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We propose a combination of electromagnetically induced transparency—Raman and pulsed spectros-
copy techniques to accurately cancel frequency shifts arising from electromagnetically induced trans-
parency fields in forbidden optical clock transitions of alkaline earth atoms. At appropriate detunings,
time-separated laser pulses are designed to trap atoms in coherent superpositions while eliminating off-
resonance ac Stark contributions, achieving efficient population transfer up to 60% with inaccuracy
<1077, Results from the wave-function formalism are confirmed by the density matrix approach.
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In the field of optical frequency standards and clocks,
single trapped ions [1] and alkaline earth atoms [2—6] are
advancing clock performances. The advantage arises from
superhigh resonance quality factors of these optical tran-
sitions [7], which are expected to be 10° better than mi-
crowave fountains. These fountain clocks are already
below the 107! relative fractional uncertainty [8].
Fermionic isotopes of alkaline earths trapped in optical
lattices at the magic wavelength [9] offer ultranarrow line-
widths of a few millihertz without recoil and Doppler
effects, but remain potentially sensitive to systematic ef-
fects arising from the nuclear spin-related tensor polar-
izability [3—5]. On the other hand, bosonic isotopes with
no nuclear spin and a higher natural isotopic abundance
avoid multiple hyperfine components but lack direct exci-
tation of the clock transition |1) < |2) in Fig. 1(a). Indirect
excitation via continuous-wave electromagnetically in-
duced transparency (EIT) has been proposed to probe these
forbidden transitions [10,11]. A similar scheme for the
174YDb forbidden clock transition was implemented by ap-
plying a dc magnetic field for state mixing [6].

All such schemes can suffer from Stark shifts due to
nonresonant electric-dipole couplings of the clock levels to
other states induced by the applied electromagnetic fields
[12,13]. Reference [10] provides some detailed calcula-
tions of these shifts. To further reduce this potential sys-
tematic error, we could apply an approach similar to that
used for the determination of the magic wavelength [3,4] or
the hyperpolarizability contribution to the ac Stark shifts
[14]: Measurements at different field strengths are used to
extrapolate the clock frequency to vanishing field.
However, this simple approach does not apply to the EIT-
related schemes where the applied field strength modifies
also the optical pumping time required to prepare the
atoms in a coherent superposition [15]. The preparation
time required for optimal signal contrast and clock stability
becomes impractically long at low field strengths. But
using large fields increases the ac Stark shifts and limits
the clock accuracy. To overcome these limits, the pulsed
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scheme proposed in this Letter [Fig. 1(c)] optimizes clock
performance by using time-separated laser pulses to pre-
pare and interrogate the optical clock transition [16]. It is
an original mix of Ramsey spectroscopy and highly effi-
cient population transfer under coherent population trap-
ping (CPT) [17]. The first pulse prepares atoms in a
coherent superposition and the second pulse probes the
clock frequency. This configuration produces a large con-
trast in the detected clock signal. More importantly, as the
detunings of the applied fields affect the phase evolution of
the atomic wave-function, a proper combination of the
common mode laser detuning A, and pulse durations 7,
7,, (Fig. 1) reduces the clock shift to ~107!7. The dis-
cussion presented here reveals for the first time a general
relation connecting the preparation time of the Raman
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FIG. 1 (color online). (a) Three-level atom-light configuration
for an optical lattice clock based on time-separated laser pulses
including relaxation and decoherence rates. The optical detun-
ings Ay = Ay + ny, Ay = Ay — 8, + 7, include ac Stark shifts
n; from off-resonant levels. Here A, is the common mode
detuning and &, denotes deviation from the Raman condition.
(b) The corresponding dressed-state representation of bright
|¥.) and dark |¥yo) states defining the clock transition.
(c) The probing pulse sequence.
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coherence and the signal contrast in the subsequent detec-
tion of this coherence, relevant to many EIT or CPT related
experiments.

