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Subhertz linewidth diode lasers by stabilization to vibrationally and thermally compensated

ultralow-expansion glass Fabry-Pérot cavities
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We achieved a 0.5 Hz optical beat note linewidth with ~0.1 Hz/s frequency drift at 972 nm between two
external cavity diode lasers independently stabilized to two vertically mounted Fabry-Pérot (FP) reference
cavities with a finesse of 400 000. Vertical FP reference cavities are suspended in midplane such that the
influence of vertical vibrations to the mirror separation is significantly suppressed. This makes the setup
virtually immune for vertical vibrations that are more difficult to isolate than horizontal vibrations. To com-
pensate for thermal drifts the FP spacers are made from ultralow-expansion (ULE) glass which possesses a zero
linear expansion coefficient. A design using Peltier elements in vacuum allows operation at an optimal tem-
perature where the quadratic temperature expansion of ULE could be eliminated as well. The measured linear
drift of such ULE FP cavity of 63 mHz/s was due to material aging and the residual frequency fluctuations
were less than =20 Hz during 16 h of measurement. Some part of the temperature-caused drift is attributed to
the thermal expansion of the mirror coatings. Thermally induced fluctuations that cause vibrations of the mirror
surfaces limit the stability of our cavity. By comparing two similar laser systems we obtain an Allan instability

of 2 10715 between 0.1 and 10 s averaging time, which is close to the theoretical thermal noise limit.
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I. INTRODUCTION

Optical atomic clocks and high-resolution laser spectros-
copy require spectrally narrow laser light. Even though ex-
ternal cavity diode lasers in general have broad emission
spectral linewidths in the MHz range caused by fast phase
fluctuations, their simplicity, ease of use, and cost make them
attractive if the linewidth can be reduced significantly. This
is accomplished by stabilization to an external high finesse
Fabry-Pérot (FP) cavity with a narrow resonance linewidth.
To provide sufficient power for frequency conversion to
shorter ~wavelengths master-oscillator power-amplifier
(MOPA) systems are used [ 1-3]. Previously we reported on a
MOPA laser system with two frequency doubling stages [4]
suitable to excite the narrow 1S—2§ two-photon transition in
atomic hydrogen that possesses a natural linewidth of 1.3 Hz.

In this work we report on the design of an optical refer-
ence cavity for a wavelength of 972 nm that allows the re-
duction of the laser linewidth below 1 Hz, while the fre-
quency drift is about 0.1 Hz/s. This wavelength is the fourth
subharmonic of the 243 nm radiation used to excite 15-2S
two-photon resonance in atomic hydrogen. Besides simplify-
ing a possible optical atomic clock based on 15—2S§ transi-
tion, this laser system facilitates spectroscopy on more exotic
hydrogenlike systems such as tritium, positronium, and anti-
hydrogen that are only available in the harsh environment of
accelerator laboratories. In future experiments of this type a
solid state laser system may replace the dye laser used so far
[5].

In recent years it has become possible to significantly re-
duce laser linewidths thanks to improved FP reference reso-
nators. In 2006 a diode laser with 1 Hz linewidth at 657 nm
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was reported [6] and in 2007 a diode laser at 698 nm with
0.4 Hz linewidth was successfully demonstrated [7]. A dye
laser possessing sub-Hz linewidth was already demonstrated
in 1999 but with a large and complex vibration isolation
setup that consisted of an optical bench suspended on rubber
bands [8]. This type of vibration isolation very effectively
dampens horizontal accelerations due to its swaying motion.
In our setup we use a compact active isolation platform that
can isolate both horizontal and vertical acceleration by ap-
proximately the same amount. The FP cavity mirrors are op-
tically contacted to the ends of a spacer determining the mir-
ror separation [. To set the scale for the required length
stability one notes that the relative frequency variations
Av/v are identical to the relative mirror distance variations
Al/l. To reach a stability of 107! using a typical mirror
separation / around 10 cm the maximum tolerable length
variations are on the order of one-tenth of the proton radius.
This is the reason why any deforming forces caused by seis-
mic and/or technical vibrations must be prevented from
reaching the cavity.

Suspension of the FP cavity in a vacuum chamber using
thin wires allows readily excitable pendular motion and for
this reason rigid mounting is preferred. We choose to use a
vertically oriented FP reference cavity mounted at the mid-
plane so that vertical accelerations of the supporting struc-
ture leave the separation between mirrors largely unaltered
[7,9,10]. Figure 1 illustrates this concept. It is also possible
to rigidly mount a horizontally oriented FP reference cavity
at a carefully chosen position to achieve the same effect
[11,12] but the optimal suspension position has to be care-
fully calculated.

Another issue that affects the stability for averaging times
larger than several seconds is the dimensional stability due to
temperature variations. Certain glass ceramics can be made
with very low thermal expansion and the one made by Corn-
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FIG. 1. (Color online) Suspending the Fabry-Pérot cavity at the
horizontal midplane its lower part is stretched while the upper part
is compressed by gravitational sag. Choosing the proper mounting
point the two effects cancel such that the distance between the
mirrors remains unchanged. For the same reason, the cavity length
is immune to other vertical accelerations caused by seismic and/or
technical noise.

ing is called ultralow-expansion glass (ULE). ULE is a
titania-doped silicate glass that has a specified thermal ex-
pansion minimum at some temperature 7, around room tem-
perature. When used as a spacer such material reduces the
thermal drift considerably and one is left with the quadratic
dependence of the relative length as follows:

Aviv=Alll~ 10T -T,)?, (1)

where T is FP temperature and the coefficient can be deter-
mined from optical beat note frequencies at several tempera-
tures.

