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RF electron guns with a metal-dielectric cathode are able to generate intense beams with nanosecond current
pulse duration. The plasma developed during the dielectric surface flashover in vacuum is the source of particles of
the cathode. Results of the computer simulation of dynamics of the beam of particles that are emitted from the sur-
face of metal-dielectric cathode of a ring geometry are reported. The average emission current value on the cathode
in the RF field is about few tens of amperes. Beam parameters obtained experimentally at the two-cell RF gun out-

put are referred in the paper.
PACS: 29.25.BX, 52.80.P1, 41.75.FR

1. INTRODUCTION

Metal-dielectric (MD) cathodes can be applied in S-
band RF guns for intense electron beam generation [1].
The beam current pulse, in this case, has the duration of
few tens nanoseconds and the amplitude of few am-
peres. It is known that beam parameters at the RF gun
output are mainly defined by the axial electric field dis-
tribution [2]. Plasma spots developing during the dielec-
tric surface flashover in vacuum also have influence on
particle dynamics in the RF gun with a MD cathode.
The cathode should be made of a ring configuration to
obtain the large area for the flashover development and
homogeneous electric field distribution alongside the
emitting surface simultaneously. Besides, the effect of
space charge forces will be overcame fractionally, that
is especially important during the initial stage of the ac-
celeration, if the electron flow will have the hollow con-
figuration and the amplitude of the electric field applied
to the cathode will be high enough. Positive ions are
emitted during the negative alternation of RF field. The
drift of ions with the velocity that is much lower of the
velocity of electrons facilitates the neutralization of the
beam space charge fractionally too. Conditions of the
beam formation with the most optimal parameters are
reviewed in the report in the approximation of the
steady state of the flashover. Electron dynamics was
computer simulated taking into account the presence of
some ions that are representative for absorbed gases and
erosion products of a dielectric.

2. PRESUPPOSITIONS IN THE PARTICLE
EMISSION

Beam formation from plasma in RF field is unsteady
during all stages of the surface flashover development
and maintaining. To estimate beam parameters let’s take
into account the condition of the discharge steady state
in the defined time moment corresponding to the total
plasma filling of the discharge interval in the approxima-
tion of the defined electric field strength. The threshold
behavior of the current found in [1] permits to do this.

The study of RF breakdown in the accelerating
structures [3] and of a dielectric surface flashover in
vacuum [4] shows that properties and stages of plasma
development in intense RF fields are similar in many
cases with properties of cathode plasma in a pulse elec-
tric field [5]. The material of a cathode defines the ion-
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ization ratio of plasma which equals to 50% for copper.
However, the ion current doesn’t depend on the material
and its fraction is 8...10% of the total emission current.
The density of the current of electrons emitted from the
plasma sheath on the hypothesis that electron distribu-
tion in plasma spot follows Maxwell-Boltzmann statis-
tics is defined as following [5]:
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where e is electron charge, m. is electron mass; 7. is
plasma temperature; n. is plasma density; E is electric
field strength; k is Boltzmann constant.

The current density as a function of RF field strength
can be ignored for values of the field strength featured
for RF guns. Thus, estimations show that the value of
the exponential function in Eq. (1) is close to unity for
values of electric field strength of 30...45 MV/m and for
plasma temperature of (¥ eV. The current of electrons
having the density featured in the RF field
(10%...10'¢ cm™) is defined by thermal electron energy.

The velocity of electrons leaving plasma is of two
order of magnitude higher (C10® cm/s) than the velocity
of the expansion of a plasma spot ((J10° cm/s). During
the representative time of the current pulse duration (O
30...40 ns) the plasma spot is expanded on a distance
length of less than 50 um. Hence, the electron emission
relatively the plasma spot can be considered as quasi-
stationary process.

The analysis of the density distribution of micro-
points over the emitting surface carried out using prop-
erties of field emitters and featured value of the emis-
sion current from plasma obtained from Eq. (1) permits
to assume that the plasma spot covers the total emitting
surface of the ring configuration. To see this, let us take
the featured value of the square of the one micro-point
of 010 mm?. Then the total number of micro-points on
the ring of infinitely thin thickness and of 5 mm in di-
ameter will be [B000 per 1 mm of the surface. Because
of the velocity of electron scattering is [J10® cm/s the
plasma will developed and hence, the electron will emit-
ted, throughout the whole ring surface.

