Frequency stability of a wavelength meter and application to
laser frequency stabilization
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Interferometric wavelength meters have attained frequency resolutions down to the MHz range. In
particular, Fizeau interferometers, which have no moving parts, are becoming a popular tool for laser
characterization and stabilization. In this article, we characterize such a wavelength meter using an
ultra-stable laser in terms of relative frequency instability oy (7) and demonstrate that it can achieve
a short-term instability o,(1s) ~ 2x107*° and a frequency drift of order 10 MHz/day. We use this
apparatus to demonstrate frequency control of a near-infrared laser, where a frequency instability
below 3x107'° from 1 s to 2000 s is achieved. Such performance is for example adequate for ions

trapping and atoms cooling experiments.

1. Introduction

Laser frequency stabilization is an ubiquitous tool
used in several domains such as spectroscopy, laser
cooling of atoms, ions or molecules, frequency
metrology, atomic frequency standards and sensors
or quantum information processing. Whereas fre-
quency metrology and optical atomic clocks require
ultra-stable lasers with relative frequency instabil-
ities o, below 10715[1], applications such as atom
cooling can be performed with short-term instabil-
ities of order 1071 or below, which is sufficient to
ensure that the laser frequency is stabilized within
the natural linewidth of the involved transitions.
This is usually achieved using an atomic reference in
a saturated absorption setup, using a neutral atom
gas cell [2] or ions in a discharge lamp [3, 4]. When
no atomic line can be used, an optical resonator is
preferred. For example, Fabry-Perot (FP) cavities
or, more recently, optical micro-resonators [5, 6] are
good candidates for such applications.

On the other hand, these cavities often exhibit
high frequency drifts and need to be in turn stabi-
lized to atomic references [7, 8] and act as so-called
"transfer cavities”, or to be frequently compared
to an atomic line. Recently, interferometric wave-
length meters have been demonstrated to be a valid
alternative, and have been used both as character-
ization devices and as frequency stabilization tools
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[8-10]. Commercial wavelength meters have been
recently used in atomic spectroscopy [9] and in ion
trapping and cooling experiments [8, 10].

Such apparatus have been partly characterized
in terms of long-term drift [9] and frequency stabil-
ity [10]. Nevertheless, to our knowledge, no prior
full characterization of both wavelength meters fre-
quency instability and frequency-locking perfor-
mance have been performed. In this article, we
first characterize a commercial wavelength meter in
terms of fractional frequency istability o, (7) using
the Allan deviation. We show that its resolution
limit is well below the specified 10 MHz resolution
and that its frequency drift can be reduced down
to about 3x1071 7 (about 10 MHz/day) in a well-
controlled environment. Afterwards, we perform a
frequency-locking of a telecom laser by the wave-
length meter and we measure its frequency stabil-
ity by comparison with an ultra-stable laser. We
finally show that the locking performance of such
device is good enough to be used for ion trapping
and atom cooling experiments.

2. Wavelength meter characterization

2.A. Wavelength meter

The wavelength meter we are characterizing and
using in this article is a Standard WS7 wavelength
meter from HighFinesse. This wavelength meter
can perform wavelength measurements for CW and
pulsed lasers in the 350 - 1120 nm range. It con-
sists of an 8 L fiber-coupled optical unit based on
five Fizeau interferometers that create interference



patterns. These patterns are detected by two CCD
arrays and transmitted to a software that calculates
the wavelength of the laser under test in comparison
with an internal reference (a built-in Neon lamp is
used to calibrate the device). In addition, a multi-
channel fiber-switch unit can be used to measure up
to eight lasers and an optional PID regulator analog
output can be used to perform a frequency-lock for
all these lasers. We plan to use the 4-channel ver-
sion of the switch to simultaneously measure and
stabilize the cooling and ionization lasers at 369.5
nm and 398 nm.

2.B.
setup

Frequency instability characterization

In order to characterize the abovementioned wave-
length meter in terms of relative frequency stabil-
ity, we have used the experimental setup depicted
in Fig. 1. In this setup, a 1542 nm telecom laser
(a Koheras AdjustiK™ E15 from NKT Photon-
ics) is stabilized to an ultra-stable FP cavity fea-
turing a theoretical relative frequency instability of
8x10716 at 1s. The stabilized 1542 nm laser was
used as an optical frequency reference, as it fea-
tures a relative frequency instability in the order of
2x 1071 at 1s [11]. Afterwards, a beam splitter was
used to extract a fraction of the ultra-stable laser
beam (~20 mW) that was then sent to a frequency
doubling crystal. Indeed, since our wavelength me-
ter only covers the 350-1120 nm range, we had to
multiply the ultra-stable laser frequency. This was
done using a nonlinear frequency doubling crystal
(a periodically poled lithium niobate (PPLN)) [12].
Although the doubling efficiency was relatively low
(we obtain 0.7 uW at 771 nm for a CW injected
signal of 20 mW at 1542 nm), the detection thresh-
old of the wavelength meter is on the other hand
below 1uW (0.066 W for an exposure time of 150
ms). We therefore always obtained sufficient power
at 771 nm to perform our measurements. In the fol-
lowing, we assume that the second-harmonic gen-
eration module does not degrade the ultra-stable
laser relative frequency instability [13, 14].

