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Tn the storage rings and traditional cyclic accelerators
the obtaining of the beam polarization is hampered at high
energles by depolarization effects connected mainly with the
energy dependence of a spin precegsion frequency. In this
work the ways of controlling this dependence are consldered,
using additional fields introduced into straight sectlons.

In particular, use of spin flips around the directions in the
orbit plane allows elimination of the energy dependence of
the effective precession frequency. Posgible schemes  provi-
ding the conservation of polarization during acceleration are.
presented. Under stationary conditions for electirons and po-
aitrons it is possible 1o suppress gubstantially the depo =
larizing influence of quantum energy fluctuations during ra-
diation by using the method of spin flips in straight
sections '

Last yeara are marked by the growing interest to experi-
ments with polarized high energy particles /1/+ According to
modern ideas such experiments can provide the important in-
formation on il nature of interactions and the structure

of elementary particles.

The only wey to obtain high energy polarized protons
(antiprotons) which seems available today, is to obtain
such particles in a polarized state at comparatively low ener-
gies with the subsequent acceleration. The sources of pola -
rized protons, which exist or under design can provide prac-

tically interesting intensities /1-3/. One can speak of the
obtaining polarized proton beams with intensities cloge to
those of unpolarized oneg. Such a possibility appears when
one uses charge exchange injection of polarized protons into
a cyclic accelerator and their accumulation with the help
of elact#cn cooling /3/. One can hope to obtain polarized
antiprotons (protons) with the aid of nuclear scattering by
a polarized target applying the electron cooling tc compen -
gate for multiple. Coulomb scattering /4/. -

Por electrons and positrone the natural mechanism of the
radiative polarization exists, Tn some cases the more effi -
cient way of polarization_ can be that using ecolliding polari-
zed photons, for example, those of the laser radiation 75,61
One can't also exclude the possibility to accelerate these

particles in the polarized state from a anurcezz

The common problem for accelerators and storage rings of
both light and heavy particles ig the elimination of depola-
rizing effects connected with distortions of a magnetic sys -
tem and the field inhomogeneity. Recent theoretical and expe-
rimental studies of this problem provide +the foundations for
optimism, This report is devoted to a short review of known
:nd net7 posslbilities of increasing the polarization stabili -
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Acceleration of polarized particles

Depolarization during the ascceleration occurs due to pas;
sing of a large number of resonances between the spin pre-
cession frequency in the main field (proportional to the

energy) and frequencies of the perturbing fields on a partic-
le trajectory. :

%)
Recently a method of obtaining polarized positrons an
- L - r
electrons by vair nproduction in collisions ag pnlariged gho -

tons has been proposed /7/.



In the usual sgituation with the field vertical over the whole
orbit the following resonances are passed during the acce-.
leration (at the moment we neglect small synchrotron oscil-
lations):

%Eﬂﬁcwa&ﬁ+&%ﬁﬁg, (1)

where 2J 3"6 is an angle of spin rotation around the verti-
cal direction with respect to a velocity per turn ( 2 is a
relativistic factor, 6-‘-@"2)/3- is ratio of an anomalous gyro-
magnetic ratio to a normal one), Vz and V_]r are the numbers
of vertical and radial betatron oscillationse per turn Kz, Ky,
Kq are integers.

After passing each resonance the coupling of average
vertical projections is determined by the following formula
/9,10/ (the condition of intermixing of the spin precession
around the field over the phases usually halde’!)h
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where the parameter Je = 'wﬂn@ h’u"‘}xl)

igs determined by the rate at which the resonance V,~— \).: is
passed and its strength W] (T 1w ™! is the
time of vertical polarization flip in an exact resonance).

The variation of the polarization degree can be small at
fast (Jc < 1) or at slow passing (Jx>> { ). The condition
of the polarization congervation after acceleration is:

%] 1t may hapren that during the time of acceleration at
electron accel:rators for emall energies the intermixing

of horizontal in components doesn't occur. In_this case
after passing cgﬂerent regonances VY, = Kg the polarization

direction changes rather than ite degree decreases /8/.
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It is hecessary to exclude intermediafe resonances

because they lead to' depolarization of the beam.

