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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 (the ion bunch length is much smaller than the cusp length) and long (the ion bunch length is much longer
than the cusp length) 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 an accompa-
nying electron bunch. Additional compensation of the ion bunch space charge by means of thermal electrons gener-
ated in the drift space has been studied. It is shown that both for short and for long ion bunches, the optimized addi-
tional space charge compensation by thermal electrons leads to a reduction of the energy spread of the accelerated

ion beam at the output of the cusp.

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 (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 compres-
sion of current pulse in the acceleration process, which
eliminates the operations related to the increase of cur-
rent due to compression rings. The classical vacuum
LIAs are discussed in [1]. The final ions energy at the
target should be approximately 10 GeV with energy
content of 10 MJ and a pulse duration of a few tens of
nanoseconds. The usage of collective focusing methods
in the LIA allows significantly increase the ion beam
current and decrease 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 [2 - 4], and the electron current is
suppressed by magnetic insulation of accelerating gaps
[5]. The nature of charge and current neutralization of
an HCIB by an electron beam in an axisymmetric accel-
erating gap was investigated in [5 - 8], where the dy-
namics of electrons and ions in the cusp magnetic fields
in the presence of an accelerating field in the single-
particle approximation, and the influence of own elec-
tric and magnetic fields of electron and ion beams on
the magnetic isolation, and their passage through the
cusp have been studied. The transport and acceleration
of compensated ion beam in the 1 - 6 cusps was investi-
gated in [9 - 13]. It was shown that the ion energy dis-
tribution function of the HCIB at the exit of the acceler-
ator improves with increasing energy of the accompany-
ing electron beam, and that the additional injection of
electron beams in the cusps decreases HCIB energy
spread and reduces its divergence in space. The
transport and acceleration of the short, compared to the
cusp length, high-current electron and ion bunches (IB)
was studied in [14, 15]. It was 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
was shown also that overcompensation of the ion bunch
space charge by thermal electrons leads not only to in-
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crease of energy spread and divergence of an ion bunch
on an exit from the cusp, but also to deceleration of an
ion bunch.

In this paper we study the acceleration and transport
of short and long high-current tubular IBs in the picked
fence magnetic field with the additional compensation
of 1B space charge by thermal electrons. It is shown that
both for short and for long IBs, the optimized additional
space charge compensation by thermal electrons leads
to a reduction of the energy spread of the accelerated IB
at the output of the cusp.

Fig. 1 shows the simulated structure, the configura-
tion of the external magnetic field [9, 10] and the place
of the electron and ion beams injection. The length of
the cusp is z, = 10.24 cm, its radius is I = 10.24 cm,

[0, Z,]and [Z,,Z, ] are the drift spaces, Z, = 4.8 cm,
Z,=544cm,[z,,z,]Iisthe accelerating gap.
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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 minimal and maximal radius of the electron and
ion bunches are the same: I, =1.32 cm, I, = 1.48 cm.
At the injection time n_v,, =n,v,, the electron bunch
density is N,,= 7.12:10" cm™, the electron bunch ve-
locity is V., = 0.95-c, the initial velocity of the ion
bunch (protons) is V;, = 0.285-c, c is the speed of light.
The external magnetic field has a cusp configuration [9,
10] with amplitude H,= 47 kGs. The IB length is
0.5-z, (short IB), and 36-z, (long IB). In computer
simulations (see below) in regions [0,z ]x[r,.r.] .
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[z,.2.][r,..1...], there were a generation of Maxwellian
electrons (ME) with temperature T,= 1 keV. These elec-

trons are intended to further compensation of the IB
space charge. The generation rate is chosen so that at

the time of its termination the electron density n;"™

was the specified value. The outer boundaries of the
system are perfectly conducting metal walls. Particles
that fall into the boundaries are removed from the simu-
lation. Particle in cell simulation scheme is described in
detail in [9, 10, 16].

SIMULATION RESULTS

Fig. 2 show the simulation results for the transport of
the high-current compensated IB through the cusp with
additional compensation of the IB space charge by
means of the ME, and without additional compensation.
The ion distribution functions (IDFs) depending on en-
ergy (IEDF) and transverse coordinate at the exit of the
cusp are presented. The IB length is 0.5-z,. To generate

ME, each of the regions [0,z ][ l,] @and

[z,.2,]x[r.r.,] is divided into 30 sub-areas
[ZI : ! ZI J+1]X [rmin’ rmax] and [lek ’ ZII k+1]x [rmin’ rma\x] Of
equal length in the longitudinal direction. In each sub-
domain the generation of ME starts at the moment when
the front of the IB crosses its left edge, and ends when
the front of the IB crosses its right edge. The generation
rate is chosen so that at the time of its termination the

ME density n;°™ = 0.7 ng. In this
Fig. 2,2 — no ME generation,

e
N, +N™" =ny, .