To reduce the quadratic dependence the temperature
should be stabilized as well as possible, and ideally around
T.. For a cavity stabilized at T. the average drift can be as
low as 3.2 mHz/s and the frequency excursions can remain
within 1.5 kHz during one day [21]. There is yet another drift
due to aging of this material. For the cavity used in [5] it is
+60 mHz/s calculated from a time span of several years.
Unfortunately, quite often 7, of ULE supplied by Corning is
below room temperature. This poses a problem because cool-
ing of the vacuum chamber that houses the ULE cavity is
more difficult than heating as water condensation on the op-
tics occurs when temperatures below +15 °C are required.

In the following we describe and compare two identical
reference FP cavities with quite different housings. The one,
called FP1, is stabilized above room temperature by heating
the vacuum system. By observing the FP1 frequency at sev-
eral temperatures above room temperature we determined 7,
to around 7 °C. After this finding we built a second refer-
ence cavity (FP2) that could be stabilized to its T, of 12.5 °C
with Peltier coolers in vacuum. It turned out that good tem-
perature stabilization is still important for FP2 as the thermal
expansion of the mirror coatings starts to make a significant
contribution to the frequency stability.

II. EXPERIMENTAL SETUP
A. Design of the midplane mounted ULE FP cavities

We choose to use vertically mounted FP reference cavities
[7] shown in Fig. 1. The spacer is chosen rather short (77.5
mm) to have good mechanical stability and high mechanical
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FIG. 2. (Color online) Assembly of the ULE FP1 cavity whose
temperature is stabilized by heating. The heaters and the tempera-
ture sensors are not shown.

resonance frequencies. Together with the holding rim it is
made from a single piece of premium grade ULE. The cavity
mirror substrates are also made from ULE to avoid stress to
the spacer caused by thermal expansion. Unfortunately it was
not possible to make the mirrors from the same piece as the
spacer. The high-quality mirror coatings have 38 layers of
SiO, and Ta,Os5 with a total thickness of 5 um and are
optimized for the highest achievable cavity finesse at 972
nm. One mirror is flat and the other is concave with a 50 cm
radius of curvature. With these parameters the transverse
modes are not degenerate in order to obtain a well separated
TEM,, mode and a narrow linewidth. We use two such FP
cavities manufactured by Advanced Thin Films, CO, USA.

The FP cavity spacer rests on three Teflon posts that have
cuts with reduced diameter to soften the support as shown in
Fig. 1. This helps to isolate the cavity from horizontal and
high-frequency vertical vibrations. To reduce radial forces in
the spacer due to thermal expansion of the support structure
the posts are resting in holes of a Zerodur ring that has a
smaller thermal expansion coefficient than the vacuum
chamber itself. For transportation, the cavity is fixed loosely
to the posts with screws and there is a protecting Teflon ring
on the chamber wall.

B. Cavity FP1 stabilized by heating

The design of the housing is drawn in Fig. 2. The ULE FP
cavity is placed in a custom-made cylindrical vacuum cham-
ber made from commonly used technical aluminum alloy.
Aluminum allows more uniform heating and vibration damp-
ing than stainless steel. For UHV compatibility the Al parts
were treated with a strong sodium hydroxide to remove the
porous oxide followed by immersion into concentrated nitric
acid that produces a dense oxide [22]. All seals are made
from indium. With a 3-1/s ion getter pump we achieve the
pressure of 1X 1077 mbar at 30.5 °C. A vacuum stability of
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1 X 1078 mbar is necessary to reduce the pressure-induced
shift to a 1 Hz level. There is a baffle blocking the direct line
of sight between the ion pump and the ULE FP because the
radiation from its filament can heat the spacer [7].

An analog temperature servo system with one temperature
sensor is used for stabilization of the Al vacuum vessel.
Strictly speaking such a servo system can fix the temperature
at the location of the sensor only, leaving temperature gradi-
ents from coupling to the environment, say by heat radiation.
These gradients change with the environment limiting the
temperature stability that can be achieved by this method. To
reduce this effect it is necessary to operate near the environ-
ment temperature and to put the vacuum vessel in another
temperature-controlled Al box. It may seem obvious to use
several temperature control systems distributed over the Al
box to achieve a homogeneous temperature. However, ana-
log servo systems for such a case are difficult to realize be-
cause they tend to work against each other as there is an
infinite number of stable operating points with different dis-
tribution of heating power among the servos. It turns out that
simple controllers, which can turn the heaters only on and off
with a 1 mK hysteresis, can be used for that purpose without
competing. We use six such switching controllers, each with
its own section of heating foil to control the temperature of
the acoustically sealed Al box surrounding the Al vacuum
chamber to 30 °C as shown in Fig. 2. For this purpose we
calibrated six AD590 temperature sensors as they can have a
1 °C manufacturing offset. We could not observe any notice-
able aging of these sensors at a sub-mK level during a few
days of calibration measurement.

