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Substrate-based atom waveguide using guided two-color evanescent light fields
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We propose a dipole-force linear waveguide which confines neutral atoms\ip &bove a microfabricated
single-mode dielectric optical guide. The optical guide carries far blue-detuned light in the horizontally-
polarized TE mode and far red-detuned light in the vertically-polarized TM mode, with both modes close to
optical cut-off. A trapping minimum in the transverse plane is formed above the optical guide due to the
differing evanescent decay lengths of the two modes. This design allows manufacture of mechanically stable
atom-optical elements on a substrate. We calculate the full vector bound modes for an arbitrary guide shape
using two-dimensional non-uniform finite elements in the frequency-domain, allowing us to optimize atom
waveguide properties. We find that a rectangular optical guide ofttn8y 0.2 um carrying 6 mW of total
laser power(detuning= 15 nm about thé2 line) gives a trap depth of 200K for cesium atomsif=0),
transverse oscillation frequencies fgf=40 kHz andf, =160 kHz, collection area-1 wm? and coherence
time of 9 ms. We discuss the effects of non-zenp, the D1 line, surface interactions, heating rate, the
substrate refractive index, and the limits on waveguide bending radius.

PACS numbegps): 03.75.Be, 32.80.Pj

There has been much recent progress in the trapping and The idea of using an EW to provide both attractive and
cooling of neutral atoms, opening up new areas of ultra-lowrepulsive forces is due to Ovchinnikat al. [15], who pro-
energy and matter-wave physigs]. Waveguides for such posed the use of two colofse., red and blue detuningand
atoms are of great interest for atom optics, atom interferoméliffering evanescent decay lengths to achieve a trap with the
etry, and atom lithography. Multimode atom waveguides acpotential minimum a distance A from a prism surface. Un-
as incoherent atom pipes that could trap atoms, transpotil now, this design has been restricted to planar tr@psak
them along complicated paths or between different environeonfinement in the other two dimensions
ments, or deliver highly localized atom beams to a surface. In this paper we discuss a two-color trap based on the EW
Single-mode waveguidegor multimode guides populated fields above a single-mode, submicron optical “channel”
only by atoms in the transverse ground-stateuld be used waveguide. The trap provides tight confinementtiro di-
for coherent atom optics and interferomefgy3], as well as  mensions and allows free de Broglie wave propagation in the
a tool for one-dimensional physics such as boson-fermiothird, forming an atomic waveguide that could transport at-
duality [4—6] and low-dimensional Bose-Einstein condensa-oms a between/4 and\/2 above the optical guide surface.
tion effects[7]. Our proposal is to utilize the differing vertical evanescent

The optical dipole-force has long been used to trap andlecay lengths of the twpolarizationscarried in the single-
manipulate atom§l] as well as dielectric particlg$]. The  mode optical guidésee Fig. 1L The physical origin of this
available intensity of lasers has allowed a multitude of suctdecay length difference is the fact that the TM mode is closer
atom traps in the far-detuned regime, giving very low deco+o optical cut-offthan the TE mode at the same frequency.
herence and heating rates, and storage times on the order of Our proposal is reminiscent of some existing resonant en-
secondg9]. hancement schemes for EW mirrqdemonstrated with sur-

Evanescent light waves have been popular in many atorface plasmon$16] and dielectric waveguidgd7]) but with
mirrors, traps and guidg4.0,11] since they can provide po- a radical change from a planar geometry to a linear, the
tentials with high spatial gradieniglecay lengths~\/27  mechanism for exciting the guide, and the simultaneous
where\ is the optical wavelengihand use rigid dielectric guiding of a second frequency of opposite detuning. It also
structures(prisms, fibers to define the potential shape. For shares the feature of two guided colors with an atom trap
example, there has been a series of repuldiee-detunefl  proposal using microsphere whispering-gallery modes.
evanescent-waveéEW) traps which rely on gravity to pro- Our design has many desirable experimental featuigs:
vide the counteracting forcgl2] and recent experiments very little optical power is required to obtain large trapping
have shown that hollow optical fibers can guide atoms conintensities since the optical bound mode has very small cross
fined within the hollow core using a repulsive evanescentectional area 0.3 um?), (2) the optical field isnon-
field guided by the fibef13,14). divergent so can be maintained over distances orders of

magnitude further than diffraction-limited propagation in
free space allows3) the trapping potential is well-known,
*Electronic address: barnett@tornado.harvard.edu mechanically stable, and insensitive to experimental param-
"Present address: IGEN International Inc., 16020 Industrial Drivegters other than the optical powers, since it is defined by
Gaithersburg, MD 20877. single-mode intensity distributions fixed relative to a sub-
*present address: Department of Physics, University of Californistrate, (4) fabrication of arrays of closely spaced atom
Berkeley, CA 94720. waveguides is possibld 9], for parallel lithography or mea-
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(a) \ | tential but not the fact that the atom remains trapped. This is
trapped atoms N y W | to be contrasted with a non-adiabatic spin-flip event in a
N magnetic trap, which results in loss of the atom. This makes
optical waveguides particularly attractive for incoherent
2 % o transport, when the loss of coherence due to the spontaneous
T g‘f)ll?glfta;fﬁed events is unimportant. Finally, optical manipulation has the
H waveguide X by waveguide advantage over magnetic manipulation in terms of high pos-
g N | ' sible switching speeds.

