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The particle in cell simulation results, within the limits of the complete set of the Maxwell-Vlasov equations, of
the short high-current compensated tubular ion bunches transportation and acceleration in the peaked fence magnetic
field are presented. The ion bunch current, at injection in the cusp, is compensated by electrons. It is shown that
additional compensation of the accelerated ion bunch space charge by thermal electrons leads to reduction of its
energy dispersion and divergence on an exit from the cusp. It is shown also that overcompensation of the ion bunch
space charge by thermal electrons leads not only to increase of energy spread and divergence of an ion bunch on an

exit from the cusp, but also to deceleration of an ion bunch.
PACS: 41.75., 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 (HCIB) with the pa-
rameters required for inertial confinement fusion is per-
spective, as LIA can operate at high pulse frequency,
and can accelerate, with efficiency of 30 %, high-
current beams of virtually any ions, and perform time
compression of current pulse in the acceleration process,
which eliminates the operations related to the increase
of current due to compression rings. Collective focusing
techniques can significantly increase the ion beam
current and reduce its energy while maintaining the
required energy content of the beam on the target. In
such kind of LIA the ion beam space charge is compen-
sated by electrons, and the electron current is sup-
pressed by magnetic insulation of accelerating gaps
[1,2]. The mechanism for charge and current neutraliza-
tion of an HCIB by an electron beam in an axisymmet-
ric accelerating gap was investigated in [2-4]. Transpor-
tation and acceleration of continuous compensated ion
beam in a system consisting of 1...6 cusps was studied
in [5,6]. It is shown that the ion energy distribution
function of the HCIB at the exit of the accelerator im-
proves with increasing energy of the accompanying
electron beam. Additional injection of electron beams in
the cusps increases monoenergetic of the HCIB and
reduces its divergence. Transport of short, compared to
the cusp length, high-current electron and ion bunches
was studied in [7]. In this work the particle in cell simu-
lation results for the short high-current compensated
tubular ion bunches transportation and acceleration in
the peaked fence magnetic field are presented.

Fig.1 shows an axial section of the simulated
structure, the configuration of the external magnetic
field [9,10] and the place of the beams injection. The

length of the cusp is z, = 10.24 cm, its radius is

7,=1024 cm, [0, z,] and [ Z,,, z, ] are the drift spac-
es, z, =

48cm, z, = 544cm, [ z,, z, ] is the

accelerating gap. The minimal and maximal radius of the
electron and ion bunches are the same: 7, = 1.32 cm,
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Voax = 148 cm. At the time of injection n,\v,, =n,v, ,

the electron bunch density is 7,, = 7.12:10" cm™, the
electron bunch velocity is v,,= 0.95-c, the initial veloc-
ity of the ion bunch (protons) is v,,= 0.285-c, c is the
speed of light. The bunch length is 0.5 z, , or

Tpumen = 0.5z, /v, . The external magnetic field has a

cusp configuration [10] with amplitude /=47 kGs. In
some simulations (see below) in regions [O, z, ]>< [rmm,rmax],
[z,,,zL]x rmm,rmx] , there was a generation of Maxwellian
electrons with temperature

1, = 1keV. These electrons are intended to further

compensation of the space charge of the ion bunch. The
generation begins at the moment when the front of the
bunch crossing the left border of each drift gap, and
ended when the front of the bunch crossing its right
border. The generation rate is chosen so that at the time

of its termination the electron density is 1., =0.5n,,
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Fig. 1. Configuration of the external magnetic field and
regions of electron and ion bunches injection into the
computation domain

The outer boundaries of the system are perfectly
conducting metal walls. Particles that fall into the boun-
daries are removed from the simulation. Particle in cell
simulation scheme is described in detail in [5].
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SIMULATION RESULTS

Fig. 2 shows the simulation results for the transport of
the high — current compensated ion bunch (IB) through
the cusp. lon distribution functions (IDFs) along the
transverse coordinate at the right cusp boundary are pre-
sented in Fig.2,a,c.e,g. IDFs depending on energy
(IEDFs) and transverse coordinate at the exit of the cusp
are shown in Fig. 2,b,d,fh. Fig. 2,a,b — the generation of
thermal electrons is absent, Fig. 2,c,d — at the termination

comp

time for the generation of thermal electrons 7, =

0.5 n, , Fig. 2,e,f — at the termination time for the genera-

tion of thermal electrons n,”"” =1.0n,, and Fig. 2,g,h —
at the termination time for the generation of thermal elec-
trons n,”"" =2.0.

