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We have produced an intense, pure beam of sodium molectgg py using light forces to
separate the atomic and molecular species in a seeded supersonic beam. We used diffraction from
a microfabricated grating to study the atomic and molecular sodium in the beam. Using three of these
gratings, we constructed a molecule interferometer with fully separated beams and high contrast fringes.
We measured both the real and imaginary parts of the index of refraction of neon gés faolecule
de Broglie waves by inserting a gas cell in one arm of the interferometer.

PACS numbers: 03.75.—b, 07.77.Gx, 34.20.Gj

Quantum mechanical treatment of the center-of-masprovides new information on the long-range part of the
motion of increasingly complex systems is an importantNa,-Ne potential.
theme in modern physics. This issue is manifest theoreti- The beam of sodium atoms and dimers was produced
cally in studies of the transition from quantum throughin a seeded supersonic expansion using either argon or
mesoscopic to classical regimes and experimentally in efkrypton as the carrier gas. By heating the Na reservoir
forts to coherently control and manipulate the externato 800°C (Na vapor pressure-300 torr), we were able
spatial coordinates of complex systems (e.g., matter wavi® enhance the population of sodium dimers in the beam
optics and interferometry). Recently, matter wave opticdo as much as 30% of the detected beam intensity [7].
and interferometry have been extended to atoms with thAt a carrier gas pressure of 2000 torr with a Zfh
many techniques for the coherent manipulation of the exnozzle aperture, we produced a cold, beam with only
ternal degrees of freedom of atoms constituting a nev8.5% rms longitudinal velocity spread, corresponding to a
field called atom optics [1]. The present work extends(longitudinal) translational temperature of 2 K.
and develops techniques of atom optics into the domain To create a pure molecular beam, we used resonant
of molecules—systems characterized by many degenelight pressure forces acting on the atoms to deflect them
ate and nondegenerate internal quantum states. Wheresideways out of the collimated beam (Fig. 1). The deflect-
internal state coherences in complex molecules have lonigg laser beam was produced with a dye laser (Coherent
been cleverly manipulated in spectroscopy in both thé99) tuned to the = 2 — F’ = 3 transition of theD,
radio [2] and optical frequency domains [3,4], here weline in Na (589.0 nm). The frequency was maintained at
coherently manipulate exclusively the center-of-mass mothe Doppler free resonance by serving the laser frequency
tion [5]. This work, which culminates in the use of a to keep a fluorescent spot centered in the spreading atomic
molecule interferometer with spatially separated beambeam before the first collimating slit [8]. An electro-optic
to determine hitherto unmeasurable molecular propertiesnodulator was used to generate frequency sidebands at
demonstrates the applicability of molecular interferome-an offset of 1.713 GHz to deflect atoms in the= 1 hy-
ters to precision measurements in molecular physics, sonperfine state. The laser light was applied at a position
of which may have applications to fundamental physicsentered between two 20m collimating slits separated
experiments using specific molecules [6]. by 85 cm. With this geometry;-37k of transverse mo-

Our experiment combines several techniques from atormentum transfer is required to deflect the atoms out of
optics to make and use a molecule interferometer whosthe beam. A knife edge was positioned directly upstream
paths are well separated in position and momenturmfrom the laser beam to prevent any atoms that would
Using an incident supersonic beam containing both Nanormally miss the second collimation slit from being de-
atoms and dimersNa,), we apply resonant light forces flected back into the molecular beam. The molecules are
to selectively remove the Na atoms, leaving a pNee  not resonant with the deflecting laser beam and are there-
beam. We then use nanofabricated diffraction gratingsfore unaffected. (Thex 'X; — A'3 transition to the
first to study the characteristics of the molecular beanfirst excited dimer state is strongest around 680 nm [9].)
and subsequently as coherent beam splitters to make We investigated molecular diffraction with 100, 140,
a molecule interferometer with high contrast fringes.and 200 nm period microfabricated diffraction gratings.
Finally, we insert a gas cell in one path of the separate®ince the sodium atoms and molecules coming from the
beam interferometer and measure the complex index afupersonic expansion have nearly the same velocity [10],
refraction for Na, de Broglie waves in Ne gas. This their momenta and hence their de Broglie wavelengths
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FIG. 1. Removal of the sodium atoms from the beam. The
deflecting laser imparts a transverse momentum to the sodiur
atoms, deflecting them away from the second collimation slit.
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pattern obtained with a 100 nm grating and the mixed Na:

Na, beam (deflecting laser off) is shown in Fig. 2(a).
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atoms and dimers from these diffraction patterns. We ob
served as much as a 3.5(6)% velocity slip between th Detector position in pm

atoms and slower moving molecules at low source PresiG. 2. (a) Diffraction of the mixed atom-molecule beam

sures (400 torr) [10]. At a typical source pressure Of(gefecting beam off) and (b) molecule beam (deflecting beam
1500 torr the slip was less than 1%. Using diffraction toon) by a 100 nm period grating. The thin solid line in (a)

investigate molecular beams has the advantage of beirig a fit to the diffraction pattern, indicating that 16.5% of the
nondestructive and therefore applicable to very weakl;ﬂféeﬁtse?sim:r}ﬁi% ?ﬁ;moé?f?rlgce&nTg?témc!‘nSi%')id 'g‘;r:”ﬁtbsom
a .
bound systems such ase, molecules or other V".’m der greaor a diffraction gratizng with 30%popen fraction and a beam
Waals clusters. Indeed, our method {;md our g_ratlngs ha‘(?elocity of 820 ny's (Kr as a carrier gas).
recently been used to produce unequivocal evidence of the
existence ofie, molecules [11]. light interference pattern [13] whose period and phase
We have employed three 200 nm fabricated gratings tare independent of the de Broglie wavelength of the
construct a Mach-Zehnder interferometer for moleculeparticle. Therefore, in addition to using the previously
(Fig. 3), similar to our atom interferometer [12]. This described laser deflection scheme to produce a pure
configuration produces high contrast fringes with ourbeam of Na,, we used two other methods to verify
pure Na, molecular beam (inset, Fig. 4). For both thethat the observed interference is from molecules: We
mixed interferometer (atoms molecules) and the pure introduced a (decoherence) laser which destroys the
molecule interferometer, the maximum observed contrasitomic interference by scattering resonant light from the
(Imax — Imin)/(Imax + Imin) Was nearly 30%. split atomic wave function inside the interferometer, and
The period and phase of the molecular interferencave checked that the interference sigi@hax — Imin)/2
pattern is the same as would be observed for atomsaried as expected with the transverse position of the third
even though the molecules traverse the interferometegrating.
on different paths than the atoms (Fig. 3). This is The results from a study combining both methods are
because the three grating geometry produces a whitghown in Fig. 4. For each third grating position, we
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Deflecting Decoherence distance between the gratings (Fig. 3). In addition to the
laser laser Gas Cell HotWire  interfering paths shown in Fig. 3, there are also interfering
Detector paths symmetric to the collimation axis as well as (small)
contributions at larger offsets from the third grating in-
volving the first and second order diffractions from the
/ first grating. Thus, the detected interference signal is a
—————— ﬁ convolution of the spatial envelope(s) of the interference
_ ' | signal with the acceptance of the detector, which is deter-
Gl G2 G3 mined by the 5Qum width of the third grating and its lat-
FIG. 3. Schematic of our interferometer showing the paths ofral position. We observe a peak in interference signal for
Na (dashed line) anNa, (solid line). G1, G2, and G3 indicate the predominately atomic beam-as0 xm from the colli-
the three diffraction gratings. mation axis, as expected from the diffraction angle for Ar
observe the largest interference signal from the combinedarrier gagvpe,m = 1000 m/s). A similar peak is not re-
atom and molecule fringe pattern (both lasers off). Withsolved in theNa, signal because of the smaller diffraction
either the deflection or decoherence laser beam on, the iengle. The upper curve is normalized to the maximum
terference signal is reduced the same amount, indicatingbserved interference signal and the lower curve is pre-
that only molecules contribute to the interference. Thidlicted from the known fraction of molecules (27%) (i.e.,
interpretation is confirmed because the interference sigt is not independently normalized).
nal does not decrease further when both lasers are onWe observed no degradation in molecular interference
simultaneously. signal despite the plethora of close lying rovibrational

