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Field-grade atomic clocks capable of primary standard performance in compact physics packages
would be of significant value in applications ranging from network synchronization to inertial navi-
gation. A coherent population trapping clock featuring laser-cooled 3’ Rb atoms and pulsed Ramsey
interrogation is a strong candidate for this technology if the frequency biases can be minimized and
controlled. Here we characterize the light shift in a cold-atom coherent population trapping clock,
explaining observed shifts in terms of phase shifts that arise during the formation of dark-state
coherences combined with optical-pumping effects caused by unwanted incoherent light in the inter-
rogation spectrum. Measurements are compared with existing and new theoretical treatments, and
a laser configuration is identified that would reduce clock frequency uncertainty from light shifts to
a fractional frequency level of Av/v =4 x 107 per 100 kHz of laser frequency uncertainty.

PACS numbers: 06.30.Ft, 32.60.+i, 42.62.Fi

New technologies for high-performance, compact
atomic clocks capable of field operation have been inves-
tigated from multiple directions in recent years. Portable
ion clocks based on Hg [1] and Yb [2] are candidate
technologies, as are neutral-atom clocks based on mi-
crowave cavities [3, 4] or coplanar waveguides [5]. Chip-
scale atomic clocks (CSACs) based on microfabricated
vapor cells [6, 7] have already been integrated into ap-
plications where size and power restrictions preclude the
use of conventional frequency references. CSACs rely on
coherent population trapping (CPT) [8-11] to interro-
gate microwave transitions optically, eliminating the need
for large microwave cavities. While CSACs can provide
fractional frequency stabilities at one second of integra-
tion that are below 1 x 10719, changing pressure shifts
from the high-pressure buffer gas and light shifts from the
interrogation light introduce frequency drifts that limit
the long-term stability. These drifts can be eliminated
by generating long CPT interactions with laser-cooled
atoms [12] in lieu of buffer gases, potentially enabling
fundamentally accurate compact atomic clocks.

Earlier work demonstrated a cold-atom CPT
(CACPT) clock with a fractional frequency stabil-
ity of ~ 4 x 107! at one second of integration that
mitigated Doppler shifts by probing the atoms with
balanced, counter-propagating CPT beams [13]. This
configuration minimizes phase shifts accumulated due
to the motion of the atoms during the interrogation
sequence. Despite operating outside of the Lamb-Dicke
regime [14], residual first-order Doppler shifts due to
gravitational acceleration should be suppressed below
10713 for a balanced horizontal CPT field [13].

Minimizing light shifts [15-18] is also critical as they
can be a main frequency bias in CPT clocks. Light shifts
can be made smaller when the atoms are probed with
pulsed Ramsey interrogation using pump and probe light
pulses as opposed to probing continuously. The light shift

for Ramsey interrogation has been previously studied in a
sodium beam clock [19-22] as well as in vapor-cell clocks
[23, 24]. The dominant light shift for Raman-Ramsey
interactions behaves fundamentally differently from the
well-known AC Stark shift that arises when the energy
levels of polarizable atoms are shifted by harmonic elec-
tric fields [25]. In contrast, the light shift in Raman-
Ramsey interactions depends only on the parameters of
the CPT light that affect the rate of dark-state formation
during the first Ramsey pulse. The light shift vanishes in
the limit of sufficiently large intensity and duration for
the first (pump) pulse. Low-intensity and/or detuned
CPT light fields, however, generate low excitation rates
such that the atoms are not completely transferred to the
dark state during the finite length of the first pulse. The
resulting shift scales inversely with the Ramsey period,
Tr, and changes sign depending on the initial hyperfine
ground state, Fy [20]. The shift is also largely insen-
sitive to the intensity ratio of the two laser frequencies
that excite the dark state as long as the total intensity is
constant. Because of its association with the coherence
terms in the density matrix formalism, we refer to this
shift as the “coherent” light shift throughout this paper.

The measured light shifts in our Raman-Ramsey CPT
clock do not vanish at high intensity as predicted by the
established theory for the coherent shift [20]. The resid-
ual shifts at high intensities scale as T ! but are indepen-
dent of laser intensity, pump pulse duration, and initial
hyperfine level.

