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RBbTFACT : . _
Theoretical and applied aspects nf a beam current increase in
ion liwmags by using supprconductlng solenoid focusing are
considered.Results of the SIU-1 experimental RF proton accelerator
development and testing are pressnted.The main accelerator

parameter ave : the 1.5 MeV enevrgy, the 1.75 MeV/m accelerating
rate, the 200 MHz operating fregquency.

I.INTRODUCTION

The main restriction of a beam current in low—energy RF ion
accelerators is the Coulombh particle repulsion. Simultaneous
achievement of accelerating and focusing fields high values is
necessary to compensate for high-current heam Coulombh fields. This

can be realized in the accelerating- focusing system with a
resonator placed inside the focusing solenoid [1]. According to
estimations, the beam current 1limit by transverse Coulomb

repulsion may be increased up to several amperes and higher by
using the superconducting focusing solenoid with induction of
7...82 T [1]. '

Development of an . accelerating structure with minimum
transverse dimensions is necessary to achieve a high value of a
beam current. The RF accelerating channel has te provide high
values of the beam current limit by longitudinal Coulomb repulsion
and the capture efficiency.It is necessary to realize the reguired
accelerating field distribution along the accelerator axis under
high resonator beam loading conditions.

Use of the the strong magnetic fields for bheam focusing
requires solution a number of specific problems. First, one needs
to solve the bheam injection problem into the strong magpetic
field. The resonator electrical insulation and the ion injector
operation are affected by the above mentioned magnetic field.

The main results of these investigations with applicatiom to
the SIU-1 linac design are briefly descrihed helow.
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I1.BEAM DYNAMICS ASPECTS

In the accelerating structure of this accelerator .type one
should use the beam adiabatic bunching with carrying out . of the
bunch quasi-statiomary conditions during the bunching. The bunch
gquasi-stationary conditions allew to  conserve -the space-—charge
density distribution in the bunch and to simplify the heam
matching with an accelerating—focusing system. - - o

It can be shown that expressions for the amplitude Em of

accelerating wave and the synchronous phase e providing the

bunch guasi-statienary conditions, are the following

'cosp:: ‘[1+<S"1ex;-(—£)‘_]-1;_ E_/E = 1+5(expf-1);
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where & (nn/ |¢2°|) 1, & _;Emo‘/ W s, a9 is the pértlcle
charge, =z is the longitudinal coordinate, we.is the synchronous
particle energy. The variables with indexes "o" and “f" correspond
to the buncher beginning and the buncher end accdrdingly. :

The ‘buncher length Lb' relates to +the 1limiting capture
efficiency kc by the foilowing equation ' ‘
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The large buncher length is necessary to achieve a high wvalue of
the capture efficiency in the adiabatic buncher with the bunch
quasi-stationary conditions exact carrying out. For example, the
buncher length is equal to 1.15 m for k’c= 95 %, when W_= 100 keV,

=0
E_=1M/m, |e_|= ¢5°.

It is necesséry‘tn refuse from continuous conservation of the
bunch gquasi-stationary invariants along the buncher axis to
shorten the buncher length. An approximate satisfiability of the
bunch quasi-stationary conditions is possible for the buncher with
linear change of the accelerating wave amplitude and the
synchronous‘Phase. In this adiakatic buncher it is possible to use
| @ | = 90", The buncher length and the accelerating wave

amplitude rising are calculated on basis of the equality
conditions of particles small phase oscillations frequencies and
the separatrixes geometric length for the buncher input and the
buncher output : - ' : - '
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where ﬁs is the normalized velocity of a synchronous particle.
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In general, the RF accelerating channel coentains the
adiabatic buncher and the acceleration section, where the
accelerating wave amplitude and the synchronous phase remain
constant. Supposing that the beam current limit is defined by the
adiabatic buncher end and the bunch phase length is equal to
Elggfl, we have that the beam current limit by the longitudinal

Coulomh repulsion is egqual te

wheare Eb is the beam radius, A is the operating wavelength,
w = Znc/A, Q is  the cyclic freguency of the longitudinal
ascillations, Io is the characteristic beam current, c 1is the

speed of light.

