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Abstract

The undulator linear accelerator (UNDULAC) was
suggested as an initial part of high intensity ion linac [1,
2]. Ton beam is accelerated by the combined field of two
non-synchronous space harmonics in UNDULAC. The
space charge force is the main factor limiting beam
intensity. There exist two ways to increase ion beam
intensity: (i) to enlarge the beam cross section and (ii) to
use the space charge neutralization. The high intensity
ribbon ion beam can be accelerated in UNDULAC [3].
Accelerating force value in UNDULAC is proportional to
squared particle charge and oppositely charged ions can
be accelerated simultaneously within the same bunch and
the beam space charge neutralization can be realized.

INTRODUCTION

As it is well known, the space charge is the main factor
limiting the beam intensity in ion bunchers and low
energy accelerators. We can say that the limit low energy
beam current is achieved or close now. But it must be
enlarged up to 300-1000 mA for same facilities as neutron
generators, accelerating driven systems or medical
isotopes breeders. It is provide to discussion about new
acceleration and focusing methods which can to be used
for this facilities. There are two ways to increase ion
beam intensity: to enlarge the beam’s cross section and to
use the space charge neutralization. The aperture of
accelerator and the necessary RF potential on electrodes
should be enlarged in first case. The ribbon ion beam
acceleration can be used as an alternative method of beam
current enlarging [1-3].

The second way of the limit beam current enlargement
is more discussable. It is known three (or more?) ideas for
beam space charge neutralization: (i) neutralization using
plasmas, ionized residual gas or electron cloud; (ii) so-
called “funneling” method; (iii) simultaneous acceleration
of positive and negative ions in the same bunch.

The idea of beam space charge neutralization by means
of electron cloud was proposed and analytically studied in
[4, 5]. It was shown that electron cloud can really provide
to the proton or heavy ion partially neutralization.

The neutralization of Coulomb field influence by
means of plasma lenses is widely used in beam transport
lines (see for an example [6]). More interest results were
analytically shown and experimentally verified by
number of research groups [7-10] for bunched and
continuous proton and ion beams. The ionized residual
gas influence was studied in the all noted experiments. In
was shown that the influence of ionized gas can provide
to beam emittance decreasing.
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The term “funneling” we can find in 30 years old
reports [11, 12]. The LAMPF DTL linac long time works
in LANL uses funneling (but not use this term) [13, 14].
The previously accelerated to 300 MeV H' and H™ were
injecting in last section of LAMPF linac and
simultaneously accelerated up to 800 MeV. The
acceleration was provided in different (opposite)
reference phases and bunches of H' and H™ ions were
spatially separated.

The systems for beam bunching and low energy
acceleration were proposed later in LANL [15] and
Frankfurt University [16] using RFQ or magnetic
quadrupole lenses [17]. A number of RFQ linacs using
funneling was studied and constructed in Frankfurt
University [18-20]. The funneling is used to increase the
total beam current in these linacs. The four stage
funneling scheme was presented in [18]. As it is clear the
funneling method can be used for positive (or negative)
ion beam acceleration only using frequency multiplying.
The linac with very high current can be used for fusion
technologies facilities or spallation neutron sources (see
for example [21]).

Other bunching and acceleration mechanism can be
realized in case when the positive and negative ions were
accelerated in RFQ simultaneously. It was shown by
numerical simulation [22] that the total beam flux is lower
and beam transverse emittance decreases in case of
simultaneously acceleration of H' and H ions. The
decreasing of output beam flux seems very strange and
can be caused by specific model used for simulation. The
space-charge forces in this model was calculated by
assuming that the charge distribution is periodic and
treating by following a separate group of particles for
each beam. In case when the two beams have equal input
parameters the problem was simplified by following only
the positive ions.

