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Modifying atom-surface interactions with optical fields
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The ability to control matter on the nanometer scale is greatly influenced by the van der Waals (vdW)
interaction. Therefore, understanding and manipulating the vdW interaction is of interest to the fields of
nanotechnology and atom optics. We show that near-resonant light can significantly modify atom-surface vdW
interactions in the nonretarded regime. A theory based on quantized electromagnetic fields is used to calculate
(1) the ordinary vdW interaction, (2) corrections to the ordinary vdW interaction due to thermal radiation, and
(3) modifications to the ordinary vdW interaction that result from monochromatic (laser) radiation. Near-
resonant laser light with an intensity of 5 W/cm? is predicted to double the vdW interaction strength for
sodium atoms, and possible experiments to detect this effect are discussed.
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I. INTRODUCTION

The strength of the van der Waals (vdW) interaction be-
tween matter is usually determined by the atomic or bulk
material properties of a system. Therefore, the vdW force can
typically only be altered by changing the atomic constituents
of the matter involved in the interaction, limiting the ability
to control nanometer scale forces. This circumstance reso-
nates with the point of view in which the vdW interaction
can be thought of as being caused by the fluctuating dipole
moment of a quantum-mechanical atom [1]. These fluctuat-
ing dipoles can then interact with each other, leading to the
vdW force between the atoms. However, there exists an al-
ternative perspective in which the origin of the vdW interac-
tion is due to electromagnetic-field fluctuations in the
vacuum, which in turn induce a fluctuating dipole moment in
the atoms [2]. This suggests that the vdW interaction can be
affected by the radiation environment that the matter resides
in, opening the exciting possibility of using light to control
or even inhibit the vdW interaction.

One way to change the radiation environment of matter is
through temperature, which exposes the atoms to a thermal
electromagnetic field. In principle, this should modify the
vdW or Casimir-Polder interaction. Just such an effect has
recently been observed for an atom and a nearby surface in
the retarded regime [3], where the atom-surface distance z is
much larger than the principle transition wavelength X of the
atom. However, thermal modifications are predicted to be
negligible in the nonretarded regime [4,5], where distances
are such that z<<X. This is unfortunate since the ability to
change the force between atoms and a surface would have an
impact on atom chips, atom optics, and quantum reflection
experiments.

Milonni and Smith [6] have predicted that the vdW inter-
action between two atoms can be significantly changed with
only a few W/cm? of near-resonant laser radiation. A similar
field-modified particle-particle interaction called optical
binding has been observed for micron scale dielectric spheres
[7] and has even been used to organize the spheres into crys-
talline lattices [8]. However, to our knowledge a field modi-
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fied atom-surface interaction in the nonretarded regime has
not been observed or proposed. In this paper, a theory for a
field-modified atom-surface vdW interaction in the nonre-
tarded regime will be described, along with a survey of pos-
sible experiments which must satisfy several critical require-
ments to observe such an effect.

This paper begins by introducing some familiar calcula-
tions for the strength of vdW interactions in the nonretarded
regime, along with an estimate for when field-modified vdW
interactions will become important. A model in which the
atom and field are treated classically will then be described,
and used to calculate the optical field intensity required to
double the vdW interaction. Next, the electromagnetic field
will be treated quantum mechanically, leading to an expres-
sion which can be used to compare the vacuum, thermal, and
field-modified contributions to the atom-surface vdW inter-
action. Finally, a discussion of the theoretical results and
candidate experiments will be presented.

II. BACKGROUND

As background knowledge, we first summarize that the
Lifshitz formula [9,10] gives the nonretarded potential for
atoms near a surface at zero temperature as

o
U(vdW,O)z_—33’ 7 <X, (1)
z
with
fi (7 alio) eio) -1
co_ f aiv) eliw) -1, 2)
4m), Ame eliw) + 1

where a(iw) is the polarizability of the atom and e(iw) is the
permittivity of the surface [11,12]. For a perfect conductor
(e=%) and for an undamped atom modeled as a Lorentz
oscillator [a(iw)=apc/[1+(w/wy)?]], the Lifshitz formula
gives
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where apc=e?/ ma)a is the static atomic polarizability,
apc(4mey)~! is in SI units of volume, and w, is the principal
transition frequency of the atom [13]. We will refer to this
ordinary result as Cgo) since it is derived using quantum me-
chanics in the absence of any applied fields.

