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Abstract

The experiment dealing with the observation of a change in
the SR intensity during beam depolarization at the VEPP-4 sto=
rage ring 1ls described. With a minute time of measurement, the
magnitude of the effect exceeded ten statisgtical errors. The
dependence of the sign of the effect on the glgn of the magne-
tic field at the radietion point is demonstrated. The measured
magnitude of the jump in the intensity is in egreement with the
caleculated spin- dependent contribution within a statistical
errer (equal to T%). The suggested method is shown to be effec—
tively applied to the observation of the transverse beam polamri-
zation in elsctron-positron storage rings.



1« Introduction
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where &£ isg the charge of a particle angd 4d= {'?*'&"z}is the re-
lativistic factor ( G = 1). If the particle travels in g
iransverse magnetic field, its acceleration ia equal to

T =e=F)/imy)

where #.- ig the rest mass of thig particle and f?- 1s the
magnetic field vector, The spectral density of the intensi ty
of the radiation occuring during such an acceleration of_ths
charge has a maximum at the frequency & = < s Where
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°0d 1s an universal function of #=%U , The pact that the
classical charged particle moving. along a curved trajectory
has its own angular momentum - the spin § - and the magnetic
momen tum —/Z"zjf resulis in en additiocnal rediation.

This 8pin-associated radiation interferes_with the usual
radiation available from the accelerated charge. Ags a conse-
quence, the expression for fhe inteneity must contain a linear
Spin-dependent term, For the gyromagnetie ratio, f= E/7L
this additional term proves to be equal to :

< (e Tl S —— e =
We=2 2 F 177 Fhndle)
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where S 45 the gpin vector in the particle rest system.

When a relativistic electron moves in a gtorage ring, the
energies of the characteristic emitted quante are low compared



with the particle energy. Therefore, expressions (1) and (2)
are also applicable for calculations of the inteneity of synch-
roiron radimtion (SR). In this case, by the spin vecior in ex-
pression (2) one should mean a quantum-mechanical average of
the Bpin operator in the electrnn rest system:

S = <75',> H.—-xa

where y is the Planck conastant and -"f?u’*?' P

For electrons and poeitrons in storage rings, there is a
natural mechenism of radiative polarization /1/. Here the elec-
trong are spin-oriented in a direction opposite to thet of_the
storage ring field, and the positrons in a direction of the
field. Prom the expression for M5 it follows that the natu-
rally polarized beam of electrons and positrons in a storage
ring will radiate more intensively in comparison with the unpo-
larized beam. Here the relative addition to the SR intensity
will constitute

flhes-ys,

where §' is the degree of beam polarization (/74X é;, 0.92
in an ideal storage ring).

For a homogeneous-magnetic fieldy the spin diresction de-
pendence of the SR intensity from an eleciron has been first

calculated in the paper /2/. The spin dependence of synchrotron
radiation in varying fields was obtained in a locally uniform
approximation in Ref.. 3. The works /4/ end /5/ show that this
effect can be described in terms of a classical theory.

In the-work (6) the suggestion has been made to use the
8pin dependence of synchrotron radiation in order to measure
the polarization of electrons_in storage rings. As the authors
have pointed out, a short-wave spectral region.(large values of

) is the most favourable for such measurements. At ‘y-?"..‘-’
the ppin addition to the intensity grows linearly with y /2/:

S =y

When the value of ; is fixed (i.e. the number of photons is

fixed), the quentity GP is proportional to the magnitude of
8 magnetic field on the radiation section and to the particle

energy:
dﬁa-fﬁ;‘

In view of this, the SR intensity as a funcilon of the spin
direction becomes more intensive if a '"snake' 1g introduced
into. the straight section of a storage ring. In the simplest
case, the 'snake' consists of three magnets with a sirong ver-
tical magnetic field whome average value is Zero. The field in
the central magnet is several times higher compared with that
in the side compensating magnets and can be much higher, in
magnitude, than the guiding field of the storage ring. It fol-
lows from expression (2) that the sign of the interference cor-
rection to the SR intensiiy is determined by the spin projectil-
on of an electron onto the magnetic field direction. Therefore,
reriodical changes of the sign of the 'smake! magnetic fileld
enable the action of systematical errors in polarization measu-
rements to be additionally weakened. Here the possibility ari-
ses t0 measure the degree of beam polarization without ite
destruction.

