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Charged Wire Interferometer for Atoms
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We have realized a new type of atom interferometer based on the refraction of matter waves in the
radially symmetric electric field of a charged wire. The fringe period shows a power law dependence on
the field strength and the de Broglie wavelength. Since the latter dependence is weak, the interferometer
has an almost “white light” character. [S0031-9007(98)08090-9]

PACS numbers: 42.50.Vk, 05.30.Jp, 32.80.Pj, 41.20.Cv

Atom interferometers have been successfully applied Previous experiments study the diffraction of matter
for precision measurements and the realization of basiwaves from an uncharged wire for electrons [14] and
gedanken experiments [1]. They consist of three or moraeutrons [15]. A Fresnel biprism for electrons has been
atom optical elements to split, redirect, and recombine theemonstrated by charging the wire [14]. The interaction
motional state of the atoms. These elements are implesf cold atoms with a charged wire was used in deflection
mented either by freestanding microstructures or by lighexperiments [16] as well as in scattering experiments [17].
fields. For high precision applications, such as gyroscopes A schematic view of the experimental setup is shown
[2-5], a large throughput of the initial atomic flux is ad- in Fig. 1. A beam of metastable helium atoms, predomi-
vantageous [6]. In order to efficiently use all atoms innantly (95%) in the23S; state, is generated in a dc gas
an uncollimated thermal atomic beam, the ideal atom indischarge that can be operated either continuously or in
terferometer should produce equally spaced fringes fopulsed mode. The polarizability of helium atoms in this
a wide range of transverse and longitudinal velocitiesstate was determined to be= 4me, X 45 A3 [18].

So called “white light” interferometers solve the problem After the passage through ag2n wide entrance slit,

for different longitudinal velocities by the recombination the atomic wave packets evolve freely for a distahce

of only two velocity independent transverse momentuml.3 m, where a tungsten wire with 4m diam is mounted.
states at the output of the interferometer. Examples foFrom here they travel a further 1.3 m downstream before
this are the three-grating interferometer [7], operating withdetection.

a transversely collimated beam, and the Raman interfer- Our single atom detector is based on the Auger deex-
ometer [8]. Operation using a transversely uncollimatectitation of metastable helium whereby electrons are pro-
atomic beam can also be realized by the Raman interfeduced when the atoms hit a metallic electrode. These
ometer and, for interferometers that do not require lightelectrons are then imaged by an electrostatic lens system
by the Talbot-Lau interferometer [9]. The latter, in con-onto a multichannel plate where they are amplified and
trast to Ref. [7], operates with three gratings in the Fres-

nel regime of matter wave diffraction. Since, in this case,

many different momentum components build up the in- gnd
terference pattern, the typical length scale of the setup, glass plates 1]
the Talbot length, depends on the atomic velocity. The _
Talbot-Lau interferometer is, therefore, chromatic.

In this work, we study a charged wire as the central
element in an atom interferometer that requires only
microstructures, operates in the Fresnel regime, and

B gnd

accepts, therefore, an uncollimated beam of atoms. At the 2 um slit : _i_ Jl_ '
same time, it has essentially white light character over the gnd OU gnd
range of the atomic velocities in our thermal atomic beam. ~ 2mm

This makes future extensions of our approach based on ‘
\ . L=1.3m——{ |
microstructures potentially as powerful as, for example,

the Raman interferometer gyroscope [5]. The attractiver|G. 1. Schematic view of the experimental setup. The
interaction between the induced dipole and the chargedhetastable helium beam is produced in a switchable dc gas
wire redirects the atomic trajectories to form a simpledischarge. The interaction region (drawn not to scale) contains

; : ; a wire and six planar electrodes. The two middle electrodes
interferometer with two spatially separated paths. It can re put on the voltage/ while the other electrodes and the

W

therefore, also be use(_j to measure. the recen_tly p_roposg\ﬁfe were set on ground potential. The distances between the
topological phase shifts for moving electric dipolesentrance slit and the wire as well as the distance between
[10-13]. the wire and the detector afe= 1.3 m.

