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A High-Power High-Voltage Power Supply
for Long-Pulse Applications

Alex Pokryvailo, Senior Member, IEEE, Costel Carp, and Clifford Scapellati

Abstract—This paper describes a concept and a physical
demonstration of a high-efficiency small-size low-cost 100-kV
100-kW high-voltage (HV) power supply (HVPS) designed for
long-pulse applications (units of milliseconds to dc operation). Key
technology includes a modular HV converter with energy-dosing
inverters that run at about 50 kHz and have demonstrated an
efficiency of 97.5% across a wide range of operating conditions.
The inverters’ output voltages are phase shifted, which yields a
low ripple of 1% and a slew rate of 3 kV/μs combined with less
than 10 J of stored energy at the maximum voltage. Modular con-
struction allows easy tailoring of HVPS for specific needs. Owing
to high efficiency, small size is achieved without water cooling.
Controls provide standard operating features and advanced dig-
ital processing capabilities, along with easiness of accommodating
application-specific requirements. HVPS design and testing are
detailed. It is shown that the ripple factor is inversely proportional
to the number of modules squared. Experimental current and
voltage waveforms indicate virtually lossless switching for widely
varying load in the full range of the line input voltages and fair
agreement with circuit simulations. The overall efficiency is as
high as 95% at full load and greater than 90% at 20% load, with
a power factor that is typically greater than 93%.

Index Terms—Power electronics, pulsed power, resonant con-
verter, voltage multiplier, voltage ripple.

I. INTRODUCTION

PULSED-POWER science and technology have accumu-
lated many means of pulse generation in a wide range

of parameters, with duration from picoseconds to seconds at
power levels going up to terawatts for shorter pulses. A recent
book by Mesyats [1] can serve as an encyclopedia on this
subject. With the focus on rectangular millisecond-to-second
durations, ubiquitous in X-ray tomography, RF sources, ion
implantation, etc., the most common methods are using pulse-
forming networks (PFN) or dc power supplies, self-modulated
or having high-voltage (HV) switches for modulating the output
voltage level. Obviously, PFNs are better suited for the gener-
ation of shorter pulses, and dc modulation is the only practical
means of forming longer multimillisecond-to-several-seconds
duration pulses with fast transitions. We include a single storage
capacitor with a fully controlled output switch and inductive
energy storage systems [2], [3] in the PFN category.
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The ability to provide fast rise time is beneficial also in
electrostatic precipitation (ESP) applications. Heavy sparking
inherent to the ESP operation results in frequent voltage col-
lapses, and fast power restoration improves the collection ef-
ficiency [4], [5]. The same is true in the case of intermittent
energization.

A typical requirement for dc HV power supplies (HVPSs),
including but not limited to long-pulse applications, is the
reduction of the output stored energy below a certain level,
simultaneously meeting a contradicting requirement of keeping
the voltage ripple as low as possible. The most promising
approach to satisfy these conditions economically is using
high-frequency (HF) multiphase topologies in their various
incarnations. Closed-loop feedback circuits, in principle, can
provide tight regulation and compensate for the line voltage
variations, such as droop and line-frequency ripple, although
it is not simple to ensure both clean and fast transitions without
overshoots and high stability at a dc level. In order to realize
high efficiency, almost universally, the converter part makes use
of resonance to avoid switching losses. The theory and practice
of such converters are known well [6], [7]. Very high power
systems have been developed around three-phase HV trans-
formers having individual or common cores [8]–[10] that op-
erate typically at 20 kHz. A natural way for the voltage/current
adjustment in such converters is frequency regulation.

We favor a modular approach that makes use of multiple
phase-shifted individual transformers, each having its rectifying
circuit [11], [12]. In this way, the system design is flexible
and open, with the possibility of choosing the desired number
of phases for the ripple suppression. This paper widens this
concept and describes a physical demonstration of an ultrahigh-
efficiency small-size low-cost 100-kV 100-kW HVPS designed
for long-pulse applications. It is also suitable for ESP and
similar markets.

II. SHORT SPECIFICATIONS

This section is intended as a short introduction to the fol-
lowing material, giving a brief outline of the specifications that
guided the development and have been largely met or exceeded.
The emphasis is on the dynamic characteristics combined with
high power. The main specifications are as follows:

1) average output power: 100 kW in an output voltage range
of 90–100 kV; derated at lower voltage;

2) dynamic response: a slew rate of 100 kV/ms minimum
(5% to 95% of preset voltage); typically 300 kV/ms;
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Fig. 1. HVPS block diagram.

