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Optimization of polarization spectroscopy for rubidium D lines∗
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Polarization spectroscopy of the D lines of rubidium atoms is investigated experimentally, especially with different
pump powers and cell temperatures. We find that there are four candidate transitions suitable for frequency stabilization,
and optimal pump powers and cell temperatures are also presented to obtain a perfect signal with maximal amplitude and
slope. The optimal signal is insensitive to the fluctuations of laser power and the temperature, which can enhance the
performance of frequency locking.
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1. Introduction
External cavity semiconductor laser (ECDL) is widely

used in atomic physics, especially for laser cooling and trap-
ping of neutral atoms in gases,[1–4] metrology, and atomic
clocks.[5,6] Frequency stabilization is of great importance to
the performance of ECDL, because it is very sensitive to am-
bient temperature, electric current, and mechanical vibration.
In the experiments of cold atomic physics, the laser is often
locked at the narrow transitions of atomic gases. The Doppler-
free techniques, such as saturated absorption spectroscopy
(SAS),[7] have been widely utilized in the laser’s frequency
locking. In SAS, the laser can only be side-locked, which
makes frequency locking very susceptible to the instability of
the power of the probe laser. Therefore frequency modulation
spectroscopy is always used to produce a dispersion-like sig-
nal for peak-locking, but it requires more electronic devices.[7]

Alternatively, modulation free dispersion-like spec-
troscopy is also employed in the laser frequency stabilization,
such as dichroic atomic vapor laser lock (DAVLL),[8–10] and
polarization spectroscopy (PS).[11–15] In DAVLL, an optimal
uniform magnetic field is required to introduce appropriate
Zeeman shifts.[16,17] For example, the optimal magnetic field
is about 120 Gs (1 Gs=10−4 T) for the DAVLL spectrum of
the rubidium (Rb) 87 atom’s D2 line.[17] Unlike DAVLL, the
magnetic field is not employed in PS.

First proposed by Wieman and Hänsch in 1976,[11] PS
has better signal-to-noise ratio (S/N) than saturated absorp-
tion spectroscopy[7] and has a locking precision less than
1 MHz.[18] Much theoretical[12,13] and experimental[19–21] ef-
fort has been made for over three decades. In this work, the
polarization spectroscopy of Rb atoms D line is investigated.

The optimal temperatures are found to improve the S/N ratio
and stability. At the optimal temperature, the amplitude and
slope of PS signals are insensitive to the temperature varia-
tion, which can be used to stabilize the laser frequency. The
relationship of the PS signal with the power of the pump laser
has also been studied.

2. Principle of polarization spectroscopy
In PS, a linearly polarized probe laser propagates through

the Rb cell along the z axis, meanwhile a circularly polarized
pump laser counter-propagates and overlaps with the probe
beam to generate the birefraction effect. The polarization of
the probe beam has an angle of θ ' π/4 with respect to the
x axis. Choosing the z axis as the quantization axis, the lin-
ear polarized probe beam can be decomposed into σ+ and σ−

circular polarization components with equal amplitude. The
refractive index and absorption coefficient of rubidium vapor
are n± and α± for σ± components of the probe beam, respec-
tively. The complex refractive index introduced by the cell
windows is denoted as µ±+ iν±. Then the electric field after
travelling through the Rb cell is[13]

𝐸 =
E0√

2
[−ε̂+ e−α+L/2 e i(kn+L−θ) e ikL(µ++iν+)

+ ε̂− e−α−L/2 e i(kn−L+θ) e ikL(µ−+iν−)], (1)

where ε̂± = ∓(x̂± iŷ)/
√

2, and k is the wave vector. Rewrit-
ing the refraction indexes and absorption coefficients as η± =

η ±∆η/2, where η = n,α,µ,ν , the intensity difference can
be written as

∆I = Ix− Iy = I0 sin
[

π

2
−2θ + kL(∆n+∆µ)

]
, (2)
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where I0 = 1
2 ε0cE2

