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Abstract. We have theoretically and experimentally investi-we have used the fundamental of a mode-locked Ti:sapphire
gated the focusing properties of a detuned pulsed standigser (Spectra Physics Tsunami) 82 nmand a cesium
wave onto a beam of neutral atoms. In close analogy to thatomic beam apparatus which has been described in detalil
continuous-wave situation the dipole force leads to a periodim [8] for experimental investigations but there is no con-
focusing of atoms with a period @f/2, provided an adiabatic ceptual difference to the application with other species using
condition is fulfilled. Pulsed laser light is conveniently con-frequency-doubled laser light. This work also extends ear-
verted to short wavelengths and hence offers advantages lier experiments with an on-resonance pulsed standing wave,
the application of atom lithography with elements of technowhere we have demonstrated the macroscopic focusing of
logical interest having blue or UV resonance lines. a slow atomic beam [9].

PACS: 03.75.Be; 32.80.Pj; 42.50.Vk ) o
1 Theoretical description

The periodic focusing of atomic beams by means of a standt is Well known [10] that a two-level atom in a continuous
ing wave light field is a key experiment in atom lithography Standing wave is subject to a dipole force which formally can
and was first demonstrated with sodium in 1992 [1]. In theP€ derived from a potential
simplest case a one-dimensional standing wave of near reso- hA
nant laser light acts as a microlens array which concentratésw(x, 2) = — In(1+9), @
the flux of an atomic beam into parallel lines spaced by half 2
the WaVeIength\. of the I|ght field and haVing widths of Only with s= I(IX*Z) X % This potentia' can be approximated
several tens of nanometers [2]. = (%)

One line of research seeks to extend the method of atotmy
lithography to technologically relevant materials. Many elem- )
ents of interest, for instance from group Il of the periodicy; «y , ~ hr< i, 2 @)
table, generally have short-wavelength resonance lines in the™"™” ™ = 8A ¢y
blue or UV, requiring a frequency-doubled laser light source,

Most experiments so far have been performed with chrof! the limit s« 1 and A > I". Atoms immersed into this

mium (. = 426 nn) [3, 4] where also two-dimensional struc- gzltd r?'rne E‘Attrgfttﬁz tg\(lev:rr-?:stgﬁ:r?tdliss é?r}-“ﬁdfﬁ)ggé-b'#,e ELeed)
tures have been produced [5, 6]. Using & 309 nmstanding uning Ight. ium,

S ! : F=4,mg =4) — (F' =5, mg =5) transition very closely
giﬁ%s?ri??ﬁ lines of aluminum have been deposited Onté’esembles a two-level system wifh=1/7 =3.3x 10’s™!

Efficient frequency doubling of continuous wave (cw) andlsa= 1.1 mW/cn In the standard geometry (Fig. 1) the

lasers requires power enhancement cavities and servo loo Evelope of the light field intensity(x, z) varies smoothly

in order to obtain sufficiently strong conversion. Modelockedo"d thez-propagation direction of the atomic beam, and it
pulsed laser sources on the other hand offer a conversi ﬁmodulated.smu_smdally at the half-wavelength scale in the
efficiency 0f20% or more in a single pass of a suitable nonlin- ransverse-direction as

ear crystal, i.e. with little effort. We have therefore explored . z2

the applicability of a near-resonant pulsed standing wave fotX 2) = ImaxSir? (kx) exp<—2ﬁ> : ®3)
focusing of atomic beams at the nanometer scale in an at- z

tempt to eliminate complex frequency conversion schemesghe typical length scales in our experiment are= 84pum

for atoms with UV resonance lines. For simplicity, however,and /2 = =/k with A =852 nm and we will neglect the
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pulsed Here 7, designates an effective pulse length which can for-
standing wave mally be extended ta-oo with negligible error. In order to

