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The results of numerical simulation of electron beam dynamics in the high-current diode with a blade-like cath-
ode, which operates in the field emission regime, are presented. The computer simulations were performed by parti-
cle-in-cell method in the electrostatic approximation. It is shown that there are two modes of diode operation. In the
first operation mode the space charge in the diode gap insignificant. In this case the anode current is small, and its
value is determined by the Fowler-Nordheim law. This mode, with increasing potential difference between the cath-
ode and the anode, passes in a mode of the space charge limited diode current. In this case the anode current is de-
termined by the Child-Langmuir law. It is shown that the electron energy distribution function at the anode is almost
monochromatic, with a maximum, which is determined by the potential difference between the cathode and the an-
ode. The spatial electron distribution function is significantly expanded compared with the thickness of the cathode
due to the topography of the electric field and space charge forces.

PACS: 41.75.-i, 52.40.Mj, 52.58.Hm, 52.59.-f, 52.65.Rr

INTRODUCTION

The usage of linear induction accelerators (LIA) for
obtaining high-current ion beams (HCIBs) with the pa-
rameters required for different applications — from
heavy-ion fusion up to surface modification and radia-
tion materials science — is perspective, as LIA can oper-
ate at high pulse frequency, and can accelerate HCIBs
of virtually any ions, and perform time compression of
current pulse in the acceleration process, which elimi-
nates the operations related to the increase of current
due to compression rings. Collective focusing tech-
niques can significantly increase the ion beam current.
In such kind of LIA, the ion beam space charge is com-
pensated by electrons, and the electron current is sup-
pressed by magnetic insulation of accelerating gaps [1,
2]. The mechanism for charge and current neutralization
of an HCIB by an electron beam in an axisymmetric
accelerating gap was investigated in [2 - 4]. The trans-
portation, acceleration and stability of compensated ion
beam in the 1-6 cusps were studied in [5 - 7]. The trans-
portation and acceleration of the neutralized high-
current ion bunch with additional compensation of the
accelerated ion bunch space charge by thermal electrons
were studied in [8, 9].

The charge and current neutralization of the HCIB
by the electron beam requires electron beams with ener-
gies up to 10 MeV and currents up to 20 kA. The energy
and current of the electron beam should be controlled
independently. These currents can be generated by a
high-current diode with a knife-like cathode which
works in the regime of the field- or explosive emission.
The diode shape for HCIB neutralization in LIA is dif-
ferent from the usual. It consists of a thin ring, which is
a blade-like cathode (Fig. 3). Cylindrical anode having a
radius less than the inner radius of the cathode is insert-
ed into the cathode. This structure is placed in a cylin-
drical vacuum chamber. According to our experiments,
at applying a negative voltage to the cathode
~100...200 kV, in this system the electron beam is
generated with a current of about 5...10 kA. Analytical
theory for the high-current diodes of this shape does not
exist at the moment, and the experimental data are lim-
ited.
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Fig. 1. The field emission current density as a function
of the electric field for ¢,=1 eV — barium oxide,
barium on tungsten substrate,
and ¢y =4 eV — tungsten, iron. g =1
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Fig. 2. The field emission current density as a function

of the electric field for ., =1 and g, =100.

Gy =4 eV

Therefore, the diode was investigated numerically
by particles-in-cell method in the electrostatic approxi-
mation with the XOOPIC code [10]. In the numerical
simulations below, we assume that the electron beam is
generated as a result of field emission, which is defined
by the Fowler-Nordheim law [11, 12]:
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where Jen is the units,

y=3.79-10°VE /4, ; E is the electric field strength
on the cathode; SI units; 7(y)~1.0, it slightly varies
with Y ; #(y)=1-C,y® - Nordheim function [12], in
the simulations below C, =0,
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6(y) are tabulated [13, 14], ¢, — work function, g, -
field enhancement factor. The current density J_ de-

pends strongly on the cathode material, i.e. the work
function ¢, (Fig. 1), and the cathode surface quality,

i.e., the field enhancement factor g (Fig. 2). The field

enhancement factor for conventional cathodes ranges
from 10 to 300 [15].

