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Abstract— We discuss the optimization of the Dick effect in an
optical lattice clock. We show that optimizing the time sequence
of operation of the clock can lead to a significant reduction of
the clock stability degradation by the frequency noise of the
interrogation laser. By using a non-destructive detection of the
atoms, we are able to recycle most of the atoms between cycles
and consequently to strongly reduce the time spent capturing
the atoms in each cycle. With optimized parameters, we expect
a fractional Allan deviation better than 2 - 107 7~'/2 for the
lattice clock.

I. INTRODUCTION

Combined with a superb frequency accuracy, superior ulti-
mate stabilities have been advocated as appealing advantages
of optical lattice clocks [1]. In such devices, optical resonances
with linewidth down to 2 Hz have been observed [2]. For a typ-
ical atom number of 10° the corresponding standard quantum
limit of the clock Allan deviation lies below 10~'7 7=1/2 with
7 being the averaging time in seconds. While vast improve-
ments have been performed over the last few years[3]-[6],
the stability of actual lattice clocks is presently more than two
orders of magnitude above this “Holy Grail”. One stumbles
upon the Dick effect, by which the probe laser frequency
noise is converted down to low Fourier frequencies by the
sampling process inherent to the clock’s cyclic operation [7]—
[9]. A strenuous effort is presently going on to further reduce
the noise of ultra-stable laser sources [10]-[14] but quite hard
limitations like the thermal noise of high finesse Fabry-Pérot
cavities limit progress in that direction[15]. Comparatively
little effort has been put so far on the optimization of the
time sequence for the operation of lattice clocks for reducing
the Dick effect. We show here that following this direction
can lead to very significant improvements.

A key parameter for the Dick effect is the dead time of
the clock cycle, during which atoms are prepared (captured,
cooled, optically pumped) and detected and do not experience
the probe laser frequency noise. This loss of information leads
to the frequency stability degradation. In order to dwarf the
dead time of the experiment, we propose to keep the atoms
from one clock cycle to the next which is made possible by
a non-destructive measurement scheme [16]. We discuss here
in detail the potential gain in terms of frequency stability that
can be achieved using this detection scheme.

In sectionIl, we give a quantitative discussion of the Dick
effect in the limit where the dead time approaches 0. We
show that for dead times below 100ms, the limitation of
the Allan deviation due to the Dick effect can be reduced to
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below 1016 7—1/2 using Ramsey spectroscopy and state-of-

the-art ultra-stable lasers. In section III the new non-destructive
detection scheme is described. Finally, section IV discusses the
optimization of a Sr lattice clock sequence using the non-
destructive scheme, and gives an estimate on the expected
stability of the clock.

II. THE DICK EFFECT IN THE LOW DEAD TIME LIMIT

In a sequentially operated atomic clock, the response of
the atoms to the interrogation oscillator frequency fluctuations
ow(t) is dictated by the sensitivity function g(¢). The change
in transition probability §P due to frequency noise is given
by

5P — %/g(t)&u(t)dt, 0
where the integral is taken over one clock cycle. The appear-
ance of g(t) depends on the type of interrogation used. In an
optical lattice clock either Rabi or Ramsey interrogation can
be used. We call 7T; the duration of the interrogation m-pulse
in the Rabi case and 7, the duration of each of the two 7/2-
pulses and T the free evolution time in the Ramsey case. If Ty
is the dead time used to prepare and detect atoms, we define
the duty cycle d = % (Rabi) and d = % (Ramsey) with
T, being the duration of the clock cycle.