In this study, we show that the residual shift can be
explained by a dynamic equilibrium driven by optical
pumping in which atoms continuously scatter out of and
reenter the dark state. This precludes the formation of
a complete dark state with the precise optical phase of
the CPT laser field, causing potentially large residual
shifts. In our system, this optical pumping results from
a pedestal of incoherent light surrounding the CPT fre-
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FIG. 1. (Color online). a.) Energy levels in the lin||lin

CPT configuration for ¥ Rb (not to scale). Two indepen-
dent A-systems are shown (red and blue). Labels in paren-
theses identify states of the three-level system used in the
theory below. The Rabi frequencies of the light connecting
|F =1,2) = |F =1') are Q1 and Q, respectively. b.) A typ-
ical single Ramsey sequence. The widths of the MOT, pump,
Ramsey, and probe pulses are to scale with typical operating
parameters.

quency component that originates from our slave laser.
This residual frequency noise on the slave laser is present
because of bandwidth limitations of our optical phase-
lock loop that we use to generate the CPT spectrum.
Similar shifts can be expected in any system in which
decay of the dark state results in a change in the initial
state population.

Our system combines lin||lin CPT [26, 36-38] with
laser-cooled atoms and pulsed Ramsey interrogation
[12, 19, 23, 24, 27-35]. In lin||lin CPT (Fig. 1a), a bichro-
matic field with parallel linear polarizations and frequen-
cies separated by the 6.835 GHz ground state hyperfine
splitting in 8”Rb couples atoms into a double-A system
connecting the |[F' =1, mp = 1) and |F = 2,mp = F1)
ground states via the 52P1/2, |F" =1,mp = 0) level. Un-
like conventional CPT configurations, the lin||lin scheme
does not have trap states and exhibits an improved res-
onance contrast. While the individual A systems are
not true “clock” transitions and are sensitive to Zeeman
shifts, the first-order Zeeman shifts cancel if the transi-
tion amplitudes are balanced.

The CPT light is generated by phase-locking two mega-
hertz linewidth 795 nm laser diodes. In our standard

configuration, the master laser is a distributed Bragg re-
flector laser that is locked to the |F = 2) — |F' = 1)
transition by saturated absorption spectroscopy. The
slave is a distributed feedback laser that is tuned to the
|FF = 1) — |F’ = 1) transition by a phase-locked loop
(PLL). The offset frequency between the master and slave
lasers is referenced to a Cs beam clock such that absolute
frequency shifts from the 3"Rb ground state hyperfine
splitting can be measured.

The two CPT beams are overlapped and coupled into
a single mode, polarization-maintaining fiber with a 3.8
mm e~ ? diameter output beam. The CPT light passes
horizontally through the atoms and is retro-reflected in
the Doppler-suppressed standing-wave configuration [13].

The atom source is a magneto-optical trap (MOT)
with a 35 ms cooling period and 10 mW of cooling light,
which enters the system via a three-way fiber splitter
with 3.8 mm e~2 diameter output beams, typically trap-
ping 2 x 10° atoms. During a post-cool stage, the laser
detuning is ramped by —8y (v = natural linewidth of
87Rb), increasing the MOT recapture between clock cy-
cles. A bias magnetic field of 4.5 uT is aligned along the
propagation direction of the CPT beams.

A typical cycle for performing a single absorption mea-
surement is shown in Fig. 1b. The first CPT pulse, of
typical duration 71 = 400 ps, pumps atoms into the dark
state. After the Ramsey period of up to 16 ms, the ac-
cumulated phase shift between the dark state and local
oscillator is probed via the absorption during the leading
edge of a second 100 pus CPT pulse. To perform a clock
frequency measurement, the absolute frequency of the
central Ramsey fringe is measured with a digital servo
that alternately performs absorption measurements on
opposite sides of the central Ramsey fringe by modulat-
ing the PLL offset frequency.

To evaluate the light shift, the clock frequency was
measured versus total CPT-light intensity, Icpr, for mul-
tiple optical detunings, d,p; and varied 71, Tg, and Fp.
To prepare the atoms in the |Fy = 1) level, a 400 us pulse
from the MOT laser was applied after the post-cool stage.
Without this pulse, the |Fy = 2) state is naturally popu-
lated by the cooling process.

