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COLLECTIVE ACCELERATOR WITH VARIABLE ENERGY

AND WIDE SPECTRUM OF ACCELERATED
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ABSTRACT

Experigental results on the slow cyclotron and space
charge {plasma) waves excitaties in intense relativistic
electron beaas { IREB ! are preseated, Large aaplitude (10-
30 M¥/e: and low phase velocity {in order of 6.01 ¢} waves
have been obtalrzd, CToliective ion acceleration results,
which were recieved by using sicrosecond pulse duration
¢iectron beass are reported. A concept of a few stage
tollective accelerator with an energy and particle type
rontrol is also considered,

I. INTRODUCTICN

The RF linacs are the most preferable accelerators for
producing ions in the energy rarge of tens and hundreds
MeV. However, there are two essential deserits which have
to be taker into accourt ehen constructing and exploiting
linacs, namely, the high cost of the RF supply systes and
the diffizulty to control an energy and type of the acce-
lerated ions in the wide range,

The collective metheds of ier acceleratien based on
the utilization of intense relativistic electror beans smay
result in deveiopeent of a new generation of ion linacs
{sp-ralled "collective linacs®™y, 1t is the sost natural way
to develop such collective linacs which are sisilar to the
conventinnal RF linacs, but provide direct transferring
a part of the IREB erergy fto the accelerated ions «without
ysing an expensive RF supply systes. These linacs may be
based on utilization of the slow cyclotrar and plassa waves
excited in the IRER. As it was shown in the exly waorks
111,127 the electric fields of the cyclotron and plasea
wavas are much larger  than those ie the conventional ion
linmals, Yoreover, intense jor heaes with currents of §-10 4
12, be accelecated by the cycictron and plasea waves. But
the 716t attractive feature of these waves is that their
phase veigzities may be controiled by a longitudinal mag-
retic field, The last peruliarity say be used for contrcli-
Yirg ar prergy and a narticle type in the wide range.

11, CYCLOTRON WAVE EXCITATION ARD
COLLECTIVE 10N RCCELERATION

The siow cyciclror waves in the eieciron beaes of
a snall power 11 ar a high power; but a short pulse length
T47 had been produced in eariy esperizents by using of the
radio-frequency supply frog the ecternal sowerfc! generator
and the Reliral guide, s ar asplifier structure. In our

0-7803-1203-1/93503.00 © 1993 IEEE

27117

IONS.

G.Batskikh, V.Krasnopolsky,
MRTI Russia,
MAE Russia.

113519.

experiments the inte-se relativistic electron beas propa-
gates down a cylindrical copper passive cavity cof H-type.
The schese of the experisental set up is shown in Fig.l,
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Fig.1. Experimental set up schese: i-rathode, Z-anode,
I - vacuum chamber, 4 - sagnetic coils of solenoid,
5 - diaphrage, & - cavity, 7 - collective acceleration
channel, B - magnetic loops, 9 - IREB collector.

The H-cavity length is .34 ». The cavity invalves 15 drift
tubes, which have 4 ca in aperture and are installed with
pericd of 2 cs, The electron beam propagation excites the
large asplitude self-sustained RF oscillations in the cavi-
ty. The interaction between electrons and cavity fields re-
sults in the constrained generation of a slow cyclotron
wave, It is found that the beam wave gereration is alsc
produced, when an equality between the structure period and
the cyciotron wave length is act supported. The generation
is aczured in a wide magretic field range from 0.4 T to
2.0 7. The phase velocity of wave is varied and controlled
by value and distribution of magnetic field. When energy of
electrons is about 560 keV and beas current equels approxi-
metly | kA, it is excited a cyclotron wave with amplitude
of about 10 MV/a and frequency of 467 MHz. Durations of the
wave generation and the cavity oscillation process are
about 0.5 - 1,0 mks ( beaw pulse duratior equels 10 sks ).
& breakdown of the generation process is esplained by
arising of discharge in the cavity drift tube gap.

To test the effect of the collective ion acceleration
by the cyclotron wave field it was proposed te use the col-
lector plasea as ion source and to accelerate the ions
opposite te the electron stream {Fig.i) [5]. I carried out
experiments the protons were accelerated up to 1.5 MeV. The
proton dynamics calculation showed that protons were acce-
ierated up to 0.5 MeV in the acceleration channel and up to
1.5 MeY¥ in the cavity, The current of accelerated protons
was about ! A. It was registered that the ion beam had a RF
structure corresponded to the excited wave frequency.
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IT1. PLASNA WAVE EXCITATION

The problea of plasea wave excitation was solved in
early experiments [21,[6]. The experisents of our collea-
gues {41 were conducted with using the annular IREB of
energy 330 keV, current 4.5 kA and puise duration i00ns.
The experimental set up consisted of a disk-loaded wave-
guide and drift tubes of various diameters. Plassa waves
were excited in IREB as a result of the interaction between
the IREB and the waveguide. The waveguide had folioking pa-
raseters! relative phase velocity- 0.87, frequency of 3 BHz
and shunt ispedance of about 20 WOhm/e. The IREB was con-
tined by the longitudinal magnetic field of about 0.7 T.
The parameters of plasma waves were measured by magnetic
1oops sounted inside a drift tube.

