
Fluorescent Dye Compounds. Conjugates and Uses Thereof
[0001] The present teachings generally relate to
fluorescent dyes, linkable forms of fluorescent dyes,
energy transfer dyes, and reagents labeled with
fluorescent dyes, and uses thereof. [0002] The
non-radioactive detection of biological analytes
utilizing fluorescent labels is an important
technology in modern molecular biology. By eliminating
the need for radioactive labels, safety is enhanced
and the environmental impact and costs associated with
reagent disposal is greatly reduced. Examples of
methods utilizing such non-radioactive fluorescent
detection include 4-color automated DNA sequencing,
oligonucleotide hybridization methods, and detection
of polymerase-chain-reaction products, immunoassays,
and the like. [0003] In many applications it is
advantageous to employ multiple spectrally
distinguishable fluorescent labels in order to achieve
independent detection of a plurality of spatially
overlapping analytes, e.g., single-tube multiplex DNA
probe assays and 4-color automated DNA sequencing
methods. In the case of multiplex DNA probe assays, by
employing spectrally distinguishable fluorescent
labels, the number of reaction tubes may be reduced
thereby simplifying experimental protocols and
facilitating the production of application-specific
reagent kits. In the case of 4-color automated DNA
sequencing, multicolor fluorescent labeling allows for
the analysis of multiple bases in a single lane
thereby increasing throughput over single-color
methods and reducing uncertainties associated with
inter-lane electrophoretic mobility variations. [0004]
Currently available multiplex dye sets suitable in
4-color automated DNA sequencing applications require
blue or blue-green laser light to adequately excite
fluorescence emissions from all of the dyes making up
the set, e.g., argon-ion lasers. Use of blue or
bluegreen lasers in commercial automated DNA
sequencing systems are often disadvantageous because
of the high cost and limited lifetime of such
lasers.[0005] Thus, there exists a need for
fluorescent dye compounds that satisfy the above
constraints and are excitable by light having a
wavelength above about 600 nm. [0006] It has now been
found that red fluorescence emitting dyes based on the
structure (1) are very chemically and photoactively
stable and are excitable by light of longer
wavelengths. [0007] In some embodiments, the present
teachings provide novel fluorescent dyes comprising a
structure selected from,and [0008] wherein [0009]
R1-R3 and R6-R16 can each independently be -H,
halogen, fluorine, chlorine, bromine, aryl,
substituted aryl, heteroaryl, -CO2H, -CO2R, -SO3H,
-SO3R, -CH2CO2H, -CH2CO2R3 - CH2SO3H, -CH2SO3R,
-CH2NH2, -CH2NHR, -NO2, C1-C6 alkyl, substituted C1-C6
alkyl, C1-C6 alkoxy, substituted C1-C6 alkoxy, C1-C6
alkoxyaryl, substituted C1-C6 alkoxyaryl, phenyl,
substituted phenyl, biphenyl, substituted biphenyl,
benzyl, substituted benzyl, benzoyl, substituted
benzoyl, bond or linking group, wherein R can be C1-C6
alkyl, substituted C1-C6 alkyl, C1-C6 alkoxy,
substituted C1-C6 alkoxy, C1-C6 alkoxyaryl,
substituted C1-C6 alkoxyaryl, phenyl, substituted
phenyl, biphenyl, substituted biphenyl, benzyl,
substituted benzyl, benzoyl, substituted benzoyl, bond
or linking group; and [0010] R4 and R5 taken
separately can be C1-C6 alkyl, C1-C6 substituted
alkyl, R4 and R5 taken together can be C3-C7
cycloalkyl, C4-C7 unsaturated cycloalkyl, C3-C7
substituted cycloalkyl or C4-C7 substituted
unsaturated cycloalkyl;[001 1] with the proviso that
if the compound comprises the structure (I), then at
least one of Ri-R3 or R8 is not -H. Optionally, at
least one OfRi-R and R6-R16 can be -SO3H. [0012] In
some embodiments, the present teachings provide for
energy transfer dye compounds comprising a donor dye
covalently attached to an acceptor dye, wherein the
donor dye is capable of absorbing light at a first
wavelength and emitting excitation energy in response,
and the acceptor dye is capable of absorbing the
excitation energy emitted by the donor dye and
fluorescing at a second wavelength in response. In
some embodiments, the donor dye can be covalently
attached to the acceptor dye by a bond, a
non-nucleotidic linker or a nucleotidic linker (i.e.-a
polynucleotide, ribonucleic acid, and the like). In
some embodiments, the linker can serve to facilitate
efficient transfer of energy between the donor dye and
the acceptor dye. In some embodiments, at least one of
the donor and acceptor dyes is a dye of the present
teachings. [0013] In some embodiments, the present
teachings provide for labeled nucleosides and/or
nucleotides comprising the structure NUC-L-D [0014]
wherein NUC comprises a nucleoside, a nucleotide, a
modified nucleoside or a modified nucleotide, L
comprises a bond or a linker and D comprises a dye
compound of the present teachings. In some
embodiments, NUC and D can be covalently linked by a
linking moiety, L, wherein L can be attached to D at
one OfRi-R and R6-R16 . In some embodiments, if NUC
comprises a purine base, the linking moiety can be
attached to the 8-position of the purine, 



if NUC comprises a 7-deazapurine base, the linking
moiety can be attached to the 7-position of the
7-deazapurine, and if NUC comprises a pyrimidine base,
the linking moiety can be attached to the 5-position
of the pyrimidine. [0015] In some embodiments, the
present teachings provide for oligonucleotide analysis
methods comprising the steps of forming a set of
labeled oligonucleotide fragments labeled witha dye of
the structure set forth above, subjecting the labeled
oligonucleotide fragments to a sizedependent
separation process, e.g., electrophoresis, and
detecting the labeled oligonucleotide fragments
subsequent to the separation process. [0016] These and
other features and advantages of the present teachings
will become better understood with reference to the
following description, figures, and appended claims.
[0017] FIG. 1 shows a generalized synthetic pathway
for the synthesis of dye compounds of the present
teachings comprising the structure (I). [0018] FIG. 2
shows a generalized synthetic pathway for the
synthesis of dye compounds of the present teachings
comprising the structure (II). [0019] FIG. 3 shows a
generalized synthetic pathway for the synthesis of dye
compounds of the present teachings comprising the
structure (III). [0020] FIG. 4 shows a generalized
synthetic pathway for the synthesis of dye compounds
of the present teachings comprising the structure
(IV). [0021] FIG. 5 shows a possible synthetic pathway
for the synthesis of dye compounds of the present
teachings comprising the structure (I). [0022] FIG. 6
shows an exemplary synthetic pathway for the synthesis
of a tertiary alcohol (e.g.-
2-(4'-hydroxynathalen-2-yl)-2-propanol) intermediate
useful for the preparation of compounds of the present
teachings. [0023] FIG. 7 shows a possible synthetic
scheme for the preparation of compounds of the present
teachings comprising the structure (II). [0024] FIG. 8
shows possible synthetic schemes for the preparation
of compounds of the present teachings comprising the
structure (II). [0025] FIG. 9 shows absorption spectra
of DDAO and several representative compounds of the
present teachings.[0026] FIG. 10 shows emission
spectra of DDAO and several representative compounds
of the present teachings. [0027] Reference will now be
made in detail to alternative embodiments of the
present teachings, examples of which are illustrated
in the accompanying drawings. While the present
teachings will be described in conjunction with the
alternative embodiments, it will be understood that
they are not intended to limit the present teachings
to those embodiments. On the contrary, the present
teachings are intended to cover all alternatives,
modifications, and equivalents, which may be included
within the invention as defined by the appended
claims. [0028] In this application, the use of the
singular includes the plural unless specifically
stated otherwise. In this application, the use of "or"
means "and/or" unless stated otherwise. Furthermore,
the use of the term "comprising," as well as other
forms, such as "comprises" and "comprise," will be
considered inclusive, in that the term "comprising"
leaves open the possibility of including additional
elements. [0029] It will be understood that the
chemical structures that are used to define compounds
of the present teachings are each representations of
one of the possible resonance structures that each
given structure can be represented by. Further, it
will be understood that by definition, resonance
structures are merely a graphical representation used
by those of skill in the art to represent electron
derealization, and that the present teachings are not
limited in any way by showing one particular resonance
structure for a given structure. [0030] Generally, the
present teachings comprise fluorescent dye compounds
useful as fluorescent labels, as components of energy
transfer dyes, in conjugates of nucleosides,
nucleotides and polynucleotides, in methods utilizing
such dyes and reagents in the area of analytical
biotechnology. The compounds of the present teachings
may find particular application in the area of
fluorescent nucleic acid analysis, e.g., automated DNA
sequencing andfragment analysis, detection of probe
hybridization in hybridization arrays, detection of
nucleic acid amplification products, and the like.
[0031] In some embodiments, the present teachings
provide novel fluorescent dyes comprising a structure
selected from, and[0032] wherein [0033] R1-R and
R6-R16 can each independently be -H, halogen,
fluorine, chlorine, bromine, aryl, substituted aryl,
heteroaryl, -CO2H, -CO2R, -SO3H, -SO3R, -CH2CO2H,
-CH2CO2R, - CH2SO3H, -CH 2SO3R, -CH2NH2, -CH2NHR,
-NO2, C1-C6 alkyl, substituted C1-C6 alkyl, C1-C6
alkoxy, substituted C1-C6 alkoxy, C1-C6 alkoxyaryl,
substituted C1-C6 alkoxyaryl, phenyl, substituted
phenyl, biphenyl, substituted biphenyl, benzyl,
substituted benzyl, benzoyl, substituted benzoyl, bond
or linking group, wherein R can be C1-C6 alkyl,
substituted C1-C6 alkyl, C1-C6 alkoxy, substituted
C1-C6 alkoxy, C1-C6 alkoxyaryl, substituted C1-C6
alkoxyaryl, 



