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Abstract:  We have used an optical fiber based system to implement
optical detection of atoms trapped on a reflective “atom-chip”. A fiber pair
forms an emitter-detector setup that is bonded to the atom-chip surface to
optically detect and probe laser cooled atoms trapped in a surface magneto-
optical trap. We demonstrate the utility of this scheme by measuring the
linewidth of the Cs D2 line at different laser intensities.
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1. Introduction

In the last few years there has been considerable progress on the manipulation and control of
atomic motion using microfabricated wires bonded onto the surface of a silicon chip - the so
called “atom chip”. Atom traps, waveguides, beam splitters and even atomic BECs have been
demonstrated using this exciting technology.’® To date, this experimental work has focused
on the use of on-chip current carrying structures, and hence magnetic interactions, to manipu-
late the atoms. More recently, there have been some proposals to integrate light sources onto
the chip surface® and there has even been a recent proposal for using an optical waveguide
based resonator attached to a chip surface to achieve high-efficiency single atom detection.”
Although the use of waveguides and specifically fiber optics to manipulate small particles is
well known, 10 comparatively little work has been reported which combines fiber optics with
ultracold atoms, the exception being elegant work on atomic guiding in hollow core fibers.*t
So far, these two technologies - fiber optics and surface traps - have not been combined. More-
over, there has been little experimental progress using on-chip optical techniques to probe and
manipul ate atoms.

2. Experiment and results

In this paper, we present new results that combine the integration of surface atom control with
“on-chip” optics. We demonstrate that fiber based optics can easily be combined with atom-chip
structures by introducing afiber optical waveguide onto a microfabricated atom chip device. In
our experiments, two solid core optical fibers are chemically bonded onto the chip surface in
aco-axial geometry. In this way, the light exiting one fiber is incident on the input aperture of
the second fiber. As atoms pass through the gap between the fibers, the light interacts with the
atoms and is scattered, decreasing the fiber-to-fiber coupling. In this way, on-chip probing and
detection of atoms is realized. To demonstrate the utility of this system, we perform a simple
spectroscopic measurement.

In our experiments, the fiber-to-fiber spacing is 4.5mm (see Fig. 1). Under normal circum-
stances, the rapidly diverging light exiting one of the fibers (the “source” fiber) would only
weakly couple into the second “detection” fiber (< 1% coupling efficiency), with a large por-
tion of the light being scattered from the chip surface. To address this problem, to increase
the coupling between the fibers, and to reduce spurious scattering, one of the two fibersin our
experiments has an integrated spherical lens (f=2.5mm) on its output facet!? that focuses the
exiting light (beam waist wg = 31um) onto the input facet of the “detection” fiber (Fig. 1). To
achieve good coupling between the fibers, we also used a multimode fiber cleaved with a flat
facet and a core diameter of 2004 m as the detection fiber.

The probe light was coupled into the source fiber and the fiber was then passed into a high
vacuum chamber (p< 10~8Torr) and onto the atom chip. Part of the output power Pg from this
fiber was coupled into the second fiber which carried the light back out of the chamber. After
exiting the fiber, the light was detected by a silicon photo diode (PD). To pass the fibers into
and out of the vacuum chamber we followed the method demonstrated by Abraham et. al .= in
which a flange with a Swagelock feedthrough is combined with a custom-made teflon ferrule
penetrated by two holesto allow for the passage of the fibers.

Thefiber setup is schematically shown in Fig. 2. The probe laser is an extended cavity diode
laser (linewidth < 1 MHZz) stabilized with respect to a saturated absorption spectroscopy setup.
The probe beam was switched using an acousto-optical modulator (AOM) at a frequency of
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Fig. 1. Configuration of the optical fibers. The lensed fiber (right) is coupled to the laser and
the multimode fiber (left) takes the light into a photo-detector. The “fibers” on the bottom
are reflections from the mirrored surface. The dark lines on the surface are the contours
of etched wires. The separation between the fibers and the height are 4.5 mm and 0.6 mm
respectively.
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Fig. 2. Fiber experimental setup.
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Fig. 3. Frequency scans for different intensities of the detection laser, the height of the
peaks is the power scattered by the atoms. (a) | = 3.16 mW/cm?, Py =55.4 nW with 1.4%
scattered by the atoms. In (b) | = 0.8 mW/cm?, Py=12.1nW with 5% scattered. (c) | = 0.26
mW/cm2, Po=4 nW with 9.8% scattered.

