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Current loss without an obvious impedance collapse in the magnetically insulated coaxial diode (MICD) is studied
through experiment and particle-in-cell (PIC) simulation when the guiding magnetic field is strong enough. Cathode nega-
tive ions are clarified to be the predominant reason for it. Theoretical analysis and simulation both indicate that the velocity
of the negative ion reaches up to 1 cm/ns due to the space potential between the anode and cathode gap (A-C gap). Accord-
ingly, instead of the reverse current loss and the parasitic current loss, the negative ion loss appears during the whole pulse.
The negative ion current loss is determined by its ionization production rate. It increases with diode voltage increasing. The
smaller space charge effect caused by the beam thickening and the weaker radial restriction both promote the negative ion
production under a lower magnetic field. Therefore, as the magnetic field increases, the current loss gradually decreases

until the beam thickening nearly stops.
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1. Introduction

Magnetically insulated coaxial diode (MICD) is advan-
tageous to generate an intense annular beam with extensive
applications in high power microwave (HPM) systems, espe-
cially for the O-type HPM generator.!!~! MICD provides an
electron beam from the boundary of the plasma formed at the
surface of the cathode.®! Its current transmission characteris-
tics directly influence the power conversion efficiency of the
HPM source. Apart from the divergence loss of the electron
beam, the radial expansion of cathode plasma is assumed to
cause the current loss under a low magnetic field.[”-8! Reverse
electron current is unavoidable for MICD in the transition re-
gion before the uniform axial magnetic field, that is, a por-
tion of electrons which stem from the stray emission on the
cathode move in cycloidal orbits following a magnetic force
line in a direction opposite to the downstream primary elec-
tron flow.[”19 Some researchers found that the reverse elec-
tron current could cross the diode anode and cathode gap (A-
C gap) and be absorbed by the anode in the diode transition
region, resulting in the reverse current loss.[7-11:12]

The others considered that the extra electron emission oc-
curred on the external ring of a shield hoop, which leads to a
parasitic current loss especially when the reverse current flows

(131 The above current losses all appearance

on the shield hoop.
with the diode impedance collapsing. However, an insulated
MICD still has an over 10% current loss in a strong guiding
magnetic field without apparent diode impedance collapsing

in the experiment. There has been no physical explanation to

Corresponding author. E-mail: 360681625@qq.com
fCorresponding author. E-mail: junzhang @nudt.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/27/2/020501

it.

In this paper, we try to give a reasonable explanation to
the current loss involving the cathode negative ion. An ex-
perimental platform of MICD electrical diagnostics with four
Rogowski coils at different positions along the MICD is de-
signed. The axial guiding magnetic field including its pro-
file lines and strength and the shield hoop are well shaped to
avoid the mentioned current loss in our experiment. The atten-
tion is paid to the current loss relating to the cathode negative
ion. The rest of this paper is organized as follows. In Sec-
tion 2, we discuss the details of the experimental setup and
diagnostics. A corresponding particle-in-cell (PIC) simulation
MICD model including the cathode plasma and the negative
ion is built in Section 3 to confirm the phenomenon of cathode
negative ion loss. The negative ion velocity is estimated in
both theory and simulation. The comparison between the ex-
perimental results and simulation results develops a physical
understanding of the current loss when the magnetic field in-
creases. Finally, some conclusions are drawn from the present
study in Section 4.

2. Experimental setup and diagnostics

Based on an intensive current e-beam accelerator, the
experiment about current loss was performed as shown in
Fig. 1.1'1 The electron beam was emitted from an annular
graphite cathode, accelerated towards the anode tube, and then
collected by the collector. Solenoid magnet coils provided an
axial guiding magnetic field. The magnetic field strength (B)
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in the uniform region increased from 0.2 T to 1.8 T by ad-
justing the solenoid current. The shunting reverse current in
the MICD was emitted by the cylindrical side surface of the
graphite cathode.!'?! A shield hoop was introduced to protect
the insulator from being bombarded by the reverse electron
beam!!31516] a5 shown in Fig. 1. Consequently, there was
no such reverse current loss as described in Refs. [7], [11],
and [12]. The outer radius of the annular graphite cathode R,
was 2.8 cm with a blade width of 0.15 cm. The radius of the
magnetic solenoid hole R,, the radius of the cutoff neckRp,
and the radius of the anode drift tube were 6 cm, 3.4 cm, and
3.3 cm, respectively.