In the SIU-1 experimental proton accelerator the adiabatic
bunching has heen used in the accelerating field with linear
rising and the bunch guasi-stationary conditions approximate
carrying out. The charnel characteristics are the following : the
low injection energy ( 100 keV >, the high accelerating rate

¢ 1.75 MeV/m >». The main channel parameters are @ Em = 1 MV/m,
o
=3 =—90° =—5° = 5 S Car :

Emf—h.? MVy/m, Yo 07, L 457, Eb“ = mm. For these parameters
we have Lb Q.56 my Nq= G.7 Mev, I = 2.5 A when X =1.5 m. The
bunch guasi-stationary conditions disturbance is order 25 % in the
SiU-1 buncher.The gap coefficient is constant alonyg the
accelerating channel axis and is equal o 2/3, +the field
ronuniformity parameter along a chanmel aperture Enafﬁsok = 2.1,
that corresponds to the aperture radius a = 7.3 mm. ‘

Mumeyical simulations of a beam longitudinal dynamics
indicate that the bheam current limit is egqual to 2Z.75% &, the
capture efficiency achieves & % for the heam current of 1 A.

To estimate a matching magnetic field the following relation

can be used

- 2 c Vv 2
B /() ~ c 1 C 1 + [ zb ] ,
B Io Eb
where m_ is the ion mass,I is the peak heam current, Vb is  the

beam normalized emittance,
The magnetic field value has also te provide a small value of
the heam Coulomb parameter

1/2
h = Ic/w. 31V, , where o _ = [{eB/Em i 02/2) ]
rs s o b re °

The estimations and numerical simulations of a heam dynamics
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indicate that magnetic fields of & ... 7 T are necessary to focus
the beam with the current density of about 1. A/cm” and the phase
density of several A/cm mrad for X = 1.5 p.

During the heam injection intoc the magnetic field the
particles longitudinal energy decreases in ‘accordance with the
relation : !

{( qBr )2
AW =~ e .,

S m
[~4

where r is the distance to the solenoid axis.
For Brillouin beam the energy reduction is defined by

AW/W = — EI/ﬁ:Io.

In addition to the energy reduction, the won—Brillouin hkeam
has also an energy spread. ,

in practice, to reduce these effects it is necessary to use
an 20-30 % injection energy increase in comparison with a
calculating value.

III.ACCELERATING STRUCTURE

Cambination of small transverse sizes, 1low sensitivity ¢to
strong beam loading, capability of uniting the large number of
accelerating gaps and high value of an accelerating field can be
reached in the opposed vibrator resonator ( OVR ) (see Fig.l1).

CRYOSTAT He, N, RF POWER

INJECTOR, SOLENOID, OVR

TO VACUUM PUMPS  BEAM DIAGNOSTICS
Fig.1.

The OVR can he considered as a system of the coupled lines
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loaded by the lumped elements.
Une can show that the structure dispersion egquation is of the

form

. Vr—————— _ A', - . 2

L1{l + Y 1 + 2 /2 = /2 + acosp — f3ros o,
where k is the wave numher in free space, p 1is the normal wave
phase advance per the 1 length structure section. Here o and 3 are
the distributed and lumped coupling coefficients, » is the
capacitance loading coefficient.

In the lowest passhand the resonance condition of the OQVR,
consisting of N sections, is o = mm/N, m = 0,1,...,N. Together
with the largs kandwidth, the small number of modes for  the
resonator, consisting of the great numher of accelerating cells,
Aot = s Ao s = S Rt 1 - =k (1L - v Y T Mg
LTt AT o ‘5'—!'—!'.‘- SN T o :"l."\l C\V&Ull & 11 LilT '..“Jl"., E~2 R L0 It oy F sl
sensitivity to strong beam loadin By means of resonator sections
Aot 3oy vav-inile arcralovatbive waavo amwl s Fnds Asstvibudinvye Ove o
LR g '.a'.{ll.Lll'i, YOl A4 Wl o [k T 2Tt C\'-rl.ll';‘ La A= L~ E=YEi] & b WAt T LA - B B LS TS AR TR B =@ <
possible in the OVR, in particular, an increasing law, which is
vieedsd to rsalirzs ream adiabatic hunching an:s +n arkiasvyvs charmnisl
19 =Y - ‘l AR = A 2. k=111] G.\.LG‘.(.?'J.L\_ E o lli—ll&ild A= R ) L Nt AW ¥ o - fIEIINIT &
equal eslectrical insulation of the accelerating channel.

The resenant wavelength of the OVR operating mode is egqual teo

2"
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where Qr is the resonator length.

The OVR resonant freguency is determined by longitudinal
sizes and capacitance loading of the resonator, rather than its
diameter. The UOVRE diameter is mainly determined hy electrical
insulation reguirement of the structure.