Fig. 1 gives a clear graphic illustration of the Dick effect
and of the role of the dead time. The figure shows numerically
generated noise around the cycle frequency f. = 1/7,. with
a bandwidth of 0.3 f.. The noise of the oscillator enters in
the clock measurement as the time average of dw(t) weighted
by ¢(t), according to (1). For large dead times (squares in
Fig. 1) only the maxima of the relevant noise components
contribute to the measurement, resulting in a large dispersion
of the measured frequency. When the duty cycle d approaches
1, the sensitivity function comprises almost the totality of
each cycle, and the frequency fluctuations of the interrogation
oscillator are averaged out. This averaging effect is almost
perfect in the case of Ramsey interaction (stars in Fig.1 for
d = 0.94) since the sensitivity function is a constant during the
free evolution period. As T; approaches 0, the measurement
noise totally vanishes provided the interrogation pulses are
kept short enough (7, < Tg). The situation is quite different
for Rabi interrogation (circles in Fig. 1), since the sinusoidal
shape of ¢(t) enfeebles the efficiency of the averaging process.
The averaging effect and the different behavior depending
on the interrogation scheme is further illustrated in Fig. 2,
where the Allan deviation as a function of the duty cycle is
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Fig. 1. Simulated frequency noise dw(t) of the interrogation oscillator filtered
around the cycle frequency f. = 1/7¢ with a bandwidth of 0.3 f.. The points
show the weighted average [ g(t)dw(t)dt/ [ g(t)dt for Rabi interrogation
with duty cycle d = 0.94 (circles) and for Ramsey interrogation with duty
cycles d = 0.24 (squares) and d = 0.94 (stars). The inset shows how dw(t)
is sampled over 3 cycles for the three different sensitivity functions g(t).
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Fig. 2. Dick limited Allan deviation oy (7) for white frequency noise for a
given 7 for Rabi and Ramsey interrogation. In the case of Ramsey interaction,
the Dick effect vanishes for d — 1 if 73, is kept smaller than T};. The curves
are computed using (2).

plotted '. Due to this clear advantage of Ramsey interrogation,
we restrict further analysis to this case only.

The limitation of the fractional Allan variance due to the
interrogation laser frequency noise is given by [8]

1 o0
2 _ 2
Uy(T> = ng mzzl |9m|

where S, (f) is the one-sided power spectral density of the
relative frequency fluctuations of the free running interrogation
oscillator taken at Fourier frequencies m/T.. The Fourier
coefficients of g(t) are given by

1 [T
9m = i/(; g(t)

"'We chose to plot Fig. 2 in the case where the interrogation laser exhibits
white frequency noise. This is the only type of noise where the Allan deviation
only depends on the duty cycle, and not on the specific parameters chosen.

Sy(m/T,), 2

e—-2ﬂin%t/1::dt. (3)
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Fig. 3.  Fractional Allan deviation oy (7 = 1s) vs dead time for various

durations of the Ramsey interrogation 7. The duty cycle is d = 0.02 for
Ty=1.0sand T = 0.02s, and d = 0.95 for T; = 0.01s and 7" = 0.2s.

State-of-the-art interrogation laser stabilization is performed
by locking the laser frequency to an ultra-stable Fabry-Perot
cavity. In the following, we assume that the dominant source of
noise is the thermal noise of the cavity Sy (f) = h_1f~!/v?
with v being the clock frequency (v = 4.29 - 10'4 Hz for a Sr
lattice clock). We take h_; = 4 - 102 Hz* which is a worst
case estimate for the ULE cavity with fused silica mirrors
described in [14]. It corresponds to a constant Allan standard
deviation of 6 - 10716,

Figure 3 displays the Allan deviation computed numerically
using (2) as a function of dead time 7 for various 7. We
choose 7, = 5ms which is significantly shorter than the
shortest T,; considered here and still long enough to keep
the 7, dependent frequency shifts (light shift, line pulling by
other atomic resonances, etc...) reasonably small. Fig. 3 is
another illustration of the averaging process discussed above.
In present optical lattice clocks, the dead time is on the order
of 1s and the limitation of the clock stability due to the Dick
effect is close to 107°2. Reducing this dead time down to
10 ms would improve the clock stability by almost two orders
of magnitude. This consideration motivated the development
of the non-destructive detection scheme which is presented
in the next section. Note also that for a given dead time,
it is desirable to lengthen as much as possible the Ramsey
interaction. This is true as long as the linear model giving
(2) holds, i.e. as long as the interrogation laser frequency
fluctuations remain much smaller than the width of the Ramsey
fringes. With the level of noise chosen for plotting Fig. 3 - that
is, frequency fluctuations of the interrogation oscillator on the
order of 0.3 Hz - the model therefore holds for Ramsey times
up to about 200 ms.

III. NON-DESTRUCTIVE MEASUREMENT

We briefly recall here the main features of the scheme
which allows optimization of the clock stability as discussed

2Measured Allan deviations are somehow higher than the value calculated
here. This results mainly from the fact that the interrogation lasers used for
these experiments are referenced to cavities with ULE mirror substrates, which
exhibit substantially higher thermal noise than the cavities considered here.
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Fig. 4. Energy levels of Sr of interest here. The inset shows a typical spectrum
of the clock transition using the non-destrucitve detection.

in sectionIV. More details can be found in [16].

