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Abstract. Adiabatic focusing of cold atoms in a blue-detunedatomic lenses, and also result in substantially longer interac-
laser standing wave is analyzed. It is shown that using reion time between the atoms and the focusing dipole potential.
pulsive light forces that push atoms towards dark region3his opens the possibility to exploit adiabatic mechanisms for
and thus minimizes heating, cold atoms can be adiabaticallfficient focusing techniques. Adiabatic focusing is expected
compressed by more than an order of magnitude to yieltb be extremely robust as compared to coherent focusing. In
background-free suth®-nm (rms) spots. The optimal param- particular, it is expected to be nearly insensitive to the exact
eters for the atomic lens and the maximal compression ratishape of the potential (spherical aberration), the longitudi-
are predicted using an analytic model and found to be imal velocity spread (chromatic aberration), variations of the
agreement with the exact results of our Monte Carlo simudipole potential among atoms in different internal states and
lations. A combined adiabatic-coherent scheme is proposatbviations of the deposited surface from the focal point [2,
and shown to yiel®.8 nmspot size even for a thermal atomic 12]. On the other hand, it is more sensitive to transverse vel-
beam. ocity distribution, to heating of the atoms by the focussing
laser and to the “diffraction limited” resolution, which is the
PACS: 03.75.Be; 42.50.Vk; 32.80.Pj; 42.82.Cr: 85.40.Ux size of the ground state wavefunction of the final potential.

’ ’ ' ' Channeling of atoms to dipole-potential minima in a standing
wave has been observed for a thermal atomic beam [13], but
the short interaction time and high transverse temperatures
Atomic lithography, a technique of direct deposition of neu-there resulted in relatively poor localization.
tral atoms using nearly conservative light—atom interactions, A laser standing wave was also used both to de-excite
has been intensively studied in recent years. In particulametastable argon atoms to an inert ground state and to confine
sub4100-nmfeatures were demonstrated for sodium [1], chrothe remaining metastable atoms in an optical potential to gen-
mium [2, 3] and aluminium [4] atoms. In a different approach,erate sutB.1 um atomic lithography [14]. Finally, the inverse
cesium [5, 6] and metastable argon and helium atoms [7, §rocess to adiabatic focusing, namely adiabatic cooling, has
have been used in resist-based processes. In all these edso been demonstrated [15].
periments, a thermal atomic beam was cooled transversely In this paper we analyze adiabatic focusing of atoms by
and then focused by the dipole potential of a standing-wava laser standing wave. We present an analytical model that
laser light into periodic structures. The standing wave prodescribes the lens aberration in this regime and use it for
vides what is known as coherent focusing, where the atonglobal optimization of the lens parameters. We show that with
complete a quarter oscillation period and the focus is locaterkpulsive light forces, which push atoms towards dark re-
within the laser light intensity. This coherent focusing suffersgions and thus minimize heating by the light field, cold atoms
from a wide spectrum of aberrations that have been addressedn be compressed adiabatically by more than an order of
theoretically and experimentally by number of authors [9].magnitude with readily accessible laser powers. Furthermore,
These aberrations broaden the atomic deposited pattern abowearly background-free structures can be obtained. The op-
the “diffraction limited” resolution and also produce a signifi- timal lens parameters, as well as the compression ratios are
cant background of atoms. in good agreement with the exact results of our Monte Carlo

In parallel, laser cooling techniques have made signifisimulations. Finally, we show that by combining adiabatic
cant progress during this time and new and bright source®cusing with coherent focusing a further improvement of
of cold atoms have been developed [10, 11]. However, usinthe compression ratio is obtained. In this configuration, the
longitudinally slow atoms for atomic lithography has yet to adiabatic focusing acts as a preparation stage that brings the
be reported. Replacing the thermal atomic beam with a coldtoms closer to the potential minima, where aberrations are
atomic source can reduce some of the main aberrations of tisenall.
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All our analysis is performed on rubidium atoms, which area needed to be deposited in parallel [16]. The standing
we plan to use for our experiments. However, a simple scalingrave produces gradients of the electric field inxtdirection
law for most of our results enables one to apply them to othewith periodicity of A/2. Atoms are attracted to the light in-
atoms such as cesium, aluminium and chromium. tensity maximum for red-detuned light and are repelled from

the high intensity region for blue-detuned light. Our analy-

sis concentrates on the repulsive regime for reasons that are
1 Analytic approach addressed below.

