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Guiding laser-cooled atoms in hollow-core fibers
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Laser-cooled atoms from a low-velocity atomic source are guided in a hollow-core optical fiber using the
evanescent-wave dipole force from blue-detuned laser light launched into the glass region of the fiber. The
transverse velocity of the guided atoms corresponds to a temperature @K50Ve achieve a maximum flux
through a 23.5-cm-long fiber of 590 000 atoms/second with a laser power of 55 mWatts at a detuning of 6
GHz. With larger detunings of 40 GHz, spontaneous emission from the atoms inside the fiber can be sup-
pressed and the atom’s internal-state population is preserved. We identify two major loss mechanisms for the
guiding process and discuss possible solutions.

PACS numbgs): 32.80.Pj, 03.75-b

A laser tuned above(blue-detuned or below (red- along orthogonal axis, and retro-reflected to supply cooling
detuned an atomic resonance attracts or repels atoms fronalong all directions. A 30-mW external-cavity diode laser
regions of high laser intensity respectively. In the first dem{10] supplies light tuned to the §,(F=1)—5P4;(F’
onstration of atom fiber opticfl], room-temperature ru- =2) transition to repump atoms that fall into tHe=1
bidium atoms from a vapor cell were guided through hollow-ground state back into the cycling transition. A 506 hole
core fibers by injecting red-detuned laser light into theis drilled in the center of the mirror that provides one of the
hollow region. The light, guided in the fiber by grazing inci- retroreflected beams, and this mirror is placed inside the
dence, prevents the atoms from hitting the wall by attractingzacuum chamber. Thus, one of the six confining laser beams
them to the region of high laser intensity in the center of thenas a dark region in the center of its cross section. The
hollow core. In subsequent experiments, atoms have beemdiation-pressure imbalance for atoms in the MOT that fall
guided by an evanescent-light field from blue-detuned lasein the shadow of the hole accelerates those atoms toward the
light injected into the annular glass regi¢8,3,7]. If the  mirror. The resulting atomic beam is referred to as a low-
repulsive light potential is large enough to overcome thevelocity intense sourcé.VIS) [11]. Typically, we measure
atomic transverse kinetic energy and the attractive van desin atomic flux of approximately-1x 10° atoms/sec and a
Waals potential, the atoms reflect conservatively from thebeam brightness of 1 x 10" atoms/sr sec. Previous studies
potential barrier and follow the path of the fibjet]. In this  of LVIS have established that the transverse-velocity distri-
paper we demonstrate and characterize guiding laser cooldslition may be estimated from the hole geométr), for the
8Rb atoms through hollow-core fibers using recently develpresent configuration, the transverse velocity is in the range
oped laser cooling techniques. Related work is reported by, =8.0+1.5 cm/sec. A time-of-flight measurement found
Wokurka[5] and Dall[6]. the longitudinal velocity to be;=10.0+2.0 m/sec.

Our experimental apparatus consists of two chambers, a An LVIS offers three advantages over room-temperature
source and a detection chamber, connected by a glass or stegbms. First, the atoms have a much smaller longitudinal
tube that holds the fiber and conduction limits the gas flowelocity, which allows for a longer interaction time for ex-
between the two chambe(Big. 1). The detection chamber is periments with atoms inside the fiber. Second, lower trans-
pumped by a 40 I/sec ion pump and typically reaches a presrerse velocities correspond to longer de Broglie wavelengths
sure of 10° Torr. The source chamber is pumped by a 25and permit a lower confining dipole potential. The dipole
I/sec ion pump and is maintained at a pressure of approxipotential (at large detuningsis proportional to the guiding
mately 10 Torr of rubidium vapor by heating a rubidium laser light intensity and inversely proportional to the detun-
ampoule that is attached to the chamber. ing, so a smaller transverse energy allows for a larger detun-

