
Laser and Particle Beams

cambridge.org/lpb

Research Article

Cite this article: Luo W, Li Y, Wang H, Guo F,
Zou W, Zhang P, Zhang L, Gu Y, Zhang J (2019).
Particle-in-cell simulations of current loss in
magnetically insulated transmission line with
inductive helical support. Laser and Particle
Beams 37, 301–310. https://doi.org/10.1017/
S0263034619000508

Received: 13 March 2019
Revised: 19 June 2019
Accepted: 21 June 2019

Key words:
Current loss; electron flow; inductive helical
support; magnetically insulated transmission
line

Author for correspondence:
Yongdong Li, Key Laboratory for Physical
Electronics and Devices of the Ministry of
Education, School of Electronic and
Information Engineering, Xi’an Jiaotong
University, Xi’an 710049, China.
E-mail: leyond@mail.xjtu.edu.cn

© Cambridge University Press 2019

Particle-in-cell simulations of current loss in
magnetically insulated transmission line with
inductive helical support

Wei Luo1 , Yongdong Li1, Hongguang Wang1, Fan Guo2, Wenkang Zou2,

Pengfei Zhang3, Lei Zhang1, Yu Gu1 and Jianwei Zhang1

1Key Laboratory for Physical Electronics and Devices of the Ministry of Education, School of Electronic and
Information Engineering, Xi’an Jiaotong University, Xi’an 710049, China; 2Institute of Fluid Physics, China Academy
of Engineering Physics, Mianyang 621900, China and 3State Key Laboratory of Intense Pulse Radiation of
Simulation and Effect, NINT, Xi’an 710024, China

Abstract

High inductive helical support provides a solution to controlling the alignment error of
inner electrodes in magnetically insulated transmission lines (MITLs). Three-dimensional
particle-in-cell simulations were performed to examine the current loss mechanism and
the effects of structural parameters on electron flow in an MITL with a helical inductor.
An empirical expression related to the ratio of electron current loss to anode current and
the ratio of anode current to self-limited current was obtained. Electron current loss caused
by helical inductor with different structures was displayed. The results indicate that the cur-
rent loss in an MITL, near an inductive helical support, comprises both the inductor current
and the electron current loss. The non-uniform structure and current of a helical inductor
cause an abrupt change in the magnetic field near the helical support, which leads to anom-
alous behavior and current loss of electron flow. In addition, current loss in the inductive
helical-supported MITL is negligible when the inductance of the support is sufficiently
high. This work facilitates the estimation of electron current loss caused by the inductive
helical support in MITLs.

Introduction

Pulsed power-driven flash radiography uses a high-intensity pulsed electron beam to generate
bremsstrahlung X rays as a probe for imaging hydrodynamic experiments (Smith 2004;
Leckbee et al., 2006; Guo et al., 2019; Richardson et al., 2019). In pulsed-power systems,
such as Hermes-III (Renk et al., 2014), URSA Minor (Pointon et al., 2011), QiangGuang-1
(Wu et al., 2011), the loads are always connected to the driver through the magnetically insu-
lated transmission line (MITL). The MITL is an essential component in large pulsed power
devices for guaranteeing the efficient transmission of high-power pulses (power density up
to TW/cm2) from driver to load (VanDevender et al., 2015). When a high-power pulse prop-
agates along the MITL, and electric field strength exceeds the threshold of explosive emission,
electron emission will occur. The electron flow is accelerated to the anode and not magneti-
cally insulated until the current is sufficiently high (Bruner et al., 2008; Ottinger et al., 2019).