3. BEAM DYNAMICS

The particle dynamics was computer simulated us-
ing the PARMELA code [6] which permits to take into
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account the space-charge neutralization in the beam by
generation of additional array of mass-similar macropar-
ticles of opposite charge. There was developed the addi-
tional program which generates array of macro-particles
using random distribution in two-dimensional hollow
configuration taking into account the above considered
current density dependence.

Beam dynamics was simulated in the one and half S-
band RF gun [7]. The feature of the gun design is the
possibility to change electric field distribution by vary-
ing the relation between amplitudes of axial electric
field in the first cavity and the same quantity in the sec-
ond cavity n with the frequency of ‘1T oscillating mode
kept changeless. The axial electric field distribution has
been calculated using the SUPERFISH code [8] in the
gun geometry shown in the Fig.1.

Fig.1. RF gun SUPERFISH geometry

The magnitude of 17 has been chosen in the range
0.7...1.2 for calculations of the electric field distribution.
The maximum value of the axial electric field, in this
case, is not higher than 48 MV/m for the feeding the RF
power of 1 MW.

According to preliminary estimations made taking
into account Eq. 1 and the solution of self-consistent
problem using the method proposed in [9] the maximum
value of the emission current of particles which can be
accelerated in the gun with the field of the above
strength is about 30 A. To avoid the critical electric
field reducing due to the current loading the value of the
emission current was chosen equal to 20 A. The fraction
of 10% of this current is the ion current. The array of
ions included light hydrogen ions and heavy carbon ions
as the most prevailing components of residual gases and
products of the erosion of polymer based dielectrics.

The simulation shows that the electric field distribu-
tion as a function of 7] affects mainly on the beam emit-
tance depending on outer R, and inner R; radii of the
emitting region. Thus, for equal R, values and following
the condition of 2R<R, the beam emittance does not
vary in fact and has decreasing behavior for the condi-
tion 2R>R,. In the first case the normalized emittance is
=40 mm/mrad for R,=1.5mm and R=0.5 mm. In the
second case for R.=1.5 mm and R=1 mm the emittance
depends on different electric field distributions (Fig.2,
curve 1). There is also the dependence of the beam
cross-section here (curve 2).
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Fig.2. Emittance and cross-section vs ]

For the decreasing of dimensions of R, and R; the
emittance value is magnified significantly and has an in-
creasing behavior versus increasing of the value 7. The
phase spread of the beam in this case has also increasing
behavior versus increasing 7). The analysis of trajecto-
ries in this situation shows that particles are overfocused
that is caused by the increasing of the radial electric
field component alongside the emitting surface. This is
connected with the amplification of the self-electrostatic
field of the ion cloud developed due to the polarized
drift. The strength of the ion field added to the strength
of the electric component of RF field during the positive
half-period sets the electric field strength near the emit-
ting surface increased. The similar field increasing is
also caused by increasing of the plasma density. The
growth of the electric field of ions reduces the capture
factor due to decelerating the major part of electrons
and accelerating them in the backward direction. This
situation is shown in Fig.3 for the electron density high-
er then 10" cm™,
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Fig.3. Emittance and capture vs electron density

Electric field of ions makes the electron focusing
stronger by radial forces alongside the plasma sheath
during the positive RF field half-period. During the neg-
ative RF field the half-period electric field of ions pre-
vents electron radial scattering alongside the plasma
sheath. Both these actions simultaneously provide the
beam to be evident hollow at the gun output for the defi-
nite plasma density (Fig.4,a).
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Fig.4. Beam cross-section (a - N=0.67, b - n=1.28)

The affect of the electric field of ions can be reduced
by changing the electric field configuration with the in-
creased electric field strength in the first cavity relative
to the second cavity. The beam cross-section in this case
is solid (Fig.4,b).