The results of experiential study of simultaneously
acceleration of O” and O™ ions were represented in [23]. It
was shown that the total beam flux can be sufficiently
(approximately 1.8 times) increased using funneling
method. The analysis of beam dynamics shows that in
RFQ or DTL the intensity of the ion beam can be made
twice as higher by simultaneous acceleration of ions with
opposite charge signs. The accelerating force in these
linacs is proportional to the charge of the ion. Oppositely
charged ions are bunched and accelerated in the different
phases of the accelerating wave. Two bunches (one with a
positive and another one with a negative ions) become
separated and weakly interact with each other after the
initial part of the buncher and full space charge
neutralization can’t be achieved. The intensity of the ion
beam can be made twice as higher therefore. These results
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were confirmed in general by numerical simulation [24-
26]. Note that the simulation results [24] were observed
using modified PARMTEQ code. The distribution of ions
and Coulomb fields was calculated separately for positive
and negative ions on 2D grid. The full field was
calculated by superposition that is not all correct for two
beam acceleration because the beams of oppositely
charged particles are overlapping.

ION BEAM ACCELERATION IN
UNDULAC

An alternative method of space charge neutralization
can be realized if the oppositely charged ions will bunch
in the same phase. In undulator linear accelerator
(UNDULAC) the ion beam is bunching and accelerating
in electromagnetic fields without a synchronous RF field
spatial harmonic [1-2]. Some analytical studies of beam
dynamics in UNDULAC have already been published in
[2, 27]. The acceleration mechanism is similar to the
acceleration mechanism in an inverse free electron laser
(IFEL), where the electron beam is accelerated by a
ponderomotive force. In IFEL the accelerating gradient
equals the product of undulator field amplitude (B or E)
and electromagnetic wave amplitude (£,). In our case, the
accelerating force is driven by a combination of two non-
synchronous waves which are supplied by two undulators.
Three different types of undulators that can be used to
design the required configuration of accelerating fields:
magnetic, electrostatic and RF undulator. As it has been
shown, one of the undulators must be of the RF type, the
second one being, optionally, of magnetic (UNDULAC-
M), electrostatic (UNDULAC-E) or RF (UNDULAC-RF)
types. The accelerating structure of UNDULAC can be
realized as an interdigital H-type (IH) periodic resonator
with drift tubes. It is simpler than RFQ and extends the
limit of the beam current and the rate of energy gain as
well as it increases the transmission coefficient [28]. It
should be noted that the ribbon ion beam can be
accelerated in UNDULAC-RF or UNDULAC-E. The
ribbon beam has the large transverse cross-section and
limit beam current can be sufficiently enlarged this case.

In UNDULAC the beam bunching, acceleration and
focusing are realized in the accelerating force which is
driven by a combination of two non-synchronous waves.
As it is well known the ponderomotive force is
proportional to charge of ion squared. It is possible to
bunch and to accelerate the positive and negative ions
simultaneously in the same bunch by means this
spatiality. As two examples, the equation of motion in
UNDULAC-RF is
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Here B is the ion velocity, T=wf is the dimensionless time,
A — the length of wave, e — the ion charge, ¢ - the phase of
particle in accelerating wave, Ej, and E; are the amplitudes
of base and first RF field spatial harmonics in periodical

resonator, E, is the amplitude of electrostatic undulator
field.

ION BEAM DYNAMICS SIMULATION IN
UNDULAC

The results of numerical simulation of deuterium D
ion beam dynamics were discussed in [3] for
UNDULAC-E and in [28] for UNDULAC-RF. It was
shown that the limit ribbon beam current for the
UNDULAC-E is higher (0.8-0.9 A and 0.3-0.35 A
comparatively) and the rate of energy gain is smaller
(500 keV/m and 800 keV/m) than for the UNDULAC-RF.
The accelerators consisted of two sub-sections: the first
for beam bunching and the second for acceleration. The
current transmission coefficient is equal K~=80% for
UNDULAC-E and 90 % for UNDULAC-RF.

