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Spectroscopy of neutral '*™Yb in a one-dimensional optical lattice
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We report spectroscopy of the '8; - *Fy clock transition in peutral *™Y'h atoms confined to a one-
dimensional optical lattice at the ac Stack shift-canceling wivelength of 758,35 nm. Spectroscopic
linewidths as narrow as 4 Hz, full width at half-madmum, are shown with good contrast and signal-
to-neise ratios, An upper limit on frequency instability i demonstrated ta be 3 x 107" at one
second by measuring with respect to ancther stable laser through a Tisapphire femtosecond laser

Frequency comb.

Precision spectroscopy has played a central rols in
the dramstic advancss of time and frequensy metraol-
ogy in recent years. In particular, stable local oscil-
lators have besn referenced to optical transitions in
single ions and ensembles of neutral atoms to achievea
remarkable levels of frequency stability and accuracy.
A relatively new implementation of this is the neutral-
atom optical lattics clock [1, 2] — o systam that is
expacted to eombine the seourasy of single-ion stan-
dards with exceptionally high stability. Crucial to
thiz acheme is an atom with a narrow-linewidth clock
transition that is insensitive to external felds and lot-
tice perturbations. Several groups have recognized yt-
terbium as an excellent candidate and are pursuing
lattice-based clocks that will use its 15— %F; transi-
tion [3-6].

In 2003 this narrow {~10 mHz natural linewidih)
transition at 57842 nm was ohesrved in the odd iso-
topss of Yb [4, 5] and its frequency was measured
with an wncertainty of 4.4 kHz [5]. In thess experi-
ments, s oold atomic cloud in s magneto-optical trap
was probed with narrow-linewidth light. The result-
ing spactroesopic linewidths were Doppler-broadened
to hundreds of kilohertz or a few megahertz as set
by atomic temperaturas. MNarrower lines are nseded
for high-accuracy and -precision clocks. In addition
to extended probs interaction times, the removal of
Doppler broadening is a primary benefit of aptical
clocks based on tight (Lamb-Diicks) confinement to
a lattios. Here we demonstrate narmrow spectroscopic
lineshapes — a8 narrow as 4 Hz —using ™Y confined
to & one-dimensional {10 optical lattica,

Until the work pressnted here, lattica clocks have
besn based on the uss of odd isctopas in alkaline earth-
like atoms (*"8r [1, 2, 7). '™ YE [3-5) ). The hyper-
fine intaraction in these isotopes that have non-zero
nuelear spin leads to o narrow natural linewidth on the
cleck transition (~10 mHz). This linewidth is attrac-
tive for optical clocks that promiss high asoaracy and
stakbility, and the J=0—J=0 clock transition is insen-
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FIG. 1: Magnetic field-induced lattice spectroscopy. Ap-
preximately ten thousand "Yh atoms were cocled,
trapped, and laded into a lattice at the Stack-free wive-
length of 759.35 nm. A pair of current-carrying coils gen-
erated a static m ic field to mix o small portion of the
*Py state inte the Py clodk state split by a frequency &, A
single 575.42nm spectroscopic laser was aligned collinear
to the lattice with a dichroic mirror. The tight confinement
of the atoms in the probe direction provided for Doppler-
and recoil-free eccitation of the clock tmnsition.  Exci-
tation was measured by ,pcru.nd-ata.te fluorescence of the
atoms on the 398 9nm transition. The simplified energy
level diagram is not to scale.

gitive to lattios polarization. However, the hyperfine
interaction leads to first-crder sensitivity to magnstic
fialds {~1-10kHz,/ mT, or ~0.1-1 Hz/m{ ), some resid-
ual lattics polarization sensitivity, and optical pump-
ing issues [8, 9). The use of even isctopes in alkaline
earth-like atoms ( zero nuclear spin) would remove or
significantly reduce thesa issues [10-1Z]. However, the
Lo 3F, clock transition is normally completely for-
bidden in the even isctopes.

