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1571 ABsTRAcr 
Methods are described for rapidly damping oscillation 
of an acoustically levitated object or for causing and 
maintaining such oscillations, and a method is provided 
for determining the restoring force constant K on the 
levitated object by measuring its frequency of oscilla- 
tion. Oscillations of a levitated object are damped by 
applying levitating acoustic energy at a frequency 
slightly less than the center resonant frequency. Oscilla- 
tions are maintained by applying acoustic energy 
slightly greater than the center resonant frequency. The 
restoring force constant of the levitation force is pro- 
portional to square of the frequency of oscillation of the 
object. 

t2 Chins, 4 Drawing Sheets 
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librium position. The restoring force constant K is pro- 
portional to the square of the frequency of oscillation 
times the levitated mass. It is often sufficient to deter- 
mine the relative restoring force constant so as to deter- 
mine how the levitation force field changes under 
changing operating conditions. 

The novel features of the invention are set forth with 
particularity in the appended claims The invention will 
be best understood from the following description when 
read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION O F  THE DRAWINGS 
FIG. 1 is a simplified sectional view of an acoustic 

levitation appamtw constructed in accordance with the 
prrsent invention. 

FIG.2isadiagramma tic view of a mass supported by 
a spring. showing a force equivalent of the apparatus of 
FIG. 1. 

FIG. 3 is a graph showing the variation of force with 
vertical position for the sample in the chamber of FIG. 
1. 

FIG. 4 is a graph showing the relative power either 
inducing or suppressing sample oscillation, as a function 
of deviation of acoustic frequency from a center reso- 
nant frequency, for the case! where the sample is located 
in an o n e 4  (Earth) gravity environment. 

FIG. 5 is a graph similar to that of FIG. 4, but for the 
case where the sample is located in a zero gravity envi- 
ronment. 

FIG. 6 is a graph showing the displacement of a 
sample from its equilibrium position, as a function of the 
deviation of acoustic frequency from the center reso- 
nant frcq-y, which results in stability or instability 
of a sample in a o d  gravity environment. 

FIG. 7 is a graph similar to that of FIG. 6, but for the 
case where the sample is in a zero gravity environment. 

FIG. 8 is a perspective view of an apparatus useful in 
determining the restoring force constant produced by 
an acoustic field on an object. 

FIG. 9 is a graph showing the variation in acoustic 
power that can be produced in a chamber as a function 
of deviation of the acoustic frequency from the center 
resonant frequency. 

FIG. 10 is a sectional view of a single axis levitator 
comtmcted in accordance with another embodiment of 
the invention. 

FIG. 11 is a perspective view of a single mode levita- 
tor in accordance with another embodi- 
ment of the invention. 

FIG. l2 is a perspective view of a variable length 
levitator coomwed in sccordance with another em- 
bodimcnt of the invention. 

DESCRIPTION O F  THE PREFERRED 
EMBODIMENTS 

FIG. 1 illwtratcs an acoustic levitation system 10 
which inciudcs walls 12 forming a resonant chamber 14. 
An acoustic transducer 16 driven by a circuit 18 pro- 
duces acoustic energy which is resonant to the length or 
height L of the chamber which extends in the vertical 
diredon 2. In this particular example, the transducer 
16 is driven at the lowest plane wave mode that is reso- 
nant to the height of the chamber. wherein the trans- 
ducer produces a standing acoustic pressure wave of a 
wavelength indicated at 20, which is twice the height of 
the chamber. This acoustic energy results in a levitation 
position 22 to which objects in the chamber are urged. 

STABILIZATION AND OSCILLATION OF AN 
ACOUSTICALLY LEVlTATED OBJEm 

ORIGIN O F  THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub 
ject to the provisions of Public Law S 5 1 7  (35 USC 
202) in which the Contractor has elected not to retain 
title. 

