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We demonstrate the first guiding of atoms through a hollow-core photonic band-gap fiber. Rb atoms
from a thermal oven source travel through 6.1 and 4.0 cm long fibers with a guiding potential 1/¢? radius
of 3.0 wm. When the photon scattering rate is small, the observed guiding efficiency is greater than 70%.
An unexpected low-speed cutoff is attributed to inefficient optical coupling.
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Matter waveguides have been demonstrated using both
magnetic [1-3] and optical potentials [4—7]. A waveguide
capable of transverse confinement in a single vibrational
state allows the possibility of monochromatic, single
spatial-mode guided matter interferometry. This requires
cold atoms and a tight, lossless potential. Previous optical
guides use hollow glass capillary tubes and have atom
losses due to multimode speckle patterns. Speckle can
cause local loss of confinement, leading to wall collisions.
Capillary guides also have light losses due to coupling with
unguided modes. This limits their useful length. A recent
development in photonic crystal technology known as the
hollow-core photonic band-gap (HCPBG) fiber [8] is an
ideal candidate for developing robust and compact atom
interferometers because one can guide light in a single low-
loss spatial mode (several micrometers in diameter) at
bending radii of a few centimeters. In theory, there is no
speckle and long waveguides are possible. High power and
large red detunings can be used to produce attractive
potentials with low spontaneous emission. Atoms in these
guides would also be ideal for studying low-light-level
interactions [9]. In this Letter, we demonstrate a straight
HCPBG fiber guide for Rb atoms.

The apparatus is shown in Fig. 1. The Rb source is an
oven with a reservoir held at 100 °C. The oven chamber
itself is slightly hotter (7= 125 °C) and features a large-
aperture nozzle or collimator (0.2 cm diameter, 1.6 cm
long) whose exit is 12.7 cm from the fiber entrance. The
nozzle dimensions were chosen to be large enough to
guarantee proper alignment while maintaining a reason-
able reservoir lifetime. The calculated Rb mean free path
inside the oven (0.8 cm) is on the order of the nozzle
dimensions, so that the beam operates at the edge of the
effusive regime. Because low-speed atoms do not appear at
the detection chamber on the other end of the fiber, we had
to verify that these atoms were not being depleted by
intrabeam scattering. We confirmed their presence by mea-
suring the fluorescence versus frequency caused by a probe
laser beam at 68° to the atomic beam about halfway
between the nozzle and the fiber [Fig. 1(a)]. The HCPBG
fiber is held in a stainless steel capillary tube which is
pressure fit into a hole drilled through a double-sided
vacuum flange. This flange separates the source chamber
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from the detection chamber. The transmitted atom signal
with no guiding light present is smaller than the detector
dark noise limit of 0.4 ions/s. The signal with guiding light
present due to background Rb vapor in the source chamber,
as measured by blocking the oven, is small compared to the
atomic beam signal.

The guiding light comes from a single-frequency
Ti:sapphire laser. It is 10 to 350 GHz red-detuned from
the 3Rb D1 (795 nm) or D2 (780 nm) transition. When a
single linearly polarized beam is coupled into the HCPBG
fiber, the near-field intensity profile varies periodically
with polarization and frequency [10]. Power shifts back
and forth between two lobes inside the core. In the far field,
the output polarization can vary considerably across the
intensity profile. The birefringence changes with frequency
and input polarization. This behavior is due to polarization-
dependent coupling to surface modes [11] and varies in
strength over the range of the photonic band gap, disap-
pearing almost completely near 860 nm. Using two input
beams with orthogonal polarizations results in a roughly
Gaussian near-field profile which does not vary much
(Fig. 2). The guiding light is transported to the HCPBG
fiber coupling optics using a step index polarization-
preserving fiber. Each beam is coupled to one polarization
axis, and because of the acousto-optic modulator (AOM)
they have slightly different frequencies (Fig. 1). The fre-
quency difference (140 MHz) is negligible compared to the
laser detuning, to the period over which the single-
polarization mode profile changes, and to the free spectral
range corresponding to the fiber length, but is much larger
than the natural transverse oscillation frequency of the
atom. A mirror in the source chamber can be moved into
the atomic beam path to intercept light exiting the HCPBG
fiber so that the transmitted power can be measured.

