
REFINEMENTS OF A NEW BALANCE FOR MEASURING SMALL FORCE CHANGES 

by 

I 

MYEUNG HOI KWON, B.S., M.S. 

A DISSERTATION 

IN 

PHYSICS 

Submitted to the Graduate Faculty 
of Texas Tech University i n 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

~ Chairper~on .~f th~ Commit1ee 

Jl '[II' 

. c ('! / '-' ,._., - -

Accepted 

Defo of T he 'Gr~duate Schoo 1 >< 

December, 1990 



/76 
'^ol 
72 
;0^. 

C '^0 

? 
JZ 7 ACKNOWLEDGMENTS 

The author wishes to thank the members of his 

dissertation committee and other professors, who have 

contributed the most to his education. He wishes to 

especially thank Dr. Randall D. Peters for his help, 

support, and patience in the development of this research 

and dissertation. 

Finally, he wishes to thank his family, who has 

supported him without any conditions. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS IT 

ABSTRACT v 

LIST OF TABLES vi i 

LIST OF FIGURES viii 

I. INTRODUCTION 1 

General Gas-Surface Interaction 3 

Free Oscillations of the Earth 7 

Other Applications 8 

II. MODIFIED TORSION BALANCE WITH LRDC 

TRANSDUCER 10 

Modified Torsion Balance 10 

Linear Rotary Differential Capacitance 

Transducer and Associated Electronics 17 

III. STUDY OF MAC USING THE KNUDSEN FORCE 27 

Gas Dynamics at the Surface 27 

Energy and Momentum Accommodation 28 

Experimental Set-up and Procedures 33 

Results and Discussions 40 

IV. DESORPTION STUDIES USING LANGMUIR 

RECOIL FORCES 57 

Adsorption and Desorption 57 

Langmuir Recoil Force Desorption Study 59 

Results and Discussions 61 

V. FREE OSCILLATIONS OF THE EARTH 71 1 11 



Eigenmode Types 72 

Source Nonlinearity in the Free 
Earth Vibrations 79 

Review of the Gravitational Constant 
Measurements 88 

VI. OTHER MEASUREMENTS AND APPLICATIONS 90 

Electrical Attractive Forces 90 

Pressure Manometer 96 

Micro-Balance 100 

VII. SUMMARY AND CONCLUSION 103 

LIST OF REFERENCES 106 

TV 



ABSTRACT 

Many physical phenomena in nature have force changes 

associated with them. We have studied several such 

processes by measuring these force changes using a new 

balance. This balance is a modified Cavendish torsion 

pendulum, whose deflection is monitored by a linear 

capacitance sensor. It can continuously measure forces 

whose magnitude changes from several dynes to 10'̂  dyne. 

Additionally, it is responsive to changes in the direction 

of the acceleration of gravity, being sensitive to 

variations as small as roughly 10 nano-radian. We have 

studied four different processes with the balance: First, 

by measuring the Knudsen force, we have obtained momentum 

accommodation coefficients (MAC) for helium, argon, and 

nitrogen on polycrystal1ine aluminum, tungsten, and copper, 

between 273 K and 700 K. Second, from the measurement of 

Langmuir recoil forces and by using numerical modeling, we 

have studied the number densities and binding energies of 

adsorbed gas molecules on solid surfaces. Third, we have 

almost continuously observed long period variations in the 

equilibrium position of the balance, which correlate with 

more than ten of the known long periods of spheroidal and 

torsional oscillations of the Earth after a large 

earthquake. The amplitudes of the fluctuations we have 



observed are correlated with the lunar synodic period, 

indicating that they are driven by tidal forces. Fourth, 

the force of attraction between a charged electrode and an 

overall neutral electrode, which experiences an induced 

electric dipole moment, has been measured for several 

geometries and materials. 

Finally, some applications are described in which the 

balance has been used as a pressure estimating device and a 

microbalance. 
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CHAPTER I 

INTRODUCTION 

For measuring small forces, the Cavendish type torsion 

balance is still one of the most useful instruments 

available. In a typical torsion balance, the fiber is 

connected to the housing at the top, and the boom hangs at 

the bottom with the fiber oriented along the direction of 

the local vertical. The restoring torque constant (K) is 

proportional to the shear modulus of the fiber, and involves 

its diameter (D) to the 4th power. 

Kpiijgr = Ti M D W 32 L, ( 1 ) 

where L is the length of the fiber, and Kpj|jĝ  is the 

restoring constant under an assumed Hooke's law relation 

between restoring torque and deflection. 

Since the fiber must support the weight of the beam, a 

lower limit is imposed on the diameter of the fiber, and 

thus the sensitivity of the balance. In the usual 

laboratory arrangement, the length of the torsion fiber is 

limited to a maximum of about 1 m by the temperature 

constancy required for a measuring arrangement. If it is 

designed to be sensitive, operation of such a system is 

difficult because of the small fragile fiber and pendulous 

motion. Also, almost all investigators who have used the 



torsion pendulum reported such difficulties as (i ) drifting 

of the mean position, (ii) variations in the restoring 

torque constant, (iii) secular changes in the mean position, 

and (iv) anomalous behavior when relieving and reloading the 

fiber [1]. 

The most popular sensing system for the torsion balance 

is one which employs an optical lever [2]. Those methods 

can be significantly improved by adopting a laser, an auto-

col limator, and light-sensitive diode arrays with a computer 

or by adopting an optical interferometer with a stable 

laser. However, after such improvements, limitations still 

exist as one strives for high resolution over a large 

dynamic range. 

Another popular sensing system is one which uses a 

transducer to transform the mechanical motion (rotational or 

translational) into an electric signal. Most previous 

sensitive transducers have been capacitance-measuring 

instruments which are based on impedance-measuring 

techniques such as AC bridges, or on frequency-measuring 

methods such as LC oscillators [3,4]. Although they can be 

made highly sensitive, they are not suited to continuous 

measurement over a broad range of forces. 

In our laboratory, we have been developing a new device 

using a modified torsion balance and a linear rotary 

differential capacitance (LRDC) transducer, invented by Dr. 

R. D. Peters in 1987 [5]. This user-friendly device can 
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continuously measure from very small forces (< 10' dyne) to 

large forces (several dynes). The sensitivity of the LRDC 

transducer at the smallest force levels is about 10"' 

radian. 

The consequence of many physical phenomena in nature is 

an accompanying force change, which can be one in magnitude 

of force, direction of force, or both. A continuous and 

accurate measurement of these force changes can provide 

valuable insight into understanding the underlying physics 

of the phenomena. In the present work we have measured 

forces associated with several physical systems which span a 

wide range of phenomena: gas-surface momentum exchange, 

molecular desorption from surfaces, free oscillations of the 

Earth, and attractive forces of electrostatic origin. The 

resulting data have been analyzed using theoretical models. 

Additionally, our device can be used for a variety of other 

applications, some of which are described later. 

General Gas-Surface Interaction 

The interaction of gases with surfaces has been 

extensively studied during the last several decades by many 

investigators because of its importance in such areas as 

vacuum science, surface science, electrochemistry, and the 

aerospace program. Gas-surface interaction kinetics derive 

from characteristics of the surface structure and their 

potentials as follows. (i) The impinging molecule may 



rebound from the surface either elastically (i.e., without 

exchanging energy) or inelastically (i.e., after exchanging 

energy). The interactions can be described using energy 

accommodation coefficients (EAC or a) or momentum 

accommodation coefficients (MAC). The distribution of 

scattered molecules can be modeled as specular, cosine, 

diffusive, and lobular. (ii) The impinging molecule may be 

trapped on the surface due to the attractive surface 

potential, which determines its sticking coefficient. 

Adsorption can be divided into two broad categories 

depending on the type of surface potential. One is 

physisorption, which derives from Van der Waals forces and 

has lower binding energy, typically less than 1 eV. The 

other is chemisorption, which is associated with the 

exchange of electrons and the formation of a chemical bond 

between the adsorbed molecule (adsorbate) and the material 

surface (adsorbent). As with normal chemical bonds, a wide 

range of binding energy, larger than 1 eV, occurs on 

chemisorption. 

Study of the MAC Using the Knudsen Force 

In the MAC measurement, investigators usually use an 

indirect method such as the acoustic method [6], or high 

speed vibration of solid samples [7]. These measurements 

depend on assumed parameters, such as the thermal 

conductivity of the gas and thermal emissivity of the 



sample. Recently, microscopic properties of gas-surface 

scattering have been studied using molecular beam methods 

with a time of flight mass spectrometer device and means for 

measuring the scattering angle [8,9]. The average momentum 

accommodation coefficient for a given gas-surface system at 

a selected incident energy and solid temperature may, in 

principle, be derived from molecular beam studies in which 

spatial and velocity distributions of scattered molecular 

beam are observed as a function of incident angle. It is 

difficult to ensure that all remitted molecules are observed 

with an equal probability. For this and other reasons, it 

is not always easy to normalize molecular beam results to 

the average behavior of the incident gas. 

It is desirable to directly measure the average 

momentum accommodation coefficient in a gas which is 

effectively a closed system. We do this in our system by 

measuring the total momentum imparted by the gas to the 

sample, using the Knudsen force. From the measured forces, 

we determine the MAC, the spatial distribution of scattered 

molecules, and surface roughness effects of the samples. 

The samples used in this experiment were polycrystal1ine 

aluminum, copper, tungsten, and single crystal silicon with 

gases of dry nitrogen, helium, and argon. 