One of the problems encountered was the crosstalk of
switching spikes that eventually synchronized all the control-
lers and compromised the stability. To avoid this effect we
have installed optocouplers to transmit the switching signals.
To decrease temperature oscillations the output currents of
the controller channels can be adjusted individually for on as
well as for off states. To further suppress the influence of the
heat radiation penetrating the setup from outside it is
wrapped in multiple layers of highly reflective aluminum-
coated Mylar shields widely used in cryogenics. Good ther-
mal insulation from the environment allows one to filter out
fast ambient temperature fluctuations and allows a more uni-
form temperature distribution across the Al box.

The temperature-stabilized Al box provides a stable tem-
perature environment for the Al vacuum vessel that houses
the ULE spacer. The vacuum vessel is stabilized at 30.5 °C
which is only slightly above the temperature of the Al box.
The thermal time constant of the vacuum chamber relative to
the Al box was measured as 3 h. The compact size of the
vacuum chamber (15 cm height, 12 cm diameter) facilitates
good temperature control. It is equipped with two AD590
temperature sensors: one of them used for regulation and the
other for monitoring. Each of them provides a current of
1 nwA/K that is transformed into a signal of 3 V at T
=300 K by a 10 k) precision resistor (manufactured by
Vishay) resulting in a voltage sensitivity of 10 mV/K. In
principle, a 50 k() thermistor could give approximately five
times larger voltage sensitivity, but thermistors have a non-
linear temperature dependence and need a four-wire connec-
tion.
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FIG. 3. (Color online) Assembly of the ULE FP2 cavity with
Peltier coolers in vacuum used for temperature stabilization below
room temperature. The outer shield has AR coated glass windows to
block the heat radiation reaching the ULE FP. Four small holes for
pumping the outer shield are not shown.

Well designed temperature controllers can achieve a
sub-100 uK temperature stability during several days (see
[13] for a review). We use a custom-made analog
proportional-integrating (PI) temperature controller with 5 h
integration time constant. Long integration time is achieved
using a bank of ten 22 uF foil capacitors with low leak
currents. The PI controller should be also temperature stabi-
lized to achieve sub-mK stability of the set temperature.

The heating foils are homemade from 0.3 mm diameter
transformer wire fixed to double-sided tape with a pitch of
about 5 mm at the outer surface of the vacuum chamber. It
covers all sides of this chamber allowing one to adjust the
power proportionally to the heated area. The temperature ex-
cursions measured with the free running sensor were on av-
erage 1 mK and less than 5 mK for acquisition times of 10 h
and one week, respectively.

C. Cavity FP2 stabilized by Peltier coolers

1. General idea

In order to be able to cool the ULE cavity in vacuum,
while maintaining a highly stable temperature, we have tried
an alternate approach by placing Peltier coolers inside the
vacuum chamber (Fig. 3). We borrowed this idea from hy-
drogen maser designs whose microwave resonator is stabi-
lized by heating two shields in vacuum. We use two Peltier
coolers to control the temperature of two nested heat shields
surrounding the FP cavity mimicking an environment close
to T.,.

The power that the outer cooled shield receives by heat
radiation from the surrounding 35 °C vacuum chamber is
estimated to 1.5 W from its 0.15 m? area having 95% reflec-
tivity and O °C temperature. The radiated power can be re-
duced by introducing an additional high-reflectivity shield.

One might consider using several Peltier elements per
shield, which would give a more uniform heating and cool-
ing and simplify mounting of the shields. However, this
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would be more difficult to troubleshoot in a case of failure
and in the first design only one Peltier per shield was used.

2. Construction details

Standard CF150 and CF40 parts have been used for the
construction of the vacuum chamber. As shown in Fig. 3 the
ULE FP cavity is surrounded by two nested cylindrical heat
shields with end covers. The shields are made from com-
monly used technical grade aluminum alloy with the de-
scribed surface treatement for vacuum compatibility. The
walls of the shields have 5 mm thickness.

The manufacturers claim that Peltier elements are gener-
ally vacuum compatible. For testing we have connected them
with Capton-isolated wires and after washing in methanol
installed them into an empty vacuum chamber. After a few
days of pumping with a 20-1/s ion pump the pressure reached
10~% mbar. After this test we proceeded with the mounting
of the shields and ULE FP cavity in the vacuum chamber.
Nylon screws and spacers matching the height of Peltier el-
ements were used to fix the shields. For good thermal con-
ductivity we glued the Peltier elements with Torr Seal epoxy.
A disadvantage of nylon is that it binds moisture but Teflon
does not have enough mechanical strength. An even better
material for that purpose would have been Vespel. The fin-
ished assembly was baked at 90 °C for one week and after-
wards the 20-I/s ion pump reached a pressure of 8§
X 1078 mbar.

A single 5X5 cm? two-stage Peltier element from Mel-
cor cools down the assembly in vacuum to 7,.=12.5 °C us-
ing 2 W of electrical power. The lowest temperature
achieved was +2 °C using 4 W of electrical power limited
by the maximum current of our temperature controller of 1
A. We use a double stage Peltier element for the outer shell
because of its smaller thermal conductivity. A second smaller
(2X2 cm?) Peltier element is used to control the inner
shield. Two AD590 temperature sensors used for regulation
are cemented with Torr Seal in the proximity of each Peltier
element, and one additional sensor for diagnostics is glued to
the surface of the inner shell far away from the in loop sen-
sor. Capton insulated wire and regular solder was used to
connect to a ten pin vacuum feedthrough.

