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ABSTRACT We present a simple method to stabilize the opti-
cal path length of an optical fiber to an accuracy of about 1/100
of the laser wavelength. We study the dynamic response of the
path length to modulation of an electrically conductive heater
layer of the fiber. The path length is measured against the laser
wavelength by use of the Pound-Drever—Hall method; negative
feedback is applied via the heater. We apply the method in the
context of a cryogenic resonator frequency standard.

PACS 42.81.Wg; 07.07.Mp; 07.07.Tw

1 Introduction

The transmission of light through optical fibers is
ubiquitous in optics. However, fibers are easily deformed. Vi-
brations and temperature changes thus cause an unwanted
modulation of the optical path length n L (where 7 is the index
of refraction of the fiber core and L the mechanical length),
thus phase modulating the transmitted signal. Even for fibers
as short as a few meters under quiet laboratory conditions,
the phase fluctuations easily exceed 27 on a time scale of
seconds. When using fibers to transmit light between labo-
ratories or different buildings, the corresponding broadening
of the spectrum reaches several kHz [1]. At first glance, this
may appear negligible against the frequency of optical radia-
tion. However, the tremendous progress in optical frequency
stabilization has led to lasers with a line width of 1 Hz and
below [2-8]. Such lasers are applied, for example, in optical
clocks [9, 10] and tests of fundamental laws of physics [4—6].
Precision atomic physics experiments use phase-locked lasers
having ~ 10~* rad rms relative phase fluctuations [11]. It is
clear that transmission of such signals through fibers most sig-
nificantly degrades their frequency and phase stability.

Path-length fluctuations may also have considerable ef-
fects in other fields: for example, quantum cryptography
bridges distances exceeding 100 km by fibers and is now be-
ginning to be a commercial technology. Fiber-length fluctu-
ations are important in this context, since some concepts use
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interferometry to detect the quantum state of photons [12].
For global frequency comparisons at the targeted precision of
next-generation optical atomic clocks (10~'%), Doppler shifts
caused by the continental drift (at a velocity of ~ 1 cm per
year) will have to be controlled. Moreover, fiber-length fluc-
tuations have been identified as a limit on the frequency noise
of optical comb generators [13]. They also may play a role
in space experiments like the LISA and LISA Pathfinder mis-
sions, which use Mach—Zehnder interferometers that have
fibers in the interferometer arms. There is thus a strong and in-
creasing need for a simple and reliable method to remove fiber
path length fluctuations.

1.1 Previous approaches

Removal of the unwanted effects of the path-length
fluctuations traces back to the ‘ultra-stable fiber optics link’
over 29 km used by Krisher et al. in a test of special relativ-
ity [14]. This is based on simultaneously sending two coun-
terpropagating signals through the same fiber. By measuring
the ratio of the sent and received frequencies at each side, the
path-length fluctuations are determined and can be corrected
numerically. (Based on the same principle, frequencies can
be accurately transferred to, from, and between spacecraft,
with cancelation of the Doppler effect due to the relative mo-
tion. See, for example, [15].) However, active cancelation of
the noise generated by fibers has first been achieved by Ma
et al. [1]. They used an acousto-optic modulator (AOM) to
pre-modulate the phase of the light incident to the fiber with
the negative image of the fiber noise, so that the noise is
canceled when the light passes the fiber. To gain the neces-
sary information about the fiber-induced noise, a ‘probe’ part
of the signal is picked up at the fiber output and shifted by
a constant frequency using a second AOM located at the out-
put side of the fiber. It is then sent back through the fiber.
Thus passing the fiber twice, the probe has picked up twice
the phase shifts induced by the fiber. The beat note with the
original light thus contains twice the fiber phase noise. The
beat note frequency is electronically divided by two and used
for driving the first AOM at the input side, which thus pre-
modulates the light with the precise negative of the fiber phase
noise. Restricting the bandwidth of the beat signal to about
10 kHz (using a tracking voltage-controlled oscillator) avoids
the introduction of additional wide-band noise into the sig-
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nal path. A fiber with 25-m length is used and phase noise is
suppressed by 30 dB to a level of —60 dBc/Hz between 0.1
and 2 kHz, corresponding to residual length fluctuations be-
low ~ 1 nm/ +/Hz. Based on this method, a 3.5-km fiber optics
link has been established between the JILA and National In-
stitute of Standards and Technology laboratories in Boulder,
Colorado [16]. The stabilization reduced the fiber-induced
frequency noise at 1-s integration time from about 2 x 104
to 3 x 10715 (corresponding to ~ 1rad rms phase noise, or
about 200 nm rms length fluctuations); a 100-m link between
laboratories in the same building (the Max Planck Institute
for Quantum Optics in Garching, Germany) achieved a stabil-
ity of 23 mHz [3]. Besides, this technique has applications in
tests of fundamental physics [17] (where a 180-m-long link is
used), and may even be useful in quantum optics and atomic
physics experiments, including quantum computing and cryp-
tography [18].

