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"Heisenberg microscope" decoherence atom interferometry
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Atom de Broglie —wave interference fringes are revealed by their selective destruction. A thermal po-
tassium beam is transmitted through a Talbot-Lau atom interferometer. Different fringe Fourier corn-

ponents resonate in the interferometer at different atomic velocities. The thermal velocity distribution

averages and washes out the high-frequency components. ac-modulated laser light passes through the
interferometer, is scattered by atoms at one velocity, and destroys, and thereby reveals via the ac modu-

lation, the associated high-frequency fringe contribution.

PACS number(s): 03.75.Dg, 35.80.+ s, 42.50.Wm, 42.50.Vk

An argument by Heisenberg [I] is commonly cited to
illustrate the uncertainty principle. Consider an attempt
to determine the position of a particle with a well-defined
momentum by scattering a single photon off of it and
then viewing the scattered photon with a microscope.
The scattering imparts an uncertain momentum recoil to
the atom. The product of this momentum uncertainty
with the position resolution of the microscope satisfies
the uncertainty principle. Thus two microscopes separat-
ed along an atom's propagation path cannot localize it in
phase space any more finely than the limit set by the un-
certainty principle.

Recently, Walls et al. [2] analyzed an analogous prob-
lem for freely propagating atoms with well-defined mo-
menta that form de Broglie —wave fringes in a Young's
two-slit interferometer. They consider a situation
wherein both slits are simultaneously illuminated with
light that is resonant with an atomic transition and calcu-
late the resulting atomic fringe visibility as a function of
slit separation. They predict that when the slits are
separated sufficiently, so that a Heisenberg microscope
viewing the reemitted fluorescence can image this light to
determine which slit an atom passes, then the atomic
fringe visibility will vanish. But when the slit spacing is
comparable to the optical wavelength, such a determina-
tion by the microscope exceeds its resolving power and
then the interference pattern will persist. Further, the
presence of the microscope is unnecessary for the predict-
ed visibility dependence on slit spacing to obtain. Only
the microscope's illumination need be present.

Recently, atom de Broglie —wave versions of Young's
two-slit experiment have been performed [3], along with
other more efficient forms of atom interferometry experi-
ments [4—6]. The above predictions can be tested using
atom interferometry. Indeed, Sterr et al. [6] destroyed
atom interference fringes by passing high-intensity reso-
nant laser light through their atom interferometer. In
that experiment many photons were scattered off of each
atom and although their atomic paths have an amplitude
for being physically separated in space, the paths are con-
tinuously distributed in space and are not clearly local-
ized by a scattering event. It is the purpose of the present
work to describe the results of an atom interferometry ex-
periment which demonstrates destruction of atom in-

terference fringes by the scattering of a single low-energy
photon by an atom, such that the atom's path could be
localized by the scattering. Given our multiply connect-
ed geometry, a localized atom can pass through only one
slit. Nonetheless, in our experiment amplitudes for an
atom's passage simultaneously through more than one
physically different slit provide quantum interference
when no scattering occurs. We note that both our experi-
ment and that by Sterr et al. probe only the regime
wherein the atomic path separation is greater than the
optical wavelength, while the predicted persistence of
fringes at narrow atomic path spacing remains to be
demonstrated.

In our experiment spatial de Broglie —wave interference
of potassium atoms is revealed by its selective destruc-
tion. A thermal potassium beam is transmitted through a
velocity-selective atom interferometer and detected. The
interferometer consists of a sequence of three vacuum-slit
diffraction gratings. Quantum interference fringes are
formed on the third grating and are masked by the grat-
ing, thereby determining the interferometer s transmitted
atomic current. Atoms at characteristic resonant atomic
velocities and/or de Broglie wavelengths form fringe pat-
terns that contain high-spatial-frequency Fourier com-
ponents. The thermal velocity distribution produces an
average over these components that washes out and hides
the high-frequency fringes. ac-modulated laser light
passes through the interferometer, near the rniddle grat-
ing. Since imaging of the fiuorescent light could be used
to determine which slit an atom passes, the contribution
to the averaged pattern by atoms at the laser's Doppler-
shifted wavelength is removed. That component is thus
ac modulated and detected.

The apparatus (shown in Fig. 1) is a modification of
one previously described by the authors [4]. An upward
directed thermal beam of potassium atoms is produced by
a 450 K isothermal oven with 200 pm X 5 mm knife-edge
exit slits. Atoms pass through a 300 pmX8 mm col-
limating slit, a cold bafHe, a differential pumping (DP)
slit, and thence through an atom interferometer. The in-
terferometer operates at 10 Torr, adjacent a second
cold baNe that limits the background potassium density.
It consists of a sequence of three rectangular 1-pm-thick
planar silicon-nitride diffraction gratings 6&, 62, and G3,

1050-2947/94/50(3)/2430(4)/$06. 00 50 2430 1994 The American Physical Society



50 "HEISENBERG MICROSCOPE" DECOHERENCE ATOM. . . 2431

~~ Photo diode

LN cooled
baffle

Detector~(Hot Wire)

I

46.2 cm

ser

each cut by 8.5-mm-long parallel slits. Grating planes
are separated by R

& 2 =46.2 cm. There are 22 slits in G, ,
76 in 63, and 111 in 62, periodically spaced at associated
periods a, =a3 =16.2 pm and az=8. 1 pm, respectively.
All gratings have an open fraction of about (a/a)= —,',
where a is the slit width. Grating alignment is done us-
ing a He-Ne laser passing through the gratings (and
through an auxiliary grating on the G2 plane). Transmit-
ted atoms are ionized on a rhenium hotwire. The result-
ing analog ion current is electro-statically focused onto
an electron multiplier and amplified. The whole system is
vibrationally isolated from the floor and is stationary rel-
ative to an inertial frame to a fraction of a micrometer
during the transit time of a low-velocity atom through
the interferometer.

