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FLOWS (57) ABSTRACT

(76) Inventor: Nikolay Suslov, Vastra Frolonda Volumetrically oscillating plasma flows, the volume of which

’ (SE) ’ controllably expands and contracts with time, are disclosed.

Volumetrically oscillating plasma flows are generated by pro-

viding an energy with a power density that changes with time

(21) Appl. No.: 12/841,361 to the plasma-generating gas to form a plasma flow. The

changes in the energy power density result in plasma flow

(22) Filed: Jul. 22, 2010 volumetric oscillations. Volumetric oscillations with a fre-

quency of above 20,000 Hz results in ultrasonic acoustic

waves, which are known to be beneficial for various medical

applications. System for providing volumetrically oscillating

(51) Imt.Cl plasma flows and a variety of surgical non-surgical applica-
A6IB 18/04 (2006.01) tions of such flows are also disclosed.
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VOLUMETRICALLY OSCILLATING PLASMA
FLOWS

1 FIELD OF INVENTION

[0001] The present invention relates to volumetrically
oscillating plasma flows. Additionally, the present invention
relates to systems and methods for generating volumetrically
oscillating plasma flows and to practical applications of the
volumetrically oscillating plasma flows.

2 BACKGROUND

[0002] Plasma generating devices play an important role in
many areas. For example, plasma is used in displays, such as
television sets and computer monitors, spectrography, in
spraying applications such as coating, and in medicine. In
medicine, plasma is used for pain relief, prevention of infec-
tion spread, and surgery.

[0003] Three basic tasks that a surgeon performs during a
surgery are cutting, vaporizing and coagulating tissue. Gen-
erally, cutting refers to the separation of the tissue; vaporiza-
tion refers to the controlled destruction of tissue; and coagu-
lation refers to the stopping of bleeding from the tissue or
blood vessels in the tissue. Most open, and even laparoscopic,
surgeries involve cutting and coagulating tissue. Some sur-
geries, such as the removal of tumor nodules, also involve
vaporizing tissue.

[0004] The use of plasma to accomplish these three tasks is
known in the art. In general, to accomplish these tasks, a
plasma flow is directed at the treated tissue, which accom-
plishes certain thermal effects in the tissue. For cutting and
vaporization these thermal effects are the sublimation and
removal of tissue. For coagulation, the desired thermal effect
is the creation of a sealing layer of necrotic tissue that pre-
vents further bleeding. Although plasma is considered to be a
superior way of accomplishing the three tasks, some prob-
lems with using plasma still remain.

[0005] Presently, a surgeon typically uses a dedicated
device for each of the three surgical tasks. While this ensures
that each device is well adapted to the function it is perform-
ing, switching from one task to another requires changing
devices. In a typical procedure the surgeon will constantly
need to switch from one function to the other, as cutting and
vaporizing tissue exposes new bleeding tissue that must be
coagulated. Changing devices during surgery adds to the
duration and complexity of the procedure, and increases the
risk to the patient. In laparoscopic surgery in particular, where
the devices are miniaturized and are inserted into the patient’s
body cavities, changing devices frequently is problematic.
Presently, there are no known devices capable of performing
all three functions well enough for a surgeon to forgo the use
of specialized devices in favor of a single, all-in-one, device.

[0006] Even the use of specialized plasma surgical devices
has underlying problems. For example, a plasma device spe-
cifically adopted for cutting had to have a small outlet diam-
eter that results in a turbulent plasma flow suitable for cutting.
The small outlet diameter makes such devices unusable for
coagulation that generally requires relatively large spot diam-
eter. Further, cutting of the tissue with such a device results in
bleeding that not only impairs the surgeon’s visibility of the
treated tissue, but, if not timely stopped, was dangerous to the
patient. As another example, plasma devices adopted for
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coagulation could not stop high-rate bleedings. Stopping
even medium-rate bleeding requires significant experience
with the device.

[0007] Accordingly, there is a need in the art for systems
and methods that allows improved control over the volumet-
ric properties of plasma flows. In particular, there is a need for
systems and methods that would accomplish the three surgi-
cal tasks of cutting, vaporization, and coagulation. Prefer-
ably, the system and method would perform the three surgical
tasks at least as well as the presently known devices.

3 SUMMARY OF THE INVENTION

[0008] This need is fulfilled by volumetrically oscillating
plasma flow as well as systems and methods for their genera-
tions. Specifically, a volumetrically oscillating plasma flow is
aplasma flow in air, the flow having a directional axis and an
active zone defined by plasma having a temperature above a
threshold, wherein the active zone expands and contracts
volumetrically over time according to a controlled pattern.
The volumetric oscillations process comprises controllably
expanding a zone of a plasma flow having a temperature
above a threshold and controllably contracting the zone of a
plasma flow having a temperature above the threshold the
plasma flow.

[0009] A system for generating volumetrically oscillating
plasma flow comprises a power supply capable of generating
an electric current having a non-zero low current level and
pulses reaching a high current level (up to 50 A), wherein the
pulses have a ramp rate of at least 25 A per 10 ps, and a
plasma-generating device capable of (1) heating a plasma-
generating gas to a first temperature with the low current level
of'the electric current, wherein the first temperature is at least
10,000 K, (2) heating the plasma-generating gas to a second
temperature with the high level of the electric current,
wherein the second temperature is at least 10,000 K above the
first temperature; and (3) discharging the heated plasma-
generating gas as a plasma flow that expands in volume dur-
ing the electric current pulses. The plasma-generating device
comprises an anode forming a portion of a plasma channel
having an outlet with a diameter 0.3-0.8 mm. The plasma-
generating gas is supplied to the plasma-generating device at
aflow rate of 0.1-0.6 L/min at room temperature. The plasma-
generating device may contain a cooling channel with an
outlet near the outlet of the plasma channel capable of dis-
charging a coolant. Additionally, the plasma-generating
device may comprise a cathode assembly comprising mul-
tiple cathodes.

[0010] A method for generating a plasma flow whose vol-
ume varies with time using a plasma-generating-device hav-
ing an outlet is also provided. The method comprises: (1)
supplying a plasma-generating gas to the plasma-generating
device, (2) providing an energy with a power density to the
plasma-generating gas to form a plasma flow, wherein the
power density changes according to a controlled pattern hav-
ing a low level and a high level, and (3) discharging from the
outlet of the plasma-generating device the volumetrically
variable plasma flow alternating between a low intensity
plasma with a temperature at the outlet of at least 10,000 K,
and a high intensity plasma with a temperature at the outlet of
at least 10,000 K above the temperature of the low intensity
plasma at the outlet, and wherein the low intensity plasma
corresponds to the energy with the low level power density
and the high intensity plasma corresponds to the energy with
the high intensity power density level.
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[0011] For medical applications the threshold defining the
active plasma zone is about 10,000 K. A portion of the plasma
when the active zone is contracted has a first temperature of at
least 10,000 K, and the portion of the plasma when the active
zone is expanded has a second temperature at least 10,000 K
above the first temperature. The controlled pattern may be
provided by a power supply capable of generating a current
wave that has a low current level of 3-10 A and pulses reach-
ing ahigh current level of 25-30 A. The ramp rate of the pulses
is at least 25 A per 10 ps. Depending on the application, the
current wave may be a high frequency biased pulse current
wave with a frequency of above 2,000 Hz (preferably above
20,000 Hz) and a duty cycle of 0.05-0.15, a low frequency
biased pulse current wave with a frequency of 20-100 Hz and
aduty cycle 0f 0.05-0.15, or a modulated biased pulse current
wave in which a high frequency wave is modulated by a low
frequency wave with a duty cycle of the high frequency wave
being 0.35-0.65 and the duty cycle of the low frequency wave
being 0.05-0.15.

[0012] Applications of volumetrically oscillating plasma
flows include surgical applications, such as the tasks of tissue
cutting, coagulation and vaporization. For cutting, a high
frequency biased pulse wave is used and the operator moves
the device adjacent to the tissue to make a cut. For a frequency
above 20,000 Hz, the dissected tissue is coagulated during
cutting due to the cavitation effect in the tissue created by
ultrasonic acoustic waves generated at this frequency. This
cavitation effect also improves blood vessel sealing. For the
task of vaporization, a high frequency biased pulse wave is
used. The operator moves the device at a distance of about 2-5
mm from the tissue. For frequencies above 20,000 Hz, the
tissue is immediately coagulated and the vessels are sealed as
they become exposed. For the task of coagulation a low fre-
quency biased pulse wave is used. The operator holds the
device at the distance of about 10-30 mm from the tissue. For
improved coagulation effect, a modulated biased pulse wave
is used to create the cavitation effect from the improved
coagulation and vessel sealing. The same system can be used
for all three surgical tasks of cutting, vaporizing and coagu-
lation.

[0013] Likewise volumetrically oscillating plasma flows
may be used for non-surgical applications, such as pain man-
agement, cosmetics, waste disposal, surface cleaning and
others.

4 BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1A illustrates the structure of a typical plasma
flow generated with a plasma-generating device;

[0015] FIG. 1B is a graph of the temperature of a typical
plasma flow along the plasma flow axis;

[0016] FIG. 2 is a graph of the temperature along the
plasma flow axis of several plasma flows generated by a
plasma-generating device with an outlet diameter of 0.5 mm;
[0017] FIG. 3 illustrates the volume of active plasma for a
typical plasma flow;

[0018] FIG.4A isa graph of the temperature of a volumetri-
cally oscillating plasma flow over time during a single oscil-
lation;

[0019] FIGS. 4B-G illustrate the characteristic behavior of
plasma particles at different stages of a volumetric oscilla-
tion;

[0020] FIG. 5 illustrates a volumetrically oscillating
plasma flow;
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[0021] FIG. 6 illustrates an embodiment of a system
capable of providing volumetrically oscillating plasma flows;
[0022] FIG. 7 illustrates a longitudinal cross-section of a
multi-electrode plasma-generating device;

[0023] FIG. 8 illustrates a longitudinal cross-section of an
alternative embodiment of a multi-electrode plasma-generat-
ing device having a plasma channel comprising an expansion
portion;

[0024] FIG. 9 illustrates an arbitrary periodic current wave
form for generating a volumetrically oscillating plasma flow;
[0025] FIG. 10 shows a power supply using three current
sources from produce various current waves for generating
volumetrically oscillating plasma flows;

[0026] FIG. 11 illustrates a biased pulse current wave;
[0027] FIG. 12 illustrates an exemplary modulated biased
pulse wave;

[0028] FIG. 13A-B illustrate various current waveforms

used to generate volumetrically oscillating plasma flows;
[0029] FIG. 14A illustrates a longitudinal cross-section of
an alternative embodiment of a plasma-generating device
specifically adapted for generation of volumetrically oscillat-
ing intermittent plasma flows;

[0030] FIG. 14B illustrates a specialized multi-cathode
assembly for use in the device shown in FIG. 14A;

[0031] FIG. 15A illustrates single period of a voltage wave
that can be applied between the cathode and the anode to
generate an intermittent plasma flow;

[0032] FIG.15Billustrates asingle period ofa current wave
that can be passed through the cathode and the anode to
generate an intermittent plasma flow;

[0033] FIG.15Cillustrates a single period of a current wave
that can be passed through the cathode and the anode to
generate intermittent volumetrically-oscillating plasma flow;
[0034] FIG. 16 illustrates an alternative embodiment of a
multi-electrode plasma-generating device comprising pass-
through cooling channels;

[0035] FIG. 17A illustrates a high frequency biased pulse
current wave;

[0036] FIG. 17B illustrates a low frequency biased pulse
current wave;

[0037] FIG. 17C illustrates a modulated biased pulse cur-
rent wave;

[0038] FIG. 18A illustrates active plasma during a low

intensity interval of a volumetrically oscillating plasma flow;
[0039] FIG. 18B illustrates active plasma during a high
intensity interval of a high frequency volumetrically oscillat-
ing plasma flow;

[0040] FIG. 18C illustrates active plasma during a high
intensity interval of a low frequency volumetrically oscillat-
ing plasma flow;

[0041] FIGS. 19A-C illustrate the differences in volume
between a continuous plasma flow and the high intensity
plasma of volumetrically oscillating plasma flows with low
and high frequency;

[0042] FIG. 20A illustrates a volumetrically oscillating
plasma flow with a relatively short high intensity interval;
[0043] FIG. 20B illustrates a volumetrically oscillating
plasma flow with a relatively long high intensity interval;
[0044] FIGS. 21A-C are graphs showing the current and
dynamic pressure components for a continuous plasma flow;
[0045] FIGS. 21D-F are graphs showing the current and
dynamic pressure components for an axially oscillating
plasma flow;
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[0046] FIGS. 22A-D illustrate the effect of the radial com-
ponent of the dynamic pressure on the width of an axially
oscillating plasma flow;

[0047] FIG. 23 is a graph of the length of the high intensity
plasma flow as a function of the period of oscillation;
[0048] FIG. 24 illustrates a surgical site created by the
dissection of tissue during surgery;

[0049] FIG. 25 illustrates a surgical site in which the blood
flow has been stopped by forming a sealing layer covering the
underlying tissue;

[0050] FIG.26A Illustrates a continuous plasma flow form-
ing a sealing layer;

[0051] FIG. 26B is a graph of the heat flux as a function of
distance from the tissue surface;

[0052] FIGS. 27A-C illustrates a rapid sublimation of tis-
sue during coagulation with a continuous plasma flow having
a relatively high heat flux;

[0053] FIG. 28 is a graph illustrating the heat flux as a
function of distance from the tissue surface for plasma flows
of various intensities;

[0054] FIG. 29A-B illustrates the application of a single
oscillation of a volumetrically oscillating plasma flow to a
tissue;

[0055] FIGS. 30A-F illustrate coagulation with an axially
oscillating plasma flow over three oscillations;

[0056] FIG. 31A illustrates the surface region of a tissue at
the end of the low intensity interval of a plasma flow oscilla-
tion;

[0057] FIG. 31B illustrates the surface region of a tissue
after the high intensity interval of a plasma flow oscillation;
[0058] FIG. 32 illustrates a completed sealing layer formed
by an axially oscillating plasma flow;

[0059] FIG. 33A illustrates a surgical site covered with
blood;
[0060] FIG. 33B illustrates an operator sweeping a volu-

metrically oscillating plasma flow over a surgical site;
[0061] FIG. 34A-C illustrate the effect of a volumetrically
oscillating plasma flow as it sweeps across a surgical site;
[0062] FIG.35illustrates a variable thickness sealing layer;
[0063] FIG. 36 is a graph of the temperature of a volumetri-
cally oscillating plasma flow along the plasma flow axis dur-
ing both the high intensity interval and the low intensity
interval;

[0064] FIG. 37 illustrates an operator sweeping a continu-
ous plasma flow over a surgical site;

[0065] FIG. 38 is a graph of the vaporization heat flux
plotted for three different bleeding rates as a function of the
high intensity interval;

[0066] FIG. 39 is a graph of the short time approximation
and the numerical simulation of compact layer formation as a
function of the low intensity interval;

[0067] FIG. 40 is a graph of the rate of compact layer
formation as a function of the low intensity interval plotted
based on experimental data;

[0068] FIG. 41 is a graph of the compact layer thickness as
a function of the number of oscillations for several different
frequencies;

[0069] FIG. 42 illustrates a partially coagulated surgical
site with an exposed blood vessel;

[0070] FIGS. 43A-C illustrates the application of axially
oscillating plasma to seal a blood vessel;

[0071] FIG. 44 is a graph of the radius of a bubble as a
function of time under the influence of ultrasonic cavitation;
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[0072] FIGS. 45A-C illustrate the process of cutting with a
typical prior art continuous plasma flow;

[0073] FIGS. 46A-C illustrate the process of cutting with a
radially oscillating plasma flow;

[0074] FIG. 47 illustrates the radial component of a radially
oscillating plasma flow sealing a blood vessel;

[0075] FIGS. 48A-E illustrate the vaporization of a tumor
with a volumetrically oscillating plasma flow;

[0076] FIG. 49A-B illustrate a volumetrically oscillating
plasma flow sealing a blood vessel exposed during vaporiza-
tion;

[0077] FIG. 50 illustrates a volumetrically oscillating
plasma waste disposal system.

5 DETAILED DESCRIPTION OF THE
EMBODIMENTS

5.1 Introduction to Volumetrically Oscillating
Plasma

[0078] By way ofintroduction, a plasma flow is a stream of
gas particles in which a non-negligible number of the gas
particles are ionized. One common way of generating a
plasma flow is to heat a stream of gas, referred to as the
plasma-generating gas, to a high enough temperature to ion-
ize a portion of the gas particles. FIG. 1A illustrates a longi-
tudinal cross-section of a typical plasma flow generated in
this manner. Plasma flow 1 is discharged by a plasma-gener-
ating device comprising tip 2 having an outlet 3. Plasma flow
1 propagates away from tip 2 along plasma flow axis 4. Under
certain flow conditions, plasma flow 1 remains laminar and
does not mix significantly with surrounding medium 5, which
is typically air. A laminar flow, such as plasma flow 1, is
characterized by a high concentration of energy in the core of
the flow, i.e., at, or in close proximity to, axis 4, and a rapid
radial temperature drop off. Typically the distribution of
energy and temperature in plasma flow 1 transverse to plasma
flow axis 4 is substantially parabolic.

[0079] A plasma flow with a substantially parabolic tem-
perature distribution transverse to plasma flow axis 4 does not
have a single temperature. For many purposes, however, it is
useful to characterize the plasma flow with a single represen-
tative temperature. One way to characterize the temperature
ofthe plasma flow is to consider the temperature in the core of
the flow. Another way to characterize the temperature of the
plasma flow is to consider the average temperature in the flow
ata given cross section. The term “outlet temperature” and its
variations refer to a representative temperature, preferably the
core temperature, of the plasma flow as it is discharged
through outlet 3.

[0080] The temperature of plasma flow 1 decreases as it
propagates along axis 4 away from outlet 3. Plasma flow 1 has
a proximal region 6 with a temperature close to the outlet
temperature of the plasma flow as it is discharged from outlet
3. Plasma flow 1 also has a distal region 7 with a lower
temperature. Because there is little mixing with surrounding
medium 5, a laminar plasma flow maintains a substantially
uniform temperature in region 7 over a significant distance
away from outlet 3. FIG. 1B shows a plot of the temperature
of the plasma flow along plasma flow axis 4. Region 10 and
region 11 in FIG. 1B correspond to the temperatures found in
proximal region 6 and distal region 7 in FIG. 1A, respectively.
As seen from FIG. 1B, the plasma flow temperature maintains
a relatively constant temperature over region 10. At distance
9 from the plasma-generating device, the plasma flow tem-
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perature decreases significantly. In region 11, the plasma flow
maintains a relatively constant temperature. Distance 9, at
which the plasma flow experiences the most significant tem-
perature drop off; is considered a demarcation point between
the proximal region 6 and distal region 7.