The vacuum chamber surrounding the two heat shields
and the cavity does not need to be temperature controlled
and is used as a heat sink reaching +34 °C. The vacuum
chamber is equipped with antireflection (AR) coated and
tilted glass viewports. Other viewports of the same type are
used with the outer shield to block thermal radiation to the
ULE FP.

After completing the cooled cavity setup it turned out that
the assembly showed pronounced acoustic pickup. For this
reason a soundproof box made from heavy plywood was
employed. The box also improves the stability of beam
pointing to the ULE FP. In the future we plan to prestabilize
the temperature in that box.

3. Temperature stability

For temperature stabilization of the Al shields we use
homemade analog PI temperature controllers similar to those
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used for diode laser temperature stabilization. The tempera-
ture excursions of the free-running sensor at the inner shield
during five days were smaller than 15 mK. Even though this
is about three times worse than for the heated cavity setup
the advantage of operating near 7, increases the long-term
frequency stability by two orders of magnitude. However,
even at T,, the thermal expansion of the mirror coatings re-
quires a very precise temperature control. A few sudden tem-
perature jumps of several mK were observed from the free-
running sensor in the first week of operation, probably, as the
Peltier element characteristics were stabilizing.

4. Discussion

In the following paragraph we explain why we used two
Peltier-controlled shields and not just a single Peltier and
several passive heat shields. Both the inner and outer shields
of FP2 are stabilized to 7.=12.5 °C using the outer and
inner Peltier element. The outer shell serves as a heat sink for
the inner shell and the vacuum chamber serves as a heat sink
for the outer Peltier element. As the temperature sensors are
placed near the corresponding Peltier elements, the area near
each Peltier is stabilized within 1 mK. For the outer shell the
heat radiation is strong compared to the thermal conductivity
of the shell creating ~0.2 °C temperature difference be-
tween the place near the outer Peltier and the most distant
point from it. This temperature difference varies with the
room temperature by as much as 10 mK/ °C. Without active
stabilization of the inner shield it would thermalize to the
average temperature of the outer shield and follow its varia-
tion. Due to the small temperature difference between the
two shields of only 0.2 °C, the radiation transfer to the inner
shell is reduced to ~10 mW, so that the inner Peltier ele-
ment allows for a much more stable temperature over the
whole inner shell. The temperature at the most distant point
from the Peltier element changes by less than 1 mK for one
degree of room temperature change.

One might think that the inner Peltier element could in-
duce short-time instability of the ULE cavity temperature.
Even though we have not observed this effect, one might add
additional passive heat shield(s) around the FP cavity in fu-
ture designs.

D. Laser stabilization

Both FP cavity assemblies and the necessary optics are
mounted on two 40 X 40 cm? active vibration isolation plat-
forms (see Fig. 4). One is made by Halcyonics and the other
by HWL, both of which provide suitable vibration insulation.
In comparison to our previous 486 nm cavity setup mounted
ona 1 X2 m? platform with a total weight of a few hundreds
of kilograms [5], the new configuration is significantly more
compact and can easily be transported.

The optical setup for a beat note measurement between
the MOPA system designed for hydrogen spectroscopy
(based on a Toptica laser system) and another homemade
external cavity diode laser is shown in Fig. 5. The 972 nm
radiation is transported to the vibration-isolation platform by
a single mode fiber (not polarization maintaining). Fiber fre-
quency fluctuations resulting from acoustic coupling to the
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FIG. 4. (Color online) ULE FP optical assembly sitting on a
vibration isolation platform. Optical setups of FP1 and FP2 are
similar. The light is directed into the FP by a 45° mirror (not shown)
reflecting the laser beam upwards. An acousto-optic modulator
(AOM) for fiber-noise compensation is operated around 40 MHz
having part of the light that double passes this AOM reflected back
through the fiber. Light intensity is stabilized by the AOM driving
power. PD means photodiode detectors, and PDH stands for Pound-
Drever-Hall locking error signal. Electro-optic modulator (EOM)
frequency is 16.5 MHz for FP1 and 21.1 MHz for FP2.

environment are actively compensated by an acousto-optical
modulator (AOM) [14]. The frequency of the light is shifted
by 2X40 MHz and sent back through the fiber where it
makes a beat note with the light reflected from the input end
of the fiber cleaved at 0°. The beat note measured by the
photodiode PD4 is down converted to low frequencies using
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FIG. 5. (Color online) Optical beat note measurement system
between two Littrow-type external cavity diode lasers stabilized to
FP1 and FP2 resonators. The signals a, b, ¢, and d connect to the
corresponding points of Fig. 4 where the acronyms are explained.
SHG stands for second harmonic generation. The Faraday rotator is
used as an optical isolator and also to extract the fiber-noise can-
cellation signal.
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a stable rf synthesizer running at 80 MHz and is used as an
error signal for a phase lock loop (PLL) that controls the
AOM frequency. The light intensity sent to the FP is stabi-
lized by controlling the AOM driving power using the signal
from photodiode PD1.

