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Research Background |
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Vacuum gap breakdown is widespread
In vacuum circuit breakers, trigger
switches and particle accelerators.

Vacuum circuit breaker
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# Vacuum, as an excellent insulating medium, is well- T e
known to everyone due to its extensive development r
prospects. In vacuum circuit breakers, trigger :\1 =
switches, and particle accelerators, the vacuum
breakdown phenomenon in the gap will limit its o™ T
insulation performance at high voltage conditions. st T .

& The trigger switch usually needs to ignite the initial |
plasma by triggering the vacuum breakdown between i
the trigger electrode and the cathode electrode, C ewm st
thereby achieving the conduction of the main gap. ol

@ Pre-strike phenomenon in small vacuum gap is widely e cicsenie

existed in vacuum circuit breaker closing process.
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# Many research works about vacuum breakdown are based
on experimental study. However numerical simulation
technology is an effective research tool about the vacuum
breakdown and discharge phenomenon.

# Shmelev et al. established an one-dimensional PIC-MCC
model for vacuum breakdown and presented the phase
space distribution of particle velocities. Yang Wei et al.
utilized a two-dimensional axisymmetric PIC model to
simulate the breakdown process in vacuum space and
presented the ion energies of different valence states.

@ In previous work, the phenomenon of vacuum breakdown
at a single emission source has been extensively studied. In
this work, a two-dimensional model is established to
consider the effect of multi-emission sources.
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#®  Physical model

1 dp/dy =0

p.=0V 0 X/ pm 1 @q =100V

« 2D Particle-In-Cell / Monte Carlo Collision (PIC/MCC) model is used.

» Different components are considered (ions, atoms and electrons).

« Field emission electrons, evaporation of copper atoms, secondary electron
emission and sputtering are considered.

» All boundaries are absorbing boundaries.
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#  Particle Emission Modeling
v" Field emission electron: Fowler-Nordheim equation

- B V 3/2
jey = AFN LOC exp(— FN VPw )
¢Wt ELOC
e’ 87./2m
—_ 72. e
AFN 87Z'hp Bry = 3ehp LOC ﬂE

E, oc Is local electric field strength considering field enhancement coefficient.

v’ Evaporation of copper atoms: Hertz-Knudsen equation

. = L ~17650/T+1339 _ T-1.25
Jeu 2ok T p=133.33x10 xT
#  Grid Size
NAZ? + AP < A, At <0.2a,

App 1S Debye length, a,, Is plasma oscillation frequency.
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Collision model

Elastic collision:
e+Cu—e+Cu
Excitation collision:
e+Cu—e+Cu’
lonization collision:
e+Cu—2e+Cu”

lonization collision between electrons and ions:

e+Cu™ = 2e+Cu"™™ n=123

Momentum exchange between ions and atoms:

Cu"+Cu—>Cu"+Cu

Charge exchange between ions and atoms:

Cu"+Cu—>Cu"+Cu

"“- T
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Simulation Model

#  Basic settings

Parameter

L
H
AX
Ay
At

B

¢

¢,

Value

1

1
100
75 (85, 65)
0.1

6000

100

0.3 (0.4, 0.6)

Unit

um

pum

nm

nm

fs

pum

pum

- P
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Description

gap length

Gap height

Grid size

Grid size

Time step

field enhancement factor
field enhancement factor
Emission area length
Emission area temperature
Cathode voltage

anode voltage

Distance between centers of emission sources
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#® PIC/MCC Simulation model
> In the PIC model, the simulation space is divided into many grids. =4 “___,.XZ

The spatial electric field distribution is solved by calculating the
charge density at the grid points, and the movement of the @
charged particles is further promoted. The MCC method isused x|~ "“%-.‘.,m

to handle particle collisions.

Start Calculation of charge density:  p, = \%ZqS(xp - X))
p

v Solution of electric field: vZp=-£
o

A parﬁgllénecrlr?irsiion P Calculate = Calculate _
; - . _ v
and absorption electric density p potential ¢ »

Particle motion: E, = E;S(x,-X;)

At
. Refresh particle Calculate E
W CF;T:E:EI;?S < velocity vand < electric field d_V = St
position x strength E dt m
v dx_
dt
End

Monte Carlo collision: P =1—exp[-N&,v,At]
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Simulation Results And Discussion

#  Typical results From Ops to 300ps, The interval between each picture is 30 ps.
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#®  Typical results

(a)60ps (b)120ps
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The electrons emitted from the two emission sources are set to be of two different
colors.

