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Index of Refraction of Various Gases for Sodium Matter Waves
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By inserting a gas cell in one arm of an atom interferometer, we have measured both the attenuation
and the phase shift of a sodium matter wave that passes through monatomic (He, Ne, Ar, Kr, and Xe)
or molecular gases (N2, CO2, NH3, and H2O). This determines the complex index of refraction for Na
matter waves and, more accurately, the ratio of the real to the imaginary part of the forward scattering
amplitude. These measurements are compared with several semiclassical scattering models.

PACS numbers: 03.75.Dg, 07.60.Ly, 34.20.Cf
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Atom interferometers are becoming a powerful tool
the field of atomic physics [1]. Their applicability in
this field is significantly increased if the two interfer
ing components of the atom wave are physically sep
rated by a physical barrier [2] allowing different inter
actions to be applied to each of the two componen
with a resulting shift of the interference pattern. Th
enables us to study interactions that shift the energy
phase for asingle state of an atom with spectroscopi
precision.

We have used this new capability to measure the
dex of refraction seen by sodium matter waves trav
ing through a gas sample, thus solving an old pro
lem in atomic physics: determination of the collision
induced phase shift for ground state atoms. We find th
the collision-induced phase shift for sodium atom wav
passing through a variety of target gases is much m
strongly dependent on the collision partner than the p
viously measured cross sections [3]. We present no
semiclassical calculations of this phase shift that show
to be very sensitive to theshapeof the long range inter-
atomic potential. Thus information from phase shift e
periments may add significant information to long stan
ing problems like solving ambiguities in the inversion o
the scattering problem [4], attempts to interpret other da
sensitive to the long range interatomic potential [5], an
to collective effects in a weak interacting gas [6].
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From the perspective of wave optics the evolution
the wave functionC while propagating through a medium
is given by

Csxd  Cs0deiklabxeis2pykcdNx Ref fskc ,0dge2s2pykcdNx Imf fskc ,0dg .

(1)

Here klab is the wave vector in the laboratory frame,kc

is the wave vector in the center of mass frame of t
collision, N is the density of the medium, andfskc, 0d
is the forward scattering amplitude. The amplitude
C is attenuated in proportion to theimaginary part of
the forward scattering amplitude, which is related to th
total scattering cross section,stot  s4pykcd Imf fskc, 0dg,
by the optical theorem. In addition, there is a phase sh
Dwsxd  s2pykcdNx Ref fskc, 0dg, proportional to thereal
part of the forward scattering amplitude. In analogy
light optics one finds the complex index of refraction
n  1 1 s2pyklabkcdNfskc, 0d. The refractive index of
matter for de Broglie waves has been demonstrated
electron holography [7] and extensively studied in neutr
optics [8], especially using neutron interferometers [9
In neutron optics, scattering is dominantlys wave and
measuring the refractive index gives information about t
scattering length.

In atom-atom scattering at thermal energies seve
hundred partial waves contribute. The real and imagina
parts of the scattering amplitude in the forward directio
© 1995 The American Physical Society 1043
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Ref fsk, 0dg 
1

2k

X̀
l0

s2l 1 1d sin 2dl , (2a)

Imf fsk, 0dg 
1

2k

X̀
l0

s2l 1 1d2 sin2 dl , (2b)

wheredl is the phase shift of the partial wave with angula
momentuml. Because the rapidly oscillatingsin2dl term
in Eq. (2a) averages to zero at smaller impact paramete
the main contribution to Ref fsk, 0dg comes fromlarge
impact parameters, where the phase shift is less th
p. In contrast, thesin2dl term in Eq. (2b) averages
to 1

2 for impact parameters inside the point at whic
dl  p. Imf fsk, 0dg and therefore the total cross sectio
is basically determined by the location of this point. Ou
measurements show that Ref fsk, 0dg varies substantially
more than Imf fsk, 0dg with the collision system and the
theoretical models discussed in this Letter show that
gives new information about theshapeof the long range
potential.

We have measuredfsk, 0d directly using our interfer-
ometer [10], built from three nanofabricated 200 nm p
riod transmission gratings [11]. For this experiment w
installed a new 10 cm long interaction region which con
sists of a 10mm thick aluminized mylar foil stretched
symmetrically between two side plates and positioned b
tween the separated atom wave components downstre
of the second grating. One side plate has an inlet
the center for the introduction of gas as well as end ta
that restrict the openings at the entrance and exit to o
200 mm (Fig. 1). This allows us to send one portion o
the atom wave through a gas target of up to,1023 torr
without noticeably disturbing the other portion. With th
interaction region in place, we have observed fringes w
30% contrast and an interference amplitude of more th
3500 countsys. We can determine the phase of the in
terference pattern with a precision of 5 mrad in one mi
In spite of the many partial waves (typicallmax is a few
hundred) involved, we are justified in considering on
forward scattering in this experiment because the sma
est features in the differential scattering amplitude are
the order of1ylmax . 1 mrad, which is much larger than
the angular acceptance of our interferometers30 mradd.
Therefore we are exclusively sensitive tofsk, 0d.

