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Abstract. We report on recent progress in our Ramsey-Bordé interferometer with cold magnesium atoms
at 457.2 nm. A resolution as high as ∆ν = 290 Hz was achieved, which corresponds to a quality factor
of Q = 2.3 × 1012. An upper limit of 170 Hz for the laser oscillator line width is inferred from the
interferometric analysis of the contrast decay induced by the residual atomic motion and spontaneous
emission. The performance of the spectrometer allows to realize an optical frequency standard at 457.2 nm
with a short-term stability of up to σy(τ = 1 s) = 8 × 10−14 with 105 atoms similar to state-of-the art,
non-cryogenic microwave clocks or oscillators.

PACS. 06.30.Ft time and frequency – 39.20.+q atom interferometry techniques – 39.25.+k Atom
manipulation (scanning probe microscopy, laser cooling, etc.)

1 Introduction

Recent progress in atomic cooling and trapping [1–7] as
well as in frequency division by comb generators [8,9]
turned optical frequency standards based on ions and
atoms into promising candidates for new primary stan-
dards. Ultimately, they are expected to combine an ex-
cellent short-term stability and an accuracy which is
comparable or better than state-of-the-art microwave
clocks [10,11]. In comparison to single-ion clocks, the main
advantage of neutral atom clocks is their higher short-
term stability due to simultaneous spectroscopy of typi-
cally 106 atoms. The development of appropriate cooling
and trapping techniques is still an issue with respect to
the achievable accuracy. We report on the progress and
prospects for a future frequency standard based on magne-
sium. Key-elements of optical clocks and frequency stan-
dards are a stable oscillator and an atomic reference with a
high quality factor. In this respect, magnesium is an excel-
lent candidate as it offers ultra-narrow transitions such as
the intercombination lines 1S0 → 3P0,1,2 at λ = 457.2 nm
with linewidths of 31 Hz and less. With our Ramsey-Bordé
interferometer probing the 3 1S0 → 3 3P1(m = 0) transi-
tion, a resolution of 290 Hz was achieved. Major improve-
ments were made in terms of frequency stability of our
dye laser system and in a better signal-to-noise ratio due
to a stable number of trapped atoms. We have investi-
gated the individual contributions to the observed signal
decay at long interrogation times. At temperatures close
to the Doppler limit, TDopp = 2 mK, the effect of the resid-
ual motion of the atoms is still significant. Its influence on
the signal was analyzed in detail by interferometric meth-
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ods combined with Monte-Carlo simulations of the atomic
ensemble.

The experimental results underline the need for effi-
cient cooling techniques in order to increase the resolution
of our interferometer. Extracting the effect of atomic mo-
tion on the contrast decay, an upper limit for the linewidth
of the dye laser of 170 Hz is deduced. When improving
the resolution of the interferometer and the temperature
of the atomic ensemble by using more advanced cooling
techniques, the frequency noise of the laser becomes even
more important for the performance of the frequency stan-
dard [12].

Dye lasers exhibit a broad intrinsic noise spectrum,
which extends up to several megahertz. Nevertheless sub-
Hertz linewidths have been achieved [13]. For magnesium,
a solid-state laser system based on Nd:YVO4 appears to
be a promising alternative. We have demonstrated the co-
incidence of the second harmonic of the 4F3/2 → 4I9/2

transition in Nd:YVO4 with our clock transition.

2 Experimental set-up

Our experimental studies were performed with a Ramsey-
Bordé type interferometer based on laser cooled magne-
sium atoms, similar as described in [14]. Here, we briefly
summarize the main parts and point out major changes
and improvements.

