PHYSICAL REVIEW A 71, 052902(2005

Dynamical interaction effects on an electric dipole moving parallel to a flat solid surface
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The interaction experienced by a fast electric dipole moving parallel and close to a flat solid surface is
studied using the dielectric formalism. Analytical expressions for the force acting on the dipole, for random and
for particular orientations, are obtained. Several features related to the dynamical effects on the induced forces
are discussed, and numerical values are obtained for the different cases. The calculated energy loss of the
electric dipole provides useful estimations which could be of interest for small-angle scattering experiments
using polar molecules.

DOI: 10.1103/PhysRevA.71.052902 PACS nuntber34.50.Bw, 34.50.Dy, 79.20.Rf

I. INTRODUCTION lecular processes using scattering techniqdé€sll] as well

The interaction of fast atoms and molecules with solid@S in transmission experiments using microcapillafts.
surfaces is a subject of great interest for current studies ofN€S€ types of experiments may provide an adequate setup
many physical and chemical processes occurring when endior future studies with polarized atomic or molecular projec-
getic particles impinge on solid materidl], having direct tiles.
interest in terms of basic knowledge on particle-matter inter- The purpose of this work is to perform a detailed theoret-
action, as well as for the large number of current applicationdcal analysis of the interaction between a fast electric dipole
dealing with such interactionsee for instance Ref2] and  and a flat solid surface, illustrating with several calculations
references cited therginThe dominant interaction mecha- the effect of the dynamical forces acting during the interac-
nisms have been extensively studied by several authors fdion, which could lead to tilting and deflection effects as well
the case of pointlike charges and atomic i¢8s6]. But the  as energy loss of the dipole. We apply these results to esti-
case of polar molecules or even the simplest case of electriviate the energy losses expected in scattering experiments
dipoles has received quite limited attention. using polar molecules interacting at grazing incidence with

Recent studies on dipole-solid interactions have considsolid surfaces.
ered the case of electric dipoles moving within the bulk of a The paper is organized as follows. In the next section we
solid, using both the dielectric formulatidi@] and the den- introduce the dielectric formulation for the study of dipole-
sity functional approach8]. In addition, a recent study@]  surface interactions and apply it to the case of dipoles with
has shown that the interaction of a polar molecule with &rajectories parallel to the surface; we derive closed expres-
surface can be analyzed in a convenient way by consideringions for the longitudinal and transverse forces acting on the
the interaction of an electric dipole with its induced image,dipole for a general as well as for particular orientations of
indicating that important self-alignment effects are expectedhe dipole axis with respect to its velocity. In Sec. Il we
to occur. present and discuss the results of the calculations for differ-

Other relevant aspects of dipole-surface interactions, likent cases, and we provide values of the expected energy
a detailed study of dynamical effects in the induced forceslosses in grazing-incidence experiments. Finally, in Sec. IV
and the projectile energy dissipation produced by suchve summarize the main conclusions of this work. Atomic
forces, have not yet received an adequate theoretical treaits (a.u) will be used throughout this work, except where
ment. The case of electric dipoles interacting with a solidotherwise stated.
surface is a problem of considerable current interest that re-
quires.attention since jt could y?eld' usef.ul results for the Il. FEORMULATION OE THE DIPOLE-SUREACE
analysis of more complicated projectiles, like polar atoms or INTERACTION
molecules. In fact, the study of the interaction of polar mol-
ecules with the bulk of a solid target is limited by the low Let us consider a solid surface lying in thg plane, at
survival probability of such molecules when penetrating az=0, separating a medium locatedzat 0 from the vacuum
dense medium; in most cases, the molecule will break up oat z>0; a particle(named 1 with chargeQ; is moving
get ionized, and then the dipole term will be overshadowedhrough the vacuum along the direction with velocity v
by the emerging monopole components. parallel to and at a fixed distaneg from the surface.