The atomic evolution between 'S, and *P, is properly
described in the dressed-state picture [Fig. 1(b)],
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where (), and (), are the Rabi frequencies for the tran-
sitions 'S, < 'P, and 3P, < 'P,. For an ideal 3-level
system described in Eq. (1), the dark state |¥y) remains
insensitive to light shift, while the bright state |¥() is
always coupled to the laser light. A realistic atomic clock
has to deal with off-resonant ac Stark shifts acting on |W )
while atoms are pumped into |Wyc) with a few sponta-
neous emission cycles. Thus, a judicious tradeoff between
the short-time dynamics for a high-contrast signal (large
optical pumping) and the reduced external ac shifts (and
resonance power broadenings) under a low field strength
needs to be found for practical realizations of these EIT or
Raman-type clocks.

To describe our pulsed method, we start from a three-
level configuration as shown in Fig. 1(a). The optical Bloch
equations (OBEs) describe three-level dynamics including
external shifts, relaxations, and decoherences between
atomic states [18] in terms of the density matrix:

1) = |We) + ¥y

12) = |We) —

p=-1[Hpl+ Rp. 2

In the interaction picture, the atom-light Hamiltonian H
and relaxation matrix R p become
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The relaxation matrix includes the spontaneous emission
rates I' = I'5; + I'5,, optical decoherences vy.;, ¥.2, and
the Raman decoherence vy, [see Fig. 1(a)]. Electric and/or
magnetic dipole couplings determine the Rabi frequencies
Q, (i =1, 2). Equation (2) describes the dynamics of a
closed A system where optical detunings A; include ac
Stark shifts 77; from nonresonant electric-dipole couplings
of |1) and |2) to other states. For Q;, O, < T'5, I'ss, v.15
7.2, the population in state |3) is slaved to the population
difference An(t) = py, () — py;(¢) and Raman coherence
p12(2). This allows finding analytical solutions to Eq. (2) by
adiabatic elimination of the intermediate state |3) [19,20].

The reduced two-level system dynamics are described by a
Bloch-vector representation [21,22].

To remove ac Stark shifts while maintaining a high
signal contrast, we apply the Ramsey technique for EIT
or Raman fields to this effective two-level system, mini-
mizing systematic frequency shifts over the free-evolution
time 7. The Ramsey-like sequence of preparation, free-
evolution, and probe, followed by the final destructive
detection of the ground-state population, is indicated in
Fig. 1(c). This eliminates power broadening of the clock
transition which is always present for continuous excita-
tion [23]. By solving for the two-level system as in [22] we
can express the populations as

pii = a;(r, T, {1 + Bi(7, 7,)e v
X cos[8,T — ®(7, 7,,)]}, 4)

where a;;(7, 7,,) is the overall envelope function and
Bii(7, 7,,) is the amplitude of fringes, both containing
exponential decays e /7> and e~ "»/™» to their steady states
[21]. 7, is the characteristic optical pumping time. The
atomic phase shift ® produces an approximated clock
frequency shift assuming 7, 7, < T

d(7, 7))
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which includes all ac Stark contributions accumulated
during the pulsed interactions. Hence, a longer free-
evolution time 7 reduces the light shifts on the clock
transition. Furthermore, as will be shown below, a special
value (Ag),, of the common detuning A can be found to
suppress ac Stark effects on the clock frequency. Study of
the population dynamics from Eq. (4) leads to an expres-
sion for the time 7, that is required to pump atoms into
their final steady state, simplified for Ag = A; = A,:

2 A2 +T7?%/4 0?2 — O\ 71
Ag) == — 11 -Y(+—23)]| .
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Here Y = (I';; — I'3,) /T is the branching ratio difference
for the intermediate state which scales the contribution of
each Rabi frequency to the pumping rate 7';1. This time
scale 7, sets the EIT or CPT response in either transient or
steady states. Previous work on EIT or CPT concentrates
mainly on the symmetric case with Y = 0. But in the case
of alkaline earths where Y ~ *=1, Eq. (6) shows that the
Rabi frequency associated with the weaker transition dic-
tates 7,. For the ®¥Sr lattice clock where Ty =
27 X 32 MHz > I';, = 277 X 620 Hz (i.e,, Y ~ 1), the
pumping time at resonance 7,(0) is determined by the
magnetic dipole coupling ), between 3P, and 'P;.
Figure 2 shows the dependence of 7,(0) on each Rabi
frequency while keeping the other one fixed. The dotted
lines are the corresponding differential ac Stark shift of the
clock frequency in the steady state regime. Note that small
ac Stark shifts correspond to long optical pumping times
conflicting with realistic clock duty cycles. For instance,
the proposal by [10] with ac Stark shift below 21.7 mHz for
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FIG. 2 (color online). Differential ac Stark shifts n; — 7,
(dashed curves) on the 'S, <3P clock frequency and the
optical pumping time 7,(Ay = 0) (solid curves) using Eq. (6)
vs either (a) magnetic Rabi frequency (), or (b) electric Rabi
frequency ;.

an accuracy of 2 X 10717 leads to a signal contrast of a few
percent only after 160 s. The scheme presented here finds a
combination of parameters that maximizes contrast while
suppressing ac Stark shifts, exploiting the transient dynam-
ics for short pulses and detuned laser fields. The highly
asymmetric Y allows this scheme to uniquely exploit
ground-state detection with a high-contrast narrow reso-
nance manifested in the atomic population transfer. In the
region of detuning between Raman spectroscopy (A,/T" >
1) and EIT/CPT (A,/I" < 1), we find contrasts of up to
60%, even though 7 < 7,(A() = 100 s. This same ap-
proach could be extended easily to the four level scheme
[11], the magnetic induced optical transition [6] or any
other clock configurations involving dark states.

The small difference between the field-free clock detun-
ing &, and the ac Stark shifted detuning A; — A, = (5, —
1,) + 8, under laser fields leads to a small phase shift of
the Ramsey-EIT fringe defined by ®(7, 7,,) in Eq. (5)
[19,20]. Solving Eq. (2) numerically, we find that a judi-
cious choice of the laser detuning (A),, cancels the exter-
nal ac Stark shifts, minimizing the influence to the clock
transition when high field strengths are used to rapidly
drive EIT resonances. To confirm these results, we also
establish an analytical expression for ®(7, 7,,) based on the
atomic wave-function formalism [24], using the
Hamiltonian of Eq. (3) adding only the term —iI'/2 asso-
ciated with spontaneous relaxation [25,26] and neglecting
all lattice decoherences. By adiabatic elimination of state
|3), within an effective two-level system including only the
clock states |1) and |2), the amplitudes evolve with a matrix
M, generalized from Ref. [27] by assuming A; # A,:

cos<% t> + i% sin(% t) Zi% sin(% t)
2i % sin(% t) cos(% t) —i A(jff sin(% t)
=(r ')
where @ = (A% + 402%)"/2 and A (Qef) is the com-

plex detuning (Rabi frequency) in the effective two-level
system, extending the definitions of [28]:

A+ il'/2 A, +il'/2
A= 1—=—03 2 (A — A
eff ]A%+I‘2/4 2A%+F2/4 ( 1 2)5
B Ay +iT/2 Ay +iT/2\1/2
farr = Q‘QQ<A% +T2/4 A + r2/4> ®)

The atomic phase depends not only on the wave-function
coefficients of the atomic evolution but also on the steady
states included in the closed density matrix equations [29].
However, when short pulses 7, 7,, < 7,(4) are applied,
stationary solutions can be ignored. For initial conditions
p11(0) =1, pn(0) =0, we find an expression for the
atomic phase related to the clock frequency shift:

- M*(Tm) M‘I‘(T)
d(7, 7,,) arg[MT(Tm) M+(7-)}

We are able to find values of (A,),, where the clock shift is
suppressed for different practical choices of Rabi frequen-
cies ();. Figure 3(a) plots the clock frequency shift [§v as
defined in Eq. (5)] versus A, under three different cases of
T=17,, with T=1s and Q,/Q, = 8. The dots show
numerical results from Eq. (2) and solid curves are ana-
Iytical results from Eq. (9). Here, we find a nonvanishing
Sv under all conditions. However, as the ratio of ,/Q,
increases, we do find both approaches give the same value
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FIG. 3 (color online). Time diluted frequency shift [Egs. (5)
and (9)] arising from off-resonance ac Stark shift contributions
to the 1S0 — 3PO transition under different optical detunings A,.
(a) Three different cases of pulse durations 7 = 7,, are shown,
under 7 =1 s and Q,/Q, = 8. Numerical calculations based
on Eq. (2) (solid dots) agree with analytical results from the
wave-function formalism. The pumping time at resonance is
7,(00=5s and the common Rabi frequency is (=
A/ I'/47,(0). (b) Same as (a) except £);/€, = 15.16, showing
Stark shift cancellation near (A),, = 80 MHz. (c) A zoomed-in
plot of §v versus A, with the slope reduced for a longer 7. The
location of the common crossing point is (Ag),,. (d) dv under
different 7 around (Ag),,. The crossings (shown as solid dots)
between lines indicate that the same & v is obtained for different
values of 7.
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FIG. 4 (color online). Theoretical EIT or Raman line shapes
using Eq. (4) for the clock transition 'S, < P, and a free-
evolution time 7 = 1 s. (a) Population transfer of 20% under
7,(80 MHz) = 135 s and (b) population transfer of nearly 60%
under 7,(200 MHz) = 200 s. The actual pulse durations are 7 =
T =1s.

of (Ay),, where clock shift is suppressed, as indicated in
Fig. 3(b). When different free-evolution times (7) or pulse
durations (7 = 7,,) are used, the accumulated phase shift
changes, leading to variations in the dependence of dv on
Ay, as shown in the expanded view of Figs. 3(c) and 3(d).
To determine the optimum value of (A,),, for a practical
clock realization at 7 = 1 s, we can use two different
techniques. First [Fig. 3(c)], extending 7 reduces the sen-
sitivity of v on A). Hence, the curves depicting 8 v versus
A, for different T rotate around (A,),,, with no changes in
the signal contrast. In the second approach [Fig. 3(d)], we
find the values of Ay where dv for 7 = 1 s is the same as
that for some other values of 7 (<1 s). These values of A
can be plotted as a function of 7 and extrapolated to 7 = 0
to find (A,),,. However, the signal contrast under smaller 7
is reduced due to the effect of pulse preparation on popu-
lation transfer.

From Eq. (4) we find spectral line shapes and transition
probabilities as a function of the experimental parameter
d,, shown in Fig. 4(a). Since 7 < 7,(4), the two-photon
resonance has a Fourier transform linewidth given by the
duration 7 where power broadening effects have been
eliminated. The spectra also exhibit the typical coherent
Ramsey nutations with period ~1/2T and a central fringe
free from systematic shifts. We have also determined the
sensitivity of v to laser intensities ({);) and detunings,
demonstrating that the uncertainty of the optical clock
frequency <5 mHz (~10~!7) is achievable by controlling
A, at the 100 kHz level around (A,),,. Meanwhile, (;
fluctuations should be controlled <0.5%. We note that for
a given set of 7 and ();, different values of (A,),, can be
found. For example, (A,),, = 200 MHz is another opti-
mum value for larger (); [Fig. 4(b)]. In this case, the signal
contrast is further improved with a population transfer of
up to 60%, leading to enhanced clock stability but also
slightly larger uncertainty.

In summary, our method achieves the 10~!7 accuracy
expected for a “light-insensitive”” lattice clock with pulsed

EIT or Raman techniques. A signal contrast of 20% to 60%
(Fig. 4) can be achieved, including realistic lattice deco-
herence times [4]. Extensions are possible to the proposal
of [11] by replacing the 'P, state with 3P|, to magnetic
field induced optical transitions [6], for other species such
as 92Cr [30], and for nuclear clock transitions [31].
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