
AN ABSTRACT OF THE THESIS OF

Charles R. Taylor for the degree of Doctor of Philosophy

in Physics presented on June 3, 1987.

Title: The Use of a High-Rydberg Lithium Beam and a Fine

Mesh Target to Probe Atom-Surface Interactions

Abstract approved:

Redacted for Privacy

Carl A. Kocher

A new experimental technique for the study of

atom-surface interactions is obtained by passing an atomic

beam containing high-Rydberg states through a fine mesh

target. The technique is demonstrated to be a sensitive

probe of the electric fields of adsorbed dipole layers in

transmission experiments in which a time-dependent beam

reduction is attributable to field-ionization of the

high-Rydberg atoms.

A thermal-energy Li beam, excited by electron

impact to states with principal quantum numbers near

n = 35, is passed through a 2.1-pm-thick gold mesh with

8.45-pm square holes. The fraction of excited atoms

surviving passage through the target shows a decrease to a

minimum as a function of time, followed by a rise to a



final constant value. The rate of these changes is

unaffected by changes in the Li flux, is decreased by an

increase of the mesh temperature, and seems to be increased

with a higher residual gas pressure.

A model of the time dependence of the transmission

based on field-ionization of the high-Rydberg atoms in the

presence of dipole layers of adsorbed H 0 and LiOH (formed
2

in the reaction of H 0 and Li) agrees with the experimental
2

observations. A calculation of the rate of diffusion of Li

into Au shows that diffusion proceeds too rapidly to allow

observation of effects due to adsorbed Li.

The field-ionization of a beam of high-Rydberg atoms

is shown to be a more sensitive probe of the field of a

surface-dipole layer than the deflection of an ion beam in

the same experimental geometry. Surface-dipole-moment

density measurements with a sensitivity of 6 x 10-5 ea
0

C1.5 x 10-4 debye) per adsorption site are within reach by

extending the experiments to principal quantum number

n = 80. The new technique, with its insensitivity to

surface roughness, promises to advance understanding of

surface ionization and van der Weals forces as well as

provide measurements of adsorption rates, surface

densities, and dipole moments at sub-monolayer coverages.
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THE USE OF A HIGH-RYOBERG LITHIUM BEAM AND A FINE MESH

TARGET TO PROBE ATOM-SURFACE INTERACTIONS

CHAPTER 1 -- INTRODUCTION

The background for the present experiments is

presented in this chapter. After a brief description of

the new experimental technique, three related experiments

are reviewed. A discussion of the properties of

high-Rydberg atoms which motivate the present experiments

follows. The remainder of the chapter is a theoretical

introduction to the atom-surface interactions of importance

in this work.

1.1. A new technique for the study of atom-surface

interactions

In this paper a new experimental technique for the

study of atom-surface interactions is explored. The new

method depends upon the use of a beam of highly excited

atoms in conjunction with a target consisting of a fine

mesh. The high-Rydberg states of lithium CLi) are highly

excited states with principal quantum numbers near n = 35

and diameters on the order of 0.1 pm. The gold CALI) mesh
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target resembles a foil 2.1 pm thick, with 6.45-pm square

openings.

The excited atoms are more nearly comparable in size

with the holes and metal strands of the mesh than with the

atoms which make up the metal. When a high-Rydberg atom is

near the surface, it will be affected by the cumulative

fields of many surface atoms. Therefore, these experiments

are expected to probe averaged surface properties rather

than the properties of individual atoms. Previous

investigations of atom-surface interactions with atomic or

molecular beams
I have used ground-state atoms, primarily

He, and are very sensitive to atomic arrangements and

surface roughness.

When the beam passes through the mesh, each atom in

the beam is constrained to pass within a few microns of a

surface. Since the atom-surface interactions fall off

rapidly as functions of distance from the surface, this

technique is more likely to show large effects than

experiments in which a gross object is used as a target.

1.2. Related experiments

1.2.1. Fabre et al. transmission experiments.

Fabre, Gross, Raimond, and Haroche2 measured the

transmission of high-Rydberg sodium atoms through a mesh

similar to that used in the present experiments. They

observed transmission values less than the geometrical
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transmission Cthe open fraction of the mesh area). The

reduction was found to depend on the principal quantum

number n of the Rydberg atom, and is consistent with the

interpretation of the atoms as spheres of radius

R = 4.5 n
2
a
o
which are ionized if they overlap the metal

on passage through the slit. The Bohr radius is

a
o
= 5.29 x 10-9 cm. Their simple theoretical calculation

predicts R = 3.5 n
2
a
o

Csee, however, Sec. 1.4.1. below) .
n

The experiment was used to study the sizes of atoms in

Rydberg states, and not as a probe of atom-surface

interactions.

1.2.2. Shih et al. deflection of ground-state atoms

by metal cylinders. In four papers, Raskin and Kusch,3

Shih, Raskin, and Kusch,4 Shih,5 and Shih and Parsegian6

presented and analyzed the results of experiments in which

a thermal beam of cesium atoms was deflected by a large

Cl-in-diameter) Au cylinder. The experiments were

difficult because they used a single gross object as a

target. The authors were forced to constrain their beam

sharply in order to make it pass near the cylinder, thereby

sacrificing a large signal. With measurable deflection

occurring only for impact parameters less than 10-5 cm,

surface roughness could have been significant despite the

use of cylinders which were optically smooth Cwithin

2.5 x 1 0- 6
cm).

The interaction potential which best fits their data

was found to be U = -K/r3, with K = 7.3 debye2. The debye
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unit for dipole moment can be expressed in terms of the

atomic constants through the relation ea o
= 2.54 debye, so

the constant is K = 1.13 Cea
o
D2. This value is about 40 X,

smaller than theoretical predictions. Several theoretical

9
papers followed

7, 0, in which explanations for the

discrepancy were proposed, but a consensus does not seem to

have been reached. In particular, the effects of surface

roughness cannot be ruled out. Effects due to

contamination of the surface by the cesium beam do not seem

to have been considered.

1.2.3. Gerlach and Rhodin work function

measurements. Since the metal target of the present

experiments is exposed to Li from the atomic beam, it is

important to be aware of the effects that the alkali metal

may have on the properties of the target. Gerlach and

Rhodin
10 measured the work function change of single-

crystal nickel surfaces as a function of the coverage by

adsorbed alkali-metal atoms. They found that the work

function passes through a minimum at about 0.5 monolayer

coverage. They also analyzed the work function data to

derive the dipole moment per adsorbed atom. The results

are that the dipole moment decreases smoothly from a high

value (e.g. 3.2 debye = 1.3 ea
o
for Na on NiC11033 at low

coverage to about 1.0 debye = 0.4 eao at 1.0 monolayer

coverage.

1.2.4. Work function studies of H 0 on Au. Three
2

recent experimental studies
11,12,13 deal with the
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adsorption of H20 on Au. The results appear at first to be

contradictory, but may simply reflect the very different

circumstances under which the measurements were performed.

Heras and Albano
li measured the work function change

of a Au surface at 77 K upon adsorption of fixed doses of

H
2
O. They used a thin film of 99.999 :4 pure Au. At a H 0

molecule surface density of 5.2 x 10
le m 2

, they found a

work function reduction of 0.4 eV. The adsorption was

found to be reversible; when the sample was heated to 373 K

and cooled the work function was restored to the pure Au

value.

Bajpai et al.
12 used a Au wire of unspecified purity

for work function measurements at room temperature. The

sample was cleaned by electron bombardment, then exposed to

H
2
0 at 1.6 x 1 0- 7 Torr. After 3 minutes exposure, the work

function had increased by 0.68 eV. It then remained steady

through 15 minutes total exposure.

Wells and Fort
13 obtained a clean Au surface by

slicing a sample of 99.95 7: pure Au inside an ultra-high

vacuum system. They report work function measurements at

room temperature and above after exposure to H 0 at
2

10 Torr to 23.7 Torr., for many minutes. The work function

eventually decreases by 1.1 eV.

The conditions of the present work are most similar

to those of Bajpai et al. Heras and Albano did not report

work function values at room temperature. Also, the work

function had not yet reached a constant value at the



highest adsorbate density reported, 5.2 x 10-14 cm
2

. This

density is less than the surface number density of Au atoms

Csee Sec. 2.1.33. The disagreement in the direction of the

work function change remains as a disturbing discrepancy.

Wells and Font exposed their sample to much more H2O

than did the other two groups. Such high exposure does not

occur in the present experiments. There are indications

that Wells and Fort observed a process of chemisorption.

First, the work function change was more rapid at higher

temperatures. Second, the inferred adsorption rate was not

linear in the H2O density. And third, Wells and Fort had

to use temperatures in excess of 150 °C to desorb the H2O,

whereas less than 100 °C sufficed for Heras and Albano. It

is not surprising that the work function change should not

be the same for the two processes of chemisorption and

physisorption. The results of Bajpai et al. will be used

in Chapter 4.

1.3. High-Rydberg atoms

Previous work in this laboratory has focused on

171615, ,

time-of-flight studies,
14, deflection

measurements,
16 and principal quantum number distribution

studies
19 of collision processes using high-Rydberg Li

beams and gaseous targets. Many details about high-Rydberg

atoms not included here may be found in the theses of

Smith and Shepord16 or in the review article by Edelstein
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and Gallagher. 20

A high-Rydberg atom may be visualized as an electron

weakly bound to a singly charged ionic core. When the

electron wave function keeps the electron very far from the

core, the state is nearly hydrogenic. The properties of

hydrogenic wave functions can be calculated comparatively

easily and are well understood." In particular, the

average radius is of the order rn - n2a0. For a principal

quantum number n = 35, this implies a radius r - 0.06 pm.
n

It is the large size of high-Rydberg atoms which offers the

promise of less sensitivity to surface roughness than

existing techniques.

Electron impact excitation is used to produce the

high-Rydberg states. Earlier work in this laboratory has

shown that the beam produced by electron impact excitation

consists predominantly of high -L. states." The initial

electron impact probably produces a state with low e.. It

is thought that subsequent collisions with electrons or

neutral atoms can change e. with no restriction to AL = ±1.

High -i. states are more likely to result since there are

more of them available.

The radiative lifetime of a high-Rydberg state varies

as n
3 for a fixed low value of e, and as n

s for states with

E = n - 1 Cthe maximum value of E3. When a statistical

average is taken over all e, the result" varies

approximately as n4'5. Most of the atoms in states with

n :::-. 20 or higher survive long enough C- 3 x 10-4 s) to



remain excited in the atomic beam until they reach the

detector.

High-Rydberg states are field-ionized by electric

fields on the order of

E
E = .

n4

Following Shepard, a value of E
o
= 6.4 x /0

s U/cm is

8

C1-1.3

adopted for this work. Jays at al.,
22 for example, found

ionization rates above 10
9 -I for the 34d states of sodium

at fields between 300 U/cm and 500 U/cm. Field-ionization

near a charged-particle detector provides the means used to

detect high-Rydberg atoms. It is also the mechanism which

makes the high-Rydberg atom a sensitive probe of electric

fields in the vicinity of a fine mesh target.

1.4. Introductory theory

1.4.1. Surface ionization. The ionization of a

highly excited atom near an ideal conducting surface has

been treated theoretically by Chaplik
23 and Jamey.

24

Following their notation, let there be an ideal conductor

at z = -R and an ionic core at the origin. The force felt

by an electron at the point x = xx + yy + zz, with z > -R,

is



2
e z 2CR + z3

(X2 + y2 + Z2 1 3 / 2 C R + z3 3

9

e
2

(XX yy + zCz + 2R) 3
+ C1-23
t2 + y2 + Cz +21702)3/2

The first term is the Coulomb interaction with the core,

the second is the force on the electron due to its image in

the metal, and the third is the force of the core's image

on the electron. The force can be derived from the

potential energy function

u r 2 + y2 + Z2 ) 1 /2
4 I R zl

-e
2

e
2

e

(x2 + y2 + C Z + 2R321 1 i2
C1-33

As noted by Fabre et al.,2 Chaplik omits a factor of 1/2

from the electron image term. Janev commits the same

error.

The potential energy function has a saddle point

which is a minimum as a function of z at a point on the

z-axis between the conducting surface and the core. The

force due to the core balances the sum of the image forces

at this point:

2

0
e z

2 2
S Z e z (1 -43

z
2

C R + z s3j2 t_zs + 2R) 2

Equation C1-43 leads to a quartic equation for zs:



0 = rz
4

+ 28 Rz
s

a + 52 R
2
z
s

2 + 48 Razs + 16 R
4

S

= 7 Cz
s

+ R3
4 + 10 R

2
Cz

s
+ R3

2 - R
4

.

