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We demonstrate a non-crossover sub-Doppler dichroic atomic vapor laser locking (DAVLL) in selective reflection
scheme, which allows us to obtain a modulation-free laser locking with wide tuneable range. The dependence of peak-to-
peak amplitude, tuneable range and the slope near the zero-crossing point of error signal on the frequency shift induced by
the magnetic fields are studied. The adjustable error signal by the varying external magnetic field can offer the laser locking
from the order of tens MHz to hundreds MHz. The ultimate dither of locked laser frequency is less than 0.5 MHz. The
square root of Allan variance of the error signals reaches a minimum of 3 x 10~10 for an averaging time of 130 s.
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1. Introduction

The appearance of external cavity diode lasers extremely
accelerates the development of atomic physics, quantum op-
tics, and laser spectroscopy.!!! A common issue of laser is
frequency fluctuation mainly induced by mechanical vibra-
tion and temperature drift of laser diode. In the past decades,
numerous schemes have been proposed to stabilize laser fre-
quency to atomic transition lines. The conventional tech-
nique employs saturated absorption spectroscopy (SAS) with
frequency modulation to get the error signal.[?! This tech-
nique cannot avoid the extra frequency modulation added to
the laser output. Therefore, lots of modulation-free schemes
are proposed to lock laser frequency, such as polarization
spectroscopy,>#! light-induced birefringence spectroscopy, !
and low-field Faraday polarimetry.[! A modulation-free tech-
nique called dichroic atomic vapor laser locking (DAVLL)!"!
is also developed. One advantage of DAVLL is the fre-
quency offset of locked laser from the atomic transition line
can be controlled by laser beam polarization.[8! The other ad-
vantage is large frequency capture range induced by Doppler
background.!”-*) But the Doppler background simultaneously
brings some disadvantages, the low frequency resolution and
the requiring of strong magnetic field. To overcome them, a
sub-Doppler DAVLL scheme is recently developed to stabi-
lize laser frequency.!!1?] That technique combines the ad-
vantages of SAS and DAVLL, and allows us to lock laser
frequency to atomic resonance lines and crossovers without
modulation. However, we sometimes need to eliminate the ef-
fect of crossover in high-resolution spectroscopy.!'*! When the
level spacing of hyperfine structures is of the order of one or
two natural linewidth, the crossover resonance often swamps
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the real peaks and makes it impossible to resolve the two tran-
sitions. In selective reflection scheme, the longitudinal atomic
velocity is approximately zero when atoms collision with cell
interface, thus the crossover peak does not exist comparing
with SAS.[1415] 1t is a natural idea to combine the DAVLL
method with reflection spectrum to stabilize laser frequency at
only resonance transition without modulation.

In this work, we demonstrate the application of sub-
Doppler DAVLL in selective reflection scheme of Rb atom va-
por. Through the theoretical simulation and experiment, we
investigate the dependence of peak-to-peak amplitude, cap-
ture range and the slope near the zero-crossing point of error
signal on the strength of magnetic field. We choose a proper
strength of magnetic field and employ the error signal to lock
the laser frequency. The locked frequency dither is less than
0.5 MHz, and the frequency drift is significantly suppressed,
which demonstrates the effectiveness of this technique in fre-
quency stabilization.

2. Simplified theoretical model

The resonance reflection at the interface between glass
cell wall and atomic vapor was firstly discovered in 1909.16]
This effect is known as selective reflection with sub-Doppler
structure at the atomic absorption line. The selective reflection
arises from combinations of the effects of velocity dependent
transient behavior and the nonlinear response of atoms.[!”}

On the condition of normal incident, the line shape of se-
lective reflection from the low density vapor N < (A /271) 3
in two-level system is!!8]
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Here, 7y is the homogeneous width, @ is the laser fre-
quency, @y is the frequency on the resonance, u is the reduced
velocity indicated by v\/nm , vis the hot atoms velocity,
and Ity = 2ay+/2kT In2/(mc?) is the full-width at half max-
imum amplitude of the Doppler width, where T is the abso-
lute temperature, k is the Boltzmann constant, m is the atomic
mass, and c is the velocity of light. The line shape of selec-
tive reflection expressed in Eq. (1) arises from the polarization
collisions between the atoms and the dielectric interface.

