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Abstract: An oil dielectric helical pulse line to demonstrate the principles of a Pulse Line Ion Accelerator
(PLIA) has been designed and fabricated. The simulation of the axial electric field of an accelerator with CST
code has been completed and the simulation results show complete agreement with the theoretical calculations.
To fully understand the real value of the electric field excited from the helical line in PLIA, an optical electric
integrated electric field measurement system was adopted. The measurement result shows that the real mag-
nitude of axial electric field is smaller than that calculated, probably due to the actual pitch of the resister

column which is much less than that of helix.
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1 Introduction

The motivation for the Pulse Line Ion Accelera-
tor (PLIA) concept came from the high linear charge
density ion beam requirements of high energy den-
sity physics and warm dense matter. A PLIA with
constant parameter helical lines should result in an
output energy much larger than the several hundred
kilovolt peak voltages on the helix, with a goal of
3-5 MeV/m acceleration gradients. It has the poten-
tial to reduce the length of an equivalent induction
accelerator by a factor of 6-10 while simplifying the
pulsed power systems. Additionally, the very low cost
of PLIA is a major advantage of this concept [1].

The PLIA consists of a helix wound over an evacu-
ated beam tube, an outer dielectric layer and an outer
conductor. A ramped voltage waveform is applied to
a helical pulse line creating a traveling wave which
produces an accelerating electric field to the ions over
the length of the helix. The basic parameters of the
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Lanzhou Test PLIA (LTP) are listed in Table 1. The
input voltage waveform and the corresponding accel-

erating electric field waveform are shown in Fig. 1.

The accelerating electric field is EZQZ—VO = 2Vo

VT
where Vj is the input voltage of PLIA, I, tis the ratn;p

region where the voltage goes from V, to —Vg, v, is
the wave velocity and 7, is the ramp-up time [2].

Table 1. The basic parameters of LTP.
parameter value
vacuum insulator radius/mm 26
helix radius/mm 30.6
ground return radius/mm 44
helix pitch/(turns/m) 783
effective helix length/mm 700
relative permittivity(oil) 2.3
capacitance/(pF/m) 351
inductance/(uH/m) 1160.8
impedance/2 1820
wave velocity/(m/s) 1.57x106
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Fig. 1. (a) The input voltage waveform; (b) The
accelerating electric field waveform.

2 The electric field simulation of PLTA

The proof-of-principle experiment of PLIA has
been done by LTP, and the measured traveling wave
velocity agrees well with the calculated result [3]. In
order to make a reference for the subsequent ion ac-
celeration experiment, it is necessary to simulate and
measure the electric field of the PLIA.

The simulations were performed by CST which
is a general-purpose electromagnetic simulator based
on the finite integration technique. If the actual pa-
rameters are used in the simulation, the size of time-
step and mesh requires an unreasonably long compu-
tational time. Therefore a scaling relation is proposed
to make the simulation faster [4]. The wire-spacing
used in the simulation is 5 times larger than that
used in the real experiment. The velocity of the trav-
eling electromagnetic waveform is also increased with
larger wire spacing. Therefore, the theoretical calcu-
lation of the wave velocity should be 7.85x10° m/s,
and the corresponding electric field is 7.6 kV/m.

The theoretical input voltage, which is shown in
Fig. 1, is ideal, the voltage from —V, to Vj increases

linearly, so the corresponding accelerating electric
field will have a platform. However, the real in-
put voltage does not increase linearly; it is a near-
sinusoidal voltage signal. So the platform of the ac-
celerating electric field is not obvious. In order to
compare the simulation with the actual situation, the
real voltage waveform is used as the excitation signal
in the simulation. Fig. 2 is the waveform of the input
voltage and accelerating electric field in the simula-
tion. The peak value of the accelerating electric field
is about 11 kV/m, which is a little larger than the cal-
culated result. The reason for this may be that the
real input voltage waveform is near-sinusoidal, rather
than a linear upward, so the linear ramp-up time is
shorter than the actual 85 ns. Additionally, the am-
plitude of the electric field will be larger than the
calculated value.
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Fig. 2. (color online) (a)The waveform of in-

put voltage; (b)The accelerating electric field
in the simulation.

The amplitude of E on axis is similar to that on
the insulator surface for a frequency satisfying ka <1,
where k£ is the wave number and a is the helix radius.
Fig. 3(a) shows the amplitudes of E on axis and on
the insulator surface for f=6 MHz (ka < 1). How-
ever, when the frequency is higher (ka >1), the am-
plitude of E on insulator surface is much greater than
that on axis [4]. Fig. 3(b) is the amplitudes of E on
the axis and on the insulator surface for f=100 MHz
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Fig. 3. (a) The amplitudes of E on the axis and

on the insulator surface for f=6 MHz; (b) f=
100 MHz.

(ka>>1). It shows that the high frequency modes will
generate a high electric field on the insulator surface,
So the

high frequency modes should be removed from the

which may lead to the insulator flashover.

input voltage signal in order to avoid the insulator
flashover.

3 Electric field measurement

3.1 Types of electric field sensors

The traditional sensor for an electric field is the
metal spherical dipole. In this method, the electric
field signal is obtained directly by the dipole antenna,
and is then transported through coaxial cables to the
oscilloscope for display. This method is simple, but
it is difficult to precisely measure such an intensive
transient electric field without disturbing the distri-
bution of the electric field, because the high E-field
may have a strong effect on the coaxial cable which
connects the sensor to the signal meter. The metal
material of the sensor also greatly distorts the field.

