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Refining molecular potentials using atom interferometry
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We present a theoretical study of the index of refraction of argon for the propagation of sodium matter
waves. The sensitivity of the index of refraction to the details of the molecular potential curve is analyzed. Our
calculations reveal velocity-dependent oscillations in the index of refraction that may be detectable, particu-
larly at low temperatures, in atom interferometry measurements. A procedure for refining molecular potential
curves is outlined[S1050-294{®@7)50305-2
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Recently, atom interferometrjl] has been successfully with respect to all microscopic parameters of the medium.
applied to measuring the complex index of refraction forFollowing [5], we average with respect to the momentum
sodium matter waves passing through a noble-gas mediuutistribution
[2,3]. With the application of multiple-scattering thed#,5]
these experiments provide the capability for directly measur- B [ Bmtk  [2E
ing the average forward-scattering amplitude of an atomic ~ P(K)=(Mr+mp) \/————=sin —
collision. It has been suggest¢, 6] that this feature pro- P H P
vides the possibility for refining molecular potential curves. k2 my
The motivation for the present work is to provide a bridge xXexp —pB o m_) : 2
between the molecular potential curves obtained from exist- P
ing spectroscopic data and the index of refraction MeasUryhere , is the reduced masa;mp /(m;+mp) with mp and
ment; obtained from present and future atom interferomet%T the respective masses of the projectile and target atoms,
experiments. . E=k?/2m,, is the kinetic energy of the projectile atom, and
theFi?1 rdt:Xe g??éf?ggiir??iesse:;tﬁgdtgl?F\Iet %ﬁzrih@ﬂg?r?gu_ B is the inverse of the Boltzmann constant times the tem-
. ; . . perature. The statistical procedure given above is different
tion to the forward-scattering amplitude that arises from UN%om the one used by Vigue and co-workd®j in that a
deflected classical trajectories. A connection was made b fistinction is made between the laboratory momentqm
tween.short-range potential parar_neters and the index g nd the relative momentuta This difference may become
refraction measurements. For heavier systems such as A, t ?gnificant for applications where the distribution of projec-
glory contribution has also been predicted to be importan ile velocities is wide compared to the spread in target ve-
[6]. Howev_e_r, the argument 8] that the measurements are locities, or when the projectile velocity is much smaller than
most sensitive to the long-range part of the molecular poten- e average relative velocity of collision, i.¢,<€ v/ g. In
tial applies to heavy systems possessing many bound stat E.e ox erigment of Schmied?/na eral. [3] ’tﬁe 'sodiﬁm 'mat_
Therefore, the connection between potential parameters a rwa\F/)e has a velocity width thyat is 6n| ’afew ercent of the
the inf';erpret?tiog of atom interfer:om?tryllmheasurements mha eakk, . The relative \)//elocity distributign is mu?:h wider, so
g’raeglenetr\?vrgrkc,)rweeﬁ]v\yeg;taetr;?htisagonor: etl:gt]i Otnsz;srt?r:r;sé;r;; oe can neglect the average over projectile velocities, and the

sodium atoms passing through argon. difference between the distributions used[# and[6] is

For the atom interferometry measuremd®f it has been negligible.

established 3,5,6 that the noble gas can be treated as an The forward-s_cattering amplitude is c_alculated from the
effective medium with a complex index of refraction molecular potent_|aV(r) be;ween the s_od|um and argon at-
oms. The potential scattering calculations are performed us-

ing both the standard quantum partial-wave theory and the

27N [ f(k,0) semiclassical eikonal approximation. In the quantum calcu-
n(k )=1+ k_<T> (1) lation, the scattering amplitude is obtained from the expan-
L sion
. . . . 12
whereN is the number dens!ty of the medium akdis the f(k, )= _2 (21 +1)[exp(2i 6)— 1]P,(cosd), (3)
momentum of the beam in the laboratory frame. The 2ik =0

forward-scattering amplitudd (k,0) is calculated in the

center-of-mass frame for two particles with relative momen-wheresd, is the numerically computed phase shift ahi the

tum k. Atomic units are assumed unless otherwise indicatedcenter-of-mass scattering angle. In the eikonal approxima-
The notation(- - -} in Eq. (1) refers to a statistical average tion, the scattering amplitude is given by
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% TABLE |. Potential parameters.
f(k,0)=—ikf {exd 2i »(b)]—1}b db, (4)
0 Parameter Value Units
whereb is the classical impact parameter an@b) is the g 0.498 895 6 a.u.
corresponding phase shift function b 1.268 26 a.u.
1 (in D, 45.43 et
n(b)=——-| U(b,2)dz, 5 A 0.325 e *
ak) ro 4.991 A
, Fm 10.2672 A
with Co 190 a.u.
C 12 700 a.u.
U(b,2)=2uV(\b%+2?%). 6 8
(b,2)=2pV( ) ©® ., 820 000 au.

