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Joint Institute for Nuclear Research, Dubna, USSR

Introduction. — The start-up and further de-
velopment of cyclotron set-ups of the SIN 1)

and TRIVIF 27 types indicate to the possibi-
lity of using circular cyclic accelerators
in the region of mean currents of up to tens
of mA at the energy of up to 1 GeV.

This possibility is based on the beam
losses obtained already at the extraction
and acceleration of the beam up to values

approaching 1073 (SIN) with a mean intensity
of TOO/uA.

The increase of proton beam mean intensi-
ties up to units and tens of milliamps is
related to the necessity of losses further
decrease, which 1s egpecially important at
their local concentration in the region of
the extracted beam,the power of which will
be approaching several megawatts.

A1l the existing methods of beam extrac~
tion are based either on the mechanism of
excitation of free (or forced) coherent os-
cillations near the closed orbits or on the
mechanism of increasing the orbits separa-
tion in the zone of terminal acceleration

The use of the first mechanism brings,
inevitably, to noticeable beam losses due
to the continuous spectrum of the particles!
distribution on the emittance of the accele-
rated beam; the second mechanism necessita-
tes, as a rule, a considerable increase in
energy during one revolution in the zone of

3)

final acceleration radii .

The increase in the internal beam mean
intensity of up to tens of mA brings to the
increase of beam emittance until the values
at which the desired increase of energy per
one turn enters the domain of practically
unattainable values. The Joint application
of orbit separation and excitation at the
injection of coherent free ogcillations in
the extraction zone is effective, evidently,
only at relatively low intensities corres-
ponding to the narrow-enough spectrum of

. . . 1
noncoherent oscillation frequencies .

The present report considers a possibili-
ty of avoiding this difficulty by means of
using a special mechanism of equilibrium or-
bits expansion in the final radius zone of
an accelerator with a periodic structure of

the magnetic field 4).

1. The system of equilibrium orbits in the

magnetic field periodic structure. - For
the magnetic field of the type

Hz=ﬁ(r)+k§ H g cos [ﬁkN(r)—kN?ﬂ (1)

which is periodic in the plane of symmetry
there exists periodic solutions (with the

period %?.) of the equation of motion for
a discrete set of momenta Ps» which are de-
fined by the relation cp; = eH(ri)riA and
are at a distance of

Ar =¢1-Qll- T

: (2)
Py

from each other along the average radius r.

_ P dr . s _

Here d= ri( D )ri is the equilibrium or

bit momentum compaction factor (over the
mean radius) and A is the dimensionless fac~
tor which depends only on the structure pa-
rameters of the field (1). Physically these
solutions are identified with a set of equi-
librium orbits which can be in the general
case, both stable and unstable. This charac-~
teristic is also defined by the parameters
of the field (1).

In case we limit ourselves to the terms

which are proportional to —%— the compac~
N
tion factor for field (1) will be

- I _dA -1
d—(1+n+Adr) . (3)
The expression for A 1s defined from the

equation of motion and for the harmonic 2 of
the magnetic field it is defined, with an

accuracy of up to —%— , from the equation
)

]
- EoySop) A -

3_p2. 1
A=A 21\T2(6NSN + 1

~g£§7+'}?€§1\r_ )
4 P

where
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rai g _ Ny r Gy
n=>=-—, N=:— s SN=:—— .
H dr H H dr
¥ror the first harmonic (N) it directly follows
from (4) that
r AN 512,422 Esv1-17.2
= = =[20°(3A"- 2A - =) s+
A ar L 2N2J L
+€a + Es(1-2n) + 3£ (s—én)] . (5)
A
where
2 a°m
a = L — N
H dr?

If we leave in formula (5) only the terms
(at A =~ 1) which make a certain contribution

g? , then we can write

into quantity /—1(
with a several per cent accuracy the follow-
ing

d:[1+n+;(82+8d)]_1- (6)
2Ne

In the azimuth-symmetrical magnetic field
= 1 , in a synchrotron with strong fo-

+n
cusing c(=:2(g—)2, in case there are no
N
nonlinearities. The introduction of a square
nonlinearity into the main harmonic of the
field and namely the choice of the second

derivation of the dependence HN(r) which

should be negative for the expansion of the
orbits, enables one to regulate within a
wide interval the structure net of equilib-
rium orbits at a given value of momentum
gain per revolution (A p) just through chang-
ing the function of variation distribution

along the accelerator radius HN(T) in the

extraction area.