Study of Desorption Using the Langmuir Recoil Force 

In desorption studies, measurements of both the number 

of the adsorbed molecules and their binding energies are 



important. Thermal desorption spectroscopy (TDS) using a 

mass spectrometer is a popular experimental technique for 

studying certain features of desorption. For example, the 

TDS method can be used to estimate the activation energy 

from the temperature-dependent relative response of the 

spectrometer [10,11,12]. The data from TDS is usually in 

arbitrary units because the measurement technique does not 

readily yield accurate absolute rates. Also, many other 

experimental methods such as XPS, UPS, LEED, ESD, and 

others, are used to measure the binding energy. For 

measuring the absolute number of adsorbed molecules, 

volumetric and weight measurement methods, which lack in 

accuracy, are frequently used [13,14]. 

When adsorbed molecules desorb from the surface, the 

surface experiences a recoil pressure. The measurement of 

this recoil pressure is similar to the measurement of vapor 

pressures, a technique in which molecules are allowed to 

effuse through an orifice. In contrast to orifice effusion, 

the Langmuir free evaporation technique involves only a 

plane surface, and the recoil pressure is smaller. From 

measurements of the Langmuir recoil force, coupled with 

simple Arrhenius modeling, it is possible to obtain both 

binding energy and number densities of adsorbed molecules. 

Both quantities are obtained in a single measurement. 



Free Oscillations of the Earth 

Free oscillations of the Earth were postulated by 

theoreticians in the latter part of the 19th century. In 

1954, Benioff reported the possibility of an experimental 

verification, which renewed theoretical and experimental 

interest in this problem [15]. Resulting experimental 

efforts were directed toward the design of better strain and 

pendulum seismograph systems and gravimeters with sufficient 

response to record the long-period disturbances. In 1960, 

several groups of geologists succeeded in observing free 

oscillations of the Earth, which were excited by the great 

Chilean earthquake on May 22 [16,17]. Additional 

observations have been subsequently made, but only after 

earthquakes of Richter magnitude greater than 7.5. 

When we examined the stability of our balance for time 

intervals greater than a few hours, we found unexpected long 

period variations in the equilibrium position of the 

balance. These fluctuations were recorded from January 1 to 

February 3 in 1989 and again from July 6 to August 10 in 

1990. The data displayed mode switching, after a small 

number of cycles, between a large number of oscillatory 

modes. The power spectrum of the modes correlate with the 

known spheroidal and torsional modes of the Earth. Because 

the amplitudes of the modes vary in accord with the lunar 

synodic period, we concluded that they are driven by tidal 

forces. Evidence for mode switching through nonlinearity 
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among many eigenmodes suggests the existence of a fractal 

dimension, which we have calculated for some of the time 

traces. 

Other Applications 

The sensitivity and versatility of the torsion balance 

have caused it to be used in many areas in years past. By 

incorporating our high technology sensor to this old 

instrument, a number of improvements have been realized, as 

described below. 

Electric Force Measurement 

The attractive force between a charged electrode and a 

second electrode which is influenced by the first through 

induction has been studied for more than a century. 

Theoretical calculations of the force are not simple for 

most electrode geometries and surface conditions, and have 

prompted experimental validation [18,19,20]. We were 

motivated to try this measurement because of (i) the large 

discrepancy (factor of 2.5) between the theory and 

experiment reported in the paper by Winkler [18], and (ii) 

the expectation that our force-measuring instrument would 

outperform those previously employed. In this experiment, 

we studied sphere-sphere and sphere-plate geometries of 

aluminum, copper, and stainless steel. 



Pressure Manometer 

The motion of the undriven pendulum is one in which the 

amplitude of oscillation decreases with time because of 

dissipation. A dominant source of damping in the typical 

torsion balance is air resistance. By measuring the damping 

constant, we have been able to estimate the pressure of the 

system fairly accurately, even in pressure ranges of 

difficulty for many common manometers. 

Micro-balance 

The simple (equal arm) balance is the oldest instrument 

for measuring large masses. Recently, the quartz crystal 

oscillator method has assumed a place of importance for 

measuring small masses. Our instrument has significant 

potential when configured as a beam balance rather than as a 

torsion type. For this case, a rough test of the 

capabilities of the new balance was conducted. 



CHAPTER II 

MODIFIED TORSION BALANCE 

WITH LRDC TRANSDUCER 

Modified Torsion Balance 

To eliminate some of the problems of the standard 

torsion balance, as indicated in chapter 1, we have 

connected the tungsten wire to both the top and the bottom 

of the instrument housing. A constant tension of 20 Newtons 

is maintained in the wire by means of a strong short spring, 

as illustrated in Figure 2.1. The torsion constant of the 

spring is many orders of magnitude greater than that of the 

tungsten wire. It improves the mechanical integrity of the 

balance (immunity to shock breakage) without providing first 

order influence in the equations of motion. The two point 

connection causes a vibration mode to accompany the torsion 

mode, but it is at a much higher frequency, and thus 

conveniently removed by the low pass filter of the lock-in 

amplifier. Moreover, the decay rate for the vibration is 

much faster than that of the torsion mode, so that the 

configuration has been useful for isolating the torsion 

response. 

10 
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Fig. 2.1. Modified Torsion Balance. 
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Force Constant of New Balance 

The equation of motion for an idealized balance of the 

present design, without friction, is given by [21], 

I„ (d^e/dt^) + (TIUDVSL + €(jR2<v2|>/ird - mgA,sina)e = 0, (2) 

where Î  is the moment of inertia, m is the mass of the 

boom, whose center of mass is displaced by X from the fiber, 

and a is the angle of tilt of the device. The variables €Q, 

R, d, and Vj are the electric permeability, radius of each 

of the LRDC plates, and the transducer drive voltage, 

respectively. The first term in parentheses is the 

restoring constant due to fiber twist. The second term is 

an electrical torque constant associated with the transducer 

drive voltage, which will be explained later. The third 

term is a gravitational one. Equation (2) is the 

differential equation of the harmonic oscillator, whose 

restoring torque is described by the following equation. 

K̂.Q̂2l = TTMDVSL + eQR2<v2. >/Kd - mgXsina. (3) 

It can be seen from equation (3) that the sensitivity 

of the instrument is controlled by both tilt and drive 

voltage. In the example of its use which follows, we used a 

127 Mm diameter tungsten wire, 30 volts rms of drive 

voltage, and a pair of 3 gram masses on a boom whose mass 

was 6 grams. The restoring constant of the tungsten wire in 

the absence of the gravitational influence is about 150 dyne 
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cm per radian. The electrical restoring constant associated 

with the LRDC transducer for this case is only about 0.00133 

dyne cm per radian and thus ignorable. We have performed 

other experiments in which it was the dominant part. The 

influence of gravity through a and X permits the K̂ ĝ gj of 

equation (3) to be adjustable. Typically, we can easily 

adjust the period of the balance from 220 seconds to 8 

seconds just by tilting the instrument ± 10 degrees. This 

variation in period corresponds to a sensitivity range of 

0.8 to 528 dyne cm per radian. Figure 2.2 illustrates an 

experimental example of torque constant change as a function 

of tilt angle. 

Period of New Balance 

As noted in equation (2), our modified pendulum has 

three kinds of restoration. To first order, the terms 

involving both wire twist and drive voltage yield a linear 

(Hooke's law) differential equation. The restoration 

involving gravity, however, yields nonlinearity, just as a 

plane physical pendulum [22]. The period of the modified 

torsion pendulum was calculated in the manner of Marion 

[23], and the first order amplitude dependence was found to 

be 

T = 2TT [ I, / Ktotai ( 1 + GQ̂  / 16 + ... ) V'^, (4) 

where GQ is the amplitude of deflection and 1,̂, is the moment 
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of inertia of the balance. Figure 2.3 shows an experimental 

test of equation (4). During the 10 hours of measurement, 

the amplitude of the modified torsion balance decreased 

almost exponentially. If we look at the period 

repeatability in a narrow range of amplitudes around 100 

mi 11i-radian, then the average period is 9.35979 ± 0.00085 

seconds. The error is about 0.01 percent, which is about 5 

times better than the usual well designed traditional 

torsion balance. 

One troublesome feature of the modified torsion 

balance, however, has been the inability, for some parameter 

choices of the balance, to accurately obtain K̂ ĝ aj from a 

simple measurement. When suspended from the top only, ^f^^^^ 

can be readily determined, with high accuracy, by adding 

masses and measuring the change in period. When the fiber 

is clamped at both ends, some parameter choices make it 

almost impossible to eliminate gravitational effects. We 

calibrated the balance by measuring the period with 

different masses as follows. Put a mass pair, 2 m̂  on the 

boom at known positions and determine the frequency, ŵ . 

Add additional small mass pairs 2m2 (typically less than 1 % 

of m^) and determine the frequency (i>2. Then calculate the 

moment of inertia and torque constant using d)̂  and (i>2, 

assuming simple harmonic motion as follows. The moment of 

inertia without adding (balance frequency (•>) mass is. 
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I „ = [(.>̂ V<i>2̂  (m^rV2 + 2m^l2) - (m2rV2 + 2m2l2)] 

/ [ 1 - 0)/ /^^ ] , ( 5 ) 

where r is the radius of the mass and 1 is the position of 

the mass from the center of the balance. Then the restoring 

constant is 

KtoUl = "1̂  1.1- (S' 

Stability of New Balance 

The stability of the modified torsion balance is 

difficult to quantify. Just as with the standard torsion 

balance, the stability is governed by gravity gradients, 

electrostatic and magnetostatic forces, changes in pressure 

and temperature, horizontal ground vibration, thermo-elastic 

coefficients of the fiber, etc. [24]. It is much more 

sensitive to tilt than the conventional balance, and as such 

it responds to free oscillations of the Earth. When Earth 

activity is small, the new balance is stable (short term) to 

about 10'̂  radian. In active days, the stability drops by 

an order of magnitude or more. We will discuss these 

phenomena later in chapter 5. 