Comparing the different ways to derive Cgo) leads to some
important insight into the physical mechanisms behind the
vdW interaction. To this end one can show that Eq. (3) is
equivalent to the Lennard-Jones result, which is often written
in terms of the atomic dipole moment p as Cj
=(p*)/12(4mey), by utilizing the fact that apc
=2(p*)/ (3t w,) for a two-level atom [13-15]. Since the vdW
coefficient in this expression depends on the fluctuating di-
pole moment (p?), this result is reminiscent of a source field
picture [1]. Later on in this paper we will show that the vdW
coefficient can also be expressed in terms of C3~Z;fiw,/2,
where 7iw;/2 is associated with the zero-point energy of a
mode k of the electromagnetic vacuum, which is essentially a
vacuum field picture [2]. Tt is quite surprising, and perhaps
most important, that both pictures yield the same physical
consequence: the vdW interaction. Both of these viewpoints
are valid from the perspective of quantum electrodynamics
and the choice of which one to subscribe to is largely a
matter of taste or convenience. In fact, it has been shown that
by changing the ordering of atomic and field operators be-
tween symmetric or normal, one can emphasize the role of
the vacuum field or source field [16,17].

It is also instructive to recall that p=a(w)E, which allows
us to estimate what intensity of monochromatic radiation
would be required to have a comparable influence on an
atom as the vdW interaction. By comparing the Lennard-
Jones result to Eq. (3) we can calculate the effective size of
the fluctuating dipole (p?)=3apchw,/2=a(w)*(E?) induced
by the vacuum. After substituting /= €,cE*/2 for E? (as de-
fined in Ref. [18]), we find that an optical field far below
resonance would need to have an intensity of [
=3¢€ychwy/2apc~ 10'* W/cm? in order to induce a dipole
moment comparable to the vdW interaction. Clearly, this in-
dicates that a field-modified vdW interaction far detuned
from resonance would be negligible for experimentally at-
tainable CW intensities of ~1 W/cm?. However, near reso-
nance it is well known that the polarizability can be en-
hanced by a factor of w,/y~ 107, where vy is the width of an
atomic resonance at w,. This will reduce the intensity re-
quirement by a factor of (7/w)?. Thus, an optical field near
resonance will have an influence comparable to the vdW
interaction when 7~1 W/cm?. A more quantitative and rig-
orous calculation of the required field will be put forth in the
subsequent sections.

III. CLASSICAL MODEL

To investigate how the atom-surface interaction potential
changes when the atom is in the presence of monochromatic
light, we first explore a simple model with classical electric
fields and polarizable atoms. In the Lorentz oscillator model,
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FIG. 1. Depiction of the field-modified atom-surface interaction.
An external field E.,, induces a dipole moment p in an atom some
distance z from a surface. The atom also experiences a field from its
image dipole p; within the surface, leading to a force between the
atom and surface.

atoms have a polarizability defined by p=«E, where E is the
electric field that induces an electric dipole moment p in the
atom. The magnitude of polarizability depends on frequency
as [19]

62

m\r’/(w(z) — )+ Yo’

(4)

|a(w)| =

where w, is the resonance frequency and 7y describes the
damping for the oscillator. The phase of p lags behind the
phase of E by an amount ¢=tan™'[ yw/(w}-w?)], so in gen-
eral the polarizability can be written as a complex quantity
[14]

2

e
a\w)=—""-> 5 _. 5
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Away from resonance where |w—wg|> 7,
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e W
a\w) = —— =T —=0apc< > 6
(@) m(wé—wz) PCA ©

where apc=e?/ mw(z). The very last expression is valid in the
limit where the detuning A= (w-w,) satisfies both w,> |A|
> 1 so the approximation wy+w=2w, can be used.

If we describe the electric field also with classical physics
(i.e., without including any fluctuations), then in the absence
of an externally applied electric field this Lorentz oscillator
has no reason to be polarized. Even its mean square dipole
moment (p?) is zero. Therefore, the oscillator will not inter-
act with a surface, a point discussed by Spruch in Ref. [20].