Since the coherent shift arises when the duration of 7
is insufficient for the dark state to fully form, the shift
magnitude depends critically on the dark-state loading
rate. Mathematically, this behavior is described by an
exponential in the observed phase shift [20],

tan(A¢) o< (pfy — pis) exp(—Q2*57), (1)

where p{; — p9; is the ground-state population difference,
and () is the average Rabi frequency for the two CPT
frequency components. Following the notation of Ref.
[20], the Raman damping rate is

Q28 = 02/(72 + 402,,) . (2)

opt
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FIG. 2. (Color online). Measured clock frequency shift from
the 3’Rb ground state hyperfine splitting versus the Raman
saturation parameter 0287, for three values of 71 (m: 250 ps;
e : 400 us; A : 800us) and the theoretically predicted shift
(line) [20]. The motivation for expressing the intensity in
terms of Q257 is clear, since data collected with three differ-
ent values of 7 fall roughly on the same curve. Here, dopr = 2
MHz, Tr = 4 ms, and Fy = 1. A Zeeman shift of 1.3 x 10710
was subtracted from the data to account for the magnetic
bias field. The theoretical model used here does not include
scattering from incoherent light.

The Raman saturation parameter is the product of the
Raman damping rate and the length of the first Ramsey
pulse, 71. When Q287 >> 1, the system nearly reaches
an equilibrium dark state before the end of the pumping
pulse, resulting in a minimal shift of the Ramsey fringes.

Light shifts for varied 71, T, and F; are shown in Figs.
2 and 3 versus Q2S7;. The coherent light shift is visible
for Q257 < 10, where a low Raman damping rate causes
a significant phase shift that changes sign depending on
Fy (not shown). The shift flattens at high intensities and
for long pulse durations, leaving a residual shift that is
the dominant contribution to the overall frequency shift
of the CPT clock from the absolute transition frequency.
As seen in Fig. 2, the theoretical coherent shift does not
capture the residual light shift at high intensities. We
attribute the disagreement to the fact that the model
does not take into account the effect of incoherent light
present in the experiment.

The Ty ! dependence of both the coherent and residual
contributions is shown in Fig. 3. For longer Tk, the
same phase shift results in a smaller frequency shift owing
to the reduced Fourier linewidth of the Ramsey fringes:
AVLS = A¢/(27TTR)

The intensity independent residual shift is proportional
to the detuning, is independent of the initial hyperfine
ground state, and in terms of fractional frequency is
107'% per megahertz of optical detuning for Tr = 16
ms. A shift of this size would require laser frequency
stabilization of ~ 1 kHz to reduce it to the 10713 level.

To directly compare the measured coherent shifts with
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FIG. 3. (Color online). Measured clock frequency difference
from the 8"Rb ground state hyperfine splitting versus QS
for varied Fy (o, 0 : |Fo = 1); o, ¢ : |Fo = 2)) and Tr (o,
o: Thr =4 ms; 0, ¢ : Tp = 16 ms), with dopr = 2 MHz
and 71 = 400 ps. The theory curves (lines), calculated from
Egs. 4-5, incorporate incoherent pumping. A Zeeman shift
of 1.3 x 1071% was subtracted from the data to account for
the magnetic bias field. Observed light shifts are equal and
opposite for negative detunings.

the theory developed in [20], we removed the residual
shift through linear combinations of measurements made
for both hyperfine states. The sign of the coherent
shift inverts between |Fy = 1,2) (Eq. 1), whereas the
pumping-induced shift is equal for both. We can ex-
press the total shift for each case as dv; = dvg; + dvp,
where dv; and dvg; are the total and coherent shifts when
atoms originate in the it" hyperfine state, and v, is the
pumping-induced shift. The average coherent shift can
then be found with the linear combination:

— 1 1
OVoF12 = 5((5V2—61/1) = 5(5V02+|(5V01|) = 0vqin - (3)

Theory curves for dvq;¢ generated using the full formal-
ism in [20] are compared to our measurements in Fig. 4.
Excellent quantitative agreement is demonstrated with
no adjustable parameters.