In such high-power systems, the negative-polarity coaxial lines, a few to tens of meters in
length (Luo et al., 2017a), can be treated as MITLs. The upstream of the inner electrode in an
MITL is usually fixed, while the end of the inner electrode is free of the support, which may
cause misalignment of the inner electrode. Previous research with Hermes-III showed a notice-
able current loss when the gap was misaligned by 25% (Burgess et al., 1987). The misalign-
ment can be mitigated; however, it is difficult to be eliminated in the experiments. Hence, a
high inductive helical support provides a solution to controlling the alignment error of the
inner electrode of the MITL (Zou et al., 2012; Luo et al., 2017b). In the region of the coaxial
MITL with the helical support, the structure is non-uniform and the electromagnetic field is
asymmetric. When electron flow enters a non-uniform MITL structure, it is disturbed by a
non-uniform magnetic field and is not fully magnetically insulated (Bruner et al., 2008,
2009; Leopold et al., 2009; Zhang et al., 2016; Luo et al., 2019). Previous work has revealed
that the inductive support causes a considerable current loss in the MITL when voltage is
lower than 1 MV (Zou et al., 2012). However, in a common pulsed power system for flash radi-
ography, the peak voltage is up to several or tens of megavolts. The non-uniform structure and
current of the helical inductor can cause an abrupt change in the magnetic field, and even
current loss near the helical support. To improve the efficiency of the helical-supported
MITL, the current loss mechanism and the effects of structural parameters of the helical
inductor on electron flow need further investigation.
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To investigate these issues, we performed particle-in-cell (PIC)
simulations of a high inductive helical-supported MITL, with PIC
codes-UNIPIC (Luo et al., 2017a, 2017b; Wang et al., 2018;
Luo et al., 2019). This paper is arranged as follows: section
“Simulation setup” describes the simulation setup; the choice of
structural parameters for the MITL and the helical support are
analyzed; then, conditions of the PIC simulations of the helical-
supported MITL are investigated. Section “Particle-in-cell results
and analysis” presents the PIC simulation results and analysis of
the MITL, supported by the helical inductor. The current loss
caused by the shunt current of the inductor and the disturbed
electron current is discussed. Moreover, the effects of structural
parameters of the helical inductor on electron flow are investi-
gated. Finally, section “Conclusion” presents the conclusion.

Simulation setup

To control serious current loss caused by explosive emission on
the support of a helical spring, the interval between the wings
of the helical spring should be large enough to keep the electric
field on the spring lower than that of the explosive-emission
threshold. Therefore, the length of the inductor, including the
helical spring and the rods, should be long enough; however, it
is difficult to make it stiff enough with an increasing length of
the inductor. To control the length of the support, the helical
spring can be directly connected to the cathode. Based on previ-
ous work (Zou et al., 2012), a 3D model of the helical-supported
MITL is shown in Figure 1. The MITLs with different structures
of support are simulated with 3D PIC codes-UNIPIC, with
Cartesian coordinates. The z direction is defined as the power
flow direction. The support contains the helical spring and the
metal rods. The hole and the outer cylinder surround the support.
Arrangement of these components makes the MITL asymmetric.
When pulsed power transmits through the region with helical
support, the non-uniform structure will generate a non-uniform
distribution of magnetic field and impedance of the MITL, and
then the electron flow is perturbed and current loss may occur
(Bruner et al., 2008, 2009; Leopold et al., 2009; Zou et al., 2012;
Zhang et al., 2016; Luo et al., 2017b, 2019).

The whole length of the MITL is 1.05 m, and the helical sup-
port is placed at z = 0.5 m, which is contained in a cylindrical
tube. ra and rc are the inner radius of the anode and outer radius
of the cathode, respectively. The MITL is terminated with a hol-
low diode, and the anode–cathode (AK) gap of the diode is dis-
played with coefficient d. The inductance of the helical inductor
is (μ0/4π)2RW

2ϕ, where u0 is the permeability in vacuum, W is
the number of windings of the inductor, R is the radius of the
inductor, and a is the total length. Additionally, ϕ is a function
of a/2R (Kalantarov and Tseitlin, 1986). The helical inductor is
parallel to the load, so the shunt current in the inductor cannot
be neglected. In the experiments, the maximum allowed current
loss is 10% of the total current. The common rise time of pulsed
power varies from 70 to 100 ns, so the frequency range is about
2.5–3.5 MHz. For the low impedance load, an equivalent imped-
ance of more than 100 Ω for the support is necessary (Zou et al.,
2012). For benchmarking in the simulation model, the radius and
length of the inductor are 5 and 12 cm, respectively, the number
of wings is 25 (L then equals 26.5 µH), and the impedance almost
equals 520 Ω.

