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Abstract

A high voltage pulse Tesla transformer with a coupling coefficient of 0.75 was designed and experimentally investigated.
The transformer was employed to charge a spiral water pulse forming line (PFL) in a high current electron beam
accelerator, and was featured by its compactness, stability, and reliability. When the primary input voltage is 55 kV, the
transformer can charge the PFL to 720 kV with an energy conversion efficiency of 36%. The formulas for calculating
the primary and secondary inductances of the transformer were deduced, with which the main parameters of the
transformer were calculated theoretically. The distributions for electrical and magnetic fields in the transformer were
obtained by the simulations of calculation. In addition, the process of an accelerator of the transformer charging a
spiral PFL was simulated through the Pspice software to get the waveform of charging voltage, the diode voltage, and
diode current of accelerator. The theoretical and simulated results agree with the experimental results.
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1. INTRODUCTION

High current electron beam accelerators are widely used in
both civilian and military fields. Long pulse (Friedman
et al., 1988; Korovin et al., 2001) and high repetition
(Kitsanov et al., 2002; Rukin et al., 1999; Lyubutin et al.,
1999) are currently two very important development trends
for an accelerator. Using spiral technique to modify the
coaxial PFL (Yang et al., 2005) is an effective method to
achieve long pulse at a given length of PFL. In the long
pulse accelerators based on spiral PFL, air-core transformers
(Rohwein, 1979; Liu et al., 2003, 2006), or Tesla transfor-
mers (Koroven, 1996) with ferromagnetic core were
employed widely.

There are two basic types of high-voltage air-core pulse
transformers (Sarjeant et al., 1983). The first is the spiral-
strip type (Fig. 1a). The second is the single-layer helical
wire transformer (Fig. 1b). These transformers differ from
each other primarily in the configuration of the secondary
windings, which accounts for a significant difference in
their resistance to insulation failure from fast pulse. The

primary windings for either type, whether single or multiple
turn, may be designed in a variety of ways, without affecting
the electrical breakdown characteristics of the transformers.
For reason of high voltage isolation, the low voltage
primary winding is typically placed outside and the second-
ary winging is led out through the center of the assembly.

Two problems are common to both types of transformers.
The fist problem is electrical breakdown turn to turn in the
helical transformer or between windings in the spiral strip
transformer. The second problem is energy loss from eddy
currents induced in the voltage grading devices and structural
components in the transformers. Both types of transformers
are well suited for single frequency applications, such as
pulse charging high voltage PFL (Rohwein, 1979;
Liu et al., 2006). However, there are no ferromagnetic
cores in the transformers; magnetic saturation will not be
formed in the case of intense current flowing primary
winding. The transformers can charge high voltage PFL
only when the transformer involves the primary current
levels that are over a megampere. Furthermore, the air-core
pulse transformer has constructing compact, light weigh,
and wide bandwidth.

At present, another type of transformer that is widely
applied in high power pulse power field is the pulsed
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transformer with ferromagnetic core or bars. It can be
employed to provide repetitive regime for high voltage gen-
erators and charging high voltage oil-pulse-forming trans-
mission lines of an accelerator. For this purpose, the
Institute of High Current Electronics proposed the use of a
Tesla transformer with high coupling coefficient (Kitsanov
et al., 2002). Combining a Tesla transformer with a
forming line allowed producing compact, reliable repetitively
pulsed high voltage generators (Korovin & Rostov, 1996).
The geometry of this coaxial system is presented in
Figure 2a. Its output voltage to charging oil-pulse-forming
line is over 1 MV at 100 ps, when the input voltage of
primary winding of a Tesla transformer is 400–700 V. The
coupling coefficient of the transformer is over 0.9.

Spiral-strip transformers with a partial magnetic core is also
researched and applied in the pulse power field (Rohwein et al.,
1981; Liu et al., 2006). The high voltage pulse forming
network (PFN) pulse transformer system (Rohwein et al.,
1981) was designed at the Sandia National Laboratories with
a 10� voltage setup and a 0.5 V, 2 ms PFN. The maximum
output voltage for the transformer was 200 kV with a 50 V

load. The cross-section of this type of transformer with
compact and lightweight is presented in Figure 2b.