In weak magnetic field or linear Zeeman splitting regime,
the hyperfine level splitting can be written as

AE|p )y = UBgFMEBz, 2)

where gr is hyperfine Landég-factors which is given by the
relation gp ~ g;[F(F+1)—I(I+1)+J(J+1)/2F(F +1)]
with the nuclear term neglected, mr is the number of Zeeman
sublevel, up is Bohr magneton, and By is the strength of mag-
netic field. From Eq. (2), we can find that the energy shift of
each hyperfine level is proportional to the strength of magnetic
field. The resonance peak of o (or 0~) component of selec-
tive reflection is composed by 2F + 1 hyperfine transitions. To
simplify the calculation, it is normal to regard hyperfine com-
ponents with the same polarized transition as one transition.
That means the hyperfine number of ground state F is zero
while the value of excited state F' is one. Therefore, we can
get the error signal through a subtraction of two circularly po-
larized components, whose line shape can be represented by

Eq. (1). The line shape of error signal can be written as
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where & is the frequency shift from one circularly polarized
transition component of selective reflection spectra in presence
of magnetic field. The corresponding transition possibilities of
two circularly polarized transition components are set to the
same value in default. Figure 1 shows the simulated conse-
quence of DAVLL error signals with different frequency shift
0 in selective reflection. In simulation the homogeneous width
7Y contains the natural linewidth (6 MHz for D, line) and col-
lisional width (15 MHz).!'”) Doppler width I}, for Rb atoms
at the temperature of 160 °C equals 620 MHz. However, it is
shown in the inset of Fig. 1 that the locking point shift with
the changing frequency shift 6 will result in the uncertainty
of locking frequency. To precisely determine the locking fre-
quency, the offset of DAVLL signal can be adjusted according
to the calculated locking shift to eliminate the influence from

the locking point shift.
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Fig. 1. Simulation of DAVLL error signals in selective reflection after sim-
plifying the several magnetic sublevel transitions as two circularly polarized
transition components, in which the frequency shifts & are set as 10, 25, 50,
100, 150 MHz, respectively. The inset shows the relationship between the
locking point shift and §.
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Fig. 2. (a) Dependence of peak-to-peak amplitude (black line) and the slope (red line) of the simulated error signal on the frequency shift. (b) Dependence

of capture range on the frequency shift.

The corresponding peak-to-peak amplitude and the slope
near the zero-crossing point as a function of frequency shift are

shown in Fig. 2(a). The amplitude of error signal increases as

the frequency shift increases and reaches saturation gradually.
The slope has an extreme value and it reveals the sensitivity

of servo system to the frequency dither induced by external
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perturbation. The extreme value of the slope implies the best
strength of magnetic field to lock laser frequency. The mag-
netic field can change frequency shifts of 6™ and 6~ com-
ponents, then the capture range. It is related to the frequency
excursion that the system can tolerate and still return to the de-
sired lock-point, and roughly equals to 2. Figure 2(b) shows
the dependence of capture range of this locking method on the
frequency shift 5. We find that the capture range is almost
proportional to frequency shift. Thus, controlling the locked
frequency is possible through changing the strength of external
magnetic field within the reasonable range. It is an important
feature for physical experiments such as atomic traps.

3. Experiment and results

Figure 3 shows the experimental setup. External cavity
diode laser (New Focus, 6017) emits 780-nm beam with the
diameter of approximately 2 mm. The SAS is used as a fre-
quency reference. The vapor cell is heated to 160 °C and
the corresponding pressure is approximately 7 x 10~> Torr
(1 Torr = 1.33322 x 102 Pa). The reflection window is de-
signed to be wedged to split the lights from glass—air interface
and glass—atom interface, for increasing the signal-to-noise ra-
tio of reflection spectrum. The power of incident beam is about
1.5 uW. Two coils generate a uniform magnetic field along
light direction. The two circularly polarized components of
reflected light are converted to two linear polarized lights af-
ter a quarter waveplate and a polarizing beam splitter (PBS).
By subtracting and amplifying the two signals, we can get the
DAVLL spectrum which can be used as an error signal to sta-
bilize the laser frequency.