An iodine-stabilized rhodamine dye laser combined
with a second harmonic generation in a BBO crystal
provides 70 mW of light at 285.2 nm for cooling and
trapping 24Mg on the closed 3 1S0 → 3 1P1 transition.
MOT and interferometer are alternately operated with a
cycling rate of 48 s−1. The fluorescence of the trapped
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atoms is averaged over 1 s. After the interferometry cy-
cle only atoms in the ground state are recaptured by the
MOT. The Ramsey-Bordé interferometer modulates the
recapture rate by exciting a fraction of the atoms to the
long-lived state 3 3P1 with a life time of 5.1 ms. These
atoms have a high probability to escape from the cap-
ture range of the MOT before they decay to the ground
state. Hence, the stationary number of trapped atoms de-
fined as equilibrium between loading from a thermal beam
and atomic escape, reflects the population in the ground
state at the exit ports of the interferometer [15,16]. For
our setup, the highest stability in the number of trapped
atoms was achieved for an average number of 105 atoms.
The temperature of the ensemble was typically 3.8 mK,
well above the theoretical Doppler limit (TDopp = 2 mK).

The UV light for the MOT is transported over a 5 m
distance with an active beam pointing stabilization sys-
tem. In order to suppress power fluctuations and cross
coupling of power and pointing instabilities we have imple-
mented a two step power stabilization based on acousto-
optical modulators (AOM) with an estimated servo band-
width of a few tens of kilohertz. Thus, we are able to
reduce fluctuations in the number of trapped atoms to
less than 0.6% for 1 second observation time.

The spectroscopy laser at λ = 457.2 nm is based on
a stilbene dye laser with an output power of 120 mW.
The first frequency stabilization stage consists of a Pound-
Drewer-Hall (PDH) type servo lock [17] onto a stable
Zerodur optical resonator. It controls a fast intra-cavity
electro-optical modulator and a piezo-operated mirror of
the laser resonator. The feedback loop is designed for a
modulation frequency of 13.5 MHz and a unity-gain band-
width of 2 MHz. This scheme reduces the laser linewidth
to 870 Hz measured with a second resonator made of ultra-
low-expansion material (ULE) and with Ramsey-Bordé
contrast interferometry [14]. The residual frequency insta-
bility is mainly caused by mechanical vibrations of the op-
tical table, on which the Zerodur cavity is rigidly mounted.

To improve the linewidth we stabilize, in addition,
our laser system on the ULE resonator with a finesse of
F = 39.000. For efficient suppression of mechanical vi-
brations, the resonator is equipped with a three-stage vi-
bration isolation system. Inside its vacuum chamber, the
resonator is suspended by a two-stage spring-pendulum
damped by Eddy-currents. The system is mounted on a
granite plate (150 kg) attached by rubber ropes (1.8 m) to
the laboratory ceiling. This massive pendulum has a res-
onance frequency of 2.9 Hz and the residual acceleration
on the granite plate is measured to be below 8 × 10−7 g
(rms) at a resolution bandwidth of 0.24 Hz. According
to the Young’s modulus of ULE, this upper limit of the
mechanical noise should lead to a linewidth well below
150 Hz. An optical fiber, guiding the light to the granite
platform, provides stable coupling of the laser light into
the resonator.

The ULE resonator shows a remarkably slow drift
of the average frequency. The two years average is
0.03 Hz s−1 and the maximum drift observed over min-
utes is ±3 Hz s−1 as seen in Figure 1. The drift rates
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Fig. 1. Drift of the Zerodur (a) and ULE (b) resonator over
2 years with respect to our magnesium beam reference. The
insert shows a typical short term drift behavior of the ULE
cavity.

are measured with respect to our Ramsey-Bordé atomic
beam interferometer. The second PDH stabilization onto
the ULE resonator operates at a modulation frequency of
9.7 MHz. Frequency excursions up to 20 kHz are compen-
sated for by steering the frequency of the double-passed
AOM which shifts the laser onto resonance with the first
cavity. The residual long-term drift is corrected by stabi-
lizing the laser to a magnesium atom beam interferome-
ter. With this two-stage scheme, the dye laser’s linewidth
is finally reduced to 170 Hz. This value is an upper limit
and was deduced by measuring the contrast decay of the
time-domain Ramsey-Bordé interferometer for increasing
resolutions.

