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. ABSPRACT

Theoretical and experimental studies in fhe Ingtitute
(Hovosibirak) on thé behavior of particle pblérization in
storage rings are reviewed. In theoretical works the motion
of particle spins in arbitrary inhomogeneous fields was in-
vestigated. The methods for obtaining the bga@a with a re=-
Quirédfpolarization direction-in storage'rings_and accelera-
tors are described. I+ ié shown that direction-variable fields
on some parts of the orbit may be used to avoid the resonance
depolarization ﬁpon accélération of pqlarizedzparticlés'to
high energies+ The conditions for the existence of fadiative
polarizatioﬁ of electrons and positrons were revealed. The’
methods for measuring the polarization 6f the single and col-
liding beamg are described. The results of measuring the time
and degree of_raﬂiative ﬁolarization are pregeﬁted.'The’ﬁction
of_sﬁin'raaunances was studied. The uaé of pdiﬁrized.beams to
-find an absolute energy of particles in a storage ring and:to
‘compare precisely anomalous magnetic momenta of electrons and

positronsg is described.



RADIATIVE POLARIZATION:
OBTAINING, CONTROL, USING

Ya.S.Derbenev, A.M,Kondratenko y S.l,Serednyakov,
- AN.Skrinsgky, G.M.Tumaikin, Yu.M.Shatunov

Institute of Nuclear Physics .
Siberian Division, USSR Academy of Sciences
(Novosibirsk)

1. REVIEW OF THEORETICAL RESULTS

1. The effect of radiative polarization of high-energy |
‘light charged particles (electrons and pogitrons) at their mo-
.tion in a homogeneous magnetic field was theoretically found in
“1963 by Sokolov and Ternov /1/. This effect can be 1nterpreted
in a c13551ca1 way, congidering a noncharged partlcle with a
hlgh_spln 3;:-:-#./2 and a magnetic mqmentum /‘ffﬁs y moving
straigh#ly adross the magnetic field H ; due to a precessian:
magneto-dipole radiation, the ' . Then in its frame _
syatem with a magnetic £ield gﬂ? , due to a precession magneto-
-dipole radiation, the magnetic momentum will "damp"™ to .the
position “along the field" (minimum of energy) accordlng to the

equation

dT 3-? drE

dSy_2¢ = dF )= 363 (m) S, (S,,?-?.S'_FT/HsSf*-Sz'S”

In a laboratory system
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From this the characteristic time of damping (at small devia-
tions of the magnetic momentum from the field direction) ig

]43 52
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When considering this case in a quantum-mechanical way

the following equation is obtained
5 | -

229 .2,3¢2 _ 2R 20,613 & (2)
= SaHS — sl Y H TS
- This equation within the classical limits gors to (1). The
equilibrium polarization degree remains equal to 100% for an
arbitrary spin.

For a charged particle with the charge e and gyromagne-

tic factor ‘? (q, 35 €/2m6') the correspond:1g equation has the
general for /2/

§,= L Si/h - oy S, (3)

where the coefficients o 4 do not depend on whe spin value and
in the ultra-relativistic case are proportional to 3"2H3 s For

2 ;
the spin 1/2 the equation takes the form (sl:;tz/z):

éﬂzld;h‘./z—d-f 3"*

The quantum-mechanical sense of the coefficients of+ becomé
clear from the comparison of this equation with an elementary
balance equation for the spin 1/2 as a two-level system:

s and A . are the sum and difference of spin-flip probabi-
lities for the 1/2 spin per a unit time: ol+ = _ﬂi B,

Note, that for a particle with a high sgpin the polariza-
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tion rate is determined by the difference of the spin-flip proba-

Bt s s (7: s ’2'306 I), while for the spin 4/2 +the rate.
1
Z-P = CI;.[.-
For the case of a particle with a high gyromagnetic factor
[9 >?1) the spin-depended part of the charge radiation, as com-

pared with the magnetic momentum radiation, can be neglected.

In this case the particle non-inertion motion is negligible, the

reverse transition Drobability disappears:

= |d_ I- A r21e )

and equation (3) coineides with (2). For a charged particle
Wiﬁkkig.“‘q, the quantum fluctuations of radiation results in
reverse transitions (ody .>,o(_’) and decreases the equilibrium
polarization degree f ; Thus, for anlelecﬁron in a homoge-
neous magnetic field ]=lo(_|/o(+=.‘?22

The evaluation of «the polarization time exampllfled by an

-uncharged particle (neutron) was given by V.L.Lyuboshits /3/.

2. The result obtained by Sokolov and Ternov pointed %o
the presence of a polarizing mechanism. To clarify real possi-

bllltles to produce polurlyed light particles in storage rlngs,

1t was necessary to study radiative polarization in inhomoge=

neous fields.

In inhomogeneous fields the polarization state variation
occurs due to both the direct radiation effect and as the re-
sult of the orbital motion perturbation due to radiation

(mainly).

A study of the direct radiation effect on the polarization




of ultra-relativistic light particles in arbitrary inhomoge-

- neous fields (only slight field variations about the radiation
fermetlen length.were agsumed) wasg’performed by V.N.Baier,
V.M.Katkov and V.M.Strakhovenko /4-7/ . It was found that the
field inhomoheneity did not significantly change a polarizing
mechanism, resulted from the direct interaction of a spin with
redietieng ' |

The impertenee of studying the effects of radiation in-
fluence on polarization via an orbital motion is associated
with the fact that the time of orbital motion relaxetien ig
many orders lower then that of pelerizetion. The study of
these effects was started by V.N.Baier and Yu.F.Orlov /7,8/.
It was shown that the orbital diffusion caused by quantum ra-
diation fluctuations in the presence of small vertical dieter—‘
tions of closed orbits in a storage ring, resulted in spin dif-
fusion. This depoleri%ing influence of radiation is of a reso-
nance nature, and at adequate closeness of the frequencies of
precesgion and disturbance destructs radiative polarization.