BACKGROUND O F  THE I " T I 0 N  
In acMlsticcon~procesringsystcmganobjector 

sample is held within a gas-filled chamber, at a location 
away from the walls of the chamber by an acollsdc 
standhg wave field. It is o h  desirable to maintain the 
object at its equilibrium levitation position without s u b  
stantial oscillations of the object about that position. In 
the prior art, it was found that when a sample was dis- 
placed from its equilibrium position, as when it was 
initially placed in the acoustic field, the sample would 
oscillate about its equilibrium position. It would often 
require tens of minutes for Viscous drag from the gas in 
the chamber to damp the oscillations and cause the 
sample to lie completely stable. There are also applica- 
tions where it is desirable to establish and maintain 
oscillations of the sample about its equilibrium position. 
A technique which enabled rapid damping of sample 
oscillatiom, or which forced the sample to oscillate and 
maintained the sample in OsCiuation would be of coxtsid- 
erable value. 

It is o h  IIcccs.Ty to daerrmnr . tbeforccwhichan 

For example, this ambles m operator to daenninc 

prevent the object from reaching the walls of the cham- 
ber under a given gravity or microgravity equilivent. 
While it is possible to place an object at the end of a thin 
wire or rod and measure the force on the object for a 
given displacement from an equilibrium position. this 
technique does not accurately indicate the forces on the 
object under conditions such as large heating of the 
object to melt it and the consequent uneven heating of 
the gas within the chamber. especially if the chamber 
dimensions are altered to produce movement of the 
object. A simple method for determining the relative 
force on the object for a given displlwxment from its 
equilibrium position would be of considcrabie value. 

SUMMARY O F  THE INVENTION 
In accadmce with OM embodiment of the present 

invention, techniquu are provided for use in systems 
where an object is acoustically levitated, for controlling 
object oscillation and for employins such oscillation to 
sensc the relative force or spring rate of forcc on the 

levitating acoustic energy at a frequency which is less 
than the center resonant frequency for the resonant 
mode which is excited. The object can be maintained in 
oscillahn by establishing the acoustic cnergy at a fre- 
quency above the center resonant frequency of the 
mode which is excited. 

The restoring force constant K which indicates the 
restoring force per unit displacement of an object from 
its equilibrium position can be determined by measuring 
the frequency of oscillation of the object about its q u i -  

acoustic field can atat on nn object fora prrdaamm ' e d  
displacement of tbeobjea fnnnanequiliinium positlolL 

w h c t k  the acoustic energy is of Jufficieat intensity to 

object The object can be stably hela to qnickly damp 
-andresistnewodUiOU& by applying the 
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It is assumed in this description that the volume of the trolling power, which urges a decrease or increase in 
levitated object is no more than 20% of the volume of oscillation of an acoustically levitated object as a func- 
the chamber, so the acoustic energy is minimally scat- tion of the deviation of the frequency of the acoustic 
tered by the object. It is expected that the levitation energy from the center resonant frequency. The center 
phenomena also apply to larger ratios, although appli- 5 resonant frequency fr for a particular resonant mode 
cant has not yet conducted experiments or analyses for applied to a resonant chamber is the frequency at which 
such a range. It should be noted that in this example, the acoustic pressure is a maximum within the chamber. 
additiod acoustic standing wave fields are required Frequencies close to the center resonant frequency are 
along the horizontal dimdons of the chamber to pn- considered to be resonant to the chamber in that they 
vent the object from moving horizontally. 10 produce acoustic pressure much higher than at frequen- 

