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Abstract. Microwave pulse shortening affects HPM sources even if their efficiency is
sufficiently low. In such devices the electrostatic field of the REB exceeds the microwave field
on the wall of the slow wave structure so that the field emission of electrons is initially
impossible. In this case the reason for plasma to appear is a bombardment of the surface by
relativistic electrons. They may originate with the REB, which disrupted partially in the
microwave field, or the reflection from the collector. Estimations show that a bombardment of
the wall surface with the energy ~ 10~ J/cm” is sufficient for the microwave pulse shortening.

There are several reasons for the microwave pulse shortening in a relativistic
oscillator, all of them depend on plasma presence, but the majority of them may be
obviated completely [1, 2]. The most difficult problem is due to the plasma which
appears in the slow-wave structure of a microwave oscillator. The model of the
microwave pulse shortening in a BWO with high efficiency was considered in [3],
there plasma generation was initiated by a multipactor in RF field on the wall.
Actually, the electric field on the wall is a sum of two components, the RF field and
electrostatic field of the electron beam space charge. If the RF field is comparatively
small, the total electric field on the wall always hinders electrons from emission and
makes the multipactor impossible. The purpose of this work was to find out if this
condition, namely, comparatively low efficiency of microwave generation may prevent
the effect of microwave pulse shortening.

The reason for the plasma accumulation which interrupts long-term microwave
generation even with such low efficiency is the bombardment of the walls by
relativistic electrons. In a general way, the scheme of the process is as follows. The
walls of the slow wave structure are exposed to the bombardment by relativistic
electrons which are reflected from the collector, or the REB is disrupted partially in the
microwave field. The electrons strike the wall and cause a gas desorption and
ionization. The REB space charge compensation allows an RF discharge (multipactor)
which gives rise to plasma accumulation and culminates in the microwave pulse
shortening. This scenario is especially dangerous for microwave sources with
microsecond pulse duration.

Hence, the primary source of the plasma is the flux of relativistic electrons which
hits the surface of the electrodynamic structure, desorbs gas and ionizes it. Plasma as a
quasi-neutral media with specific properties does not appear at this stage of the
process. The guiding magnetic field ~ 10 kG retains only the "newborn" electrons near



the wall, in the electrostatic field £ ~ 10> V/cm of the REB space charge they drift over

azimuth with the speed v, ~ CE ~ 10” cm/s. Tons rush to the axis and neither magnetic

field, nor their own space charge hinders this motion. It is easy to estimate using the
“3/2” law that with sufficient amount of ions near the wall and the surface density of a
hollow REB ~ 10"'em™ the space charge compensation of the REB may be completed
in~ 10 ns.

The gas desorption is described by the equation:

n,v, =gu,n,sina+g,v,n, (1a)
where n,, and v,, are the concentration and the velocity of gas molecules; g, and g, are
the desorption coefficients of the molecules due to electrons of relativistic beam and
ionized gas, correspondingly; u, and n, are the velocity and the concentration of
relativistic electrons; ¢ is an angle between the velocity of relativistic electrons and the
surface; n, is the concentration of electrons drifting near the wall. The first item in the
sum describes the gas desorption by relativistic electrons and the second one is due to
the drifting "slow" electrons.

The ionization of the desorbed gas develops in accordance with:
dn,
dt
where o, u o, are the cross sections of gas ionization by relativistic and drifting
electrons, correspondingly. The same way as above, the first item in the brackets
describes the gas ionization by relativistic electrons and the second one is due to the
"slow" electrons.
The formulas (1a) and (1b) may be presented together as:
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For estimations we may admit that the velocities are: u, ~ ¢ and v, ~ 10° cm/s. The
ionization cross sections are abz3‘10'18 cm2, and oez3-10'16 cm?. The desorption
coefficient rises from g, ~ 10~ for the energy of electrons ~ 100 eV [4] to g, ~ 10 for
70 keV [5]. The minimal estimation of the angle a corresponds to the length of the
slow-wave structure of ~ 1 m and the gap between the REB and the wall ~ 1 cm, 1. e.
a~0.01. More probably, the value of a corresponds to pitch-angles of relativistic
electron trajectories; for the electrons originated from the REB « ~ 0.1. Taking into
account that the desorption coefficient g, rises with decreasing a and with an increase
in energy of electrons, the value of the product g,-sino~ 10 seems not to be an
overestimation.

With the above estimations, the formula (2) results in:

‘Z@ ~3.10°-[3-10°n, +n, |- [0.3-n, + 1] 3)

Electrons nascent at the distance from the surface less than:
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B eB e B’
place until the moment #) when the gas expands and the ionization begins at the
distance & ~ vty from the wall:
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Hence, in about ¢, ~ 107 s after the start of the bombardment the azimuthal drift of
electrons in the crossed £ and B fields may start. Moving so, the electrons gain energy

~0.1 — 1 keV.