3. For a complete angwer to the question on the exietence
of redietive'pelarizetien a detailed analysis of the polariza-
tion behevieur'witﬁ the account of all epeeific features of |
pa rticle motion in storage ringe was necessary to de. Later on

a study of the spin dynamics net regtricted by an erdinery case

of approximately axial magnetlc fields /9-11/. Generalization
_on the caee with arbitrary 1nhemegeneeue fields ie ef prectlcel
interest for gtudying possibilities to obtain any required po-

larization direction. Methods and concepts were devéloped enabling
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s unified description of the radiative polarization to be ob-
tained in arbitrary electromagnetic fields with the account of
all significant orbit-spin coupling effects. The analysis m&kes
it possible to'&escribe quantitatively the prodess of polaria_
zation both in usual cases and in those with direction-variable
fields /2,12,13/. . | |

It was stated that for any stationary magnetic (electro-
magnetic) fields providing the existance of closed (and stable)
particle orbits _?(9) ( @ is the generalized asimuth) there
exists closed (perio&ically repeated on the given agimuth)
apin trajectories H (9) gstable not less than i_n nearly uni-
directed fields (instability ie possible only in the vicinity
of spin resonances) /9,10/. A spin deviated from H precesses
around L - (sj:milar to that precessing_ around }7 in a uni-

directed field).
| This fact provides extensive possibilities, by introducing
gpecific fields, to obtain any stable direction of the particle
spin on the given asimuth in a storage ring (in particular, a
- longitudinal one). _ _

As'regards the pfﬁcedure,’it is feasonable-to note that'
the possibility to realize, by choosing the magnetic field
geometry, a stable spin motion with a given direction in the
required orbit point is analogous to that for the achievement
df stability in orbital mdtion of particles in a storage ring
with a complicated form of the equilibrium trajectory. For
"example, the.introductioﬁ of a longitudinal low-valué magﬂetic :
field to a storage ring (With-plﬁne closed orbits) results only

in a slight deviation in the equilibrium polarization stable



direction from a vertical one (far from spin resonances). In
addition, the introduction of the field rotating a spin by a
unity—order angle at a single tranmsit does not destruct the
spin motion stability and results in a strong variation of the
equilibrium polariza‘tion FL .

A. The well-known situation, in which polarized beams-may
exist is the motion in an accelerator or a storage ring with a
constant (in direction) magnetic field. The natural direction
of the stable polarization lies along the field transversal to
the particle velocity.

Already in this case, the polarized beams substantially
expand the possibilities for carrying out experiments in phy -
sics. In particular, one can determine the =@pin properties of
final states by measuring the azimuthal digtribution of the
reaction products for the transversally-polarized colliding
beams. It becomes also possible to carry out precise experi-
ments. /265 27,32, 34, 35/ | | _ .

Of great interest is the problem of obtaining beams with
any preassigned polarizatloq‘dlrection._ﬁs an example, in |
experiments with the longitudinally-polarized (parallel to ve-
locity)_electrﬂn-positron éolli&ing beams of the same helicity,
the one-photon electro-dynamic channel is closed and therefore,
all the rest of the annihilatioﬁ processes, either non—one—phn-
ton or non-electrodynamlc, are emphasized. - |

5. The first suggestions (1970) for producing the required

polarization dlrectlon,_ln_partlcular, longitudinal, were given

in /10/ (see elso Review /T/ pe 477 (p.T14)). Longitudinally



polarized beams can be obtained in various ways. Consider gimple
examples /10/. Introduce a radial magnetic field }Lrinto a
straight section of the storage ring. To change the spin direc-
~ tion in respect of velocity on the angle JI/2 it is necessary
to use for electrons fo=23kgausrsrmef€_‘z , where ¢ is the
length of a section with the introduced field (for protons
fo =2 kgauss:nﬁfez; the proximity of the required field
values is explained by the fact that the anomalous magnetic
maménts of an electron and a proton have almost the same abso-
lute value). By varying the value Fttalong the gection, any
required polarization direction can be obtained at the colli-
gion point. To restore the polarization direction along the
 field and the particle velocity upon its initial direction, the
condition SH,,(G)a'9= 0 should be imposed. No special probleni:g
are preseé%ed in restoration of\the orbit on the section out-
put. Such methods provide & high degree of the radiative polari-
zation.

When rotating at the present plane by the transverse (in
respect of velocity) fields, a'?elation exists between thé ve-
locity angle Y relative to the main orbit plane and the spin

angle lV in respect of velocity:
w/v=2/19-2)=1/V,

When the radial fields are used, at the point of 1ong%tudina1'
polarization the velocity inclination angle is F/2V . The am-
plitude of the orbit vertical distortions within thg section
with introduced radial fields will depend on energy. The choige

of a method is determined by specific experimental conditions.
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For example, the particl§ trajectory within the section may be

- of the form shown in Fig. 1a. The raidal magnetic field is
tragsverse to the_figure plane and *introduced to regions I, II,

i 7Y 45 1 The'cppoﬂitemdirection-1ongitudinal polarization is pro-
duced hetﬁeen regions I? II and II, IITI (arrows point to the
polarization direction). As agother example, the method suggested
in /14/ can be taken (see Fig.1b). Here longitudinal polariza- |
tion is produced between regions II and III. (Thé opposite~direc-
tion longitudinal ?olarization may take place between regions

I, IT and III, IV). The characteristic property of this mgthod.
congists in the fact that the collisicn of_longitudinally-po-
larized particles occurs at the point O, which position along
the vertical does not depend on energy.

At_a_mption along one orbit in any ﬁagnetic field electrons
ana'pqaitruns are polarized in opposite directions due to ra-
diation (in particular, it is also valid at the point of longi-
tudinal Polari?ation, that gives equel helicities). Colliding
electronmpoaitrgn beams with the same polarization direction
can be-dbtained._For this purpose it suffies to separate the |
polarized:béams énergies by a radial electric field and to in-
vert_onajbeam po1ariﬁati0n'direction by makiﬁg it’to pass adia-
batically through the induced spin resonance /11/. The state of
 the ra?erse-dlrection polarization is dynamically as gtable asg
"natursl®, and due to radiative proceaaes it will only relax
slowly to the 1atter.xll
Whan beama move along different trajectories, 88, Ceeo

in storage rings DORIS (BRD) or DOI (France), the states of
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beams with any relative sgigns of longitudinal polarizations
can be gtable in regpect of radiative processes. Thﬁa, at con-
centric trajectories (similar to those in the above storage
rings) the equal helicity states take place, provided that at
the collision point the trajectory inclination angles to the
main orbit planes (the orbit planes are parallel) are equal

‘—J‘
(a head-on colligion) LF: Ji /2»‘),

The state with opposite helicities takes placa provided that
the inclination angles, e.g., are X (the beam collision angle

ig IWP., Pig. 2)

Then, polarization of both beams proves to be longitudinal
(with accuracy - tf’/g' ) in their centre of mass system.