The electrons emitted from the two emission sources will accelerate the discharge
process near their respective emission sources.
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TLEEAE

XI’AN JIAOTONG UNIVERSITY

2 23 24 25 2

2 M PN

3 :. .'.”. . ‘7-1"_’. X ,3(“ '-L;:
e ~ v S

y/um

0.4 0.6
X/ um
(b)120ps

oy

1.0

y/um

" TR R T 00

0.4 / 0.6

p pm
(c)200ps (d)300ps

. . . . . - . . 1.0
U
Electrons Density

a8

The entire discharge process still centers around the emission sources with
larger field enhancement coefficients.

A denser area emerged in the region between the two emission sources.
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#®  Typical results
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Potential variation
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The internal electric potential
of the plasma is zero.

The electric
potential is concentrated near
the emission sources, and the
distortion in the middle part
between

distortion of

the two emission
sources is more obvious.

The existence of potential
peaks enables ions to form an
acceleration layer in the
region of potential drop, which
helps the plasma advance
forward more rapidly.
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#  The effect of field enhancement factor on vacuum breakdown
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The field

enhancement coefficient at

larger  the
the emission source 2 is, the
faster the discharge process

will be.

As the emission source 2
increases, the time when
high-energy particles appear

shortens.
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#  The effect of field enhancement factor on vacuum breakdown

0.8 10

The density of divalent copper ions

When the field enhancement
coefficient at the emission
source 2 increases, the number
of high-valence ions near the
emission source 2 significantly
INncreases.

The position where the high-
valence ions appear also shifts
from near the emission source
1 to the position between the
emission sources 1 and 2.
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#  The effect of field enhancement factor on vacuum breakdown
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The average charge state of ions at 300 ps under different field enhancement factors
The field enhancement coefficients of (a), (b), (c) are 65, 75 and 85 respectively.

« After changing the field enhancement coefficient, the discharge mode remains similar.

* When the field enhancement coefficient at the emission source 2 increases, the number
of high-valence ions near the emission source 2 significantly increases.

» The area between the two emission sources shows the presence of high-valence ions.
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#  The effect of the distance between emission sources
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@) (b) ©)
The average charge state of ions at 300 ps under different distance between emission sources

The increase In the distance between the two emission sources leads to a slower
discharge process.

An increase in distance will lead to a decrease in the number of electrons near the
emission source, further slowing down the ionization process of copper atoms.
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#  The effect of the distance between emission sources

. 0.6 . . .
X/ pum X/ pum X/ pum X/ pum
0] @) (k) M

Electrons Density

The distances of the
emission sources are 0.3,
0.4 and 0.5 respectively
from the first row to the
third row.

After the distance
between the two emission
sources is increased, the
mutual influence between
them also decreases
accordingly.

When the distance
increases to a certain
extent, the situation where
the two discharge sources
operate Independently
occurs.
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#  The effect of the distance between emission sources
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@) (b) ()

The average charge state of ions at 300 ps under different distance factors
The distances of the emission sources for (a), (b), (c) are 0.5, 0.4 and 0.3 respectively.

* The mutual influence between the two emission sources will cause the average
valence state near the emission sources to rise.

* The increase in distance leads to a reduction in the influence between the two
emission sources and a decrease in the average valence state.
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* In the model with two emission sources, the initial discharge is mainly
dominated by the emission source with a larger field enhancement
coefficient.

« The closer the field enhancement coefficients are, the more the discharge
area shifts to the part between the two emission sources. The greater the
difference in field enhancement coefficients, the more the discharge is
dominated by the source with the larger field enhancement coefficient.

* The greater the distance between the two emission sources, the smaller
the mutual influence will be. Reducing the distance between the emission
sources will cause the average valence state of the ions near a single
emission source to increase.
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Thank you for your
attention