As can be seen from Fig. 2, IBs are well focused in the
transverse direction, however, after the passage of the cusp,
IEDFs are significantly different depending on the density of
compensating thermal electrons. At low densities of thermal

electrons (7,”" < 1.0n, ) IEDFs almost monochromatic,
while at higher densities of compensating thermal electrons

(n:omp > 1.0n,, ) there is a substantial spread in the ion en-
ergy. IEDF has a maximum at &, ~25MeV for n,”"" =
O’ g’” ~25MeV for n:"”‘]’ =05 iy » {;‘m ~ 18 MeV for

ne" =10n,,and £, = 14 MeV for n°"” =2.0n,, .
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Fig. 2. IDFs along the transverse coordinate at the right
cusp boundary - a,c,e,g. IDFs vs energy and transverse
coordinate at the exit of the cusp — b,d,f,h. a,b— the gen-
eration of thermal electrons is absen. c,d — at the termi-
nation time for the generation of thermal electrons

ne" =05n,. ef- n" =10n,. gh- n" =2.0

e
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The increase in the ion energy spread and the fall of
& with the growth of n

max
fact that the compensating thermal electrons loaded IB,
taking part its its kinetic energy. This is clearly seen in
the electron energy distribution function on the right edge
of the cusp - compensating electrons from the left side of
the cusp always have an average energy exceeding the
initial one. Thus, there is an optimal density of compen-

comp
e

can be explained by the

comp

sating thermal electrons 77,

above which the quality

of the transported IB sharply deteriorates.

Fig. 3 shows the simulation results for the acceleration
of the high-current compensated IB in the cusp. Acceler-
ating potential is 1 MB. IDFs along the transverse coor-
dinate at the right cusp boundary are presented in Fig. 3,a,
¢, e, g. IDFs depending on energy and transverse coordi-
nate at the exit of the cusp are shown in Fig. 3,5, d, f, h.
Fig. 3,a,b - the generation of thermal electrons is absent,
Fig. 3,c,d - at the termination time for the generation of

thermal electrons 72,”"" = 0.5n,,, Fig. 3,ef - at the ter-
mination time for the generation of thermal electrons

n"" =1.0n,, and Fig. 3,g,h - at the termination time

for the generation of thermal electrons 7,”" =2.0.

..

Fig. 3. IDFs along the transverse coordinate at the right
cusp boundary — a,c,e,g. IDFs vs energy and transverse
coordinate at the exit of the cusp — b,d,f,h. a,b— the gen-
eration of thermal electrons is absen. c,d — at the termi-

comp

nation time for the generation of thermal electrons n,

=05n,.ef- n,"" =10n,.gh— n,"" =2.0.
Accelerating potential is 1 MB
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As can be seen from Fig. 3, IBs are well focused in the
transverse direction, however, as in the case of transport,
after the passage of the cusp, IEDFs are significantly dif-
ferent depending on the density of compensating thermal

comp

electrons. At low densities of thermal electrons (77,

1.0 n, ) IEDFs almost monochromatic, while at higher

comp

densities of compensating thermal electrons ( 72,

1.0 n, ) there is a substantial spread in the ion energy.
IEDF has a maximum at £, =26 MeV for n,”"” =0,

&g, ®26MeV for n,”"” =05n,, &, = 19MeV for

I/

comp __
n, " =10n,,

and &, = 15MeV for n,”""” =2.0n,.

Thus, regardless of the n:omp , there is an acceleration of

the IB. The increase in the ion energy spread and the fall
comp
e

of &, With the growth of n can be explained in

X

the same way as in the case of transportation. Hence,
there is an optimal n;o'"p above which the quality of the

transported IB sharply deteriorates.
CONCLUSIONS

The particle in cell simulation results, within the limits
of the complete set of the Maxwell-Vlasov equations, for
the short high-current compensated tubular ion bunches
transportation and acceleration in the peaked fence mag-
netic field are presented. The ion bunch current, at injec-
tion in the cusp, is compensated by electrons. It is shown
that additional compensation of the accelerated ion bunch
space charge by thermal electrons leads to reduction of its
energy dispersion and divergence on an exit from the
cusp. It is shown also that overcompensation of the ion
bunch space charge by thermal electrons leads not only to

increase of energy spread and divergence of an ion bunch
on an exit from the cusp, but also to deceleration of an
ion bunch.
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YCKOPEHUE KOPOTKHUX CUWJIBHOTOYHbIX KOMIIEHCUPOBAHHBIX MOHHBIX CIT'YCTKOB
B MATHUTHOM IOJIE OCTPOYTI'OJIBHOM T'EOMETPUM C JONOJHUTEJIBHOM KOMIIEHCAIIMEN
OBBEMHOI'O 3APSIJIA TEILTOBBIMH DJIEKTPOHAMMU: 2.5-MEPHOE YHCJIEHHOE MO/JIEJIMPOBAHUE