The solution of interest is

Czs
+ RD

2 = R2 (-5 4-
7
41

/
z
s

= R /-5 + 41/E - 1 ::: -0.694 R.

I 7

10

C 1 -53

C1-63

C 1 -73

The potential energy at the saddle point can be evaluated

to give

1.49 e2

U ::: - -
2.98 e2

C1-8)
s R 2 R

The result is in disagreement with Fabre et al., who obtain

-3.5 e
2
/2R. In an adiabatic approximation, in which the

atom's total energy is assumed not to change as it

approaches the metal surface, the potential energy at the

saddle point is equated with the total energy

E
n

= -e
2 /2n2 a

o
of the atom when far from the surface to

give the distance Rn at which the electron becomes unbound:

R
n

= 2.98 n
2
a
o

.

It was noted in Sec. 1.2.2. that Shih et al. found- -
experimentally that R = 4.5 n2a

o
for sodium. In the

n

C 1 -93

present experiments it will be seen that surface

ionization imposes an upper limit on the transmission of

the mesh, and that field-ionization by surface dipole

layers must also be considered.
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1.4.2. The vanishing of the electric field outside a

uniform dipole layer on a closed surface. The potential U

due to a dipole layer on an arbitrary surface S may be

written
25

VC ) = -f
s
dr/CX,X'D NC)1') , C1-103

where N is the surface-dipole-moment density Cdipole moment

per unit area) and dna,)1') is the solid angle element

subtended at x by the surface element at ie. If N is

constant and S is closed, the result is -41TN for points

inside the surface and zero for points outside.

1.4.3. Electrostatic potential and field near a

dipole patch. If the metal surface of the mesh target is

not atomically clean, there may be electric fields in its

vicinity due to surface impurities. Polar molecules from

the residual gas, for example, may adsorb on the surface

with a preferred orientation. Or atoms and nonpolar

molecules may become polarized in the presence of the metal

surface. In either case, a nonuniform dipole layer can

form on the surface if impurities are adsorbed in a

preferred location.

The electrostatic potential due to a uniform dipole

layer on a rectangular patch can be calculated directly by

integration over the charge distribution. The coordinates

used are shown in Fig. 1. The charge density for a dipole

layer in the x-y plane is
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X

FIG. 1. Geometry for the calculation of the potential of

a rectangular dipole patch.
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pCx, y, zD = -N d 6C zD . C1-11)
dz'

If the borders of the patch are x, x, y , and y , the
2

potential is

co
2

VCx,y,zD =
'

f2dx.1 dy'

+

dz'
-N

ai,
6Cz D

Y -co [Cx-x'D
2 +Cy-y'D

2
+Cz-z'D

2 1/2
1

= N dx' dy' dz'

x2 y2 + CO

Cz-z' D 6Cz'D

-co 1Cx-x'D
2
+Cy-5,,'

2 -i-Cz-z'D 3/22

1

2
y2

= Nz r dx'l dy'Jxyi I Cx-x' D
2
+Cy-y' D

2
+z

2
3
3/2

1

C1 -12)

The integrals are obtainable with standard techniques and

tobleS.
2 6 Care must be taken to handle correctly the

various cases which arise when x and y take on values

either within or outside of the borders of the patch.

A lengthy calculation gives

Cx-x DCy-yiD Cx-x DCy-y
U =N tan-1 tan

-1 1 2

zYL-x D
2 +Cy-y D

2
+Z

2 zYL-x D
2 +Cy-y 2 +Z

2

1 1 1 2

-tan
-i I

Cx-x DCy-y D Cx-x DCy-y
2 1 -1

x D
2
+Cy -y )2 +Z

2

2 2
+tan

zYL-
2

ziCx-x
2
D2+Cy-y

2
D2+z2

C1 -13)

The principal value of the inverse tangent is to be used
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throughout. The potential in Eq. C1-133 can be shown by

differentiation to satisfy the Laplace equation everywhere

except on the patch. It has the correct discontinuity at

the patch. That is, if x and y are outside the patch

boundaries, then the potential is zero at z = 0; but if x

and y are within the patch boundaries, then the potential

approaches 2TTN from positive z and -2nN from negative z,

giving the expected discontinuity of 4TTN.

A special case of the dipole patch is the limit of an

infinitely long strip. Let yi -olo, y2 coo, xi = -a, and

x = 0:
2

[

U= 2N tan
-i[Cx + al ( ]

- tan x -I
. C1-143

z z

The electric field components are

= -2Nz
1 1 C1-153

Cx + 03
2

+ z
2

x
2 + Z

2

E = 0 , C1-183

- Cx + 03
-2N C1-173

2
C + a3

2 + Z 2
X
2

+ Z2

and the magnitude of the electric field is

E -
2Na

(Cx + 03
2

+ Z
2
3[x2 + z2]

The electric field has its maximum magnitude

max
2Na

x Cx + a)

C 1 -183

C -1 93

in the plane of the dipole strip, z = 0. As an estimate of
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the importance of the effect, let a = 6.45 pm Cthe strand

width of the mesh), and let x = a /10. To reach a field

E = 400 U /cm with dipoles of magnitude eao
would require a

surface number-density of

N E x Cx + 03 -
= 1.3 x 10

14 2CM
80 ea

0 0
2a

The density of Au atoms on the C100) surface is

C1 -20)

1.2 x 10
15 CM

2
, so the density of Eq. (1-203 is less than

0.02 monolayer. Since 400 V/cm is sufficient to ionize a

typical excited atom in the beam, the surface dipole layer

effects will be very important in the experiments to be

described.

1.4.4. Deflection of a charged particle by a dipole

strip. The new technique developed for studying atom-

surface interactions depends upon the rapid ionization of a

high-Rydberg atom in an electric field. It is interesting

to compare the sensitivity of the technique with what would

be obtained if the deflection of a beam of charged

particles were measured instead.

Allow a particle of mass m and charge q to be moving

perpendicular to a dipole strip and to pass near its edge.

The geometry is shown in Fig. 2. The deflection angle will

be determined in an impulse approximation, with the

deflection assumed to be small. If P = qg is the force

acting on the ion, the angle is given by
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FIG. 2. Geometry for the calculation of the deflection of

a charged particle passing near an infinitely long dipole

strip.



8 -.:..- tan 8

V
x

-v z

+op
,, --1

dt
Fx
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r=_.Et

03
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MVO i +00
V

Z
X
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C1-213

The quantities v and x Cupon which E depends) are both
z x

weakly dependent on z in this approximation. They can be

written in the form

v
z

= -v
o

-pCz) ,

x = x
o

+ fCz) ,

C1-223

C1-233

where p and f are the small corrections to the initial

values x
o
and v

o
. An approximation for r is

t
1

-D ;;; m
f dt F

z
,

-oD

=
q Z dz 8t.,

m v 8z
CO z

-- -q dz C-2N3
0

,
Cx + o3

2 + z
2

X
2 + Z2

0 0
]Cmy

x
o

+ a x
o

a) x

-q 2N tan
-1 o - tan

my z z
0

In order to find f, first note that

C1-24)

C1-253



df
V = V ,

x z dz

and approximate

t F
dt --

x re
-oo

ti

dz

z

-q

0

z
dz C-2N23

1 1

CU Cx + 03
2

+
2 x

2
Z
2

O o

qN feel [C X
o

2
+ z2 - [X

o
2+

MV
o

J

Now integrate Eq. C1-263:

= I dz
V

18

C1-263

C 1 -273

v
o

moo
-1 qN
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The integral is available in tables,
2 6 with the result that
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2
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txo+ ai xo

a]

C1-293

Return now to the deflection, and keep only first-order

corrections:
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is an odd function of z, so
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C1-303

C1-31)

C1-323

the first term integrates to

zero. Therefore the deflection is zero in lowest order.

The second term can be evaluated:

MV 3EW x0 3
dz (-2q1 [tan- i

mv
o

-q dz E = -q tan_iro
00

O
mV -00-a)

C-2Nz) .1 1

[Cxo
+ co) + z2 + Z2 2 2

With the substitution C = 1,z, this becomes

-q
x 0 [MV

o
2 2

My 03 LOO 0 i+C Cx
o
+a)

dz E = -2 2

-1
tan [Cx0+a)Cl

-t 1 tan-Itan (Cx
o
+03C] tan Ix

o
C3 fx

o
Cl

+
2 2 2 2 2

1+C x
o

1+C
2
Cx

o
+a) 1+C x

o

C1-333

C1-343

The integrals remaining can be obtained from tables [Ref.



26, no. 4.535.7]:

-q rco

m. -LW
dz h Exo

O

= 2 Zn
{mvo

The remaining term in the

q
2

dz f
SEx

= q
J

2
my J

O
-W ax mV

14x Cx + a)]
o o

[C2xo + aD
2

deflection,

71z-t0

qN

Eq. C1-323, is

fzen [C xo +a) 2 +Z2
2mV

o
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(1-353

Z 1 )1
Zen[X

o

2
+Z 2 ] + 2Cx

o
+03tan-1 - 2x

o
ton --

[x0+0 xo

4Nz
[(Cxo+a) 2 +z 2 ) 2

ix

°

2.4.z2)2J

X 4- 0
o C1-36)

Of the ten integrals appearing when the multiplication is

carried out in Eq. C1-363, eight are available in tables

(Ref. 26, nos. 4.295.26; 4.535.11] and the other two are

zero by symmetry. This term makes the same contribution to

the deflection as the second term, namely

4x Cx + a)

q dz f
SE

x = -IT o o
2 en C1-373

o
my 3f-co ax

['two C2x
o

+ a ) 2
0

Equations C1-323, C1-353, and C1-373, can be combined to

give the deflection

8 =
0

2 en
o

My

+ a3
2

4x Cx + a)
o 0

[ C1-38)

The calculation predicts that typical deflections will be

small. For example, if a 1-0U ion or electron beam passes

at a distance x
o
= 0/10 from the edge of a strip with

dipoles of magnitude eao at a density of 1.9 x 10
13 cm

-2

the predicted deflection is only 1.6 x 10-3 rad. By
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contrast, a beam of high-Rydberg atoms with n z-, 35 would be

field-ionized under the same conditions (Sec. 1.4.3), and

the resulting loss of signal would be easily observed.
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CHAPTER 2--APPARATUS

In this chapter the vacuum system, high-Rydberg

atomic beam source, target, beam path, detector, and data

acquisition will be described. Some preliminary

experiments, done to determine the source flux and quantum

state distribution, are described here rather than in

Chapter 3 since they are peripheral to the study of

atom-surface interactions.

2.1. Vacuum system

2.1.1. Description. The experimental apparatus is

contained in a vacuum system evacuated by three diffusion

pumps. One pump is attached to each of three chambers:

the source, target, and detector chambers. Figure 3 is a

diagram of the apparatus in the source chamber; likewise

Fig. 4 covers both the target and detector chambers.

The source chamber houses an atomic beam oven and the

high-Rydberg excitation region, to be described in the

following section. It is isolated from the target chamber

by a bulkhead having a small opening 0.28 cm wide and

0.97 cm high. The pressure in the source chamber is

typically 6 x 10-8 Torr.

The target chamber has a wide opening into the

detector chamber, permitting the measurement of angular
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Top View

Side View

a

r

--I-
L

1 B

175r

ror

r

L

e

FIG. 3. Top and side views of the apparatus in the

source chamber. The drawing is approximately to scale.

The items indicated are Ca3 Li beam oven, Cb3 baffle,

Cc) high-Rydberg excitation region, including cathode,

collector plate, and housing, Cd) movable source slit

plate and beam stop, Ce) bulkhead electric field plates

and housing, Cf) bulkhead separating the source chamber

from the target chamber, and Cg) target slit Calso

shown in Fig. 43.

The following critical dimensions are shown:

d = 0.79 cm, bulkhead plate separation,

= 14.8 cm, distance from source slit to target slit,
ST

= 27.4 cm, distance from oven to target slit.
OT
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---440 L. 1

rm0

Side View

b

FIG. 4. Top and side views of the apparatus in the target

and detector chambers. The drawing is approximately to

scale, with the same scale as Fig. 3. The items indicated

are Ca) target slit Calso included in Fig. 33, Clo) mesh

target and mount, Cc) detector electric field plates, and

Cd) detector, including Channeltron, repeller plate,

housing, and track for angular motion.

The following critical dimensions are shown:

d = 1.00 cm, detector plate separation,

= 31.4 cm, distance from target slit to detector slit,
TD

rMD = 28.8 cm, distance from mesh target to detector slit.
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distributions. The small diffusion pump in the target

chamber is used in the early stages of pumping only, since

a lower ultimate pressure is obtained without it.