While the coherent shift agrees well with theoretical
expectations, the intensity independent residual shift de-
viates from dependences typical of light-shift effects. We
attribute the residual shift to optical pumping from in-
coherent light. Delayed self heterodyne measurements of
the laser spectra have shown that the slave is the dom-
inant source of incoherent light. The dark state is not
transparent to this incoherent light because of its ran-
dom phase. With the lasers in what we define as Config.
#1 (see Fig. 6), this incoherent light is resonant with the
|F'=1) — |F’ = 1) transition. Atoms that scatter out of
the dark state are preferentially pumped to |F = 2), from
which they re-enter the dark state. This establishes a dy-
namic equilibrium during 7 in which atoms continuously
leave and re-enter the dark state.
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FIG. 4. (Color online). Comparison of coherent light shifts
measured for different Icpr values (points) to the full theo-
retical model (lines) [20] for Tr = 4 ms, and 71 =400 us.

This pumping cycle modifies the dark-state loading
process such that regardless of the duration of 71, the
complete dark state is never formed. Equilibrium con-
sists of a dark state with a population and average phase
that depends critically on the fraction of coherent light in
the CPT spectrum, Pe,ppier- This is illustrated in Fig. ba,
where the dependence of the pumping-induced residual
shift on P.ayrier 1S shown, demonstrating that suppression
of the shift is possible if the performance of the PLL is
improved.

An optimized beat-note between master and slave
lasers is shown in Fig. 5b. We typically obtain a frac-
tional power in the coherent carrier of 0.73, correspond-
ing to a phase error variance of 0‘2 = 0.35 rad? when
integrated over 20 MHz [39).

To theoretically model the optical pumping induced
light shift, we modified the framework developed in [20]
for a three-level system that ignores Zeeman sublevels.
This approach uses the density operator master equation
[40] that was applied to a three-level system in [41]. To
simplify the modeling of the incoherent light, we treat
scattering from incoherent light in an analogous way to
spontaneous decay [42]. Incoherent light couplings are
parametrized by (12 and (32, the incoherent scattering
rate between the |F = 1,2) — |F’ = 1) levels, respec-
tively. The density matrix equations governing the sys-

tem become:

P11 :% (= agz + Qiajy) + Tarpaz — Prap1a
P22 :% (Qa12 — QTaly + Qoass — Q5azy) — Yp22

+ B12p11 + B32p33
P33 :% (—Qaaz2 + Q303;) + Taspaz — B32p33
ais Z%Qf(mz - p11) — %Qsam - %(’Y + 2i01 + Br2)a12
32 :%QZ(Pw — p33) — % 1073 — %(’Y + 2102 + B32)as2
13 :% (Qase — Qoana) —i(01 — d2)ans

- % (B12 + B32) 13-

(4)
The rotating wave and electric dipole approximations are
assumed, the indices 1, 2, and 3 correspond to the |F' =
1), |F’ = 1), and |F = 2) states, respectively, p;; is the
population density, o;; is the coherence, I';; is the decay
rate between levels ¢ and j, and d; 2 is the detuning of
the CPT frequency components.

The incoherent scattering rates are given by the con-
volution of the natural (Lorentzian) lineshape function
with the spectral lineshape function of the incoherent
light. Assuming the incoherent light has a flat spectrum
of width A;. and assuming it is centered on the optical
resonance, we find

+Aic/2 2 /
e,y o arctan Az /7y
ﬁl.] = / A’L: ,YQ + 452 d6 = GQiC Ai(' 9 (5)
SN )

where ;. is the Rabi frequency of the incoherent light
that would be induced by resonant narrow-band light of
the same power as the total integrated incoherent light
power and € is a scaling factor. This expression is derived
from the standard two-level scattering rate in the inten-
sity regime in which the clock operates (2 < 7). Terms
in Egs. 4 corresponding to stimulated emission from in-
coherent light are small relative to I'y; and I's3 and are
neglected.

The density matrix equations above are numerically
solved under the assumption of a closed three-level
system, which has been shown to provide reasonable
agreement in past experiments [20]. We also assume
a short lived excited state, €y = o, and §; = .
The coherent phase shift is calculated from tan (¢) =
Im(ai3(m1))/ Re(arsz(m1)). The B;; parameter is evalu-
ated by integrating a white noise spectrum with an in-
tensity given by (1 — Pearrier) IcpT Spread over a 16 MHz
wide band centered on the coherent carrier.