phenyl, substituted phenyl, biphenyl, substituted
biphenyl, benzyl, substituted benzyl, benzoyl,
substituted benzoyl, bond or linking group; and [0034]
R4 and R taken separately can be C1-C6 alkyl, C1-C6
substituted alkyl, R4 and R5 taken together can be C
-C7 cycloalkyl, C4-C7 unsaturated cycloalkyl, C3-C7
substituted cycloalkyl or C 4-C7 substituted
unsaturated cycloalkyl; [0035] with the proviso that
if the compound comprises the structure (I), then at
least one of R1-R3 or R is not -H. Optionally, at
least one of R1-R3 and R6-R16 can be -SO3H. It will be
understood that any of the compounds described herein
can include the phenol oxygen deprotonated form as
well as all possible resonance structures. [0036] In
some embodiments, dye compounds of the present
teachings can comprise the structure:[0037] In some
embodiments, dye compounds of the present teachings
can comprise the structure: [0038] In some
embodiments, dye compounds of the present teachings
can comprise the structure: [0039] In some
embodiments, dye compounds of the present teachings
can comprise the structure:[0040] In some embodiments,
R6 and R7 can each independently be halogen, fluorine,
chlorine or bromine. In some embodiments, R and R7 can
be fluorine. In some embodiments, R6 and R7 can be
chlorine. In some embodiments, R6 and R7 can be
bromine. [0041] In some embodiments, R6 can b e -H and
R7 can be -H, -CO2H, -CO 2R, -SO3H, - SO3R, -CH2CO2H,
-CH2CO2R, -CH2SO3H, -CH2SO3R, -CH2NH2, and -CH2NHR
where R is defined as above. In some embodiments, .X1
can be -H and X2 can be -H, -SO H, -SO3R, - CH2CO2H,
-CH2CO2R, -CH2NH2, and -CH2T HR where R is define as
above. [0042] In some embodiments, dye compounds of
the present teachings comprise the structure (I),
wherein R1-R3 and R8 can each independently be -H,
-CO2H, -CO 2R, -SO3H, - SO3R, -CH2CO2H, -CH2CO2R,
-CH2SO3H, -CH2SO3R, -CH2NH2 -CH2NHR or -NO 2, wherein
R is defined as above, with the proviso that if the
compound comprises the structure (I), then at least
one OfR1-R3 or Rg is not -H. In some embodiments, R1-R
and R can each independently be -SO3H, -SO3R, -CH2NH2,
-CH2NHR or -NO2, wherein R is defined as above. In
some embodiments, R1-R3 and R8 can each independently
be -SO3H or -SO3R, wherein R is defined as above. In
some embodiments, R1-R3 and Rs can each independently
be -CH2NH or -CH2NHR, wherein R is defined as above.
[0043] In some embodiments, dye compounds of the
present teachings comprise the structure (I), wherein
R6 and R7 can eacli independently be halogen,
fluorine, chlorine or bromine and R1-R3 and R8 can
each independently be -H, -CO2H, -CO2R, -SO 3H, -SO3R,
- CH2CO2H, -CH2CO2R, -CH2SO3H -CH2S O3R, -CH2NH2,
-CH2NHR, -NO2, C1-C6 alkyl,substituted C -C6 alkyl,
C1-C6 alkoxy, substituted C1-C6 alkoxy, C1-C
alkoxyaryl, substituted C1-C6 alkoxyaryl, phenyl,
substituted phenyl, biphenyl, substituted biphenyl,
benzyl, substituted benzyl, benzoyl, substituted
benzoyl, bond or linking group, wlierein R is defined
as above, with the proviso that if the compound
comprises the structure (I), then at least one of R1-R
or R8 is not -H. In some embodiments, R6 and R7 can
each independently be halogen, fluorine, chlorine or
bromine and R1-R3 and R8 can each independently be
-SO3H , -SO3R, -CH2NH2, -CH2NHR or -NO2, wherein R is
defined as above. In some embodiments, R6 and R7 are
fluorine and R1-R3 and R8 can each independently be
-SO3H, -SO3R, -CH2NH2, -CH 2NHR or -NO2, wherein R is
defined as above. In some embodiments, R and R7 are
chlorine and R1-R3 and R8 can each independently be
-SO3H, -SO3R, -CH2NH2, -CH2NHR or -NO 2, wherein R is
defined as above. In some embodiments, R6 and R7 are
bromine and R1-R3 and R8 can each independently be -
SO3H, -SO3R, -CH2NH2, -CH2NHR or -NO2, wherein R is
defined as above. [0044] In some embodiments, dye
compounds of the present teachings can comprise the
structure (I), wherein R6 can be -H and R7 can be -H,
-SO3H, -SO3R, -CH2CO2H, -CH2CO2R, - CH2NH2, or
-CH2NHR, wherein R is defined as above, and Ri-R 3 and
R8 can each independently be -SO3H, -SO3R, -CH2NH2,
-CH2NHR, or -NO2, wherein R is defined as above. In
some embodiments, R6 can be -H and R7 can be -H, -SO3H
or -SO 3R, and Ri-R 3 and R8 can each independently be
-CH2NH2 or -CH2NHR, wherein R is defined as above.
[0045] In some embodiments, a dye compound of the
present teachings can comprise the structure [0046] In
some embodiments, a dye compound of the present
teachings can comprise the structure[0047] In some
embodiments, a dye compound of the present teachings
can comprise the structure [0048] In some embodiments,
R can be substituted benzoyl. I some embodiments, R
can be linking group. In some embodiments, R can be
trifluoroacetyl. I n some embodiments, R can comprise
the structure [0049] In some embodiments, R can
comprise the structure [0050] X can be succinimide. 



[005 1] In some embodiments, R can be[0052] In some
embodiments, R4 and R5 can be methyl. In some
embodiments, at least one ofR and R3 can be -NO2 and
R4 and R5 can be methyl. [0053] In some embodiments,
dye compounds of the present teachings can comprise
the structure (II), wherein R and R7 can each
independently be halogen, fluorine, chlorine or
bromine, R can be -CO2H, -CO2R, -SO3H, -SO3R,
-CH2CO2H, -CH2CO2R, -CH2SO3H, - CH2SO3R, -CH2NH2,
-CH2NHR or -NO2. In some embodiments, dye compounds of
the present teachings can comprise the structure (II),
wherein R6 and R7 can each independently be halogen,
fluorine, chlorine or bromine and any of R3, R and R
-R12 can be -CO H, -CO2R, -SO3H, - SO3R, -CH2CO2H,
-CH2CO2R, -CH2SO3H, -CH2SO3R, -CH2NH2, -CH2NHR, -NO2,
C1-C6 alkyl, substituted C1-C6 alkyl, C1-C6 alkoxy,
substituted C1-C6 alkoxy, C1-C6 alkoxyaryl,
substituted C1-C6 alkoxyaryl, phenyl, substituted
phenyl, biphenyl, substituted biphenyl, benzyl,
substituted benzyl, benzoyl, substituted benzoyl, bond
or linking group, wherein R is defined as above.
[0054] In some embodiments, dye compounds of the
present teachings can comprise the structure (II),
wherein R6 and R7 can each independently be halogen,
fluorine, chlorine or bromine, R9 can be -CO2H, -CO2R,
-SO3H, -SO3R, -CH2CO2H, -CH2CO2R, -CH2SO3H, - CH2SO3R,
-CH2NH2, -CH2NHR or -NO2, and R10-R12 can be -H,
wherein R is defined as above. In some embodiments,
dye compounds of the present teachings can comprise
the structure (II), wherein R6 and R7 can each
independently be halogen, fluorine, chlorine or
bromine, R10 can be -CO2H, -CO2R5 -SO3H, -SO3R,
-CH2CO2H, -CH2CO2R, -CH2SO3H, -CH2SO3R, -CH2NH2, -
CH2NHR or -NO2, and R and R11-R12 can be -H, wherein R
is defined as above. In some embodiments, dye
compounds of the present teachings can comprise the
structure (II), wherein R6 and R7 can each
independently be halogen, fluorine, chlorine or
bromine, R11 can be -CO2H, -CO2R, -SO3H, -SO3R,
-CH2CO2H, -CH2CO2R, -CH2SO3H, -CH2SO3R, -CH2NH2,
-CH2NHR or -NO2, and R9-R10 and R12 can be -H, wherein
R is defined as above. In some embodiments,
dyecompounds ot the present teachings can comprise the
structure (II), wherein R6 and R7 can each
independently be halogen, fluorine, chlorine or
bromine, R12 can be -CO2H, -CO2R, -SO3H, - SO3R,
-CH2CO2H, -CH2CO2R, -CH2SO3H, -CH2SO3R, -CH2NH2,
-CH2NHR or -NO2, and R9- R1 1 can be -H, wherein R is
defined as above. [0055] In some embodiments, dye
compounds of the present teachings can comprise the
structure (II), wherein R6 can be -H and R7 can be -H,
-SO3H, -SO3R, -CH2CO2H, -CH2CO2R, - CH2NH2, or
-CH2NHR, wherein R is defined as above, R9 can be
-CO2H, -CO2R, -SO3H, - SO3R, -CH2CO2H, -CH2CO2R,
-CH2SO3H, -CH2SO3R, -CH2NH2, -CH2NHR or -NO2 and R10-
R12 can be -H, wherein R is defined as above. In some
embodiments, dye compounds of the present teachings
can comprise the structure (II), wherein R6 can be -H
and R7 can be -H, - SO3H, -SO3R, -CH2CO2H, -CH2CO2R,
-CH2NH2, or -CH2NHR, wherein R is defined as above,
R10 can be -CO2H, -CO2R, -SO3H, -SO3R, -CH2CO2H,
-CH2CO2R, -CH2SO3H, -CH2SO3R, - CH2NH2, -CH2NHR or
-NO2, and R9 and R1 1-R12 can be -H, wherein R is
defined as above. In some embodiments, dye compounds
of the present teachings can comprise the structure
(II), wherein R6 can be -H and R7 can be -H, -SO3H,
-SO3R, -CH2CO2H, -CH2CO2R, -CH2NH2, or - CH2NHR,
wherein R is defined as above, R1 1 can be -CO2H,
-CO2R, -SO3H, -SO3R, - CH2CO2H, -CH2CO2R, -CH2SO3H5
-CH2SO3R, -CH2NH2, -CH2NHR or -NO2, and R9-R10 and R12
can be -H, wherein R is defined as above. In some
embodiments, dye compounds of the present teachings
can comprise the structure (II), wherein R6 can be -H
and R7 can be -H, - SO3H, -SO3R, -CH2CO2H, -CH2CO2R,
-CH2NH2, or -CH2NHR, wherein R is defined as above,
R12 can be -CO2H, -CO2R, -SO3H, -SO3R, -CH2CO2H,
-CH2CO2R, -CH2SO3H, -CH2SO3R, - CH2NH2, -CH2NHR or
-NO2 and R9-R11 can be -H, wherein R is defined as
above. [0056] In some embodiments, any OfR9-R12 can be
-SO3H, -SO3R, -CH2NH2, -CH2NHR, or -NO2, wherein R is
defined as above. In some embodiments, any of R9-R12
can be -SO3H or -SO R, wherein R is defined as above.
In some embodiments, any OfR9-R12 can be -CH2NH2 or
-CH2NHR, wherein R is defined as above. [0057] In some
embodiments, a dye compound of the present teachings
can comprise the structure [0058] wherein R6 and R7
can be hydrogen, fluorine, chlorine or bromine. [0059]
In some embodiments, a dye compound of the present
teachings can comprise the structure [0060] wherein R6
and R7 can be hydrogen, fluorine, chlorine or bromine.
[0061] In some embodiments, a dye compound of the
present teachings can comprise the structure [0062]
wherein R6 and R7 can be hydrogen, fluorine, chlorine
or bromine.[0063] In some embodiments, a dye compound
o f the present teachings can comprise the structure
[0064] wherein R6 and R7 can be hydrogen, fluorine,
chlorine or bromine. [0065] In some embodiments, a dye
compound o f the present teachings can comprise the
structure 