Let us consider the situation in Fig. 1, where an atom with
some dipole moment p induced by an external field E., is
located a distance z from a perfectly conducting surface. Us-
ing the method of images [18], we can replace the perfectly
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conducting surface with an image dipole p;. Therefore the
potential experienced by the atom is given by

1
U=- Ea(w)|Eext + Eimage|2
1
== Ea(w)[|Eext|2 + |Eimage|2 + 2Eqq Eimage]’ (7)

where the atom interacts with the superposition of the exter-
nal field E,,, and the field from its image dipole E;,, 4,

The first term in Eq. (7) is just the ac Stark shift which
does not depend explicitly on the atom-surface distance, and
plays no role in modifying the vdW interaction. However,
the importance of distinguishing this term from a field-
modified vdW interaction will be mentioned later. The sec-
ond term in the brackets can be neglected since it is of order
[a(w)z3]? and will be small compared to the cross-term
which is of order a(w)z™, so long as a(w)z3/4mey<1.
Thus, we identify the third term as the explicit and leading-
order atom-surface interaction potential given by

Ups=- a(w)[Eext ’ Eimage]~ (8)

The external field at the location of the atom can be de-
fined as

1 .
E.. = EEOe_“‘” +c.c., 9)

where the factor of 1/2 is required to make the electric field
have the form E.=E, cos(wt). Therefore, the field at the
location of the atom due to the image dipole can be written
as

a(w)E,

— A e—i[wt—(2zw/c)]+c-c.’
Pi 47ey(22)°

Lo
Eimage = 5[3(1)1 -2)i
(10)

where 7 is the vector from the closest point on the surface to
the atom and p; is the image dipole. Dipole radiation terms
which vary as 772 and z7! are neglected since the atom-
surface distances considered here are in the near-field limit
[21]. From the method of images with a perfectly conducting
surface, p;,=p, and p; | =—p, as indicated in Fig. 1. The
phase factor 2zw/c comes from retardation.
Hence the atom-surface interaction potential is

a(w)|E)? .
Upg=— L|03|[(E0 -2)*+ 1]cos(2zw/c),  (11)
647TGQZ

where we have averaged over rapidly oscillating terms such
as e The expression in brackets ranges from 1 to 2
depending on the field polarization with respect to Z.

We now consider the nonretarded limit so the cosine fac-
tor in Eq. (11) equals 1. The field-induced atom-surface in-
teraction potential (11) has the form of U,q=-C5/z>, where
the coefficient C; for this all-classical model is
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where I=¢c|Ey|>/2 is the optical intensity of a plane wave
and we have used Eq. (6) for the polarizability near reso-
nance.

Let us compare the strength of this potential to the bench-
mark obtained with the Lifshitz formula. The two are equal
for the case of polarization perpendicular to Z when

heA?

= [ anc ’

(47750)w07T

For sodium atoms 47T;=24>< 1073 m? [22], and if we con-

sider A=10y=27X 100 MHz, we find that an optical inten-

sity of I=5 W/cm? is needed to make C{*Y=C{. In other

words, at this intensity the field-modified atom-surface inter-

action will be equal to the vdW interaction of an atom in

vacuum according to Eq. (3). In the following section we

consider the same problem but with a quantized electric

field, which will enable a comparison of vacuum, thermal,
and monochromatic field contributions to Cj.

(13)

ap,

IV. QUANTUM MODEL

Milonni and Smith used a field operator method to show
how externally applied electromagnetic fields affect atom-
atom interactions [6]. We will apply this approach to the
atom-surface problem and arrive at some of the same con-
clusions: (1) Modifications to the potential are enhanced
when the frequency of the applied field is near an atomic
resonance. (2) Such modifications could be observed with
optical intensities easily obtainable in laboratories. (3) The
modifications also depend on the polarization of the applied
fields. However, unlike the atom-atom system the image di-
pole depends on the atomic polarization in a way that makes
the nonretarded atom-surface interactions always attractive,
and can only be increased by illuminating the system with
laser light. Although, this situation changes if the atomic and
image dipoles are allowed to be out of phase due to retarda-
tion effects or when the surface response is such that e(w)
<0 [23,24].

