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Effects of phase fluctuations of a laser on the dynamics of an atom in metallic cavities
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We study the effects of phase fluctuations of a laser on the dynamics of a two-level atom. We assume that
the atom is in a cavity and consider two cases in which the atom is either sandwiched between two parallel
metal plates or placed inside a rectangular metallic waveguide. We use the well-known master equation and
utilize the phase diffusion model for our analysis. We derive expressions for the dipolar and dissipative forces
acting on the atom. We then show that the laser fluctuations produce an increase in the magnitude of the
dissipative force and a reduction in the dipolar force. We illustrate that the atom-laser interaction gives rise to
a potential, which binds the atom to the central part of the cavity. We also show that the atomic velocity
produces significant changes on the potential and on the force acting on the atom. The combined effects of the
velocity and laser fluctuations on the atomic motion are discussed.
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[. INTRODUCTION can be guided along its axis by using a laser field as the
driving force.

There is considerable interest in the study of the atomic In the present paper, we consider the effects of phase
motion induced by the field of a laser. The interest stemdluctuations of a laser on the dynamics of an atom, enclosed
from the recent developments in the utilization of the radia-in a cavity. Although the lasers are usually assumed to be
tion field to achieve cooling and trapping of atorris-3]. coherent, there is significant presence of fluctuations both in
The atom opticd4] has become a major field of research the amplitude and in the phase angle. This is particularly true
activity dealing with the interaction of an atom with radia- in the case of low power gas lasers in which collision broad-
tion. It is desirable in this field to find ways to maneuver ening can be substantial. Since low power lasers are used in
atoms in some specific directid®]. Al-Awfi and Babiker  study of the atom dynamics, it is useful to examine the effect
[6,7] have achieved significant progress in the study of atonof the fluctuations on the atomic motion. We show in this
dynamics induced by a laser radiation when the atom is inpaper that these effects can indeed be significant.
side two specific cavities: one formed by two parallel metal Lawande and Pangl1] have studied forces acting on an
plates[6] and the other by a rectangular waveguide They  atom in free space by laser fields produced by a Laguerre-
have calculated forces acting on the atom and have show@aussian, or by an ideal Bessel beam. The case of an atom in
that atoms can be trapped in the central part of the cavities ia cavity, which is the subject of the present investigations,
a potential well generated by the interaction of the atom withdiffers substantially from the free-space situation. For an
the radiation field. atom in a cavity, the electric fields are determined by the

Perfectly conducting parallel plates represents a relativelgeometry of the cavity while in free space the fields are
simple system that displays the effects of confinement irdetermined by the laser characteristics. Moreover the spon-
guantum electrodynamics. An atom, enclosed in the systentaneous decay coefficients are drastically changed when me-
is attracted to the surface by the van der Waals force. Howtallic boundaries are present. They also depend on the posi-
ever, a relatively stable state of the atom can be realized ition of the atom within the cavity. The atomic transition rates
the vicinity of the center of the cavity. In this region, the are also affected to some extent by the van der Waals inter-
atom is under the influence of two almost equal forces iraction between the atom and the metal plates. This interac-
opposite directions. This fact was used by Sandogehat.  tion is, however, very weak everywhere except near the sur-
[8] for the first experimental demonstration of the van derface. We, therefore, consider the effects of the radiation field
Waals interaction between an atom located at the center ¢fly and neglect the effects of the van der Waals interaction.
the gap and the metal surfaces. More recently the problem In this paper, we derive the exact master equation in
was tackled quantum mechanically by treating the change ihich the effects of phase fluctuations are fully taken into
the energy of the atom as a Lamb shift arising from excita@ccount. We define the reduced density opersl¥ofor the
tions and de-excitations of the surface plasmf@d0l. A ~ system using the standard master equation under the

metallic waveguide is another arrangement in which an atonfotating-wave approximation. The reduced density operator
is averaged over the distribution of the phases following the

procedure proposed by Lawands al. [11]. The optical
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reduced atomic density operat&. The density operatdﬁ where® is IZg- r— ot and ¢(t) is the stochastic phase fac-