At low energies, for example, one can use sufficiently
fast passings by compensating for harmonica of the integer
reaonan.ces 'Ja= Ka. and applying a system which provides
jumps of betatron frequencies at the moments when the re -
gonances with betatron harmonics are passed /11/. Using

- spuch methods the argonne group succeeded in- acceleratinn_

of polarized protons up to the maximum accelerator energy
of 12 GeV /12/. i

One can also avoid depolarization using slow passings
(J>> 1 ). In thie case synchrotron oscillations of the pre-
cegaion frequency are important. Taking these oseilletions
into account resulte in the splitting of each resonance
(1) in a series of modulation resonances. Their strengths
decrease with the increase of their number "m". If a re -
gonance is passged quickly without the precession frequency
mcdula-binﬁ, then the modulation resonances are passed
quickly as well. Therefore at JK << 1 the account of the
eynchrotron modulation does not lead to notable effects. At
slow passing of the resonances (1) the gituation is more
complicated. At Jg-‘*}f the modulation resonancea with low
values of "m" are passed slowly, while these with suffici -
ently high "m" quickly. In this case the simple decrease of
the rate at which a resonance is passed is not useful as due
to non-idealities of the magnetic system a large probabili-
ty of intermediate passings exists all the resonan -
ces including modulation ones.

Another method of proceeding to adigbatic passging con -.
siste increasing resonance strengths by the special intro-



duction of perturbing fields, so that the resonance is in.
fact tuned off by a distance equal to the strength of har -
monica of the introduced field /13/. FPor example, it is suf-:
ficient to increase additionally the resgonance estrength fﬁLJ
go that to provide the low rate of passing resonances (1),
and taking into account the synchrotron modulation \)o one
has

[ |* => Gu"j} (3)

where (ﬁ; ia an amplitude of the frequency synchrotron

. modulation V), , \& is @ frequency of synchrotron oscilla-
tions. If the condition (3) holds, the strengths of modula -
tion resonances are exponentially small, It is clear that in
this case one can choose parameters so that during the pas-
ging with a low rate averaged over synchrotron ocscillations
modulation resonsnces are passed gufficiently fast.

The simplest case when a necesgary I1ncrease of resonan-
ce strengths can be achieved is that of integer resonances
V,= Kg « If, for example, a congtant magnetic field
along the particle velocity is introduced into the
gtraigcht gsection of the accelerator then the gtrengths of
all integer resonances due to this field are equal:

= (1+6) Hy /L

Here fiv ie meagured in unites of the average guliding
magnefle field of the accelerator, E/l, is a fraction of
the orbit which is occupied by the introduced field.
This method hss been used at the Novogibirek electron-po -
gitron storage ring VEPP-2M to avoid the beam depolariza -
tion at the resonance $L=-fduring the energy variation in
the experiment /14/.

At higher energies {IL >> { ) a trensverse with res -

pect to the orbit field can be useful, rather +than a lon -
gitudinal one. For simultaneous compensation of the orbit
digtortion it is possible to introduce intoe the straight
section the helical field with an integer number of periods
trangvergse with reaspect to the velocity. This field results
in the recovery of the particle ve1001ty direction. The ape-
tial shift can easily be compensated for at the next section
by & unidirectional field with a zero average value, not dis=-
toring the spin motion. '

It ie possible that by using the whole set of these
methods (jumps of betatron frequencies at the corresponding
regonances, additional perturbations for elimination of
the depolarizing influence at integer resonances, compensa—
tion of the dangerous harmonics) one will be able to increa-
ge the energy of polarized protons and go higher than 12 GeV
achieved now.

Such methods will be also useful for the acceleration of
deuterons up to high energies. Due to the small value of its
anomalous magnetic moment (approximately by a factor of 25
lower than that of a proton) a number of resonances appears
congiderably lower for deuterons than for protons during the
acceleration up to the same energy. It is easier to elimi -
nate the depolarizing influence of the resonances with beta-
tron frequencies by Jjumps of betatron frequencies. The
requirements to the throughness of the compensation for har-
monice of integer regonances are less severe, For elimina-
tion of the depolarizing influence of integer resonances by
introducing additional fields the required value of longi-
tudinal fields is slightly less than that for proton of the
game energy (by a factor 3), while +transverse fields must .
be considerably higher (for example, for the helical pertur-
bing field the value must be larger by a factor about 10).