Figure 4(a) shows the sub-Doppler DAVLL signal related
to the transitions F = 3 — F’ of Rb D, line with magnetic
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field of 16.9 Gs (1 Gs = 10~ T). Figure 4(b) shows the case
related to the transitions F = 2 — F’ of 8’Rb D, line with
magnetic field of 12.7 Gs. The blue lines are the DAVLL
signals and the green lines are the SAS for frequency refer-
ence without the magnetic fields. The hyperfine transitions
and crossover transitions of $Rb and ’Rb D; lines are labeled
with arrows in SAS spectrum. Comparing the two spectra, it
is obvious that there is no crossover in DAVLL spectrum. Be-
cause the DAVLL signal is obtained from the spectra reflected
by the atomic interface near the glass cell, it is immune to the
crossover effect arising from the atomic opposite motion. In
Fig. 4, the DAVLL signals have asymmetric dispersion-like
shape, which is an important feature produced by the differ-
ence of energy shift and the transition probability of each mag-
netic sublevel between 6 and 6~ resonance transition. The
sign of the slope is decided by the direction of energy shift of

each magnetic sublevel due to Zeeman effect.
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Fig. 3. Schematic diagram of sub-Doppler DAVLL signals of selective re-
flection in atomic rubidium. ECDL: external cavity diode laser; SAS: sat-
urated absorption spectroscopy; PBS: polarizing beam splitter; FRS: fre-
quency reference signal; PD: photodiode detector; DA: differential ampli-
fier.
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Fig. 4. Sub-Doppler DAVLL signals in selective reflection scheme with magnetic fields and saturate absorption spectroscopy signals without magnetic fields.
(a) The signals are related to the transitions of 8> Rb D line. The black and red lines represent respectively the 6+ and 6~ polarized components of reflected
spectrum of F = 3 to F’ = 4 transition with magnetic field of 16.9 Gs. The green line represents saturate absorption spectroscopy signals, in which F/ = 2,
F =3, and F’ = 4 show the transition of F =3 to F' =2,3,4 and CO23, CO24, CO34 mean the transition to 2-3, 24, and 3—4 crossover. (b) The signals
are related to the transitions of 8’Rb D, line. The black and red lines represent respectively the 6 and ¢~ polarized components of reflected spectrum
of F =2 to F’ = 3 transition with magnetic field of 12.7 Gs. The green line represents saturate absorption spectroscopy signals, in which F/ =1, F' =2,
and F’ = 3 show the transition of F =2 to F/ = 1,2,3, and CO12, CO13, CO23 mean the transition to 1-2, 1-3, and 2-3 crossover. The blue curve is the

DAVLL signal.
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Figure 5 shows the dependence of peak-to-peak amplitudes (black squares) and slopes (red triangles) near the zero-crossing
points of DAVLL signals on the strength of magnetic field. In Fig. 5(a), for the transition F = 3 — F’ = 4 of Rb D, line,
the amplitude of DAVLL signal increases as the frequency shift increases and reaches saturation gradually. The effectiveness of
frequency lock significantly depends on the slope of error signal. The red triangle shows the corresponding ratio obtained from
amplitude divided by the corresponding capture range. The slope is negative and has an extreme value at magnetic field of about

30 Gs. In Fig. 5(b), for the transition F = 2 — F’ = 3 of Rb D, line, we obtain the analogous property.
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Fig. 5. Dependence of peak—peak amplitude (black squares) and slope (red triangles) of error signal on the strength of magnetic field. (a) F =3 — F' =4
of 3Rb D, line. (b) F =2 — F’ =3 of 8’Rb D, line. The insets show the dependence of capture range on the strength of magnetic field.