The long interaction time that is necessarily obtained for

We consider a one dimensional (1-D) atomic lens configuraeold atoms has two novel aspects for the focusing process.
tion which is based on interaction of longitudinally and trans-First, this time becomes longer than the oscillation time of
versely cold atoms with a 1-D linearly polarized standingatoms around the nodes of the standing wave. Hence, atoms
wave, oriented perpendicular to the atomic beam that propwill cross the potential minimum several times before they
agates in the direction, as shown in Fig. 1a. The intensity reach the focus region. Since the potential strength increases
distribution of the standing wave is: with penetration depth, atoms that are slow enough to fol-
low potential changes adiabatically will compress toward the
nodes of the standing wave.

Second, the number of spontaneously emitted photons per
atom grows linearly with the interaction time and therefore
whereP is the laser powerpy andw, are laser beam waists may not be neglected as is often done for thermal atomic
in the y and z directions respectively, ankl= 27/A is the beams. Two heating mechanisms relate to spontaneously
wave number. Whilev, will be determined uniquely by our emitted photons: the first caused by their randomly directed
model through the limitation of the minimal interaction time, momentum kick and the second caused by dipole force fluctu-
wy is selected by practical considerations, e.g. the substratgions. For blue-detuned light, atoms compress adiabatically
to the nodes of the standing wave, where the probability of
spontaneous events is significantly suppressed. This enables
the use of smaller detunings for the focusing laser and, as are-
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,.x”’ "',L, sult, stronger potentials and higher compression ratios. Fur-
;.u"" “\ I;j‘i‘;@,_ thermore, for blue-detuned intense standing wave sisyphus
i “‘\\ \ / \\'!. cooling may provide dissipation and further reduce diffusive
ﬂ".“\\\“\“ _.r‘!m\ heating as compared to the red-detubed case. However, this
?}':,'I”m\ \\\\\\{, ’,‘}N‘\\\\ effect is not expected to be efficient because the transverse
"E"'f.w\‘\ &:i-f}",t,m“\ 7  Kinetic energy of atoms is much smaller than the potential
‘Eﬁ’&i“i\‘\\\\“‘&;.:?’:‘M“\ \\“\ i _— depth during most of the adiabatic compression [17]. To ob-
:%w\“\\\\\\‘“{'{?““t‘\‘" \\\\“\\ tain an upper limit for the spot size we shall therefore neglect
22800 g}'};:,t;:é‘\‘\\\\\m it altogether.
— *?*w\ﬂ{‘m\% To develop an analytic model for adiabatic focusing we
. //'v “‘§§£§3““““‘ first determine the minimal interaction time that still satis-
atomic - X fies the adiabatic condition. This time is estimated to be the
beam longest oscillation time T2, calculated for the smallest
(a) potential that is significant for the atoms, namely a poten-

tial equal to their initial transverse kinetic eneftdy = kg T, .
Using a parabolic approximation for the small amplitude os-
cillation times yields

1 /U
o= T22= [ 50 @

whereU, = (hk)?/m andy, = U,/h are the recoil energy and
recoil frequency, respectively. U; < ;—iur, the latter should
be used instead. This yields the “diffraction limited” spot size,
which is in this case the size of the ground state of the maxi-
mal potential(hT/"/(47m))¥2. Our exact numerical calcu-
lations (described below) show that when (2) is fulfilled, the
spot size of adiabatic focussing is or2§% larger than for
\ an “infinite” interaction time, verifying the validity of our es-
timation. The choice of interaction time defines the that
ensures adiabaticity as:

——
e
P

(b)
Fig. 1a,b. Schematic diagram of the experimental arrangement and dipole max Yz Uy
potential in one period of the standing waeeadiabatic lensb combined = Wz = vz Tose = ©))

v\ 20y

adiabatic and coherent lenses
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erev;, is the most probable longitudinal velocity of atoms. (Dyac) and dipole Dgip) diffusion coefficients [18]:

This value forw; is also expected to be optimal for adiabatic

compression since for larger, the maximal dipole potential, D(X, Z) = Dyac+ Dﬁﬁ’ 1+ D@4 Dﬁf) +p@
’ - ip ip

dip dip

which is applied to atoms, decreases.
Next, the detuning of the laser from the atomic resonance y  S(X,2) s(X, 2)
- . . - : ; = (hk)?Z =22 4 (ha(X, 2))° ——
(6) is optimized to maximize the (maximal) dipole potential. 4115s(x 2 ’ (1+s(x,2)3
For a two-level atom the dipole potential is [18]:
(1+ 7_482 + 3)/Zs(x 2)
X 9
hs 4074y
U=—In1+9), (4) 2, .2
45
2 +35%(x, )+ —— VS (x, Z)> : 9
Y

wheres = y%ggz is the saturation paramete&?,=y /0.51/1s
is the Rabi frequency; the atomic transition line width, and wherew(x, z) = %__Averaging over fast oscillations in
Is the saturation intensity. F@rs> y this potential optimizes thex direction, yierld’s D(2) = D(Xrms(2)), wherexims(z) =

for (UUL?)l/‘lx'rﬂfs according to the adiabatic law. Fers> 1, the
main contribution to the dipole diffusion coefficient is from

8ot~ 0.3562 ) the last term(Dc(,?g) in (9) which increases linearly with.

opL— e However, this term vanishes at nodes and antinodes of the

an

1 p Y2, \NV2 o0\ YA
Umax ~ 0.54hy (__L) (_r) (U_1> . ® O
r Yo

between initial rms size of the atomic distribution and the fi-
nal rms spot size) we first neglect all diffusive heating. Th

(610)

netic energy as:

Umax 1/4
C=c|——
<U1>

wherec >~ 0.75 corrects for the partial failure of adiabaticity
due to the finite interaction time. For an initial atomic distri-
bution which is uniform over the lens siz¢2 with an initial
rms size ok = 1 /(2+/12) the final rms spot size (atz 0)

is

it 18 /), 3/16
Xfng! = = ~ 0.2 <|53ﬂ3> (—1) . ®)

smaller transverse kinetic enerdys, smaller longitudinal
velocity v, and for focusing laser beam with higher povier —

standing wave, as shown in Fig. 2, where it is presented
dis expressed ad(§ = Sop) = 0.28ny(1/15)Y2. Substitut-  together the first dipole term and the vacuum term. More-

ing (3) and (1) fol (x = /4, y=z=0) yields the maximum over, Df;i‘; has anx® dependence around nodes, while near
dipole potential as:

antinodes it has a much steeper dependengé. For blue
detuning, atoms are adiabatically compressed toward nodes

Is mwy v, y

(a) |

To calculate the adiabatic compression ralidthe ratio
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mpression is then limited only by the initial transverse ki-
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As expected, better focusing is obtained for atoms with

S
<
&

B
o]