The experisental resuits showed that the siow plasea
waves of large amplitudes were excited, The measured values
of phase velocities were 0.5, 0.27c and O0.16c f -
light velocity) when the diaseters of drift tubes equaled
4ce, Tca, and Bce correspondingly. The estimates aade for
these cases gave the following values of electric field
amplitudes: 4,5 WW/e, 20 KV/m and 50 WV/m, The lowest phase
velocity was obtained when I¢/I = 0.9, where Ig - beam cur-
rent and 1, - space charge limiting current. Conseguent
utilization of plasma waves for ion acceleration is advi-
cable when initial energy of ions is sufficient high (about
20 KeV),

TY. ION ACCELERATOR CONCEPT WITH AN ENERBY
AND PARTICLE TYPE CONTROL

The above experimental research has desonstrated out
capabilities of collective ion acceleration by means of the
interse electron beams, A rather low value of ion energy
experimentally measured can be explained by using collector
plasma, as a les energy ion source, and cheosing a small
value of the synchrotron acceleration phase to desonstrate
coliective acceleration physical effect. However, accelera-
tion rate about 10 MeV/a can be taken {for estisates, if
electron beams with paraseters described above is used.
Erergy and current of ions can be increased,if the indepen-
dent ion injector is applied,

The phase velocity of the cyclotron wave aoving
together with ions is controlled by the external sagnetic
tield Biz:

f.&M= ZJrJaJ'I{/eB(z) {1

e, ®, S and )~ are charge, sass, relative velotity and
energy of plectrons resgectively, ¢ - freguency of the pro-
pagating wava, The capture of jons with different sass and
charge can be produced by varying of B, {magretic field in
zapture areal,The outpul lon energy can be variad inversely
By loutput magretic field). The passive H-ravity has a iine
spectvus with loser frequency of 233 Whz, Cavity freguency,
ciosely equel to f, can change according to excited mode
and depends on the electron beam parazeters. The collective

ion accelerator concept with a velocity and mass control
has been developed due to above factors.
The accelerator schese is the same, as experisental
seft up schese. The rather wide spectrus of ions, such as p,
+ 4 + +4 + + [ bimp
d, He™, He'", €7, €77, N7, D7 tan be used for acceieration,
Relation of magnetic fields is defined as
P - .
By /By= t 1+ IeEL/K, 177, (21

where [ - relative ion charge, E - accelerating electric
field of wave, ! -acceleration section length, ¥;-injection
energy. Haximum value B, is limited by the techricai
capability { 2.5 T for that experimental set up ). Minimue
value B, is deterained by the electron beam equilibration
{about 0.1 T), This magnetic field range is quite enough to
capture and accelerate ions bt the above spectrue. Using
relation {2) one can produce estimates of the accelerator
paraseters for two boundery cases, The +{irst case is the
proton acceleration up to 21 MeV (W, = 1.0 Me¥). I may be
pbtained, if B;= 1.0 T, Bp= 0.22 7 and § = 467 Bz, In this
case the most *fast® cyciotron wave (B, = 0.085-0.21 1 is
creating.In the second case the acceleratior of oxygen ions
with sass-charge ratio of 16 is produced up to the sase
putput energy and the slowest cyclotron wave ( Bep= 0.008-
0.052 ) is used. It is occured, when By = 2,0 7, B4= 0,31 7
and § = 230 WHz. In both cases p)=2, 1 = 20, £ = 10 WV/m,
In order to control the growth rate of wnave and the output
energy, the respective axial magnetic fieid distribution
pust be taken. In our experisents the longitudinal magnetic
field gradient was exchanged by means of the solenoid coil
comutation and the time displacement of the electron beas
pulse relative to the magnetic field pulse. This method of
the sagnetic field distribution control was used Suecess-
fuily by ourself in the experigents on the collective ion
acceleration and the sicrowave radiation [5),171.

The putput ion erergy can he increased by increasing of
dave asplitude and acceleration length. The ion energy is
rised until 100 eV, if E=20MW/aand 1 =5 s,

The acceleration of ions up to hundreds MeV can be
realized by using a few stage collective accelerator. For
exaaple let us consider & two-stage accelerator which can
be based on schese shown in Fig.2Z, The first stage comsists
of an ion injector, a high-intensity electron diode, a pas-
sive H-cavity and the first acceleration section. The first
stage corresponds to above considered concept and can pro-
vide the ion acceleration up to 100 NeV. The second stage
consists of an electron diode, a disk-loaded guide and the
second acceleration section. The ions accelerated in the
first stage are injected into the second stage through the
hollow cathode tube of the second dipde. The second stage
is based on using the plasma waves and can produce a high
gradient acceleration tGecause wvery high fields were
obtained ir the above described experisents [4], The phase
velocity of plasma waves depends on the relation r/R, shere
r - beas radius and R -tube radius of acceleration section,
In a sagnetized electron beam its radius r is definded by
the sagnetic field value, Therefore, changing a distribu-
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Fig.2. Fea stage ccllective acceleraior schese! ! - fon injector, 2 - electron diode, 3 - H-cavity,
§ - first acceleration section, 5 - electron beam, & - electron beam collector, 7 - magnetic coils,
8 - disk-locaded guide, ¥ - second acceleration section, 10 - accelerated ion beam.

tior of the sagnetic field ore can vary the phase velocity
alorg the acceleration section. This property provides a
possibility to accelerats differeat type ions and to
control their energies without overdesigring the accelera-
ting structure, It should be painted out that the higher is
the injecticn energy of ions the sore effective i¢ the
acteleration process. Therefore; the injection sasrqy of
protons chosen foc  the above considered exasmple is Guite
high {1 Me¥!. [In order to produce high energy ions, one
can propese to use the resonance accelerating structure
d-iven &4y an electron beae [81. Such injector reeds oo RF
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