As illustrated in Fig. 1, a static magnetic fisld can
be usad to induce o non-zers transition probahbility
on the dock transition in even isotopss [12]. The ap-
plied external magnetic fisld mixas & frastion of the
nearby Py state into the upper clock state, *Fh. The
mixing fracticn is the ratic of magnetic dipole inter-
action energy (he = (PLmy = 0| - B[*m)) to
the 3F;—3F; fine structurs splitting, &, The induced
Rabi frequency on the clock transition with a lasar
tunsd to the 'S;—3F; optical splitting can b= written
(pfle /4, whare (Ip is the laser fisld Rabi frequency
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for the S—3P transiticn. This means that the in- a2 :
duced Rabi fraquency for the clock transition is pro- B L T L]
porticnal to +J | 8|, where [ is the lager intensity and e » -.'. ...-'-l ]
| B| is the magnstic field magnitude. The constant of 3 pgasd . = ]
proportionality in this ralaticnship is similar for the z R
alkaline earth-like stoms Yh, Sr, Ca and Mg (see Ref. E 2.204 k
[1Z]}, suggesting that this method is widely applicable. E 0 1
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B 034 resonance with the lattice laser tuned close to the Seark-
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= o1l experimental cycle. A Gaussian fit to the line yields a
E oo Fourier transform-limited FWHM of approodmately 4 Hz.
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FIG. 2: Spectrum of magnetic Geld-induced 15, — *Fj res-
cnance in lattice.confined ™Yh atoms. The lattice laser
was tuned close to the Stark-free wavelength of 738,35 nm.
Each data point represents a 400 ms cycle of cooling, trap-
ping, probing and detection [see text for details]. A Gaus-
sian ft to the line yields o full width at half-macimum of
20,5 He.

Figures 2 and 3 show linashapes obisined wsing the
magnstic fald-indused spectrosocpic technique with
179% b aboms confined to a 1D lattics, The experimen-
tal details are deseribed comprehensively in Raf. [6).
For the data in Fig. Z, a singls 400 ms messursment
oyele baging with two sequential stages of magnsato-
optical traps (MOTs) on the 15, — 17 (3859 nm)
and S — 3P (006 nm) transitions. Approcimataly
104 atoms with & temperature of 40 gk were then
loaded into the lattice (1/e® waist of ~30 pmj that
was generated by ~1.1 W af light from an injection-
locked Timapphire laser [13]. A 64ms pulss from a
highly stabla (sub-hertz linewidth [14]) dys laser st
47842 nm was applied along the 11 lattics axis as
shown in Fig. 1. The static magnetic feld had a valus
of |B| =1.20mT - abtained by switching the earrent
direction in one of the MOT ooils — and the probs in-
tensity was [ == 230 mW /em?. The remaining ground
state population was then messured with a 3959 nm
probe. The todal sean time in Fig, 2 was ~20 8. A
Gansaisn fit to the line yields a full width at half-
maximum { FWHM ) of 20.3 Hz. The depletion of 40'%
waa achisved with single pulse excitation.

The 1escnance linsshape in Fig. 3 was obtainad un-
dar conditions similar to thoss for the data in Fig. 2.
The vertical axis in Fig. 2 is nol nommalized to full
atam depletion as is the cass in Fig. 2. In Fig. 3 the
exceitation pulse duration was increased to 200 ms and

the eycls time was correspondingly incressad.  Ad-
ditionally, the 1,/&* width of the probe beam in the
vicinity of the atoms was increased from ~-40 pm to
~ 130 pm with respect to the conditions in Fig. 2,
although this change alone was shown to have no no-
ticeabls affect on linewidth, The power was adjusted
for the inereasad beam width and pulse duraticn such
that a 7-pulse was achieved with the same magnstic
field {~1.2 mT). A Gaussian fit to the line yields a
tranaform-limited FWHM of approximataly 4 Hz.

Estimates of potential frequency instability can be
made from the lineshapas in Figa 2 and 2. Using
a signal-to-noise ratio of 10 for the former, the dats
support & one-second frequency instability of -2
10~ The narrowing of linewidth by a factor of five
in Fig. 3 implies a potential one-second instability of
fi x 1078 or ahout ~300 mHz at the dock frequency.
With straightforward efforts this can be improved
even further. The oyele-to-eyels noise that domi-
nates the noise in Figa. 2 and 3 can be significantly
decreasad by use of a normalization scheme based
on optical pumping from the metastable 3P, clock
state, Poasible transitions includas 3Pp—8; (6s72)
and ¥Py—%8, (AsTs) by use of lasers at 770 nm and
649 nm, or *Po— Dy (fefp) with a single lassr at
~1.29 pm. Tegether with a very stable local cscil-
lator, a factor of five improvement in signal-to-noiss
ratic would support one-second instabilies for Yh be-
low 100 mHz. This degres of precision would allow
rapid (10 mHz in ~100 s8] exploration of systematic
uncartainties for fraqueney measurements, delivering
one of the key benefita that nentralatom standards
hawve promisad.

The lattice-confined Yb aystem has already demon-
stratad high stability. Figure 4 shows a diagram of
the terhnique used to lock the clock lasar to the 7™ ¥h
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FIG. 4: Diagram of the technique used to lock the kocal
cacillator at 57642 om to the clock resonance [".".Tg — }Pnj
of lattice-confined "™Yh atoms, AOM2 is used as a switch
that determines probe pulse duration, and is also fre-
quency madulated across the spectroscopic line [:ee beat
for details]. Also shown is the transfer of locked light to
a femtosecond lnser-based optical frequency comb. Fiber
noise canceler [FNC); acousto-optic modulater {AOM);
photomultiplier tube (pmt).