Although the air-core transformer have the advantages of a
simple structure, small volume, and light weightiness, it is
not suitable for high repetition applications because of its
low coupling coefficient, low energy conversion efficiency,
and difficulty in heat dispersion. Therefore, the Tesla

transformer with open magnetic core, which can operate repe-
titively due to its high coupling coefficient, and high-energy
conversion efficiency, is often used in the repetitive accelerator
based on the oil-PFL. However, the conventional Tesla trans-
former can not be employed to charge water-PFL due to its
long charging time, which may result in energy loss in the char-
ging process, or water breakdown. Therefore, in this paper, a
high voltage pulse Tesla transformer for charging water-PFL
in a long pulse accelerator was developed. The structure of
the transformer was described and its main parameters were
calculated. Moreover, simulations were conducted to investi-
gate its electric characteristics. Experimental results confirm
the design idea and the simulation results, showing that the
transformer can charge the water-PFL in the long pulse accel-
erator to a high voltage of over 700 kV within about 3.5 ms,
with the energy conversion efficiency of about 36%.

2. STRUCTURE OF THE TRANSFORMER

The high voltage pulse Tesla transformer is schematically
shown in Figure 3. It consists of primary windings, second-
ary windings, inside and outside magnetic cores, voltage
input, high voltage output, and supporting case. The
primary winding is made from a copper strip with a width
of 30 cm, thickness of 0.5 mm, and turns of 2.25.7 layers
of polyester films with a width of 40 cm and thickness of
0.1 mm, to provide the turn-to-turn insulation. The voltage
of the primary windings is introduced through the voltage
input. The secondary windings are made from a 3 mm
copper line, which is wound along a spiral groove on a
tapered nylon stick, the distance between turns is 2 mm,
and is fastened with insulation glue. The outside magnetic
core is a hollow cylinder made by the strip tinny-steel

Fig. 1. Schematic of the high power air-core transformer.

Fig. 2. High power transformers with magnetic core.
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piece of thickness of 0.35 mm, tightly located between the
primary windings and the supporting case. The inside mag-
netic core is a solid cylinder also made by the strip tinny-
steel piece of thickness of 0.35 mm, embedded inside the
nylon stick coaxially. The supporting case, made from fiber-
glass, houses the components of the transformer, fastens the
primary winding to avoid distortions and displacements,
resulting from electromotive force while the transformer is
operating. The transformer oil is filled in the supporting
case to ensure electric insulation inside the transformer
(before the oil was filled, all components inside the transfor-
mer had been degassed). In the accelerator based on
water-PFL, the transformer was connected to the outer tube
of the PFL through a flange of the supporting case, and its
high voltage output was connected to the inner conductor
of the PFL to perform charging.

3. THEORETICAL CALCULATION AND CIRCUIT
SIMULATION

3.1. Theoretical calculation of main parameters of the
transformer

In order to obtain the electric characteristic of the transformer
and the voltage and current wave of the diode of the accelera-
tor theoretically, it is necessary to calculate the primary and
secondary inductances, and the coupling coefficient of the
transformer. The cross-section of the magnetic cores of the
transformer is shown in Figure 4.

In the case where the length of the magnetic core is much
greater than the outer radius of the secondary windings (over
four times larger usually) and the couple coefficient is
relatively large (greater than 0.7 usually), the magnetized
inductance is mainly determined by the properties of the
magnetic cores. Therefore, the magnetic flux leakage could
be omitted. Assuming r1 is the radius of the inside magnetic
core, r2 is the outer radius of the outside magnetic core, l1 is
the width of the windings, l2 and l3 are the widths of two
margins on each side of the windings, S1 and S2 are the cross-
section area of the inside and outside magnetic cores, H1, H2,
H3, and H4 are the magnetic field intensity of the correspond-
ing parts indicated in Figure 4.

