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ABSTRACT We present a novel scheme for reducing the AC
Stark effect in optical-microwave double-resonance spec-
troscopy and its application for efficient suppression of
the light-shift-related instabilities in laser-pumped gas-cell
atomic clocks. The method uses a multi-frequency pump light
field that can be easily produced by frequency modulation of
the single-frequency pump laser. We show theoretically that
variations of the light shift with both laser frequency and light
intensity can be strongly suppressed with properly chosen
pump light spectra. Suitable modulation parameters can be
found for both the case of pure frequency modulation as well
as for pump light spectra showing amplitude-modulation con-
tributions, as usually found for current modulation of diode
lasers. We experimentally demonstrate the method for a Rb
atomic clock using a frequency-modulated distributed Bragg-
reflector laser diode as pump light source.

PACS 06.30.Ft; 32.30.Bv; 32.60.+i; 32.70.Jz

1 Introduction

The light shift (LS), also known as the AC Stark
effect or optical Stark effect, of an atomic level caused by
optical probing is a well-known phenomenon. It arises from
the interaction of an induced dipole moment with the oscillat-
ing electric field of the light, resulting in a shift of the atomic
levels and transition frequencies linear with light intensity
in the limit of weak fields [1, 2]. The existence, control, or
reduction of the LS plays a crucial role in many fields of fun-
damental and applied science, for example Sisyphus [3] and
Raman sideband cooling [4—6] of atoms in optical lattices [7]
or ion-trap quantum information processing [8].

The LS also constitutes one of the main sources of insta-
bility in such different types of atomic frequency standards [9]
as primary atomic fountain clocks [10, 11], thermal Cs-beam
clocks [12], proposed optical frequency standards [13], and
vapour-cell atomic clocks based on optical pumping [14, 15]
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or coherent population trapping (CPT) [16, 17]. A number of
different approaches have thus been developed to reduce the
AC Stark effect in frequency standards. These rely, for exam-
ple, on mechanical shutters [10, 18] or rotating ‘light traps’
[19] to block unwanted laser light in cold-atom clocks, spa-
tial separation of pump and probe regions in Rb masers [20],
or the proposed use of optical lattices at ‘magic wavelength’
that would balance different LS contributions in optical clocks
[13].

Here we concentrate on vapour-cell secondary atomic
clocks, that offer competitive frequency stabilities both in
the short-term (107'2 to 10~!! at 1s) and in the long-term
scale (10~'* to 107! at one day) within a compact (< 0.5
to 2.01), light (< 0.5 to 3.5kg), and low-power (< 8 to
35 W) device. These have found a variety of applications in
science, telecommunications, industry, and satellite naviga-
tion systems (GALILEO, GPS). Schemes developed for the
reduction of the LS in such commercial lamp-pumped Rb
clocks [9, 14] are mostly based on pulsed optical excitation
[21, 22] while, for laboratory prototype clocks based on
laser optical pumping [15, 23], the schemes developed rely
on spatially separated pump and probe regions [24], pulsed
laser pumping [25, 26], or two-frequency laser excitation that
balances LS contributions of opposite signs [27]. Schemes
developed for CPT-based vapour-cell clocks also balance
LS contributions of opposite signs, using laser frequency
modulation at 3-5GHz [16, 28]. Most of these methods,
however, either require additional lasers, laser and/or mi-
crowave switching, or else compromise the signal contrast,
and therefore the clock stability. In fact, limitations due to
LS effects and the availability of reliable diode lasers today
present the main issues for the development of laser-pumped
vapour-cell clocks aiming for stabilities around 107! on
time scales from a few hours up to one day [15, 23].