is then used to derive the optical forces on the atom. Sectiofyr of the mode. Hergg is a wave propagation vector afig
IIlis devoted to the application of the formalism to study, in js the vector component af parallel to the plates. Allowed
rectangular waveguide systems. The effect of velocity on thene cavity. The dissipation constalts altered by the cavity
are discussed in Sec. V. Concluding remarks are made in Segensity of stateg6,7]. The Rabi frequency, given by}
VI =|c(0)g(R)|, where c(0)=|d;,-Eo/#|, depends on the
mode functionE, and field profile functiorg(R).
We describe the phase fluctuations in terms of a phase
Consider a two-level atom in a cavity. We denote thediffusion model whergs(t)= (t) is a Gaussian white noise
ground state of the atom H¢) and the excited state H2).  such that
The energy difference between the two levelsiis,. The
atom, while inside the cavity, interacts with an externally
tunable laser having a frequeney . The frequency is se-

lected so that it is in resonance with one of the modes of th the b bl is the bandwidth
cavity. We assume that the laser radiation propagates as?—%lere € bar means ensemb'e averdgeis the ban wiatt
of the phase fluctuations. Unlikg the spontaneous emission

plane wave parallel to the platds the two geometrical . - .
configurations The amplitude of the wave has the space_rate'rc does not change with the position of the atom. This

dependence, consistent with the geometry of the cavity. withs & consequence of the fact.tliég results _from Intrinsic
B and R h d " £ th h laser fluctuations. The calculation of the optical forces on the
H an‘lt as tf(;:‘hmom(tantum t?]n d.po?ltlon of the a;tgrr;, Meatom requires obtaining the tracid] of appropriate matri-
amiltonian of the system in the dipolar approximatj67] ces such as THlI,;e'®*¥®) and Tr(pIl e~ '®~*1) aver-

II. FORMALISM

w(t)=0 and u(t)u(t')=2Ico(t—t"). )

is given by aged over the distributions of the phase fluctuations. To
p2 evaluate these quantities we make a unitary transformation
=Ho+H;. 1) W=exp{—i[ 4(t)+ o t]p exp{i[¢(t)+th]H22}.(8)
Here[i)(j|=1I; ; are the atomic operators obeying the com-
mutation relation Following the definition oW, we are able to express
I1;; Iy 1 =105 8 — 11y 6y 2 : . .
[ ij kl] ik kj il ( ) Tr(pe"/’(t“'@ﬂﬂ)=Tr(We'(")1'[21) (9)
wherei, |, k, andl assume the values 1 andgl.li) gives the d
variation of the electric field over the cross section of the®"
cavity. The dynamics of the atom is described by the reduced _ _ _
atomic density operatas, which satisfies the master equa- Tr(pe YOOI ) =Tr(We '®11,,). (10)
tion
Using Egs.(3), (4), and(8), we obtain the master equation
., Ip :
in—-=[H.,p]+i%iRp, € aw )
SR . | 5t ~[Ro— 1 H(DAIW, (11)
whereRp is the dissipation term resulting from the coupling
between the atom and the radiation vacuum of the cavity. It h
is given by[11] where
Rp=T[21115p1151—1p— pIl . 4 AoW=—iA[TT,,,W]—(Qe'®[IT,;,W]—H.c)+T'RW,
Here 2" is Einstein’s coefficient, which is appropriately (12)
modified by the cavity. The quantity(t) is related to the
electric fieldE(t) and the dipole momerd according to
AlW:[sz,W], (13)

e(t)=dy E(t)/%. (5)
and Ay=w — wq is a detuning parameter. Equati¢hl) is

The field E(t) will depend upon a particular mode of the the Langevin equation but with a difference that the opera-

cavity and can be written as torsAg andA; do not commute. Fortunately, it can be aver-
aged over the phases using the delta function correlation
E(t)=Eye' @ ), (6)  given by Eq.(7). Thus, the phase averagéd satisfies
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dw y 24T (A)Q(VQ)
H = (Ao_rcAl)W- (14 <Fdipolar>= - T :
(T+T)[2|Q2+T(T+T)+| =———|A?