O.B. Manyiinenko

IIpuBeneHs! pe3ysbTaThl MOACIMPOBAHUS METOIOM MAaKpOYacTHIl B paMKax IIOJHOM CUCTeMBbl ypaBHeHU Biacosa-
Maxkcgeruia, TPaHCTIOPTUPOBKU U YCKOPEHHS KOPOTKUX CHIIBHOTOYHBIX TPYOUYaThIX HOHHBIX CTYCTKOB B MAIHUTHOM I10JIE
OCTPOYT'OJIbHOM reoMeTpuu. TOK MOHHOIO CryCTKa IIPU MHXKEKLMU B KAaCIl CKOMIIEHCHPOBaH 3jeKTpoHamu. [lokaszaHo,
YTO JOTIOJHUTENBHASI KOMIIEHCAIMs 0OBEMHOTO0 3apsiia HOHHOTO CTYCTKA TEIUIOBBIMH JIEKTPOHAMH MPHBOINT K YMEHb-
LIEHUIO €r0 SHEPreTHYECKOro pa3dpoca M pacxoIMMOCTH Ha BBIXOJIE U3 Kacma. [1okazaHo Takke, 4TO IepeKOMIIeHC s
00BEMHOT0 3apsi/ia HOHHOTO CTYCTKa TETUIOBBIMHU 3JIEKTPOHAMH BEZIET HE TOJBKO K YBEIIMUYSHHUIO pazopoca Mo SHEPIHH U
PpacxoIUMOCTH HOHHOTO ITy4dKa Ha BBIXOJIE M3 Kacla, HO M K 3aMEJIEHUIO HOHHOTO CTyCTKA.

IMPUCKOPEHHA KOPOTKUX CUWJIBHOCTPYMOBHUX KOMIIEHCOBAHUX IOHHUX 3I'YCTKIB
Y MATHITHOMY IOJII TOCTPOKYTHOI TEOMETPII 3 TOJATKOBOIO KOMITEHCAIIIEIO
OB’EMHOI'O 3APANY TEIIVIOBUMMU EJIEKTPOHAMM: 2.5-BUMIPHE YU CJIOBE MOJEJIFOBAHHSA

O.B. Manyiinenko

Hagezneno pe3yibraTyi MOIEIIOBaHHS METOIOM MaKpO4acTOK Y paMKax ITOBHOI CHCTEMHM PiBHSHB BiiacoBa-MakcBeuia,
TPaHCIOPTYBaHHSI Ta PUCKOPEHHS! KOPOTKUX CHIIBHOCTPYMOBHX TPYOUacTHX iOHHHX 3TYCTKIB Y MarHiTHOMY IOJI TOCTpO-
KyTHOI reomeTpii. CTpyM 10HHOTO 3rycTKa IpH 1HXKEKIil Y Kacll, CKOMIIEHCOBaHO eJlekTpoHamH. [lokazaHo, 1o JoaTkoBa
KOMIIeHcallist 00'€eMHOr0 3apsi/ly i0HHOTO 3I'yCTKa TEIUIOBHMH €JIEKTPOHAMH TPHBOIUTH JI0 3MEHIIICHHS HOTO €HEpreTHYHOTO
PO3KHIY i po30bKHOCTI Ha BEXOZi 3 Kacma. [loka3aHo Takox, M0 TEpeKOMITCHCAIlis 00'€MHOTO 3apsiIy i0HHOTO 3IyCTKa TeTl-
JIOBAMH €JICKTPOHAMH BeJie He TUTHKH 10 30UTBIICHHS PO3KUITY TI0 €Heprii i po30iKHOCTI I0HHOTO TTy4YKa Ha BUXOJIi 3 Kacria,
ase i 10 yIoBUTbHEHHS i0HHOTO 3TyCTKA.
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