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Abstract

The field distribution and the restraint effect of multipactor and plasma discharge on the periodic triangular surface have
been theoretically and experimentally analyzed. It has been found by computational and simulative analysis that the
periodic profile can quickly restrain or weaken multipactor and plasma discharge in low pressure within several
microwave periods. Considering the field enhancement, increasing the slope angle, advancing the electric field, and
lowering the frequency can enhance the multipactor suppression. X-band giga-watt high power microwave experiment
with 20 ns short pulse was conducted. It was demonstrated that the periodic profile can effectively improve the

breakdown threshold and slower the speed of tail erosion.

Keywords: Dielectric breakdown; High power microwave; Multipactor and plasma suppression; Periodic triangular
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INTRODUCTION

Flashover, discharge, and breakdown have played important
roles on high power systems and applications (Li et al., 2009;
Mao et al., 2009; Tarasenko et al., 2008; Burdovitsin & Oks,
2008; Kolacek et al., 2008) such as high voltage switch
(Wang et al., 2005; Zhang et al., 2008), high power micro-
wave (HPM) transmission (Ali, 1988), and HPM radiation
antenna (Li ez al., 2008). With the development of giga-watt
(GW) HPM sources (Korovin et al. 2003; Liu et al. 2008),
dielectric breakdown has been a major factor of limiting
HPM transmission and radiation (Chang et al., 2008;
Neuber et al., 1998, 2007). Periodic rectangular (Chang
et al., 2009¢) and triangular (Chang et al., 2009d) surface
profiles have been found to increase the breakdown threshold
of dielectric window at the vacuum side, by the theoretical
analysis and recent experiments with megawatts (MW)
power, ws pulse width, and S band frequency. However,
the theory needs improvement since the field distribution
will be significantly influenced by the periodic surface
profile. What is more, for HPM with GW power and ns
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short pulse, rapid plasma avalanche in the fast established
local high pressure above the dielectric surface leads to
microwave tail erosion (Chang et al., 2008, 2009a, 2009b).
There is still no research about the effect of periodic triangu-
lar surface on multipactor and plasma discharge under HPM
short pulse and local surface pressure. In this article, we try to
study the problems mentioned above via analytical analysis,
particle in cell (PIC) simulation, and GW X-band HPM
experiment.

FIELD DISTRIBUTION AND DYNAMIC ANALYSIS

Field Distribution on the Triangular Surface

In order to simplify the analytical calculation, microwave
magnetic field has been neglected, and only the electric
field rather than electromagnetic field is considered. This
approximation is appropriate when microwave magnetic
force is much smaller than electric force for electron
energy &, < 1 keV and velocity ratio v/¢ << 1. The periodic
surface can effectively decrease €, to be lower than the first
crossover energy of secondary emission yield (SEY).
Besides, microwave magnetic force was also neglected and
only electric force was considered in analyzing HPM
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multipactor on the dielectric (Valfells er al., 2000; Chang
et al., 2008, 2009c¢).

In order to solve the rf field on the periodic triangular
surface, electrostatic field distribution is first deduced,
which is appropriate since the periodic distance L is much
smaller than a wavelength. Referring to Figure 1, the
tangent field is E,, the slope angle is &, the angle between
the slopes is 2a, and the slope length is d. In the two-
dimensional (2D) polar system, the electric potential ®(r,
0) satisfies Laplace equation and odd symmetry to the
plane 6 =0. The respective potential ®(r, 0) in the
vacuum and in the dielectric can be approximately written
as @, = A,r"sin(nb), and ®, = A,/'sin(n(w—0)), where n
must be positive since potential is finite at » =0. ® and
€d® /06 are continuous on the vacuum/dielectric boundary
of 8 = «a, which yields the boundary condition equation:

€1 /gp tan (no) + tan (n(m — a)) = 0. (D

The electrostatic field }_E)es = —VO® between the slopes is
approximately given by:

—> - -~
Ee = E e, +Epeq
1 ~ ~
= —E B <2> sin(nf) e, + cos(nb)ey ). 2)