3) HF ripple component, peak to peak (p-p): 1% typically at
100 kV at full power;

4) output stored energy: < 10 J;
5) conversion frequency: 50 kHz;
6) input voltage: three-phase 400 VAC+10%

−14% ;
7) power efficiency: typically > 95% at full power at

100 kV; > 90% at 20 kW;
8) overall weight: < 250 kg; oil volume less than 60 L.

III. KEY TECHNOLOGY

The HVPS is built around a modular HV converter (Fig. 1).
All converter modules M1−MN are fed from a common input
rectifier (IR). The modules comprise inverters INV 1−INV N
feeding HV transformers T1−TN that feed voltage multipliers
R1−RN having M multiplication stages, which voltages are
summed by their dc outputs. Such topology may be termed as
“inductive adder.” For the 100-kV 100-kW rating, N = 4, and
M = 3. Each module is built for 25-kV 25-kW average power
and has high-potential insulation of the secondary winding
of the transformer rated at 3 · 25 kVDC = 75 kVDC. This
insulation, along with the rest of the components (mainly HV
capacitors), must also withstand transient voltages arising dur-
ing the pulsing. The number of such transients is determined by
the HVPS operating scenario. For instance, in ESP applications,
the number of pulses during the lifetime is determined by the
sparking rate. If the latter is 6 sparks/min, the number of shots
may well exceed 107.

The topology Fig. 1 was suggested and partially investigated
long ago [11], [12]. It allows reduction of both the number
of multiplier stages and the voltage rating of the HV trans-
former. The first improves the compression ratio (the ratio of

Fig. 2. Ripple suppression factor.

the voltage across the first multiplier stage to that of the last)
and reduces drastically the stored energy. With M = 3, the
transformers and multiplier boards are rated at 8.5 kV, which
simplifies their design and greatly reduces the insulation stress
caused by the HF voltage component. The phase shift of the
inverters’ output voltages results in the decrease of the output
ripple and in the additional reduction of the stored energy.
In this approach, the development costs and time are driven
down, noting that, once a single module has been developed
(including its main insulation), the whole converter is realized
by a simple combination of the desired number of modules that
may be connected both in series and in parallel. The penalty is
larger part count and the necessity of the high-potential main
insulation that is not required in conventional Cockroft-Walton
multipliers. However, this insulation is stressed mainly by a dc
voltage and therefore ages much slower compared to an HF
(tens of kilohertz) stress [13]. Under pulsed operation, the main
insulation is also subjected to pulse voltages.

A. Ripple Suppression

Let us define the ripple suppression factor K as the ratio of
the ripple of the HVPS comprising N modules operating in-
phase VNns to that having N phase-shifted modules VNs. The
ripple can be regarded as the p-p voltage of the HF ac compo-
nent or can be represented in percent of the dc component. For
simplicity sake, we will assume here that the rectified voltage
of each module is a superposition of a dc component and a
modulus of a sine wave.

The ripple suppression factor can be easily calculated; it is
shown in a graphical form in Fig. 2. It is shown that, for the
analyzed case, K is proportional to N2. For arbitrary ripple
waveforms, this dependence is more complicated. In general,
K can be estimated using the formula K = α · Nβ , where the
waveform-dependent coefficient α ≈ 1 ÷ 1.3 and the exponent
β = 1 ÷ 2. For a rectified sine wave, α ≈ 1.3 and β = 2, as
shown in Fig. 2, whereas for a sawtooth ripple defined, for
instance, by a function ν(t) = −t + ceil(t), α = 1 and β = 1
(this statement can be also easily verified graphically).

If the ripple factor is specified, the phase shift imparts
approximately N to N2 reduction of the rise time, output ca-
pacitance, and the stored energy. Thus, the described multicell
concept enables the HVPS optimization in the space of the
aforementioned parameters.
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Fig. 3. Half-bridge inverter with energy-dosing capacitors. Vr denotes the dc
rail supply voltage.

B. Individual Module Design

The converter cells are centered around half-bridge energy-
dosing quasi-resonant inverters (Fig. 3). The principle, the-
ory of operation, benefits, and shortcomings were described
elsewhere [14] (see also the accompanying paper [15] and its
references), and we do not expand the description here.