At #’ = 10 the value of d is, approximately, 10~4410™
for storage rings at the energy 10#100 GeV, with a field in
the 'snake! of the order of 10 kG. The number of SR-photons is
still large enough. With operating currents in the storage
ring of the order of few milliamperes, the flux of phntnnn to
a detector can be equal approximately to 10101-1011 g + There=-
fore, there is a possibility of measuring the polarization for
the times of the order of several seconds.

The paper /7/ suggests the technigue of polarization ob-
servation based on the comparison between the SR intensity of
the polarized and unpolarized electron bunches, simultaneously
c¢irculating in a storage ring. The present paper is devoted to
the. degeription of the experiments dealing with the SR spin
dependence observation., The measurements.on the YEPP-4 storage
ring have been made according to the scheme suggested in Ref. T.



2. Scheme of the experiment

Since tha spin correction to the SR intensity is small
( d7‘4 107 ), the absolute measurements of this effect are con-
nected with some difficulties: the device measuring the SR in-
tensity the beam position in a storage ring, the beam energy
etc. must be highly stable. To eliminate these problems, we.
have chosen such & scheme of measurements wherein s relative
variation in the SR intensity from two electron (or positron)
bunches, simultaneously circulating in a sforage ring, was ob-
served while one of these bunches having been depolarized by a
epecial selective depolarizer. In this cage, the different in-
stabilities in the apparatus and in the storage ring have much
smaller influence on the results of measurements.

For the hard SR to be produced, = apecial {hree-pole mag-
netic 'enake! (Pig. 1) was employed. The maximum value of the
central magnet field is 21 kG. The total integral of the 'ena-
ke' field is clome to zero. This allows the gign of the field
in the magnets to be changed in the course of measurements.

From the eentiral magnet of the 'snake' the SR beam was ex-
tracted at a detector. A conventional scintillation counter ser-
ved as. the detector. A polystyrene seintillator whose dimensl -
ons are 7x4x20 cm is. observed by a specirometric photomultip-
lier (Pig. 2). Because the effect is more plgnificant at the
hard end of the SR spectrum, & 4.mm thick lead filter ieg placed
in front of the scintillator. The spectrum of the SR photons,
passed through the.filter, is calculated by the Monte=Carlo me-
thod end is depicted in Fig. 3. The characteristic energy of
the detected photons is of the order of 250 keV (y .= 7+8). The
dependence of the number of photons, fthat have interacted with
matter in the scintillator, on the field in the 'snake' is shown
in Fig. 4. The SR background from the side compensating magnets
of the 'smake' as well as that of. the storage ring guiding
Tield is negligibly small (the field in the side compensating
fmagnets is three timee lower than that in the central magnet).

With a 0.5 mA current and a 5 GeV energy, about 5-103 SR-
-Photons are detected per one beam turm in the sturage ring.._
Approximately 30. photoelectrons available from the PM cathode
correspond to one SR-photon erriving at the
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Fig. 1. The field vs. the curreni in the 'snake'.
A schematic of the 'snake'! and the field
distribution along its axls are sgshown below.



scintillator. The width of the pulse height spectrum of.the Pu
8ignals is determined by statistical fluctustions of the number
of photons which have interacted in the detector. For compari-
son of the SR intensity from two bunches in the storage ring,
the subsequence of the PM slgnals is.spplied to an.usual thresgh-
0ld diseriminator.(PFig. 5). Pig. 6 demonstrates the_triggering
probability of the discriminator upon pessage of the bunch.
through the 'snake' as a function of._the threshold pulse height.
The maximum slope of this curve is determined by the width of
the pulse height distiibution of the_PM.signala (i.e. by the
amount of the SR-photons entering the detector). The trigge-
ring probability of the discriminator at most strongly depends
on an average amplitude, when this amplitude is equal to 0,5.
Here the counting rate at the exit of the discriminator is con-
nected with a change of the most probable pulse height as fol-
lows:

sf _ , a4
7 A
where & is the factor dependent on the pulse height spectrum
width:
2z %

where q;fd4 is the relative dispersion-of the pulge height
distribution of PM signals. For the_ time % , the number of
triggering of the discriminator is equal to

,4X:=j%‘xiﬁ >

where ‘jé is the revolution frequency. The statistical error

is v
. q;.—:xk:z—- .