In this paper we propose and demonstrate a novel method
for a practically complete suppression of the LS of the mp =
0 — 0 ground-state hyperfine (hf) transition in alkali atoms,
discussed here for the case of 8’Rb probed in an optically
pumped atomic clock. The method utilizes a multi-frequency
optical pump light field, obtained in a simple way by frequency
modulation of the pump laser. Due to the dependence of the
LS on the intensity and frequency of each spectral component,
LS contributions stemming from different laser sidebands are
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FIGURE 1 a Atomic level scheme (the magnetic field dependent mpg #
0 Zeeman sublevels are not shown). b Light shift of the ground-state hf
frequency vu¢ induced by a single-frequency laser field v, scanned around
the optical transitions (solid curve) and light shift of level 2 only for two
different light field powers Pr; > Ppo (dashed and dotted lines, respectively).
¢ Spectrum of the frequency-modulated laser for light-shift reduction

of opposite signs and balance each other for suitably chosen
modulation parameters. In this respect, the method presented
here is similar to LS-reduction strategies studied for the case of
CPT-based vapour-cell atomic clocks [16, 28], only it requires
much lower modulation frequencies. We present a numerical
analysis of the proposed method, as well as the experimental
demonstration for an optically pumped Rb gas-cell atomic
clock.

Description of the method

2.1 Ground-state light shifts with single-frequency
optical pumping

Figure la shows a sketch of the relevant atomic
level structure for the case of hf optical pumping frequently
performed in alkali atoms. In the case of a 3’Rb atomic clock,
the frequency difference vps between the two ground-state hf
‘clock’ levels 5 281/2, Fg = 1, mg = 0and 5 251/2, Fg = 2,
myg = 0 (labelled 1 and 2, respectively, in Fig. 1a) is probed by
a microwave field and subsequently used to stabilize a quartz
oscillator that generates the clock signal. Optical pumping on
the D, line is achieved by a laser field coupling one of the
ground-state components to the excited state 5 2p, /2 (labelled
0 in Fig. 1a), whose hyperfine splitting into levels F. =0, 1,
2, and 3 is not resolved due to strong collisional broadening
of the excited states by buffer gases added to the resonance
cell for fluorescence quenching, Dicke narrowing [9, 29], and
reduction of atom—wall collisions.

Due to the AC Stark shift, the frequency difference vy¢
between the two ground-state hf levels 1 and 2 probed in a Rb
clock depends on both the power of the pump light field and
its frequency (Fig. 1b). The dependence of the LS on laser
frequency v, exhibits mainly a dispersive shape, where the
steep slope at the frequency positions of the levels 1 and 2,
quantified by the parameter

B = dvne/0vL, (D

characterizes the sensitivity of the hf transition frequency vy¢
to laser frequency fluctuations. Similarly, at a fixed light fre-
quency, the dependence of the LS on laser power P, (dashed
and dotted curves in Fig. 1b) is characterized by the coefficient

o = al)hf/aPL. (2)

Here we restrict our discussion to the hf LS with
dispersive-shape frequency profile and neglect non-dispersive
contributions from tensor and Zeeman Stark shifts, which is
appropriate for the mp = 0 — O transition in the Rb clock
under study and linear pump light polarization [15, 27, 30].
Autler—Townes splittings can be neglected as well, because
typical pump light intensities in Rb clocks amount to only a
few percent of the saturation intensity of the involved transi-
tions, with even larger margins when collisional broadening
and quenching due to a buffer gas are taken into account
[9, 31]. (Note that at low light intensities power broadening of
the level 2 is also avoided, resulting in typical microwave line
widths around 0.3-1kHz.) For excitation by a single-mode
laser field v, the LS profile of one ground-state hf level can
be expressed as [27]

VL — Vo
(v — vp)* +T'2/4°

where Qg is the optical Rabi frequency, vy the central fre-
quency, and I" the width of the optical transition to a single
excited-state hf level.

Due to the hyperfine multiplet of the excited state (states
0 in Fig. 1a) the full set of optical transitions starting from the
optically pumped ground-state hf level has to be considered
[31], as well as the non-resonant transitions starting from the
other ground-state levels which give a smaller contribution
through the wings of their dispersive LS profiles. Accordingly,
for the case of the F, = 1 ground-state level and excitation
of the D, line of #'Rb, all three transitions starting from the
Fy; = 1 ground-state level, as well as those starting from Fy =
2, have to be taken into consideration. The total light shifts
Av; and Av, of the Fy =1 and F, = 2 levels, respectively,
are