Linear Rotary Differential Capacitance 
Transducer and Associated Electronics 

The basic LRDC transducer which was designed by Dr. 

Peters [5] is illustrated in Figure 2.4. It derives from a 
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parallel plate capacitor of constant spacing d, in which 

each of the circular plates of equal size is divided along a 

diameter. When one plate is displaced by an angle 9 with 

respect to the other, the capacitances, derived from the 

four semicircular conducting plates, are changed according 

to variations in areas. The linear dependence on rotation 

angle 0 results between - 90 to + 90 degrees, because 1) the 

capacitance of an ideal parallel plate capacitor is 

proportional to the area between its plates, and 2) the area 

between the plates is proportional to 6. Thus the output 

voltage, 

Vg OC (29/11) V̂  , (7) 

where V̂  and V; are output voltage and drive voltage, and 0 

is the deflection angle. When used to monitor small force 

deflections of the modified torsion balance, sensing wire 

attachments to the rotor plates are not acceptable. The 

restoring torque of the fiber is not significantly larger 

than perturbations from the bending of even the smallest 

rotor wires. To avoid these perturbations, the alternative 

LRDC transducer is used as shown in Figure 2.5. Instead of 

wires to sense the potential change across the rotor plates, 

a pair of capacitance pick-up plates is used. These are two 

quarter circle conducting plates. Thus the linear range of 

the transducer is - 45 to + 45 degrees, i.e., one half the 

range of the fundamental configuration. Also, the 
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sensitivity is reduced by a factor of about 2 because of the 

additional capacitance. For small force measurements, the 

price of these reductions is well worth the benefit of no 

mechanical contact with the rotor. In the small force 

measurement, amplitudes are generally small, and 

compensation for the loss of gain is usually trivial by 

electronic means. 

The transducer drive signal is provided by an audio 

oscillator driving a 2:1 transformer with balanced 

secondary. The output voltage from the lower pick-up plates 

feeds a home-built difference amplifier which is shown in 

Figure 2.6. This is followed by a lock in amplifier whose 

output D.C. voltage is proportional to 9 through the overall 

electronics gain. Finally, the output was monitored by 

means of a general purpose interface bus (GPIB IEEE 488 

Standard), Dash-16F interface with A/D converter, or with a 

chart recorder. A block diagram of the electronics is shown 

i n Figure 2.7. 

The relation between output voltage from the LRDC 

electronics and the actual displacement of the arm in the 

balance was obtained by using both an optical lever and a 

mechanical displacement technique. In the optical lever 

calibration, we used a HeNe laser with an 11 m path length 

in the basement of the X-46 building at Texas Tech 

University. The output voltage versus measured deflection 

was found to be linear to better than 0.01 percent for 
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deflections in the range from 0 to 100 mi 11i-radian as shown 

in Figure 2.8. It is not easy to perform optical lever 

measurements in daily experimental processes. Thus we used 

a mechanical displacement calibration technique for 

virtually all the measurements reported in this document. 

This involved deflecting the balance arm at a known distance 

from the wire, using a micrometer. Table 2.1 shows typical 

results for this form of calibration. 
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Table 2.1: Transducer accuracy as determined 
by micrometer calibration 

Estimated 
Angle, 9 
(Radian) 

0.0 

0.00682 

0.01365 

0.02047 

0.02730 

0.03412 

0.04095 

0.04777 

0.05460 

0.06142 

0.06824 

0.07507 

Output 
Voltage 
(Volt) 

1 .744 

1 .596 

1 .446 

1 .298 

1 .149 

1 .000 

0.851 

0.702 

0.554 

0.403 

0.254 

0.106 

5V 

(Volt) 

-
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CHAPTER III 

STUDY OF MAC USING THE KNUDSEN FORCE 

Gas Dynamics at the Surface 

The kinetic theory of gases assumes that, at the 

microscopic level, individual molecules are in a state of 

constant motion. These molecules of gas do not move with 

the same velocity, nor does the average velocity of a given 

molecule remain constant with time. The velocity 

distribution at equilibrium is the Maxwell distribution, 

f(v) = (m/2TrkT)̂ /2 exp(-mvV2KT), (9) 

where m and v are mass and velocity of the molecule, and k 

and T are Boltzmann's constant and temperature, 

respectively. If we assume total random motion of the 

molecules, the number which pass through a stationary plane 

are described by an impingement rate, I. 

I = P/(2TimkT)'/2 , (10) 

where P is the pressure. The mean free path between 

collisions X is given by, 

X = 1/2Trd2n, (11) 

where d and n are, respectively, the effective diameter and 

number density of the gas molecule. 

27 
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The Knudsen number, which is used to identify the free 

molecular regime, is defined using the mean free path and a 

characteristic dimension L of the chamber. 

Kp = X / 2L. (12) 

The free molecular flow regime is realized when K̂  is larger 

than 1. Under these conditions, the number of gas phase 

collisions is negligible compared to the number of gas-

surface collisions, and the average molecular velocity in 

the gas is determined by the temperature of the wall. 

Energy and Momentum Accommodation 

Energy Accommodation Coefficient 

When a molecule impacts against the wall, components of 

the velocity and the internal energy of the molecule are 

changed depending on the characteristics of the molecule and 

the surface material. Specifics of the heat transfer at the 

gas/solid interface is determined by the gas collisions, and 

it is described in terms of energy accommodation 

coefficients (EAC). 

The EAC (a) was introduced by Knudsen [25] as a 

measure of the average degree of thermal equilibration of a 

gas with the solid. In terms of energies it is defined by 

a = ( Ê  - Ê  ) / ( Ê  -E3 ), (13) 

where the subscripts i, r, and s refer, respectively, to 
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incident, reflected, and thermally equilibrated molecules. 

The EAC is of interest in areas such as aerospace material 

technology, high altitude flight, the efficiency of energy 

conversion devices, heat transfer computations, and gas-

solid reaction kinetics. Many experiments have measured the 

EAC on a variety of gas-solid systems using heat transfer 

methods, which measure average heat loss of electrically 

heated materials [26,27,28]. For some cases, the scalar 

properties of EAC disallow an adequate description of the 

gas-solid interaction. 

Momentum Accommodation Coefficient 

In the 1960's, momentum accommodation coefficients 

(MAC) began to be studied [29]. Both a normal (n) and 

tangential (T) component of the MAC can be defined, each 

component using an equation similar to that for the EAC, 

a„,t = ( Pi - Pr ) / ( Pi - Ps )• (̂ '̂ 

Here, 

P̂  = J m v̂  cos 9. f (9̂  ,<J>p , (15) 

where f(9̂ ,4)j) is a distribution function of the impinging 

molecules, and 9 and 0 are polar and azimuthal angles to the 

surface. Measurements of the MAC have been made using force 

measurements [30], an acoustic method [6], and a technique 

based on high speed vibration of solid samples [7]. All of 
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these measurements assume parameters such as the thermal 

conductivity of the gas and the thermal emissivity of the 

sample. Recently, microscopic properties of gas-surface 

scattering have been studied by the molecular beam method, 

which uses time of flight mass spectroscopy and a scattering 

angle measurement device [8,9]. Clearly, measurements of 

MAC in a closed gas system sacrifice much microscopic 

information. Nevertheless, such experiments have merit 

because they provide, in simple form, data which represent 

the average behavior of the gas-surface system in the course 

of all the scattering processes which are possible. 

Other interesting topics are the effects of surface 

cleanliness and roughness. It is well known that an unclean 

surface has a larger EAC than a clean surface because of the 

adsorbed molecules. Also, it has been assumed that a rough 

surface has a larger MAC than a smooth surface of the same 

material [31]. We used an aluminum sample which is 

carefully polished one side with 0.05 micron alumina powder 

and roughened on the other side with 10 micron alumina 

powder to study the surface roughness effects. 

Knudsen Force 

The forces on a surface can be estimated using the 

kinetic theory of gases. For our purposes we assume free 

molecular flow. Under this assumption, the normal component 

of the force resulting from molecular interaction is, 
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F, = - m<nv^^o2>2y + m<nw^^^h^^, ( 1 6 ) 

" ~ ^ Srhh '̂ $•^0'"^ cos'^sincJ) d^dOdr , ( f r o n t ) 

•̂  ^ /r/0/9 n̂ f̂ r-̂  cosmosin4) d0d9dr, (back) (17) 

where m is the mass of the molecules, n is number density. 

Let us consider the sample which is held in a yoke with a 

parallel microscope cover glass as illustrated in Figure 

3.1. If those plates are separated by a distance which is 

less than the mean free path of the molecules, then the 

total normal force on two thin plates, which have 

temperatures of T̂  for the glass and T2 for the sample 

surface, is calculated as follows. 

f'total = ^ / ^ ^^0 ^"^^1 - mvQ)A, ( 1 8 ) 

= P/6kTo 3k[(T|^/2-p^1/2^^ _ TQan)A, ( 1 9 ) 

« 1/2 Pyb [ ( T / / V T O 1 / 2 . i ) ] A a ^ , ( 2 0 ) 

which is similar to the expression for the Knudsen force 

[32]. The normal component of the MAC for the sample 

material is thus 

On = 2 f^U} / Ppb [ ( T / ' W ^ - 1)]A. (21) 

From this equation, we determine the normal component of the 

MAC directly from measurements of (i) pressure, temperature, 

area of the sample, and (ii) ^^Q^^] using the torsion balance. 

If we remove the microscope cover glass from the yoke, then 
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the force caused by the incident molecules is described by 

the following equation. 