[0081] FIG. 2 shows a series of plasma temperature mea-
surements taken at a various distances from a plasma-gener-
ating device. The diameter of outlet 3 used for these measure-
ments was 0.5 mm. Each line in FIG. 2 represents a different
outlet temperature. Each line clearly exhibits a proximal
region and distal region as described above. As seen from
FIG. 2, as the outlet temperature of the plasma flow increases,
the proximal and distal regions extend over larger distances
away from outlet 3 of the plasma-generating device.

[0082] There is no clear boundary of the plasma flow. For
the purposes of this disclosure, the discussions of volumetric
plasma oscillations should be understood as volumetric oscil-
lations of “active plasma.” In this disclosure, active plasma is
defined as plasma with a temperature above certain threshold
of interest. For example, for surgical applications, such
threshold may be 10,000K. For some industrial applications,
this threshold may be higher, while for cosmetic applications
this threshold may be lower. Plasma with a temperature lower
than a given threshold, outside the active plasma boundary,
still may have beneficial effects. This, in this disclosure,
“active plasma” provides a way to conveniently describe the
volume (or zone) of a plasma flow, but is not meant to delimit
the portion of what may be useful plasma. For FIG. 2, the
illustrated active plasma threshold is 10,000 K.

[0083] In reference to the size of a plasma flow, for pur-
poses of this disclosure, the term “volume” is defined as the
space occupied by active plasma. When the plasma flow
discharged from outlet 3 has arelatively high temperature, the
plasma in both proximal region 6 and distal region 7 may
contain active plasma. Accordingly, the volume of such a
plasma flow would span both of these regions. For example,
in FIG. 2 the curve corresponding to a plasma flow with an
outlet temperature of 15,000 K shows a distal region with a
temperature of approximately 12,000 K. For a plasma flow
with a relatively low outlet temperature, for example,
approximately 12,000 K, only the proximal region contains
active plasma. In this case, the volume of the plasma flow is
significantly smaller. Plasma flows with an outlet temperature
of less than the active plasma threshold by definition have no
active plasma and no volume.

[0084] The terms “length” and “width,” with reference to
the plasma flow are defined in a similar manner as “volume.”
The “length” of a plasma flow is the distance between outlet
3 and the point along plasma flow axis 4 where the tempera-
ture drops below 10,000 K. FIG. 3 shows a plasma flow with
active plasma volume 20. The length of this plasma flow is the
distance between outlet 3 and point 21 along plasma flow axis
4.The “width” ofa plasma flow at a given distance from outlet
3 is defined as the diameter of a cross-section of the active
plasma flow transverse to plasma flow axis 4. For example,
the plasma flow in FIG. 3 has a maximum width in plane 22,
which is the diameter of the region in plane 22 occupied by
active plasma. The term “spot diameter” refers to the width of
the plasma flow at the spot where it comes in contact with a
substrate, such as a tissue.

[0085] In a preferred embodiment, volumetrically oscillat-
ing plasma is generated with a plasma-generating device with
annular components. In this embodiment, because outlet 3,
and as a result a cross-section of the plasma flow, is circular,
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the width of the plasma flow is substantially the same at any
angle in the cross-section. In other embodiments, the width of
the plasma flow may differ when measured at different
angles. In those embodiments, for notational convenience,
the width of a plasma flow is defined as the largest cross-
sectional diameter of the active plasma transverse to plasma
flow axis 4.

[0086] A “volumetrically oscillating plasma flow,” as the
term is used herein, refers to a flow of plasma whose volume
varies in time by expanding and contracting. Preferably these
volumetric variations are controlled. For medical applica-
tions, for example, the greatest benefit is achieved when the
plasma volume varies according to a periodic pattern.
[0087] A volumetrically oscillating plasma flow can be cre-
ated by providing to the plasma-generating gas energy with a
power density that oscillates in time between a low level
during a low intensity interval and a high level during a high
intensity interval. Providing energy with a low level power
density to the plasma-generating gas results in the generation
of low intensity plasma, while providing energy with a high
level power density results in generation of high intensity
plasma.

[0088] Additional energy provided to the plasma-generat-
ing gas during the high intensity interval, as compared to the
low intensity interval, results in an increase of the plasma flow
temperature. In a preferred embodiment, energy is supplied
by passing an electric current through the plasma-generating
gas as it flows through a plasma-generating device. In alter-
native embodiments the energy may be supplied to the
plasma-generating gas using microwaves or by means of
electromagnetic fields as known in the art. The plasma flow
generated by an energy with oscillating power density, pro-
vided to the plasma-generating gas, has a volume that oscil-
lates in time with the same frequency as the energy.

[0089] An exemplary current waveform that meets the cri-
teria of supplying a low power density level and a high power
density level to the plasma-generating gas is a biased pulse
wave, in which the current is biased at a low level, referred to
as the “bias level” and has pulses reaching a high level,
referred to as the “pulse level” FIGS. 4A-F illustrate the
behavior of the plasma particles at different times during a
single period of a biased pulse wave volumetric oscillation.
FIG. 4A shows the temperature of the plasma as a function of
time, starting at a low temperature corresponding to a low
intensity plasma during a time interval corresponding to the
bias current, then rising rapidly to a high temperature corre-
sponding to a high intensity plasma during a time interval
corresponding to the pulse current, and then returning rapidly
to the low temperature corresponding to the low intensity
plasma during the time interval corresponding to the next bias
current. The characteristic behavior of the particles at the
stages shown in FIG. 4A is shown in FIGS. 4B-F, respec-
tively.

[0090] As shown in FIG. 4B, relatively slow particles 71,
corresponding to the low intensity plasma, travel along the
plasma flow axis. Particle velocities are shown by their asso-
ciated velocity vectors. Due to a relatively low temperature,
particles 71 have a relatively high density. As shown in FIG.
4C, as the temperature of the plasma flow rapidly increases at
the beginning of the high intensity interval, particles 73 accel-
erate to a higher velocity than the velocity of particles 71. Due
to a relatively high temperature, particles 73 have a relatively
low density. These sparse, fast-moving particles 73 travel at a
high speed and quickly catch up to dense, slow-moving par-
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ticles 71 downstream in the plasma flow. As shown FIG. 4D,
collisions between the sparse, fast-moving particles 73 and
the dense, slow-moving particles 71 cause plasma particles to
scatter. Scattered particles 74 now have components to their
velocity vectors in both the radial and axial directions. This
scattering causes the width of the plasma flow to increase,
marking the beginning of a radial oscillation. This process is
analogous to a single billiard ball hitting a group of billiard
balls, all scattering in different directions after the hit.
[0091] At a certain time, referred to as transition time t,,.,, -
sirion, the fast-moving low density particles of the high inten-
sity plasma have pushed away all of the low intensity, high
density particles of the low intensity plasma. Thereafter, the
fast-moving low density particles of the high intensity plasma
propagate unimpeded along the plasma flow axis. At this
time, shown in FIG. 4E, the plasma flow length begins to
increase, marking the beginning of an axial oscillation.
[0092] In FIG. 4F, with the drop in temperature, caused by
the drop in the current at the end of the pulse, the velocity of
the particles discharged from the device drops and the density
ofthe plasma increases. This creates pressure gap 75 because
slow-moving particles 71 of the next low intensity interval do
not catch up with the fast-moving particles 73.

[0093] If the current is dropped to the bias level before
transition time t,,.. ..., the length of the plasma flow does
not have an opportunity to increase. In this situation, the
plasma flow would only undergo the processes shown in
FIGS. 4B, 4C, 4D, and 4G. Therefore, a pulse of current that
is shorter than transition time t,,,,_,;.,, produces a predomi-
nantly radial oscillation, while a pulse of current that is longer
than transition time t,,,,, ;.. produces a predominantly axial
oscillation that is preceded by a single radial expansion. Volu-
metric oscillations are produced by repeated increases and
decreases in the supplied current. In this disclosure the term
“radially oscillating plasma flow” and its derivatives refer to
a volumetrically oscillating plasma flow with radial oscilla-
tions and small-scale axial oscillations, i.e., oscillations that
do not exceed one order of magnitude the size of the outlet
diameter. The term “axially oscillating plasma flow” and its
derivatives refers to a volumetrically oscillating plasma flow
with predominantly large-scale axial oscillations, i.e., oscil-
lations that exceed one order of magnitude the size of the
outlet diameter. It should be understood, however, that axially
oscillating plasma flow starts with a radial expansion.
[0094] Another way to describe a volumetrically oscillat-
ing plasma flow is by observing its behavior in a space with a
constant volume. In this fixed space, a portion of the space is
occupied by plasma and the remaining portion is occupied by
the surrounding medium. Such medium is typically air, but
may be another gas, or even a liquid for example in certain
laparoscopic surgeries or even underwater applications. For a
volumetrically oscillating plasma flow, the portion of the
space occupied by plasma oscillates in time. Conversely, the
portion of the space occupied by the surrounding medium
also oscillates. In the fixed space, during a low intensity
interval, plasma occupies a smaller portion of the space than
during a high intensity interval. In a preferred embodiment,
the low intensity plasma has a portion with a temperature of at
least 10,000 K and the high intensity plasma has a portion
with a temperature at least 10,000 K above that of the low
intensity plasma temperature. It should be noted that the
portion of the space occupied by plasma and the surrounding
medium are not necessarily contiguous. Plasma particles may
be dispersed through the surrounding medium as shown in
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FIG. 5. Further, because the densities of plasma and the
surrounding medium may be vastly different, certain methods
of volume computation should preferably take the density
into consideration.

[0095] An alternative way of characterizing a volumetri-
cally oscillating plasma flow is by expansion and contraction
of active plasma. In a preferred embodiment the expansion
and contractions are according to a controlled pattern.
[0096] Volumetrically oscillating plasma flows also pro-
duce acoustic waves. Briefly, at the time of plasma flow
expansion, when plasma temperature rapidly rises, air is dis-
placed by the expanding plasma flow. At the time of plasma
flow contraction, when the plasma temperature rapidly drops,
the air is pulled into the resultant low pressure region that was
just occupied by the fast-moving plasma particles. When the
plasma flow oscillates repeatedly, these air movements form
an acoustic wave.

[0097] Volumetrically oscillating plasma flows are useful
in a variety of applications, for which the use of continuous
plasma flows, produced with constant energy supply, is not
ideal. The illustrative applications in this disclosure are in the
medical field. Other applications include, among others, the
treatment of electronic components, cosmetics, and waste
disposal applications.

5.2 System

[0098] Referring to FIG. 6, an embodiment of a system
capable of providing a volumetrically oscillating plasma flow
generally comprises console 31 and plasma-generating
device 32. In a preferred embodiment, console 31 provides
energy in the form of an electric current, plasma-generating
gas, and coolant to plasma-generating device 32 through con-
nector 33. Console 31 preferably has control circuitry, such as
a processor, for operating the plasma-generating device 32
and a user interface comprised of a display and controls. An
operator programs the mode of operation of the system with
the controls of console 31 in accordance with parameters for
a given application, then uses plasma-generating device 32 to
discharge a plasma flow.

[0099] In a preferred embodiment specifically adopted for
surgical use, plasma-generating device 32 is a hand-held sur-
gical device. The operator may be a trained medical profes-
sional, such as a surgeon. Plasma-generating device 32 may
be adapted for performing open or laparoscopic surgery.
[0100] FIG. 7 shows alongitudinal cross-section of'a multi-
electrode plasma-generating device 41 suitable for generat-
ing volumetrically oscillating plasma flows. Plasma-generat-
ing device 41 comprises anode 42, a cathode 43, and a number
of intermediate electrodes 46', 46", 46'". Depending on the
application, the number of the intermediate electrodes may
vary. Together with anode 42, intermediate electrodes 46',
46", 46" form a plasma channel. The cross-sectional diameter
of'this plasma channel may vary with distance from the cath-
ode. FIG. 7 shows a plasma channel comprising two separate
portions with different cross-sectional diameters. Plasma
channel heating portion 58 is formed by intermediate elec-
trodes 46', 46", and 46". Anode 42 forms plasma channel
anode portion 45. In this embodiment the cross-sectional
diameter of plasma channel heating portion 58 is slightly
smaller than that of the plasma channel anode portion 45. In
the preferred embodiment, the cross-sectional diameter of
plasma channel anode portion 45 corresponds to the diameter
of outlet 3, which is one of the key parameters controlling the
properties of the generated plasma flow. Intermediate elec-
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trodes 46', 46", 46 and anode 42 are separated from direct
contact with each other by annular insulators 47', 47", 47"
Sleeve 44 forms gas supply channel 59 that runs along cath-
ode 43 into the cathode chamber 49 that hosts tip 48 of
cathode 43.

[0101] During operation, the plasma-generating gas is sup-
plied into plasma-generating device 41. Once in the plasma-
generating device the plasma-generating gas is passed to
plasma chamber 49 and then into plasma channel heating
portion 58 through gas supply channel 44. From there, the
plasma-generating gas enters plasma channel anode portion
45. After traversing plasma channel anode portion 45, the
plasma-generating gas is discharged through outlet 3. The
plasma-generating gas is preferably argon. Alternatively, an
inert gas or air may be used as the plasma-generating gas. A
plasma flow is generated by heating the plasma-generating
gas as it passes through plasma channel heating portion 58. In
the preferred embodiment, the energy for heating the plasma
flow in plasma channel heating portion 58 is transferred to the
plasma-generating gas by an electric arc established between
cathode 43 and anode 42. This electric arc is generated by
passing a current from console 31 between cathode 43 and
anode 42.

[0102] For a plasma flow formed with an electric current
arc discharge, the temperature of the plasma flow depends on
the current of the electric arc, the plasma-generating gas flow
rate, and the diameter of heating portion 58. The temperature
of the plasma flow as it leaves heating portion 58 is propor-
tional to the ratio of the current to the diameter of heating
portion 58, i.e.,

1

,
Aheating

T

where T is the temperature in K, I is the current in A, and
Qj,eazing 15 the diameter of heating portion 58 in mm. As seen
from the above relationship, high temperatures can be
achieved by passing a high current through a plasma-gener-
ating device with a small heating portion diameter. Electrodes
46 and anode 42 are composed of presently known in the art
materials that can safely sustain a continuous temperature of
12,000-13,000 K. Exceeding this temperature increases the
risk of electrode erosion, which is unacceptable for medical
applications in which plasma impurities may be harmful to
the patient. It was observed, however, that increasing the
temperature up to 30,000 K temporarily, for up to several
milliseconds, does not result in electrode erosion. Temporary
increases of the current passed between cathode 43 and anode
42 up to 30 A were found to not cause erosion and to be
otherwise safe, while increasing the plasma flow temperature
to 20,000-30,000 K. To achieve 30,000 K with this current,
the diameter of heating portion 58 should be 0.6 mm or less,
and is preferably 0.3-0.5 mm.

[0103] The plasma is discharged from outlet 3 of the
plasma-generating device. The preferred outlet diameter var-
ies based on the application. For example, medical applica-
tions such as tissue cutting require a small width plasma flow
to achieve precise cuts. Referring again to FIG. 7, this
embodiment shows a plasma-generating device where the
diameter of the plasma channel anode portion 45 and the
diameter of outlet 3 are not much larger than the diameter of
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plasma channel heating portion 58. In the preferred embodi-
ment, the diameter of outlet 3 is about 0.3-0.8 mm, preferably
0.5 mm.

[0104] For some applications, an outlet with a large diam-
eter is preferred. A large outlet diameter allows generating a
plasma flow with a large spot diameter. Such a large spot
diameter is preferred for certain applications such as wound
healing, cosmetics, and cleaning. Some applications may not
require the volumetrically oscillating plasma to have very
high outlet temperatures. But for those applications that actu-
ally require high outlet temperatures and a large spot diam-
eter, an embodiment as illustrated in FIG. 8 may be used.
[0105] As shown in FIG. 8, the diameter of the plasma flow
may be gradually expanded within the device. FIG. 8 shows
an embodiment of the plasma-generating device with a
plasma channel having an expansion portion. The plasma
channel comprises heating portion 58, expansion portion 57,
and anode portion 45. Expansion portion 57 comprises one or
more expansion sections. In the embodiment shown in FIG. 8,
expansion portion 57 comprises expansion sections 54, 55,
56. Starting at heating portion 58, the diameter of each suc-
cessive expansion section increases, terminating with anode
portion 45 with the desired outlet diameter for the particular
application. To guarantee proper expansion of the plasma
flow in the plasma channel, in the context of the examples
discussed above each successive section should preferably
increase in diameter by about 0.2-0.6 mm, and have a length
between approximately one and two times its diameter.
[0106] In some embodiments of the plasma-generating
device, heating portion 58 and each section of expansion
portion 57 are formed by separate electrodes. In other
embodiments of the plasma-generating device, a single inter-
mediate electrode may form portions of two or more adjacent
sections. In yet some other embodiments, some intermediate
electrodes may form a portion of a section, or an entire sec-
tion, of the heating or expansion portions, and other interme-
diate electrodes may form only portions of two or more adja-
cent sections. In the embodiment shown in FIG. 8,
intermediate electrode 46' forms a cathode chamber and a part
of the heating portion, intermediate electrode 46" forms
expansion section 54 (and part of heating portion 58), and
intermediate electrode 46" forms expansion sections 55 and
56.

[0107] Referring back to FIG. 6, in the preferred embodi-
ment, console 31 contains control circuitry capable of causing
the power supply to deliver an electric current suitable for
generating a volumetrically oscillating plasma flow. The cur-
rent is transmitted to plasma-generating device 41 through
connection 33 to console 31. The control circuitry is prefer-
ably capable of causing the power supply to provide an arbi-
trary periodic current wave, such as wave 54 shown in FIG. 9.
The basic characteristic of current 54 is repetition of a desired
waveform with period t. Current 54 oscillates between a
low-level current I; and high-level current I, This arbitrary
current waveform may have features that vary slowly with
time such as smooth region 55 or rapidly such as rectangular
pulse 56. A variety of periodic current waves may be suitable
for generating a volumetrically oscillating plasma flow.
[0108] As discussed above, volumetric oscillations of a
plasma flow are caused by changes in the plasma flow tem-
perature, which alters the length, width, and volume of the
plasma flow. Particularly for radial oscillations, the magni-
tude of these changes depends on how rapidly the plasma
temperature changes. This is due to the scattering mechanism
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described above in connection with FIG. 4D, which is more
pronounced when the differences in density and velocity of
the particles are significant. For example, if current 54 varies
slowly, the density and velocity of the particles change only
gradually and the amount of radial scattering is small.
[0109] In a preferred embodiment, the control circuitry is
capable of causing the power supply to generate rectangular
pulses. In this embodiment, the power supply uses three cur-
rent sources, as schematically shown in FIG. 10. The first
current source is capable of providing a constant bias current.
The second current source is capable of providing rectangular
pulses with a frequency of about 20-100 Hz. Preferably the
second current source has a ramp rate of 25 A per 10 ps. The
third current source is capable of generating rectangular
pulses with a frequency of about 20,000-100,000 Hz. The
third current source has a ramp rate of at least 20 A per 1 ps,
preferably more 25 A per 1 us. The power supply preferably
generates up to 50 A. A higher current which may be unac-
ceptable for medical applications, however, may be preferred
for industrial applications.

