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The interaction potential between a neutral molecule and a conducting surface is investigat-
ed through the study of the deflection of a beam of molecules by the conducting surface. The
ultrahigh-vacuum system gave a vacuum below 5x10 "Torr, where the scattering by the
residual gas is negligible in the deQection region of interest. An r 3 potential is predicted
from a model in which the permanent dipo1e of the molecule interacts with its image in the
surface of an ideal conductor. The measured deflection by the conducting surface does not
agree precisely in form with this predicted potential. When this small difference in form is
ignored, the observed interaction constants indicate that the model does, in fact, account for
the major part of the interaction. These observed constants are from 0.42 to 0.68 of the pre-
dicted values, There remain unevaluated corrections arising from the finite resistivity of
the conductor, and from a contribution by the fluctuation of the instantaneous dipole moment
of the molecule from its statistical average (i.e., the permanent dipole moment).

INTRODUCTION

The interaction with a conducting surface of a
molecule characterized by an electric dipole mo-
ment is studied in this experiment. A simple
classical picture for such a system is the dipole
and image-dipole model in which the surface is
assumed to be an ideal conductor.

A dipole 5 with coordinates (0, 0,R), in the
presence of a conducting wall occupying the nega-
tive z half-space, induces an image dipole P' at
(0, 0, -R); 5' is related to 0 by P,'=-P„, P„'=-P„
and P,' =P, . Thus, the interaction energy is

, (i+cos'8),

where cos8 =P,/P.
%hen a mo1,ecule in the rotational quantum state

(Z, M) is characterized by the dipole moment i3,
the interaction energy is

P' 4 2 J(4+1) —3M'
( )I & l6R' 3

'
3 (3~-l)(3~+3)

Since no selection of (&,M) states can be made
in the present experiment, we are concerned only
with the average interaction energy

V(R) = P (ZM~V(R)~ZM)=-
+

(3)

%e have ascribed a permanent dipole moment.
to a molecule. In fact, the instantaneous dipole
moment of a molecule fluctuates from its statis-
tical average, that is, the permanent dipole mo-
ment.

The interaction energy of an atom with an ideal
conductor is derived by Lennard-Jones' by con-
sidering the interaction of the instantaneous dipole
moment of the atom with its image. The same
treatment is applied to a rotating diatomic mole-
cule interacting with an ideal conductor. The
energy averaged over the rotational states of the
molecule is found2 to be

((+I Z (+)* + Z ( )) I(+)+ Z &(+IX ( )
I(,'& l. o

(4)

with the diatomic molecule at its ground state 1o,
and where r, is the coordinate of ith electron in the
center of mass coordinates of the molecule, and
the Z axis is along the internuclear line.

The interaction energies predicted by both models
can be written in the form, for convenience of
discussion, V(R) = -K/R', where K is referred to

as the interaction constant.
While the interaction constant by Lennard-Jones

model is difficult to evaluate without the wave func-
tion of the molecule, the upper limit derived from
this model is clearly the interaction constant by
the dipole and image-dipole model since the terms
inside the large square brackets in Eq. (4) are
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intrinsically positive.
In principle the difference between the observed

K and the classically predicted K gives a measure
of the effect of the second term in Eg. (4). In
fact, even the classically predicted E is imprecise
since the permanent dipole moment of the mole-
cule is not known for all the v, t states under ob-
servation in the present experiments. In addition,
other effects as described below modify the inter-
action energy.

Bardeen' and Mavroyannis' considered the finite
conductivity of the metal, and the derived inter-
action energies also have the inverse cube form.
The predicted interaction constants are smaller
than for the Lennard-Jones model. %e are unable
to evaluate the correction arising from the finite
resistivity of the conductor using either Bardeen's
or Mavroyannis's theory because of the complexity
of the conducting materials (stainless steel and
electroless nickel) used in the experiment.

Casimir and Polder' have studied the effect of
electromagnetic retardation on the interaction
potential between an atom and a conductor. %%en
the separation 8 is large compared with the wave-
length ~ associated with transition between the
ground state and the excited states of the atom,
the interaction potential is found to be an 8 ' po-
tential.

For a polar molecule rotating about an axis
perpendicular to the internuclear line and at a
distance from the surface that is small compared
to the wavelength associated with rotational fre-
quency, the retardation effect is not important.

