Absorptive masks of light: A useful tool for spatial probing in atom optics
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We demonstrate periodic localization of neutral atoms of better than 65 nm behind amplitude, i.e.,
absorptive masks made of light. With these masks, produced by a standing on resonant light wave,
it is possible to create and to probe spatially well-defined atomic distributions. Applications of such
absorptive masks range from atom lithography to fundamental atom optical experiments. As two
examples we show how to use these gratings as a tool to measure the evolution of an atomic wave
field behind a static Bragg crystal and its dependence on the incidence angle of the atomic beam and
how to demonstrate the frequency shift of atoms diffracted at a modulated Bragg crystal in a beating
experiment. ©1998 American Vacuum Socief$s0734-211X(98)18706-1]

[. INTRODUCTION scribing the evolution of the wave field in the light crystal. In

Efficient methods to prepare and to measure atomic disthe second part we show that these masks are a useful tool to

tributions with nanometer resolution are of particular interesPr0P€ the characteristics of the atomic wave fieihplitude,

in atom optics and for possible applications in science angontrast, and phaséehind a Bragg crystal. These measure-

technology. In atom lithography, for example, the writing of ments _iIIustr_ate fqr the first time the effects predi(_:teq from
parallel equidistant linés® with atoms in near resonant light dynamical diffraction theory for a broad range of incidence
fields is useful to produce very exact scales. A specially use2ndles. In the last part we present an experiment where we
ful tool in atom optics are absorptive masks. They can bé!S€d the light gratings as a probe to measure a frequency
used to write and tgrobe fine structures. Both have been shift of atoms in the kHz range in an.mterferomeﬁnc_setup.
demonstrated with nanofabricated material masks whicf{Vé conclude with an outlook discussing the applications of
were used to deposit nanometer size atomic structzes ~ hese structures.
to read out atomic interference patteftfid?

Here we show how to combine the advantage of absorpl: ABSORPTIVE MASKS MADE OF LIGHT

tive masks with the flexibility of light structures and how  The basic requirement for the generation of absorptive
they can be used in atom optics. light masks is that the atoms change their internal state after
In order to realize “absorptive” light we use the internal excitation. For sufficiently long interaction times only atoms
structure of our atom and its interaction with the light fi€ld. near the zeros of the light field will remain in their original
We tune the light frequency to an atomic transition where thestate (Fig. 1). In our experiments we use a standing light

spontaneous decay of the excited state proceeds mainly towgave realized by retroreflection of a laser beam at a plane
different internal state, which is not detected. Atoms in thismirror. The periodic intensity distribution in the light field is

state can therefore be regarded as being effectively
absorbed?® Therefore a thin standing light wave tuned on I(x)= lo [1-cog2k)] )
resonance acts as an absorption grating for the atoms. Only 2 ’

atoms passing near the intensity nodes survive in their origiynerel » is the intensity at the maxima of the standing wave,
nal statg(Fig. 1). The spatial distribution of the atoms behind ,— /) is the wave vector of the incident laser radiation
one such absorptive mask can be detected by probing it With/vavelength of the lighth), andx is the transverse coordi-

a second identical mask immediately behind the first onenate. The modulus of the grating vector of the light mask
This kind of detection scheme, probing one periodic structorresponds to I2 of the light field. In the case of low light
ture with a second one, results in the well-known Moirejniensitied® we can neglect saturation effects and hence the
fringes. absorption is proportional to the local light intensfglectric

In the remainder of the article we will first describe the fie|q squared). The atomic transmission through a standing
mechanism to produce absorptive structures of light and themght wave is given by:

in more detail our experimental realization using a beam of )

metastable argon atoms. In the first experimental part we will T=g~«2[1-cos2kx)] 2)
show in detail how to realize periodic localized atomic dis- L . : :

tributions using on resonant light. In this context we demon-?rhe absorptiork is proportional to the intensity of the stand-

strate the Talbot effect with atomic de Broglie waves de-"Y light wave[Eq. (1)] [x[1¢(2)dz], where the integra-
tion is along the longitudinal direction. Note that the trans-
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| which emerge from an effusive argon soutt@he beam is

‘ collimated with a 10 and a m slit separated by 1.4 m,
before entering the interaction regi¢gee inset Fig. 2); after
1.4 m downstream the metastable atoms are detected by a

metastable atoms (0)

L.

