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We report on the Lamb-Dicke spectroscopy of the doubly forbidden ð6s2Þ1S0 $ ð6s6pÞ3P0 transition in
199Hg atoms confined to a vertical 1D optical lattice. With lattice trapping of& 103 atoms and a 265.6 nm

probe laser linked to the LNE-SYRTE primary frequency reference we have determined the center

frequency of the transition for a range of lattice wavelengths and at two lattice trap depths. We find the

Stark-free (magic) wavelength to be 362.53(0.21) nm—essential knowledge for future use of this line in a

clock with anticipated 10�18 range accuracy. We also present evidence of the laser excitation of a

Wannier-Stark ladder of states in a lattice of well depth 10ER.
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Through the comparison of many exceptionally accurate
frequency standards, tighter constraints can be placed on
the possible present-day variation of fundamental con-
stants [1–4]. This gives stimulus for increasing the number
of atomic clocks based on different quantum absorbers
with fractional frequency accuracies in the 10�17–10�18

range. Such high-performance frequency references can be
applied to other tests of relativity [5,6], as well as gravita-
tional mapping through redshift measurements [7]. We are
now in the epoch when the accuracy of the best optical
clocks surpasses that of microwave primary standards.
Most notable at present are the aluminum ion [8], mercury
ion [9], strontium lattice [10–12], and ytterbium lattice
clocks [13,14]. While the lowest uncertainty for ultranar-
row transition frequencies is presently exhibited by ion
clocks, optical lattice clocks are relatively new in their
development and have already surpassed the accuracies
of conventional neutral cold-atom clocks [11]. Because
of the presence of a larger number of quantum absorbers
compared with their ionic counterparts, in principle, it
should be possible to evaluate frequency shifts and uncer-
tainties more rapidly. The anticipated minimum uncer-
tainty for such (red-detuned) lattice clocks is in the 10�18

range [15,16].
Lattice clocks have been under development since the

proposal to constrain neutral atoms in an optical lattice
while probing the ultrafine transition [17]. Well-advanced
lattice clocks use Sr [11,18,19] and Yb [13,14]. The
present fractional uncertainties for these standards are
in the low 10�16 range, both of which are dominated by
the blackbody radiation shift. Favorable to a Hg-based
clock is the lower atomic polarizability of Hg, which
implies that the shift due to blackbody radiation is more
than an order of magnitude lower. However, spectroscopy
with ultracold Hg is challenging: only recently has cooling
and magneto-optic trapping of Hg atoms been demon-
strated [15,20,21]. Applied more broadly, ultracold Hg is
a promising candidate for entangled atom experiments and

photo-association spectroscopy in Hg2 molecular studies
[22,23].
Optical lattice trapping constrains atoms to a subwave-

length region, permitting recoil-free spectroscopy with
resolved motional sidebands [24]. However, since the light
used to produce the lattice of potentials causes a deliberate
(spatially dependent) shift of the energy levels, it is neces-
sary to find a wavelength at which both the upper and lower
clock states change by equal amounts, i.e., the Stark-free
(magic) wavelength, �m [17]. In the case of the 1S0 $ 3P0

Hg line, theoretical calculations estimate this wavelength
to be �363 nm [15,25]. Here we perform Lamb-Dicke
spectroscopy on this line for 199Hg atoms confined in a
dipole lattice trap. By repeating frequency measurements at
a range of lattice wavelengths and at two different lattice
depths, we infer �m. The carrier spectrum exhibits asym-
metry away from this light-shift free wavelength; this char-
acteristic is used to infer the magic wavelength by a second
means. The two methods show very good agreement. This
is the first demonstration of lattice-bound atomic spectros-
copy in the deep ultraviolet to our knowledge.
The overall experimental arrangement is shown in Fig. 1

and the relevant energy levels are shown in Fig. 2(a). There
are two frequency quadrupling sequences: (i) for the cool-
ing light at 253.7 nm and (ii) for the 1S0 $ 3P0 probe at