A. Theoretical Discussion

The scheme is based on the measurement of the phase shift
accumulated by a weak probe beam when passing through the
atomic cloud. A method using the same physical effect was
demonstrated with Cs atoms in [17], [18]. For an atomic gas
with states |.J, F, mg) and |J', F', m/;), light with polarization
state ¢ and wavelength \ detuned by A - from the transition
between the two states will experience a phase shift

w 3N2(2J +1
T

47S
Fomp,F'm/,
Frolr F N g 7 1 @/2)Ae
mp g —mp F'OF 1 A2, +(T/2)2

Wigner 3j symbol Wigner 6j symbol

where N,,,. is the atomic population in the hyper-fine substate
|F,mp), T' is the natural linewidth of the transition and S
is the cross-section of the atomic cloud. With a Gaussian
distributed laser beam and atomic cloud, averaging the phase
shift over the transverse directions gives S = 27 (rg + w?/4)
where 7y is the cloud standard deviation and w the 1/¢? radius
of the laser beam.

(4) shows that if |J, F, mp) is one of the two clock states,
% gives a measure of the number of atoms that populate this
state after the clock interrogation, yielding the clock transition
probability. We have chosen to operate with the 1S5, — P,
transition, for which the induced phase shift is plotted in Fig. 5.

B. Experimental Setup

The phase shift measurement setup uses an electro-optic
phase modulator (EOM) in a Mach-Zender (MZ) interfer-
ometer (Fig. 6). A laser beam resonant with the Sy — P,
transition is split into a weak signal (typically a few nW) and
a strong local oscillator (LO) (a few mW). The signal beam
is modulated at 90 MHz by the EOM before it is overlapped
with the atoms in the optical lattice. The signal beam waist
is w = 37 pm, comparable to the transverse size of the

) > Npp(RF'+1)QF+1) (4
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Fig. 5. Theoretical phase shift p®*S/N for the 1Sy — Py transition
with zero magnetic field and a linearly polarized probe. It takes into account
the three different F/ = 7/2, 9/2 and 11/2 levels of P, spanning over
60 MHz around their average frequency (center of the plot). The phase shift
is represented for equally populated mp states (solid red curve) and spin-
polarized atoms in mp = 9/2 or mp = —9/2 states (dashed blue curve).
For a 90 MHz detuning, these phase shifts are comparable and amount to a few
tens of mrad with typical parameters N = 10* atoms and S = 2.8-103um?2.
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Fig. 6.  Experimental setup. The number of atoms in the optical lattice
is proportionnal to the phase shift of the RF component at the modulation
frequency f, filtered by a band-pass filter (BPF). The harmonic at frequency
2f is used to lock the phase of the interferometer, hence maximizing the RF
power of the signal component.

atomic ensemble (ro = 10 pum). The electric field of the
signal beam is detected by a homodyne detection in which
the signal interferes with the LO on a beam splitter and the
light intensities in each output arm of the beam splitter are
measured with fast Si photodiodes (Hamamatsu S5973) and
electrically subtracted. In this scheme, the LO amplifies the
signal without degrading its signal to noise ratio (SNR) [19].
For a LO power of 2 mW the electronic noise is smaller than
the photon shot noise by a factor of 2.

The RF output s of the difference of the photocurrents is
(up to a constant factor):

+o0
5= Z Jn(a)h (qﬁo _ P T Pon +2<'07n> h (nwt + Pn = Pon _2('07") 5)

n=1
where J,, is the Bessel function of the first kind, ¢ the phase
of the LO, @ the modulation depth, w the modulation angular
frequency and h = cos (sin) if n is even (odd). ¢, is the total
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phase shift experienced by the modulation sideband n. It can
be expanded as ,, = p* (nw) + dp, + ¢s where  (nw) is
the atomic phase shift for a detuning nw given by equation (4),
¢ is a global phase and d¢,, is the laser phase noise. Because
all the modulation sidebands belong to the same spatial mode,
¢s is independent of n. Given the low power at which we
operate and the small line-width of our laser (< 1 MHz), §¢,,
is dominated by shot noise, even though our interferometer
features an optical path difference of about 2 m between the
signal and the LO.