The simulation of dual beam dynamics study was
provided using especial version of BAEMDULAC code.
This code is developing in MEPhI to study the beam
dynamics in linear accelerators and transport lines since
1999. 2D and 3D versions were developed for
axisymmetric  structures and for ribbon beams
respectively. The equation of motion for each particle is
solved in the external and the inter-particle Coulomb
fields. The well-known cloud-in-cell (CIC) method is
utilized for an accurate treatment of the space charge
effects. To determine the potential of the Coulomb field,
the Poisson equation is solved on the grid with the
periodic boundary conditions at both ends of the domain
in the longitudinal direction. The aperture of the channel
is represented as an ideally conducting surface of a
rectangular or a circular cross-section. This allows
consideration of the shielding effect, which is sufficiently
important for transverse focusing of ribbon beams. The
fast Fourier transform (FFT) algorithm is used to solve
the Poisson equation. The obtained Fourier series for the
space charge potential can be analytically differentiated,
and thus each component of the Coulomb electrical field
can be found as a series with known coefficients. In our
code, the space charge field can be calculated with the
same precision as the Coulomb potential without
numerical differentiation. The external fields in
BEAMDULAC code can be represented by means of
three different methods: analytically, as a series of spatial
harmonics and in “real field” which can be defined on 2D
or 3D grid by electrodynamics simulation codes or
experimental measurements. Time is used as an
independent variable and standard fourth-order Runge-
Kutta method is applied for integration of the equation of
motion.

Especial code version BEAMDULAC-2B allows to
study the simultaneous motion of positive and negative
ions, mainly it leads to an improved computation of the
dual beam Coulomb field. The Poisson equation is
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solving using the conventional FFT algorithm: the
distribution of particles on 3D grid is calculated first.
Then the Fourier series coefficients for charge are defined
and the algebraic equations connecting Fourier
coefficients for the charge and the potential are solved on
the grid. The final stage is the Fourier synthesis of the
Coulomb potential and its differentiation to find the space
charge field components. In the case of the beam
containing oppositely charged ions, the Fourier
coefficients for both types are added and Fourier
synthesis is performed normally. The modification of
space charge distribution calculation and noted algebraic
equation was provided for two-component ion beam self-
consistent dynamics simulation.

The results of the simulation of dual deuterium D" and
D" beam dynamics in UNDULAC-RF are discussed detail
in [30] and for UNDULAC-E in [31]. Let us represent
some of them briefly. It was shown by means of
numerical simulation that D" and D ions are accelerating
within the same bunch in UNDULAC as it was proposed.
It is clear from figure 1 when the results of beam
dynamics in UNDULAC-E simulation are presented.
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Figure 1: The input and output normalized transverse
emittance in (y,B,) plane (a), the oscillations of phases for
mass centre (b), output beam phase spectra (¢) and current
transmission coefficient versus initial beam flux (d) for
D" and D" dual beam in UNDULAC-E (blue points and
lines for D" ions and cyan for D).

The current transmission coefficient abruptly decreases
and the beam emittance enlarges in case then every beam
current is larger than some value, although the total
Coulomb field compensation is taken place. The analysis
of numerical simulation results shows that the nonlinear
Coulomb effect is primary cause of this two beam
instability. The limit flux value is very high: about 4 A for
UNDULAC-RF [30] and 20 A for UNDULAC-E [31]
(Fig. 1d). Note that this flux value is unachievable for
contemporary accelerator technology. For example the
limit beam current of modern ribbon ion sources is
limited by value 1 A approximately. The beam power
could be equal to 10 MW when the total beam flux is
equal to 10 A and the output beam energy is 1 MeV. This
is impossible for modern RF generators.

122

Proceedings of HB2010, Morschach, Switzerland

CONCLUSION

The methods of ion beam intensity increasing using
dual beam acceleration were discussed. The review of
these methods was represented. The numerical model for
dual beam dynamics study was described. Some results of
effect of beam space charge neutralization in UNDULAC
were discussed.
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