. . = r+r,
Equation(14) can be solved in a steady state, i@W/dt (21)
=0. Various matrix elements dfV, given in[11], can be
written as . . .

The dipolar force is conservative and generates the expres-
_ QAT +T)+T(I+T )2+ T A2 sion for the potential energy:
(W)11= D : (15
v, Y, U= h ——|Aln| 1 219/
(W)go=1—(W)yy, (16) BT T :
- F(F+FC) + WAZ
— QI (+T.+iA)e '@ ¢ 29
(W)1o=— D : (17 (22
and Similarly, the average dissipative force is given by

(W)21=(W)3,, (18 26T |Q[2V O

(F dissipativé = T . (23

where A, the detuning factor, which includes the effect of

2 2
atomic velocityV, according to Al-Awfi and Babikel6,7] is 210+ T+ 1)+ r+T, A
given by
A=Ay—kgV. (19 The origin of the dissipative force arises from the absorp-
tion and spontaneous emission cycles. The dipolar force on
and the other hand arises from the absorption and stimulated
D=2| QA +T )+ TAZ4 (I +T)2. 20 emission cycles. The phase fluctuations are expected to affect

the two forces differently. This will be reflected more clearly
Wh ke th fth ; f il in the following analysis.
en we take the average of the gradientigf, we will get We take the ratio of the dipolar forces with and without

two terms: one involvingv® and the other involving’€2.  g;04;ations and find the condition for the ratio to be greater
The former is defined as the dissipative force and the later aRan unity. We separate the space dependent partsifrand

the dipolar force. After evaluating the e'°II,) and  ( by introducing the definition§ =T'of andQ =0g. The
Tr(We'®Il,,) using expression€l5)—(18), and after some ratio of the dipolar forces with fluctuations present and when
algebra we get the average dipolar force as absent, using Eq21) can be written as

f[292+ f2(Ig/ Q)%+ (A1Qg)?]

[<Fdipolaf)ﬁio/<Fdip0|ar>B:O]: (f+:8)[292+f(f+,8)(r0/90)2+{f/(f+B)}(A/QO)2] g (24)
|
where = (I'./T). The condition(26) is satisfied easily for a range of values of
The ratio is greater than unity provided the following con- A and(),. Consequently the dissipative force can be greater
dition is satisfied: with fluctuations present than when they are absent provided

condition (26) is satisfied.
0>[292+fB(I'y/ Q)%+ 2%(I'y/0Q0)?]. (25)

Whenf is positive the above condition is never satisfied. We IIl. ATOMIC MOTION IN CAVITIES
will find later that for the two cavities considered in this |, this section. we will define quantities required in Egs.

paperf is always positive. Hence, the dipolar force with fluc- (21)—(23) and apply them for the motion of an atom en-
tuations cannot exceed the force when the fluctuations arggosed within two parallel plates.

absent. The corresponding condition for the dissipative force |, 5 cartesian coordinate system, we assume that the two

requires that metal plates are parallel to thxe-y plane and are located at
z=0 and atz=L. The electric field for the TE mode is
(A1Qg)*>f(f+ ). (26)  expressed by6]
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E(Kg.N,F,1)=C(Kg,n)(kyX 2)sin(nmz/L)

xexpli[Ky p—w(kg,Mtl}.  (27)
The electric field for the TM mode is given by
- —iC(Izg,n) ilzg(nq-r . (m-rz)
E(ky,n,rit)y=——F———| = | —|sin —
(kg ) w(kg.n) ||k, \ L L
N nmz
_2|kg|CO<T)1
xexpli[Ky p— w(Kg, Nt} (28)
Here the mode frequenay is given by
N n’m
- 2
w?(Kg,n)=c? kg+ TQ—} (29
and
Cik my=| HeCa ] 30
(kg,n)= AL | (30

wheref,=2 andf,=1 for n>0, r=(p,z) andA is the sur-
face area of the plates.
The free-space spontaneous transition rate is given by

wg|d12|2

073 7. ~3

3mhegC (3Y)

as demonstrated by Al-Awfi and Babikg6]. For an atom
moving within parallel conducting plates two situations must

be considered. The first is when the dipole of the atom is
oriented parallel to the plates, while the second is when the
atomic dipole is oriented perpendicular to the plates. For the