[0066] In some embodiments, a dye compound o f the
present teachings can comprise the structure [0067]
wherein R is defined as above. [0068] In some
embodiments, a dye compound o f the present teachings
can comprise the structure[0069] In some embodiments,
a dye compound of the present teachings can comprise
the structure [0070] wherein R is defined as above.
[0071] In some embodiments, R can be substituted
benzoyl. In some embodiments, R can be linking group.
In some embodiments, R can b e trifluoroacetyl. In
some embodiments, R can comprise the structure [0072]
In some embodiments, R can comprise the structure
[0073] X can be succinimide. [0074] In some
embodiments, R can be[0075] In some embodiments,
compounds of the present teachings comprise the
structure (III). In some embodiments, R1 and R3 can be
-H. In some embodiments, R6 can be -H. In some
embodiments, R1 , R15 and R16 can be -H. In some
embodiments, R2 can be -SO3H. In some embodiments, R2
can be -H. In some embodiments, R14 can be -CH2NH2. In
some embodiments, R14 can be -CH2NHR. In some
embodiments, R can be [0076] In some embodiments, R
can comprise the structure [0077] X can be
succinimide. [0078] In some embodiments, R can be
[0079] In some embodiments, R can be linking group. In
some embodiments, R14 can be -H. In some embodiments,
R14 can be -SO3H. In some embodiments, R14 can be -H.
In someembodiments, R2 can be -CH2NH2. In some
embodiments, R2 can be -CH NHR. In some embodiments, R
can be [0080] In some embodiments, R can comprise the
structure [0081] X can be succinimide. [0082] In some
embodiments, R can be [0083] In some embodiments, R
can be linking group. In some embodiments, R2 can be
-H. In some embodiments, R4 and R5 can be methyl.
[0084] In some embodiments, compounds of the present
teachings comprise the structure (IV). In some
embodiments, R10 can be -SO3H. In some embodiments,
R10 can be -H. In some embodiments, R14 can be
-CH2NH2. hi some embodiments, Ri 4 can be -CH NHR. hi
some embodiments, R can be [0085] In some embodiments,
R can comprise the structure[0086] X can be
succinimide. [0087] In some embodiments, R can be
[0088] In some embodiments, R is linking group. In
some embodiments, R14 can be -H. In some embodiments,
R3 R6, R , R1 1, R1 , R13 , Ri5 and R16 can be -H. In
some embodiments, R14 can be -SO3H. In some
embodiments, R14 can be -H. In some embodiments, Ri0
can be - CH2NH2. In some embodiments, R10 can be
-CH2NHR. In some embodiments, R can be [0089] In some
embodiments, R can comprise the structure [0090] X can
be succinimide. [0091] In some embodiments, R can
be[0092] In some embodiments, R can be linking group.
In some embodiments, R14 can be -H. In some
embodiments, R3 R6, R9, R11, R12 , R13 , R15 and R16
can be -H. In some embodiments, R4 and R5 can be
methyl. [0093] As used herein "substituted" refers to
a molecule wherein one or more hydrogen atoms are
replaced with one or more non-hydrogen atoms,
functional groups or moieties. For example,
unsubstituted amine is -NH2, while a substituted amine
can be -NHCH . Exemplary substituents include but are
not limited to halogen, fluorine, chlorine, bromine,
C1-C6 alkyl, C1- C6 cycloalkyl, C1-C6 branched alkyl,
C1-C6 alkene, C1-C6 cyclic alkene, C1-C6 branched
alkene, C1-C6 alkyne, C1-C6 branched alkyne, sulfate,
sulfonate, sulfone, amino, ammonium, amido, nitrile,
C1-C alkoxy, phenoxy, substituted phenoxy aromatic,
phenyl, polycyclic aromatic, electron-rich
heterocycle, and linking group. [0094] As used herein,
"linking group" refers to a moiety capable of reacting
with a "complementary functionality" attached to a
reagent or member of an energy transfer dye pair, such
reaction forming a "linkage" connecting the dye to the
reagent or member of the energy transfer dye pair.
Suitable linking groups include but are not limited to
isothiocyanate, sulfonyl chloride,
4,6-dichlorotriazinyl, succinimidyl ester, or other
active carboxylate whenever the complementary
functionality is amine. Suitable linking groups
include but are not limited to maleimide, haloacetyl,
iodoacetyl, haloacetamide or iodoacetamide whenever
the complementary functionality is sulfhydryl. See,
for example, R. Haugland, Molecular Probes Handbook of
Fluorescent Probes and Research Chemicals, Molecular
probes, Inc. (1992). [0095] Furthermore, it will be
understood that a variety of complementary linking
group/complementary functionality pairs suitable for
covalently conjugating dye molecules ofthe present"
teachings to various molecules or substrates (i.e.-
nucleotides, nucleosides, 