1
Aus = 7 |k | A3)

2
1 VL — Vi
Avy =-— Qriil? / ,
1=7 ]Z:(;| R1jl L v, P+ T2/4

“

3
1 V, — Vi
AV, = — Q 2 J ,
? 4}2' r2j| (oL — vy))? + T2/4

where v ; and v;; denote the frequency positions of the optical
Fy, =1,2 — F, = j transitions. The overall shift Avy¢ of the
ground-state hf (‘clock’) transition is then

Al)hf = AUZ — Al)]. (5)

In the weak magnetic fields considered here the Zeeman
substructure of the hyperfine levels is not resolved for the
optical transitions. However, we take into account the Zee-
man substructure of the excited-state levels to determine the
Rabi frequencies |Q2g;;| and |Qg;;| in Eq. (4) by summing
over the appropriate Clebsch—Gordan coefficients for the lev-
els involved with the linear light polarization used here (cf.
Sect. 3.1 below).

Figure 2 shows the LS Ay calculated from Eqgs. (4) and
(5) for excitation by a monochromatic laser field tuned around
the Fy = 2 transition for different light intensities (frequency
splittings are taken from [32, 33]). Due to collisions with the
buffer gas in the resonance cell, the excited state is broad-
ened to I' & 1 GHz and so the excited-state hf structure is not
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FIGURE 2 Calculated light shift Avys for optical pumping by a single-
frequency laser field tuned around the absorption line involving the 8’Rb
Fy =2 level. Solid and dotted curves include or neglect the contribution
stemming from the non-resonant transition starting from Fy = 1, respectively.
Laser detuning is given relative to the frequency of the cross-over resonance
between the transitions Fg =2 — Fe =2 and Fy =2 — F. = 3, denoted
CO 22-23 in the following (see also Sect. 3.1)

resolved. The total LS profile (solid lines) is slightly asymmet-
ric due to contributions from the off-resonant F; = 1 transi-
tion (detuned by about 6.7 GHz) which add to the profile from
the F; = 2 transition alone (dotted lines). For the pump light
tuned around the F, = 1 transitions, the LS profiles resem-
ble those of Fig. 2, except that the contribution of the off-
resonant line is stronger there due to the different transition
probabilities, leading to increased asymmetry of the profiles
with respect to Avye = 0. In both cases, the laser detuning for
zero LS Avpr = 0 is given by the crossing point of the LS
profiles for different light intensities. At this laser detuning,
the hf transition frequency is insensitive to laser power; thus,
a = 0. At the same detuning, however, the slope of the LS
profiles is steepest (large B-coefficient), so stringent require-
ments are imposed upon the laser frequency stability if one
uses this transition as a precise and stable reference in a Rb
clock. The opposite effect occurs for the case when the pump
light frequency is tuned to the regions of the extrema of the LS
profiles: to first order, the LS frequency dependence vanishes
(B — 0), but the laser power dependence is strongest (large
a-coefficient).

In state-of-the-art laser-pumped atomic clocks under typi-
cal operating conditions, values of the LS coefficients amount
to a ~ 10713 vyt/% of pump light intensity (with the pump
light frequency set within a few megahertz of the zero LS
position) and 8 & 5 x 10~ v,;/MHz [15, 23, 30, 34]. In or-
der to reach fractional clock stability goals around 10~'* over
time scales ranging from a few hours to a day (~ 10*~10° s)
required for high-performance applications, such as on-board
clocks in satellite navigation systems, it is thus necessary to as-
sure pump light intensity stabilities of < 0.1% and frequency
stabilities <1 kHz (10~'? v, in the case of the Rb D; line) over
the same time period. To guarantee such laser performance in
a compact and robust instrument represents a challenging task
[35], so strategies to reduce the LS coefficients are of great
interest: this would either allow one to improve the stability
performance of laser-pumped Rb clocks, or to relax the exact-
ing requirements on the laser intensity and frequency stability

mentioned above while maintaining the stability of the clock
itself.

The following discussion will address three topics: first,
we will demonstrate how to reduce 8 at the centre of the line
profile. In a second step, we show in addition how « can be
reduced at the same time, suppressing the sensitivity of the hf
microwave transition to variations in both frequency and in-
tensity of the pump light. The last part discusses the influence
of residual laser amplitude modulation on the schemes.