Each Littrow-type diode laser is actively locked to an in-
dependent ULE FP cavity by means of the Pound-Drever-
Hall (PDH) locking technique [15]. The PDH lock works
like a phase lock between the incoming laser light and the
light stored in the FP cavity filtering the phase fluctuations of
the laser by acting as a flywheel. For this reason this tech-
nique is capable of reducing the line width of a laser diode
from the MHz level to the Hz level even though the width of
the FP transmission peaks may be several kHz. The PDH
error signal is detected with a Si PIN photodiode (PD2) (Si-
emens BPX66) followed by a NE5211 transimpedance am-
plifier.

Several effects that can cause drifts of the locking voltage
generated by the PDH method signal need to be taken care of
in order to reach the ultimate performance and to allow for
linewidth reduction from 10 Hz to the sub-Hz domain.

(i) Initially we generated the phase modulation sidebands
necessary for the PDH lock via a modulation of the laser
diode current at 20 MHz. However, the modulated laser ra-
diation was sent through the fiber where it was affected by a
temperature sensitive etalon effect which slightly changed
the ratio of power of the sidebands. This problem is solved
by modulating after the fiber with an electro-optic (phase)
modulator (EOM) placed on the vibration isolation platform.
The EOM (Linos LM 0202) also allows the generation of
optimally large sidebands (~10% of power) for obtaining
strong PDH error signal. The sidebands created by modulat-
ing the laser diode current were smaller than 1% in order not
to cause unnecessary power conversion losses in the follow-
ing frequency doubling (SHG) stages. The EOM frequencies
are 16.5 MHz for FP1 and 21.1 MHz for FP2.

(ii) A high-quality crystal polarizer in front of the EOM is
adjusted to reduce residual amplitude modulation.

(iii) The EOM temperature is actively stabilized to within
0.1 K to keep the remaining amplitude modulation and the
offset in the error signal that it causes constant. The change
of EOM temperature causes fringelike beat note drift on the
100 Hz scale.

(iiii) It is necessary to use an optical isolator in front of
the fiber to remove weak spurious unidentified FP etalon
effect. At the same time this isolator is used for effective
separation of the fiber-noise beat note.

The PID feedback to the laser diode current has a propor-
tional (P) flat gain spanning from dc to 10 MHz that is
adjusted just below feedback loop oscillation. The P branch
is combined with two integrators (/) connected in series,
each having an adjustable corner frequency from a few kHz
to 500 kHz. The double integrator allows one to have more
feedback gain at lower frequencies. The integrating branch is
adjusted for the most reliable locking and the smallest in-
loop error signal. A differentiator (D) shunts the integrators
and produces a phase advance on the control signal to push
the feedback oscillation point to higher frequencies [16]. Due
to the limited gain of the high-frequency operational ampli-
fiers the integrators are not ideal and have a total dc gain of
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FIG. 6. (Color online) Determination of the zero-expansion tem-
perature for FP1 and FP2 cavities (squares and circles, respectively)
and parabolic fits. Operating an ULE FP cavity near T, gives a very
small temperature sensitivity that is dominated at a short time scale
by the thermal expansion properties of the mirror coatings of the
order of 20 Hz/mK. CTE is the coefficient of thermal expansion.

only 60 dB. Thus the integrators behave like the P branch
near dc allowing one to lock the laser frequency only with
approximately 100 Hz repeatability. Reproducible relocking
is achieved when the error signal from fast PID regulator is
sent to another slow integrator with large dc gain that con-
trols the piezoceramic actuator which acts on the diode laser
grating. A commercial fast PID regulator (Toptica FALC) for
diode laser locking to a high finesse FP cavity became avail-
able recently and we obtained a similar laser locking perfor-
mance as with our homemade regulator.

We typically direct ~20 uW of laser light to the FP cav-
ity with a coupling efficiency of 20%. This rather low inten-
sity is chosen to account for the measured intensity depen-
dence of the FP resonance frequency of ~15 Hz/uW of
light directed to the cavity (~70 Hz/uW for the light
coupled into the cavity).

III. MEASUREMENTS

For FPI a photon lifetime of 33.9(2) us is measured by
the optical ring-down method corresponding to a finesse of
410 000. For FP2 the finesse is measured to be 400 000. The
FSR of 1.931(1) GHz is chosen in such a way, that no higher
order transversal modes are present in the vicinity of the
TEM,, mode. In the experiments described in this section we
used the optical beat note between the two diode lasers sta-
bilized to independent cavities as a diagnostic tool.

A. Zero-expansion temperature

As a first step we have performed a set of measurements
to determine the zero-expansion temperature 7, of FP1 and
FP2 by measuring the optical beat note frequency while the
temperature of one of the cavities is changed (Fig. 6). After
each temperature adjustment we allowed for one day of ther-
malization before performing the next measurement (the
time constant was evaluated to 10 h). From our data we
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deduce a zero-expansion temperature of 7,=7(2) °C for the
heated FP1 cavity and 12.5(1) °C for the FP2 cavity with
Peltier cooling. A possible explanation for this difference de-
spite the spacers made from the same charge of ULE is the
influence of the radial forces from the posts modifying the
temperature sensitivity of the whole assembly and shifting
the observed zero-expansion temperature. Additionally, the
mirror substrates are made from a different piece of ULE
than the spacers which can cause temperature-dependent
stress of the spacer and shift the observed T..