Fig. 1. Movement of ions i and electrons e in the field of the REB space charge and guiding
magnetic field.

For the processes describing by the equation % = A[B+n]C +n] where B >> C,
t

the character time intervals at every stage are equal to #; ~ (4B)™, the total duration is

total ~ (2+ lngjﬁ. The compensation of the REB by ions accordingly to f.(2) and

an accumulation of electrons near the wall perform with a character time:

% 1
tl ~ = . T (5)
o,v,-u,g,sina n,

g,sina o,
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estimations and f.(5) it is easy to obtain: n#; ~ 1[s/cm’]. During the character time ¢,
the surface is exposed to the bombardment by relativistic electrons with the energy
W~ mc® ApticSina = mc’ (npt;) sina ~ 10™* J/em? for o ~ 0.1. The total duration of the
process is ~ 10-f;, so the total energy of bombardment is ~ 107 J/em?® e.g.,
107[s]-10°[V]- 10 [A/em?].

By the complete compensation of the REB space charge near the wall there are
electrons with the surface density ~ 10'' cm™ (equal to that of the REB) and a gas layer
with the surface density at least p, = nptomtin-gpSina ~ 102 ¢cm™. In RF field only
available electrons can ionize this gas completely during (n-oeve) =
teotal (Om O -ve/vm)'1 < tywrreven without the mechanism [3], i.e. without electron
emission from the wall and the multipactor. Actually, the process will go faster. As a
result, a layer of plasma appears on the wall with the surface density ~ 10'* cm™.

The microwave pulse shortening is due to the plasma which distorts the dispersion
properties of the waveguide and may change the REB parameters. If REB excites the
lower E-mode of hollow plasma then the threshold is [6]:

and continues ln[ J+2 ~ 10 times longer. Taking into account the above
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where 7y is a relativistic factor, R is the waveguide radius, 7, and A are the plasma
radius and thickness. Therefore, the surface density of plasma is:

2 2
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For y=2 and r,=2cm this value n,-4~10" cm” is the same as the above
indicated surface density of plasma which is accumulated near the wall. The layer of
plasma with the surface density ~10'2cm™ in RF field will cause the further
accumulation and expansion of plasma, excitation of "parasitic" modes and dispersion
of electrons of the REB. In these circumstances, the microwave pulse duration of a
vacuum microwave source will be limited.

Hence, the compensation of the REB space charge and the following microwave
pulse shortening may be caused by a minor, ~ 10~ J/em® o« 102 A/cm” bombardment
of the wall by relativistic electrons. This bombardment may be provided by relativistic
electrons reflected from the collector in the case of traditional axially symmetric
collector [7]. If the reflected electrons are eliminated completely [1] then the
bombardment may not precede but accompany microwaves in the device. The
movement of relativistic electrons to the wall due to the radial [E,xB,] drift in
microwave field [8] is proportional to the radiation power. Estimations [9] show that in
the field E, ~ 10° V/cm relativistic electrons shift several millimeters toward the wall.
The mechanism of the REB charge compensation and microwave pulse shortening
does not differ from that described above.
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The effect of microwave pulse shortening
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Reasons for microwave pulse shortening
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REB destruction in RF field: model
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REB destruction in RF field: experiments
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Gas desorption and ionization
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A little bit of mathematics...

dn

T AB+n|[C+n] B>>C

1.n < C, dn/dt ~ ABC, n ~ C after t ~ (AB)"’
2.B>n>C, dn/dt~ABn, n «cexp(t/z), r=(AB)"

3.n>B, dn/dt ~ An?, n oc-1/A-1/(t-7), v = (AB)

total time: ~ ~ (1+ In g +1j (AB)™



Threshold of microwave pulse shortening
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Accumulation of plasma in RF field
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Microwave pulse shortening: mechanism
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Microwave pulse shortening:
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Strong RF field on the surface

H,, modes multiwave microwave oscillators
with spatially developed
electrodynamic structure

© RF: 100 ns x5GW =500 J

E = 0 on the wall
© RF: 6 us x 7MW , n=45%

® mode competition:
P ® REB: 1000 ns
H,, > Hy, at U > 250 kB ® mode competition
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2001, 27(7) Tech. Phys., 1988, 298(1)



Gas on the surface
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‘ REB in close vicinity of the surface

®

Eres ~ 10° Viem
A~1cm
d,_ ~100 kV
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