650 nm laser bridging the
D3∕2 − P1∕2 transition is in need to pump the population in
D3∕2 state back to the cooling cycle. Stabilization of the
493 nm laser with tellurium (Te2) as the absolute reference
has been well-developed [27]. However, the 650 nm laser
has been used without absolute stabilization, because a modest
Doppler-cooling efficiency can be achieved by using a far red-
detuned repumping laser. Looking forward, as we try to achieve
the optimal cooling efficiency and improve the efficiency of
optical pumping and quantum-state detection [28], which
are both sensitive to the choice of the detuning of the
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650 nm laser, the stability of the 650 nm laser must be repri-
oritized. Furthermore, sub-Doppler cooling by EIT or Sisyphus
mechanism would critically require the stability of the 650 nm
laser at an exact frequency [29,30]. The stabilization system
of the 650 nm laser, however, has not been completely
discussed [28,31].

In this work, we report 20 spectral lines of I2 close to the
P1∕2 −D3∕2 transition of the 138Ba� ion at 649.87 nm from the
MTS. By employing one of these lines as an absolute reference,
we accomplish the absolute stabilization system of the 650 nm
laser with the linewidth of ∼400 kHz. We also measure the
spectrum of a single 138Ba� ion by scanning the frequency
of the 650 nm laser with a fiber-coupled EOM while fixing
the frequency of the 493 nm laser and comparing the results
with the numerical simulation of the Liouville equation [32].
We conclude that the frequency of the reference line is
350 MHz higher than the resonance of the P1∕2 −D3∕2 tran-
sition of the 138Ba� ion.

2. I2 SPECTROSCOPY

In this section, we introduce the absolute stabilization system of
the 650 nm laser and the MTS of I2 as shown in Figs. 1 and 2.
The whole system can be divided into two parts. We first
narrow the linewidth of a Toptica DL100 prodiode laser by
an optical cavity. We then stabilize the optical cavity to the
absolute reference of I2 by means of MTS to suppress its
length drift, which is mainly caused by temperature fluctuation.
The 18.4 mW output of the laser is split into four beams by one
beam splitter (BS) and two polarizing beam splitters (PBS).
0.3 mW is used for a wavemeter from HighFinesse, 0.9 mW
for the ion trap experiment, 3.5 mW for the optical cavity setup
and the remaining 10 mW is coupled into a fiber-coupled
EOM for the implementation of the MTS setup.

Due to the low efficiency of the fiber-coupled EOM, only
2 mW is available for the optical part of the MTS setup. The

beam is adjustably split in two using a half wave plate (HWP)
and a PBS. The transmitted beam from the PBS, the pump
beam, is sent through an AOM and its �1st order output
(430 μW) is selected. The reflection beam from the PBS
(250 μW) goes through a convex lens and is then split into
a reference beam (70 μW) and a probe beam (160 μW).
The reference beam goes into one port of the balanced
photodiode (balanced PD). The probe beam and the modu-
lated pump beam counter propagate through an I2 cell, which
diminishes the effect of Doppler broadening by narrowing
the velocity region of I2 that can simultaneously interact with
both beams. After that, the probe beam goes into the other
port of the balanced PD. The PD output is sent to a lock-
in amplifier.

To implement the phase-sensitive detection of our disper-
sive signal, we incorporate an AOM driven by a frequency-
modulated signal from a voltage-controlled oscillator (VCO)
which scans from 190–210 MHz at a scanning frequency of
10 kHz. This 10 kHz modulation signal also acts as the refer-
ence for the lock-in amplifier. We use a servo PID board to
process the generated signal and stabilize the cavity length
by controlling the piezo voltage. After locking, the linewidth
of the laser frequency is ∼400 kHz, which is obtained by
recording the PDH signal after locking and converting its stan-
dard deviation to frequency. We do not observe a long-term
drift during the lock within the uncertainty of our wavemeter.

Figure 2 shows the dispersive signal generated by scanning
the frequency of the repumping laser through a range of
1.2 GHz near 649.868 nm. This signal serves as a proper
zero-crossing dispersive error signal for the servo system.
The frequency shifting due to the offset frequency of the
modulation signal provided by the VCO has been subtracted,
and the absolute frequency has been calibrated with the Ba�

ion spectroscopy that will be discussed later. We choose the first
line as the absolute reference to perform the frequency
stabilization for convenience.