2.C.

Once the required power was detected by the wave-
length meter, we were able to estimate the wave-
length meter relative frequency instability. To do
so, we have computed the Allan deviation of the
measured wavelength (771 nm) when using the
ultra-stable laser frequency-doubled signal as an in-
put. The ultra-stable laser frequency instability has
been checked to be well below 1x10~! from 1 s to

Frequency instability measurements
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Fig. 1. Wavelength meter characterization bench: a
1542 nm laser (USL) is stabilized to an ultra-stable FP
cavity (US-FPC) and frequency-doubled using a non-
linear crystal. The resulting signal is fiber-coupled to
the wavelength meter (WM). The standard Allan devia-
tion of the optical frequency measured and recorded by
the wavelength meter is computed in order to estimate
the wavelength meter relative frequency instability. PD:
photodiode; LF: loop filter.

10000 s during the wavelength meter characteriza-
tion. Since the ultra-stable laser frequency insta-
bility is far below the wavelength meter instability,
the resulting Allan deviation is a good estimate of
the wavelength meter relative frequency stability.
The result is shown in Fig. 2 (open circles). The
presented result shows a relative frequency insta-
bility of 2x10719 771/2 from 0.15 s to 10 s and a
long-term frequency drift of 8x10~'2 7 (about 27
MHz/day).

As we have suspected a thermal sensitivity of the
wavelength meter to the variations of the room tem-
perature, we have encompassed the wavelength me-
ter in a thermally isolated box and the measure-
ment was repeated. The temperature fluctuations
in the box are reduced by an order of magnitude
at 7 = 100s as compared to the room temperature
fluctuations. The Allan deviation of the new mea-
surement is shown in Fig. 2 (red circles). As one
can see, we were able to reduce the wavelength me-
ter frequency drift down to about 3x107!3 7 (about
10 MHz/day). This reduction in the frequency drift
is also perceptible in the recorded optical frequen-
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Fig. 2. Comparison of calculated Allan deviations:

ultra-stable laser [measurement performed by the wave-
length meter when it was not isolated (pink3 open cir-
cles) and when it was encompassed in a thermally iso-
lated box (red circles)], free-running LUT (measurement
performed by the wavelength meter; black open trian-
gles), free-running laser under test (LUT) (measurement
performed by the frequency counter; blue triangles) and
LUT stabilized by the wavelength meter (measurement
performed by the frequency counter; black squares).

cies in the time domain for slightly more than three
hours only. As a result, one can conclude that the
stability of laser sources featuring a frequency in-
stability above the red curve presented in Fig. 2
can be accurately characterized by this wavelength
meter. Moreover, the obtained relative frequency
instability (Fig. 2, red circles) indicates a frequency
resolution far below the instrument technical spec-
ification given by the manufacturer.

The frequency instability of the wavelength me-
ter is in fair agreement with previously published
results. Kobtsev et al. measured frequency drifts
much higher than what we obtained without the
thermal insulation box but used a previous gener-
ation of wavelength meter [9]. The drift measured
in [10] is of the same order of magnitude than what
we obtained without the insulation box. As for the
short-term fluctuations, the only value known to
us is published in [10] and corresponds to a rela-
tive frequency instability of about 2.2x107°. This
is an order of magnitude higher than our findings,
but the specific conditions of the measurement (es-
pecially the optical power sent to the wavelength
meter) may have impacted its frequency instabil-

1ty.

3

3. Laser frequency stabilization by the wave-
length meter

Since we now know the limits of the wavelength
meter in terms of frequency instability, we have
performed different experimental tests to explore
the wavelength meter performance in terms of
frequency-locking. For this purpose, we have used
a dedicated characterization setup including a sec-
ond telecom laser (a second Koheras AdjustiK™
E15 from NKT Photonics).

3.A.

We have used the experimental setup depicted in
Fig. 3 in order to characterize the wavelength meter
frequency stabilization performance. In this setup,
the aforementioned ultra-stable laser was used with
a second telecom laser considered as the LUT. First,
a beam splitter was used to extract a fraction of the
LUT beam (/~20 mW) that was then sent to the
PPLN frequency doubling crystal. The frequency-
doubled signal of the LUT was then sent to the
wavelength meter to be measured and to generate
a control signal in order to stabilize the LUT fre-
quency. On the other hand, the 1542 nm fraction of
the LUT beam was combined with a fraction of the
ultra-stable laser beam. The optical beatnote was
detected by a fast photodiode featuring a 10 GHz
bandwidth (a DSC30S photodiode from Discovery
Semiconductors). We have then manually tuned
the LUT optical frequency to be at approximately
6 GHz from the ultra-stable laser frequency. To
characterize the frequency instability of the 6 GHz
beatnote at the photodiode output, we divided the
beatnote signal frequency down to 10 MHz. The re-
sulting signal was finally sent to a frequency counter
referenced to a hydrogen maser.