For those molecules deflected into the angles of
deflection observed in the experiment, that is,
between 0.1 mrad and 2.8 mrad, the impact param-

eters of the molecules are typically between 800 A
and 350 A.

At 830'K, the temperature of the oven from
which the beam effuses, the most probable rota-
tional frequency for CsC1 is 2.8&10" sec ', and
the associated wavelength is 0.11 cm, which is
much larger than the distance between molecules
and the surface.

The molecular beam deflection method was first
used by Haskin and Kusch' to investigate the in-
teraction between an atom or a molecule with a
conducting surface. In that experiment, it is found
that K (CsC1 on gold) = 30 D' (1 D = 10 "esu) and
K (CsC1 on glass) =10 Dm. In this work K (CsC1 on
stainless steel) is in the range 5.3-6.3 D' and
K (CsC1 on Ni) in the range 3.8-4.6 D'. The dis-
crepancy seems to be improbably large even after
allowing for the "odd" properties of stainless
steel and electroless nickel. %e believe the pres-
ent result to be more reliable. In the previous
experiment, the intensity of the beam deflected
into some angle due to the interaction under study
was extrapolated from a large total intensity. The
larger part of this intensity at a typical deflection
angle, occurred through small angle scattering of
the beam by the residual gas in the apparatus. In.

the present work, the density of the residual gas
has been reduced by several orders of magnitude
and no significant scattering effects occur.

Recently, Lando and Slutsky' have investigated
the force between molecules and a conducting
surface through the study of the adsorption iso-
therm of the molecules on the surface. Their re-
sult indicates an interaction potential of an r '
form. The data of the present experiment are
inconsistent with such a potential.
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APPARATUS

The apparatus (Fig. 1) is housed in an ultrahigh-
vacuum system which consists of two separate
chambers, a source chamber and a main chamber.
All flanges of the system are sealed with copper
gaskets, so that the entire system may be baked.
The two chambers communicate only through a
tube 1.5-in. in diameter and 14-in. long with a
straight-through valve in the middle. The valve
remains closed during the pump down, and is
opened only when measurements are made.

Both chambers are pumped from atmospheric
pressure to 10 ' Torr, first by an aspirator pump
and then by sorption pumps. %hen the pressure
falls below 10 ' Torr, the ion pumps are turned on
and valves connecting the chambers and the rough-
ing manifold are closed off. Therefore, the rough-
ing process as well as the subsequent pumping
avoids oil contamination of the apparatus. The
main chamber is furnished with a Varian 500-1/sec
vacion and a 6-in. -diam titanium sublimation
pump. The source chamber is serviced by a 145-
1/sec vacion pump.

The system is baked to 200'C for 24 h. The
pressure of the main chamber falls below 1&10
Torr after 48 h. For conditions under which data
are taken (interchamber valve open, source oven
hot, detecting filament on, etc. ) the pressure in
the main chamber is normally below 5x10 "Torr.

In the earlier experiment, ' there was observable
scattering of the beam by residual gas in the
vacuum chamber. For the experiments reported
here with the background pressure below 5&10 "
Torr, the effect due to scattering by the residual
gas is insignificant in the deflection angles of
interest. If a knife edge is inserted close to the
surface under study, the scattering volume, and
thus the intensity due to scattering, is reduced. '
The measured intensities at all deflection angles
of interest are independent of the knife edge posi-
tion.

Neutral molecules are detected by a hot tungsten
wire, where, for example, cesium halides disso-
ciate and surface ionize. The ions are field ac-
celerated to the cathode of a Bendix magnetic
electron multiplier (model 3108). The pulses from
the secondary electron cascade are counted through
the conventional pulse counting techniques.

Pulse rates vary from 4x10' counts/sec at the
full beam intensity to as low as 0.4 counts/sec
for the deflected beam intensity.

While calculation indicates that 1.7x 10' par-
ticles/sec should arrive at the detector wire at
the full beam intensity region, the number pulses
counted is only about 4x10' particles/sec in that
region. Thus, only a very small fraction (approxi-

mately 2') of the particles incident on the wire
gives rise to observed pulses.