The measured variation of the interference signal as atates in the molecules. This is not entirely surprising.
function of third grating position is compared with curves The fact that two nearby molecules are very unlikely to
calculated by convolving the beam profiles with the detechave the same quantum numbers for both rovibrational
tor acceptance. The atom or molecule interference fringestate and total angular momentum projection is not im-
at the third grating have a trapezoidal spatial envelopgortant since the first order interference observed in an
with a width determined by the collimating slits [2] and an interferometer involves only the interference of each par-
offset from the collimation axis determined by the diffrac- ticle with itself. Although the 300 K thermal background
tion angle (different for atoms and molecules) and thephoton energies typically exceed the internal level spac-
ing of molecules £1 cm ™! for rotations and~100 cm ™!
for vibrations), decoherence effects due to transitions be-
12x10° tween vibrational or rotational levels or spontaneous emis-
sion are minimized because electric dipole transitions be-
tween rovibrational levels in the same electronic state are
not allowed in a homonuclear diatomic molecule [9]. Scat-
tering of the molecules on the microfabricated diffraction
gratings could also cause rotational or vibrational transi-
tions, since a beam velocity of 1000/smand a grating
thicknessof 200 nm produces Fourier components up to
5 GHz (or0.17 cm~!). However, this is less than the
smallest rotational splitting R (B is the rotational con-
stant) of 0.31cm~!' and much smaller than the vibra-
tional spacing of 158¢m~!. As expected, we did not ob-
serve any contrast reduction, indicating an absence of these
transitions.

Using Kr as the carrier gas, ouf¥a, interferometer
produces a molecular beam separation ofu38 at the
second grating. This just exceeds the beam width at that
position and allows insertion of an interaction region with
a thin Mylar barrier between the interfering beams. The
foil casts a shadow 2@m wide, which partially blocks
FIG. 4. The variation of the interfering signal vs third grating the edges of the two beams, reducing the contrast from
position relative to the collimation axis is shown for the 199 without the foil to 7% with the foil. The lower
mixed NaNa, beam ¢, no laser on) and the pua, beam  ghsepyed contrast with krypton as the carrier gas (even
(X, decoherence laser on,; deflecting laser on¢, both lasers . . n s .
on). Calculated curves are discussed in the text. Inset: Th@”thou'{ the inserted foil) is attributed to the slower beam

interference fringe data for the mixed Nar, beam(.) and the VeIOCity which enhances the inertial SenSitiVity of the
pureNa, beam(o) observed with the third grating at10 wm. interferometer, making it more vulnerable to vibrations
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of the apparatus. A similar contrast reduction is observed We would like to acknowledge the technical contribu-
with atoms. tions of Bridget Tannian and help with this manuscript

We have used this separated beam molecule interferérom Alan Lenef. The atom gratings used in this
meter to measure the ratio of the real to imaginary partsvork were made in collaboration with Mike Rooks
of the index of refraction for th&Na, de Broglie waves at the National Nanofabrication Facility at Cornell
passing through a Ne gas cell in one path of the interUniversity. This work was supported by the Army
ferometer, as we have done with atoms [14]. In analogyResearch Office Contracts No. DAAL03-89-K-0082 and
to light optics, the wave propagation through the gas celNo. DAAL03-92-G-0197, the Office of Naval Research
of length L is modified by the factor eXp(n — 1)kp.vL], Contract No. N0O0014-89-J-1207, and the Joint Services
where the index of refraction — 1 = 27 Nf(k,0)/kjapk Electronics Program Contract No. DAAL03-89-C-0001.
is characterized by the complex forward-scattering amd. S. acknowledges the support of the Austrian Academy
plitude f(k,0), the number densityv of the Ne gas, of Sciences, and T.H. acknowledges the support of the
and the wave vector in both the laborata,,) and National Science Foundation.
center-of-masgk) frame of the collision. By measuring
both the phase shift and attenuation of the interferome-
ter for different target densities, we have measured the
ratio Ré f(k,0)]/Im[ f(k,0)] = 1.4(3) for Na, scattering
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6 . . Phys. (Paris¥, 1877 (1994); C.S. Adams, M. Sigel,
cess of the 0.72 expected for a pufg/R potentlal_ [14]. and J. Miynek, Phys. Re@40, 143 (1994); Appl. Phys. B
We have separately measured the total absorptidsaef 60, 181 (1995).
by Ne (i.e., (47/k)Im[ f(k,0)]) to be 57(2)% larger than  [2] N.F. RamseyMolecular Beamg¢Oxford University Press,
the corresponding absorption of Na, whereas a 32% in-  Oxford, 1985), pp. 115—139.
crease would be expected for a purg/R® potential if [3] V.P. Chebotayev, J. Opt. Soc. Am.B 1791 (1985).
C¢ for Na,-Ne were twice that for Na-Ne. Our measure- [4] C.J. Bordé, N. Courtier, F.D. Burck, A.N. Goncharov,
ments are in qualitative agreement with Na-Ne potentials  and M. Gorlicki, Phys. Lett. AL88 187 (1994).
from [15] if extended tNa, using combination rules form  [5] As Bordé has pointed out, many laser spectroscopy exper-
Ref. [16]. More detailed studies will allow us to investi- iments on molecules may be regarded as interferometers
gate how the long-range interactions for combined sys- ~ P€cause the components of the molecules wave function
tems can be predicted from the simple systems. in different internal states Itravel on slightly different spa-
. . tial paths. See C.J. Bordé, Phys. Lett1AQ 10 (1989).