The temporal sequence of the atomic beam-splitting
pulses is generated by two AOMs. The light pulses are fo-
cused to a waist of w0 = 3.4 mm at the center of the MOT.
For an atomic temperature of 3.8 mK, the beam waist lim-
its the interaction time to about 2 ms. For longer interac-
tion times, the atoms leave the interferometer zone. The
magnetic field of the MOT is switched off 150 µs before
the first interferometer pulse. The chosen pulse length of
4 µs is a compromise between the optimal beam splitting
ratio (τπ/2 = 6 µs) and a broad Fourier bandwidth, which
excites about 9% of the atomic velocity distribution. The
frequency resolution of the interferometer is adjusted by
varying the dark time T between the first and the second
as well as between the third and the fourth laser pulse. To
ensure that the fringe patterns of the two interferometers
originating from the two possible directions of the photon
recoil overlap constructively, the resolution has to be cho-
sen such that the recoil shift δr is an integral multiple of
the resolution. In magnesium, this shift is δr = h/(2Mλ2)
giving δr = 39.62 kHz.

3 Spectroscopic results

The potential short-term stability of our optical interfer-
ometer was characterized with the Ramsey-Bordé inter-
ferometer.

R
apide N

ot

H
ig
hl
ig
ht
 P
ap
er
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∆

Fig. 2. Frequency sensitive low noise interference fringes at
moderate resolution of ∆ν = 1530 Hz (a) and 1105 Hz (b).

We investigated the various contributions that can de-
teriorate the interference signal: residual laser instability,
atomic motion and frequency/phase perturbations during
the transport of the light to the atoms.

We evaluate the potential stability of the laser fre-
quency locked to this interference signal in terms of the
Allan standard deviation, which in our case can be esti-
mated according to

σy(τ) =
1

π Q S/N

√
tm
τ

(1)

for an integration time τ , as given in [18]. The standard
deviation is derived from the signal to noise ratio (S/N)
and the quality factor Q = ν0/∆ν. For the S/N , S is
the half-wave amplitude of the interference signal and N
the noise — i.e. the observed variance σ — of the photon
count rate. Offsets due to detector dark counts or stray
light were at negligible level. The resolution ∆ν is defined
as the FWHM of the frequency dependent sinusoidal in-
terference pattern. It is determined by the time of free
evolution T according to ∆ν = 1/(4T ). tm is the averag-
ing time for one data point. The dominant noise process
is assumed to be white noise. In this work, the Allan vari-
ance is deduced from the interferometric measurement for
1 s integration time. For short time scales, the assump-
tion of white noise is applicable. For longer times we ob-
serve systematic drifts due to fluctuations of the number
of trapped atoms (our measurement scheme does not in-
clude an atom number normalization). Figure 2 shows the
interference signals with the highest signal to noise ratio at
resolutions of ∆ν = 1530 Hz and ∆ν = 1105 Hz. The aver-
aging time for one data point is tm = 1.05 s corresponding
to 50 interferometry cycles. We fit a sinusoidal with a pe-
riod according to the applied pulse sequence. The signal
to noise ratio is calculated using the standard deviation of
the difference between the data points and the fitted func-
tion. The achieved S/N of 8.4 and 6.2 leads to a stability
of σy(1 s) = 8.9 × 10−14 and σy(1 s) = 8.7 × 10−14, re-
spectively. We increase the resolution up to ∆ν = 290 Hz
with a time of free evolution of T = 860.8 µs as shown in
Figure 3.

∆

Fig. 3. High resolution and high stability interference signals
with ∆ν = 394 Hz (a) and 290 Hz (b).
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Fig. 4. Potential stability as a function of the resolution of the
interferometer signal. The best value of σy(1 s) = 8 × 10−14 is
obtained with the highest resolution. Error bars in this figure
display the quality of individual measurements. Dye laser and
atom trap performance, however, appear as a scatter in the
calculated stability values for different measurement days.

The maximum observed stability was σy(1 s) = 7.8 ×
10−14 with a quality factor Q = 2.26 × 1012 similar to
state-of-the-art non-cryogenic microwave clocks [10]. To-
day’s best microwave clock based on cryogenic sapphire
oscillators [19] achieve a stability of σy(1 s) = 1.6 ×
10−14 [11].