The diode voltage was monitored by a capacitive—voltage
divider between the insulator and the shield hoop. The current
signals at different positions along the MICD were measured
by four Rogowski coils, which were calibrated before the ex-

capacitive

divider anode

guiding magnetic solenoid

periment. Rogowski coil 1, Rogowski coil 2, Rogowski coil 3,
and Rogowski coil 4 were installed in front of the shield hoop,
on the left side of the guiding magnetic solenoid, between the
cutoff neck and the anode drift tube, at the entrance of the col-
lector, respectively. The reverse electron beam passing along
the magnetic force line ends at the shield hoop to the right side
of Rogowski coil 1. The Rogowski coil 1 could record the to-
tal diode current Io.!”) Rogowski coil 2 and Rogowski coil 3
monitored the diode currents just in front of the guiding mag-
netic solenoid (/g) and the forward beam current through the
drift tube involving beam-wave interaction (1), respectively.
The collected forward beam current /. that arrived at the en-
trance of the collector was measured by Rogowski coil 4. The
waveforms of the diode voltage (U) and the currents (lo, Ig,
I, and I.) at 1.0 T are shown in Fig. 2, which represents the
typical case that the diode has achieved magnetic insulation.

insulator
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Fig. 1. (color online) Schematic diagram of the experiment setup of MICD. The red lines denote the annular electron beam. (R, =

2.8 cm, Ry = 6 cm, and R, = 3.4 cm).

On the one hand, I, has almost the same waveform and
amplitude as [y in Fig. 2, denoting no parasitic current loss.
On the other hand, [, nearly equals /., demonstrating that the
electron beam transmission efficiency through the anode drift
tube is close to 100%. Then the diode current I, the forward
beam current I, and the current loss coefficient K are defined
ash=(lo+1g)/2, I = (I, +1.)/2,and K = 1 — I, /I, respec-
tively.
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Fig. 2. (color online) Waveforms of current at different positions and
diode voltage at B=1.0T.

Figure 3 displays the variations of the diode current, the
forward beam current, and the current loss coefficient with

guiding magnetic field strength in the experiment. It validates
that the electron beam is confined, when the guiding magnetic
field strength B is not below the critical value (B = 0.4 T) for
which the magnetic insulation is realized.!'”'8) However, the
current loss coefficient maintains 10%~20% (Fig. 3) and the
waveforms of the current at different positions and the diode
voltage are almost stable during the main part of the pulse as
shown in Fig. 2 when B > 0.4 T. It should be noticed that the
current loss appears during the whole pulse. Moreover, the
current loss cannot be totally eliminated by the strong mag-
netic field.
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Fig. 3. (color online) Plots of diode current, forward beam current and cur-
rent loss coefficient versus guiding magnetic field strength in experiment.
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3. Discussion about current loss with MICD PIC
simulation

The characteristics of current loss described in Section 2
suggest that the loss is also possibly caused by the negative
ion from the cathode in this MICD.!”! In fact, the explo-
sive emission of the cathode surface is very complex. Be-
sides electrons and positive ions, there are also negative ions
in plasma on the cathode surface. The negative ions includ-
ing H, C, O, ete.[1921 gre regarded as the main cause
for the current loss.[20-23] In a vacuum, the source of negative
ions is the absorbed gas whose main components are hydro-

19-21.24] in the cathode. The desorption

gen and hydrocarbon!
of gas molecules gains energy from Ohmic heating, electric
potential, and the return ion bombardment.[?>! These desorbed
gas molecules become negative ions in two ways.[?! Firstly,
when electrons impact the molecules, negative ions may be
produced!?6-28! with some probabilities. Secondly, because of
the explosive emission of the cathode surface, a lot of plasma
are produced and would bombard the cathode surface. The
dominant negative ion production mechanism from these des-
orbed gas molecules is backscattering of the cathode plasma
ions incident on the cathode surface at energies greater than
a few eV.1??! It is relatively easy for the heavy negative ions
to be produced and cross the A—C gap due to the effect of the
electric field even in a strong magnetic field. The velocity is
so high of about 1 cm/ns/??! that once negative ions are pro-
duced, they can arrive at the anode, leading to a subsequent
current loss quickly.

3.1. PIC simulation models

Firstly, a 2.5-D PIC simulation model ignoring the cath-
ode plasma and cathode negative ion is constructed according
to the structure and parameters of the MICD in experiment. A
voltage pulse of about 625 kV is exerted on the anode—cathode
gap to generate the electrons. The current signals at different
positions along the MICD in experiment are recorded in the
simulation. Figure 4 shows the variations of average ampli-
tudes of diode current, forward beam current and current loss
coefficient with magnetic field strength in the simulation. Only
when B < 0.4 T, will an obvious current loss occur as the elec-
tron beam disperses and the diode gap closure happens. When
B > 0.4 T, the diode current equals the forward beam current
in Fig. 4. This amplitude is nearly coherent with that of the
forward beam current in the experiment (Fig. 3).