In qonclqsmn, we have demonstratec_i the _product|on 6] P.G.H. Sandars, Phys. Rev. Let®, 1396 (1967).
and diffraction of an intense beam of sodium dimers. We [7] Measurements by D.D. Parrish and R. R. Herm, J. Chem.
find that the diffraction of a seeded supersonic sodium  ~ phys.51, 5467 (1969), carried out ohi, indicate that it
beam by a transmission grating can serve as a sensitive is possible that the hot wire detector we use detects two
intrinsically nondestructive probe of the constituents of an  counts for every molecule.
atomic beam. Further, we built a three-grating interfero- [8] P. Gould, Ph.D. thesis, Massachusetts Institute of Tech-
meter for molecules and observed no degradation in  nology, 1985 (unpublished).
the interference signal compared with atoms. We then[®] G. Herzberg,Spectra of Diatomic Moleculeg/an Nos-

spatially isolated the two interfering molecular beams an trand, Princeton, 1950).

. . & 0] Atomic and Molecular Beam Methodsjited by G. Scoles
measured the index of refraction of neon gas as seen §7 (Oxford University Press, New York, 1988).
the molecular matter waves.

. . . 11] W. Schollkopf and J.P. Toennies, Scien2é6, 1345
This work opens up the field of molecular optics and[ ] (1994). P 6

molecular interferometry with new possibilities of making [12] p.w. Keith, C.R. Ekstrom, Q.A. Turchette, and D.E.
fundamental and precision experiments on molecules sim- ~ pritchard, Phys. Rev. Let66, 2693 (1991).
ilar to the ones recently conducted in atom interferometry[13] J. Schmiedmayer, C.R. Ekstrom, M.S. Chapman, T.D.
Separated beam molecule interferometry provides a new Hammond, and D. E. Pritchard, Fundamentals of Quan-
way to study interactions of the molecular ground states.  tum Optics IlI, edited by F. Ehlotzky (Springer-Verlag,
For example, these techniques could be used to investigate Kuthai, Austria, 1993), p. 21.
the electric polarizability of diatomic molecules [17]. By [14] J. Schmiedmayer, M.S. Chapman, C.R. Ekstrom, T.D.
measuring the phase shift and contrast as a function of an Hammond, S. Wehinger, and D.E. Pritchard, Phys. Rev.
applied electric field one could determine both the paralle Lett. 74, 1043 (1995).

. . . ... [15] P. Barwig, U. Buck, E. Hundhausen, and H. Pauly, Z.
and perpendicular (to the molecular axis) polarizabilities.

. . . Phys. 196, 343 (1966), R.A. Gottschet al., J. Chem.
This experimental technique may also be used to measure Phys.75, 2546 (1981).

the interaction of a polar molecule with the background(;6] k. T. Tang and J. P. Toennies, Z. Phys1P91 (1986).
electromagnetic field to investigate decoherence of eXtel[j_7] T.M. Miller and B. Berderson, ildvances in Atomic and
nal degrees of freedom caused by the interaction with a  Molecular Physics(Academic Press, New York, 1978),
thermal bath. Vol. 13, pp. 1-55.

4786

[1] For an overview of the field, see the following special



