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Excess frequency noise induced by mechanical vibration is the dominant noise source at low Fourier frequencies
in fiber-delay-line stabilized lasers. To resolve this problem, a double-winding fiber spool is designed and
implemented that has ultralow acceleration sensitivity in all spatial directions. By carefully choosing the optimal
geometry parameters of the fiber spool, we achieve acceleration sensitivity of 8 × 10−11/g and 3 × 10−11/g
(g denotes the gravitational acceleration) in axial and radial directions, respectively.
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Ultrastable lasers play a vital role in the field of precision
measurement science, such as optical clocks[1–6], gra-
vitational wave detection[7], and very-long-baseline inter-
ferometers[8]. State-of-the-art ultrastable lasers are real-
ized by locking to rigid Fabry–Pérot (FP) cavities using
the Pound–Drever–Hall technique. This kind of laser has
achieved a fractional frequency stability below
1 × 10−16[9,10]. However, the system of this powerful
method is complex and bulky because it requires tight
alignment of free-space optical elements, precise polariza-
tion adjustment, spatial mode matching, and even
cryocooler, and consequently limits the transportable
applications of ultrastable lasers. These applications in-
clude the space mission of gravitational wave detection
(LISA)[11], ultralow noise microwave synthesis[12], and op-
tical frequency dissemination[13,14]. As an alternative to
high-finesse FP cavities, fiber-delay-line (FDL) stabilized
lasers have been demonstrated[15–19]. Because of its all-
fiber-based structure, this approach features compactness,
light weight, and high reliability. The FDL stabilized laser
is sensitive to seismic noise over the range from several
hertz to hundreds of hertz. Environmental vibration
causes fiber deformations that introduce phase fluctua-
tions of the propagating light and convert into excess fre-
quency noise for the stabilized laser. To overcome this
problem, a fiber spool with low acceleration sensitivity
is required. In the last two decades, the acceleration sen-
sitivity of the fiber spool has been fully investigated[20–26].
Among the above studies, Li et al. firstly proposed a fiber
spool that could have ideal zero acceleration sensitivity
along its winding axis[21]. They wound optical fiber onto
a cylinder that is vertically supported at its midplane.
Under vertical vibration, the top half and the bottom half
deform with the same quantity except with the opposite
sign. By precisely tuning the supporting point, zero

acceleration sensitivity can be achieved. In practice, due
to the large sensitivity slope, however, it is difficult to ap-
proach this “zero point” due to the unavoidable fiber-
winding error and machining error. Additionally, this fiber
spool cannot maintain low acceleration sensitivity in the
radial (the direction in the spooling plane) and axial direc-
tions simultaneously because the “zero point” is very sen-
sitive to the geometry parameter. To resolve this problem,
Hu et al. proposed a fiber spool model with a symmetri-
cally mounted structure[22]. However, this model is not
practical because of its bulky volume and complex mount-
ing method. In this study, we propose a double-winding
fiber spool with integrated support configuration. The
double-winding feature can once more provide cancella-
tion of spool deformation compared to Li et al.’s model,
while the integrated support configuration avoids the
complex mounting structure of Hu et al.’s model to make
the fiber spool more compact and easily assembled. The
numeric analysis shows that this spool can achieve accel-
eration sensitivities of ∼10−12∕g (g denotes the gravita-
tional acceleration) in both the axial and radial
directions over a range of geometry parameters.

In an FDL laser stabilization scheme, the acceleration
sensitivity of the stabilized laser can be defined as[22]

Γa ¼
Δν
ν0a

¼ Δτ
τa

¼ ΔL
La

; 1∕g; (1)

where ν0 is the optical frequency, Δν is the vibration-
induced frequency noise, a is the vibration variation in
unit of g, τ is the delay time of the FDL,Δτ is the vibration-
induced variation of delay time, L is the fiber length, and
ΔL is the vibration-induced variation of fiber length. The
numeric analysis of the fiber spool is done by the finite
element method (FEM) with the hypothesis that fiber

COL 17(8), 081403(2019) CHINESE OPTICS LETTERS August 2019

1671-7694/2019/081403(5) 081403-1 © 2019 Chinese Optics Letters

mailto:litang@siom.ac.cn
mailto:litang@siom.ac.cn
mailto:litang@siom.ac.cn
http://dx.doi.org/10.3788/COL201917.081403
http://dx.doi.org/10.3788/COL201917.081403


length variation follows the support surface deformation.
This hypothesis is applicable when the optical fiber is pre-
cisely spooled with proper winding tension. Consequently,
the acceleration sensitivity can be described in terms of the
support surface deformation by the following equation:

Γa ¼
ΔS
Sa

; 1∕g; (2)

where S is the initial area of the support surface, and ΔS is
the variation of the surface area under the acceleration a.
Based on fiber-winding consideration, the fiber spool is

usually designed as an axisymmetric configuration, while
the symmetry axis is perpendicular to the spooling plane.
In this work, a titanium alloy (TC4) is chosen as the
material of the fiber spool because of its light weight
and stiffness. By calculating the vibration-induced defor-
mation surface area, using the FEM simulation software
Patran & Nastran (MSC. Software), the acceleration sen-
sitivity of the fiber spool is achieved.
Before introducing the new fiber spool, it is necessary to

briefly analyze why Li et al.’s model can obtain “zero” ac-
celeration sensitivity. Its geometry is shown in Fig. 1(a).
Under vertical acceleration, the variation of the top half
surface ΔSup has the opposite sign to the variation of
the bottom half surface ΔSdown. By adjusting the geom-
etry parameter [h in this case, see Fig. 1(b)] to make
ΔSup ¼ −ΔSdown, the zero acceleration sensitivity of the
spool can be achieved. However, this deformation balance
is very sensitive to both axial and radial geometry param-
eters. Therefore, it is difficult to maintain low axial sensi-
tivity while optimizing the radial sensitivity by adjusting
the radial parameters. Moreover, the large sensitivity
slope (about 1 × 10−9∕g ·mm for the parameter h) limits
the possibility to obtain ultralow axial acceleration sensi-
tivity when considering the errors in FEM simulation,
spool machining, and fiber winding.
To overcome these defects, we propose a double-

winding fiber spool as presented in Fig. 2. The optical fiber
is wound on the top and bottom cylinder surface. Each wind-
ing cylinder is vertically supported at its midplane and has
surface deformation cancellation under vertical vibration.
Furthermore, the top and bottom cylinders are symmetri-
cally supported in the vertical direction. This leads to
another vertical deformation cancellation of the spool. Con-
sequently, because of double cancellation, this spool can

achieve ultralow axial acceleration sensitivity that is also ex-
pected to be insensitive to the geometry parameters. We can
then optimize the radial geometry parameters to achieve ul-
tralow radial acceleration sensitivity without substantially
degrading the axial sensitivity.

The optimization algorithm for the double-winding
spool is depicted in Fig. 3. Initially, the sensitivity depend-
ence on each geometric parameter was calculated. The ax-
ial sensitivity was sensitive to parameters h1 and h2, while
the radial sensitivity was sensitive to parameters L1 and
L2. After fixing other insensitive parameters, L1 and L2
were optimized for ultralow radial sensitivity. After fixing
L1 and L2, h1 and h2 were adjusted for optimized axial sen-
sitivity. Finally, the radial sensitivity was re-checked. If it
was not maintained, the entire procedure was repeated.
The dependences of axial sensitivity on L1 and L2 were
linear but opposite, and the slope ratio was about 1.5:1.
Therefore, when the radial sensitivity was optimized,
L1 and L2 were adjusted simultaneously at the 1.5:1
ratio to minimize the impact on the axial sensitivity.
From the iteration algorithm, the optimal parameters
were h1 ¼ 4.4 mm, h2 ¼ 19.5 mm, L1 ¼ 9 mm, and
L2 ¼ 6 mm, with which the fiber spool had acceleration
sensitivities of −2.2 × 10−12∕g and −3.4 × 10−12∕g in
the axial and radial directions, respectively. Figure 4 plots
the FEM calculated sensitivity for different radial and
axial parameters. Both axial and radial acceleration sen-
sitivities were insensitive to the geometric parameters and
could maintain a level below 2 × 10−11∕g over a range of
parameters. In Fig. 4(b), we chose h2 = 19.5 mm as the
optimal value because the sensitivity slope at this point
is close to zero and this will be helpful to avoid the influ-
ence from machining errors in the manufacture process.

The experimental setup for testing the fiber spool accel-
eration sensitivity is shown in Fig. 5. The measurements
were performed in three steps: (1) shaking the fiber spool,
(2) measuring the vibration-induced phase noise of the
propagating light, and (3) measuring the transfer function
of the phase noise to acceleration and calculating the ac-
celeration sensitivity. The fiber spool was mounted on an
active vibration platform that was driven by a chirp
modulation signal generated with a Bode analyzer (Moku
lab, Liquid Instrument). An arm-unbalanced Michelson

Fig. 1. (a) Geometry schematic of Li et al.’s model and (b) FEM
calculated acceleration sensitivity versus h.

Fig. 2. (a) Double-winding fiber spool and (b) its geometry
schematic.
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interferometer was used to measure the vibration-induced
phase noise. An acousto-optical modulator driven by
80 MHz was inserted into one arm of the interferometer
after the fiber spool to shift the optical frequency for
heterodyne detection, which in turn minimized noise from
the laser intensity and the detection system. Moreover,

an ultrastable laser was used to reduce residual noise from
laser frequency fluctuations. At the photodiode, a radio
frequency (RF) signal of 160 MHz was detected and then
demodulated with the signal from an RF synthesizer to
extract the phase noise. The phase noise was then split
into two parts. One part was sent to a servo circuit yield-
ing a phase-correction signal that was fed back to the RF
synthesizer for maintaining phase quadrature. The time
constant of the servo loop was 200 ms. Another part
was sent to the Bode analyzer for the transfer function cal-
culation with the measured vibrational noise from a accel-
erometer (393B04, Piezotronics Inc.). The acceleration
sensitivity of the spool Γaðf Þ was calculated by