In the range of chosen values of 1 the phase energy
spread of the beam is in fact unvaried and is of =45°.
The beam current density at the gun output is increased
from 4 to 5 A. The energy spread has the decreasing be-
havior versus increasing of 7). The typical energy spread
of the beam at the gun output for 7=1.28 is shown in
Fig.5. The average beam energy in this case is 1.2 MeV
and the energy spread is 33% for 70% of particles.
These values of phase and energy spread are typical for

thermionic RF guns [7].
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Fig.5. Energy spread of the hollow beam
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The beam current value obtained by simulation is in
a good conformity with the results obtained in experi-
mental investigations of this RF gun operation with the
MD cathode [1]. For the RF field strength in the gun
cavity of 25..30 MV/m there was obtained a stable
beam current with the amplitude of =4.5 A and with the
current pulse duration of 30...40 ns.

4. CONCLUSIONS

After the research of the dynamics of the high-cur-
rent hollow beam in the RF gun there was established
that the electric field of ions affects considerably on the

beam configuration and its parameters. The hollow or
solid beam configuration can be obtained at the RF gun
output depending on the plasma density or relation be-
tween electric field amplitudes in the gun cavities. Elec-
tron beam with both hollow and solid configurations
have parameters that are compared with beam parame-
ters of thermionic RF guns.
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Ekaterinburg:

JAUHAMUKA CHJIBHOTOYHOI'O ITOJIOTO ITYYKA 2JIEKTPOHOB
B BBICOKOYACTOTHBIX ITYIIKAX

B.A. Kywnup, B.B. Mumpouenko, U.B. Xooax

BY sneKkTpoHHBIE MYIIKH C METAJUIOAUAIEKTPUIECKIM KAaTOOM MO3BOJIIIOT ()OPMUPOBATH HHTCHCUBHBIE ITyUKH
C HAHOCEKYH/IHOH JUITMTEIBHOCTBIO UMITYJIbCA TOKA. FICTOUHMKOM 4acTHIl B TAKOM KaToJ€e sIBIIETCS Iu1a3Ma, oopasy-
IOLIASACS B Pe3yJbTaTe IMOBEPXHOCTHOTO paspsija 10 AWDIEKTPHKY B Bakyyme. B paboTe mpuBOISTCS pe3yibTaThl
YHCIEHHOTO MOJICTIMPOBAHMS TUHAMHKH ITy4Ka YacTHUI], SMUTHPYEMBIX C MIOBEPXHOCTH METAJUIOJMIIEKTPUIECKOTO
KaToJia KOJIbIEBOM CTPYKTyphl. CpeHee 3HaUeHHE IMUCCUOHHOTO TOKA € KaToJla B BBICOKOYACTOTHOM I10JI€ COCTaB-
nsieT gecsatku amnep. IlpuBonasTcs mapaMmeTpsl Mydka, OJyYEHHbIE SKCIEPUMEHTAIbHO Ha BBIXOJAE ABYXPE30HATOP-

Hoil BY nymiku.

JUHAMIKA ITOJIOT'O ITYYKA EJEKTPOHIB 3 BUCOKUM CTPYMOM
Y BUCOKOYACTOTHUX TAPMATAX
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B.A. Kywnip, B.B. Mimpouenxo, I.B. Xooax

BY enekTpoHHI rapMaTd 3 METAJOAICIEKTPUYHUM KATOJOM JIO3BOJISIOTH (POPMYBATH IHTEHCHBHI MYyYKH 3
HaHOCEKYH/THOIO TPHBAJIICTIO IMITyJIbCy CTpyMy. [[PKepesioM 4acTHHOK y TaKOMY KaTo/ll € IU1a3Ma, SIka CTBOPIOETHCS
B PE3YJIbTATI MIOBEPXHEBOIO PO3PSLy MO AiCNEKTPUKY y BakyyMi. B poOOTi mpHBOASATHCS pPe3ysbTaTH YHCEIBEHOTO
MO/ICITIOBAHHS JIMHAMIKM Iy4Ka YaCTHHOK, IO €MITYIOThCS 3 MOBEPXHI METaJOAICICKTPUYHOIO KAaTOAy KiIbIEBOT
cTpykTypu. Cepe/iHe 3HAYCHHS eMiCIHHOTO CTPYMY 3 KaTOAY Y BUCOKOYACTOTHOMY IT0JIi JOPIBHIOE AECATKAM aMIiep.
[IpuBOAATECS TapaMeTpH ITydKa, OTPUMaHi eKCIIEPUMEHTAIBHO Ha BUXOIi ABOpe3oHaTopHoi BU-rapmarn.
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