The inverters operate at approximately 50 kHz at full load
with virtually zero switching losses. The leakage inductance of
the HV transformers is fully incorporated into the resonant tank
circuits; thus, no external inductors are necessary. Aside from
lowering the part count and cost, this feature is highly benefi-
cial for the chosen multicell resonant topology, since leakage
inductance is well repeatable from sample to sample and, being
determined by the flux concentrated outside the ferromagnetics,
virtually does not depend on temperature. The parasitic capac-
itance of the transformer has larger technological tolerances.
It is also more sensitive (than the leakage inductance) to the
transformer-rectifier position. However, these factors can affect
the voltage sharing between the modules only at a no-load
scenario, and by a proper choice of the conversion frequency,
this effect can be nullified [16].

C. Control

The control board is based around FPGA. It provides
standard operating features and advanced digital process-
ing capabilities, along with the easiness of accommodating
application-specific requirements. The standard features in-
clude multiple protections (arc/spark, overheat of the major
components, overcurrent and overvoltage, etc.) and means of
voltage and current setting. The output regulation is accom-
plished by the frequency control and is realized digitally, with
the FPGA forming the transistors’ conduction intervals to re-
alize ZCS. In such a way, the switching losses are virtually
eliminated, which allows using relatively slow inexpensive
transistors having low saturation voltage; the latter also boosts
the inverter efficiency.

The feedback loop taking the control signal from a precision
high-bandwidth built-in HV divider is optimized for fast transi-
tions with minimal or no overshoot (see experimental sections
hereinafter) and tight stabilization after the voltage settling. We
note here that full-scale HVPS PSpice models were developed.
They adequately reproduce all salient features of the HVPS
operation, including parasitic components of the HV part, the
phase-shift mechanism, feedback circuit, etc., assisting in both
the design and interpretation of the experimental data.

IV. EXPERIMENTAL

A. Measurement Means and Experimental Methods

For the HF current measurement, specialty workshop-made
current transformers with a sensitivity of 0.01 V/A (designated
further in the text as CC1) and Rogowski probes of PEM make,
model CWT15 [17], were used. The latter were also used for the
CC1 calibration. A standard high-precision Spellman voltage
divider (model HVD100 [18]) served for the HVDC measure-
ment. A modified, compensated, and calibrated version, desig-
nated as HVD100C, was used for the transient measurements.
Its rise time is less than 2 μs. The ripple was monitored by
a specialized ripple checker comprising a blocking capacitor
in series with a resistor [19], the voltage across which was
measured by a P6015A Tektronix probe. Although the ripple
did not exceed 1 kV at dc operation, such HV probe was
needed to accommodate much higher transient voltages during
turn-on. Floating voltage measurements were performed by a
differential Tektronix probe P5200. A specialized nonlinear
divider (workshop made) was used for the measurement of
saturation voltages across the semiconductor switches [20].
Power measurements [efficiency and power factor (PF)] were
taken with a Voltech power meter, model PM300. Tempera-
tures were monitored by thermocouples connected to an Ag-
ilent data logger, model 34970A, with supporting BenchLink
software.

The input line voltage was regulated manually with a three-
phase variac in tests with a single module, at a power level
of less than 30 kW. Thus, the input voltage could be adjusted
continuously. At higher power, a three-phase line-frequency
transformer with switchable taps was used. It allowed the
simulation of the scenarios of low-, nominal-, and high-line
input voltages. The latter were not stabilized and varied slightly
during the runs. The point of measurement was the dc rail
supply voltage Vr. In this paper, the values of the latter cor-
responding to the aforementioned scenarios are defined as the
ranges from 460 to 480 V, 510 to 530 V, and 580 to 600 V for
the low-, nominal-, and high-line input voltages, respectively.
The Vr variation from 460 to 590 V corresponds to the three-
phase 400 VAC+10%

−14% line factoring in the voltage drop in
the IR.