Guided atoms are detected by two-step ionization
[Fig. 1(b)]. Rb atoms emerging from the fiber pass
through three collinear detection beams which are perpen-
dicular to the fiber and tuned to 55;,(F =3)—
5P3(F=4) (780 nm D2, pump), 55;,(F=2)—
5Pp(F=3) (795 nm DI, repump), and 5P;, —
continuum (458 nm, ionization). The resulting ions are
collected by a Channeltron detector biased at —2050 V.
Output pulses are recorded by a scaler. The AOM can be
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FIG. 1. Guiding apparatus. A double-passed 70 MHz acousto-optic modulator (AOM) allows two-beam guiding and switches the

guiding light on and off for time-of-flight (TOF) spectroscopy. (a) Atomic beam fluorescence versus resonant speed, in units of v,,, =

8kgT/mm. (b) ¥Rb is detected by two-step ionization.

used to switch the guiding light on suddenly so that a time-
of-flight (TOF) spectrum can be observed (Fig. 3).
Because the kinetic energy of the atoms (~400 K) is
much larger than the guiding potential depth (~0.1 K),
guiding can only occur if an atom has sufficiently low
transverse kinetic energy once it is inside the fiber.
Trajectory simulations show that, for slower atoms, the
throughput is limited by the solid angle subtended by the
oven nozzle at the fiber entrance, while the effective cap-
ture area on the input face of the fiber (a circular area
defining the maximum impact parameter for which guiding
occurs) is independent of input angle and speed to within
20%. A high-speed cutoff in the speed distribution (a
delayed onset of the TOF signal) is expected because the
maximum guiding angle of incidence for fast atoms be-
comes very small. The low-speed cutoff seen in the data
(sudden early termination of growth later in the TOF
signal) is not expected. To investigate this, we measured
the upper and lower cutoff speeds vy and v; for various
powers and detunings of the guiding light by fitting the
model indicated by the dark line in Fig. 3 to the TOF data.

The cutoffs, in units of v,,, = \/8kgT /7rm, for two differ-
ent 6.1 cm long HCPBG fibers (Blaze Photonics models

” -
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FIG. 2. Near-field HCPBG fiber mode images. (a) From left to
right: horizontal, vertical, and crossed polarizations. (b) Same as
in (a) but with all input polarizations rotated 45°.

b)

HC800-01 and HC800-02) are shown in Fig. 4. The —01
fiber has a slightly larger mode size (3.8 um 1/e? intensity
radius) than the —02 fiber (3.0 pwm) as measured by imag-
ing the fiber ends onto a camera. The guiding power (0.5—
4 mW) and the frequency were varied independently. The
potential depth is approximately U = hQ?/4|8| (far-
detuned approximation), where () is the on-resonance
Rabi frequency at the fiber center and 6 is the detuning
in radians per second from the center of the nearest tran-
sition. The spontaneous scattering rate is approximately
S=0?/478%. We use the convention ()7)>=1/I, where
7 is the transition natural lifetime, / is the average light
intensity, and I, is the effective multiline on-resonance
saturation intensity for equally populated ground states
without optical pumping (5.06 X 10* erg/cm?s for the
D2 transition and 8.97 X 10* erg/cm?s for the D1 tran-
sition). Both the upper and lower measured cutoff speeds

seem to scale roughly linearly with Q/./|8] (<+/U). From
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FIG. 3. Typical TOF spectrum (6.1 cm fiber). Slowing due to
photon absorption is negligible in the models. Small delays for
ion flight and AOM switching are included. The inset shows the
model speed distributions versus speed—offset and scaled for
comparison. The maximum input angle is assumed to be con-
stant for all speeds.
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FIG. 4. Upper and lower cutoff speeds versus () /\/W
(=+/4U/h) for the 6.1 cm HC800-02 fiber. The solid lines are
fits using the model v = /2U/m/6 with 6 as a free parameter.
The dotted lines use the actual potential depth instead of the far-
detuned approximation. The open symbol data use two guiding
beams with orthogonal polarizations (xpol). Uncertainty in the
speeds is 10%.