IY L | Y R R— allow deterministic focusing of an atomic beam in analogy to

1 mm — the conservative cw potential of (1) the action of a single kick

z exerted onto an atom must depend on position only. We will

— . now show that this situation is easily obtained if the condi-
atomic ‘ !V tion of adiabatic following is fulfilled. In this limit the atomic

beam X dipole moment is allowed to adiabatically follow the driving

Fig. 1. Schematic setup of our standing wave focusing experiment. Thé'eId of the laser pU|Se' The eXpe”memal condition for this

atomic beam propagates in thedirection and traverses the standing wave situation is
at a distance ol mmfrom the mirror

|'Q7A|32 <1 , (9)
(22+ 42)°
slow variation of the laser beam profile in tlyedirection
(wy = 788um). which can be approximated by
Theoretically the dipole force exerted by a continuous
standing wave light field is a consequence of the steady-stal€ /2| « A . (10)

solution to the optical Bloch equations which are applica-

ble as long as the variation of atom-field coupling is slowror our pulsed standing wave(x, z,t) = lo(x, z)secit
compared to atomic relaxation. Along thedirection the (4 et it | (X. 2) = Ima SI? (kx) exp(—22 ), the time
typical time scale of change at an average thermal velocitg T 0% _max Pl==uz)
uih = 300 NYs is w,/vn =~ 280 ns much longer than the ce- ariation of the coupling constant can be e_v_aluated as
sium spontaneous life time 80.5 ns 1$2/82] < 1.76/7p and hence we arrive at a condition for the
In a pulsed standing wave derived from a mode-locked!S€ duration—detuning product,
laser the situation is very different: the pulse duration is of
orderz, = 30-80 psonly. Therefore the atom—field coupling 741> 1.76. (11)
varies extremely rapidly and, in addition, a standing wav
exists only in the immediate vicinity of the retroreflecting
mirror. However, in our case it still extends over12 mm
and is hence sulfficiently long to fully cover the atomic beal
of cross sectio).1-1 mm (see Sect. 2). Furthermore, at our
pulse repetition rate 0 MHz an atom is on average subject
to a train of more thaB0 intensgulses when it traverses the
pulsed light field. It is thus obvious to investigate the proper
ties of the average force exerted by the pulsed light field.
In our theoretical analysis we will study the dynam

q:or illustration we show the evolution of the Bloch vector for
adiabatic and non-adiabatic conditions and experimentally re-
nelistic parameters in Fig. 2.

In Fig. 2a the Bloch vector after the pulse more or less is
the same as before, leading to well-defined conditions when
the next pulse arrive®, = 12.5 nslater. In the non-adiabatic
case theu and v components after the pulse oscillate with
a large amplitude (Fig. 2b), which will be radiatively damped
_by a factor exp—IT,/2) = 0.81 only by the time the next
Julse arrives. The momentum transfer (8) due to the next

(u, v, w) yielding the quadratures of the complex dipole mo-PulSe then depends on the history of previous pulse interac-
mentd — (U+iv)deg. Here we use the rotating wave approxi- tions. Our simulations show that in this case the average force

mation,deq designates the dipole matrix element, andives ~ ©X€ted onto atoms traversing the standing wave light field
the invers?on shows a non-deterministic behavior and eventually just van-

During the very short presence of the light field we canishes. Fulfilling the adiabatic condition thus provides a simple

completely neglect relaxation and restrict the analysis to thg0!ution to this problem by always returning the atom in its
coheprent gtomg—field coupling: y Initial state after the interaction with the light field.

0=A 4 . . .

l_J v “) 1.1 Approximate analytic solution

V=—Au—2(X,Z, HhHw, (5)

w=2(X, z,tv, (6) The adiabatic condition can be interpreted as a narrow and

_ _ U rapid precession of the Bloch vectSaroundT, i. e. S| T,
with the Rabi frequency2 = I'(1/2 1sa9"/%. (4) can also be and hence in this approximation thecomponent is simply

written as the normalized projection of onto theu axis:
S=TxS§S, 7 2 t
() uex,z,t) = = *29 - 12)
with the Bloch vectoriS= (u, v, w) which is acted on by the VA ZzH +A
torqueT = (£2(x, z, 1), 0, — A) derived from th_e laser pulsg. he average force per pulse cycle then is given by
The transverse momentum transfer, or kick due to a smglg
pulse for an atom at positiaix, z) is given by 3
A h 2(X, 2, 1) $2(X, Z, 1
h 3 F(x,z)zipix’z)z—f ( > ) xS Z)dt,
Ap(x.2) =~ f U(x, 2, ho 20 2. Hdt. (8) P Py VX, Z,H+ A