Thus the method enables the effect dlk%€:5415-5 to be measured

during the time 2

Lo Gar it
H W 5

For measuring a relative variation in the.SR_intensity
from two bunches by this method, the mean pulse heights of the
signals from the beams need to be egualized to an accuracy.not
worse than the width of the pulse height spectrum. In the expe-

7sec .
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Fig. 3.
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Fig. 2. A lay-out of the detector.

huo (keV)

The spectrum of SR photons passed through a
filter (Pb, 4 mm) and interacted in the detector.
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Fig. 5. A scheme of electronics in the ex‘periment.
1 = photomultiplier;

i
5 ,_,IT 5 17 o EfoG-? y R T E::fapgw : . 2 - amplitude. discriminator;
; 3,4 - coincidence circuits;
5,6 -_scalers;
4 A - sequence of signals from the PM;
Fig. 4. The number of SR photons arrived at the detector.in ! FfyF2-- control signals synchronized with
passing of the bunch of poeitrons through the "snsakef the moment of bunch passage through the 'enske?.

&g a function of the field in the 'emeke! and con-
verter th:l.clmeas. The number of positrone in the
bunch is 0.8 1D (current 100uh energy 5150 MeV).
The calculated and measured values are denoted by
pointe and aguares, respectively. I |



riments, the pulse gystem exeiting the beam coherent trangver-

ge oscillations have been used, which is intended for bunch

equalization. At the moment of passage of a large bunch, a high-

-voltage pulse was applied to the special plates..A small frac-

tion of the particles in the bunch was lost in the vertical -

probe, placed closely to the beam, as a result of such kick.The

] kicks (with a frequency of several times per minute) repeated

gif{_ tntil the detector signals. from both bunches were equalized.
d | Using the feed-back, the field in the 'make' was maintained
that the mean signal pulee height for one of the chosen bemms
was equal to the diseriminator threshold.

The ratio between the comnting rates of the discriminator
from different bunches characterizes the ratio between the ra-
diation intensities from these beams. Because while keeping
the polarization of one bunch, the other. bunch must be depolari-

‘H zed according to our method of. measurements, a special selecti=-
ve depolarizer_has been designed and built up. The principle of
1ts performance is described in the following Section.

— e | — i ——

3. Depolarizer

I A forced depolarization of the beam can be performed with
-ﬂ the help of a periodical transverse electromagnetic field int-

roduced at some place in one of the storage ring sections. Tech-
nically, it is convenient, for this purpose, to use a TEM=wave
created by e pair of vertically-separated conducting plates con-
nected to a r.f. generator. In themse experiments the free pla-
tea from the VEPP-4 electrostatic beam separation gystem have
been employed.

Let the magnetic field in the TEM-waeve vary with time
according to the law:

Fig, 6. The. amplitude spectrum of PM signals and the HE) = Ho 0953-3"/(-7!? Ay COS Joy T/ SE
dependence of the probability ( W ) of disc-

riminator triggering with variation of the then, if the wave frequency .l% and the frequency modulation
threshold (A). | depth A7z fulfil the condition

[fe 2 +&A (<85 ;-
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where jJ; is the spin precession frequency in the storage.ring,

Jo 18 the revolution frequency and. £ is an integer, perio-
dical croseings of the spin resonance occur. Under-the agsump-
tion that these crossings are rapid and uncorrelated, the beam

depolarization time <z is calculated by means of the formu-
la /8/:

=/ g e 2
Cedmak F

where I~ 1L')""3 e/mc is the_anomelous part of the gyromagnetic
electron ratio, £ is the length of every plate and /~"/%is
the squared magnitude of the spin response_function at the pla-
¢e of localization of the depolarizer plates. That the factor
.,’,:17_-3 in the expression for %Z. is not equal to unity is ex-
plained by taking into account the integral depolarizing effect
of the wertical particle oscillations excited by a transverse
wave fleld. Fig. 7 presents the calculational results deeling
with the factor /A '/* at the place of localization of the
depolarizer plates at the VEPP-4.