a simple two-dimensional argument, we expect vy =

2U/m/6,,,x where m is the atomic mass and 6, is the
maximum angle of incidence. The linear fit shown in Fig. 4
implies an effective 6,,,, of 10 mrad. This is close to the
8 mrad maximum angle of incidence allowed by the oven
aperture. In a three-dimensional model, atoms with non-
zero angular momentum with respect to the fiber axis can
be guided at higher speeds and the effective angle should
be smaller than 8 mrad. The discrepancy could exist be-
cause the upper cutoff is not sudden. Misalignment be-
tween the fiber and the nozzle, slight fiber curvature, and
aging may also be important.

The lower cutoff has no obvious interpretation. Because
the data depend only on potential depth, photon scattering
cannot be responsible. A lower cutoff due to dipole force
fluctuation heating should scale as v, « LO°/|5]° [5].
Axial to transverse motion coupling due to roughness of
the potential is unlikely to be the culprit because single-
beam guiding, which has a more irregular potential, has the
same cutoffs as two-beam guiding. To investigate the effect
of the guiding light in the detection region, the distance
between the fiber exit and the detection beams was varied
from 0.1 to 1.2 cm, but had no effect on the cutoff speeds.
The ion count rate showed complete saturation as a func-
tion of the detection pump and repump beam powers, even
for the largest guiding laser Stark shifts. Because the lower
cutoff is not constant, the data also rule out collisions with
background gas as a mechanism. Increasing the back-
ground pressure by heating the fiber to 105 °C did not
change the TOF signal. Assuming the background gas is
H, diffusing through the fused silica fiber walls, we can
calculate the average Rb-H, collision cross section [12]
and set the upper limit on the background pressure inside
the 6.1 cm fiber at 6 X 107® Torr.

One possible explanation for the lower cutoff velocity is
wall collisions due to local loss of transverse confinement

(caused by speckle). The transverse oscillation frequency
wq near the bottom of a Gaussian potential is proportional
to +/U. If the probability to survive a wall encounter is 7,
then for a fiber of length L the lower cutoff speed would
scale roughly as v, « L+/U In7. To test this, we took TOF
spectra of a shorter fiber (4.0 cm). The lower cutoff speeds
remained the same, which rules out this mechanism
(Fig. 5). The upper cutoffs for this fiber were much higher
and were not proportional to +/U. They decreased over
several days. This is consistent with large signals we saw
initially in the 6.1 cm fibers which decreased and stabilized
by the time we took TOF data. This time dependence is
currently not understood.

Another possible explanation for the lower cutoff is wall
collisions in the optical coupling region where the atoms
exit the fiber. The low coupling efficiency (10%—30%)
suggests that the potential might be lower at the walls in
this part of the fiber because the input beam spot is larger
than the fiber mode and propagates a short distance into the
fiber. Reducing the numerical aperture (NA) of the input
light by a factor of 2.3 resulted in a slightly higher lower
cutoff speed (Fig. 5). This is the qualitative result expected
for wall collisions due to imperfect guiding light coupling.

We also investigated the fiber throughput as a function of
guiding light power and detuning (Fig. 6). The ion count
rate R and total throughput Q are given by
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where v = vi/m/2kgT. Q is the number of atoms in a
Maxwell distribution between the cutoff curves measured

;‘2‘ [ T T T T T T T T T T ]
2.0 — 3:5; v /v _
1.8 |- day 3 1
1.6 | day 4
QEO 1.4 - ® low N.A. coupling
Z 12F
" 10|
0.8 F
0.6 F
04 |
02 F i e 3
0.0 = 1 L 1 L 1 . 1 ]
0.0 5.0x10° 1.0x10° 1.5x10°  2.0x10°  2.5x10°

QNs| (s

et

FIG. 5. Upper and lower cutoff speeds for the 4.0 cm HC800-
02 fiber over several days. The two straight solid lines are from
Fig. 4. The dotted line is the lower cutoff expected for scaling
laws which are proportional to fiber length. The curved line is a
power law fit to the day 4 upper cutoff data.