Fig. 2,b — the generation of ME only in the right half of
the cusp, Fig. 2,c —the generation of ME only in the left
half of the cusp, Fig. 2,d — the generation of ME in the
left and right halves of the cusp.

As can be seen from Fig. 2, the IB is well focused in
the transverse direction. However, after passing the
cusp, IEDFs differ greatly and depends on the location
in which the ME are generated. If the space charge of
the IB is compensated with ME in the right half of the
cusp (see Fig. 2,b), the IEDF is almost monochromatic.
The additional compensation of the IB space charge in
the left half of the cusp (see Fig. 2,c), or in the left and
right semicusps (see Fig. 2,d), leads to a considerable
spread in ion energy. The increase in the ion energy
spread can be explained by the fact that the compensat-
ing ME loaded 1B, taking part its Kinetic energy. This is
clearly seen in the ME energy distribution function on
the right edge of the cusp — ME from the left side of the
cusp always have an average energy exceeding the ini-
tial one. Thus, the optimal is the compensation after the
accelerating gap.

Fig. 3 show the simulation results for the accelera-
tion of the high-current compensated IB in the cusp. The
accelerating potential is 1 MB. IDFs depending on en-
ergy and transverse coordinate at the right cusp bounda-
ry are presented. Fig. 3,a —no ME generation, Fig. 3,b -
the generation of ME only in the right half of the cusp,
Fig. 3,c — the generation of ME only in the left half of
the cusp, Fig. 3,d — the generation of ME in the left and
right halves of the cusp. The generation rate is chosen

108

case

so that at the time of its termination the ME density
comp _
n, " =0.7n;,.

Fig. 2. IDFs vs energy and transverse coordinate at the
exit of the cusp: a — the generation of ME is absent;
b — ME generated in the right half of the cusp;
¢ — ME generated in the left half of the cusp;
d — ME generated in the left and right halves of the
cusp. At the time of the termination of the ME genera-

tion ;™™ =0.7n,,. Accelerating potential is 0 MB

d
Fig. 3. IDFs vs energy and transverse coordinate at the
exit of the cusp: a — the generation of ME is absent;
b — ME generated in the right half of the cusp;
¢ — ME generated in the left half of the cusp;
d — ME generated in the left and right halves of the
cusp. At the time of the termination of the ME genera-

tion n;™™ =0.7n,, . Accelerating potential is 1 MB

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, the IEDFs are
significantly different depending on the location, where
the compensating ME are generated. The IEDF is much
more monochromatic, if the space charge compensation
of the accelerated 1B, using ME, takes place in the right
half of the cusp, i.e., after the accelerating gap (see
Fig. 3,b), in comparison with the compensation of the
accelerated 1B in the left half of the cusp (see Fig. 3,c),
or in the left and right semicusps (see Fig. 3,d). The
increase in the ion energy spread can be explained, as in
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the case of transport, by the fact that the compensating
ME loaded IB, consuming part its its kinetic energy.
This is clearly visible from the ME energy distribution
function on the right boundary of the cusp — ME from
the left side of the cusp always have an average energy
exceeding the initial one. Thus, the optimal space
charge compensation of the IB is the compensation after
the accelerating gap.

Fig. 4 show the computer simulation results for
transport and acceleration of long compensated high-
current 1B (bunch length 36z, ) without additional 1B

space charge compensation by thermal electrons. The
IDFs depending on energy and transverse coordinate on
the right edge of the cusp are presented. Fig. 4,a — the
accelerating field is absent, Fig. 4,b — the accelerating
potential is 1 MB. The behavior of IEDs on the acceler-
ator output, depending on the accelerating potential, do
not differ significantly from the previously studied case
of "infinitely long" beam [9 - 13]. Since the accompany-
ing electron beam kinetic energy is enough to overcome
the potential in 1 MV for ion acceleration, the electron
beam does not load the ion beam. And, therefore, the
IDF energy width on the right edge of the cusp, at an
accelerating potential of 1 MV, practically does not dif-
fer from the IDF energy width in the absence of the ac-
celerating field.