oligonucleotides, peptides, other dyes molecules,
linking moieties, and the like) are known in the art.
Examples of complementary electrophiles and
nucleophiles suitable for use as linking
group/complementary functionality pairs in a wide
variety of contexts are shown in Table 1, where the
reaction of the indicated electrophilic and
nucleophilic species yields the indicated covalent
linkage. Conditions under which the covalent linkages
are formed are well-known. TABLE l Examples Of Some
Routes To Useful Covalent Linkages*Activated esters,
as understood in the art, generally have the formula -
COX, where X is a good leaving group, e.g.,
oxysuccinimidyl (-ONC4H4O2), oxysulfosuccinimidyl
(-ONC4H3O2-SO3H), 1-oxybenzotriazoiyl (-OC6H4N3); or
an aryloxy group of the formula -OR", where R" is an
aryl or an aryl substituted with one or more of the
same or different electron- withdrawing substituents
(e.g., -NO2, -F, -Cl , -CN or -CF 3 ), used to form an
anhydride or mixed anhydride of the formula -OCORa or
-OCNR aNHRb _. where Ra and R , which may be the same
or different, are (C1-Cg) alkyl, (C1-Cg)
perfluoroalkyl or (C -C > alkoxy; or cyclohexyl,
3-dimethylaminopropyl, or N-morpholinoethyl. **Acyl
azides can also rearrange to isocyanates. [0O96] The
selection of nucleophile or electrophile used to
covalently conjugate a dye of the present teachings to
a given molecule or substrate can depend upon the
identity of the complementary functional group on the
molecule or substrate to which the dye molecule is to
be conjugated. Types of complementary functional
groups that can be present on molecules or substances
to be conjugated include, but are not limited to,
amines, thiols, alcohols, phenols,, aldehydes,
ketones, phosphates, imidazoles, hydrazines,
hydroxylamines, mono- and. disubstituted amines,
halides, epoxides, sulfonate esters, carboxylic acids
or carboxylates. [0O97] In some embodiments, suitable
nucleophiles for use in connection with the present
teachings comprise amines, phenols, anilines, thiols
or alcohols, or combinations thereof. In some
embodiments, the nucleophile comprises an amine. In
some embodiments, the nucleophile comprises a primary
amine. In some embodiments, the nucleophile comprises
a secondary amine.[0098] In some embodiments, the
electrophile comprises an acrylamide, an activated
ester of a carboxylic acid, an acyl azide, an acyl
nitrile, an acyl halide, an aldehyde, an alkyl halide,
an anhydride, an aryl halide, an azide, an aziridine,
a boronate, a carboxylic acid or carboxylate, a
diazoalkane, a haloacetamide, a halotriazine, a
hydrazine, an imido ester, an isocyanate, an
isothiocyanate, a maleimide, a phosphoramidite a
Michael acceptor (i.e.- an a,b-unsaturated ester, an
a,b-unsaturated aldehyde, and the like) or a sulfonyl
halide. [0099] In some embodiments, the electrophile
comprises an activated ester of a carboxylic acid or
carboxylate, a succinimidyl ester, a haloacetamide, an
acyl halide, an alkyl halide, a sulfonyl halide, an
isothiocyanate, a maleimide or an
azidoperfmorobenzamido group. In some embodiments, the
linking group is a N-hydroxysuccinimidyl (NHS) ester
and the complementary functionality is an amine. To
form an NHS ester, a dye of the present teachings
including a carboxylic acid moiety as a linking group
is reacted with, for example, dicyclohexylcarbodiimide
(DCC) and N-hydroxysuccinimide. Alternatively, to form
an NHS ester, a molecule or substrate to be conjugated
to a dye molecule of the present teachings including a
carboxylic acid moiety as a linking group is reacted
with, for example, dicyclohexylcarbodiimide (DCC) and
N-hydroxysuccinimide. [0100] An exemplary synthetic
scheme for the preparation of compounds of the present
teachings comprising the structure (I) is shown in
Figure 1. Using, for example, the synthetic procedures
described in Corey, P.F., U.S. Patent No. 4,810,636 as
a guide, one of skill in the art can react a
4-hydroxyaniline compound of the type (2) with a
tertiary alcohol (4), such as 2-(4'-
hydroxyphenyl)-2-propariol, in the presence of a base
to form compound (5). Alternatively, one can oxidize
4-hydroxyaniline compound (2) to form an N-chloroimine
compound of the type (3) which can be reacted with a
tertiary alcohol (4), such as
2-(4'-hydroxyphenyl)-2-propanol, in the presence of a
base to form compound (5). Compound (5) can then be
reacted with a reducing agent, such as sodium
dithionite, to form secondary amine compound (6).
Compound (6) canthen be converted to compound (T) by
cyclization, through treatment with an acid such as 2N
HCl, followed by oxidation, with for example sodium
periodate. In some embodiments, depending on the
substitution pattern present, compound (T) can be
optionally be further derivitized. For example,
compound (7) can optionally be sulfonated by reaction
with, for example, chlorosulfonic acid. [0101]
Alternatively, compound (T) can be aminomethylated by
reaction with an aminomethylating agent, for example,
N-(hydroxymethyl)trifluoroacetamide in the presence of
an acid such as concentrated sulfuric acid, o r
similar established conditions. [0102] An exemplary
synthetic scheme for the preparation of compounds of
the present teachings comprising the structure (II) is
shown in Figure 2. Following a scheme similar to that
described by Corey, a 4-hydroxyaniline compound of the
type (2) can be reacted with a tertiary alcohol (8),
such as 2-(4'-hydroxynathalen-2-yl)-2-propanol, in the
presence of a base to form compound (9).
Alternatively, 4-hydroxyaniline compound (2) can be
oxidized using known 



conditions to form an N-chloroimine compound of the
type (3) which can be reacted with a tertiary alcohol
(8) in the presence of a base to form compound (9).
Compound (9) can then be reacted with a reducing
agent, such as sodium dithionite, to form secondary
amine compound (10). Compound (10) can then be
converted to compound (11) by cyclization, through
treatment with an acid such as 2N HCl, followed b y
oxidation, with for example sodium periodate. In some
embodiments, depending on the substitution pattern
present, compound (11) can be optionally be further
derivitized. For example, compound (11) can optionally
be sulfonated by reaction with, for example,
chlorosulfonic acid. [0103] An exemplary synthetic
scheme for the preparation of compounds of the present
teachings comprising the structure (III) is shown in
Figure 3. Following a scheme similar to that described
by Corey, a compound of title type (12) can be reacted
with a tertiary alcohol (4), in the presence of a base
to form compound (14). Alternatively, compound (12)
can be oxidized"using l swii "cditibns to' fopn an
N-chdoroimine compound of the type (13) w ch can be
reacted with a tertiary alcohol (4) in the presence of
a base to form compound (14). Compound (14) can then
be reacted with a reducing agent, such as sodium
dithionite, to form secondary amine compound (15).
Compound (15) can then be converted to compound (16)
by cyclization, through treatment with an acid such as
2N HCl, followed by oxidation, with for example sodium
periodate. In some embodiments, depending on the
substitution pattern present, compound (16) can
optionally be further derivitized. For example,
compound (16) can optionally t>e sulfonated by
reaction with, for example, chlorosulfonic acid.
[0104] An exemplary synthetic scheme for the
preparation of compounds of the present teachings
comprising the structure (IV) i s shown in Figure 4.
Following a scheme similar to that described by Corey,
a compound of the type (12) can be reacted with a
tertiary alcohol (8), in the presence of a base to
form compound (17). Alternatively, compound (12) can
be oxidized using known conditions to form an
N-chloroimine compound of the type (13) which can be
reacted with a tertiary alcohol (8) in the presence of
a base to form compound (17) . Compound (17) can then
be reacted with a reducing agent, such as sodium
dithionite, to form secondary amine compound (18).
Compound (18) can then be converted to compound (19)
by cyclization, through treatment with an acid such as
2M HCl, followed by oxidation, with for example sodium
periodate. In some embodiments, depending on the
substitution pattern present, compound (19) can
optionally be further derivitized. For example,
compound (19) can optionally b e sulfonated by
reaction with, for example, chlorosulfonic acid.
[0105] A synthetic scheme for the preparation of
exemplary compounds of the present teachings is shown
in Figure 5. Following a scheme similar to that
described by Corey, a chloroimine compound of the type
(20) can be reacted with a tertiary alcohol (21) in
the presence of a base to form compound (22). Compound
(22) can then be reacted with a reducing agent, such
as sodium dithionite, to form secondary amine compound
(23). Compound (23) canthen i cb'hVeft d t o
totapoiihd (24) by cyclization, through treatment with
an acid such as 2N HCl, followed by oxidation, with
for example sodium periodate. Further, compound (24)
can be sulfonated by reaction with, for example,
chlorosulfonic acid to provide dye (25) of the present
teachings. Alternatively, compound (24) can be
aminomethylated by reaction with an aminomethylating
agent, for example,
N-(hydroxymethyl)trifluoroacetamide in the presence of
an acid such as concentrated sulfuric acid, or similar
established conditions to form compound (26). Dye (26)
can be de-halogenated by literature procedure (Corey,
P.F., U.S. Patent 4,810,636 March 7, 1989; Corey, et
al. Angew Chem Int. Ed. Engl 30 (1991)), by reduction
with, for example, Raney nickel/H2 and then oxidized
by reacting with an oxidizing agent, such as sodium
periodate, to give dye (27) of the present teachings.
Dye (27) can be can be sulfonated by reaction with,
for example, chlorosulfonic acid to provide dye (28)
of the present teachings. [0106] If one of skill in
the art were to use 2-(4'
-hydroxynathalen-2-yl)-2-propanol as the tertiary
alcohol, it could be prepared according to the
literature procedures (Haworth et al. J.Chem Soc,
Abstracts, pp. 10-13 (1943)), see Figure 6.
Specifically, benzyl succinate (29) (commercially
available from Sigma-Aldrich Chemical Company,
Milwaukee, WI) can be suspended in cold acetyl
chloride to give a bis-anhydride benzyl succinate
derivative. The anhydride derivative can be cyclized
to the tetralone intermediate with AlCl3 in
nitrobenzene. The tetralone intermediate can be
aromatized in two steps by bromination and base
catalyzed bromide elimination to give
4-hydroxy-2-napthoic acid (30) . 4-Hydroxy-2-napthoic
acid compound (30) can be converted to the ethyl ester
derivative by Fisher esterification in ethanol and
HCl. Finally, using established literature procedures
(J.Am. Chem.Soc, v. 108, 4119 (1986)), ethyl
4-Hydroxy-2-napthoate can be reacted with methyl
magnesium chloride (3.3 eqiuv) to give the tertiary
alcohol 2-(4'-hydroxynathalen-2-yl)-2-propanol (31)
.[0107]" ' s hthe c' scheme for the preparation of
exemplary compounds of the present teachings is shown
in Figure 7. Following a scheme similar to that
described by Corey, Nchloroimine compound (20 ) can be
reacted with tertiary alcohol (31), in the presence of
a base to form compound (32). Compound (32) can then
be reacted with a reducing agent, such as 