We prepare a laser-cooled atom beam in the source charirg while maintaining a sufficient guiding potential. Since
ber with a vapor-cell magneto-optical trd¥OT) [8]. A the scattering rate is proportional to the intensity and is in-
diode laser in a master-oscillator power-amplifier configuraversely proportional to the square of the detuning, larger de-
tion (MOPA) [9] provides 350 mW of single frequency light tunings allow a smaller spontaneous-emission probability.
tuned near the S;(F=2)—5P3,(F’=3) transition in ru-  Finally, the overall atom flux entering the fiber can be larger
bidium for trapping and cooling in the MOT. The light is than the flux achieved from a room-temperature vapor, re-
divided into three beams, each directed into the chambesulting in better signal-to-noise ratio compared to room-

temperature atom guiding, which enables the use of longer
fibers (30.5 cm herg The fibers used in the experiments
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beam of laser- cooled atoms generated in the left
source chamber travels toward the fiber between
the source and detection chamber. Some atoms
bypass the fiber and enter the detection chamber
displaced from the guided atoms. In the detection

chamber guided and unguided LVIS atoms can

be counted separately and the atoms internal state
can be probed with the push-beam present.
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gauge steel cylinder, which is fixed in the center of a solidefficiency of the guiding light into the fiber. 590 000 atoms/
copper gasket held between the flange of the detection charsec is the highest flux observed, which was measured
ber and the flange of the connection tube. Atoms that overlaghrough a 23.5-cm long fiber. The measured beam profile is
with the fiber opening are guided toward the detection chamtranslated into a transverse-velocity distribution and com-
ber (Fig. 1). We detect the guided atoms after they exit thepared to the normalized original LVIS distributidfig. 2).
fiber by ionizing them with a hot wire and counting those Assuming the longitudinal velocity of guided atoms did not
ions with a channeltron. A 5.5-W Spectra Physics Millenniachange significantly, we find a transverse velocity for the
laser pumps a Coherent 899 Ti:Sapphire laser to produce uguided atoms of 941.7 cm/sec. The uncertainty in the
to 400 mW of single frequency guiding light. The guiding transverse-velocity measurements is largely due t018%
laser light enters through a view port in the detection chamuncertainty in the distance from the MOT center to the mir-
ber, propagates between the hot wire and channeltron assenor hole and the distance from the end of the fiber to the hot
bly, and focuses on the output end of the fifleig. 1). Our  wire. The statistical uncertainty is significantly smaller.
guiding light is coupled into the fiber at an 8° angle with Within this systematic error the LVIS and guided-atom
respect to the fiber axis and is blue-detuned from tBg,5 transverse-velocity distributions agree. The measured veloc-
—5P5,, transition. To focus the guiding light onto the
30-um wide glass facet of the fiber, we use a 125-mm focal-
length lens from outside the vacuum chamber. Starting with
a beam waist of=10 mm we achieve a focal spot of about
15-25um at the fiber facet. The light propagation through
the fiber is multimode, and due to the long focal length of
our coupling lens in combination with a very shallow cou-
pling angle, the guiding light mainly excites lower order
speckle modes inside the fiber. In these experiments we do
not employ the speckle-smoothing technique used previously
[13]. The absolute guiding frequency is measured within
+50 MHz with a Burleigh WA-1500 Wavemeter.

We have guided atoms through several fibers of lengths
varying from 17 to 30.5 cm. In our 30.5-cm-long fiber we
typically measure a flux of 70000 atoms/sec hitting the hot
wire. The 70pm diameter hot wire placed-2.5 cm from
the output facet of the fiber intercepts a small fraction of the
diverging atomic beam. Since the hot-wire distance from the
fiber is large compared to the diameter of the fiber hole, the FIG. 2. Typical transverse-velocity distribution of LVIS and

spatial distribution of the atomic flux at the hot wire repre- g ided atoms. The measured transverse-velocity profile of the
sents the transverse-velocity distribution of guided atomsyyided atoms through a 10@m fiber is fitted to a Gaussiatsolid
emerging from the fiber. The hot wire, mounted on a vacuuniine) and compared to the normalized initial LVIS-velocity distri-
feed-through, translates perpendicular to the fiber axis. Weution (dotted ling. For this curve the guiding light is 4.5 GHz