On the other hand, there is a higher chance of molecular The dielectric formulation for the interaction of fast
survival in experiments of scattering on solid surfaces. Morecharged particles with solid surfaces is based in a linear re-
over, there is current interest in studies of atomic and mosponse of the target to the perturbation induced by the pro-
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FIG. 1. An electric dipole with dipole momerﬁi:Qa and ve-
locity v is moving along the direction at a distancg, from a plane
surface located at=0. The origin of coordinates is taken at the
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The electric field induced at the positidp,z) by the
chargeQ; located at(j;,z) is E),.=-V®!" and can be ob-
tained from Eq(1),

I
I Ak ) L
Ei(rlw)d(p’z):%f TE iky ko (p=pi) @ky(2+2) f(w)|w:kxv-
P A\- P
3

The forcelfij acting on the charg@); situated ai(p;,z) due
to Q; is Fj;(p; *Zj):QjE§:1L(5J ,Zj), which yields the following
expression:

iKy
- QQ *e d2k . ik (R 47
Fi= ZWI ~ Tpe _Ikli/ Ko (PP @ Ky(2+2) f(w)|w=kxv'
P

(4)

The total force acting on the chargg will be Izij+|5jj,

Wherelzl-j is the self-force induced by the char@eon itself.
Then, the total force acting on the dipole will be

- 2 2 -
F=> > Fij- 5
j=1 i=1

point O, which moves along the surface isotachically with the The components of this total force have the following ex-

dipole.

jectile and has been described elsewh@see, for instance,
[13,14 and references contained thepeinwithin this
scheme the induced potential at the coordinatet,y,z)
=(p,2), due to the charg€), at the positionr;=(x;,Y;,2;)
=(p1,2;), may be written as

1), > Q M dzkg iK (p—p1) oK (z+271)
(I)ind(PvZ) :_ZT K efPmPrg e g(w)‘aﬁkxv'

p

1

where IZP:(kX,ky) represents a bidimensional wave vector

parallel to the solid surface, and=K-v=kw. The surface
response functiog(w) is

ew)-1
ew)+1’

fw) = 2
where e(w) is the dielectric function of the solid, which de-
pends on the frequency corresponding to the electronic
excitations that it can sustain.

In order to model the interaction between a fast dipole and

a solid surface we consider two charges, of magnitu@es

=-Q and Q,=Q, respectively, moving both with the same

velocity v in the x direction parallel to the surface. This
configuration is shown schematically in Fig. 1, the position
of the charges that form the dipole being=(p;,z)

=(Xg,Y0,2Z0) and in(ﬁz,zz):(x0+Ax,y0+Ay,zO+Az). Thus,
the dipole vector isl=(Ax,Ay,Az) and the dipole moment is

p=Qd=(QAx,QAy,QA2).

S

pression:
FX +oo X
Q2 (" dXk,| . )
Frl==or ] Tl K oK) d@lluser (©)
F, P _kp
where
g(k,) = [26™22 codk, - Ap) - € A7 - 1]e ks, (7)

with Ap=p,—p;=(AX,Ay).

In order to obtain the dipolar limit, we make a Taylor
expansion in Eq(7) retaining terms up to second order,
which gives

9(k,) = = [(K, - Ap)* + (k,A2)*]e 22, )
which is valid for|d| <z,

Inserting Eq.(8) into Eq. (6) we obtain the dipolar ap-
proximation for the total force acting on the dipole,

Fy ik,
1 (™ dk R

Fy :—f =2 ik, |[(K,-p)?
2m)_.. k, P

F, —kp

+ (k,p) 220 £(0)] - ()
Now we separate the surface response funcfi@ into

a real part£’ and an imaginary pag’,
fo)=¢& () +if'(w). (10

Taking into account the even or odd charactewirof the
functions appearing in Eq9), the components of the total
force acting on the dipole can be rewritten as
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F - &' (w)k, ey L e

Fy :——f g(w)ky |[(K,-p)? k, 7 k,

F ek, ()= J dk| | ‘ZZok £ e
+ (kP2 €720y . (11) < Ko < K,

—220k kie_zzok/’ k e—2zokp
Note the dissipative character of tiig and F, forces Y
because of their dependence on the imaginary part of the (14
surface response functioff, whereask, is a conservative  These integrals can be analytically evaluated, obtaining
force (image force for the dipo)ebecause it is related to the
real part of the surface response functign

