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Abstract We propose and demonstrate a laser frequency
stabilization scheme which generates a dispersion-like
tunable Doppler-free dichroic lock (TDFDL) signal. This
signal offers a wide tuning range for lock point (i.e. zero-
crossing) without compromising on the slope of the locking
signal. The method involves measurement of magnetically
induced dichroism in an atomic vapour for a weak probe
laser beam in the presence of a counter-propagating strong
pump laser beam. A simple model is presented to explain
the basic principles of this method to generate the TDFDL
signal. The spectral shift in the locking signal is achieved
by tuning the frequency of the pump beam. The TDFDL
signal is shown to be useful for locking the frequency of a
cooling laser used for magneto-optical trap (MOT) for 8’Rb
atoms.

1 Introduction

Laser frequency stabilization is an essential requirement
for various applications including atom cooling [1], high
resolution spectroscopy [2], precision measurements
[3] etc. A setup for laser cooling and trapping of atoms
requires several lasers which are actively frequency stabi-
lized and locked at few linewidths detuned from the peak
of atomic absorption. In the laser cooling experiments, the
active frequency stabilization is achieved by generating a
reference signal which is based on absorption profile of
atom around the resonance. The reference locking signal
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can be either Doppler-broadened with wide tuning range
or Doppler-free with comparatively much steeper slope
but with limited tuning range. The simplest technique for
frequency locking involves locking to the side of the Dop-
pler-free peak generated from the saturated absorption
spectroscopy (SAS) [4, 5]. However, the SAS technique is
sensitive to the intensity fluctuations in laser beam due to
intensity-dependent broadening in SAS signal. The lock-
ing of the laser frequency to the peak of an atomic refer-
ence signal such as in frequency modulated spectroscopy
(FMS) [6] provides high signal-to-noise ratio (SNR) but
needs dithering of laser frequency and a phase sensitive
detection system. A suitable dispersion-like reference
signal for peak locking can be generated using polariz-
ing spectroscopy (PS) [7-11] without frequency modu-
lation and phase sensitive detection. Along with these
techniques, there are also methods for laser frequency
stabilization which employ PS with the external magnetic
field [12, 13]. However, the techniques involving polari-
zation spectroscopy are sensitive to the surrounding stray
magnetic field [14]. An alternative technique which can
generate narrow dispersion-like reference signal exploits
circular dichroism of an atomic vapour in the presence of
a magnetic field. In this technique, the difference of Zee-
man shifted saturated absorption signals generates the
Doppler-free dichroic lock (DFDL) signal [15-24]. This
technique requires only low magnetic field for its opera-
tion and is less sensitive to the surrounding stray magnetic
field. Also being a difference-based technique, it is less
sensitive to fluctuations in laser beam intensity. However,
the tuning range of this technique is limited to few natu-
ral linewidths of the transition. The tuning range can be
increased by electronically adding an offset voltage to
the signal or by optically changing the quarter wave plate
axis relative to the polarization beam splitter axis [16].
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The locking range can also be extended by either using
Doppler-broadened version of this technique known as
dichroic atomic vapor laser lock (DAVLL) [25-28] signal
or by locking at positive as well as the negative slopes of
DFDL signal [16]. Another method involves increasing
the magnetic field [29] to extend the locking range of the
DFDL signal. This frequency tuning is often achieved by
compromising the slope of the signal which is a crucial
parameter for the frequency locking. A recently reported
study on DFDL spectroscopy of D-2 line of 8’Rb includes
the coherence for the calculation of line-shape of the real
atomic system [30].

Here, we present a technique which generates a nar-
row tunable DFDL (TDFDL) signal without compromis-
ing with the slope of the signal. The frequency tuning of
this dispersion-like TDFDL signal is achieved by varying
the pump laser frequency using AOMs. We have studied the
dependence of this frequency locking signal’s amplitude
and the slope on various experimental parameters such as
the pump beam power and the magnetic field. The locking
performance of an extended cavity diode laser (ECDL) sys-
tem is investigated by measuring the change in the number
of cold atoms in a magneto-optical trap (MOT). A simple
theoretical model to explain the generation of TDFDL sig-
nal is also presented.