measure the atom flux in counts per second as the hot wire ijue-detuned. We measure a transverse velocity vpf9.4
moved across the beam of atoms. The integral of the profile1.7 cm/sec for the guided atoms anfl=8.0+1.5 cm/sec for
gives the total flux. Observed count rates range betweebvIS atoms. The small change in transverse velocity indicates little
400000 and 500000 atoms/sec depending on the couplingeating due to spontaneous emission during guiding.
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oF FIG. 4. Microwave setup. A gigahertz and megahertz oscillator
6 : ; : 1'0 : 1'5 : 2'0 : 2'5 : 3'0 are mixed to give the microwave transition frequency. For fine tun-

ing the megahertz oscillator can be adjusted to within 1 Hz. The
field is amplified and fed into a microwave guide which then radi-

FIG. 3. Detuning dependence of the guided atoms internal statea.tes into free space.

At small detunings the atoms are optically pumped into Fhe2 . . . .
ground state as they reflect off the evanescent-light ftelangles. transverse-velocity distribution. A dramatic demonstration of

At large detunings the total flufsquaresconsists to 90% of atoms e decrease in the scattering rate is the complete reversal of
in the F=1 ground statecircles which indicates suppression of the internal population from 2 to 20 GHE'Q- _3)- At 20 GHz
spontaneous emission during the guiding process. detuning the relative number of atoms arriving at the detector

in the F=2 state is consistent with the internal-state distri-
ity implies that the dipole potential inside the fiber is suffi- bution at the fiber input, thus the spontaneous emission is
ciently high to guide the transverse velocities of our sourcesmall.
and that there is little heating of the atoms inside the fiber For future applications of atom interferometry in hollow-
due to atomic absorption and spontaneous emission of phaore fibers, the guiding process must preserve the coherence

Detuning (GHz)

tons from the evanescent light field. of the internal atomic state. We examine the degree of popu-
To further analyze spontaneous emission inside the fibetation preservation by probing thgéF=1m;=0)«|F
we introduce another laser beam tuned to ti®,bF=2) =2m;=0)8Rb “clock” transition during the guiding pro-

—5P4,(F'=3) cycling transition of8’Rb to interrogate the cess. A microwave field is generated by mixing an oscillator
internal state of atoms. This “push beam” intersects theat =6.8 GHz with another high-resolution tunable source at
atomic beam transverse to its propagation direction betwees20 MHz, which allows us to tune the sidebands with a
the fiber output and hot wire. All atoms in tle=2 ground  precision of 1 Hz(Fig. 4). Both signal generators are stabi-
state exiting the fiber are in resonance with this laser lightized to 1 part in 18" by a GPS signal. After amplification
and are pushed away from the hot wire. Previous experithrough a 23-dB solid-state amplifier the signal is split into
ments have shown that 90% of the atoms from LVIS aretwo signals. One signal is used to monitor the microwave
originally in theF =1 state before they enter the fiber. This power and the other signal is fed into a waveguide. The
can be understood because when atoms leave the MOT reraveguide terminates in free space next to the glass connec-
gion they are no longer illuminated by repump light and aretion tube between the two vacuum chambers midway along
optically pumped into théd==1 ground state. With the hot the fiber(Fig. 1). Microwaves exiting the waveguide propa-
wire positioned in the guided-atom beam-center we measurgate transverse to the fiber inside the connection tube. Stray
the total number of atoms with the push beam blocked andhagnetic fields around the microwave region are shielded
the number of atoms in thE=1 state with the push beam and a quantizing magnetic field of 1 Gs is applied along the
unblocked. Figure 3 shows atom flux as a function ofaxis of the fiber to lift the degeneracy between the magnetic
guiding-light detuning with respect to theSH(F=1)  sublevels of the ground state.

