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We demonstrate a fiber Fabry—Pérot cavity in the ultraviolet range, which covers the florescence wavelength for
the 2P, /2 to 2s; /2 transition of YbT and is designed in the bad cavity limit for florescence collection. Benefiting
from both the small cavity mode volume and the large atom dipole, a cavity with moderate finesse and high
transmission still supports a good cooperativity, which is made and tested in experiment. Based on the measured
experimental parameters, simulation performed on the cavity and ion shows a Purcell factor better than 2.5 and
a single-mode fiber collection efficiency over 10%. This technology can support ultra-bright single photon sources
based on trapped ions and can provide the possibility to link remote atoms as a quantum network.

PACS: 37.30.+i, 42.50.Pq, 42.81.Wg DOI

A Fabry—Pérot optical micro-cavity, which is ba-
sed on concave mirrors on fiber-end faces, com-
bines advantages of small mode volume, high fi-
nesse, open access, and direct fiber mode coupling
ability.l'] Tt provides powerful applications in many
fields, such as cold atoms,?) diamond photonics,”] Ra-
man enhancement,!! and trapped ions.["~ " Benefiting
from the large coupling factor between a single pho-
ton and a single dipole emitter, the Purcell enhan-
cement on spontaneous emission, or even strong cou-
pling can be reached in cavity quantum electrodyna-
mics (CQED).

Trapped ions have both solid-state-like stable trap-
ping ability and high spectrum purity. More impor-
tantly, they can be trapped in the Lamb-Dick regime,
which offers an ideal platform for demonstrating quan-
tum information processing (QIP), such as quantum
simulation,®l quantum communication,!”) and quan-
tum computation.!'”) However, it is still a large chal-
lenge to build a large-scale quantum computer and
long-distance quantum communication. To implement,
such quantum tasks, the key ingredient is to remotely
distribute entanglement efficiently.

There are two main schemes to remotely distri-
bute entanglement between ions and both of them are
using photons to propagate remotely.l''] One scheme
is transferring the state of an ion to a photon, then
the photon propagates and interacts with the remote
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ion.['21%] In this scheme,!”! the interaction between
the photon and the ion should be in strong coupling
regime, and the atom should absorb the single pho-
ton with a high efficiency, which is difficult from the
current technology. In the other scheme, a photon ra-
diated from spontaneous emission is entangled with
the ion itself; if we perform Bell state measurements
on two emitted photons (each from one ion), the two
ions can be deterministically entangled. This met-
hod does not require the strong coupling condition like
quantum state transfer scheme,!'” and is robust with
a high fidelity.['" Therefore, this scheme is relatively
more feasible to build large-scale modular quantum-
computer architecture.['”'%] However, the efficiency of
this scheme is still limited by the low single-mode fi-
ber florescence collection efficiency for two-photon in-
terference. Although many efforts have been made to
improve it,['”~?! the reported coupling efficiency to a
single optical fiber mode is about 1% in the current
entanglement experiment.[”!]

When a CQED system is in bad cavity limit, the
Purcell enhancement offers a high ratio of emitting
photons into cavity mode, which can enhance photon
emission rate and photon collection efficiency simulta-
neously. An ion-trap integrated with an optical cavity
at millimeter scale has been tried with this idea,!*”
while the collection efficiency and photon counting
rate are not significantly improved because of the poor
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cooperative factor of this system. As a fiber Fabry—
Pérot cavity (FFPC) can provide a large Purcell fac-
tor, it has the potential to solve this problem. In addi-
tion, benefiting from high coupling efficiency between
the single fiber mode and the cavity mode, total cou-
pling efficiency to a single optical fiber mode will be
much improved, and the scalability on entanglement
generation scheme can be solved.

In this Letter, we present an FFPC with a mode-
rate finesse at 369 nm, which is designed in the bad
cavity limit for florescence enhancement at the wa-
velength of 2P1/2 to 281/2 transition of Ybt. The
transition has relatively simple hyperfine ground sta-
tes, which is suitable for the entanglement generation
scheme.l''] After characterizing the FFPC transmis-
sion, we estimate a Purcell factor above 2.5 and a
single-mode fiber florescence collection efficiency over
10%. Owing to its high efficiency and integration abi-
lity, the FFPC has a potential to entangle remote ions
to build a large quantum system, which is the basis
for constructing quantum network and developing dis-
tributed quantum computation.
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Fig.1l. Schematic diagram of laser machining setup for
fabricating FFPCs. The pinhole is set on the focal plane
of lens L1 as a spatial filter, L2 is an aspheric lens with a
focal length of 50 mm, and the microscope is used to po-
sition the fiber core to the laser spot of 1.2 by the aid of
the flip mirror.