2 Theoretical analysis

We adopt a simple two-level system involving hyperfine
energy levels to explain the generation of TDFDL sig-
nal. A linearly polarized weak probe beam is overlapped
by a counter-propagating strong pump beam in an atomic
vapour cell placed in a weak magnetic field. The propaga-
tion of the probe beam is along the axis of magnetic field.
The linearly polarized light can be resolved into two coun-
ter-rotating circular components o4 using quarter wave
plate and polarizing beam splitter. In the absence of mag-
netic field (B=0), different m states are degenerate and
hence, o and o_ transitions overlap. When a small mag-
netic field (few Gauss) is applied, the degeneracy is lifted
and medium becomes dichroic due to the displacement of
o4 and o_ transitions. As a result, the pair of spectrally
shifted saturated absorption spectroscopy (SAS) signals
on subtraction generates the Doppler-free dispersion-like
signal[29]. For atoms moving with velocity v, the Dop-
pler shifted laser frequency in the frame of moving atom
becomes o = wg — k.v. When the laser beam passes
through a Rb atomic sample with a Maxwell-Boltzmann
velocity distribution, only those atoms which fall within
the homogeneous linewidth I" around the centre frequency
wp of Rb atom at rest can significantly contribute to the
absorption (Fig. 1).
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Fig. 1 Schematic diagram showing resonant interaction of o, and o_
polarized pump and the probe beams when a weak magnetic field is
applied to an atom having lower level F = 0 and upper level F/ = 1
is in motion

If the pump beam having frequency (w.) and the probe
beam having frequency (wp) are in counter-propagating
directions, the atoms having velocity components of v,
along the direction of the probe beam see different values
of the frequency detunings with the pump and the probe
beams in the presence of magnetic field. The o4 polarized
pump and the probe beams can interact resonantly with this
group of atoms if,

wp(ox) — kv, = wo = Ap (1)

wc(ox) + kv, = wo £ Ap (2)

Using Egs. (1) and (2), the relation between the probe beam
detuning A[jf = wp(0+) — wo and the pump beam detuning
Aﬁc = w.(0+) — wo for resonant interaction is given by

AT + AT =24 3)

Again using Egs. (1) and (2), the difference between the
pump and the probe beam detunings is given by,

Agp = AT — Ay = —2kv. 4)

Using Egs. (3) and (4), resonance condition for o+ probe
beam in the presence of the counter-propagating pump
beam and the applied magnetic field can be written as
A
+

Ay = —% + Ap (3)
Therefore, the probe absorption signal will depend upon
the difference between the pump and the probe beams
detunings and the applied magnetic field.
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In the case of simple model, F =0 — F' =1, the
absorption cross section for o4 probe beam for an atom
with velocity component v, is given as[4]

po(I'/2)?
(AF F Ap — kv)2 + (I'/2)?

(A, v:) = (©6)

where pp is the maximum absorption cross sec-
tion at A,jf = +Ap + kv;, Ap = upBgpmp /b (for
F =0 — F' =1 case) is Zeeman splitting of the levels in
magnetic field, & is the wave vector of laser light.

Due to pump laser beam (w.), population density in
ground state (F = 0 level) decreases within the velocity
interval dv, = %, while population density in magnetically
shifted upper level (F’ = +£1 level) increases. Therefore,
population in the lower level after pump has caused excita-

tion from lower level is given by

(I'/2)?

Y AT~ Ap + kv )2 + (I)2)2
(I'/2)?

8 (A: + Ag + kv + (1202

AN(AE v) =N(v) |1 —¢

(N

where I is a natural linewidth for F =0 — F =1 tran-
sition, g1 and g are coefficients representing the depth of
dips burnt in the distribution by the pump beam and depend
on the pump beam intensity used. For our calculations, we
have assumed g = g; = g». The population in the ground
state with velocity range v, and v; 4 dv, from where probe
makes the absorption transition is given as

NO(v;)dv, = Cexp[—(v,/v,)*1dv, )

where v, is the most probable velocity, and C is a constant
depending on number of atoms in gas, density etc.