We now allow the externally applied electric field at the
location of the atom to have many frequency components

1 ,
E.. .= 52 [Eoe ™ +c.c], (14)
k

and thus rewrite the atom-surface interaction (11) as

2
awp)” Dk
UAS=—RGE(—k)sEko'[ZZ"'l]'Ekoelz}(” (15)

k 647TEOZ ’ ’

with k=w/c. In writing Eq. (15) we have assumed that dif-
ferent frequency components are uncorrelated, and we have
averaged over rapidly oscillating terms. We can use a plane-
wave mode decomposition for the electric field where each
mode index k corresponds to a wave vector k and a polar-
ization index A(=1,2). This can be expressed as
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Ei=epdi 0™, (16)

where ey, is a unit polarization vector (k-ey,=0, and
e e = ). Then the atom-surface interaction (15) be-
comes

a(wk)2

~\2 i2k:
el 2+ AL i o

(17)

Equation (17) is formulated in classical electromagnetic
theory. As described in Ref. [2], when the electromagnetic
field is quantized the amplitude takes the form Ay,
=(hwy/2€V) " *(a—af,), where [ag,a;,]=1. Using a
similar prescription as Ref. [6], we can then make the fol-
lowing replacement for the mode amplitudes in Eq. (17)

ﬁ(l)k
2€0V

¥ § 2 2
>[ak>\ak)\ + dg\agy — A\ ~ Al

A;A,OAk)\,O - (
(18)

where a;, and ay, are the field mode creation and annihila-
tion operators for the field mode (k\) and V is the quantiza-
tion volume. After taking the expectation value of Eq. (17)
over the field state, the last two terms of Eq. (18) vanish.
Following these operations, the potential becomes

ﬁwk) o?(wy)cos(2kz)
U _ Tk N\ A TR AT
AS T 2‘“ ( &V 64menz’

X<Nk)\+%>[(ek)\'i)2+l]7 (19)

where Ny =(aj,ax,) is the average number of photons in
mode kA. It is important to note that in the steps leading up
to Eq. (19) we have again replaced the surface with an image
dipole, which incorporates the boundary conditions on the
modes of the electric field according to Maxwell’s equations.
This image dipole method can lead to more intuition about
the physics of the problem, and it avoids the mathematically
complicated task of finding an expression for the allowed
modes of the electric field for an atom near a surface.

A. Ordinary Cj;

In order to calculate the atom-surface potential in the
quantum vacuum U&VSC), we consider Eq. (19) in the absence
of any external radiation, which implies that Ny, =0. Indeed,
we find that the remaining interaction is attributed to the
zero-point electromagnetic field energy of %ﬁwk per mode.
An expression for Uf,\VSC) can be derived by going to the mode
continuum limit in which Ek)\ﬂ(g—‘;) Jd*kZ, , leading to

vac ﬁ 1
UE%S )= — mw—%"zf d3kwka2(wk)cos(2kz)
X 2 [(6 - 2>+ 1] (20)
N

With the identity Eizl(ékx-zAV: 1—-(k-2)? this can be written
as
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P
AS T (4mrey)? 6422 T

dew3a2(w)cos(21w/c)
X fko[S—(lE~i)2], (21)

where d()y is an element of solid angle about k=kk=wk/c.

Using [ ko[3—(12~z”)2]:327r/ 3 and the full expression (4)
for the atomic polarizability yields the following expression:

Apc
U(vac) - _ ( )
AS 41 €

2 hayg foc o’ cos(2zw/c)
» )
3o (w% - )+ Yo'

(22)

62> e

The integral in Eq. (22) diverges logarithmically at the upper
limit of integration in the absence of the cosine factor that
came from retardation. A careful use of cutoffs [20] leads to
the value ww,/2y for the integral. Recalling vy
= apcwy/ (6m€,c®) [14,15], we find that

Ul = - 22— =-= (23)

This confirms that the calculation method presented here, in
which the electromagnetic field is quantized while the atom
is regarded as a classical polarizable body, can correctly de-
scribe the ordinary vdW interaction.