The diameter of the tube covering the helical support is 15 cm,
and the load of the MITL is a large area electron beam diode. The
outer diameter and the inner diameter of the cathode in the diode

are 11 and 8 cm, respectively. The anode-to-cathode (AK) gap of
the diode, d, varies from 18 to 30 mm in some simulation cases.
Explosive electron emissions begin on the diode cathode when the
electric field exceeds 20 kV/cm, while the electron emission thresh-
old for the MITL cathode is 200 kV/m. A uniform grid is applied in
all directions. Grid sizes in the x and y directions are set as dx =
3 mm and dy = 1.6 mm, respectively. The grid size in z direction,
dz, varies from 1.6 to 2 mm. The waveform of the input voltage is
described by a sine function, and the rise time is 100 ns.

Particle-in-cell results and analysis

Current loss mechanism for helical-supported MITL

To analyze the current loss mechanism of the MITL caused by the
helical inductor, PIC simulations of a helical inductive supported
MITL, with varied diode impedance, were constructed. The total
current loss caused by the helical support (ILossa ) consists of the
shunt current in the inductor (Iinductor) and the electron current
leaked to the anode from z = 0.3 m to z = 0.7 (ILosse ), which can
be expressed as:

ILossa = Iinductor + ILosse . (1)

The length and radius of the helical spring and the number
of wings are 12, 5, and 25 cm, respectively. The inductance of
the inductor is about 26.5 µH. Figure 2 shows the voltage and
current waveforms of the helical-supported MITL when d =
21 mm. The peak voltage is 0.74 MV, while the peak current is
83.8 and 80.4 kA for Ia1 and Ia2, respectively. Curves Ia1 and Ia2
represent the anode current before and after the inductor, respec-
tively. The divergence between Ia1 and Ia2 indicates a considerable
current loss when pulsed power transmits though the region
with the inductor, which is shown in Figure 3. The total loss
of 3.44 kA for the peak current is at 100 ns in Figure 3.
The anode current before the inductor can be expressed as
Ia1 = Ia2 + ILosse + Iinductor. The electron current loss is about
1.04 kA at 100 ns, while the current in the inductor is 2.4 kA.
The helical inductor generates a shunt current and non-uniform
structure of the MITL. A non-uniform structure will cause an
abrupt change in impedance and a non-uniform magnetic field,
which can lead to electron current loss. To improve the efficiency
of the helical-supported MITL, the current loss mechanism
caused by the helical inductor needs further investigation.

To elucidate electron behavior in the helical-supported MITL
described above, the distribution of electron flow is shown in
Figure 4. Electron flow near the diode in the MITL is effectively

Fig. 1. Simulation model of high inductive helical-supported MITL.
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insulated in Figure 4a, while the electron layer after the helical
support from 0.6 to 0.8 m is extended to the anode. This phenom-
enon may cause a substantial current loss after the helical induc-
tor. The electron flow near the helical spring is disturbed, and a
small part of the flow enters the outer cylinder. When the AK
gap of the diode is decreased to 18 mm, the reflected wave from
the load decreases the voltage and enhances the total current.
Then, the electron layer is tightly confined to the cathode. Better
magnetic insulation is achieved, and electron flow after the helical
inductor is fully magnetically insulated. However, the flow is per-
turbed when entering the helical spring region. A proportion of elec-
trons flows into the outer cylinder, especially in the region between
the outer cylinder and helical spring, from about 0.42 to 0.45 m. The
results indicate that electron flow leakage occurs, although the total
current is sufficiently high in the helical-supported MITL.