0 exp[−(α + 2kν)L] is the intensity of the
probe beam after the Rb cell. We choose θ = π/4+(kL/2)∆µ .
Then for small ∆n Eq. (2) is simplified as[13]

∆I ∼= I0kL∆n. (3)

In the above equation, ∆n can be obtained by Kramers–Kronig
relation as follows:[22]

∆n =
c
ω 0

∆α0
x

1+ x2 , (4)

where, x = 2∆/Γ , ∆ is laser detuning and Γ is natural
linewidth. ∆α0 is the absorption coefficient difference be-
tween two circularly polarized components of the probe beam
at resonance. From Eqs. (3) and (4), we arrive at

∆I = A× x
1+ x2 ×N∆s

× exp
(
− 1

2
N(s++ s−)L

)
, (5)

where N is the atomic density of the corresponding Zee-
man state, A = 1

2 ε0cE2
0 Lexp(−2kνL), and ∆α0 = α+−α− =

N(s+− s−) = N∆s. Here s± and ∆s are the scattering cross
section of σ± light and the difference of scattering cross sec-
tions with the σ± light of the corresponding Zeeman state,
respectively.

As shown in Eq. (5), the PS signal has a natural disper-
sion shape with zero background. The signal is proportional to
∆s, and has a maximum value at a suitable N. For the PS, no
magnetic field is needed and the Zeeman states are still degen-
erate, but for different Zeeman ground states, the ∆s differs.

In this work, several transitions that have large ∆s are chosen,
and the corresponding PS signals change with the temperature
of the Rb cell and the power of the pump beam are measured.

3. Experiment setup

The schematic diagram of experimental setup for both D1
and D2 lines is shown in Fig. 1. Two ECDL lasers (Sacher
Lasertechnik TEC 500 and New Focus Vortex 6000) are used
for D1 and D2 lines, respectively. The former has a wave-
length of 795 nm and a beam diameter of 2 mm, while for the
latter they are 780 nm and 1.5 mm, respectively. We use an
isolator to avoid laser feedback. The output beam is split into
two beams by PBS1. One is for PS and the other is for SAS
as frequency reference. The polarization angle of the probe
beam is rotated about π/4 to the x axis by a half wave plate
before PBS3. At this angle, the intensity Ix = Iy in the absence
of the pump beam, which can be used as a criterion in the ex-
periment. A Glan prism and a quarter wave plate are used to
purify the circular polarization of the pump beam. We use a
balanced differential Si-photo-diode to detect the PS signal.
The length and diameter of the Rb cell are 50 mm and 25 mm,
respectively. A single layer µ-metal is applied to shield the
earth?s magnetic field and results in a residual magnetic field
lower than 10 mGs. The temperature of the Rb cell can be
regulated from room temperature to more than 100 ◦C with
the uncertainty under 1 ◦C by a heater and a PID module.
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Fig. 1. Schematic plot of experimental setup. (λ/2: half-wave plate, PBS: polarizing beamsplitter, ND: neutral density filter, λ/4:
quarter-wave plate, BS: beamsplitter, PD: photodiodes).

4. Results and discussions
The PS and SAS signals of Rb atoms’ D2 line are shown

in Fig. 2. The maximum peaks of PS signals are not consis-
tent with SAS, and the amplitude and shape of each PS signal

is different. This difference can be attributed to two factors,

one is ∆s, and the other is the decay channel of the excited

energy level. Although the Zeeman states are degenerate in

the absence of a magnetic field, they have different absorp-
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tion coefficients for the polarized lights of σ+ and σ−, which
results in different values of ∆α . It should be noted that the
difference between the absorption coefficients of σ+ and σ−