2.2 Light-shift suppression by optical pumping
with a multi-frequency light field

2.2.1 LS B suppression via frequency-modulation sidebands.
Consider the excitation of the optical transition from one
ground-state hf level by means of a multi-frequency laser
field (Fig. 1¢) produced by frequency modulation of a single-
frequency laser. The total LS of the hf transition is now
given by a sum over Eq. (5), taking into account the rela-
tive frequencies and optical powers of all sidebands, given
by the modulation frequency €2\ and the modulation index
m. Numerical simulation results for a modulation frequency
Qum =T'/2 =500MHz are shown in Fig. 3, where the LS
curves are presented for different modulation indices. A spe-
cial case is the LS curve obtained for a modulation index
of m & 2.4, corresponding to zero amplitude of the carrier
frequency: here, no LS contribution arises from the depleted
carrier, the negative-order sidebands give rise to a negative
change of vy, and for the positive-order ones the shift is posi-
tive. Thus, for a completely symmetric LS profile the sideband
contributions cancel out. When the first-order sidebands co-
incide with the extrema of the light-shift profile, where B
is essentially zero, only a small contribution to 8 stemming
from the off-resonant transitions remains. Indeed, the calcu-
lations based on Eq. (5) show a strongly reduced 8 around the
line centre (see Fig. 3). Furthermore, if the laser frequency
comb drifts by a small amount compared to the optical tran-
sition line width, the changes in light-shift contributions from
the positive and negative sidebands largely compensate each
other in such a way that the overall LS hardly changes at all.
This gives rise to an entire frequency interval spanning a few
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FIGURE 3 Calculated light shift Avpr for multi-frequency optical pump-
ing around the Fg =2 transitions with different modulation indices. The
optical power is P, = 18 ©W and the modulation frequency is Qy = I'/2 =
500 MHz
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hundred megahertz over which the LS is practically constant
with laser frequency, observed as a flat region at the profile
centre in Fig. 3. We shall refer to this interval of suppressed
LS B as the ‘self-correction plateau’ in the LS profile.

Note that in the scheme discussed here the modulation fre-
quency is small enough (2 =~ 500 MHz « vy =~ 6.8 GHz)
not to introduce ground-state hf coherences via optical transi-
tions starting from the second (non-resonant) hf component,
but large enough to avoid the creation of coherences between
Zeeman sublevels within a single hf component, which are
split by less than 1 MHz by the weak magnetic field applied.
Accordingly, in spite of the high degree of coherence be-
tween the modulation sidebands (essentially limited by the
properties of the modulation source only), no significant co-
herence effects like CPT are expected here which could com-
promise the optical pumping efficiency [27, 36]. The use of a
frequency-modulated pump light field has also been shown to
allow for increased optical pumping efficiency [37]. This im-
pact of the proposed method was, however, not studied there.

It should be noted that in Fig. 3 the crossing point of all
curves and the LS in the self-correction plateau with 8 ~ 0 are
not at zero LS level due to the influence of the hf transitions
starting from Fy, = 1. This offset amounts to about 10 Hz,
i.e. &~ 1.5 x 107 of the hf transition frequency vy; here, and
also depends on the laser power (non-zero «). It is therefore
undesirable in high-stability atomic clocks and it too should
be suppressed.

2.2.2 Compensation for LS offset towards o = 0. While the
LS offset caused by the off-resonant transition is rather small
for pumping on the Fy = 2 transition, it is much larger when
the pump laser is tuned around the F, = 1 transition. How-
ever, this offset can be significantly suppressed in a different
modulation configuration (see Fig. 4). With the modulation
frequency increased to 2y = 0.7T" > I'/2, the modulation
indices m ~ 2.13 and m ~ 2.82 both result in a small fraction
of the overall power contained in the carrier. At a suitable car-
rier detuning of some 400 MHz from the CO 22-23 resonance,
a configuration is found where the contributions of the carrier
and one of the first-order sidebands compensate the LS of the
other first-order sideband and the contribution stemming from
the off-resonant transitions. As a consequence, the LS curve
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Laser carrier detuning from CO 22-23 (MHz)

