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We have demonstrated a mode matching method between two different fibers by a hybrid thermal expanded core
technique, which can be applied to match the modes of fiber-based Fabry—Pérot cavities. Experimentally, this
method has achieved an expansion of the ultraviolet fiber core by 3.5 times while keeping fundamental mode
propagation. With the experiment parameters, the fundamental mode coupling efficiency between the fiber and
micro-cavity can reach 95% for a plano-concave cavity with a length of 400 pm. This method can not only have
potential in quantum photonics research but also can be applied in classical optical fields.
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Fiber-based Fabry—-Pérot cavities (FFPCs) are widely
used in many applications®?, benefitting from their high
finesse and small volume in recent years. However, mode
matching between the cavity mode and input/output
fibers modes has been the main hindrance for many appli-
cations. Especially in research fields with trapped ions,
due to the strong disturbance of the trapping electric
potential by the presence of the dielectric fibers, trapping
of ions in the close vicinity of a fiber mirror is challenging.
Hence, relatively long cavities are desirable. However, a
long cavity leads to a large cavity mode. On the other
hand, the trapped ions radiate fluorescence in the ultravio-
let range; to enhance the fluorescence of trapped ions with
an FFPC, ultraviolet fibers with a small fiber core are used
to fabricate the FFPC. As a result, the mode mismatching
between fibers and cavities will decrease the coupling ef-
ficiency. To improve it, large mode single-mode fibers
(SMFs) are greatly essential. Many efforts have been
done, such as the application of a photonic crystal fiber2?
and the splicing of different types of fibers for a fiber
assemblyZ. These methods use special fibers that are
extremely fragile and sensitive to the external environ-
ment or need very strict operation skills with low repro-
ducible ability.

In this Letter, we demonstrate a hybrid thermal ex-
panded core (TEC) method with two kinds of fibers that
can be used to match the optical modes between the FEFPC
micro-cavity and fiber. The TEC technique can reduce the
index difference between the fiber core and cladding by
heating the fibers to expand the mode field diameter
(MFD). Tt has been developed for decades, which is an
important technique in the fields of optical communica-
tion and optical sensing, for example, in the reduction
of splice losses between different types of fibers, such as
erbium-doped fibers to standard SMFs?, and the design
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of lens-free devices™!. In fact, there are two kinds of

fibers?: one is a germanium-doped core and pure-silica
cladding; another is designed with an un-doped, pure-
silica core surrounded by a depressed, fluorine-doped clad-
ding, which is designed to reduce photo-darkening. The
fluorine-doped cladding fiber is ideal for fluorescence
spectroscopy and other applications at short visible or
ultraviolet wavelengths. In the past, the core expansion
work was carried out just for germanium-doped ions.
For fluorine-doped fibers, we demonstrate a new method
to achieve the appropriate multiple expansion by employ-
ing two kinds of SMFs. As the core expansion region can
be recognized as an adiabatic region, the mode coupling
efficiency from the original fiber core to the expanded core
is almost 100%. The TEC technique can be applied to al-
most any kind of SMF for better mode matching, making
this approach highly versatile and practical for many
applications.

For fluorine-doped fibers, the theoretical calculation
of refractive index distribution is the same as the analysis
of the germanium-doped fibers®1J. As the expanded
region is long enough, it is reasonable to ignore the diffu-
sion in the longitude. Note the dopant concentration for
the cross section of the TEC fiber as u(r,t), which is a
function of the radial distance r and heating time t.
The diffusion function of the doped fluorine ions in cylin-
drical coordinates can be written as follows:

02u+D0u_ ou
or2  ror at’

(1)

where D is the diffusion coefficient of the dopant, which
can be expressed as
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where Dy =9 x 107 m?/s is the constant factor of
vibration, and @ is the activation energy of ions; for fluo-
rine ions, @ 1is 3.83 x 10° J/mol. T is the thermodynamic
temperature, and R = 8.31 J/(K-mol) is the gas con-
stant. Thus, D is a function of temperature’®. Assume
that the initial dopant concentration is in the form of §
function; through numerical solving, we obtain the con-
centration distribution of the doped fluorine ions.