In a zero gravity environment, the ob* will tend to cies not close to a resonant mode. 
assume the levitatim position 22, and that will be the One horizontal line 40 in the graph of FIG. 4 repre- 
object’s equilibrium position h a modaatc gravity sents the variation in acoustic power (which is propor- 
environment such as exists at the Earth’s surhce, w h a e  tional to the square of the pressure) within the chamber. 
the gravity force is d which aph 980 cm/sec2. IS At the cents frequency fr the power is 100% of the 
the object will assume an equilibrium @tkm whose maximum attabable for that mode and for a given 
center is iodicated at 24. At position 24, the f o r a  of power input to the acoustic transducer, while at points 
gravity urging the object downwardly equals the mu- 42.44 the power is 50% as great. Another horizontal 
tic levitating force urging the object upwardly. The line 46 represents the frequencies for a resonant cham- 
force on the object as a function of its displaccwnt 2 #) ber whose Q, or resonance factor, is 100 and which has 
from the center position W2 is in- in FIG. 3. It a resonant mode at 1,ooO Hz. The Q of about 100 is 
can be sem that the force urging the object towards the commonly found in chambers constructed by applicant 
center position varies sinusoidally, and is in the direc- which were intended to be resonant. The Q may easily 
tions indicated by the arrows 30.32 to urge the object vary between 10 when little care is taken, to several 
back towards the levitation position when it deviates 25 hundred or 1,ooO (for a carefully constructed spherical 
therefrom. The acoustic levitation force may be consid- chamber), when great care is taken to achieve sharp 
ered the equivalent of the force of a spring 26 on a mass resonance. For the horizontal line 46, the center reso- 
28. as indicated in FIG. 2. In that case, the spring force nant frequency fr is 1,OOO Hz, while the half power 
urging the object back towards its equilibrium position frequencies are 995 Hz and 1,005 Hz, respectively. An- 
is opposite to the displacement of the object, and varies 30 other horizontal liae 50 represents the ratio between Af 
proportionately with the displacement of the object, at which is the deviation in frequency from the center 
least for small displacements. resonant frequency, and Afb which represents the devi- 

It h&a bmtofofc g d y  ken considerrd deskable atim from f, at which the acoustic power is one-half 

energy as close to the center raonant frequency as 35 In FIG. 4, the ordinate 51 represents the relative 
poasibie, in order to maximize the acoustic force for the power applied to a leviated object, which urges the 
particular levitation mode that is chosen. A levitation object towards or away from its quiescent position at 
mode is a frequency reaonaut to a chamber (which in every oscillation of the object For the graph of FIG. 4, 
the extreme may have only two opposing walls). which a power above zero represents work being applied to 
urges an object toward a position that is spaced from 40 the object urging it to increase its amplitude of oscilla- 
the reflecting chamber walls. The use of the center tion (there is always at least infinitesimal oscillations 
resonant frequency has bem generally sought because. present), while a power of less than zero represents 
for a particular resonant mode and power level applied work withdrawn from the object which reduces its 
to a transducer, the force urging a displaced object oscillation amplitude. It can be sem that at the Center 
towards the lcyitation position is a maximum when the 45 resonant frequency fn there is no net work done on the 
deviation from the central resonant frequency is a mini- object urging or preventing oscillation. The maximum 
mum. FIG. 9 includes a curve 34 showing the variation force on the object urging it to Osciuatc is at point 52 
in IevitatiOa power with deviation of the applied amus- w h a e  the frequency of acoustic energy is above fr by 
tic frequency from the center acoustic frequency f, The about 0.6 of the deviation Afb that results in one-half 
frequency deviation from f,at which the power level is 50 maximum acoustic power. At this frequency, the acous- 
oachalfamximum is denoted as Af+ The line 36 shows tic power is about 70% of maximum. Maximum damp 

Hz and the rcxmmcc quality factor Q is 100. is below frby about 0.6 of the deviation that results in 
Q=fr/zafi, opaation much beyond a half power onc-half power, and the levitation power is about 70% 
frcqucncy/l+&, such as beyondf,f2 4b gmcrally 55 of maximum thereat. The frequency at point 54 is about 

inposition.ForaQofl00.frf~boccunat9996of Forthehorizontalline46inFIG.4,itcanbesecn 
f rmd  101% Of fp that in a typical chamber (Q is about 100) the frcquen- 