B. Single Module Tests

Typical waveforms shown in Fig. 4 indicate good resonant
switching with no shoot-through currents in the full range
of the line input voltages, and fair agreement with PSpice
simulations. In this and the following figures, the inset notes
indicate test conditions, types of the probes used, horizontal
and vertical resolutions, etc. The primary winding was divided
into two sections connected in parallel, each commutated by
a transistor set, hence the notation “halved” in this and the
following figure captions. The dashed line shows the start of
the FWD conduction. At low line, the FWDs do not conduct
at all. These measurements were performed with the Powerex
IGBTs CM300DC-24NFM. The power losses were assessed at
50 W per transistor, and the heat was easily evacuated using
air-cooled heat sinks with an overheat of less than 40 ◦C above
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Fig. 4. Nominal line. P = 28.7 kW. (Trace 1) Primary winding current
(halved). (Trace 3) Collector current (halved). (Trace 4) Voltage across resonant
capacitors. FWD conducts to the right of the dotted line.

Fig. 5. Laboratory HVPS.

ambient under the harshest conditions. The methods of power-
loss measurement and calculation are detailed in [20].

Special attention was paid to the determination of the HV
transformer and multiplier losses. This was a key to the design
of the HV tank. With this purpose, the calorimetric measure-
ments of the losses of the converter module HV components
were performed. The converter efficiency was estimated at
97.5%; thus, an overall efficiency of 95% of the whole HVPS
was projected. In view of the expected high efficiency, it was
decided to adopt an all-air-cooling scheme without any heat
exchangers.

C. HVPS Tests

A laboratory HVPS was assembled on a cart, as shown in
Fig. 5. It comprises three main units: a circuit-breaker-protected

Fig. 6. π/4-phase-shifted primary winding currents (halved) at 100 kV and
100 kW. Nominal-line voltage: 400 VAC.

Fig. 7. Same as in Fig. 6 at 100 kV and 50 kW. Low-line voltage: 400 VAC-
14% (345 VAC).

line rectifier (the heaviest unit), an inverter section, and a
hermetically sealed oil-filled HV tank. The latter weighs 109 kg
and contains less than 60 L of oil. We note that, in this paper,
the emphasis was on the converter part; the line rectifier was
not optimized for size and cost.

The HVPS was extensively tested with resistive loads.
Figs. 6 and 7 show typical phase-shifted primary winding
currents (halved) for 100- and 50-kW operations, respectively.
The oscillations after the main current surge are generated
by the resonance between the leakage inductance and para-
sitic capacitance of the transformers. Note the absence of the
“backswing” current pulse; the latter characterizes true series
resonant schemes under light load.

Since a full-wave rectification scheme is used, the phase
shift between the transformer windings’ currents is π/4. PSpice
calculations predict 0.223% output voltage p-p ripple with an
HVPS shock (output) capacitance of < 2 nF at the worst case
of high line (Fig. 8). The measured ripple is roughly four
times larger and has a lower frequency fundamental component
(Fig. 9). The emergence of the latter can be attributed to the
asymmetry of the gate signals, unequal parasitic capacitances,
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Fig. 8. HVPS circuit simulation. High-line voltage: Vr = 580 V. Ripple:
0.223% p-p. PF = 0.943. Experimental PF = 0.946 (see Fig. 11).

Fig. 9. Ripple at 100 kV across 100-kΩ load is 0.76% p-p. High line.

spread in the winding data, nonideal feedback, etc. Similar
effect was observed in [12]. The aforementioned simulations
provide also a value of the PF of 0.943, which is close to
the experimental results. Note that the ripple wave shapes are
neither a rectified sine wave nor sawtooth; they are but closer to
the first pattern; thus, the value for the exponent in (4) can be
adopted as β = 2. This is borne out by numerous measurements
and simulations in a wide range of the load impedances and
output voltages. Again, poor feedback can strongly affect the
ripple suppression by the phase shift.

Accounting for a very conservative voltage rating of the HV
transformers and low ripple, the dynamic response of the HVPS
is exceptionally fast: The rise time from zero to full output
voltage is typically less than 250 μs (Fig. 10), depending on
the line voltage. With fair accuracy, the dynamic characteristics
in the energy-dosing mode can be analyzed using [14]

Vl(t) = 2Vr

√
Cdiv

Cs
ft (1)

where all the variables and parameters are reflected on the
same side of the transformer; t is the time, f is the conversion
frequency, and Cs is the overall capacitance of the module
multiplier and load. If the frequency is varied during the charge,
PSpice simulations provide better accuracy. Obviously, the rise

Fig. 10. Rise time across 95-kΩ load at nominal line. (Trace 2) Load voltage:
20 kV/div (measured by a specialty compensated voltage divider). (Trace 1)
Primary current (halved): 100 A/div.