The NaAr potential can be represented in terms of a short=
range part/g and long-range pan, , ) _ ) _
In Fig. 2, we compare the quantum calculation with the ei-

Vg(r), r<rp konal calculation. The agreement between the two calcula-

V(r)= Vo(r), r>r (7)  tions is very good fok>25. Several thousand partial waves
L m are required for the quantum calculation to converge when
where k>25, so we use the eikonal approximation for large values
of k.
Vg(r)=D e 22" To)—2e a4+ A, (8) Oscillatory structure appears in both the quantum and ei-

konal calculations. The narrow structures that occur in the
VL(r)=—Cg0g(b;r) —Cggg(b;r) —Cy919(b;r). (9)  quantum calculation at low values bfare shape resonances.
The eikonal calculation oscillates near the value 0.72, which
The parametera, D, andr are the standard Morse poten- js what is obtained when only the long-range potential is
tial parameters and,, is a matching radius. The constant ysed[3]. The phase of the eikonal oscillation is given by
A is a small offset, similar to the one used by Vigue and[10,11]
co-workers[6], that can be used together with the functions
gn(b;r) to smooth the connection between the short- and

_ . . . 37T
long-range potentials. With the definitions be=2| 7(bg) ?} (14)
.._ v(n,br)
gn(b;r)= CEETAL (10

where the “glory” impact parameteby is evaluated from
the condition

n—-1 (br)m
y(n,br)=(n—1)!| 1—exp(—br) >, . (1D
m=o0 m!
we obtain ag —«, the van der Waals expansion
C6 CS C10
ViN~=-<s~ 18~ 710 (12
To determine the parameters for our short-range Morse

potential, we used the measurements of Smadiegl. [7]
and Pritchard8]. The long-range van der Waals coefficients
are taken fromi9]. We require the potential and its derivative
to be continuous at the matching poiny,. The values of

A, r,,, andb are obtained by a least-squares fit to this re-
quirement. Our procedure offers a slight improvement over
the approach used by Vigue and co-workggk which does
not constrain the potential derivative to be continuous at

rm- The potential parameters are given in Table I. Figure 1 1078¢ ! !
shows logarithmic and linear plots of the interaction poten- ) 10 20 30
tial with and without the long-range tail. r (a.u.)

We have calculated the ratio of the real to the imaginary

part of the forward-scattering amplitude in the center-of- 5 1 The absolute value of the NaAr interaction potentials.

mass frame for the NaAr potential The solid curve is for the Morse potential connected to a long-range
K van der Waals expansion. The dashed curve is for the Morse poten-
R(k)= Re f(k,0)] (13) tial. The inset shows the potentials on a linear scale; there is no

- Im[ f(k,0)]" discernible difference between the two curves.
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FIG. 2. The ratioR(k) versus 1¢. The solid curve is the quan- FIG. 4. The NaAr relative momentum distribution function. The

tum calculation and the dashed curve is the eikonal calculation. four plots correspond to sodium projectile velocities of 1000 and
2000 m/s, and argon gas temperatures of 77 and 300 K.

% =0. (15 same for both calculations, which suggests that long range
b=by scattering regulates the amplitude, and glory scattering regu-
lates the phase dk(k) whenk is sufficiently large.
The glory impact parameter changes with energy, so it is The total variation of the quantum phase is
possible to define a trajectoty;=bg(k) that describes the
evolution of ¢¢ with k. A quantum phase functiohg can A¢Q:¢Q|k:0_ ¢,Q|k:m:27m, (16)
be similarly defined to be the large8t for a givenk. The

eikonal calculations demonstrate thag is proportional 0 \heren is the number of rotationless bound states that are
1k, while the quantum calculations show thag= Je With  spported by the molecular potentfdlo,11. For a Morse
strong deviations from the R/proportionality whenk is  potential, the number of bound states is known analytically

small. 1[12],
In order to study the importance of the long-range part o

the potential, we performed calculations using the Morse po-

tential with and without the van der Waals contribution. Fig- n=Int
ure 3 compares the two calculations R{k) over a wide

range of energies. Fd>1 a.u. the phase, is nearly the

+1. (17)

