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Summary

A new approach is developed to solve
the problem of heavy ion synchrotron
acceleration. As is shown, the circular
strong-focusing structure of a resonable
width provides the substantial charge
confinement with a spread of |241/q, =
0.140,2. Charge~exchange injection on the
internal target makes it possible to
overcome the limitations imposed by the
Liouville theorem, The synchronous ion
acceleration with charge spread is
considered possible and the average beam
charge is supposed to increase by the
gradual stripping of the orbital electrons
up to the complete stripping of them.

The operation modes considered appear
to be most sultable to accelerate as
heavy ions as that of uranium.

1, Introduction

Heavy ion acceleration up to the
energies of hundreds of MeV/nucleon and
even more appears to be one of_ the main
goals of a number of labs [1-4]. Such
beams are of a great importance for a
researcher working in the field of
nuclear physics, especially, dealing with
gtudies of nuclear matter at high
densities and temperatures. Acceleration
of very heavy ions such ag that of
uranium is of a growing interest to-day.

The report presented is a brief
review of theoretical papers, published
recently in the USSR, on charge-changing
heavy ion acceleration problems [5-9].
By giving up the idea of constant acce-
lerating charge one 1s able to get a
loophole to increase phase density and
beam intensity as well as to reduce the
circumference of a machine, However, the
engineering of all the above turns out
to be more laborious and requires the
solution of a number of new problems,

2. Closed orbits and betatron
stability

Consider the closed orbit of an ion
with a momentum p, and a charge 4, which
coincides with the vacuum chamber axis,
The radial orbit variation of an ion
with a momentum PotapP and a charge

9.t oq 1is determined in the linear
approximation by

ar(s) = W(S)(A$/ﬂ>‘Aq/QJ r (1)

where W(S) is the dispersion function.
We are 1interested in the case

\opl/ P << 1091/, The orbit compac-
tion of ions with different charges
requires magnetic structure designing
with lowest possible dispersion. One can
easily obtain ¥, % 0.5m for the
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gynchrotron with a circumference of
several hundred meters., A radial increase
of the vacuum chamber of not more than
10 cm is needed in order to confine the
uranium equilibrium epectrum in the
energy range of 142 MeV/nucleon, The
charge dependence of betatron oseillation
frequencies appears to be the main
feature of the transverse motion of
differently charged ions., Betatron
stability conditions as well as various
problems of magnetic structure designing
are considered in [9]. As is known,
there is transverse stability in the
linear approximation in the structure
with compensated chromaticity. Compen-
gating sextupole components of magnetic
field should better be included in all
the ring magnets responsible for the ,
strong focusing of a beam. The (869/q.)
effects are compensated, if necessary,
by the octupole field.

Ion charge-exchanging does not give
rise to radial betatron oscillations if
it occurs at an azimuth S. such as to
satisfy the equation:

W(se) = V(s) =0 (2)

Equation (2) is fundamental, indeed, in
charge-changing operation of a synchro-
tron. The magnetic structures satisfying
this equation are well known {10].

3. Synchronous phases, momenta, and
longitudinal stebility

Ions of different charges could be
gynchronously accelerated by one RF ays-
tem. Every charge component has both the
synchronous momentum Ps(4) and phase
P (q)of its own. It is easy to obtain
that the spreads of both the synchronous
momenta &Ps and phases &% satisfy
the following equations:

D%/\)os = o- dfoz bq/clo (3)

o T G Vg,

where o <! ig the momentum compaction
factor, Y. the relative energy, and the
zero index relates to the ions with a
charge q,.

It is the fact that the relative spread
of synchronous momenta turns out to be
much less than that of charges,

lagsl/pg << val/ge

which is extremely important. The charge
spectrum does not induce the significant
energy spread of a beam, which 1s due to
the orbit compaction in the strong-
focusing synchrotrons.