Integrating FFPCs with trapped ions demands
special design of the fiber cavity. One important
thing is minimizing the impact of dielectric charging at
fiber-end faces which can destabilize the trapped ions.
In this case, a long cavity length is required, which
corresponds to a large radius of curvature (ROC) of
the mirror profile. Furthermore, to support pola-
rization entanglement generation based on the Bell
measurement,!'”] both polarizations should resonate
with the cavity mode, thus the birefringence splitting
should be less than the line width of the cavity,*”
which demands a low eccentricity of the concave sur-
face profile. To meet the above requirements, a la-
ser machining setup is designed as shown in Fig.1 to
fabricate the concave mirror profile on the fiber-end
faces. Different from the previously reported refined
methods,[?*?" here we reduce the eccentricity by im-
proving beam quality with spatial filtering. To im-
prove the output beam quality of the CO2 laser (Sy-
nrad Firestar v40), an aluminum pinhole is placed on

the focal plane of lens L1 as a spatial filter. The dia-
meter of the pinhole is set as 500 um, which is below
the diffraction-limited spot size of 570 um. Higher or-
der modes can be efficiently filtered out by the pin-
hole, and a more pure fundamental laser mode can be
obtained, which means a better circularly symmetric
laser power density distribution. An aspheric lens L2
(Thorlabs AL72550-G, f = 50mm) focuses the filtered
laser to the fiber-end face (Thorlabs SM300), the spot
size on the fiber-end face can be changed from 60 pm
to 250 um by varying the distance between the fiber-
end face and the beam waist plane. A microscope with
long working distance objective is used to image and
position the fiber-end face by the aid of a flip mirror
with high repeatability (Newport 8892-K-M motori-
zed flipper mount). The bare fiber is clamped in a
v-groove which is installed on a three-axis microstage
(Thorlabs MBT616D /M) to perform fine adjustment
at nanometer scale. The optical resolution of the mi-
croscope is 1 pm and the repeatable resolution caused
by the flip mirror is 500 nm, both above the parame-
ters supporting an alignment precision below 2 um.
The CO; laser is controlled by an arbitrary function
generator (AFG) by pulse-width modulation; a typi-
cal single laser pulse to make a concave profile on the
fiber-end face is typically 10 ms duration with 2 W po-
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Fig.2. Surface characterization of a typical machined
fiber. (a) Mirror profile with an area of 90 pumx90 um me-
asured by an AFM. (b, c) Horizontal (H) and vertical (V)
section of the dashed square of (a), black: section data,
red (blue): circle fit of H (V). (d) Difference between data
and fit in (b) and (c).

Following the laser machining process, we charac-
terize the machined fiber-end surface profiles with an
atomic force microscopy (AFM, Bruker Demension
Icon). A typical measured surface profile data with
an area of 90 ym x 90 pm is shown in Fig.2(a). To
measure the ROCs of the profile, sections are cut
out along the H and V directions and presented as
black lines in Figs.2(b) and 2(c). A circle formula

(y = yo + \/ROC2 — (z —x0)?) is used to fit the
section data, and the fits are shown as the red line in
Fig.2(b) and blue line in Fig.2(c), respectively. The
corresponding differences between the data and their
fits are plotted in Fig.2(d), which shows that all of
the differences are under 15nm. To balance the ca-
vity length and mode volume, the cavity length is set
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between 100 um and 300 um. In this case, the dia-
meter of the fundamental mode waist on the cavity
mirrors will be less than 6 um; it is much less than
25 pm range analyzed in Fig. 2(d), thus the clipping
loss of the cavity can be ignored.!"! Figure 2(a) shows
an elliptical surface profile, and the eccentricity can be
calculated as € = /1 — Ryin/Rmax, where Ry, and
Rpax are the estimated ROCs along the minor and
major axes of the profile selected from the six secti-
ons seen in Fig.2(a). With this method, we find an
averaged eccentricity of 0.22+0.04 on 24 samples with
ROCs ranging from 150 pm to 450 um, which is in the
same level as the optimized laser machining with cir-
cular polarization.!*’!

After successful machining, the concave mirrors
are coated for high reflection in ultraviolet range by
ion-beam sputtering. The coating is designed with a
moderate transmission 7' = 0.19% at 369nm. Then,
two coated fibers are aligned as shown in the in-
set of Fig.3(a) to form the microcavity, where one
fiber is clamped on a 6-axis nano-stage (Thorlabs
MAX603D /M) for alignment, and the other fiber is in-
stalled on a piezo (PI-E753) to scan the cavity length.
A 369nm laser from a Toptica SHG pro is coupled
into one of the fibers, passing through the cavity to
the other fiber, and finally detected by a 125MHz
photo-receiver (New Port: 1801-FC-AC). Transmis-
sion spectrum of the cavity is measured by scanning
the cavity length, a typical transmission spectrum is
shown in Fig. 3(a), which contains four resonant peaks
of fundamental modes and the second peak is magni-
fied in Fig.3(b). By measuring multiple peak widths
and distances, the finesse F is acquired as 1300 £ 100.
From F = 7/(1—R), we can deduce that the reflection
of the coating is R = 99.76% and the loss of the coa-
ting is £L=1— R —T = 0.05%.
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Fig.3. Transmission measurement of the FFPC. (a)
Transmission spectrum at 369nm by scanning the cavity
length over three free spectrum ranges. Inset: the cavity
configuration. (b) Details of the second peak in (a). (c)
The cavity finesse (blue dots) and total transmission effi-
ciency (black cubes) versus the cavity lengths, and the red
line is the simulated total transmission efficiency.