The absorption coefficient for a weak probe laser beam
in the presence of the pump beam is given by

o0
i (AE, A%) = / pe(AEV)AN(AE v)dv.  (9)
o0

The integration in (9) can be performed over velocity and
assuming the Doppler width, Ap >> I" (where Ap = kv})
to obtain a4 values.

For low optical density of the sample, the dichroic signal
(DS) generated by TDFDL technique can be given as

DS(A;, AY) = ar (A, AD) —a_(4,, A7) (10)
Using Eqgs. (7), (8) and (9), the TDFDL signal is
DS(AS,AY) = C[(Dy — D_) — g(D4Ly —D_L)] (11)

1
where D4 = ﬁ exp [—((ApjE T Ap)/Ap)?]
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Fig. 2 Calculated TDFDL signals DS(A¥, A¥) (using Eq. (11)) for
the parameter Ap =50I",C =1, =0.04,mp =0,gp =2/3,mp =1,
I'/2m =12 MHz, B = 4G and A.,/27 = 480, 0 and —80 MHz cor-
responds to dashed line, solid line and dotted line, respectively
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F2

Ly =
(Ay 4+ AF T24Ap)2 + (2I/2)2

Ly can be written in terms of A., using equation (4),

(r/2)?

L=

A
(AF + ;” F Ap)? + (I'/2)2
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The signal consists of two parts: the first part repre-
sents a Doppler-broadened dichroic signal. The second part
appears due to the presence of pump beam, and it is rep-
resented by two Doppler-free absorption coefficients of o
and o_ components.

Figure 2 shows the calculated TDFDL signal for dif-
ferent pump laser detuning. As the pump laser frequency
is blue detuned with respect to the probe beam, the zero-
crossing in dispersion-like TDFDL signal will be shifted to
the red and vice versa. Therefore, the zero-crossing in the
TDFDL signal can be shifted to any frequency depending
upon the pump laser detuning.

Further, Fig. 3a, b shows the calculated amplitude and
the slope of the TDFDL signal (12 MHz red detuned)
with the axial magnetic field, respectively. We find that the
amplitude (difference of maximum and minimum values)
of the TDFDL signal initially increases with the applied
magnetic field and gets saturated after certain value of the
magnetic field. The amplitude of TDFDL signal reaches
maximum value when SAS for o and o_ probe beams is
just separated by increasing the magnetic field. Further, the
slope of the TDFDL signal increases with magnetic field
and reaches the maximum value at magnetic field of ~ 4
Gauss as shown in Fig. 3b. The slope starts to decrease with
further increase of the magnetic field due to increased sepa-
ration between o and o_ probe laser beam signals.

3 Experimental setup

The TDFDL experimental setup is shown in Fig. 4. The
external cavity diode laser (ECDL) (DL100, Toptica) sys-
tem operating at 780 nm is used in our experiments. A
combination of half wave plate and polarizing beam splitter
(PBS) is used to suitably divide the laser output beam for
its use in the TDFDL setup, a reference SAS setup and a
magneto-optical trap (MOT) setup.

In the TDFDL setup, laser light is split in two parts,
namely, the pump laser beam and the probe laser beam
using the combination of half wave plate and PBS. The
pump laser beam is passed through a setup of two acousto-
optical modulators (AOMs), AOM-1 and AOM-2 having
frequency range of 60-100 MHz. The pump laser beam is
initially passed through AOM-1. The first-order (41) dif-
fracted beam of AOM-1 is retro-reflected and passed again
through AOM-1 before going to pass through the second
AOM, i.e. AOM-2 (Fig. 4). In AOM-2, the first order (—1)
is made retro-reflected. Thus, we have used both the AOMs
in double pass configuration to avoid deviation of the out-
put beam. The output pump beam is overlapped with the
probe laser beam in counter-propagating direction inside a
5-cm long Rb vapour cell placed inside the solenoid with
crossing of ~ 10mrad. In the TDFDL setup, the pump