L
After some algebra, Eq(1ll) can be conveniently ex- 2Ko(22o[Ky)) 2 K1(2zo[k)) 0
pressed in matrix form as Ik
(1) = 0 0 ZZKl(zzo|kx|> ,
Fe\ e [PETR 2
F =t J dkAl p2+p? |, (12) 2l Ka@zlk)  *Ky(2zolk() 0
27) ., Yy 2
I:z 2pxpy (15)
~ . where K, (---) denotes the modified Bessel function of the
whereA is the (3 3) matrix second kind anath order[15].
Inserting in Eq.(13) the elementd;; from Eq. (15 and
neoNL3 "kl PRV usingk,=w/v, the total force acting on the dipole, E4.2),
~ g,,(w)kglll € (,w) w12 f:/(w)kxhs is WITHEN as
A=| &Kl ) Okl | (13 L
Elyn €@l &kl )1 | TP
Fy :__f —A py+pz ’ (16)
F o U,
and the element; (i,j=1,2,3 are integrals in thé, vari- z PPy
able, given by with
|
NG 0} 1, o)
2¢ (w)_Ko<220_> —-f(w)Kl(Zzo—) 0
v v/ 7 v
~ 2 1
A= <9> 0 0 —g"(w)K1<2z09> . 17)
v Z v
N 0} 1, o)
2¢ (w)—K1<220—> —¢ (w)Kz(Zzo—) 0
v v/ 7 v

Equations(16) and (17) describe the force felt by a dipole the projection of the dipole into they plane. Thus, the Car-
moving with velocityv at a distanceg, parallel to a solid tesian components of the dipole moment are
surface, for any orientation of the dipole.
In what follows we will analyze the total force acting on p, = psin 6 cose,
the dipole for three particular orientations, defined by the
relative orientation between the dipole momgnand the ) )
coordinate axis(A) plX, i.e., the dipole moment is parallel py=psinédsing,
to its velocity(along thex direction), (B) plly, i.e., the dipole
moment is perpendicular to its velocity and parallel to the
surface, andC) pliz i.e., the dipole moment is perpendicular
to both its velocity and the surface. In what follows we analyze separately each one of the
To describe the dipole orientation we use spherical coorabove-mentioned cases, indicating the values of the amgles
dinatest and ¢, where@ is the angle between the dipole and and ¢ specifying the dipole orientation, the dipole moment
thez direction andg is the angle between thedirection and P, and the corresponding force derived from Etp).

p,=p cosé. (18
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A. Parallel orientation pJ|x

The parameters of the dipole in this case érer/2, ¢
=0, andp=(p,0,0); therefore

w
6’(w)Ko(220—)
P 20?2 ([ dofw)? v
]
F o 0 v 1% ©
’ f’(w)Kl(ZZo;)
(19
B. Transverse orientation p||y
In this cased==/2, p=/2, p=(0,p,0), and
w
F é”(w)K1<ZZo;>
X 2 (oo 2
o J d_w(e) 0
7TZO 0 U U
F, ) w
3 (w)K2<ZZo;>
(20)
C. Perpendicular orientation p||z
Here =0, p=(0,0,p), and
F
X p2J<+Dc dw(w)z
Fy|=—-— —| =
FZ m™Jo U v
NG ) 1, ®
2¢ (w)_Ko<220_> + —S(w)Kl(Zzo—)
v v Z v
X 0
N 0 1, w
2¢ (w)—K1<220—> +—¢ (w)Kz(Zzo—)
v v Z v
(21)

We can see that the force in case C is related to the forc

in cases A and B through

Fy Fy Fy
Fy =|Fy +| Fy (22)
I:z case C l:z case A l:z case B

D. Angular average
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where(: - -) denotes the average over the angular variables.
Using Eq.(18) to calculate the angular integrations in the
previous equation we obtain

(PZ+p3) 2 1
(Pe+p) | = ks (24
(2pypy) 0

Inserting Eq.(24) into Eqg. (23) and using Eq(17), we
obtain the following expression for the angular average of
the force acting on the dipole:

- 2p? (" do w)?
oz ()
T 0 v

U
25"<w)§+<o<220

< le

1 w
) + Z—Of’(w)Kl(Zzo;)
0

R
205 w)Ka| 2207

X

w w
25'(w);K1 22
(25

This result shows a simple relation with casgp@rpen-
dicular orientation given by Eq.(21). Explicitly,

- 2=
(F)= EFcase C (26)
An alternative and also useful expression is
»_p_2 e 2k 7 g(w)—-1
<F>—3Trfd K,(iK,, — K )k, —s(w)+1 . (27

In the next section we will evaluate numerically these
integrals for metal surfaces, represented by the simple Drude
model

2

(w)=1-—20

, 28
o +17) (28)

égherewp and vy are the plasmon frequency and the damping

rate characterizing each metal.

I1l. CALCULATIONS
A. Induced dipole forces

In what follows we apply the previous formulation to
study the interaction of electric dipoles moving parallel to a
solid surface at a fixed distance, for several relative orienta-
tions which are worth discussing. We will consider the fol-

The case of random orientation of the dipole is of mUChIowing metallic solids: Al, Cu, Ag, and Au, which are char-

interest in connection with possible experiments using beamsg
of randomly oriented molecules. For this situation, we shal

consider the angular average of Efj6), namely

. (% +p2)
> 1 w~ 5 o
<F>=——f AP+ Py | (23
n 0 U
(2pspy)

cterized by the parametang andy; for brevity, we will use

lthe surface-plasmon frequeney=wy/ 2. The characteristic
values of the metals to be discussed in this work appear in
Table 1. In all the cases that follow we consider a dipole with
p=3 a.u., which is a typical value for permanent dipole mo-
ments of polar molecules, as can be seen from the data col-
lected in Table II.
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TABLE |. Values of the parameters characterizing the surface  TABLE Il. Permanent dipole moments of some molecules.

response of the metals discussed in the text.

Molecule p (a.u)

Metal ws (a.u) v (a.u)
B H,0 0.73
Al 0.40 0.037 LiH 2.29
Cu 0.75 1.2 LiF 2.63
Ag 1.30 2.8 KCl 3.12
Au 1.41 2.5 NaCl 3.31
KF 3.35
CsCl 3.89

Let us discuss first the case of an aluminum surface, be-
cause this target is very well describéaktter than Cu, Au,
or Ag) by a single plasma resonance, i.e., it behaves as a
typical Drude model. dipole velocity. Howevelr, has a more complicated behav-

In Figs. 2 and 3 we show the velocity dependence of theor; although in most casek, is negative(i.e., there is an
force experienced by a dipole moving parallet a fixed attractive force toward the surface, which can be considered
distancezy=5 a.u) to an aluminum surface. The two panels the “normal” behavior, when the dipole is parallel to the
in Fig. 2 depict the behavior of the stopping and the lateralvelocity (case A, F, becomes positivdi.e., the dipole is
forces(F, andF,, respectivelyF, being zerg acting on the  repelled from the surfagefor v=1 a.u., as clearly seen in
dipole for the three cases A, B, and C, discussed in the pre~ig. 2(b).
vious section. Figure 3 shows the behavior of the force com- Figure 4 shows the behavior of the fordgsandF, acting
ponentsF,,F,,F, acting on the dipole when itliesinthey ~ on the dipole, as a function of its velocity, for several
plane with =7/2 and ¢=m/4; in this caseF,#0. It is  distances between the dipole and the surfage4, 5, and
worth noticing that Figs. 2 and 3 show tHat<0 in all the 6 a.u. We only consider the case A, where the dipole moment
cases, which means a true stopping force, i.e., opposite to thieis parallel to its velocity(plIX).