[0110] For many applications it is desirable to introduce
rapid variations in the current to produce radially or axially
oscillating plasma flows. FIG. 11 shows a biased pulse wave
capable of producing such oscillations. In this preferred
embodiment, the oscillating current used to generate a volu-
metrically oscillating plasma flow maintains the bias current
level, coupled with periodic pulses reaching the pulse current
level. A single period 51 of current 50 may be viewed as the
high intensity interval 52 and low intensity interval 53. Dur-
ing low intensity interval 53, the current is maintained at bias
current level I, . During high intensity interval 52 the current
is raised to pulse current level 1. Low intensity interval 53
and high intensity interval 52 are maintained for times 53 and
52, respectively. The duty cycle D of current 50 is given by the
ratio of high intensity interval 52 t, and the period of the
oscillation,

Iy
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The frequency f of current 50 oscillations is
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[0111] Asexplained above in connection with FIGS. 4A-G,
abiased pulse current wave, such as the one shown in FIG. 11,
produces a volumetrically oscillating plasma flow that can be
radially or axially oscillating depending on the frequency.
Significant radial oscillations, for example, can be generated
when the current has a frequency greater than 2,000 Hz,
preferably in the range of 20,000-30,000 Hz. This frequency
ensures that the duration of the pulse current level is close to
the transition time of the plasma flow, which does not provide
sufficient time for a significant axial oscillation to develop.

[0112] For generation of predominantly axial oscillations,
the frequency of the biased pulse wave is preferably 20-100
Hz. This frequency range ensures that the duration of the high
intensity interval is longer than the transition time, so that the
plasma flow has the opportunity to expand in length during
the pulse. Regardless of the frequency used, however, the
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average current is determined by the duty cycle D of the
biased pulse wave. In general, for volumetrically oscillating
plasma flows the average current must be kept at a level low
enough to avoid damaging components of the plasma-gener-
ating device. At the same time, to create a significant increase
in temperature of the plasma flow, pulse current level, 1.,
must be relatively high. The operational bias current level, I,
is 3-10 A, preferably around 6 A, and the pulse current level,
is around 25-30 A, with the duty cycle D 0f 0.05-0.15. These
preferred settings produce an average current level of only
7.2-9.6 A, while alternating between a low temperature of
11,000 K and a high temperature of 20,000-30,000 K. The
brief current increases to 30 A were found not to cause dam-
age to the plasma-generating device components.

[0113] Insome embodiments the control circuit is capable
of generating a modulated biased pulse wave shown in FIG.
12. In the wave shown in FIG. 12 high frequency pulses are
modulated by low frequency pulses. This current wave com-
bines the effects of both low frequency and high frequency
biased pulse waves. This current wave is structured like a low
frequency biased pulse wave, except that the constant pulse
current level during the high intensity interval has been
replaced by a high frequency biased pulse wave. Preferably,
for the modulated pulse wave, the high-frequency frequency
is 20,000-30,000 Hz, high frequency duty cycle is 0.35-0.65,
low-frequency frequency is 20-100 Hz, low frequency duty
cycle is 0.05-0.15, bias current level is 3-10 A, and pulse
current level is 25-30 A. In one embodiment of the modulated
biased pulse wave, shown in FIG. 12, the low frequency
period T, is 30 ms and the low frequency duty cycle D, is0.13.
The high frequency period T, is 40 um and the high period
duty cycle D, is 0.5. When such a current wave is used to
generate a volumetrically oscillating plasma flow the result-
ing plasma flow exhibits significant axial oscillations coupled
with high frequency radial oscillations during the high inten-
sity interval. The large high frequency duty cycle D, ensures
that the high frequency oscillations do not limit the length of
the plasma flow during the high intensity interval.

[0114] Instead of a rectangular low frequency pulse, other
envelope functions can be used. FIGS. 13A and 13B show
examples of such waves. In FIG. 13A, a sine wave is used as
an envelope for the high frequency pulses. In FIG. 13B, a
chirp wave is used as an envelope of the low frequency pulse.
Using a non-constant envelope for the high frequency pulse
provides amplitude modulation of the current wave during the
high intensity interval. Further, the bias current level does not
need to be constant. In some embodiments, the bias current
level changes in time. All electric current waveforms that are
disclosed in connection with the preferred embodiments may
provide energy to the plasma-generating gas which may alter-
natively be provided by other means such as magnetic field or
microwaves.

[0115] Device 32 may be also be adapted for generating an
intermittent plasma flow. An intermittent plasma flow is a
flow that is heated by an electric arc periodically. The electric
arc is periodically turned ‘on’ and ‘off.” During the ‘on’ state
the arc between cathode 43 and anode 42 is established and
maintained. During the ‘off” state the arc is extinguished and
room-temperature plasma-generating gas is discharged from
outlet 3. An intermittent plasma flow, in which the plasma
flow ceases, should not be confused with a volumetrically
oscillating plasma flow, in which the plasma volume
increases and decreases. To produce intermittent plasma, the
plasma-generating device has to overcome two problems.
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First, during the startup of the ‘on’ state, electrodes erode
creating impurities introduced into the plasma flow. While
this does not present a problem for a non-intermittent plasma
flow in which the startup occurs once for the entire procedure,
for the intermittent plasma, the generated impurities for each
‘on’ period may render the device unsuitable for medical use.
This problem is overcome by the use of a special startup
current sequence before the current is ramped to the opera-
tional level during the ‘on’ state as shown in FIG. 15B. Sec-
ond, the area of electric arc attachment to the cathode grows
with each subsequent ‘on’ state until it includes the cathode
holder. When the area of the electric arc attachment reaches
the cathode holder, the cathode holder begins to melt, which
introduces impurities into the plasma flow. This problem is
overcome by the use of the specialized multi-cathode assem-
bly disclosed in U.S. Pat. No. 7,589,473, incorporated herein
by reference for all purposes.

[0116] FIG. 14A shows an alternative embodiment of
plasma-generating device 32 specifically adapted for the gen-
eration of a volumetrically oscillating intermittent plasma
flow. Such a device uses specialized multi-cathode assembly
90 comprising multiple cathodes 91, 92, 93, held together by
cathode holder 94, shown in FIG. 14B. When specialized
multi-cathode assembly 90 is used to generate intermittent
plasma flows, the area of electric arc attachment on cathode
assembly 90 settles on a single cathode during each ‘on’ state.
This allows the other cathodes to cool when they are not being
used to pass current. Because only a limited portion of cath-
odes 91, 92, 93 heat up to be able to emit electrodes, the
cathode assembly will maintain a stable temperature and the
area of the electric arc attachment will not reach cathode
holder 94. While this specialized multi-cathode assembly is
particularly suited for generating intermittent plasma flows, it
can also be used for generating non-intermittent plasma
flows.

[0117] With reference to FIG. 8, when the plasma-generat-
ing device generates an intermittent plasma flow, the opera-
tional current level may not be achieved immediately. With
reference to FIG. 15B, the operational current occurring
between times ty and t, is made possible by applying the
voltage pattern shown in FIG. 15A and passing the current
shown in FIG. 15B, up to time tg, through the cathode assem-
bly 90 and anode 42 (not shown in FIG. 14A). At time tg, the
operational current is reached, and the plasma behaves like a
continuous plasma flow from time t; until time t,, as the opera-
tional current is maintained at a constant level. During opera-
tion of such a device, the plasma flow completely ceases
during the ‘off” state.

[0118] During a single ‘on’ state of the intermittent plasma
flow, many periods of volumetric oscillation may occur. In
one embodiment, the duration of an ‘on’ state may be con-
trolled through the console. For some applications, the opti-
mal duration of the ‘on’ state is approximately 5 ms. During
an ‘on’ state with this duration, a number of radial plasma
oscillations may occur. For a longer ‘on’ state, such as 1 s,
there is enough time to generate a number of axial oscillations
as well as radial oscillations.

[0119] By replacing the constant operational current during
the ‘on’ state with a biased pulse wave such as current 50
shown FIG. 11, the intermittent plasma flow embodiment
generates a volumetrically oscillating plasma flow during the
‘on’ state. FIG. 15C shows a single period of a current wave
with these properties, which is suitable for generating a volu-
metrically oscillating intermittent plasma flow. In a preferred
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embodiment, the length of the ‘on’ state is 1-100 ms with a
constant bias current level of 1-3 A. The pulse current level is
preferably about 30-50 A. Oscillations during the ‘on’ state
are accomplished by a high frequency biased pulse wave with
a duty cycle of 0.5 and a frequency of 20,000-100,000 Hz.
[0120] Referring again to FIG. 6, console 31 also contains
control circuitry, such as a processor, to regulate the flow of
plasma-generating gas to plasma-generating device 32. In a
preferred embodiment, console 31 is mounted on service
module 34 that houses the plasma-generating gas supply and
preferably coolant. Alternatively, console 31 may be mounted
on an overhead arm or on a cart. Console 31 preferably
provides a stable and low variable flow rate of plasma-gener-
ating gas during operation. In embodiments adapted for sur-
gical procedures, the flow rate is kept relatively low to ensure
both a laminar plasma flow and suitable power level for
surgery. In a preferred embodiment, the flow rate of plasma-
generating gas during operation is about 0.1-0.6 L/min at
room temperature, preferably about 0.2-0.5 L/min at room
temperature. The plasma-generating gas flows to device 32
through connector 33. To maintain a stable and constant
plasma flow rate, the control circuitry preferably maintains
the plasma flow at a given flow rate with an accuracy of about
10 mL/min. In a preferred embodiment, the operator is able to
select a flow rate using console 31 starting at 0.1 I/min and
increasing in increments of about 30 mL/min.

[0121] During operation, the temperature of device 41
components, such as cathode 43, intermediate electrodes 46',
46", 46", and anode 42, should be kept below the smelting
point. To cool these elements, in some embodiments, one or
more cooling channels 40 are arranged so that a coolant
circulates within plasma-generating device 41. Preferably,
water is used as the coolant, however other types of fluids may
be used. In a preferred embodiment, the coolant flows in
channels 40A and 40B. In FIG. 7, for example, the coolant
from console 31 enters device 41 through channel 40A, then
goes around anode 42, and leaves device 41 through channel
40B. As the coolant traverses channels 40A and 40B, it
absorbs some of the heat generated during operation of device
41.

[0122] In other embodiments, shown in FIG. 16, cooling
channels pass through device 41. In these embodiments, the
coolant may be discharged from the device at coolant outlets
400 located near outlet 3. Such a cooling system is disclosed
in U.S. Pat. Pub. No. 2007/0029292, incorporated herein by
reference for the purposes of disclosing a pass-through cool-
ing system. Pass-through cooling systems have some advan-
tages. Because there is no need to return the heated coolant
and all cooling channels carry the coolant only one way, a
lower coolant rate is required and the plasma-generating
device can be miniaturized. Further, by discharging the cool-
ant along with the plasma flow it is possible to localize the
heating effect of the plasma flow.

[0123] Preferably, console 31 also contains control cir-
cuitry to regulate the flow of coolant through the system. By
maintaining a steady flow of coolant through plasma-gener-
ating device 32, console 31 prevents overheating, which can
cause damage to device 32. Preferably, for the closed cooling
systems shown in FIG. 7, console 31 monitors the tempera-
ture increase of the coolant after passing through plasma-
generating device 32. This temperature difference can be used
to calculate the power output of the device, which can be
shown on the display of console 31. In some embodiments, if
the change in temperature of the coolant exceeds a certain
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threshold, for example 10K, the coolant control circuitry
disables the system as a safety precaution.

[0124] Connector 33 transfers current, plasma-generating
gas, and coolant between console 31 and plasma-generating
device 32. Separate connections for each may be used, how-
ever, in a medical setting having multiple connections or
wires leading to plasma-generating device 32 is inconvenient.
Preferably, all the required connections are enclosed into a
single connector. In one embodiment, connector 33 com-
prises shielded wires for applying current to the plasma-
generating device, and flexible hoses suitable for transporting
the plasma-generating gas to plasma-generating device 32
and circulating the coolant into and out of plasma-generating
device 32.

[0125] Additional components of a system for generating
volumetrically oscillating plasma flows may include a suction
module for removing extraneous tissue during surgical pro-
cedures. A suction channel may be incorporated into plasma-
generating device 32 that allows the suction system to remove
the extraneous matter from surgical site through connector 33
and into console 31 for storage and eventual disposal.

5.3 Generation of Volumetrically Oscillating Plasma
Flow

[0126] Additional aspects of this disclosure are illustrated
with reference to FIGS. 17A-C. FIG. 17A shows a high fre-
quency biased pulse wave. The bias current level is shown as
numeral 144. The pulse current level is shown as numeral
145. The high frequency period is shown as numeral 143. The
high intensity interval is shown as numeral 141 and low
intensity interval is shown as numeral 142. FIG. 17B shows a
low frequency biased pulse wave. All features of this wave are
shown as the same numerals as in FIG. 17A. FIG. 17C shows
a modulated biased pulse wave. All features of this wave are
referenced by the same numerals, except the high frequency
period is shown as numeral 146 and the low frequency period
is shown as numeral 143.

[0127] Turning to the physical mechanisms giving rise to
the formation of volumetrically oscillating plasma flows, in
one embodiment an oscillating current such as current 50
shown in FIG. 11 is applied to a plasma-generating gas.
Plasma-generating gas heated by bias current I, forms a low
intensity plasma flow, while the plasma-generating gas
heated by pulse current I, forms a high intensity plasma flow.
Viewed over time, the resulting plasma flow is a low intensity
plasma flow with bursts of high intensity plasma flow. The
frequency of the high intensity plasma bursts corresponds to
the current pulse frequency.

[0128] The periodic change in intensity of the plasma flow
results in the oscillation of several key properties of the
plasma flow, such as the dynamic pressure P (T), the static
pressure p(T), the density p(T), the enthalpy h(T), and the
power P(T), all of which are functions of the plasma tempera-
ture. The effect of these oscillations on the volume of the
plasma flow depends upon the timescale of these oscillations.
High frequency oscillations, i.e. oscillations with a frequency
greater than 2,000 Hz, result in a radially oscillating plasma
flow, i.e., a volumetrically oscillating plasma flow with radial
oscillations and small-scale axial oscillations. Lower fre-
quency oscillations in the range of 20-100 Hz, on the other
hand, result in an axially oscillating the plasma flow, i.e., a
volumetrically oscillating plasma flow with predominantly
large-scale axial oscillations.
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[0129] FIGS. 18A-C illustrate high and low frequency
volumetric oscillations of plasma flow. FIG. 18A shows
active plasma 61 during the low intensity interval. This illus-
tration applies equally to the low intensity interval of either
low or high frequency oscillations. The volume of active
plasma 61 of the low intensity plasma flow is relatively lim-
ited. In a preferred embodiment a bias current level I; of 6 A
produces plasma with a temperature of about 11,000-12,000
K. Under these conditions, the volume of active plasma is
relatively small and is limited to the proximal region 6, as
shown in FIG. 1A. Outside active plasma region 61 shown in
FIG. 18A, air mixes with the plasma particles and cools them
to a temperature below 10,000 K.

[0130] FIG. 18B shows the dynamics of high frequency
oscillations of a plasma flow. The oscillation frequency is
greater than 2,000 Hz, and is preferably in the ultrasonic
range, i.e. greater than 20,000 Hz. In this example, the duty
cycle of the current wave is about 0.05-0.15. In a preferred
embodiment where the pulse current level I, is 30 A, the
outlet temperature of the high intensity plasma is 20,000-30,
000 K. During the high intensity interval, active plasma occu-
pies region 62. The increase in active plasma volume from
region 61 to region 62 is due mostly to a significant increase
in the width of the plasma flow. This increase in width is
accompanied by a modest increase in the length of the plasma
flow. Significantly, when oscillations occur at a high fre-
quency, the high intensity plasma flow is shorter and wider
than a continuous plasma flow with an outlet temperature of
20,000-30,000 would be. Due to limitations of presently
known materials, however, generation of such a continuous
plasma flow is presently not difficult. Such a continuous
plasma flow would have a large volume due to the presence of
a long distal region containing active plasma. In the case of
high frequency oscillations, no such distal region forms.

[0131] In contrast, low frequency current waves produce
plasma flows that exhibit significant predominantly axial
oscillations. FIG. 18C shows the dynamics of a volumetri-
cally oscillating plasma flow oscillating at a low frequency. In
a preferred embodiment, the current is a biased pulse current
wave where the frequency of current pulses is 20-100 Hz, the
current wave duty cycle is 0.05-0.15, and the bias current
level I; and pulse current level I, are 6 A and 30 A, respec-
tively. During a low frequency oscillation, the volume of the
plasma flow increases from region 61 to region 62, shown in
FIG. 18B, and then to region 63. The greatest increase in the
plasma flow volume is attributable to a substantial increase in
the plasma flow length. This length can oscillate as much as
40 mm, from a length of approximately 15 mm to 55 mm. In
contrast, after transition time t,,,,,, ., the width of the high
intensity plasma flow in the proximal region is only slightly
larger compared to the low intensity flow width. While the
shape of the high intensity plasma flow resembles the shape of
a continuous plasma flow with a similar temperature, the two
shapes are not the same. The width of the axially oscillating
plasma flow at a point significantly removed from the outlet
along axis 4 is substantially larger than the width of a con-
tinuous plasma flow at the same distance. For an axially
oscillating plasma flow discharged from a device with an
outlet diameter of 0.5 mm, the width can reach up to 5-6 mm
at a distance of 20-50 mm from outlet 3. To achieve the same
width with a continuous plasma flow at 20,000-30,000 K, the
outlet diameter would need to be 1.2 mm.