—5P4(F'=2) transition. At small detunings over 90% of  In our current apparatus we can examine independently
the atoms are pushed from the beam. This implies that ththe atoms guided through the fiber or a selection of atoms
push beam is at least 90% efficient, and that at least 90% dfom the LVIS beam that propagates outside the filfeg.
atoms are in th& =2 state after being guided. This indicates 1). The latter atoms exit through the 5@@n hole in the
atoms undergo spontaneous emission as they are opticaligtroreflecting mirror, but pass the fiber opening. Since the
pumped into the state whose transition is further detune@o-propagating MOT light passing through the mirror hole
from the laser frequency. The overall flux is lower at theinduces an ac-Stark shift in the transition, spectroscopy is
smaller detunings, implying that atoms are being heated bglone with the MOT beams turned off. We load the MOT for
the absorption and emission of photons until their transversé60 msec and then turn off all trapping beams with a me-
kinetic energy is too large to be guided. The flux increases aghanical shutter. The first atoms arriving at the detector
the detuning is increased, since the scattering rate decread#sose within 27 msec of blocking the MOT lightraveled
while the potential is still strong enough to capture the entirghrough the microwave region while still illuminated by laser
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atomic states. To suppress spontaneous emission we detune

(2]
E T T T T T T ¥ M T T T .y . .
§ 010 | - the guiding light by~40 GHz to the blue from atomic reso-
S 0.08} Q=10 % ] nance. Figure 6 shows the percentage of atoms arriving in
e - | the |[F=1m;=0) state versus the microwave frequency at
2 0.06 L ] different microwave field strengths. The error bars represent
§ _ T the standard deviation of the mean and do not include any
< 004k i drifts or underlying structure unresolved in our measure-
g i - ] ment. That we observed a resonance line shape indicates we
e 002k -~ . - 4 can detune the guiding light far enough to preserve the at-
§ A - T, ‘#‘ -] om’s internal-state population inside the fiber while the di-
< 000} = "= - - pole force remains strong enough to guide atoms. This ex-
° FWHM = 100 Hz periment was not possible in our earlier configuration with
5 -0.02 L . e ' room-temperature atoms, since the number of atoms guided
22 24 26 28 30 32 34 at large detunings was low.
Frequency (kHz) While the microwave resonance curves show that the at-

FIG. 5. Ratio of atoms transferred by the microwave field out-OmS preserve their state p(_)pulatlon d_urlng the guiding pro-
cess, Fig. 6 also shows evidence for inhomogeneous broad-

side the fiber. The 100 Hz FWHM of the central peak is consisten{. >~ . <. . .
ening inside the fiber. Microwave resonance curves of atoms

with the estimated interaction time of 10 msec. For the absolutei I tside the fib h i idth |
microwave frequency add 6.83468 GHz to the frequency in thd'@veling outside the niber show a linew as low as

graph. ~100 Hz (Fig. 5). This linewidth is consistent with the
transit-time limited linewidth expected from an estimated in-
light. These atoms are omitted from the measurements. Ateraction time with the microwave field of 10 msec[14].
oms that arrive in the following 9 msec time window are The smallest linewidth observed inside the fiber was more
used for our data. Atoms are counted in 1 msec time interthan an order of magnitude larger. This broadening is attrib-
vals and 9 such consecutive intervals are averaged to preted to inhomogeneous stray light fields inside the fiber.
duce a single count rate. The ratio of the=1 atoms with ~ Since our fibers do not have a low index of refraction clad-
and without the microwave field is computed and averagedling around the light-guiding glass region, some guiding
over 220 rungFig. 5). light scatters where dust particles touch the fiber. Calcula-
We conduct the same experiment as above on atom$ns show that less than 500 nW of scattered guiding light
guided inside the fiber to measure the preservation of internahside the fiber is sufficient to induce an ac-Stark shift of 5
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FIG. 6. Ratio of guided atoms transferred by the microwave field. The observation of a resonance line shape indicates the internal-state
population of guided atoms is preserved at a guiding light detuning of 40 GHz. As the microwave-field strength is decreased the line shape
narrows down@— (d). The inhomogeneous line broadening is attributed to an inhomogeneous ac-Stark shift inside the fiber from scattered
light. For absolute microwave frequencies add 6.8346 GHz to the frequencies in the graphs. Curves are Gaussian fits used to estimate the
linewidth of each curve.
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kHz, which accounts for our observed line broadening. Fur- 0 5 10 15 20 25 30 35 40 45 50
ther evidence for the inhomogeneous broadening is the nar- 40 prerTr T T T ":|
rowing of the Iine_ shape as we reduce thg microvyave field %0 _ a) LVIS Atoms .'_',.- .
strength. Without inhomogeneous broadening the line shapes - u