///,Cj//;f,;jﬁjj//’ﬁ / /,éﬁ//’ﬁ,i;j/ /?/% This paper is organized as follows. In Sec. | we describe
substrate T \l the dipole potential, the exponential approximation for the
ng blue EW fields, and the mechani;m for the dif_ferencg in fjecay

) red length. We show how we optimized the optical guide dimen-

sions, in the case of a rectangular guide on a substrate of
unity refractive indexfor mg=0), and discuss some design
objectives and implementation issues. In Sec. Il we give
simulated results for cesium atoms: trap depth, coherence
time, transverse mode spacing @dactor, and spontaneous
heating rate. We also show how depth and coherence time
are generally limited by only two parametgtie detuning
and the normalized decay length differend&/e study both
— the case of a substrate refractive index of unity, and in Sec.
s, IIC the more realistic index of 1.32. We describe the nu-
-5 merical electromagnetic finite element technique in Sec. Il
including the accuracy achieved. Section IV is an investiga-
tion of two potential causes of loss or decoherence of atoms,
FIG. 1. (a) Shows trap geometry, dielectric guide dimensions,namely interactions with the dielectric surface and bending
incoming laser polarizations, and the Cartesian af@sshows the  of the waveguide. Finally in Sec. V we conclude and give
trapping potential above the dielectric along a vertical slice at gome future prospects for this proposal.
=0. The component due to red-detuned liglabsolute value
shown as dotted linesubtracts from that of blue-detuned light
(dashed lingto give the total dipole potentidl g, (thin solid ling.
This is modified by the Casimir surface interactit®ec. IV A),

o
(6]

trapping potential (mK)

-0.25

I. TRAP CONCEPT

giving the final potentialthick line). Here the trap depth of 150K A. Theory of the light potential

and coherence time of 12 ms is generated in our design by 2 mW

total guided laser power detuned kyl5 nm from the cesiund?2 An atom in a near-resonant light field of frequeney
line.

experiences both a conservative for@e to stimulated

surement, creating “on-chip” integrated atom-optical ele-Photon exchangeand a dissipative forcedue to spontane-
ments,(5) the atoms are exposed providing additional optical®US Photon emissior{23,24. The conservative force is the
and physical acces@ feature not shared with hollow-fiber gradient of a spatially-dependent potenti,(r) which can
designs, and(6) the velocity of the atoms along the direction Pe viewed as the time-averaged induced dipole interaction
of the waveguide could be controlled by standing waves irenergy(proportional to the real part of the classical polariz-
the light carried by the optical guide0]. ability) in the electric field, or equally well as the “light
Compared to a Zeeman-effect magnetic trap for neutrashift” (that is, energy level shift due to the ac Stark effedt
atoms, far-detuned optical dipole-force traps can have conthe atomic ground stafe3,9].
parable trapping times, but typically an order of magnitude We assume that we apply a monochromatic light field of
less depth and transverse mode spacings than recent magetuningA=w—w, to an alkali atom(with the ns—np
netic traps[21,22,4. However, in microfabricated applica- transition resonant ai), in the far-detunedregime (A
tions the stray magnetic fields decay as a power law withyreater than the excited state hyperfine splitting, but much
distance, whereas evanescent light fields decay exponentiallyss thanw,) and thelow saturation regime (2,,<A,
(|gr_10r|ng for now any scattering into fre_e space caused PYyvhere the Rabi flopping rat®,, is defined[25] by Q) .;
optical defects We believe this could give guided optical = 11E,, the dipole matrix element multiplied by the electric

fcraps a distinct advan;age in terms of ach_ievable density %eld amplitudg. The dipole potential has both a scalar and a
independent atom-optical elements on a single substrate. magnetic part:
i :

Also, optical traps have the advantage that there is n
significant loss mechanism which can remove atoms from AT T
the trap(assuming the thermal energy is much less thanthe , .\ _ , " » n -
trap depth: spontaneous events cause a small heating rate,Ud'p(r) Ps 8 As(r) #eonrGnud LS, .1, F)me[H()],
and non-adiabatic changesnm- can change the optical po- (1.9
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wherel is the spontaneous decay ras€r;) is the spatially- when the detunings from this resonance are much less than
dependent saturation parameter, and the potential is taken toe alkali atom fine structure splittind. Even when it

be much less than the ground state hyperfine splitting. Onlpecomes advantageous to use a large detuning of the order of
the magnetic part is affected g, which is defined as the A, it is possible to cancel the effect of the other resonance
projection of the total angular momentuon the direction by a simple shift in the two detuningas we will see at the

of the local effective magnetic field(r). The constang,,. end of Sec. Il A.

is the nuclear Lande-factor appropriate for thé& of the If we now have two light fields of differing frequency, the
ground state. The scalar potential is identical to the case of atomic potentials adfll5,23, as long as we assume that the
two-level atom, apart from the strength facigy which is 3 timescale of atomic motion is much slower than the beating

for detuning from theD1 line, % for the D2 [9]. period (that is, the inverse of the frequency differencin

It is important to be precise with the definition of the our case, atomic motion occurs at10° Hz and our light
saturation parameter. We write field frequency difference is- 10™ Hz, so this assumption is

valid. Choosing equal but opposite detuninga about the

Eé(r) D2 line, the trapping potential fang=0 is
s(n=——, (1.2
0,sat 24h1 T
Uaip(r) = 3 g~ 3 [SoiudF) = Sred 1) ], (1.9

whereESvsatEZI satl €oC (in the MKSA systemis the squared

electric field amplitude in a plane wave of intensit[25]. ~ yritten in terms of the saturation parameters for the two col-
This avoids the ambiguities present with the usual definitiony s The spontaneous scattering ré8 is a factor A/T
s(r)=1(r)/l s in the case of a general monochromatic light smaller thanU ,(r)/% (in fact this relation applies for any
field (composed of an arbitrary coherent sum of travellmgmF state, but it depends on theumof the saturation param-

and evanescent wavesand emphasizes that it is the local giers rather than thdifference It is also spatially dependent,
electric field alone that causes the dipole potential. and has the form

The effective magnetic field has a strength and direction
given by the circularly polarized component of the electric 2
field [9], which can be written thus: Pscal)=3 5| 3| [Soud+SedD)]. (1.9

AT T RAES (r)]XIm[Eqy(r)
/U«BohrH(r)ZIBm?K 1 éz B0}
0.sat Our basic task is to create intense evanescent light fields
with a potential minimum sufficiently far from a dielectric
surface to make the surface interaction potential and heating
mechanisms negligiblédiscussed in Sec. IV)A The main
difficulty arises because the evanescent fields have a typical
exponential decay length A/27r, so if we are to have a trap
of useful depth, we are restricted to keep it within rougkly
of the surfacgless than a micron

A potential minimum in one dimension can be obtained
using a blue(repulsive light field of higher intensity at the
dielectric surface than the rddttractive light field, and en-
suring the decay lengths obéy,s> L., giving a potential
of the form