6© o o© o
o o © © o o © “channeltron.” _ _
5 o oo o In the source the atoms are excited by a continuous gas
© o0, % 50 o, discharge to two metastable states: 85% are in Hiesfate
———— ligrﬁi"g‘;:g;g Wh!Ch is used in Fhe experiment and 15% are in tb@_ﬂtate
o_ e O g® o which does not interact with our masks and contributes to
*oi  a%® L% @ background. Therefore s} atoms are quenched to the
e 0o ® 0 e o O metastable (o) ground state by resonant laser light at 795.0 nm. Due to their
3 0O ¢ 00 @ Q @ gmun;‘;‘tiate © high internal energy the remaining:slmetastable atoms can
g l l .1 atoms be recorded by our channeltron detector, whereas ground
= state atoms remain undetected.
% M/\ For realizing absorption the most important feature of our
g — > metastable 45 atoms is their open transitionsd—2pg at
position 801.7 nm(linewidth 5.8 MH2. If the atoms are excited at

Fic. 1. Absorptive masks of light for metastable argon atoms: Metastabléhi.s wavelength they decay spontaneously with a branghing
atoms(open cyclesire exited by resonant light and decay spontaneouslyratio of 72% to the ground statéevel scheme see inset Fig.
with a high probability to the undetected ground statiese cycles). Only  1). The light is produced using a single mode diode laser
atoms near the nodes of the standing light wave are detected in localiz ith grating feedback in Littrow geometry locked to the
peaks. Insert shows a level scheme with the used transitions of metastab . . . ' .
argon. 01.7 nm transition using saturation spectroscopy. The line-
width of our laser ligh<1 MHz) is much smaller than the
atomic linewidth. The absorptive gratings are realized by ret-
smaller than the grating constax (Fig. 2) see also Ref. roreflection of the 801.7 nm laser bedfocused to a ribbon
14). As shown in our experiment this can be used to creatghape of approximately 3 cm height and 1&® thickness)

atomic distributions with subwavelength resolution. on a gold mirror.
The number of atoms in the collimated beam is about
[ll. EXPERIMENTAL REALIZATION 10 000 . In a typical experimental situation one absorptive

In our experiment we use a thermal beam of exciteddrating absorbs about 90% of the incident atoms. The typical

(metastableargon atomgaverage velocity of 700 m/s, cor- measurement_ time to record (_j(_":lta as in Fig. 2 is about 15 min.
responding to a de Broglie wavelength afs=14 pm) A second important transition fromsi—2pg at 811.7
nm is closed and used to realize refractive index gratings. If

the light frequency is off resonant with the atomic transition
e it acts as a real potentigtorresponding to a real refractive
8250 [ @tom source wp ¥ |X  detector index) for the atoms. Therefore it is possible to build refrac-
@M:.:_, '\, tive optical elements such as Bragg crystals with light. In the
H experiment the periodic index of refraction for a crystal was
01.7 nm realized with a 4 cm long standing light wave retroreflected
at the mirror in the vacuum. The intensity was in the range of
10 mWi/cnf and the detuning from resonance was 1 GHz.
The laser light for this transition was produced by a stabi-
lized Titanium: Sapphire laser.
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IV. LOCALIZATION OF ATOMS WITH ABSORPTIVE
GRATINGS: TALBOT EFFECT

5250 - An absorptive grating transmits atoms only at the nodes
P S —— of the light field. To demonstrate this localization behind the
0,4 0,0 0,4 0,8 1,2 . . :

ition x [ m] grating we probe the transmitted atoms with a second mask.

post H The two light gratings for this experiment are realized in

Fic. 2. To demonstrate the localization of the atoms using absorptive Iighi‘romlOf two 90|d mirrors(see inset Fig. 2). One of the mir- )
gratings we measured the transmitted atomic intensity through two suckOrs is mounted on a flexure stage and can be translated in

gratings as a function of their relative spatial positiexperimental setup  the direction orthogonal to the mirror surface with nm accu-
see inset). The distribution is peaked with a distance of the grating period : : ; ; _
401 nm the measured full width at half maximyfWHM) of the peaks is OFaCy' The spacing between .the wo gratings Is adIUStab.le be
90 nm. This corresponds to an atomic localization of better than 65 nn’FV_Veen_ 3and 15 mm k_)y shifting one O_f the |_ase_r beams in t_he

behind each individual grating. direction of the atomic beam. A crucial point in our experi-
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phase at various relative distances between the two gratings.
The relative spatial phase is varied by shifting one grating
with respect to the other transversally by a fem. The data
show clearly that an image with a doubled spatial frequency
(period: M4) emerges at a distance of 5.8 mm, as predicted
by the Talbot theory. The high collimatideorresponding to
a high spatial coherengef our atomic beam is now essential
in order to observe the Talbot fringes. Two effects explain
the contrast reduction of the fringes at increasing distance
from the light grating. First, the broad velocity distribution of
the atomic beam limits the longitudinal coherence length.
— : Second, 28% of the atoms fall back to theglstate after