Modeled light shifts exhibit the qualitative behavior
observed in the data, showing no dependence on 71, Fy,
or intensity at large Icpr. These calculations agree with
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FIG. 5. (a) Pumping-induced light shift versus Pearrier for

Tr = 4 ms. Pearier was adjusted by deoptimizing the PLL
settings. Given the fitting error, the linear fit is consistent
with zero for 100% carrier power, as would be predicted by
Egs. (3). (b) Beat-note between master and slave lasers with
Pearrier = 0.73. (Resolution bandwidth = 100 kHz.)

our data quantitatively with the addition of a scaling fac-
tor of € = 2.7 (applied in Fig. 3). This discrepancy in
the incoherent light intensity needed to fit the data may
result from simplifications in the calculation listed above,
as well as the approximations that were made to account
for the incoherent light in the model. These approxima-
tions dramatically simplify the calculations; a thorough
multi-level treatment accounting for these effects would
be expected to give better quantitative agreement with
experimental data.

The detuning dependence of the pumping-induced
light shift is determined by the level to which atoms are
pumped after scattering out of the dark state, which we
have confirmed by exchanging the roles of the master and
slave lasers (Fig. 6). For laser Config. #1, atoms pref-
erentially re-enter the dark state from |F = 2), and the
pumping-induced shift exhibits a detuning dependence
with the same sign as the coherent shift for atoms with
|Fy = 2). To verify this behavior, the frequencies of the
master and slave lasers were exchanged, placing the laser
system in Config. #2. The incoherent light now drives
optical pumping to the |F = 1) level, inverting the de-
tuning dependence of the residual shift at high Icpr.

The magnitude of the observed pumping-induced shift
at high intensities in Config. #2 is suppressed over Con-
fig. #1 by a factor of ~ 6. We attribute this reduction
to the smaller number of Zeeman sublevels in |F = 1).
Atoms accumulating in |F = 2) (Config. #1) decay into
one of five mp levels, three of which are not in the double-
A system and require additional excitation cycles before
re-entering the dark state. For Config. #2, atoms ac-
cumulate in the three mp levels of |F = 1), where the
time required to re-pump into the dark state is reduced,
suppressing the pumping-induced shift. Measurements of
the |Fp = 1) coherent shift are consistently smaller than
the corresponding shift for the |Fy = 2) case due to the
same effect, which is visible in the data in Fig. 3.

Locking the slave laser to the |F = 2) — |F' = 1) line
also introduces a CPT intensity where the detuning de-
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FIG. 6. (Color online). Light shifts for three different values
of the dopt (m: 0 MHz; e: -2 MHz A : +2 MHz) with Tr = 4
ms and Fy = 1. Data are shown with the laser system in
Config. #1 (a) and Config. #2 (b), with the corresponding
laser configurations shown to the right of the plots.

pendence of the light shift vanishes. This zero crossing
is caused by the inverted detuning dependence between
the coherent shift at low intensities and the residual shift
at higher intensities. The transition occurs very near
the value of Icpr that maximizes the fringe signal-to-
noise ratio. Operating at the crossover point, we estimate
a bound on the detuning dependence on the fractional
clock frequency of 4 x 107'* for 100 kHz of optical de-
tuning for Tr = 16 ms. This is well below requirements
for most applications.

The light shift, initially a concern for cold-atom clocks
based on CPT, has been shown to be a technical con-
cern that can be mitigated through attention to the PLL
spectrum. We have characterized the light shift in our
CACPT clock, including contributions from the coherent
shift that is present only during formation of the atomic
coherences and a shift arising from optical pumping by in-
coherent light. Careful measurements of the shifts agree
well with our modeling, which was based on an exist-
ing model [20] that we expanded to account for scatter-
ing from incoherent light. We have also demonstrated a
laser configuration in which shifts in the intensity regime
relevant for clock operation should be suppressed to the
10~ 1'% level. At this level of sensitivity, light shifts would
not be a fundamental limit for a compact CACPT atomic
clock.

Note added in proof: Recent related research compar-
ing light shifts modeled with and without the adiabatic
approximation used in the derivation of Eq. (1) has been
reported [43].
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