, (1.3 B. Design of the light fields

where the strength factg,, is —% for D1, 2 for D2, and
we take the physical electric fielgvith amplitude Ey(r)
=|Ey(r)|] to be the real part of a complex fielk(r,t)
=Ey(r)exp(—iwt). The reason for the “dummy” constant
Meonr IS @esthetic, so thal.1) can be expressed in a standard
magnetic form. Note that for nonzeror the magnetic and
scalar contributions to the potential are of similar order, if
the fields have significant circular polarizati¢his will be
true for our trapping fields, for the reason that the optical
guide is close to cut-off

The fact thatU 4i(r) has its sign controlled by the sign of
the detuning allows both attractieed-detunegand repul-
sive (blue-detuneyl potentials to be created. The potential Uip(Y) = Apee Y/tolue — A o™ Y/bred (1.9
scales ad/A but the spontaneous emission rate scales as
1/A2%; from this follows the well-known result that, if coher- This gives a repulsive force at short range, which becomes
ence time is an important factor, it is best to be far off-attractive at long ranglsee Fig. 1b)], and is the scheme for
resonance and use high intensities in order to achieve thie planar trap of Ovchinnikogt al.[15]. A large amount of
desired trap deptf9,3]. insight into our proposed trap can be gleaned from this

For simplicity, in this paper we will restrict our further simple one-dimensional modélhich we call theexponen-
analysis and simulations to-=0, although our initial cal- tial approximatior), because the squared electric fields above
culations suggest that the effect of the magnetic part of outhe guide will turn out to approximate exponential forms in
potential when trapping in otheng states will not pose ma- the vertical direction quite closely.
jor problems[assuming the spin axis adiabatically follows If we define a normalized decay length differenae
the H(r) field direction, and can even be used to our advan-=(L g~ Ly /Lpue, then we can give two reasons why in-
tage by increasing the depth and the transverse oscillatiocreasinga, is a vital design objective. Firstly, it is easy to
frequencyw, in the casam=>0 [26]. Also, we will consider show that for smalla; the deepest available trap depth
the effect of only a single resonan@hoosingD2 because it (found by optimizing the ratio of surface intensities
has a largei3g than D1), which is a valid approximation A..4/Apue Scales asy, . Secondly, a larges, is beneficial
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for trap coherenceggiving a smaller spontaneous decay rate 1.2
at a given trap depth and detunjngpecause the sum of the
intensities can be kept low¢see Eq.(1.5] for a given in-

tensity difference[Eq. (1.4)]. We will quantify this latter 17
connection in Sec. Il A.

Our two key differences from the proposal of Ovchinni-
kov et al. are as follows. Firstly, we create a non-zeroby 08
using two orthogonally-polarized bound modes of a dielec-
tric slab guide, which have different evanescent decay<
lengths at the same frequen¢®7]. This contrasts with 06|
Ovchinnikovet al. who suggest varying the decay lengths by as
varying the reflection angles from the inside surface of a
glass prism. Secondly, horizontal confinement is achieved by 0.4 |
limiting the width of the slab guide to approximately
(forming what is called a&hannel guiddg28]), which auto-
matically creates a maximum in each light intensity field in 0.2 |
the horizontal direction. This results in a tight horizontal
confinement in the atomic potential, of similar size to the
vertical confinement, and is something very hard to achieve 0« : ! : : :
in a prism geometry. 0 0.2 0.4 0.6 0.8 1 12

A schematic of our design is shown in Fig(al The W/ A
optical guide heighH and widthW are kept small enough to ] ) )
guarantee that there are exactly two bound modes, differing FIG- 2. Numerically solved cut-off curves for a dielectric wave-
in polarization but not in nodal structufi optical terminol- ?d“;‘;‘;;;”g;\}ézé‘:jmg:i:)S:;: :\J:;St'ogoz‘;gjr‘é‘”g;ht r?g?nr;li?:ltjm
gg)r/n?:nltlsyci?'l”?fi ;?%Iifer;%dné[;ﬁf 21?1?1 6:2 teolegglz)?ceilg dprbey trapping potential depth achievable at fixed total laser pditen

. - 7 solid curves in rectangular overlayed box regioNso shown is the
blue-detuned laser light, a'ﬁ{l has electric field predomi- symmetry lineW=H (thin dash-dotted line Note that the contours

nantly in the y direction and is to be excited by red-detunedshow depthincreasingas H decreases, almost independentvdf
laser light. We can see why their vertical decay lengths diffelnear the suggested operating dimensi@mwn as a solid ellipge

by considering the case of the sléie., taking the width  cut-off is defined as reaching an effective refractive indey
W—c), where these modes are simply the slab TE and TM=k, /k,=1.05, except folE}; and E}, (thick dashed lingswhich

modes respectively. For both these slab modes the purelye show cut-off angg=1.02.
transverse field obeys the differential equation