[0132] FIGS. 19A-C highlight the differences in volume
between a continuous plasma flow and the high intensity
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plasma of volumetrically oscillating flows with low and high
frequency. FIG. 19A shows the volume of a continuous
plasma flow with an outlet temperature of 20,000 K dis-
charged from an outlet diameter of 0.5 mm FIG. 19B shows a
high intensity plasma flow during the high intensity interval
of a high frequency oscillation. FIG. 19C shows a high inten-
sity plasma flow during the high intensity interval of a low
frequency oscillation. In the continuous plasma flow shown in
FIG. 19A, the outlet temperature is 20,000 K. Comparing
FIG.19A to FIG. 19B shows that the width of the plasma flow
near the outlet is significantly greater when using high fre-
quency volumetric oscillations, while the length of the
plasma flow is significantly smaller than the continuous
plasma flow. Comparing FIG. 19A to FIG. 19C shows that
while the lengths of the two plasma flows are comparable, the
width of the volumetrically oscillating plasma flow at dis-
tance 100 is significantly larger than the width of the continu-
ous plasma flow at the same distance. These differences
between volumetrically oscillating plasma flows and continu-
ous plasma flows occur because of the dynamics of the par-
ticles forming the plasma flow during a period of oscillation.
[0133] The dynamics of the particles forming the plasma
flow can be explained as follows. The mass flow rate of the
plasma, which is constant for a given plasma-generating gas
flow rate, can be expressed by the following equation:

m=pud,

where tit is the mass flow rate in kg/s, p is the density in
kg/m>, u is the flow velocity in m/s, and A is the mass flow
area in m*. The mass flow area is a constant at outlet 3.
Because the mass flow rate at this point is the same during the
high intensity interval and the low intensity interval the fol-
lowing relationship holds:

Piovtionw™Phightnigh-

[0134] Further, because the density of the plasma decreases
significantly at higher temperatures:

Prow” Phigh>

the velocity of the plasma during the high intensity portion of
the oscillation is significantly larger, i.e.:

Upoy < Upigh

If the high intensity interval t,, is very short, the plasma flow
is dominated by the scattering behavior observed during the
transition time t,,,,,, ;.- Lhis situation is illustrated in FIG.
20A. Here, the high intensity bursts are terminated around
transition time t,,.,,,.s0,> SO the length of the plasma flow does
not have an opportunity to expand significantly to the length
shown in FIG. 19C. Instead, the oscillation of the volume of
the plasma flow is mostly due to the change in width occur-
ring as particles are scattered away from the plasma flow axis.
Frequencies greater than 2,000 Hz produce radially oscillat-
ing plasma flows such as shown in FIG. 6B.

[0135] When longer pulse lengths are used, high intensity
interval t,; can be much greater than transition time t,, ., /ion-
This situation occurs when the high intensity bursts are 0.5-5
ms, which corresponds to a frequency range of 20-100 Hz,
having a duty cycle of 0.05-0.15. This situation is shown in
FIG. 20B. Here, the high intensity burst lasts long enough for
the relatively high velocity, low density plasma particles to
extend the active plasma flow to a significant length and
achieve the form shown in FIG. 19C. While it appears that the
radial scattering which occurs during the transition time may
only effect the shape of the plasma flow at the very beginning
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of a long pulse, in reality the radial scattering was found to
have an effect well beyond transition time t,,,,, 0

[0136] Beyond justincreasing the width of the plasma flow,
the radial scattering of plasma particles changes the dynamic
pressure of the plasma flow. Dynamic pressure can be
expressed with the following equation:

1
Pa= EP"Z

where P, is the dynamic pressure in pascals, p is the fluid
density in kg/m®, and v is the fluid velocity in m/s. The
dynamic pressure is a property of plasma flows which influ-
ences how far into a medium, such as air or tissue, the plasma
flow penetrates. For a plasma flow, the dynamic pressure P,
has the axial component, P, and the radial component, P,..
In continuous laminar plasma flows, the velocity of the par-
ticles is substantially aligned with the plasma flow axis, so the
axial component of the dynamic pressure, P,,, is relatively
high, while the radial component, P, is negligible. Dynamic
pressure components for a continuous plasma flow are
reflected in FIG. 21A-C. FIG. 21A shows a constant current
that generates a continuous plasma flow. FIG. 21B shows an
almost non-existent radial component of the dynamic pres-
sure, P,,.. FIG. 21C shows a substantial axial component of
the dynamic pressure, P,,. The distribution of the radial and
axial component of the plasma flow dynamic pressure
changes when the plasma flow oscillates volumetrically.
These changes are reflected in FIG. 21D-F. FIG. 21D shows
an arbitrary current pulse, that is longer than the transition
time. FIG. 21E shows the radial component of the dynamic
pressure, P,,. In the beginning of the high intensity interval,
due to scattering, the radial component of the dynamic pres-
sure P, quickly reaches its maximum. As the slow-moving,
high density particles are pushed away by the fast moving,
low density particles, the radial component P, gradually
drops. At the end of the high intensity interval, due to the
pressure gap, described in connection with FIG. 4F, the radial
component of the dynamic pressure is negative. As the slow-
moving, high density particles of the next low intensity inter-
val fill the gap, the radial component of the dynamic pressure
P, levels off. FIG. 21F shows the corresponding axial com-
ponent of the dynamic pressure, P,,. The sum of the two
dynamic pressure components during the high intensity inter-
val is constant. Accordingly, as the radial component
decreases, the axial component decreases.

[0137] A significant radial dynamic pressure enables the
volumetrically oscillating plasma flow to penetrate into a
medium substantially adjacent to the plasma flow, rather than
only the medium transverse to the plasma flow axis. In one
embodiment, a radially oscillating plasma flow is used to cut
tissue during surgery. While the plasma flow accomplishes
efficient cutting along the plasma flow axis, the radial com-
ponent of the dynamic pressure enables a simultaneous pen-
etration into the walls of the cut to achieve haemostasis.
[0138] The radial component of the dynamic pressure is
also responsible for the increased width of an axially oscil-
lating plasma flow, as can be seen in FIGS. 22A-D. FIG. 22A
shows low intensity plasma flow 120, right before the start of
a high intensity interval. FIGS. 22B-D show the development
of the high intensity plasma flow. FIG. 22B shows the radial
scattering of plasma particles, which rapidly increases the
radial component of the dynamic pressure, This rapid
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increase of the radial component of the dynamic pressure
causes a pressure wave 121, which disturbs the flow of air
surrounding the plasma flow. FIG. 22C shows that shortly
after the transition time has passed, the volume of the plasma
flow begins to increase in the axial direction. Air eddies 122
form as aresult of the radial pressure wave in the beginning of
the high intensity interval. Air eddies 122 create a lasting air
disturbance, which continues well past the transition time.
FIG. 22D shows the resulting expansion of width 123 of the
flow that occurs due to air eddies 122 interacting with the
plasma flow throughout the duration of the high intensity
pulse.

[0139] Due to changes in dynamic pressure, oscillations of
the plasma flow create acoustic waves. Specifically, expan-
sion of the plasma flow with the accompanying increase in
dynamic pressure causes the displacement of air molecules
away from the plasma flow. On the other hand, contraction of
the plasma flow, with the accompanying decrease in dynamic
pressure, creates an area of low pressure around the plasma
flow. Air, which is at atmospheric pressure, rushes into the
area of low pressure. In a single oscillation, air is pushed away
by the expanding plasma and then sucked back into the area of
low pressure, which results in a single air oscillation. The air
oscillations follow the plasma flow oscillations. As the
plasma flow oscillates radially and axially, the air oscillates
both radially and axially as well. This is shown in FIG. 18B
for a radially oscillating plasma flow and in FIG. 18C for an
axially oscillating plasma flow.

[0140] Whenthe frequency of plasma oscillations is greater
than 20,000 Hz, the acoustic waves are ultrasonic, and can
transmit ultrasonic mechanical energy from the plasma flow
to a tissue or other medium. In medicine, ultrasonic waves are
known to cause cavitation, which has been shown to cause or
enhance coagulation. The amount of energy transferred by
acoustic waves to a medium depends on the amplitude of the
plasma flow volumetric oscillations generating the acoustic
waves. The amplitude of volumetric oscillations in a plasma
flow, in turn, depends on (1) the difference in temperatures
between the low intensity plasma and the high intensity
plasma, (2) the high intensity interval t,, and (3) the pulse
frequency.

[0141] FIG. 23 shows the length of the high intensity
plasma as a function of the period T of oscillation. The
plasma-generating device used in the experiment had an out-
let diameter of 0.5 mm and generated a biased pulse current
wave with a duty cycle of 0.10. To show the influence of
temperature on the length of the plasma flow, several mea-
surements were performed each with a different outlet tem-
perature of high intensity plasma. In each measurement the
temperature of the low intensity plasma flow was 10,000 K,
and the length of the plasma during the low intensity interval
was approximately 8 mm, as indicated by line 131. As seen
from FIG. 23, higher outlet temperatures of the high intensity
plasma result in longer flows. Similarly, longer periods result
in longer flows because the plasma flow has a greater oppor-
tunity to extend.

[0142] FIG. 23 also shows how the amplitude of the volu-
metric oscillations vary with frequency. For high frequency
oscillations, i.e., when r is less than 0.5 ms (£>2,000 Hz), the
length oscillations are small. In this mode, scattering of the
plasma flow during the transition time is the dominant mecha-
nism of volumetric oscillations and therefore the volumetric
oscillations are predominantly radial. For periods longer than
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5 ms significant length oscillations are observed. For
example, an axial extension of up to 50 mm for periods of 50
ms (f=20 Hz) is possible.

[0143] Regardless of the frequency of oscillations, the dif-
ference in temperatures between the high intensity plasma
and the low intensity plasma has a dramatic influence on the
oscillation amplitude. For example, a temperature difference
of approximately 5,300 K produces an oscillation with an
amplitude of less than 10 mm for a period of 50 ms as shown
in FIG. 23, while a temperature difference of 10,000 K pro-
duces an oscillation of approximately 40 mm for a 50 ms
period. Therefore, in the preferred embodiment, the tempera-
ture of the high intensity plasma is preferably at least 10,000
K greater than the temperature of the low intensity plasma.
[0144] Tt is also possible to combine low frequency axial
oscillations with high frequency radial oscillations, so that an
axially oscillating plasma flow generates ultrasonic acoustic
waves. As discussed above, applying the low frequency
biased pulse wave shown in FIG. 11 results in axial oscilla-
tions, but does not produce oscillations in dynamic pressure
faster than 100 Hz. Using a high frequency biased pulse wave
form produces a plasma flow that does not have significant
axial oscillations. The modulated biased pulse wave shown in
FIG. 12, however, can in fact produce a plasma flow that
oscillates significantly in length while still providing ultra-
sonic energy during the high intensity portion. Basically, the
modulated biased pulse wave is a high frequency biased pulse
wave modulated by low frequency pulses. The envelope of
current 150, shown in FIG. 12, resembles a current suitable
for a low frequency axially oscillating plasma flow. In one
embodiment, current 150 has low frequency period T, of 30
ms (f=33 Hz) and a low frequency duty cycle D, of 0.13.
During the high intensity interval of the t,, however, current
150 preferably modulates the high frequency pulses having a
high frequency period T, of 40 ps and a high frequency duty
cycle D, of 0.5. High frequency duty cycle D, of the modu-
lated biased pulse wave is greater than the 0.05-0.15 used for
a radially oscillating plasma flow. The larger duty cycle does
not disrupt the axial expansion during the high intensity inter-
val. In this preferred embodiment, the plasma flow provides
both axial oscillations and radial oscillations during the high
intensity interval. For applications that require ultrasonic
energy, the frequency of the radial oscillations is in the ultra-
sonic range, above 20,000 Hz.

5.4 Surgical Applications

[0145] Turning now to specific applications of volumetri-
cally oscillating plasma flows, due to the unique properties
discussed above, volumetrically oscillating plasma flows are
useful, for example, for accomplishing basic surgical tasks
such as cutting, vaporization, and coagulation.

5.4.1 Coagulation
5.4.1.1 Principles of Plasma Coagulation

[0146] To appreciate the benefits of volumetrically oscil-
lating plasma flows when used for coagulation, an overview
of coagulation with continuous plasma flows is provided.
Referring to FIG. 24, surgical site 161 is created by the
dissection of tissue 163 during surgery. Alternatively, such a
site may be created unintentionally as a result of a wound.
Bleeding occurs at tissue surface 169, forming pooled blood
167. Blood flows 165 continue at a substantially constant rate
until the tissue is coagulated. Typically, blood flow is mea-
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sured in ml/min or [/min, however, it is also possible to
express the bleeding rate R, _ , in mm/s. In other words, the
bleeding rate in a tissue can be measured by how far a particle
of blood travels in a unit of time.

[0147] The bleeding rate varies by tissue type, and ranges
from negligible in tissues such as cartilage to very intense for
highly vascular tissue such as liver or kidney. For the purposes
of'this disclosure, bleeding types are defined as shown in table
1.

TABLE 1

Bleeding Type Bleeding Rate, R, [mm/s]
Low <0.3

Medium 0.3-1.0

High 1.0-2.0

Intensive 2.0-3.0

Very Intensive >3.0

[0148] For a given tissue, the bleeding rate in mm/s typi-

cally measured as follows. A small wound having an area A is
made on the surface of an organ. Typically, this wound is an
8-mm diameter circle. Blood is collected from the wound
over a 30-second period and the mass of the blood M in grams
is measured. The bleeding rate R,,,,; is calculated using the
following equation:

M

Ritood = m———
blood 30X pppog XA

where M is the mass of blood in grams collected in 30 sec-
onds, P, 18 the density of blood in g/mm?>, and A is the
wound area in mm?. In general, and especially for procedures
involving high, intensive, or very intensive bleeding rates,
achieving hemostasis of bleeding tissues is an essential sur-
gical task.

[0149] One way of achieving hemostasis is by applying
heat to the bleeding tissue. This heat creates thermal changes
that result in the formation of a sealing layer, which prevents
further blood flow. FIG. 25 shows a surgical site in which
blood flow 165 has been stopped by forming a sealing layer
covering underlying tissue 163. Sealing layer 171 is com-
posed of two layers: spongy layer 173 and compact layer 175.
Spongy layer 173 is a region in which all fluids have been
vaporized, leaving only a solid component. The fluid compo-
nent of tissue cells, blood, and interstitial fluid make up
approximately 80% of the tissue. As a result, once the fluid
component is vaporized, what remains is a substantially
porous layer, referred to as the spongy layer because it
resembles a sponge. Pore diameters are not uniform within
spongy layer 173, but average pore sizes and porosities are
known for particular tissue times. Table 2 presents average
pore diameters and porosities for typical tissue types.

TABLE 2
Tissue Type Diameter, d [mm] Porosity, P [%]
Lung 0.06-0.09 90-95
Spleen 0.04-0.07 85-90
Liver 0.035-0.06 75-80
Kidney 0.02-0.04 65-70
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[0150] Referring again to FIG. 25, compact layer 175 lies
below spongy layer 173, i.e. it is between the spongy layer
and underlying tissue 163. For convenience, the term “below”
when referring to tissue layers means further away from the
surface and the term “above” means closer to the tissue sur-
face. Compact layer 175 is composed primarily of denatured
proteins present in tissue and blood. When formed, compact
layer 175 is a gel-like solid and is substantially impermeable
to fluid flow, thereby preventing the passage of blood flow 165
from underlying tissue 163 to the tissue surface 169.

[0151] A preferred sealing layer has both a spongy layer
and a compact layer. To completely stop bleeding in the
surgical site, sealing layer 171 must be thick enough to with-
stand the pressure of blood flow 165. On the other hand,
sealing layer 171 should be as thin as possible while still
achieving coagulation, because healthy tissue 163 is
destroyed in the process of creating sealing layer 171. Mini-
mal destruction of healthy tissue is particularly important in
sensitive tissues such as the brain and pancreas. In general,
minimal destruction of tissue leads to reduced recovery times.

[0152] When using a plasma flow for coagulation, the
plasma flow is directed at surgical site 161. High energy
plasma particles transfer heat to the tissue by colliding with
tissue molecules. Referring again to FIG. 25, heat from
plasma flow 177 evaporates fluid in the tissue, which forms
spongy layer 173. The plasma flow has lost heat as it passed
through spongy layer and is unable to vaporize the blood
below the spongy layer. In that region, plasma flow 177 raises
the temperature of the tissue high enough to denature protein
and to form compact layer 175. The thicknesses of the spongy
and compact layers depends upon the rate at which plasma
flow 177 transfers heat to the tissue at a given depth, and the
time during which flow 177 is directed at tissue 163.

[0153] The rate at which heat is transferred to the tissue is
given by the heat flux g, measured in W/m?. The heat flux can
be related to the temperature of the plasma flow in the fol-
lowing way:

E(T) X Fpiasma
—

P_
<=

where power P is measured in W, enthalpy E, which is a
function of temperature, is measured in J/kg, area A measured
in m?, and mass flow rate F,tasma 1s measured in kg/s. The
initial power level of the plasma flow can be calculated using
the temperature and mass flow rate of plasma discharged from
the plasma-generating device outlet 3. As the plasma flow
propagates along the flow axis, however, interactions with the
surrounding medium reduce both the temperature and the
flow rate and increase the area over which the plasma flow is
distributed.

[0154] FIG. 26 A shows a continuous plasma flow forming
asealing layer 171 at surgical site 161, while FIG. 26B shows
the heat flux q as a function of distance from tissue surface
169. As discussed above, spongy layer 173 is formed when
the fluid present in the tissue is vaporized. Tissue surface 169
experiences maximum heat flux 181, and fluids there are
quickly vaporized. As plasma flow 177 passes further into the
tissue, transferring heat along the way, it loses energy and the
heat flux decreases. Formation of the spongy layer 173 at a
given depth occurs only if the heat flux is large enough to
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continuously evaporate blood flow 165. For example, a heat
flux of approximately 2.3 W/m? is required to evaporate a
blood flow rate of 1 mm/s.

[0155] For continuous plasma flow applications, fluid
boundary 179 marks the location where heat flux 32 is equal
to the heat flux required to evaporate blood flow 165. at fluid
boundary 179 liquid blood exists at its boiling point, approxi-
mately 100° C.