In another system, optical fibers are used to trans-
port the signal, which should greatly improve the
quality and veracity of signals. The basic structure
is as follows. In the sensor-head there is a dipole an-
tenna which is connected with the optical fiber sys-
tem through electro-optic modulation. In the receiv-
ing end a photoelectric conversion is conducted and

the time-domain waveform could be observed in the
oscilloscope. It needs to provide a battery for the
electro-optic modulation in the sensor-heads, so it is
named the active electro-optic sensor. This method
also has some disadvantages [5]. Firstly, this mea-
surement system is so active that it will be seriously
affected by the electric field. Secondly, this type of
sensor will disturb the distribution of the electric field
according to its metal material. Thirdly, the size of
the sensor is quite big so it cannot be used in pre-
cise measurements. Also, the capacity of the battery
inside limits its operation.

An integrated electro-optic field sensor using crys-
tal substrates to measure a high power impulse elec-
tric field has been developed in recent years [6]. Com-
pared with conventional sensors, the integrated sen-
sor has the advantage of compact-size, broad band re-
sponse and a large measurement range. Additionally,
the influence on the electromagnetic field is reduced
because most of the sensor materials are nonmetallic.
This sensor is passive, so it will have no effect on the
measured electric field, and the operating time of the
sensor is unlimited.

3.2 Electric field measurement sensor for
LTP

Based on lots of investigations and comparisons,
an integrated electro-optic field sensor is adopted to
measure the electric field. The optical electric inte-
grated electric field sensor, which was developed by
the Department of Electrical Engineering, Tsinghua
University, has a very small size (7 cmx1 cmx1 cm),
an intensive electric field measurement range (—10°—
10° V/m), a wide pass band (1 GHz), and it can
measure the electric field in one direction only [6].
Therefore, it is suitable to measure the electric field
of the PLIA.

The structure of the sensor is illustrated in Fig. 4.
There is a path difference of one-quarter of the wave-
length of light between these two arms in order to
form an optical bias of 7t/2, which is desirable for the
output of the sensor to be linear with the input elec-
tric field. The refracting index of some electro-optic
crystals will change when an electric field is put on
it, which will cause the phase shift of the light wave.
According to the fundamental principle of the Mach-
Zehnder modulator, the modulator output of optical

P
power can be expressed as P, = — (1 —singp), so the
value of electric field can be acquired by measuring
the output laser power [7].
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Fig. 4. The structure of the sensor.
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3.3 The electric field measurement system
for LTP

The configuration of the measurement system is
illustrated in Fig. 5. It has four parts: a laser source,
an optical electric integrated electric field sensor, an
optical receiver and a signal processing system. A
50 m-long polarization maintaining fiber (PMF') con-
nects the sensor to the optical laser source, and a
50 m-long single mode fiber (SMF) connects the sen-
sor to the optical receiver. The input laser signal is
modulated in the optical electric integrated electric
field sensor by the measured electric field. The am-
plitude of the output optical signal is measured by
the optical receiver and converted to an electrical sig-
nal which is suitable for analysis with an oscilloscope
or another signal processor [5]. In order to avoid the
environmental electromagnetic interference, the laser
source, optical receiver and signal processing system
were placed in an electromagnetic shielding room.
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Fig. 5. The configuration of the measurement system.

3.4 The electric field measurement results

The axis electric field at different locations along

the helix is shown in Fig. 6. The electric field is al-
most the same at different locations, and the wave-

forms are consistent with the simulation results. This
shows that the electric field is almost loss-free during
the propagation. But the amplitude is smaller than
the calculated value of 37 kV/m. The possible reason
for this is described as follows. The helix inductance
decreased at both ends because the mutual coupling
from the neighboring turns was lower at both ends
of the helix. To approximate the mutual inductance
from later turns, a string of resisters in a spiral with a
pitch similar to the helix was used on the oil dielectric
helix [8]. The simulation results show that the elec-
tric field amplitude decreased to 20 kV/m when the
resister was not wrapped. Due to the space limitation
at both ends of the helix and the volume limitation
of the resister, the actual pitch of the resister column
is much less than that of the helix. So the electric
field will be decreased in this situation. A new helix
configuration in which the pitch of resister column
will be increased to be similar to the helix is being
constructed to resolve this problem.

Figure. 7 is the comparison of electric field on the
axis and on the insulator surface for a low frequency.
The amplitude of the electric field on the axis is sim-
ilar to that on the insulator surface, which matches
the simulation result.
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4 Conclusion

The simulation results show that high frequency
modes which may lead to the insulator flashover
should be removed from the input voltage signal to
avoid the insulator flashover. The electric field mea-
surement result, which is completed by the optical
electric integrated electric field measurement system

provides an important reference for the subsequent
ion acceleration experiment. The real altitude of the
axial electric field is smaller than that of the calcula-
tion, probably due to the actual pitch of the resister
column which is much less than that of the helix. This
will be tested by increasing the pitch of the resister
column to be similar to the helix in the new helix con-
figuration which is being constructed to resolve this
problem.
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