Then the cathode plasma and cathode negative ion are
considered in the PIC simulation model. Because water va-
por is most common in the desorbed gas, only H" and H™
are assumed to be existent in the following simulations for

simplification. A hydrogen gas layer with a thickness of two

mesh sizes covers on the cylindrical side and end surface of
the cathode. In this model, the movements of neutral particles
and their mutual interactions are neglected for simplicity. 2%
Based on the electron impact-ionization model, > the cath-
ode plasma including ions and electrons are generated when
an electron beam propagates through the neutral gas layer
and ionizes the gas. Similarly, the cathode negative ions
(H™) are produced when the backscattering ions (H") bom-
bard and ionize the residual neutral gas according to the ion

impact-ionization model as the dominant negative ion produc-

tion mechanism. 2
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Fig. 4. (color online) Plots of average variations of diode current, for-
ward beam current and current loss coefficient versus guiding magnetic
field strength in simulation without cathode plasma or negative ion.
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Fig. 5. Plots of current loss coefficient versus neutral gas pressure in the
impact-ionization model at 1.8 T.

Obviously, the negative ion current depends on its ioniza-
tion production rate. From the experimental results, the rela-
tionship between loss current density and input current density
follows approximately a power law.[?’] As a result, the nega-
tive ion current loss is determined by its ionization production
rate. The ionization production rate is defined as*"!

Rion = n¢iGion, (1

where ¢; denotes the incident particle flux, which relates to the
incident current density. Gjo, is the total cross section for im-
pact ionization involving the target neutral species, and n; is
the target neutral number density and expressed as

n=P/kT, (2
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with k, P, and T representing the Boltzmann constant, the tar-
get neutral gas pressure, and temperature, respectively. The
gas temperature 7 in the impact-ionization model is usually
300 K. It is difficult to estimate the gas pressure and is lim-
ited by the PIC simulation calculation capability. Figure 5
shows the variations of the current loss coefficient K with
gas pressure in the impact-ionization model. The ionization
production rate is proportional to gas pressure according to
Egs. (1) and (2). Therefore, that the larger P promotes more
serious negative ion loss in the ion impact-ionization model
can be explained. Similarly, the larger the P, the more plasma
ions are generated in the electron impact-ionization model,
thereby leading to the larger incident ion current density in
the ion impact-ionization model. Therefore, K increases with
P increasing based on Eq. (1). The value of P is set to be 60 Pa
in the model for which the diode voltage, the current, and K
are close to the experimental results. In fact, the negative ion
density is source limited rather than space charge limited.[*?!
Thus the negative ion current loss is a function sensitive to the
factors which affect the cathode plasma, such as electric field,
sheath current, and surface preparation!!>-2?! through the inci-
dent particle flux.

3.2. Calculation of negative ion velocity

The contour lines of the electric field distribution across
the A—C gap region of the MICD are illustrated in Fig. 6. Fig-
ures 7 and 8 display the space distributions of all the charged
particles, the negative ions, and the positive ions in the MICD
model with 1.0 T at different moments. The cathode nega-
tive ions are not confined by the magnetic field but transmit
towards the anode tube along the electric field lines across the
A-C gap as indicated in Fig. 6. Figures 7(b) and 8(b) demon-
strate that it takes 3.3 ns for the negative ion to move a tra-
jectory of about 3.4 cm from the cathode to the anode tube.
Therefore, the average velocity is about 1.1 cm/ns. As the pos-

29.301 jts ex-

itive ion expansion velocity is just several cm/ps, !
pansion is not obvious during the period as shown in Figs. 7(c)
and 8(c).
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Fig. 6. (color online) Contour lines of the electric field distribution
across the A—C gap region of the MICD.

The average negative ion velocity that depends on the
space potential across the A—C gap can be calculated by ig-

noring the weak influence of the magnetic field as follows:3!]

Up = v 2‘(P(RC)CI‘/mn7 3)

where my, and g are the mass and the charge of the negative ion.
The space potential difference across the A—C gap in Fig. 5 is
estimated from?!

Iy

- 2TEY Dy

?(Re) In(Re/Ra), ©)

where € is the permittivity of a vacuum, vy, is the axial veloc-
ity of the electron, R. equals the beam outer radius, and R, is
the magnetic solenoid hole radius. The forward beam current
is defined as[3?!