1.2 This approach

In the approach described above, rather than sta-
bilizing the path length, the resulting frequency fluctuations
are corrected for by an AOM. While this is all that is needed
in many cases, it has a couple of disadvantages: (i) the AOM
has a finite deflection efficiency and thus reduces the trans-
mitted power. (i) When transmitting two laser frequencies f;
and f,, path-length changes at a velocity v produce two dif-
ferent frequency shifts of fjv/cand fv/c, respectively. Thus,
the correction by the AOM works for one frequency only. This
significantly reduces the degree of cancelation of noise if the
frequencies f and f; differ by more than a few per cent. This
may practically occur, for example, when simultaneously
transmitting a laser frequency and its second harmonic or even
components of a femtosecond optical frequency comb.

In this paper, we describe the use of controlled heating
of (a part of) the fiber for stabilizing or modulating the opti-
cal path length. It achieves a performance similar to that of
the method reported by Ma et al. We directly stabilize the
path length itself rather than compensating for the phase mod-
ulation caused by the fluctuations and thus avoid the above
disadvantages.

This paper is organized as follows: in Sect. 2 we describe
the dynamic response of the path length to the heater. The
setup and its performance are described in Sect. 3. In Sect. 4,
we show how the method was used in an experiment on fre-
quency stabilization in a fiber-coupled cryogenic optical res-
onator (CORE).

2 Dynamic response of the fiber

Thermal time constants can easily be of the order of
minutes or longer. Thus, if heating is to be used as an actuator
in a fast servo loop that achieves sub-wavelength stability, the
dynamic response of the path length to heating has to be con-
sidered carefully. Previous studies of the static [19,20] and
the dynamic response [21, 22] assume that the fiber surface is
heated to a fixed temperature by an external thermal source.
However, for fast temperature changes, this assumption be-
comes unrealistic, since the finite thermal conductivity of any
material precludes the instantaneous application of a fixed

temperature. Rather, the dynamic characteristics of the ther-
mal source itself have to be taken into account. We discuss the
magnitude and the phase of the response, the latter being of
prime interest for the design of a servo loop.

In our model, the response of the path length nL is given
by changes in the index of refraction n and the physical length
L of the fiber core:
A(nL) An AL

1
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nL n+L n'B @+
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.
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where 8 is the thermooptic coefficient and AT (0) denotes the
temperature change of the fiber core. The simplest model of
the fiber is that of a homogeneous solid cylinder. The propa-
gation of heat is governed by the diffusion equation
T=AAT+H, (2)
where H(r,f) represents a heater which deposits an equal
amount of thermal power into every volume element. A =
A/(oc) is the thermal diffusion constant, given by the thermal
conductivity A, the mass density g, and the specific heat c. We
first solve the homogeneous equation with H = 0. In cylindri-
cal coordinates r, ¢, z, specializing to the relevant case of no
dependence on ¢ and z,

Y “\r
T \ror o2 ’
We separate 7(r, t) = T (£)R (r) and obtain a radial and a tem-

poral differential equation

, 1, iw
R'+-R ——R=0,
r A
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T’ —iwT =0. “4)
The separation constant is denoted iw. A solution to the tem-
poral equation is proportional to e'*’. The general solution to
the radial equation can be written as

R=AJy <\/Mr> + BNy <\/Mr> .