a b
Fig. 4. IDFs vs energy and transverse coordinate at the
exit of the cusp: a — the accelerating potential is absent;
b — the accelerating potential is 1 MB

Fig. 5 show the computer simulation results for the
acceleration of long compensated high-current 1B
(bunch length 36-z, ) with additional 1B space charge

compensation by thermal electrons. The accelerating
potential is 1 MB. The ME generation occurs only in the
right half of the cusp - in the region

[z,,,zL]x[rmin, rmax] (see Fig. 1). The ME generation

starts at a time when the leading edge of the IB cross the
left border of the drift gap, and ends when the leading
edge of the bunch cross right border of the drift gap.
The generation rate is chosen so that at the time of its

termination the ME electron density n;*™ is 0.5 n,
(undercompensation) (see Fig.5,), 0.7 n, (see

Fig. 5,b), and 1.0 n,, (overcompensation) (see Fig. 5,c).

As can be seen from Fig. 5,a, the additional compen-
sation of the IB space charge by thermal electrons leads
to a decrease in ion energy spread at the exit of the ac-
celerator (compare with Fig. 4,b). The IB space charge
overcompensation leads to an increase in the energy
spread of the IB at the output of the cusp (see Fig. 5,c).

Fig. 6 show the computer simulation results for the
acceleration of long compensated high-current IB
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(bunch length 36-z, ) with additional IB space charge

compensation by thermal electrons. The accelerating
potential is 1 MB.

Fig. 5. IDFs vs energy and transverse coordinate at the
exit of the cusp: a — at the time of the termination of the

ME generation n;"" =0.5n,,; b — at the time of the

termination of the ME generation n°™ =0.7n,,;
¢ — at the time of the termination of the ME generation
n.™ =1.0n,,. The ME generation occurs only

in the right half of the cusp. The accelerating potential
is1 MB

The ME generation occurs in the left and right
halves of the cusp, i.e, in the regions

[0' ZI ]X [rmin ! rmax] and [ZII ' ZL]>< [rmin’ rmax] (See
Fig. 1). The ME generation starts at a time when the
leading edge of the IB cross the left border of the ap-
propriate drift gap, and stops when the leading edge of
the bunch cross its right border. The generation rate is
chosen so that at the time of its termination the ME

electron density n;°™ is 0.5n, (see Fig. 6,a), 0.7 n,
(see Fig. 6,b), and 1.0n,, (see Fig. 6,c).

As can be seen from Fig. 6, an additional space
charge compensation of the IB by ME in the left half of
the cusp (before accelerating gap) leads to deterioration
of the IDF, compared with the cases shown in Fig. 5.
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Fig. 6. IDFs vs energy and transverse coordinate at the
exit of the cusp: a — at the time of the termination of the

ME generation n;"™ =0.5n,;,; b —at the time of the
termination of the ME generation N, =0.7 N, ;

c — at the time of the termination of the ME generation
n,"®=1.0N,,. The ME generation occurs in the left

and right halves of the cusp. The accelerating potential
is1 MB

CONCLUSIONS

The particle in cell simulation results, within the
limits of the complete set of the Maxwell-VIasov equa-
tions, of the short (the ion bunch length is much smaller
than the cusp length) and long (the ion bunch length is
much longer than the cusp length) high-current compen-
sated tubular ion bunches transportation and accelera-
tion in the peaked fence magnetic field are presented.
The ion bunch current, at injection in the cusp, is com-
pensated by an accompanying electron bunch. Addi-
tional compensation of the ion bunch space charge by
means of thermal electrons generated in the drift space
has been studied. It is shown that both for short and for
long ion bunches, the optimized in space and time addi-
tional space charge compensation by thermal electrons
leads to a reduction of the energy spread of the acceler-
ated ion bunch at the exit of the cusp.
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YUCJEHHOE MOJAEJINPOBAHUE TPAHCIIOPTUPOBKU U YCKOPEHUSA CHJIBHOTOYHBIX
HMOHHBIX CT'YCTKOB C JONOJIHATEJbHOM KOMIEHCAIIMEA OBBEMHOT O 3APSIJIA
TEIJIOBBIMU 3JIEKTPOHAMMU