(3)

The limits of validity of the expression (3) for &
are deftermined by the following conditions.

The passings of the spin resonance are quick if

Jn @7, (4)
where_the value of ¢y 1is taken from_ formuls (3). The uncor-
related nature of_ the successive spin resonance passings may

be connected either with the natural noises of the r.f. genera-
tor or with the diffusion of the spin precession phase becauge
of the quantum fluctuations of synchrotron radistion. For in=

stance, in the first case the correlation condition is of the
form

.d,]f, > Jn 3 (5)

where dfn. is the noise spread of the depolarizer frequency.

If the conditions (4) and (5) are fulfilled, the degree
of polarization, with the depolarizer being switched on, de-
oreases by (7 + G /7y ) times during the time G&// (% 74x),

15
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A block diagram of the selective depolarizer.
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pulse former;

Eenerator;

modulator;

= output amplifiers;

- plates;

circuit for measuring the signal ampli tude;
oscilloascope;

frequency meter;

epectrum analyser.
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where Zp is the time of radiative polarization in the storage
ring. Thus only under the condition %/ <€ 7p one can say that

the complete beam polarization with the relaxation time T ta-
KXes place.

A forced depolarization of only one of the bunches, which
rotate in the storage ring one after another, can be. provided
by applying voltage, with the particle revolution frequency

Jo » $0 the plates. The pulse length ie substantially less
than the distance between the bunches. The resonance depolariza-
tion is carried out due to the amplitude pulse modulation with
the . freguency of spin resonance. To thigs end, it is_sufficient
that the operating range of amplitude modulation_frequency lie
within O+ 7 /2 » While depolarizing one of the bunches, the
second will remain polarized if the parameter Ty , calculated
for it from Eq. (3), is much larger than To .

In our experiment, we have employed a selective depolari--
zer whose block diagram is shown in Pig. 8. It incorporates the
Plates for TRM-wave forming, the matching wave loads (50 ohm),
the pulse generator and the signal control system,

The generator 1s started by the pulses with the frequency
Jo » which are supplied by the r.f. generator of the storage
ring r.f. system and coincide, in time, with the passage of one
of the bunches between the plates. The pulse duration is 100 ns,
and the time constant is 25 ns. These parameters are due to the
high-frequency properties of the elements of an output amplifi-
er and provide a sufficient{ attenuation (more than by a factor
of 10° ) of the pulse to the moment of the second bunch pasesge,
the latter is shifted by a half-turn relative to the first ( % =
= 818.8 kHz).

In the abeence of amplitude modulation the voltage pulses,
applied to each plate are equal I;,=7j = 50 V (the time inter-
val raﬁgea from 0 to t; s Fig. 9). The beam depolarization
Decomes possible if the amplitude pulse-type modulation is ap-
Plied at the time % (Fig. 9). Then the envelope of the dif-
ference voltage changes according to the law:

U -t = UcosxFyT

4
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where U/  is set within 0+100 V.

The generator provides a smooth change of tuning of
within the range 20 kHz < J+« < 409 kHz. This is in acoord with
the physical requirements on the depolarizetion frequency in-
terval.

Modulation of the frequency ji according to a linear
law is envigaged (Flig. 10). The modulation frequency T
¢an_vary from 5 Hz to 50 Hz. The maximum deviation of JﬂJéﬁ
is equal to 5 kHz. For the modulation indices d‘,&/,?j,-?’?'f?, the
typical shape of the spectrum envelope is shown in Fig.. 11. The
omn width of the generator aspectral line is Aﬁﬁﬂ=1ﬂg Hz,

In our case, the length of the depolarize plates.is & =
= 150 cm and. the. gap betweenlhem 1g 3.8._At a voliage amplitu-
de of 40 B between the plates and with the amplitude of frequen-
cy modulation 477 = 1 kHz, the depolarization time % , cal-
culated by means of formula (3) at an energy of 4.98_GeV
( /f:?EE T3), ie. 10 s. In the experiments, the frequency Jﬁp
was taken to be equal to 5 Hz._ Hence,. the conditions (4) and
(5).were fulfilled. At this energy the radiative polarization
time constitutes-0.5h, Therefore, one bunch is completely depola-
rized whereas the equilibrium degree of polarization of the se-
cond bunch remains practicelly the same.

