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Laser Spectroscopy of Atoms Guided by Evanescent Waves in Micron-Sized Hollow
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We report the first laser spectroscopic experiments on the Rb beam guided by blue-detuned
evanescent waves in micron-sized hollow fibers. The two-step photoionization spectra show the long-
range dispersive properties of dipole interaction between guided atoms and evanescent waves. A
large enhancement factor of 20 in in the transmitted atomic flux is obtained at optimal conditions and
the total guidance efficiency is estimated to be above 40%. The state- and species-selective guide
with proper frequency detunings of the guide laser realizes in-line spatial separation of two stable Rb
isotopes. [S0031-9007(96)00434-6]

PACS numbers: 32.80.Lg, 32.80.Pj, 39.10.+j, 39.30.+w

As a feasible method to realize a precise manipulatiorin Ref. [10]. The combination of the small hollow fibers
of neutral atoms, two kinds of atomic waveguides usingand the collimated atomic beam realizes the high efficient
optical fibers have been proposed [1-4]. The first igyuidance and the fine control of the lateral atomic motion,
one using a red-detuned Gaussian laser beam propagatimpich allows one to detect the cavity QED effects.
into a hollow-core fiber [1]. The dipole force from the First of all, we have performed two-step photoionization
intense Gaussian beam guides atoms by attracting them spectroscopies on the guided Rb atoms with micron-sized
the center of the hollow region where the laser intensityhollow fibers. The result clearly shows the long-range dis-
is maximum. However, it causes strong heating of thepersive characteristics of the optical dipole interaction be-
guided atoms due to the spontaneous emission. Thgveen the guided atoms and the evanescent field. Contrary
other scheme is one using evanescent waves such thatthe glass capillary scheme, since the energy of the laser
the spontaneous-emission effect is relatively negligible [2-field is stored in the 4+m thin cylindrical core, even a
4]. The evanescent wave produced near a glass-vacuusmall coupled power from a guide laser beam can produce
interface acts as a mirror for atoms under blue detuningn optical potential barrier high enough to guide a thermal
[5], which leads from the walls within only a few hundred atomic beam. Consequently, a large enhancement factor
nanometers for visible light. Therefore, the guided atomsf 20 in the flux of the transmittetPRb atoms is obtained
interact with the light field only when they approach thefor a 3-cm-long hollow fiber with a Zem hollow diameter.
walls, but otherwise they are free. The atom guidance witlWe also estimate that more than 40% of the incident atoms
the evanescent wave enables one to use a hollow fiber witire guided by the fiber with 280-mW coupled power at an
a small hollow diameter of .xm. Such a micron-sized optimal detuning. Finally, we have performed an in-line
atom guide will not only enhance the precision of atomisotope-separation experiment for the two stable Rb iso-
manipulation but will also be useful for interesting studiestopes by the state- and species-selective guidance of atoms
such as the cavity QED effects in a cylindrical dielectric,through the fiber under proper frequency detunings of the
the gravitational cavity [6], the atomic quantum wire [7], guide laser.
and the atom lithography [8]. Let us first consider that a laser beam with the

The experimental demonstration of the Rb atom guidfrequencyw and the wave numbek is coupled into the
ance were performed in hollow-core glass capillaries withcylindrical core of a hollow fiber having a propagation
relatively large hollow diameters of more than 2n  constantB. For atoms with resonance frequenay
[9,10]. They employed the hot-wire technique andand longitudinal velocityv, along the waveguide, the
detected four kinds of Rb atomic states including twoevanescent wave leaked into the hollow region produces
isotopes at the same time so that the dependence of tla@ optical potential/,, (r, ) at a distance from the fiber
guidance on the frequency detuning is ambiguous. In thisenter and an azimuthal anglegiven by [5]
Letter, we report the first laser-spectroscopy experiments X P(r,0)/P,
on the Rb atomic beam guided by the blue-detuned Ugp(r,0) = 3hA In[l + W , @
evanescent wave in the cylindrical-core hollow fibers with I+ 442/

7- and 2um hollow diameters. The hollow areas are 10where I', Py, and A = w — w9 — Bv, are the nat-
and 100 times smaller than that of the glass capillary usedral linewidth (= 6.1 MHz), the saturation intensity
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(= 1.6 mW/cn?), and the frequency detuning, respec-three propagation modes can be excitedyl PP, and
tively. As shown in previous works [4], the weakly LP,, [4]. The mode patterns at the exit facet of the fiber
guiding approximation can be applied to describe thevere monitored by a charge coupled device camera from
hollow fiber having a small refractive-index difference be-the outside of the ultrahigh vacuum chamber. In the 3-
tween core and cladding. As a result, it greatly simplifiescm-long fiber, although the three modes were not clearly
the description of the evanescent waves in terms of thdistinguished, an effectively round mode (i.e:, = 0)
linearly polarized (LP) modes. Under this approximation,could be excited.