Dif]

and smaller waistvy. However, the latter three appear with 50 100 150 200 250 300 350

a

1/8 power law and hence affect the spot size very weakly. X axis [nm]
To justify the neglect of spontaneous scattering, we now

show that the heating owing to momentum diffusion isFig- 2a,b. Spatial dependence of the vacuudaghed ling as well as first

olid line) and last (otted ling terms of the dipole diffusion coefficients

smaller than the adiabatic heating due to the compressmﬁ. units of maximalDygc for PJwy — 1 W/cm, w; = 25um ands — 70y
The momentum diffusion coefficient for a two-level atom, 4 near node (for blue-detuned standing wave)near antinode (for red-
subjected to standing wave potential, is a sum of vacuurdetuned standing wave)
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of the standing wave and hence feel much smaller diffusionalues given by (3) and (5)). For the whole range of atomic
heating than for red detuning. velocities, the diffusion heating is smaller than the adiabatic
Quantitatively, the rms momentum increase due to diffuheating, and can indeed be neglected. Therefore, (8) is valid
sion is obtained by integration of the various diffusion co-for adiabatic focusing by the blue-detuned standing wave for
efficients over the interaction tim@n) : P = / D(z(t))dt.  most practical cases. For the red-detuned case with the same
Substituting expressions of different diffusion coefficientsparameters, diffusive heating cannot be neglected as com-
and theirx dependence and assuming paraxial motion negvared to the adiabatic heating. Hence, the optimal detuning

the node yields the rms momentum increase du® g, Dgilg, increases and the amount of compression decreases compared

andDy as: to the blue-detuned case [19].
12 The analytically predicted compression ratio as a function
(pUac)2 — }(hk)z(kx{”-‘s ¥ (U1Umax) ™ tint (10)  Of vzis shown in Fig. 3b, for the parametdfgwy = 1 W/cm
rm 4 nt’4 hs 2’ andU; = 9U,. For small velocities the predicted compression
din(1)s 2 2 ¥ Umax ratio is very large, because a small laser beam waist produces
(Pis)? = 5 (N~ 7 = tint. (11)  a strong dipole potential. For higher velocity, a wider beam
1 1 U202 waist is needed to maintain adiabatic conditions, so the dipole
dip(4)2 _ 2 YY1 Mmax, otential decreases and the final spot size increases.
(Pims”)* = 75 (N0* G RXD° 7 =gyt (12 P P

The fo; and Dfﬁ% provide negligible heating.
The momentum increase due to different diffusion coe
ficients, normalized to the momentum increase due to adia-
batic heating(p2d%)2 = 2m(U;Umax /2 is shown in Fig. 3a  To verify our analytic predictions, we performed exact Monte
as a function of the atomic velocity foP/wy =1W/cm  Carlo simulations of the adiabatic focusing of atoms with a
(w, and$ are determined for each velocity to their optimal blue-detuned standing wave. We simulafé®&b atoms that
are pushed from a magneto-optical trap toward the standing
wave to reach a desired longitudinal velocitywgef=1 m/s
L e LRl S e A e while preserving small velocity spreads. A large number of
] ! classical trajectories were calculated for different random ini-
] e tial conditions of position, velocity and angle. The longitu-
1074 .~*"1 dinal and transverse rms velocity spreads are Qur sim-
] ulations for 10 times higher temperature showed an increase
. ! in the final spot by~ 50% in agreement with the analytic
- o ! predictions of (8). We include in the simulations all effects re-

12 Monte Carlo simulations

lated to spontaneously scattered photons, by calculating the
37 exact diffusion coefficient at each time step and then adding
Thermal atoms! a randomly distributed momentum kick, with thpga,s value
T corresponding to the diffusion coefficient. We also assumed
that atoms in the incoming atomic beam are distributed uni-
Longitudinal velocity [cm/sec] formly among the different magnetic sublevei-6tates) and
accounted for their different interaction strengths with the
(a) laser light. Each time a spontaneous emission occurred in the
simulations, the redistribution im-states was randomly se-
lected according to the correct Clebsch—Gordan coefficients.
We verified that focusing is largely insensitive to thestate
distribution, as expected for an adiabatic process.

We chose the power of the laser to Be=1W and
fixed wy = 1 cm Our simulations for 10 times small&/wy
showed an increase in the final spot by om30% in agree-
ment with the analytic predictions of (8). The final rms size of
the compressed atoms is shown in Fig. 4 as a functian,of
As seen, a clear optimized value ©f >~ 25um is obtained.