The insets of Fig. 5 show the dependence of capture range on the strength of magnetic field for the transitions F =3 — F/ =4
of 8Rb D, line and F =2 — F’ = 3 of 8’Rb D, line, respectively. The capture range is proportional to the strength of magnetic
field and agrees with the simulation. The ratio of capture range to magnetic field is about 1.86 MHz/Gs and 1.81 MHz/Gs for
85Rb and 87Rb respectively. Owing to the relative wide capture range controlled by magnetic field, we can use it to choose the
desired frequency through adjusting the offset of discriminant line. It is an important feature for tuning the locked laser frequency
relative to resonance line in some experiments, such as atom trapping in magneto—optical traps. Comparing with Fig. 2(a), the
similar saturation effects of the DAVLL amplitudes are observed in both Fig. 5(a) and Fig. 5(b) with the magnetic field about
120 Gs. The slope of DAVLL signal presents a minimum with the magnetic field 28 Gs in Fig. 5(a) and the magnetic field about
15 Gs in Fig. 5(b).

Figure 6(a) shows the results with and without the servo loop at a fixed magnetic field of 30 Gs for the transition F =3 —
F' = 4 of Rb D, line. The frequency drift is approximately 10 MHz from the zero-crossing point of error signal in 200 s.
After switching on the servo loop, the frequency fluctuation is confined less than 0.5 MHz. For the long term drift of locking
frequency, it would be helpful to make the magnetic field. and temperature stable for the vapor cell. The corresponding square
root of Allan variance is calculated and shown in Fig. 6(b). It reaches the minimum 3 x 10~'? at averaged time of 130 s. For the
free running diode laser, the minimum value is 1 x 10~ at 4 s. Through the square root of Allan variance, we find that the laser
obtains a stabilization improvement by sub-Doppler DAVLL in selective reflection scheme. It demonstrates the effectiveness of
this method in suppressing laser frequency drift and fluctuation noise.
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Fig. 6. (a) The error signal with and without feedback from a DAVLL selective reflection spectra for the transition F =3 — F' =4 of 85Rb D, line. (b)
Square root of Allan variance with and without locking for the laser frequency.
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4. Conclusion

We have demonstrated the sub-Doppler DAVLL in selec-
tive reflection scheme with the wider tunable frequency range
and free-modulation. The dependence of peak-to-peak ampli-
tude, capture range and the slope near the zero-crossing point
of error signal on frequency shift induced by magnetic field
is studied through theoretical simulation and experiment. In
the linear Zeeman effect regime, we find the amplitude of
error signal is close to saturation when the frequency shift
of two circularly polarized components is big enough. The
slope has an extreme value for the variation of frequency shift.
Ultimately, this error signal is used to lock laser frequency
and the frequency fluctuations is successfully confined less
than 0.5 MHz. The calculated square root of Allan variance
demonstrates the feasibility of frequency stabilization using
this scheme.

Comparing with conventional laser stabilization scheme,
such as modulated SAS, the sub-Doppler DAVLL in selec-
tive reflection scheme has several advantages besides the free
modulation. First, a weak laser intensity with the order of
microwatt can offer the good signal-to-noise ratio of DAVLL
signal because of the high atomic density on the reflective sur-
face. As a result, the energy shift induced by the laser in-
tensity can be ignored. Second, there is no crossover in the
selective reflection spectrum, which is very important in high-
resolution spectroscopy. Furthermore, the capture range can
be controlled from the order of tens MHz to hundreds MHz by
justly changing the magnetic field. It can be easily achieved
great improvement of the signal-to-noise ratio of error signal

by heating the vapor cell. On the other hand, the locking fre-
quency point is moderate sensitive(0.14 kHz/K) to the temper-
ature. In conclusion, the sub-Doppler DAVLL in selective re-
flection scheme can realize the wide tunable locking frequency
range with the lower laser power consumption and compact
optical module.
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