is not related to the Zeeman shift, but is proportional to the
difference between the scattering lengths of two polarizations.
Therefore ∆α affects the signal ∆I remarkably (see Eq. (5)).
Therefore, to obtain a large PS signal, a proper Zeeman state
should be chosen. The PS signal dependence on the decay
channel is explicated in Refs. [22] and [23]. As is well known,
a good candidate of PS spectra for frequency locking should
have a large peak-to-peak amplitude and a large slope. There-
fore, for Rb atoms’ D2 line, there are two transitions (87Rb
F = 2→ F ′ = 3 and 85Rb F = 3→ F ′ = 4) more suitable for
laser locking, as shown in Fig. 2. We pick and list them in Ta-
ble 1, as well as the two transitions of D1 line, which are not
shown in figures. From the analysis in Section 2, the circularly
polarized pump laser plays a central role in polarization spec-
troscopy, and the temperature also affects the amplitude of the
PS signal. Below we will discuss the influence of the pump
power and temperature to PS signals.
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Fig. 2. (color online) PS (black) and SAS (red) signals of Rb atoms’
D2 line. In panel (a), we choose the 87Rb F = 2→ F ′ = 3 transition as
zero detuning, while in panel (b), the 87Rb F = 1→ F ′ = 2 transition
is chosen to be zero detuning. The cell temperature is 29 ◦C, and the
pump and probe powers are 17.0 µW and 19.4 µW, respectively. The
pump beam is not very strong to avoid power broadening.

Table 1. The optimal temperature range and maximum ratio
(Aopt/Aroom) of the four transitions.

Optimal T /◦C (Aopt/Aroom)
87Rb D2 F = 2→ F ′ = 3 38∼ 41 1.7
87Rb D1 F = 2→ F ′ = 2 73∼ 77 17
85Rb D2 F = 3→ F ′ = 4 25∼ 29 1.03
85Rb D1 F = 3→ F ′ = 3 57∼ 63 6

First, we give the pump beam effect on the PS signal,
which produces the imbalance of the atomic population in dif-
ferent Zeeman states. We measured the PS signal against the
power of pump laser of the four transitions. As a paradigmatic
example, Fig. 3(a) shows the peak-to-peak amplitude, 3(b)
linewidth, and 3(c) slope of the 85Rb D2 line F = 3→ F ′ = 4

transition. This figure measured at three different probe pow-
ers and the amplitudes and slopes are almost proportional to
probe powers, while the linewidths are independent of probe
powers. In the low pump power region, the amplitude drasti-
cally increases with pump power. This is because with in-
creasing pump power, more and more atoms are pumped
to F = 3, mF = 3 state, which increases the atomic density
in this Zeeman state. While in the high pump power re-
gion, the amplitude is saturated, because almost all the atoms
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Fig. 3. (color online) Peak-to-peak amplitude (a), linewidth (b), and
slope (c) of near zero point of PS signals of 85Rb D2 line F = 3→
F ′ = 4 against pump intensity. The temperature of the Rb cell is kept
at 27 ◦C. The PS signals are measured at three different probe powers,
10 µW (blue), 20 µW (red), and 40 µW (black), respectively.
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are pumped to mF = 3 state as soon as they are in the light
field. The linewidth of the PS signal is almost proportional to
the pump power due to power broadening. To utilize the PS
signal for frequency stabilization, the slope should be larger
and insensitive to power jitter, so it is better to keep the pump
power at the turning region. At these regions, the slopes are
insensitive to pump power, and the amplitudes are also good.
We found the turning regions of the slopes are almost the same
for different powers of the probe laser. That is similar to other
transitions of rubidium D lines in our measurements.

24 32 40 48 56

8

12

16

20

24

24 32 40 48 56

1.0

2.0

3.0

4.0

A
m
p
li
tu
d
e/
m
V

III

III

II

III

I

S
lo
p
e/
m
V
SM
H
z-

1

Temperature/C

Temperature/C

(b)

(a)

Fig. 4. (color online) Amplitude (a) and slope (b) of PS signal of 87Rb
D2 line F = 2→ F ′ = 3 against cell temperature. The power of pump
and probe are 17 µW and 19.8 µW, respectively.