2. The difficulties of the acceleration of polarized
particles by the methods described above will grow fast be-
cause of the increase of the number of resonances, their
gtrengths and scatter of precession frequencles.



The methods based on the psubstantial rebuilding of the
spin motion appear more universal and perspective in the
region of high energies. Introduction of special sufficientf
ly high magnetic fields in the sections of an accelerator or
a storage ring allows to be tuned off not only from the
integer resonances, but from those with betatron frequencies
as well /15f. - '

As follows from the general theory of the spin motion in
cyclic accelerators and storage rings, at any stationary
configuration of the magnetic field in each place of the or -
bit the equilibrium . polarization direction always exists
@ = N(e+23) .

This direction is generslly varying along the orbit and
is not less stable than +that slong the field during the mo-
tion in a homogeneous field. The generalized precession fre-
quency V (in units of the revolution frequency) is an angle
of spin rotation arcund E during one turn, devided by

2n /16/.

Congider the following exemple (Fig. 1). Introduce into.
a ostraight psection I a longitudinal magnetic field rota -
ting spin by an angle & around the velocity. To +this
end a field H,=21E (9£)™" is needed at the lengtn /£ ,
where Hy is the field in teslas, E is the energy  in
GeV, f is the length in m , 3, .18 a particle 9,- fac -
tor, Let us change the longitudinal field H, proportio -
nally to E during the energy variation. The longitudinal
field doesn't distort an equilibrium orbit, the coupling
of radial and vertical oscillations due to it can be com-
pensated for (if necessary) by four +thin lenses (two at each
side of the section with the field H, ).

One can easily see that +the longitudinal direction is.
the stable polerization direction in an opposite section II.
In fact, a spin directed along the velocity in the section II
appears agein 10ngitu&inal affer one turn of the particle.
Outside the section I the equilibrium polarization K is
the plane of the particle motion and appears energzy depen -

dent everywhere but the section II. In the example conside-
red +the vertical polarization direction (Outside the sec -
tion I) appears unstable and gradually disappears due to
the scatter of particle orbitas. The polarization is stable
if during the beam injection it .is oriented =along .i'{- .

To determine the spin precession frequency Vv it is
gufficient +to trace the motion of the spin oriented trans-
versely to M . The spin oriented vertically in the section II
(transversely to the orbit) after one revolution is flipped,
i.es turns by engle 7/ around H . Thus, the fractional
part of the precession frequency is always equal to 172 at
any energy of the particle: €087V = 0. This circumstance
distinguishes sharply the considered example from a usual
cagse of the vertical magnetic field for which the precession
frequency 1}G=z‘6 continuously grows with energy and has
a scatter G, =6ﬂﬁ' . '

Let us underline that small deviations of the magnetic
system from the described ideal one can result only in the
ingignificant perturbation of the direction of equilibrium
polarization and a deviation of the precession frequency.

Additional fields can be switched on either before the .
injection (in the example given the particles are injected
with longitudinal. polarization in the section II) or during
the acceleration.

Thua, in this example there are no spin resonances and
the polarization degree is consérved adiabatically {ﬂafq 1)
during acceleration,

Note that these spin resonances can also be avoided at
smaller values of the angle Y of spin rotation in the
section I. Resonances 3y = Kz\é-r Kede + Ko appear
imposgeible if the following condition is held /15/:

Neos(¥/2)] < 1003Ti (Kavy+ K V) | .

3« At high energies (3‘@ >> 1) for spin rotation in the
section I around the horizontal direction a transverse with
respect to the velocity field must be used, rather than a
longitudinal one. To rotate spin by an angle I . by a :
homogeneous field H at the 1ength£ 54 kGX m are needed



for protons and 45igx m for electrons independently of the
energy. However, the introduction of a radial field distors

essentially the orbit at main sections of an accelerator. One

can meet the requirements of spin rotation by a given angle
and the orbit recovery at the end of the section if the
fields varying along the orbit are used. Some examples of
gpin rotation by an angls{ﬁ by fields consgisting of homo-
geneous field sections are shown in Pigs. 2,3. One can also
uge to this end the helical transverse magnetic field
with an integer number of periods !V . To rotate spin by an
angle T in the section I ng = 54 y 1 + 4N kGs*m are nee-
ded for protons and ub = 45 VFT_:dEﬁ kGs*m for electrons.
In particular, at N = 1 it makes 120 kGgem for protons and
100 kGa«m for electrons. A stable periodical direction

in the sgection II lies in the orbit plane at an angle a‘t‘ﬂfm
(v 1+ 47N /20X) with respect to the velocity. The preces-—
sion frequency Y is again equal to 1{2 at any N.