®)

Plastic-jacketed ~ Aluminum-jacketed Bare, gold-coated
Layer 1 Quartz glass Quartz glass Quartz glass
Layer 2 Acryl
Layer 3 Conductive varnish Aluminum Gold
ry [pwm] 60 60 60
ry [pum] 250
r3 [pum] 400 250 70
TABLE 1  Properties of fibers. See Table 2 for material properties

Acryl Quartz Al Conductive Au
glass varnish

A[J/(Kms)] 0.19 1.36 220 20 312
o [kg/m?] 2000 2200 2702 ~10* 19290
E [GPa] 3 75 71 ~0.005 78
c[J/(kgK)] 1700 729 896 ~ 400 129
a [107%/K] 80 0.45 23.8 ~ 100 14.3
B [1076/K] 9
TABLE 2  Material properties
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Here Jy and N, are the Bessel and Neumann functions of
zeroth order and A and B are linear coefficients. For the inner-
most layer of the fiber, the B coefficient is required to vanish
since the Neumann function diverges for r — 0.

Our model of the fiber consists of up to three concen-
tric cylindrical layers (see Tables 1 and 2): (i) the inner layer
(radius ) represents both the fiber core and the cladding. Al-
though they are doped to obtain slightly different indices of
refraction, the thermal and mechanical properties of the two
are alike, so in the thermal model they can be considered as
a single layer. (ii) A protective jacket of outer radius r, and
(ii1) a heater coating of outer radius r3. (For the gold- and
aluminum-coated fibers, the coating itself acts as the heater;
therefore, r| = r, and there are only two layers in the models
for these fibers.) The linear coefficients A; and B; and the
material parameters (Table 2) for each layer are denoted by
subscripts i that take the values 1, 2, 3. They are fixed by the
boundary conditions that the temperature and the heat flow be
smooth.

Within the heater volume, we assume a thermal source that
is periodic in time:

H= i eiwz‘ , (6)
oc

where h represents the power density of the heater in W/m?>.

The solution of the inhomogeneous differential equation is the

sum of a particular solution and the general solution of the

homogeneous equation. A particular solution

T(r, ) = h el (7)

iwoc

can easily be found. We introduce the short notation

Z,(i, ]) =7, <\/?r/) ’ (8)

where Z, denotes either of the functions J, and N,. The
boundary conditions are explicitly

ArJo(1, 1) = AaJo(2, 1) + BaNo(2, 1),
A JY(L, 1) = (Aa/A) [A2J4(2, D) + BaNy(2, D]
A2Jo(2,2) + BaNy(2,2) = A3Jp(3,2) + B3Ny(3, 2)
h
iwes3c3
A2J{(2,2) + BaNj(2,2) = (A3/42) [A3 (3, 2)
+B3Ny(3,2)] ,
A3J{(3,3) + B3N)(3,3) =0. 9)

iwt
€

The last equation means that for now we assume no heat
dissipation to the environment, the effects of which will be
discussed later. This system of linear algebraic equations can
be solved for the coefficients A;, B;. Since the solution is ele-
mentary but lengthy, we will not spell it out here. The tempera-
ture of the core and thus the associated path-length change
BAT (0) are given by AT (0) = A Jo(1, 1).

The additional strain term is caused by thermal expan-
sion, which leads to axial strain (i.e. length change) [21, 22].
This changes the path length nL directly. (The temperature

changes also cause radial strain, which leads to a change in
the phase velocity of light in the waveguide [21, 22]. However,
as this effect contributes only about 10% of the total effect,
we can neglect it here.) Each infinitesimal layer of the fiber
wants to adjust its length according to the local temperature.
For alternating temperatures, the temperature distribution is
inhomogeneous; stress builds up, which propagates to other
layers at the speed of sound. For the time scales relevant here,
we can assume instantaneous sound propagation. Hence, the
length of the fiber is then given by a balance of forces

/rot(r)E(r)T(r)dr:AL/rk(r)dr. (10)

Here, « is the thermal expansion coefficient and E the bulk
modulus. These quantities appear under the integrals, because
they are different for the layers of the fiber. Hence,

AL — fa(r)k(r)T(r)rdr (11
[ra(r)dr
Using [ xZo(x)dx = xZ;(x) and defining ro = 0,
5 -1
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x
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(12)

The core-temperature and the strain terms have the same sign
for slow temperature variations. In what follows, we study the
path-length change as given by these terms for the fibers listed
in Table 1.