4.5 65 85 10.5 12.5 spontaneous emission of a photon and contribute to an inco-

Grating Distance [mm] herent background. Nevertheless, our measurement demon-

Fic. 3. Behind an absorptive grating the superposition of the different dif-Strates both the fact that our masks have a resolution better
fraction orders form in the near field a periodic interference paftatbot ~ than light wavelength, and the possibility to produce higher

effect). To demonstrate the Talbot effect with de Broglie waves of meta-grder atomic distributions using near-field diffraction.
stable argon we measured the atomic distribution at several distances, using

our absorptive masks. By shifting the absorptive grating transversal with

respect to the diffraction grating for a fewm the oscillating behavior is V. PHASE MEASUREMENT OF A PERIODIC
clearly visible. At a distance of 5.8 mm one observes the typical doubling of

the spatial period as expected for the Talbot thebrjghter regions corre- ATOMIC WAVE FIELD
spond to higher atomic densities In diffraction experiments not only thin optical elements
such as gratings are important but also thick optical elements
such as Bragg crystals. The diffraction at such Bragg crystals
ment is that the two mirrors have to be aligned parallel toshows very different effects. Diffraction becomes only pos-
each other with better that 1@rad accuracy, which is done sible for special incidence angléBragg anglesand only in
interferometrically. one single direction because of energy and momentum con-
The result of such an experiment is shown in Fig. 2. Theservation. We realize such a structurehwé 4 cmlong de-
total transmission is plotted as a function of the relative spatuned standing light wave at 811.7 nm. If the incidence angle
tial phase between the two successive resonant standing ligist exactly the Bragg angle the superposition of the two
waves. The data show peaks with a separation of 401 nnbheams(forward beam and diffracted beariorms a periodic
The periodicity corresponds to the grating constant of oumtomic distributiont® The period of this wave field is identi-
standing lightwave which is half the optical wavelength ( cal to the period of the light field but there is a relative
=801.7 nm) in our experimental arrangement. The pealspatial displacement of a quarter of a grating peficalre-
width (90 mn)is significantly smaller. A numerical decon- sponding ton/2). The visibility of the periodic distribution
volution implies a spatial localization of the atoms behinddepends on the crystal length and the diffraction efficiency.
each individual grating of better than 65 n/12). However this simple picture is only true if the incidence
The data of Fig. 2 were taken with a relative grating dis-angle is exactly the Bragg angle. For all other incidence
tance of approximately 3 mm. The background of the data isngles the behavior is more complicated and has to be cal-
mainly due to 20% of the & (J=2) atoms which are origi- culated in the framework of dynamical diffraction theory.
nally in them=0 magnetic sublevel and which are not dis- These calculations show that the periodic structure is only
turbed, since their excitatiofwith linearly polarized lightto  visible in a small range around the Bragg an@leceptance
the 2pg (J=2) decay channel is dipole forbidden. The light region) and that the relative phase with respect to the light
does not influence these atoms, whereas the remaining 80field changes linearly in that area. To demonstrate this be-
of the atoms are strongly absorbed (transmissit@%).  havior in the experiment we placed an absorptive grating
This background can be removed in further applications bymmediately behind the Bragg crystal (distasdemm)
optically pumping the atoms in a defined magnetic sublevel(setup see inset Fig.)&and investigate the periodic atomic
As an example of the versatility of our absorptive light distribution by the Moireeffect. To probe the wave field we
masks we investigated the coherent evolution of the atomiased the fact that the period of the cryst4D6 nm)and the
wave field behind such a narrow transmission grating as degrating (400 nm)is slightly different. But with increasing
scribed by near-field Fresnel diffraction. A well-known phe- distance from the mirror, the relative phase between the two
nomenon in near-field optics is self-imaging of an absorptivegratings changes, because of their different periodicities.
grating, the Talbot effect For gratings with very narrow (The resulting spatial beating period is A#.) Thus moving
slits, images with fractional periods can appear. the mirror away from the thi5 xm) atomic beam allows us
Figure 3 shows a series of measurements exploring the scan Zr of the relative phase in 34m. Therefore the
near-field atomic density distributions at various locationstotally transmitted atomic intensity oscillates with this period
behind the first mask. We recorded the total transmissiomnvhen translating the common retroreflection mirfapper
through the two masks as a function of their relative spatiapart Fig. 4 and contains information about the phase and the