•"total = 1/2 Ppb ( T , ' / V V / 2 ) A (a,, ,„ j -a^ j^ j ) . ( 22 ) 

In the case of high conductivity materials, the temperatures 

of both sides are almost the same. If we use a rough 

surface for the front side and a smooth surface for the back 

side, then the momentum accommodation coefficient for the 

two surfaces can be compared as follows: 

trough = ŝmooth + 2 f^,^,^/P^^ (T^^^^/T^^'h/^. (23) 

Experimental Set-up and Procedures 

Experimental Set-up 

The main housing for the apparatus of this experiment 

was machined from a single block of aluminum. The cavities 

were produced on a lathe using a four-jaw chuck, by cutting 

a symmetric pair of holes into the back face, off-center. 

Another hole was cut from the front. The diameters of the 

three are equal, and the distance between pairs on the back 

face is chosen to produce internal overlap. Thus, a clear 

channel exists through the housing for the target boom of 

the balance. This construction technique permits the use of 

circular O-rings for evacuation. At the bottoms of the 

cavity pair but not concentric with them, smaller front 

ports are cut through the housing. The essential features 
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of the torsion balance are illustrated in Figure 3.2. 

The tungsten wire of the balance runs the full length 

of the stainless steel tube which is centered on the top and 

the bottom of the housing. Tension in the tungsten wire is 

maintained by the strong spring. After passing through the 

hole at the top of the housing, the tungsten wire runs 

through another small hole in the drive plates and is glued 

with Torr Seal epoxy to the transducer rotor. The rotor and 

target boom are, in turn, epoxied together. 

For evacuation, several pump options are available; two 

Vaclon pumps, two diffusion pumps with liquid N2 cold traps, 

and a mechanical pump. We did not follow construction 

practices for high vacuum, as evidenced by the use of rubber 

0-ring seals and of aluminum for the housing. Also, a total 

of 4 valves, 5 rubber O-rings, and 12 stainless conflanges 

are used to interconnect the gauge with a mass spectrometer, 

ion gauge, thermocouple gauge, Mcleod gauge, and a Sapphire 

leak valve for test gas admission. The lowest pressure 

possible with this system is around 1 x 10'° Torr. An 

overall figure of the whole system is shown in Figure 3.3. 

For studying the spatial distribution of scattered 

molecules from the sample surface, we added a collimating 

device using two beam blocks as shown in Figure 3.4. The 

aperture radius of each block was 0.15 cm and the separation 

between the blocks is 2.5 cm. The sample was located 3 cm 

from the first beam block. Only those molecules remitted 
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within a 3-degree range of angles are able to pass through 

the beam blocks and hit a collector on the horizontal arm of 

the torsion balance. The sample was attached to a rotatable 

arm so that the remission could be studied over a 45-degree 

range. 

Experimental Procedures 

Sample preparation. The samples which were studied in 

this work are polycrystal1ine aluminum, copper, and 

tungsten. Each sample was cut to a size of about 5 cm̂  area 

and 0.1 to 1 mm thickness with a diamond saw, and was 

polished in stages with several different grit sizes of 

alumina powder (finest being 0.05 micron). They were 

subsequently etched with dilute nitric acid for copper, and 

hydrochloric acid for aluminum, and mixed acids for tungsten 

and silicon. After etching, each sample was bathed in high 

quality acetone. For the measurement of the MAC, both sides 

of the sample were polished carefully. To study the surface 

effect, only one side of the sample was polished carefully. 

Pressure measurement. It is well known that precise 

pressure measurements are difficult in the range of 10'̂  to 

10"̂  Torr [31]. We found that a thermocouple gauge, 

ionization gauge, Mcleod gauge, and Quartz spiral gauge, 

were not self-consistent in this pressure range. In this 

experiment, we used the ionization gauge for low pressure 

(10'° to 10'̂  Torr) and the Mcleod gauge and the thermocouple 
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gauge for high pressure (10'̂  to 1 Torr) in air. Most of 

our experiments were conducted between 10"̂  and 10'"̂  Torr 

with inert gases that have very different ionization 

probabilities. Consequently, we used the principle of the 

viscosity manometer, based on the gas dynamic theoretical 

prediction for the log decrement of the torsion balance 

versus pressure. We explain this method in chapter 6. 

Temperature measurement. Temperature of the sample was 

measured with two different thermometers: (i) a copper 

constantan thermocouple and (ii) a HgCdTe (Omegascope) 

radiometer. The thermocouple is more accurate than the 

radiometer but cannot be attached to the sample when it is 

mounted on the balance, without disturbing the force 

constant of the torsion balance. Thus we put another 

identical sample in the system with an attached thermocouple 

gauge to calibrate the radiometer; i.e., to set the 

emissivity of the instrument. The window material (see 

Figure 3.4) was selected on the basis of spectral 

transmission characteristics for the radiometer. The rock 

salt window was chosen because it can transmit out to 5.5 

Mm, well within the range of temperatures (room temperature 

and higher) used in the experiments. 

Test gases. Dry nitrogen, helium, and argon were used 

in these experiments. The helium was research grade, purity 

of over 99.9995 percent. The other gases were dry grade 
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commercial gases (higher than 99.9 percent). Each gas was 

allowed to leak through the sapphire valve after the 

background pressure of the system had been reduced to 10'° 

Torr. During leakage of the test gas, the pressure was 

maintained constant in a range from 10"̂  to 10"̂  Torr. The 

operating pressure in a given case was dictated by the gas 

species, since the free molecular flow regime depends on 

molecular size and mass. At the beginning of each 

experiment, the gas species within the system were verified 

with a quadrupole mass spectrometer ( QUADRUVAC Q-100 ). 

Heating of sample. The temperature of the target was 

raised with either a heat lamp or a Nd/Yag Laser (model 

9550, Laser Applications Inc., Maximum 60 W intensity). 

Data collection. Output voltage from the LRDC 

transducer and temperature of the sample from the Omegascope 

radiometer were put directly into an IBM AT personal 

computer. This was accomplished with a DASH-16F interface. 

Results and Discussion 

Momentum Accommodation Coefficient 

It should be first pointed out that no special cleaning 

operations were performed inside the chamber, which means 

that the surfaces were undoubtedly contaminated to some 

extent with various oxides, vapors, and adsorbed gases. 

Numerous tests were performed at various pressure levels 

using different balance assemblies and various measurement 
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techniques. The results for every gas-surface combination 

studied indicate that the data were not strongly dependent 

on such contaminants. 

The experimental results are presented in graphical 

form, each point representing the average of at least two 

measurements. Figure 3.5 shows some initial Knudsen force 

measurements which motivated us to study momentum 

accommodation coefficients, desorption, and nonlinear 

processes of adsorption. It is seen that the force is quite 

variable in both the high temperature range and also during 

the cooling process. Those unstable forces are discussed in 

the next chapter. 

Figure 3.6 shows the temperature dependence of the 

momentum accommodation coefficients of helium, argon and 

nitrogen on tungsten. In this figure, the errors are 

estimated to be about 5 percent, because of the difficulty 

of pressure measurement. The MAC's increase from 0.51 to 

0.55 for helium, from 0.95 to 1.05 for argon, and from 0.87 

to 0.92 for nitrogen as the temperatures increase from 300 

to 600 K. The biggest MAC is the case of argon molecules on 

tungsten which is larger than 1. In the EAC measurement, 

EAC values should always be smaller than 1. The same is not 

true in MAC measurements because of the effect of an altered 

spatial distribution of scattered molecules at the surface 

due to energy gain. In the various cube models, gas-surface 

scattering is described as follows. The gas molecule is 
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treated as a rigid elastic sphere and the surface is 

represented by an ensemble of hard cubes. Because the 

surface is assumed to be flat, it does not change the 

tangential momentum of a gas molecule during a collision. 

Each cube of surface is confined to move back and forth in a 

rigid box with speed V3 which varies depending on 

temperature. 

In this experiment, the sample is immersed in a still 

gas. That means the gas molecules impinge on the sample 

surface from all directions between -90 and 90 degrees, 

following the cosine law. Reflected molecules gain larger 

normal velocity than horizontal velocity. Thus there is 

preferential normal reflection that depends on the increment 

of the temperature. The effects of angular distribution of 

scattered molecules should make MAC larger than EAC at high 

temperature. 

Figures 3.7 and 3.8 show the aluminum and copper cases. 

The MAC values for both materials are increased about 6 and 

15 percent for argon and helium, respectively, as 

temperature increases from 300 K to 600 K. 

The average MAC values of helium, argon and nitrogen 

molecules on a tungsten, an aluminum, and a copper 

substrates are larger than corresponding EAC values. Also, 

the slopes of the MAC values in the above figures all have 

similar tendencies. The results of these observations may 

be considered to arise largely from the interaction of the 



45 

o 
< 

TEMPERATURE (K) 

Fig. 3.7. MAC of argon, helium, and nitrogen 
on aluminum. 



46 

1.0 

0.8 

0.6 

< 

0.4 

0.2 

0.0 
350 450 

• o — Helium 

Argon 

• Nitrogen 

550 650 

TEMPERATURE (K) 

Fig. 3.8. MAC of argon, helium, and nitrogen 
on copper. 



47 

incident gas molecules and chemisorbed contaminants on the 

surfaces. Also, large MAC values at high temperature may 

come from alterations in either the number of contaminants 

or the spatial distribution of scattered molecules. As 

mentioned earlier, the EAC values are changed by the effect 

of contamination. The EAC is maximum when the substrate is 

half covered by adsorbed gases [33]. Also, at high 

temperature, various cube models predict a change in the 

spatial distribution of scattered molecules. We later 

studied this expected temperature effect. 