PHYSICAL REVIEW A64 063817

2

P 21421 g
LSholar | A Ao T
=Tof, (2). (35)
and
A2 Tz
Q,=04\/2 l—m COST
=009.(2). (36)

B. Atomic motion in a rectangular waveguide

We now consider a rectangular waveguide. We select a
coordinate-axis scheme different from the one used in the
previous section. We assume that the axis of the waveguide
is oriented along the axis and the cross section is assumed
to be parallel to thex—y plane. The cross section has the
dimensions ofa and b along thex axis and they axis, re-
spectively. According to Al-Awfi and Babikéi7], the electric
fields for the TE mode is

E(F.t)= \/ 2hw(Q)

Alegq[ Kr2n+ Kﬁ]fmn

- é)yKn sin( k,X)cog Kmy)]eXF[i{ng— o(Q)}t],
(37)

[@xkm COL kpX)SIN( kY )

and for TM modes, the electric fields are

E(F,t)= \/

X Sin( k) + €, kmKg SIN( K, X) COK Ky )

2%.c2
ALeow(Q)[ k24 + k2]

[BxknKy CO KpX)

case where the dipole is parallel to the plates, the emission

rate for 1<2L/\<2 is given by[6]

3\ 2

a0 (32

rlzro( sinZ(“Tz),

e

=Lof(2).

Clearly f, is positive and hence the conclusion from E2p)

that dipolar force with fluctuations is always smaller than the

dipolar force without fluctuations. The corresponding Rabi
frequency( is

z
)=Qog|(2)-

3 (33

A

i€t i) Sin(repX)Siniey )]

X exdi{kgz— w(Q)t}], (39
where
wz(Q):CZ{kS+ K2+ K2, kn=nmla, and
Km=mm/b. (39

A is the cross-sectional area of the guidejs its (large
length,fy,=f10=(1/2), andf,,,=1 form=1 andn=1. We
definel’, as the decay rate when the atomic dipole is parallel
to the z axis andI’;, the rate when the dipole is in the
direction. We assume that=b=L and 1<(\/L)<2. Since

If I is the intensity of the laser used to excite the mode, thna main aim of this paper is to examine the effects of phase

free-space Rabi frequency is

d
o 8T

=, 3
O hi\2eqC (

4)

fluctuations, these assumptions will not seriously restrict the
conclusions of this paper. Interchangexaindy will provide

the results when the dipole is in tlalirection. The simplic-

ity arises because of our assumption thatb=L. The re-
sults for various parameters are obtained from the work of

When the atomic dipole is perpendicular to the metal platesAl-Awfi and Babiker[7]. They are given as follows:
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© 030 v
1-\” 1 “Ll: T T " . T T T T T T T
e 4ppdy T ; 5] L Atomic-dipole parallel to the surfaces
P fy=(3/4)(NYL*) —1_)\2/2—2smz(q-rx/L)smz(q-ry/L) 2 o) Nogative etumiog ]
40 2
£ 020 -
and g
) 2 ot i
r, ¢ 3 N2| sir?(mx/L) =
FO_ J__( 7T)L2 1—\ /4L g 0.10 | T
£
co(mylL)siré(mx/L) A2 2 oost |
T i Tazl| WY 8
—A g 000 | ' 4
The Rabi frequencies for the dipole parallel to thaxis and 0 oz s o5 o8 i
parallel to they axis are given, respectively, By] position of the atom in units of L
QO N ) FIG. 1. Variations of the dissipative force on the atom over the
Q—zgﬁ\/? AL mx/L)sin(mylL) (42)  gap distance in units df, when the atom is situated between two
0 parallel plates. We assume that the atomic velocity is zero. The
and effect of phase fluctuations on the force is denoted by three values

of the parametep.