Where {3 is the correction coefficient. Define field enhance-
ment factor B = E,;/E,,. By numerical calculation, the
smallest positive root of Eq. (1) is n € (0,1) for £;/g¢ > 1,
thereby, both E, and Ey, are advancing with the decrease
of r and the ratio E,/Eq = tan(nf) is independent of r.
Similar to the analysis of triple junction in Jordan et al.
(2007), by transformation from cylindrical to Cartesian
complex coordinate system, and the field in Eq. (2) can be
expressed as:

E.o = —EnBy (2)"_' (sin((n — 1)B)ey + icos((n — 1)0)2,)  (3)

— . —
Furthermore, E,; can be described as E, =

—iEyOBO(S*/d)n_l, where S = re’® = x + iy is the complex

Fig. 1. Schematic of field and potential distribution using polar system on
the periodical triangular surface.
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variable and S* is the complex conjugate of S. According
to Egs. (2) and (3), tfle) rf ﬁeg with the frequency w and emis-
sion phase ¢ reads E,; = E,sin(wt + @).

Dynamic Analysis

Under the 1f field I_E),f and at local pressure, the gases molecu-
lar on the periodic triangular surface are ionized by seed elec-
trons, and electron and ion pairs are produced. The motions
of plasma electrons can be described as follows: (1) recipro-
cating flying between the slopes and ionizing the gas molecu-
lar, (2) impacting as well as multipactoring along the slopes
until the rf field reversing.

First, the motion of electron multipactoring along the
slope is analyzed. Under the tangent field along the slope
E,(6 = a)sin(wf + ¢), the normal field E¢(6 = a)sin(wf + ¢)
and positive charge field Epc, the tangent and normal com-
ponents of the electron velocity after considering ionization
and collision can be described as (Chang et al., 2008):

duy(1)

vy 4 E@sin@i &) @
dt m
ditn(1) + v, (1) + ¢Enc + eEo(c)sinful +¢) 0, (5)
dt m m

Where v, =v,, 4+ v;, v; is the ionization frequency, and v,, is
the collision frequency for momentum transfer. Solving Egs.
(4) and (5), u, and u,, are derived as:

_eE (o) exp(—v;i)

u,(t) = mw? VD) (v sind — wcos ) o
_ % (v, sin (wf + &) — wcos (of + (b))

u,(t) = 76E:(1?(126)$(‘)_2;'t) (visind — wcos d)

_ m(ff;i:(—?;z) (vs sin (wf 4 ¢) — o cos (wf + ¢)) (7

eE eE
s )
mv; mv

t

The corresponding transit time T meeting f:) u,(t)dt = 0 can
be calculated by integrating the velocity u, in Eq. (7):

2 2 K
(ot o + 2 2D, - )

+ sin (w1 + &) — sind —%(cosd) — cos (wT + §))

Epc(w? +v2)t
=pA® TR . 8
Eg(c)v, ®

In the initial and developing stage of multipactor, and for
sufficiently large slope angle 6 and most phases ¢, it meets
Ey >> Epc, and Ep can be neglected. Thus, the multipactor
is mainly determined by the rf electric field.
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Second, for flight between the two slopes, the complex elec-
tron velocity equation under rf field in Eq. (3) should meet:

d(u, + iu )
% _|_v[(ux + my)
9
<S*)v ieEy 0By sin (of + &) ©
+(%) — =0.
d m
This equation is equivalent to:
d*s ds  (5*\"ieE,oB, sin (wt + ¢)
— — — - =0. 10
a TV (d) m (19)

Results

By numerically calculating the smallest positive root n in
Eq. (1) and substituting n in Eq. (2), comparison of analytical
and simulative value 3 on the periodic triangular surface is
shown in Figure 2. In order to fit the simulation result of
2D electromagnetic wave at 9.6 GHz and & = 4, it takes
Bo=1.15 and the corrective € =9. It’s illustrated in
Figure 2 that 3 is advanced with the decrease of r/d.

In order to reach the plasma critical density 7, in a short pulse
T, the surface pressure should be sufficiently high and can be
approximately estimated. Assuming the surface pressure rising
linearly with time, the ionization rate can be described as v; =
v;/p*(at + po), where pg is the initial pressure, and v;/p ~
5 x 109/ (s*Torr) approximately keeps constant for electron
energy with several hundred eV (Chang et al., 2008). The elec-
tron density meets: n = ng exp ( fg v; dp), thus, In(n./ng) — v;/
p¥ar®/2 + pgr) = 0. Set n./ng~ 10°'°, py=10"" Torr,
and T = 10-20 ns, the local pressure need to rise to 0.4-0.9
Torr to realize breakdown.