the intensityP(r, 6) of the LB,; evanescent wave can be For the spectroscopy on the Rb atoms guided through

written as [4] the hollow fibers, we employed the two-step photoion-
8 ization (PI) technique using two overlapping lasers near
P(r,0) = om0 C*I2(vr) cos(mb), (2)  the exit of the fiber downstream. The ions, produced by

the ionized atoms, were then detected by a channel elec-
wherev = /% — k2, uo is the magnetic permeability, tron multiplier (CEM) biased at a high voltage ef3 kV.
and I,,(vr) is the modified Bessel function of the first A grating-feedback diode laser tuned to a wavelength of
kind of orderm, respectively. The constar@ can be 780 nm saturates th&s, /2 — 5P3), transition. At the
determined by the boundary conditions and the lasesame time, an Ar-ion laser focused on the 108 beam
power. Note that the total atomic potential consistswaist ionizes the atoms in thfeP;, state (the ionization
of the repulsive optical barrie,,(r,6) due to the levelis at4.177 eV above the ground state). With the ap-
evanescent wave in Eqg. (1) and the attractive cavitylied high bias, the photoionization at three wavelengths
potential U, (r) due to the atomic interaction with the of 457.9, 476.5, and 488 nm from the Ar-ion laser was
surrounding cylindrical surface of the core [4]. Providedpossible. The ionization efficiency of this scheme can
that the evanescent wave is sufficiently intense, the totdle estimated by using the ionization cross section of the
potential becomes positive so that atoms can be reflectesp, , state(o; =~ 1077 cn?) [11] and the condition of
and guided. efficient ionization [12]
Figure 1 shows a schematic diagram of the experimen-
tal setup. A thermal atomic beam from a heated Rb Pi =~ Po(ao/a), 3
oven, which was collimated within 1 mrad, was intro- where P, and o, are the optimum ionization-laser in-
duced into the hollow fiber having a hollow diameter tensity and the resonant excitation cross section for the
of 7 um (2 um), core thickness of 3.am (4 um), and 55, ,, — 5P;,, transition, respectively. Therefore, with
length of 3 cm. The atoms which do not enter the hollowan Ar-ion laser with 4 W focused on a spot of 100
region upstream were blocked by a large fiber holder s@iameter, we estimate the PI efficiency to be 32%. As-
that they are not detected downstream. We aligned theuming the quantum efficiency of the CEM to be 0.9, the
straight hollow fiber with the atomic beam path using atotal detection efficiency is then 29%.
He-Ne laser. A guiding laser beam from a Ti:sapphire An enhanced transmission of the guided atoms is
laser was coupled at the core at the entrance by a mirr@gixpected at the blue detuning of the guide laser. Figure 2
with a hole that allowed the atoms to pass. The couplinghows a Doppler-free photoionization signal for fiBb
efficiency of the guide laser into the core was about 40%atoms in theF = 3 hyperfine level of the ground state
At the wavelength of 780 nm for guiding the Rb atoms,passed through the #Zm hollow fiber as a function of
the frequency detuning of the guide laser with a coupled
- power of 130 mW. Note that the detuning is measured
Guide . ..
Laser with respect to the transition frequency of the upper

F = 3 level and does not include the Doppler stgfb.,.
—plens  Com The oven temperature of 18Q provides a most probable
_l | Channeitron longitudinal velocity of 292 nis and a most probable
Ab N - .I>_(ﬂl transverse velocity of 0.3 i for our collimation angle.
xer | Mior The incident flux of the Rb atoms impinging on the
o Hollow Fiber

hollow entrance of 7um diameter is estimated to be
108 s![13] (note that the®>Rb isotope occupies 73% of
the incident atoms). The diode laser was tuned to the
FIG. 1. Sketch of the experimental setup. A collimated3Si/2, F = 3 — 5P3,, F = 4 transition and the Ar-ion
atomic beam from a Rb oven impinges into a cylindrical-corelaser was wavelength selected at 476.5 nm with a power
hollow fiber with a hollow diameter of 7 or Zm and guided of 4 W to ionize the guided atoms. In Fig. 2, we observe

by the blue-detuned evanescent waves therein. A Ti:sapphirg,q expected dispersive spectrum with a peak at a blue
laser, focused on the core in the upstream, is used for ato

guidance and isotope separation. A diode laser and an A:B_etuning of 2.7 GHz. The foot level Qf the ion—coun_ting
ion laser, overlapping downstream, are used for the two-stegignal extended over a 20-GHz detuning. The maximum

photoionization spectroscopy. atom flux at the transmission peak was< 10* s! as
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FIG. 3. Variation of the guided atomic flux versus the coupled
power of the guide laser in the 7- andu@n hollow fibers. The

FIG. 2. lon-counting rates for the transmitted atoms Versu{ackground level in the absence of the guide laser is subtracted
the frequency detunings of the guide laser in theri-hollow  1rom the observed lux of*Rb in theF = 3 level. WS estimate
fiber. The guide laser with 130 mW power is on in (a) and off that the total guidance efficiency is more than 40% in the case
in (b). The detuning is measured with respect to the resonancd the 7um hollow fiber.