To analyze the current loss mechanism in the MITL, the mag-
netic field distribution near the helical inductor in the YZ plane is
displayed. Figure 5a shows the total magnetic field intensity, and
Figure 5b and 5c are the magnitude of the magnetic fields in the x
and y direction, respectively. Figure 5a reveals that the magnitude
of the magnetic field before and after the helical support varies

from 0.08 to 0.16 T; the magnitude of the magnetic field near
the helical spring is much higher. The spring field is produced
by the spring itself, which agrees with the distribution of By in
Figure 5c. The enhanced By component will disturb the electron
flow near the spring and may cause current loss. Based on the the-
oretical model (Ottinger and Schumer, 2006), the critical mag-
netic field for magnetic insulation (Bcrit) of the MITL in
Figure 4a at 0.74 MV is about 0.096 T. Figure 5b indicates that
the azimuthal magnetic field in the green region meets 0.05 T <
Bx < 0.09 T, which means that the azimuthal magnetic field near
the helical support is lower than Bcrit. As Figure 4a shows,
when electron flow enters the helical spring region, the weakened
azimuthal magnetic field cannot confine the electron flow effec-
tively. This results in a proportion of the electrons flowing into
the outer cylinder. The azimuthal magnetic field near the cathode
also decreases after the helical support. As a result, the electron
layer after the helical support is close to the anode.

Total intensity of the magnetic field is enhanced near the
spring, especially the red regions inside the spring in Figure 6a.
Distribution of the azimuthal magnetic field in Figure 6b reveals
that Bx, near the left part of helical spring, becomes negative, in
contrast with the positive values when y > 0. Then, negative Bx
deflects electron flow to the anode via the Lorenz force, which
agrees with the electron behavior in Figure 7b. Figure 6c shows
that By is negative inside the spring region and positive outside
it. Negative By will deflect the electron flow in the positive x direc-
tion, while positive By will deflect it in the negative x direction. On
the left side of the helical spring in Figure 7b, negative Bx deflects
electron flow to the anode while positive By deflects it in the neg-
ative x direction. As a result, the electron flow is disturbed and
enters the outer cylinder which surrounds the helical spring.

The electron distributions in the helical-supported MITLs,
with a 21 mm-gap diode and an 18 mm-gap diode, in the XY
plane in Figure 4, are shown in Figure 7. The electron layer is almost
uniform at z = 0.3 m, when the AK gap of the diode is 21 or 18 mm.
When z = 0.5 m, the electron flow is disturbed and some electrons
run away from the MITL to the outer cylinder. It is clear that fewer
electrons enter the outer cylinder when d = 18 mm, which results in
a higher total current. Snapshots of electrons at z = 0.7 m in
Figure 7c and 7f show that the electron flow does not leak to the
anode with higher current.

In Figure 8, as electrons are lost to the anode near the helical
support before 100 ns, the electron current Ie at z = 0.5 m is
smaller when compared with Ie at z = 0.3 m. When the anode cur-
rent increases and reaches peak value at 100 ns, the magnetic
insulation of electrons at 0.3 m≤ z≤ 0.5 m is enhanced, and the
electrons are mainly lost to the anode after z > 0.5 m, which is
shown in Figures 4a and 7c. Therefore, Ie at z = 0.3 m is nearly
equal to that at z = 0.5 m after 100 ns. Figure 9 shows the plots
of ILosse /Ia as functions of Ia/ISLa , where ILosse , Ia, and ISLa are the
electron current loss near the support (0.3 m < z < 0. 7 m),
anode current after the support, and self-limited current of the
MITL, respectively. When Ia/ISLa equals 1, the MITL operates at
self-limited flow, and ILosse /Ia achieves the maximum value of
about 2% with 0.7 and 4.9 MV. An empirical expression can be
obtained by fitting the curves of 0.74 and 4.9 MV:

ILosse /Ia = 0.2− 0.285(Ia/ISLa ) + 0.103(Ia/ISLa )2. (2)

When Ia/ISLa increases from 1 to 1.4, the MITL operates from
self-limited flow to load limited flow, and higher anode current
provides a stronger azimuthal magnetic field to confine the

Fig. 2. Time histories of voltage and current for the helical-supported MITL with
d = 21 mm. The inductance is 26.5 µH.

Fig. 3. Current loss of the helical-supported MITL with d = 21 mm. The inductance is
26.5 µH.
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electron flow, as a result, smaller current loss occurs. To make
sure ILosse /Ia is less than 0.5%, Ia/ISLa should be no less than 1.3.
For a simple calculation, we assume:

ISLa sup = ISLa + ILosse (3)

where ISLa sup is the total current of the MITL in a self-limited case
before the support minus the inductor current.