9 : .
""""""""" Numberical 30°
Y N 45° ]
- 60°
& —<— Analytical 30°
S 6l —S—45° ]
§ —E— 5"
5 5) :
=
[ =
@
o 4r T
©
(18
3| g ]
g 0 ® :
10° 107 10" 10°

r/d

Fig. 2. Comparison of analytical B with 2D electromagnetic simulation
results as a function of r/d and slope angle.
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Fig. 3. (a) The impact energy &, as a function of phase ¢, field E\, field
enhancement factor (3, slope angle &, and pressure p for f= 9.6 GHz and
r/d=0.3. (b) Variation of the ratio 7/(0.5 T) with ¢, E,o, B, &, f;, and p
for r/d = 0.3.

The parameters of collision and ionization frequency
with relation to gas pressure and electron energy suited
for N, gas according to Chang et al. (2008) are adopted.
By numerically calculating the transit time 7 in Eq. (8) and
squaring Eq. (6), the impact energy &, within the half
period 0.5 T and variation of the ratio of T and the corre-
sponding 0.5 T are shown in Figures 3a and 3b. The
parameters used for calculation are frequency 9.6 GHz and
2.86 GHz, slope angle /4 and /3, vacuum and pressure
1 Torr, E,, 70kV/cm and 30kV/cm, and u, = 1.88 x
10° m/s. In Figures 3a and 3b, B =1 represents no field
enhancement, which has been considered for the other
curves, and the non-marked pressure and field for the
curves are vacuum and 70 kV /cm.
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It is shown in Figure 3a that, in most emission phases
within the half period, electron energy keeps unchanged
and lower than the first cross over energy (about 30—
50 eV) of secondary emission yield curve due to weak accel-
erating force along the slope and strong normal restoring
force, leading to multipactor suppressed. Besides, with the
slope angle increasing (from /4 to /3), the transit time
becomes shorter and the energy also decreases, since the
tangent accelerating field is reduced and the restoring field
is enhanced. Moreover, increasing the field (from 30 kV/
cm to 70kV/cm) will lead to both of the tangent and
normal field advancing, therefore, the transit time lowers
and the energy changes a little.

That the ratio of 7/(0.5 T) for S band is smaller than that
for X band in Figure 3b means that electrons undergo a
greater number of impacts with SEY < 1 within the half
period, leading to a faster loss of electrons from the dis-
charge. The influence of low pressure on transit time and
electron energy is small, because the collision and ionization
during the flight distance along the slope is tiny. The plasma
electrons impacting the slopes and multipactoring along the
slopes will die out, consequently, the periodic slopes can
take a role of suppressing multipactor and weakening
plasma avalanche.

It can be illustrated in Figure 5 that, both of the tangent and
normal field enhancement factor (3(r) gradually diminishes
with the increase of r/d, E,/E,q decreases to be lower than
one and Ey/Ego always keeps higher than one. Therefore,
the transit time T is shorter, impact energy &, is lower, and
multipactor restraint strengthens compared with no field
enhancement (shown in Figs. 3a and 3b).

Since the angle a € (1/6-1/4) is small, the variation of
E, and E, with 6 has been neglected in approximately calcu-
lating Eq. (10). The component E, is dominate and deter-
mines the main flight direction of electrons, and the time T,
for flying between the slopes satisfies Sy = 2*r*sina. For
the periodic structures with the same slope height 1 mm
and different slope angles /4 and /3, flight time versus
half period 7,/(0.5 T) for ¢ = 7/2 is shown in Figure 4.
Electrons are emitted perpendicularly to the slope surface
with 1.9 = 1.88 x 10° m/s. Field enhancement is considered
in all curves except for that of 3 = 1, and the non-marked
pressure and frequency for the curves are vacuum and
9.6 GHz.