[0156] In compact layer 175, the heat flux is too low to
evaporate the incoming blood. Consequently, blood in this
region continues to flow toward fluid boundary 179. While
not sufficient to vaporize blood and other fluids, the heat flux
in the compact layer does raise the temperature of the tissue
and blood. When a tissue is heated, protein present in tissue
cells and blood undergoes an irreversible reaction, called
denaturation. While denaturation of protein occurs at 40-41°
C., at such temperatures the denaturation process takes a few
hours. If a tissue is heated to 65° C., protein in tissue and
blood cells denatures in time suitable for surgery, in under 1
ms. For purposes of this disclosure, the compact layer refers
to the layer directly below the spongy layer in which a sub-
stantial amount of protein has denatured. For a continuous
plasma flow, as shown in FIG. 26A, the compact layer is
shown to extend from fluid boundary 179 to denaturation
boundary 172. In layer 163 below the compact layer, a sub-
stantial amount of protein in the tissue is not denatured. It
should be noted that denatured protein becomes visible in
morphological samples only several hours after the tissue has
been heated, however, denatured protein prevents the flow of
blood immediately. Accordingly, morphological samples
taken within a few hours after the procedure may not show the
true extent of denaturation.

[0157] Coagulation with prior art continuous plasma-gen-
erating devices required a careful tuning of the plasma flow’s
heat flux so that the plasma flow would create a spongy layer
and a compact layer of sufficient thickness. This was typically
done by precisely controlling the distance from the plasma-
generating device outlet to the tissue surface for a given
plasma flow. With a continuous plasma flow, a 200-300 pm
spongy layer coupled with a 300-500 um compact layer were
reliably achieved. These thicknesses can be formed in tissue
with low or medium bleeding levels, but cannot be formed in
tissue with higher bleeding rates. Further, there are no known
reliable ways to increase these thicknesses to stop heavier
bleedings. Intuitively, if a higher intensity plasma flow is
supplied to a tissue with a high bleeding rate, that flow sub-
limates the surface of the spongy layer. This sublimation
happens faster than the formation of the spongy and compact
layers.

[0158] Coagulation of a tissue with a high bleeding rate
with a continuous plasma flow is schematically shown in
FIGS. 27A-C, which depict three consecutive times. In FIG.
27A, a plasma flow with a relatively high heat flux has just
been directed at the tissue. Rapidly, the plasma flow forms a
relatively thick spongy layer 173. Because the fluid vaporiza-
tion process, which forms the spongy layer, is much faster
than the heat diffusion process, which forms the compact
layer, compact layer 175 is still relatively thin. (The vapor-
ization process refers to (1) vaporization of the fluid compo-
nent or (2) simultaneous sublimation of the solid component
and vaporization of the fluid component contained therein.
The vaporization process should not be confused with the
surgical task of vaporization discussed below.) FIG. 27B
shows the tissue a brief time later, after continued application
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ofthe plasma flow with a very high heat flux. Due to the large
amount of heat transferred to the tissue at the surface, thick-
ness 191 of the spongy layer has been completely sublimated.
Despite the inward movement of fluid boundary 179, spongy
layer 173 has not increased in thickness. Additionally, com-
pact layer 175 remains relatively thin, as not enough time has
passed to denature protein in the underlying tissue. FIG. 27C
shows the tissue at yet a later time. Similarly, the result of
continued application of the plasma flow is that a thickness
191 of tissue has been sublimated without any increase in
thickness of the sealing layer. Increasing the heat flux by
increasing the plasma flow temperature or shortening the
distance to the tissue (which would increase the heat flux)
would not be useful either. If the plasma flow has too high a
heat flux, the surface of the sealing layer translates inward as
tissue is vaporized without increasing the thickness of the
sealing layer. This result is undesirable as healthy tissue is
destroyed unnecessarily and the resulting sealing layer, hav-
ing only a thin compact layer, does not form to have the
required thickness to stop heavy bleedings.

[0159] The fundamental problem with continuous plasma
flow coagulation is illustrated in FIG. 28. The minimum
thickness of the spongy layer required for coagulation is at
least 200 pum for a continuous plasma. FIG. 28 shows plots of
plasma flow heat flux as a function of distance from the
surface in the spongy layer. Each curve corresponding to a
plasma flow with a different tissue surface heat flux. It is
known that a heat flux of 5.3 W/mm? or above results in rapid
tissue sublimation. It is also known that a heat flux of 2.3
W/mm? is required to vaporize blood flowing at a rate of 1
mm/s. As seen from the graph a heat flux of 4.2 W/mm? is
required at the surface to establish a heat flux of 2.3 W/mm?
200 pm below the tissue surface. As another example, a heat
flux of 4.6 W/mm? is required to vaporize blood flowing at a
rate of 2 mm/s at a distance of 200 pm from tissue surface. As
seen in FIG. 28, to achieve such a heat flux at 200 um from
tissue surface, the surface heat flux must be at least 7.4
W/mm?>, which exceeds the sublimation threshold. This
means that it is not possible to coagulate tissue bleeding with
the blood flow rate exceeding 1.4 mm/s, which corresponds to
a heat flux at the tissue surface equal to the sublimation
threshold. Increasing the heat flux to cope with a high blood
flow rate is not effective because sublimation of the surface
tissue would offset the formation of the spongy layer.

5.4.1.2 Coagulation With Volumetrically Oscillating
Plasma Flow

[0160] By using a volumetrically oscillating plasma flow
for coagulation, in particular an axially oscillating plasma
flow, it is possible to avoid the inherent problems of continu-
ous plasma flows. As discussed above, a high heat flux at the
fluid boundary is required for high bleeding rates, and, as a
consequence, an even higher heat flux is present at the surface
of the tissue. This surface heat flux q,,,,z,.. causes rapid sub-
limation if maintained continuously, or for a prolonged time
period. If, however, the heat flux is rapidly reduced after
forming the spongy layer, it is possible to significantly reduce
or preferably completely eliminate sublimation. Once a cer-
tain thickness of the spongy layer is formed, even a low
intensity plasma flow is sufficient to heat the tissue below the
spongy layer and to form a compact layer. This low intensity
plasma has a surface heat flux q,,,,z,.. that can be directed at
the tissue surface without causing significant sublimation
because it is below the sublimation threshold q.,,,/marion- At
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the same time, the low intensity plasma has a heat flux that
heats the tissue below the spongy layer, thereby forming the
compact layer while causing only a minimal sublimation of
the spongy layer.

[0161] The application of a single oscillation of low fre-
quency volumetrically oscillating flow is shown in FIG. 35A-
B. In FIG. 29A, high intensity plasma flow 210 with corre-
sponding length L, is directed at tissue 215. Because the
length of a plasma flow is a function of its temperature, the
length is auseful indicator of the heat flux that the plasma flow
provides. In this case, high intensity plasma flow 210 has a
heat flux sufficient to rapidly form spongy layer 212 (and
negligible thickness of the compact layer 213). The high
intensity interval is given by the preferred low frequency of
20-100 Hz and the preferred duty cycle of 0.05-0.15 of the
low frequency biased pulse wave used to generate the axially
oscillating plasma flow. For example, for the frequency of 50
Hz and the duty cycle of 0.1, the high intensity plasma is
applied for 2 ms. This relatively short application of the high
intensity plasma flow evaporates the blood and other fluids
from the outer tissue layer. As mentioned above, continued
application of high intensity plasma flow 210, however,
would cause rapid sublimation at surface 214. Furthermore,
continued application of high intensity plasma may cause the
erosion of the plasma-generating device components.
Accordingly, a prolonged application of high intensity
plasma is neither desired nor feasible.

[0162] Turningto FIG.29B, high intensity plasma flow 210
shown in FIG. 29A has changed to low intensity plasma flow
211 having alength L, .. The reduced length L, ,,, indicates
that the heat flux provided by low intensity plasma flow 211 is
less than the heat flux provided by the high intensity plasma
flow 210. This reduced heat flux does not rapidly sublimate
surface 214. Low intensity plasma flow 211, however, con-
tinues to provide heat to the tissue below the spongy layer 212
without excessive destruction of spongy layer 212 forming
compact layer 213. This heat increases the thickness of the
compact layer, improving the strength of the entire sealing
layer. Axially oscillating plasma flows, which alternate
between low intensity plasma having a relatively small length
and bursts of high intensity plasma having a relatively large
length, exhibit a substantial improvement in tissue coagula-
tion over a continuous plasma flow.

[0163] FIGS. 30A-F illustrate coagulation with an axially
oscillating plasma flow over three oscillation periods. FIG.
30A shows the effect of the first high intensity pulse of plasma
having a length L, After this first high intensity pulse,
spongy layer 212 has a thickness of approximately one pore
diameter. It has been experimentally determined that one pore
diameter of spongy layer is the preferred thickness of the
spongy layer that should be formed in a single burst of high
intensity plasma. It should be noted that pore diameters are
different for different tissues, however 30 pum is a useful
approximation. One pore diameter is preferred for two rea-
sons. First, this thickness is small enough to ensure the high
intensity pulse of plasma is short enough to avoid substantial
sublimation of the tissue surface. Second, this thickness is
enough to form a suitably thick spongy layer of about 250 um
in a reasonable number of oscillations. For example, in a
tissue with a pore diameter of 30 um, it takes approximately
8 high intensity pulses to form a suitably thick spongy layer.
Even at the lower limit of 20 Hz, the operator needs to apply
the plasma to a single spot for less than 0.5 s to form a suitably
thick spongy layer.
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[0164] FIG. 30B shows the effect of the low intensity
plasma flow. Compared to the high intensity plasma, low
intensity plasma 211 has a smaller length L, ,, and a corre-
spondingly lower heat flux. As a result, during the low inten-
sity interval, surface 214 has not been significantly subli-
mated despite an extended exposure to the low intensity
plasma flow. Due to the continued application of low intensity
plasma flow 211, however, protein in deeper layers of tissue
continues to denature. This results in an increase of the thick-
ness of compact layer 213. The low intensity interval deter-
mines the depth of compact layer formed in a single oscilla-
tion of the plasma flow.

[0165] Two to four pore diameters is a preferred thickness
of compact layer that is formed in a single low intensity
portion of an oscillation of the plasma flow. During the next
burst of high intensity plasma approximately one pore diam-
eter of compact layer will be converted into the spongy layer
as the plasma vaporizes the fluid component in that region.
Forming two to four pore diameters of new compact layer
during a single low intensity interval ensures that over several
oscillations the compact layer increases in thickness at least
the same rate as the spongy layer.

[0166] The heat flux of the low intensity plasma is set to
preferably have no effect on the spongy layer and to keep the
fluid boundary at the depth to which it was advanced during
the high intensity interval for the tissue blood flow rate of 2
mm/s. In other words, the heat flux of the low intensity plasma
at the fluid boundary should be sufficient to keep the fluid
boundary at the same level during the low intensity interval.
Of course, this cannot be always achieved. In some cases, the
low intensity plasma heat flux will exceed the heat flux
required to vaporize fluids at the fluid boundary. This hap-
pens, for example, for a blood flow rate below an average
blood flow rate of 2 mm/s. In that case, the spongy layer
would slowly form during the low intensity interval.

[0167] On the other hand, in some cases, the low intensity
plasma heat flux at the fluid boundary may be insufficient to
vaporize all the incoming blood. In this case heat flux pro-
vided by low intensity plasma 211 is that the heat flux needed
to completely vaporize the incoming blood from tissue 215, q,
can no longer be provided at fluid boundary 220 shown in
FIG. 30A. Accordingly, the fluid boundary 220 has moved
closer to the tissue surface during this low intensity plasma of
the first oscillation.

[0168] FIG.31A shows agreater detail of the surface region
oftissue 215 at the end of the low intensity interval of the first
oscillation illustrated in FIG. 30B. In FIG. 31A, layer 212 is
the spongy layer and layer 213 is the compact layer. Due to the
receding of the fluid boundary 220 during the low intensity
interval, however, some pores of the spongy layer between
these two distances fill with blood and other fluids. The blood
and the fluids may enter into the spongy layer pores 232 from
compact layer 213 or from the deeper tissue layers through
compact layer 213. Spongy layer 212 pores that are above the
fluid boundary 220 do not fill with any fiuids because the heat
flux is sufficient here to vaporize fluids even during the low
intensity interval.

[0169] Turning to FIG. 30C, once a suitable thickness of
compact layer 213 has been formed by low intensity plasma
211, asecond high intensity plasma burst 210 is directed at the
tissue. As shown in FIG. 30C, spongy layer 212 increases in
thickness by another pore diameter due to vaporizing fluid in
tissue that was previously a part of compact layer 213. As a
result, the thickness of the compact layer is reduced. This
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reduction is partially offset by a slight increase in compact
layer thickness as some of the protein in the tissue below the
compact layer tissue denatures.

[0170] FIG. 31B shows the surface region of tissue 215
after the high intensity plasma flow in the situation depicted in
FIG. 31A. FIG. 31B corresponds to FIG. 30C. In addition to
advancing the fluid boundary deeper into the tissue, the high
intensity plasma has evaporated the fluid component of blood
232 (shown in FIG. 31A), which was present in the pores of
spongy layer 231. Solid component 233 of the blood has been
left behind, adding to the tissue-based solid component of the
spongy layer. This extra solid component increases the den-
sity of the spongy layer and improves its sealing capability.
Additionally, as discussed above, the high intensity plasma of
the second oscillation sublimated approximately one pore
diameter of the spongy layer.

[0171] FIG. 30D shows the low intensity interval of the
plasma flow of the second oscillation. The effects of this low
intensity plasma on the tissue are similar to the first low
intensity interval described in FIG. 30B. Again, blood may
flow into part of the spongy layer because the fluid boundary
recedes to a level closer to the surface. Even if the fluid
boundary recedes, this flow of blood into the spongy layer
will typically be slower than during the low intensity interval
of'the first oscillation. This is due to the significant increase in
the compact layer thickness that occurred as heat was pro-
vided to the underlying tissue. In general, until a given spot
has been fully coagulated less blood and other fluids flow into
the spongy layer during each subsequent low intensity inter-
val. FIGS. 30E and 30F show the high and low intensity
portions of the third oscillation in the plasma flow, respec-
tively, which have effects on the tissue similar to the earlier
oscillations.

[0172] FIG. 32 shows a completed a sealing layer formed
by an axially oscillating plasma flow. Spongy layer 240 is
composed of several sublayers. Each sublayer was formed by
a high intensity plasma burst. In contrast, a spongy layer
formed with a continuous plasma flow does not have such a
multilayer structure. For the cases in which the fluid boundary
recedes during the low intensity intervals, the density of the
spongy layer generally increases toward the surface. This is
due to the presence of red blood cells that remain in the
spongy layer after the blood that flows into the spongy layer
during the low intensity intervals evaporates, leaving addi-
tional solid components.

[0173] The end result of applying an axially oscillating
plasma flow to bleeding tissue is the formation of a strong and
robust sealing layer through the alternating process described
above. In general, in a single axial oscillation of the plasma
flow, spongy layer tissue is rapidly formed during the high
intensity interval while compact layer is formed during the
low intensity interval.

[0174] The discussion so far has focused on the coagulation
of a single spot. In practice, the operator must coagulate an
area of tissue greater than the spot diameter. To do this, the
operator sweeps the surgical site with the plasma flow by
moving the plasma-generating device parallel to the tissue
surface. FIG. 33 A shows surgical site 270 covered with blood
273. Blood 273 obscures the surgical site and the bleeding
must be stopped before the operator can resume the surgical
procedure. In a preferred embodiment, the operator sweeps
across the surgical site 270 along an exemplary path 271
shown in FIG. 33B. As the plasma flow passes over any
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particular position, several oscillations of the plasma flow
occur and form a sealing layer in the tissue as described with
reference to FIGS. 30A-F.

[0175] FIG.34A-C show the effect of such a plasma flow as
it sweeps along exemplary path 271. Plasma flow 280 moves
along tissue 281 at a rate slow enough to ensure that a sealing
layer of appropriate thickness is generated at each position.
As discussed above, spongy layer 282 is preferably 250 pm
thick and complact layer 283 is preferably at least 200-500
um thick. For a typical tissue with a pore diameter of 30 pm,
a 250 pum thick spongy layer requires approximately 8 high
intensity pulses (each pulse forms approximately one pore
diameters of spongy tissue). Each spot of tissue 281 should
therefore be subjected to 8 oscillations of the plasma flow in
order to generate the appropriately thick spongy layer.
[0176] FIG. 35 shows a more realistic situation where the
bleeding rate in the tissue varies over a single surgical site,
indicated by the relative size of the arrows 290 and 291 in
tissue 281. Spots with lower levels of bleeding can be coagu-
lated with a thinner sealing layer. This is preferable because
less healthy tissue is destroyed to form the sealing layer. In
practice, the operator can sweep the plasma flow quickly over
surgical site 270 to create a thin sealing layer. This thin
sealing layer coagulates areas of low bleeding 290 but areas of
high bleeding 291 continue to bleed. This quick sweep may
result in, for example, 5 high intensity pulses per spot diam-
eter. Once this thin sealing layer is established, the operator
focuses on areas of high bleeding 291, where continued expo-
sure to the plasma flow creates a thicker sealing layer. This
alternative method ensures that the sealing layer is of the
appropriate thickness at each spot of the treated surface. This
variable thickness sealing layer is shown in FIG. 35, where
spongy layer 282 and compact layer 283 are thick in areas of
high bleeding 291 but are thin in areas of low bleeding 290.
[0177] The rate of sealing layer formation may vary with
variations of the distance between the plasma-generating
device and the tissue. Ideally, the operator holds the plasma-
generating device at a constant distance from the tissue as he
sweeps along exemplary path 271 shown in FIG. 33B. In
reality, the operator may not be able to keep the plasma-
generating device perfectly level throughout the procedure.
Therefore, to account for operator hand movements, it is
important that the coagulation effect does not change sub-
stantially with distance over a suitable range. FIG. 36 shows
the temperature of a plasma flow along the plasma flow axis
during both the high intensity portion and the low intensity
portion of a volumetrically oscillating plasma flow. Region
313, where the temperatures of both the high and low inten-
sity plasma are substantially constant, is ideal for performing
coagulation. This region corresponds to approximately 10-30
mm when the high intensity plasma has an outlet temperature
0120,000-30,000K and the low intensity plasma has an outlet
temperature of about 11,000 K. During coagulation the
operator maintains this distance, within the range of 10-30
mm, preferably 15-25 mm, ensuring that the coagulation
effect does not vary significantly despite unavoidable move-
ment.