The separatrices of differently
charged ions are almost entirely coincide,
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Multip le charge=-exchanging induces
stochastic synchrotron oscillations which
~Aanld ha madiiaad A v 4 AP
VKLU VU L CUUWLTU UJ (=] }JLUFUL bU.UJ.bC Vi
the acceleration parameters. Due to
average ion charge increasing, the
additigna'l nﬂiaha#ﬂc ann of ovhase

y.l.lié UJ. yuaa
oscillations occurs

which 1a rerthel

than stochasti iitation. In ord

er
accelerate a multicomponent beam of
variable average charge mott), one

follow the RF modulatlonj law:
rL =1
) = heq,lt) ¢ Bt B &) | (5)

agg,. hicher in va
1 a

Ly
T\

where N is the harmonic number, and Eg,Eo
the magnetic field and total ion energy
on the vacuum chember axis, respectively.
The equllibrium voltage depends on the

o~ e maacen ammuwad mded ol oL
average charge variation rate
‘K\‘ é\ \RJO A (6)
Y £ .0 )
Vog = \%S & \ aq_ a ,
> lo Vg
where
~r ) o | & )
Vos = Moboly (7
is the equilibrium voltage when accelerat-

oL "'O" when gaccelerat
.

ing constant- -charge ions.
Equation (6) follows from the require-
ment of the confinement of the charge
Q.(t) on the central orbit of a radius R,
over all the acceleration time,

4, Possible operating modes

Working out the theory of heavy ion
acceleration with charge spread and
gradual average charge-changing has been
enhanced due to the desire of overcoming

+he difPfipnltieca naturel +a +the common
v QAIllCULVies navura.s e vne common

acceleration scheme of a monocharged beam.
Ag is known, the intensity of a heavy

ion sources ig rather low. Begides, there

.......... ig rather Begldes, there
is always considerable strlpping loss
prior to ion injection. Ion sources are
capable of providing long pulses whereas
the synchrotron 1njection is strictly
limited in time, i.e,, ion source opera-
tion modes are not adequate to peculiarit-
ies of synchrotron beam capture. Because
of this the pulsed synchrotron intensity
is several hundred times lower than that
ultimetely available according to the

well known space charge limitations.

One should also remember that ions are
not highly charged at low injection ener-
gies so that their interaction with
electrical and magnetic fields is quite
weak, much weaker than that of protons.

mhn annlicatian 5f 211 +he shave
44V wpypiLdlvavlvil VUl ald vii© avlye

concepts makes it possible to obtain the

pulsed intensity ten or even several

hundred times hicgher due to zetting rid
R A L ddeppiivd AR oA v E',b v VJ.ALb LA

of stripping losses as well as to ion
gtorage at injection, The final momentum
in synchrotrons with a constant value of
&qm ‘Re increases by a factor of the
ratlo of the final charge to the ion
injected charge.

The three possibilities of operation
below presented are based on the concepts

)
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developed above, They are:
a. Acceleration of a charge upectrum
The intensity of a charge spectrun is
several times higher than that of a
single charge component e.g., it increa-
ses by a factor of five for uranium.

Accordingly, the radial aperture of a
vacuum chamber also increases by

b%ﬂoﬁ\/qc. It is worth accelerating

Atad at+ e
very heav'y ion beams .L.udcu ted av uJ.5u"'

enough energies, For example, the average
uranium ion charge Qo at an energy of

10 MeV/nucleon is 70, so, in order to

accelerate five charge components with a
charge spread Of\Aq\/ho =2, one should

increase the radius of a vacuum chamber
by 3 em at V¥ =50 cm, It ie possible in
this simple case that the magnet struc-
ture have no sections with Y =0, however,
the chromaticity should be zero.
b. Ion storage o ] _
One may transform the dependence of the
beam current from an injector with time

in such a way as to better corregpond to
the capiure process of a beam in a
gynchrotron which, in fact, means storage.
It is also th ought to be possible to store
a beam increasing its phase density. The
storage in this case is similar %o the
charge exchanging inJectlon of H™ ioms [1U
WI].!:!IJ. EhUl.LIlé l/llb' Hbl.}.ppb‘l .LE db an
azimuth at which equation (2) is satisfied.
The ion beam of a low chargeils trangported
from the injector to the vacuum chamber
axis and passes through the stripper (see
Pig.1). The thickness of the stripper