% (13)



691

20- _ 20
u
—wH 1.5
15 -~ lfau]

Fig.2a,b. Numerically simulated evo-
lution of the Bloch vector { and w
components). a Adiabatic conditions

05- (p=30ps A=27x25GHz 1A =
4.7) b Non-adiabatic conditions r§ =
T " 10 ; T . . 30ps A =27 x5GHz 1A =0.94).
100 200 300 -200 -100 0 100 200 300 The dashed curveshows the laser inten-
b tlps] sity |
which can be derived from an effective potentilk(x, z) L ok
9 150
F(X, Z) = _&Ueﬁ(xs Z) ) (14) 100
. a)_
with =
h £
Ueit(X, 2) = — f (\/Qz(x, zZ,t)+A%2— A) dt. (15) > 01
2Tp J _1m_
™
. . . -1W7 2
In Fig. 3 the dependence of the potential froma for various -
detuningsA is shown. 20 100 0 100 e
We have checked the validity of this approximation For z[n

by comparlng it with the num.erlcalllntegratlon of the Bloch Fig. 4. Simulation of atomic trajectories in one period of the standing wave.
equations. Figure 4 shows trajectories calculated with nUMekoig jine numerical integration of the Bloch equatioBashed line cal-

ical integration and the approximation of (13), for parametersulated with the approximated force of (13). Parameters: 300 nys,

that fulfil the adiabatic condition. The atomic trajectories lookzp =80 ps A =27 x5 GHz, 7,A = 2.5, P =100 mW

nearly the same for both cases, i.e. our approximations are ap-

plicable. In fact, for most of our experimental parameters the

adiabatic condition is fulfilled even better and the agreemeration. Consequently, in this limit for a given average intensity
between both simulations is better than in Fig. 4. Not onlyand detuning a pulsed standing wave exerts a dipole force
does this approximation lead to a much more rapid computawvhich very nearly equals the cw case.

tion of the atomic trajectories, it also provides a transparent These results suggest transferring the concepts of cw

solution of the problem. atomic beam focusing to the pulsed standing wave case. In the
In the limit 2(x, z, t) <« A which is equivalent tdg(x,z)  next section we will present experimental evidence that this
< lsa2(A/N)? the potential (15) can be expressed as assumption is valid over a large range of parameters but we
_ will also show some limitations.
hr2i(x, 2
U, z)=— (16)
8A  lgat

with the average intensity(x, z) = lo(X, z)o_g—gTp for seck 2 Experimental

pulses. It agrees with the potentid,, (2) for cw laser radi-
We use a thermal cesium atomic beam which is transversely
collimated by laser-cooling methods to a divergence less than

800- 1 mrad(see Fig. 5). The diameter of the atomic beam after

T
~

—— asymptote

,,,,, 2u 80 GHz 1e the collimation zone is defined by an aperture of diameter
600{ - o Sore 1 mm A slit of 200pm width in thex direction can be trans-

lated into the atomic beam before the standing-wave inter-
action zone. The atomic beam profile is analyzed at a dis-
tance of1.24 m beyond the interaction region, where it tra-
verses a resonant laser beam and the fluorescence is moni-
2001 tored with a CCD camera. This apparatus already was used

for the production of periodic nanostructures with a cw stand-
ing wave and is described in detail in [8]. The pulsed laser
beam is sent to the apparatus via a polarization-preserving
Fig. 3. The potential of the pulsed standing wave for different detuningssmgle_r-nOde optical fiber. W-e measu.red pu!se shape and pulse
(puiselength, — 80 pg. To give an idea of the magnitude of the poten- length in front of and behind the fiber with an autocorre-
tial the square of the corresponding transverse velocity for cesium atoms &tor (FR-103, Femtochrome Research, Inc.) and found no
shown on the right axis change.
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in the standing wave by comparing the measured profiles

detection laser with simulated profiles. We have found that the sensitivity of
I this method can be increased by tilting the standing wave by
) a small angled = 1 mradwith respect to the atomic beam
pulsed standing wave . o . - .
1.24m (Fig. 5): with a perpendicular standing wave the expansion of