Other examples of longitudinal polarization in a straight
section (with the spin and orbital motion restoration) can be
given by the methods utilizing (instead radial fields)combina-
tions of longitudinal and vertical fields /15/ and those of ra-
dial and vertical fields /16/.

6. To produce longitudinal polarization a longitudinal
magnetic field can be used, not distorting the equilibrium
particle orbit. Consider an interesting example /10, 33/._;et
two opposite gtraight sections be present in a storage ring.
Introduce to one of thém on the length B a longitudinal field
an rbtating a spin vector by a half turn around the rate. The

required field value H,=RJE /gef , where E ig the particle
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energy. In this case the aéaﬁle"equilibrium_polarization n
in the opposite section is directed along (against) véldcity
independently of energy, and in tHe main part of the orbit it .
is transverse to a guiding field, its orientation in the orbit
plene on the asimuth given being depeddent on energy. The apiﬁ
oriented in the main region along the field proves to be inver-
ted via a particle fevolution. This means that the fractional
part of the gpin precegsion rate around n is-alwayé equal to
“half the particle revolution frequency independentiy of energyX).
It is interesting, that in this case the spin motidn is even |
more stahle then in a usual case of a unidirected ﬁagnetiq_field:
all spin resonances, including those with betatron hermonics,
become actually impossible, since the resonan. 2 would also denote
simulteneous instability of the orbital motion.

. In principle, possible for electrons (positrons) methods
of polarization control can also be applied t0 heavy pﬁrticlea.
Due to the absence of the effect of radiative polarization these
particle beams ahquld.be either injected already polarized, or
gsomehow be polari;ed in_the,storﬁge'ring, For exgmple, ona may
expect to obtain polarized_proton (antiproton) beams in storage
ring by using the spin dependence of the nuclear interaction of
partigles with_pblarized targets, applying electfon cooling to
ﬁaintain sufficiently small b?aﬁ gizes.

X) 1 gtorage rings with direction-variable fields the frequency
of spin precession around N is defined not only by the energy
of a particle but by all structure of the field over the closed
orbit /9, 10/. In the case considered the angle of spin rota-

. tion around N during the period of the particle's revolution in
the ggtorage ring does not depend on energy (H,~E) and is equael
to i ® : : : .
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7. The preparation for a practical operation with pola-
rized particles in storage rings (including those with compli-
cated field end trajectory configﬁratians) demanded the deve-
lopment of & more extensive and detailed analysis of polariza-
fion behaviour in the region of spin resonancee._The'complate‘
solutions havg been'obtained for all the cases of single cros-
sings of resonances at any rate which'ganeralize the resgults
giveﬁ in /17/. A pr0blem has beén solved on the.spin motion at
multiple periodic and "noise" crossings of any resonances (both
machine's and those induced by the external high-frequency fiélds)
11/, ' o

One of the 1mportant problems where the results of study-
ing the spin dynamics can be applied is the depolarlzatlon

_suppresslon when passing the spin reﬂqnances_(due 1o energy

change, for ex.)pprficularly actual for héavy particles (see,

e.g.Review /18/). The compensation of dengerous harmonics of

- the disturbing fields or the increase of the resonance crossing

rate can. obviously be'recommended. For example, the depolarizing

influence of resonances with betatron frequencies can be elimi-
nated by a system providing rapid crossing due to betatron fre-
quency jumps /19/. To supress depolarization on resonances with
revolution frequency effective is'a method based on not the
cnmpensatiqn_Qf'dangeraué:harmonics_but on their increase by
introducigg to the sections of additional fields tq the value
when the resonance crosgsings become adiabatic”/QO/._
The”introductiqn of fields greatly disturbing the gpin

motion enables simultaneous suppression of the effects of re-
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sonances with betatron frequencies aos well; The limiting case
- may be the abqvg-éxample with the intraductian intu the straight
| gabtiqn of longifudinal field.ratating a spin by & half-turn |
| (diatdrtions in the magnetic system‘fﬂeuaing prupertieé, if
'naceaaary. can be companaated by the introductinn nf a&dltional
lenaea). In this case it is of advantage to inject lﬁngitudlnally'
polarized particlea directly to the opposite section where the
equilibrinm.polarization direction is parallel to velocity;

_ When ancelerating up to high energies sz){):lt is easier
to invert a apin in the seation by transvarse to the orbit meg-
netic fieldg, since the required value of theae fielda is ap-
proximately times lawar than the required‘value of a longi-
tudinal field. The candition of orbit restora*ion cen simulta-
neogsly be_tu;fillgq, too. For example, introduce the transver-
se fields forming an angle 120° to three successive regions I,

IT and ITI, as is shown in Fig.3 (The figure plane is transverse
ta_velocity, magnatic field II is pgrigontal)._in éaah ;egion thg [
spin is Tevolved around the field by the angle . It can readi-

: ly be seen, thatl the verticaily-drieuted spin upnn ;ts_transit bf
' these three regions proves to be inverted, » In this
case the particle veloclty direction is reﬂtareﬁ with the accu-
racy up %o ‘9'3 » (Without further cnmplzcatian of this gystem

en accurate velocity reataratian can alaﬂ be provided). The
‘resulting apatial orbit ﬁlaplacement can readily be compensgsted
._ag ?ha subgequent region by a unxd;rectad field with a zerc
.awefagg‘?alue not distorting the direction of the spin and ve-

locity.
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Here again likewise in the method with a longitudinal
field, the fractional part of the frequency of the spin pre-
cession around n is equal to half that of the particle re-
volution. _

Since in these' cases spin reéonances are impossible at any
energy, in'thé procesa_of'acceleratiaﬁ the beam polarization
degree will be kept constant.