We performed two separate measurements. One
termined the attenuation of the beam intensity (propo
tional tostot) which together with the cross sections from
Ref. [12] allows us to estimate the gas density. Th
other measured the phase shiftDf and the attenuation
of the amplitude of the wave function that passed throu
the gas.

For the first experiment the transmission of the bea
through the gas cell was measured as a function of g
pressure. The mylar foil of the interaction region wa
positioned in the diffraction pattern formed by the firs
1044
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FIG. 1. Schematic of our interferometer and interaction re
gion. Vertical dashed lines are 200 nm period diffraction gra
ings. The detail of the interaction region shows the10 mm
mylar foil suspended between the side plates. The side pla
that form the gas cell are indicated in black at both ends.

diffraction grating, centered on the zeroth order pea
Thus, one of the two symmetric first diffracted order
passed through the gas, while the other first order pass
through the empty side of the interaction region. Gas w
then leaked into the interaction region and the attenuati
of both beams was measured as a function of pressure
in the main vacuum chamber as recorded on an ionizati
gauge. This gauge reading is not meant to be an accur
measure of the column density, only a reproducible line
measure of relative column density. The attenuation
a function of gauge reading for both beams was fit t
an exponential. Comparing the measured attenuation
Ar, Kr, and Xe to the cross sections calculated from th
potentials in Ref. [12] allows us to estimate the density o
the gas in our interaction region.

In the second experiment the amplitudeA of the in-
terference pattern and the phase shiftDf were measured
with various gas densities in one arm of the atom inte
ferometer. This was achieved by repositioning the myla
foil between the two beams of the atom interferome
ter. In this configuration, the stronger zeroth order bea
passes through the gas sample and has its amplitude
tenuated and its phase shifted. Interference patterns w
first recorded for zero gas flow, then for a particular pre
sure rise in the main chamber, and then zero again. T
phase shift and interference amplitude were determin
and recorded for each value of the pressure rise, with t
mean of the zero values providing the baseline. The me
sured phase shift was found to be a linear function of th
pressure rise (Fig. 2).

Because we do not have a good absolute measure
the column densityNc, we were most accurately able to
determine the ratio of the real and imaginary parts of th
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FIG. 2. Phase shift of Na matter waves passing through H
Ne, Ar, and Xe gas as a function of the estimated gas press
in the cell.

forward scattering amplitude from simultaneous measu
ments of the attenuation of the interfering amplitudeA and
the phase shiftDw in the interferometer:

2DwsNcd
lnfAsNcdyAs0dg


Ref fsk, 0dg
Imf fsk, 0dg

. (3)

The ratio of the real and imaginary parts of the forwa
scattering amplitude is then the slope of the phase s
plotted as a function of the natural logarithm of th
interfering amplitude (Fig. 3). Since bothA andDw can
simultaneously be determined from the same interferen
scan, this method does not rely on a pressure measurem
at all. This procedure also takes advantage of the fact t
the interference amplitude decreases only as the squ
root of the intensity in the attenuated beam [13] and
therefore easier to measure at high pressures (where
intensity is attenuated by up to a factor of 1000).

We measured this ratio for the various monatomic ra
gases He, Ne, Ar, Kr, and Xe and for the molecular gas
N2, CO2, NH3, and H2O (Table I). It is noteworthy that
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FIG. 3. Phase shift of Na matter waves plotted vs th
interfering amplitude when passing through He, Ne, and Ar
the gas cell. The slope of the fitted line is a direct measureme
of the ratio Ref fsk, 0dgyImf fsk, 0dg.

the measured (phase shifts)ytorr vary by a factor of 13,
whereas the total scattering cross sections vary only by
factor of 4.

Since this is the first time that Ref fsk, 0dg has been
measured for atom-atom scattering, it is important t
consider some simple models illustrating its behavior.

The simplest case is a hard sphere with radiusrH .
The partial wave phase shifts are given bytansdld 
jlskrHdynlskrHd [14], and the sum over angular momen
tum can be evaluated numerically. Partial waves who
classical impact parameterb  sl 1

1
2 dyk just exceedsrH

are systematically repelled. Therefore the ratio of re
to imaginary parts of the scattering amplitude is alway
negative. Numerical calculations show that it roughl
equals the inverse of the square root of the numb
of partial waves contributing to the scattering proces
Ref fsk, 0dgyImf fsk, 0dg ø 21y

p
krH .

