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The paper describes theoretical problems of ion focusiparticle in the magnetostatic undulator (UNDULAC-M) in
and acceleration in the high-intensity undulator linedne case when® =0 and RF field harmonics are
accelerator (UNDULAC), where the accelerating force ismisynchronized with the beam. The trajectories of the
produced by a combination of a radiofrequency field apdrticles can be represented as a combination of fast
undulator field. Both electrostatic and magnetostatiscillationsf and slow variatiofR.. The kinetic momentum
undulators are studied. The main factor limiting the beash particle is represented by the sum of slowly varying and

intensity in the ion accelerator is space-charge forces. Thieg oscillating components =p. +p. By averaging over

methods for increasing of the ion beam intensity g ogcillations, from (1) we obtain the equation, that
UNDULAC are discussed: (i) enlarging of the beam croggs

. " ) ) 2scribes the slow evolutidry,
section; (ii) acceleration of several beams in one RF
2

structure; (i) compensation of the space charge by (2 e )
acceleration of ions with different signs of the charge in the —5 R = —2— D<<Av +Ao) > (2)
same bunch. dt m

Taking into account only the main space harmonic of
[. INTRODUCTION the magnetostatic undulator and TEM- or TE- wave in the

Intensive particle beams with energy of 1-3 MeV arWavegwde structure, the equation (2) can be rewritten in the

used in neutron generators and for external injection 8
neutrals in nuclear fusion reactors of TOKAMAlpe. For d A
these purposes, beams with high average current and very—zRC :_8_
small emittance growth are required. For energy W > 1 MeV n
linear RF accelerator instead of the accelerator of Cockngfhere the potential function
Walton Cascade type must be applied. ) )

Now, two principles of focusing and acceleration of low U, =b,, +b, —2b, b, siny. (4)
energy ions in resonant linear accelerators are well-known:

1) radio-frequency quadrupoles focusing (RFQ) awere —eB” 2 2 the dimensionless amplitudes
2) alternating phase focusing (APF). Dyo =By "'0/( mmg P

In UNDULAC thereare no drift tubes .As a result, it isOf the transverse components of the wave magnetic Egld

z
possible to use the methods for increasing of beam intensit . ) _ .
which can not be realized in RFQ and APF structures. and undulator fieldo; B, o = rotA ,o; w_wj.d%/\é_T+w0
0

2
Ou,, 3)

- the particle phase in the combined wave field; - the
Il. PARTICLE MOTION EQUATIONS frequency of RF field, T=wk, ¢ o - the initial phase;

The motion equation of particle may be written, using =\ /A - the normalized velocity of the synchronized
Lagrange function particle,A , - the RF-field wavelengthy , - the undulator

d period.
aP =el(Vv[A-0) (1) The same equation can be obtained for the electrostatic

Where P = p +eA is the canonical momentum of theundulator (UNDULAC-E) wherhg=0

particle, A =A, +A , the overall vector potential of the RF- d—ZR _ —ADU
field A, and the periodical magnetostatic field,, dt2 ¢ g o © (3a)

®=0d, +d, the overall electrostatic potential of the, 1ere the potential function
external field®, and periodical electrostatic field of the
undulatord,. U= e?, + ef) —-2e¢,0gsiny. (4a)
First of all, let usdiscuss the motion equation for a
Here e,,=€eE,,, (2nm<:2) - the dimensionless

* The research described in this publication was made possibleamplitudes of the basic RF-field harmoriig and the first
in part by Grants # MFQ 300 from the International Science electrostatic field harmonig,,.
Foundation and Russian Government.



The acceleration gradient is proportional to theach other. The periodic undulator field is provided by

amplitudes of the RF and the undulator fields electrostatic potential, which is supplied across the adjacent
pairs of electrodes.Simultaneously, RF potentials are
M - b, (b, delivered to the electrodes. So the same electrodes are used
cosp, (5) :
Az e, L& to generate both fields.

) ) ) This accelerator (UNDULAC-E) is suitable for
The energy increasAW on the lengthA , is maximum, demonstration of capabilities of this new method. The
when BE ”BE or E, ||E,. Therefore the choice of thecondmon_ for pr_owdlng efficient capture, bunchlng and
. . ) . .acceleration of ions were found in [2]. The influence of
magnetic (electrostatic) undulator type and its onentaﬂggup”ng resonances on the choice of the field amplitudes
depends on the RF-structure type [1].

Efficient capture and bunching of the beam can l\é\éas analyzed. An effect of higher harmonics of the space

obtained by the adiabatic growth of the valueb,gfande, o I€ld on th_e beam dynamlcs_ was |_nvest|gate_d. Sor_ne methods
- . v e of formation of the required fields configuration were
along the longitudinal axis and the corresponding increase of

th dulat iod ot intain the b hroni described in [4]. Computer codes for description of the
.e undufator .perlo 0 O_ maintain the beam SsynchroniSMinnon ion beam dynamics in real fields were developed and
with the combined wave field.