sodium dithionite, to form secondary amine compound
(33). Compound (33) can then be converted to compound
(34) by cyclization, through treatment with an acid
such as 2N HCl, followed by oxidation, with for
example sodium periodate. [0108] A synthetic scheme
for the conversion of exemplary compound (34) to
further compounds of the present teachings is shown in
Figure 8. In some embodiments, dye (34) can be can be
sulfonated by reaction with, for example,
chlorosulfbnic acid to provide dye (35) of the present
teachings. Dye (35) can be de-halogenated by
literature procedure (Corey, P.F., U.S. Patent
4,810,636 March 7, 1989; Corey, et al. Angew Chena
Int. Ed. Engl. 30 (1991)), by reduction with, for
example, Raney nickel/H2 and then oxidized by reacting
with an oxidizing agent, such as sodium periodate, to
give dye (36) of the present teachings. Dye (36) can
be aminomethylated by treating with
N-(hydroxymethyl)trifluoroacetamide in the presence of
an acid such as concentrated sulfuric acid, or similar
established conditions to form compound (37) of the
present teachings. Alternatively, dye (34) can be
aminomethylated by treating with N-
(hydroxymethyl)trifluoroacetamide in the presence of
an acid such as concentrated sulfuric acid, or similar
established conditions to form compound (38). As
above, compound (38) can be dehalogenated and then
oxidized by literature procedures to give compound
(39). Finally, compound (39) can be sulfonated by
reaction with, for example, chlorosulfonic acid to
provide a dye (40) of the present teachings. Further,
one of skill in the art will recognize that the amine
functionality on compounds (37) or (40) can optionally
be deprotected and optionally converted to a
substituted amine and/or compounds (37) or (40) can
optionally be halogenated using established procedures
to tune the fluorescence properties (i.e.- emission
wavelength).[0109] Suitable N-chloroimine compounds of
the type (3), shown in, for example, Figures 1 & 2,
for use in connection with the present teachings can
be obtained from commercial sources and/or prepared
from numerous 4-hydroxyaniline compounds that are
either commercially available or are known in the art
using literature established procedures. Examples, of
suitable 4-hydroxyaniline compounds include, but are
not limited to, the following:[0110] One of skill in
the art will understand that any of the above
4-hydroxyaniline compounds can be converted into the
N-chloroimine directly or after optional protection of
possibly labile functionality. Further examples of
suitable for 4-hydroxyaniline compounds that are known
in the art can be found by structure searching in
available databases such as Chemical Abstracts Service
(CAS), SciFinder, and the like. [0111] Suitable
N-chloroimine compounds of the type (12), shown in,
for example, Figure 3, for use in connection with the
present teachings can be obtained from commercial
sources and/or prepared from numerous
4-hydroxy-aminonaphthalene compounds that are either
commercially available or are known in the art using
literature established procedures. Examples, of
suitable 4-hydroxy-aminonaphthalene compounds include,
but are not limited to, the following:[0112] One of
skill in the art will understand that any of the above
4-hydroxyaminonaphthalene compounds can be converted
into the N-chloroimine directly or after optional
protection of possibly labile functionality. Further
examples of suitable for 4-hydroxyaminonaphthalene
compounds that are known in the art can be found by
structure searching in available databases such as
Chemical Abstracts Service (CAS), SciFinder, and the
like. [0113] Suitable tertiary alcohol compounds of
the type (8) shown in, for example, Figure 2, can be
prepared from suitable 4-hydroxy-2-napthoic acid
compounds in a manner similar to that described in
Figure 6. Examples of suitable 4-hydroxy-2-napthoic
acid compounds known in the art include, but are not
limited to, the following:[0114] One of skill in the
art will understand that any of the above
4-hydroxy-2-napthoic acid compounds can be used
directly for synthesizing compounds of the present
teachings or after optional protection of possibly
labile functionality. Further examples of suitable for
Ahydroxy- 2-napthoic acid compounds that are known in
the art can be found by structuresearching in
available databases such as Chemical Abstracts Service
(CAS), SciFinder, and the like. [01 15] In some
embodiments, the present teachings comprise energy
transfer dye compounds incorporating dye compounds of
Formula I-IV. Generally, energy transfer dyes of the
present teachings comprise a donor dye capable of
absorbing light at a first wavelength and emitting
excitation energy in response that is covalently
attached to an acceptor dye which is capable of
absorbing the excitation energy emitted by the donor
dye and fluorescing at a second wavelength in
response. I n some embodiments, the donor dye can be
covalently attached to the acceptor dye through a
linker. In some embodiments, the linker can be
effective to facilitate efficient energy transfer
between the donor and acceptor dyes. In some
embodiments, the linker can be non-nucleotidic. I n
some embodiments, the linker can be a nucleotidic
linker, such as a polynucleotide. For a thorough
discussion of the structure, synthesis and use of such
energy transfer dyes see, for example, Mathies, et al.
U.S. Patent No. 5,728,528, Lee, et al. U.S. Patent No.
5,863,727, Glazer, e t al. U.S. Patent No. 5,853,992,
Waggoner, e t al., U.S. Patent No. 6,008,373,
Nampalli, et al., U.S. Patent Application Pub. No.
2004/0126763 Al, Kumar, et al., PCT Pub. No. WO
00/13026A1 and PCT Pub. No. WO 01/19841A1, each of
which is incorporated herein by reference for all it
discloses with regard to energy transfer dye
structures, 



energy transfer dye synthesis, energy transfer dye
linkers, alternative donor dyes, alternative acceptor
dyes and energy transfer dye spectral properties. [01
16] In some embodiments, linkers suitable for use in
connection with the present teachings can comprise
trie general structure O C-Rn-Ri2- [01 17] wherein
carbonyl can be covalently attached to either a donor
dye or an acceptor dye, R1 1 can be a moiety that
comprises an unsubstituted alkene, a substituted
alkene, an unsubstituted diene, a substituted diene,
an unsubstituted triene, a substituted triene,
anunsubstituted alkyne, a substituted alkyne, an
unsubstituted five- or six-membered ring having at
least one unsaturated bond, a substituted five- or
six-membered ring having at least one unsaturated bond
or an unsubstituted or substituted fused ring
structure that is attached to the carbonyl carbon
atom, and R12 is a moiety comprising a functional
group that is capable of attaching the linker to a
donor dye or an acceptor dye, such that both a donor
dye and an acceptor dye are represented. [0118]
Examples of suitable five- or six-membered rings that
can be used as R11 in the linker include, but are not
limited to cyclopentene, cyclohexene, cyclopentadiene,
cycloliexadiene, furan, thiofuran, pyrrole, pyrazole,
isoimidazole, pyran, pyrone, benzene, pyridine,
pyridazine, pyrimidine, triazine, pyrazine and
oxazine. Examples of fused ring structures include,
but are not limited to indene, benzofuran,
thionaphthalene, indole and naphthalene. In some
embodiments, the linker has the structure [0119] In
some embodiments, the linker attaches to a dye of the
present teachings at one of the X1-X2, R1-R or R7-R10
positions. In some embodiments, the linker can b e a
bond. Additional suitable linkers include
polynucleotides, ribonucleic acids, and the like.
[0120] In some embodiments, one of the donor or
acceptor dye is a dye according to the present
teachings and the other dye can be a cyanine,
phthalocyanine, squaraine, bodipy, fluorescein,
rhodamine, extended rhodamine or dibenzorhodamine dye.
[0121] Example of suitable dyes for use in connection
with energy transfer dyes of the present teachings
include, but are not limited to, 5-carboxyfluorescein,
6-carboxyfluorescein, rhodamine green (RI lO),
5-carboxyrhodamine, 6-carboxyrhodamine,
N,N'-diethyl-2',7'- dimethyl-5-carboxy-rhodarnine
(5-R6G),
N,N'-diethyl-2',7'-dimethyl-6-carboxyrhodamine (6-
R6G), N,N,N',N'-tetramethyl-5-carboxyrhodamine
(5-TAMRA), N,N,N',N'-tetramethyl-5-carboxyrhodamine
(6-TAMRA), 5-carboxy-X-rhodamine (5-ROX),
6-carboxy-X-rhodamine (6- ROX),
5-carboxy-2',4',5',7',-4,7-hexachlorofluorescein,
6-carboxy-2\4\5\7' 4,7-hexachlorofluorescein,
5-carboxy-2',7'-dicarboxy-4',5'-dichlorofluorescein,
6-carboxy-2',7'-dicarboxy- 4' ,5
'-dichloro-fluorescein, 5-carboxy-2' ,4' ,5' ,7'
-tetrachlorofluorescein, 1' ,2 '-benzo-4 ' -fluoro- 7'
,4,7-trichloro-5-carboxyfluorescein, 1' ,2' -benzo-4'
-fluoro-7' ,4,7-tricbdoro-6-carboxyfluorescein, r ' '
S'-dibenzo^J-dichloro-S-carboxyfluorescein, as well as
other commercially available dyes as shown in Table
2.METHOD AND APPARATUSFOR CAVITATIONTHRESHOLD
CHARACTERIZATIONAND CONTROL TECHNICAL FIELD The
present invention relates to technology that uses
acoustic energy transmitted through a fluid for
cleaning or some other purpose, and more particularly
to a system that uses the emission of light from the
fluid when it is exposed to the acoustic energy
(sonoluminesence) to avoid transient cavitation.
BACKGROUND INFORMATION Historically, many industrial
cleaning processes have made use of aqueous chemical
fluids to remove particles from objects. In many
cases, adding acoustic energy in the frequency range
of IKHz to 10 MHz into the process bath has been shown
to improve the cleaning process by removing particles
more completely and in a shorter period of time.
Introduction of acoustic energy into plating baths has
also been shown to enhance electroplating processes by
improved mixing of the chemistry and boundary layer,
resulting in fresh species being available at the
surface of the object being plated. Additionally,
acoustic energy has been shown to help keep the
cathode and anode clean. Acoustically enhanced
processes are commonly described as either ultrasonic
or megasonic according to the frequency range of the
induced sound field. The acoustic energy is commonly
generated by exciting a piezoelectric crystal with a
sinusoidal AC voltage. The crystal changes dimension
at a rate determined by the frequency of the AC
voltage. These periodic dimensional changes are
mechanical vibrations, the energy from which is
coupled into the process fluid through a resonator
plate, thus creating an acoustic energy field. The
crystal is typically tightly bonded to a transmitting
member called a resonator that comes in contact with
the fluid. Ultrasonic cleaning is most appropriate for
strong, heat tolerant substrate materials requiring
cleaning of objects with moderately complex surface
topologies. The ultrasonic 



