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A Compact High Stahility Optical Clock Based on Laser-Cooled Ca
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National Institute of Standords and Technology 525 Broadway Houlder, 00 50305 ['5A

We report new measurements and modifications for a simple, compact, Ca atomic clodk at 857
nm. External mensurements were made against an independent Yb Lattice optioal clock via a fs-laser
Frequency comb. These results lead to upper limits for the Ca clock instakility that are competitive
cm short time scales with the best evisting atomic standards.

I. INTRODUCTION

This is an exciting tims in the field of optical atomic
clocks, Mot only have the optical clocks besn demon-
strating higher stahbility than their microwave coun-
terparts [1], but they are baginning to show excellant
reproducibility as well [Z]. Very accurate docks will
find important applications in precision metrology as
well as enabling a poasible redefinition of the ssecnd.
However, widespread applications (space navigstion,
comimnications, ete. ) may bensfit more from the pre-
cise timing that rasulis from high stability rather than
extreme ascouracy. It is perhaps timely to eonsider how
auch applications might access the timing revolution
that is promised by the optical sources

The problam of transferring the high stability of the
optical elocks to the more tractable microwave domain
has already been addressad by the fs-laser frequency
comb (). But the challenge of getting the stable light
{or microwaves] to the end users still remains. This
challenge is particolarly dsunting sinee most optical
atamic elock apparatus are fairly complicatad, some-
tirnes eovering multiple optical tables. One approach
is to kesp the clodks at a few sites and then to dis-
seminate the stable time through optical fibers. This
poesibility is under invastigation, but will require sig-
nificantly mors infrastructure than currently exists to
disseminate high stability elocks with high fidelity [4].
An alternstive approach, considered here, is to maka
a compact optical clock that can be transported to
the location where it is nesded.

The idea of transportable optical clocks based on
atoms in beams or molemles in vapor cells has baen
investigated previously [5, 6. Hare we describe a sys-
tem basad on lasar-cooled stoms that could achieve
the goal of transportability while still achieving ex-
tremely low instability (approaching 107Y% at 1 &)
This system uses the clock transition at 657 nm in
neutral caleiom, which hes besn studied by various
groups for over 25 years now. Previous demonstra-
ticma in cur lab and at PTE used two stages of laser
cooling to reduce the atom temperaturs to 10 mi-
crokelvin in order to achisve sn absolute frequency
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FIZ. 1: Partial energy level scheme for neuteal **Ca, show-
ing transiticns relevant to the Ca optical frequency stan-
dard.

uncertainty of 10-14 or below [7, 8. In this paper wea
daseribe a simpler version of this clock that can still
achieve high stability (albsit with higher systematic
uncertainty ) but with an apparatus whose size could
be redused to the transportabls level In contrast to
atate-cf-the-art lattice-bagad [¥) o1 trapped-ion clocks
[Z], which have messurement oyele timas of 100°s or
1000 of ma, cur system has s cyele time of 3.5 ms,
which reduces problems associsted with cavity noiss
and simplifies the apparatus. Internal messurements
on an eatlier version of a compact Ca clock led to an
eatimated fraction frequency instability of 4 » 10-15
at cne second [10]. Here we present independent mea-
surements of the performance of a recent version of
this clock, which show an upper limit for the fras-
ticnal frequency instability of 2 x 10-1% at one sacond,
averaging down to the mid 10~'% rangs at 200 &,

II. EXPERIMENTAL APPARATUS

The experiment al sstup has besn described in detail
in earlier publications [10, 11], but hers we summa-
rize the apparatus snd describe recent modifiestions.
The '8 (m=0j— *P; {m=0} intereombinaticn lina
at G557 nm (s Figure 1) iz wellsuitad for a frequency
standard due to its narrow linewidth (374 Hz), con-
venient wavelength, and inherent insensitivity to ex-
ternal perturbstions. In order to reduce frst-crder
Doppler uncertaintiss, wa use lagsr eooling to raducs
the temperature of the stomic sample to 2 mE be
fore performing the clock spectroscopy. The atoms
are then excited with a dicde laser whoss fraquency is
pre-stabilized by locking it tightly to s narrow fringe of
an environmentally isclated Fabry-Perct cavity. The
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resulting spactroscopic signals from the elock transi-
tion are then usad to fix the frequancy of the clock
laser on the center of the atomic transition.

Sinee it is nesadsary to extinguish the lassr cooling
light before performing the spestrossopy (to minimize
light-indused shifts of the clock faqueney), we em-
ploy & ssquential measurament aycle. The oyels com-
mensss with a loading pericad (3 ms durstion) dur-
ing which we fill a magneto-optic trap basad on the
strong ecoling transition at 423 nm with stoms from
a thermal caleinum beam. The rasulting atomic sam-
ple contains roughly & x 107 stoms and has s (nesr
Dopplar-limitad) temperature of 2 mE. The sooling
light ias generated by doubling the frequency of the
light from a semiconductor laser system st 846 nm to
produce 40 mW of light at 423 nm.