One may interpret this result as a statement that vacuum
fluctuations in the electromagnetic field cause the ordinary
vdW interaction. Although other points of view (i.e., quan-
tum mechanical atoms and classical fields) also work to de-
scribe the ordinary vdW interaction. One virtue of the theory
described here is that it can readily be adapted to describe
modifications to U&V;‘C) due to thermal radiation, or other ex-
ternally applied electromagnetic fields, by adding the appro-
priate additional terms for Ny, in Eq. (19).

B. Thermal fields

According to Ref. [6], in the case of a thermal field at
temperature 7 the photon number distribution is given by
N(w)=(e"*sT—1)~1 where ky is Boltzmann’s constant, im-
plying that N(w)+%=% coth(hw/2kyT). Neglecting retarda-
tion we find that the van der Waals energy at temperature 7 is

U([herm)=_< e )2 fwg f"“ dww3 coth(fiw/2ksT)
AS 4mey) 67373 0

(wg - )+ Yo

(24)

The integral in Eq. (24) is dominated by values near w
~ w,, and we can classify the temperature regimes with re-
spect to fiwy. Thus, in the low-temperature limit fiwy/kzT
>1, and coth(fiw/2ksT) ~ 1 implying U™ =—_C{?/23. In
the high-temperature limit, fwy/kzgT<<1, coth(hw/2kyT)
~2kgT/hw, and
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2 hay 2kgT
63w h

U(therm) ( Apc )
4’7T€0

J“d —wz (25)
X w .
o (0 -0+ Y’

The integral evaluates to /27, implying
U(lherm) U(vac) , 26
oy U (26)

which is also a well-known result, for example, written as
Eq. (20) in Ref. [5]. For sodium atoms in a room-temperature
environment 2kgT/hwy~0.02, which unfortunately indicates
that thermal contributions to atom-surface interactions in the
nonretarded regime are usually negligible.

C. Light-enhanced C5

Now we return to look at terms in Eq. (19) that arise when
monochromatic light is applied so that Ny, # 0 for one par-
ticular mode. If one particular mode (kM) is occupied by
many photons (i.e., Ny, > 1), it follows from Eq. (18) that
Niy! V=¢|E,|*/ how,. Equation (19) then becomes

|Eo|*a’(wy)
64’7760

yICPaied) _ U(CP 0 _ [(eg - )% + 1]cos(2kz).

(27)

As we foresaw with the classical model, if the populated
photon mode has polarization perpendicular to Z then the
term in brackets is unity. If we consider the nonretarded limit
then the cosine term is also unity, and we are left with

2
pAWBeld) _ g vdw.0) (a(wk)> wl

4mey ) 2c7’
_ e _ (_“DC>2(“’°> ™ ()
41€, A/ 8cz?

Hence we find that 5 W/cm? will be required to double the
ordinary Cgo) for sodium atoms by applying light with A
=27 X 100 MHz and polarization perpendicular to Z, as was
found from Eq. (13).

V. DISCUSSION

Equation (27) offers several testable predictions. For ex-
ample, experiments could verify how the laser intensity, fre-
quency, and polarization affect U(VGlW field) The qualitative
dependence on the laser parameters is similar to the atom-
atom system considered in Ref. [6]. However, unlike the
atom-atom case, the field-modified atom-surface interaction
considered here is always attractive. This is because the im-
age dipole is entirely determined by the atomic dipole in the
nonretarded regime. Although, the image dipole could be out
of phase with the atomic dipole if one allows for the dynamic
response of a realistic surface, described by e(w). If €(wy)
<0 then repulsive interactions can also be caused in the
nonretarded limit [23,24]. In addition, the atomic and image
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dipole could be out of phase in the retarded regime, possibly
leading to repulsive interactions.

Scattering may always be a problem for experiments be-
cause

U(vdW,ﬁeld) aDC 77(1)0 I

= 29
U(VdW 0 47760 he A2 (29)

Equation (29) emphasizes how the relative enhancement fac-
tor depends on I/ A%. We note that the spontaneous emission
rate depends on the same factor. Hence the enhancement of
C5 due to optical fields cannot be arbitrarily large without
also causing spontaneous emission. As another point of view,
one may use this fact to see that the enhancement we are
discussing requires a significant atomic population in the ex-
cited state. This superposition of ground and excited states is
necessary to induce an electric dipole moment in the atom.