The vacuum in the detector chamber can be improved

with the use of a liquid nitrogen cold trap above the

diffusion pump. With cryogenic trapping, an ion gauge in

the target chamber reads a total pressure of

1.4 x 10-7 Torr. A similar gauge in the detector chamber

reads 7 x 10_B Torr. As a conservative estimate of the

total pressure at the position of the target, the higher

value will be adopted in this paper. With no liquid

nitrogen in the trap, the conservative estimate of the

pressure is 3 x 10
-7

Torr.

2.1.2. Residual gas analysis. A Varian partial

pressure gauge was used to determine the residual gas

composition. The mass separator is of the magnetic sector

type. A sample scan is shown in Fig. 5.

The major constituent of the residual gas is H2O, as

is expected for an unbaked system. The brief table below

lists the molecular fractions and partial pressures of H2O

and N under typical operating conditions. The
2

constituents of the balance of the residual gas were not

positively identified.
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FIG. 5. Residual gas analyzer scan. The scan rate, which

determines the horizontal scale, is linear in neither the

accelerating voltage nor the mass/charge ratio. The

mass/charge ratio increases from right to left. The

accelerating voltage is shown for each peak. Only the H20

and N peaks could be identified with certainty.
2

assignments are made for the minor peaks.

Tentative
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Conditions Gas molecular fraction partial pressure

cryogenic
trapping

H 0

N
2

no trapping H
2

N
2

0. 5

0. 4

0.6

0. 3

7

6

1.8

9

x

x

x

x

10-e

10
-e

10
-7

10-a

Torn

Torr

Torr

Torr

2.1.3. H 0 incidence rate on vacuum chamber
2

surfaces. The residual gas will be seen in Chapter 4 to

play a role in the atom-surface interaction through the

process of adsorption. The role of H 0 will be
2

particularly important. It is useful here to establish the

rate of incidence of H 0 on a site of atomic dimensions.
2

A well-known result from kinetic theory
27 is that the

gas particle current (number of particles per unit time)

incident on an area A (from one side only) is

c 4k T
AP T

a min

C2-13

P and T are the residual gas partial pressure and absolute

temperature, m is the molecular mass, and ke is the

Boltzmann constant. The most easily visualized measure of

the residual gas pressure is the average time required for

the incidence of a single molecule on an area of atomic

dimensions. It is the reciprocal of the particle current;

t = 1/c . The incidence times are worked out in the short

table below for the H2O molecule at room temperature and

typical partial pressures. The area chosen for reference

is AG, the area occupied by a single Au atom on the (1003



face of its FCC lattice. The lattice constant is

a = 4.08 10 cm, and each square of this size iS

occupied by two Au atoms, with the result that

A = 8.3 x 10
-16 CM

2
.

G

P c t
w

x 10
-s -t

Torn 0.028 s

1.8 x 1 0- 7 Torn 0.072 s-1

36 s

14 s

28

If every H2O molecule incident on a Au surface under these

conditions were to stick, the times in the last column

above would be the time constants for monolayer

accumulation, under the assumption that each Au atomic site

accommodates one H 0 molecule. In fact, H 0 does not stick
2 2

to Au so readily. This question will be addressed in

Chapter 4.

2.2. Beam source

2.2.1. Oven. The atomic beam oven is included in

Fig. 3. It is made of molybdenum and holds a charge of

0.7 g C1.3 cm33 of Li metal. The Li vapor emerges from a

cylindrical channel 3.34 cm long and 0.27 cm in diameter.

The oven is heated by current passed through two sets of

six molybdenum heating coils which run through the oven

block. The operating temperature is measured by

chromel-alumel thermocouples inserted into the oven block

near the well and channel. The well temperatures range

from about 400 C to 500 C, with the channel always about



20 °C hotter Cto prevent clogging).

The Li flux from the oven can be calculated from

kinetic theory. Equation C2-13 must be modified by

division by kc, the channel factor,
27 to give a particle

current of

AoPL
1

//8k TB 0
LO 4k T k M IT

B O C

29

C 2 -23

where AO = 0.057 cm
2 is the area of the opening, To

is the

absolute oven well temperature, m = 1.15 x 10-23 g is the

atomic mass of Li, and P is the vapor pressure of Li at

temperature To. The vapor pressure can be obtained from

the formula"

PL 18880 K
= 13.07 - - 0.494 e.n C 2 -33

[1 MPa T 1 K

The units can be converted to Torn through the equality

10 6 Torn = 133.3 MPa. The values range from

5.2 x 10
-3 Torn at 515 C to 1.35 x 10

-4 Torr at 409 C.

Uarious estimates of the channel factor k c
are

available in the literature. None was found which accounts

for a channel temperature differing from the well

temperature. This consideration, along with the

uncertainty in the thermocouple reading, prompted an

experimental measurement of kc. The oven temperature was

monitored over the complete history of one oven load, so

that the total number of Li atoms evaporated was known.

Knowledge of the vapor pressure of Li as a function of

temperature allows the temperatures to be weighted
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correctly in a total flux calculation, so that the only

unknown is the channel factor. With the well thermocouple

taken to be correct, the result is that a value of

k
c
= 1.0 ± 0.1 correctly predicts the c

LO
inferred from the

exhaustion of the oven.

The Li particle current incident on an area

downstream from the oven can be calculated. Kinetic theory

predicts that the angular distribution of gas particles

emerging from an aperture in a thin wall will be

proportional to the cosine of the angle between the

direction of interest and the normal to the wall. With a

long channel, the cosine distribution still holds for small

27
angles. The particle current incident on an area A

located on, and perpendicular to, the channel axis is

c A
LO

C
L 2

Ti r

-
A P A //8k T
o L B 0

4k T Ur2
k

1/ m
L

Tr

8 0 C

C 2 -4)

The Li incidence time, t = 1/c , is the mean time interval
L L

in which one Li atom is expected to strike a Au surface

site. At the position of the target, r om = 30 cm, with the

area occupied by a single Au atom A
G

= 8.3 x 10-16 cm2, the

results range from 24 s for a 515 °C oven well to 870 s at

409 °C.

Kinetic theory predicts that the fraction of

molecules in the beam with speeds less than v is codv f ,
v

where
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2m V
3

AT LI V
2

i 2k T
f
v i/k T 2k T

L B 0 (2-5)=
B 0 B 0

Typical speeds for atoms in the beam, calculated from

Eq. (2-5), are v - 2 x 105 cm/s.

2.2.2. Electron impact excitation. The electrons

used to excite the high-Rydberg states are emitted by a

porous tungsten dispenser cathode located as indicated in

Fig. 3. An accelerating potential difference of 95 U gives

the best yield and was used for all experiments. The

analysis of the principal quantum numbers in the beam will

be discussed after the detector has been described.

The efficiency of the excitation process can be

estimated if the Li particle current reaching the detector

slit is compared with the detected count rate.

Equation (2-4), with oven temperature 462 °C,

r = 58.8 cm, and slit area A = 0.06 cm
2

, gives
OD

c = 1.4 x 10
11 -1

. The count rate under these conditions
L

is 2700 s_1, so the excitation efficiency is about

2 x 10-8.

2.2.3. Li chemistry. Electron impact excitation of

the Li beam is an inefficient process. The high Li

particle current noted above is required in order to obtain

useful counting rates in the present experiments.

Contamination of the target by Li from the beam is

unavoidable; thus some study of the chemistry" of Li is

indicated.
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Li alloys
30 with Au in concentrations of up to 40

atomic percent Cat. %) of Li at room temperature and above.

Above 18 at. %, the disordered alloy shows evidence of a

change to an ordered phase, or a mixture of two different

phases at higher Li concentrations. At concentrations

higher than 40 at. X of Li, a complex mixture of phases is

known. In particular, electrochemical experiments with Li

salts and Au electrodes have been reported3i in which the

phase AuLi forms a hard, inert coating.
3

Used mesh samples from the present experiment exhibit

a black stripe where the beam has intercepted the target.

The stripe is resistant to hydrochloric acid, unlike

metallic Li, so it is likely to be a Au-Li alloy.

H2O and N
2
are the major constituents of the residual

gas in the vacuum system, and both react readily with Li at

room temperature. At elevated temperatures, Li also reacts

with H
2

, CO
2

, and 02, but these are probably not present in

the vacuum chamber in high enough concentrations to be

important.

N reacts with Li to form Li N. Since the end
2 3

product requires three Li atoms, it is not likely to be as

important as a compound requiring only one Li atom.

Li OH, formed in the reaction of H2O and Li, is

believed to play an important role in the experiments. The

.

compound melts at 471 C, and begins to decompose to form

Li 20 above the melting point. Li
2
0, however, reacts with

H 0 to form Li OH again.
2
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LiOH has a porous structure, and reacts readily with

CO
2

to form Li
2
CO

3
. These two properties give the

hydroxide its commercial usefulness as a CO absorber. CO2
2

is not abundant in the vacuum chamber, but the porosity of

LiOH may be important in allowing Li to penetrate a layer

of LiOH on the target surface.

LiOH also absorbs H 0 to form Li0HH O. The water of
2 2

crystallization is lost when the hydrated compound is

heated above 100 °C.

2.3. Au mesh target

2.3.1. Physical description. The target is a sample

of electroformed Au mesh. The mesh is sold by Buckbee

Mears Co., type MG-47. It is produced on a substrate of

nickel.

The manufacturer lists a mesh spacing of 2000 lines

per inch. This implies a spatial period of 12.7 pm. An

optical transmission indicated by the manufacturer ranges

from 0.20 to 0.22 for the sample used in these experiments.

Scanning electron micrographs were made in order to

check the dimensions of the mesh. Four views are

reproduced in Fig. 6. The measurements obtained are a

period X = 12.9 t 0.1 pm, strand width a = 6.45 t 0.20 pm,

opening width b = 6.45 pm, and thickness I. = 2.1 ± 0.3 pm.

The uncertainties are standard deviations of several

measurements.
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FIG. 6. Electron micrographs of Au mesh. The caption

continues on following page.
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FIG. 6. Ccontinued from previous page)

Micrograph 000010 is an oblique view of the side of the

mesh facing the source. It is smoother than the other

side, which is viewed obliquely in the image numbered

000009.

View number 000008 is the image from which the mesh

period A and strand width b were measured. It is a face-on

view of the detector side.

Micrograph 000007 is a view of an edge which has been

cut with scissors. The copy has been retouched to

emphasize the cross-section. The upper half of the picture

is an expansion by a linear factor of 5 of the boxed area

in the lower half. From this view the thickness e was

measured.

The micrographs were made at Oregon State University

by John Ebner.
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2.3.2. Mounting. The mount constructed for the Au

mesh is depicted in Fig. 7. The top and bottom of a sample

are clamped in a sandwich of two 0.077 cm thick Cu sheets.

The exposed portion of each sample has width w = 1.4 cm and

height L = 2.5 cm. Bolted to the clamps are lead wires to

an external power supply used to heat the target. The top

clamp is fixed to a stainless steel frame by electrically

insulated posts. At the bottom, the clamp is free to slide

vertically, guided by insulated posts within elongated

notches. The weight of the bottom clamp keeps the mesh

taut, even when its length changes due to thermal

expansion.

When the mesh is heated Cos described below), the

mesh expands horizontally as well as vertically. The clamp

does not heat nor expand as much as the mesh itself;

therefore it develops small vertical wrinkles along its

length. The wrinkles actually observed have spatial

periods of about 3 mm, and thus are wider than the beam

is when it strikes the target. Consideration must be given

to the effect of wrinkling on the geometric transmission

coefficient of the mesh. Figure 8 shows the geometry of the

case to be considered. When the beam intersects a section

of the target at a right angle CO = 03 the transmission is

T
o

= Cb/A)2 = 0.25 .

At other angles, the transmission is reduced to

TC8) -
b CA cos 8 - Ca cos 8 + e, sin e ) 1

A A cos 8

C2-63

C 2 -7)
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FIG. 7. Isometric view of mesh target mount. The frame

is stainless steel, the clamps are copper; mounting

hardware is brass with boron nitride insulating sleeves.

Two samples are mounted as shown, and either one can be

heated with electric current through the copper heating

wires. Not shown is the vertical stainless steel rod,

which is attached at the top of the stainless steel frame

and used to insert and withdraw the target from the beam.
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FIG. 8. Top view of a cross-section of the mesh, showing

the geometry used in the calculation of the effects of

wrinkling.
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The transmission vanishes at an angle given by tan 8 = b/C.