In the following, we turn to investigate the effect of the
temperature on PS and give the optimal temperature for fre-
quency locking. The amplitudes and the slopes of PS spectra
for the D2 line F = 2→ F ′ = 3 transition with different cell
temperatures are measured (see Fig. 4). An appropriate pump
power was chosen to avoid power broadening. It is clear that
the cell temperature has great influence on the performance of
PS spectra, and there is an optimal parameter regime of the cell
temperature in which the locking can be operated. We have
observed similar dependencies of the amplitude and the slope
on the temperature in PS signals. In the regime of low tem-
perature (region I), they both increase monotonously with the
temperature. This means that a PS signal can be improved by
increasing the cell temperature. The frequency locking, how-
ever, cannot operate well at a high temperature (region III),

because the two key parameters become too small to lock the
laser. At an intermediate temperature (region II), the ampli-
tude and the slope of the signals are both large. Especially,
the low temperature-sensitivity of amplitude at intermediate
temperatures makes the PS signal more suitable for frequency
locking.

The above trend of the amplitude in PS can be explained
by the formalism presented in Section 2. For simplicity, we
rewrite Eq. (5) as

∆I = η×N× exp(−βN), (6)

where η , β are temperature-independent parameters, while the
atomic density N is determined by the cell temperature. It is
shown in Eq. (6) that the signal is not a monotonous function
of the atomic density, and we have to characterize its depen-
dence on the temperature in different regimes.

When the temperature is low, the number of atoms in the
ground state is small. In this regime, the amplitude of the PS
signal is mainly determined by the second term in Eq. (6),
rather than the exponential term. With increasing tempera-
ture and thus atomic density, the PS signal increases almost
linearly, while in the high-temperature regime, the exponen-
tial term dominates the PS signal that decreases with N or T
remarkably. In region II, the two terms are comparable to each
other, so the temperature has little effect on the signal’s ampli-
tude. This is the optimal regime for the operation of frequency
locking using PS.

We also measured the performance of PS for other candi-
date transitions and found that the temperature effect is similar
to the above observation shown in Fig. 4; however, of course,
respective optimal temperatures are different. The optimal
temperatures of each transition and the ratios of maximum am-
plitudes to the amplitudes at room temperature (Aopt/Aroom)
are listed in Table 1. For these four transitions, the optimal
temperatures for the 87Rb D1 (D2) line are higher than for the
85Rb D1 (D2) line, because the abundance of 87Rb in the cell
is lower than that of 85Rb. Therefore at higher temperatures,
higher N is required in order to obtain the optimal amplitudes
for 87Rb atoms. Meanwhile the optimal temperatures for the
D1 line are higher than the D2 line for both 87Rb and 85Rb
atoms — because there is no closed transition for the D1 line,
higher temperature is required to increase the atomic density.
So we can expect that D1 lines have larger (Aopt/Aroom) as
listed in Table 1. This is helpful in maximizing the amplitude
and signal-to-noise ratio of the PS signal and enhancing the
stability of the PS signal at the optimal cell temperature for
laser frequency stabilization.

5. Conclusion
In this paper, we experimentally studied the polariza-

tion spectroscopy of rubidium D lines. We chose four suit-
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able transitions to study the performance with variations in
pump power and temperature. The amplitude of the PS sig-
nal drastically increased, and then saturated with increasing
pump power, but the linewidth increased almost linearly with
increasing pump power due to power broadening. The maxi-
mum and flat slope of the PS signal is found at the same pump
power with different probe power. By increasing the cell tem-
perature, the PS signal can be enhanced with optimal temper-
ature. The amplitude of the PS signal is maximized at optimal
temperature and has a flat region. At the optimal pump power
and cell temperature, both the amplitude and the slope of the
PS signal are insensitive to the fluctuation of pump power and
cell temperature, which is beneficial in enhancing the stability
of laser frequency locking via polarization spectroscopy.
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