«— the atomic beam already saturates at relatively small poten-
: /A\d“‘” tials, whereas the tilted standing wave gives more significant
AAMA +— -9 mm . . . > !
i | 1 |nf0(mat|on about h|gh<_ar potential values. In the beam prof'lle
fited miror 101 foen i behind the tilted standing wave a second peak appears since
(Tmrad) —_—— +— slit [ 100 um)

atomic trajectories are concentrated near the reflecting angle
<+— 2-dimensional — B of the potential wells of the standing wave field (Fig. 6).
l‘{;"sgf"fé%ﬁ’m Note that the Doppler shift introduced by the small angjle
s} . .. f
is negligible compared to the large detuning of the laser from
resonance.
For the comparison of the measured beam profiles with
Fia. 5. Schemati ontal Setup t the b e behi theoretical calculations we simulate a thermal atomic beam
T e savromn Saamda e Wilh ransverse velocity isirbution and ight ield parameters
standing wave extends ov&12 mm from the mirror. The atomic beam @S in our experiment. The trajectories of the atoms traversing
(about1 mm distance from the mirror) thus is fully covered by the stand- the pulsed standing wave are calculated using the expres-
ing wave. The power of the standing wave is varied from @84 mW, the  sjon for the average force (13). Measured and simulated beam
gggjgﬂgz of the laser from the Csyline at 852 nmis set between 5 and profiles (Fig. 7) show a good agreement at a pulse length of
7, =80ps
Next we have extracted a potential height from a com-
We have used two methods to experimentally investiparison of measured profiles and simulations by calibrating
gate the focusing properties of our pulsed standing wavehe measured profiles against a set of simulated profiles with
For the narrow atomic beam (widthl mm) interacting with  differentl andA. The maximum potential height of the simu-
the standing wave the spatial distribution at large separatiolated profile, that correlates best with the measured profile, is
(1.24 m) reflects the angular distribution of the atoms leavingtaken as the maximum potential height of the measurement.
the standing wave and makes a rough quantitative analysis bf the limit £2(x, z, t) <« A the only variable parameterigA
the light forces exerted by the standing wave available. Thigrhich simplifies the interpretation of the experimental results.
method gives only indirect indications of the nanoscale focus- The result is shown in Fig. 8, lending confidence to the
ing properties, but it allows a rapid evaluation of the influencevalidity of our model for a pulse length &0 psand for
of the experimental parameters pulse length, detuning, and ithe investigated parameter range. In contrast, for shorter
tensity. During these measurements we optically pumped theulse lengths 30 psand 50 pg and large laser power, ex-
atoms into the F = 4, mg = 4) groundstate with a weakt  perimental results render this theoretical approximation in-
polarized laser beam tuned to tHe£ 4) — (F’ =5) transi-  valid: in this case we have obtained large differences be-
tion before they entered the" polarized standing wave. tween measured and simulated profiles, although the adia-
A direct proof for the periodic focusing of cesium atomsbatic condition (11) is well fulfilled for all sets of experimen-
in the pulsed standing wave is given by our second methotal parameters (Fig. 9).
which provides an image of the spatial distribution of atoms

in the focal region through high-resolution lithography with 2.2 Spatial distribution in the focal region
a resist-based technique [11].

+— cesium oven
(T=130°C)

The results of the previous section suggest that the atoms
2.1 Angular distribution are periodically focused inside the standing wave for a wide
range of laser parameters. But a convincing proof has still to
Because of the nanoscale focusing of the atomic beam ibe given by a direct measurement of the flux density distribu-
the interaction region the atomic beam expands behind thi#on inside the standing wave.
standing wave. From the resulting transverse density distri- The theoretically expected force in a blue-detuned pulsed
bution we can derive a measure for the interaction potentiatanding wave causes a focusing of the atoms into the min-