We can see from (5) that the phase of the RF component at
angular frequency nw is the differential atomic phase shift of
the —n and +n modulation sidebands. Since ¢! is approxi-
mately an odd function of the probe detuning, this phase shift
is proportional to the number of atoms in the atomic ground
state. Furthermore, it does not depend on the phase ¢ of the
LO nor the global phase ¢, of the signal, making our system
independent of mechanical and thermal fluctuations. These
features are very welcome given the small phase shifts we want
to detect. However, the amplitude of the RF components does
depend on ¢, and will eventually cross zero as ¢ drifts. The
parity of h shows in particular that the odd RF sidebands have
maximum power when the amplitude of the even sidebands
is null. We use this feature to lock ¢y: we demodulate the
second order RF component at angular frequency 2w and
servo-loop ¢ with a piezoelectric transducer (PZT) to keep the
demodulation signal at zero. The lock bandwidth is 10 kHz,
limited by the mechanical properties of the PZT. Finally, the
atomic phase signal is extracted by demodulating the first order
RF component, maximized by the lock (Fig. 6). We emphasize
that the noise of this phase signal does not depend on the noise
of the PZT lock to first order, due to the quadrature detection.

C. Modulation Parameters

We choose the modulation frequency f = w/27 and
amplitude a to optimize the signal to noise ratio (SNR) of
the detection scheme. The final SNR results from a trade-
off between the phase component of the optical shot noise
which decreases at larger optical powers, and the heating of
the atomic cloud which increases with the optical power as
long as the transition is not saturated. Therefore we have to
determine the optimal f and « for a given heating of the atoms.
The signal to noise ratio is

e ) ©
(0pF) + (0p2,)

he
§p? Y= — "¢
(0%, AN (@)[2nPToa

with (3p%,) = @
where P is the total optical power seen by the atoms, 7,4 is
the detection probe time and 7 the detection efficiency. The
product P, is linked to the number of photons n. absorbed
by each atom of the atomic ensemble, characterizing the
fraction of the atoms lost during the non-destructive probing,
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Fig. 7. Detection noise (%\/<6gaf) + (692 ,)) power spectral density at
125 Hz and 1 kHz. The signal is shot noise limited (blue line, from (7))
for powers up to 30 nW. The inset shows the full phase noise spectrum for
a typical detected optical power nPP = 3 nW, corresponding to a white noise
level of 2 x 10719 rad?/Hz.

Here, Ps,: = 1.2 pW is the saturation power averaged over the
atomic cloud. Combining equations (6-8) gives an expression
of the SNR as a function of w and a. We find that the
SNR increases with w and saturates after a few I'. In our
experimental setup, we have chosen w = 2790 MHz ~ 3T’
for which the SNR is nearly optimal. For this frequency, the
optimal a computed from equations (6-8) is very close to
the modulation amplitude for which the resonant carrier is
completely suppressed (¢ = 2.4 rad). Furthermore, the SNR
is very flat around this optimum so that temperature control
of the EOM is not required. For a = 2.4 rad, the +1 and
—1 modulation sidebands have 53% of the optical power.
The remaining power distributed in the higher order sidebands
contributes to the heating of the atoms but not to the signal.
From the previous equations, we calculate that these higher
order sidebands degrade the SNR by 8 % only.

Finally, the contrast of our interferometer is 76% (measured
with a balanced MZ configuration) and 25% additional optical
losses appear between the atoms and the detection. These
defects are attributed to the vacuum chamber windows and the
optics of the lattice cavity that were not originally designed
to operate at the probe wavelength. As a result the detection
efficiency is 1 = 43%.

D. Detection Noise

1) Detectivity: We characterize the noise of the measure-
ment setup as follows. A typical noise spectrum of the phase
signal is shown in Fig. 7. It is shot noise limited from 10 Hz.
The detection system features a noise floor at 10~ rad?/Hz,
so that the signal is shot noise limited for total optical powers
up to 30 nW. Given this noise figure, we probe the atoms
with 7,4 = 3 ms signal pulses of typically P = 12 nW
(nP = 5 nW). These pulses have a product P7,4 low enough
to keep most of the atoms in the lattice (see section III-E).
They are short enough to escape the low frequency noise, and
long compared to the PZT lock bandwidth.
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Fig. 8. Atomic loss due to the detection probe for different lattice depths,
measured by fluorescence detection after the non-destructive probing. The
solid curve is a fit of the fluorescence points with (9). This fit gives n~ = 103
photons per atom, in good agreement with the value of 81 photons per atom
deduced from (8) and the measured optical power (P = 14 nW, 7,,4 = 3 ms).