In the prior art, it was often found that the object cies that produce the greatest osciliation forces or great- 
would oscillate about its equilibrium position; some- 60 est damping deviate only about 0.3% from the center 
times the oscillations would continue indefinitely, and resonant frequency f, To produce maximum stability, 
at other times the oscillations would damp very slowly. the resonant frequency is maintained slightly below the 
NO way was known for closely controlling such oscilla- center resonant frequency. which may result in a devia- 
tions. In accordance with one aspect of the present tion somewhat less than at point 54 in order that the 
invention. applicant has found that oscillations can be 65 acoustic levitation force be maintained close to the 
rapidly damped or enhanced by close control of the maximum. Similarly, object oxillation is maintained by 
frequency of the acoustic energy applied to the cham- applying acoustic energy slightly above fr with the 
ber. FIG. 4 illustrates the variation in oscillationcon- amount dependent upon the height of the desired m i l -  

to ac~u~tically levihte an object by w p l h  acoustic that at f, 

the V r v t t i o n  h.l frrsucncy for the QISC wherr f,= 1,OOO ing Of the levitated object  occur^ at the point Sr, which 

rrsults in bUft3ciUIt levitat i~ f O a  to hold the object /I- fJ4Q. 
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5 
lations and the need to maintain high levitation forces. 
The area 56 under the curve 60 may be referred to the 
“supemtabitity” region, while the area 62 under the 
curve may be referred to the region of “instability.” 

It may be noted that there is a small moderate-stabil- 
ity region 64 under the graph, which extends from fr to 
slightly above that, where the levitated object is stable 
but not super stable. In this frequency range, a levitated 
object which is disturbed will decay under the etrectS of 
viscosity or drag of the gas in the chamber, even tho* 
there is a small amount of work done on the object 
urging continued oscillation but with that work being 

be noted that the conditions of FIG. 4exist only in an 
envimnmcnt of substantial gravity such as that which 
exisgat the Earth’s d a c e .  

FIG. 5 isa graph whichincludaacurve7Osimilarto 
the curve 60 of FIG. 4, except that the curve 70 -re- 

g power applied to a sentsthembilking and unstatnlrpn 
levitated object in a zero gmvity environment. The 
graph of FIG. 5 is similar to that of FIG. 4 except that 
it includes a much wider region 72 of moderate stability. 
Thus to maintain oscillations of an object in a zcro 
gravity environment, the frequency of the acoustic 
energy must be greater than the center resonant fre- 
quency f, by an amount equal to about 20% of the fre- 
quency deviation at which the acoustic power is one- 
half that at f, 

FIG. 6 includes a curve 76 which shows the ampti- 
tude of oscillation attained by an object in a oncG 
environment (equivalent accdcmtion of 980 cm/sect), 
when the acoustic levitating energy is at various fre 
qucncies above the center r u o q n t  frequency. oscilla- 
tions benin onlv when Af/Afhm is at least 0.008. at which 

less than that aecessary to overcomt the drag. It should 

.. . 

6 
where K is the restoring force constant and M is the 
mass of the levitated object. For small oscillations of the 
object about its equilibrium position, K is substantially 
constant. Since the mass of the object is easily deter- 

5 mined, and fo can be easily determined as by direct 
observation of the oscillating mass, it is a relatively 
simple maner to determine K. The restoring force con- 
stant K represents the strength of the force that will 
return a deviating object back towards its equilibrium 

10 position, and knowledge as to K is of great importance. 
A major consideration in designing and operating an 
acoustic levitation system is to assure that K at the 
equilibrium position of the ob- will be sufficient to 
assure that the object will be reliably maintained in 
position. Prior art techniques involved placing an object 
at the end of a thin wire or rod in an acoustic field and 
measuring the acoustic force on the object as it was 
displaced from an equilibrium position. In applications 
where the object is to be heated to a molten tempera- *’ ture, it is difiicult to measure the avaiiable levitation 
force. By merely measuring the frequency of oscillation 
of the object under any particular conditions, it is possi- 
ble to readily and accurately determine the restoring 
force constant K. 