From Fig. 6 we can estimate the advantage of stabilizing
the cavity near T.. For the cavity with Peltier coolers the
temperature sensitivity is 50 Hz/mK, assuming that 7, is
found with 0.1 °C accuracy. However, for the cavity heated
to 30.5 °C with T,=7 °C the thermal sensitivity is 11 kHz/
mK. Somewhat surprisingly, the thermal expansion of the
mirror coatings, each having a thickness of only 5 wum and
linear CTE of 0.5X 107%/K, is comparable to the residual
thermal expansion of the ULE spacer stabilized within
0.1 °C of T, and having a quadratic CTE of 1 X 10~/K. The
estimated drift due to the mirror coatings is 20 Hz/mK. It is
necessary to take into account that the mirror coatings depos-
ited on a rather thin substrate have small thermal inertia and
change temperature significantly faster than the spacer.
Hence even operating exactly at T, the cavity assembly has
a nonzero response to temperature jumps and requires a very
stable temperature environment.

To test this effect we deliberately induced cavity drifts by
near IR radiation from a 30 mW fiber-coupled laser sent in a
diverging beam through the top window of the vacuum
chamber to heat the ULE cavity. This laser was on for 10 s
with a 50% duty cycle and caused an immediate drift of the
cavity resonance frequency. The drift rates at different tem-
peratures T were compared. In theory the induced frequency
drift amplitude should decrease when T is approaching T..
As expected, the induced drift was lower for FP2 cavity sta-
bilized close to 7, but a small nonvanishing induced drift
still remained even when the cavity temperature was slowly
swept across T,.. We believe that heating of the mirror coat-
ings of the cavity is responsible for this effect. In future
designs it might be possible to use thinner mirror coatings to
reduce the thermal sensitivity of the cavity resonance fre-
quency at a cost of reduced cavity finesse.

B. Power fraction in the optical carrier

When FP1 was kept at 31 °C and FP2 at 12.5 °C the
optical beat note signal between the two lasers was at
~113 MHz. It was analyzed by an rf spectrum analyzer.
Figure 7 shows a narrow coherent peak and high-frequency
noise sidebands originating from the diode laser. High-
frequency noise spanning several MHz is typical for external
cavity diode lasers. This noise can be reduced by fast feed-
back electronics to some extent, but not completely removed.
We have checked that the noise from the tapered amplifier
can be neglected. The power contained in the carrier was
calculated as the area under the beat note peak versus the
total area. The results are summarized in Table I. Typically,
99.7(1)% of power in the carrier was achieved with 200 W
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FIG. 7. (Color online) Optical beat note signals recorded using
an rf spectrum analyzer at different frequency spans and resolutions
allowing one to examine the laser noise and the lock quality. 113.8
MHz is subtracted from the frequency axes for convenience.

(40 wW) of light sent (coupled) to the FP cavity. Even if this
light power is stabilized to 0.1% it causes larger than 1 Hz
shift of the FP resonance. In terms of stability the optimal
power coupled to the FP cavity is approximately 4 uW re-
ducing the power of the carrier to 99.0(1)%, indicating that
the high-bandwidth PDH photodetector becomes noise lim-
iting. The lowest coupled power with which the diode laser
could be locked to the FP was 0.6 uW.

The noise pedestal of the diode laser may be a problem
for the hydrogen experiment where two frequency doubling
stages follow the laser and a two-photon process multiplies
the sensitivity to phase noise tremendously. Due to this rea-
son the excitation efficiency of hydrogen atoms with the di-
ode laser system [4] is only 40% compared to the excitation
with our dye laser system. In the future we plan to decrease
the high-frequency noise of the diode laser by increasing the
separation between the laser diode and the diffraction grating
to approximately 20 cm.

C. Sub-Hz resolution

For a more detailed analysis the beat note is down con-
verted (see Fig. 5) and observed with high resolution using a

TABLE I. Characterization of the lock quality of the diode laser
stabilized to a high-finesse FP cavity at two different light powers
injected to the cavity.

Power directed to the FP 200 uW 20 uW
Power coupled to the FP 40 uW 4 uW
Power in carrier 99.7(1) % 99.0(1) %
Regulation sidebands at 2.4 MHz 1.5 MHz
Carrier level above noise 48 dB 42 dB

at 20 kHz resolution
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FIG. 8. (Color online) Optical beat note signal at 972 nm rep-
resenting the short-term linewidth of the two lasers stabilized to
FP1 and FP2 cavities. The inset shows the phase stability of the beat
note filtered with a 100 Hz low pass filter.

fast-Fourier-transform (FFT) spectrum analyzer. For this de-
vice a 100 Hz span with a 4 s acquisition time was chosen
giving a 0.25 Hz frequency resolution. This value is a com-
promise between the instruments resolution and the drift-
caused line broadening. The recorded FFT voltage signals
were squared to obtain the power spectral density and then
individually fitted by a Lorentzian. The signals were re-
corded during the time periods when the beat note drift was
at minimum. For ten recorded spectra the full width at half
maximum ranges between 0.3 and 0.75 Hz with an average
equal to 0.47(14) Hz. For graphical representation (Fig. 8)
the individual spectra were centered by frequency, averaged
and then fitted by a Lorentzian. The measurement was re-
peated on several occasions and gave similar 0.5 Hz beat
note linewidth.