Q, A , . : L
—=g,= \/2<1——2> cog wy/L)sin(wx/L). (43) From the knowledge ol as a function of time, it is
Qo 2L possible to evaluate the time development of the dissipative
force or the potential energy using Eq23) and (22), re-
IV. TIME-DEPENDENT EFFECTS spectively. The results are obtained numerically and are dis-

) ) ) ) cussed in the following section for the two cavities.
In this section, we discuss the time-dependent effects as-

sociated with atomic motion in the confined geometries.
Equations(21)—(23) show that the force and the potential
acting on the atom depends on the atomic velocity. The de- A. Atom between two parallel plates
pendence arises through the tetrdefined by Eq(19). To
evaluate these changes, we use the equation of motion
determine the atomic velocity as a function of tifnasing
the relation

V. RESULTS AND DISCUSSION

We obtain quantitative results for the effect of fluctuations
th the atomic motion using Eq&2) and(23) and using the
results given in Sec. Il A for the case in which the atom is
situated between two parallel plates. The width between the

- planes is normalized to unity so thatl varies from 0 to 1.
d_V: 24T|Q[VO (44) We use the same values for the parameters as those used in

) o the work of Al-Awfi and Babikei 6,7]. The energy difference

2|0+ T+ 1)+ F+FCA between the ground state and the excited state of our two-

level atom is defined by the sodium line=5890A. We
where we have used the expression for the dissipative forc@ssume that the intensity of the laser radiation is givem by
which acts in the direction of laser propagation. The solution= 10" W m~2 and thad,,| = 2.6e &, (e is the electron charge
can be expressed as and a, is the Bohr radius Using Eq.(33), we getQ,
=8.56x 10° s *. The width between the parallel metal plates

t=a;Vo+aVi+agV, (45 s assumed to be 5000 A, which is smaller thafor reasons
h discussed in the work of Al-Awfi and Babik§6,7]. We use
where the value for[',=6.13x10"s™1. The detuning factor, de-
fined by Ag=w—wy, is selected to be\y=*6X 10T,
alzﬁzM_ L azzﬂzM_ L where the negative value implies the negative detuning. The
67Q5fg? [+ 2hQ5tg? [ f+B]) atom is subjected to a laser beam, which contains a phase-
fluctuating component. The component is defined in terms of
I'c, which is the bandwidtisee Eq.(7)]. The numerical
— 2.2 2 2 c
a3=| 20000+ ( f+5 Ao+ Tof(T+5) estimates are obtained in terms of a dimensionless parameter

B=(I'./Ty), which is the measure of the phase fluctuations
v M (46) of the laser beam.
2ﬁnggng’ In Fig. 1 we have shown the magnitude of the dissipative
force expressed in units df, when the dipole is oriented
and we have assumed that the laser excitation was initiated parallel to the plates. We define the force upjtin confor-
time t=0. mity with Al-Awfi and Babiker[6,7] according to
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FIG. 2. Variation of the potential energy of the atom over the FIG. 3. Variation of the dissipative force on the atom over the
gap distance in units dfi; when the atom is situated between two gap distance in units df, when the atom is situated between two
parallel plates. We assume that the atomic velocity is zero. Thearallel plates. We assume that the atomic velocity is zero. The
effect of the phase fluctuations on the potential energy is denoted bgffect of the phase fluctuations on the force is denoted by three
the three values of the paramejgr values of the parametes.