This works out to be the large angle 8 = 72*. At smaller

angles, the fractional loss in transmission is

T - TC83
o

1 - cos 8 + C2/b) sin
T

A Rimple calculation, esd on the linear expansion

coefficient of Au, gives a maximum expected tilt of 8.6* at

a mesh temperature of 400 'C. At this tilt, the fractional

loss is 0.06. With a wrinkled target, the actual tilt

depends on the depth of the wrinkles and on which portion

of the target the beam "illuminates." The effect is not

important for small fluctuations in the target temperature

during a run, but caution must be used in the analysis of

runs in which the heating current is changed, or in the

direct comparison of transmission values with different

heating currents.

The stainless steel mounting frame accommodates two

different mesh samples, and each can be heated

independently. The frame is attached to a stainless steel

rod, which passes through a Wilson seal mounted on a flange

attached to the top of the target chamber. The entire unit

can be moved vertically for insertion into the beam or

withdrawal of a selected target.

2.3.3. Mesh temperature control and measurement.

C 2 -83

The target is heated by a current maintained by a small

voltage difference between the clamps at the top and bottom

of the sample. The positive heating terminal is kept

grounded at all times, even when the heating current is
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off. A maximum current of 5.0 A is allowed to flow through

the mesh. At currents of 4 to 5 A, the mesh glows visibly

orange. The emissivity is evidently too low at long

wavelengths for the red glow expected at slightly lower

temperatures to be seen.

The mesh temperature is difficult to determine

accurately. The small mass of the sample precludes the

attachment of a transducer to the mesh itself. Optical

pyrometry was attempted, but failed to give useful results

because of the faintness of the light from the hot mesh.

Results of either optical pyrometry or infrared pyrometry

would be questionable in any case, for two reasons. First,

the sample is not a solid body, but contains openings over

about one quarter of its apparent area. Second, the Au

surface, like any shiny metal surface, has a low

emissivity. Pyrometric thermometry requires that the

emissivity be near unity.

An upper limit for the temperature can be calculated

from measurements of the heating current IH as a function

of the applied voltage U. Assuming minimal heating of the

lead wires, one has

U
H

I
H

= R + rCTD , C2-9D

where R is the sum of the resistances of the leads and

contacts, and rCTD is the resistance of the target itself.

The resistivity of Au increases linearly in temperature, so

that rCTD = r Cl +aCT -T DD, where T = 25
0
C is room



temperature and r is the Au resistance at room

temperature. The thermal coefficient is

0a= 3.65 3
10 C . The temperature is found to be

- R - r
T = T +

H H
R Can

R

V /I - R
H

= T +
H

R OCIn
R
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C2-103

where R = R + r is the resistance of the heating circuit
R R

(including the mesh) at room temperature. The principal

uncertainty in this method is in the value of r . An

attempt to measure the mesh resistance with an ohmmeter

connected directly to the mounting clamp gave a result of

r = 0.08 P. This value contains the contact resistances
R

where the ohmmeter leads and the mesh meet the clamp; thus

the result is too large.

A more acceptable value for r can be calculated from

the dimensions of the mesh and the resistivity of Au,

p
s

= 2.19 x 10-6 SI-cm at T
s

= 0 °C. One finds

rR = p
s
C1 + a C25

0. 5w2.

= 0.041 Q C2-113

at 25 °C. In the calculation, only half of the apparent

cross-sectional area was used, in order to take into

account the openings in the mesh. The value also fails to

account for the fact that an undetermined portion of the

mesh consists of the Ni core. Even so, this leads to the

best experimental estimate of the temperature. The
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temperatures determined for several values of the heating

current are plotted in Fig. 9. CThe deviant point at

I = 2.4 A is probably due to an erroneous measurement.)
H

The larger, directly measured value of rR does not give

high enough temperatures to account for the observed orange

glow at high values of the heating current.

Additional insight into the target temperature can be

gained from an equilibrium calculation which takes into

account the Joule heating, the thermal coefficient of

resistance, and the heat lost by radiation and conduction.

The treatment of the problem is deferred to Appendix A, but

the results are displayed in Fig. 10 for several values of

the heating current. Figures 9 and 10 ore in fairly good

agreement if the temperatures of Fig. 9 are taken to be

average values.

2.3.4. Cooling of the mesh. The differential

equation governing the temperature of the mesh after the

heating current is turned off is

ST 8
2
T 4

c p .1.5ew -- = k .0.5ew --- 1.5we tiCT4 - T ) ,

G G i
St axe

C2-12)

where T is the absolute temperature as a function of the

position x,

T = 298 K is the temperature of the vacuum chamber,
1

0.5ew is the effective cross-sectional area of the

mesh for conduction,

1.5w is the effective width of the mesh for

radiation Cboth sides are 3/4 metal and 1/4 holes),
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FIG. 9. Mesh temperature determined from variation of

heating current IH with voltage V .
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0 .1 .2 x/L .3 .4 .5

FIG. 10. Calculation of the mesh temperature as a

function of the distance from the clamp, for several values

of the heating current. See Appendix A for calculations.
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c is the emissivity,

.

d = 5.87 x 10-5 erg/scm2
K

4 Is the Stefan-Boltzmann

constant,

c = 0.13 J/211( is the heat capacity of Au,

p = 19.3 g/cm3 is the density, and

k = 3.1 U/cmK is the thermal conductivity.

That the mesh will cool very rapidly can be seen

immediately. If the radiation term Cthe second term on the

right? is ignored, one has the usual heat flow equation,

8T
k 0.5 82T

at c p 1.5 exG G
2

C 2 -13?

in which heat diffuses a distance x in a characteristic

time 3.0c
G
p x2

/k . For a distance x = L/2 = 1.3 cm, the

time is 4 s. If radiative heat loss were included, the

time would be shorter. The target, clearly, comes quickly

into thermal equilibrium with the mount when the heating

current is removed.

When electric current flows through the mesh, heat

flows from the mesh to the clamps, which constitute thermal

reservoirs at a lower temperature. Heat is also generated

in the mount, where there are contact resistances. The

mesh temperature calculation of Appendix A indicates that

with a typical heating current of 3.5 A, heat flows into

the mount at a rate of 0.4 W from each end of the mesh.

The contact resistances and the resistance of the small

wire connected to the lower clamp total about 0.04 n, so
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there is an additional power input to the mount of 0.5 U,

for a total of P = 1.3 U.

The heat flows slowly through the stainless steel

mount and connecting rod until it is dissipated where the

rod makes contact with the air outside the vacuum system.

In future experiments, it will be possible to measure the

temperature of the mount." For the present, the

calculation of the time dependence of the temperature of

the mount is deferred to Appendix B. The result for a

typical series of heatings is shown in Fig. 11. When the

mesh is heated with 3.5 A for 300 s at 1800 s intervals,

the temperature of the mount shows a series of peaks at

each heating cycle, superimposed on a gradual rise in the

base temperature from TR = 25 'C to around 50 'C after

eight cycles.

2.4. Beam path

Just downstream from the excitation region, at a

distance of r
os

= 12.6 cm from the oven, the beam may be

collimated or blocked by a movable plate with four vertical

slits. When the beam is blocked, a background signal of

about two counts per second is measured, which is only

about one tenth of one percent of the total signal.

A pair of parallel rectangular plates is housed just

upstream from the bulkhead in the source chamber. A

potential of ± 6 U across these bulkhead plates, separated
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by dB = 0.79 cm, results in an electric field of 15 V/cm

which removes from the beam any ions or electrons produced

in the source.

Just inside the target chamber the beam passes

through a fixed slit with a width wT = 0.018 cm. It is a

distance r = 14.8 cm from the source slit and
ST

r
OT

= 27.4 cm from the oven. This target slit and the

source slit Cor the oven channel, when no source slit is in

place) together define the collimation of the beam which

reaches the target. They insure that all of the excited

atoms reaching the detector must pass through the target

region. The distance from the target slit to the detector

slit is r = 31.4 cm.
TO

2.5. Detector

2.5.1. Field ionization. The detector consists of a

region in which high-Rydberg states are field-ionized,

along with a means of detecting the resulting electrons.

The detector is housed in a metal box which can be moved

along a circular arc centered at the target. The detector

is included in Fig. 4.

The rectangular copper plates in front of the

entrance slit are usually kept at t 6 U potential in order

to remove from the beam any ions formed in collisions in

the beam path. They may also be used to measure the

distribution of principal quantum numbers in the beam, as
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will be described below.

The slit at the entrance to the detector box has a

width w
o

= 0.061 cm. Uith respect to the target, it

subtends an angle BD = will,,rtip = 2.0 mrad, where

r = 28.8 cm is the distance from the mesh to the detector
MO

slit.

Once inside the detector housing, the beam enters the

electric field at the entrance to the Channeltron, which is

at +100 U with respect to the grounded repeller plate. The

Channeltron is lined with a continuous dynode surface, the

rear of which is held at +3500 V. Electrons stripped from

high-Rydberg atoms are attracted to the Channeltron, and

generate a cascade of electrons along the dynode surface.

The resulting charge pulse is the input to the detection

electronics.

2.5.2. Principal quantum number population density.

The distribution of principal quantum numbers is measured

by monitoring the reduced signal as the potential U applied

to the detector plates is varied. Uhen high-Rydberg atoms

are field-ionized outside the detector box, the resulting

electron signal does not reach the Channeltron. The signal

detected is

n
max

SC V3 = SC 03 > BC n3 ,

n = 1

where BCn) is the principal quantum number population

density in the beam reaching the detector, and

C2-143
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C2-153

is the highest principal quantum number not ionized

CSec. 1.3.3. The function BC n) can be found if the sum in

Eq. C2-143 is first allowed to pass over into an integral,

and the resulting expression is differentiated with respect

to V.

r,
max

SCUD = SC O) f do BC n) .

n=0

dS dn
citJ

= SCO3 BCn 3
o
..imax

max v

[

t

= SCO3 BCnmax3 ( V6 ) Etp'-c, 4i- .

V

1 1

[ ro-o]Z) 8--(40U3 cidSv [Eoctid 4

C2-163

C2-17)

C2-183

The first part of Fig. 12 shows the dependence of the

signal on the detector plate voltage. The second part shows

the principal quantum number population density as

determined by Eq. C2-183. The peak occurs at about n = 36,

and the range at half-maximum is from n = 29 to n = 46.

The slight increase in the population density seen at high

n in Fig. 12 is probably a spurious effect resulting from

the operation of the detector plate voltage supply at

voltages below its rated operating range.
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2.6. Data acquisition

The Channeltron pulse is amplified by a Hewlett-

Packard 5554A preamplifier and connected to an Ortoc 406A

single channel analyzer. Finally, it is sent to a 16-bit

counter interfaced to a DEC POP-11 computer programmed as a

multichannel scaler. By means of a digital-to analog

converter, the computer also controls the detector plate

voltage when the principal quantum number population

density is measured.
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CHAPTER 3--EXPERIMENTS

The experimental procedure and observations are

described in this chapter. Analysis of the results will

follow in Chapter 4.

3.1. Experimental procedure

When a series of mesh transmission experiments is

performed, the source slit plate is removed from the beam

in order to allow the highest counting rate. The detector

is centered on the track and left stationary over the

course of a run. The number of counts in Cusually) 199

consecutive equal time intervals is recorded.

The following is the standard sequence in a

transmission run.

1. A heating current of 3.5 A is applied to the target

for about 5 minutes before it is lowered into the beam

path. The purpose of this step is to degas the surface

at a temperature in excess of 300 °C along most of its

length.

2. While the mesh is being cleaned, the computer is

instructed to begin the first few channels of data

recording. CThe data in these channels will be compared

with data gathered at the end of the run in order to

check beam stability, and to allow the absolute

transmission to be calculated.)
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3. The beam is stopped with the movable source slit

plate while the target is lowered into the beam path.

4. The heating current is reduced to the value Cusually

zero) to be used during the course of the run.

5. The beam is unstopped. Data are gathered until about

channel 190.

B. The target is withdrawn and the direct beam signal is

counted for the remainder of the channels.

The time dependence of the transmission is thus

measured. The conditions which are varied between runs are

the presence and position of one of the mesh targets, the

mesh heating current, the elapsed time between removal of

the heating current and beam exposure, the beam oven

temperature Cand thereby the Li flux), and the residual gas

composition Cby allowing the liquid nitrogen trap to become

exhausted).