5000 51
m 4
3000+ i
2000 | f Fig. 6. Simulated atomic trajectories for a standing
i r wave tilted byg = 2.5 mrad(P =400 mW, A =2 x
E, 1000 = — 'go 30 GH2. The atomic beam in this simulation only il-
* o) - = luminates two periods of the standing wave. Some of
ook 2 the atoms are reflected by the potential wells of the
t 3 standing wave leading to a second peak in the density
-2000¢ 4 distribution. On the right-hand side the resulting dis-
3009, —_——— 5 _ - tribution 1.24 m behind the standing wave is shown.
7 a0 40 60 H0 000 fiux density [arb. units] For illustrating purposes we only show trajectories for

z [um] vz =250 nys
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Fig. 7. Comparison of the measured beam profilesli¢l line9 with simu-
lated profiles dashed lines1.24 mbehind the interaction zone g = 80 ps
showing good agreementA(= 27 x 30 GH2. The beam profiles reflect
the angular distributionf(«) of atoms after having traversed the standing
wave. Without the standing wave the atomic beam is centered artourfol
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ima of the standing wave. This leads to a characteristic flux
density distribution inside the interaction region, i.e. the flux
density increases in regions of small light intensity and de-
creases in regions of high intensity (Fig. 10). The variation of
the cesium flux density inside the standing wave can be inves-
tigated with a lithographic method based on a high-resolution
resist. We use a self-assembling monolayer (SAM) of nonan-
thiole on gold [11].

The schematic experimental setup for these investiga-
tions is shown in Fig.11. In this case, unlike the ex-
periments in the previous section we use the fulhm-
diameter atomic beam and a standing wave aligned perpen-
dicular to the atomic beam to achieve maximum contrast.
Furthermore, we employed a different optical pumping
scheme [12] to avoid transverse heating of the atomic beam.
The parameters we have chosen for the experiments were
P =350 mW A = 27 x 20 GHz andtp, = 80 ps

The result of the lithographical experiment is shown in
Fig. 12. As expected, the substrate is patterned with a regular

Atoms leaving the interaction region perpendicular to the standing wavdine structure of periodicityr/2 = 426 nm clearly demon-

appear atr = 1 mrad

250
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Fig. 8. Maximum potential heights derived from a comparison of experi- = 05

mental and simulated beam profiles. ®wdid lineis a linear fit through the

origin to experimentally determined potential values where the conditior

2 « A is fulfilled. The slope of this curve i$2% larger than the theoret-
ically expected onedashed ling This deviation lies within the systematic
experimental uncertaintyx(15%) of determiningl/A. The error bars iry
direction indicate statistical errors of the simulated beam profiles

ty
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Fig. 9. Comparison of the measured beam profilesli¢l line9 with simu-

lated profiles dashed lines1.24 mbehind the interaction zone g = 50 ps

(A =27 x 30 GH32. For large laser powerd06 mW) a strong deviation of
experiment and simplified theory is observed.

strating the microscopic periodic focusing ability of a pulsed
standing wave. The resist-based lithography process intro-
duces small irregularities which we have also found in experi-
ments with a continuous, single-frequency standing wave.

3,0 T T T T
25+ .
T |
% 201 \ [\ \ ’{\ )
£l ‘ o A ]
-2‘1,5 | \ | \
{
810 \ | |
5 / \ /
AN
0 ap % 0 o &
X [nm]

Fig. 10. Simulated flux density distribution of the atomic beam in the focal
plane shown oveb periodsof the pulsed standing wave. Parametd?s=
100 MW, A =27 x 30 GHz 1, = 60 ps The dotted lineindicates the flux

density without standing wave

substrate . pulsed standing wave
resist

;.;\‘A_

2-dimensional

44— Tfransverse

laser cooling

mirror

44— cesium oven
(T=130°C)

Fig. 11. Experimental setup for high-resolution lithography with a pulsed
standing wave. The resist-coated substrate is placed inside the standing

wave light field
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theory and the experimental investigations even though the
adiabatic condition is still fulfilled.
j ; Experimentally we have proven with nanoscale litho-
3 s & 2 . 1 graphic experiments, that the spatial atomic flux density
: distribution inside the standing wave is modulated with pe-
riodicity A/2 due to the focusing of the atomic beam into
the minima of the blue-detuned standing wave light field.
: Thus it should be possible to extend atom lithography to
- ST PER technologically interesting elements with blue or ultravi-
: i olet resonance lines by using frequency-doubled pulsed
lasers.

y [um]
z [nm]
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