Since an actual microscope is unnecessary for the ex-
periments, none is included. "Microscope illumination"
consists of a ribbon-shaped laser beam passing through
the interferometer at near antiparallel incidence (20') to
the beam, immediately below Gz. It is circularly polar-
ized, highly attenuated, has a bandwidth of about 15
MHz, and is produced by a single-mode diode laser at
766 nm. To determine the laser's tuning, we redirect it
unattenuated at perpendicular incidence. Then, when the

laser is tuned to a Doppler-free hyperfine resonance,
deflection of the whole beam produces a dip in the
transmitted beam current.

The laser is ac modulated at an audio frequency. The
modulation wave form is divided into three periods. The
first period is used to lock the laser wavelength to a reso-
nance line of a potassium absorption cell. During the
second (on) period, the laser is tuned to resonate with
atoms at a desired velocity. K atoms in the I' =1 and 2
hyperfine levels with velocities UF, and vF 2, respective-
ly, will be resonant when the laser's frequency v satisfies
the relations

v~ i
= ( v —vz i )A, /cos(20'),

v~ 2=v~, —351 m/sec,

where vF &
is the resonant frequency for zero velocity

F =1 atoms and A, is the laser's wavelength. F =2 atoms
will be resonant only for tunings with vF, greater than
351 m/sec, the velocity equivalent of the hyperfine reso-
nance spacing. During the third (ofl) period the laser is
returned to an off-resonant (negative velocity) condition
for all atoms. The dc ionized current from the full
thermal beam through the interferometer is about
10-100 pA. The ac component of the transmitted atom-
ic current (about 0.1% of the dc current at low-velocity
tuning) is synchronously detected by integrating the
current positively during the on period and negatively
during the off period. Both the dc and ac are recorded as
a function of grating position or laser tuning.

When the laser is ofF, de Broglie —wave fringes are
formed in the interferometer via a generalization of the
Talbot and Lau effects [7,4]. Figure 2 shows the associat-
ed calculated transmission probability T,rr(v, b,x) as a
function of atomic velocity U and lateral grating displace-
ment bx (for half a period). We calculate the laser-on
transmission probability T,„(v,b,x), assuming a kinemat-
ical scattering near G2 of one photon by each atom, as-

suming a classical atomic trajectory, and using the point-
wise momentum-transfer photon scattering model
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FIG. 1. Geometry of the experimental apparatus. The pho-

tomultiplier to measure fluorescence intensity is not shown.
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FIG. 2. Calculated laser-ofF interferometer transmission
probability plotted as a function of atomic velocity and grating
displacement. The periodic dependence on displacement is
plotted through one-half of a geometric-shadow spacing period.
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the laser beam. It has two resonant near-Lorentzian
components separated by 351 m/sec, corresponding to
and weighted by the thermal populations 40% F= 1 and
60% F =2.

To observe interference fringes, the laser is tuned to
resonate with F =1 atoms at a velocity of 211 m/sec, i.e.,
6 times the Talbot-Rayleigh velocity vr„=35 m/sec, cor-
responding to ac fringes at the sixth spatial harmonic of
the geometric shadow period. While holding the laser
tuning constant, the middle grating, 62, is scanned la-

terally with a piezoelectric translator and the dc and ac
signals are recorded simultaneously. These signals are
shown as a function of grating displacement hx in Figs.
4(a) and 4(b), along with the dc and ac calculated via Eqs.
(3) and (4). (To give better agreement between the ob-
served and calculated ac patterns, a small dc signal
cross-talk component is added to the calculated ac sig-
nal. ) Admittedly, the ac signal is quite noisy, as its
signal-to-noise ratio is limited by the shot noise of the
much larger dc. Nonetheless, the sixth spatial harmonic
associated with the Talbot —von Lau resonance is evident
in the data.

To observe the velocity dependence of the ac signal,
the grating positions are held fixed and the laser tuning is
swept. The measured signals obtained when the gratings
are positioned for minimum and maximum transmitted
dc are shown in Figs. 5(a) and 5(b), along with the calcu-
lated signals. Agreement between the calculated and
measured signals appears to be quite good. For compar-
ison, in Fig. 5(c) we show the laser excited fluorescence
intensity measured using a photomultiplier and the same

laser incidence angle (but with no gratings present) in
response to a similar laser frequency scan.

We note that the hyperfine structure is not resolved in
the fluorescence spectrum. By contrast, the transmission
spectrum of Fig. 5(a) displays two well-resolved peaks
whose spacing corresponds to the hyperfine structure.
Evidently we have constructed what amounts to an atom
interference filter whose velocity selectivity allows us to
narrow the effective transmitted velocity range so as to
provide an improvement in the optical spectral resolu-
tion. When the gratings are positioned for minimum dc
transmission, then neither the laser-on nor laser-off con-
ditions transmit atoms at high velocity. However, the
reasons for these high-velocity cutoffs differ. In the
laser-on condition only low-velocity atoms have su5cient
scattering angle to reach a G3 open slit. A cutoff then
occurs at g=a3/2, i.e., at an atomic velocity of about 740
m/sec. In the laser-off condition only atoms with veloci-
ties below (&2/a2)vrR =278 m/sec have sufficiently long
de Broglie wavelength so that two adjacent G2 slits pro-
duce overlapping constructive interference at an open G3
slit. The different cutoff velocities (and profiles)
effectively create a "passband" that allows resolution of
the K hyperfine structure.
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