When ignoring the margining effects of the magnetic field,
the energy of the magnetic field is

1
2

LmI2 ¼
ð

1
2
~B � ~H dV ; (1)

where V is the volume of the magnetic field. Hence the
magnetized inductance Lm is represented by

Lm ¼
1

I2
1

ð
~B � ~H dV

¼ mH2
1S1lþ mH2

3S2lþ 2pm0l3

ðr2

r1

H2
2 rdr

þ 2pm0l2

ðr2

r1

H2
4rdr (2)

Without regard to the eddy effect and the non-uniform distri-
bution of the magnetic field on the cross-section, according
to the equation of ~B � d~s ¼ 0, the following equations are
inferred:

þ
~B � d~S ¼ mH1S1 � 2prm0l3H2(r) ¼ 0; (3)

þ
~B � d~S ¼ mH1S1 � 2prm0l2H4(r) ¼ 0: (4)

From the magnetic flux conservation of the inside and
outside magnetic cores, i.e., F ¼ H1S1 ¼ H3S2 and the
magnetic field intensity is given by:

H2 ¼
mrS1H1

2prl3
; (5)

H3 ¼
S1

S3
H1 ¼

1
a

H1; (6)

H4 ¼
mrS1H1

2prl2
: (7)

According to
Þ
~H � d~l ¼ N1I1, the relationship betweenFig. 4. Cross section of magnetic cores in the transformer.

Fig. 3. Cross section of Tesla transformer with magnetic core.
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current and magnetic field is as follows

H1lþ
ðr2

r1

H2dr þ H3lþ
ðr2

r1

H4dr ¼ 0: (8)

Substituting (5), (6), and (7) into (8), we obtain

H1 ¼
2pN1I1al2l3

2plal2l3 þ 2pll2l3 þ mrS1al2 lnbþ mrS1al3 lnb
; (9)

where

b ¼ r2

r1
:

Substituting (5), (6), (7), and (9) into (2) gives the following

Lm ¼

H2
1 (2mS1la2pl2l3 þ 2mS2lpl2l3 þ m0 lnbm2

r S2
1a

2l2
þm0 lnbm2

r S2
1al3)

a2pl2l3
: (10)

Assuming Hp is the magnetic field intensity produced by the
primary winding current Ip, and Hs is the reverse magnetic
field intensity produced by the secondary winding current
Is, the leakage inductance is defined by the following
relationship

Ls ¼
m

I2
s

ð
(Hp � Hs)

2 dV : (11)

The method for calculating the magnetic field intensity pro-
duced by the secondary windings is the same as that for the
primary windings described above. Assuming H01, H02, H03,
and H4

0
are the magnetic field intensity produced by the sec-

ondary windings at corresponding parts indicated in Figure 4,
therefore, leakage inductance is as follows

Ls ¼ mS1l(H1 � H01)2 þ m(H3 � H03)2 þ 2pm0l3½(H2r)2 þ (H02r)2

� 2(H2r)(H02r)� þ 2pm0l2½(H4r)2 þ (H04r)2 � 2(H4r)(H04r)�:
(12)

According to the experiential formula (Koroven, 1996), the
couple coefficient is defined by

k2 ¼ 1� 2
3

r2
2

lk(lT � lk)
F(b); (13)

where F(b) ¼ ((b 2 1)(2b þ 1))/b2, lT and lk are the length
of the magnetic core and the windings, respectively.
Therefore, the inductances of primary and secondary wind-
ings are written as follows

L1 ¼ Lm þ Ls (14)

L2 ¼
N2

N1

� �2

Lm: (15)

As for the designed transformer, N1 ¼ 2.25, N2 ¼ 60, r1 ¼

0.04 m, r2 ¼ 0.15 m, l1 ¼ 0.3 m, l2 ¼ 0.055 m, l2 ¼
0.11 m, lT ¼ 0.55 m, mr ¼ 640. With the above formula,
the following calculated results were obtained and shown
in Table 1, and their corresponding experimental results are
also given in Table 1.

As indicated in Table 1, the calculated results agree well
with the experimental results. Therefore, the method
described above can be used to calculate the main parameters
of the transformer.