70Hz. In addition to provide amplitude modulation, the AOM allowed fine frequency tuning of
the probe laser. The output from the detection fiber was measured by the photo detector (PD)
and processed using alock-in-amplifier (L1A) synchronized to the AOM amplitude modul ation.
The power Py was adjusted using a half-wave plate and a polarizing beam-splitter cube. In the
absence of atomic scatterers in the gap between the fibers, the power output onto the detector
Paetected CaN be written as TPy, where T (0< T < 1) is a transmission coefficient. T depends
primarily on the characteristics of the individual fibers and on the geometry of the fiber system
(e.g. on the separation d between the fibers). For our geometry the measured value of T is 0.37.
A primary limitation of the coupling efficiency arises from parasitic reflections at the input
facet of the detection fiber. Here we neglect the small («0.1%) transmission lossesin thefibers.
When atoms are present in between the fibers, Pyetected = T(Po-0 Pscat ), Where Pg isthe power
scattered out of the source beam by the atoms in the interaction zone between the fibers. a is
a geometrical factor reflecting the fraction of the solid angle subtended by the detection fiber
aperture available for recapturing scattered photons. In our geometry o ~ 1. The atomic sample
used for the experiments was provided by a cesium (Cs) mirror magneto-optical trap (MMOT),
created at the atom-chip surface.!* The trap was operated on the 6S; ,(F=4) — 6P3/,(F =5)
transition with a detuning of A ~ —y = —271x 5.22MHz. The repumping laser was tuned to
the 6S;/,(F=3) — 6Py/,(F =4) transition of the D1 line. Both trapping and repumping light
were coupled through a single, single-mode optical fiber that served to spatially filter the trap
light. The output of this fiber was then split into the needed trapping beams and relayed to the
chamber. The result was a stable, compact atomic cloud with a diameter ~ 500um containing
~ 10° atoms centered at the focus of the fiber emitter-detector pair. The center of the cloud was
located using a CCD camera and was measured to be ~0.6 mm above the chip surface.

After loading the trap, the probe laser was scanned over a +11MHz wide range centered
around the 63, /»(F=4) — 6P3»(F =5) atomic transition. Figure 3 shows typical absorption
profiles obtained for different on-axis average intensities (defined as 2Ry /(1w3)) of the probe
laser. We note that the vertical scale is inverted, so that we find peaks (instead of dips) for
nearly resonant light. In (a) the on-axis intensity is 3.16 mW/cm?, while in (b) 1=0.8 mW/cm?
and in (c) 1=0.26 mW/cm?. A Lorenzian lineshape was fitted to the data and the linewidth
was extracted. The power level provided by the source fiber was then varied and the intensity
dependent linewidth examined. Figure 4 shows the measured linewidth versus the on-axis
intensity. To analyze the results, the variations in the observed linewidth can be understood as
due to power broadening. A simplified expression for the power broadened linewidth is given
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Fig. 4. Linewith asafunction of sy =1/Is. Thelineisthetheoretical linewidth y= y\/1+ 5

by ¥ = y\/1+1/ls, where I is the transition saturation intensity averaged over the relevant
magnetic sub-levels.’® The solid line is a plot of y//2m. The accepted value of the atomic
natural linewidth of the Cs D2 lineis y/2m = 5.22MHz.1® By fitting the function /1 +1/1s to
the datain Fig. 4 we obtain a meassurement of the natural linewidth y/2mas 5.35+0.5MHz, in
good agreement with the accepted value.

In Fig. 5 we show the power absorbed by the atoms (height of the peaks) as a function of
the probe power. We see the expected saturation of the scattered power as the probe power in-
creases. We note that at higher powers, the on-resonance signal-to-noise ratio for atomic detec-
tion diminishes because the fraction of the power scattered by the atoms decreases: Pgcait << Po.
The net effect isthat Py — Pat ~ Py issmall and approaches the detection noise level. Similarly,
for powers below 5nW, the signal-to-noise ratio also decreases as we reach the detection noise
floor of the photodiode. In the best case the signal to noise ratio was about 6. Using the datain
Fig. 5 we find that the interaction volume contains approximately 600 atoms. With a signal-to-
noise ratio of about 6, we can therefore place the on-resonance detection limit of our current
set-up at approximately 100 atoms.

At the lowest powers (~ 2nW) measured scattering rates are as low as 0.18MHz. For these
powers, the MMOT is hardly perturbed. An effect of the probe laser on the MMOT could only
be seen for the highest laser powers.

3. Summary and conclusion

In summary, we have demonstrated a simple method for realizing an on-atom-chip optical sys-
tem and have used this system to probe laser cooled atoms trapped at the surface. Significant
improvements can be expected by using a lower noise photodetector and by applying anti-
reflection coating to the input facet of the detection fiber. We are currently exploring these
improvements, as well as off-resonant dispersive measurements (*non-destructive”) in which
the atom fiber pair isincluded in one arm of an optical interferometer. Related imaging methods
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Fig. 5. Power absorbed by the MMOT as a function of probe power. The error bars are
statistical errors from different runs.

have been demonstrated’’-18 with atomic beams and laser cooled atoms. Trapping of atoms at
thefocus of thefiber isalso being explored using higher |aser powers and large, red detunings.'®

After the completion of thiswork we became aware of work done by Wang et al . implement-
ing a Michelson interferometer on a chip.
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