3.2. Typical time dependence of the transmission

Figure 13 shows the sequence of events observed in

most transmission runs. The time on the horizontal axis is

measured with respect to the cessation of heating current

through the mesh and removal of the beam stop Csteps 4 and

5 of Sec. 3.1, which are simultaneous). The data are shown

on two vertical scales. The left scale indicates the

number of counts received per channel Cat about 20 s per

channel). The channels used to test beam stability and



60000

58000

.4e

12000

10000

8000
C

6000

4000

2000

0 I

0

:0
40 1. %

`111 . # %dlif 4.11%..014 ,01.
...... . ., 41,

Imo ... - . ...
.6

1000 2000 3000 4000

Time t Cs)

1

0

55

.2

.05

FIG. 13. Experimental run showing typical time dependence

of Au mesh transmission.



calibrate the transmission give rise to the points above

the break in the scale. The right scale shows the

transmission, calculated by dividing the count rate with

the target inserted by the rate with the target

withdrawn.
33 In subsequent plots, the normalization
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channels will be omitted, and only the transmission will be

shown. In all of the runs to be considered, the beam was

stable to within 3 percent, unless otherwise noted.

Liquid nitrogen was present in the traps when the

data for Fig. 13 were taken, so the average time required

for H 0 incidence on a Au surface site Cdefined in
2

Chapter 2 with no consideration of the sticking

coefficient) is about t
w

= 36 s. The oven temperature was

such that the Li incidence time is t = 130 s. The
L

following sequence is observed:

1. The transmission is initially about 0.16.

2. The transmission falls to a minimum of about 0.09

in a time of 500 s.

3. The transmission rises to a level of 0.20 when a

total of 900 s have elapsed.

4. The transmission remains steady for at least 3500 s.

3.3. Delay of Li exposure after heating

Experiments were done to determine whether the

sequence of Fig. 13 is initiated by the cooling of the mesh

or by the exposure to Li at the beginning of the run. In
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these experiments the atomic beam was blocked and the

target allowed to cool for a few minutes before removing

the beam stop. The results of two of these experiments are

included as Fig. 14. The zero on the time axis of Fig. 14

is defined to be the moment when the heating current ends.

For greater clarity in Fig. 14 and subsequent figures,

multiples of 0.05 are subtracted from some data banks

before plotting. This is indicated on the figures wherever

it occurs.

In the first pair of runs CFig. 14 CaDD the time

delay is 300 s, and in the second CFig. 14 CbDD it is

120 s. In both cases, the data for the bank with a delay

between mesh cooling and Li beam exposure closely follow

the data for the bank in which the Li exposure immediately

follows the cooling. Clearly, the transmission event

sequence is initiated by removing the heating current from

the mesh, and not by exposure of the target to the Li beam.

3.4. Variation of Li flux and mesh temperature

The flux from the beam oven can be varied by changing

the oven temperature. A series of runs with different oven

temperatures is plotted in Fig. 15. The changes in the

sequence appear to be irregular when considered as a

function of the Li flux. CIn analyzing the data for plots

Cc) and Cd) of Fig. 15, a larger drift than usual was

noticed in the counting rate with the target withdrawn.
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The drift is related to the degassing of the very hot oven.

A pressure increase in the source chamber results in a loss

of signal due to collisional ionization." The data have

been corrected by multiplying by a factor linear in the

time.)

The irregularity of Fig. 15 is eliminated when the

same runs are arranged in chronological order CFig. 183.

All of the runs were done in the some experimental session.

It is evident that the regular transmission sequence simply

takes a progressively longer time for completion with each

successive run. This observation will be referred to as

the -retardation- of the sequence. The retardation takes

place without regard to the oven temperature.

The observation of retardation of the sequence is

evidence that the mesh temperature plays a role. Recall

from Chapter 2 CFig. 113 that the mesh target comes quickly

to thermal equilibrium with the mount when the heating

current is removed, and that the mount gradually warms as

it absorbs heat from the mesh. At a higher temperature,

smaller sticking coefficients are expected.34

3.5. Variation of the H2O pressure

It is possible to study the time dependence of the

transmission with a higher H2O flux by doing runs with no

liquid nitrogen in the cryogenic trap. A series of such

runs is shown in Fig. 17. The H2O incidence time is
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t
w

'A-- 14 s.

The transmission sequence is somewhat different from

what is seen with a lower pressure. The main difference is

that the transmission starts at a low value rather than

dropping when the mesh first cools. The rise in

transmission is present, just as it is with lower pressure.

There is now some evidence of a slow drop in transmission

after a long time has elapsed.

In Fig. 17 it can again be observed that the typical

transmission sequence takes longer to complete with

successive runs. The data are arranged in chronological

order within a single session. Therefore retardation of

the sequence as defined in Sec. 3.4. is still seen with

high H20 pressure in the target chamber.

3.6. Transmission of a newly installed target

The experiments which have been considered so for

were performed on a target which had already been exposed

to the Li beam for many hours, long enough to intercept

enough atoms to form about 1000 monolayers Csee, however,

Sec. 4.2. on the diffusion of Li into Au). It had also

been heated for a total of several hours. The transmission

of a mesh sample newly installed in the system does not

show such simple and repeatable behavior.

In Fig. 18 the transmission of a target with only a

few minutes' exposure to Li is presented. Before the mesh
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has been heated, its transmission may be as low as

T ti 0.01. Upon being heated for the first time, the

transmission of the new sample rises dramatically.

A target exhibiting the typical transmission sequence

of Fig. 13 could show either an increase or a decrease in

transmission upon heating, depending on how much of the

sequence has been completed when the heating current is

applied. Both outcomes have been observed in the data Cnot

shown here). As was noted in Chapter 2, care must be taken

in comparing transmissions measured at different values of

the heating current because of the possible effects of

wrinkling.
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CHAPTER 4--ANALYSIS

The introductory theory of the first chapter is

applied to the experimental situation of the third chapter.

The expected transmission of the mesh target is calculated

in a model which accounts for the contamination of the Au

surface by the atomic beam and the residual gas. The model

is shown to account for most of the observations in

Chapter 3. Finally, the results are summarized and

suggestions are made for future work.

4.1. Transmission calculation

The explanation of the transmission data requires a

calculation of the expected transmission. This is done

under the assumption that the losses in transmission are

due to field ionization of the excited atoms in the beam.

If a high-Rydberg atom passing through a hole in the target

encounters an electric field larger than its field-

ionization threshold, it will be ionized and removed from

the beam.

The field-ionization rate necessary for this

explanation to be valid follows directly from an estimate

of the time of passage of a beam atom through a mesh

opening. The time estimate is given by t = e/v, where

2 = 2.1 x 10
4 CM is the mesh thickness and
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v - 2 x 105 cm/s is a typical speed for an atom in the beam

CSec. 2.2.1D. The result, t ti 10-9 s, requires an

ionization rate on the order of 109 , which is indeed

comparable to observed rates CSec. 1.3.).

Let the effective area function ACnD be the area in

the center of the hole within which the electric field does

not exceed the ionization threshold for the state n. Then

the transmission is given by

max
T = --

2

1
do BC n3 AC n) ,

O

where BCnD is the principal quantum number population

C4-1)

density determined in Chapter 2 and n is the principal
max

quantum number above which the effective area is zero.

An upper limit on AC n) is imposed by surface

ionization. Using the simple theory of Fabre et a1.
2

CSec. 1.2.1.D, the atom will be ionized if it passes within

a distance of R = 3.5 a
o
n
2 of the metal. Subtracting this

region from the area of the opening gives an area function

of

AC n) = (o - 7 a n212 C 4 -2)

For n = 35, for example, surface ionization reduces the

area by an amount such that AC35D/A2 = 0.21S, which is

to be compared to the geometrical transmission of 0.250.

When the integral of Eq. C4-1) is calculated with the

effective area due to surface ionization alone, weighted by
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the experimental principal quantum number population

density (Fig. 123, a value of T = 0.200 is obtained. This

value matches the highest transmission seen in the typical

experiment shown in Fig. 13, and justifies expression

chosen for R .

n

The electric field due to any surface dipole layer

present must also be taken into account. Using Eq. C1-13)

for the potential of a rectangular patch bearing a dipole

layer, the potential within a square hole may be built up.

The result for an infinite plane is

U = 2UN sgnCz) . (4-33

Putting a hole in the plane means subtracting the

contribution of the missing part of the plane. Let the

hole be bounded by 0 < x < b and 0 < y < b. The result is

t

V = 2nNsgn(z) - N tan i /

zI/X2+y2+z2
] - tan 1

z142+Cy-b32+z2

[zIkx-b) +y2 zl/C x-b3
2 +C y-b3 +z

- tan
2 2 2

+ tan
2 2

X y

Cx - b y InCx ) Cy b3

C y - b)

C4-43

The expression can be differentiated to find the electric

field. Care must be taken to handle the principal value of

the inverse tangent correctly. The correct differentiation

formula is
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The

E
z

1
tan- 11C

-1 + 6C f3 dz C 4 -53
dz z3

electric field

= 1TN 6(0) (-4 +

-sgn[Cx - b)

[ 1 + fa
n

in the z = 0 plane is

sgn[x y] -sgnIx Cy -

y] +sgn[Cx - b) Cy -

dz

1:137

b3])

- N 1x2+y2 142+Cy-b) 2 iCx-b)
2 +y2 X-x-b32+Cy-b32 1.

X y x Cy-b) Cx-b) y Cx-b)Cy-b)

C 4 -63

The field is singular everywhere except within the hole.

The area function can be found numerically by first

clneratin9 a set of electric field contours and then

intc9rating to find the area within each contour. The

contours are shown in Fig. 19 for one quarter of a mesh

opening. The effective area function is shown in

Fig. 20. Note that the function vanishes for n higher

than that which is ionized by the field at the center of

the opening, which is

E = -81/E N .

c
C4-73

The area function in Fig. 20 can be subjected to the

constraint of surface ionization, Eq. C4-23, and multiplied

by the principal quantum number population density of

Fig. 12. The result is integrated numerically. The

integral, according to Eq. C4-13, is the transmission

expected for any value of the surface-dipole-moment
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density. The results are shown in Fig. 21. The abscissa

of Fig. 21, the dipole moment per site in atomic units ps,

is a convenient dimensionless variable to employ when the

coverage (number of adsorbed dipoles per surface site)

varies. The surface-dipole-moment density, in terms of the

average dipole moment per adsorbed atom or molecule pA, the

coverage Cfraction of surface sites occupied) 8, and the

area of on atomic site on the AuC1°C) surface AG, is

ep
-

AA

The dipole moment per site in multiples of eao is defined

by

C4-83

Ps

8p

ea
0

4.2. Diffusion of Li into Au

C4-9)

When Li atoms from the beam reach the Au surface,

they tend to diffuse rapidly into the bulk. This is

predicted by the solution of the time dependent diffusion

equation, as follows. Let pCz,t) be the number of Li atoms

per unit volume in solid Au. For an infinite volume with a

plane source at z = 0 beginning at t = 0, the diffusion

equation is

2
8o 8 p

2 j 6Cz). 1 11 + sgnCt31
et

8z
2

C4-103

0 is the diffusion coefficient for Li in Au and jo is the
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per site, including the effect of surface ionization.



particle current density supplied by the source. The

solution of Eq. (4-10) for t 0, easily verified by

differentiation, is

JOp = --
U

2
r-- Z

=
-Izi z erfl

r
_

j e
+ 2 / Dt

40t

The diffusion current is

a
= -

p
az

[= jo sgn(z) - erf[
21TDt)]
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(4-11)

(4 -123

The location of interest is the z = 0 surface. Here, the

results are

pC0) = 2joi// ,

lim j =
-Jo

(4-13)

(4 -143

Now it is clear that Jo should be identified with the

incident particle current density for the case of the

semiinfinite volume. The density of Li at the surface,

proportional to the square root of the time, can take a

long time to reach the value corresponding to a monolayer

if D is sufficiently large. The solution is valid while

the concentration of Li remains less than its solubility of

40 atomic percent at room temperature.

An estimate of the diffusion constant
35 for Li in Au

is



=
o

e

- 0
RT

75

C4-15)

with 0
o

= 1.5 x 10-4 CM2 /s, E = 6 : 10
4 J/mole, and the

gas constant R = 8.3 J/Kmole, which gives

D = 4.4 x 10-15 cm2/s at 25° C. If the lattice constant a
G

of Au is taken as an estimate of a monolayer thickness, the

density at the surface can be written

pC0)
co AG G

and the particle current density

J
1

A
=

o t A
G L G

(4-16)

(4-17)

The Li incidence time t defined in Chapter 2 takes no

account of diffusion. The equations above allow a more

realistic accumulation time to be calculated according to

the equation

tL2
t = (4-18)

2 a
G

The brief table below gives the time required to reach

several selected coverage values e for the range of t

values used in the experiments.

t 24 s 130 s 380 s 870 s
L

1

0. 1

1.2 , 10
3

s

12

3.5 10
4

s

350

3.0 , 10

3.0 ,c 10

5 s

3

1.6 ,

1.6

10
el,

104

0.01 0.12 3.5 30 160

0.001 0.0012 0.035 0.3 1.6
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The table entries above are for the mesh at room

temperature TR = 25°C; the times would be over six times

longer at T = 50°C. For all but the hottest oven, a large

fraction of a monolayer of Li does not have time to develop

in the course of a typical experiment.