As the helical inductor causes a shunt current and electron
current loss, varied inductance of the helical inductor may
cause different current loss. As the electron current loss reaches

Fig. 4. Snapshots of electrons in the MITL in the YZ plane at 100 ns. d is 21 mm in (a) and 18 mm in (b). The inductance is 26.5 µH.

Fig. 5. Magnitude of magnetic fields of (a) absolute value, (b) Bx, and (c) By in the MITL of Figure 4a in the YZ plane at 100 ns, d = 21 mm.
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the maximum value, when the helical-supported MITL operates
in the self-limited case, the MITL operates in the self-limited
case. Figures 10 and 11 show the inductor current and the elec-
tron current loss for the helical-supported MITL with varied
inductance. The inductor current at 100 ns is about 2.6, 5.7, 9,
and 22.4 kA for inductances of 26.5 µH, 8.3, 5.4, and 2.4 µH,
respectively. The electron current loss near the helical inductor
at 100 ns is about 1.4, 1.6, 2.3, and 3.2 kA for inductances of
26.5, 8.3, 5.4, and 2.4 µH, respectively. The results indicate that
the electron current loss is far less than the shunt current by

the inductor. The helical-supported MITL, with different induc-
tors, is operated in the self-limited case. The peak anode current
after the inductor in these MITLs is equal. Next, the different elec-
tron loss near the helical support is analyzed. Figure 12a and 12b
show the distribution of electrons in the MITL with helical induc-
tors of 26.5 and 2.4 µH, respectively. The structure of the MITL in
Figure 10a is the same as that in Figure 4. Results in Figure 12a
and 12b reveal that the downside electron flow keeps magnetic
insulation when z > 0.7 m; however, the upside electrons are lost
to the anode when z > 0.7 m. In Figure 12b, more electrons

Fig. 6. Magnitude of magnetic fields of (a) absolute value, (b) Bx, and (c) By in the MITL of Figure 4a in the XY plane at 100 ns, d = 21 mm.

Fig. 7. Snapshots of electrons in the MITL of Figure 4 in the XY plane at 100 ns. (a), (b), and (c) describe the particle plots at cross-sections of z = 0.3 m, z = 0.5 m, and
z = 0.7 m when d = 21 mm, respectively. (d), (e), and (f) describe the particle plots at cross-sections of z = 0.3 m, z = 0.5 m, and z = 0.7 m when d = 18 mm,
respectively.
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Fig. 8. Electron current for the MITL in Figure 4a at different positions in the z
direction.

Fig. 9. Plots of ILosse /Ia as functions of Ia/ISLa for simulation results (labeled 0.72 and
4.9 MV) and fitting results. ILosse , Ia, and ISLa are the electron current loss near the sup-
port (0.3 m < z < 0. 7 m), anode current after the support, self-limited current of the
MITL, respectively.

Fig. 10. Inductor current for the helical-supported MITL in the self-limited case. The
peak voltage is 0.74 MV.

Fig. 11. Electron current loss for the helical-supported MITL in the self-limited case in
Figure 10.

Fig. 12. Snapshots of electrons in the MITLs with different inductances in the YZ plane at 100 ns. The MITLs are operated in the self-limited case. The inductance of
helical inductors in (a) and (b) are 26.5 and 2.4 µH, respectively.
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enter the outer cylinder surrounding the helical spring than that
in Figure 12a and cause higher current loss. However, the electron
flow before the helical inductor in Figure 12b is more tightly con-
fined to the cathode due to a higher total current with a smaller
inductance.

It is clear that a smaller inductance causes a much higher mag-
netic field in the y direction, which is shown in the red region of
Figure 13b. This field is much higher than the azimuthal magnetic
field near the helical spring, which generates an electron flow vor-
tex near the spring, shown in Figure 13a.