In the bad cavity limit, the florescence collection

efficiency from a trapped ion in an FFPC into the
single-mode fiber is

Co T
1+4Cy 1-R

where 7y, is the coupling efficiency from a trapped ion
to the cavity mode, C is the single-atom cooperative
factor which determines the Purcell factor, 7 is the
transmission efficiency of the coating on fiber-end fa-
ces when the cavity is resonant, and 7. is the mode
coupling efficiency between the cavity mode and the
fiber mode, which can be expressed asl']

we W \ 2 TNEWE W \ 2

nc_4/[<wm+wf) +<)\-ROC>]’ (2)
where wy, is the cavity mode radius on cavity mir-
rors, we is the fiber mode radius, and n¢ is the re-
fractive index of the fiber. By measuring the total
light transmission efficiency of the FFPC, which is
Me = MMM, the florescence transmission from a
trapped ion in the cavity to the fiber mode can be
determined as n; - 9. = /M. Figure 3(c) presents
the total transmission efficiency (black squares) and
the finesse (blue dots) of the FFPC versus the cavity
length, which clearly shows that the transmission ef-
ficiency decreases while increasing the cavity length.
In contrast, the finesse is constant if the measurement
noise is ignored. A simulated transmission efficiency
line is shown as a red line, which is in accordance
with the measured data corresponding to the cavity
lengths shorter than 160 um. In this range, the total
transmission is above 4%, which provides ;1. > 20%.
Here 7, drops greatly with cavity lengths longer than
160 ym. This may come from the fundamental mode
deficiencies caused by transverse-mode coupling.[*”]
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Fig. 4. Numerical simulation of the florescence enhance-
ment of a trapped YbT with an FFPC. Two cavities with
ROC=360 um (yellow lines) and ROC=200 pm (blue lines)
are simulated. (a) Collection efficiency with the reflection
of the output mirror. (b,c) The Purcell enhancement fac-
tor and photon emission rates into single fiber modes of
FFPCs along with cavity length.
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If both the mirrors have the same transmittance,
florescence of the trapped ion will be coupled into the
two fibers in different directions, which will compli-
cate the entanglement generation using the Bell mea-
surement. Thus an FFPC with a single output port
should be used in future experiments. To make up
a single output cavity with the previous T' = 0.19%
fiber mirror, another coated fiber mirror with much lo-
wer transmittance is prepared with parameters T/ =
0.01%, R’ = 99.93% and £’ = 0.06%. As the coopera-
tive factor Cy with a trapped Yb* can be calculated
from the cavity finesse and length

- gt _ 3X2cy 1
B 2Ky 81V K0

A S — 3)

T v2ROC - L — L?

where 7¢ is the spontaneous emission rate, x is the
electrical decay rate, Vi, is the cavity mode volume,
and ~y, is the overall dipole decay rate. For a trapped
ion in ultrahigh vacuum, the atom is only radiatively
broadened, thus v, = v9/2. We can simulate the
single-mode fiber florescence collection efficiency from
the coating parameters by combining with the simu-
lated total transmission efficiency in Fig.3(c). The
simulation results of two cavities with different ROCs
are depicted in Fig.4, where blue and yellow lines
are used for the cavities with ROCs of 200 pm and
360 um, respectively. Figure 4(a) shows the single-
mode fiber YbT florescence collection efficiency ver-
sus the reflection of the cavity output mirror, and the
red line is the reflection of the coatings in the expe-
riment. As smaller mode volumes of short cavities
support larger cooperative factors, they provide bet-
ter performance, as well as the cavities with smaller
ROCs. An efficiency over 10% can be obtained with
the cavity length of 100 um and the mirror ROC of
200 pm. The Purcell enhancement (F}, = 2Cy) versus
the cavity length is presented in Fig.4(b). It shows
that a factor above 2.5 can be reached in experiment.
Figure 4(c) gives the maximum photon emission rates
into the single fiber mode with continuous pumping
condition. An output with several megahertz photon
rates indicates that this is an ultrabright single-photon
source.

In summary, we have demonstrated an FFPC with
ultraviolet wavelength and presented the analysis in
enhancing and collecting the florescence of a trapped
ion. We take the Yb™ ion as an example for simu-

Co

lation. As a single ion has already been trapped in
a needle trap with a similar FFPC,% future experi-
ments integrating our FFPC with trapped ions can be
demonstrated without any obstacle. Furthermore, our
scheme can be applied to most trapped ion species in
current, experiment just by modifying the coating of
the mirrors. Compared with infrared cavities designed
for 2P1/2 to 2D3/2 transition,[”~ ") the ultraviolet cavi-
ties designed for 2Py 5 to 2S; /5 transition have much
lesser branching ratios and support high emission ra-
tes, which are rather suitable for measurement based
entanglement generation. By the aid of the FFPC in
this work, polarization entanglement generation rate
will exceed hundreds of Hertz, which makes the en-
tanglement generation time much less than the cohe-
rent time of ions.
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