Frequency-lock characterization setup

3.B. laser

ments

Free-running instability measure-

Firstly, we have computed the Allan deviation of
the measured wavelength (771 nm) when using the
free-running LUT frequency-doubled signal as an
input for the wavelength meter. We have also com-
puted the Allan deviation of the beatnote between
the ultra-stable laser and the free-running LUT,
measured by the frequency counter. Both results
are respectively depicted in Fig. 2 (blue trinalges,
black open triangles). These results, and the cor-
responding measured frequencies using the wave-
length meter and the frequency counter, show a
very good agreement between the measurements
performed using the wavelength meter and those
performed using the optical beatnote signal. This
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Fig. 3. Frequency-lock characterization setup. The laser
under test (LUT) is frequency-doubled so that its fre-
quency can be measured and corrected by the wave-
length meter. An optical beatnote between the LUT and
an ultra-stable laser is detected by a photodiode and di-
vided down to be measured by a frequency counter for
characterization. PD: photodiode; LF: loop filter.

confirms the very good reliability of the wavelength
meter as a frequency instability characterization in-
strument.

3.C.

meter
A frequency-lock of the LUT was performed using
the wavelength meter. For this purpose, we had
to first set the appropriate gain for the wavelength
meter digital loop filter and define the reference
wavelength to which the LUT would be stabilized.
The control signal acted on the LUT piezoelectric
transducer. Once the LUT was locked, we have
measured its frequency instability using the optical
beatnote scheme and the frequency counter. The
calculated Allan deviation is represented in Fig.
2 (black squares) and the corresponding measured
frequencies are shown in black in FIG. 4. These
results, and more clearly Fig. 2 results, reveals
that the LUT had a lower short-term frequency
instability than the wavelength meter (1.5x10719
at 1s vs 2x10710 at 1s for the wavelength meter).
This has also been confirmed by comparing the
phase noise spectra of the optical beatnote when
the LUT was locked and when it was in free-running
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Fig. 4. Temporal variations of the LUT frequency

measured by the frequency counter: free-running LUT
(dark-blue curve) and LUT stabilized by the wavelength
meter (black curve).

regime. Additionally, from Fig. 2 results, we can
see that the locked LUT had a lower frequency drift
(1.4x10713 7; about 2.3 MHz/day at 1542 nm) than
what was previously measured for the wavelength
meter (3x1071 7; about 10 MHz/day). This dif-
ference in the frequency drift was most probably
due to room temperature variations which differ-
ently affected the two measurements as they were
performed at different times. On the other hand,
the peak shown at 7 = 16 s was due to oscillations in
the LUT frequency resulting from small frequency
jumps in the LUT (see the inset figure in Fig. 4)
that were not fully rejected due to a lack of gain
in the control loop. The origin of the frequency
deviations in our LUT is still unidentified.

All things considered, we can see that a fre-
quency instability below 3x107!0 from 1 to 2000s
was achieved for the LUT stabilized by the wave-
length meter. This confirms that such instruments
have very good measurement and frequency-control
performances. In particular, this is slightly lower
than the results obtained with discharge lamps [3].
These performances are particularly interesting for
several applications in the time and frequency do-
main and in fundamental physics experiments (ex.
ions trapping, atoms cooling, etc.).

4. Conclusion

We have characterized a commercial wavelength
meter that exhibits a frequency instability o, (7) =
2x10710 771/2 from 0.15 s to 30 s, and a long-term
frequency drift of 3x10713 7 (about 10 MHz/day).
This indicates a frequency resolution far below the



apparatus technical specification. We demonstrate
laser frequency locking to the wavelength meter
with a residual frequency instability below 3x 10710
for integration times between 1 s and 2000 s, low
enough to be used in a laser cooling experiment.

The frequency drift of the WS7 is lower than typ-
ical low-finesse cavities, and is sufficiently low for
operating a laser cooling setup over the course of
a day. Locking or comparison to an atomic refer-
ence will still be necessary for continuous operation
on longer timescales, like is typically required in
atomic clock setups that require long integration
times. This drift could also be lowered by actively
locking the wavelength meter temperature.

In conclusion, Fizeau wavelength meters have
proven to be versatile experimental tools allowing
both characterization and frequency stabilization of
narrow-linewidth lasers. In addition, one can use
fibered MEMS switch to stabilize several lasers us-
ing the same wavelength meter, relieving from the
need of a complex frequency stabilization optical
bench. In this manuscript, we have fully character-
ize the frequency resolution and stability of such an
apparatus, providing guidelines and bounds to the
performances they can achieve.
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