For the cholce of this function from (3)
and (4) it is possible to receive a system
of differential equations (by N, 2N):

dA _ A

A _ A

dr rd[ d(1+lﬂ]’

2 2 2 2
Wy o1 How w3 Faw
ar 4 ar T 4 rA
(7)
4N°H
FHCED 4 op -,

The numerical solution of this system at the
introduction of the necessary dependence

A (r) and at the given dependence of the
mean field H(r), enables one to find the
distribution factor of a variation harmonic
selected for the creation of orbit expansion
effect, and to define the dependence A (r).
From the analysis of system (7) it follows
that in the final radii zone it is possible
to increase five~tenfold the distance betwe-
en two neighbouring closed orbits in compar-
ison with isochronous motion zone at the
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ally attainable at 81151.

values of (2 + 2.5) which is practic-

If the energy spread of the beam at the
end of acceleration is less than the energy
gain per turn (the mode of equal number of
revolutions for all the particles), the pro-
cess of equilibrium orbits expansion is equi-
valent to the corresponding five~tenfold in-
crease of the accelerating voltage at the
final radii.

The effective radial beam spread during
the procegs of expansion can be evaluted
from the expression:

AP
Ar = dr—1, (8)
1Y
where A p, 1s the momentum width of the
beam in front of the expansion zone. Express-
ion (8) is true under the condition
%g»: 0, 1.+, at the constant factor « in

the expansion zone, a2t the change of K the
parameter o r in (8) is substituted by the
mean value.

2. Stebility of free oscillations. -~ The
frequencies of free oscillations change
considerably in the expansion zone. Thus,
the frequency of Q oscillations somewhat
exceeds the value calculated by the formula

62
+£d)+0(—2) . (9)
N

2 1 0
Qo 14n+ —— (s
r oN2

The corresponding change of QZ is estimated

from the equation

2 2.2
QP —ns £ 4 é_{_(ié_)2+ —L_(s%-¢a).
z oNe

(10)
2 e = dar

From (9) and (10) it follows that on approa-
ching the expansion zone the frequency of
radial oscillations increases and the fre-
quency of axial oscillations decreases; in
the expansion zone the process is of the

reverse character and Qi > 1 in all the

28

casSeSe

Numerical investigations of stability in
front of the expansion zone and inside of it
confirm these results. Note, that at const-
ant & in the expansion zone the transversal
emittances of a beam are preserved and the
change of natural frequency manifests itself
in the effect of phase plane turn for a fix~
ed azimuth.

3. Phase motion of the beam. - The isochro-—
nism of particles breaks In the expansion
Zone.

The value of the phase shift in this zone
can be found from the expression

Ap=27 [I- ]

o (14n;)

AT
|—=, an
Ir.

i
where the summing (over 1) corresponds %o
the number of turns in the expansion zone.

From (11) it follows that the phase shift
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in this zone

Ap<oriE (12)

where A r is the radial length of the zone.

Numerically, the value of the zone length
does not exceed several per cent from the
radius value, which indicates at an insig-
nificant phase shift at the acceleration in
this zone for low multiplicity of accelerat-
ing field.

The above~discussed results of forming the
structure of equilibrium orbits in the iso-
chronous cyclotrons can be used for prelimi-
nary selection of parameters at the realiza-
tion of expansion effect. The detailed anal-
ysis is carried out, as a rule, by numerical
methods, which take into account all the non-
linear terms defining a closed orbit.

The numerical calculation of the orbit ex-
pansion is given for the electron cyclotron

with strong focusing 5) and for the meson
factory SIN. Iigure ] presents the results
for an electron cyclotron:

a) The dependence of average magnetic field
and of the main variation harmonic in the ex-
pansion zone on the radius;

b) The oOrbits of particles for the last
eight turns at the zero initial phase with
respect to the acceleration field;

cg Radial emittances of a monoenergetic
beam in the expansion zone for the azimuth
cross section 1.

Figure 2 presents a dependence of the ra-
dizl spread of the electron cyclotron beam
on the energy spread of the cross section I
(figures near the straight lines show the
number of the beam revolution).

Pigure 3 gives the results of calcula-
tions for SIN:

a) the dependences of average magnetic
field and main harmonic variation, the init-
ial one (curve 1) and the one necessary for
creating expanded orbits in the extraction
zone (curve 2), on the radius;

b) beam radial emittances at the entrance
into an electrostatic deflector.

Conclusion. - The considered method of sepa-
rating the beam emittances at the final radii
of cyclotrons with sectioned structure of

the magnetic field opens new prospects for
high~effective beam extraction from the accel-
eration chamber. This method, based on the
separation of equilibrium orbits, is indepen~
dent, within the wide limits, of extracted
beam emittances; the changes of this beam in
the expansion zone are limited to the cycl-
ing of the phase plane with respect to its
own axise.
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