210404-3



PRL 98, 210404 (2007)

PHYSICAL REVIEW LETTERS

week ending
25 MAY 2007

500 — 71— 810’
t D2
450 - A Qo e 4
| A Qo " - 7x10
400 £ A VGB2)0 )
L & Qo2 o~ R 6X104
350 ©Qo/2 ' g
@ I L E
> 4 5x10° =
2 300 | X g
S ol . &
o 250 4x10' &
£
2t 2
2 00k =
B 00 I 4 3x10" &
Q
2 150 2
° - 4 2x10" &
100 |-
[ 4
50 L ? 1x10
0 I I 1 1 D.D 1 0 - ] . 1 Jo
0.0 50x10" 1.0x10" 1.5x10° 2.0x10° 2.5x10° 3.0x10’
Q| (s
FIG. 6. Ions and total throughput for 4.0 cm fiber [16]. The

guiding light detuning (&) is swept for various values of the Rabi
frequency (). Qo = 6.35 X 10'° rad/s is an arbitrary Rabi
frequency chosen for comparison. Open symbols are for two-
beam guiding. Small () /\/W is the low power, low scattering
regime. Losses occur from spontaneous emission and perhaps
desorption at large Q/ \/W . The solid curve is Eq. (1) multiplied
by 1.05. The dotted curve is the throughput for both isotopes
calculated from Eq. (2) and multiplied by 1.05.

in Fig. 5 which strike the effective capture area A of the
fiber face (1.8 X 1077 cm?) per second. The density of the
oven beam was measured by imaging the fluorescence of a
resonant probe beam halfway between the nozzle and the
fiber. The density at the fiber n is assumed to be a factor
of 4 lower (1.1 X 10" cm™3 for %°Rb). The 5P —
continuum beam has a power P (typically 0.7 W), a 1/¢?
radius wy (0.031 cm), and is smaller than the pump and
repump beams. The calculated 5P photoionization cross
section at A = 458 nm is o = 1.3 X 107! cm? [13]. The
excited fraction in the 5P state Ny is % and the Channeltron
detection efficiency € is assumed to be 0.85. When the
curves are multiplied by 1.05 they fit the data well. Taking
into account the 25% uncertainty in R (dominated by
uncertainty in A) and the 10% uncertainty in the ion data,
the guiding efficiency must be greater than 70%. This is in
contrast with the slow-atom guide of Ref. [7], where multi-
mode speckle causes local loss of confinement, and the
estimated guiding efficiency is 3%. The thermal atom
guide of Ref. [4] has an estimated guiding efficiency of
over 40%. Rb atoms in our 4.0 cm guide undergo an
average of 44 wall encounters. This is 1.5 times as many
(9 times as many per centimeter) as in [7] and 5 times as
many (4 times as many per centimeter) as in [4]. Our guide
acts as a crude speed filter and the slowest atoms observed
(0.3vyy,) are 9 times faster than the laser-cooled atoms in
[7]. Our number of wall encounters per centimeter is
constant because wg and the average atom speed both scale

roughly as +/U. For a fixed potential depth, the counts
decrease from the model limit as the spontaneous scatter-
ing rate increases ({) decreases). This is likely due to
dipole force fluctuation heating [5]. At large (), guiding
is limited possibly through desorption of adsorbed Rb from
the inner walls [9]. For high powers, the transmitted power
decreases over 20 s or so to 2 mW at 780 nm (6 mW at
795 nm). This is possibly a thermal effect due to glass
corroded by Rb, or a desorption effect [14].

Our data suggest that a slow-atom interferometer will
need better light coupling to eliminate the low-speed cut-
off. Input spot size is limited by our large working distance
(8 cm) and thus large wave front distortion from the
chamber window and optics, so intrachamber optics are
likely to be needed. Short focal length aspheres can give
coupling efficiencies of over 70%. Our transverse zero
point temperatures are as large as 10 uK—within the
range of optical molasses. The simplest interferometer to
implement would be an accelerometer—a straight wave-
guide with Raman beams inside the fiber [15].
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