. The switching on of rotating fields during acceleration
can be performed adiabaticaily with the spin and orbital motions
kept stable.

The problem of keeping polarization at acceleration and
deceleration may be actual for light particles as well. For
example, electrons can be quickly polarized at high energy and
then'decelerated up to that, required for the expariment; An
advantageous epproach may be fast polarization in a special
storage ring with a high field at a low energy, then followed
by the transition of polarized particles to the main storage
ring. :

During dynamically slow gadiabatic) passing of a spin re-
sonance in electron and positron storage rings the depolarizing
action of quantum fluctuationslahoul& be taken into account _
which is maximum in the resonance region. Introduding suffici-
ently large coherent perturbations (additional fields in straight
sections) the resonance can be shifted to such an extent thatl
the depolarization iﬁ suppressed due to radiation fluctuations
40/ _ |

8. On the basis of the results of the spin dynamics analy-
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It is interesting to note that with the accoun® of this
effect the maximum polarization degree is aschieved in a storage
ring with an inhomogeneous specific-form field /2/ and equals
to 95% (in a homogeneous field =~ 92%).

For a quantitative description of the radiative polariza-
tion kinetics at any point an investigation was carried out with-
out limitations imposed by the closeness of spin resonances.
Since polarizing processes proceed slowly, 1t proved necessary
to take into consideration the higher-orders resonances as well.,
As a result, formulas were obtained determining the region qf
radiative polarizetion existance and enabling us under the condi-~
tions given to find the direction and degree of the equilibrium |
polarization and its damping time.

A'very important practical problem has been considered on
the colliding beams polarization behaviour /21/. It has been
shown that the conditions of polarization stability of the col-
liding beams about those of the orbital motion at collisian?,

| 9. Advantugeous for the faster polarization proves to be
the introduction of magnetic "snakes", i.e. regions with a

atfong gsign-variable vertical#magnetic field FH?) f22/%%, The_

# A gpecial study is necessary to do for finding optimal con-
ditions to have good enough luminosity and good enough equil-
librium degree of radiative polarization simultaneously. By
preliminary estimates, these requirements can be sgatisfied.
They can be relaxed additionally if one uses many bunches re-
gime in two-ring colliding beams facility.

#% A gimilar method wes independently suggested by A.Hutton in
his work "Control of the low energy characteristics of the ISR
electron ring using wiggler magnets"(Part.Accel. v.7, No 3,

. 1976). Note that,in our opinion, the basic formuls for relaxa-
tion time of polarization used in this work is not quife cor-
rect and, therefore, the quantitative results are wrong.
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minimal number of field oscillations is determined by the ad-
mittable amplitude of spatial orbit pulsations in the section.

According to /2, 5=7/, the inverse polerization time is
-.f 9 .
T '= APPHIHIA® (4)

where A is the constant parameter. From this it is seen that
by increasing the field on a relatively amall length, the po-
larization time cean significantly be decreased. In this case the

equilibrium polarization degree is equal to
& 3 SPIE
=== bnHe /§IHI¥0
3’5/37§ /

It is evident thet by introducing a "enske", a high polariza-
tion degree can be provided without orbit d4i stortions on the

main sections. For this purpose the condition
§IHI6 - | HA6| « SHIdo
3 S S

should be fulfilled, providing that various-gign fields are
gréatly differént in their value. At the same time the condi-
and SGHA8 =0,

tions S Hdﬁr'- Ommﬁ’ned, too. It is reasonable that by
this m%thod the sign of equilibrium polarization can also be
changed by varying the field signs in a "snake". In particular,
one may reveraibly change the particle helicity in the region
of longitudinal polarization. Of particular advantage for in-
dependent control of the colliding beams polarizatidn ié the -

two-rings case.
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II. Methods of Polarization Measurements
N
1. Polarization of electrons and positrons which results
from thelir prolonged mution in a magnetic field can be meeeured il
by varioue methods, The proeeeeee'ueeful fer-meaeuring the trana-
verse polarization of high energy pertielee in a storage ring |
were proposed and considerel in /7, 23-25/.

At energies of the order 1 GeV polarization of one beam

can be meagured by the dependence of elastic scattering of the

particles in a bunch on their polarization. Due to energy ex-
change * AE in scattering, the partlclee leave & beam and
can gomehow be detected. Thle method becomes 1ow-effielent for
higher energiee-eince, owing to a growth in the particle trans-
verse momenta, both the ereee-eectien of the ﬁroceee end the |
polarization eentribution decrease.

The ereee-eeetien of Compton scattering of circularly %
pelarized photons is also deﬁendent on the electron polariza-

tion. The asymmetry of secondary 7 -quanta with energy~33ﬁaﬁ‘

is maximum for the energy fw‘c{, & rncsz . For electron energies

in_the order of_aeverel_GeY the maximum agymmetry can be achieved
using the ultraviolet (500—100 i) part in the eynehretren”rediar
tion spectrum of an electron beam characterized by a eeneidereble
degree of the different eién circular polarization above and
below the equilibrium orbit plene. The following scheme fer en
experiment can be suggeeted. : |

The beam is:"prepared" as two eeneequeet bueehee g0 that

the "light" of the first one is reflected and focused by a
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spherical mirror at a distance of its radius equal to half the
digtance between the bunches. The detection of recoil electrons
deflected by a guiding magnetic field in coincidence with a
seconda:j 3- -quantum makes it possible to choose the required
part of the spectrum. The reflection of either of the upper or
lower part of the synchrotron rafiiation (with respect to the

electrnn orbit plane) allows easy alternation of an asymmetry

10

sign. For the number of electrons 10 in each bunch the number

of "useful" events is about 193 per Becand._The same counting
rate may be achieved using a continuously aperating 1aser'with
geveral Wt in power. Lasers are efficient for electron enmexr-
gies of the order 10 GeV where the asymmetry is maximum in tne
optical part of the spectrum. The main disad—=antage of the
Compton scattering application for polarization measurements
apﬁarently consigts in the necessity of sharp focussing of pho=-
tons end precise adjustment of the electron orbit.