Fig. 1. Frequency stabilization system of the 650 nm laser to I2 reference through an optical cavity. The thick red lines show the optical path and
the thin black lines with arrows indicate electrical connections. The 493 nm laser system is omitted.
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3. 138Ba� SPECTROSCOPY

To determine the frequency differences between 20 lines and
the resonance of the P1∕2 −D3∕2 transition of the 138Ba� ion,
we simulate the fluorescence excitation spectrum and compare
it with the experimental results. We consider the situation that
the detuning of the 493 nm laser is fixed and the detuning of
the 650 nm is scanned. Figure 3 shows the lowest three energy
levels of a single 138Ba� ion with its Zeeman sublevels. As men-
tioned in the introduction, the S1∕2 − P1∕2 transition is the
main cooling circulation. However, after a single ion is excited
to the P1∕2 state, it has a non-negligible probability of decaying
to the long-lived D3∕2 state, terminating the cooling cycle.
Therefore, a 650 nm laser is necessary to repump the ion to
the P1∕2 state. The repumping efficiency, which is related to
the frequency of the 650 nm laser, greatly influences the cool-
ing efficiency. To determine the repumping frequency, a single
138Ba� ion is loaded and excited from the S1∕2 ground state to
the P1∕2 state by a 493 nm laser locked to a Te2 reference.
While scanning the frequency of the 650 nm laser, we measure
the intensity of 493 nm fluorescence which can be interpreted
as the repumping efficiency of the 650 nm laser as discussed
above. In the following sections, we show the theory of

fluorescence excitation spectrum and compare our experimen-
tal results with the numerical simulation.

A. Theory of the Fluorescence Excitation Spectrum

In the presence of a 5.8 Gauss magnetic field, the system can be
described as an eight-level system [32]. By denoting each state
shown in Fig. 3 as j1i, j2i,…, j8i, the atomic Hamiltonian can
be expressed as

Ĥatom �
X8

i�1

ℏωijiihij: (1)

As for the interaction term, we treat two lasers as classical
electromagnetic waves ~E g sin�ωgt� and ~E r sin�ωrt� because
of their high intensity and assume that the light field only in-
teracts with the electric dipole moment of the ion. By applying
the rotating-wave approximation, the interaction Hamiltonian
takes the form

Ĥint � −
i
2
� ~E g · � ~D�

13j3ih1j� ~D�
14j4ih1j�…�e−iωg t

� ~E r · � ~D35j3ih5j� ~D36j3ih6j�…�e−iωrt �� h:c:: (2)

Here, ~Dij is the electric dipole moment between state jii and
state jji. ωr and ωg are the frequencies of 493 and 650 nm laser
beams, respectively. However, spontaneous decay exists in the
system due to the interaction of the ion with the vacuum modes
of the light field. A density matrix method should be employed
to describe the whole system. The dynamic of this system is
governed by the Liouville equation with a decay term [33]

dρ̂

dt
� −

i
ℏ
�Ĥ, ρ̂� � Ldamp�ρ̂�

Ldamp�ρ̂� � −
1

2

X

m

�Ĉ†
mĈmρ̂� ρ̂Ĉ†

mĈm − 2Ĉmρ̂Ĉ
†
m�: (3)

The general form of Ĉm � ffiffiffiffiffi
Γij

p jjihij could summarize several
different dissipative processes from jii to jji where Γij is the
decay parameter, including spontaneous decay from P1∕2 to
S1∕2 or D3∕2 and the decoherence due to the finite linewidth
of the driving light fields. In the experiment, we record the
fluorescence photon number every 1 ms, in which case the
system has already evolved into a steady state, and thus, all
the elements in the density matrix could be numerically solved
under the constraint conditions

dρ̂

dt
� 0 ⇒

i
ℏ
�Ĥ, ρ̂� � Ldamp�ρ̂�,

tr�ρ̂� � 1: (4)

The total fluorescence is proportional to ρ33 � ρ44, the popu-
lation of P1∕2 level. When the detuning difference between two
lasers satisfies the condition for a Raman transition between
specific Zeeman states of S1∕2 and D3∕2 [see Eq. (5)], the
P1∕2 state will not be populated and no fluorescence will be
detected. This effect, called dark resonance, results in a deep
hole in the spectrum of the ion when scanning the frequency
of one laser and fixing the other. When this condition is sat-
isfied, the system will stay in a superposition state between the
specific Zeeman sublevels of S1∕2 and D3∕2 levels, called a dark

Fig. 2. Modulation transfer spectroscopy (MTS) signal of I2 near
the P1∕2 −D3∕2 transition of 138Ba�. Here the frequency axis shows
the detuning between the absorption lines of I2 and the resonance of
138Ba�, which is determined by later experiments. The arrow indicates
the locking point of the 650 nm laser.

Fig. 3. Energy levels of the 138Ba� ion. In the presence of the mag-
netic field, the three-level system splits into an eight-level system. Δg

(Δr) is the 493 (650) nm laser detuning from the resonance of the
138Ba� ion transition in the absence of Zeeman splitting. We label
each state as jii for the convenience of calculation.
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state, which can be seen by calculating the off-diagonal terms of
density matrix.