) No analytic solution exists for the general rectangular
¢ _ o (i)y2 2 guide, so we used the finite element method discussed in
— =kl (Ne)“—n(y) ], (1.7 ’ .
2 O e Sec. lll to solve for the bound modgy values and fields as
a function of guide dimensions. Figure 2 shows the resulting
where ¢p=E,(H,) for the TE (TM) mode, the eigenvalue “cut-off curves,” that is, contours of constamtys in the.
nM=kW/k, is the effective refractive index for ti& mode ~ Parameter space/(,H). In this example we chose a guide
(k, being the wavenumber in the propagation direction and"dex ng=1.56 (typical for a polymer dielectricand, as a
ko the free space wavenumbeandn(y) is the spatially- Preliminary case, a substrate indey=1. o
dependent refractive indg¢®8]. (This is equivalent to a one- The single-mode region, in which we wish to remain, is
dimensional quantum problem in the direction normal to thebounded below by th&}; andEj, curves and above by the
slab, in a potentiat kén(y)z with #2/2m=1). However the EY, curve. Note that, as in any dielectric guiding structure
boundary conditions on the slab surfaces differ for the twouniform in thez axis, the lowest two modes{; andE7; in
mode typesip is always continuous, butg/dy is continu- — our casg nevertruly reach cut-off, rather, they approach it
ous for TE as opposed to 2d¢/dy continuous for TM.  exponentially as the guide cross-section is shrunk to zero.
This asymmetry exists because the permittiéityn® varies ~ For this reason, we chose the practical definition of cut-off
in space but the permeability is assumed to be constant. for these modes to be.z= 1.05, which corresponds to only
This discontinuity in the gradient for the TM mode forces it about 20% of the power being carried inside the guide. In
to have a loweny than that of the TE mode, which means contrast, higher modes do have true cut-48,3Q (this
it is less tighﬂy bound so has a |onger evanescent deca?iStil’lCtiOﬂ is illustrated by the dispersion curves of Fig. 4
length. This effect becomes more pronounced as the sladnd for the E¥; mode our(numerically limited contour
index increases or as optical cut-off is approacketich  choice ofngs=1.02 falls very close to the true cut-off curve.
happens when, decreases until it reaches and the mode Using the numerically calculated electric field strengths of
becomes unboundThis tendency is preserved even as thethe EY; and E}; modes, we found the red and blue guided
width is decreased to only a few times the height, as in outaser powers which gave the deepest trap, subject to the con-
scheme. straint of fixed total poweKkeeping the detuning constant
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[31]). We also imposed the restriction that the zero of trap- Unfortunately, these purely theoretical reasons for ap-
ping potential come no closer than 100 nm along the verticaproaching cut-off are in opposition to more practical ones.
line x=0, which kept the trap minimum a reasonable dis-The closer to cut-off a guide is, the more sensitive it is to
tance from the surfacésee Sec. IV A Performing this op- manufacturing variations in cross-section: in our case this
timization over a region of the parameter space covering theill be predominantly a sensitivity téi. The result is that
single-mode region gave a contour plot of maximum achievsmall variations irH cause large variations in mode size, or,
able depth for a given total power, shown within the rect-at worst, complete cut-off. If the mode size change is rapid
angle overlayed on Fig. 2. This depth increases from neglitnonadiabatigalong thez axis, (for instance if this change is
gible values in the top left to the largest depths in the lowerdue to surface roughness or refractive index inhomogene-
right, indicating that choosinyV andH to be in this latter jties) the resulting mismatches will be a source of scattering
corner of the single-mode region is best for depth. The deptbf the guided power. Any coherent scattering back down the
shows very little variation withV in this corner, rather itis guide will set up periodic modulations of the light field over
clear that varyingH to stay within our definition of the long distances(One way to reduce the distance over which
single-mode region has become the limiting factor oncoherent addition is possible is to use very broad line-width
achievable depth. We indicate a practical choice Wf light sources, which would dramatically reduce modulations
=0.97\ andH=0.25\ as a small marker on Fig. 2. Ex- due to both guided and stray scattered ligfthe conse-
ample trapping potentials shapes possible with these paramuence for the atoms would bezalependent trap depth and
eters are shown in Fig. 3; we discuss their properties in Seghape, and this could lead to partial reflection or even local-
. ization of the matter waves. In general we expect scattering
In Fig. 1(a) the direct excitation of the optical guide by to limit how close to cut-off we can reliably operate.
the two laser beams is shown only schematically. In a real- With regard to the substrate, further practical issues arise.
istic experimental setup this coupling into the guide wouldin the above cut-off calculation we chose the simplest case of
happen on the order of a centimeter from the atom guidingh,=1, corresponding to a guide surrounded by vacuum. A
region, and could involve tapered or Bragg couple28]  real substrate witms>1 has the unfortunate effect of limit-
from beams or from other fibers. At this distance we estimaténg the propagation constaky of strictly bound modes to be
that isotropic stray light due to an insertion loss of 0.5 wouldjarger than the freely propagating wavevector in the sub-
have 8 orders of magnitude less intensity than the EW fieldstrate; in other wordsnes>ns must hold or the light field
in the guiding region. Assuming the light is coherent, thiswill rapidly tunnel into the “attractive potential” of the sub-
limits the fractional modulation of the guiding potential to strate. This in turn limits the decay lengths amd that can
10, More improvements are possible, including the use obe achieved. The trap properties quoted in the abstract and in
absorbing shields, bending the guide through large anglegecs. Il A and |1 B paper rely on very low, values(1.07
away from the original coupling direction, and reducing thefor the EY, mode, 1.18 folEY,) for the reason that a low
coherence length. is the only way to create long evanescent decay lengths in
the vacuum(This is equivalent to Ovchinnikogt al. choos-
ing reflection angles very close to critiddl5].) However, in
Sec. IIC we present preliminary results for a substrate of
We have shown in Fig. 2 that parameters optimized folsodium fluoride(the lowest-index common optical mineral,
trap depth are near optical cut-off. It is worth gathering to-at n=1.32), and do not believe the substrate alters the basic
gether the physical reasons for this. Firstly, on general gedreasibility of our waveguide.
metric grounds, the typical available intensities in a guide For completeness, here we list some other possible ap-
scale inversely with the effective cross-sectional area of thgroaches to the substrate iss(i8. Use an aerogel substrate,
bound mode, which, far from cut-ofthat is, whenny  which can have exceptionally low refractive indices and low
—Ner<Ng—N) follows very closely the cross-sectional |oss(films of severalum thickness with indices of about 1.1
area of the guide. This makes it favorable to shrink guidingcan be produce@32]). (2) Use a dielectric multilayer sub-
structures to areas less than a square wavelength, where thgiyate with an effective index of unity or leggery low loss
generally become single-mode. Secondly, once we're in thenultilayer mirrors[33] with effective indices less than unity
single-mode regime, as we approach cut-off the mode powefan be created (3) Investigate if there exist guide shapes
is carried increasingly outside the guide, increasing the ratiguhich have sufficiently small tunnelling rate into a conven-
of surface intensity to guide center intensity. Thirdly, thetional substrate that the fact that the modes are not strictly
evanescent decay length in the vacuum is longer as we apound becomes irrelevaffor instance, a wedge shape with
proach cut-off(recall that in the case of the slab, this is the smallest face in contact with the substratd) Unsup-
exactly expressed uy*1=2k0\/nezﬁ—1 [28], where the fac-  ported guiding structures could be produced over short dis-
tor of 2 arises because we are considering intensity decaypnces[19]. Finally, it is important to note that the idea of
length rather than amplitugleln the special case af;=1, replacing the substrate by a metallic reflective layer is not
the decay length diverges to infinity as we approach cut-offpractical because they are too lossy.
Finally, the ratioa; becomes larger as we approach cut-off, Ultimately, the best values oV and H, the best guide
with corresponding beneficial effects on depth and coherenceross-sectional shape, and the substrate choice will depend
(due to increasing the “goodness factor” we will introduce on many of the above factors and is an area for further re-
in Sec. Il A. search.