Effects of structural parameters of the helical inductor on
electron current loss of MITL

To investigate the effects of structural parameters of the helical
spring on electron current loss, simulations of helical-supported
MITLs with different springs were conducted. The inductance

was fixed at 26.5 µH, as is the case for the inductor in Figure 4.
For the helical spring of the MITL in simulations of Figure 14,
R is set as 5 cm, to obtain a fixed inductance at 26.5 µH when
a ranges from 12 to 36 cm, a/W varies from 4.8 to 9.6 mm
according to the equation of inductance in “Simulation setup”.
Results show that the electron current loss caused by the helical
spring changes slightly with the length and the number of
wings of the spring when the inductance of the spring is fixed.
In Figure 15, a/W is set as 4.8 mm, when R varies from 20 to
60 mm, a varies from 10 to 30 cm to obtain a fixed inductance.
Results reveal that a larger helical spring radius causes a higher
electron loss in the MITL. The difference between the electron
current loss of the larger-radius spring and that of the smaller-
radius spring may be caused by the non-uniform distribution of
the magnetic field. Therefore, a trade-off between a large electron
current loss caused by a large-radius helical spring and the diffi-
culty of support for a small-radius helical spring is required.

Fig. 13. Snapshots of (a) electrons and (b) the magnitudes of magnetic fields in the MITLs in Figure 12b in the XY plane at 100 ns.

Fig. 14. Electron current loss versus voltage for MITLs in the self-limited case. The
lengths of the helical spring are 12, 24, and 36 cm. The interval between the wings
of the helical inductor varies from 4.8 to 9.6 mm.

Fig. 15. Electron current loss versus voltage for MITLs of geometry 3 in the self-
limited case. The radius of the helical inductor varies from 20 to 60 mm.

Laser and Particle Beams 307

https://doi.org/10.1017/S0263034619000508 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034619000508


As Figure 16 shows, the magnetic field near the outer cylin-
der is not disturbed in the MITL with the 3 cm-radius inductor,
in contrast with the field of the MITL with the 5 cm-radius
inductor, in Figure 5a. The results in Figure 17 show that the
magnetic field before the inductor is uniform and it is beyond
the critical magnetic field (Bcrit = 0.097 T). However, the mag-
netic field at the center of the inductor becomes non-uniform
and exits abrupt changes from 60° to 120° along the angular
path. After the inductor, the magnetic field fluctuations
decrease, the average value of the intensity of the magnetic
field after the inductor is about 91.5% of that before the inductor
in Figure 17a and 93.2% of that in Figure 17b. The magnetic

field near the helical spring of the MITL with the 3 cm-radius
inductor is always higher than 0.096 T, which leads to a lower
electron current loss.

As the helical support impacts the local magnetic field, when
pulsed power propagates in the MITL, it is clear that the support
will disturb electron flow and the working property of the load.
Figure 18a shows current loss with distance from the helical sup-
port to the load, from 30 to 60 cm. The helical inductor is the
same as that in Figure 4. As the distance from the support to
the load increases, a smaller electron current is lost to the
anode wall of the MITL. In the self-limited case of magnetic
insulation for the MITL, a large distance between the support

Fig. 16. Magnetic fields of MITLs at the center of the inductor in the (a) YZ plane and (b) XY plane at 100 ns. The MITL is operated in the self-limited case. V = 0.74 MV.

Fig. 17. Magnetic fields of MITLs with (a) 5 cm-radius and (b) 3 cm-radius inductor at 100 ns. The MITL is operated in the self-limited case.

Fig. 18. Electron current loss versus voltage for MITLs in the self-limited case, with different distances from the helical support to the load in (a) and snapshots of
electrons in MITL when DSL is 70 cm in (b). The helical spring is the same as that in Figure 4.
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and the load means that the loss front is far from the helical sup-
port. Therefore, the electron flow of the MITL near the support
is influenced only slightly. The snapshot of electrons in
Figure 18b shows that the electron flow in the MITL is inter-
rupted, becoming non-uniform again after the helical support.
However, electron flow becomes uniform when the distance is
larger than 40 cm.