In the schemes presented the particle velocity is re -
covered to Gn;)-j (exact recovery is possible by small
field corrections if necessary). The ariging epatial shift
of the orbit ( *‘“f.(gg)'{ in Pige 2,3 and NE(@J’B‘)” for a
nelical Tield) can easily be compensated for at the next sec-
tion by a unidirectional field with a zero mean value.

gwitching on and off the rotating fields can be done
adiabatically during the acceleration with conservation of
the stability of spin and orbital motion.

Note also that if 1t is more convenient to conserve the
" yertical direction of the equilibrium polarization in  mein
sections one can use two flips around orthogonal horizontal
axes in two srmmetrical sections (e.g., applying the sche -
mes of Figs 2,3). Here FL(6) changes its sign but coHsTYV = 0.

The methods described can be applied to the acceleration
of polarized particles up to maximum energies of the acce -
lerators and storage rings (existing or under degign) provi-
ding that epin resonances do not overlap, i.e. until the
spin rotation during one revolution remains small (one means

10

spin rotation by perturbating fields due %o the non-ideal
features of the magnetic system and by free vertical oscilla-
tions of the particles). :

One can egtimate the accuracy with which an angle of
magnets is known with respect to the vertical in the plane
perpendicular to the orbit. For proton acceleratorns of
1000 GeV, with a radius of 1 km, a frequency of betatron
ogcillationes equal to 20, a number of independent elements
of the magnetic system equal to 1000 this value is approxima-
tely 10~%, Possible vertical shifts of focusing lenses
mustn't exceed 0.1 mm, the vertical beam size mustn't exceed
1 mm at the maximum energy. For each gpecific facility more
sccurate criteria can be obtained. Note that these require-
ments vary proportionally to the energy at a fixed value
of the maximum accelerator field.

The question about the possibility to accelerate pola-
rized particles for the energies Wwhere resonances overlap
remains unanswered. One can't exclude today that further
atudies will lead to positive results in this energy regi-
on as well.

Suppresgion of gquantum depolarization of electrons
and positrons

Last years are characterized by the growing interest 1o
obtaining radiative polarization of the beams in high ener-
&y storage ringe of electrons, and positrons (energies of the
order of dozens GeV and more)., In traditional storage rings
at the energy about hundred GeV to eliminate the depolarizing
influence of the guantum fluctuations of synchrotron radia-
tion rather gerious requirements to the accuracy of mag-
netic systems are needed /17/. Due to energy dependence of

‘the precession frequency radial magnetic fields appear the

most dangerous arising, for example, at random vertical
deviations of focusing lenses or at random inclinations of
the vertical field magnets. As follows from /17/, the de =
polarization rate A4 in storage rings with everywhere

11




vertical field. 1is equal to the following value if non -
- correlated perturbing radial magnetic fields are vresents

h

4 9 a
)\J:)\ iﬂi L‘la (’f"'zcﬁﬁ])g)z ?:QE'/FEJ-LJJE’

¢ 54 S’I:H4JT3»{, e (4)
where )1“: gﬁ% ie a radiative depolari-

zation decrement, @ is a number of sections with radial
fields ﬁﬂl {in unite of the average magnetic field of the
‘storage ring), Tu is a fraction of the orbit occupied by
the n-th. section, Fh is a characteristic funection
of the storage rirg determined by the energy and verti-
cal focusing. In storage ringe with a smooth vertical func=
tion +the quantity {F:HJI is approximately equal to

2 F_ 3Ry =1
Vv, (fﬂJ - ;) is an integer part of v, , 1 ig
a reduced frequency of vertical betatron oscillations).
The formula above is valid as far as the energy spread
of the precession frequency E'I,L-d'l"a is small if com-
pared %o the distance between resonances (G, << { ), In
the region (EFEE { the depolarization rate sharply increa-
ses by a factor equal at least 3(27? Ji' )_1 if, as usual,
the reduced fregquency »% of synchrotron oscillations is
much less than unity.