The refractive index of TEC fiber is determined by the
density of fluorine dopant, which can be given by

n*(r) = n? + (n2 — n})u(r,t), (3)

where ny, and n; are the original refractive index of the
core and clad, respectively. As a result, we can get the re-
fractive index distribution after heating at different times.
The distribution curves are shown in Fig. 1; as the heating
time increases, the refractive index of the core decreases,
and the effective core radius increases.

Next, we use finite element method software (COMSOL)
to simulate the fundamental eigenmode in different ex-
panded cores. By importing the simulated refractive index
data in Fig. 1 into COMSOL, setting the frequency to
8.11 x 10" Hz, and searching for modes around 1.46,
we then get the mode analysis result. Figure 2 shows differ-
ent fundamental modes corresponding to different periods
of time: T=0, T=5 min, 7'=15 min, and T =40 min,
and the MFD keeps growing and always maintains the
single-mode (SM) transmission.

There are several methods to heat the fiber, such as
hydrogen/oxygen flame, CO, laser, electric furnace, and
fiber fusion splicer™2l, Flame heating is a relatively tradi-
tional and mature method. Hydrogen/oxygen is an
improved flame, which will not cause air pollution. The
CO, laser can effectively reduce the time to fabricate
the TEC fiber, but it is difficult to modulate the laser
parameters for effective heating. An electric furnace is
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Fig. 1. Simulation of refractive index distribution versus radial
distance from the fiber core with different thermal expanding
times.
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Fig. 2. Diagram of fiber mode simulation by the finite
element method. Fundamental mode with heating time at
(a) T=0 min, (b) T=5min, (¢) 7=15min, (d) 7=40 min,
respectively. Comparing (d) to (a), the spot is increased by
about seven times, and the Gaussian pattern shows that the
fundamental mode propagating in the TEC fiber is maintained.

suitable for a mass process with an obvious defect for
more than 40 h of heating time. Here, we use the hydrogen/
oxygen flame as a heat source, as shown in Fig. 3, where an
SM300 (Thorlabs, fluorine-doped) fiber with an initial
MFED of 2.2 pm is clamped on a fiber mount, and the
cleaved end facet of the fiber is heated by outer flame. A
laser beam profiler (Newport LBP2) was used to measure
the spot size.

When the radiation propagating in an SMF reaches
a cleaved end-face, it radiates from the fiber to the
surrounding air. The light diffracts as it leaves the fiber,
and the resulting electromagnetic field evolves from a
near-field distribution close to the fiber end-face into a
far-field distribution further away. It behaves like
a Gaussian beam in free-space with the beam waist at
the end-face of the TEC fiber. Therefore, when the
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Fig. 3. Setup diagram of fiber core expansion. An SMF is held on
the fiber mount and heated by a hydrogen/oxygen flame, and the
beam profiler is used to monitor the spot size to determine the
divergence of the beam after the TEC fiber, which finally indi-
cates the MFD of the TEC fiber. The magnified inset is a photo of
the target fiber in a fiber fusion splicer. It is a combination of an
SM300 fiber and 630-HP fiber, where the length of the 630-HP
fiber is controlled within 1 mm, and the heating region is focused
on the splicing.
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propagation length z is much larger than Rayleigh length
zp, the radius of the beam w(z) increases linearly with
z according to the Fraunhofer approximation in the
far-field condition, and the half-divergence of the beam
is given by

22

ﬂ'a)o’

0~ (4)

where @, is the radius of the beam waist, which is half of
the MFD. Equation (4) shows that the half-divergence 0 is
inversely proportional to the radius of the beam waist @
under far-field conditions. Therefore, for a given wave-
length A, we can obtain the MFD’s variation by the beam
divergence’s variation. The laser beam profiler is set at a
certain distance d from the end of the fiber, and we can
read the radius of the Gaussian spot w(z), where the
intensity has dropped to 1/¢? of its on-axis value. Then,
the half-divergence € can be given by

L @)

So, the half-divergence has been converted to record the
radius of the Gaussian spot @(z).