2.1 Plastic-jacketed fiber

The core-temperature and strain terms for this fiber
are shown in Fig. 1 (left). For better presentation in the figure,
the amplitudes have been multiplied by the frequency f.

For frequencies below about 1 Hz, the amplitudes of the
core-temperature and strain terms are proportional to 1/ f;
their phases equal —90°. This is because we neglect heat
dissipation to the environment, which means that the actual
thermal energy within the fiber is the integral of the heat-
ing rate over time. In practice, this is a good approximation
for frequencies above about 0.1 Hz. At lower frequencies, the
temperature of the fiber will be given by an equilibrium be-
tween heating and dissipation. Thus, the frequency response
of the strain and core-temperature terms will become con-
stant below about 0.1 Hz. The phase will then be 0°. It is,
of course, possible to incorporate dissipation into the above
model. However, the heat dissipation is hard to quantify be-
cause of air currents. Moreover, it is irrelevant for the design
of the fiber length feedback loop as it has significant effects
only for frequencies much below the loop bandwidth.



404 Applied Physics B — Lasers and Optics

Plastic-Jacketed

Aluminum-Jacketed

Gold-Coated

10

= 10 - 1
& N Strein
= 1 1
® Core Temp. Core Temp. 0.1
E 01
£ g4 . Core Temp.
S 0.01
< 0.01

0.01

0.001 0.001
Strain

-100 X -100 50
i
g -125 0
o 150 -150
Q -50 Strain
k=2 Core Temp. Core T .
5 175 p ore Temp 100
£ -200 -200 -150

-225 -200 Core Temp.

-250 -250 -250

0.01 0.1 1 10 100 1 10 100 1000 10000 1 10 100 1000 10000
Frequency [HZ] Frequency [Hz] Frequency [Hz]

FIGURE 1 Bode plots. Amplitude responses have been multiplied by the frequency f. We assume & = 2m W/mm? heating power density (corresponding

to 1.9, 1.1, and 0.25 W, respectively, per meter of fiber length)

For frequencies above about 0.5 Hz, the magnitudes of
both terms begin to drop, and the phase lags increase corre-
spondingly. For the core-temperature term, this is because fast
temperature changes are attenuated on their way to the core
due to the finite thermal conductivity. The core-temperature
term drops rapidly with increasing frequency and gains a large
phase shift, which exceeds 180° for frequencies as low as
1 Hz. This bandwidth is much too low for an effective removal
of the path-length fluctuations by a servo loop.

Study of the strain term AL, however, reveals a much
more favorable behavior. Like the core-temperature term, it
starts to drop for frequencies above about 0.5 Hz, but only
very mildly, proportional to 1/ £3/2. This is because the strain
term does not depend on the slow heat diffusion to the core
alone. Rather, strain generated in the outer layers of the fiber,
which are closer to the heater, is transmitted to the core at the
velocity of sound. The 1/+/f roll-off (in addition to the over-
all 1/ f one) arises because the depth to which the temperature
changes penetrates the fiber becomes thinner with increasing
frequency. This mild frequency response is crucial for the per-
formance of the servo: the 1/ f3/? roll-off at 135° total phase
shift enables a fast and stable servo loop.

The actual frequency dependence of the strain term shown
in Fig. 1 (left) is a consequence of the very low elastic mod-
ulus of the heater coating. A heater made out of a more rigid
material will cause a different, and even more interesting,
response. This is made evident in the case of an aluminum-
coated fiber; see below.