One of the possible ways to enhance the role of pocla -
rizing processes is application of magnetic snskes ("wig-
glers") with compensation of the energy dependence of the
direction of equilibrium polarization in the wiggler re -
gion /18/. A more universal way of depolarization suppression
can be pguggested which uses flips of the vertical polari-
zation in an even number of sections along the orbit. Using
of multiple flips for increasing gpin gtablility can be
compared to using of strong focusing instead of the week one
for betatron oscillatione of the particles. A stable direc-
tion H. of the equilibrium polarization remains vertical' in
main sections providing that a number of flipe is even.
However, each spin flip bhanges'its elgn. Here depolarizing
effects are again due to the non-ideal character of +the

12

magnetic systemﬁ.

Sections of spin flips must be optimﬁlly .E}aned in such
a way, that an aﬁgle of spin rotation around fl be equal
to zero in sections with the main field. It means that in
case of two sections they muet be opposite 1lying, in case of
4 must be placed in a quarter of the orbit length etc. Thus
the effective precession frequency Y is determined only by
sections with additional fields end is energy independent.
For a precegesion frequency hot to be in a resonance with a
revolution frequency, the resulting axea of spin rotation
lying in the orbit plane muest be equal at all sections,.

If a storage ring is symmetric then there is no polari-,
zing influence of the main field due to spin reorientation.
However, polarization can be provided by a laser or introdu-
cing magnetic wigglers.

For a storage ring with 2 M spin flip sections
(M << 1ch,1)2} in an optimal case at cogTy = 0 the formula
(4) is modified):

Q
' 4 = D)2
Hat Ve 5 pEHE IR (5)
[M],, = A 57 7 nzf (36
Here A = ﬁi'? ﬁil{g )2 is a polarization decrement taking

inte account radiation at the bending sections., By.contrast
with (4) this formula remains valid at Gy>1 . Ite
applicability condition is practically always fulfilled:

gj% <M.

Thus the influence of depolarizing factors 1is decrea -

®) At add number of flips the equilibrium polarization ig_tbe
main sections appears 1lying in the orbit plane. Thus H is
strongly energy dependent and fast depolarization occurs
due to energy quantum fluctuations.




sed by at least a factor IuIE' and hence the requirements to
Y ti m M ti eaker. After t© flipe th i .
the magnetic system are imes wWeaker A' ri WO ;ﬁemfm Plaure captions
regonant energy dependence of the depolarization rate™ as
well as the resonant spin diffusion at large energy spreal
{providing that 694,3 1) : Fig. 1. Scheme of spin motion with the rotation by 180°

1t may prove convenient to use for polarizatlion the around the velocity in section I.

fields already introduced in stratight sectlong for gpin Fig. 2. Scheme of spin rotation around the veloeity in a
flips. PFor example, the magnetic field of Fig. 2 can* be gection with fthe recovery of the particle velocity.
used. The sections III where the field is parallel to L are The figure plane is perpendicular to the velocity.
made short enough so that the polarizing influence of radi- ~ At sgections I, II, IV, V spin is rotated at 900
ation at these faections 1g dominent. The degree of radiative : around field directions,. at the section ITII with
polarization is then cloge to a radial field - at 180°. At this section the equi-

q A ((ﬁﬁ)3>/< {HF) " | librium polarization is directed along the field.
AV3 Pig. 3. Scheme of spin rotation by 180° around the radial,

o : direction. The field in the section II is radial.

{ H ig a magnetic field transverse with respect to the ve-

locity) its meximum value 8/(5 ﬁ}, whereas the polarization

time decreases by = factor /\/)-.0 = <fHI';>/<!HE,>

( H, ie & mein field).

As the spin flip due to fields of Pig. 2 occurs with
respect to the velocity, then to tune off a resonance one
must perform a flip around another axis at one OF s8eve-
rel sections. For example, cos Jiy. = 0, if one uses in one
of the sections the scheme of Pig. 3 rotating & spin around
the vertical direction. ' '

%) The energy spread increases by a factor about /A:’I, " S
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