265.6 nm. There is also a separate frequency doubling stage
followed by a power enhancement cavity for the lattice
light. Stabilization of the cooling light is performed with
saturated absorption in a Hg vapor cell. Stabilization of the
clock probe relies on a 8:5� 105 finesse ultrastable optical
cavity heavily shielded from the environment. A fiber laser
at 1062 nm locked to this cavity forms the ultrastable light
source (USL) from which the 265.6 nm probe is derived
[26]. A phase link is made between the infrared USL and
the LNE-SYRTE primary frequency reference [20,26]. The
USL has demonstrated a fractional frequency instability of
5:6� 10�16 [27] and during the course of the measure-
ments here the drift rate remained below 50 mHz s�1.
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The vacuum apparatus and magneto-optical trap (MOT)
configuration is described in previous reports [20,21].
We briefly point out that the cooling is carried out with
the 1.3 MHz wide 1S0 $ 3P1 transition at 253.7 nm with

an intensity of �700 Wm�2 at the MOT center. A tunable
CW Ti:sapphire laser delivering 900 mW is the source
laser for producing the lattice light. Its light is frequency
doubled by use of a Brewster cut LiB3O5 crystal in a bow-
tie resonant cavity with the Hänsch-Couillaud locking
scheme. Up to 280 mW of UV light is produced at a
wavelength near 363 nm. An optical cavity, resonant
with the 363 nm light, is maintained under vacuum in
conjunction with the MOT chamber. The cavity is aligned
vertically and the 363 nm reflecting optics allow passage
for the probe light at 265.6 nm. A 45� planar mirror, set
internal to the cavity below the MOT, is designed to
remove polarization degeneracy. The cavity design is free
of windows, helping to permit a high build up factor and

reducing the level of the scattered light reaching the
detection system. Based on the internal circulating power,
P, of the cavity we can estimate the potential depth of the
lattice trap from, U0 ¼ 4�Hgð�LÞP=ð�c�0w2

bÞ, where

�Hgð�LÞ is the ground-state ac atomic polarizability

(� 5:3� 10�40 m3), �0 is the permittivity of free space,
and wb is the waist radius—here equal to 120 �m. A
suitable energy scale for describing the potential of the
lattice trap is the recoil energy, ER ¼ h2=ð2m�2

LÞ, imparted
to an atom of mass m by a lattice photon with wavelength
�L. The corresponding temperature is ER=kB ¼ 365 nK.
Using a parabolic approximation for the potential at
the bottom of the trap, the longitudinal trap frequency

is: fz ¼ 2�@
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U0=ER

p
=ðm�2

LÞ with radial frequency: fr ¼
fz�L=ð

ffiffiffi
2

p
�wbÞ. Owing to coating damage to the lattice

cavity optics caused by the circulating 363 nm light under
vacuum, the power was limited to 3 W. The corresponding
potential depth is 10ER with fz ¼ 50 kHz. The vertical
alignment of the lattice cavity removes the degeneracy
between vibrational states of adjacent potential wells
(forming the Wannier-Stark ladder of states) and therefore
inhibits tunneling between sites [28]. However, transitions
between these Wannier-Stark states are not expected to be
completely suppressed when atoms are distributed across
excited axial and transverse motional states of a shallow
trap (see below).
The control sequence is illustrated in Fig. 2(b). Atoms

are loaded in the MOT for 1.8 s then, after a 10 ms cooling
and compression phase, the MOT light field is halted (the
magnetic field gradient is maintained). The atoms suffi-
ciently cold remain confined in the wells of the lattice. The
lattice light is held at its maximum level for only a short
duration to minimize damage to the cavity mirrors. While
trapped, the atoms are probed with�200 �W of 265.6 nm
light for 20 ms. The typical release period is 30 ms before
ground-state detection with the 254 nm light (the trap
lifetime is �200 ms). For the 5 ms detection period only
two MOT beam pairs are used; the horizontal beam re-
mains blocked to reduce stray light reaching the CCD. As a
further consequence, recapturing of atoms during detection
is highly unlikely. The fraction of atoms transferred from
the MOT to the lattice trap has been calculated based on a
waist size of 120 �m for the lattice light (the rms radius of
the MOT cloud is �100 �m). At 3 W and 60 �K we
expect 0.07% of the 199Hg atoms to be transferred to the
lattice. In the experiment we detect at least 500 atoms, or
0.05% of the initial MOT cloud, while the detection limit is
equivalent to �40 atoms per cycle.
A fiber link in the IR between the USL and the Hg