Figure 3.9 shows the MAC measurements of a copper 

sample with argon at different pressures from 1 x 10'̂  to 1 

X 10 "̂ Torr. This figure shows a small increment of MAC at 

lower pressure. But, it may come from the errors of 

pressure measurement at low pressure. Figure 3.10 shows the 

surface roughness effect of aluminum. The rough surface has 

larger MAC values than that of a smooth surface as expected 

[31]. 

Spatial Distribution of Scattered Molecules 

To better understand the increase with temperature of 

the MAC values, we set up the following experimental device. 

A vertical sample, heated by a Nd/Yag laser, was located on 

one side of an aperture of two beam blocks such that 

molecules remitted at the scattered angle 6 (within a 1.5 

degree half angle cone) passed through and hit the 
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horizontal arm of a new balance. Except for the sample, the 

whole apparatus, including the vacuum housing, was at room 

temperature. Aluminum and tungsten samples were considered 

in this work because their atomic masses and lattice 

structures are quite different, mass ratio is 27/184, 

lattice distance (A) ratio is 5.13/3.16. 

Figures 3.11 to 3.14 show the balance response for the 

molecules scattered at angles of 0, 22.5, and 45 degrees 

from the surface. Figures 3.11 and 3.12 are for the case of 

argon molecules scattered from tungsten and aluminum 

surfaces, respectively. The tungsten surface shows strong 

temperature effects. The trends of force change at 

different scattering angles are not clear for the argon on 

aluminum case. Figures 3.12, 3.13, and 3.14 show the 

scattering of molecules of argon, nitrogen, and helium at an 

aluminum surface as a function of temperature. Figures 3.12 

and 3.14 show that the fraction of normally scattered argon 

and helium molecules is significantly increased when the 

temperature increase. This is especially obvious for the 

helium on aluminum. The nitrogen molecule case (Figure 

3.13), does not show such a trend. These results are in 

agreement with the results of our MAC experiments. Also, 

they agree with the L. Holmlid statement that the surface 

temperature influences the scattering such that the maximum 

of the lobe shifts closer to the surface normal when 

temperature is increased [34]. Figure 3.15 shows the 
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spatial distribution of scattered molecules around 600 K 

from the aluminum surface. Because argon and helium 

molecules are monatomic, the energies gained during 

reflection from the surface show up in translation, 

resulting in increased normal scattering. By contrast, 

because the nitrogen molecules are diatomic,energies gained 

are transferred to vibration and rotation as well as 

translation. Thus, the nitrogen molecules are more 

diffusively scattered than the monatomic molecules. 



CHAPTER IV 

DESORPTION STUDIES USING 

LANGMUIR RECOIL FORCES 

Adsorption and Desorption 

All surfaces immersed in a gas are influenced by 

adsorption-desorption processes to varying degrees. The 

number of surface atoms on a macroscopic sample is typically 

of the order of 10̂ ^ atoms/cm^ Dangling electronic bonds of 

surface atoms result in a surface potential which can 

produce a bound state for the adsorbate. Elementary kinetic 

theory provides an estimate of the incident flux for gas 

molecules at fixed pressure and temperature. As impinging 

molecules arrive at the surface and interact with the 

attractive surface potential, there will be a critical value 

of the energy, below which they are trapped on the surface. 

That is to say, sufficient translational kinetic energy is 

transferred to energy of oscillation to leave the particle 

with insufficient kinetic energy to escape from the 

potential well. The molecules will than either escape with 

altered energy, from the potential well or be adsorbed. The 

molecules that are not trapped are inelastical ly scattered, 

resulting in a distribution whose shape is governed by the 

quantum mechanical features of the interaction. For each 

gas-surface combination, there exists a specific number and 

57 
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binding energy of adsorbed molecules, which is a function of 

temperature and pressure. 

One type of adsorption is physisorption. The gas 

molecules and the surface form a bond which results from the 

Van der Waals interaction. It is thus so weak that it 

should disappear at temperatures higher than the boiling 

point of the adsorbate. The study of physisorption at room 

temperature and high pressure (> 10'* Torr) has been 

impractical with previous experimental techniques. 

The other type of adsorption is chemisorption. In this 

case, the gas molecule has a large binding energy through 

covalent bonding. It is much more stable than physisorption 

and does not depend sensitively on the pressure. 

Chemisorption has been studied using thermal desorption 

spectroscopy (TDS), work function measurements, and electron 

beam techniques (such as Auger electron spectroscopy (AES), 

electron energy loss spectroscopy (EELS), low energy 

electron diffraction (LEED), X ray photoelectron 

spectroscopy (XPS), and ultraviolet photoelectron 

spectroscopy (UPS)). The electron beam techniques which are 

commonly used for measuring the binding energy in an ultra 

high vacuum environment provide understanding of the 

microscopic mechanisms of adsorption. TDS is used for the 

measurement of binding energies of the chemisorption state 

by using an Arrhenius equation which describes the time-

dependent rates of desorbed molecules. The data from TDS is 
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in arbitrary units because the measurement technique does 

not readily yield absolute rates. For measuring the 

absolute number of adsorbed molecules at the surface, 

volumetric and mass measurements, which lack in accuracy, 

have been frequently used [13, 14]. 

Langmuir Recoil Force Desorption Study 

From the time of Knudsen's work in the early 1900's 

[35], the kinetic theory of gases has been employed to 

determine, from mass loss measurement, certain thermodynamic 

properties of vapors and condensed phases in equilibrium. 

Many vapor pressure determinations since that time have used 

microbalance measurement of mass loss, resulting from 

molecular-effusion through an orifice [36]. Although the 

early work was in terms of mass loss, later experiments also 

used momentum sensors [37]. These recoil force measurements 

have been conducted at high temperatures where the recoil 

pressure, resulting from sublimation is large. Our 

instrument, with improved sensitivity, can observe the 

recoil force by the desorbed molecules. From a combination 

of Langmuir recoil force measurement and simple Arrhenius 

modeling, we can estimate both the number and the binding 

energy of adsorbed molecules at the surface in a single 

measurement. 

The process of desorption can be described by the 

Arrhenius equation [38], 
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R(t) = V N(t) exp [ -Ê ^̂  / kT(t) ], (26) 

where and R(t), N(t), and T(t) are the rate of desorption, 

the number of molecules remaining at the surface, and the 

temperature of surface at time t, respectively. v is the 

vibrational frequency of the adsorbate, and Ê^̂. is the 

interaction energy between adsorbate and adsorbent, 

respectively. The total number of adsorbed molecules is 

just the integral of desorption rate R(t). 

NQ = / R(t) dt. (27) 

There may be two or more species which desorb at different 

energies. These are treated as a simple superposition in 

the numerical integration of the above equation, with 

different values for the binding energy and number for each 

of the species. The relationship between recoil pressure 

and rate of desorption is given by the standard result from 

the kinetic theory of gases, 

F(t) = [mkT(t)]^/2 R(t) / f(0,0)cose dedO. (28) 

The extremes for the angular distribution of the desorbed 

molecules may be diffusive scattering in the one limit to 

strictly along the surface normal for the other limit [39]. 

For the latter case, one can set the spatial distribution 

term to one and calculate the desorbed molecules at time t 

from the measured force. 
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Results and Discussions 

Chemisorbed Molecules 

Figures 4.1 and 4.2 illustrate typical force histories 

for 1aser-i1luminated aluminum 2024 and copper samples, 

respectively. The samples were cylindrical wafers of 

thickness 1.0 mm and diameter 2.3 cm. The alloy type is of 

apparently little significance to the Langmuir recoil 

spectrum for aluminum. Within uncertainties of measurement, 

there were no differences among several samples of unknown 

composition (Machine shop variety material) and the sample 

of Figure 4.1. However, the Langmuir recoil spectra are 

quite different for the cases of Cu and Al. In the Al case, 

two peaks are always present. The Langmuir pressure of the 

first maximum at 449 K is 0.0067 dyne/cm^ above the Knudsen 

pressure. Likewise, the desorption pressure of the second 

maximum at 520 K is 0.0079 dyne/cm above the Knudsen value. 

By contrast, the copper spectrum always showed only one peak 

with a maximum Langmuir pressure 0.007 dyne/cm^ above the 

Knudsen pressure at 612 K. During the full time interval 

for the desorption pressure measurements, the pressure in 

the chamber was found to be essentially constant at about 5 

X 10'̂  Torr, as measured with an ionization gauge. At this 

pressure, the balance also responds to a Knudsen pressure 

(equation 20). At 600 K it is 0.0104 dyne/cm^ 

In modeling for the desorption, the temperature at each 

update point is estimated according to a simple heat balance 
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Sample temperature increase from 293 K 
at 0 to 520 K at 9 min. T(4 min) = 449 K 

Recoil 

Pressure Chemisorbed Species 

O2, 2 monolayers 

0-021" CH, 1 monolayer 

dyne/cm 

Knudsen 
Pressure 

0 4 8 min 

Time from Laser Turn-on 

Fig. 4.1. Langmuir recoil pressure history 
for an aluminum sample. 
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Sample temperature increase from 
293 K at 0 to 612 at 4 min. 