For very small laser beam waists the adiabatic condition is
e T no longer fulfilled, and the lens parameters approach those of
10’ 10 10° 10 a coherent ({s/4) lens. The spot size in this case increases
Longitudinal velocity [cm/sec] rapidly due to various aberrations and especially the spherical
one. Note that the number of atoms that arrived at the central
(b) peak still grows toward small waists (second curve in Fig. 4).
_ _ o Growth of the rms sizev, > 25um is due to the decrease in
e o e e Mg 1 . e clpole potential siength, n agreement with the predic-
mentum incdrlease due to adiabatic heating, as a function of the Iongitudin:ﬂOn o.f (6). Note that the mmlmal. rms spot sizeSfmis still
velocity of the atomic beanh the analytically predicted compression ratio, ~ 2 times larger than the rms size of the ground state of the
wherethe starindicates our exact Monte Carlo simulations potential (which is4.2 nmin this case).
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Fig. 4. The final rms size of the compressed atol &nd the increase in  Fig. 5. The final rms size of the compressed thermal atoms ferl4y and
the peak of the compressed atomic distributigh) @s a function ofw, for wy =1cm (M) and for§ =42y andwy =1mm(Q) as a function ofw,
P/wy =1W/cm, § =70y, v, = 1 m/s, andU; = 9U; for v, =300 nysandU; = 9U,

To verify that our analytically predicted parameters pro-larger, the predicted optimalis ~ 2 times smaller and the
vide global optimization of the adiabatic lens, we simulatedoredicted spot size is- 30% smaller than the exact results.
the spot size as a function of both laser detuning and lasaife attribute these differences to diffuse heating which cannot
beam waist, and found a global minimumuat~ 25umand  be neglected as compared to adiabatic heating, in contrast to
8 ~ 70y — 150y which are close to the analytically predicted the slow atom case. We confirm this conjecture by “switching
parametersy; = 30pum ands = 115y). The star on the an- off” the heating in the Monte Carlo simulations and observed
alytical curve in Fig. 3b shows the compression value calcuan improved agreement with the analytic model.
lated from full Monte Carlo simulations, which is in agree-  To further improve the spot size for thermal atoms, we
ment with the analytical one to 10%. Finally, we simulatedconsider a combination of the adiabatic lens with a coher-
the adiabatic focusing without any diffusion heating, with-ent (Tos¢/4) lens. The purpose of the adiabatic lens here is to
out longitudinal velocity spread, without-state distribution place the atoms closer to the potential minimum where it is
(using 2-level atoms) and for a pure harmonic potential. Wanearly parabolic and hence suffers from smaller aberrations.
found that all these changes yielded negligible changes to thghen, the coherent lens, which coincides with the adiabatic
spot size, as expected. lens as shown in Fig. 1b, is applied more efficiently.

We also performed Monte Carlo simulations for the red- The combined adiabatic—coherent scheme was analyzed
detuned standing wave. In agreement with our analytical prder the thermal atomic beam using the Monte Carlo simula-
dictions, the optimal detuning was obtained when the heatintions. The laser powers afé, = 0.5W and P,g=0.25W
due to diffusion becomes comparable with the adiabatic heasnd laser beam waists ar°" = 30 pum andw?d = 3 mm re-
ing and was larger than that determined by (5). Therefore, thepectively. In order to simplify the set-up and avoid phase
potential depth decreased for the same laser power and thhifts between two lenses we chose the same detubiag (
minimal final spot sizes increased by60% as compared to 70y) for both lasers [20]. Hence, the adiabatic and coherent
the blue-detuned case. lenses can be produced by the same laser. For both beams

wy =1 cm In Figs. 6a and 6b the calculated atomic trajecto-
ries near the focus are shown for the coherent and the com-
3 Adiabatic and combined lenses for thermal atoms