[0178] The speed that an operator can coagulate an area of
bleeding tissue also depends on the spot diameter. FIG. 37
shows the required path 272 that a plasma flow with a rela-
tively small spot diameter would have to travel in order to
achieve coagulation in tissue 270. If the spot diameter at the
distance of 10-30 mm is relatively small, coagulation of a
surgical site takes too long and is not feasible. For this reason,
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prior art coagulation devices had large outlet diameters, in the
range of 0.8-1.2 mm. Such large diameters are acceptable,
and may be even preferred, when the plasma-generating
device is only intended to be used for coagulation, but are too
large to be used for cutting. An axially oscillating plasma
flow, however, has an increased width compared to a continu-
ous plasma flow, as explained above with reference to FIGS.
22A-D. For an axial oscillation, disturbances in the airflow
surrounding the plasma flow cause the plasma flow spot
diameter to increase. This allows a plasma-generating device
with a small outlet diameter to generate a volumetrically
oscillating plasma flow with a relatively large spot diameter
suitable for coagulation. For example, in a preferred embodi-
ment with a 0.5 mm diameter outlet, at the preferred distance
0f'10-30 mm the spot diameter may reach 5-6 mm. To achieve
the same spot diameter with a continuous plasma flow, an
outlet diameter of 1.2 mm would be required.

[0179] In a preferred embodiment, when the plasma-gen-
erating device is programmed to operate in coagulation mode,
the characteristics of an axially oscillating plasma flow (e.g.
the duty cycle, frequency, and temperature) are optimized to
achieve efficient coagulation. As shown in FIG. 20B, the
plasma flow alternates between high intensity plasma and low
intensity plasma. The characteristics of the high and low
intensity plasma agree with mathematical models of the
coagulation processes and were also confirmed experimen-
tally.

[0180] Principal processes in tissue coagulation include
spongy layer and compact layer formation. Spongy layer
formation can be modeled with the following equation:

quptuy)xpL,

where g, is the heat flux required at the fluid boundary in
W/mm?, u,is the velocity of the fluid boundary as it moves
inward in mm/s, uy,,, ;s the blood flow rate in mn/s, p ;.. 1S
the density of the tissue in kg/mm?, and L is the energy
required for vaporization in J/kg. The density p,,. .. and the
vaporization energy L can be approximated with the density
and vaporization energy of water (10°> kg/m> and 2.26x10°
J/kg, respectively). The velocity u,can be rewritten as

d
ufza,

where d is the desired thickness of the spongy layer formed in
one high intensity burst in mm, and t,, is the high intensity
interval in s. As discussed above, d is preferably one pore
diameter d,. The equation for the heat flux required at the
fluid boundary can therefore be rewritten as

dp
gy = (— +ub] X pL.
I

[0181] FIG. 38 shows the graph of vaporization heat flux q,
plotted for three different bleeding rates as a function oft. As
seen from FIG. 38, the bleeding rate has a much stronger
influence on the required heat flux for longer high intensity
pulses. For example, for a high intensity interval of 8 ms, the
difference in vaporization heat flux q,is 40%, when the blood
flow rate changes from 1 mm/s to 3 mm/s.
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[0182] To ensure coagulation of tissues with different
bleeding rates, the plasma flow must provide the heat flux
required to stop the highest bleeding rate. Referring back to
FIG. 38, the plasma flow must provide at least 16 W/mm? to
stop bleeding with a rate of 3 mm/s when t,; is 8 ms. If sucha
plasma flow is directed at tissue with a lower bleeding rate of
1 mm/s, there will be excessive heating of the spongy layer,
which may result in significant undesired sublimation.
Because, as mentioned above, the bleeding rate may vary
significantly over the surgical site, this problem occurs as the
operator is coagulating different spots on the same tissue.
Keeping the high intensity interval short eliminates this prob-
lem. For example, if the high intensity plasma burst is only 1
ms long, the required heat flux varies only 5% between bleed-
ing rates of 1 mm/s to 3 mny/s. Therefore t, is preferably kept
low. Additionally, exposing tissue to shorter high intensity
bursts, such as 1 ms, avoids pyrolysis and charring because
such a short duration, while sufficient to vaporize fluids, is not
sufficient for the pyrolysis reaction to begin.

[0183] FIG. 38 also shows that if t,; is very short, i.e. less
than 1 ms, the heat flux required to form one pore diameter of
spongy tissue becomes extremely high. And because q,is the
heat flux required at the fluid boundary, the corresponding
heat flux at the surface q,,,,z,... is even higher. Accordingly the
high intensity interval is preferably about 1 ms.

[0184] The compact layer is formed by heat diffusion
across the fluid boundary into the underlying tissue. Compact
layer formation depends primarily on the duration of the
applied low intensity plasma. This heat diffusion process can
be modeled by the Bio-Heat diffusion differential equation:

aT >
pCE =kV* T + hy + hp,

where p is the tissue density in kg/mm?, C is the specific heat
of the tissue in J/kg'K, h,, is the rate of metabolic heat pro-
duction per unit volume of tissue and h,, is the rate of heat
transfer between blood and tissue per unit volume of tissue in
J/kg's. The rate of metabolic heat production h,, is so much
lower than the heat flux from the plasma flow that it can be
ignored, and the rate of heat transfer between blood and tissue
h,, can be expressed by:

hb:pbloodcpb(‘l)(Ta_T)5

where ;... 15 the density of blood (approximately 1050
kg/m?), C,» is the heat capacity of blood (which is around
3,600 J/kg-K), w is the blood perfusion (which is on the order
of 1-10 s7%), and T, is the temperature of the arterial blood
flowing into the volume (which is approximately 36.6° C.).
[0185] Using this equation it is possible to calculate the
thickness of the compact layer formed as a function of time.
These calculations can provide guidance on the optimal dura-
tion of the low intensity interval of the plasma flow. For short
times, the solution of the above equation yields the following
analytical approximation:

h=20x\/t;,

where h is the thickness in jum and t, is the duration of the low
intensity interval of an oscillation (in s). FIG. 39 shows this
short time approximation plotted alongside the numerical
simulation of compact layer formation as a function of't; . It is
clear from FIG. 39 that there is a substantial agreement
between the two curves for times less than 70 ms. As men-
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tioned above, preferably two to four pore diameters of com-
pactlayer are generated in a single period of oscillation. At the
lower limit, it takes at least 10 ms to produce a compact layer
of two pore diameters (assuming 30 um pores).

[0186] The rate of compact layer creation drops off as time
increases. This rate is expressed as a derivative of h:

FIG. 40 shows the rate of compact layer formation as a func-
tion of t,. As seen from FIG. 40, for t, greater than 60 ms the
rate of compact layer formation is less than the minimum
bleeding rate in tissue, which is assumed to be 1 mm/s.
Accordingly, application of the low intensity plasma flow
beyond 60 ms does not form additional compact layer. There-
fore, the low intensity interval should be 10-60 ms, and is
preferably 15-35 ms.

[0187] Based on these biological considerations as well as
other requirements, it is possible to determine the optimal
characteristics of an axially oscillating plasma flow generated
with a low frequency biased pulse wave current. From device
requirements, the preferred duty cycle D 0f0.05-0.15 ensures
that the average current remains low while still achieving a
high peak current. The high current level I, is preferably 30 A
and the preferred low current level is 6 A. Using such a current
wave, the preferred volumetrically oscillating plasma flow
oscillates between the preferred low temperature of at least
11,000 K and the preferred high temperature of 20,000-30,
000 K.

[0188] To produce plasma flows suitable for multiple sur-
gical tasks, such as coagulation cutting, and vaporization, the
outlet diameter is preferably 0.5 mm. With this preferred
outlet diameter, an axially oscillating plasma flow adapted for
coagulation has a spot diameter of 5-6 mm when the device is
held 15-25 mm from tissue. Under these circumstances
coagulation in the affected spot is accomplished in 250-400
ms. The time of human reaction is approximately 200-300
ms. This means that the operator does not need to focus on
coagulating a given spot. The operator can move the device
without regard to the speed with which he does, while accom-
plishing reliable coagulation.

[0189] As determined above, when examining the forma-
tion of the spongy layer, each tissue spot requires 8 high
intensity plasma bursts to form the minimum thickness of the
spongy layer. To ensure the delivery of 8 pulses to a given
spot, the frequency of at least 20 Hz, which is the preferred
lower limit for longitudinal volumetrically oscillating plasma
flows for coagulation, should be used. For a wave with a
frequency of 20 Hz with a duty cycle D of 0.05-0.15, the
period T of 50 ms and a high intensity pulse interval t;; of
2.5-7.5 ms This is the minimum frequency at which coagu-
lation is reliable with an axially oscillating plasma flow gen-
erated using a low frequency biased pulse wave current. In the
preferred embodiment, the biased pulse wave current has a
frequency of 40 Hz with a duty cycle D 0f 0.05-0.15, it has a
period T of 25 ms and a high intensity pulse interval t,, of
1.25-3.75 ms.

[0190] An upper boundary on the frequency can be found
by examining the amount of compact layer tissue formed in 8
oscillations of the plasma flow. FIG. 41 shows a plot of the
compact layer thickness as a function of the number of oscil-
lations for several different frequencies. The thickness of the
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compact layer should be 200-500 pm. Using the minimum
thickness as a boundary condition, the frequency of plasma
oscillations is preferably less than 70 Hz. A volumetrically
oscillating plasma flow generated by a current wave with a
frequency of 70 Hz with a duty cycle D of 0.05-0.15 has a
periodtof 14 ms and ahigh intensity interval t;, 0f0.7-2.1 ms.
If the frequency is increased above this preferable upper
boundary, the thickness of the compact layer is insufficient for
coagulation.

[0191] When coagulating tissue, severed blood vessels
must also be sealed to fully stop bleeding. In some organs,
vessel blood flow rate may approach 30 mm/s FIG. 42 shows
blood vessel 275 having blood vessel wall 274, which
exposed through the process of coagulation. These blood
vessels can be sealed by heating the inside walls of the
exposed blood vessel, as disclosed in U.S. application Ser.
No. 12/696,411 incorporated by reference herein for all pur-
poses. This heating causes collagen in blood vessel wall 274
to denature and swell inward, closing off the blood vessel
275. For small blood vessels (less than approximately 1 mm
in diameter) heating the tissue surface is sufficient to seal the
blood vessels. Sealing larger blood vessels requires heating of
the blood vessel walls to depth of 1-1.5 blood vessel diam-
eters. Heating to this depth can only be accomplished using a
plasma flow if the plasma flow has a high dynamic pressure
directed into the blood vessel. A continuous or axially oscil-
lating plasma flow with an outlet temperature greater than
11,000 K can provide a dynamic pressure along the plasma
flow axis meeting this criteria. At this temperature, the plasma
has enough energy and velocity to vaporize blood, penetrate
into the blood vessel to the required depth, and heat the blood
vessel walls from the inside. In a preferred embodiment, the
volumetrically oscillating plasma flow, even during the low
intensity interval, has an outlet temperature of over 11,000 K,
and is therefore suitable for sealing large blood vessels, as
disclosed in U.S. application Ser. No. 12/696,411.

[0192] FIGS. 43A-C show the application of an axially
oscillating plasma flow to seal a blood vessel. In FIG. 43A
plasma flow 320 has been directed into an exposed blood
vessel. Blood 321 has been vaporized to a depth of 1-1.5
blood vessel diameters. Plasma flow 320 heats the exposed
blood vessel walls 322 with which it comes in contact. FIG.
43B shows exposed blood vessel walls 322 swelling inwards
toward each other. After enough swelling has occurred, walls
322 completely seal the blood vessel and stop blood 321 from
flowing to surface. This swelling may not completely occlude
the vessel, particularly if the diameter of the vessel is rela-
tively large i.e., greater than 3 mm. In this case, the operator
sweeps the tissue surrounding the contracted vessel with the
plasma flow in a circular motion. This heats the surrounding
tissue, which also swells and forces the blood vessel walls to
completely occlude the vessel.

5.4.1.3 Coagulation With Modulated Plasma Flows

[0193] Inanother embodiment, high frequency oscillations
are introduced during the high intensity interval of an axially
oscillating plasma flow. This volumetrically oscillating
plasma flow is generated by the modulated biased pulse cur-
rent wave, an example of which is shown in FIG. 12. Like the
embodiment using the low frequency biased pulse wave
shown in FIG. 11, this plasma flow is also specially suitable
for coagulation. By maintaining the same bias current level
1, pulse current level 1, low frequency, and low frequency
duty cycle as the low frequency biased pulse wave, this
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embodiment also produces a plasma flow with axial oscilla-
tions that efficiently accomplish coagulation, as described
above. The high frequency oscillations, which produce radial
oscillations during the high intensity interval of the plasma
flow, occur with a frequency greater than 2,000 Hz, preferably
greater than 20,000 Hz. The duty cycle of high frequency
oscillation is 0.35-0.65, preferably 0.5. For the high fre-
quency oscillations of 2,000 Hz with a duty cycle D of 0.35-
0.65 the period T is 0.5 ms and a high intensity pulse interval
tz; 0f 175-325 ps. A high intensity pulse interval correspond-
ing to 20,000 Hz and D of 0.35-0.65 is correspondingly
17.5-32.5 ps. The duty cycle D of 0.36-0.65 ensures that the
length of the plasma does not decrease between high fre-
quency bursts. In other words, the length of the plasma flow is
kept at its expanded state during the high intensity interval. If
the high frequency oscillations are ultrasonic, these high fre-
quency oscillations improve the coagulation effect by addi-
tionally providing ultrasonic pressure waves to the tissue.

[0194] Ultrasonic pressure waves, such as those provided
by a plasma flow operating at a high frequency, have at least
two effects on tissue. These effects are observable when the
frequency of oscillations is greater than 20 kHz. First, acous-
tic vibrations at this frequency generate heat. This vibration
heat is, however, negligible compared to the heat provided by
the plasma flow itself at outlet temperatures of 11,000 K and
above. Second, and more important for coagulation, the
nature of heat transfer to the compact layer changes in the
presence of cavitation. Specifically, plasma that does not
oscillate ultrasonically heats the compact layer by diffusing
heat into the tissue from the fluid boundary. In contrast,
plasma utilizing ultrasonic oscillations has an additional cavi-
tation mechanism for heating the tissue. Cavitation refers to
the action of the ultrasonic pressure waves on gas bubbles in
a liquid. As explained above, the oscillations of the plasma
flow result in acoustic oscillations, which are pressure waves.
When pressure waves act on a liquid, bubbles of gas can form
in the liquid when the pressure drops below the characteristic
vapor pressure of that liquid. When the pressure waves are
ultrasonic, these bubbles oscillate violently and then implode
creating powerful localized shockwaves. These mechanisms
rapidly heat the surrounding blood and tissue. Cavitation
results in faster compact layer formation and improved
coagulation.

[0195] FIG. 44 shows the effect of an ultrasonic pressure
wave on the size of a bubble. FIG. 44 is a plot of the bubble
size as a function of time. Interval 331 corresponds to the
formation of the bubble during a low pressure wave front of
the ultrasonic wave. The bubble expands when the pressure
drops and contracts when the pressure increases. Interval 332
shows the bubble contracting during the following high pres-
sure wave. The bubble alternates between expansion and
contraction, but expands faster than it contracts. When the
ultrasonic pressure wave is generated by high frequency
oscillations of a plasma flow, the cycles of expansion and
contraction follow the high frequency oscillations. The
expansion and contraction of bubbles creates localized fluid
flow. These localized fluid flows can have high velocities and
shear stresses great enough to destroy cells and other cellular
structures in a tissue.

[0196] At high ultrasonic intensities the bubble shown in
FIG. 44 will implode after a few oscillation cycles. During
implosion, very high shear stresses, shock waves, pressures,
and temperatures are produced. The result of these explosions
is the destruction and fragmentation of the local structure of
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the tissue. Additionally, the heat generated from the shear
stresses and bubble collapses can denature protein and
increase the rate of coagulation.

[0197] Because plasma is an ionized gas, there are impor-
tant synergetic effects when ultrasonic energy is coupled with
a plasma flow to achieve coagulation. As the plasma flow
passes through the spongy layer of a tissue it impacts the fluid
boundary. Some of the plasma passes into the tissue below the
spongy layer as dissolved gas. This increased amount of
dissolved gas then forms bubbles which act as receivers of
ultrasonic energy and cavitate. The result of combining a
high-temperature plasma with ultrasound is that the cavita-
tion effect is greatly enhanced, which improves coagulation.
[0198] Morphological samples show that when ultrasonic
oscillations are used during coagulation, the compact layer
has two distinct sublayers. The sublayer adjacent to the
spongy layer is a dense homogeneous layer with all cell
structure destroyed due to cavitation. The sublayer below is
the regular compact layer as described above. The resulting
sublayer of the compact layer formed as a result of cavitation
is a dense homogenous layer that shows improved sealing
characteristics. Also, a spongy layer formed from tissue that
has been disrupted by cavitation has a significantly reduced
pore size, ranging from 20-25 pm rather than 30-70 um.
[0199] The addition of ultrasound is also beneficial for
sealing bleeding blood vessels. Cavitation occurring in the
vessel walls and blood inside of the vessel accelerates the
sealing process. Destruction and fragmentation of the vessel
tissue greatly enhances the swelling process which forms the
seal of the blood vessel. It has been observed that the addition
of ultrasonic high frequency oscillations increase the swell-
ing of blood vessel walls by up to five times and greatly speed
up the sealing process. Accordingly, even large blood vessels
with a high blood flow rate can be sealed rapidly without a
need to direct the plasma flow into the blood vessel and then
at the surrounding tissue for an extended period of time.
[0200] Accordingly, in this preferred embodiment, where a
volumetrically oscillating plasma flow is generated by a
modulated biased pulse current wave, the operator simply
sweeps the tissue with the plasma flow without regard to the
nature of the tissue and the presence of the blood vessels. The
improved coagulation properties for such a plasma flow
facilitate the rapid sealing of the blood vessels without spend-
ing extra time directing the plasma flow into the vessel. No
special attention needs to be paid to blood vessels, as even
large blood vessels with a blood flow rate of 30 mm/s are
sealed rapidly by this sweeping process.

5.4.2 Cutting With Radially Oscillating Plasma

[0201] Beyond tissue coagulation, plasma flows can also be
used to accomplish the surgical task of cutting. During this
surgical task a small region of tissue is destroyed in order to
separate the tissue. By separating the tissue, the operator can
remove unwanted tissue or expose underlying tissues for
further surgery. For coagulation as described above, certain
thermal and mechanical effects were accomplished in the
tissue while avoiding significant sublimation. When cutting
using a plasma flow, however, sublimation of the tissue is
intended. In the preferred embodiments sublimation is
accompanied by the simultaneous coagulation of the just-
separated tissue. This simultaneous coagulation is accom-
plished by the use of a volumetrically oscillating plasma flow.
Using the preferred embodiments, even tissues with charac-
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teristically high bleeding rates can be cut without significant
bleeding or without any bleeding.