Candidate experiments

Many experiments in the last two decades have measured
the strength of atom-surface interactions, so it is worth in-
vestigating why this effect has not yet been observed. We
will catalog several experiments here according to two crite-
ria. First, are they sensitive only in the nonretarded regime?
Second, can the intensity of near-resonant light be varied
from 0 to 10 W/cm? without jeopardizing the experimental
sensitivity to C3?

The first question is important because the enhancement
we are discussing will be very different in the retarded re-
gime. In particular, the cos(2kz) term in Eq. (19) and the
long-range terms which where neglected in Eq. (10) can
cause the interaction to change sign as a function of atom-
surface distance on the scale of an optical wavelength. If an
experiment is sensitive in the retarded regime, it may aver-
age over a range of distances such that the modification to
the atom-surface interactions due to laser light will be ob-
scured. For example, during quantum reflection experiments
[25-27], Talbot Lau interferometer experiments [28], atom
beam transmission through cavities [29], and BEC oscilla-
tion near an atom-chip surface [30] the atom-surface interac-
tions are probed at distances larger than an optical wave-
length. The second criterion is important because the signal
used to measure C; may require laser light. Then the inten-
sity of the light itself may alter the signal even if the vdW
interaction is not directly affected by the light. For example,
experiments with atoms reflected from evanescent wave po-
tentials [31,32], spectroscopic shifts of atomic resonances
with atomic beams [33], and atomic vapors in nanocells [34]
all need light in order to measure C;. Hence, an attempt to
change C; by modifying the intensity of the light may cause
changes in the experimental observations simply due to ac
Stark shifts or power broadening.

One candidate experiment that we suggest for measuring
the difference between U(VGIW field) and Uxs (VIW.0) yses atom dif-
fraction from nanostructure transmission gratlngs (nanograt-
ings). The atoms are transmitted through a 100 nm period
grating with ~50% open fraction so that each atom passes
within 25 nm of a grating bar surface. In these experiments
the atom-surface interaction is measured by observing
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FIG. 2. Searching for a field-modified vdW interaction with
atomic diffraction from a material grating. The intensity (a) and
phase (b) of atom-wave diffraction orders n are plotted as a function
of the intensity of an applied laser field, using Eq. (28) and the
diffraction theory from Ref. [35] for typical experimental param-
eters [36]. As the atoms pass by the grating walls their de Broglie
wave phase is influenced by the vdW interaction with the grating
surface, altering the far-field atom-wave diffraction pattern [35-37].
The grating surface is assumed to be perfectly conducting so that
when the laser field is off (zero intensity) Na atoms will experience
a vdW coefficient of C3=6.3 meV nm?, which is doubled when the
laser intensity is 5 W/cm?.

changes in the diffraction order intensity [36,38] or phase
[35,37]. The experiments probe the atom-surface interaction
in the range of 9 to 20 nm and are sensitive without laser
light, avoiding the effects of spatial averaging and ambiguity
of light-induced changes to the experimental signal. There-
fore, the atomic diffraction experiments satisfy both of the
criteria mentioned at the beginning of this section. Figure 2
shows how the intensity and phase of atom-wave diffraction
patterns can be significantly modified by external laser fields.
For example, if we consider Na atoms and a perfectly con-
ducting grating the ratio of second to zeroth order diffraction
intensity increases by 50% when a 5 W/cm? laser field illu-
minates the atoms. In addition, a 5 W/cm? laser field will
cause a ~0.2 radian phase shift to the zeroth diffraction or-
der and a ~0.5 rad shift to the third order. These changes are
well within the detection sensitivity of the diffraction experi-
ments [35-38].