COMPUTER SIMULATION RESULTS

Fig. 3 shows the axially symmetric simulation domain,
where FA is the outer radius of the anode, rA =0.5cm,
rL is the outer radius of the cathode, rL = 2.5cm, zL
is the length of the simulation domain along the longi-
tudinal axis, ZzL = 4 cm. The cylindrical blade-like
cathode is located in the middle of the computational
domain. The inner radius of the cathode rC = 1.5 cm, its
thickness 0 = 0.2 mm. The negative electrical potential
V. is applied to the cathode, the anode is grounded.
Electrons are injected into the computational domain as
a result of field emission in accordance with the Fowler-
Nordheim law both the face of the cathode and its side
surfaces. The outer boundary of the computational do-
main I =rL is a metal, which is under the cathode
potential V. . The left (Z = 0) and right (Z = zL)
boundaries of the computational domain are dielectrics.
The particles that hit the border of the simulation do-
main are absorbed. The numerical simulations, which

are presented below, performed for g, =100 and V,

from -75 up to -300 kV.
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Fig. 3. The simulation domain

Figs. 4, 5 show the distributions of the electric po-
tential V(r,z) and the electric fields E,(r,z) in the

computational domain for V. = {-75, -150, -300} kV at

a time that is significantly greater than the electron
transit time through the diode gap, i.e. when the system
"electron beam — diode gap" is in equilibrium. As seen
in Figs. 4, 5, with the growth of the cathode potential,
the space charge is accumulated in the diode gap, which
shields the "vacuum" electric field of the cathode.

Fig. 6 shows the distribution of the electrons in the
configuration space {r, z} for V. = {-75, -150, -300} kV
at the time when the "electron beam — diode gap" sys-
tem is in equilibrium. The increasing cathode potential
results in an increase of the longitudinal dimension of
the beam at the anode. Fig. 6 also shows that at steady
state electron emission occurs, mainly, with the end of
the cathode, while in the initial time interval, when in
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the diode are not a lot of electrons, emission takes place
from the side surfaces of the anode which are close to
the end face of the cathode.

Fig. 4. The electric potential V (r, Z) in the diode:
V. =-75kV (a); V; =-150 kV(b); V. =-300 kV(c)

c
Fig. 5. The electric field Er(r, z) in the diode:
V. =-75kV (a); V., =-150 kV (b); V. =-300 kV (c)
The bunching of the electron beam, which can be

seen in the Fig. 6,c, can be attributed to over-voltage of
the diode gap, which leads to the explosive growth of
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the electron emission from the cathode surface and rapid
screening of the initial "vacuum" electric field on the
surface of the cathode by the space charge of the elec-
tron cloud, further rapid displacement of electrons to-
ward the anode, which is leads to the unscreening of the
cathode electric field, which in turn again leads to an
explosive growth of emission from the cathode surface
and the process repeated.

[ 2 0.0:

Fig. 6. The distribution of the electrons

in the configuration space {r, z}: V. =-75kV (a);
V. =-150kV (b); V,=-300KkV (c)

Fig. 7, as an example, shows the electron distribu-
tion on the anode surface as function of energy and lon-
gitudinal coordinate at V., = -75 kV. It is seen that the

electron energy distribution function is almost mono-
chromatic, with a maximum which is determined by the
cathode potential V. , in this case ~ 75 keV. This behav-

ior of the electron energy distribution function, depend-
ing on the cathode potential, is maintained for all stud-
ied potentials. The distribution function in the longitu-
dinal direction significantly broadened in comparison
with the thickness of the cathode. This is due to the to-
pography of the electric field at the cathode, and the
influence of the space charge.

Fig. 7. The electron distribution on the anode surface
as function of energy and longitudinal coordinate

Fig. 8 shows, as a function of time, the anode current
I,(t) (left column) and the cathode electric field in the
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its center E, (t) (right column) at different applied cath-
ode voltages.