The poor efficiency can be explained by the small
probability that a pulse is generated in the elec-
tron multiplier by an incident ion. The kinetic
energy of a Cs' ion that hits the nichrome cathode
surface is 1500 eV. The chance of producing
secondary electrons by ions of such Low energy
is generally small. For example, the probability
of electron emission on a clean tungsten. surface
was found' to be 1.2% for a Cs' ion at 1500 eV,
and the adsorption of a monolayer of either 0, or
N, on the surface increases the efficiency by a
factor of 2 or 3. In spite of the low over-all de-
tection efficiency, we adopted the present method
of detection because it allows a virtually unlimited
time of observation for the very small currents
that are to be measured.

A low-noise detection system is required in the
measurement of the very small deflected beam
intensity. The presence of potassium within ordi-
nary tungsten wire causes large background noise.
However, Frazer et al. have developed a treat-
ment process for tungsten wire that reduces the
noise to an exceedingly low level. In this method,
a commercial tungsten wire is heated in W(CO),
vapor. When W(CO), strikes the hot wire, the
reaction W(CO), —W+ 6CO, takes place and tungsten
is deposited on the wire surfa, ce while CO gas is
released. %'e use this process to coat pure Vf

onto a 0.0013-cm Vf wire until its final diameter
is about 0.0022 cm. The total background noise
for a wire prepared in this way is normally 0.02-
0.07 counts/sec, which is small compared to the
smallest ion flux involved (0.4 counts/sec). The

background noise is measured with the beam
shutter closed and other conditions unchanged,
and its value subtracted from the total observed
intensity to give the deflected beam intensity.

Five cylindrical surfaces have been used in the
experiment. Three of the surfaces are 440 C
stainless, two 1-in. diam and one 4-in. diam. The
other two are eleetroless nickel cylinders 1-in. in
diameter. The composition of stainless 440 C is,
by weight, 1% C, 17/o Cr, trace amounts of Mo,
Mn, S, Si, and the rest is Fe (minimum 79%),
while the electroless nickel surface is a 0.002 in.
or 5000 -A thick coating of Ni with a '7-8 j~ P, by
weight, uniformly distributed. The resistivity
is 60 p, Q cm for either stainless steel 440 C or
electroless nickel.

The odd materials of the cylinders were chosen
because there were minimal technical difficulties
in the production of the smooth cylindrical sur-
faces. These surfaces, made by Speedring Corp. ,0
are polished to ~, wavelength (-250 A), as veri-
fied by multiple beam interferometry (performed
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by Testex, Inc. ). Thus, the root mean-square
deviation from an ideal cylindrical surface is
125 A, which is still significant compared to the
typical impact parameters (between 350 A and
800 A). The detailed topography of a surface is
extremely complicated; the irregularities vary in
height and width as well as shape. %'e have no

knowledge on the detailed topography of our sur-
faces and no workable model has been devised to
study the effect of the surface roughness. How-
ever, our data suggest that this is clearly not a
major effect. Four different locations on a 5-cm
radius stainless-steel surface yield essentially
the same beam profile.

METHOD

In the experi. ment a cylindrical surface partially
intercepts a. molecular beam emitted from a con-
ventional oven. The beam is defined by a very
narrow slit S„ofwidth 10 I(. (see Fig. 1). The
intensity distribution of the beam is measured as
a function of distance into the geometric shadow
of the surface, and this intensity distribution is
referred to as the beam profile.

Essential to an ideal experiment is the deter-
mination of'the coordinate S„ the position of that
portion of the beam that issues from or is defined
by an infinitesimal slit and is tangent to the cylin-
drical surface, in the absence of the interaction
under study. In the ideal case, a sharp discon-
tinuity in intensity from full intensity to zero would
occur at So In practice, the defining slit has a
finite width, in our case 10 p. . For a detector of
infinitesimal width, and in the absence of the in-
teraction, the intensity drops linearly from its
full value to zero in a distance of 10 p. , since the
cylindrical surface is midway between the defining
slit S, and the detector. It is not, of course, pos-
sible to eliminate the interaction. Hence, the
intensity will drop off before S„but will be greater
than that anticipated from a finite slit within the
geometrical shadow. These two effects are in-
herent in determining the beam profile near S,.

It is not possible to make all nominally parallel
elements (S„cylinder axis, detector) precisely
parallel. A significant effect of nonparallelism
would be equivalent to an increased width of Sl.

Finally, it is not possible to measure the actual
beam intensity with a detector of infinitesimal
area. Accordingly, a detector will measure the
integrated intensity over a finite width of the beam.