To measure the atomic population in Sy, we apply two
consecutive probe pulses separated by a 7 ms interval. Between
these pulses we shelve the atoms in the the dark states ®P
and 3P, by optical pumping on the 1Sy — 3P, and 3P; — 35,
transitions. The second probe pulse does not experience the
atomic phase shift and then acts as a zero phase reference.
During the probe pulses, the phase signal is sampled at
500 kHz and the final signal is the difference of the averaged
signal over each the probe duration. The noise of the resulting
signal, as measured with no atoms in the lattice, is 0.4 mrad
RMS for P = 5 nW and scales as 1/v/P as expected from
equation (6).

With about N = 10* atoms in the lattice, we measured
a phase shift of 40 mrad corresponding to a SNR of 100
per cycle, which is close to the expected atomic quantum
projection noise.

2) Transition Probability: The measurement of the absolute
transition probability associated with the interrogation of the
atomic ensemble with our clock laser involves a third probe
pulse. All probe pulses should be applied after the clock
interrogation since low frequency phase drifts would add
noise to the detection signal for long interrogation times. The
sequence is as follows: after the clock interrogation a first
probe pulse measures the number of atoms that remained in
the atomic ground state. Then the atoms are repumped into the
fundamental state, and are probed with a second probe pulse
that determines the total number of atoms. Then, as before, we
pump all the atoms into the dark states and apply a reference
pulse. The measured noise on the transition probability is
osp = 2% RMS with the previous parameters, and varies
as 1/N for N up to 10%.

E. Heating

A key feature of the detection scheme is the ability to
recycle the atoms from one cycle to the other. To check that
the detection pulses do not heat the atoms out of the lattice,
we measured the atomic losses caused by the phase detection

with a fluorescence probe at the end of each clock cycle. This
measurement has been repeated for different lattice depths
(Fig. 8). We model the heating process by absorption and
spontaneous emission. Because the detection probe beam is
aligned with the lattice axis and the atoms are in the Lamb-
Dicke regime in this direction, we assume that the recoil
momentum associated with photon absorption is absorbed
by the lattice and does not contribute to heating the atoms.
However, the trapping potential is loose in the transverse
directions, and therefore the horizontal component of the recoil
momentum associated with spontaneous emission is entirely
transferred to the atoms. For atoms initially in the vibrational
ground state of the lattice, the fraction § of atoms remaining
in the lattice after detection is:

ﬂzlfexp(f

UO/ER) ©)

2n.,/3

. . 2 . .
where Uj is the lattice depth, Fr = WZT is the recoil energy

associated with the interaction between a Sr atom with mass
m and a probe photon (A = 461 nm), and n., is the number
of absorbed photons per atom, given by (8). As shown in
Fig. 8, this model is in agreement with the experiment. We
observed that for a lattice depth around 200 Eg, more than
95% of the atoms remain trapped after the detection pulses.
This important depth does not hamper the clock accuracy since
the lattice depth can ramped down to a few Ep during the
clock interrogation.

IV. OPTIMIZATION OF THE STRONTIUM CLOCK TIME
SEQUENCE

The time sequence for operation of the Sr lattice clock is
sketched in Fig. 9. The dead time Ty can be split up into two
components, Ty = Ty + Ty, where Thy is the capture time
for the atoms, and 7} is the time used for cooling, optical
pumping, and detection of the atoms. The present minimum
residual dead time of the sequence is Ty = 70ms, mainly
limited by the duration of the narrow line cooling in the lattice
referred to as “Red cooling” on the figure. The duration of this
cooling was adjusted so as to optimize the atomic temperature
in the lattice at a fixed laser frequency and power. By allowing
a variation of these parameters the duration could certainly
be shortened significantly. However, to give a conservative
estimate of the optimized clock stability we keep this duration
at its present value. The two parameters left for optimization
are therefore the duration of the capture phase (“MOT+Drain”
on Fig. 9) T, and the Ramsey interrogation time 7'