are expected to remain unchanged as the microwave power
changes. If scattered light is indeed the cause, this problem
will be ameliorated by using fibers with an annular core sur-
rounded by a cladding.

We can exclude possible broadening due to photon ab-
sorption during the guiding process. The scattering Ratd
a guiding light detuning of 40 GHz and a turning-point in-
tensity of I=1.3 W/cnf is R=35 photons/sec. The atom
spends most of its time during the guiding process in the
dark region of the fiber and only sees a strong light field

0 5 10 15 20 25 30 35 40 45 50

| b) Guided Atoms -.'.-..-.'—-3

(=23
o

Atom Counts (10°/ sec)
o
N 1 2 N 1

(4]
o

during its turn around time of-2x107° sec. This results 40 - = 1
in a probability of 5< 10~ %/bounce that the atom absorbs a 30 F ] -
photon. With an average of 30 bounces inside the fiber it is : L]

unlikely that the observed inhomogeneous broadening is due 20 [ - ]
to spontaneous emission. The calculated attenuation length 10 I ] .
for light guided by grazing incidence and launched at a cou- : : ﬁ ]
pling angle of 8° is 1.5 mm, so it is unlikely that light mis- 0 N
takenly coupled into the hollow region is responsible for the 0 5 10 15 20 25 30 35 40 45 50
observed broadening. Time (ms)

A comparison between the direct LVIS flux and guided

atoms allows us to estimate guiding losses. For a 23.5-cm- FIG. 7. Time-of-flight measurement. Grap#) shows LVIS at-
. ; . ’ b ing the fib t ided th h the fiber. Th
long fiber the output of LVIS provides 210’ atoms/sec oms bypassing the fiber arid) atoms guided through the fiber. The

. . ; flux of guided atoms saturates after 39 msec compared to 34 msec
into the opening facet of the fiber, but only

. 6 for guided atoms. This indicates that the lower velocity class of
X 105 atoms/sec are detected, corresponding to a guidingyiged atoms is cut. Slower atoms have an increased probability to
efficiency of 3%. We identify two loss mechanisms: loss dueggjiige. The slope change is a result of the narrowed velocity dis-
to the speckle pattern of our multimode fiber and loss due t@ipytion of guided atoms.