Knowledge as to K, which is the slope of the sinusoi- 
dal force curve at the equilibrium position, enables a 
precise prediction of the maximum levitation force 
available. In an environment of sigruficant gravity, the 

3o object is not maintained at the acoustic levitation p i -  
non such as 22 in FIG. 1, but is displaced from that 
position to an equiliirium position 24, at which the 
wught of the object equals the acoustic force levitating 
the object. In FIG. 3, point 24 rrpresen*i the equilib- 
rium position of the object, showing its position along 

25 

B 

c 
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quency can be reduced without greatly reducing the 
levitation force can be readily determine& 

In order to determined the restoring force constant 
K, the object 92 is briefly oscillated about its equilib- 
rium position and the frequency of oscillations is noted. 
The frequency of oscillations can be determined merely 
by a person measuring them with a stop watch, which is 
enabled by constructing the chamber walls hamparent 
or with a transparent window indicated at 101. Alterna- 
tively, a light source 102 dirests light across the object 
92 onto a pair of photodetectors lOr, 106. As the object 
102 osciuates dong the axis 108, the dif€ercncc in out- 
puts of the photodaector varies at the same frequcllcy. 
A dfiirrnce circuit 110 has an output 112 which carries 
an electrical signal which varies at the frequency of 

the restoring force constant K can be calculated by 
knowledge as to the mass of the object and its frequency 
of oscillation, it is o h  sufficient only to determine the 
relative restoring force constant, which is proportional 
to the square of the frequency of fo. 

In an environment of 0ne-G gravity, oscillation of the 
object can be initiated by increasing the frequency of 
the acoustic energy applied by the transducer 94 to be 
above the central resonant frequency f, Once signifi- 
cant oscillation is observed, the frequency can be re- 
duced to below f, to quickly damp out oscillations. In a 
zero gravity environment, an initial displacement of the 
object is necssnry to begin oscillations One way to 
establish such a displacement is to stop applying the 
acousticenergy which levitates tbeobjectand to bcgb 
applying it again only after the object has drifted away 
from its cquilibrilrm position. A fasta way to begh 
object osdation in a zero gravity environment is to 
modulate the acoustic energy field which levitates the 
object, with a frequency about equal to the natural 
f w  of Osciihtion of the object about its cquilib 
num position. Care should be taken not to exceed the 
displacement threshold at which oscillation grows (e.g., 
in FIG. 7 where the minimum displacement exceeds 
5.7% of the length of the chamber), or else oscilkhons 
can grow excessively large. Whae the mass and restor- 

osctllahon of the object along the 2 dirrction. Although . .  

ing force C0M-t K = Lnown appro xi mat el^, apply- 

5 

10 

IS 

20 

25 

30 

35 

40 

ing a frequency f a y  close to fo willbegin &on of 
the object. In FIG. 4 a low-fhquency oscillator 114 is 45 
shown, which can be coupled through a switch 116 to 
transducer 94 to modulate the higher frequellcy levita- 
tion acoustic energy by the lower frrquency which is 
about the same as to. Once s i ~ i c a n t  oscillations occur 
and thcir frequency is measured, the switch 116 can be H) 

opened. 
The above techniques for strbilizing and 0Scill.ting 

the BII&mu&cdl . y k v i t r r t e d o b j e c t , a n d f o r ~  
relative levitation force on the object applies to a vari- 
ety of acoustic levitation systcms. One such type of 55 
system, shown in FIG. 10, is a singleaxis levitator l20 
which includes a pair of facing surfaces l22.m lying 
on axis Us. with one of them such as 124 bcing vibrated 
towards and away frorn the other, and the other 132 
being curved. An object 126 can be levitated near a 60 
levitation location 130 spaced a dktaucc M from the 
curved surface equal to a quarter wavelength of the 
acoustic pressure. A higher Q is obtained by using a 
separation distance N equal to an odd multiple of a half 
wavelength of the acoustic energy, so that the acoustic 65 
frequency is resonant to the levitator. By selecting a 
frequency slightly less than such a resonant frequency, 
the object is held stably against oscillations, as described 

. .  

8 
above. By using a frequency slightly higher than the 
resonant frequency, the object can be made to oscillate 
as described above. It may be noted the Q of a resonant 
single-axis levitator may be about 30, so the required 
deviation for the resonant frequency for a given effect 
will be larger than for a Q of 100. A measure of the 
object’s oscillation frequency indicates the relative levi- 
tation force. 