Fig. 11. Apparent (Pinapp) and active (Pinact) input powers, load power (Pl),
efficiency, and PF at nominal line for 100-kΩ load.

time, as derived from (1), the output stored energy, and the
ripple factor are inversely proportional to Cs. Thus, allowing
for a 2-% ripple factor at full voltage and full power, the rise
time can be reduced to less than 100 μs. We note that the rise
time practically does not depend on the load, since the load
current is by an order of magnitude smaller than the current
charging the multiplier capacitors.

Fig. 11 shows the experimental data on the power measure-
ments obtained at the nominal line. In accordance with the
simulations and information derived from the work with the
single module, the overall efficiency is 95% at full load and is
greater than 90% at 20% load. The PF was also satisfactorily
high. At high and low lines, the measurements yielded very
similar results. At higher resistance load, the efficiency and PF
were virtually the same (Fig. 12).

The long-term runs at 100 kV have been performed up to a
power level of 100 kW (average continuous power). In order
to establish the overload capability, the HVPS was also run
with three modules at 88.4 kV, 90 kW, and in a pulsed mode
(see the following). Conservative overheat of the major HVPS
components was observed. For the nominal line, the results are
summarized in Table I.

The HVPS was also tested in a pulsed mode, mainly with
the goal of validating the lifetime of the main insulation. The
HVPS-generated 110-kV rectangular pulses with a period of
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Fig. 12. Same as in Fig. 11 for 200-kΩ load.

TABLE I
OVERHEAT OF MAJOR HVPS COMPONENTS, ◦C

Fig. 13. Long-pulse operation: 110 kV, 137-kW peak power, and 34-kW
average power. (Trace 1) Load voltage and (trace 3) primary current (after
voltage settling) are shown on different timescales. Nominal line.

0.8 s and a pulsewidth of 0.2 s across an 88.5-kΩ load, which
corresponds to 137-kW peak power and 34-kW average power,
respectively (see Fig. 13). At the time of writing this paper, a
total of 1.1 · 106 pulses have been generated.

Additional pulse tests were made with a capacitive load
imitating large ESP fields. With this purpose, a 0.4-μF capacitor
was connected across a 180-kΩ load. The experiments were
conducted at a repetition rate of ∼0.2 Hz. The rise time from
zero to 100 kV was 20 ms.

The unit was also tested for spark/arc withstand capability. It
was repetitively shorted to ground at full voltage. No damage
was sustained, also after intermittent sparking in the course of
the tests. We note that the arc/spark protection is provided by
a proprietary L−R network limiting the current derivative and
amplitude without significant power dissipation in this network
(less than 10 W) in normal operation.

V. CONCLUSION

An HVPS for long-pulse applications has been developed.
It was extensively tested in a wide range of resistive and
capacitive loads. The HVPS salient features are as follows:

1) multiphase topology and modular construction allow easy
and fast tailoring of HVPS for specific needs;

2) exceptionally low ripple and fast rise time combined with
low stored energy;

3) high efficiency and PF in a wide range of output
parameters;

4) all-air-cooled design;
5) small size, weight, and footprint; small oil volume.
It is foreseen that the described approach will be widely

implemented in HVPS for long-pulse applications, particularly
for X-ray computer tomography scanners.

ACKNOWLEDGMENT

The authors would like to thank their colleagues at Spell-
man for the massive support of this paper, particularly
Mr. A. Lipovich for his contribution to the mechanical design
and Mr. A. Silverberg for the FPGA programming of the phase-
shift algorithm.

REFERENCES

[1] G. A. Mesyats, Pulsed Power and Electronics. Moscow, Russia: Nauka,
2004, Translation to English: “Pulsed Power,” Kluwer, NY, 2005.

[2] M. Kanter, S. Singer, R. Cerny, and Z. Kaplan, “Multikilojoule induc-
tive modulator with solid-state opening switches,” IEEE Trans. Power
Electron., vol. 7, no. 2, pp. 420–424, Apr. 1992.

[3] A. Pokryvailo, I. Ziv, and M. Shapira, “Repetitive inductive storage
power supply for ETC tank gun,” IEEE Trans. Magn., vol. 39, no. 1,
pp. 257–261, Jan. 2003.