0 ==
\ e = = mLmL TR
v P ORCEEC L
-0.025 " ST T e
Y B . -
—0. 05 b - - -
§ -0.075
o A
= -0.1
1
-0.125 : -
0.5} : G/ @)
-0.175 .
0 2 4 6 8 10 FIG. 2. (a) Stopping forceF, and (b) lateral
v (a.u.) forceF, as a function of the dipole velocity, for
the cases A, B, and C described in the text, with
Z,=5 a.u. andp=3 a.u. The solid surface is Al.
T asaarep s For these three cas€§=0.
A -7 B
N
)
N
L
0.3 (b)
-0.35 .
0 2 4 6 8 10
v (a.u.)
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~0.125 |
. iFg
-0.15 } %

FIG. 3. (F4,Fy,F, components of the force
as function of the dipole velocity, when the
dipole is in the planexy with 6==/2 and ¢
=ml4. The distance igy=5 a.u. and the dipole
moment isp=3 a.u. The solid surface is Al. Un-
like Fig. 2, nowF, #0.

0 2 . 6 8
vV (a.u.)
Figure 5 shows(a) the stopping force~,, and (b) the

attraction forceF,, as a function of the velocity, for the
case A, and for different solid surfacésl, Cu, Ag, and Au.

10

they drop to zero in the static situati¢m=0), as can be seen
in Figs. 2a), 3, 4a), and %a). These forces are due to the
delay in the response of the surface, which gives rise to a lag

The distance igy=5 a.u.. The magnitudes and shapes of theof the induced charge in the materighe dynamical “image
curves that represent these forces are related to the differeginarge’) relative to the instantaneous position of the dipole.

dielectric properties of each mediaee for instance Ref.
[14]. These results are analyzed in the following.

On the other handF, has a well-defined static limitsee
Figs. 2b), 3, 4b), and %b)], which may be deduced from

The forcesF, andF, have an intrinsic dynamical charac- the classical interaction energy(r) between two dipoleg

ter (related to the dynamical response of the mediumnce

andp’ separated by a distance

FIG. 4. (a) Stopping forceF, and (b) attrac-
tive force F, as a function of the dipole velocity
v, for the case Aparallel dipole orientationwith

p=3 a.u. andz=4, 5, and 6 a.u. The solid sur-
face is Al.

0 \ esetat bl
\ .__:._--'_"—'
\ RO
-0.05 | |y~ 6.7 -
v 4
1\ /’
Y4
-0.1}f | ,
_~ \ 4
ol .-
= 5
5-0.15
>
L -0.2
Zo=4[a.u.]
-0.25
@
-0.3
0
-0.1
o
e~
>
2 0.2
N
T
-0.3
-0.4
0 2 4 6 8
v (a.u.)
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FIG. 5. (a) Stopping forceF, and (b) attrac-
tive force F, as a function of the dipole velocity
v, for the case Aparallel dipole orientationand
for different solid surfaces: Al, Cu, Ag, and Au.
The distance ig;=5 a.u. and the dipole moment
0 is p=3 a.u.
g -0.05
>
e
g -0.1
-0.15 ¢

0 2 4 6 8 10
v (a.u.)

., IR | These different behaviors &, Fy, andF, can be under-
U =[p-p'-3(p-N(p 'r)]r_:al (290 stood if we have in mind their origin, E411), which shows
thatF, andF, are related to the dissipative part of the surface

H 1" i _
which corresponds to a dipole-dipole type interaction, be! €sPONse functiorg’(w), whereas=, is related to the conser

tween the real dipol@ and a fictitious “image dipolep’ = vati\{e par?,f’(_w). .
—p located at thep pgsitioa:—zo (the mirro? ima%éz 'Ehis Finally in Fig. 6 we have studied the angular dependence

limit also explains the identical static values for cases A and? the forces acting on the dipole according to Ed$) and

B observed in Fig. @), which is independent of the surface (-0 The dependence of the intensity of the forces with
nature[see Fig. )], and the greater valués magnitude (8, ¢) can be conveniently shown by means of a polar graph,

. . as illustrated in Fig. @). In Fig. 6b) we show the stopping
obt:iuned for case C. In fact, calculating the forée ¢,n0 |F,] and we observe that it has a maximum when the
==VU(r) for parallel dipole-surface orientatidstatic cases dipole is oriented along the axis (perpendicular to the sur-
A and B), we obtainF,=-3p?/(2z,)*, whereas for the per- face, case C#=0), and has a minimum when the dipole is
pendicular orientationcase G, we getF, =—6p?/(2z,)*.  oriented along thg axis (parallel to the surface but perpen-
These values exactly agree with the limits found in Figs. 2—Hicular to its velocity, case Bf==/2 and ¢==/2). The
for the forceF, whenv—0, and also explain the identical lateral force|F,| is depicted in Fig. &), where we observe
values obtained for the four metals in Fighh that if the dipole lies in thezor in theyzplane the forcé;Fy|