Another type of levitator, illustrated in FIG. 11, is a 
single transducer or single mode levitator. as is de- 
scribed in U.S. Pat. No. 4,573,356. In such a levitator, a 
single frequency from a transducer 140 levitates an 
object 142 within a chamber 144. A sensor 146 such as 
a microphone can be coupled to a drive circuit 148 to 
maintain the frequency near resonance. By establishing 
the frequency slightly below TesoNuIce. oscillations of 
the object are rapidly damped, while maintaining the 
frequency slightly above resonance can result in pro- 
ducing oscillation. The microphone 146 senses the 
acoustic pressure, and the drive circuit 148 is con- 
structed to maintain a frequency at which the acoustic 
pressure is a predetermined percentage of maximum to 
maintain at least about half the maximum levitation 
force. When the object oscillates in more than one di- 
rection, the preferred direction of oscillation of the 
object is the direction of oscillation in which the oscilla- 
tion frequency is maximum (that is, the direction of 
greatest restoring force constant K). Where it is desire& 
to oscillate the object in any arbitrary direction, this carr: 
be accomplished by modulating the frequency appw 
to the transducer 140 by a frequency fo equal :to theA 

To daamine 6 for a particular direction, the mor!* 
ing frequency fo can be swept through a range of k- 
queucies, and the dirrction of oscillation of the object at 
particular frequencies fo can be observed. The .fre- 
quency of oscillation in each direction also indicates the, 
restoring force constant K in that direction. 
FIG. 12 illustrates a system 150 wherein the dimen;. 

sion of a chamber 152 in which an object 151 is levhated. 
can be altered by moving one of the walls 156 of th6,’ 
chamber towards and away from the opposite wall 1%; 
A substantially fixed frequency transducer 160 excites 
the chamber. The moveable wdl156 can be moved to 
change the chamber dimension so that the transducer 
frequency is resonant to the chamber. A motor 162 is 
shown which can move the moveable chamber wall. A 
pressure transducer 164 SCIIS~S the amplitude of the 
acoustic energy. A controller can control the motor to 
mainain the chamber length so it is resonant to the 
acoustic energy. To maintain the object stable, the con- 

than the length P at which the chamber is resOnant to 
the frequency of oscillations of the oscillator 160. This 
can be accomplished by maintaining a chamber length 
atwhichtheacwrbc . prcssurrsensedbytrrnsducer164 
is a predaennimd percentage of that attainable at a 
chamber length D. To produce oscillations of the ob- 
ject, the length of the chamber is made slightly longer 
than the length P at which the chamber is resOnant to 
the acoustic frequency. The restoring force constant K 
can be determined as in the earlier described embodi- 
ments of the invention. by observing the frequency of 
oscillation of the object and noting its mass. 
Thus, the invention provides systems for use with an 

acoustically levitated object to control Oxillations of 
the object and which also mables object oscillation to 
be wd to determine the relative acoustic force that can 

fresuency of osciliation of the object in that dinction,, 

troIler maintains the lmgth of the chamber slightly less 
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be applied to an object. The application of acoustic 
energy slightly below a center resonant frequency of 
the object results in rapid damping of any oscillations of 
the object, to provide high stability in object position. 
The application of acoustic energy above the central 5 
resonant frequency can result in enhancing oscillation 
of the object, with object oscillation automatically oc- 
curing in a one-G gravity environment and occuring in 
a zero gravity environment only upon at least minimal 
displacement or oscillation of the object. The restoring 10 
force constant K can be determined by measuring the 
frequency of oscillation of the object and by knowledge 
of its mas, and changes in K or relative values of K can 

oscillations of the object. 15 

Although particular embodiments of the invention 
have been described and illustrated herein, it is recog 
nized that modifications and variations may readily 
occur to those skilled in the art, and consequently, it is 
intended that the claims be interpreted to cover such 2o 
modifications and equivalents. 