frequency of the5S;,, F =3 — 5P;;, F = 4 transition of

%Rb. The grating-feedback diode laser is locked to thidine

and the Ar-ion laser is selected at a wavelength of 476.5 nm o

with 4 W power. can be observed as the coupled power is increased above

150 mW or so. Moreover, a maximum net flux@f X

10* s™! could be obtained at the 280 mW power. Using

the total detection efficiency of 29% and the incidence
shown in Fig. 2(a). On the other hand, flux without theflux of 9 X 10° s™! for the 8°Rb isotope, and also adding
guide laser wasl.5 X 10° s™! as shown in Fig. 2(b). the background signal, we estimate that the total guidance
Therefore, we estimate a very large enhancement factor @ffficiency of the atom waveguide is about 43% for $PRb
20, which is possible due to the use of the well-collimatedatom in theF = 3 level, whereas the pure optical guidance
atomic beam and the micron-sized hollow fiber. efficiency is 37%.

In the red-detuning region, however, the atomic flux If we take into account the fact that té&Rb isotope [see
was decreased below the background level without th€&ig. 4(a)] as well as thé°Rb atoms in the loweF = 2
guide laser probably due to adsorption on the inner wallevel are also guided, we estimate the total efficiency ex-
by the attractive optical force. Moreover, in the vicinity ceeds 50%. The very high guidance efficiency is realized
of the 58,2, F = 3 — 5P3, F = 4 resonant transition, mainly because we have used a collimated atomic beam,
it seems that thé°Rb atoms in theF = 3 ground-state which is discussed in the following. In the case of the ex-
hyperfine level are pumped into the lowEr= 2 level citation of the LR; mode ata 300 mW power and a 3 GHz
due to the interaction with the resonant evanescent wavalue detuning in the gtm hollow fiber, from Egs. (1) and
of the guide laser which is slightly leaked into the hollow (2), we obtain the optical potential of 120 mK in terms of
region at the entrance. We have confirmed this effect byhe equivalent temperature of the atomic kinetic energy,
detecting the guided atoms in the lower hyperfine level bywhich then corresponds to the maximum transverse veloc-
tuning the diode laser to th&S;,, F = 2 — 5P3);, F = ity of 3.4 m/s that can be reflected. Therefore, since the
1 transition. As a result, a small increase (about 30% ofMmost probable transverse velocity due to our beam colli-
the background signal) of th#Rb atoms in theF = 2  mation is 0.3 nfs, most of the atoms entering the hollow
level was observed near the resonant guidance frequenéiper are expected to be guided.
of the5S,,,, F = 3 — 5P3),, F = 4 transition. Now, let us consider the cavity potentiHLp(r) which

Figure 3 shows the transmittétiRb atom flux in the reduces the height of the optical potential barrier. By
F =3 level as a function of the coupled power of the using the results of the two parallel-dielectric case [14,15],
guide laser at the optimal detuning of 2.7 GHz. The overwe can roughly estimate the effects of the cavity potential
temperatures were 174 and 1€3in the case of the 7- and [5]. For the excitation of the LR, mode at 280 mW in the
2-um hollow fibers, respectively. The flux is plotted after 7-um hollow fiber, a reduction of about 30% occurs in the
the background signal without the guide laser is subtractedotential barrier. On the other hand, with 1 mW power,
(1.6 X 10* s~ ! for the 7.um hollow fiber). Therefore, the the potential barrier aimost disappears due to the attractive
data in Fig. 3 represent the net transmission flux only dueavity potential. The®*Rb atoms can be guided above
to the optical guidance. As shown in the curve for the 7the coupled power of 1 mW as shown in Fig. 3, but we
pm hollow fiber, saturation behavior in the transmissionobserve a rapid decrease of the guided flux below 1 mWw.
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" been clearly observed. The precise control of the atomic
500 MHz Rb, F=3 lateral motion has been realized withingdn through
a long distance. We have shown that more than 40%
of the incident atoms are guided, and obtained a large
guiding enhancement factor of 20; they are 40 and 7 times
improvement over the result in Ref. [10], respectively.
Moreover, the state selectivity and species selectivity
have been demonstrated through a separation between
two Rb isotopes. Since the evanescent wave is localized
—-M, P within the size of an object [16], we may even manipulate
atoms with a nanometric accuracy using a sharpened tip
- - on an optical fiber [17]. The atom guidance in very small
LD Frequency hollow fibers will open a new way to such a nanoscale

. . , atom manipulation as well as novel atomic physics
FIG. 4. In-line separation of the two stable Rb isotopes. b phy

Atomic transmission signals as a function of the diode-lasereXpe.nmentS' .
frequency are presented at a large blue detuning for both Rb This work was supported by the MATSUO Foundation
isotopes in their upper hyperfine levels (a), and at a bluef Japan and the Korean Science and Engineering Foun-
detuning for®Rb but near red detuning fé¥Rb (b). dation (KOSEF) of Korea.
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