@ Springer

to MOT setup

A/2 PBS

| € 1 ¢—pBs

Y7 10~
A2

Probe beam
>
L

v Rb vapor ceIIv
vPump i
p-metal shieldw|
SAS beam
" - 1t order -1%t order, <|M %
25 =l € f % > I/‘\’ 1
Ll
I_ 0t order [~ 0t orden I
BD \/4 PBS A/4BD
af AOM-1 L aom2 (M J
Solenoid f\gs BD
> ->
M\ / 1
PD-1 %';7»/4
Error signal e g
PID controller fror signa 7
G < 7 M
PD-2

Fig. 4 Schematic diagram of the TDFDL spectroscopy setup. ECDL
external cavity diode laser, MOT magneto-optical trap, PBS polariz-
ing beam splitter, BD beam dump, BS beam splitter, AOM acousto-
optic modulator, DA differential amplifier, PD photodiode, SAS sat-
urated absorption spectroscopy, M mirror, L lens, A/4 quarter wave
plate, A /2 half wave plate. Two detectors (PD-1 and PD-2) monitor
the absorption of light which has driven o and o_ transitions
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Fig.5 a Observed spectral shift of the TDFDL signal for
F =2 — F’ = 3 transition of 8’ Rb atom for Agopr/27 = 480, 0 and
—80 MHz (dashed curve, solid curve and dotted curve, respectively).
b TDFDL signal at —12 MHz detuning with reference to SAS signal.
Slope of SAS signal is ~6 mV/MHz at point A, whereas the slope of
TDFDL signal is ~ 43 mV/MHz at point B. pump power = 1.13 mW,
Probe power = 140 W, and magnetic field = 9.7 G for the data in
figure (b)
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beam passes through two PBSs before entering into the Rb
vapour cell. Therefore, the pump beam power due to imper-
fect polarization is very small ( ~ 0.1 %) and has not pro-
duced any observable adverse effects on the TDFDL signal.
The probe laser beam is monitored using a /4 wave plate
and a PBS combination of elements and photodiodes for
detection of o and o_ parts of polarizations (Fig. 4). The
difference of two photodiode signals gives dispersion-like
signal. The solenoid generates the longitudinal field of ~32
G/A. At the Rb vapour cell, the probe and the pump laser
beam has a diameter of 3 mm. Neutral density filters are
used to vary the pump laser beam power.

4 Results and discussions

4.1 Frequency tuning of the TDFDL spectra using
AOMs

The frequency tuning of the TDFDL signal is achieved
by varying the frequency of the pump laser beam with the
help of two AOMs in double pass configuration as shown
in Fig. 4. The pump laser beam after double pass through
AOM-1 gets a frequency shift of 2w;, where wq is shift in
first-order diffraction in AOM-1. When this first-order dif-
fracted beam passes through AOM-2, the frequency shift
is —2w», where w; is shift in first order in AOM-2. There-
fore, the frequency of the pump beam is shifted by Agon
(Asom = 2(w1 — wp) = Ay, relative to the probe beam
frequency. Therefore, as we observed, (Fig. 5a), there is
no spectral shift in the TDFDL signal when AOM-1 and
AOM-2 operate at the same frequency. This is because,
the pump and the probe laser beam will be interacting with
zero velocity group resulting a TDFDL signal as shown in
Fig. 5a (solid curve). Further, if the AOM-1 and AOM-2
operate at frequency 100 and 60 MHz, respectively, then
frequency shift of the pump beam (Aspp/27) as com-
pared to the probe beam becomes +80 MHz. Therefore,
the TDFDL signal will be red shifted (—40 MHz) as shown
by dashed curve in Fig. 5a. In the same way, the TDFDL
signal can be shifted to the blue detuned (+40 MHz), as
shown by the dotted curve in Fig. 5a, if AOM-1 and AOM-2
operate at the frequency of 60 and 100 MHz, respectively.
Thus, observed detuning behaviour of the TDFDL signal
shown in Fig. 5a is in good qualitative agreement with the
theoretically calculated signal as shown in Fig. 2. However,
the reason for difference in the slope of signals shown in
Figs. 2 and 5a is perhaps due to multiple levels involved in
actual experimental situation. This gives rise to many dis-
persive TDFDL signals (corresponding to other transitions)
adjacent to the signal shown in Fig. 5a.