9y — % resonance. The stable light st 57242 nm
for spectroscopy was transferred from another labo-
ratory through ~200 m of fiber and passad through
an acousto-optic modulstor (AOMIL) that was nsed
for low-fraquenecy corractions to the atomic rescnancs,
Moise induced by transferral through the long fiber
is canoeled before the fiber in & standard manner by
usa of phase information from the output facet inter-
nal (back) reflection [15, 16]. After exiting the long
fiber and passing through AOMI, part of the light
waa directed through ancther fiber noise cancelsr and
through a short length of fiber to the experiment.
The probe light then passed through ancther acousto-
optic modulator {AOM2) near the experiment that
wag used ag @ awitch to define the probe pulss dura-
tion. ACM2 was frequency modulated with a square
wave: modulation depth was equal to half the spec-
tromeopic linewidth, and the meodulation period was
twice the oyele time {e.g., 2 = 400 ms for a 20 Hz
linewidthj. After AOM2 the probe light was combined
with the lattiee light by means of a dichrode mirror.
The spectroacopic signal from o photomultiplier was
demculated by a microprocessor, and a correction
signal — proporticnal to the signal diflerence batwaen
both sides of the lineshaspe — was sent to AOMI, as
shown in Fig. 4.

Also shown in Fig. 4 is the method used to mea-
sure relative optical fequenecy stability. A fraction
of the stabilized light at 57842 nm was sent to a
self-raferencad optical fraquency combs [17, 18] The
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FIS. 5 Frequency instability of the lattice-based ¥b op-
tical standard wsing a lineshape with a 20 Hz width un-
der the same conditions as those for the data in Fig. 2
{ie, 5/N ~ 10, total measurement time ~800 ms]. A
beat frequency with light at 857 nm is measured with a
Tisapphire femtosecond-laser based frequency comb. The
857 nm light was locked ta the clock transition in Ca (filled
squares} and locked only to a stable cavity {open cincles).
A eycle pericd of 7 ms and spectroscopic linewidth of
1.15 kHz were used in locking the 857 nm light to the

Ca atoms.

comb was locked to the ¥b light, enabling the comb
to ooherently transfer the stability of the Yb lasar to s
comb eomponent. [19] near the frequency of the NIST
neutral Ca frequency standard at 657 nm [20, 21). We
recorded the beat fraquency betwesn the 657 nm light
and ita nearest Yh-referenced oomb component for &
18 gate time. Figurs 5 shaows the results of the Ca-Yh
comparison, where frequency instability is expressed
as the Allan deviation. The open cireles indicste mea-
suremnents taken when the light at 637 nm was not
lodked to the Ca atoms, but only to its stable optical
cavity, The onesscond value of ~2 x 10715 aontinnes
for gate times ap to 30 5, consistent with long-term
cavity drift. The fillad squaras show results chtained
with the 657 nm light locked to the Ca atoms by uss
of & cyele time of 7 ms and spactroscopic linawidth
of 1.15 EHz. With decreased oyele time and incressed
sarvio gain for the Ca system the cne-second instability
can be decreased to ~3 x 10-15,

The praliminary data in Fig. & suggest that the up-
p=r limit on the ten-second instability of the Yhb fre-
queney refarence is ~1-2 x 105, Az can be seen in
the fAgurs, the relative frequency imprecision batween
Ca and Yb reached the mid-10-% level in less than
100 & of averaging. This means that with a 20 Hz
linewidth and a signal-to-noise ratic of 10 — both of
which can be significantly improved | as we have seen —
asystematic uncertsinties can be evaluated for the Yb
clock at the 100 mHz leval in ~ 100 =,

What are the dominant inaceuracies that nesd to
be avaluated for an Yb optical lattice cleck? For any
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lattice clock the residual light shift doue to the lai-
tice laser must be supprassed. To first coder in in-
tenzity, the slops of the differential light shift with
respect to lattice laser fraquency is ~10~% Hz/Hz in
the vicinity of the ac Stark shift zero-crossing for
the upper and lower clock statas. A millihertz fre-
quency shift, for example, would be cansed by a lat-
tiee laser frequeney shift of ~ 100 kHz away from the
shift-canceling wavelengih (A, ). Control of the lat-
tiee laser frequency to this level should be straight for-
ward, but A, would nead to ke measured to 10—+ pm
for millihertz-lavel uncertainty. Our preliminary mea-
aurements yield A, =THO.A5T + 000005 nm. Whils
determining A, to thres more digits is nontrivial, the
stability improvements indieated above should allow
identification of A, to sufficient precision. The odd
isotopes have an additional requirement on the frst-
arder light shift cancelation for millihertz uncertainty:
becanse of the vector nature of the alates, the lattice
lager polarization must b controllad to 1 mrad or bet-
ter [3, 9).