collisions with room-temperature background atoms inside
the fiber. Instead we have to probe different coupling conditions to
Since the light propagation through the annular glass remaximize atomic flux. We believe the speckle pattern is the
gion of the fiber is multimode, light coupled into different major factor in this sensitivity.
modes can interfere at the inside surface of the fiber. This A second loss mechanism is collisions with background
complicated interference, or speckle pattern, creates dark ratoms. We observe an increase in the maximum atom flux
gions where atoms see no evanescent-light field, and atonisrough the fiber over a period of days each time we pump
approaching the glass wall in those regions stick due to vadown to vacuum. This increase can be attributed to slow
der Waals forces. Once touching the fiber wall atoms thereonduction limited approach to the equilibrium pressure in-
malize to the fiber temperatuf@00 K) and leave the wall side the fiber.
with a kinetic energy too large to be guided by the dipole A further indicator for losses due to high background
potential. The lost atoms slowly diffuse by random walk to- pressure and speckle inside the fiber is a change of the
ward the fiber opening, where they become part of the backeongitudinal-velocity distribution for guided atoms. Figure 7
ground. shows a time-of-fight measurement comparing the
Washing out the speckle pattern increases the guidedengitudinal-velocity distribution of guided atoms to the ve-
atom flux. Donley[13] demonstrated with guiding room- locity distribution of LVIS atoms. For this measurement we
temperature atoms an increase in flux moving the specklehopped the atom flux by blocking the hole in the retrore-
pattern inside the fiber by changing the input angle with arflecting mirror with a laser beam. This beam is tuned to the
AOM. It is postulated that if the speckle are moved fastcycling transition and pointed transverse to the atoms’ propa-
relative to the atomic transit time over the characteristicgation direction. As the atoms intercept the beam they are
speckle size, the atoms see an effectively smooth potentighushed away from the mirror hole and recycled back into the
Washing out the speckle improved the flux in those experiMOT. To measure the atom’s longitudinal-velocity distribu-
ments by a factor of 2. Our current experimental setup doegson we unblock the atomic flux and count the number of
not allow us to wash out the speckle pattern with an AOM,atoms arriving at the detector for 55 msec within one milli-
but we expect to use this technique in future guiding experisecond time windows. The flux for the guided atoms reaches
ments. Further evidence for loss due to speckle is the sendts maximum after 34 1 msec compared to the LVIS atoms
tivity of flux with respect to the coupling of the guiding light. at 39+1 msec. This time-of-flight measurement indicates
Maximizing the optical coupling efficiency of the guiding that the longitudinal-velocity distribution has changed for the
light does not automatically lead to the best guiding resultsguided atoms. The slowest guided atoms are cut off from the
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distribution. We believe the slow atoms are either lost due tdgion. This is an important step toward realizing an atom in-
collisions with background atoms, or due to an increasederferometer inside hollow-core optical fibers. We also have
probability of encountering a dark spot in the evanescentidentified some of the dominant loss mechanisms for guiding
light field. Slow atoms with the same average transverse veatoms and suggested possible solutions to increase the total
locity spend more time inside the fiber and have a largefux in the future.
chance to collide with background atoms as well as to hit the ) ] o
fiber wall. The authors would like to express their appreciation to
We have guided 500 000 laser cooled atoms per second frarl Wieman, Kristan Corwin, and Brian DeMarco for help-
fibers as long as 30.5 cm and as many as 590 000 atoms/skt discussions. This work was made possible by financial
in 23.5-cm fibers. Further, we have shown that with suffi-support of the Office of Naval Resear@Brant No. NO0014-
ciently large guiding-light detuning we can guide atoms94-1-0373 and the National Science Foundati@rant No.
along such fibers while preserving the population distribu-Phy-95-12150

[1] M.J. Rennet al, Phys. Rev. Lett75, 3253(1995. [9] D. Mehuyset al, Electron. Lett.28, 1944 (1992; J.N. Wal-

[2] M.J. Rennet al, Phys. Rev. A53, R648(1996. pole, Opt. Quantum Electro28, 623(1996.

[3] H. Ito et al, Phys. Rev. Lett76, 4500(1996). [10] K.B. MacAdamet al, Am. J. Phys60, 1098(1992.

[4] S. Marksteineret al, Phys. Rev. A50, 2680(1994. [11] Z.T. Lu et al, Phys. Rev. Lett77, 3331(1996.

[5] G. Wokurka, J. Keupp, K. Sengstock, and W. Ertriempub-  [12] The fibers we use are capillary glass tubes that can be pur-
lished chased from stock with a variety of inner diameters from

[6] R.G. Dall, M.D. Hoogerland, K.G.H. Baldwin, and S.J. Buck- Polymicro Technologies, Inc.
man, J. Opt. Soc. Am. B, 396 (1999. [13] E. Donley, Masters Thesis, University of Colorado, 1996.

[7] H. Ito et al, Appl. Phys. Lett.70, 2496(1997). [14] The waveguide opening is only 1-cm wide, but microwaves

[8] E.L. Raabet al, Phys. Rev. Lett59, 2631(1987); C. Monroe diffract in a large angle around the opening, which increases
et al, ibid. 65, 1571(1990. the microwave field region te-10 cm.

033411-6