frequency range is also well suited for removal of
comparatively large particles from these chemically
tolerant surfaces. Megasonic cleaning is appropriate
for objects with heat and chemical sensitive surfaces,
requiring line of sight dependent cleaning. Megasonic
cleaningis also the method of choice for cleaning when
the particle size is below approximately 0.3mm.
Acoustic cavitation is generally regarded as the
principle mechanism for particle removal in the
cleaning process. In an acoustic field, a bubble or
cavity is created when the high pressure tears the
fluid, creating a bubble or void. These bubbles or
voids are called cavities. These pressure oscillations
produce bubbles which expand and contract with the
peaks and valleys of the pressure waves. As the
bubbles expand and contract, some of the gases which
form the bubble are absorbed into the fluid during
contraction (compression cycle) and diffuse back into
the bubble on expansion (decompression cycle). When
the bubble reaches a size that can no longer be
sustained by the force of the surface tension of the
fluid competing against the force of the pressure
differential created by passing acoustic waves, the
bubble implodes. There are two types of acoustic
cavitation: stable and transient. In stable
cavitation, a stable cavity (or bubble) is mostly gas
filled and grows very slowly over many acoustic
cycles. The energy released with an implosion event of
a stable cavity is much less than that of a transient
cavity. In transient cavitation, a transient cavity
(or bubble) contains argon gas but has very little or
no other gases in it. It will grow to a large size in
only a few cycles and releases a much larger amount of
energy upon collapse. Sonoluminescence (SL) is the
light released when the bubble collapses or more
precisely, implodes. The pressure and speed of the
implosion raises the gas inside the bubble to
sufficiently high temperatures to cause emission of
photons. The light emission from sonoluminescence has
a frequency of 200 nm to 600 nm and is generally
characterized as being in the UV spectrum. The
sonoluminescence spectrum starts at the roughly the
midpoint of the visible light spectrum and extends
well into the UV range. It occurs principally due to
the presence of naturally occurring argon which is
dissolved in the water. It is argon which is the major
component in the plasma that is critical to the photon
emission at the time of implosion. As cavities
oscillate in size, the mostly gaseous nitrogen and
oxygen molecules move back and forth in and out of the
bubble with each pressure cycle change. Argon however
does not, and consequently the concentration of argon
inside the bubble begins to dramatically rise above
the naturally occurring level of about 1% found in the
earth'satmosphere. Therefore, when the bubble
collapses, the predominant gas in the bubble is argon,
and it is argon (and the other Noble gases) which
primarily exhibit the property of sonoluminescence.
Historically, sonoluminescence has been associated
with transient cavitation, and was not thought to
occur in stable cavitation. The cavitation threshold
is the point at which cavitation becomes predominately
transient and the cavities begin to collapse violently
emitting a high level of energy in the form of
photons. In the past, sensors that detect sound
pressure, known as hydrophones, have been used to
detect transient cavitation because transient
cavitation implosion events emit sufficient sound
energy above the intrinsic detection threshold of the
sensor. However, stable cavitation implosions emit far
less energy, and are therefore undetectable by
hydrophones, for practical purposes. Another way to
measure cavitation is through the use of cavitation
cells, such as those described in the published Patent
Cooperation Treaty document WO 02/05465 Al .
Cavitation cells are used to sense fluid cavitation
output directly in the cleaning bath, and are valuable
tools for gathering general information on how well a
bath is working or how one cleaning bath compares to
another. However, cavitation cells suffer from several
problems. For example, cavitation cells cannot be left
in the process bath during operation because the probe
needs to be in the energy field to make its
measurements and the object being cleaned also needs
to be in the field. Additionally, the cell geometry
does not guarantee that the fluid properties inside
the cell are the same as what is in the tank, and gas
buildup inside the cell affects data reproducibility.
In the early 1990's, scientists performed tests on a
single bubble suspended in a fluid and determined that
the oscillating bubble did emit photons at every
negative pressure cycle. This was called SBSL for
Single Bubble Sonoluminescence. It was theorized and
confirmed that a sound field of many bubbles may have
the same light synchronized response to the negative
pressure cycles as a single bubble. This phenomenon
became known as MBSL (Multi-Bubble Sonoluminescence)
and is the dominant condition found in the tanks of
most acoustically enhanced cleaning systems. The MBSL
photon emission 



spectrum has since been measured and found to be
similar to that of SBSL for similar fluid properties
and conditions.A collapsing bubble in close proximity
to the surface of a sensitive substrate can exert very
high localized pressure and temperatures, causing
structural damage to the substrate. Cavitation
implosions have been shown to have the energy of
50-150 atmospheres of pressure and temperatures of
5,500 degrees Kelvin. Exposure to the energy released
by cavitation implosion events is known to be the
primary mechanism for the erosion damage to the
surfaces of sensitive and finely structured devices.
Cleaning processes have been developed which achieve
reasonably high yield rates with acceptably low damage
rates. However, these processes lack real-time
feedback to enable closed loop control of conditions
in the cleaning tank based on cavitation level. Recent
cleaning processes have been developed that have such
a low power or high frequency that commercial
suppliers of the cleaning equipment have advertised
them as having no cavitation. What is needed is
technology that can characterize these low power
cleaning processes and use them to prevent or mitigate
the damage caused by transient cavitation. SUMMARY OF
THE INVENTION Briefly, the present invention is a
method and apparatus for characterizing the cavitation
properties of fluids by observing the intensity of
photon emission during sonoluminescence. In the
present invention, it is shown that photon emission is
occurring in low power acoustic energy cleaning
processes. It is thought that this photon emission is
from stable cavitation and that the stable cavitation
is multibubble sonoluminescence (MBSL). In preferred
embodiments, the method and apparatus of the present
invention measure photon emissions in the presence of
stable cavitation. The photon emission information is
used in a feedback loop to mitigate surface damage to
delicate substrates by controlling the power level of
the AC voltage signal applied the acoustic transducer
in the production tank. Pressure changes in the fluid
can also be used as a measure of cavitation. An
apparatus that allows utilization of this method
comprises a vessel through which a process fluid
flows; an acoustic energy generating means for
generating acoustic energy and transmitting the
acoustic energy into the fluid while the fluid flows
through the vessel; and a cavitation detection means,
such as a photomultiplier tube or a hydrophone, for
detecting cavitation in the fluid in the vessel
induced by the acoustic energy.The method of the
present invention comprises the steps of: exposing a
volume of process fluid to acoustic energy at a
specified power level; measuring the photon output
from the fluid at the specified power level over a
period of time; determining a desired level of photon
output; and, when the photon output deviates from the
desired level, adjusting a process parameter to bring
the photon output back to the desired level. In
research applications, the present invention is used
to study the effects of physical parameters such as
temperature, chemical composition or concentration,
dissolved gas concentration, atmospheric pressure and
the intensity of the acoustic energy field, on the
cavitation properties of sonochemical fluids. The
cavitation properties can then be correlated to
surface damage, plating efficiency or the general
efficacy of other sonochemical processes. In
commercial applications, the invention is used in
acoustically enhanced chemical cleaning or other
sonochemical processes, such as plating. In the
cleaning case, this information is used to reduce
chemical consumption by eliminating premature bath
changes and prevent overdue bath changes from causing
reduced PRE (particle removal efficiency) and the
resulting loss of product due to particle compromised
structures. The invention also allows adjustments to
be made that avoid the damaging effects of transient
cavitation. BRIEF DESCRIPTION OF THE DRAWINGS Fig. 1
is a schematic view of a cavitation characterization
system according to the present invention; Fig. 2 is a
cross-sectional view of a cavitation cell according to
the present invention; Fig. 3 is a graph of photon
count versus power density for three different process
fluids according to the present invention; and Fig. 4
is a cross-sectional view of and alternative
embodiment of the cavitation cell according to the
present invention. DESCRIPTION OF THE PREFERRED
EMBODIMENTS Fig. 1 illustrates a cavitation
characterization system 10 comprised of a cavitation
cell 14, an acoustic transducer 18 and a sensor 22. A
power supply 26, such as a radiofrequency (RF)
generator, supplies power to the transducer 18. A
microcomputer 30 controls the power supply 26 and
collects data from the sensor 22. A fluid reservoir 34