C. Discussion of optical cut-off and substrate choice
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1000  y (nm) show the trapping potential shapes achievable at the two
practical extremes gb=0.4 andp=0.2 in Fig. 3, where we
800 have choserP,,; and A to give identical trap depths and
coherence times. Smallpwvalues cause the trap minimum to
609 move further from the surfac@ distinct advantageto be
200 | less “bean” shapedi.e., to have smaller cubic deviations
from a 2D harmonic oscillatgrand to cause a slight increase
556 | in collection area. It is possible to achieve a trap minimum as
distant asy,=0.52\ from the surface whemp=0.2. The
a [k only disadvantage to implementing these smallealues is
. . that a higherP, is required to achieve the same trap depth
dielectric . . . .
200 | x (nm) and coherence timéor instance a factor of 7.5 increase is
650 =60 5 e Jo00  required as we takp from 0.4 to 0.2. This can be quantified
within the exponential approximation, and it can be found
that the total power required to maintain a given depth and
1000 . . X
coherence time with a fixed trap geometry scalesPas
800 ~(1+p)/p1+1/a|-.
If we were purely interested in maximizing trap depth at a
500 given P and detuning, it would be best to mages large
as possible, however if we takemuch larger than 0.4 the
400 trap is brought so close that the corners of the “bean” shape
touch the dielectric surfacesee Fig. 3, upper plptand we
200 will lose effective collection area due to sticking of atoms
onto this surface.
0 E
dielectric A. Depth, coherence time, and Q factor
200 | . : . X (nm)
1000 -500 0 500 1000 We may ask what trade-offs are necessary between trap

depth and coherence time. It turns out that, within the expo-

FIG. 3. Trapping potential shapes in thg plane, with guide  npential approximation(1.6), this is elegantly quantifiable.
dimensions of 083.Lm by 021/.Lm and an index of 1.56. In each We can deflne a “goodness factor”

case the maximum depth is 1K and the coherence time of

atoms in the ground state is 19 ms, achieved with deturit§ nm Spiue(T0) = Sred o) T

from the cesiumD2 line. The outer contour shows a depth of G= SuudTo) - Srad To) B[R] U maxTcoh: (2.
3 uK, the cesium MOT temperature. Subsequent contours are blue\" 0/ T =red\ 10

spaced by 6uK. The plots illustrate the range of trapping distances - P —Ov—
acheivable: the upper trap€ 0.4, using a total guided power of where the trap minimum position, is at (x=0y=Yo), and

1 mW) has a minimum 0.24«m from the surface; the lower trap the second e_q_uality is verified by SUbStitUtiqq (af4) and

(p=0.2, total guided power of 7.5 m\Ahas a minimum 0.44:m (1.9, qnd def'n'ng_Jm?XEwdip(rO” anchoh,EFscat(rO)'_We

from the surface. use this latter definition because we are interested in the co-

herence time of atoms spending time close to the trap mini-

Il. TRAP PROPERTIES mum (which will certainly be true for the transverse ground

statg. Using (1.6) to solve fory, and evaluate the “good-

ness factor,” it turns out that the factor is independent of

either laser powefi.e., of eitherA,.q or Apue, giving

In the bulk of this section we will examine the atomic
waveguide properties for light nearly resonant with 2
line of cesium, using an optical guide of index 1.56 of the
dimensionsW=0.97\ andH=0.25\ from Sec. IB, and a

substrate of unity index. The saturation intensity for cesium — Lred™ Lb'ue: a 2.2)
is 11.2 W/nt [3], and its resonant wavelength of 852 nm LreatLbue 2+a

requires that the physical guide size is 088 by 0.21xm. o )

(At the end of the section we present preliminary calcula-Combining(2.1) and(2.2) gives

tions for ang=1.32 substrate and a different guide, and dis-

cuss how the atom waveguide properties are changed U aL @ 2.3

Given the guide, we are free to choose three experimental maxTeoh™ 5 a T
parameters, namely the optical powers carried in the two

modes, and the detuniny (assumed to be symmetric, that fixing the product of achievable depth and coherence time as
is, to be of equal magnitude for red and blue beams, because constant multiple of the detuning. This is a remarkable
little advantage can be gained with an unsymmetric detunresult since it shows that increasing is really the only

ing). The first two of these can usefully be reexpressed asbjective in the field design of two-color EW traps. We can

total power P =P gt Ppue. and the power ratiop  write this in units more convenient for cesium trap design,

=P,cd/ Pyie- The trap shape will be affected lpyalone: we  thus,
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U max Tcoh ap |A|
(1 MK)(l m _(644'32+a|_ =122
typical cesium MOT energkgTyor. FOr our example

1 nm
where the valuer =0.47=0.02 (taken from best-fit expo-  1qq uK traps of Fig. 3 this area is aboutAm?. However, it
nentials to the numerically-found squared electric fields for.g |4 possible to do much better than this with our design: if

the guide dimensions of Sec. IB with=1) has been sub- g tries to increase the area by increasing the overall trap
stituted to give the the fmal form. This deS|g_n EeXPressionyenth  theksT,or contour touches the substrate, indicating
does not give theP,, required to reach a desired balancea; aioms at this energy can reach the substrate surface,
betweenU yay and 7eon, however, the total laser power is \yhere they will stick, limiting the effective collection area.
usually in the mW range, several orders of magnitude less g jnyestigate the lifetime of atoms transported incoher-
than in most free-space trap designs. For instance, B#h  ently (the multi-mode regime we can calculate the heating
=20 mW, p=0.4, andA=*15nm we could generate a rate along similar lines as Grimmt al. [9]. We start with

trap of 2 mK depth with the re_Iativer short coherence timeyyeijr Eq.(23) which gives the rate of change of the average
of 0.9 ms. The transverse oscillation frequencies in this trapy ihe total energy of atomic motioB= E g+ Epo as

would bew, /27m=116 kHz andw, /27=490 kHz(the field
shapes fix this ratio at about };4giving an atomic mode
spacing due to the x motion of 5®K, roughly twice the
cesium MOT temperature, and a characteristic ground-state ) ) )
size of 26 nm by 12 nm. Tr being the recoll temperature, and use the assumption that