2.2 Aluminum-coated fiber

An aluminum-coated fiber, where the Al coating is
used as the heater, has a frequency response which is even
more suitable for the present application; see Fig. 1 (middle).
Apart from a general 1/ f response, the core-temperature term
begins to roll off at a frequency of f; ~ 250 Hz, much larger
than that for a plastic jacket. This is because of the much larger
thermal conductivity of the Al coating as compared to acryl,

and because the Al coating as a heater attaches directly to the
core.

The frequency response is again dominated by the strain
term. The major difference to the plastic-jacketed fiber is that
the strain term shows virtually no roll-off other than the usual
1/ f behavior for all frequencies at which the model is valid.
This is because the Al coating as a high elastic modulus, com-
parable to the one of the quartz-glass core. As the Al layer
is much thicker than the core, the stiffness of the fiber is al-
most completely due to the Al heater layer. Heat is generated
throughout the volume of the Al coating, and there it causes
strain instantaneously. This strain is propagated to the core at
the high velocity of sound.

2.3 Bare, gold-coated fiber

The frequency response of a fiber coated with a thin
layer of gold is shown in Fig. 1 (right). The gold coating is
used as the heater. The strain term is not dominant at low fre-
quencies (because the stiffness of the fiber is dominated by
the quartz-glass core, with its low thermal expansion coef-
ficient), but overtakes for larger frequencies. The magnitude
of the strain term depicts a roll-off of slightly less than 1/ f
for frequencies between 100 and 10000 Hz. The reason can
be explained as follows: the thermal expansion coefficient
of quartz glass is much lower than that of gold. Most stress
is thus generated in the thin gold coating, and the resulting
strain is reduced by the core due to its low thermal expan-
sion coefficient. At low frequencies, the core also takes away
a significant fraction of the thermal energy, thus reducing the
temperature in the heater volume, and thereby reducing the
generated stress. At high frequencies, however, the finite ther-
mal conductivity reduces the heat transfer to the core, so that
the temperature variation is no longer reduced by heat transfer.

2.4 Discussion

The phase-modulation depth that can be achieved
by heating is limited by the permissible temperature and hence
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the power dissipation of the heater. Assuming a very moder-
ate heater power of 1 W per meter of fiber length, we obtain
amodulation depth of about 2.4 um/m, 8 wm/m, and 4 um,/m
for plastic-, aluminum-, and gold-coated fibers at 1 Hz, re-
spectively. The higher values are obtained for the aluminum-
and gold-coated fibers, where this figure drops like 1/ f (for
the plastic-jacketed fiber, it drops like 1/ £3/?).

The validity of the above model is limited at higher fre-
quencies, since we assumed instantaneous sound propagation.
Sound, however, propagates at a velocity of several 1000 m/s.
For a fiber radius of 400 jum, this means that the fiber will de-
viate from the above model on a time scale of the order of
0.1 ps, or frequencies of a few MHz. Since the additional de-
lay due to the finite velocity will increase the phase lag at high
frequencies, this represents a theoretical limit on the speed of
any feedback loop based on heating of a fiber. In view of the
very limited modulation amplitude that can be reached at such
high frequencies, however, heating of the fiber cannot take out
a disturbance of any appreciable amplitude at such frequen-
cies, even if the linearized feedback loop would theoretically
be stable.

3 Apparatus

3.1 Overview

The basic setup is shown in Fig. 2. For reading
out the instantaneous length of the fiber, we use the method
developed by Pound, Drever, and Hall [23] for reading out
the resonance frequency of a resonant cavity. Indeed, the
fiber with its about 4% parasitic reflection at each end re-
sembles a Fabry—Pérot etalon, although one with a quite low
finesse. (However, other methods for reading out the actual
fiber length could be used, like the one employed by Ma
et al.) Frequency-modulated Nd: YAG laser light at 1064 nm
is sent through the fiber. The modulation at a frequency of
fm = 500 kHz with a modulation index of about 1 (however,
these parameters are not critical for the performance of the ac-
tive length control) is generated by modulating the strain of
the Nd:YAG monolithic ring cavity with a piezo. From the
output of the fiber, we split off a sample and detect its inten-
sity. Alternatively, the detector can be placed at the input of the
fiber. This makes the setup extremely simple, as no additional
components are required at the remote end of the fiber.