The flight time 7, becomes shorter after considering field
enhancement as shown in Figure 4. With the increase of
height & = r*cos «a, 7, is enhanced and the damping effect
of gas pressure on reciprocating flight between the slopes
aggravates. Thereby, the residual time for electrons multipac-
toring along the slopes shortens, leading to multipactor
restraint weakening, that is to say, multipactor is suppressed
faster at the bottom of the slope compared with the top. The
damping effect for 1 T under relatively lower slope angle /4
is evidently stronger than that under /3, and 7, under 7 /4 is
obviously longer than that under /3, thus, increasing the
slope angle is beneficial to shorten the flight time T,
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Fig. 4. Flight time 7,/(0.5 T) as a function of slope angle &, vertical height 4,
field E,, pressure p and frequency f.

between the slopes, weak the damping effect, and reduce
the transit time 7 along the slope, as a result, multipactor
restraint improves. Advancing the field (from 50 kV/cm
to 70kV/cm) or lowering the frequency (from 9.6 GHz
to 2.86 GHz) as shown in Figure 4 will decrease the ratio
71/(0.5 T), consequently, multipactor can be suppressed
better.

It is found in Figure 5 that electrons have the a + x displa-
cement S, during flying along the electric force line from one
slope to the other. One reason is that the emitted velocity
has the +x component, more importantly, the component
E, calculated by Eq. (3) is odd symmetric to the centerline
0 = 0, electrons first have accelerated motion toward —+x
before traversing the centerline, and then are decelerated

3 0.4
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Fig. 5. Field enhancement 8 of Ey/Egg and E,/E,q as a function of r/d, and
displacement S, for 70 kV /cm, 9.6 GHz and vacuum.
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but still moves toward +x, hence, electrons always have the
positive displacement S,. As a result, electrons will gradually
move outward during reciprocating flying between the
slopes.

SIMULATION AND RESULT

In the 2D electromagnetic PIC simulation, the influence of
the periodic isosceles triangular surface on multipactor and
plasma development under vacuum and low pressure is
investigated. Vaughan’s (1989) secondary emission model
is used to calculate the SEY. A plane electromagnetic wave
propagated in a double-parallel-plate transmission line at
normal incident to the dielectric. The angular distribution
for the secondary emitted electrons is a cosine distribution
(Bruining, 1954).

The parameters used for simulation are: peak SEY for
normal incidence 8,,,x0 = 2.15, the electron energy at the
peak €.« = 400 eV, the surface roughness k; = 1, the fre-
quency f=9.6 GHz, the peak electric field E,,= 50—
70kV/cm, and the background gas N, with different
pressure. It can be shown in Figure 6 that the size of the
vector represents the amplitude of the field, thereby, the
field obviously strengthens between the periodic slopes and
weakens inside the triangular dielectric.

During flying between the slopes, seed electrons ionize the
gas and produce plasma electrons, which can secondarily
ionize the gas and form self-persistent ionization. The
plasma ions are kept static under the high frequency electric
field. For field 70 kV/cm and pressure 1 mTorr (three times
the experiment pressure), slope angle £ w/3 and period
length L 0.8 mm, the densities of the electrons and ions
and the statistic SEY for plasma electrons are respectively
shown in Figures 7a and 7b. Multipactor and plasma dis-
charge can be quickly quenched within several microwave
periods (such as 1 ns). The decay speed of plasma electrons
is slower than that of seed electrons because ionization can

(mm)

Y

X (mm)

Fig. 6. (Color online) Electric field vector distribution on the periodical tri-
angular surface.
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Fig.7. (a) The densities of seed electrons n,,, plasma electrons 7, and ions n;
at 1 mTorr and 320 mTorr. (b) Statistic SEY for plasma electrons.

compensate for parts of the loss. Thus, for HPM with short
pulse width such as 20 ns, the periodic profile can effectively
suppress multipactor.

The space electric current densities J, perpendicular to the
centerline 6 = 0 and J, along the center line are investigated.
It can be found in Figure 8 that both of J, and J, oscillate in
time at twice the microwave frequency, J, has periodic posi-
tive and negative value due to electrons two-time reciprocat-
ing flying along the field in a microwave period, and J, shows
that electrons have a statistical unidirectional motion along
the central line. Since the angular distribution for secondary
electrons is a cosine distribution, the probability for electrons
emitted perpendicular to the slope surface is the largest. And
what is more, the field distribution on the profile explained in
the dynamic anaylsis leads to electrons gradually flying away
from the bottom. That the amplitudes of J, and J, increase at
first and then diminish to zero agrees with the variation of
plasma electron density n, with time. The transient trajec-
tories of flying upward in Figure 9a also show that electrons
have the displacement away from the bottom.
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Fig. 8. The space electric current densities J,, and J,.