For coherent guiding, we can define a more physicallyin an equilibrated 3D trafE,;,= kg T. Since there is har-
meaningful figure of meritQ=w, 7.,,, Which tells us the monic motion in two directions but free motion in the third,
typical number of coherent transverse oscillations we cafhe virial theorem gives LEpot:%Ekin- Combining this with
expect multiplied by 2r (i.e., it is theQ factor of the trans- T _\y  T'/G#AA from (2.1) gives the heating rate
verse oscillations We should choose, = w, since this is " ™
the smaller of the transverse frequencies in our caseQror r
>1 the transverse atomic modes will be well resolved, and T=—_
our guide can be a useful interferometric device. Usihg), 5G A
in conjunction with the fact that when the trapping potential
shape is fixed them, is proportional to the square root of which is of the order of one recoil temperature per coherence
the depth, tells us that for a given trap and detuni@Qg, time. For our 10QuK depth trap atA=15 nm the rate is
= 1/w, . For a highelQ we should choose smaller transverse4.4 ;K s, implying that storage and transport for many
oscillation frequencies, that is, shallower traps. For exampleseconds is possible. For simplicity, we have ignored the fact
the 2 mK trap discussed above @s-650, but if we reduce that there may be distinct longitudinal and transverse tem-
it to a 20 K trap of the same\ (by changingp or the laser  peratures which do not equilibrate over the trapping time-
powers, theQ is 10 times larger. Increasingg would allow  scales.
even higheiQ to be realized.

The dependence on detuning (i2.4) is another way of
expressing the advantages already known about using far
off-resonant beami3,9]. However, our single-resonance ap- In this section we present calculations, performed using
proximation will break down if the detuning is too large: we the method of Sec. lll, for a practical substrate choice of
have (somewhat arbitrarily chosen a detuning limit of 15 sodium fluoride(the lowest refractive index common min-
nm, as compared td=43 nm for cesium. At this limit, the eral, withn,=1.32 at a wavelength of 852 nirand investi-
additional dipole potential created due to the detunings frongate how this changes the atom waveguide properties from
the D1 line is very significant. However, by removing the those presented above. We increasgdo 1.7 (dense flint
detuning symmetrychangingA . from +15 nm to+12.07  glass, e.g., BaSF typén order to provide sufficient index
nm andA_ from —15 nm to—17.14 nm), the desireB2 difference from the substrate.
single-resonance approximation potential is recovered in the Fixing the width atW=1.00x, we found that a height
true physical situation of both resonances pres€fitese H=0.34\ gave the largesty of 0.20+0.01, and allowed
required shifts, which are of ordek?/A, can easily be both modes to be sufficiently far from cut-offreater than
found using the expression for the sum of dipole potentialdalf the power being carried inside the guide for both
from the two lines. An additional necessity for our limit is modeg. The result is a goodness fact@rwhich is approxi-
the fact that any larger detunings start to demand separateately half that of theng=1 case, with a corresponding
bound-mode calculations for the two colors, a treatment wéaalving of the achievable product of depth and coherence
reserve for the future. This detuning limit in turn limits the time according td2.4), and doubling of the heating rate at a
depths, coherence times a@efactors we quote here, but we given U, and A according to(2.6). The shorter decay
anticipate similar future EW atom waveguide designs whicHengths of 56 nm and 68 nicompared to 93 nm and 137 nm
explore the regionA|> A (or even|A|~w,), and achieve for ng=1) cause the typical trapping distangg to be re-
much better coherence. duced by a factor of roughly 1.8.

1 nm/’ We estimate the collection area of the trap as the cross-
(2.9 sectional region within which the potential is deeper than the

|A| ) B. Other properties

E= kBTRFscattv (2.9

(2.6

C. Effect of a realistic substrate
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We found that in order to reproduce the depth of 0  due to thek, dependende we enclosed the problem in a
andy,=0.24 um of the upper trap of Fig. 3with A un-  large, perfectly-conducting box of sufficient size that the
changedl we neededP,,,=22 mW, giving 7.,,=9 ms. The bound mode evanescent fields were negligible on its walls,
large power increase over the 1 mW required rigre=1 is making the nature of the boundary condition irrelevant.
explained by the fact that thig, is now towards the upper However, the average level spacing of the unbound modes
limit practically achievable rather than the lowglf y, is ~ (the “continuum”) decreases with increasing box size, and
instead scaled in proportion to the new decay lengths, thgspecially near cut-off this increases the number of iterations
required increase iR, is only a factor 1.7, In this example, required to solve the eigenvalue problem to a given accuracy
we find the transverse oscillation frequencies have increasdd/® used the well-known ARPACK solver fo find the 11

t0 w, /27 =81 kHz andw, /27 =202 kHz, compared to the lowest eigenmodes of the sparse matriwe found that a
original w/2m=26 kszandwy/27r:109 kHz. The in- DOX size of 6. to 7\ gave the best compromise between

crease inw, is explained entirely by the shorter decay accuracy and speed. Our non-uniform elements allowed us to
lengths, and the increase i, (by a factor of over thregis have a high _element density across the waveguide and in the
attributed to tighter optical mode shapes. It is clear that thid"@PPing region, but a low density over the much larger box
latter effect outweighs the decreaserig,, implying that the area, keeping the total number of degrees of freedom man-
inclusion of the substrate has actualigreased Qby 50%.  ageable. _ _