Due to the frequency modulation (FM), the laser radiation
acquires additional Fourier components at frequencies fj+
Jfm (‘sideband’), where fj is the laser frequency. For pure FM,

O output

FIGURE 2 Basic setup for active length control of an optical fiber: the
frequency-modulated laser light is sent through the fiber and detected by
a photodetector. Demodulation with the modulation frequency yields an error
signal, which is used by a servo to drive a heater in order to compensate
for fluctuations in length. It is also possible to place the detector and beam
splitter to the input side of the fiber

the phase relationship between these components is such that
the amplitude of the signal is unaffected. The resonant and dis-
persive properties of the fiber alter these phase relationships.
In general, this converts the pure frequency modulation into
amplitude modulation (AM) components at multiples of fi,.
When the laser and the resonance frequencies coincide, the
detected component of the AM vanishes; if they are detuned,
however, a nonzero AM is found, whose amplitude indicates
the magnitude and whose phase relative to the FM indicates
the direction of the detuning. The detector signal is multiplied
with a local oscillator (LO) signal at f;, in a double-balanced
mixer (DBM), and the output of the DBM is low-pass fil-
tered to suppress the modulation frequency. With the correct
LO phase ¢, an error signal is thus generated that indicates
the deviation of the optical path length of the fiber relative to
a multiple of half the laser wavelength.

This signal serves as input to a proportional-integral
servo, which controls the fiber length by heating a part of the
fiber. For determining the gain and time constants of the servo,
we use the results of our above study of the dynamic response
of the fiber (Fig. 1). Since a servo loop is stable for a 1/ 3/
roll-off with a corresponding phase shift of 135 degrees, it can
operate throughout the frequency range discussed in the above
model.

The most suitable fiber would be the aluminum-jacketed
or gold-coated ones (Table 1). The most undesirable one, from
the point of view of high servo speed, is the plastic-jacketed
fiber, because the plastic jacket is thick and has poor ther-
mal conductivity. The results of the previous section, however,
show that even in this case loop bandwidths of several 100 Hz
can be achieved.

To demonstrate that even in this case a satisfactory per-
formance can be obtained, we used a 5-m-long polarization-
maintaining fiber with plastic jacket (Thor Labs type FS-PM-
4511). We tried two different methods to attach a heater layer
to it: a Manganin wire wrapped around the fiber did not work
because of the bad thermal contact between the wire and
the fiber. Much better contact was obtained by coating the
fiber with electrically conductive silver varnish on a length of
30 cm.

To examine the length stability of the fiber, we monitored
the error signal with the servo loop open and closed. With-
out stabilization, the fluctuations reach up to 0.5 um/+/Hz

—
[=]
[=]
L

—_
[=]
|
-
L

unstabilized
stabilized

Length fluctuations [um/Hz1/2]

Fourier Frequency [Hz]

FIGURE 3  Error signal with and without stabilization
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at 1 Hz and increase proportionally to 1/f2 for lower fre-
quencies. Figure 3 only shows this for frequencies above
1 Hz, because the length read out provided by the Pound-
Drever—Hall method is restricted to a range of A/2. Applying
active length stabilization, the fluctuations are reduced be-
low 8 nm/ +/Hz for frequencies below about 1 Hz, and below
1 nm/+/Hz above 1 Hz. The fluctuations integrated over the
frequency range of Fig. 3 are about 10 nm, or A/100. This
measurement demonstrates the performance of fiber heating
as an actuator to reduce any measured fiber-length fluctua-
tions. With negligible errors in the read out of the fiber length
by the PDH method in the servo gain limited regime, this
is also the level of residual fiber-length fluctuations. At this
point, however, it should be noted that this in-loop data does
not reveal possible errors made in the read out of the fiber
length by the PDH method.