FIGURE 4 Compensation of the self-correction plateau offset on the Fy =
2 transition for different modulation indices. The arrows indicate regions of
low-intensity light shift (¢ &~ 0) for appropriate modulation indices m. The
parameters of the model are Qy = 0.7 = 700MHz and P, = 18 uW
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FIGURE 5 Calculated light shift around the Fy = 2 transition for different
pump light powers. The parameters of the model are m = 2.13 and Qy =
0.7T = 700 MHz. Point A: carrier detuning with o = 0, 8 # 0. Region B:
plateau with bothe =0and 8 =0

approaches a zero value not only at a certain point, but over an
entire interval, found around a laser detuning of &~ 400 MHz
(arrows in Fig. 4). While this compensation of the LS off-
set compromises the extension of the flat plateau (compare
the plateau in Fig. 3 to the regions indicated by the arrows
in Fig. 4), the Ay dependence on laser frequency is only
a second-order one and there still exists a frequency interval
of more than 200 MHz where the S-coefficient is strongly re-
duced. In this same frequency interval the LS variation with
light intensity—i.e. the a-coefficient—is reduced, too, as is
obvious from Fig. 5.

2.2.3 Influence of residual amplitude modulation. Current
modulation of diode lasers not only results in frequency mod-
ulation of the light field but also causes a certain degree of am-
plitude modulation, frequently referred to as residual ampli-
tude modulation, which results in a significant difference in the
intensities of the positive (n > 0)- and negative (n < 0)-order
sidebands J,, [38]. This asymmetry in the light spectrum de-
pends on the amplitude-modulation depth m o and the relative
phase between frequency and amplitude modulations, and de-
stroys the balancing of light-shift contributions from positive-
and negative-order sidebands discussed in Sects. 2.2.1 and
2.2.2. Thus, in the presence of amplitude modulation, an ad-
ditional LS offset from zero level arises, which increases with
increasing amplitude-modulation depth. This is illustrated by
the simulations of Fig. 6, which start from the case of a com-
pensated o-coefficient (cf. Fig. 4, m = 2.13) but also include
different levels of amplitude modulation.

It is possible to compensate for this additional LS offset
introduced by amplitude modulation and obtain a zero-LS
interval at an appropriate detuning of the laser carrier from
the resonance centre in two ways: first, with ) > I'/2 even
a large amplitude-modulation depth m can be compensated
by increasing both the frequency-modulation index m and
the frequency €2y, similar to the compensation of the off-
set originating from the off-resonant transition discussed in
Sect. 2.2.2. However, we do not consider this approach partic-
ularly useful because, at 2y > I'/2 and large Qy, the major
part of the laser power will be distributed towards high-order
sidebands, which lie far from resonance and contribute only
weakly to the optical pumping process, thus compromising
the signal-to-noise ratio of the clock signal.
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FIGURE 6 Breaking of the zero-LS interval due to different levels of am-
plitude modulation in the laser light. The parameters of the model are identical
to those of Fig. 4
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FIGURE 7 Modulation configuration for LS suppression in the presence
of residual amplitude modulation. With respect to the centre of the LS profile,
the carrier is slightly detuned towards the sidebands with lower intensity (i.e.
higher frequency here). The bars indicate the relative sideband intensities

Here, we consider a second possibility with Qy < T'/2
which is more advantageous with respect to optical pump-
ing and whose modulation configuration is sketched in Fig. 7
for the case of a single optical transition. The LS offset due
to the asymmetry between equal-order positive and negative
sidebands can be compensated when the carrier has non-zero
intensity and is detuned towards the lower-intensity sidebands
with respect to the centre of the transition. In order to obtain
this balance not only at a specific carrier detuning but over a
larger frequency interval, the contributions to the 8-coefficient
from the frequency components lying within the interval of
positive LS slope (8 > 0, denoted AB in Fig. 7) should be
compensated by those of the components with 8 < 0 lying
outside this interval. Because of the larger value of || close
to the line centre compared to outside the interval AB, a sig-
nificant intensity in the sidebands of order |n| > 2 is required,
leading to a value of m around 3.0-3.5. As in practice the
LS curve is rather asymmetric due to the hf substructure of
the atomic transition investigated, slight variations in side-
band configurations will be required to achieve optimum LS
compensation for each case.