We found that for troubleshooting it was very convenient
to down convert the beat note signals into acoustic and flash
light signals. For this purpose we sent the beat signal to a
zero-crossing comparator whose output was connected to a
speaker and a miniature lamp allowing one to perceive
acoustically and visually the amazingly stable difference be-
tween the very large laser frequencies.

D. Drift and Allan deviation

The beat note between both stable diode lasers was down
converted to ~10 MHz and filtered using a bandpass filter
with a 1 MHz bandwidth. Figure 9(a) indicates a sub-Hz
laser linewidth between the two lasers. To distinguish which
FP cavity is more stable we measured the absolute drift of
each laser using a beat note with a fiber laser-based femto-
second frequency comb (Menlo Systems) referenced from an
active hydrogen maser (Quartzlock CH1-75). These beat
notes displayed in Figs. 9(b) and 9(c) show that the FP2
cavity with Peltier cooling to the zero-expansion point is
much more stable than the FP1 cavity stabilized 23 °C away
from this optimal temperature. For the Peltier stabilized cav-
ity the linear aging of the cavity was determined to 63.0(1)
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FIG. 9. (Color online) (a) Beat note between two 972 nm diode
lasers stabilized to FP1 and FP2 cavities counted with 1 s gate time.
(b) FP1 cavity (stabilized 23 °C above its T,.) beat with a frequency
comb (1 s gate time and 100 s smoothed trace). Linear drift 73
mHz/s subtracted (c) FP2 cavity cooled to T, beat with frequency
comb (100 s smoothed). FP2 exhibits a well defined linear drift 63
mHz/s that is subtracted in the plot. The remaining frequency ex-
cursions are then only =20 Hz in 16 h.

mHz/s during 16 h of continuous measurement. When this
linear drift was subtracted and data smoothed within 100 s
intervals the residual frequency excursions were less than 40
Hz in 16 h of measurement. These small frequency excur-
sions might be caused by temperature changes of the optical
setup on the vibration isolation platform. During one month
of observation the drift rate was not exactly the same from
day to day and varied between 55 and 65 mHz/s.

From the optical beat note measurements between the FP1
and the FP2 cavities we construct an Allan deviation, which
is shown in Fig. 10. The same data set is used for the evalu-
ation of the frequency spectral density of the beat note
shown in Fig. 11. A dead-time free counter model FX80
(K+K Messtechnik) is used to measure the beat notes. For
gate times shorter than 10 ms a SR620 counter (Stanford
Research) is used that has a built-in Allan deviation function.
A lambda-type counter such as the Agilent model HP53131A
should not be used if white phase noise is dominating since
the averaging algorithm for this counter type does not agree
with the definition of the Allan deviation [17]. In addition,
juxtaposing of data recorded with dead time, as is common
practice for one pulse per second signals, can lead to changes
of the functional dependence of the Allan deviation on the
averaging time for optical beat notes [18]. Obeying these
rules we measured an Allan deviation that reaches 2 X 1071
between 0.1 and 10 s of averaging time. For longer times the
drift of the FP1 cavity starts to dominate. Thermal fluctua-
tions causing vibrations of the mirror surfaces actually set
the fundamental limit to the stability of our cavities. We cal-
culate the thermal noise floor for a single FP cavity to be 1
X 10715 at 972 nm using the formalism described in [19,20].
These calculations show that the flat thermal noise floor de-
creases with increasing mirror separation. A longer cavity on

PHYSICAL REVIEW A 77, 053809 (2008)

107" 300
L % ] FP1 - comb E
| Hydrogen [} Il linear drift | beat note ‘E’
c 45| maser 4 subtracted | linear drift c
© 107"+ specifications N 63 mHz/s 330 o
© i N 5
S 11t . I =
© ependence 0
§ T il S
<10 G FP1 - FP2 <
) beat note o
- |- q.)
] =]
[l s
sl g

107 Thermal noise Tgor for a single FP
S ——

1E-3 001 04 1 10 100 1000 10000
Time (s)

FIG. 10. (Color online) The Allan deviation between FP1 and
FP2 lasers reaches a minimum of 2X 10~ for averaging times
between 0.1 and 10 s, which is near the calculated thermal noise
floor of the cavities. Cavity FP2 kept at T, is extremely stable as
can be seen from the beat note with an optical frequency comb
referenced to a hydrogen maser.

the other hand deteriorates the ability to control for a homo-
geneous temperature and is more sensitive to mechanical
perturbations so that there appears to be an optimum spacer
length. Thermal noise decreases also with increased optical
mode diameter suggesting the use of mirrors with larger ra-
dius of curvature. In this case, however, beam pointing sta-
bility might become a limiting issue.