With pressure increasing and ionization rate advancing,
the density of the space electrons rises and the space distri-
bution broadens as shown in Figure 9b. At pressure
320 mTorr, plasma avalanche develops sharply, and the elec-
trons produced by ionization are far more than that lost on the
slopes. In order to explain the periodic profile still has some
restraint effect on plasma discharge, only first ionization is
considered in the simulation, in other words, the plasma elec-
trons produced by ionization have no secondary effect on
ionizing gas but can multipactor on the slopes. The densities
of n, and n; at 320 mTorr in Figure 7a illustrate that plasma
electrons can quickly die out due to multipactor suppression
on the slopes. Consequently, the speed of plasma avalanche
under higher pressure on the periodical triangular surface is
slower than that on the flat surface.

With the field reduced from 70 kV/cm to 50 kV/cm, the
decay speed of SEY and electron density is found to
become slower since the flight time 7; between the slopes
gets longer, the transit time 7 for electrons multipactoring
along the slopes gets longer, and the number of impacts
along the slopes decreases. It is discovered in the simulation
that, under the same field and pressure, multipactor suppres-
sion for & 7/3 and L 0.8 mm is faster compared with that for
¢ w/4 and L 2 mm, being in accordance with theoretical
analysis.

EXPERIMENT AND RESULTS

HPM window breakdown experiment, with power 0.5—1.8
GW, at frequency 9.6 GHz, and with 20 ns pulse width,
was conducted, and the experimental setup is illustrated in
Figure 10. Microwave was radiated to air through the TE;
dominant-mode conical horn with aperture diameter D =
237 mm and outer flange diameter 320 mm. Teflon
window with thickness 32 mm satisfying integral multiple

https://doi.org/10.1017/50263034610000066 Published online by Cambridge University Press

C. Chang et al.

15 3)

1.0+

Y(mm)

o M

0.0 ¥ T T T T T Y 1

b)
1.6

1.2+

0.8 4

Y(mm)

0.4 4

0.0 . AL . .
1.0 05 0.0 0.5 1.0

X(mm)

Fig. 9. (a) The transient electron trajectory for 70 kV /cm and 1 mTorr. (b)
The transient space electron cloud for 70 kV/cm and 2 mTorr.

of half wavelength had the minimum reflection, and the
inner pressure 0.25—-0.3 mTorr was acquired by molecular
pump. SF with pressure higher than 1 atm. was sealed in a
balloon with diameter 750 mm and fixed outside of the
window.

Directional couplers and detectors were adopted to
measure the online incident and reflected power. Far-field
radiation power was measured at a distance 7.5 m from the
aperture of the horn, satisfying the far-field critical condition
2D2/)\ = 3.6 m. Dielectrics of flat surface, periodical tri-
angular surface with &mw/3 and L 0.8 mm, as well as that

Directional HPM horn

Dielectric
window

coupler

{0

Microwave source

Mode convertor

Vacuum pump S bag

Fig. 10. Basic experiment setup.
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with & /4 and L 2 mm were studied. Field distribution along
the vertical radius paralleled with polarization direction of
TE;; for I GW and the field vector distribution on the aper-
ture are shown in Figures 11a and 11b.

The relations of radiation power density P4, pulse width
difference AT, and reflected power P, with the incident
power P,, are shown in Figures 12 and 13. With incident
power advancing, for the flat surface, the radiation pulse
width gradually gets shorter than the incident width, and
the reflected power increases crazily when P,, is above 1
GW. The response time for the detectors is about 2 ns, and
the slopes of the rising edge and falling edge of different
detectors may differ from each other due to the various
response characters, consequently, the radiation pulse width
may be longer than the incident width. For the sawtooth
surface, P, increases about triple when P,, is enhanced
from 0.6 to 1.8 GW, and the amplitude of P, is much
smaller compared with that for the flat surface.

When breakdown happens for the flat surface, obvious tail
erosion accompanies with intense reflection peak (shown as
o in Fig. 14a) and distinct pressure rising. For the periodical
triangular surface, no serious pulse shortening occurs, and
the speed of tail erosion is prominently slower than that for
the flat surface, whose explanation has been given in the
simulation analysis.