Since the nanogratings are only 120 nm thick, and made
of dielectric silicon nitride material, the optical intensity in-
side each grating slot will not have nodes as in a macro-
scopic waveguide. Thus, although more calculations are
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FIG. 3. Simulated laser-modified atom diffraction patterns.
Light is predicted to change the diffraction patterns because of
modified atom-surface interactions and also photon scattering. Plot
(a) shows the effect of a laser beam, with intensity /=5 W/cm? and
detuning A=100 MHz, illuminating the atoms inside a nanograt-
ing. Plot (b) shows the effect of the same laser illuminating atoms
after passing through a nanograting. In each simulation atoms ex-
posed to the laser have an equal probability of spontaneously scat-
tering 1 or O photons.

needed to verify this claim, the intensity may be homoge-
neous enough throughout each grating slot so that the ac
Stark shift has a negligible gradient compared to the atom-
surface interaction potential. Furthermore, the atoms in a
beam only interact with the grating bar surfaces for a time on
the order of 107'® s—much shorter than a spontaneous de-
cay lifetime. Hence, a light beam may be designed to illumi-
nate the atoms for such a short time that only one or zero
photons will be scattered by each atom.

The signature of a change in Cj in these experiments
[36,38] is a change in the relative intensities of coherently
diffracted orders. Scattering can be distinguished from this
effect because the momentum gained by scattering a photon
(in the range 0 to 2 ﬁkph) is smaller than the momentum
difference Ap=h/d=~6fik,, due to first order diffraction
from a d=100 nm period nanograting, where the number 6
is valid for sodium atoms with Ay=590 nm. The effect of
scattering could also be isolated by comparing diffraction
patterns obtained when the laser is illuminating the atoms
before, during, and after their passage through the grating. To
further illustrate these concepts, Fig. 3 shows how laser light
will modify atom diffraction patterns. Spontaneous emission
will broaden and shift each diffraction peak. On the other
hand, if the laser affects how atoms interact with the nan-
ograting bars, then modified atom-surface interactions will
change the total atom flux in each order [given by the area of
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each diffraction peak and plotted in Fig. 2(a)]. Figure 3(a)
shows a diffraction pattern with both effects. Note how the
zeroth order is reduced, but the second order is slightly in-
creased as a result of the laser light despite the scattering
effect. Figure 3(b) shows atom diffraction modified by scat-
tering alone. In this case the area of each diffraction order
does not change. An additional control experiment could be
operated by comparing diffraction of different atomic spe-
cies, one for which the light is near resonance and one that is
not resonant with the light. Also we note that the ac Stark
shift can be reversed with the sign of A, whereas the en-
hancement factor in Eq. (29) is independent of the sign of A.

In addition to diffraction of ground state atoms from ma-
terial gratings there are other candidate experiments that sat-
isfy the selection criteria previously mentioned. Equation
(29) indicates that the relative magnitude of the field-
modified vdW interaction depends linearly on the static po-
larizability apc of the atom. Atoms prepared in an excited
state generally have a much larger polarizability than those
in the ground state, which could enhance the size of this
effect and reduce the intensity requirement for the external
laser field. In fact, using excited state atoms to achieve a
larger vacuum vdW coefficient has already been used in
atomic deflection [39] and spectroscopy experiments [33].
Atom scattering from magnetized surfaces may also provide
a means to search for a field modified vdW interaction [40].
Reflection-mode diffraction of atomic beams from crystal
surfaces also satisfies the two criteria for a candidate experi-
ment [41]. Bound-state resonance features in these experi-
ments can reveal information about the atom-surface poten-
tial [42] and, in principle, could be used to search for the
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field-modified vdW interaction. However, a remaining prac-
tical challenge for using reflection-mode diffraction is that
these experiments primarily work with ground-state nobel-
gas atoms. Experiments which can utilize alkali atoms have
the advantage of larger polarizabilities (e.g., an,/ e~ 125)
and near-resonant light which can be generated conveniently
from diode lasers.

VI. CONCLUSION

We used a quantized electric field approach to show how
the atom-surface interaction potential can be modified by
applying near-resonant electromagnetic (optical) fields. In
addition, we have demonstrated that the quantum electrody-
namics approach used here also serves to derive two well-
known results (the low and high temperature vdW interaction
potential), and this lends credence to the method of calcula-
tion. The derivations presented here also show how electro-
magnetic vacuum fluctuations and fluctuations of the atomic
dipole moment provide complementary descriptions of the
atom-surface van der Waals interaction. Finally, we dis-
cussed candidate experiments that may serve to test the pre-
diction that near-resonant laser light can modify the interac-
tion between atoms and surfaces.
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