A typical measured intensity drop near S0 is
shown in Fig. 2. In practice, the position of zero
deflection ig taken to be that position at which the
intensity is one-half the full value. Essentially
this ignores the interaction under study. The

(5)

where S', S" are simply transient variables for
integration.

In our case, 2$'=22 p, and RA =14 p. Through
Eq. (5), it is found that for S between 0.005 and
0.14 cm, the difference between f'(S}and f(S}is
small [I'(S) is 4Q greater than l(S) for S =0.005
cm and there are trivial differences at greater
distances], and also found that the effect of the
interaction is to move S, into the geometric shad-
ow of the surface by less than 0,00013 cm from
the position it would be if the interaction is
"turned off." The discussion here is based on the

IiIO
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FIG. 2. Typical measured intensity drop showing the
determination of So.

beam profiles are measured with the detector at
the distances between 0.005 cm and 0.14 cm from
So ~

A detector of a width 28'= 22 p. is used to mea-
sure the beam intensity. The actual intensity dis-
tribution is a linear slope which drops from its
full value to zero in a distance RA in the absence
of interaction. The shape of the intensity distribu-
tion shown in Fig. 2 is best reproduced with the
value of RA being 14 p. . The actual fact is that
the number of particles deflected through a signif-
icant angle on the scale of these experiments is
extremely small and for the purpose of finding So
the midpoint between full intensity and zero in-
tensity (on scale of fo} is extremely good.

The theoretical beam intensity I(S ) as given in
Eq. (21) is calculated for an ideal experiment
(i.e. , 2W=O, and RA =0). I'(S), the integraied
intensity per unit width, is related to I (S) through
the following equation:
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TABLE I. Comparison between the theoretical beam
profiles calculated by the numerical method and by the
11-term expansion. Here, the case p=1.4x 10 23, t'0=5
cm is shown.

S(cm) (18'p) g
' (I/I ) b

0.0203
0.0398
0.0627
0.0832
0.1036

8.71x10 5

2.28x10 5

6.71x10 '
2.49x10 6

9.62 x 10

8.70x 10 S

2.29x10 5

6.77x10 ~

2.57x 10~
10.19x10 ~

+0.8%
+3.2%
+5.9%

Relative intensity calculated by the numerical meth-

b Relative intensity calculated by 11-term 8 expansion.
'~ = [(I/I, ), —(I/I, )j)/(I/I, ),.

interaction of the form -K/r ', where K is the
value determined in the subsequent experiment.

THEORETICAL BEAM PROFILE

Classical orbit theory is used to find the tra-
jectory of a particle that approaches the cylinder
of radius r, with an impact parameter a, and
subject to a potential of the form V = -K/R', where

8 is the distance between the particle and the sur-
face, and K is a constant. This trajectory depends
on the constant p K/E, where E is the kinetic
energy of the particle. In a plane at a distance
/, from the cylinder, the deflection 8 of the par-
ticle is given by

S = l, (2y —n),

where we have

dr
r[Z(r) J

«2

rm p 2
mr= + 1(r, +a)* (r, +a)(r-r, )'

where r is the distance of the particle from the
cylinder axis.

The minimum distance r of the orbit from the
cylinder axis is found from E(r ) =0. We write
r =r, +X, where ~ is the distance of closest
approach to the cylinder surface. Then we find

X ' (a - Z ) = ,' pr, -

—10%

r =5cm SURFACE0

&=3.1 0, T=850 K

((i(v)=1.9X10 cm )

30'K

S(cm)
( )

ro =1.25am SURFACE

0.08

FIG. 3. Effect of veloc-
ity distribution on a beam
profile is shown by com-
paring the ideal beam pro-
file I(P,S)/I& to the profile
I(8)/Io calculated by Eq.
(16).
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FIG. 4. Observed profiles of a CsCl beam deQected
by stainless-steel surfaces are compared to theix re-
spective least-squares adjusted theoretical profiles.

FIG. 5. Observed profiles of a CsF beam deflected by
stainless-steel surfaces are compared to their respective
least-squares adjusted theoretical profQes.
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to a very high degree of approximation, since w' e
know a, X «ro.