In summary, the effects of including a realistic substrate 1 n€ fractional errok in the propagation constakj was
limit the maximum trapping distanag, that can be achieved !ess than 1%, and _the accuracy of the electric field strengths
(because of the reduction in decay lengthswer the good- 1" the trapping region=3%, when we usetN~2000 ele-
ness factor, increase the heating rate and the required optic’é]en_ts- This was sufficiently accurate for the _present work.
power, but also increase the oscillation frequencies. For odfiNding the bound modes of each waveguide parameter
substrate choice, each of these changes was approximatehyf30ice typically took between 3 and 20 minutes of comput-
factor of two, and we believe that they do not alter the basidnd time on a Silicon Graphics R8000 processor, depending

practicality of implementing our proposed waveguide. on how close to cut-off the guide was. We tested the accu-
racy of the method by solving a cylindrical guide in an iden-

tical fashion with the samil and a very similar non-uniform
grid, for which there are known field solutiofi30]. Figure 4

The detailed electric field distribution is very important in shows the propagation constant agrees with the analytics to
calculating the trapping potential above the waveguide. Arwithin 1%, even close to cut-off. The convergence with
approximation to the form of the fields in thedirection is  was measured for the rectangular guide case, and found to be
given by the analytically-known solution for the slab wave- e~N~7 with 0.55<y<0.7. This is less than optimal for
guide, but to get more accuracy and knowledge of the fulfirst-order elementgwhich have a maximum possible con-
potential shape in they plane, we used a full-vector finite vergence ofy=1), and is believed to be due to an inability
element calculation. of the bilinear functions to represent physical in-pl&and

The technique represents the electric and magnetic fieldd components at dielectric steps, or the weak field singulari-
as simple piecewise functions over many “elementsé-
gions subdividing a slice through the guide and surrounding
media in thexy plane, therefore by a finite number of de-
grees of freedom. Each element has a dielectric constant as 1«
sociated with it, allowing arbitrary stepwise refractive index
distributions in thexy plane to be modelled. Maxwell's
equations for propagating solutions of the form élxja( e
—iwt) are reduced to a generalized sparse eigenvalue equaf 125
tion with kZ as the eigenvalue and the bound mode field E .|
distributions as the eigenvectdr34]. Specifically, we used
the technique of Fernandez and [3b], with H, andH, as
the field degrees of freedom, for simplicity using first-order 1.1}
(bilinean functions to represent these fields over a non-
uniform but separable rectangular grid of elements. This re-
quired a generalization of the Fernandez and Lu implemen- ' fyffsrasnerrrennvrys ' ’
tation, and careful consideration of their line-integral terms 02 04 08 08 1 12
(which are non-standard for a finite element formulakion unitless diameter W/
[26]. Of the many available finite element approaches to di- . 4. comparison of our optical guide bound-mode numerical

electric waveguide mode solving, th‘i‘S fre_qUenCY'domyfi_ir\mplementation against known analytic solutions, in the case of a
method was chosen for its absence of “spurious modes,” it$ree-standing dielectric cylinder ofy=1.56. We used discretiza-

ability to handle index step discontinuities, its small numbettion and box-size identical to the rectangular guide case, and ob-

of required degrees of freedom and its matrix spafsSg). serve typical errors of-0.5% in propagation constant for the first
Rather than emulating a radiative boundary conditi@n two modes. The mode naming convention and analytic calculation

notoriously hard task usually requiring an iterative procedurdollow Snitzer[30]; an asterisk indicates a doubly degenerate mode.

IIl. NUMERICAL SOLUTION OF THE LIGHT FIELDS

1.45

1.35

115
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ties which can physically occur at any exterior dielectric The issue of energy transfer to trapped atoms due to a
sharp edge$regardless of whether acute or obtug2s]. finite (and possibly roomtemperature nearby surface is far

Future improvements to the method, which would in-less well understood, and may be a problem with many
crease the accuracy or the convergence yateclude using  surface-based particle traps, as discussed by Henkel and
higher order elementsf done carefully, this could correctly Wilkens [42]. However, since we are trapping neutral par-
represent physicdt andH components at dielectric steps ticles and the conductivity of our surface is low, we expect a
and explicit modelling of the field singularities at guide cor- decoherence rate negligible compared to that already present
ners using specialized elements. from spontaneous absorption and emission cycles.

B. Bending the waveguide

IV. FURTHER DECOHERENCE AND LOSS MECHANISMS
It would be very useful to be able to carry atom beams

A. Effects of surface interactions along curved paths, by bending our atom waveguide in the
The EW trap has the benefit of creating high field gradi-plia”e of the substrate,. w?thqut significant atom !oss. H(_are we
ents near a surface, but along with this comes the disadvairiefly estimate three limitations on the waveguide minimum
tage that interactions with that surface that can alter the trafending radiugin decreasing order of leniency(1) the limit
potential and even cause heating and loss of trapped atom&nPosed by optical radiation leakad®) the limit needed for

An atom’s change in potential near a surface is known adlcoherent atom transport, ari@) the limit needed for co-
the van der Waals interactioh<\) or the Casimir interac- herent atom transport in the transverse groundstate. This will

tion (I>\), depending on the distandefrom the surface give us an idea of the practicality of curved atomic guides.

compared to\, the dominant wavelength responsible for the Firstly, whenever a dielectric optical guide has curvature,

polarizability of the atonin our case of Cs this is tH line ~ there is a loss rateexponentially small in the curvature ra-
resonance, the same as our trapping resonaitere is a diusR), which can be viewed as tunneling out of the guide’s

smooth cross-over from van der Waals €123, which can “potential well” induced by the addition of an effective cen-

be viewed as the atom’s electrostatic interaction with thd'ifugal potential. In the limitR>W, the effective potential
image of its own fluctuating dipoleto Casimir U~1-* Is linear with x(the radial coordinae and the fractional loss

which can be viewed as a retarded van der Waals attractioR€! radian of curvature can be estimafdd, for instance
or equally well as an atomic level shift due to a cavity QEDUSINg the one-dimensional WKB formula, to be

effech) at I=N/10[37]. In the case of a perfect mirror sur- 5

face, the full form is known for any, but for a dielectric a=CBex _ MR (4.2
surface, the expression becomes much more complicated to A 672 Lf '

evaluate[38].

Since our trapping distances are larger than this crosswherel, is the evanescent decay length in the radial direc-
over point, we will use the Casimir form, which is correct for tion, andC is a constant of order unity. Therefore for negli-
asymptotically largd, and is always an overestimate of the gible light loss at ar/2 bend we nee®R> 60772Lf/)\2, typi-
true potential[38]. The dependence of the coefficient with cally a couple of tens of microns. This is so small chiefly
dielectric constant is complicat¢89,40, but we will use the  because we are using an optical guide with a large refractive
simpler approximate form given by Spruch and Tikochinskyindex step28].