The insensitivity of the adiabatic lens to most aberrations can 1 T v v , , , ,

] ®) 1

also be useful for thermal atomic beams. However, for ther- 1
mal atoms to fulfill the adiabatic condition, a very wide waist 4]
of the laser beam is needed and hence the strength of theso
dipole potential becomes much smaller than for slow atoms§3°<
We repeated the Monte Carlo simulation for a thermal atomioi %]
beam emerging from an oven with a most probable Iongituﬁzz:
dinal velocity ofv, = 300 nys, laser cooled to a transverse " ;1
kinetic energyJ; = 9U, and then focused by a laser standing ]
wave withP/wy = 1 W/cm (and1 W/mm) and$ = 14y (and 150
42y). The final spot size as a functionof is shown in Fig. 5. 0992 0904 099 0998 1000 1002 0992 0093 0094 0995 099 0997
As seen, the general trend for adiabatic compression of ther-
P;i[aj'_tggq t?r:qseilrl‘r;:gretro-lt-naet g;i%%gﬁ%?}ﬁgggglsﬁ (t:m:)]?éldi C|_=ig. 6a,b. A number of the calculated atomic trajectories in one period

- . . of the standing wave inside a coherent lens for a thermal atomic beam
tions with the exact results is worse for thermal atoms than fog without adiabatic compression abdafter preliminary compression by an
slow ones. In particular the predicted optinglis ~ 2 times  adiabatic lens. The atomic beam parameters are specified in the text

z position [a.u.] z position [a.u.]
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energy, surface diffusion may decrease as compared to ther-
mal atoms [12].

We also analyzed the adiabatic focusing for a thermal
atomic beam and found it to be considerably worse than for
cold atoms. However, a combination of adiabatic and co-
herent focusing was shown to improve the rms spot size by
a factor of~ 6.5 and~ 2.5 as compared to purely coherent
and purely adiabatic focusing, respectively, and to yield sub-
10-nmrms spot sizes even for thermal (but transversely cold)
atomic beams.

Finally, our results can be simply scaled for Cr atoms.
Using (7) and atomic constants of Cr, the final compression
ratio for Cr atoms will by smaller by factor of 2 and the fi-
nal spot size will be approximately the same as we calculated

10°
P [W]

for 8Rb.

Fig. 7. The final rms spot size for combined adiabatic and coherent lens foReferences

thermal atomsi; = 300 nys) as a function of thePyq for wy =1 cm
1.
bined lens, respectively. As seen, the initial atomic beam is 2
compressed by a factor of three after the adiabatic stage. As;
a result it is compressed by the coherent stage to a smaller
spot size than by a coherent lens only, in spite of the extra4.
heating it suffers during the adiabatic stage.
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rates atP,q ~ 1 Wyielding an rms size 8.8 nmas compared 7
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4 Conclusions
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In this paper we have presented an analytical and a numerical
analysis of the adiabatic focusing of cold atoms in a blue-

detuned laser standing wave. The analytical model predictgs.

for given laser power and atomic velocity the optimal beam

waist and laser detuning, and the resulting compression ratig6.

It is also predicts that heating in the standing wave is sig-
nificantly reduced by channeling of atoms and therefore does
not affect the final spot size. The analytical analysis was ver-

ified by exact Monte Carlo simulations that include heating17.

effects,m-state distributions, transverse and longitudinal vel-
ocity distributions and spherical aberrations. The results sho
that although adiabatic focusing scale 2 as compared

to the coherent one which scales
insensitive to most aberrations. Hence, adiabatic focusing of
cold atoms by more than an order of magnitude and sub-
10-nm rms spot sizes can be obtained over large areas wit
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We developed an analytic model also for the red-detuned case and
indeed obtained larger values for the optimal detunung and smaller
compression as compared to the blue-detuned case.

0. It is also possible to work with two different detunings for the adia-

batic and coherent lasers. The phase shift between two laser standing-
waves can then be compensated by using a small angle between the
nearly counterpropagating beams in one of the standing waves.



