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One of the basic problems in settin§
up the experiments with polarized particles
in accelerators and storage rings is a pre-
vention of depolarization on spin resonan-
ces intersected upon beam acceleration. At
the resonance points the freguency of spin
Precesgsion 6) coincides with the com-
bination frequencies of orbital motion. It
is known that a decrease of the degree of
polarizaetion by some resonance is small
when the crossing through it is fast, or,
otherwise, adlabatic. At high energles one
does not managed to provide a sufficient
rate of interaction of the main resonances.
The methods which provide the adiabaticity
during the entire acceleration process are
more promising. The parameter adiabaticity
depends on how much generalized frequency
of spin precession (determined by all the
gtructure of magnetic field with the per-
turbations taken into account) remains far
from the resonance values. So, introduction
of magnetic fields which change the sign of
the vertical componen, of polarization in
one or several parts of an orbit makes the
value of the generalized precession frequ-
encg close to & constant (energy-indepen=-
dent) one, thereby allowing a maximal incre-
ase of the adiabaticity parameter. Using
such magnetic structures, called "Siberian
snekes", would meke it possible to substan-
Eially fncrease an energy of polarized par-
icles.

The schemes of acceleration with the
help of one or two snakes have been previo-
usly congidered /1.3/. The perturbating
fields associated with the imperfectness of
the main megnetic structure end with the
gpread of particle trajectories in the beam
have assumed to cause only a small pertur-
bation of the spin motion corresponding to
the celculated closed orbit. These pertur-
bations grow with increasing e maximum
energy and the size of accelerators and
their effect on the spin is comparable that
of a snake. An enalysis of the possibiliti-
eg of conserving the polarization in such
situations becomes in an energy range of
the order of 1 TeV or higher, as, for exam-
ple, in the UNK (SSSR) and FNAL (USA) pro-
Jects.

At high energlies the main perturbating
influence on the spin is exerted by the ra-
dial field o« In accelerators without
snakes, the powers of spin resonances
M are determined by the correlation
between a change of this field on a partic-
le trajectory and by the spin precession in
the vertical field H, g
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where \Jo=/‘(g‘2)/2 is the spin precessi-
on frequency in the vertical field (in

(n

é
units of revolution frequency), «(8)= 3\7{#”
is the angle of rotation of a particle velo-
city on the orbit s the vertical magnetic
field in unite of its average value H .
is the total azimuth of the partic-

le, the brackets v denotes the avera-
ging along the orbit {over the azimuth 8 ),

k 18 the integer combination of the
frequencies of orbital motion. The quantity

20 Wy has & sense of the angle of
gpin rotation in the vertical plane per revo-
lution of a particle in an accelerator under
the stationary conditions in the resonance
region (when [V,—"el<< w0l Do

The most powerful are resonances with
free vertical oscillations:
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( V2 is the betatron frequency of vertical
oscillations,Nis the number of periods of
magnetic structure on the orbit which is as-
sumed to be large) and also the integer reso-
nances

v, =K (k= v, +tpM) (3

connected with the vertical distortions of
the equilibrium ordit.

For intrinsic resonances (2), the power
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where Jf(8)= f(8-1i)@xp @iVy) is the nor-

mal solution. The Floque equations for verti-
cal betatron oscillations :

E/K = Qbf*Q:f,’ (5)

2i R is the orbit perimeter.

The system of natural resonances is so
Btrongly rarefied because of large N that
their powers are always, in practice, small
compared to the distances between the neigh-
bouring resonances. This means that the per-
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the deviation of remains small, one
can turn out the precession frequency

from all dangerous resonances by an approp-
riate choice of the angle ¥ .

The deviation of the precession exig ig
calculable according to formula /Ref. 4/:
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turbation of vertical polarization is small
when a particle passes a path of the order
of one period of magnetic structure. Howe-
ver, we do not assume the smallness of a
change in polarization for the period of
particle revolution ( N>>|wy|>1).

Integer resonances (3) are also grou-
ped, over their power, near the intrinsic
ones because the harmonics, which resonate
with free oscillations, are most clearly
expresgsed in distortions of the equilibrium
orbit. A formula for vertical deviation
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where 5(9*’/7): @)€ M are the soluti-

Z; can be written in the form similar to
ons orthogonal with respect to Ko which
(5) with substitution are written, outside the snakes, as follows:
]
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in terms of (H, o In practice, at a "

large number of the magnetic structure ele-
ments the spectrum of perturbating field

is homogeneous. This enables one to
consider the induced amplitude &g (6)
as a function slightly varying on the peri-
od of betatron oscillations.

As long as the powers of the strongest
resonances remain emall ( |Wl<< 1 ), the
depolarizing effect of all the perturbati-
ons can be prevented by introducing one or
two Siberian snakes. At a fairly high ener-
gY the smallness condition of ﬁ& will not
be satisfied ( |¥«\2 1 ). In this case, the
influence of the perturbating radial fields
is comparable with the enake effect and,
therefore, introduction of one or two mma-
kes does not guarantee the conservation of
polarization upon acceleration. A compre-
hensive analysis needs to elucidate the
possibility of avoiding depolarization such
an analysis has to take into account the
effects of adiabaticity violation by combi-
nation resonances of higher orders.