apparatus includes active noise cancellation with a double
passed acousto-optic modulator. Sweeping the drive fre-
quency of this modulator performs the scanning of the
clock probe frequency. An example of the 1S0 $ 3P0

transition spectrum is shown in Fig. 3(a), where the time
to generate the trace was 210 s. The line center and width
were determined using Lorentzian line fitting (one may

FIG. 2 (color online). (a) Relevant energy levels for neutral
mercury (hyperfine structure for the fermions is omitted).
Repumping with the 3S1 level is not employed. (b) Operating

sequence for spectroscopy. For atom detection, only two of the
cooling beams are re-engaged.

FIG. 1 (color online). (a) Schematic of the experiment. MOT,
magneto-optical trap; EM, electron multiplication; DFB, distrib-
uted feedback (semiconductor); USC, ultrastable cavity. (b) A
representation of atoms distributed vertically at nodes of the
E-light field maxima.
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expect to use a sinc2 line shape, but the difference is
inconsequential). Frequency measurements and drift rate
of the probe light were measured at regular intervals of 6 to
12 h. This enabled the frequency of the probe signal to be
determined with close to Hz-level uncertainty at the
time of each clock-line scan. The frequency is offset by
the value for the 199Hg line reported in [20], i.e., �c ¼
1 128 575 290 808 400 Hz. The FWHM linewidth of
�4 kHz is broader than expected; e.g., the Fourier trans-
form width of the probe pulse is �40 Hz. It is not easily
affected by the 265.6 nm intensity or duration; further
discussion follows below. There was no measurable fre-
quency shift created by the MOT’s field gradient, which
was maintained during the probing period to improve the
signal strength.

At a given lattice wavelength and lattice depth, spectra
such as that of Fig. 3(a) were recorded multiple times
and the center frequency deduced for each. A series of
such measurements is shown in Fig. 3(b), where
�L ¼ 362:675ð1Þ nm and U0 ¼ 10:1ð0:2ÞER (the error
bars follow from the line fitting procedure). From this we
determine the weighted mean and 1� uncertainty for the
line center frequency. The process was repeated for a range
of lattice wavelengths and at two lattice intensity levels,
the results of which are summarized in Fig. 3(c). The
light-shift frequency is seen to vary linearly with lattice
wavelength and the crossover point corresponds to the
Stark-free wavelength, here equal to 362.61(0.21) nm.
This is within 0.5 nm (or 0.15%) of a recent theoretical
calculation [25]. Reassuringly, the crossover lies within
10 Hz of the frequency previously reported for the 199Hg

line (which had an associated uncertainty of 5.6 kHz). The
ratio of the slopes from the line fitting is 0.57, slightly
lower than the intensity ratio of 0.67. The absolute value
for the slope of the polarizability is 130 HzE�1

R nm�1, or
5� 10�17 E�1

R GHz�1 when normalized by the clock
frequency, which suggests that control of the trapping
frequency to a few MHz will be sufficient for future Hg
clock operation. For comparison, in the cases of Sr and Yb
the slope is �4� 10�17 E�1

R GHz�1. Based on our mea-
surement of �m we find that, from the upper clock state,
two photons at �m can cause excitation into the continuum
with 1.1 eV above the single ionization threshold. This
experimental result helps better determine the two-photon
ionization rate and hyperpolarizability [15].
Since there is no deliberate additional cooling of the

lattice trapped atoms, they will be distributed across vibra-
tional states, as loosely portrayed in Fig. 4. Moving away
from �m the oscillator trap levels for two clock states
become unequal, hence the frequencies �0, �1, �2; . . . ; �n

are no longer equal and the overall carrier spectrum
becomes a superposition of lines profiles with frequency
separation d�v [29]. Assuming a Boltzmann distribution,
the occupation probability over the vibrational states is
pnþ1=pn ¼ expð�hfz=kBTÞ ¼ fB, where T is the tem-
perature. Supporting this are the results shown in
Figs. 5(a) and 5(b) recorded for lattice wavelengths of
361.17 and 364.08 nm, respectively. The opposite skew
in the asymmetry is clearly seen. The line shape function
for fitting to the data is given by,