Another method of polarization measurementis exists, free of
this disadvantage, which uses scattering by a jet of atomic po-
larized hydrogen. For the alrgqﬁy achieved densities of pola&ized
hydrogen ( f~ 110‘12 3, | 3 =1) at E = 1 GeV and jet dlameter
0.5 cm the number of events per second is numerically equal to
the electron beam current in nnA . The azimuthal anisqtropy_for
the transverse polarizatlon of.electranslis + 10%. In the case
of longitudinal polarigzation the coun#ing rate of uaeful events
varies by a factor of 8 for parﬁilel and antiparallel erientation
of the electron spins in the beam and in the target. The possei-

bility of simultameous scattering of electrons and pogitrons as
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well as weak dependence of the scatiering cross-section on thg

particle energy _.(6 = 3'_{) mak . the polarized gas target appli-

cation to be a convenient meang for meaauring the polarization

of both one beam and colliding beama. _ _

: The pro&uct of the polarizatian degreea of colliding beama
can diractly be meaaured_in the axparimqnts-ﬁn high energy par- -
ticlas interactiuna. The eross-aeetiana of twa-particla-reao- _
~ tions aapand on the mutual oriantntian af elentran and peaitran _
epins /7/ !Ehe amas—aection of the /'l ~megon pair eroatian 1a_;__;:5_
strongly polarisatiﬁn dapandent- .

/,/,(9- r(...?Z) 0, /.,f(a-ﬂ -y.-.(;).-:.,es‘_

. The reactiona in which paeudcscalar masans ara proﬂnced :
are leas com*em:l.ant for polarization meamementa. aince 'I:heir
amas-amtions are as a rule mller than /.,/., » However, in
the reg:l.un of resomcea whara the corraspending cmaa-awtion '
greatly inoreauea, the obaamtien of ‘I;ha azimuthal anisotropy
of final particlos appears a convenient ma‘bhad far measuring
~ the trqpﬂe:aq polarization. The 1ongitudiqal polarization of
-cbl;j,_dinlg' beams can aaaily be observed from the elaatic .'aeat-'
tering of electrons on positrons. The cross-section of this
pmceaﬁ'at -B- % vari’eh by a fﬁgtnr.oﬁt 8 far parallel and
'antiparallel particle npins.; e i

2. When opemting 'i'l:h palarized beams. 11: is adviaible
to be aible 'lm ﬁepolariza a beam. !'or thia purpoae ona can uae_-
& *machine" :-emna.nce of auttiﬁi&nt power. In nan;r casea, hw- _'"
.evar, it is not of a.dvmtage lincc aithar bm energy or :rre-

)
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quency of betatron oscillatioﬁa should be changed. More pro-
mising method is provided by using the external high-frequency
electromagnetic field resonant with the spin precession fre-
quency. | _

Such exitation ahuuld_nat result in variations of the beam
sizes; s0 the RF-field frequency should not coincide with one '
of the combinatioﬂs_pf orbital_oscillation fyequanciea. That @a'
why_;pr.thq_tra#sverse in the pont of the exciﬁedleléctran po-
larization it is more safely to switch on theflangitudinal mag4
- ﬁetic ﬂeld. .!.tlhig_her lgnergi_asl,, however, when ))::-:r 1 ', _'b_l_lg
transverse H, - field is more convenient for beam depolariza-
tion since the required_1ﬁngitudinal_fieida are considerably

larger for the same depolarization time:

| Sk, 4§ /§ H,dﬁl

- The applica‘bion of a rlmning wave with II'U IEZI providea
additional possibilities in two-beam expermments. In the db-
sence of_refleation_aagh of the_cullld;ng beams an he”dapo-
lari;ed geparately by choosigg the direction éf wave propaga-
tion. In addition, it seems possible to depolarize selectively
bunches of one_beam:if'ahortwtima pulses in phase with the re-
volution frequency are used. $hie_method will allow experiments
with the colliding beams containing simﬁltaneously polarized

and unpoiarimed particles, other parameters being equal.
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ITI. Experiments with Polarized Beams
1e Experlmants on meaauring the electiron polarization ‘were
| started 1n'Hovoaibirak in 1970 with a stnrage ring VEPP-2 /7/
- The first result gave evidenﬂe for radiative polarization. Haw-
ever, because of the reconstruciion of the ?EPP-E complex the
expgrimants were-ﬂtopped and continued in 1974f1975 uging a new
storege ring VEPP-2M /26-27/. Measurements of the transverse
polarization degree were performed by detécting elastie scét-
tering of the particles in a bunch. Two systems of acintillatian
counters have been uaeﬁ.in VEPP-ZH, one detected electrona with
en energy transfer AE[E > 20%, while the aacond—alectrons and
positrons with AF/E f-_-"ss._ When the beam was quickly depola-
rized using the noise-modulated high frequency longitudinal
magnetic field (reshn&nt with the spin precession frEquancy)'a
Jump in_thei#ouﬁtipg rate_fi_of'such events was observed (Fig.4).
The dependence of this jump value A= ( l:l; ﬁr)/ﬁ, on the time pas-
sed from the beginning ﬂf a polarization cycle until switching
the depolarizing RF-field allawed determination of the limiting
palarization_deg:ee ;. = Q. 90 + 0.15 and the time of radia-
tive polarization T, = 68 & 10 min at the energy 625 MeV.

- 2. Good agreement of the measured quantities with those
calculated provided evidence for a small value of the depola-
rizing_facﬁpra at t@e axperiment angrgy_(fE' = 625.&&?)_that“
was just expectied aﬁt@rxnumgrical_gsfimations_of.the depolari-
zafiaﬁ timg; In fhp eatimaﬁign'a model wes used in ﬁhich the

_perturbation in the form of a squew qua&rupole.was-introduced
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into the ideal structure of a storage ﬁng (the quadrupole
strength was cbtained by meashiring the coupling of vertical
and radial particle osc,illatibna‘_)-. The re_sults_of the numeri-

qal calqulati_o:}s of _“inacl;j.ne“ depqlarizing :fe_sgnaml?eé whose

power is characterized by the ratio of polarization and depb-
larizatian and depolarization times 'L' /7Ty are given in Fig;G.
In VEPP-2M tha radiative polarization ia paasible :I.n the energy
_range above 496 MeV¥ excluding narrow resonance banda which can
easily be "shifted" by choosing the gpgrat;on,__freqnepcieg of
‘Detatron osoillstions 1 , Vj . The caloulations sleo showed
that 'rp_ao;m_ncca can be passed vv_u_r_ithéut polariaation daatruction,'
that was later e::aminad experimén’tallj At the rate of energy
7ariation 10 lﬂ’/ sec no pronounced decreah.e in the beam pola-l
'.riza:bian degree haa bean obaervad upon paasing the resonances |

'wi,th betat_ran escillationa of 'bot_h the first and the second

~ orders.