O.B. Manyiinenko, B.U. Kapaco

HpI/IBe,HeHI)I PE3YIbTAThl YUCJICHHOTI'O MOACIIMPOBAHNA METOAOM MAKPOYACTHUIL B paAMKax IIOJTHOM CHCTEMBI YpaB-
HEHHUU BHaCOBa-MaKCBeJ’IJ’Ia, TPAHCIIOPTUPOBKU MU YCKOPCHUA KOPOTKHUX (,HJ'H/IHa HOHHOI'0 CryCTKa 3HAYUTCIBbHO
MCHBIIC JJIMHBI Kacna) 1 JTJIMHHBIX (,HJ'H/IHa HOHHOI'O CT'yCTKa 3HAYUTCIIBHO Ooblie JJIWHBI Kacna) CHJIBHOTOYHBIX
pr6‘laTBIX HMOHHBIX CTYCTKOB B MAroHuTHOM MOJIC OCTpOYFOJ'IBHOﬁ reoMeTpHru. Tok nornHoro CTYCTKa IIpHU MHXCKIUU
B KacCll CKOMIICHCHUPOBAH COHNPOBOXKAAIOIINM 3JICKTPOHHBIM CI'YCTKOM. I/I3yqua JOITIOJTHUTCIIbHAsA KOMIICHCAaIUA
00BEMHOTO 3apsaia MOHHOI'O CryCTKa TCIUIOBBIMHU 3JICKTPOHAMMU. HoxasaHo, YTO KaK B CiIyda€ KOPOTKHUX, TadK U B
CJ1ydac JJIMHHBIX MOHHBIX CI'YCTKOB OINITHUMHU3HWPOBAHHAA NOIOJHUTCIIbHASA KOMIICHCAIUA 00BEMHOTr0 3apsaja TCIuIo-
BbIMH 3JICKTPOHAMU NPUBOJUT K YMCHBIICHHUIO SHECPICTUICCKOI'O pa36poca YCKOPACMOI'0O HOHHOI'O ITy4YKa Ha BBIXO-
J€ U3 Kaclia.

YUCJOBE MOJAEJIOBAHHA TPAHCIHHOPTYBAHHSA TA TIPUCKOPEHHSA
HNOTYXXKHOCTPYMOBHUX IOHHHUX 3I'YCTKIB 3 JOJATKOBOIO KOMIIEHCALIEIO
IX OB'€EMHOTI'O 3APS1Y TEIVIOBUMH EJIEKTPOHAMHA

O.B. Manyiinenko, B.1. Kapace

HaBeneHno pe3yipTaTH YHCIOBOrO MOCTIOBAHHS METOJOM MAaKpPOYAaCTOK Y paMKaX ITOBHOI CHCTEMH PiBHSIHB
BrnacoBa-MakcBena, TpaHCIIOPTYBaHHS Ta MPUCKOPEHHS KOPOTKUX (IOBXKHMHA 10HHOTO 3TyCTKa 3HAYHO MEHIIE J0-
B)KMHH Kacra) Ta JIOBTUX (JIOBKWHA 10HHOTO 3TyCTKa 3HAYHO OijbIla 3a JOBXKHHY Kacra) CHIBHOCTPYMOBHX TPYO-
YacTHX 10OHHHMX 3TYCTKIB Y MarHiTHOMY IOJIi TOCTPOKYTOBOi reoMerpii. CTpyM 10HHOTO 3rycTKa INpH iHXKekmii B
KacIl, CKOMIICHCOBAHO EIICKTPOHHUM 3TyCTKOM. JIOCITiPKEHO MOJaTKOBY KOMIICHCAIIII0 00'€MHOTO 3apsty i0HHOTO
3TyCTKa 32 JIOITOMOTO0 TEIUTOBUX eeKTpoHiB. [TokazaHo, o SK Y BUIMAIKy KOPOTKUX, TaK 1 y BUMAJAKY JOBTUX 10H-
HUX 3TYCTKIB JOJAaTKOBa ONTHMi30BaHA KOMIICHCAIlisl 00'€EMHOTO 3apsay TCIDIOBUMH €JICKTPOHAMHU MPU3BOIUTH IO
3MCHIIICHHS CHEPTeTHYHOT0 PO3KUIY i0HHOT'O TTy4YKa, SKUI MPUCKOPIOETHCSA Ha BUXO/I 3 Kaclia.
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