We have tested expanding an SM300 fiber directly in
this case; the SM300 fiber is a fluorine-doped fiber, which
is used to collect 369 nm fluorescence from the Yb™ ion,
and the SM300 fiber can be enlarged by two times at most
when maintaining the fundamental Gaussian mode. In
past work, the germanium-doped fiber can be expanded
3.3 timesZ. There are two possible reasons to explain
it: one is the instability of the doped fluorine ions, and
the other is the effect of stress occurring when the fire
is removed.

To further enlarge the field mode diameter of the ultra-
violet fiber, we splice another SMF with a larger MFD. We
choose an SMF of 630-HP (Nufern, germanium-doped), as
its MFD is about 4 pm, which is as large as the SM300
fiber after TEC treatment. It makes it probable to couple
with each other with higher efficiency. Before heating, the
630-HP is spliced to a cleaved SM300. Then, the spliced
fiber is cleaved again by leaving 1 mm length of the
630-HP fiber. The transmission loss of 630-HP at 369 nm
is measured as 0.26 dB/cm, so the transmission of the
1 mm 630-HP fiber is 99.4%. At first, there is a lot of laser
light leaking out at the splicing due to the quite different
MFD. Then, we put the spliced fiber on the outer flame
and move the position of the fiber to make sure that
the splicing point can be heated sufficiently. During this
heating process, the light leakage at the splicing point will
darken, which means that the two modes are coupled more
efficiently. This interesting phenomenon can be explained
in this way: as the spliced fiber is heated, fluorine ions in
SM300 fiber and germanium ions in the 630-HP fiber are
diffused. Due to activation energy of fluorine ions being
higher than that of germanium ions, the MFD of the
SM300 fiber can be expanded much more quickly than

that of the 630-HP fiber. Finally they tend to be the same
size after about 5 min heating.

The various spot changes during the whole process are
recorded from the profiler in Fig. 4 every 45 s. Initially, a
considerable part of the laser leaks to the cladding of the
fiber. As both of the fiber cladding and fiber core support
multi-transverse modes of the laser, different modes inter-
fere to form interference fringes in Fig. 4(b). With the
TEC processing, the MED gets closer between the two fi-
bers, more of the laser beam is coupled into the core, the
interference fringes gradually shrink, and the central area
gets brighter and brighter at the same time. After about
5 min, more than 95% of the laser beam was coupled into
the fundamental mode, and the spot became a Gaussian
spot. Comparing the final picture with the initial one, the
radius of the Gaussian spot @(z) is 2.6 and 0.74 mm,
respectively. As the beam propagation distance d =
22.5 mm, half-divergence 6 decreases by about 3.5 times;
on the other hand, the MEFD of the TEC fiber is expanded
by 3.5 times.

After TEC treatment, the end facet of the TEC fiber
can be structured as a concave surface by the CO, laser
pulse and coated with a highly reflective dielectric
coating®. Then, they can be employed to set up an FFPC,
which can be in one of two configurations, as shown in
Fig. 5, the symmetric concave cavity or the plano-concave
cavity. As the cavity mirrors are part of the in-coupling
and out-coupling fibers, the coupling efficiency is given di-
rectly by the mode matching between the fiber mode and
the cavity mode. Considering symmetric cavities for sim-
plicity, the mode radius on the cavity mirrors is