171 kA SN2 =B
b= TRy BN )
including
T e 6)
y=1+leU|/me, (7)

where U denotes the diode voltage, e and m are the mass and
the charge of electron, respectively, and c is the speed of light.
For the case of H™ at 1.0 T, U =625kV, I, =6.6 kA, g=e =
1.6 x1071° C, m, = 1.67 x 107%7 kg, m = 9.11 x 103! kg,
R. = 2.8 cm, and R, = 6 cm. When these parameters are sub-
stituted, v, = 11.1 cm/ns. Then the average negative ion ve-
locity v, is about 1.25 cm/ns. It is a little larger than the value
estimated from Figs. 6 and 7, which is attributed to the igno-

rance of the suppression effect from the magnetic field.
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Fig. 7. (color online) Distributions in the PIC simulation diode with
1.0 T at 4.5 ns of (a) all charged particles, (b) negative ions, and (c)
positive ions.
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Fig. 8. (color online) Distribution in the PIC simulation diode with 1.0 T
at 7.8 ns of (a) all charged particles, (b) negative ions, and (c) positive
ions.

3.3. Influence of magnetic field

The variations of the diode current, forward beam cur-
rent, and current loss coefficient with guiding magnetic field
strength involving the cathode plasma and the negative ion are
illustrated in Fig. 9. This simulation result includes the fact
that the current loss coefficient maintains about 12% when
B > 1.0 T, which well agrees with the experiment result in
Fig. 3. It proves that the current loss is mainly attributed to the
negative ion when the guiding magnetic field is strong enough.

In all, the strong magnetic field is unable to totally con-
fine the negative ions because of the relatively large ion mass.
Furthermore, the negative ion is able to rapidly cross the A—
C gap due to the electric field and be absorbed by the anode,
resulting in a current loss as shown in Figs. 3 and 9.
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Fig. 9. (color online) Variations of diode current, forward beam cur-
rent, and current loss coefficient with guiding magnetic field strength in
simulation with considering cathode plasma and negative ions.

Variations in the experiment refer to the fact that the cur-
rent loss coefficient decreases slightly with the growing mag-
netic field until B = 1.0 T, which is confirmed in Fig. 9. An
extremely low guiding magnetic field leads to beam thickening
caused by the large cyclotron radius of the electron. 3334 Then
the leading role in the beam thickening is played by the radial
plasma expansion due to the relatively small cyclotron radius
of the electron by further increasing the magnetic field.[3334]
The beam thickening would weaken the space charge effect.[®!
Hence the small space charge effect and the weak radial re-
striction in the lower magnetic field both promote more plasma
ions to return and ionize the neutral gas, resulting in a larger
negative ion production rate. Consequently, the current loss
coefficient increases with magnetic field decreasing. As the ra-
dial plasma expansion nearly almost stops when the magnetic
field is over 1.0 T, the beam thickness is still a small value due
to a large radial restriction.

The current loss in experiment (Fig. 3) is a bit larger than
that of the simulation especially for B < 1.0 T (Fig. 9), which
is suspected to be caused by the anode plasma. When negative
ions with a significant current density bombard the anode, they
may create the anode tube plasma and contribute to the rapid
impedance collapse in beam diode as the power density and
the rate-of-voltage change are increased.!'”%) However, we
do not observe an apparent impedance collapse except in the
case of 0.2 T. The cathode negative ions and the anode plasma
may be the main factors leading to the current loss.[?”! The ef-
fect of the anode plasma from the anode tube wall except for
that formed at the collector*!! will be studied further.

3.4. Influence of diode voltage

Figure 10 displays the current loss coefficients under dif-
ferent diode voltages at 1.0 T in the experiment and the above
The higher the
diode voltage, the larger the incident particle flux and the ion-

two impact-ionization simulation models.

ization production rate based on Eq. (1). As a result, the neg-
ative ion current loss coefficient increases with diode voltage
increasing as illustrated in both experiment and simulation.
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Fig. 10. (color online) Plots of current loss coefficient versus diode
voltage in experiment and simulation at 1.0 T.
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4. Conclusions

The current loss of MICD, when the magnetic field is
enhanced, is investigated through experiment, PIC simula-
tion, and physical analysis, demonstrating general agreements
among them. Apart from the reverse current loss and the par-
asitic current loss, the significant current loss in a strong mag-
netic field is mainly attributed to the cathode negative ions.
The negative ion loss tends to exist during the whole pulse due
to its high velocity (reaching up to 1 cm/ns). Even when the
electrons in the MICD are magnetically insulated, the nega-
tive ions dump on the anode because of their relatively large
ion mass and the electric field across the A—C gap. The nega-
tive ion current loss is determined by its ionization production
rate. It increases with the rise of diode voltage. Besides, the
current loss gradually decreases when the magnetic field in-
creases until the beam thickening stops, because the smaller
space charge effect caused by the beam thickening and the
weaker radial restriction both contribute to the high negative
ion production rate under low magnetic field.
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