Γaðf Þ ¼
1

2πτν0

������������
Sφðf Þ
Saðf Þ

s
¼ 1

2πτν0
Γφðf Þ; 1∕g; (3)

where Sφðf Þ was the vibration-induced phase noise of the
propagating light, Saðf Þwas the measured vibration noise,

and Γφðf Þ ¼
���������
Sφðf Þ
Saðf Þ

q
was the transfer function of phase noise

to acceleration.
In Fig. 6, the acceleration sensitivity of the double-

winding fiber spool was compared to that of the fiber spool
in Ref. [21]. The two spools had the same 0.8 N winding
tension and ten winding layers (the fiber length of the
double-winding fiber spool is 600 m, while the fiber length
of Li et al.’s spool is 650 m) for a standard single-mode

Fig. 3. Optimization algorithm for the double-winding fiber
spool.

Fig. 4. FEM calculated acceleration sensitivity versus (a) L1 and
L2 (when h1 ¼ 4.4 mm and h2 ¼ 19.5 mm) and (b) h2 (when
L1 ¼ 9 mm, L2 ¼ 6 mm, and h1 ¼ 4.4 mm).

Fig. 5. Experimental apparatus for acceleration sensitivity mea-
surements. AOM, acousto-optical modulator; RF, radio
frequency.

Fig. 6. Measured (a) axial and (b) radial acceleration sensitiv-
ities for different fiber spools.
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fiber (SMF-28, Corning). For the double-winding fiber
spool, the measured axial and radial acceleration sensitiv-
ities were 8 × 10−11∕g and 3 × 10−11∕g, respectively. For
the model of Li et al., the axial sensitivity was improved
by a factor of five, and the radial sensitivity was improved
by a factor of three. However, the measured sensitivities
were still more than an order of magnitude higher than the
numerical simulations. There were three possible reasons
for this discrepancy: the effect from the “free fiber” in the
sensitivity measurement, the effect of winding tension, or
the non-uniformity of fiber winding. In the acceleration
sensitivity measurements, the fiber spool was placed on
the active vibration platform, while the rest of the inter-
ferometer was placed on a vibration isolation platform and
connected to the fiber spool by two 0.2 m fibers. By mov-
ing the fiber spool to the vibration isolation platform and
leaving the same length of “free fiber” on the vibration
platform, the residual acceleration sensitivity of the free
fiber could be measured, as shown in Fig. 7. The residual
acceleration sensitivity of the free fiber was 3 × 10−11∕g,
which was comparable to the measured radial acceleration
sensitivity of the double-winding fiber spool. Therefore,
the effect of the free fiber was a major contribution in
the measurement. The FEM simulation was performed
under the hypothesis that the fiber length variation fol-
lowed the deformation of the support surface. Therefore,
the winding tension could change the extent of the defor-
mation, and, in turn, affect the acceleration sensitivity.
The acceleration sensitivity was measured for two differ-
ent winding tensions (0.2 and 0.8 N), as shown in Fig. 8.
For the 0.2 N winding tension, the axial and radial accel-
eration sensitivities both became worse because the ten-
sion was inadequate to make the fiber length change
with cylinder deformation. It was possible to reduce the
acceleration sensitivity by increasing the winding tension,
but this also led to an increase in fiber loss and difficulty in
fiber winding. In practice, a 0.8 N winding tension was
acceptable. Finally, in the fiber winding process, there
were inevitable gaps between two adjacent layers, espe-
cially at edges where the fiber moved to the next layer,

because of fiber diameter tolerances and the winding ma-
chine. This resulted in non-uniformity between different
winding layers. Consequently, the fiber moved slightly
when encountering axial vibrations, degrading the axial
acceleration sensitivity. It was also a reasonable explana-
tion as to why the radial acceleration sensitivity was
better than the axial sensitivity.

In conclusion, a fiber spool with ultralow acceleration
sensitivities in both axial and radial directions was dem-
onstrated for FDL laser stabilization. FEM simulations
were used to numerically optimize the geometric param-
eters that enabled the spool to maintain an acceleration
sensitivity of ∼10−12∕g in all spatial directions. In addi-
tion, the measured acceleration sensitivity of the fiber
spool and the measured axial and radial sensitivities were
8 × 10−11∕g and 3 × 10−11∕g, respectively, for a Fourier
frequency range of 20–200 Hz. The discrepancy between
the numerical analysis and the measured data was mainly
derived from “free fiber”, the winding tension, and the
non-uniformity of the fiber arrangement in the winding
process. To improve the acceleration sensitivity of the fi-
ber spool, the free-fiber length could be reduced, and
smaller diameter optical fibers and/or hard coatings
(e.g., polyimide) could be used. With this vibration-
insensitive fiber spool, a compact ultrastable laser could
be used without a vibration isolation platform for a vari-
ety of precision measurements. Furthermore, with the ex-
ception of laser stabilization, this fiber spool could be
adopted for optoelectronic oscillators[27].
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