Fo=2/il(=2.33x10" % N. (47)  plates. The atom, therefore, is repelled away from the central

region and attracted by the plates. If positive detuning is
The force is along the direction of laser propagation. Frorrhpp”ed, the potentia| energy Changes its Sign and the repu|_
Fig. 1, we conclude that the force is at its maximum valuesjye potential at the center becomes attractive. The force,
when the atom is at the center of the gap. It reduces to zerowever, does not change in sign with the change in the sign
at the plates. The force near the center increases with thef the detuning. The force although zero at the center, in-
increase in the fluctuatiorise., asg increasep This resultis  creases and attains a sufficiently large value in the region
consistent with prEdiCtionS of E(ﬂ26) With the increase in in-between the center of the gap and the p|ates' Thus effec-
the fluctuations, the increase in the force is spread ovejfive channeling can be achieved with positive detuning when
greater area of the cross section of the waveguide. The flughe dipole is perpendicular to the plates. The fluctuations
tuations have virtually no effect on the atomic force at orreduce the binding potential when positive detuning is ap-
near the surface. In Fig. 2, we have shown the dependence Bﬁed.
the potential energy of the atom expressed in unitsd pf as In Figs. 5a) and §b) we have sketched the potential en-

a function of position within the gap, when the dipole is ergy across the width of the two metal plates, as the velocity
parallel to the plates. The unit of the potential enetdy

[6,7] is given by

20 . . - T
' IAtomic-di'pole perpéndicular to the surfaces
Negative detuning 1
O - -~

Uo=(1/24T ,=3.23x 10727, (48)

its of U,

n

The potential energy, as seen from Fig. 2, provides a bindings
potential for the atom, restricting the movement of the atom <
to the central region when negative detuning is applied. Theg
potential depth as well its width of the potential, decreases as
B increases. In summary, the phase fluctuations produce difS 40 |- 7
ferent effects on the atomic motion; the fluctuations increases, |
in the magnitude of the force but reduce in the binding. Both § 4,

20 - -

these factors can be tailored to achieve maximization of p=8
atomic channeling. & [B=

In Fig. 3 we have sketched the magnitude of the dissipa-g [ B =0 7
tive force when the atomic dipole is oriented normal to the g 0'0 e 0'6 . 0'8 . 1'0

plates. The force is zero at the center of the gap and attains . o
large value as the atom approaches the plates. The fluctua- Position of the atom in units of L

tions increase the force as the atom comes closer to the sur- FiG, 4. variation of the potential energy of the atom over the
face. Fluctuations have no effect on the force at the center. Igap distance in units df, when the atom is situated between two
Fig. 4, we have shown the variation in potential energyparallel plates. We assume that the atomic velocity is zero. The

across the gap when negative detuning is applied. The potesaffect of phase fluctuations on the potential energy is denoted by
tial energy is zero at the center and decreases towards thieree values of the parametgr
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FIG. 6. Variation of the atomic velocity with I'gt when the
atomic dipole is parallel to the surfaces for three val(@4,8 for
0.0 0.2 0.4 0.6 0.8 1.0

T T T
Atomic-dipole parallel to the surfaces

the phase-fluctuation parame@rThe atom is assumed to be on the
midpoint plane between the gap.

Negative detuning,

perpendicular to the plates are, however, pushed out from the
central region and are attracted by the surface. For a positive
detuning a reverse situation occurs. Dipoles parallel to the
plates are pushed away from the central region while dipoles
normal to the plates can be effectively channeled.

B. Atom in a rectangular waveguide

40 1-40 In this section we obtain numerical results for the motion

of an atom in a rectangular waveguide. Our focus is, as be-

-50 ! ! * ; 50 fore, on the effect of the phase fluctuations on the atomic
0.0 0.2 0.4 0.6 0.8 1.0 . )
motion. We use the same values for various parameters used
by Al-Awfi and Babiker[6,7]. The cross section in normal-

FIG. 5. Variation of the potential energy of the atom over the Z€d t0 unity so thak/L andy/L vary from O to 1. In Figs.
gap distance in units a,, for various values of the atomic velocity. 8 and 9, we have shown the dissipative force acting on the
The labels 1—6 stand for atomic velocitiés-0.0, 0.4, 0.8, 1.2, 1.6, atom when the dipole is directed along the axis of the wave-
and 2.0<10°ms™?, respectively. The fluctuation parametergs 9uide. In Fig. 8, we assume that the laser fluctuations are
=0 in (a) and B=8 in (b). zero, i.e.,8=0, while in Fig. 9, we assume that the fluctua-
tions are present and are given by the paramgteB. The