IV. CONCLUSIONS

We confirm the numerous advantages of the midplane
mounted vertical FP cavities. Such configuration is virtually
immune to vibrations, and one can achieve a sub-Hz level of
laser spectral linewidth in a simple compact setup. We dem-
onstrate that Peltier coolers placed in vacuum allow one to
operate any ULE FP cavity at its zero-expansion temperature
T. at which it is least sensitive to temperature instabilities.
The new design of an ULE FP cavity with Peltier elements in
vacuum is simpler, gives better performance, and needs less
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FIG. 11. (Color online) Frequency noise spectral density of the
optical beat note between the two diode lasers stabilized to FP1 and
FP2 cavities. The straight line shows the calculated thermal noise
limit contribution from a single FP cavity.
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assembly time compared to the ULE FP cavity design with
heaters. Nevertheless a good controller should keep the tem-
perature constant at the sub-mK level if one aims for sub-Hz
stability since the thermal expansion of multilayer mirror
coatings starts contributing significantly to the total expan-
sion of the FP cavity in this regime. We have recorded a
sub-Hz beat note linewidth between two 972 nm external
cavity diode lasers locked to separate midplane mounted
ULE FP cavities of similar optical design each having a fi-
nesse of 4 X 10°. The Allan deviation of the beat note fre-
quency between two independent stabilized lasers reaches
2X 1071 at averaging times between 0.1 and 10 s. The cavi-
ties are thermal noise limited as the thermal noise floor for
one cavity is calculated to be 1 X 107!3, The optical carrier of
the stabilized diode laser contains between 99.0% and 99.7%
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of the total laser power in a 10 MHz span and 20 kHz reso-
lution bandwidth depending on the settings of the servo sys-
tem.

ACKNOWLEDGMENTS

We thank the Ye/Hall group at JILA for the optical design
of the cavities, discussion, and training. J.A. acknowledges
the support by the Intra-European Marie Curie Action. N.K.
acknowledges support of the Alexander von Humboldt Foun-
dation, Russian Science Support Foundation, and RFBR
Grants No. 08-02-00443 and No. 08-07-00127. We thank T.
Wilken for building a fiber frequency comb. This work was
supported in part by the DFG cluster of excellence Munich
Center for Advanced Photonics (MAP).

[1] V. Vassiliev, V. Velichansky, P. Kersten, T. Trebst, and F. Rie-
hle, Opt. Lett. 23, 1229 (1998).

[2] C. W. Oates, F. Bondu, R. W. Fox, and L. Hollberg, Eur. Phys.
J.D 7, 449 (1999).

[3] Ch. Schwedes, E. Peik, J. von Zanthier, A. Y. Nevsky, and H.
Walther, Appl. Phys. B: Lasers Opt. 76, 143 (2003).

[4] N. Kolachevsky, J. Alnis, S. D. Bergeson, and T. W. Hénsch,
Phys. Rev. A 73, 021801(R) (2006).

[5] M. Fischer, N. Kolachevsky, M. Zimmermann, R. Holzwarth,
Th. Udem, T. W. Hinsch, M. Abgrall, J. Griinert, I. Maksimo-
vic, S. Bize, H. Marion, F. P. Dos Santos, P. Lemonde, G.
Santarelli, P. Laurent, A. Clairon, C. Salomon, M. Haas, U. D.
Jentschura, and C. H. Keitel, Phys. Rev. Lett. 92, 230802
(2004).

[6] H. Stoehr, F. Mensing, J. Helmcke, and U. Sterr, Opt. Lett. 31,
736 (2006).

[7] A. D. Ludlow, X. Huang, M. Notcutt, T. Zanon-Willette, S. M.
Foreman, M. M. Boyd, S. Blatt, and J. Ye, Opt. Lett. 32, 641
(2007).

[8] B. C. Young, F. C. Cruz, W. M. Itano, and J. C. Bergquist,
Phys. Rev. Lett. 82, 3799 (1999).

[9] M. Notcutt, L.-S. Ma, J. Ye, and J. L. Hall, Opt. Lett. 30, 1815
(2005).

[10] L. Chen, J. Hall, J. Ye, T. Yang, E. Zang, and T. Li, Phys. Rev.

A 174, 053801 (2006).

[11] T. Nazarova, F. Riehle, and U. Sterr, Appl. Phys. B: Lasers
Opt. 83, 531 (2006).

[12] S. A.Webster, M. Oxborrow, and P. Gill, Phys. Rev. A 75,
011801(R) (2007).

[13] P. K. Madhavan Unni, M. K. Gunasekaran, and A. Kumar,
Rev. Sci. Instrum. 74, 231 (2003).

[14] L.-S. Ma, P. Jungner, J. Ye, and J. L. Hall, Opt. Lett. 19, 1777
(1994).

[15] R. W. P. Drever, J. L. Hall, and E. W. Kowalsky, Appl. Phys.
B: Photophys. Laser Chem. 31, 97 (1983).

[16] Z. F. Fan, P. J. S. Heim, and M. Dagenais, IEEE Photon. Tech-
nol. Lett. 10, 719 (1998).

[17] S. T. Dawkins, J. McFerran, and A. N. Luiten, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 54, 918 (2007).

[18] P. Lesage, IEEE Trans. Instrum. Meas. 32, 204 (1983).

[19] K. Numata, A. Kemery, and J. Camp, Phys. Rev. Lett. 93,
250602 (2004).

[20] M. Notcutt, L.-S. Ma, A. D. Ludlow, S. M. Foreman, J. Ye,
and J. L. Hall, Phys. Rev. A 73, 031804(R) (2006).

[21]7J. L. Hall (unpublished).

[22] Recipe by C. Vaccarezza, DAFNE Technical note V-2, 1991
(available online).

053809-9