'J’.'he 11near resonance V= \?; 2 has been atudieﬁ in more
'detail P:Lg. T shows the bahaviour of tha cotmting rate of

| slaat?:.e acattaring_: mgpta in a.pplar:!_.zed beam near this reso-

nance. At the frequency of vertical bgf.‘atron oscillations
¥ = 3152 ‘_(~_pxgct..__1je.aqn§nce at V, = 3.1565) polarization is
maintained for a ling time. Switching of noise .pulqa.t:!_.qga' of

| the guid:lng magnetic field AH/H 2I10"'3 (resulting in fhe

modulatien of the spin precession frequmcy of the same order)

at Vz = 37152 dld not change the po;grization: degree, while'

at V3 = 3,156 for { = 400 sec resulted in complete beam de-

_ p_elérizaﬁon, confirmed by the. abs_enc.e of va&ia‘bioﬁs in the
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counting rate when a depolarizing RF-field was switched on for
control.

The calculation for_a'resonunce Y =1 (the_frequency of
anomalous spin precession equals to the revolution frequenéy
at E = 440.65 MeV) showed that at a given rate of thg energy
variation a resonance cannot be passel without complete depo- |
larization unless special care is.taken. To confirm this paatu-
lation several experiments_were performed, in which the pola-
rization degree was measured upon decreasing the polarize& beam
energy to the region of an'integer resonence and returning itr
to the initial value with the same rate. Up to 448 MeV the po-
1arization was mamntained, at 443 MeV and below complete de-
polarization occured. ' .

_ The depolarizing action of the quantum fluctuationa of ;
radiation while passing an integer resonance can be prevented
increasing the perturbation resonance harmonic by introducing
the constant field into a straight_section /20/. To verify ‘
experimentally the posaibilitiaa_of passing an integer reso-
ﬁance without beam depolarizat%on, a soienoid,with a longitu-
dinal magnetic field was placed in one of the VEPP-2M straight
sections F{-p/ H = 0.03. The calculation shows that this field
value is sufficient for secure paésing of the resonance with.__
the energy variation rate .10_H§F/sec. In this case the central
resonance is being passed dynamically slowly, while the firé#‘

of the possible side resonances associated with phase.oscil1ar
tions - repidly. |
This experiment was perfurmed in the fullowing way, To a |
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bunch of the polarized at [ = 625 MeV positrons an unpola-

rized bunch of equal current was added shifted in phase on ‘8 .

The c_omparison_o_f the counting rates of elastie scattering :!4.;1
each bunch provides a 'continuou and fast measurement of the
polarization degree. At an energy 510 MeV by varying in turm
\Jz ' énd ‘)x' the betatron resonances )= %"02. and = 1&-‘2
were "removed", then a longitudinal field was switched on, and
when the particle energy was decreased to 400 MeV this field |
was__awitc'hed off. A subsequent measurement showed polarization
conaeﬁation. In a control cycle, 'repeating all the procedures
except the introduction of the longitudinal magnetic field,
comple'l:g'- disappearance of the positron polarization was obser-
ved. Thus, & possibility has been shown ~xperimentally to pass
integer resonances without beam depolarization.
3+ As mentioned above, the condition for the colliding

beams polarization conservation is cluse to that for the orbit
stability at collision. Polarization of the colliding beams
was measured by a system of counters simulyaneously detecting
electrons and positrons lost from the beams due to elastic
sdattering ingide the bunchg;.. It was shown that up to the
currents 10 x 10 mA at E = 650 MeV radiative polarization
occured in a usual way. Polarizat:_ton did not vanish after de- |
creaaing energy to 510 MeV where' it was mainteined for a long
_time. The maximum luminosity of polarized colliding beams was
achie?ed in the ‘P -meson region 2¢1 029 cm aec ief /25/ ng .

_ gxpaﬂ.ment_s_ using polari_zed coll_ldlng beams were performed by
studying the azimuthal anisotropy of created particles. At
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the energy 2650 MeV the anisotropylin production of muon
pairs was observed which supported polarization of the collid-
ing beams. The investigation of anisotropy in charged kaons
production was carried out at the fp -meson energy after et
and € beam polarization at 650 MeV for the time £=2 T,
(Fig. 8). The measured value of the product of polarization
degrees was ;;I_ = 0.63 + 0.14.

4. Radiative polarization was also studied on other elec-
tron-positron storage rings. In 1971 the positron beam polari-
zation was measured on ACO (France) using the inside-bunch
scattering. For depolarization passing of an integer machine
resonance at 440 MeV was used., It was shown that positron po-
larization was maintained (in good operation points) in the
presence of an electron beam up to the currents close to the
gimiting ones (by beam-beam effects), and the action of some
machine depolarizing resonances was demonstrated /28/.

In 1975 polarization measurements were performed on the
storage ring SPEAR. At first the polarization of one electron
beam was observed according to the inside-bunch scattering and
ﬂépolarizatinn at an integer resonance /29/. Then the polari-
zation of colliding beams was demonstrated by measuring the
enisotropy of muon pair creation at ﬁn energy 3.7 GeV /30/ .

The experience gained on these three storage ringse shows
that radiative polarization can be obteined over the wide rangeé
of experimental conditions, and the luminosity of polarized

colliding beams is already sufficient to perform various high-

e o e T o e i B R el



A good example of such an experiment was that carried out
by the SPEAR group on the determination of the primary jet
spins in multihedronic events /31/. It was shown that polari-
zation greatly facilitatad such experiments.