[0202] As an overview, prior art continuous plasma flows
have been used to accomplish cutting. A typical plasma flow
suitable for cutting had a significant axial component of the
dynamic pressure and provided a high heat flux. A thin cut
was achieved by using a plasma-generating device with a
small outlet diameter. By keeping the cut thin, tissue damage
was limited to a very small region of the tissue and the
precision of the cut was high. Coagulation effects, such as the
formation of spongy and compact layers, were negligible.
The result of using a continuous plasma flow for cutting was
a thin, precise cut which bled significantly. The bleeding
tissue exposed by this cut would typically be coagulated using
a separate device.

[0203] FIGS. 45A-C illustrate the process of cutting with a
typical prior art continuous plasma flow. Plasma-generating
device 340 is placed at the surface 341 of the tissue. By
keeping plasma-generating device 340 adjacent to the surface
of'the tissue, the surface of the tissue is in cutting region 311
as shown in FIG. 36. Referring back to FIG. 45A, plasma flow
342 vaporizes a portion of the tissue, forming a cut. The cut
has walls 343 which are tissue exposed due to the destruction
of adjacent tissue. Because the radial component of dynamic
pressure in a continuous plasma flow is negligible, walls 343
are not coagulated by the continuous plasma flow and beginto
bleed. At the bottom of the cut a thin sealing layer consisting
of spongy layer 344 and compact layer 345 is formed. How-
ever, due to the very high heat flux provided by the plasma
flow, this sealing layer translates inward rather than increas-
ing in thickness.

[0204] To lengthen the cut, plasma-generating device 340
is moved along the surface of the tissue to form a groove. To
cut to a greater depth or completely separate the tissue into
separate pieces, plasma-generating device can be moved
deeper into the cut to sublimate more tissue. This is shown in
FIG. 45B. Additionally, during the cutting process blood ves-
sels 346 are dissected by the plasma flow and their exposed
ends open into the cut. Importantly, a continuous plasma flow
used for cutting does not efficiently coagulate the tissue or
blood vessels exposed along the walls of the cut. Tissue
bleeding 347 and vessel bleeding 348, shown in FIG. 45C,
must be coagulated in some other way, such as a separate
plasma flow adapted for coagulation or by some other means.
[0205] By using a radially oscillating plasma flow, cutting
can be accomplished while simultaneously coagulating tissue
exposed by the cut, resulting in a cut with little to no bleeding.
In the preferred embodiment, a high frequency biased pulse
wave of current is used to generate a plasma flow with sub-
stantial radial oscillations. The frequency of the oscillations is
greater than 2,000 Hz, and is preferably 20,000-30,000 Hz. In
one embodiment, the biased pulse wave current has a fre-
quency of 20,000 Hz with a duty cycle D of 0.05-0.15, it has
a period T of 50 us and a high intensity pulse interval t;, of
2.5-7.5 ps. An example of such a plasma flow is depicted in
FIG. 20A. At such a high frequency, the scattering of plasma
particles directs plasma both axially and radially. The radially
directed plasma creates a substantial radial component of the
dynamic pressure and heat flux. These substantial radial com-
ponents, unique to volumetrically oscillating plasma flows,
are used to coagulate the tissues along the walls of the cut as
the cutis made. Additionally, because the high intensity inter-
val of the high frequency pulses is not long enough for the
plasma flow to extend to a significant length, the energy of the
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plasma flow, even during the high intensity interval, is con-
centrated in a volume near the outlet of the plasma-generating
device.

[0206] This concentration of energy is apparent FIGS.
18A-B. The volume of active plasma tapers to a point on the
plasma flow axis, which can be considered the “cutting tip” of
the plasma flow. Because of the very focused cutting tip, the
resulting cut formed by the radially oscillating plasma flow
will be thin and minimize the amount of tissue destroyed. This
cutting tip is present for both high and low intensity plasma.
[0207] A radially oscillating plasma flow accomplishes
both the sublimation and coagulation of tissue simulta-
neously. FIGS. 46A-C illustrate the cutting process (both
sublimation and coagulation of tissue) with a radially oscil-
lating plasma flow. Turning first to the cutting aspect of the
process, FIG. 46 A shows a high intensity flow 350 is directed
from plasma-generating device 351 during the high intensity
interval of the high frequency biased pulse current wave.
Plasma-generating device 32 is positioned at the tissue sur-
face. The high intensity plasma, which has an outlet tempera-
ture of 20,000-30,000 K, sublimates tissue to form a cut.
Because the high intensity plasma with the outlet temperature
0120,000-30,000 Hz is maintained for just a few ps, it does
not cause extended damage to the tissue. The high intensity
plasma has a heat flux directed both axially and radially, so
that the width of the cut corresponds to the maximum width of
the plasma flow, which is may be as high as 1.5 mm plasma is
relatively wide of the outlet with the diameter of 0.5 mm.
[0208] FIG. 46B shows a subsequent low intensity interval
of'the plasma flow following the high intensity pulse shown in
FIG. 46A. The low intensity plasma has the outlet tempera-
ture of at least 11,000 K and a heat flux a distribution with a
significant axial component and a relatively small radial com-
ponent. This ensures that during the low intensity interval, no
radial sublimation of tissue occurs. The low intensity plasma
advances the cut further in the axial direction, deepening it.
Accordingly, both high intensity and low intensity plasma
provide contribute the tissue cutting.

[0209] As to coagulation, as shown in FIG. 46 A, the radial
oscillations create a coagulation effect in all directions similar
to the effect the axial oscillations have in the axial direction
for tissue coagulation. Specifically, during a high intensity
interval, the heat flux radial component of the plasma flow
creates spongy layer 353 in the walls of the cut. At the same
time, the heat flux axial component of the plasma flow creates
spongy layer 353 along the bottom of the cut. Additionally,
the high intensity plasma burst begin to forms compact layer
354 as heat defuses past spongy layer 353. By the end of the
high intensity interval, compact layer 354 is relatively thin
because the interval is short compared to the time required for
significant heat diffusion from the fluid boundary 355.
Accordingly, only a very small thickness of tissue below the
spongy layer has a substantial amount of denatured protein.
[0210] As shown in FIG. 46B, during the subsequent low
intensity interval, low intensity plasma 352 provides a lower
heat flux to the tissue in the walls of the cut. This lower heat
flux increases the thickness of compact layer 354 without
causing further sublimation of spongy layer 353 in the walls
of'the cut. After anumber of volumetric oscillations, the walls
of the cut are completely coagulated. The result is shown in
FIG. 46C, where the tissue has been completely separated
while at the same time a thick sealing layer comprising
spongy layer 353 and compact layer 354 completely prevents
bleeding.
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[0211] When the frequency of oscillations is ultrasonic, the
coagulative effect of a volumetrically oscillating plasma flow
on a tissue is improved by the addition of ultrasonic energy.
As described in reference to the surgical task of coagulation,
this ultrasonic energy acts as an extra source of heating and
causes cavitation in the tissue. Cavitation which occurs at the
tissue surface aids the surgical task of cutting by disrupting
the tissue at the surface and causing fragmentation. This
cavitation, in addition to the sublimation, results in an
enhanced cutting efficiency.

[0212] To briefly review, in the surgical task of coagulation
the addition of ultrasonic energy results in a greatly improved
sealing layer. Likewise, ultrasonic energy dramatically
improves coagulation during the surgical task of cutting.
First, rapid heating of tissue below the fluid boundary via the
cavitation mechanism speeds up the denaturation reaction
that forms the compact layer. This means that compact layer
formation, which is slow compared to spongy layer forma-
tion, is greatly sped up. Second, tissue disruption due to
ultrasonic cavitation has many beneficial effects on the
strength of the sealing layer. Spongy layer pore diameters, for
example, are significantly decreased, which makes this layer
denser and better at stopping blood flow. Cavitation also
creates a sublayer of the compact layer in which the cells
themselves have been disrupted, creating a more homog-
enous structure which is better at stopping blood flow. The
result of these effects is that the sealing layer can be made
significantly thinner while at the same time being signifi-
cantly better at stopping bleeding.

[0213] With regards to blood vessels dissected during the
cutting process, FIG. 47 shows how the radial heat flux com-
ponent of a radially oscillating plasma flow can seal blood
vessels. As discussed in the case of coagulation, penetration
of plasma into blood vessels requires the plasma to have a low
density and a high dynamic pressure directed into the blood
vessel. Because high intensity plasma 360 has a large
dynamic pressure with a significant radial component, it is
ableto provide a large dynamic pressure 361 into blood vessel
362. The high intensity plasma is capable of penetrating into
blood vessel 361 and heating exposed blood vessel walls 363
to create the sealing effect described in reference to FIGS.
43A-C.

[0214] Cavitational effect due to ultrasonic waves gener-
ated as a result of radially oscillating are capable of com-
pletely occluding the severed vessel openings as the cutting
continued to be performed to ultrasonic oscillations. Similar
to the surrounding tissues, the blood vessel walls and blood
are disrupted and coagulated by the ultrasonic acoustic wave.
The cavitational effect works in conjunction with the penetra-
tion of the plasma into the vessel to accomplish vessel sealing.

[0215] Because of the benefits associated with ultrasonic
acoustic waves, in the preferred embodiment for the surgical
task of cutting the frequency of oscillations is ultrasonic. The
volumetrically oscillating plasma flow is preferably gener-
ated using a high frequency biased pulse wave oscillating
with a frequency of 20,000-30,000 Hz. In this preferred
embodiment, the bias current level is 6 A, the pulse current
level is 30 A, and the duty cycle is 0.05-0.15.

[0216] Results in animal testing have shown that effective
coagulation can be coupled with the surgical task of cutting
using the preferred embodiment. Tissues with very intensity
characteristic bleeding rates have been cut without any sig-
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nificant, or any, bleeding. Additionally, vessels with diam-
eters as large as 4 mm have been sealed as they were cut.

5.4.3 Vaporization With Radially Oscillating Plasma

[0217] In addition to the surgical tasks of coagulating and
cutting, a plasma flow can also be used to accomplish the
surgical task of vaporization. Like cutting, the primary goal of
vaporization is the destruction of tissue. In cutting, a small
amount of the tissue was destroyed to separate pieces of tissue
from each other. In vaporization, on the other hand, a certain
amount of unhealthy or otherwise undesirable surface tissue
is destroyed. In such a situation, the goal is to completely
destroy the undesirable tissue while causing as little collateral
damage as possible. This collateral damage includes inciden-
tal vaporization of adjacent healthy tissue and bleeding from
the tissues exposed during vaporization. For example, can-
cerous tumor nodules situated on a tissue that must be pre-
served such as on the spinal cord, brain, or ovaries may need
to be vaporized rather than excised to protect the delicate
tissue beneath.

[0218] An ideal plasma flow for vaporization should pro-
vide precise control of the depth of tissue vaporization while
at the same time efficiently coagulating the tissue exposed
during vaporization. A radially oscillating plasma flow can be
used for this purpose. In fact, the same radially oscillating
plasma flow preferred for the surgical task of cutting is also
preferred for the task of vaporization. That is, the volumetri-
cally oscillating plasma flow is generated using a high fre-
quency biased pulse wave current having a frequency greater
than 2,000 Hz, preferably 20,000-30,000 Hz. The duty cycle
of the volumetrically oscillating plasma flow is preferably
0.05-0.15, the bias current is 6 A, and the pulse current is 30
A. A radially oscillating plasma flow generated with this high
frequency biased pulse current wave was discussed with ref-
erence to FIG. 20A. In this case, short high intensity intervals
limit the length of the plasma flow unlike concentrating
energy close to the outlet of the plasma-generating device.
Additionally, as described above with reference to cutting,
such a volumetrically oscillating plasma flow is optimized to
efficiently coagulate tissue exposed after vaporization of the
surface. If the frequency of oscillations is ultrasonic, ultra-
sonic energy is also provided to the tissue, which improves
both vaporization and coagulation, as described above with
reference to cutting.

[0219] While the preferred volumetrically oscillating
plasma flow is the same for cutting and vaporization, the
procedure for performing the task differs. In cutting, the
device is held at the surface of the tissue, i.e. 0 mm from the
outlet to the tissue. This position maximizes the amount of
tissue vaporization and speeds up the cutting process. In
vaporization, on the other hand, precise control of the depth of
destruction is required. FIG. 36 shows that the optimal dis-
tance for the task of vaporization is in region 312. Preferably,
plasma-generating device 32 is held at a distance of 2-5 mm
from the surface of the tissue. Because the temperature drops
rapidly over this region, the operator has good control of the
rate of vaporization by simply moving the device towards or
away from the tissue surface.

[0220] FIGS. 48A-E show the vaporization of a tumor
according to the preferred embodiment. FIG. 48A shows
tumor 371 growing on the surface of healthy tissue 370 before
the application of the radially oscillating plasma flow. The
goal of the procedure is to completely destroy all of the
undesired tissue of tumor 371 while simultaneously coagu-



US 2012/0022522 Al

lating the underlying tissue. In FIG. 48B, plasma-generating
device 372 has produced radially oscillating plasma flow 373
and is directed at a part of tumor 371. Plasma-generating
device 372 is held between 2-5 mm from the surface of tumor
371. The operator adjusts the distance of plasma-generating
device 372 to maintain a controlled and steady rate of vapor-
ization. While plasma flow 373 is directed at tumor 371,
multiple oscillations of the plasma flow occur. During high
intensity intervals, high intensity plasma accomplishes both
sublimation of tumor tissue and rapid formation of spongy
layer 374. During low intensity intervals, the low intensity
plasma also accomplishes sublimation of tumor tissue. Due to
its lower temperature and heat flux, the rate of sublimation
achieved by the low intensity plasma is much lower than the
rate achieved by the high intensity plasma. However, the low
intensity plasma is applied for 8.5-20 times longer than the
high intensity plasma, so significant sublimation may be
accomplished even with the lower rate. So substantial subli-
mation occurs even during the low intensity interval. Besides
sublimation, the low intensity plasma also provides heat to the
compact layer through the process of heat diffusion from the
fluid boundary. This alternating process of coagulation,
where the high and low intensity plasma work together to
efficiently form a sealing layer, was described above with
respect to both coagulation and cutting. By the time the opera-
tor moves plasma-generating device 372 laterally to the posi-
tion shown in FIG. 48C, the radially oscillating plasma flow
has vaporized part of tumor 371 and simultaneously formed a
sealing layer to prevent bleeding.

[0221] FIG. 48C shows tumor 371 after several oscillations
of plasma flow 373 have been directed at another part of the
tumor. Typically, the operator moves plasma-generating
device in a circular motion parallel to the surface of tissue 370
so that the entire tumor is vaporized at a controlled and even
rate. At this time, the top portion of tumor 371 has been
destroyed, but some undesired tissue remains embedded in
healthy tissue 370. At this point in the procedure, the operator
may optionally remove plasma-generating device 372 and
determine if tumor 370 has been completely destroyed. One
way to determine if the tumor has been completely destroyed
by visual or tactile examination. If the tumor is still present, it
will have a noticeably different texture than healthy tissue
370.

[0222] As shown in FIG. 48D, the operator again directs
plasma-generating device 372 at tumor 371. To maintain the
same rate of vaporization, the plasma-generating device is
moved forward slightly, staying within 2-5 mm from the
surface being vaporized. As a result, more undesired tumor
tissue is vaporized. FIG. 48D shows that the plasma has
vaporized past the bottom of tumor 371 and begun vaporizing
healthy tissue 370. Because of the precise control the operator
has over the depth of destruction, the operator will be able to
consistently cease vaporization soon after reaching healthy
tissue 370. Additionally, tissue underneath tumor 371 coagu-
lated by the radially oscillating plasma flow, so bleeding does
not occur. Vaporizing tissue below the surface of tissue 370
has formed a depression in the tissue which has walls 376.
Because of the significant radial component of the dynamic
pressure provided by a radially oscillating plasma flow, walls
376 will also be efficiently coagulated.

[0223] To finish the procedure, the plasma-generating
device is again directed at other parts of tumor 371. This
movement is shown in FIG. 48E, where plasma-generating
device 372 has been moved substantially parallel to the sur-

Jan. 26, 2012

face of tissue 370. Continued application of radially oscillat-
ing plasma flow 373 has completely destroyed tumor 371. All
that remains is healthy tissue 370, along with a sealing layer
that completely stops even very intense bleeding. As
explained above with reference to coagulation and cutting,
the sealing layer has a morphology unique to volumetrically
oscillating plasma flows which makes them preferred for
stopping high levels of bleeding. Spongy layer 374, formed
primarily by high velocity, low density plasma during the
high intensity interval, has many sublayers corresponding to
each high intensity interval. Also, compact layer 375 is rela-
tively thick compared to spongy layer 375. This is possible
because during the low intensity interval the low intensity
plasma had the opportunity to heat the tissue in the compact
layer without completely destroying the spongy layer formed
during the high intensity interval.

[0224] The above discussion of vaporization applies to
radially oscillating plasma flows with frequencies greater
than 2,000 Hz. If the frequency is ultrasonic, the surgical task
of vaporization is improved by the additional ultrasonic
energy transferred to the tissue. In the preferred embodiment,
the frequency of oscillations is 20,000-30,000 Hz. The ben-
efits of ultrasonic energy for vaporization are very similar to
the benefits observed in the surgical task of cutting. Specifi-
cally, cavitation at the surface of the tissue causes fragmen-
tation, aiding in the destruction of the tumor. Cavitation
within the tissue also improves the structure of the sealing
layers. For example, the pore diameters of the spongy layer
are reduced. Additionally, the compact layer has a sublayer
composed of homogenized tissue where cavitation has
destroyed the individual cell structure. This homogenized
sublayer is particularly effective for coagulation. The end
result is that the thickness of the sealing layer can be relatively
thin without sacrificing the ability to stop very intense bleed-
ing. This is particularly important for the surgical task of
vaporization, where tissue must be destroyed while minimiz-
ing collateral damage.

[0225] Inaddition to coagulating tissue, a radially oscillat-
ing plasma flow used for vaporization can also simulta-
neously seal blood vessels exposed by the vaporization pro-
cess. FIG. 49A-B show blood vessel 38 being sealed during
vaporization. FIG. 49A shows tissue 370 near the end of the
vaporization procedure. Blood vessel 378, which provided
blood to the recently vaporized tissue, is now exposed. Unless
blood vessel 378 is sealed, blood 379 will continue to flow out
of the vessel. When such an exposed vessel is observed, the
operator can use the same radially oscillating plasma flow
used for vaporization to seal the exposed vessel. To do so, the
operator directs radially oscillating plasma flow 373 at vessel
378. Due to the high dynamic pressure and heat flux, plasma
flow 373 is able to evaporate blood 379 and penetrate deep
into blood vessel 378. Because of this, blood vessel walls 377
will be heated to a depth of 1-1.5 vessel diameters. As walls
377 are heated they swell until they completely occlude blood
vessel 378, forming a seal to stop blood flow. This is shown in
FIG. 49B. While vessel 378 is shown at the bottom of the
depression formed by the vaporization procedure, it is pos-
sible that the blood vessel could be exposed along wall 376 of
the depression. Even though vessel 378 is not aligned with the
plasma flow axis in this case, the radially oscillating plasma
flow can still accomplish vessel sealing. This is due to a
significant radial component of the dynamic pressure of
plasma flow 373.
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[0226] While the above discussion of FIG. 49A-B
describes the vessel sealing process separately from vapor-
ization, it should be noted that the process of vessel sealing is
occurring simultaneously with the vaporization process. The
operator does not significantly alter the vaporization proce-
dure described in reference to FIGS. 48A-E. At most, the
operator may need to spend slightly more time directing
plasma flow 373 at a particular part of tumor 371 to seal a
vessel, before proceeding to finish the vaporization procedure
for the entire tumor.