Given the simplicity of our setup, these results compare
well to those due to Ma et al. [1]: for 25 m of fiber, within
afrequency band of ~ 0.01-2 kHz, they suppressed the phase
noise to a level of —60 dBc/Hz, corresponding to residual
length fluctuations below ~ 1 nm/+/Hz. The noise is increas-
ing to 1 um/+/Hz at 0.1 Hz, but this is a very conservative
value, as Ma et al. inferred it directly from a beat measurement
between the incident and the transmitted light. Although the
bandwidth of our lock (~ 200 Hz) is lower than in the previous
work, our setup achieves a similar performance for low and
medium frequencies.

In many cases, the frequency modulation used for reading
out the path length will not interfere with the intended applica-
tion of the fiber’s output signal. The sidebands form separate
components in frequency space; in a frequency comparison
by taking a beat note with another optical signal, for example,
they can be removed by electronic filtering. Its effects can be
reduced by using a low modulation index and by choosing
a suitable modulation frequency.

The coating with silver varnish turned out to be unsuit-
able for long-term use. Occasionally, it breaks at its weakest
point, which makes further length controlling impossible. Al-
though the defect can easily be repaired and the fiber itself
does not suffer any damage, a reliable long-term performance
requires a more stable solution, like use of an aluminum-
jacketed fiber (Table 1).

4 Application within a cryogenic
resonator frequency standard

We applied the method in an optical frequency
standard based on a Nd:YAG laser stabilized to a cryogenic
optical resonator (CORE); see Fig. 4. This consists of an os-

¢ |Serv0

Laser — >

fiber
£, |Serv0 [ @ £

FIGURE 4 Fiber-length stabilization in a CORE frequency standard

Ot

=

DC

cillator, a monolithic, diode-pumped neodymium—YAG laser,
frequency stabilized to a CORE located inside a liquid-helium
cryostat. The frequency stabilization uses the Pound-Drever—
Hall method using a photodetector that detects the light that
is reflected from the CORE (Fig. 4, upper). In previous work,
this system was shown to reach a Hz-level stability on a time
scale of seconds.

An optical fiber is used for coupling the laser light to the
cavity (Fig. 4). While this makes the system more stable on
time scales of hours [24,25], on short time scales, however,
the frequency stability with fiber coupling is reduced due to
path-length fluctuations. These introduce phase fluctuations
as described above, as they shift the laser frequency relative
to the CORE resonance. Additionally, since the fiber with par-
asitic reflections at its ends acts like a Fabry—Pérot etalon, it
adds parasitic signal components into the Pound-Drever—Hall
error signal used for feeding back to the laser frequency. These
change from maximum to minimum for a A/4 length change
of the fiber and cause an unwanted fluctuation of the baseline
of the error signal (Fig. 5, upper), which has been found to
lead to fluctuations of the Nd:YAG laser frequency of 8-Hz
amplitude.

To remove both the Doppler effect and this modulation, we
lock the path length of the fiber to the Nd: YAG laser’s wave-
length, which is itself locked to the CORE. A photodetector
located inside the cryostat (Fig. 4, lower) is used to read out
the fiber-length fluctuations. Its signal is down converted with
the laser modulation frequency to generate an error signal for
reading out the fiber length (separate sources for f;,, which are
synchronized to each other, allow an easy adjustment of the
phase of the local oscillator signals). It is fed back to the heater
via a proportional-integral controller. The fiber and the heater
are of the same type as described above.

Figure 5 illustrates the effect of fiber-length stabilization.
The upper trace shows the error signal without active fiber-
length stabilization, measured by scanning the laser frequency
over a range of about 150 MHz. Note the baseline fluctua-
tions caused by the parasitic etalon due to the fiber with a free
spectral range of about 50 MHz. Active fiber-length control
tracks the fiber length according to the actual laser wave-
length and removes these effects (Fig. 5, lower trace). For
the 150-MHz laser frequency sweep, the fiber length changes
by about 2.5 um to track the fiber length to the actual laser

Error Signal [a.u.]