For the purpose of calculation A. is used as the
independent variable. It can be shown that Eq. (V)
has a real solution ~ only if the impact parameter
a is greater than a„where a, is given by

derived, end the first five terms are

x[I+1.192(5/& )~2.285(5/& )'

a, = ', (-,'—Pr,)'" (8)
+5.054(5/A. )'+12.02(5/A „) + ],

(11)
Particles with impact parameters less than a, are
captured by the surface and thus do not reach the
detector. The minimum value of ~ is given by

I

~mmin =&a}

The intensity per unit width, I, in the detector
plane relative to the full beam intensity per unit
w'idth, Io, is expressed by

(10)

where /} is the distance between the slit S, and
the surface, and l =/}+L,.

It is not possible to integrate the expression for
y,„directly in terms of elementary functions. An

expression for S in terms of an infinite series was

4.175(A, „—35)
VS + 8+„-,(n —1)S„ (12)

In practice, S is expanded to eleven terms. The
rate or convergence of this series is slow for
cases involving relatively small P and large S.
For example, we choose P =1.4&&10 "cm', r,
=5 cm and ~ =333 A, and lead to S =0.101 em by
the eleven-term expansion. In calculating this
S we find that 8.5% of its value is contributed by
terms 7-11. When we calculate I/I, at this S, we

where

5 =a —A. „=pro/2A.

Using this expansion, Eg. (10) can be expressed
by

IO

SURFACE = NiIt„ro = l.25 cm

CsCI BEAM

$ CsF BEAM

ro"- I. 25 crn

p~ 2.86 x ~O~~cm~

(LEAST-SQUARE FiT)

FIG. 7. Observed pro-
files of a CsCl M}d CsI
beam. The deflector is
the sllrface Nl II.

lO~ r~- t.25 cm

P = l.62 x )0 cm

(LEAST-SQUARE FIT)

iO~
0

I

0.04 O.I2cm
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0.3

0.2

0. 1

The change of the variable of integration, R
=r /r, in Eqs. (6}and (12) leads to

dR ' dR
2 [H(R)]1/2 (1 RR)1/2

where II(R) =R'I'(r /R).
As R approaches 1, H(R} 'I' approaches

(1-R') ' '. Consequently, Eq. (14) can be con-
veniently integrated by means of the Gauss-Mehler
quadrature formulaio

~1 N

f (x)(1 -x') 'I'dx = —g f (coso.„),
~J ] N „,

where

a„=(2v —1)a/2¹
For N even,

Z/2

S =21,—Q [G(R„)—1], (16)

-0. 1

with

I

0.04
1

P.08
I

O. ) 2cm

FIG. 8. Systematic deviation of a measured profile
F(S) from the least-squares adjusted theoretical profile
I(P S)/I p is demonstrated by the fractional deviation
function plotted against the deflection distance S. The
profiles of a CsF beam deflected by a stainless-steel
surface and two electroless nickel surfaces are selected
for illustration.

2K —1R„=cos

The same numerical method can be used to
evaluate I/I„since

I l l,
I, f/f, —dS/da

find that 32% is contributed by terms 7-11.
To check the accuracy of the beam profile calcu-

lated by the eleven-term expansion of S, the in-
tegration involved in Eq. (6) is performed numeri-
cally. The difference between y,„and &n is ex-
tremely small. In order to evaluate 8, y has
to be known precisely to many significant figures.
Alternatively, the following identity can be used
to express 2w so that the subtraction is performed
within the integrand. %'e use

n' dv

The accuracy of the numerical integrations is
checked by comparison with integrations using
larger numbers of steps, i.e., larger N in Eq.
(15). The calculated values of S a.nd I/I, remains
essentially stable when N increases from 10000
to 30000. With l(I=10000, we calculated I(S)/I,
for P =1.4~10 "cm' and t', = 5 cm, and the com-
parison with the eleven-term expansion result as
shown in Table I. One notices that at larger 8 the
integrated I/I, is lower than I/I, by the expansion

TABLE II. Observed values of P (in units of 10 2~ cms).

Stainless-steel surface Stainless-steel surface Ni & surface Ni u surface
{rp=5 cm) {rp =1.25 cm) (r p

=1.25 cm) (rp -—1.25 cm) Theoretical p
~

CsF

GsCl

P(CsF)
P {CsCl)

1.71+ 6%

3.22+ 8%

0.53

2.15+4%

3.94 + 3.7'

0.55

1.38+ 7.9%

2.39+ 6.3'
0.58

1.62 ~ 7.8V,

2.86+ 5.6'

0.57

3.12

0.54

P is calculated based on the classical dipole and image-dipole models.
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TABLE III. Observed values of E (in units of D =10 ~8 esu) ~

Stainless-steel surface Stainless-steel surface Ni & surface Ni && surface
(F0=5 cm) pro =1.25 cm) {ro=1.25 cm) {ro-—1.25 cm) Theoretical X '

CsCI

K (CsF)
E{CsC1)

2.81+ 7%

5.17+ 9%

0.55

3.53 + 5%

6.32+ 5%

0,56

2.27+ 9%

3.83+ 7%

0 ~ 59

2.66~ 9%

4.59+ 7%

0.58

5 ~ 16

0.56

X is calculated based on the-dipole and image-dipole models.