3.2. Simulation of electromagnetic field of the
transformer

In the above theoretical calculations for obtaining the
primary and secondary inductances of the transformer, we
suppose that the eddy current and the none uniform of the
magnetic field distribution on the cross-sections of the mag-
netic cores can be neglected, so the energy of the magnetic
field is totally concentrated in the inner and outer magnetic
cores, as well as the annular gap between them. To verify
the reasonability of the assumption, electromagnetic field
analysis on the transformer was carried out by employing
an ANSYS software for calculating the electromagnetic
field, which is based on the finite element method (FEM),
and capable of solving the capacitance, inductance, and elec-
tromagnetic field distribution for a model. Due to the propa-
gating velocity for the electromagnetic field, are the light
velocity and the time scale for the input voltage of the trans-
former in microsecond, so that the distributions for the elec-
trical field and the magnetic field in the transformer can be
regarded as a stationary field in the time period of the trans-
former being input. Moreover, the structure of the transfor-
mer is coaxial, so a two-dimensionally axial-symmetric
model can be used in simulations, which is also helpful to
reduce the calculation scale.

First, the two-dimensional stationary magnetic field distri-
butions in the transformer were simulated. Figure 5 shows

Table 1. Comparison between calculated results and experimental
results

Calculated
results (mH)

Experimental
results (mH)

Relative
error

Primary windings
inductance

2.21 2.26 2.2%

Secondary
windings
inductance

1522.92 1465.48 3.9%

Coupling
coefficient

0.76 0.75 1.3%
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the distributions of the magnetic flux line, magnetic field
intensity, and magnetic induction intensity in the transfor-
mer, respectively. Figure 5a suggests that the magnetic flux
lines produced by the current flowing in the primary

copper strip are mainly located in the inner and outer mag-
netic cores, as well as the gap between them; since the mag-
netic energy is the volume integral of the production of
magnetic field intensity, and magnetic induction intensity,
so the magnetic field intensity distribution shown in
Figure 5b indicates that the magnetic energy is also mainly
located in the inner and outer magnetic cores, as well as
the gap between them. In the transformer with such a
coaxial structure, the cross-section area for the inner mag-
netic core is smaller than that of the outer magnetic core.
Therefore, according to the law of magnetic flux conserva-
tion, we can conclude that the magnetic induction intensity
in the inner core is bigger than that of the outer core,
which is clearly demonstrated in Figure 5c. Since the
magnetic field intensity is defined as H ¼ B/mrm0, and the
magnetic field intensity in air is 10 time smaller than that
in the magnetic cores, and the permeability mr in the
magnetic cores is 104–105 times bigger than that in air, so
the magnetic induction intensity in air is much bigger than
that in magneticcore, which is also shown in Figure 5c.
Through the above simulations on the magnetic field
distribution, we can see that the secondary winding lying
between the inner core and the outer core will get a very
good magnetic induction, which is the main principle for
this kind of transformer. In addition, according to the struc-
ture of the transformer given in Figure 3 and its operation
principle, we also simulated the electric field distribution in
the transformer. In our simulations, a primary voltage was
exerted uniformly on the primary copper strip, and a corre-
sponding secondary voltage was exerted on the secondary
winding with a linear distribution from the ground end to
the high voltage end. The obtained contour and vector
distributions for the electric field intensity are shown in
Figure 6. Figure 6a suggests that the maximum electrical
field intensity is located around the high voltage end of the
secondary winding. Figure 6b indicates that the directions of
the electrical field intensity are mostly vertical to the plane
where the secondary winding is located in. So, when
designing the transformer, the insulation of the high voltage
end and the insulation between adjacent circles of the secon-
dary winding should be paid more attentions. Through the
electrical field simulations, the strength of electrical filed and
its distribution were obtained, which provides an important
instruction for the insulation designing of the transformer.