1 1
V2uDe— >

a

For the Morse potential in Fig. 1, there are seven bound
states, and for the full NaAr potential of Fig. 1, there are
eight. Counting the number of coarse oscillations in Fig. 3
yields the correct number of bound states for both potentials.
Thek—0 limiting behavior of the ratio of the real to the
imaginary part of the scattering amplitude can be used to
determine the parameters of the effective range expansion

1
R(k)~—(ask)‘1+§rek, (18)

whereag is the scattering length and is the effective range
of the potential. For the full NaAr potential of Fig. 1, the
values ofag andr, are 170 and 20 a.u., respectively. The
accuracy of these estimates is very sensitive to the long-
range tail of the potential. Therefore, atom interferometry
could potentially play an important role in determining better
k (a.u.) effective range parameters.
Thermal averaging is needed to get the ratio of the real to

FIG. 3. The ratioR(k) versusk. The solid curve is for the the imaginary part of the forward-scattering amplitude in the
Morse potential connected to a long-range van der Waals exparlaboratory frame where the effective medium is defined. Fig-
sion. The dashed curve is for the Morse potential. ure 4 is a plot of the distribution functiof2) for sodium
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0.9 : : : : : tential parameters, such as the position and depth of the po-
tential well, and the index of refraction measurements. In the
present work, we have presented a general approach that can
be used to interpret the index of refraction measurements for
a variety of experimental conditions. The long-range contri-
bution is larger for Ar than for He and Ne, and effectively
determines the index of refraction3]. Nevertheless,
velocity-dependent glory oscillations should still be detect-
able in the index of refraction measurements, particularly at
low temperatures where the effect of thermal averaging is
reduced.

Vigue [6] has noted that atom interferometry measure-
ments may provide the capability for determining the mag-
nitude and sign of the scattering length for an ultracold gas.
For such systems, the relative velocity of collision is very

<R>

500 1000 1500 2000 2500 3000 nearly equal to the laboratory velocity, and the scattering
lengthag can be approximated by
v (m/s)
1 Imn(ky)]
FIG. 5. The thermally averaged rativas a function of projec- ag~— lim (19

| _ ko KL Ren(k)—1]"
tile velocity for argon gas temperatures of 77 and 300 K. The upper L
curves are for the Morse potential connected to the long-range van Erom a theoretical point of view, low-temperature atom
der Waals e>_<pansion. The lower curves are for the Morse pmentialnterferometry would provide perhaps the most interesting
Also shown is the measurement of Schmiedmagteal. (Ref. [3)). information. The quantum phase functich?g is quite sensi-
tive to the details of the molecular potential, and its variation
is related to the number of bound states of zero angular mo-
widest for high temperatures, mentum contained in fthe. potential. If the effect of thermal
gveraging can be minimized, thefy, can be resolved and

Figure 5 shows the velocity dependence of the ratio of th nalvzed B lculating the forward ttering amplitud
real to the imaginary part of the forward-scattering amplitudea alyzed. by cacuiating the forwarc-scattering ampiitude

in the laboratory frame fo=300 K andT=77 K. For with and without the long-range potential tail, and comparing

T=300 K, the thermal averaging tends to suppress the glorto index of refraction measurements, we can determine
' Which part of the molecular potential is most uncertain. With

oscillations when converted to the laboratory frame. At : .
accurate short-range information, such as the Morse param-

T=77 K, the glory oscillations become more prominent. For . " i
ters used in the present work, and additional atom interfer-
both temperatures, the shape resonance structure tends to be . . .
ometry measurements, it would be possible to refine the po-

¥vis§§g OKUtn?gggj:gnn?éﬁyegf %Zﬁhpi\(lasdom?y:rv;,m[?l,:]l,g.'r?]:;s th(?ential at intermediate to large distances.
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projectile velocitiesy and argon gas temperatur€ghat are
being considered in future experimen®|. The spread is
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