Potential energy of the atom in units of U,

Position of the atom in units of L

of the atom increases. The results are shown in Fig) 5

when fluctuation parametgg=0 and in Fig. §b) we show ooz
the results for8=8. Figures %a) and §b) show that as the 5
atomic velocity increases the binding potential becomesg
weaker. For both the cases, we expect that for the atomic3 oss
velocity in excess oV=2.0x10* m/s the potential energy
may be too shallow to bind the atom. Figures 6 and 7 show
the time variations of the atomic velocity and the atomic
force for three values of the fluctuation paramegerSince

the force increases with fluctuations, the atomic velocity is
greater for the larger values of the paramegerFigure 7
shows that the magnitude of the force decreases with time
and approaches zero asymptotically.

The two parallel plates under the action of a laser can actg oo L R
as an atomic separator between the atoms having the dipol®
moment directed parallel and perpendicular to the surfaces.
If negative detuning is used, the atoms with dipoles parallel F|G. 7. variation of the dissipative force on the atom witht
to the plates experience a force in the direction of the bearwhen the atomic dipole is parallel to the surfaces for three values
and as a consequence the atom can be effectively channelé&i4,8 for the phase-fluctuation paramej@rThe atom is assumed
through the central region of the gap. The atoms with dipoleo be on the midpoint plane between the gap.

0.05

pative force on the atom i

50 x10°

T
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FIG. 8. Variation of the dissipative force on the atom over the

cross section of a waveguide in unitsfe§ when the atom is situ- . Fl_G' 10. Variation of the poteptial energy of the atom expressed
ated within a rectangular waveguide. The atomic dipole is assume'l'js] anzgduo '(t);ll'enr ??eccr&sns sleacrtlor;o(fea Y\éaeve_?ﬁédzt\gsqe.z tdheoalléor.:
parallel to the axis of the waveguide. The phase-fluctuation param'- t withi gular waveguide. Ic dip '
eter B is assumed to be zero.

assumed parallel to the axis of the waveguide. The phase-
fluctuation parameteg is assumed to be zero.
figures clearly show that the force is large at the center of th@tom is within the waveguide than when the atom is in be-

waveguide and falls to zero at the surfaces. The comparisofiveen two parallel plates. When negative detuning is applied,

between Figs. 8 and 9 shows that the force increases as thige interaction between the atom and the radiation field pro-
fluctuations increase. This is consistent with the predictiongjuces a binding potential for the atom when the dipole is

of Eq. (26). The force at the center is about 3 times larger atarallel to the axis. As the fluctuations increase, the binding

B=8 than atg=0. While the force is relatively localized potential is weakened as seen from Figs. 10 and 11.
near the center of the guide whegh=0, the spread of the

When the dipole is normal to the surfaces the force and
force is broadened to a larger fraction of the cross sectiothe potential acting on the atom is different from the case
when g=8. Comparison between Figs. 1, 8, and 9 revealsyhen the atomic dipole is parallel to the axis. We discuss
that the maximum force on the atom is greater when thehese results briefly without displaying them in diagrams.
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FIG. 9. Variation of the dissipative force on the atom over the FIG. 11. Variation of the potential energy of the atom over the
cross section of a waveguide in unitse§ when the atom is situ-

cross section of a waveguide in unitsldf when the atom is situ-
ated within a rectangular waveguide. The atomic dipole is assumedted within a rectangular waveguide. The atomic dipole is assumed

parallel to the axis of the waveguide. The effect of phase fluctuaparallel to the axis of the waveguide. The effect of phase fluctua-
tions on the force is denoted by the paramgter8. tions on the energy is denoted by the paramgter8.
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FIG. 12. Variation of the potential energy of the atom with ~ FIG. 13. Variation of the atomic velocity as a function of’ot
atomic velocityV, when the atom is located on the axis of the when the atom is located on the axis of the waveguide. The atomic
waveguide for three valueg®,4,9 of the phase-fluctuation param- dipole is assumed parallel to the axis of the waveguide. The effect
eter 8. The atomic dipole is assumed to be parallel to axis of the®f Phase fluctuations is denoted by three val(®#,8 of the pa-
waveguide. rameterg.