X . ) the respective calculations were performed. The simulation
The choice of the functionb,, e, and by, € is not

results were in good agreement with theoretical estimations.

arbitrary because simultaneously with acceleration it If)%sign of the RF-accelerating structure that showed a
necessary to keep up the transverse focusing of the bea”fyogkibility to create the UNDULAC-E with a plane

absence of the undulator, the transverse RF field can b&@:trostatic undulator was proposed and studied
focus and defocus the beam. The undulator without RF ﬁ%lﬂoerimentally 3],

can focus the beam. The combined field of the wave and the The electrostatic version &fNDULAC is preferable at

undulator accelerates particles in the longitudinal directigﬁqa" values of the injection energy (W = 30 KeV for the
but defocusses them in the transverse direction.The t%ton beam). In the case of high injection energy (W> 100
effect can be found only from the analysis of (4) and (4@9\/ for the proton beam) we can substitute the

Equilibrium trajectories may exist for all particles of thg,,gnetostatic undulator for the electrostatic one. For

beam, if two conditions are valid UNDULAC-M, it is impossible to obtain the large cross-
2 2 section area of the beam because of technical problems

Og b\zl + bg =0, O, b, b, =0. (6) connected with formation of strong magnetic fields in large

e, + € e, (&, volumes occupied by the beam. However, there is an

opportunity to accelerate more then one beam in the
The motion around an equilibrium trajectory is stable hagnetic channel.
the potential functiordy, . has an absolute minimum. These
conditions obtained have to be tested considering couplin
resonances. It is important to study non-linear oscillations 08/' SEVERAL BEAMS IN THE UNDULATOR
the beam particles for specification of the transverse | g easy to accelerate the several beams in one RF
focusing conditions. structure of UNDULAC because thesee no drift tubes. For
In a simple case the potential functith . has been yNDULAC-E, two (or N) ribbon beam could be accelerated
found without considering higher harmonics of the RF fielfl three (or N+1) rows of electrodes are used. For
and undulator field. It is important to avoid beam ﬂaklngNDULAC-M, there is too an opportunity to accelerate more
when the beam interacts with the higher harmonigien one beam in the magnetic channel. The task is to choose
Limitations imposed on the values of these harmonics Spegf}Specim symmetry of the transverse radio-frequency and
the shape of the undulator poles, as well as the geometrpéfodical magnetostatic fields. The RF system must be a
the electrodes that form the RF field. small transverse size to be located inside the undulator.
Therefore, it is preferable to use a shielded multielectrode
. THE RIBBON BEAM IN THE UNDULATOR line where tre_msver_se electromagnetic (TEM) waves trave_l.
The geometrical size of RF structure and the magnetic
The current in th&JNDULAC may be increased for theundulator must be found to maintain several equilibrium
large cross-section beam. In tH&IDULAC there is no drift trajectories simultaneously. If the axis of the magnetic
tubes and the ribbon or hollow beams can be acceleratatiulator coincides with that of RF system and the beam is
Study of ribbon ion beam interaction with the RF-field in thajected along it, equations (6) are validated automatically. If
plane electrostatic undulator was carried out in the pap#rs later condition is not valid, an equilibrium trajectory
[2-3]. Here the electrostatic undulator is combined with tlesists only if the field amplitudes and their transverse
RF system forming the transverse electric field.The requirgdhdients are connected by the relations
field distribution is provided by a system of transverse

A
electrodes mounted in the resonator and dc-isolated between B, =)\—" B, UpB= —)\—VDD B. (6a)
0 0



This result may be used at a high value of the apertwas studing using the dispersion equation. The analysis of
of the accelerating channel because it allows to injetispersion equation for this case showed that dipole
particles beyond the axis and to place the beam closer tordsmnances for two-component beam are not observed in
poles of the undulators, in order to increase the accelerapoesence of external focusing.
gradient. Computer simulation of a two-component ion beam,

The simple example oNDULAC-M with shielded- consisting of H and H was carried out by a macroparticle
pair electrodes was considered in the paper [6]. In the papethod in the paper [7]. The space-charge field was
[6] it was shown that for an axially symmetric undulator arahlculated from the 3D Poisson equation. The results of the
two electrodes of line the potential function (4) has twwmerial simulation of intense *Hand H beam dynamics
absolute minima. So, the focusing conditions are valid foonfirm the analytical estimations.
two beams. The choice of optimum parameters for bunching
and acceleration of two ion beams might be satisfied
similarly to the case of one beam. VI. CONCLUSION

Acceleration of more than two beams is possible if more Theoretical and experimental studies of tie¢DULAC
than two longitudinal electrodes are used. For N electrodesjfidwed a possibility to create a new type of ion linear
the axially symmetric undulator it is possible to accelerategicelerator. In this accelerator there is no need in drift tubes.
beams, while in the plane magnetic undulator N-1 beams. As a result, it is possible not only to enlarge the beam cross-

section, but also to accelerate several beams in one channel
V. THE SPACE CHARGE COMPENSATION and.to use the space charge compensation. Mgny examples of
realization of the RF and the undulator fields can be

Study of the possibility of simultaneous acceleration efiggested for increasing of the beam intensity. Such ion
both positive and negative ions with the identicial charge-taccelerators can be used for the neutron generators and the
mass ratio in linear accelerators is great interest. The curmantlear fusion reactor.
limit of the ion beam can be substantially increased by using
the space-charge compensation of positively (B*) and
negatively H (D) charged ions being accelerated VIl. REFERENCES
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