5. On VEPP-2M the radiative polarization was uged for
gnother type of expe:iments. The detection of a jﬁmp in tﬁg
variation of the counting rate of elastic scattering events
inside a bunch at a definite frequency of the depolarizing
rield also memsures the average spin precession frequency fI .
The measuring of value of iL= Jwﬁ (s allows determihation of
the energy for a relativistic electron, alnceig '%Egis kuowm
with high accuracy from the 3-2 experiments.

Energy apraad,in the beam to a first =pproximation does
not restrict this method accuracy /32/. The particle energy
deviation by Aa- from the average value .3; in the presence
of the asccelerating RF-field results in synchrotron oscilla-
tions of frequency &)a, <4 L2 , which modulate the spin lﬁreces-
gion frequency. The averaged over phase oscillations spectrum
of spin motion has & centralfline and side band frequenciea.at
a distance nwg. The phase modulation parameters are usually
chosen so that the depolarization time 7, is much lower at
the central frequency aa-compargd.with the side band ones. The
width of the spectrum cgntral 1ine.ia determined by the'diffef
rence between the pa::_-tidle energy 7, averaged over phase os-
qillgtiana and the equilibrium one .?E agsociated, e.g., with
quadratic nonlinearity of the storage ring. When compensating

this and other non-linearities, the spin frequencies spread
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cen be minimized to the value determined by the squar__éd ener-
gy spread, that .mables determination of the average absolute
energy of pﬁrticlea with a limitiag accuracy given by the
mown value of the electron anomalous magnetic moment. In
prac'tice,_ however, this accuracy is restricted by aloﬁ' irre-
gular pulsations of the ato:&-age ring rmagnetic field "smearing"
the average precession frequency. At present the system sta-
bilizing the magnetic f:i.eld of VEPP=2M provides one measure-
ment accuracy + 2 X 1072,

The first é.pplication of this method of energy calibra-
tion consisted in the 4) -megon mass measurement /27/. Before
the experiment en absolute calibration of the storage'ring
energy scale was performed using resonance depolarigzation.

Each measurement cycle was started and 'ended with a con-
trol calibration of the beam enai-g_y at £ = 509.6 MeV. Three
cycles measuring the (P -megon excitation curve were perfor-
med over the energy range 1014-1026 MeV. The luminosity in-
tegral was [, = 4 x 1034.0111'2;. |

In_ the experiment the decay mode ?""’ K,;*‘ Ks was detected
by 2. charged pions produced itri the decay Ks - J;"ji".' The
experimental data and op_tiﬁnize_d curve are shown in PFig. 9. The

cofreepoﬁdi_ng value of the @ -meson mass 1019.48 + 0.13 MeV

with the data of other experiments is shown in Fig. 10; the

accuracy was 2 times better than the world-average. The same
method of beam energy calibration was uged to measure the sum

of K +'a.11d K~ masses /34/. In th;is experiment positrons were

"I'_'_.pol-arize&’ at 650 MeV, then the energy was decreased to 509 MeV
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and at congtant parameters the beam was kept for an hour (for
'complete gtabilization of all thermal regimes). Then the de-
polarizer RF-field of small height'was switched on, its fre-
quency was slowly changed, and by the jump in the counting rate
of positrons scattered inside a bunch the spin precessgion fre-
quency was determined, and regpectively, the absolute positron
energy was obtained with an accuracy of the order 2 x 10'5.
After the injection of an electron bunch a nuclear-emulsion cham-
ber was exposed. The resulting accuracy of the K++ K mass de-
termination was about 80 KeV (2 times better than the world-
-average). The decay mode ¢'“’" K++K¥waa detected in the nuclear
emulsion precalibrated by monochromatic protons which enabled
determination of the kaon kinetic energy with an accuracy 40 KeV,
Pl identity of the particle and antiparticle properties
was checked with high accuracy by the comparison of the anoma-
lous magnetic moments of electrons and positrons and simulta-
neoﬁs measurement of their precession frequencies (both par-
ticlas being moved along the same equilibrium orbit in the
storage ring magnetic figld) {35/. |

The experiment was carried out at E = 625 MeV at the
same time using electron and positron beams. After the doubled
period of the polarization time a small height depolarizer field
was switched on and its frequency was slowly varied._The jump
in the counting rate of the scattered e+ and € (ingide the
‘bunch) gave their precession freqﬁgnciea. The comparison of
these freqqenciea provides that of the eleciron and positron

anomalous magnetic moments.s These moments were shown to be equal
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an accuracy not worse than 1-10-53 two  orders better than the

accuracy of other exyefimenta on measuring the anomalous magne-
tic moment of a poaitron;

~ To demongirate an actual resolution of the method, the
electran and.poaltron anergleﬂ were slightly separated by a _
radial electric fleld, Frcm the meaauremﬂnts it can easily be :
seen that the preceasion frequencies were alsa sgparated by an
expected value. _- 2 .. b SR |

In conclusian, it can be said that the extﬁnt field af

applications known, designing new atorage ringa, to take intn
account the neceseity to have good candltiena fnr the gunera-

tion, control and using of radiative polarization.

Acknowieﬂgementa.

| Tha ‘authors are very pleased to thankf?;AmSiénrov, L M.F
Barkov, 5. M;Kurdadze, &. D.Bukin, M.S. ZQIotarav, v, Smakhtin,
i.A.Koop, .I.Krupin,_E.P Solodov, 5 A B.Waaserm&n, S.I. mishnev
for their participation in- experim&nta and G‘Itﬁuﬁker, S¢?._;

i Belyaev, V.N.Baier far constant attention and usefull discus-

siona.

e




Te

2e

3a

De
6o

Ta

_References

A.A.Sokolov, I.M.Ternov, Dokl. Akad. Nauk SSSR 153, 1052
(1963) /Sov. Phys.-Dokl. 8, 1203 (1964)/.

Ya.S.Derbenev, A,M.Kondratenko, Zh.Eksp.Teor.Fiz. 64, 1918

- (1973) /Sov.Phys. JETP 37, 968 (1973)/.