Recoil 
Pressure 

dyne/cm 

0.01 

0 

Desorption 
Effect 

Knudsen 
Pressure 

Adsorption 
Effect 

0 8 16 

Time from Laser Turn-on 

24 mm 

Fig. 4.2. Langmuir recoil pressure history 
for a copper sample. 
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algorithm with empirical adjustment of parameters to provide 

a reasonable match with measured temperatures. It is 

generally assumed in thermal desorption spectroscopy work 

that the spectra are relatively insensitive to choices for 

the frequency factor v in equation (26). For our work, v 

was fixed at 1 .0 x 10̂ 2 ^-\ f^^ -̂j-, calculations. By 

parameter adjustment, trial and error change of E^^^j, E^^^j, 

NQJ, and NQ2, we determine first that the two peaks in the 

aluminum response correspond to 1.08 ± 0.04 eV and 1.30 ± 

0.04 eV, respectively. These interaction energies can be 

determined from the relative response without calibrating 

the balance. The number densities, however, require 

calibration, and having done so, we determined the densities 

to be (1.70 ± 0.07) x 10̂ ^ cm"̂  for the species producing the 

first peak and (3.10 ±0.13) x 10̂ ^ cm"̂  for the species of 

the second peak. These number densities assume that the 

effective area of the lightly sandpapered metal is greater 

than the geometric area by a factor of 16 [40]. They 

correspond to about 1 monolayer for the molecules whose 

binding energy is around 1.08 eV, and about 2 monolayers for 

those whose binding energy is around 1.30 eV. 

These are assumed to be chemisorbed molecules, and the 

numbers are in good agreement with conclusions that can be 

drawn by combining results from a number of other 

experiments of different types. For example, micro-balance 

mass measurements on thin film aluminum have estimated three 
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monolayers total at 3 to 5 x lo'̂  cm'̂  at room temperature 

[41, 42]. They attribute oxygen to the first two layers and 

water vapor to the third. The microbalance cannot provide 

binding energies; however, other methods have been used to 

measure an interaction energy for aluminum with water vapor 

at 1.0 eV [42, 43] and 1.05 eV [44]. Likewise, the energy 

for oxygen on aluminum was measured to be 1.3 eV and 1.4 eV 

[45, 46]. 

Later we used a quadrupole mass spectrometer to verify 

the species of desorbed gases. Because of the poor quality 

of our vacuum system we have to continuously pump on it 

during measurements. Consequently the signals of small 

numbers of desorbed molecules are not readily discerned. 

For the Figure 4.3 spectra, therefore, the temperature of 

the sample had to be increased much more rapidly than the 

case for the Langmuir force measurement. Signals from water 

vapor and oxygen are evident in this figure (mass values 18 

and 16, respectively), and the water molecules appear 

earlier than the oxygen molecules, consistent with the 

Langmuir recoil measurement. 

Phvsisorbed Gases at Surface 

As illustrated in Figures 4.4 and 4.5 for aluminum and 

copper samples, we have noted that there were some force 

changes upon activating the diffusion pump (with liquid 

nitrogen cold trap) to lower the pressure below the roughing 
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Fig. 4.3 Response of mass spectrometer during 
desorption. 
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Recoil 
Pressure 

dyne / cm 

0.008 

0.004 

0 10 mm, 

Time from turn on of Diffusion Pump 
-2 

Initial Pressure : 2.5 x 10 _ Torr 
-o 

Final Pressure : 5.0 x 10 Torr 

Fig. 4.4. Recoil pressure versus residual pressure 
for an aluminum sample at a constant 
temperature of 293 K. 
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Fig. 4.5. Recoil pressure versus residual pressure 
for a copper sample at a constant 
temperature of 293 K. 
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pump value of about 2.5 x lO'̂  Torr. Again, the aluminum 

sample shows roughly two peaks and the copper one shows only 

a small smooth hump. There are two possible reasons for 

these force changes. One is the attachment of vaporized 

diffusion oil, even though we used a liquid nitrogen cold 

trap. We may rule out this explanation because the force by 

attached oil molecules should be directional1y opposite. 

Another possible reason is by the effect of desorbed 

molecules from the physisorbed molecules. As mentioned 

earlier, the binding energy of physisorbed molecules is so 

small that they should desorb from the surface as the result 

of small temperature or pressure changes. But there is 

conflicting experimental data from F. Pellerin et al. [47]. 

They found evidence for physisorbed H2 on AI2O3 at room 

temperature and 10" Torr using electron energy spectroscopy 

[47]. They said that physisorption may occur at room 

temperature and low pressure. This is very surprising, 

since physisorption is only anticipated at a substrate 

temperature close to the boiling point of the adsorbate 

(approximately 20 K for Hg). Determining the gas type that 

is desorbed as the pressure is lowered in our experiments 

may be difficult because the pressure is too high to operate 

the mass spectrometer. In a similar manner, the energy with 

which it interacts with the surface is not easily estimated 

because we do not know yet how to model the density change 

with pressure. The study of physisorption at room 
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temperature and higher pressure (>10"* Torr) has been 

impractical with known devices. Our results suggest that 

the method of Langmuir recoil force measurement could become 

a useful means for studying physisorption. 



CHAPTER V 

FREE OSCILLATIONS OF THE EARTH 

When we examined the stability of our balance for time 

intervals greater than a few days, we found some unexpected 

fluctuations of the mean position. Because we initially 

suspected that the electronics was responsible for these 

fluctuations, we checked the stability of the instruments by 

mechanically clamping the rotor in the LRDC transducer. 

Having done so, the fluctuations disappeared; i.e., the 

noise that remained was at least two orders of magnitude 

smaller than before. 

Our study of the fluctuations was confined to two 

intervals; one from January 1 to February 3, 1989 and again 

from July 6 to August 14, 1990. Common to both sets of data 

are oscillatory modes which change frequency after 

a small number of cycles. The total number of eigenmodes 

observed was at least 16. Their periods were determined 

from the chart records and power spectra (FFT analysis). 

The values correlate with known spheroidal and torsional 

modes of free oscillations of the Earth [48]. Also, the 

amplitudes of the modes vary in accord with the lunar 

synodic period. It is well known that the gravitational 

force of the sun and the moon on the earth cause the earth 

to oscillate as a whole about its center of mass and to 

71 
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vibrate internally [49]. Other examples of extended body 

gravitational interaction are (i) the precession and 

nutation of the Earth and (ii) tides. Our data show 

processes more complicated than the above phenomena. We 

have concluded that our balance is responding to free 

oscillations of the Earth which are driven by tidal forces. 

They are excited in the course of stress relaxation via 

mechanisms of unknown type. 

Eigenmode Types 

If we assume that the Earth is a quasi-elastic sphere, 

then stress release can set it into two fundamental modes of 

vibration. One type is a torsional oscillation, in which 

one part of the Earth twists relative to another. The other 

is of a spheroidal type described in terms of Legendre 

polynomials, the lowest mode being an oscillation between 

oblate and prolate spheroid limits. Although not normally 

done, seismic waves can be described by a superposition of 

these eigenmodes. 

Early experimental efforts to detect free oscillations 

were directed toward the design of better strain and 

pendulum seismograph systems and gravimeters with sufficient 

response to record the long-period torsional and spheroidal 

disturbances. In 1960, several groups of geologists 

succeeded for the first time in observing them on the 

occasion of the great Chilean earthquake of May 22 (8.5 on 
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the Richter scale). Table 5.1 shows theoretical values and 

periods as observed by the geoscientists. Also shown in the 

far right-hand column are the results of our study, 

described in the following section. 

Response of the modified torsion pendulum for two 

different lunar periods is shown in Figure 5.1. Curve a) on 

July 10, 1990, corresponds to a nearly full moon, and shows 

12-hour periodicity due to tidal effects. There are 

additional short-period oscillations. These commonly 

include 54-minute, 44-minute, and 36-minute periods, and 

endure for 3 to 6 cycles. Curve b) in Figure 5.1 

corresponds to a near quarter moon on July 15, 1990. The 

12-hour periodicity is smaller, consistent with sun/moon 

tidal effects being smaller (neap tide configuration). 

Within 5 percent uncertainty, our data correlate with 

at least 14 of the known long-period spheroidal and 

torsional modes of the Earth, as shown in Table 5.1. The 

uncertainties derive from strip chart data, which 

constitutes the vast majority of our observations (as 

contrasted with the DASH_16F data amenable to FFT analysis). 

In addition to the expected modes, we found 30-minute 

oscillations and several others with long periods between 1 

and 3 hours, which can not be identified from the 

theoretical calculations of free oscillations of the Earth. 

The study by Benioff et al. [15] also recorded oscillations 

with periods between 1 and 3 hours, which they were unable 
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Table 5.1: Theoretical and observed periods 
of free oscillations of earth 

(unit:minute) 

Mode 

0̂ 2 

:^3 

0̂ 4 

0̂ 5 

nSg 

oSj 

0̂ 8 

0̂ 9 

0̂ 2 

o''"3 

0̂ 4 

0T5 

o'^'s 

Ô J 

o'^'a 

0*^9 

Theoret ical 

5 3 . 6 1 ± 0 . 1 8 

3 5 . 4 2 ± 0 . 1 6 

2 5 . 6 4 ± 0 . 1 4 

19 .75 ± 0 . 1 3 

1 6 . 0 4 ± 0 . 1 4 

1 3 . 5 4 ± 0 . 1 3 

11 .85 ± 0 . 1 2 

10 .65 ± 0 . 1 2 

4 3 . 7 4 ± 0 . 4 2 

2 8 . 3 2 ± 0 . 2 8 

21 .69 ± 0 . 2 2 

17 .89 ± 0 . 1 8 

15 .39 ± 0 .15 

13 .55 ± 0 . 1 7 

1 2 . 2 3 ± 0 . 1 0 

1 1 . 1 4 ± 0 . 9 

P r e v i o u s 
G e o s c i e n c e 

5 3 . 9 5 

3 5 . 6 2 

2 5 . 8 2 

19 .86 

16 .07 

13 .52 

11 .76 

10 .57 

4 3 . 7 8 

2 8 . 5 3 

21 .76 

17 .93 

15 .36 

13 .53 

12 .25 

1 1 . 1 4 

Our 
Da ta 

5 3 . 5 

36 

2 5 . 5 

19 

15 .5 

13 .5 

11 .5 

10 .5 

44 

29 

22 

18 

15 .5 

13 .5 

12 

1 1 

± 1 

± 2 

± 0 . 5 

± 0 . 5 

± 0 . 5 

± 0 . 5 

± 0 . 5 

± 0 . 5 

± 1 

± 1 

± 1 

± 0 . 5 

± 0 . 5 

± 0 . 5 

± 0 . 5 

± 0 . 5 
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to explain. In the work of Alsop et al . [17], it was 

speculated that they result from pressure effects. In our 

experiments, the explanation by pressure effects is 

not acceptable because the pressure of the device is 

maintained continuously around 10'̂  torr by Vaclon pumps. 