Figure 4 summarizes the deduced stability as a func-
tion of the resolution. The Allan variance is clearly re-
duced for increasing resolutions and finally saturates near
σy(1 s) = 8 × 10−14 at ∆ν = 1 kHz. Below 1 kHz, the
decreasing signal amplitude balances the effect of the in-
crease in resolution. At higher resolutions, the signal to
noise ratio is reduced to 1.8 as the atoms start to leave the
interrogation zone. The amplitude diminishes also due to
phase fluctuations of the spectroscopy laser and due to fre-
quency perturbations of the light on the way to the atoms.
In order to deduce an upper limit for the laser linewidth,
we investigated this effect with our atom interferometer
and extracted this contribution using a numerical model.

We operate the Ramsey-Bordé interferometer with
moderate resolution of ∆ν = 4.4 kHz. In this case, the
atomic motion is negligible during the short duration of
the interferometer sequence (0.115 ms). We analyze the
decrease of the interference signal at different expansion
times of the atomic cloud, by varying the time when the

R
ap
id
e 
N
ot
e

H
ighlight Paper



292 The European Physical Journal D

Fig. 5. The observed amplitude decay (m) of the interference
pattern with increasing dark time T . The contribution of the
atomic motion as well as the spontaneous emission is calculated
with a Monte-Carlo simulation (a). The exponential fit (c) of
the residual amplitude decay (b) serves as a rough measure for
the laser linewidth (170 Hz). The analysis is only based on the
amplitude of the interference pattern (AC part) and does not
include the background or DC contribution.

pulse sequence starts. The measurement reveals that the
highest signal amplitude was obtained with the interfer-
ometer placed slightly above the MOT center. This indi-
cates that the atomic ensemble is released with a center
of mass motion directed upwards. For increasing delays of
the start of the pulse sequence (up to 500 µs), the better
overlap between the atomic cloud and the beam splitting
laser leads to a higher signal amplitude of the interference
pattern. For longer delays, the amplitude decreases due to
the isotropic expansion of the atomic cloud. We compare
the characteristic variation of the signal with a Monte-
Carlo simulation and extract the Gaussian sigma σv of
the velocity distribution, the center of mass velocity vcms

perpendicular to the Ramsey-Bordé interferometer beams
and a spatial offset yL of the MOT position to the center
of the interaction zone. For a specific adjustment of the
MOT we find σv = (1.4±0.4) m/s, vcms = (1.2±0.1) m/s
and yL = (1850 ± 50) µm. The Monte-Carlo simulation
averages the de-Broglie wave amplitudes in the ground or
excited state for the specific paths of up to 105 atoms. We
include the decay due to spontaneous emission.

An accuracy of 5% is estimated from parameter vari-
ations within the experimental error bars. Figure 5 shows
the variation of the measured signal amplitude (m) with
increasing interrogation time T . The model predicts the
amplitude decay (a) due to atomic motion and sponta-
neous emission. For T = 634.6 µs the amplitude reduction
amounts to (–28±3)%. The residual atomic motion alone
leads to a decrease of 19% in the relative signal amplitude.

After correcting the measured amplitudes with the
simulation results, one obtains the decay function due to
the phase fluctuations of the light at the location of the
atom interferometer. An exponential fit allows to quan-
tify the laser stability in terms of an equivalent linewidth
for white frequency noise. We determine a spectral width
of δν ≤ (170 ± 15) Hz. The spectral width of the op-