An additional feature of interest here is the presence of @& always null, and grows when separating from these planes.
dip in the F, values wherv <1 a.u. for narrow-resonance In particular, the highest values are obtained when the dipole
materials like Al. It may be noted that the same effect apis on thexy plane, with ¢==/4, 3w/4, 5x/4, or Twl4.
pears in the simplest case of a pointlike charge moving parFinally, Fig. §d) shows the values of the perpendicular force
allel to a solid surfacg14]. But this effect disappears for |F,, which represents the attraction toward the surfacte
materials with wider plasma resonandgige Cu, Ag, and thatF,<O0 in this case, Fig. ®)]. We find that|F, has a
Au) as may be seen in Fig(§ and has also been discussed maximum when the dipole is parallel to tlzeaxis (case C,
in Ref.[14]. #=0) and it has a minimum when the dipole is oriented
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These stopping forces are shown in Fig. 7 for aluminum
and gold surfaces, as a function of the projectile velocity, for
a unit charge(proton Q=1 and for a dipole with parallel
orientation (case A assuming a dipole momeni=3 a.u.
Figure 7a) depicts the case when the dipole is oriented par-
allel to the velocity(case A, whereas Fig. (b) corresponds
to the case of random orientation. We observe from these
figures that the maxima of the curves that represent the stop-
ping force corresponding to dipoles are displaced to lower
velocities than the analogous curves for pointlike charges,
and also that the magnitudes of the stopping force for the
former are reduced te£50% the values for the latter.

A useful approximation that serves to illustrate this com-
parison in simple terms is obtained by using the “plasma-
pole approximation” for the imaginary part of the surface-
response function, namely,

s(w) - 1} T

o(0)+ 1 = Ewsé(w - wg), (33)

(o) = Im{

which corresponds to the conditioff ws— 0, i.e., a harrow

plasma resonance. In this case, the stopping forces derived
FIG. 6. (Color onling (a) Polar graph fotF,|, (u=x,y,2). Fora  Tom Egs.(30)+32), may be written as follows:

pair of values(6, ¢) the radial distance from the origi® to the [ (point charge — _ (QZ/ZS)fO(u) (34)

surface represented by the mesh is givenFyy. (b) Stopping force X '

(© (@

IFy, (c) |Fyl, and(d) |F,|. The solid surface is Au, the velocity is (case A — _ 2/ 4
v=2 a.u., the distance i%=>5 a.u., and the dipole moment 5 Fx ==~ (PTz)faW), (39
=3 a.u.
(F == (P71 falu), (36)

along thex axis (case A, 8=m/2 and ¢=0). This angular whereu=v/(zyws and
dependence may be qualitatively explained by the simplified _ 2
picture of the interaction between the real dipole and its im- folu) = Ko(2Z)/u, (37
age behind the surface. F4(U) = Ko(2/u)/u?, (39)

B. Comparison with pointlike charges falU) = [Ko(2/U) + Ko(2/u)]/3u’. (39

As a final discussion, we will now compare the magnitudeNote that the identity Ko(x)+(1/x)K4(x)=(1/2)[Kq(X)
of the induced stopping force acting on a dipole with the+Ky(x)] has been used in order to obtain the last expression.
corresponding one for the reference case of a pointlike'he behavior of these functions is illustrated in Fig. 8. It can
chargeQ. For illustration purposes we will discuss two ori- be checked that these functions yield a very good approxi-
entations of the dipole: parallétase A and random. Equa- mation to the stopping force values for the case of Al shown
tions (19) and(25) give the stopping forc&, acting on the previously in Figs. 7@ and 1b). Taking into account that the
dipole in the above-mentioned cases. Although the stoppingnaximum values of these functions aréy(u)|ma=0.120,
force acting on a pointlike charge is well known, for clarity fa(U)|a=0.184, and f,(U)|ma=0.164, we obtain the fol-
in further discussions we show here the explicit forms oflowing approximations for the maximum stopping forces

these expressions: corresponding to pointlike charges and to aligned and ran-
_ 202 [** dov ° dom dipoles, respectively:Ff(p"'nt chargd =0.120Q%2),
Fg(pomt charge — _ 7J 7;5”(w)K0<ZZO;> , (30) F)((CEiSe A|maxgo-184p2/2?))a <Fx>|maXE 0164p2/28)
0