We have also observed that the slope and the amplitude
of the signal remains nearly unchanged throughout the

whole tuning range. Thus, the frequency stability achieved
using the TDFDL reference signal is expected to be nearly
independent of the frequency shifting used. This is the qual-
itatively different from the SAS signal where the slope and
the amplitude changes with detuning from the resonance
peak. It is shown in Fig. 5b that the slope of the TDFDL
signal is ~ 43 mV/MHz, whereas as the slope of SAS sig-
nal is ~ 6 mV/MHz at —12 MHz detuning. The advantage
of TDFDL technique is, thus, obvious due to higher slope
of the signal and its less sensitivity towards laser beam
intensity fluctuations. Here, we note that the relative differ-
ence in the detuning of the pump and the probe beams can
also be introduced using two different lasers as reported in
ref. [11]. However, in that case, the locking performance of
one laser may influence the frequency stabilization of the
other laser. We note that the tuning of the laser frequency
using a DFDL setup can also be achieved by changing the
frequency of the final laser beam using AOMs. But this
may be an inefficient method due to loss of power through
AOMs used in the final beam.

4.2 Dependence of the TDFDL spectra on the magnetic
field strength and the pump laser beam power

This TDFDL signal is utilized to lock the laser frequency
at zero-crossing point of the signal. The lock stability of
laser is dependent on peak-to-peak amplitude and slope of
the TDFDL signal at the zero-crossing position. Therefore,
dependence of peak-to-peak amplitude and slope of the sig-
nal on magnetic field strength and the pump beam power is
important for the cooling transition F = 2 — F’' = 3 tran-
sition of 87 Rb atoms.

Figure 6 shows the effect of magnetic field on (a) the
amplitude and (b) slope of TDFDL signal for different
values of the pump beam power. The TDFDL signal is
12 MHz red detuned from F =2 — F’ = 3 transition of
87Rb. The amplitude of the signal increases up to a field of
20 G and then starts to decrease. The slope of the signal
initially increases with magnetic field and then achieves
its maximum value of ~43 mV/MHz for the pump power
of 1.13 mW and applied magnetic field of ~9.7 Gauss. A
reduction in slope is observed for magnetic fields larger
than ~9.7 G as the separation between o4 and o_ transi-
tions for the probe absorptions becomes more than a few
natural widths. Therefore, it is evident from the graph that
optimized slope and a large amplitude of TDFDL signal
is obtained for the magnetic field of ~9.7 G and the pump
beam power of 1.13 mW. The slope and the amplitude
reduces significantly due to power broadening at the pump
beam power greater than 1.13 mW. The behaviour of cal-
culated TDFDL signal’s amplitude and slope with mag-
netic field is similar to the experimental results. However,
the optimum value of magnetic field (~ 9.7 Gauss) for the
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Fig. 6 Dependence of a amplitude and b slope of the TDFDL signal
on magnetic field for F =2 — F’ = 3 transition of 8’ Rb atom. The
data are recorded for probe laser beam power of 140 uW and for dif-
ferent pump laser beam power. TDFDL signal is 12 MHz red detuned
from F =2 — F’ = 3 transition of 8’ Rb. Error bars represent stand-
ard deviation obtained in data of repeated measurements

experimental TDFDL signal for F = 2 — F’ = 3 transition
of 8’ Rb is different from the value for the calculated signal
as shown in Fig. 3b. This may be due to the reason that our
calculations are based on simple two-level model, whereas
the real atomic system consists of multiple sub-levels in
ground as well as excited state.

4.3 Frequency stabilization of the laser using the
TDFDL signal and its application to the Rb-MOT
setup

The frequency stability of an ECDL laser system using
TDFDL locking signal has been studied. A standard PID
(Toptica, Germany) controller is used to lock the laser fre-
quency. The TDFDL signal was fed to this PID control-
ler to lock the laser frequency. The desired frequency was
selected by setting the lock reference level equal to the sig-
nal level at that frequency. The laser system remained fre-
quency locked for several hours during the course of exper-
iments. The error signal after frequency locking is recorded
on a calibrated photodiode.