AL
= Jo? +22 6
a)’UL w(, + 2”7 ( )

where w, = \/%[L(QR — L)1 is the waist radius of the cav-
ity mode, R is the radius of curvature (ROC) of the
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Fig. 4. Spot changes when heating the splicing between the
SM300 fiber and 630-HP fiber. (a) The initial SM300 with
half-divergence 6 = 0.116 rad; (b)—(h) the spot change process;
(i) the final Gaussian spot with half-divergence 6 = 0.033 rad.
The 3.5-fold reduction in half-divergence is equivalent to a
3.5-fold increase in the MFD of the TEC fiber.
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Fig. 5. (a) Mode matching efficiency between fiber and cavity mode for a symmetric concave cavity. The blue line shows the initial
SM300 fiber for the FFPC, where the coupling efficiency is about 30% at the cavity length of 50 pm. The green line is the result after
TEC treating; the efficiency can achieve 75% when the cavity length is 300 pm. (b) Mode matching between the fiber and cavity mode
for a plano-concave cavity. Considering the flat end coupling with the cavity mode, as the dotted line shows, the initial fiber can
form a stable cavity with coupling efficiency around 20%; when the MFD comes to 7.7 pm, the coupling efficiency can always be
above 90%, as the solid line shows. The purple line shows that the coupling efficiency can be more than 95% with a large cavity length

of around 400 pm.

mirrors, and L is the cavity length. For an SM fiber with
its nearly Gaussian transverse mode profile of radius
@y = MFD/2, and assuming that the cavity mode is well
aligned with the fiber axis, the fiber-to-cavity power cou-
pling efficiency can be approximated by the mode overlap

of two Gaussian modes2:2;

4

(55 ()
where n; is the refractive index of the SM fiber. From this
expression, we know that the optimum coupling occurs
around w,, = wy. However, to assemble with an ion trap
setup, the required cavity length usually is more than
200 pm, which is to minimize trap distortion due to the
charging effect on the dielectric coating of the cavity.
As L is increased, the mode radius on the mirrors w,, will
also increase. Especially, the ultraviolet fiber has an
extraordinarily small mode radius @;. Therefore, an
expanded core SMF is necessary.

Using Eq. (7), we calculate the optimal coupling effi-
ciency between the fiber and cavity mode. The result of
the symmetric concave cavity is shown in Fig. 5(a); the
initial SM300’s MFD is 2.2 pm, and when the cavity
length is more than 50 pm, the efficiency drops below
30%. After expanding, the expanded MFD is 7.7 pm,
and the efficiency can be above 75% even if the cavity
length is 300 pm.

Considering plano-concave mirrors for cavity configura-
tion, and using the flat end to collect photons, it can
match better because the beam waist of the laser beam
is on the end of the fiber. The calculation of mode match-

ing between the SMF and a flat-concave cavity is dis-
played in Fig. 5(b), where the initial SMF can form a

€ =

(7)

stable cavity with coupling efficiency around 20%; for
the expanded core fiber, the coupling efficiency can always
be above 90%, as the solid line shows. The solid purple line
shows that when the ROC is machined to 450 pm, the
coupling efficiency can be more than 95% with the large
cavity length around 400 pm.

We have demonstrated a method to apply the TEC
technique to an ultraviolet fiber. The direct TEC
treatment can just expand the fluorine-doped fiber core
by two times, probably because of the more active fluorine
ions. It can be solved by splicing the 630-HP fiber to the
SM300 fiber and heating the splicing for about 5 min.
Then, the two parts can be coupled with each other per-
fectly, finally getting the 3.5 times expanding effect and
keeping good fundamental characteristics.

The ultraviolet TEC fiber can be fabricated to FFPCs
with large cavity length, which solves the main limitation
of mode matching between the fiber and cavity mode in
ultraviolet FFPCs integrated into a Yb' ion trap. For
the symmetric concave cavity, it can achieve a mode
matching of 75% for a cavity length of 300 pm, and for
the plano-concave cavity, the coupling efficiency can be
about 95% for a cavity length around 400 pm.
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