V.L.Lyuboghitz, Yad.Fiz. 4, 269 (1966) /Sov.J.Nucl.Phys. 4,
195 (1967)/. -

V.N.Baier, V.M.Katkov, Yad.PFiz. 3, 81 (1966) /Sov.J.Nucl.
Phys. 3, 57 (1966)/.

VeN.Baler, V. M Katkov, Zh.Eksp.Teor.Fiz. 5_, 1422 (1967?

_‘T.H.Baier, .»M.Katkav, V.M. Strakhovenks, Zh.Eksp.Teor.Fiz.
28, 1695 (1970) /Sov.Phys.-JETP 31, 908 (1970)/.,

V.N.Baier, Usp.Fiz.Nauk, 105, 441 (1971) /Sov.Phys.-Uapekhi

- 14, 695 (1972)/.

8.

9.

10,

11.

12.

13

14.
15,

V.N.Baier, Yu.F.Orlov, Dokl.Akgd,Nauk SSSR 165, 783 (1965)
/Sov.Phys.Bokl. 10, 1145 (1966)/. '

Ya.S8.Derbenev, A.M.EKondratenko, A.H.Skrinsky, Dokl..ﬂ:a&.
Neuk SSSR 192, 1255 (1970) /Sov.Phys.Dokl. 15, 583 (1970)/.

Ya.S.Derbenev, A.M.Kondratenko, A.N,Skrinsky, Praprint IYaF
SO AN SSSR 2-70, Novosibirsk (1970).

Ya.S.Derbenev, A.M.Kondratenko, A N.Skrinsky, Zh.Eksp,Teor.
Fiz. 60, 1216 (1971) /Sov. Phys. JETP 33, 658 (1971)/.

Ya.S.Derbenev, A.M.Kondratenko, Zh.Eksp.Teor.Fiz. 62, 430
(1972) /Sov.Phys. JETP 35, 1230 (1972)/.

Ya.S.Derbenev, A.M.Kondratesko, Doicl. Akad. Nauk SSSR 217,
311 (1974).

H.Schﬂi‘t'bers, B.Richter SPEAR-175, PEP-Note 8T (1974). -

N¥.Christ, F.J.M.Parley, H.G.Gereward, Nucl.Instr. and Meth.

115, 227 (1974).



- 16‘

17.
18.
19.
20.

21,

B.W.Montagm, GM/ISR - I-TD/'TG-z (1976).

M.Froissert, R.Stora. Nucl.Instr. and Heth; 1,297 (1560)
Ya.A.Pliss, L.M.Soroko, Usp.Fiz.Neuk, 107, 281 (4572).
D.Cohen. Rev. Sci. Imstr. 33, 161 (1?62)'. |

Ya.S.Derbenev, A.M.Kondratéﬁko, Dokl.Akad. Nauk SSSR,
223, 830 (1975).

A. M,Eondratenko. Zh.Eksp Teor*Fiz. 66, 1211 (1974-) /Bav.

~ Phys. JETP 39, 592 (1974)/.

22
23.
24.

25.

26.

27 .

Ya.S. Derbenev, A.M.Kondratenko, A.H Skrinsky, Preprin‘t
IYaF SO AN SSSR 76~62, Novosibirsk (1976). |

V.N.Baier, V.A.Khoze. Atﬂmncmerga _2, 440 (1968).

V.N.Baier, V.A.Khoze, Yad.Fiz. _2, 409 (1969) /Sov.Jd. Hucl.
Phys. 2, 238 (1969)/. -

V.N.Baier, V.S.Fadin, Dokl.Akad. Neuk SSSR, 1_1, 74
(1965) /Sov. Phys.ﬁokl. 10, 204 (1965)/. :

L.M,Kurdadze, S.Il.Serednyskov, V.A.3idorov, A.H.Sk:rinsky,
G M. Tumaikin, Yu.M.Shatunov. Preprint IYaF SO AN SSSR

75-66, Novosibirsk (1975). Proceedings of the Vih Inter-
national Conference on High-mergy Physics. Warsaw (1975).

A.D,Bukin, Ya.S.Derbenev, A.H.Kondratenko, L.M.Kurdadze,
S.I,Serednyakov, A.N.Skrinsky, G.M,Tumaikin, Yu.M.Shatu-
nov. Preprint IYaF SO AN SSSR 75-64 Novosibirsk (1975)..
Proceedings of the Vth International Conference on High-

~ =Energy Physics. Warsaw (1975).

28,

J.Le Duff, P.C.Marin, I.I- Maanou, H.Sommer, Preprint
Orsay (France) 4-T73 (1973). Proceedings of the III-rd
National Conference on Charged Particle Accelerators.

Moacuw, 1972.

29.

U.Camerini, D.Cline, J. I:earned. A.K Hann, .K_.Rasvania.r

, me- RB‘F- D- 12, 1885 (1975)

30,

J.G.Learned, L.K. Rewanis, C. M.Spencer. Phys.Rev.I-ett.
}_2, 1668 €1975).



31.
32,

33

34.

35,

G.Hanson et al. Phys.Rev. Lett. 35, 1609 (1975).

Ya.S.Derbenev, A.M.Kondratenko, S.l.Serednyskov, A.N.
Skrinsky, G.M.Tumaikin, Yu.M.Shatunov, Preprint IYaF
S0 AN SSSR 76-64 Novogibirsk (1976).

Ya.S.Derbenev, A.M.Kondratenko. Preprint IYaF SO AN SSSR

76-84, Novosibirsk (1976); Proceedings of the V Naiional
Conference on Charged Particle Accelerators, Dubna,

USSR, 1976.

V.A.Sidorov, Proceedings of the XVIII Intermational Con-
ference on High Energy Physics. Tbilisi, B 15, 1976.

S.I.8erednyakov, V.A.Sidorov, A.H.Skrinsky,_G;M.Tumaikin,
Yu.M.Shatunov, Preprint IYaF SO AN SSSR 76-61, Novosi-

. birsk (1976); Phys.Lett. 66B, 102 (1977).



Fig.

Fig.
Fig-
Fig.

" Fig.
Fig.

-

Captions to Figures

Fig. 1a.Production of longitudinal polarization.
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Calculation of depolarizing regonances.,
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