Fig. 8. The anode current 1,(t) (a, ¢, €, g) and the
cathode electric field E, (t) (b, d, f, h) vs time:
Ve =-75KkV (a, b); V., =-102kV (c, d);

Ve =-120kV (e, f); V. =-300kV (g, h)

As seen in Fig. 8, regardless of the cathode potential,
after the start of the field emission, electric field at the
cathode surface is reduced due to the occurrence of a
negative space charge in the diode gap, which leads to
the suppression of electron emission. If the applied volt-
age V¢ = {-75, -102} kV, the decreasing of the electric
field is insignificantly. When the front of emitted elec-
trons reaches the anode, the electric field at the cathode
takes its self consistent steady-state value. The station-
ary value of the cathode electric field is slightly differ-
ent from the minimal field at the cathode. The field at
the cathode is minimized when the front of emitted elec-
trons crosses the plane of the anode. This mode of diode
operation corresponds to the case, when the space
charge in the diode gap is insignificant. The current at
the anode is determined by the Fowler-Nordheim law. If
the applied potential V. = {-120, -300} kV, then after

the front of emitted electrons reaches the anode, the
electric field at the cathode significantly increases as
compared with the minimal electric field at the cathode,
but remains lower than the initial “vacuum” field. This
increase in the cathode electric field, compared to the
minimal cathode field, is due to the fact that the flow of
electrons through the anode is greater than the flow of
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injection of electrons into the diode gap due to field
emission. The effect of the space charge on the anode
current is significant in this mode of diode operation.
The diode current in this operation mode is limited by
the space charge.

Fig. 9 shows the maximal current 1 _ (V.) and the

steady-state/averaged |__ (V) current at the anode de-

pending on the applied cathode voltage. The data for
Fig. 9 are taken from the Fig. 8. It can be seen that when
the space charge is not significant (|V, |< 120 kV), the

maximal and steady-state currents are practically the
same. In diode operation mode, when its current is lim-

ited by the space charge ( |V.| > 120kV)
Imax(VC)> Iave(VC)'
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Fig. 9. The 1 (V) and the .. (V) at the anode
depending on the applied cathode voltage

Fig. 10 shows the steady-state/averaged current den-
sity J, (V.. ) as a function of the cathode applied volt-

age V, . In addition, Fig. 10 shows an approximation of
the Jave(VC) by the Fowler-Nordheim law and the
Child-Langmuir law. As can be seen from the Fig. 9,
when |V, | < 120 kV, the J__(V.) is quite well ap-
proximated by the Fowler-Nordheim law, otherwise
(|Ve | > 120 kV) the J_ (V. ) is quite well approximat-

ed by the Child-Langmuir law.
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Fig. 10. The averaged current density Jave(VC)

as a function of the cathode applied voltage V.

and its approximation by the Fowler-Nordheim
the Child-Langmuir laws

CONCLUSIONS

In this paper we have studied numerically the elec-
tron beam dynamics in the high-current diode with a
blade-like cathode, which operates in the field emission
regime. The computer simulations were performed by
particle-in-cell method in the electrostatic approxima-
tion. It is shown that there are two modes of diode oper-
ation. In the first operation mode the space charge in the
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diode gap is insignificant. In this case the anode current
is small, and its value is determined by the Fowler-
Nordheim law. This mode, with increasing potential
difference between the cathode and the anode, passes
into a mode of the space charge limited diode current. In
this case the anode current is determined by the Child-
Langmuir law. It is shown that the electron energy dis-
tribution function at the anode is almost monochromatic,
with a maximum, which is determined by the potential
difference between the cathode and the anode. Spatial
electron distribution function is significantly expanded
compared with the thickness of the cathode due to the
topography of the electric field and space charge forces.
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KOMIBIOTEPHOE MOJIEJIUPOBAHUE CUJIbHOTOYHOI'O JIMOJA: OT ABTORJEKTPOHHOM
OMHUCCHUU K OTPAHUYEHWIO TOKA ITIPOCTPAHCTBEHHBIM 3APAJIOM