[0227] In addition, in the preferred embodiment, with a
frequency of oscillations in the range of 20,000-30,000 Hz,
the cavitational effect due to the ultrasonic acoustic waves
helps to seal the blood vessels. Experiments show that the
thickness of blood vessel walls increase by a factor of 5,
compared to the swelling accomplished without ultrasonic
wave, facilitating rapid sealing of the vessel.

5.5 Non-Surgical Applications

[0228] Volumetrically oscillating plasma flows are also
useful for a variety of non-surgical applications. These
include medical applications outside of surgery as well as
non-medical applications.

5.5.1 Wound Treatment, Cosmetics, and Pain
Management

[0229] Volumetrically oscillating plasma flows can be used
for non-surgical medical applications. For example, these
plasma flows may be used in procedures for wound treatment,
pain management, and plastic surgery. In these procedures, a
volumetrically oscillating plasma flow is directed at a tissue.
The goal of the procedure is to accomplish beneficial effects
by generating and delivering certain chemicals deep into the
tissue in the presence of heat and light. These chemicals, like
NO or ozone, may be formed as reactants are introduced into
the plasma flow. These reactants may be air, other gases, or
conceivably other materials. Once introduced into the plasma
flow, these reactants are heated and take part in chemical
reactions which form the desired chemicals. These chemicals
are then directed at the tissue surface. In these applications,
the total heat provided to the tissue is preferably low. There-
fore, in a preferred embodiment, the volumetrically oscillat-
ing plasma flow directed at the tissue is a volumetrically
oscillating intermittent plasma flow.

[0230] A key benefit of using plasma flows to accomplish
drug delivery in these applications is the high level of pen-
etration of drugs into the tissue. Drug delivery has been
shown to be significantly better when plasma flows were used
compared to methods which deliver the drugs ‘cold’ to the
surface of the tissue. By using a volumetrically oscillating
plasma flow rather than a continuous plasma flow, this drug
delivery is even more efficient. The benefit from volumetri-
cally oscillating plasma flows is due to the bursts of high
intensity plasma which reach higher temperatures than a con-
tinuous plasma can without damaging device components.
These increased temperatures decrease the density and
increase the dynamic pressure, which results in improved
plasma and drug penetration.

[0231] Ultrasound has been shown to have a synergistic
effect with some drugs, called chemopotentiation. Ultra-
sound effects cell membranes and temporarily increases their
permeability. When combined with therapeutic drugs, more
drug molecules diffuse into cells and produce an enhanced
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therapeutic effect. This synergetic effect makes treatment
with these drugs more effective. In a preferred embodiment,
the volumetrically oscillating plasma flow oscillates with an
ultrasonic frequency, i.e. the frequency of oscillations is
greater than 20,000 Hz

5.5.2 Plasma Waste Disposal

[0232] Volumetrically oscillating plasma flows can be used
to efficiently destroy waste. The use of continuous plasma for
waste disposal is well known, and the process is called plasma
arc gasification. In gasification, one or more plasma flows are
directed at waste inside a large furnace equipped to capture
gaseous and solid byproducts. The plasma flows with a high
temperature cause molecular dissociation in the waste and
turn it into simple chemical components. This process safely
destroys municipal, hazardous, and medical wastes rather
than storing them in landfills. The resulting byproducts of the
gasification process include valuable reclaimed metals and
silicates, fuel and fuel intermediates such as syngas, and
chemicals useful for industrial applications.

[0233] Volumetrically oscillating plasma flows and par-
ticularly the flows oscillating at ultrasonic frequencies can be
used to improve the efficiency of plasma waste disposal. If
oscillating at an ultrasonic frequency, the plasma flows sup-
ply ultrasonic energy to the waste in addition to the high
temperatures of a typical plasma flow. This ultrasonic energy
agitates the waste and fragments it into small pieces. This
agitation preferably speeds up the chemical reactions which
destroy the waste.

[0234] One current problem with plasma arc gasification
systems is the rapid breakdown of components of the plasma
waste disposal system exposed to the high temperatures of the
plasma. For example, liners of the plasma furnaces in typical
systems may have a service lifetime of one year or less. The
short lifetimes of components increase maintenance costs of
such systems. By using a volumetrically oscillating plasma
flow, however, the average temperature can be kept relatively
low while providing bursts of high intensity plasma at very
high temperatures. This lower average temperature prefer-
ably reduces the strain on system components and increases
their service lifetimes.

[0235] FIG. 50 shows an exemplary embodiment of a volu-
metrically oscillating plasma waste disposal system. Waste
401 enters furnace 402 through waste inlet 403. Plasma-
generating devices 404 provide volumetrically oscillating
plasma flows 405 which during operation destroy waste 401.
Slag 406 comprised of molten solid byproduct accumulates at
the bottom of furnace 402 and is collected for further pro-
cessing. Gas byproducts are captured by vent system 407.
[0236] In some embodiments plasma-generating devices
404 may have dimensions much larger than the preferred
dimensions for embodiments adopted for medical applica-
tions. For large scale waste processing, current levels,
plasma-generating gas flow rates, and diameters of various
portions of the heating channel may all be many times larger
than the corresponding dimension of surgical embodiments
described above.

5.5.3 Plasma Cleaning

[0237] Volumetrically oscillating plasma flows can also be
used in improved systems and methods for plasma cleaning.
In preferred embodiments, components of a plasma interact
with a surface in several ways to remove contaminants and
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create an ultra-clean surface. First, the neutral plasma-gener-
ating gas atoms are directed with a high velocity at the surface
being treated, removing and vaporizing contaminants Sec-
ond, other gases introduced into the plasma flow, such as
oxygen, become energized and react with contaminants to
form new compounds which are easily be removed from the
surface. Third, photons generated by the plasma flow break
down molecular bonds in the contaminants, facilitating their
removal. For example, high molecular weight organic con-
taminants can be removed from a semiconductor substrate to
create an ultra-clean surface appropriate for electronics fab-
rication.

[0238] Volumetrically oscillating plasma flows oscillating
at an ultrasonic frequencies provide additional ultrasonic
energy which preferably improves the cleaning process.
Similar to the action of a sonicator, the addition of ultrasonic
energy agitates the surface being treated and improves the
efficiency of reactants in removing tightly adhering or
embedded particles.

6 EQUIVALENTS

[0239] Many modifications and variations of this invention
can be made without departing from its spirit and scope, as
will be apparent to those skilled in the art. The specific
embodiments described herein are offered by way of example
only, and the invention is to be limited only by the terms ofthe
appended claims, along with the full scope of equivalents to
which such claims are entitled.

What is claimed:

1. A system comprising:

a. a power supply capable of generating an electric current
having a low current level and pulses reaching a high
current level, wherein the pulses have a ramp rate of at
least 25 A per 10 ps, and

b. a plasma-generating device capable of
1. heating a plasma-generating gas to a first temperature

with the low current level of the electric current,
wherein the first temperature is at least 10,000 K,

ii. heating the plasma-generating gas to a second tem-
perature with the high level of the electric current,
wherein the second temperature is at least 10,000 K
above the first temperature; and

iii. discharging an outlet the heated plasma-generating
gas as a plasma flow that expands in volume during
the electric current pulses.

2. The system of claim 1, wherein the plasma-generating
device comprises an anode forming a portion of a plasma
channel, the plasma channel having the outlet with a diameter
0.3-0.8 mm.

3. The system of claim 2, wherein the high current level is
less than 50 A.

4. The system of claim 3, wherein the plasma-generating
device is further capable of receiving the plasma-generating
gas at a flow rate 0f 0.1-0.6 L/min at room temperature.

5. The system of claim 2, wherein the plasma-generating
device comprises a cooling channel with an outlet near the
outlet ofthe plasma channel capable of discharging a coolant.

6. The system of claim 1, wherein the plasma-generating
device comprises a cathode assembly comprising multiple
cathodes.

7. The system of claim 4 further comprising a first control
circuitry capable of causing the power supply to generate a
current wave.

Jan. 26, 2012

8. The system of claim 7,

wherein the wave that the control circuitry is capable of
causing the power supply to generate is a biased pulse
wave with a pulse frequency of 20-100 Hz, a duty cycle
0f 0.05-0.15, and

wherein the low current level is 3-10 A and the high current
level is 25-30 A.

9. The system of claim 7,

wherein the wave that the control circuitry is capable of
causing the power supply to generate is a biased pulse
wave with a pulse frequency of above 2,000 Hz, a duty
cycle of 0.05-0.15, and

wherein the low current level is 3-10 A and the high current
level is 25-30 A.

10. The system of claim 7,

wherein the wave that the control circuitry is capable of
causing the power supply to generate is a modulated
biased pulse wave wherein a first biased pulse wave with
apulse frequency of above 20,000 Hz and a duty cycle of
0.35-0.65 is modulated by a second biased pulse wave
with a pulse frequency of 20-100 Hz and a duty cycle of
0.05-0.15, and

wherein the low current level is 3-10 A and the high current
level is 25-30 A.

11. The system of claim 7 further comprising a control
circuitry capable of monitor the flow rate of the plasma-
generating gas.

12. An article comprising;:

a plasma flow in air, the flow having a directional axis and
an active zone defined by plasma having a temperature
above a threshold,

wherein the active zone expands and contracts volumetri-
cally over time according to a controlled pattern.

13. The article of claim 12, wherein a portion of the plasma
when a contracted active zone has a first temperature of at
least 10,000 K, and

wherein the portion of the plasma in an expanded active
zone has a second temperature at least 10,000 K above
the first temperature.

14. The article of claim 13, wherein the threshold is 10,000

K.

15. The article of claim 13, wherein the active zone
expands and contracts at a frequency of at least 20 Hz.

16. The article of claim 14, wherein the portion of the
plasma in the expanded active zone retains the second tem-
perature for about 2.5-7.5 ms.

17. The article of claim 13, wherein the active zone
expands and contracts at a frequency of at least 2,000 Hz.

18. The article of claim 17, wherein the portion of the
plasma in the expanded active zone retains the second tem-
perature for about 25-75 ps.

19. The article of claim 17, wherein the active zone
expands and contracts at a frequency of at least 20,000 Hz.

20. The article of claim 19, wherein the portion of the
plasma the in the expanded active zone retains the second
temperature for about 2.5-7.5 ps.

21. The article of claim 19, wherein the portion of the
plasma when the active zone is expanded has the second
temperature for 17.5-32.5 ps.

22. The article of claim 21, wherein, periodically, the oscil-
lations of the first portion of the space last for 2.5-7.5 ms, and
a time when no oscillations of the first portion of the space
occur last for 42.5-47.5 ms.
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23. A process comprising, repeatedly:

a. controllably expanding a zone of a plasma flow having a
temperature above a threshold; and

b. controllably contracting the zone of a plasma flow hav-
ing a temperature above the threshold.

24. The process of claim 23, wherein, when the zone of the
plasma flow having a temperature above the threshold is
contracted, a portion of the plasma flow zone has a first
temperature of at least 10,000 K, and

wherein, when the zone of the plasma flow having a tem-
perature above the threshold is expanded, the portion of
the plasma flow zone has a second temperature at least
10,000 K above the first temperature.

25. The process of claim 24, wherein the threshold is

10,000 K.
26. A method of generating a plasma flow using a plasma-
generating-device having an outlet, the method comprising:
a. supplying a plasma-generating gas to the plasma-gener-
ating device;
b. providing an energy with a power density to the plasma-
generating gas to form a plasma flow, wherein the power
density changes according to a controlled pattern having
a low level and a high level; and
c. discharging from the outlet of the plasma-generating
device the plasma flow alternating between
i. a low intensity plasma with a temperature at the outlet
of at least 10,000 K, and

ii. a high intensity plasma with a temperature at the
outlet of at least 10,000 K above the temperature of
the low intensity plasma at the outlet, and

wherein the low intensity plasma corresponds to the energy
with the low level power density and the high intensity
plasma corresponds to the energy with the high intensity
power density level.

27. The method of claim 26, wherein the controlled pattern
is a modulated biased pulse wave, wherein a high frequency
biased pulse wave is modulated by a low frequency biased
pulse wave.

28. The method of claim 27, wherein the energy is provided
by an electric arc passing through the plasma-generating gas.

29. The method of claim 28, wherein the electric arc has a
low level current of 3-10 A and a high level current of 25-30
A.

30. The method of claim 29, wherein the frequency of the
high-frequency biased pulse wave is 20,000 Hz or above.

31. The method of claim 30, wherein the duty cycle of the
high-frequency biased pulse wave is 0.35-0.65.

32. The method of claim 31, wherein the frequency of the
low-frequency biased pulse wave is 20-100 Hz.

33. The method of claim 32, wherein the duty cycle of the
low-frequency biased pulse wave is 0.05-0.15.

34. The method of claim 33, wherein the plasma-generat-
ing gas is supplied to the plasma-generating device at a flow
rate of 0.1-0.6 L/min at room temperature.

35. The method of claim 27, wherein the discharged
plasma undergoes radial volumetric variations and large-
scale axial volumetric variations.

36. The method of claim 26, wherein the controlled pattern
is a biased pulse wave.

37. The method of claim 36, wherein the energy is provided
by an electric arc passing through the plasma-generating gas.

38. The method of claim 37, wherein the electric arc has a
low level of current of 3-10 A and a high level of current of
25-30A.
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39. The method of claim 38, wherein the frequency of the
high-frequency biased pulse wave is 20-200 Hz.

40. The method of claim 39, wherein the duty cycle of the
biased pulse wave is 0.05-0.15.

41. The method of claim 40, wherein the plasma-generat-
ing gas is supplied to the plasma-generating device at a flow
rate of 0.1-0.6 L/min at room temperature.

42. The method of claim 34, wherein the discharged
plasma undergoes large-scale axial volumetric variations.

43. The method of claim 41, wherein the frequency of the
biased pulse wave is 2,000 Hz or above.

44. The method of claim 37, wherein the frequency of the
biased pulse wave is 20,000 Hz or above.

45. The method of claim 44, wherein the duty cycle of the
biased pulse wave is 0.05-0.15.

46. The method of claim 45, wherein the plasma-generat-
ing gas is supplied to the plasma-generating device at a flow
rate of 0.1-0.6 L/min at room temperature.

47. The method of claim 36, wherein the discharged
plasma undergoes radial volumetric variations.

48. The method of claim 36, wherein the energy is provided
by an operational current of an intermittent plasma flow.

49. An article comprising a plasma flow having a direc-
tional axis and a pressure with an axial component and a
radial component relative to the directional axis, wherein the
radial component of the pressure changes over time according
to a controlled pattern.

50. A method of treating a substrate using a plasma-gener-
ating device having an outlet, the method comprising:

a. directing at a spot on the substrate a plasma flow having

a temperature at the outlet oscillating in time between a
high temperature and a low temperature,

wherein the low temperature at the outlet is at least 10,000
K and the high temperature at the outlet is at least 10,000
K greater than the low temperature at the outlet; and

wherein the temperature of the plasma flow at the outlet
oscillates with a frequency of at least 2,000 Hz.

51. The method of claim 49, wherein the frequency is at

least 20,000 Hz, and

wherein at least a portion of the substrate is disrupted by an
ultrasonic acoustic wave.

52. The method of claim 51, wherein the substrate is a

tissue.

53. The method of claim 52, wherein the temperature of the
plasma flow at the outlet is maintained at the high temperature
for 5%-15% of an oscillation period of temperature of the
plasma flow at the outlet.

54. The method of claim 53, further comprising:

b. moving the plasma-generating device parallel to the
surface of the tissue, while keeping the outlet of the
plasma-generating device adjacent to the tissue to form
a cut in the tissue.

55. The method of claim 54, wherein a wall of the cut is

coagulated substantially at the same time as the tissue is cut.

56. The method of claim 55, wherein the tissue is blood
carrying and a blood vessel is severed during the formation of
the cut, and

wherein the severed blood vessel is sealed.

57. The method of claim 53, further comprising:

b. moving the plasma-generating device parallel to the
surface of the tissue, while keeping the outlet of the
plasma-generating device 2-5 mm from the tissue to
vaporize a portion of the tissue.
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58. The method of claim 57, wherein an exposed portion of
the tissue below the vaporized portion of the tissue is coagu-
lated.

59. The method of claim 58, wherein a blood vessel is
severed during vaporization, and wherein the severed blood
vessel is sealed.

60. The method of claim 52, wherein the outlet temperature
of the plasma flow is maintained at the high outlet tempera-
ture for 35%-65% of a oscillation period of the outlet tem-
perature of the plasma flow; and

wherein the oscillations of the outlet temperature of the
plasma flow occur during a 0.5-7.5 ms interval with a
frequency of 20-100 Hz.

61. The method of claim 60, further comprising:

b. moving the plasma-generating device parallel to the
surface of the tissue, while keeping the outlet of the
plasma-generating device 10-30 mm from the tissue to
seal severed vessels and to coagulate the tissue.

62. A method of treating a substrate using a plasma-gener-

ating device having an outlet, the method comprising:
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a. directing at a spot on the substrate a plasma flow having
a temperature at the outlet oscillating in time between a
high temperature and a low temperature,

wherein the low temperature at the outlet is at least 10,000
Kand

wherein the high temperature at the outlet is at least 10,000
K greater than the low temperature at the outlet; and

wherein the temperature of the plasma flow at the outlet
oscillates with a frequency of 20-100 Hz.

63. The method of claim 62, wherein the outlet temperature
of the plasma flow is maintained at the high outlet tempera-
ture for 5%-15% of an oscillation period of the outlet tem-
perature of the plasma flow.

64. The method of claim 63, further comprising:

b. moving the plasma-generating device parallel to the
surface of the tissue, while keeping the outlet of the
plasma-generating device 10-30 mm from the tissue to
seal severed vessels and to coagulate the tissue.
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