The reflected wave from the dielectric propagates toward the
source and couples in the directional coupler, which is used for
measuring incident power and has a limited isolation degree
and a distance about 1 m from the dielectric surface.
Therefore, a small peak shown as 3 in Figure 14a, whose
amplitude is proportional to that of the reflection peak, is fol-
lowed with the incident pulse after about 10 ns. Similarly, a
pulse with flat amplitude and relatively long width (about
20 ns) is found before the reflected peak shown as <y in
Figure 14b, caused by a limited isolation degree of the direc-
tional coupler used for measuring reflected power.

Before tail erosion, the sawtooth surface with § /3 and L
0.8 mm can transmit the power higher than 1.6 GW and

b)
a0 T ATy = 1
0o 0@ O gt
w0l ©© o @ o los
o o ogo, &8 :
o o o ® ® g
& 70t O o0 *% 0 0
5 * 7
2 o oo o o ]
x s o O‘—) -
JE60 & 05
< ¥
50 F 11
* ¥ o
40 4}* : : : : : : 15
1

0.8 16 18 2

12 1.4
P_(GW)
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Fig. 12. Variation of radiation power density P, and pulse width difference AT with online power P,,, for (a) flat surface and (b) period-
ical triangular suface with § /3. Star- P,,; circle-AT represents the radiation width subtracting the incident width.
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Fig. 13. The ratio of reflected power P, with the initial P,q, triangular-flat
surface; circle- periodical triangular surface with & /3.

a)

20ns/diy

Fig. 14. (Color online) Typical breakdown waveforms for (a) flat surface
(1.1 GW) (b) periodical triangular surface (1.65 GW) with & /3, top-diode
voltage, left-online incident power, medium-radiation power, right-reflected
power.
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improve the power capacity of about 1.6 compared with that
of the flat surface; the corresponding breakdown field
exceeds 80 kV/cm. The power capacity for & /4 and L
2mm attains 1.3 GW, whose reflection amplitude is
obviously larger than that for § w/3.

DISCUSSION AND CONCLUSION

The periodical slopes can take a role of suppressing multipac-
tor and weakening plasma avalanche, because the plasma
electrons impacting the slopes and multipactoring along the
slope will quickly die out. Increasing the slope angle is ben-
eficial to reduce the transit time T and impact energy along
the slope, shorten the flight time T, between the slopes,
and weak the damping effect of gas pressure; advancing
the field will shorten T and 7;; lowering the frequency
will decrease the ratio of 7/(0.5 T) and 7,/(0.5 T).
Consequently, increasing the slope angle, advancing the
field, and lowering the frequency can enhance multipactor
restraint.

After considering field enhancement, the transit time T
shortens, impact energy e, lowers, and flight time T,
decreases, thus, multipactor restraint strengthens. The field
enhancement factor B improves with the decrease of r/d,
thus, multipactor is suppressed faster at the bottom of the
slope compared with the top. Electrons gradually move
outward during reciprocating flying between the slopes due
to the arc field distribution. However, 3 at the bottom of
the sawtooth achieves maximum and is about 5-8 times
for slope angle m/4—m/3, that is to say, 400-600 kV /cm
may attain at the bottom for E,, 80 kV/cm, as a result,
plasma avalanche occurring in the high pressure of the vapor-
ized material induced by bulk breakdown at the bottom leads
to microwave tail erosion. The threshold for /3 is higher
than that for w/4 since the restraint effect of plasma dis-
charge for /3 is stronger.

Multipactor and plasma discharge on the periodic profile
can be quickly quenched within several microwave periods,
thus, multipactor can be effectively suppressed for HPM
with pulse width 20 ns. As a matter of fact, multipactor
restraint effect for low frequency and long pulse will be
much better than that for high frequency and short pulse,
one reason is that lowering the frequency can enhance multi-
pactor restraint, more importantly, the breakdown threshold
on the flat surface for the former condition is much lower
than that for the latter, and the threshold can be improved lim-
itedly for the latter. For instance, the breakdown threshold for
S band and ps width is about 10-20 kV /cm, and that for
X band and 20 ns width is higher than 50 kV /cm.
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