30MHz

Frequency
FIGURE 5 Error signals without and with active fiber-length stabilization
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wavelength. Thus, the fiber is always operated with maximum
transmission, where the front and the back reflexes cancel.
A straight baseline free of etalon fringes seen in Fig. 5 (upper
trace) and a constant signal amplitude at maximum value are
obtained. The speed of the servo loop made it possible to track
the laser wavelength even while it is scanned at a rate of about
10 Hz.

5 Summary and outlook

We have presented a method to reduce fluctuations
of the optical path length of optical fibers to below 10 nm by
controlled heating of a part of the fiber. A theoretical study
of the response of the optical path length to heat dissipated
in the bulk of a heater layer indicates that servo bandwidths
in the kHz range, or indeed even the low-MHz range, can be
obtained. This high speed is possible because strain is instan-
taneously generated at the heated surface. It then propagates
to the fiber core at the speed of sound, which is a much faster
process than heat diffusion. A bare fiber with a thin gold coat-
ing for resistive heating, or an aluminum-jacketed one, are
especially suitable.

We also presented a first experimental demonstration of
the method. It uses a conductive coating made of silver varnish
on a plastic-jacketed fiber. We used this method in the context
of an optical frequency standard based on a cryogenic optical
resonator.

Compared to previous work, our method has the advan-
tage of directly removing the path-length fluctuations, rather
than compensating for them via an acousto-optic modulator
(AOM). Thus, it can reduce the phase noise induced by such
fluctuations for any signals, even those for which AOMs are
not suitable. An example of such a signal are broadband op-
tical signals like those generated by optical frequency comb
generators. It also avoids the loss due to the finite deflec-
tion efficiency of an AOM. A modulator may be necessary
to provide the phase modulation used for measuring the ac-
tual fiber length. However, as in the example above, such
a modulation may already be present in a particular setup.
Otherwise, it can be generated by an electro-optical mod-
ulator, which has much lower insertion loss than an AOM,
and whose operation does not depend on the laser wave-
length as the one of an AOM. In principle, the modulation
only needs to be applied for one reference beam that pro-
vides for the fiber-length measurement. Thus, this modula-
tion is no obstacle in applications with a large wavelength
range.

The simple realization of the active stabilization leaves
plenty of space for further developments. Use of an aluminum-
jacketed fiber can enhance the reliability and also increase
significantly the useful lock bandwidth. This leads to bet-
ter stability of the path length. Another approach is a bare
fiber coated with a gold layer, which leads to even higher
speed. Also, one can study the influence of (and optimize) the
environment the fiber is in. Presumably, by thermal and acous-
tical shielding, a substantial improvement of the noise can be
reached, at least for certain noise frequencies. In analogy to
the method of Ma et al., however, we expect that our method
surpasses the stability of such passive stabilization (see, for
example, [26]) by 20-30dB [1, 16].

We expect that the method can soon be routinely applied
in many applications mentioned in the introduction, which
require the transmission of an optical signal through a fiber
with exceptional stability. To give an example, consider the
3.5-km-long fiber in [16]. The feedback bandwidth used in
this work was about 10 kHz, which can be attained, for ex-
ample, with the Al- or Au-coated fibers as described above.
Thus, we have a sufficiently fast actuator to obtain a similar
degree of suppression of perturbations. A similar level of ac-
curacy should thus be obtained. To achieve sufficient dynamic
range, it would be necessary to equip no more than about 1/10
of the total fiber length with the heater (assuming that the dy-
namic range of the heater is more than 10 times larger than the
variation of the external temperature). However, the easiest
way would probably be to obtain a commercial Al-jacketed
fiber and to control the whole path. The question is, which
method is easier to implement? Obviously, the old method al-
lows one to use any kind of fiber. Ours, on the other hand, has
advantages if the loss associated with the AOM is critical or
if a broad range of laser frequencies is to be transmitted at the
same time (like the simultaneous transmission of a laser fre-
quency along with its first harmonic or even a femtosecond
frequency comb). The phase shift of those signals could not be
compensated for using a single AOM.

NOTE ADDED IN PROOF A new stable 43-km fiber link is re-
ported in [27].
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