O.B. Manyiinenxo, B.H. Kapacs, E.A. Kopnuunos, B.A. Bunokypos, B.C. Aumunoe

[IpencraBneHsl pe3ynbTaThl YUCICHHOTO MOJCIUPOBAHUS TUHAMUKH 3JIEKTPOHHOTO MyYKa B CUJIBHOTOYHOM JH-
0JIe C HOXKEBBIM KaTOJ0M, KOTOPBIl paboTaeT B PeKUME aBTOIEKTPOHHOU IMUCCHH. UMCICHHBIC MOJICIUPOBAHHUS
OBUTH BBITIOJTHEHBI METOJIOM MAaKpPOYACTHI[ B 3JICKTPOCTATHUCCKOM NpUOIKeHnn. [Toka3zaHo, YTO CyIIECTBYIOT JIBa
pexuMa paboThI Juojaa. B mepBoM peskuMe MPOCTPAHCTBEHHBIN 3apsil B TUOJHOM IPOMEXYTKe Mall. B aTom ciydae
AQHOJIHBIM TOK HEBEJIMK, a €ero BelnYnHa omnpenensercs 3akoHoM daynepa-Hopareitma. ITOT pexkxum mpu yBeande-
HUU Pa3HOCTU MOTEHIMAIOB MEXY KaTOJAOM M aHOJOM MEPEXOIUT B PEXKUM OTpPaHUYCHHS TOKA IHOJa MPOCTPaH-
CTBEHHBIM 3apsgoM. M Torma aHOmHBIN TOK ompezensercs 3akoHoM Yaiinma-Jlenrmropa. [lokasano, gto (yHKIHA
pacripesielleHusI JJIEKTPOHOB 10 SHEPTHH Y aHOJa MPAaKTUIECKH MOHOXPOMAaTHYHA, C MAKCHMYMOM, ONpEIeIsIeMbIM
Pa3HOCTBIO ITOTCHIIHAIOB MEXIY KaToJoM M aHoAoM. DYHKIMS pacrpenesieHus SJIeKTPOHOB B MPOCTPAHCTBE 3HA-
YUTEIHHO YIIMPEHA MO CPABHEHUIO C TONIIMHON KaToAa, YTO OOBACHSAETCA Tomorpaduell AIeKTpHIecKOTo OIS B
HCCIIeAyeMOH CHCTeMe U NISHCTBHEM CHII 0O BEMHOTO 3apsia.

KOMIT'IOTEPHE MOJIEJIIOBAHHA MOTYKHOCTPYMOBOTI'O JI0/IA: BIJT ABTOEJIEKTPOHHOI
EMICIIi 10 OBMEKEHHS CTPYMY ITIPOCTOPOBHUM 3APSIJIOM

O.B. Manyiinenxo, B.I. Kapace, €.0. Kopninos, B.O. Binoxypos, B.C. Auminos

[pencraBiieHO pe3ysbTaTH YHCEIBHOIO MOJICTIOBAHHS AUHAMIKH €JIEKTPOHHOTO MyYKa B IOTYKHOCTPYMOBOMY
JI0/1i 3 HO’)KOBUM KaTOZOM, SIKMH TPAaLIOE B PEXUMI aBTOEJIEKTPOHHOI eMicii. UncenbHi MozentoBaHHs OyJi BUKO-
HaHi METOJIOM MaKPOYaCTHHOK B €JIEKTPOCTATUYHOMY HaOmwkeHHi. [lokazaHo, IO ICHYIOTH JjBa PEKUMHU POOOTH
Jiona. Y mepiioMy pexumi MPOCTOPOBHH 3apsill y AIOJHOMY NMPOMIDKKY Malnuid. Y 1IbOMY BUIAIKy aHOJHUI CTPYM
HEBEJMKHH, a oro BeJIM4MHa BH3HauaeThes 3akoHoM Paynepa-Hopuareiima. Lleit pexxum npu 30i1bLISHH] Pi3HMII
MOTEHI[IAIIB MIXK KaTOIOM 1 aHOJOM IEPEXOANTh Y PSIKUM OOMEKEHHS CTPYyMY Ji0a MPOCTOPOBHM 3apsioM. Y
[bOMY BHUIIAJIKy aHOIHHUI CTpyM BU3Ha4aeThCsi 3akoHOM Yaitnma-Jlenrmiopa. [Tokazano, mio QyHKIS pO3MOALTY
SNICKTPOHIB 3a eHepriero OLIsd aHOAa MPAKTUYHO MOHOXPOMATHYHA, i3 MAKCHMYMOM, KUl BU3HAYA€THCS PIZHHULCIO
MTOTEHITIaIiB MK KaToA0M i aHogoM. DYHKINS PO3IOALTY eNeKTPOHIB ¥ MPOCTOPi 3HAYHO PO3MIMPEHA TOPIBHIHO 3
TOBIIUHOIO KAaTOJIA, IO TTOSICHIOETHCS TOMOrpadi€cro eeKTPHYHOTO MO B JOCHTIHKYBaHIH CHCTEMI 1 Ti€l0 CHIT 00'e-
MHOTO 3apsny.
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