L _  vc: determined wieiy by iiieaiiring iiie frequency of 

What is claimed is: 
1. A method for damping oscillation of an object 

which is levitated in a resonant chamber by acoustic 
energy of a frequency which is approximately resonant 
to the chamber comprising: 

applying acoustic energy to said chamber at a fre- 
quency which is less than the center resonant fre- 
quency frof the chamber but which is greater than 3o 
f , - Z b & ,  where Afhp is the frequency deviation 
from frat which the levitation power on the object 
is one-half that at fp 

25 

2. The method described in claim 1 wherein: 
said chamber has a Q on the order of magnitude of 35 

100 and said step of applying acoustic energy in- 
cludes applying acoustic energy of a frequency 
between f, and 99% of fr until oscillations of the 
object are substantially eliminated. 

3. The method described in claim 1 wherein: 
said step of applying acoustic energy includes apply- 

ing acoustic energy of a frequency of about 
/I-/I/4Q, where Q is the resonance factor of said 
chamber. 

40 

4. The method described in claim 1 wherein: 
said chamber is controllably expandable and con- 

tractable to control the size of the chamber; 
said step of applying acoustic energy includes apply- 

ing acoustic energy at a predetermined frequency; 
and including 50 

controlling the size of said chamber so its size is 
slightly smaller than the size at which said prede- 
termined frequency is resonant to said chamber. 

5. The method described in claim 1 wherein: 
said step of applying acoustic energy includes apply- 55 

45 

10 
applying acoustic energy to said chamber at a fre- 

quency which is greater than a predetermined cen- 
ter resonant frequency f,of the chamber but which 
is less than fr+2Afhp where Afhp is the frequency 
deviation from fr at which the levitation power 
applied to the object is one-half that at f,. 

7. The method described in claim 6 wherein: 
said chamber has a Q on the order of magnitude of 

100 and said step of applying acoustic energy in- 
cludes applying acoustic energy of a frequency 
between fr and 101 % of f,. 

8. The method described in claim 6 wherein: 
said step of applying acoustic energy includes apply- 

/I+&/*, where Q is the resonance factor of the 
chamber. 

.ro,sdC energy cf 9 freTdenCy &- 

9. The method described in claim 6 wherein: 
said chamber lies in a substantially zero gravity envi- 

ronment; and including 
displacing said object from an equilibrium position at 

which it lies, by an initial displacement which is 
above the threshold displacement at which oscilla- 
tions grow when said frequency which is greater 
than said center resonant frequency continues to be 
applied to said chamber. 

10. The method described in claim 9 wherein: 
said step of displacing comprises modulating said 

acoustic energy by a frequency about equal to the 
natural frequency fo of oscillation of said object in 
the acoustic field created by said acoustic energy. 

11. The method described in claim 9 wherein: 
said step of displacing comprises ceasing to apply 

acoustic energy to said chamber which holds said 
object in position, and allowing said object to drift. 

12. The method described in claim 6 wherein: 
said chamber is controllably expandable and con- 

tractable to control the size of the chamber; 
said step of applying acoustic energy includes apply- 

ing acoustic energy at a predetermined frequency; 
and including 

controlling the size of said chamber so its size is 
slightly greater than the size at which said prede- 
termined frequency is resonant to said chamber. 

13. The method described in claim 6 wherein: 
said step of applying acoustic energy includes apply- 

ing a predetermined frequency; 
said chamber has a length which is controllably ex- 

pandable and contractable; and including 
controlling the length of said chamber so its length is 

greater than the length at which said predeter- 
mined frequency equals the center remnant fre- 
quency f, of said chamber but is long enough that 
said predetermined frequency is less thanf,+ 2Afhp 
for that chamber length. 

14. AoDIuatus for levitating an object within a cham- 
ing a predetermined frequency; 

said chamber has a length which is controllably ex- 
pandable and contractable; and including 

controlling the length of said chamber so its length is 
less than the length at which said predetermined 
frequency equals the center resonant frequency f, 
of said chamber but is long enough that said prede- 
termined frequency is greater than /I-2Afhp for 
that chamber length. 