L=13m
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subsequently detected on a resistive area encoder. Sinttee longitudinal atomic velocity. The spatially dependent
the detector has both time and spatial resolution, the atomigotential energy of the atoms in a static electric fiBld)

de Broglie waves can be spectrally resolved by the time-ofis given by

flight method. This generation and detection scheme for

the metastable helium beam has been described in more V(i) = 1 a|;;(;)|2, (1)
detail elsewhere [19]. Suffice to say that the width of the 2
atomic velocity distributions amounts v Ewnm)/v = wherew is the atomic polarizability. The field produced

1/3.8 for the cw operation andvEwum)/v = 1/2.5In by a charged wire with distant planar electrodes is
the pulsed mode and that the beam covers the de Broglige|| approximated near the wire by the field inside a
wavelength range from 30 to 70 pm with a most probableyjingrical capacitor which is given by

value of 45 pm for the continuous and for the pulsed mode.
The electrostatic field is generated by setting the wire
to ground potential and applying the voltage to two

counterelectrodes. Four guard electrodes are also set . . .
ground potential. This field configuration was chosen toﬁere’UO = U/In(ra/r1), whereU is the applied voltage

efficiently suppress electric fringe fields, andr; andr, are the inner and outer radii of a cylindrical

Initially, a zero electrical field was implemented by Set_capaC|tor. We verified in numerical calculations that in

ting the wire and the counterelectrodes to ground poter!" €3s€ of two distant plane counterelectrodes the field

tial. Figure 2(a) shows the resulting atomic distribution'> deSCF'bed in the vicinity of the wire by the same
expression where, is then replaced by an effective

on the detector for a continuously running atomic beam . . .
with an integration time of 10 min. The Fresnel fringesvalue of 3 times the distance between the wire and the

: . . counterelectrode [20].
due to the diffraction from the wire edges are clearly N .
visible as is the central Poissonian spot which results from In the WKB approximation the phase shift accumulated

the interference of the de Broglie waves originating frombY the center (.)f mass wave function of an atom moving
the two sides of the wire. The typical count rate on the deyvIth velocity v is given by
tector is on the order of 1000 coupisswhereas the back- 1 o
ground count rate is less than 1 cotsit Ap =~ fSV(S)dS' (3)

In the next step, voltages were symmetrically applied to
the two counterelectrodes while the wire was grounded. For our experimental parameters, the deviation of the
Figure 2(b) shows several experimental traces all takeAtomic trajectory from a straight line<10 nm) over the
for a typical integration time of 10 min. In this configu- range of the interaction regiofx100 »m) is negligible
ration it can be seen that as voltage increases the shad&@mpared to the typical distance from the center of the
of the wire vanishes and in its place regularly spaced inwire (greater than a feywem), therefore, the charged wire
terference fringes appear whose period decreases with ifan be treated similar to a thin phase object (Raman-Nath
creasing voltage. approximation).

Let us derive a simple relation to understand the The phase shift of an atomic matter wave can then
dependence of the fringe period on the applied voltage an@e integrated for a straight trajectofyand is inversely

proportional to the distance to the wire according to

E(r) = U, % é. 2)

1 5 1
. A¢(a) = 4—ﬁ2 m)tdBaUO ; s (4)
< 2 wherea is the transverse distance of the trajectory from
}3 the wire (see Fig. 1). This phase shift gives rise to a
o small,a iependent deflection of the trajectory by an angle
- d d 1
% B =- df g;‘: given by
o

302010 0 10 20 30 20 -10 O 10 20 For the interference on the optical axis in the case of

detector positionji m detectomposition /i m the wire placed in the center between a point source and

FIG. 2. Measured interference patterns. (a) Uncharged wire'['he detector (both distances drponly trajectories under

. a .. .
Fresnel fringes and the Poisson spot are visible. The error bag_'e angle B(a)/2 = 7 originating from the transverse
indicate the shot noise level. (b) Different voltages applieddistance

to the electrodes: The datasets are plotted with a vertical
offset. The dotted horizontal lines indicate the zero level for a==+2> L mAZeaU? (6)
the respective measurements. “\ 16752 T4BTTO
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contribute. The distance is fixed by the geometry and
the interaction parameters, and leads to an expression for

a)

the fringe period =
_ L _ JAw o5 - ° ke i
Zf_/\dBZ_37/%\/277'[4,%['”(”2/7'1)]2 (7) ; 10 -0 Y SRREEEEEEEE TR R
o

on the optical axis. The same result can be obtained by .
treating the situation as a scattering problem [21].

zy is the dominant fringe period in the refraction
problem if the diffraction from the edges of the wire can
be neglected, which is the case fgr < 4r;, where4r,
is the size of the geometric shadow of the wire on the
detector. The other restriction of the model, namely, that e
the interference pattern is close to the optical axis, implies 10 100
zy < a. Therefore the power law dependence expressed voltage / V
in Eq. (7) should occur for; < +/AqgL/2, which for our ) g
experimental parameters corresponds/t6< 6 um. 10

In summary, the fringe period is inversely proportional
to VU2 and proportional to/Ags. It is this weak
dependence omgp that gives the almost white light
character of the charged wire interferometer and allows
for a large number of visible fringes even for thermal
atomic beams with a broad velocity distribution. This is
in strong contrast to the biprism for electrons [14] where
the fringe period is inversely proportional to the applied
voltageU and the de Broglie wavelengthg.