I(S)= l[P(~), S]f(&)d&.
0

With an instantaneous interaction approximation,
it was shown' that I(S) is very nearly I[P(P),$],
where P=1.2a, and P(P}=K/1 4kT We w. ill e. x-
amine here how well I[P(P} S] approximates the
actual profile. After the transformation X = (v/~}'
=K/kT p, E'l. (i9) is integrated by means of the
Gauss -Laguerre quadrature formula"

goo N

Xe r f(X)dX=QA, f(X,),
&o

(20)

where the values of A, and X, can be found in the
table in Ref. 11. Thus, we have

method. Later, we will show that the experimen-
tal beam profiles apparently deviate systematically
from the theoretical curves calculated by the ex-
pansion method. This deviation is increased if the
more accurate theoretical beam profiles are used.

We have, thus far, considered the beam profile
of a monoenergetic beam. For a beam of particles
of mass M effusing from an oven at a temperature
T, the velocity distribution of the particles in the
beam is described by

f(v)dv=2(v/a)'e '""' d(v/a), (is)

where a = (2kT/m P I' (k = Boltzmann's constant).
Thus, the observed beam profile is

I(S)=Q A I(K/I'TX, , S). (2i)

In practice, formulas with N= 12 are used and
the result agrees well with that by N =16. The
deviations of the monoenergetic beam profile
I(j'(P), S) from the profile of the full velocity dis-
tribution I(S) are demonstrated in Fig. 3 by plot-
ting [I(S)—l(P(P), $)]/I($) against S.

Theoretical beam profiles corrected for the
velocity distribution are used in analyzing data.

RESULTS

0 =P [I(PS,)/,I.— ( Y)$l'/, ', (22)

where Y(S,) is the observed intensity at the de-
flection distance S, , I(p, S,)/I, is the calculated
value, and o, is the standard deviation in Y(S,).

The deviation between observed and calculated

The measured beam profiles cannot be fitted
precisely with the theoretical profiles based on an
assumed inverse cube interaction potential. The
least-squares adjustment of the observed profile
to a theoretical profile is made, and in Figs. 4-7
the observed profiles are shown together with the
least-squares fitted theoretical profiles. With
the method of the least-squares adjustment used
here" the quantity being minimized is

TABLE IV. Experimental parameters p', p, or p" resuMng from the least-squares adjust-
ment of observed beam profiles to theoretical profiles based on an r 2, r 3, or r 4 potential,
respectively.

Csp on stainless steel
(F0=5 cm)

Csp on stainless steel
(&0 =1.25 cm)

Least-squares determined P'
[V' (t') =-K'/r p' —x'/E)

Least-squares determined p
[~0') =-K/&', p =~/E]

Least-squares determined P"
PJA' (~) ~ f(lv /y 4 PPl @II/E j

(2.41 x 10 8) + 12% cm2

(1.71x10 23) +4% cm3

(1.92 x 10-28) ~ 4% cm4

(3.82x10 '8) ~8% cm2

(2 ~ 15x10 2~) + 6% cm3

{1.89x10 28) + 9% cm4
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values are systematic and qualitatively the same
in all cases. In spite of this small deviation, the
least-squares-determined P does give a pretty
good representation of the phenomenon as de-
scribed in. elementary theory.