A high value of the accelerating wave can hbe achieved in the
OvR. At the chammel axis the accelerating wave amplitude 1is
related to the maximum electric field at the drift tuhes surfaces
E as follows [Z] :

E k cos{nk /2)
s g g .

m » Iof&a/h + 7 (1 - Lf.g)/?;' ]

where h 1is the accelerating cell length; k& is the gayp
: g
coefficient; I 1is the modified Bessel function.
[=4
Tho massi m!u-n\ arcalavrativer ctv-adioand ~av. . ~F1aoyad i
LER B A=) ERA=R AR N I A R F i) S P = 4 Q‘H-Lll:] dl SftiaA oIl v -l = il d T VY DL e i wii
kg= 0.6...0.7.The accelerating wave amplitude should increasse
along the chanmel auis for mash * 0.5. E  can achieve the value of
m
about S...10 MY/m for E = Z0,..30 MVY/m. Thus, at the SIt-1
- ’
accelerating resonator the accelesrating wave amplitude of about
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S MVY/m has hbeen achieved without an extermnal magnetic field.

The OVR has & high wvalue of the shunt impedance in the
low—energy region. The SIll-1 accelerating resonator has a shunt
impedance of about 30 MIhm/m.

IV.THE PROVE OF PRINCIPLE EXPERIMENTS

The ion acceleration with superconducting solencid focusing
has been realized at the 5IU-1 FEF experimental proton accelerator.
The accelerator scheme 1is presented at Fig.l.

The Sil-1 injector contains a proton source placed inside a
magnetic shield, an electrostatic preaccelerator of the diode type
and a beam transport channel. ‘

The SIU-1 accelerating structure is the compact OVRE placed
inside the superconducting solencid. The OVR has a length of
0.85 m and a diameter of 0.1% m.

The NRTi superconducting soclenoid produces -the axial magrnetic
field up to 7.5 T with a stored energy of about 1 MJ.

RF power supply of the accelerator 1is based on the FRF
generator which is similar that used in the first part of the
Moscow Meson Factory. ’

The SIU~-1 accelerator design, construction and investigation
were carried out as follows :

1. The autonomous tests of the injector, the  accelerating
resonator and the focusing solencid. All the calculating
parameters were obtained. ‘ s :

Z. The test of the accelerating resonator with focusing solenoid.
The test showed the resonator electrical -insulation “decrease in
the presence of a strong magrietic field. The achieved amplitude is
4 MVY/m. ' ' ' » : . '

Z. The injector tests with the focusing solencid. The tests
indicated the magnetic field influervice on plasma in the proton
source. To decrease this influence the compensating ceil has. been
installed in the discharge chamber section. The heam current 'at
the rgsoﬁator'input has heen risen up to 0.& A, o

4. The beam acceleration experiments. Typical forms of voltage . on
measuring loop in the resomnator - and beam current from the
Faraday-cylinder are presented at the Fig.Za. It is obvious, that
the strong RF voltage deécrease takes place up to the half of its
value. A numhér of experiments were carried: out wusing the
automating amplitude tuning system to compensate this decrease.
The beam curvent and the RF voltage pulses obtained with the
operating automatic amplitude tuning system are presented at the
Fig.2hb. Experimental data are presented in Table I. '

TaBlé’I~

SIU~1 Experimental Accelerator Performances

Maximum particle energy ( MeV ) 1.5
Injection energy { kel ) 100,...130
Maximum accelevated beam current (¢ A O o.d

Eeam pulse duration ( ps 3I0...70
Fepetition rate ( puls/s ) 1
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V. DEVELOPMENT AND APPLICATION

The limiting calculated heam current possibilities of the
SIU-1 accelerating—focusing system has not been achieved. The main
reason of this is that the magnetic field distribution was not
optimal because of the solenoid design. At present, the STti-1
accelerator is under development to increase the accelerated beam
current. In the SIU-Z accelerator with the injection energy rise
up to 200 keV and the simultaneous accelerating wave amplitude
decrease to ahout 1.5 MV/m it is planned to get the proton heam
with the energy of about 1.5 MeV and current up to 1.3 A.

This heam current value is not a limit to +this accelerator
type. Physical simulations of a heam dynamic by using an electron
probe indicates that a heam with the current wup to 5 & can be
accelerated at the frequency of akhout 200 MHz [3]. Further beam
current increase can he achieved wusing the lower operating
frequency. The beam dynamic calculations indicate that at the
operating fregquency of about ZO MHz the beam current can rise wup
to 15 A [3].

The accelerator with the superconducting solenoid focusing can
he wused as an initial part of an accelerator for the
purner—reactor [d}. Beam with the average current of about 0.3 A
can bhe accelerated in the accelerator with the injection energy of
about 100 keV and the accelerating wave amplitude of about
1.5...2 MV/m.
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