Suppression of the first-order light shift is sufficient
anly if higher-order terms in lattice intensity can be
naglectad. This is the case for the Sr lattics clock,
where higher-order effects have been shown to con-
tritute s fractional frequency uwncertainty of 10-%
{<1 mHz) [7]. The sacond-crder polarizability, or hy-
perpolarizability, generally depends strongly on po-
larization and proximity to two-photon rescnances.
For Yb, the *Pp (fefp)— Py (Ge8p) transition at
2 x THO.T098 nm is the nearest allowed two-photon
transition. Since this is only ~200 GHz from A, it
will be necessary to look carefully for nonlinesr fre-
quency shifis with lattice intensity. 5o far we hawve
sean no nonlinearitias at the hertz level for intensity
variations in the ~30-85 kW /em® range for lattice
wavalengths ranging from To8.2%0 to 780.357 nm. IF
nacessary, this rescnanos can be suppressad by ensur-
ing a single circular lattice polarization st each atom,
which ean be achisved for multidimensiconal lattice ge-
ometries [2Z].

A lattice clock basad on the odd isctopes (nonzero
nuclear sping must control the magnetic feld at the
atoms to 0.1-1 0T {1-10 pi) in crder to reach milli-
hartz uncertainty [2, 9). As statad sbove, for Yh and
Sr this is dus to the hyperfine mixing between the up-
per clock state (3Pq) and the nearthy *Py (fefip) stata
{i.e., g nonzero for 3Py, which brings first-crder field
sengitivity [23]. Although at first it may seem prob-
lematic to build a fraquency standard based on o rela-
tivaly high biss magnetic fisld, the even-isotops (zero
nuclear sping schems described above appesrs mors
amenable to minimizing B-fisld uncertasinty. Specifi-
cally, the requirements for fisld control leading to mil-
lihertz uncartainty are relaxad by one to two crdeis
af magnitude, and the even isctopes have no mag-

netic substructure, In the ease of Yh, the fisld at
the atoms can be calibrated through spaectroecopy on
the field-senzitive 'Sy (m=0) — *P1 (m=+1} transi-
ticn at 556 nm. The Landeg factor is known to ke
149252 for this transition [24]. Resclution of kilo-
hertz shifts on this transiticn ccaresponds to 0.1 oT
{1 mG) field resclution, which could be done with
lattice-besed o1 even eold atomic cloud spactraseopy.
For a biss field of ~1 mT {~10 3] as is usad in even-
imotope spectroscopy, the quadratic Zesman shift on
the clodk transition is a few hertz. As shown in Fig. &,
we can readily observe frequency shifts at the 100 mHz
level and lower, Together with 0.1 oT (1 mG ) knowl-
edge and control of the field — through fine eontrol
of low current in a second sst of ooils eollocated with
the MOT ecils, for exampls — this should allow us to
datermine the second-order Zeeman shift eccefficient
to suflicient precision for millihertz confidence on the
fisld-related eclock frequency shift. The wse of mag-
natic fisld shielding is not necessary in this prooess,
which presumably eould be necessary with the ~1-
10 kHz/mT {~0.1-1 Hz/mG ) sensitivity of an odd-
imctope lattics clodk.

Fraqueney shifis dus to stom-atom interactions are
expacted to be negligible for threedimensional Lattica
clocks with less-than-unity cooupation [8, 28], The
fermicnie odd isotopes can gensrally have the advan-
tage of negligible collision shifts, but the ensembls
minst be nuclear spin-polarized into a single Mg state.
{Isctopes ®78r, 7™vb, snd '™¥b have nuclear spin
1=9/2, 5/2, and 1;2, respectively. | The magnitude of
the density shift is unknown for bosonic "™Yh and
mnst be experimentally determinsd. The blackbody
shift (BBS) for Yk has been caloulated to be -1.25
+ 0.12% Hz at T=300 K [26]. The fractional fre-
quency errol dus to the uneertainty in this ealoulation
is ~3 x 10~%, High precision sxperiments — using an
off-rescnant infrarad laser, for example [27]- are ulti-
mately neadad to determine the frequency inacouracy
due to the BBS. The high stakility shown here should
allow us to evaluate systematic error in the Y'b lattics
clock to high precision. Focusing first on the higher-
arder lattice light shift and the density shift, we could
b= abla to report a sub-hertz | <1015 absclute fre-
quency measuremeant in the nesr future.
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