+1 11 ha
should be adequate 1o obtain the equilib-

rium charge distribution just after a
single pass through it. After passing

+h'nnnn‘h the .gtri pper the average heam

charge is q?’, and the charge spregau

including almost all the ions being
L\aql = 10412,

The magnetic field on the chamber aXlS
is such that the ions with a charge q}
'FHI‘II Just d.J.OIl lt. The ions with
different charges turn along the closed
orbits of their own accordlng to equation
(1). On comcholng a turn the iouns pass
through the stripper again. Some ilons

change their charges at this, however,

+h inan sheanoca Adatnihitdinan annaervaa
o€ 10n CHGIEC QLS vlLluvdVil CULBCLIVIS.

A gecond turn is in general the same as g
first one in spite of the fact that the

radial coordinates of some ions corres-
pond to their new charges, The width of a
beam does not change. Thus the circulation
process continues up to tens or even
hundreds of turns.

The 1ons with a charge q continuously
emerge from the injector and, getting
gtripped, get captured. Charge-changing
injection makes it possible to overcome
the limitations imposed by the Liouville
theorem, The phase density of a beam
increases almost linearly when storing,

oy ) A 4+
The ionization energy losses due to

the multiple passage through the stripper
is the main factor limiting the storage
time. Working out an adequate means to
compensate such losses may provide the

phase density several hundred times
higher.

LON Y24 L0 A

¢. Gradual stripping at acceleration
Gradual beam stripping increases the



acceleration effect., A synchrotron
accelerator with stripping is equivalent
to a common one having a high energy
injector. High injection charge gtates
are available in this latter case, and
additional stripping 1s not needed.

In order to strip ions the stripper
ghould be very thin to provide the charge
state of a beam lower than the equilibrium
one., It appears here that charge-exchang-
ing is nothing more than stripping, which
is, of course, desirable.

Charge-exchanging acceleration turns
out to be an example of the Markov random
process. In order to better understand
the transformation of a charge spectrum,
we will consider the following simple
example. Let charge-exchanging be nothing
more than single electron stripping, and
the ion lifetime in a charge state does
not depend onq, i.e., w6V = Const (n is
the average circumference density of
gtripping media, 6 the stripping cross
gection, and v the velocity of an ion).
Then the charge spectrum could be
discribed as follows:

YA K~L -
v, : o) (@)
(x-)V Q. th

where ¢ = nwEv'v , T being time and
L ()

injection.

The charge spectrum gets broader with
time, but one has here to keep in mind
that the number of charge states in the
magnetic ring of a given width increases

as  9.(3)/q , which follows directly

from equation (1).
At real conditions the charge spectra
undergo so called "self-focusing" because

it is always true that LAS/A‘HVSC?Mt .

The average rate of change of the ion
charge state (§> = §nV is higher

the spectral components at

for the ions of low-charge states and
vice versa. This was not taken into

() \\ko

xeg; f

Fig,1. Storage injection scheme:
1 - bending magnets; 2 - siripper

account in equation (8). The charge
gpectra found on the basis of the real
charge-exchanging cross sections appear
to be more compact.

To minimize the probability of
multiple electron loss, one should better
uge light gases f?r strigpin . é gtripper
thickness of P+ 107 vg%cm at

6v= 1078 cn’.s”! provides elmost
complete ionization. The average lifetime
of an ion in a g%ven charge state is of
the order of ~10- furns.

At the energles of several hundreds of
MeV/nucleon even most heavy ionsget fully
stripped so that they transform to nucled.

The considered approach of storing and
synchrotron acceleration of heavy ions
clearly illustrates great possibilities
of such well-known fundamental principles
of particle acceleration as those of
gtrong-focusing and phase stability.
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