Transverse grating shift [pm]
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Fic. 5. Beating of two matter waves with different energies: Atoms dif-
fracted at an intensity modulated Bragg crystal of light are frequency shifted
(analog to an AOM for light The superposition of the forward and the
Bragg diffracted atoms build an atomic wave field which moves in the
direction of the grating vector. To probe the frequency shift we place an
absorptive grating in the interference pattern and measure the time depen-
®Bm dence of the integral transmitted intensipetup see inset). Measured oscil-

lations confirm that the frequency of the diffracted atoms is shifted with
respect to the transmitted atoms.
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Investigating the diffraction of atoms at intensity modu-
lated Bragg crystals the experiments show that new Bragg
angles arise. The atoms diffracted at the new incidence
angles are frequency shifted by the modulation frequéhcy.
Fic. 4. Measurement of the atomic wave fields behind a static Bragg crystal he effect is analog to an acusto optical moduld®©M)
by placing an absorptive grating right behind the crysekperimental  {or |ight. To demonstrate this frequency shift of the first or-
setup). The measured atomic distributigniddle graph)is plotted in dis- der diffracted atoms we again use the interferometric super-
tance form the mirrothorizontal axis)yor different incidence angleerti- o ; g . ) p
cal axis). In small regions around the Bragg angle the distribution is periodid?0Sition of the diffracted and the transmitted beam. Directly
and the relative phase changes linearly. Exactly on Bragg the intensity dishehind the light crystal the two outgoing beams form an
tribution of the atoms is plotted relative to the light field in the lower graph. mic interferen rn with th i f the liaht grat-
The phase shift ofr/2 between the maxima of the atomic distribution and f’;lto ¢ .te e ef Ce. patte_ tht € pe Odl.o ft e light g e;t
the intensity in the light field is clearly visible. ing (see inset of Fig. b Since the de Broglie frequency o

the diffracted atoms is shifted by),.q the atomic interfer-
nce pattern continuously drifts in the direction of its grating
ector. This results in a temporally oscillating total atomic

+20 how for the first time th dicted ch terisi transmission through an absorptive grating located directly
Bragg SNOW 10T the TIrSt ime ihe predicted charactenstics,q i,y e Bragg crystal. In our case the thin absorptive

n detgul. The syrr_lmetry at th? positive and negative BragQbrating is again realized by a thin standing light wave tuned
angle is nicely visible. In addition the edge of the retroreflec-exactIy on resonance with the 801 nm transition

tion.gold mir'ror defines 'the Z€10 'point were the tWO. I'ight Figure 5 shows the result of such an experiment. The
_grat_mgs are in phas_e. Sm_c_e the first transmwsm_n m'n'r.nur‘htensity of the light crystal is modulated with a frequency of

is displaced from thl_s position by 1/4 of the be_atlng perlod,w'vlodzzﬂ_><100 kHz. The mirror angle is adjusted to the

we measured a r_elatlve_ phgseq_ﬂiﬂ _between the “g.ht crystal dynamic Bragg angle for the 100 kHz modulation. A chan-
and the atomic intensity distributioflower part Fig. 4)at neltron detector located directly behind the absorptive grat-

Bragg incidence. ing measures the transmitted atoms as a function of their

_The gxpenr_nent is an example .Of the W'd(.e range_of appll'arrival time, keeping a rigid relation between intensity modu-
cations in static measurements with absorptive gratings. O

. . AINGS. ONGion phase and triggering of each detection smtup see
big advantage of the absorptive masks made of light is th ig. 5). As expected, the transmission oscillates with the

theytelve?TcEn messqre th? a'iofmlcﬂioqallzaltlon |n5|det§1 lig tht intensity modulation frequency 2% 100 kHz). With
cr;i_s al WI Ic ctan e(ljmportan I'(t)r: € |rrr1]ag|ng PrOperties Ol ig experiment we could directly demonstrate the frequency
optical elements used in atom fithography. shift of the diffracted atoms at an intensity modulated crys-
tal.

distance from mirror

amplitude of the standing atomic wave field. The measureg?
data for different incidence angles from26g,44 t0

VI. MEASURING THE FREQUENCY SHIFT OF
ATOMS WITH ABSORPTIVE GRATINGS

Here we show an applications of absorptive gratings tg/!l- CONCLUSION AND OUTLOOK
measure the beating between two coherent matter waves of In conclusion, we have realized an optical mask for neu-
different energy. tral atoms with nanometer spatial resolution by employing a
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