4.3. Surface coverage by H2O and LiOH

A realistic model of the Au surface must take into

account both the incident Li beam and the H 0 in the
2

residual gas. The two can combine chemically according to

the reaction

Li + H 0 4 LiOH + H .

2

The reaction should occur when a Li atom in the beam

reaches the target surface at a location already occupied

by a H 0 molecule. Uhon Li reaches an unoccupied site, it

diffuses quickly into the bulk. If the surface is covered

with LiOH, the incident Li probably diffuses quickly due to

the porous structure of Li OH.

The coverages of the present model will be denoted as

follows:

8 clean Au,
G

8WG H
2
0 on Au,

8 H 0 on Li0H,
WH 2

8 LiOH on Au, and
HG

e = e +
H HG WH
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Initial and final values of the coverages will be

subscripted with "i" and "f" respectively. The processes

to be considered are the adsorption of H 0 from the

residual gas and the reaction of Li from the beam with

adsorbed H 0 which results in the accumulation of LiOH.The
2

following equations are to be solved:

where

d8G = c 8 ,
WG W G

dt

deWC; =s c 8 -s c 8WG W G LW L WG
dt

d8
wiA = s c 8 - s c 8

WH W HG LW L WH 7
dt

d8HG = -S c 8 + s c A + s c 8WHUHG LW L WG LW L WH
dt

(4 -1S)

C 4 -20)

C4-21)

(4-223

s is the sticking coefficient of H 0 on Au,
WG 2

s is the sticking coefficient of H 0 on LiOH ,
WH 2

is the sticking coefficient of Li on H 0 ,
LW 2

c
w

is the H2O particle current, and

cL is the Li particle current.

The equations are consistent with the constraint

1 = 8 + 8 + e + e
G WG WH HG

(4 -23)

One result which is readily obtained from the model

is an estimate of the time required to approach the

condition of a complete layer of LiOH on the source side of

the mesh. Uritten in terms of 8H, and with the constraint

used to eliminate
6

7 the system of equations is



deH a sLw
c

wo '
dt

de
WO me S C C1 - 8 -8, -9 c e

WG W WO H LW L WO
dt

The solution is

C-s c + 0 c e +s c 8 3 -s c t
B= 1- WG W LW L WGI WO W HI LW L

C - S C
LW L WG W

S c eLW L 016CSCLW L WO W
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C 4 -243

C 4 -253

-s c t
WO W C4-263

C -s c + s c e +s c e
Hi

3 -s c t
WG W LW L WO' WO W Hs LW L

e = e
WG SCSCLW L WO W

s e 8
WG W GiSC-SeLW L WO W

ER C tWG W
e C4-273

It is evident from Eq. C4-263 that a complete layer of LiOH

forms in a time which is comparable to the H20 monolayer

accumulation time l'sWO cW, or the time l's c
L

, whichever
LW

is longer. Heating the mesh does not remove the LiOH.

Therefore all experiments carried out after this time must

be analyzed as occurring on a substrate of LiOH rather than

Au.

The model is easy to solve for the detector side of

the mesh, where no Li is incident. Only elwG needs to be

considered. The equation is:

de
G S C C1 - e 3 .

dt
WO W 140

C 4 -283



With the initial condition of no H 0, the solution is
2

-s ct
8 = 1 - e W
L40
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C 4 -293

Finally, the solution of the model is needed for the

source side of the mesh after a complete substrate of LiOH

has formed. The remaining variables are constrained by

e + 8
WH HG

The equations reduce to

deWH = SC C1 1 -e 3 - s cWH W WH LW LOWH
dt

which has the general solution:

WH W -Cs
WH C +8 C e

WH W LW L

- Cs c + s c 3t
WH W LW L+ 8WH e

a c
LW L -CS

HG c e
WH W LW L

- Cs c + s c 3tWH W LW L
+ 8 e

HGi

The results appear simpler when

e 1. The results are
HG

C 4 -303

C4-313

c + s cWH W LW L

C s c

C 4 -323

WH W LW L

C 4 -333

it is assumed that

8 CWH W -CS C + s c 31
e - WH W LW LWH sc+sc k _ e C4-343

WH W LW L



S C
LW L

HO S C + 5 C
WH W LW L

+
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-Cs c + s c
WH W LW L

Li e (4-35)

-Cs C + S C Dt
W LW L

Regardless of the initial conditions, the limits approached

at large values of t are

e
1-4 +WH W LW L

8
1-1131- s c + s c

WH W LW L

S C
WH W

S C
LW L

C 4 -36)

(4-37)

4.4. Qualitative explanation of the time dependence of the

transmission

The model above, in which only the coverages of the

surface by H20 on the detector side and by H20 and LiOH on

the source side are taken into account, is sufficient for a

qualitative explanation of the time dependence of the

transmission as observed in Chapter 3. The quantitative

aspects of the model will be treated in the following

section.

The heating of the mesh at the beginning of each run

evaporates H2O from both sides of the mesh. It also

dissociates Li0HH 0 on the source side, leaving a layer of
2

anhydrous LICH. The initial state of the source side is

clean LiOH and the detector side is clean Au. The
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transmission of about 0.16 at t = 0 in Fig. 13 is lower

than the surface-ionization limited value of 0.20 because

of the surface-dipole-moment density of LiOH. If = 1
HG

is assumed, Fig. 21 gives a value of pH = 0.005 CLiOH

molecular dipole moment in multiples of ea03. This is a

rather small value, but the estimate would be larger if the

actual coverage of LiOH is less than one, or if LiOH does

not occupy every Au surface site but forms a more open

structure.

Uhen the heating current is removed, the target

temperature decreases according to Fig. 11. H 0 begins to

stick to LiOH on the source side of the mesh. With its

large dipole moment, it increases the surface-dipole-moment

density on the mesh and causes a decrease in the

transmission. The initial downward trend noted in

Chapter 3 is thus explained.

After a longer time has elapsed, H2O sticking to the

detector side of the target becomes important. The

sticking coefficient for H2O on Au is certainly less than

it is on LiOH, so Eq. C4-293 implies that this is a slower

process. But, eventually, H2O will cover both sides of the

target. This can be seen immediately from Eq. C4-363,

keeping in mind that c is almost always less than Cu.

With both sides of the target almost completely covered by

a layer of H 0 at times later than 1/s c , the surface -
2 WG W

dipole-moment density is nearly uniform. A uniform dipole

layer on a closed surface produces no external field; thus
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the transmission rises. Surface ionization remains as a

mechanism for signal loss, and the transmission approaches

the surface-ionization-limited value. This explains the

rise to a steady transmission late in each run.

4.5. Computer model of the time dependence of the

transmission

In order to check the qualitative explanation of the

transmission, a computer model of the time dependence of

the transmission was constructed. The surface-dipole-

moment density is written in the form

80
0

N = EP e PWeWH
p 3 .

G
A H HG W WG

(4-38)

The quantities pH and pw are the molecular dipole moments

of LiOH and H2O, respectively, expressed as multiples of

ea . They may be functions of the coverage. 8 and e
0 HG WH

are, respectively, the coverages of anhydrous and hydrated

LiOH on the source side of the mesh, and 8
WG

is the H2O

coverage on the detector side. The coverages are given as

functions of time by Eqs. (4-293, (4-343, and (4-353. The

dipole moment of LiOH is not available in the literature,

so the value pH = 0.005, read from Figs. 13 and 21, is

assumed to hold for all values of the coverage. If many

runs are considered in addition to that shown in Fig. 13, a

value of the initial surface-dipole-moment density of

0.007 ± 0.002 ea /A is obtained.
0 G
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The dipole moment of H 0 adsorbed on a Ge surface has

been measured by Green and Maxwell. It has a maximum

value p
w

= 0.73 (multiples of ea ) at low coverages,

decreasing by a factor 1/4.8 at unit coverage. Such a

large value of pw predicts too low a transmission for the

present experiments. The functional form chosen for the

model is

Pw
pwo

1 + 3.8 0
(4-39)

with pwo = 0.22 as the best fit for the typical data of

Fig. 13. The same value is assumed to hold on a

substrate of either Au or Li OH. The functional form has

the correct trend for the dipole moment based on the data

for H 0 on Ge: a decrease by a factor of 1/4.8 at unit
2

coverage. The value of the factor pwo was determined by

fitting the depth of the minimum of the time dependence

curve. The value "Duo = 0.22, smaller than the factor 0.73

describing H20 on Ge, could indicate that not every Au

site is occupied by a H20 molecule. If every fourth site

were occupied, for example, the agreement with the Ge value

would be good.

The sticking coefficients must be chosen to reproduce

the observed timing of the events in the experiments. The

best values for the data of Fig. 13 are swG = 0.05 and

s = 0.1. Uhen many runs are considered and the
WH

uncertainty in the H 0 partial pressure is taken into
2

account, the sticking coefficient for H 0 on Au falls in
2
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the range 0.05 < swG < 0.15. The range of values for s

depends somewhat on the values of s and p . For the
WG WO

minimum value pwo
= 0.20, the range is

2.1 swG < sWH
< 3.0 swG, and for the maximum pw0 = 0.31,

the range is 1.6 swG < sWH
< 2.1 sWO .

The parameters s and p can be compared with
WG WO

LJH

values inferred from the data of Bajpai et al.
12 The

exposure of their Au sample to H20 at 1.6 x 10-7 Torn for

periods longer than 3 min resulted in no further change in

the work function. With Eqs. C2-1) and C4-293, this

implies a sticking coefficient of swG = 0.087, comparable

to the values found herein. Bajpai et al. noted a work

function increase of A. = 0.68 eU upon H2O adsorption. If

this is equated to the change in electrostatic potential

energy of an electron as it passes through a dipole layer,

the surface-dipole-moment density can be found from the

relation Acl) = 4weN. The result can be expressed

N = 0.059 ea /A . With 0.20 < p < 0.31 and 6 = i in the
0 G WO

present model, Eqs. C4-383 and C4-393 predict

N = 0.053 t 0.011 ea ,A . The results are in agreement.
O G

If Bajpai et al. are correct about the sign of the work

function change, then the H20 molecules adsorb with the

oxygen atom tending to point away from the surface. The

present experiments, however, do not indicate the direction

of the dipole moment.

The coefficient s should be viewed as a
LW

chemisorption coefficient, since the production of LiOH
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involves the formation of a chemical bond. The data give

only an upper limit of sLw = 0.05. If this coefficient

were higher, the runs at high oven temperatures would show

a decrease in transmission at large t which is not observed

in the data. When Li incident on H2O is not chemisorbed,

it is envisioned as diffusing into the target.

With N now known as a function of the time, it only

remains to look up the transmission predicted by the

calculation of the electric field in a square hole in an

infinite dipole sheet. An interpolation is performed in

the data of Fig. 21.

The results of the model calculation are shown in

Figs. 22 and 23. In Fig. 22, the H2O particle current

chosen corresponds to the experiments done with cryogenic

trapping. They should be compared with Fig. 13. Three

different values of the Li particle current were used. The

intermediate value corresponds to the oven temperature used

to obtain the data of Fig. 13, and the other two are

different by factors of two from the intermediate value.

The values of pH and pwo have evidently been chosen

correctly, since the initial transmission, the minimum

value, and the final value are in agreement with the

observed values.

The timing of the events is good, except that the

initial drop in transmission comes earlier in the model

than in the experiment. This discrepancy is easily

understood in terms of the temperature of the mesh. At the
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FIG. 22. Model calculation of the time dependence of the

transmission in a cryogenically trapped chamber for three

values of the Li incidence time.
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FIG. 23. Model calculation of the time dependence of the

transmission without cryogenic trapping.
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beginning of the run, the mesh is cooling rapidly, since

the heating current has just been removed. While it is

still warm, the sticking coefficient of H20 on the surface

remains small. It takes somewhat longer for a dipole layer

to develop and for the transmission to decrease in the

experiment than predicted by the model, which does not

account for the temperature of the mesh.

The model is robust in that large changes in the Li

particle current do not have a large impact on the

transmission. Only small differences are observed between

the three plots in Fig. 22. This lack of dependence on Li

flux is in good agreement with the experiments.