It is possible to suppress the influ-
ence of strong resonances, bresking the
coherence of addition of spin perturbations
along the orbit. This is performed by the
methods described below.

where, for the smake of definiteness, it is
agsumed that the rotation axis of a snake
spaced at 6=0, is directed along the velo-
city.

The deviation &7 is maximum at the
moments of acceleration process when

Vol7)= 2V, +pN . (8)

Let us give a formula for deviation §H
at the points (8) near the gpake at

(the point of meximum of §#(¥) 1in our
example):
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Thus, the insertion of a large number of
snakes suppresses the effect of characteris-
tic resonances and provides the adiabatici-
ty conditions upon acceleration:

s\« 8%
1 Let us examine a situation when M
pairs of symmetrically located snakes, sy I \
which reverse the vertical polarization, M yf hv‘ .

are introduced into the straight sections
of the periodical magnetic system of an
accelerator. The rotation axes of polariza-
tion of the snakes in each pair constitute
8 certain energy-independent angle ¥ .
In such_p system, the equilibrium polariza-
tion Nn.(®) is vertical outside the sna-
kes and alters its sign after the passage
of a particle through each snake. Here, the
generalized spin frequency is equal to

V= M)O/ﬁ . (N

The spin perturbations described by
parameters cauge the_ deviation of
the precession axis, &7 =p-n, , and, _ 2
shift the precession frequency, &V~ (Sn)_

« If in the process of acceleration
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(of course, the choise of the angle ¥ ,
betatron freguency Va , and number of M
is assumed to be optimum, i.e. such that
the denominators in eq. z9) would not be
small).

The influence of perturbations, which
are due to the imperfectness, is determined
by a formule similar to (9) where the ampli-
tude of free betatron oscillations &
ghould be substitutes for the induced &
(see egs. (4) and (6)). This is justified
by a slight variation in the amplitude

Qs (8) on lengths of the order of the
distance between the snskes because of the
resonant nature of the distortions of the
closed orbit. In view of this, a sufficient
number of snakes suppresses the perturbati-
on of polarization by the imperfectness of
the magnetic system as well.



2. One can suggest the other effective
method of suppressing the powers of charac-
teristic resonances %2),(3 by means of a
specially arranged correlation between the
spin flips in magnets and betatron oscilla-
tions inside the period of magnetic system.
Let us demonstrate the principle of this
methodfrresonances Vo = —Vz+pN . The
powers of resonances are proportional to the
factor

o,
F = .&f exp ((ox) 28
]

(10)

This factor can be decreased down to a fair-
ly low value by an appropriate choice of the
magnetic structure. As an example, such a
magnetic structure is given in Fig. 1.
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Flg. 1. The structure of magnetic system
period:
,L",D9 are the focusing and defo-

cusing quadrupoles,

d is the bending magnet.
The focusing system peri-
od is equal to ZQVQVV .

Integrating over the parts of (10), one ob~
tains

£ = by L+ [ (5]

where LiVe/N is the angle of spin rota-

tion by a dipole magnet « , s is the

value of the derivative of the Floque solu-~

tion in the dipole. The first two terms are

cancelled at the points of spin resonances
o= -Vz +pN ) and, hence,

£ L [1-expEih]

Choosing 92 near N , One can
reduce the powers of characteristic resonan-
ces approximately by a factor of A/|Vx-/|

and the powers of resonances

VoxV,tpNM ), too). It is noteworthy that
the point Vz=A  does not mean a resonan-
ce for betatron motion but lies near the sta-
bility center so that the number of focusing
system periods is 3N. Therefore, it 1s pos-
gible, in principle, to eliminate completely
the characteristic resonance effect.

Note that the reduction in the powers of
the main resonances by the method described
above permits one to confine oneself to the
use of two snakes only in order to remove de-
polarization.

3« Once more possible method is based on

breaking the correlation between the spin
precession and the vertical oscillations of
particles via modulation of the angles of
spin flip by dipole magnets . Let the value
of field in dipoles be modulated according
to the law

‘)(; = 1+ Aiw5f%

where é = const is the modulation amp-
1litude, £, is en integer. The modulation
frequency 4 must be high enough in order
that the spin perturbation by radial fields
be small on the length £#/Z . With these
conditions the characteristic resonances are

splitted into series of modulational ones

go=19,+pﬂ*7€ (7=20 ,..)

with powers decreased by \]9 ("-‘/Z) times

is the Bessel function). For a sub-
stantial decrease of powers (by Vo h/2
times), it is necessary to satisfy the condi-
tion AL .

The described methods allow one to con-
siderably increase meximally attainable ener-
gles of the beam at which the adlabaticity
conditions necessary to conserve the polari-
zation in the acceleration process are satis-
fied.
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