Figure 8 shows simulation results for a modulation config-
uration including amplitude modulation as depicted in Fig. 7,
taking into account the entire hf structure of the 8’Rb D, line
and laser modulation parameters corresponding to experimen-
tal conditions. One can clearly see that the LS is suppressed
over an interval of several hundred megahertz with both @« & 0

200 T T T T T T T

S
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=
3
00 F—=="" | .
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B p no modulation 7
2200 L | I II I | I
-2000 -1000 0 1000 2000

Laser carrier detuning from CO 22-23 (MHz)

FIGURE 8 Numerical simulation of the light shift around the Fy = 2 tran-
sitions, including residual amplitude modulation. The parameters of the
model are m = 3.3, ma = 0.035, and Q2 = 490 MHz, close to the experi-
mental conditions of Fig. 12. Amplitude and frequency modulations are 180°
out of phase, giving maximum sideband asymmetry

and 8 ~ 0, even with the residual amplitude modulation taken
into account.

3 Experimental verification

31 Experimental set-up

The experimental set-up used to demonstrate the
LS reduction is sketched in Fig. 9 and basically consists of
a commercial Rb clock module from which the original dis-
charge lamp producing the pump light was removed. Instead,
we use the light emitted from a commercial three-section dis-
tributed Bragg-reflector (DBR) laser diode, with a modulation
bandwidth large enough to reach the required modulation in-
dices at reasonable radio-frequency (rf) modulation power
below 20 dBm. Characterization of the light spectrum was
performed via a beat-note measurement against an auxiliary
extended-cavity diode laser (not shown in Fig. 9) stabilized to
a Rb saturated absorption line. From the measured beat spec-
tra a maximum modulation index of m ~ 3.5 was found for
modulation of the DBR section at ) around 500 MHz. The
main part of the DBR laser beam (linear polarization, cross
section 0.35 cm?) is sent to the clock module, whose resonance
cell contains pure 3"Rb isotope and a buffer gas. The output
frequency of the clock module is compared to an active H-
maser reference (Observatoire de Neuchatel, EFOS) by means
of a frequency counter, so we could measure the shift of the

Av hf
acquisition [ K == ————————— frequency
beatnote
1 saturated

detection,
spectrum
analyzer

absorption
spectroscopy

|
ifclock

slow | — 4
scan - ———- |
V L’ l
T ) |‘/ clock
[modulation) )[ DER )

pump light

FIGURE 9 Experimental set-up
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FIGURE 10 Light shift Avys with single-frequency optical pumping on the
Fg =2 transition measured for different pump light powers

atomic microwave transition frequency Avys with a frequency
resolution of better than 1Hz (& 1.5 x 107! Avyy). For the
LS frequency dependence measurements, the laser frequency
was slowly tuned across the atomic resonance and frequency
scaling and positioning was achieved by recording simultane-
ously areference signal from an auxiliary saturated absorption
set-up. The cross-over resonance CO 22-23 between the tran-
sitions Fg =2 — F, =2and Fy = 2 — F, = 3—<chosen as
the reference for the laser frequency detuning—is easily ob-
served with good contrast in these saturated absorption spectra
and also constitutes a suitable reference line for stabilization
of the laser frequency in a Rb clock.

3.2 Experimental results

3.2.1 Single-frequency optical pumping. Figure 10 shows the
measured LS Avys of the hf microwave transition for differ-
ent laser powers when pumping is performed on the Fy =2
transition with a single-frequency laser field. It can be seen
that the zero LS level (defined by the crossing of the curves
for different light powers) is not located at the position of
symmetry for the LS profiles, indicating the LS contributions
from the off-resonant F; = 1 transitions. As in the calculated
LS curves, while the shift of the crossing point from the po-
sition of symmetry is small here, for pumping on the Fy = 1
transition, a larger asymmetry is observed due to the stronger
influence of the F; = 2 transitions (not shown). Note that the
centre of the LS profiles in the experimental results like Fig. 10
is shifted towards lower frequencies by about 200 MHz due
to the buffer gas in the resonance cell (not taken into account
in the numerical results of Figs. 2-8).