6. A method for oscillating an object which is levi- 
tated in a resonant chamber by sound energy of a fre- 
quency which is approximately resonant to the chamber 
comprising: 

ber whkh has walls, while kinim&ing object oscilla- 
tions, comprising: 

first means for applying acoustic energy to said cham- 
ber while said object lies within said chamber, 
where said acoustic energy is resonant to said 
chamber and is of a mode that urges said object 
toward a levitation position away from the cham- 
ber walls, said applying means being controllable 
to vary the frequency of said acoustic energy; 

second means coupled to said first means, for control- 
ling the frequency of said acoustic energy to main- 
tain it below the center resonant frequency of said 
mode but at a frequency high enough that the levi- 
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tation force on said object is at least about half the 
levitation force which is applied when said acous- 
tic energy is at said center resonant frequency. 

15. The apparatus described in claim 14 wherein: 
said chamber has a Q on the order of magnitude of 5 

100 and said second means is constructed to control 
said first means to apply acoustic energy of a fre- 
quency between the resonant frequency fr of said 
mode and 99% of said resonant frequency. 

second means coupled to said first means, for control- 
ling the frequency of said acoustic energy to main- 
tain it above the center resonant frequency of said 
mode, but at a frequency low enough that the levi- 
tation force on said object is at least about half the 
levitation force which is applied when said acous- 
tic energy is at said center resonant frequency. 

19. n e  apparatus described in claim 18 wherein: 
said chamber has a Q on the order of magnitude of 

100 and said second means controls said first means 
to apply said acoustic energy at a frequency of 
between f, and 101% of f,, where fr is the center 
resonant frequency of said mode. 

16. The apparatus described in claim 14 wherein: 
said second means is constructed to control said first 

means to apply said acoustic energy of a frrsumcy 
of about&- fd4Q, where Q is the reso~ullce faaor 
of said chamber and f, is the center resonant fm 
quency of said mode. 

17. Apparatus for levitating an object within a cham- 
ber which has at least one wall which is moveable to 
change the chamber length, while mhhizkg object 
o s c i l l a t i ~  comprising: 

10 

20. The apparatus described in claim 18 wherein: 
said second means is constructed to control said first 

means to apply said acoustic energy of a frequency 
of about&+ fJ4Q, where Q is the resonance factor 
of said chamamber and fr iS the center resonant fre- 
quency of said mode. 

15 

wans for applying acoustic energy to said chamber 20 
of a first frequency while said object lies in said 
Chamber, 

means responsive to the intensity of acoustic energy 
in said chamber for moving said moveable c h k  
wall to establish a chamber length which is slightly 25 
less than a length at which said first frequency 
equals a center resonant frequency of said cham- 
ber. object in oscillation, comprising: 

18. Apparatus for levitating an object within a cham- 
ber which has walls, and for maintaining the object in 30 

first IlKIuLp for applying acoustic energy to said cham- 
bcr while said object lies within said chamber, of a 
frequency which is resonant to said chamber and 
which is of a mode that urges said object toward a 35 
levitation position away from the chamber walls, 

quency of said acoustic energy; 

21. The apparatus described in claim 18, including: 
means for modulating said acoustic energy by a fre- 

quency about equal to the natural frequency of 
oscillation of said object in the presence of said 
acoustic energy in said chamber. 

22. Apparatus for levitating an object within a cham- 
ber which has at least one wall which is moveable to 
change the chamber length and for maintaining the 

means for applying acoustic energy to said chamber 
of a first frequency while said object lies in s&d 
Chamber; 

me8115 responsive to the intmsity of a c o e - e n  
in said chamamber for moving said moveable c a Z  
wall to establish a chamber length which is slightly 
greater than a length at which said first fkequeacy 
equals a center resonant frcequency of said cham- 
ber. 

oscillation while it is levitated comprising: 

said fint means being controllable to vary the frc- * * * * *  
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