For comparison with theory, 32 different traces were
taken for different voltages and Fourier analyzed. The
maximum of the absolute value of the Fourier transformed , , ,
trace was used to determine the predominant fringe period 30 40 50 60
of the total pattern. Figure 3 shows the result of that ;
measurement in a doubly logarithmic plot. For fringe de Brog“e Wavelength / pm
periods below 8um, z; decreases with a power law FIG. 3. (a) Measured fringe period for different voltages.

with increasing voltages. The dashed line indicates th&ata points indicated by dots and circles refer to two inde-

prediction by our model without any free parameterpendent experimental runs. The dashed line gives the expected

. esult according to our model without free parameters. The
and agrees well with respect to the slope, namely, thérror bar in the experimental result is dominated by the uncer-

exponent in the power law and the absolute values for thesinty in the calibration of the atom detector. (b) Measured
fringe period within the systematic error in the calibrationfringe period for different de Broglie wavelengths. The dashed

of the detector. The model breaks down for smallline gives the expected result according to our model without
voltages as expected when the diffraction from the wirdT€€ parameters.
edges becomes important and ultimately dominates the
diffraction pattern from the uncharged wifg = 0 V). single collimation slit with a multiple slit entrance grating
In a further experiment, we pulsed the atomic beani9] (with a periodz,) will, in future experiments, provide
and measured the diffraction pattern for different dea large flux originating from an uncollimated atomic
Broglie wavelengths by a time-of-flight technique. Thebeam. As a result of the large throughput white light
applied voltage was 176 V for which, according to theinterference in combination with an uncollimated atomic
former measurement, the model can be applied. Thbeam is the ideal configuration for atom interferometric
result is shown in Fig. 3(b) as a doubly logarithmic inertial sensing.
plot. Again, the dashed line shows the expectation from For our actual experiment the calculated resolution of
our model and agrees well with the measurement. Théhe interferometer with respect to rotation9i$ rad/ ().
observed weak dependence of the fringe period on thand the sensitivity amounts tb.0Q../s, where Q. is
different de Broglie wavelengths allows us to operatethe earth’s rotation rate. This is equivalent to the values
the interferometer with a thermal atomic source, henceseported for other arrangements using thermal beams of
a broad velocity spread. Note that our interferometemetastable atoms [3]. If the atomic beam flux of a thermal
operates in the Fresnel regime such as, for exampl€s beam were assumed, the projected resolution would
the chromatic Talbot-Lau interferometer. Replacing thebe enhanced by 1 order of magnitude and the sensitivity

fringe per
SN

(=)

fringe period /u m
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e
N
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to a large number of fringes that are clearly visible even is therefore often called a biprism for electrons.

for a thermal source of atoms. [15] R. Gahler, A. G. Klein, and A. Zeilinger, Phys. Rev.28,

Discussions with U. Leonhardt, K. Bzewski, J. Au- 1611 (1981).
dretsch, B. Brezger, A. Peters, and M. Wilkens are acll6] F. Shimizu, K. Shimizu, and H. Takuma, Phys. Rev4&

knowledged. This work was supported by the Deutsch R17 (1992). .
Forschungsgemeinschaft. ?17] J. Denschlag, G. Umshaus, and J. Schmiedmayer, Phys.

Rev. Lett.81, 737 (1998).

[18] D.A. Crosby and J.C. Zorn, Phys. Rev.1&, 488 (1977).

[1] For an overview on atom interferometry, setom [19] Ch. Kurtsiefer and J. Mlynek, Appl. Phys.@l, 85 (1996).
Interferometry, edited by P. Berman (Academic, San [20] The field configuration in our experimental setup (see

Diego, 1997), and references therein. Fig. 1) was calculated using a finite element simulation
[2] F. Riehle, Th. Kisters, A. Witte, J. Helmcke, and Ch.J. program (AFIA, version 4.01).
Bordé, Phys. Rev. Let67, 177 (1991). [21] U. Leonhardt (private communication).

5795