tical field measured with this method provides only an
upper boundary. Another contribution to the observed
linewidth is related to the light transport. The light from
the laser oscillator is transported between two laser tables
over about 5 m distance with an active beam pointing sta-
bilization. Evaluating the phase fluctuations accumulated
on this path by a heterodyne measurement we observe a
contribution of 20 Hz up to 100 Hz to the linewidth. Mea-
surements also indicate that an additional intensity stabi-
lization of our dye laser will improve the performance of
our laser spectrometer. Intensity variations on one hand
lead to an AM-FM noise conversion in the Pound-Drewer-
Hall lock and, on the other hand, they degrade the ac-
tively controlled beam pointing. In order to reduce these
effects we have implemented a power stabilization with
an AOM operated in 0th order. Adjusting the radio fre-
quency power by the servo leads to strong beam pointing
fluctuations which we attribute to the varying heat flow
within the AOM crystal. Instead, we operate the AOM at
constant RF power, and change the diffraction efficiency
by adjusting the frequency. This technique drastically re-
duces the beam pointing fluctuations. A full evaluation of
the influence of the improved power stability has still to
be completed. At a resolution of ∆ν = 1283 Hz (1530 Hz)
we observe a gain in the interferometer signal amplitude
by 30% (10%). The amplitude gain, depending on the re-
alized resolution, clearly indicates a reduction of phase
fluctuations.

4 Further development

The presented measurements underline the importance of
the precise control of the atomic motion for the perfor-
mance of our Ramsey-Bordé interferometer. A reduction
of the atomic temperature makes it possible to increase
the interrogation times as well as to lower systematic
errors [21]. For colder atoms, the spectral width of the
Doppler profile and of the excitation pulse can be per-
fectly matched, which increases the signal to noise ratio.
In the present experiment, only a minor fraction of 9%
of the trapped atoms is excited. For alkaline-earth atoms,
several strategies may provide an avenue to µK temper-
atures [1–7]. We investigate the cooling of magnesium on
ultra-narrow transitions. This cooling technique was suc-
cessfully implemented for calcium by several groups [1–3]
and is expected to be appropriate for magnesium. In mag-
nesium we identified the transition 3 3P1 → 4 1S0 as most
favourable candidate for the quenching process [22]. The
expected final temperature in a MOT configuration, op-
erating on quenched transitions (Quench-MOT) is about
10 µK, i.e. more than two orders of magnitude lower than
the Doppler limit for the singlet transition. The effects of
the residual atomic motion, as observed in this work, will
be substantially reduced. For 4 µs Ramsey pulses, nearly
the full Doppler profile (more than 70%) of the atomic
ensemble will contribute to the interference signal, result-
ing in a high contrast. The higher excitation efficiency
will eventually compensate for the substantial loss of fast
atoms during the transfer into the Quench-MOT. Based
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Fig. 6. Estimation of the possible stability of an oscillator
locked to a Ramsey-Bordé spectrometer based on ultra-cold
atoms (c). The minimum instability will be σy(1 s) = 7×10−16

with 105 atoms. For comparison ultimate values for cold atoms
at 3.8 mK (a) and 100 µK (b) are shown.

on the Monte-Carlo simulation described above, with an
estimate of 105 ultra-cold atoms, one can expect a stabil-
ity of σy(1 s) = 7 × 10−16 at a resolution of ∆ν = 100 Hz
as to be seen in Figure 6.

The expected stability should exceed the possible val-
ues for ion clocks significantly. For single Hg+ ions the
quantum projection noise limit will be reached at about
σy(1 s) = 2 × 10−15 [23]. The simulation does not in-
clude the Dick effect, which describes the influence of the
noise of the spectroscopy laser on the frequency stabil-
ity [24–26]. Ultimately, the achievable frequency stability
depends on the spectral noise of the spectroscopy laser
and the sensitivity function of the interferometer, which
is determined by the resolution, and the duration of the
atomic preparation and detection. Generally, a large duty
cycle, d = 2T/Tc, defined as the ratio of the interferom-
etry sequence and the full measurement cycle (including
preparation as well as detection of the atoms) reduces the
effect of the spectral noise of the spectroscopy laser on the
instability [28]. Simulations show that quench cooling ex-
tends the atomic preparation by about 20 to 30 ms, which
is still less than the time of at least 100 ms for loading the
MOT with 106 atoms. For a typical resolution of 200 Hz
(2.5 ms duration of the full interferometer sequence), the
atomic preparation results in a duty cycle larger than
0.03. To obtain a short-term stability of 10−15 in 1 s as
anticipated in Figure 6, a laser frequency noise level of
about 100 mHz/