3.3. Circuitous simulation of an accelerator of the
transformer charging a spiral PFL

For the electronic accelerator based on a helical line (Fig. 9),
Pspice circuit analysis was used to model the accelerator.
Figure 7 shows schematically the circuit model. The
primary circuit includes an energy storage capacitor C2, para-
sitical resistance R34, inductance L12 of the primary circuit,
a triggered gas switch U1, and the primary inductance of the
transformer. The gap spark switches in the accelerator are
modeled and indicated by Gapmain in the circuit. T indicated

Fig. 5. Stationary magnetic field distributions in the transformer.
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the transmission line to simulate the helical line. The load of
transmission line is modeled by the resistant value that
matches the impendence of the helical line, and load is indi-
cated by R37 in the circuit. In the circuit, the transformer is
indicated by Xform1 with the primary inductance of
2.26 mH, the secondary inductance of 1465.48 mH, and the
coupling coefficient of 0.75, and the resistances of resistant
dividers to measure the voltage of charging helical line,
and the current of field-emission diode are indicated by
R35 and R36, respectively. The whole circuit is connected
with components built in Pspice component storage or
modeled by the authors according to the performance of
the device. Parameters for all components in the circuit are
valued according to the practical circuit or theoretical

calculation given in Figure 7. The circuit was simulated
through the Pspice software. In simulations, the energy
storage capacitor (C25), initially charged at 55 kV, dis-
charges to the primary winding of the transformer as the trig-
gered switch closes. The obtained waveform of the charging
voltage waveform of the helical line is shown in Figure 8a.
According to Figure 8, the waveform has a peak voltage of
810 kV and a time of about 4 ms for reaching the peak in
its first pulse. Therefore, the transformer is suitable for char-
ging a water helical line. The Pspice simulation results of
voltage, current in the load are shows Figures 8b and 8C,
respectively. As can be seen from Figures 8b and 8c, the
voltage of the load is about 420 kV, and the current of the
load is 22 kA, and the pulse duration is about 240 ns.

Fig. 7. Circuit schematic for simulating the electronic accelerator based on
helical line.

Fig. 6. Stationary electric field distributions in the transformer.

Fig. 8. Simulation result of voltage and current signals.
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4. EXPERIMENTAL RESULTS

The designed Tesla transformer was applied to a high current
electron beam accelerator based on spiral water-PFL. The
structure of the accelerator is shown in Figure 9. It consists
of charging and triggering systems, an energy-storage capaci-
tor, a triggered gas switch, the designed transformer, a spiral
water-PFL, a self-breaking gas switch, a vacuum diode, and
some related measuring systems. The operating process of
the accelerator is as follows: while the charging voltage of
the energy-storage capacitor reaches a certain value, the trig-
gered gas switch is triggered and closed, then the
energy-storage capacitor is discharged into the primary
winding of the transformer. Consequently, the transformer
starts to charge the PFL. Once the charging voltage of the
PFL reaches the breakdown value of the self-breaking gas
switch, the PFL is discharged into the vacuum diode, and
the high current electron beam will be generated readily.
As for deionized water filled in the PFL, its breakdown
voltage for the negative pulses is about two times larger
than that for positive pulses (Fenneman & Gripshover,
1980), so the self-breaking gas switch must be adjusted so
that it will breakdown at the peak of the first negative
pulse, otherwise, the water breakdown will happen as a posi-
tive pulse exerting on the PFL.

In experiments, the energy-storage capacitor was initially
charged at 55 kV, and the charging waveform of the transfor-
mer to the PFL is shown in Figure 10. According to

Figure 10, the peak charging voltage is about 720 kV and
the charging time is about 4 ms. The energy conversion effi-
ciency of a transformer charging to a PFL equals the ratio
between the energy stored in the energy-storage capacity
and that in PFL, so the energy conversion efficiency of the
designed transformer is 36%. The waveforms of the diode
voltage and current of the accelerator are shown in
Figure 11. The diode voltage is 400 kV, current is 18 kA,
and pulse duration is over 200 ns, which agree with simulated
results.

5. CONCLUSIONS

A high voltage pulse Tesla transformer was designed and
experimentally investigated. The transformer was applied
to a high current electron beam accelerator for charging
spiral water-PFL, and was featured by its compactness, stab-
ility, and reliability. With the transformer, the accelerator pro-
duced an electron beam with a voltage of about 400 kV,
current of 18 kA, and pulse duration of over 200 ns. To
increase the coupling coefficient of the designed transformer
and to operate the intense current electron beam accelerator at
repeating frequencies, more research is needed.
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