In Fig. 23, the H20 particle current corresponds to

experiments done with the liquid nitrogen traps empty. In

this case the minimum in transmission is reached very

quickly by comparison with the trapped system. This

suggests that in the experiments at higher pressure, the

initial drop may be missed entirely. This could account

for the data of Fig. 17. A subsequent drop in

transmission, observed in the experiments, does not appear

in the model calculation. Figure 22, on the other hand,

shows that a slight reduction in transmission appears at

very high Li flux if the value of s is made too large

Cs = 0.1). In this case, LiOH forms so rapidly on the
LW

source side of the mesh that the detector side eventually

has the higher H20 coverage.



89

4.6. Summary

The model suggested in this chapter for explaining

the time dependence of the transmission of the high-Rydberg

beam through the mesh target depends on field ionization by

the electric field due to adsorbates on the surface. The

success of the model in describing the observations, and

the agreement of the parameters s and p with values
WG WO

inferred from the work of other researchers, support the

identification of field ionization as the mechanism

responsible for reducing the transmission.

The experiments strongly suggest that H 0 from the
2

residual gas is the adsorbate responsible for the electric

field leading to the decrease in transmission. The

arrangement of adsorbed molecules on the surface is not

revealed, but the model gives pwo = 0.26 t 0.06 as the

initial dipole moment per site in multiples of ea
0

, and

p = 0.053 t 0.011 as the final value. The sticking

coefficient for H 0 on Au given by the model is in the
2

range 0.05 < suG < 0.08, with uncertainty in the partial

pressure of H 0 extending the plausible range as high
2

as 0.15.

The experiments in which the exposure of the target

to the beam is delayed from the time when the heating

current is removed indicate that the Li atoms themselves do

not greatly affect the typical time dependence of the

transmission. This is consistent with what is known of the



90

diffusion of Li in the Au-Li binary system. On the other

hand, the model requires that early in the series of

experimental runs a layer of Li OH forms. The initial

surface-dipole-moment density on the mesh is

N = 0.007 ± 0.002 ea /A . The sticking coefficient Cor
O G

chemisorption probability) st_w which leads to the formation

of the layer has an upper limit of 0.05. The sticking

coefficient for H 0 on the presumed hydroxide layer is in
2

the range 2.1 s < s < 3.0 s if p is as low as 0.20,
WG WH WG WO

and in the range 1.6 s < s < 2.1 s if p is as high
WG WH WG WO

as 0.31.

The experiments show a retardation of the

transmission sequence with each heating cycle of the mesh.

The model explains this qualitatively by invoking the

decrease of the sticking coefficients with increasing

temperature. The data of Fig. 17 with higher H2O partial

pressure can be interpreted as a run in which the initial

transmission decrease occurs too rapidly to be recorded.

4.7. Suggestions for future work

In the future, it will be possible to test the points

of the model more carefully and to apply the experimental

technique to the study of atom-surface interactions.

If a laser system for exciting the high-Rydberg

states were obtained, the excitation efficiency could be

raised by many orders of magnitude above the present value
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of - 2 x 10-g. The Li particle current could then be

reduced to a negligible level. Many experiments could then

be run before a layer of LiOH could build up on the source

side of the target. One would expect that H 0 would adsorb
2

uniformly on both sides of the target, and no large drop in

transmission would occur.

It is not difficult to estimate the sensitivity with

which surface-dipole-moment densities can be measured with

the new technique. The counting rate determines how small

a change in transmission is statistically significant. In

the present experiments, transmission changes of 0.01 are

readily observed. With a geometric transmission of

T
o
= 0.25, a transmission change of 0.01 corresponds to a

reduction of 4 % in the effective area of the opening.

According to Fig. 19, this first occurs at n/n = 0.5, or
max

= 2n. If n is the principal quantum number which
max max

is just at the ionization threshold at the center of the

opening, then it is related to the electric field magnitude

at the center by E
c

= E
0
/n

mcx
4 Equation C4-7) relates Ec

to the surface-dipole-moment density, so the conditions

above can be combined in the equation

b E
o

N - C4-40)
EWE C2n)4

The formula above is for the surface-dipole-moment density

needed to give a sensitivity of 0.01 in the transmission of

a beam containing high-Rydberg atoms in the single state

with principal quantum number n through a mesh with
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T
o

= 0.25. For the highest sensitivity, it is clearly

advantageous to make n as large as possible. It is also

necessary to see that b is kept large enough to insure that

the beam is not lost to surface ionization Csee Sec. 4.1.3.

This requirement can be expressed by the inequality

b > 7a
0
n2 .

The sensitivity of the technique is thus

2
E70

o
n

N >
EWE C2n3

4

C4-413

C4-423

With large enough b and n, the sensitivity becomes

arbitrarily high.

Assuming it is feasible to reach n = 80, the mesh of

the present experiments easily meets the condition of

Eq. C4-41). With Eq. C4-403, a sensitivity of

N = 6 x 10
-5 ea /A is obtained. Adsorbed atoms or

O G

molecules with dipole moments as small as 6 x 10-5 ea
0

could be detected at monolayer coverage, or adsorbates with

dipole moments as large as eao could be detected at less

than 10-4 monolayer. Note that typical atomic spacings at

10
-4 monolayer are still on the order of 10

-e
cm, so that

the treatment of adsorbates as a continuous dipole layer is

still valid with respect to the sizes of the mesh strands

and the high-Rydberg atoms.

The role of the residual gas could be studied with

greater experimental control if an ultra-high vacuum system

were used. If the partial pressure of H
2
0 were greatly

reduced, one would expect the initial reduction in the



93

transmission to take place much more slowly. It would

become possible to study the presumed small effects of the

Li beam. The work cf Gerlach and Rhodin described in

Sec. 1.2.3. indicates that such an effect should be seen.

It may be necessary to use a high Li flux, or to choose a

target material in which Li does not diffuse as readily as

in Au. Nickel and copper meshes are available from Buckbee

Mears.

The adsorption of other molecules could be studied.

A second molecular beam might be used to deposit a layer of

another material on a selected mesh target. Interactions of

the second beam with the Li beam would be minimized by

making the second beam incident from the detector side of

the mesh.

The effort to quantify the effects of the temperature

on the mesh transmission has already begun
32 with the

attachment of thermal sensors to the target mount Cbut not

to the target itself, because of its small mass).

Eventually, the mount must be modified in order to control

its temperature as well as monitor it.

With a clean mesh target it becomes possible to

extend the studies of atom-surface interactions to include

surface ionization and van der Wools forces. The

experiments could shed new light on the unsolved problems

65,
revealed by the experiments of Shih,

4, Raskin, and

Kusch3 Cdescribed in Sec. 1.2.2), and of Fabre et al.
2

Cdiscussed in Sec. 1.2.13.
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A promising new technique has been described for the

investigation of atom-surface interactions. Experiments

founded on this technique will advance basic knowledge in

atomic and surface physics.
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APPENDIX A--MESH TEMPERATURE CALCULATION

The purpose of this appendix is to calculate the

temperature of the mesh when a heating current is flowing.

Recall from Chapter 3 that the heating is done before each

transmission experiment in order to degas the mesh. The

equilibrium heat flow through the heated mesh may be

treated by considering the power balance. The power

balance results in the inhomogoneous heat flow equation

2 -I
2 p [1 + aCT - T )7

d T H S 4
k CO.5 ew)

s + 1.5 wedCT4
T ),

G
dx

2 0.5 ew
1

CA-1D

where T is the absolute temperature as a function of the

position x,

T
s

= 273 K is the reference temperature for the

resi sti vi ty,

T = 298 K is the temperature of the vacuum chamber,

k = 3.1 W/cm-K is the thermal conductivity of Au,

p
s

= 2.19 x 10-6 S2cm is the resistivity of Au at T
s

,

a= 3.65 x 10- 3
K
- 1 is the thermal coefficient of

resistivity,

0.5ew is the effective cross-sectional area of the

mesh for conduction,

1.5w is the effective width of the mesh for

radiation Cboth sides are 3/4 metal and 1/4 holes),

IH is the heating current,

C is the emissivity, and
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d = 5.67 x 10-12 JzscmK4 is the Stefan-Boltzmann

constant.

The term on the left-hand side of Eq. CA-1) is the net rate

of heat gained per unit length due to conduction from

neighboring parts of the mesh. The terms on the right are

due to Joule heating and radiation, respectively. The

equation may be rewritten:

2
d
2
T = - :-

s a
El + aCT - T Dl + RCT4 - T

4

dx
2

where

I
H
2ap

s
W
2

=

p

k C0.5ew) 2

G

1.5 E Oa

0.5 2kG

C A -23

C A -33

C A -43

Two special cases will be analyzed before the full

problem is solved. In the first case, radiation will be

neglected. This case would apply to a good heat conductor

at low temperature. In the second case, conduction will be

neglected. The results will give a useful upper limit on

the temperature.

If radiation is neglected, the solution of the

differential equation is

T
T
m
cosoCx-L/2)+Caza -2T

s
3sinCox/23sinCoCL-x),2)

cos oL/2
, CA-53

where L is the length of the mesh and T
m

is the mount

temperature. The maximum temperature Cat the center of the

mesh) is:



T =
T
m

+ C2/a - 2T )sin2CwL/43

cos wL/2
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C A -6i

The result shows that radiation must become important at

large currents, for the temperature at the center incrooses

without limit near wL/2 = n/2. The corresponding current

is 3.6 A.

If conduction is neglected, then the mesh has a

uniform temperature which is the solution of

0 = - ca2 [1 + aCT - T
s
)1 + pCT4 - T 4

. C A -73

The equation may be solved iteratively when written in the

following form:

T = aw2
+ pT

1

4 + o2 (1-aT
s
3

pT
[

The zeroth approximation is

a

T = Caw 3

and the first order approximation

T =
2 pT 4

+ (.4
2 Cl-aT ) 1/3

aw 1 s

P
+

2 1! 3

P )(7

CA-8)

C A -9)

CA-10)

is very good except at small values of the heating current.

A first integral of Eq. CA-2D can be performed. Let

dT
SC x3 = . One may write



2

= s[- (2 11 aCT - Ts)] + P-CT4 - T143]
cc

2

ax a 2

2
c4

= - - C1
s
DT - (±- 5aT2 + T5 - 43iT

i
.
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CA-113

Let T
c
be the temperature at the center of the mesh,

x = L/2. At this point the temperature will be at a

maximum, so that S
c

= O. Integration of Eq. CA-113 gives

a
I2

2
2(4

L
C1-aT

s
DCT - Tc) - o2 CT 2 - T

c
2
D

dx

+
2p

aCTS - T
c
53 - T

1
4CT - T

c
D] .5a

CA-123

The final integration is to be done numerically. Since the

central temperature T
c

is not known in advance, a trial

value is calculated from Eq. CA-83, which ignores heat

conduction. The numerical integration problem is

interesting in that Eq. CA-12) gives the derivative in

terms of the dependent variable T rather than the

independent variable x. The integration is to be done from

a temperature of T
c
at x = L/2 to the mount temperature T

at the edge, x = 0. If the trial value of T
c

leads to

T = T
m

at a point other than at the edge, a new trial value

is selected and the integral is repeated. Eventually, the

point at which T
m

is attained can be made to fall at x = 0

to within the precision of the arithmetic, and the

calculation is complete.

A formula for the integration of Eq. CA-123 can be

derived. Consider a short length of the mesh bounded by
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x
a
< x < x . Let the temperatures at the endpoints be T

a

and T. The first derivatives can be found from

dTEq. CA-123; they are denoted T
a dx

' = --a and T The second

derivatives can be found from Eq. CA-23; they are written

d
2
T

T
a
" - ----a, and T

b
Let the temperature in the interval

dx
2

be approximated by a fourth-order polynomial in x. Then

the interval Ax = x
b

- x can be written
a

Ax
2 AT

[1

AT AT"
CT

a
' + Tb '3 3CT

a
+ T

b
'3

2]
CA-133

The tabulated37 total emissivity of Au is c = 0.02 at

100 °C and 0.03 at 500 °C. When either of these values is

used, the temperature obtained with IH = 5.0 A is above the

melting point of Au, T = 1337 K. The mesh does not melt at

this heating current. Therefore, a value c = 0.04 was

chosen for the calculation.

Figure 10 (Chapter 23 is a plot of the calculated

mesh temperature as a function of position for heating

currents ranging from 0.5 A to 5.0 A and a mount

temperature T
M

= 298 K. The curves for heating currents

above 4.0 A peak above 1100 K, which confirms the visual

observation that the center of the mesh glows orange while

the edges remain dark.

The temperature gradient at the edge of the mesh is

needed for the calculation of the mount temperature

CSec. 2.3.4.3. It can be measured on the graph of Fig. 10.