√
Hz at frequencies above fc = 1/Tc is re-

quired [28]. The Dick effect, hence, sets severe demands on
the spectroscopy laser. We therefore plan to replace the
currently used dye laser with its high intrinsic frequency
noise by a frequency-doubled Nd:YVO4 solid-state laser,
with a thin-disc geometry [27]. The laser system, based
on a semifocal cavity with two etalons, provides about
1 Watt at 914 nm in the TEM00 mode and is pumped
with two 20 W diode lasers. The second harmonic of the
transition 4F3/2 → 4I9/2 in Nd:YVO4 covers the spectrum
of the intercombination transitions in magnesium. The co-
incidence with the clock transition was demonstrated by

a heterodyne measurement of our dye laser system locked
to a thermal magnesium beam and the second harmonic
generated in single pass in PPKTP. In the future, compar-
isons of the laser line widths are possible by direct beating
of the dye laser and solid state laser light fields. Another
possible all-solid-state solution for the interferometry laser
could involve a diode laser and tapered amplifier as source
for the fundamental wavelength of 914 nm.

5 Conclusion and outlook

Summarizing our work, this paper reports on our cur-
rent activities to develop an optical frequency standard
for magnesium. We demonstrated a Ramsey-Bordé inter-
ferometer with resolutions as high as 290 Hz at 655 THz
— one of the key elements of an atomic frequency stan-
dard. The performance of this set-up permits to stabilize
the frequency of a laser with a short term stability of up to
σy(1 s) = 8 × 10−14. Major improvements are a two-stage
frequency lock on an ultra-stable resonator and a very
reproducible preparation of the atoms. The residual ther-
mal and center of mass motion of the atoms is shown to be
a major limit for further improvement of resolution and
stability. The precise preparation of atoms at low temper-
ature is also crucial for the achievable accuracy. We have
pointed out possible strategies to achieve ultra-cold tem-
peratures and intrinsically stable lasers for magnesium.
With these techniques a stability of σy(1 s) = 10−15 should
be in reach. Heading towards this regime, laser sources
exhibiting frequency noise levels below 1 Hz/

√
Hz at rel-

evant frequencies have recently been demonstrated, using
a rather simple and robust new mounting scheme for the
reference cavity [29]. A major task is the precise measure-
ment of the clock transition frequency for magnesium and
a detailed study of systematic errors. Nowadays, optical
comb generators and lasers at 914 nm provide a practical
solution. With all these ingredients, we believe magnesium
to represent an interesting candidate for future frequency
standards and frequency comparisons, which are of high
relevance for fundamental tests such as the verification of
constancy of basic physical constants.
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22. T.E. Mehlstäubler, J. Keupp, A. Douillet, N. Rehbein,
E.M. Rasel, W. Ertmer, J. Opt. B 5, 183 (2003)

23. R.J. Rafac, B.C. Young, J.A. Beall, W.M. Itano, D.J.
Wineland, J.C. Bergquist, Phys. Rev. Lett. 85, 2462
(2000)

24. J. Dick, in Proc. 19th Annual PTTI Systems and
Applications Mtg, 133 (1987)

25. J. Dick, J.D. Prestage, C.A. Greenhall, L. Maleki, in Proc.
22nd Annual PTTI Systems and Applications Mtg, 487
(1990)

26. G. Santarelli, C. Audoin, A. Makdissi, P. Laurent, G.J.
Dick, A. Clairon, IEEE Trans. Ultrason. Ferreoelectr.
Freg. Control 45, 887 (1998)

27. J. Gao, OSA Trends in Optics and Photonics (TOPS) 73,
Conference on Lasers and Electro-Optics, OSA Technical
Digest, Postconference Edition (Optical Society of
America, Washington DC, 2002), Vol. 175

28. A. Quessada, R.P. Kovacich, I. Courtillot, A. Clairon, G.
Santarelli, P. Lemonde. J. Opt. B: Quant. Semiclass. Opt.
5, 150 (2003)

29. M. Notcutt, L.-S. Ma, J. Ye, J.L. Hall, Opt. Lett. 30,
1815 (2005)

R
apide N

ot

H
ig
hl
ig
ht
 P
ap
er