provides a supply of a process fluid to the cell 14.
The cavitation cell 14 is a small light-tight chamber
through which process fluids are caused to flow,
usually in the direction of the arrow 38. Thus, the
inside of the cell 14 contains a representative sample
of the process fluid which is caused to cavitate by an
acoustic field supplied by the transducer 18. The
process fluid may be from a nearby tank, such as the
fluid reservoir 34 in a research application, or it
may be a sample of process fluid from a tank in
production process equipment. The cell 14 must be
sufficiently lighttight so as to allow detection of
photon emission levels as low as tens of photon counts
per second. Additionally, the cell should remain dark
even when not being used to avoid damaging the sensor
22, or increasing the background noise in the sensor
22. The cell 14 may have a multiplicity of ports to
enable management or control of the fluid test
parameters as desired for a specific application or
test regimen. These ports include, but are not
limited, to an inlet port 42 and an outlet port 44 for
allowing the process fluid sample to flow through the
cell 14, as well as-a pressure control port 48 to
control atmospheric (barometric) pressure above the
surface of the process fluid, and a vent control port
52 to remove gases which may gather at the top of the
cell 14. Additional ports may be used, for example to
enable fluid level control in the cell 14, or to
accommodate sensors to measure various other process
fluid characteristics. The need to correlate
measurements of fluid properties to the photonic
emission level is implicit to the purpose of the
invention. In the preferred embodiment, the power
supply 26 shown in Fig. 1 is an electrical power
generator capable of delivering sinusoidal electrical
energy at power levels and at frequencies which are
appropriate for the specific process that is being
monitored. Thus the power supply 26 and the acoustic
transducer 18 are designed to be compatible with the
process being observed. In a representative example,
the frequency of operation of the power supply 26 may
be near one megahertz ( 1 MHz). A 1000 watt RP
generator capable of generating RF voltages in the
frequency range of 0.4 to 2.0 megahertz may function
as the power supply 26. However, the system 10 can be
used at any frequency or power level where acoustic
cavitation is observed or monitored in a fluid,
including in the 2.0 to 5.0 or higher megahertz range,
so many types of power supply 26 can be used.In
operation, the crystal 116 (shown in Fig. 2) is
excited by the sinusoidal AC voltage from the power
supply 26, which causes it to expand and contract
sympathetically with the driving AC voltage. These
dimensional changes are mechanical energy which is
coupled by a resonator 118 into the process fluid in
the cavity 84. This coupling gives rise to an acoustic
sound field in the process fluid. Other acoustic
energy generating devices and designs may be used to
supply acoustic energy to the process fluid. Other
embodiments may employ different means such as
electromagnetic fields and or other mechanical means
to create an acoustic field. Additionally, multiple
transducers may be employed and operated independently
or in concert. A microcomputer 30 functions as a
computer means for collecting data from the sensor 22
about the light emitted from the fluid. The
microcomputer 30 is also used to control the intensity
of the acoustic field inside the cell 14, by
controlling the energy (electrical or otherwise)
applied by the power supply 26 to the transducer 18 or
other energy coupling arrangement. Typically, the
photon emission level is measured by the sensor 22 at
various levels of acoustic energy, and this data is
collected by the microcomputer 30. Analysis of the
data by the microcomputer 30 allows quantitative and
qualitative information to be outputted from the
microcomputer 30, for example in the graphical format
shown in Fig. 3. a prototype system, a commercially
available laptop computer with a Pentium(r)
microprocessor was used as the microcomputer 30, but
many other types of computing devices, including
embedded microprocessors, can be used for this
purpose. The fluid reservoir 34 is a vessel containing
the process fluid to be observed. It is where most of
the physical and chemical parameters are controlled.
Chemicals (in solid, liquid or gaseous phases) may be
metered into the bath as desired. In research
applications, this is merely a place to store and
condition the fluid whose cavitation behavior is being
studied. In a production application this element is
the actual cleaning tank where process parameters are
actively being monitored and adjusted by the
information fed back from the invention. This vessel
may be open of closed. If the cell is being used to
study fluids at pressures other than 1 atmosphere, the
reservoir may need to be closed and pressurized as
well. In practice, different process fluids are used
for different processing tasks. The exact composition
of many process fluids is proprietary to the companies
that manufacture the fluids. However, typical process
fluids include deionized and/or distilled
water,aqueous solutions of ammonium hydroxide,
hydrogen peroxide, hydrochloric acid, nitric acid,
acetic acid, hydrofluoric acid, and combinations of
these reagents. Commonly used 



process fluid compositions are referred to as SC-I and
SC-2. A chemical injection block 64 indicates an
optional chemical delivery system used to maintain a
proscribed chemical composition of the process fluid.
For example, the concentration of ammonium hydroxide
or hydrogen peroxide in the process fluid can be
replenished through block 64. Similarly, a gas
injection block 66 indicates an optional gas injection
system to increase the level of dissolved gases in the
process fluid. For example, the concentration of
oxygen in the process fluid can be replenished through
block 66. A temperature control block 68 indicates an
optional temperature control system for controlling
the temperature of the process fluid in the reservoir
34. A pump 72 is a suitably chosen pump to cause
process fluid to flow through the cell 14 and other
components of the system 10. A degasifier 74 is an
optional device which can remove dissolved gases, like
ambient air, from the process fluid. A dissolved gas
monitor 76 is an optional device which can measure the
level of a dissolved gas like oxygen or argon in the
process fluid at a sampling station 78. The pressure
control block 54 is an optional device that controls
the barometric pressure applied to the surface of the
process fluid. This may include a pressure regulator
to apply a positive pressure or a vacuum pump and
regulator to apply negative pressure. It is recognized
that use operation at pressures other than 1
atmosphere may have influence on pumping and other
fluid handling issues outside the scope of this
invention. It is implicit that the design of the cell
14 and sensor 22 may need special treatment when
nonatmospheric pressures are present. The vent port 58
and associated equipment may be used to any
out-gassing products if necessary. This port may also
be used for level detection and control. Fig. 2
illustrates the cell 14 in more detail. Fig. 2 is a
cross-sectional view of a hollow cylindrically shaped
cell 14. The cell 14 must be light-tight and
fluid-tight. A cavity 84 is the space inside of the
hollow cell 14, and the process fluid flows through
the cavity 84. A lower aperture 86 is a hole that
accepts a fitting to form the inlet port 42 through
which the process fluid enters the cavity 84. An upper
aperture 88 is a hole that accepts a fitting to form
the outlet port 44 through which the process fluid
exits the cavity84 and the cell 14. A top end cover 90
is held in place by a pair of screws 92 and 94, and an
O-ring 98 ensures that the cover 90 makes a fluid
tight seal. The sensor 22 is a light detection means
for detecting light emitted from the fluid held in the
cell 14 when cavitation is occurring (i.e.
sonoluminescence). In the preferred embodiment, the
sensor 22 is a photomultiplier tube (PMT), capable of
sensing very low levels of photon emission, (on the
order of 100 photon counts per second). For example,
the photomultiplier tube model number P25232,
available from Electron Tubes Inc. of Rockaway, New
Jersey may be used as the sensor 22. The
photomultiplier tube has a window 100 through which
light enters the photomultiplier tube. Preferrably,
the photomultiplier tube is purchased with the window
100 comprising a material that allows ultraviolet (UV)
radiation to enter the photomultiplier tube. The
photomultiplier tube (sensor 22) is positioned in an
aperture in the cell 14 and is held in place by a pair
of screws 102 and 104 and a mounting ring 106. An
O-ring 108 ensures that the sensor 22 makes a fluid
tight seal. A lens cover 112 is positioned over the
window 100 to protect the window 100 from chemical
interaction with the process fluid. In the preferred
embodiment, the lens cover 112 comprises optical grade
synthetic sapphire that allows ultraviolet radiation
to enter the photomultiplier tube, but other materials
can be used. In addition to the sensor 22, other
sensors may be included in the system 10. For example,
lasers may be added to observe light scattering when
cavitation bubbles are present, even when photon
emission is not. Other sensing devices, such as a
hydrophone, may also be added to the cell 14 to enable
correlation of data from a multiplicity of sensors. A
CCD array could also be used to image the
sonoluminescence effect, and would be used with a
laser to detect light scattering by cavitation
bubbles. The acoustic transducer 18 an acoustic energy
generating means for generating acoustic energy. In
the preferred embodiment, this is an acoustic
transducer which converts electrical energy into
acoustic (or sound) waves in the process fluid
contained in the cell 14. In the preferred embodiment,
the transducer 18 comprises a piezoelectric crystal
116, comprised of a material such as PZT (Lead
Zirconate Titanate), that is bonded to a resonator
118. A pair of spring electrical connectors 120 and a
printed circuit board 122, provide electrical
connections to the power supply 26 via an RF
powerconnection cable 124, for example as is disclosed
in U.S. Pat. No. 6,431,908. A ground contact/clamp
ring 125 supports the resonator 118. In the preferred
embodiment, the crystal 116 is attached to the
resonator 118 using indium, as is disclosed in U.S.
Patents 6,722,379, 6,188,162 and 6,222,305, and the 



resonator 118 comprises a chemically inert material
such aluminum or stainless steel coated with the
fluorinated polymer perfluoroalkoxy (PFA). However,
other means of attachment for the resonator 118 and
crystal 116 can be used, such as the epoxy bonded
crystals disclosed in U.S. Pat. No. 4,804,007. The
sensor 18 is mounted on a bottom end cover 128, which
fits into the cell 14 but which is detachable from the
cell 14 for service. An O-ring 130 ensures that the
cover 128 makes a fluid tight seal. When the cover 128
is mounted in place, the resonator 118 is in direct
contact with the process fluid. In alternate
embodiments, the crystal 116 can be bonded to a
side-wall of the cell 14. In a preferred embodiment,
the cell 14 is cylindrical in shape and is comprised
of a material that is both light-tight and impervious
to chemical reaction with the process fluid. For
example, a metal such as stainless steel or aluminum
in which all surfaces that come into contact with the
process fluid have been coated with a chemically inert
substance like the fluorinated polymer perfluoroalkoxy
(PFA) can be used as the cell 14. Other chemically
inert materials that can function as the coating
include the fluorinated polymers
polytetrafluoroethylene (PTFE), fluorinated
ethylene-propylene (FEP), or tetrafluoroethylene (TFE)
and other formulations, including the materials that
are marketed under the trademark Teflon(tm); the
fluorinated polymer ethylene chlorotrifluoroethylene
(ECTFE), including the material marketed under the
trademark Halar(tm); or the fluorinated polymer
polyvinylidene fluoride (PVDF), including the material
marketed under the trademark Kynar(tm). Similarly, the
resonator 118 can be coated with these chemically
inert materials. Certain applications are likely to
require alternate physical shapes of the cavity 84
inside the cell 14, and/or other internal structures
in the cell cavity to manage the flow of acoustic
energy within the cell 14. This could involve tilting
the cell 14 such that the surface of the process fluid
is not parallel to the face of the transducer 18,
thereby forcing the acoustic reflections from the
surface of the fluid to not reflect directly back to
the transducer. It is desirable under certain
conditions that acoustic wave absorbing materialcan be
used to dampen or kill standing waves. Other
embodiments require internal shapes and structure to
create standing acoustic waves. In an alternate
configuration, the cell 14 may be essentially inverted
from the configuration shown in Fig. 1. Driving the
acoustic field downward against the forces of gravity
and fluid pressure allows observation of bubbles in
alternate conditions. Laterally oriented
configurations are also possible. Fig. 3 illustrates
one type of data obtained from the system 10. Fig. 3
is a graph on log-log paper of photon count versus
power density for three different process fluid
situations. Line 120 illustrates the sonoluminescent
behavior of deionized water when the power supply 26
provides an AC voltage at a frequency of one
megahertz. Line 122 illustrates the sonoluminescent
behavior of deionized water when the power supply 26
provides an AC voltage at a frequency of two
megahertz. Line 124 illustrates the sonoluminescent
behavior of SCl process fluid (a solution of deionized
water, hydrogen peroxide and ammonium hydroxide in a
100:2: 1 ratio) when the power supply 26 provides an
AC voltage at a frequency of one megahertz. Fig. 3
illustrates several important features regarding the
characterization of cavitation in fluids. First, on
line 124, a region centered around the power density
of approximately 2.0 watts/cm 2, shows a rapid
increase in the light output from the process fluid. A
point 128 at the approximate base of the region of
rapid increase in the light output (approximately 1.9
watts/cm 2), is taken to indicate the point at which
cavitation in the process fluid has become
predominantly transient (i.e., point 128 represents
the cavitation threshold). As was explained
previously, this is because the violent collapse of
cavities in the process fluid during transient
cavitation is known to emit a high level of energy in
the form of photons. Thus, the region to the right of
point 128 is thought to represent a region of
transient cavitation, while the region to the left of
point 128 is thought to represent a region of stable
cavitation. The observation that measurable amounts of
photons are emitted by fluids during stable cavitation
(at least in the multibubble regime) has not
previously been reported, and the present invention
appears to be the first commercially useful
application of this phenomena. The observation that
stable cavitation is occurring in this power region
also appears to be new. Fig. 4 illustrates an
alternative embodiment of the cell 14 shown in Fig. 2.
Elements in Fig. 4 that are identical to the
corresponding elements in Fig. 2 are indicated bythe
same reference numerals. In Fig. 4, a hydrophone 140
and an acoustic baffle 144 have been added to the cell
14. The hydrophone 140 provides a means for measuring
the pressure in the fluid contained in the cavity 84
as the power is increased in steps. The pressure
readings from 