3.2.2 LS suppression by multi-frequency optical pumping.

For experimental verification of the suppression of the -
coefficient, the DBR laser is modulated at Qy = 490 MHz
~ I"/2, chosen to match the width of the pump transition that
is strongly broadened by collisions with the buffer gas. Fig-
ure 11 shows the measured LS of the microwave transition for
pumping on the F; = 2 transition at different incident pump
light powers. At appropriately chosen modulation parame-
ters, we find the self-correction plateau of strongly reduced
B-coefficient, showing a width of several hundred megahertz.

400 i ;

T T T I
55 uw, II
no modulation/

200

Avpg (Hz)

200¢

-1000 0
Laser carrier detuning from CO 22-23 (MHz)

1000

FIGURE 11 Lightshift Avys measured with multi-frequency optical pump-
ing on the Fy =2 transition in a 87Rb clock, showing the self-correction
plateau of suppressed 8 (2m = 490 MHz)

Note that the plateau is not at zero light-shift level and its
offset depends on the laser power, manifesting the still large
a-coefficient.

In order to bring the observed plateau offset (about 10% of
the maximum light-shift amplitude) to zero LS, i.e. to reduce
the a-coefficient also, it was found that a slightly lower modu-
lation frequency of )y = 480 MHz was optimal, as expected
from the model simulations. The resulting LS curves depicted
in Fig. 12 show a strong suppression of the light shift over a
broad frequency interval (about 400 MHz wide). Around zero
laser detuning, the LS curves run essentially horizontally and
no offset changing with light power is observed there: thus,
both the - and B-coefficients are significantly reduced. Note
also that, compared to the case of single-frequency pumping,
the LS with multi-frequency pumping is lower in the entire
frequency interval recorded (compare Figs. 11 and 12 with
Fig. 10).

The experimental results of Fig. 12 are in good agreement
with the model predictions of Fig. 8, given for parameters
corresponding to the experimental conditions of Fig. 12.
Remaining discrepancies concerning, for example, the
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Laser carrier detuning relative to CO 22-23 (MHz)

FIGURE 12 Upper traces: measured light shift Avys with multi-frequency
optical pumping on the Fg = 2 transition in a 87Rb clock, demonstrating
simultaneous suppression of «- and B-coefficients (2y = 480 MHz). Lower
trace: corresponding saturated absorption spectrum obtained from the refer-
ence cell. The asterisk marks a suitable resonance line for laser stabilization
within the LS plateau
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modulation frequency 2y, can be attributed to uncertainties
in the experimental values for the modulation parameters m
and ma and the width I" of the optical transitions. Further-
more, the simulations neglect light absorption in a first part of
the vapour cell which does not contribute to the clock signal,
but can affect the intensity of the laser sidebands. The exper-
iments confirm that the identified modulation configuration
with m =~ 3.5 used in the experiment provides a convenient
way to overcome limitations imposed by the inevitable ampli-
tude modulation always present in diode lasers, and to finally
achieve the zero offset of the self-correction plateau shown in
Fig. 12.

Another advantage of this modulation configuration is that
at m = 3.5 the carrier amplitude is large enough for the cre-
ation of strong saturated absorption resonances in the ref-
erence cell. The bottom trace of Fig. 12 presents such an
absorption signal, where the cross-over resonance CO 22-23
induced by the carrier is marked by an asterisk. This reso-
nance is situated within the zero-LS plateau interval and can
be used for stabilization of the pump light carrier frequency
in a Rb clock.

3.2.3 Quantitative evaluation of the LS reduction. For a
quantitative evaluation of the LS reduction, Fig. 13 shows
the B-coefficients deduced from the slopes of the LS curves
for the case of single-frequency pumping (Fig. 10, around the
crossing point) and frequency-modulated pump light (Fig. 12,
on the plateau) as a function of pump light power. The strong
reduction of the S-coefficient for modulated pump light can
be seen in the AB/A Py rate significantly reduced by a factor
of 45.