The functional deviation just stated is clearly
illustrated by the fraction of deviation as the func-
tion of the deflection distance S, that is,

(22)

where F(S) is the observed intensity and I(P, S)
is the calculated value with least-squares-deter-
mined P. This function is shown in Fig. 8 for three
cases. The deviation is qualitatively the same for
all cases, namely, the observed intensities at
large deflection distances are larger than the cal-
culated values, and the contour of the function

f (s) is U shaped.
When the systematic deviation is ignored, ap-

proximate values of P are derived through the
least-squares adjustment and listed in Table II.
The interaction constant K is calculated from P
by the relation K = (I 4kT)P an. d listed in Table III.
The term T, the evaporation temperature of the
beam, is 830'K for CsC1 and 850'K for CsF. Each
of these constants K is found to be a fraction (be-
tween 0.42 and 0.68) of the value predicted by the
dipole and image dipole model. The theoretical
values used in. Table III are the lower limit ex-
pected for a CsCl and CsF molecule interacting
with an ideal conducting surface. The low ex-
perimental values of the interaction constants may
indicate the imperfection of stainless steel and
electroless nickel as conductors. Because of the
complexity of these materials, we are not capable
of using the existing theories to calculate the in-
teraction constants for such surfaces.

In spite of the disagreement between the ob-
served and the calculated constants based on the
dipole and image-dipole model, it is interesting
to note that, for an identical surface, the observed
ratio of the interaction constant for CsF to that for
CsC1 agrees well with the ratio predicted by the
elementary model.

The observed beam profiles and therefore the
derived interaction constants are different for
two otherwise identical electroless nickel surfaces
for both CsCl and CsF beams by about I V%.

The measurements have been repeated five times
at each of four different locations on the 5-cm
radius stainless-steel surface (each is 90' arc
length from the next one). The interaction con-
stants for each location are least-squares deter-
mined, and found to be respectively 2.64, 2. '78,

2.94, and 2.91 in units of D' (shout a 10%| differ-
ence between the maximum and minimum values).

For an identical molecular beam, the observed

Y (S)- T- (S)

Y (S)

50 4/e—

20 /e-

i 0'Yo

-) 0'Yo—

-20'Yo-

0.04 o.oe
I

0.(Rcm

FIG. 9. Deviations of the least-squares fitted theoret-
ical profiles I(S)/Io based on an ~ 2, ~ ~, or r 4 poten-
tial from the observed beam profiles of Csp deflected
by a stainless-steel surface with 1.25-cm radius.

interaction constant is larger for a stainless-steel
surface than for either of the electroless nickel
surfaces. The discrepancy in interaction constants
between surfaces of two different materials is
more than between surfaces of the same material.

There is a discrepancy in interaction constants
derived from two stainless-steel surfaces of dif-
ferent radii and with either a CsF or CsC1 beam,
the observed interaction constant for a 1.25-cm ra-
dius surface being larger than for a 5-cm surface.

The observed beam profiles of a CsF beam de-
flected by stainless-steel surfaces of radii 5 cm
and 1.25 cm are also least-squares adjusted to a
theoretical profile based on an assumed potential
V'(&) = K'/R' -or V'(r) = K"/R'-, where 8 is the
separation between the particle and the surface;
K' and K are constants. In Table IV, the least-
squares-determined parameters P' and P" are
listed, with P' =K'/8 and P" =K"/E, where E is
the kinetic energy of the particle. The fractional
deviation function f (S) defined earlier is again
used to demonstrate how the observed profiles
compared with calculated profiles based on r ',
r ', or x ' potentials, and this function f (S) is
plotted in Fig. 9 for each of the three potentials.

We find that it is reasonable to prefer an r '
potential to an r ' potential, based on the following
observations. (i) As a function, the observed
beam profile deviates more from the theoretical
profile based on an r ' potential than from that
based on an r ' potential. (ii) In comparison with
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an r ' potential, the observed beam profiles in-
volving two surfaces of different radii (5 cm and
1.25 cm) give two P' with large discrepancies
{[P'(1.25 cm) —P'(5 cm)]/P'(5 cm) =58%j, whereas
[P(1.25 cm) —P(5 cm)]/P(5 cm) =26% when p is
associated with an r ' potential.

However, we find no mathematical reason to
prefer an r ' potential to an r ' potential. In fact,
the parameters derived from the beam profiles
of surfaces with 5-cm and 1.25-cm radii are in

better agreement if the assumed potential is r 4

than if the assumed potential is r '. {We have
[P(1.25 cm) —P(5 cm)]/P(5 cm) =26%, whereas
[P"(1.25 cm) —P"(5 cm)]/P (5 cm) is trivial. )
Nevertheless, we have accepted an r ' potential
instead of an r 4 potential solely on the grounds
that an r ' potential has a theoretical basis and
the observed interaction constants agree with pre-
dicted values, based on the simplest model, within
a factor of 2.
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