[4] K. Parker, Electrical Operation of Electrostatic Precipitators. London,
U.K.: IEE, 2003.

[5] Advanced Electrostatic Precipitator (ESP) Power Supplies Update: The
State-of-the-Art of High-Frequency Power Supplies. EPRI, Palo Alto,
CA, 2006, 1010361.

[6] M. K. Kazimierczuk and D. Czarkowski, Resonant Power Converters.
New York: Wiley, 1995.

[7] R. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
2nd ed. New York: Springer-Verlag, 2001.

[8] W. A. Reass, D. M. Baca, R. F. Gribble, D. E. Anderson, J. S. Przybyla,
R. Richardson, J. C. Clare, M. J. Bland, and P. W. Wheeler, “High-
frequency multimegawatt polyphase resonant power conditioning,”
IEEE Trans. Plasma Sci., vol. 33, no. 4, pp. 1210–1219, Aug. 2005.

[9] M. J. Bland, J. C. Clare, P. W. Wheeler, and R. Richardson, “A 25 kV,
250 kW multiphase resonant power converter for long pulse applications,”
in Proc. IEEE Pulsed Power Plasma Sci. Conf., 2007, pp. 1627–1630.

[10] M. J. Bland, J. C. Clare, P. Zanchetta, P. W. Wheeler, and J. S. Pryzbyla,
“A high frequency resonant power converter for high power RF appli-
cations,” in Proc. Eur. Power Electron. Conf., 2005, pp. 1–10.

[11] H. Baumann, “X-ray diagnostic generator,” U.S. Patent 4 375 105,
Feb. 22, 1983.

[12] Y. Petrov and A. Pokryvailo, “HV DC-to-DC converter,” Prib. Tekh.
Eksp., vol. 2, pp. 141–143, 1986.

[13] V. Y. Ushakov, Insulation of High-Voltage Equipment (Power Systems).
New York: Springer-Verlag, 2004 (Translation from Russian ed. 1994).

[14] B. Kurchik, A. Pokryvailo, and A. Schwarz, “HV converter for capacitor
charging,” Prib. Tekh. Eksp., no. 4, pp. 121–124, 1990.

[15] A. Pokryvailo, C. Carp, and C. Scapellati, “High power, high efficiency,
low cost capacitor charger concept and demonstration,” in Proc. 17th
IEEE Int. Pulsed Power Conf., Washington, DC, Jun. 29–Jul. 2, 2009,
pp. 801–806.

[16] A. Pokryvailo, “On electromagnetic processes in HV transformers of
switching-mode power supplies at no-load conditions,” in Proc. 27th Int.
Power Modulators Symp., Arlington, VA, May 14–18, 2006, pp. 287–290.

[17] [Online]. Available: http://www.pemuk.com/pdf/cwt_mini_0605.pdf
[18] [Online]. Available: http://www.spellmanhv.com



2610 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 38, NO. 10, OCTOBER 2010

[19] IEEE Standard Techniques for High Voltage Testing, IEEE Std-4-1995,
section 5.1.5.

[20] A. Pokryvailo and C. Carp, “Accurate measurement of ON-state losses
of power semiconductors,” in Proc. 28th Int. Power Modulators Symp.,
Las Vegas, NV, May 27–31, 2008, pp. 374–377.

Alex Pokryvailo (M’05–SM’07) was born in
Vyborg, Russia. He received the M.Sc. and Ph.D.
degrees in electrical engineering from the Leningrad
Polytechnic Institute, St. Petersburg, Russia, in 1975
and 1987, respectively.

He was with Soreq NRC, Yavne, Israel. He is
currently with Spellman High Voltage Electronics
Corporation, Hauppauge, NY. He has published over
100 papers, two textbooks (in Hebrew), and more
than 20 patents pertaining to HV technology. His cur-
rent and recent experiences relate to pulsed power,

with emphasis on high-current opening and closing switches and magnetic
design, fast diagnostics, the design of HV high-power switch-mode power
supplies, and corona discharges. Previously, he studied switching arcs, designed
SF6-insulated switchgear, made research in the area of interaction of flames
with electromagnetic fields, etc.

Costel Carp, photograph and biography not available at the time of publication.

Clifford Scapellati, photograph and biography not available at the time of
publication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