The a-coefficient was determined by stabilizing the laser
to appropriate cross-over resonances in the reference cell
and measuring Avys at different laser powers. The linear
slopes Avn/APp obtained are given in Fig. 14, yielding
ag = 0.81 Hz/uW for single-frequency pumping at the CO
22-23 resonance. For pumping with modulated light at the
same laser carrier frequency, the slope Avype/A Py lies within
the scatter of our measurements (inset in Fig. 14). For a conser-
vative estimate of o, we thus take the standard deviation of this
scatter for the slope, which gives @mog = 1 x 1072 Hz/uW.
Hence, « is suppressed by a factor of more than 80 when
locked to the CO 22-23 resonance.
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FIGURE 13 Reduction of the B-coefficient for different pump light powers
PL and optical pumping on the Fy = 2 transition
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FIGURE 14 Reduction of the a-coefficient for different laser carrier de-
tuning and optical pumping on the Fg = 2 transition. The inset shows the
light-shift dependence on the pump light power measured for the modulated
laser stabilized to the CO 22-23 resonance

For the suppression of the LS presented here, the required
precision for setting the modulation index m was not found
to be very critical. A precision of a few tenths of dBm in
the applied radio-frequency modulation power was found to
be sufficient, and no significant changes in modulation effi-
ciency of the laser diode used were observed over a period
of several months. The precision needed for the modulation
frequency Q) can easily be guaranteed, too, even with the
rather strong dependence of the LS « suppression on 2y re-
ported in Sect. 3.2.2. Thus, the required stabilities of the rf
modulation parameters over the time scales of interest for a Rb
clock are expected to be easily met, also when implementing
the method in a Rb clock. However, the amount of residual
amplitude modulation can vary between different types of
laser diodes and slight variations might even occur between
different units of the same type of diode, as is also the case
for the diodes’ overall modulation efficiency due to, for ex-
ample, varying coupling efficiencies of the rf power to the
diode chip. Some optimization of the modulation parameters
for each individual diode implemented will thus be necessary.

We note finally that no significant reduction of the double-
resonance signal was observed for the multi-frequency optical
pumping compared to the single-frequency case, in spite of
the presence of non-resonant spectral components. Thus, our
method does not compromise the clock signal and short-term
frequency stability.

4 Conclusion

We have demonstrated a novel method for the sup-
pression of the light shift of the ground-state microwave transi-
tion in laser-pumped vapour-cell atomic clocks. Significant LS
suppression is achieved by pumping with a multi-frequency
light field, generated by frequency modulation of the laser
source. Such light fields can be conveniently created by cur-
rent modulation of diode lasers, which overcomes the need
for additional, far-detuned lasers involved in other approaches
[27].

Our numerical studies show a clear reduction of the LS
with respect to changes of both the frequency (8) and inten-
sity (o) of the pump light when suitable frequency modulation
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is applied. For depleted carrier intensity and 2y = I'/2, the
B-coefficient is suppressed and one obtains a self-correction
plateau several hundred megahertz wide, where the LS is
largely insensitive to laser frequency fluctuations. The offset
of the self-correction plateau from zero LS level can be com-
pensated by adapting the modulation parameters. Our exper-
imental results demonstrate this simultaneous suppression of
the - and B-coefficients by factors of 80 and 45, respectively,
over a large frequency interval of about 400 MHz. By choosing
a high modulation index m = 3.5, the method also allows us
to compensate for residual amplitude modulation that would
otherwise compromise the results. In this latter case, the car-
rier amplitude is strong, thus allowing easy stabilization of
the laser frequency within the self-correction plateau, which
is relevant for applications in compact Rb atomic clocks or
other devices.

While the light-shift reduction was experimentally demon-
strated for the case of a Rb atomic clock, the method should be
valid in general for all alkali atoms and other systems showing
a similar level scheme, including in particular Cs vapour-cell
clocks [23]. It has potential application for optically pumped
magnetometers using atomic vapour cells [39—41], and possi-
bly even for light-shift control in a wider range of experiments
including cold atoms or ions [8] if the modulation frequency
were suitably chosen. In particular, by adding modulation
sidebands to the preparation and/or detection laser in fre-
quency standards based on cold atoms, LS effects due to the
corresponding stray laser light could be suppressed, though
not those originating from the atomic fluorescence [19]. In
these cases, however, the light-shift contributions neglected
in our presented studies will need to be considered in more
detail.
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