We used fast Fourier analysis to study the modes during 

3 active days and averaged the results. Figure 5.2 shows 

the results of this analysis. Individual spheroidal (S) and 

torsional (T) eigenmodes are labeled from Sj, Tj through S.21 

T^y Although the resolution of this spectrum is poor, it 

illustrates the daily tendency for the lowest dozen 

eigenmodes to all be excited (not simultaneously). 

It is very interesting that the amplitude of the free 

vibrations we observed varies significantly according to 

time in the lunar synodic period, as shown in Figure 5.3. 

The upper line shows average amplitudes of oscillations (all 

modes) during the day-time and night-time. When the moon is 

near new or full, the amplitudes are at their maximum. 

Conversely, near quadrature (quarter moon), the amplitudes 

are at their minimum. The average amplitude during a day is 

around 1 x 10"̂  radian. 

The lower line shows the amplitudes of short-period 

oscillations (period less than 1 minute) whose amplitude is 

independent of the moon position. The short-period 

oscillations were triggered several times during the 

measurements, and the two largest were coincident with known 
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earthquakes (July 16, Philippines and July 30, Mexico). The 

Apollo experiments show that moonquakes are definitely 

related to the lunar synodic cycle [50]. Concerning 

earthquakes, several investigators insist that the 

earthquake activities are related to the position 

of the sun and the moon [51, 52, 53], which is not accepted 

by others as a general theory. 

We cannot find articles which are concerned with free 

earth vibrations other than seismic-induced (large 

earthquake) ones. There may be indirect evidence for their 

existence in other experiments. For example, gravitational 

constant (G) measurements have shown time dependent effects 

[54], and some mass measurement experiments using balances 

have shown long-period changes [55]. Some investigators 

have even speculated that the gravitational constant may be 

time-dependent. Although G measurements have used a 

conventional torsion balance which responds differently than 

our balance to Earth changes, our data suggests that a 

fundamental limitation to their accuracy may derive from 

Earth dynamics. 

Source Nonlinearity in the 
Free Earth Vibrations 

We stored data from the new balance in a computer 

during a 22.5-hour period, using the DASH_16F interface with 

an A/D converter. The total number of data points was 9000, 

with a time interval between updates of 9 seconds. The time 
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record looked very chaotic in some intervals, suggesting 

fractal character. The oscillations during this 22.5-hour 

period displayed eigenmodes with transitions between them as 

shown in Figure 5.4.a. Even though a transition region 

appears chaotic as shown in Figure 5.4.b, it is impossible 

to quantify the region precisely because its duration is too 

short. 

Phase Plane History 

To draw a phase plane diagram, we use the time-delayed 

pseudo-phase-plane method [56]. For a one- variable system, 

we plot x(t) (position) versus 6x; i.e., [x(t), (x(t) -

x(t+T))], where T is a fixed time delay. The idea is that 

5x is related to v(t) and it should have properties similar 

to those in the classic phase plane [x(t),v(t)]. Such a 

pseudo-phase-plane plot derived from a record of free Earth 

oscillations seen with the torsion balance is shown in 

Figure 5.5. It is difficult to distinguish whether it 

indicates a chaotic system or not, based on this figure. In 

undamped or lightly damped systems, the Poincar6 maps of 

chaotic motions often appear as a cloud of unorganized 

points in the phase plane like Figure 5.5. Such motions are 

sometimes called stochastic [56]. It is impossible to draw 

another pseudo-phase-plane of [v(T),a(T)], because of a low 

resolution in the data for the acceleration at each point. 
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Fourier Spectrum 

One of the clues to detecting chaotic vibrations is the 

appearance of a broad spectrum of frequencies in the data. 

These characteristics of chaos become more important if the 

system is of low dimension. Figure 5.6 shows the FFT 

results of velocity for two different days. The upper line 

is the spectrum for an active day (large amplitudes for the 

eigenmodes) and the other is for a non-active day. The 

obvious complexity of the spectra suggests the possible 

chaotic properties of the free oscillations of the Earth. 

We must be cautious against concluding that multi-

harmonic outputs imply with certainty that the vibrations 

are chaotic, since the free oscillation of the Earth might 

have many hidden degrees of freedom, of which we are 

unaware. In large degree of freedom systems, the Fourier 

spectra are not much help in detecting chaotic vibrations 

unless one can observe changes in the system as some 

parameter is varied. In our case, it is obviously 

impossible to adjust any of the parameters. 

Fractal Dimension of the Modes 

The fractal dimension is a measure of the extent to 

which orbits fill a certain subspace, and a noninteger 

dimension is a hallmark of either (i) a strange attractor or 

(ii) mode switching between a large number of modes. In our 

experiments, the time history of only one state variable is 
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available. We construct a pseudo-phase-space, or embedding 

space, using time-delayed measurements of mean position, 

such as (x(t), x(t+T), x(t+2T), . . . ) . For example, three 

dimensional pseudo-phase-space vectors are calculated using 

three successive components of the digitized position x(t), 

that is, 

X = [x(t), x(t+T),x(t+2T)] . (29) 

With a total number N of these position vectors, we can use 

the correlation function to calculate a fractal dimension 

[57] as, 

d = lim̂ ô (log C(r)/log (r)), (30) 

where the correlation function C(r) is defined as, 

C(r) = 1/N2 Î Ij H(r-|x^ -Xjl ), (31) 

where the Heaviside function H(s) =1 if s > 0 and H(s) = 0 

if s < 0. 

Figure 5.7 shows results of such calculations using our 

free oscillations of the Earth data. The position (x) and 

velocity (v) treatments are nearly identical in the results. 

If we draw a graph of calculated fractal dimension versus 

embedding dimension using the curves from figure 5.7 as in 

Figure 5.8, we can see the converging point of 5.6 ± 0.3. 

In this figure, data point o shows the case of noise [58]. 

The fractal dimension 5.6 does not prove that the free 
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oscillation of the Earth is chaotic motion. It may be the 

result of tight coupling between a large number of 

eigenmodes. Whichever (or both) of the two cases is true, 

the result is certainly due to nonlinearity. 

Review of the Gravitational 
Constant Measurements 

To the present day, the gravitational constant G is the 

least precisely known fundamental physical constant. In its 

recent reassessment of the values of the fundamental 

constants [59] in 1986, CODATA gives a value for G of, 

G = (6.67259 ± 0.00085) x 10'̂ ^ m̂  kg"' s"^ (32) 

This result includes the three most recent measurements, 

each of which claims an uncertainty of about 10'*, but all 

of which exclude each other from the limits of errors 

quoted. All three of these works involved the use of 

torsion pendulum [54,60,61]. 

It is well known that the measurement of G is affected 

by many components. Among those components, the problem of 

ground vibrations is one of the most subtle and very 

difficult to analyze. In 1987, C. C. Speake and Gillies 

summarized these problems and estimated the size of some of 

the effects [24]. 

Sagitov et al. noted that a fractional change of 

period of up to 1 .5 x 10'̂  could occur between night and 

day-time measurements, and that this variation was due to 
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the changing amplitude of ground vibrations [54]. The 

fluctuations in oscillation period gave rise to a fractional 

uncertainty in his value of G of 1.2 x 10"^ In Pontikis's 

measurement, the statistical uncertainty associated with 

each individual measurement is of the order of 10'̂  [61]. 

However, his set of G values shows a clear time dependence 

of about 10"̂  per day. Also, many authors who used torsion 

balances have reported unknown mechanisms for perturbations 

such as mean position drifting. 

Our balance, in which the torsion and simple pendulum 

modes exist together, is influenced by free vibrations of 

the Earth. The amplitudes of these vibrations vary with 

time of day, lunar period, and maybe even seasonal period. 

Although it is not as responsive to them, the Cavendish 

torsion balance should also respond to these oscillations 

because it is not supported by a perfectly flexible fiber. 

Thus we conclude that free Earth vibrations constitute a 

fundamental limit on the accuracy with which G can be 

measured. 



CHAPTER VI 

OTHER MEASUREMENTS AND APPLICATIONS 

Electrical Attractive Forces 

Introduction 

The attractive force between a charged electrode and a 

second electrode which is influenced by the first through 

induction has been studied for more than a century. 

Theoretical calculations of the force for most electrode 

geometries and surface conditions are not simple, and have 

prompted experimental validation [18, 19, 20]. We were 

motivated to do the present experiment because of (i) the 

large discrepancy (factor of 2.5) between theory and 

experiment reported in the paper by Winkler [18], and (ii) 

the expectation that our force measuring instrument would 

outperform those previously employed. 

The force between a charged conductor and an insulated 

conductor with overall charge neutrality can be estimated 

theoretically by using the method of image charges. In this 

work, we follow the method of an infinite series of images 

to calculate the force between (i) the sphere-plate system 

and (ii) the sphere-sphere system. The results to first 

order are as follows, 

i) Charged sphere at potential V and a plate at zero 

potential. 