[38], to give Secondly, we consider atom loss from an incoherent beam
with a transverse temperatukgT, (assumed small com-
Ueadl)=— 3 hca(0) e—1 @) pared to the trap depth magnitutdg,.,), and a longitudinal
Ca 87 4regl® e+(30/23€M2+7/23 kinetic energyE . We call the approximate spatial extent of
the trap potential in the x direction£2 and restrict ourselves
to one-dimensional classical motion in this direction. When
(in the MKSA system This approximate form is known to in a region of radius of curvatulR> ¢, an effective centrifu-
be within 6% of the exact expression for any dielectric con-gal term adds to the trapping potential giving(x)
stante [40]. Substituting the recently calculat¢dl] static = Ugp(X) —2E)(X/R). This causes the atoms to “slosh” to-
polarizability of cesiuma(0)=399.9 a.u., gives a Casimir wards positivex, only ever returning if there exists a point
interaction coefficient of 4.9 nkum?® for ng=1.56. where U(X) > —U . for x>0. We can estimate that this

Figure Ib) shows the effect of this potential on a typical will happen ifU ,,>2E(£/R), giving our lower limit onR
trap of depth 15QuK and distanceyq=270 nm. It is clear as ZE|/Upay. In our designé~0.5um, so if we choose
that the change is negligible further than 100 nm from theR=1 mm we can expect loss-free transport of a beam at a
surface, and a WKB tunneling calculation along this straightdongitudinal kinetic energy up to £Gimes the trap depth.
line path(atx=0) shows that even if all atoms that reach the Thirdly, to model coherent matter-wave propagation
surface stick, the loss rate from the first few transversealong a curved guide, we consider the amplitude for remain-
modes is entirely negligible. However, care should be takeing in the transverse ground-state, having passed into a
with the multi-mode regime, or in the case of hightraps, curved section and back into a straight section. If again we
since the tunneling via the corners of the “bean” shape mayassume one-dimensional x motion, and assume a harmonic
dominate forp>0.4 (Fig. 3. potentiaIU(x)=%Mwi(x—xo)2 around the trap minimum,
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then the effect of curvature is to shift the minimum position « ), and shown that a substrate of low refractive index can
from x,=0 to xo=2E/M w?R. If this shift is much less be very beneficial. We modeled in detail the trapping poten-
than the characteristic ground-state si#éN w,)*? then the  tials for a general rectangular guide of index 1.56 above a
projection at each transition will be high, resulting in high Unity-index substrate, and have shown that a realistic sub-
flux  transmission  coefficient.  This gives R  Strate choice of index 1.32 poses few problems to the viabil-
>ZE”/(m\/lws)l/z as our condition, which forE/kg ity of th_e d_eV|ce. We predict that the effect of the s_,u_rfac_e
~10 mK(tha)t< is,vj=1.1 ms 1) andw,/2m=40 kHz corre- interaction is generally small, and that coherent guiding is
sponds tdR>0 4’5 Hmm. This limit is véry conservative since possible around corners of radii1 mm for a longitudinal

' ) X . . velocity ~1 ms 1. We also believe that the magnetic part of
we have not xet ma(_ie use of the adiabatic gondﬁibn the potential felt by nonzerong atoms could be used to
<wy (WhereQ)=v| /R is the rate of change of direction of

) . . . - increase the depth and oscillation frequencies further.
the guided atom to design a waveguide path without dis- ~ This preliminary work[specifically Eq.(2.3)] indicates
continuities in the curvature.

; o ) that utilizing detunings much larger than the 15 nm we limit
In conclusion, we have shown that it is possible to bendyselves to here will be very advantageous for coherent

atoms both incoherently and coherently thro_u_gh Iarge. a”gleéuiding. We have only scratched the surface of the design

on a compact substrate structure of a few millimeters in sizey4riations possible; for instance, equalizing the horizontal

and vertical oscillation frequencies is yet to be attempted.
V. CONCLUSION The use of two polarizations is our solution to the problem of

We have presented a novel substrate-based neutral atdRfximizinga, when the detuning is very small <_:omp_ared to
waveguide, based on the optical dipole force, which com:[he, wavelength, but we suspect that there will exist other
bines the features of a planar far-detuned two-color evane%[u'tfl‘II sc_hemes where these are comparabﬂe(wm very
cent trap[15] with the ability to confine strongly along two gr-detuan_and where a larger, is caused simply by the
axes. We utilized the differing vertical decay lengths of thedn‘ferent optical cu.t—oﬁ c_ond_ltlons at the two wavelengths.
two bound-modepolarizationsof a submicron-sized optical We have reserveq investigation of cooling schemes for future
waveguide near cut-off. We have shown that only a fewwgrk (although this has already been demonstrat_ed inan EW
milliwatts of guided laser power can create atomic potentia/™or [44] and proposed in EW trafjd5)). We believe that
depths ~100 K with transverse oscillation frequencies the potential shapes capab_le of being prOd.U(.:?d by guided
~100 kHz, a coherence time 10 ms and a trap minimum waves on a substrate also include the possibility of funngl—
200—-400 nm above the optical guide surface, for Cs atoms ij}/pe loading scr]‘gmes and”coherent atom coup!ers, allowing
themg=0 state. Laser powers greater than ten milliwatts ca or a complete “integrated” atom-optical experiment on a
give a transverse mode spacing greater than the temperatlﬁgbs”ate'
of a Cs MOT, opening up the single-mode waveguide re-
gime. The advantages of guiding optical trapping fields on a
substrate include mechanical stability and reliability, mass It our pleasure to thank J. Thywissen, J. Babb, N. Dekker,
production and the potential for transport along complicated/. Lorent, and the members of the Heller Group for fruitful
paths. discussions. A.H.B. would also like to thank Professor E. J.

We have given some design criteria for guided-lightwaveHeller for computing resources. This work was supported by
two-color atom waveguidehiefly the maximization of the the National Science Foundation, Grant Nos. CHE-9610501
evanescent decay lengths, and of their normalized differencend PHY-9732449.
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