The optimal time sequence results from a balance between
the Dick effect and the detection noise. Taking both into
account, the Allan variance of the clock is given by

Ta(T) = 0y(T) + 0gel(7), (10)
where o, is defined in section II and o4 is given by
2 T.
= (= \/ =L 11
Odet(T) <WQ><UP p (11)

@ and osp being the atomic quality factor and the standard
deviation of the detected transition probability. os5p scales as
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Fig. 9. The time sequence for the Sr lattice clock. For further details, see

[20]. The minimum residual dead time ’fd = Ty — Tpr of this sequence is
70 ms.
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Fig. 10. The total fractional Allan deviation at 1 s as a function of capturing
time T and Ramsey dark time 7" with residual dead time 7; = 70 ms.

the inverse of the atom number N up to N = 10* for which
osp = 0.02 as shown in section III-D.

The non-destructive detection scheme allows recycling of
the atoms, so that the number of atoms in cycle j is given by

(12)

N;
N, =

N +ENj_jeTe/m,
Nmax(1 _ e—TM/‘I't)e—(Tc—TM)/Tt7

where Ny, is the number of atoms loaded into the trap in each
cycle, 7 is the lifetime of the cold atoms in the lattice, and
Nmax 18, for a given 7, the maximally achievable number of
atoms in the trap, that is for Ty — oo. £ is the fraction of
atoms kept in the trap between cycles. For our experiment,
Nuax = 7t - 1.8 -10%s, 7, = 1.5 s and ¢ = 0.95.

From (12) we get the steady-state number of atoms

eTm/me _ 1

N = eTe/Tt _f ’

Ninax (13)

Fig. 10 displays oy (1) as a function of both T, and T
To remain in the validity domain of the model, we limited
the range of variation of 7" up to 200 ms as for Fig. 3. Once
again, the optimal 7 is the longest allowed one, T = 200 ms.
The corresponding optimal value for the loading time is
Ty = 69ms giving oy (7) = 1.8-10716 771/2, The individual
contributions of the Dick effect and of the detection noise are
oy(1) = 1.5- 10716 771/2 and oy () = 1.0 - 10716 771/2,

Total
Laser (Dick) |-
Detection

10—17 L L L ! i,
0.00 0.05 0.10 0.15 0.20
Tw (5)
Fig. 11. The different contributions to the total fractional Allan deviation at

1 s as a function of capturing time T for Ramsey dark time 7" = 200 ms
with residual dead time 7; = 70 ms.

respectively. Finally, the steady-state number of atoms in the
optimized configuration is N = 4000.

The individual contributions to o (7 = 1) for 7' = 200 ms
are shown in Fig. 11. The contribution from the quantum
projection noise also is included in the plot, showing that o
is still well above the quantum limit, leaving room for further
improvements. These improvements would include increasing
the trap lifetime and reducing the residual dead time as well
as enhancing the coherence time of the interrogation laser.

V. CONCLUSION

We have shown that in parallel to the reduction of the
interrogation laser frequency noise, the optimization of the
time sequence could be a very efficient way to minimize the
Dick effect in optical lattice clocks. By using a non-destructive
detection scheme together with an adapted time sequence, the
Allan deviation of our clock could be optimized down to below
2.107167=1/2 which would outperform current state-of-the-
art by about one order of magnitude.

Though very encouraging, this result is still about one order
of magnitude above the expected quantum limit of the clock.
In the optimized time sequence presented in section IV the
duty cycle is “only” 0.60 and large room for improvement
remains. Cooling the atoms down to their minimal tempera-
ture presently takes 45 ms which could probably be strongly
reduced by using a more sophisticated time sequence, for
instance allowing both the frequency and power of the cooling
laser to vary during this phase. On the other hand, the lifetime
of the atoms in the lattice is presently limited to 1.5s, so
that about 20 % of the atoms need to be reloaded at each
cycle. This leads to a relatively long loading time of 69 ms in
the optimized configuration. We have not yet investigated in
detail the limiting factors of this lifetime in our setup but we
see no fundamental reasons preventing atoms from being kept
in the lattice for ten seconds or more. With such a lifetime,
one would take full advantage of the non-destructive detection
scheme described in sectionIIl, giving a o (7 = 15s) on the
order of 1-10716,
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