90 
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F = - 2 TTGQâ V̂  (1/2d2 + Sad / ( 4d2 - a2 ) + . . . ) . (33) 

Where a is the sphere radius and d is the distance between 

sphere center and the plate. 

ii) Identical spheres, one at potential V and the other at 

zero potential. 

F = - 47r€onv2 { n̂  / ( i - n̂  )^ + n M 2 ( 1 - n̂  ) - n̂  ] 

/ [ ( 1 - n̂  )^ - n̂  ]2 + . . . } . ( 3 4 ) 

Where a/d has been replaced by n only to simplify writing of 

the equation. 

Experimental Procedure and Results 

The balance beam is a 0.35 cm diameter fused silica rod 

that is 16.5 cm in length. The floating electrode is a 6.3 

mm diameter, 1.05 g stainless steel ball epoxied 14.6 cm 

from the center of the beam. Another similar sphere, whose 

position is controlled by a horizontal micrometer drive, is 

connected to a variable DC voltage source. 

The periods of the vibrational mode and torsional mode 

are 0.22 second and 5.871 seconds, respectively. The 

vibrational mode was not evident when using a 3-second time 

constant for the low pass filter of the lock-in-amplifier. 

The sensitivity of the lock-in-amplifier was set at 1 mV 

when using a 30 volt rms drive on the transducer so that 
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the deflection sensitivity is of the order of 1 milli-

radian. 

During the course of measurements for a given distance, 

the applied voltage was increased from 0 to 4600 volts. A 

resultant torque was measured for each value of applied 

voltage, and the force determined from the known moment arm. 

Figure 6.1 was generated using a 6.3 mm diameter matched 

sphere-sphere geometry, and the solid curves are from 

theory. It should be noted that the separation of 

electrodes depends on the voltage. The theoretical curves 

are corrected for this effect, using parameters obtained 

during calibration of the balance. An additional study was 

performed in which the sphere on the balance arm was 

replaced by both a 2.54 cm diameter 0.2 mm thick circular 

copper plate and similar aluminum plate. These results are 

shown in Figure 6.2, along with results of the sphere-sphere 

case at intermediate applied voltage. 

Unlike the experiments of Winkler, we find experiment 

and theory are in good agreement for nearly all values of 

applied voltage and separation distance; except that the 

measured force is smaller than the calculated value in the 

cases of (i) large electric field or (ii) long-time 

measurement. Apparently these anomalies result from charge 

conduction through air. In the case of aluminum electrodes, 

the attractive force changes periodically as illustrated in 

Figure 6.3. Both the period and magnitude of the force 
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fluctuation depend on the applied voltage and separation 

distance of electrodes. With large electric field, the 

period decreases and the amplitude of the fluctuation force 

increases. We suspect this results from either (i) charge 

accumulation followed by discharge of the floating electrode 

or (ii) system capacitance change resulting from changes in 

the amount of adsorbed molecules, which probably includes 

the highly polarized OH group. 

Pressure Manometer 

The equation of motion for the modified balance is 

Î  de^ / dt̂  + R de / dt + K 8 = 0 (35) 

where R is the damping coefficient of the system. There 

exist two kinds of damping in this system. One is the 

effect of internal friction of the tungsten fiber, and the 

other is the effect of viscosity of surrounding gas 

molecules. In the amplitude range from 1 mrad to 50 mrad, 

in the torsional balance, the effect of internal friction of 

the tungsten wire may be nearly constant. But the viscosity 

depends on the pressure. The kinetic theory of gases 

predicts that the viscosity in the free molecule flow regime 

is proportional to the pressure. Specifically, for the 

viscosity manometer, the equation relating pressure and the 

interval of time required for the amplitude of the pendulum 

to decrease by half is. 
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^ P̂  î'̂ ' = B/To.5 - C, (36) 

where B and C are characteristic constants of the pendulum, 

P| and M̂- are partial pressure and mass, respectively, of 

each of the gas types in the system. If A, and A, denote 

two successive values of the amplitude of the pendulum, it 

follows that, 

A, / A, = e-R̂/2I -. eK (37) 

X = T ln2 / TQJ, (38) 

where T is the period and X is known as the logarithmic 

decrement. Then, 

1 P\ M^^^^ = B' X - C, (39) 

It is well known that precise pressure measurements are 

difficult in the pressure range from 10"̂  to 10"̂  Torr, and 

especially for some monatomic species [31]. We used a 

thermocouple gauge, an ionization gauge, a Mcleod gauge, and 

a quartz spiral gauge in this work, and we found that the 

measured pressures did not agree well. Since our experiment 

involves a well defined torsion balance operating in the 

free molecule flow regime, we measured the pressure by the 

logarithmic decrement method. Figure 6.4 shows an example 

of free decay of the balance at pressures of 1 x 10"̂  and 1 

X 10'̂  Torr, respectively in air. The decrements are 

- 0.0032365 and -0.00012995 in this case. Figure 6.5 shows 
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the relation between log decrement and pressure in air. 

From this figure, we can deduce the constant in equation 

(39), as follows. 

I p. M̂ /̂2 = - 9.4151223 X - 0.0001614. (40) 

The log decrement method for measuring the pressure has 

some notable advantages in comparison with presently known 

absolute pressure gauges: 

1 ) It has a relatively large measuring range, of near 

linearity, i.e., from 10"̂  to 10'̂  torr. 

2) It can measure the absolute pressure (manometer). 

3) It is easier to handle than, for instance, the 

McLeod gauge. 

Micro-Balance 

The simple equal arm balance is the oldest instrument 

for measuring mass. It is still important, although very 

small masses are measured using the quartz crystal 

oscillator method. Measurement of small mass changes is 

important in many fields and is not trivial. Our balance 

can be used as a micro-balance in two ways. The first 

method utilizes the change in period resulting from a mass 

change. In this case, we can distinguish around a 0.02 % 

change of mass. It has been used to study real time mass 

loss by laser ablation. The other method involves a 

combination of equal arm balance and fiber. With a 
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horizontal 135 jam diameter tungsten wire supporting the 

boom, we can achieve better than \ig resolution. Figure 6.6 

shows a balance change as about 0.145 mg of water evaporates 

in the air from one end of the boom. With careful 

construction of a micro-balance, the resolution of the new 

balance can be much improved. If the electrical torque of 

the LRDC transducer, whose magnitude is typically 0.001 

dyne-cm, is used to control the mean position of the balance 

arm, we expect nanogram sensitivity to be possible. 
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CHAPTER VII. 

SUMMARY AND CONCLUSION 

The sensitivity and versatility of the torsion balance 

have caused it to be used in many areas in years past. By 

incorporating a high technology sensor, whose resolution is 

better than 10"' radian, our balance can continuously 

measure force magnitude changes from several dynes to 10'̂  

dyne. Additionally, by modifying mechanical features of the 

torsion balance, we have produced an instrument that is 

responsive to changes in direction of the acceleration of 

gravity, being sensitive to variations as small as 10 nano-

radian. 

Because many physical phenomena in nature have force 

changes associated with them, we have studied several such 

processes by measuring these force changes with our balance. 

First, we have measured momentum accommodation coefficients 

for helium, argon, and nitrogen on polycrystal1ine aluminum, 

tungsten, copper, between 293 K and 700 K. We found that 

the momentum accommodation coefficients depend on the 

temperature of the surface. The energy gained from the 

surface by the molecules increases the normal component of 

velocity, thus changing the spatial distribution of 

scattered molecules, as compared to the distribution of the 

incident molecules. These effects are more pronounced for 

103 
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monatomic molecules than the diatomic ones we studied, 

because diatomic molecules can experience internal energy 

change on collision (vibration and rotation). 

Second, we have studied the number densities and 

binding energies of adsorbed gas molecules on solid surfaces 

by measuring Langmuir recoil forces. From the measured 

forces, using numerical modeling, we can obtain both binding 

energy and number densities in a single measurement. Also, 

a change in gas pressure (system ambient) causes balance 

recoil which may come from desorbed molecules of physi

sorption. The study of physisorption at room temperature 

and high pressure is not possible using conventional 

experimental devices. Our results suggest that the method 

of Langmuir recoil force measurement could become a useful 

means for studying physisorption. Modeling efforts will be 

necessary before the measurements can be interpreted. 

Third, we have almost continuously observed long-period 

variations in the equilibrium position of the balance, which 

correlate with more than 14 of the known long periods of 

spheroidal and torsional oscillations of the earth. The 

amplitude of the fluctuations we have observed are 

correlated with the lunar synodic period, indicating that 

they are driven by tidal forces. Also, we observed mean 

drifting of the equilibrium position of the balance arm 

which certainly shows lunar periodicity, and perhaps also 

seasonal (yearly) periodicity. We have not been able to 
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study the variations for periods longer than one month, so 

the seasonal effect is speculative, based partly on the 

observation that the long-term secular changes (winter 1989 

and summer 1990) are in opposite directions. It is 

possible, however, that a long-term electronics drift is 

responsible. Obviously, extended periods of observation, 

over many months, is needed to confirm our seasonal 

hypothesis. 

Fourth, using several geometries and materials we 

measured the force of attraction between a charged electrode 

and an overall neutral electrode. The force of attraction, 

due to the induced dipole moment, is in agreement with 

theoretical predictions in most cases, but there are large 

discrepancies in the case of aluminum electrodes, for which 

the force is not stable. The force fluctuates, and both 

period and magnitude depend on magnitude of the electric 

field. To understand this phenomenon, it will be necessary 

to conduct the same experiment in a vacuum chamber with 

controlled pressure. 

Finally, some applications are described in which the 

balance has been used as a pressure estimating device, and a 

microbalance. 
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