Next we consider a long range attractive interactio
potential of the formCnr2n. Calculating the partial wave
entials.

TABLE I. Phase shiftDw, refractive indexn, and the ratio Ref fsk, 0dgyImf fsk, 0dg, for 1000 mys Na atoms passing through
various gases at 300 K and 1 mtorr pressure. The data are compared to JWKB calculations using 6-8 [15] and 6-12 [12] pot

Experiment Calculations ResfdyImsfd

Gas Dwsmtorr21d 1010sn 2 1d smtorr21d Res fd
Ims fd

6-8 pot. 6-12 pot.

He 0.50 0.14 1 1.18i 0.12(2)
Ne 2.0 0.55 1 0.56i 0.98(2) 1.24
Ar 3.9 1.07 1 1.81i 0.59(3) 0.69
Kr 5.4 1.51 1 2.45i 0.62(6) 0.75 0.73
Xe 6.5 1.81 1 2.49i 0.73(3) 0.76 0.73
N2 4.7 0.91 1 1.39i 0.60(2)
NH3 3.3 1.30 1 2.16i 0.65(4)
CO2 5.0 1.37 1 2.21i 0.62(2)
H2O 6.2 1.71 1 2.40i 0.72(3)
1045
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phase shifts in eikonal approximation, and converting t
partial wave sums in Eq. (2) into integrals over impa
parameter, we find for anyr2n attractive potential:

Ref fsk, 0dg
Imf fsk, 0dg

 2sn 2 1d

3

G

µµµ
1
2 2 1ysn 2 1d

∂∂∂
G

µµµ
1
2 1 1ysn 2 1d

∂∂∂
G

µµµ
2 1ysn 2 1d

∂∂∂
G

µµµ
1ysn 2 1d

∂∂∂ . (4)

This ratio is independent of the strength of the potent
and center of mass energy, which follows because
length scale is defined in this problem. It depend
strongly onn (Table II). For neutral atoms ins states one
would expect the long range tail of the actual potenti
to be a van der Waals interaction,VvdW srd  2C6r26 in
which case we would expect Ref fsk, 0dgyImf fsk, 0dg >
0.72.

We can say several qualitative things about the scatt
ing we have observed. First of all, the depth of the min
mum of the interatomic potential varies considerably fro
He to Xe. Helium has the weakest long range attractio
a very shallow minimum, and behaves most like a ha
sphere. The ratio Ref fsk, 0dgyImf fsk, 0dg is very small,
but its positive sign gives clear evidence of an attracti
long range interaction. The Na-Xe potential, on the oth
hand, has a well deep enough to generate many radian
phase, and so the long range part of the potential sho
dominate. Its ratio comes closest to the value expec
for a long ranger26 interaction. The values measured fo
the other gases deviate progressively further from this
tio as the well depth decreases (which it does monoto
cally with decreasing mass of the rare gas).

To make a more detailed comparison of our resu
with theory we used the JWKB approximation to ca
culate the forward scattering amplitude from modified
6-12 potentials [12] and 6-8 potentials [15] determine
from scattering and spectroscopic data. The calculatio
show that the large ratio of real to imaginary part for Na
Ne results from the fact that the maximum of the pha
shift near the potential minimum is never larger than on
radian, generating a large contribution to the sum f
Eq. (2a). For the much stronger Na-Kr and Na-Xe inte
actions the calculations give nearly the same results as
van der Waals potential (Table I). Nevertheless, signi
cant discrepancies remain, especially for Na-Ne and N
Ar, between our experiments and the predictions bas
on potentials obtained by standard scattering experime
[3,12,15] indicating the need to refine these potentia
Considerably more effort is required to understand t
molecular data.

As we have shown, measurement of collisional pha
shifts provides a fundamentally different probe of sca
tering processes than measurement of total cross sect
that is especially sensitive to the long range shape of
interatomic potential. In the future we hope to improv
1046
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TABLE II. The ratio Ref fsk, 0dgyImf fsk, 0dg as calculated for
a long range1yrn potential.

n 5 6 7 8

Ref fsk, 0dgyImf fsk, 0dg 1.00 0.72 0.58 0.48

the sensitivity of this method by studying the velocity de
pendence of the forward scattering amplitudefsk, 0d, to
extract more detailed information about the scattering p
tentials. We also hope to study the effects of inelastic pr
cesses and excitations in forward scattering. These sho
cause a reduction in the ratio of Ref fsk, 0dgyImf fsk, 0dg if
they occur at large impact parameters (but no eviden
for this is seen here). Other possibilities include mod
fications of the forward scattering amplitude by extern
fields, and a direct measurement of the sign of the ato
atom scattering lengths using cold atoms.
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