The atoms are then releassd to expand ballistically
and excited by a four-pulss Bordé-Hamsay sequencs
[1Z). With thiz methed the atoms are first illumi-
natad by a pair of pulses {separated in time by & du-
ration, T from one direction, snd then are immedi-
ataly illuminated by a second pair from the opposita
direction. This pulse sequence leads to a sinusoidal
exeitation probability with a pericd of 1/{2ZT). This
sp=ctrossopic technique enables high resclution whils
maintaining a high signal-to-noise ratio. The degres
of excitation induced by probs pulse ssquencea is read
out by a single near-rescnsnt pulse st 423 nm, which
measures (with a high signal-to-noise ratio) fluores-
canoe from the deplated ground stata,

The 1ed probs lassr power (12 mW) is about one
third that used in ref. [10] due to the demise of a high
poweer optical amplifier st 657 nm. We partially offsst
this lozs by using a beam with a (1/2)? dismetsr of
only 3.2 mm. We alsc have added s Zeeman slower
to cur apparatus, which increages the loading rate of
atoms into our trap by a factor of five. Sinoe we no
longer chop a linear {or quadrupols) magnetic feld
in this present version, we hawe been able to reduce
power supply line noise that was written on to our
atam number via the magnetic fisld. Ancther modifi-
cation to the setup described in [10] is the addition of
657 nm velocity probes in all thres dimensions. Thesa
probes enahle us to minimize stomic cloud drift veloe-
ities thereby rendering the setup less sansitive to drifis
in laser beam alignment. Reduction of the cloud drifi
veloeity should enable the clock to b= more stable on
long time scales.

III. POTENTIAL ADVANTAGES OF A

SHORT CLOCK CYCLE

The BordéRamssy sequence described in the pre-
vious section takes about 0.5 mas, yislding s total mea-
auremnent. time of 3.5 mas. Whils our short meseure-

ment time means that the achieved line Q is lower
than that of some other cold atom clocks, there ara
several potential advantages to the short eyele. First,
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FIG. 2: The central fringes of the Bardé Ramsey signal
taken with a resolution of 1.15 kHz. The signal is the result
of asingle ? = scan (no averaging} with a measurement time
of 3.5 ms per point.

becanse the vast majority of the atoms do net have
time to leave tha trap volumes during the spactrascopy,
they can be recaptured by the next trap cycle. This re-
cyeling of the stoms leads to a large number of atoms
with ashort loading time. The large number of atoms
vields a high signal-tc-noise ratic for the spectrosecpic
signala.

A second advantage of the short measurament cy-
cle is that we can potentially have reduced frequency
noise, The fairly large servo bandwidth (= 150 Hz) for
oo recting reference cavity fAuetuations greatly relaxas
the performance requirements for the optical eavitias
- wa can oparata the clock in the pressnos of residual
sedamic noise below 5 Hz (and large thermally driven
cavity drifts ) without significant concern. Minimizing
the duration of the loading eyele also reduces the op-
tical Dick effect [13], which alisses noise from higher
Fourier frequencies into the spectrasecpic signal.  Fi-
nally, thermal noiss levels for optical reference cavi-
tias [14]. which may limit the achisvahls noiss Acor for
lagars locked to such cavities, are predicted to be lowear
at higher Fourier frequencies (for the calcium clock,
the ralevant frequencies are around 1 kHz). Perhaps
it will be possible to reduce deletericus effects of fun-
damental thermal nodse in optical cavities by locking
rapidly to atoms.

A third advantage of the short eycle is that the atom
trap fluctnations are much smaller on the millisscond
seale than they are cn the second seals. For a mod-
ulation frequency of 160 Hz, we find that we can run
the clock without neading to normalize against shot-
tomshot trap numbsr Auctuations. This simplifies the
apparatus and reduces the amplitude noiss.

IV. MEASUREMEMNTS OF THE CLOCK
STABILITY

Shown in Figurs 2 is the spectroscopic signal taken
at cur waial working rasolution of 1.15 kHz. From
this signal we estimate an amplituds noise level limit
to the frequency instability of 1 = 10-1% &t 1 s for
the Allan Deviation, with a frequency noise level 5
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G times higher. Since the majority of the frequency
noise i measured io b= around S0-60 Hz, we should
expact some suppression of this noise due to cur high
bandwidth. For an external evaluation of the Ca clock
petformance, we sant light from the Ca-stabilized lager
to a felaser comb that was locked to a Yh lattice-
basad clock [15), which also has high stability. The
noige intreduced by the fibers transporting the light
from the standards to the combe was measured snd
actively cancelled. In Figure 3 we show the measured
fractional fraquency instability for the beat betwaen
the Ca light and the nearsst comb tooth for averaging
times from 1 to 400 a.
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FIG. 3: Allan Deviation of the beatnote between the Ca
and Yb aptical clocks [crosses). Alse shown (diamends) is
the Allan Dieviation for the beatnote betwesn the Ca clode
and Yb clodk laser lcked to its reference cavity (with the
linear drift removed). For reference we have included a
solid line showing an Allan Deevinticn of 3 x 10 Pl SEa LA

Sinee the Thb clock ssrvo systam has an atiack time
af several ssoonds, the instakility st 1 & iz probably
that of the Ca system. Omn longer times the measured
flustuations are probably that of the Yb elock, as is
implied by the difference between the messurements
for the Y'b lasar when it is locked to the atoms or just
to ite reference cavity. The reference cavity for the Yb

clock is the same as that usad for the Hg+ optical clock
and has demonstrated a 1 s instability below the levels
measured here [16). Basad on this data. we estimate
that the Ca clock has an instahbility st or balow 3 x
10— =12 (iha solid line in the fgure) cut to 100 &
Clearly, more measurements { with longsr averaging
times) are nesded to verify these results as well as to
datermine the time scale on which the long-term drifts
of the Ca clock begin to be significant.

V. FUTURE PLANS

In the near term we plan to continue simplifying
and reducing the size of the apparatus.  Sinee the
clock is basad on just two semiconductor lassr sys-
tems, it could be contained in a fairly small volume.
Additionally, a more compact arrangement of the
optical system could substantislly reduce ita present
34 square meter footprint. With the implementation
of more powerful probe lassrs, we can improve the
contrast of the fringes and perhaps reach a one second
instability of 1 x 10-15 a value we think we can hold
for timas of several 1000 seconds or longer. It will also
b= intaresting to make some abaclute fraquency mea-
suremnents to see how reproducible the frequency of
this standard eould be - a leval of 10~ seems feasible.
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