The maximum values of these forces are shown in Fig. 9
as a function of the distancg, for dipoles withp=1 and
F(case A _ 20 [ dof 0\, » 3 a.u., as well as for a proton. Note that crossing between the

X R o \y £'(w)Ko 220; ICHY dipole and the pointlike charge maximum forces occurs at

mdo v =1 a.u. forp=1 andzy= 3.5 a.u. forp=3, which approxi-
5 i ) mately determine the shortest distances where the model is
(F)=- 2p° d_“’(ﬂ) 5”((0)[29K0(2209) applicable. It should be noted that for distances smaller than
37 Jg v v v ~2 a.u. one should consider corrections to the dielectric re-
sponse function arising from spatial dispersion eff¢&6.
+ —Kl(ZZOQ)} (32) Extrapola_ting the previous discussions for an electric di-
v pole projectile to the case of polar molecules we conclude
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IV. SUMMARY AND CONCLUSIONS

that the stopping forces acting on the latter are of similar

magnitude to those for pointlike charges. Hence, the experi-
mental determination of the energy losses of polar molecules The interaction between a fast electric dipole and a solid

interacting with solid surfaces should be accessible undesurface was studied using the dielectric formulation for the
similar conditions of energy resolution currently used in en-case of fixed dipole-surface distance. General expressions for
the longitudinal and transverse forces were derived for arbi-

ergy loss experiments with simple atomic ions.

0.2
PN
4 Y
1o
0.15 !5 N
H v
B i B fo FIG. 8. Functionsfo(u), f(W), and fou),
- i given by Egs.(37)—39), corresponding to the
« 0.1 : AR 1 . .
w— " - stopping forces for pointlike charges and to
=) t fa aligned (case A and random dipoles, respec-
: '\ tively, in terms of the adimensional scaling vari-
0.05 K N ] ableu, defined asi=v/(zyws).
¢ S
: fav T~ o
¢ e e T
; e
0 . X - -7
1 2 3 4
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sy point charge
10t | - - - dipole case A
—— dipole random

g 10% FIG. 9. Maximum values of the stopping
% 102 forces F;pomt .charga]maxy F;case A|max, _anpl
~ (FYlmax described in the text, for pointlike
¥ 10} charges(dotted ling, aligned dipoles(dashed
g .| lines, and random dipole orientatior{solid
L lines). The calculated values for dipoles corre-

107t ¢t spond top=1 a.u. and 3 a.u., as indicated in the

102 | figure.

1073 ¢

0 2 ' 6 8 10

Zo (a.u.)

trary orientation of the dipole, and also particular expressions In addition, the general formulation and particular results
for the cases of parallel, transverse, and random orientatiorabtained here could be of interest for future studies in the
of the dipole were given. From these results, the stoppingrea of atomic collisions with solids and may serve as a
force on the dipole was derived for each of these cases. guide to design experiments to study various aspects of the
The behavior of the forces was illustrated through a set ofnteraction between polar molecules and solids surfaces. In a
calculations covering all the cases indicated before. The valmore general context, the present results may be useful also
ues of the force were computed for different distances to thé&n other fields of research, such as chemical physics and
surface and dipole velocities. catalysis studies.
Numerical estimations were obtained for the metallic sur-
faces Al, Cu, Ag, and Au. The cases of aligned and randomly
oriented dipole beams were considered, and the results were ACKNOWLEDGMENTS
compared with similar calculations for the case of a proton,
which is a typical pointlike charge. From these estimations This work was supported in part by Fundacion Séneca
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