The force on the atom at the center of the waveguide is zerdh€ role of the van der Waals to interaction on the conclu-
Itincreases as we approach #re 0 andy=1 planes. As the ~Sions of this paper. Along time ago, Zaremba and K]
fluctuations increase frofd=0 to 8=8, the force increases made an exhaustive study of the van der Waals mte_ractlon
near they=0 or y=1 planes by about a factor of 3. The betwe_en a metal surface and rare-gas atoms. The main result
force on the atom near plangs-0 andx=1 remains close of their ;tudy shows that ?he mterag:uon energy can be ex-
to zero. The potential energy is zero at the center of wavePr€Ssed in terms of a functional relatiem/(z— z,) wherez
guide and along the/=0.5 plane. It decreases to about is the.separauon of the atom from the metal surface@nsl
—35U, as we approach the=0 andy=1 planes. The po- the distance from the metal surface _of a .plane def_med as a
tential would push the atom away from the center and the'€férence plane.’Ais a constant, derived in a classic paper
atom is attracted towards the=0 andy=1 planes. The by L!fShItZ [13]. Zaremba and Kohfi12] have expressed the_
effect of fluctuations is to reduce the potential energy byPinding energy of the atom bound to the metal surface using
about 10%—15%. When positive detuning is applied the poth€ €xpression for the van der Waals interaction energy and
tential energy reverses its sign, and instead of a repulsivi® equilibrium position of the atom. The binding energy
potential it changes to a binding potential alogg-0.5  Va&ries for different metal surfaces. It attains the lowest value
plane. of 0.13 meV for a He atom bound to a Cs surfac_e. The value
In Fig. 12, we have displayed the variation of the potentialC'T€Sponds to the energy level of abeuB000U,, in terms
energy of the atom at the center of waveguide as a functioff e €nergy units used in this paper and defined in(&8).
of velocity when the atomic dipole is parallel to the axis of
the waveguide and when negative detuning is applied. As A
was the case of parallel plates, the depth of the potentia 030
energy well decreases as the velocity increases. The timy~°
variation of the atomic velocity is shown in Fig. 13 for three &

0.25

o
values of the fluctuation paramei@rAs expected the atomic £ 5, _
velocity increases with time and the increase is greater wherg
the value of the paramet@is larger. The force acting onthe g 0.15 .
atom decreases to a small value with time as can be seeg

o
a
o

from Fig. 14. At timet=0 the force acting on the atom is
greater for larger values @. The values are consistent with
the force evaluated and shown in Figs. 8 and 94er0 and
B=8, respectively. 000F . ' ' '
0 10 20 30 40 50 610 X105
VI. CONCLUDING REMARKS Tt

Dissipative f
o
[w]
a

So far, we have not included effects of van der Waals |G, 14. variation of the dissipative force on the atom in units
interaction on the atomic motion. When the laser field isof F; as a function of "ot when the atom is situated on the axis of
absent, the force between an atom and the surface is oftéRe waveguide. The atomic dipole is assumed parallel to the axis of
entirely due to the van der Waals interaction. In view of itsthe waveguide. The effect of phase fluctuations is denoted by three
intrinsic importance, we would like to make comments onvalues(0,4,9 of the parameteg.
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Neglecting the kinetic energy of the atom, the energy level obinding potential produced by the radiation field. A more
the atom induced by the laser field[isee Fig. T —160U, detailed study is required in order to make quantitative pre-
when the atomic dipole is parallel to the axis of the wave-dictions of lifetime and the associated atomic channeling.
guide. The laser-induced energy level is thus much higher

than the energy level of the atom bound to the surfd&g.

We would expect the atom bound to the central potential to ACKNOWLEDGMENTS
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