As Figure 19a shows, the ratio of electron current loss to self-
limited current, ILosse /ISLa , is as high as 3.22% when DSL = 30 cm at
5 MV, and is about 2.78% when DSL = 30 cm at 5 MV. To make
ILosse /ISLa in the MITL less than 3% when the voltage varies
from 0.5 to 5 MV, the distance from the spring to the load exceed-
ing 0.4 m is an appropriate option. In Figure 19b, the ratio of elec-
tron current loss to self-limited current ILosse /ISLa for MITLs with
springs of various radii changes from 1 to 2.6%. The inductance
and structure of the inductor are the same as those in Figure 4.
When the inductance of the helical inductor is 26.5 µH, the
ratio of shunt current to total current is about 3%, which is higher
than ILosse /ISLa at low voltage. If the inductance is sufficiently high,
the electron current loss and inductor current are negligible when
compared with the total current.

The self-limited impedance of the MITL is defined as
ZS = V/ISLa , which of the MITL with 26.5 µH inductor is com-
pared with the theoretical model (Ottinger and Schumer, 2006)
in Figure 20. ISLa for the theoretical model can be calculated though:

ISLa (V) = V
Z0fSL(V)

1+ (((g(V)mc2)/2eV) − 1)fSL(V)
1− fSL(V)

[ ]1/2
, (4)

fSL(V) = h(V)fMC(V), (5)

where V and Z0 are the operating voltage and vacuum impedance
of the MITL, respectively. e, m, and c are the electron charge,

electron mass, and the speed of light, respectively. g(V) = 0.99565
− 0.05332V + 0.0037V2, η(V) = 0.82 + 0.0086V. The self-limited
impedance of the MITL near the inductive helical support is
Zsup = V/ISLa sup. Results in Figure 20 reveal that Zsup/Z0 of the
MITL with a 6 cm-radius spring is about 0.97 times of the theoret-
ical value, while Zsup/Z0 of the MITL with a 2 cm-radius spring is
about 0.985 times of ZS/Z0.

Conclusion

In this paper, the current loss mechanism for an MITL supported
with a helical inductor is discussed, and the effects of structural

parameters of the inductor on electron flow were investigated
using 3D PIC simulations. Results reveal that the current loss

Fig. 19. Plots of ILosse /ISLa as functions of operating voltage of the MITL with varied (a) distance from support to the load and (b) radius of helical spring. The
inductance of the helical spring is 26.5 µH.

Fig. 20. Self-limited impedance as a function of voltage for MITLs with varied-radius
springs. The inductance of the helical spring is 26.5 µH.

fMC(V) = ((g(V)mc2/8eV) − 1) + [((g(V)mc2/8eV) − 1)2 + ((g(V)mc2/2eV) − 1)]1/2
((g(V)mc2/2eV) − 1), (6)
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consists of the shunt current from the inductor and the electron
current lost to the anode. The electron current loss reaches its
maximum value when the helical-supported MITL is self-limited.
The weakened azimuthal magnetic field near the helical spring
prevents full magnetic insulation of the electron flow, and the
flow is lost to the anode. The magnetic field produced by a
small-inductance helical spring perturbs the electron flow and pro-
motes electron current loss. An empirical expression for the ratio of
electron current loss to anode current (ILosse /Ia) as a function of the
ratio of anode current to self-limited current (Ia/ISLa ) is obtained. To
ensure ILosse /Ia is less than 0.5%, Ia/ISLa should be no less than 1.3.

Effects of helical inductors with different structures on electron
flow were investigated when the inductance is fixed. The simula-
tions are run using various voltage amplitudes. The radius of the
helical spring is the key structural parameter which influences elec-
tron flow. To regain uniformity of the disturbed electron flow after
the support and to achieve a ILosse /ISLa less than 3%, the distance
from the spring to the load should exceed 0.4 m. ILosse /Ia varies
from about 1 to 2.6% for the MITL with the 26.5 µH inductor,
which indicates that the current loss of the inductive helical-
supported MITL is negligible, when the inductance of the support
is sufficiently high. This work addresses several important chal-
lenges associated with power flow in the inductive helical-
supported MITL, and provides a simple solution to estimating
the electron current loss caused by the inductive helical support.
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