B. Measurement and Results

In the experiments, we keep the same linear polarization for
both laser beams and use α to denote the angle between the
polarization and the direction of the magnetic field. In the
first case shown in Fig. 4, α is 45° with the 493 nm laser power
of 1.5 μW and 650 nm laser power of 1.2 μW. We scan the
frequency of the 650 nm laser while fixing the frequency of
the 493 nm laser and obtain a spectrum close to the
Lorentzian shape, as shown in Fig. 5. We find the frequency
difference between the resonance of the P1∕2 −D3∕2 transition
and the locking point by fitting Fig. 5 with the simulated curve.
For further tests, we adjust the laser polarization to be
perpendicular to the magnetic field shown as the second case
in Fig. 4, and obtain spectrums which contain characteristic
dark states. Because there are only σ� and σ− interactions in
the second case, the dark state will occur when the detuning
of the 650 nm laser satisfies

Δr � Δg 	 3∕5
μBj ~Bj
h

, Δg 	 11∕5
μBj ~Bj
h

: (5)

In this case, the power of 493 and 650 nm lasers are 3.7 and
12 μW, respectively, and the result compared with the simu-
lation shows in Fig. 6(a). And Fig. 6(b) shows the coherence
terms, the off-diagonal elements in the density matrix between
some specific sublevels of S1∕2 and D3∕2. In the experiment,

Fig. 4. Directions of the lasers and the magnetic field. In the first
case, the polarizations of both lasers form 45° with the magnetic field.
In the second case, the polarizations are perpendicular to the magnetic
field.

Fig. 5. Fluorescence excitation spectrum of a single 138Ba� ion by
scanning the frequency of the 650 nm laser. Parameters are
Δg∕2π � −30 MHz, B � 5.8G, 493 nm power = 1.5 μW,
650 nm power = 1.2 μW, α � 45°, 493 linewidth = 0.3 MHz,
650 linewidth = 0.4 MHz.

Fig. 6. Fluorescence excitation spectrum of a single 138Ba� ion, ob-
tained by scanning the frequency of the 650 nm laser. Parameters are
Δg∕2π � −35 MHz, B � 5.8G, 493 nm power = 3.7 μW, 650 nm
power = 12 μW, α � 90°, 493 linewidth = 0.3 MHz, 650 linewidth =
0.4 MHz. When the system is in a dark state, the ion will stay in a
superposition state between specific Zeeman sublevels of the S1∕2
andD3∕2 state, which is obtained by calculating the off-diagonal terms
of density matrix.

Table 1. Center Frequency of Each I2 Line Relative to the
Resonance of the P1∕2 − D3∕2 Transitiona

Num Relative Freq (MHz) Num Relative Freq (MHz)

1 350 11 925
2 386 12 969
3 418 13 1033
4 600 14 1048
5 667 15 1093
6 690 16 1128
7 751 17 1174
8 780 18 1237
9 826 19 1258
10 844 20 1288

aThese results are obtained by scanning the laser frequency in a small range
around each resonance and recording the laser frequency from the wave
meter. Each marked center frequency has an uncertainty of about 3 MHz
due to the ambiguity in vertical offset of the MTS signal. We note that the
frequency difference between the fourth line and the barium resonance of
the P1∕2 −D3∕2 transition is known to be 593 (±30) MHz [31,34], which
is consistent with our measurement result of 600 (±6) MHz. The experimental
uncertainty is about 6 MHz in total, where 3 MHz comes from the vertical
offset, and 5 MHz comes from the fitting errors shown in Figs. 5 and 6.
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we observe the dark resonances occur at −54, −40, −31,
and −18 MHz, which are in agreement with the theoretical
expectation of Eq. (5).

From these experimental results, we find that the resonance
frequency of the P1∕2 −D3∕2 transition is 350 MHz lower than
the frequency of the first line of I2 line in Fig. 2, which is close
enough for an AOM to bridge in further experiments.
Additionally, we list center frequencies of the 20 lines of I2
in Table 1 in terms of their offsets from the P1∕2 −D3∕2 tran-
sition frequency of a single 138Ba� ion.

4. CONCLUSION

We have implemented the MTS of I2 around 650 nm for the
trapped Ba� ion experiment. We report 20 lines of I2 in the
vicinity of the P1∕2 −D3∕2 transition of the Ba� ion, and we
have accomplished the stabilization of the 650 nm laser by
using one of these lines as the absolute reference. We also
have performed the spectroscopy of a single 138Ba� ion and
concluded that the resonance of the P1∕2 −D3∕2 transition is
350 MHz lower than the lowest absolute reference line among
the 20 observed lines of I2. Our development will enable us
to perform precise experiments with Ba� ion including
sub-Doppler cooling for quantum computation or precision
measurement [35].
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