Our proposed TDFDL technique has two advantages. First
is robust locking due to use of a dispersive-like signal with
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Fig. 8 The measured variation in number of cold atoms in the MOT
and cooling laser frequency with time, before and after locking the
laser frequency using TDFDL signal. The data are recorded with the
probe laser beam power of ~140 wW and with the pump laser beam
power of ~1.13 mW. The slope of TDFDL signal is ~43 mV/MHz.
The TDFDL signal was shifted ~—12 MHz with respect to peak of
the cooling transition of 87 Rb. For these measurements, a continuous
MOT was operated by applying a dc current of ~2.7 A in the Rb dis-
penser

large slope, and second is large tunability without com-
promising the slope. The TDFDL signal has been used to
lock the cooling laser frequency in the magneto-optical trap
(MOT) setup. We can tune this cooling laser in locked con-
dition itself, to precisely control the number of cold atoms
in the MOT. The 8’Rb MOT is prepared in an octagonal
chamber which is made of stainless steel with a residual
pressure ~1.4 x 1073 torr. The source of rubidium vapour
used in this experiment is a SAES Rb metal dispenser. This
dispenser is located at ~19 cm form the MOT centre. Two
feed-through pins on which dispenser is mounted are con-
nected to external current supply from outside the chamber.
Six laser beams of ~5 mW power in each beam is used to
form the MOT. The beam waist of each cooling laser beam
is about ~6 mm. The laser beam of an additional diode laser
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is combined with that of the cooling laser for re-pumping
of the atoms into the cooling transition. The quadrupole
magnetic field gradient in axial direction was ~10 G/cm.
The MOT was operated in pulsed mode. In this, a current
of ~7 A is passed through Rb dispenser for 5 s duration and
cooling laser frequency is changed using the TDFDL setup.
Fluorescence signal of pulsed loaded MOT is recorded on a
calibrated photodiode to measure the number in the MOT.
In Fig. 7, the peak value of the number of atoms is plot-
ted as a function of cooling laser detuning. The tempera-
ture of Rb dispenser is kept constant between each pulsed
operation by flowing 1.5 A current to the dispenser. We
have maintained ~5 min gap between each data. The pre-
cise control over laser frequency tuning using the TDFDL
signal allowed the cooling laser detuning to be changed in
steps of 1 MHz. We also note that the tuning was possible
without breaking the frequency lock over a wide range. The
cold atom number was found to be maximum (~6.0 x 10%)
at —12 MHz of cooling laser detuning. The atom cloud
temperature is typically ~300uK for the values of cool-
ing beam intensity and detuning used [29]. The result is in
good agreement with the earlier work [31, 32].

Figure 8 shows the fluctuation in cooling laser fre-
quency and the number of cold atoms in the MOT before
and after locking the laser frequency. It is evident from
this figure that both the number of cold atoms and the
error signal (i.e. frequency deviation) show the signifi-
cant reduction in the fluctuation after locking the laser
frequency. Figure 8 shows that the fluctuation in num-
ber of cold atoms in the MOT gets reduced from ~£10 %
(before locking) to ~£4.5 % (after locking), whereas the
fluctuation in laser frequency gets reduced from ~+1 MHz
(before locking) to ~+0.25 MHz (after locking). The laser
is locked for more than 1 h.

5 Conclusion

In conclusion, a new laser frequency stabilization tech-
nique which we call as tunable Doppler-free dichroic lock
(TDFDL) has been demonstrated. This technique provides
a sharp and widely tunable dispersion-like signal useful for
frequency locking of a laser. The amplitude and the slope
of the signal depends on the pump beam power and the
applied magnetic field. Using the TDFDL signal, the tun-
ing of zero-crossing point in the TDFDL locking signal
is achieved by varying the relative frequency difference
between the pump and probe beams. The TDFDL signal
has been utilized for the frequency locking and tuning of
a laser used for the cooling of 3’Rb atoms in a magneto-
optical trap.
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