the hydrophone 140 are used to confirm that the
ultraviolet light output being measured at very low
power inputs is occurring during a period of very low
pressure in the fluid, thus indicating that stable
cavitation exists. The baffle 144 is used to absorb
acoustic energy (sound) at the top of the cell 14,
thereby preventing or reducing reflected acoustic
waves. In a normal acoustic energy cleaning system,
the sound energy is traveling at 1.5km/sec so it
bounces around the tank very quickly. Most areas of
such a tank are exposed to both the original sound
energy generated by the acoustic transducer and to
reflections of acoustic waves. It is necessary to
understand the SL light output of a fluid under these
conditions, so a cell operating without the baffle 144
(Fig. 2) mimics this. However, in some cases, it is
desirable to study exactly how the fluid will react to
sound. In such cases, the cell 14 must also provide an
environment that allows a pure single pass of sound
energy wave to be studied (i.e. without acoustic
reflections). The baffle 144 (Fig. 4) absorbs the
sound at the end of the cell and does not allow for
reflections. This single pass sound exposure to the
fluid has a different output of SL light result.
Returning to Fig. 3, use of Fig. 3 allows conditions
to be selected for SCl process fluid that will keep
cavitation in the process fluid below the cavitation
threshold. For example, keeping the power density
below approximately 1.9 watts/cm 2 will keep
cavitation in the stable cavitation region. This is
desirable, for example, in situations where it is
known that the energy released during transient
cavitation would damage the article being cleaned or
otherwise processed by the process fluid, or where
transient cavitation is undesirable for some other
reason. The lines 120 and 122 have shapes that are
similar to line 124, although the regions of rapid
increase in the light output for these two fluids,
under the given conditions, are slightly shifted. A
comparison of line 120 to line 122 indicates that the
frequency of the power supply has an effect on the
cavitation properties of the fluids. The
sonoluminescent behavior of process fluids displayed
in Fig. 3 provides amethod for controlling the
cavitation in a fluid; and specifically, for ensuring
that the process fluid stays in the stable cavitation
state as opposed to the transient cavitation state.
The method comprises the steps of: a) exposing a
volume of process fluid to acoustic energy at a
specified power level; b) measuring the photon output
from the fluid over a period of time; and c) when the
photon output deviates from a desired level,
initiating a remedial step to bring the photon output
back to approximately the desired level. This process
can be carried out using the cell 14 shown in Figs. 1
and 2. In an initial procedure, a graph like Fig. 3 is
developed for a particular process fluid and the
conditions that yield a desired level of stable
cavitation are noted. For example, in Fig. 3, the
conditions at the power density of one watt/cm 2 might
be selected for SCl process fluid. At this point, the
photon count is about 1500 counts/second, so this
would be the desired photon output for the method.
Conditions in an acoustic energy processing tank on a
production line using SCl process fluid are set to the
previously determined level ((e.g. the acoustic
transducer in a semiconductor wafer cleaning tank is
driven at one watt/cm 2). Then, a continuous stream of
the SCl process fluid from the acoustic energy
processing tank is allowed to enter the cell 14
through the port 42. The process fluid flows through
the cavity 84 and out the port 44 while the transducer
18 transmits acoustic energy into the flowing process
fluid. The resulting light emission from the process
fluid is monitored by the sensor 22. If the light
output varies from the level of approximately 1500
counts/second, an alarm is given and remedial steps
are taken. The remedial step could be to simply stop
the process. Alternatively, a process parameter could
be varied in an attempt to force the cavitation
condition (as indicated by the photon count) back to
the desired level. The process parameter could be any
relevant process parameter, including the parameters
discussed previously with respect to Fig. 1. These are
changing the gas concentration in the process fluid
(using the gas injection block 66), changing the
temperature of the process fluid (using the
temperature control 68), or changing the chemical
compensation of the process fluid (using the chemical
injection block 64). Alternatively, the frequency or
the power output of the power supply 26 could be
varied.An apparatus that allows utilization of this
method comprises a vessel, such as a light tight
vessel, for holding a fluid (the cell 14); an acoustic
energy generating means for generating acoustic energy
(the transducer 18), the acoustic energy generating
means being positioned to transmit the acoustic energy
into the fluid while the fluid is held in the vessel;
and a cavitation detection means (the sensor 22) for
detecting and/or quantifying cavitation 



in the fluid held in the vessel when cavitation is
induced in the fluid by the acoustic energy. In a
preferred embodiment, the cavitation detection means
comprises a light detection means, such as a
photomultiplier tube. However, in other embodiments,
pressure changes in the fluid can be used to detect
and/or quantify cavitation in the fluid, so the
hydrophone 140 can function as the cavitation
detection means. Additional features that can be added
to the apparatus include a power generation means (the
power supply 26) for supplying variable amounts of
power to the acoustic energy generating means; the
computer means (the computer 30) for collecting data
from the light detection means about the light emitted
from the fluid; the chemical injection block 64; the
gas injection block 66; the temperature control 68;
and the dissolved gas monitor 76. Still other features
include fluid injection means for injecting fluid into
the vessel (the pump 72), the gas monitoring means
associated with the fluid injection means for
measuring a concentration of one or more gasses
dissolved in the fluid (the gas monitor 76), and the
temperature control means for controlling the
temperature of the fluid (the temperature control 68).
Although the present invention has been described in
terms of the presently preferred embodiments, it is to
be understood that such disclosure is not to be
interpreted as limiting. Various alterations and
modifications will no doubt become apparent to those
skilled in the art after having read the above
disclosure. Accordingly, it is intended that the
appended claims be interpreted as covering all
alterations and modifications as fall within the true
scope of the invention.We claim: 1. An apparatus for
characterizing cavitation in fluids comprising: a
vessel for holding a fluid; an acoustic energy
generating means for generating acoustic energy, the
acoustic energy generating means being positioned to
transmit the acoustic energy into the fluid while the
fluid is held in the vessel; and a cavitation
detection means for detecting cavitation in the fluid
held in the vessel when cavitation is induced in the
fluid by the acoustic energy. 2. The apparatus of
claim 1 wherein the cavitation detection means
comprises a light detection means. 3. The apparatus of
claim 2 wherein the light detection means comprises a
photomultiplier tube. 4. The apparatus of claim 1
wherein the cavitation detection means comprises a
pressure measuring means. 5. The apparatus of claim 4
wherein the pressure measuring means comprises a
hydrophone. 6. The apparatus of claim 1 wherein the
acoustic energy generating means comprises a
piezoelectric crystal. 7. The apparatus of claim 1
further comprising a baffle means for absorbing
acoustic energy. 8. The apparatus of claim 1 further
comprising: power generation means for supplying
variable amounts of power to the acoustic energy
generating means; and computer means for collecting
data from the light detection means about the
lightemitted from the fluid. 9. A method for
controlling the cavitation in a fluid comprising: a)
exposing a volume of fluid to acoustic energy at a
specified power level and frequency while the volume
of fluid is being held in a vessel which comprises an
acoustic energy generating means for generating
acoustic energy, the acoustic energy generating means
being positioned to transmit the acoustic energy into
the fluid while the fluid is held in the vessel, the
vessel also comprising a light detection means for
measuring the photon output from the fluid held in the
vessel when cavitation is induced in the fluid by the
acoustic energy; b) measuring the photon output from
the fluid over a period of time; and c) when the
photon output deviates from a desired level,
initiating a remedial step to bring the photon output
back to approximately the desired level. 10. The
method of claim 9 wherein the remedial step is
selected from the group consisting of changing the
temperature of the fluid, changing the concentration
of a gas or other chemical in the fluid, stopping the
process, altering the specified power level and
altering the frequency of the power level. 