An alternative procedure is to read T
c
from Fig. 10 and

calculate the gradient from Eq. CA-123. For 1H = 3.5 A,
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dT
tiexample, T

c
::-. 870 K and 870 K/cm. The

dx

corresponding power is P = k
G dx
C0.5Zw3 dT = 0.40 W. Note that

both procedures have built into them the mount temperature

T
m

= 298 K assumed for the calculations leading to Fig. 10.

A change in TM should have only a small effect on the

gradient.
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APPENDIX B--MOUNT TEMPERATURE CALCULATION

The target mounting frame is a stainless steel sheet

11 cm long, 5.5 cm wide, and 0.077 cm thick. It makes

thermal contact with the atmosphere through a 1/4-in-

diameter stainless steel rod. When the mount is in its

lowest position, with the upper target in the beam path,

the length of rod inside the vacuum chamber is about 11 cm.

By coincidence, the sheet and the rod have nearly the same

cross-sectional area, A 0.35 cm2.

Some of the heat generated when the mesh is degassed

will be conducted away into the mount, raising the mount

temperature. When the mesh heating ends, the mount becomes

a thermal reservoir for the mesh. The purpose of this

appendix is to calculate the temperature of the mount.

The one-dimensional heat flow equation with a source

at x = 0 is

aT
k
s 8

2
T

at p c ax
2 p c A

s s s s

6Cx3 fCtD, CB-13

where TCx,t3 is the temperature at position x and time t,

k
s

= 0.14 WrcmK is the thermal conductivity of

stainless steel,

p
s

= 8.02 g/cm
3 is the density,

c
s

= 0.50 J/gK is the heat capacity,

P is the power reaching the mount from the mesh,
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A = 0.35 cm2 is the cross-sectional area of the

mount, and

fCt3 is a function with a value of one when the

heating current is on and zero when it is off.

The mount is modeled as a one dimensional structure with

the mesh attached at x = 0. Heat conduction through the

copper mesh clamp is considered to be instantaneous, since

the thermal conductivity k = 4 W/cmK is many times that
Cu

of stainless steel. There is no barrier to heat conduction

through the boron nitride insulators which electrically

insulate the mesh clamp, since the thermal conductivity

k = 0.2 W/cmK is slightly higher than it is for
BN

stainless steel. The bottom of the mount, at

x = -d -8.25 cm, makes no thermal contact with any other

object, so the heat flow must be zero;
dT = 0 at thedx

bottom. The top, at x = h ;:-.. 13.75 cm, is in thermal

contact with the atmosphere at temperature T = T1. For

convenience in the calculation, T is set equal to zero. A
i

constant can be added to the solution at the end of the

calculation, since the temperature enters the heat flow

equation only through its derivatives.

The Laplace transformation of Eq. CB-13 is carried

out according to the definitions

uC x, s3 = dt e s- t
TC x, t3 ,

0

-co

gCs3 = dt e
-st

fCt3 ,

-o

CB-23

C B -33
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with the result

suCx,$) -
k
s 8

2
u

SC x) gCs) . CB-4)
p c ex

2
p c As s s s

In the derivation of Eq. CB-4) it has been assumed that the

temperature is zero everywhere on the mount at t = 0. The

solution of the differential equation CB-43 which matches

the boundary conditions is

-P gCs)

fl

[1 +6WICX)] [1 +13
-2Zdi [Galx

-437C
2h-x31

u -
2Aks7 Ce2rh + 8-2rd 2

where

1
+

2
-sgnC x3] [1 -e

[eZx
+e

2d+x)

7C s) =
p CS S
k
s

The inverse Laplace transform of Eq. CB-53 is to be taken

in order to find the temperature TCx,t). Equation CB-53

has the form u = gCs) hCs,x), where

CB-53

CB-83

hCs,x3= -P
2 h 2

tql+sgnCx3][1+0 -2rd][erx-erC2h-x)]

2Ak
s
rCe 7+e -rd 2

1 221 [erx+e-r< 2d+x)1 }
+

2
-sgnC x)] [1 -e CB-73

so the convolution theorem for Laplace transforms indicates

that

TCx,t) = idt' f(t') HCt-t'D ,

where H is obtained from the inversion of

CB-83



hCx,$) = Idt e
-st

HCx,t)
0

The inverse transformation can be obtained after expanding

the term

108

C B-9)

1

Ce2rh + e
-2rd

e
-22'h

e-2rCh+d)

0-22,h c...13m0-2mrCh+d)

m=0

The expansion leads to the expression

(x)

hCs,x3= -P
2Aks m=0

CB-10)

C-13mt
e
-C2h-x+2mCh+d3)r - e

-C2d+x+2mCh+d)Dr

-e-C
I xl+2mC h+d))

+ e-C
2h +2d - I x i +2mC h+ci) )3, . C B-11)

The inverse Laplace transforms needed for Eq. CB-113 are

tabulated tRef. 38, p. 250, item 84.3,

p C

HCt,x3 = -P 2 C-1Dm exp(HI2h-x+2mCh+c032 8 8]
2Aipscskswt

4k
s
t

p c
- exp(-E2d+x+2mCh+dD12 s

t
- exp(-Ilxj+2mCh+d31 2

ps

4k
s

4k
s
tj

SI
+ exp [

s
-C 2h+2d- x I +2mCh+d) 2

Ps
c

tj C B-1 2)

Equations CB-83 and CB-123 can be used to calculate TCx,t)

for any sequence of heatings describable by fCt3. The

sequence chosen for the present calculations is a repeating

30-min cycle in which the 3.5-A current is on for 5 min and

off for 25 min. The power is taken from Chapter 2 to be

P = 1.3 U. Figure 24 shows the temperature in the eighth
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cycle as a function of position and time obtained by

numerical integration of Eq. CB-8). The top curve is a

temperature profile just before heating begins, and each

successive curve is calculated 100 s later. It is evident

that the boundary conditions are satisfied: the profiles

are flat on the left-hand side Cx = -d) and approach T =

25 'C on the right Cx = h). A peak develops at the point

where the mesh is attached while heating is in progress,

and dies away when the heating ends.

The mount as a whole retains heat in each cycle. It

is the temperature at the point of attachment of the mesh

which is of the most interest. The temperature at x = 0

was calculated through eight heating cycles and graphed in

Fig. 11 CChapter 2). The plot shows, for example, that in

the first cycle the mount temperature increases from 25 C

to 52 'C in the first 5 min Cwhile the heating current is

on), then falls to 37 C after another 5 min have passed.

Subsequent measurements by McCown
32 have given an increase

from 23 'C to 59 'C in the first 5 min followed by a

decrease to 38 'C in the next five minutes. The

calculations and measurements are in reasonably good

agreement.
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APPENDIX C--NOTATION

A area for particle current calculation

A = 0.35 cm
2 cross-sectional area of mount

AC n) effective area of mesh opening

A = 0.06 cm2 detector slit area

A = 8.3 x 10
16

cm2 AuC1003 surface site area
G

A
o

= 0.057 cm2 area of oven opening

a dipole strip width

a

a
o

a
G

a

= 6.45 t 0.20

= 5.29 x 109

= 4.08 ,< 10
a

= 3.65 1 0- 3

pm mesh strand width

cm Bohr radius

cm Au FCC lattice constant

C0CD-1 thermal coefficient of
resistance for Au

BCn) principal quantum number population density

b = 6.45 pm mesh opening width

p parameter in mesh temperature calculation

c particle current

c = 0.13 J/gK heat capacity of Au

c Li atom current
L

Li particle current escaping from oven
LO

C
s

= 0.50 J/gK heat capacity of stainless steel

c H 0 molecule current
2
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O diffusion coefficient for Li in Au

0 = 1.5 10
4 CM /s frequency factor for Li diffusion

in Au

d = 8.25 cm distance from upper target to bottom of
mount

ci = 0.79 cm bulkhead plate spacing
a

d = 1.00 cm detector plate spacing

Ec electric field

E = 6.4 < 10
a U/cm field ionization constant

0

E electric field magnitude at center of mesh opening

E = 6 x 106 J /mole activation energy for Li diffusion
in Au

E electric field-ionization threshold

energy of hydrogenic atom

e = 4.80 w 10- 0 stcoul fundamental charge

emissivity of Au

correction to v
o

in charged particle deflection

0 force on ion

fCt) function describing mesh heating cycle

fCz) arbitrary function

f distribution of speeds in beam

gCs) Laplace transform of ftt)

7 parameter for mount temperature calculation
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HCt,x) mount thermal response function

h height of mount and rod above upper target

hCs,x3 Laplace transform of HCt,x)

I
H

J 0

J z

mesh heating current

source particle current density

z-component of particle current density

K van der Uaals interaction potential strength

k = 1.38 x 10-16 erg/K Boltzmann constant _

k = 0.2 U/cm.K thermal conductivity of boron nitride
BN

k
c

= 1.0 ± 0.1 channel factor

k = 4 W/cmK thermal conductivity of copper
Cu

k = 3.1 U/cmK thermal conductivity of Au

ks = 0.14 U/cmK thermal conductivity of stainless
steel

L = 2.5 cm length of target

2.1 ± 0.3 pm mesh thickness

orbital quantum number

A = 12.9 ± 0.1 pm mesh period

m gas molecule mass for particle current calculation

summation index

mL = 1.15 x 1 0
-23

g atomic mass of Li
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N surface-dipole-moment density

n principal quantum number

n highest principal quantum number not ionized
melx

QCx,x'D solid angle subtended at x by area element at x'

o parameter in mesh heating calculation

P pressure for particle current calculation

P power input for mount temperature calculation

vapor pressure of Li
L

P partial pressure of H2O
2

PA
electric dipole moment per atom

PH LiOH dipole moment, atomic units

Ps electric dipole moment per site

p H 0 dipole moment, atomic units
2

pWO initial H2O dipole moment at low coverage, atomic
units

4 work function

q charge of particle for deflection calculation

R distance from ionic core to surface

R resistance of leads and contacts in mesh heating
circuit

R = 8.3 J/Kmole gas constant

R resistance of heating circuit, including mesh, at
room temperature

R radius for surface ionization
n
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distance for particle current calculation

rCT) electrical resistance of target

rMD = 28.8 cm distance from mesh target to detector slit

r = 58.8 cm distance from oven to detector slit
OD

rOM = 30.0 cm distance from oven to mesh target

r = 12.6 cm distance from oven to source slit
as

r = 27.4 cm distance from oven to target slit
OT

rR resistance of target at room temperature

r = 14.8 cm distance from source slit to target slit
ST

r = 31.4 cm distance from target slit to detector slit
TD

r radius of hydrogenic atom
n

p volume density of Li in Au

p613 charge density

= 19.3 g/cm3 density of Au

p
s

= 2.19 x 10-6 ncm resistivity of Au at To = 0 °C

p
s

= 8.02 g/cm3 density of stainless steel

S temperature gradient

SCUD signal as a function of voltage

S
c

temperature gradient at center of mesh

s Laplace transformation variable

a sticking coefficient of Li on H2O

a

LW

sticking coefficient of H2O on Au
WG

a sticking coefficient of H2O on LiOH
WH

cs = 5.67 x 10
-5 erg/s-cm2

.K
4 Stefan-Boltzmann constant
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T temperature

T mesh transmission coefficient

TCOD aeometric transmission of tilted mesh

T
o

geometric transmission of untilted mesh

temperature of vacuum chamber

T
c

temperature at center of mesh

T mount temperature
M

T
o

absolute oven well temperature

T = 25 'C room temperature

T
s

= 0 'C standard temperature for resistivity

temperatures for numerical integration formula
a.b

T temperature derivatives for numerical integration
a, b

T second temperature derivatives for numerical
a,b integration

t, t' time coordinates

t Li incidence time
L

t H 0 incidence time
2

8 tilt angle of target

deflection angle of charged particle

coverage

6 = 2.0 mrad angle subtended by detector slit at
target

surface fraction of clean Au
G

8 Au coverage with LiOH or Li0H.H20

8 LiOH coverage on Au
HG

8 H 0 coverage on Au
WG 2

8 H 0 coverage on LiOH
WH 2



U potential energy

U
s

potential energy at saddle point

uCx,$) Laplace transform of TCx,t3

VC)13 electrostatic potential

V detector plate voltage

VH heating voltage

v molecular velocity in gas

charged particle velocity for deflection
calculation

v
o

initial speed of charged particle

= 1.4 cm target width

= 0.061 cm detector slit width

= 0.018.cm target slit width
T

x, x' position coordinates

x , x patch boundaries

x, x interval for numerical integration
a

y,

correction to x
o
in charged particle deflection

position coordinates

Y y patch boundaries

z, z' position coordinates

z
s

position of saddle point

117
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substitute variable of integration