L ð�; d�vÞ / � XN
n¼0

� ðfBÞn
ð�� �0 þ nd�vÞ2 þ��2

�
; (1)

where � is the frequency detuning and �0 is the center
frequency for n ¼ 0 (�0 can be arbitrary here). A con-
straint is applied to N, since the well depth only permits at
most four longitudinal vibrational levels. The linewidth,
��, is set by that measured near the crossover wavelength
(FWHM ¼ 2��� 4:1 kHz). From the line fitting we
extract the Boltzmann factor (fB � 0:55) and d�v.
(Aside, given fB and knowing the axial frequency to be

FIG. 3 (color online). (a) Profile of the 199Hg clock transition
at a lattice wavelength of 362.15 nm. The fitted line is a
Lorentzian profile. �c ¼ 1 128 575 290 808 400 Hz. (b) A series
of center frequency measurements recorded for the same lattice
wavelength (362.68 nm) and lattice depth (10ER). (c) Light-shift
frequency versus wavelength for two intensity levels of the
lattice trap.

FIG. 4 (color online). Periodic light shifts of the lower and
upper states of the clock transition with several vibrational levels
represented. The lattice light is at the Stark-free wavelength
when h�g ¼ h�e. The shift due to gravity between lattice sites

is 885 Hz ( � 0:018� that of the axial frequency).
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�50 kHz we find T � 4 �K, which matches the depth
of the lattice potentials). By using spectra where the
asymmetry is evident we plot d�v as a function of the
lattice wavelength, as seen Fig. 5(c). The wavelength at
which d�v ¼ 0 is 362.44(0.25) nm, in good agreement
with the previous result from direct spectroscopy.

When probing the clock transition at �L � �m and with
the MOT gradient field off, in an attempt to obtain a narrow
line spectrum, we observe the behavior seen in Fig. 5(d).
The periodic pattern is suppressed when the B-field gra-
dient remains on—for reasons not yet well understood.
Here the oscillatory peaks have a period of �880 Hz.
Numerous tests have shown that the period is not easily
influenced, for example, by changing the 265.6 nm probe
intensity or the lattice depth. Four traces recorded over a
period of 1 h remain ‘‘in phase’’, and when averaged
yielded the same period of �880 Hz. Our conclusion is
that these oscillations arise because, in our shallow trap,
excited Wannier-Stark states are delocalized over several
neighboring lattice sites, making laser excitation through
the Wannier-Stark ladder highly possible. The period ob-
served in the spectrum reflects the change of gravitational
energy between neighboring sites, i.e., mg�L=ð2hÞ ¼
885 Hz (¼Bloch frequency) [28]. By comparison, the ex-
pected first-order Zeeman splitting is below 50 Hz due to
the applied field used to displace the MOT cloud into the
lattice waist. Wannier-Stark transitions have previously
been observed through parametric excitation [30,31], but
as far as we are aware not through pure optical excitation, as
is the case here.

To summarize, ultraviolet light spectroscopy has been
carried out on lattice trapped 199Hg atoms. The magic
wavelength for the clock line in neutral Hg has been
determined by use of two alternative methods. Assuming
the mean of the two measured values, we find this wave-
length to be 362.53(0.21) nm [32].
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FIG. 5 (color online). Profiles of the 199Hg clock transition
displaying asymmetry: (a) �L ¼ 361:17 nm with d�v ¼
�2:0 kHz; (b) �L ¼ 364:08 nm with d�v ¼ 3:0 kHz. Line-fit
profiles are described in the text. (c) Vibrational frequency differ-
ence versus lattice wavelength. (d) Higher resolution scan
of the 199Hg clock transition near the magic wavelength
(�L ¼ 362:678 nm).
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