4. Measurements results

The spin dependence of the SR intensity was measured as fol-
lows. At an Injection energy of 1.86 GeV, two beems of positrons, with
the currents EDD—ﬁﬂnjym.in each beam, were transported to the
VEPP-4 storage ring in such & way that they were placed in dia-.
metrically oppoeits saparatrixaaf The beam energy in the astorage
ring was then increased to an operating one (5 GeV) and the field
in the snake was switched on. The counting rate of the signale
generated by the discriminator permitted one to find out what
bunch is larger and the counting rates were equallzed to an accu-
racy better than 10'3 by. controlling a power of the hit at one
of the bunches. The procedure of current equalization took about

®  The utilization of o low currents in the measurements is con-
nected only with the technical details of the 'snake'! localizati-
on at the VEPP=4.
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10¢2C min. PFurther, the measurements themselves were made. The
observed parameter is the _quantity {f"fﬁ'r/r‘i'é,) where A{ and
/Y, are the counting rates of the detector in coincidence
with the moments, of the first (second) bunches passage through
the *snake'. After the besms had been polarized, one of them
wag dgpq}arizad.by the selective depolsrizer. The quantity
(f‘ﬂééﬁé} varies jump-likely. The resulte of our measurements
are presented in Figs. 12 and 13. The measurement time at each
point was 60 g. The magnitude of the jump ig equal spproxima-
tely to ten statistical errors. With the depolarizer switched
off, the authors observed the beam polarization to recover.

To observe the dependence of the effect on the seign of thé
epin projection onto the magnetic field direction, the measure-
ments.were made of the quantity (.7-/4//, ) with periodical
changes of a sign of the snake field. The results are given in
Fig. 14. The measurement at each point took 50 s. The sign re-
versal of the 'smake' field occured in 120 s and the measure-
Ment process. was repeated. Once one of bunches had been polari-
zed, the dependence of the effect on the direction of the sna-
ke field was clearly observed (20 statistical errors during a
minute measurement). The monotonous. variation in the average
level of the quantity ( 7-N;/A3), seen in Fig. 14, 1s connected
with the statiatiaal_nature of escape of the beam parfiules
from the storage ring. For the time ¢ s much less than the

life time of beam < » the ratio between the currente in two
bunches fluctuates by an amount

(G/%) =Y %E >

where 7 is the number of particles in each bunch. In our
case, 2 =3.10°, T = 10°.and Z = 10%; therefore, the cur-
rent ratio, % /7 is possible to be made equal to 8.107°, This
constitutes 20% of the effect measured. Since theee slow chan-
ges in the counting rate are independent of the direction of
the 'mngke' field, they can be calculated and taken into acco-
ugt if one constructs the time dependence of the half-sum
ne:ghbounn_g values nf(‘fnﬂf;/.dé) at different.directions of the
field in the 'snake'. Fig. 15 presents the experimental data
Bhown in Fig. 14 after their Procesaing by this method.

21
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Fig. 12. The measurement results of the SR intensity as =
function of the polarization degree of the beam.
The field in the 'snake' coincides, in direction,
with the storage ring guiding field. At pointe =
end b one of the bunches (N,) was quickly depolari-
zed. The measurement time at a point is 60 =.
The bunch polarization time is G = 1740520 =
( S =0.726).

( ‘% -f)10*

Fig. 14. The measurement resulits of the SR intensity vs. the
field direction in the 'mmake!':
8 ~ the sign of the field 4in the 'snake' cent-
ral gap
coincides with the sign of the storage
ring gulding field;
# - the mign of the fleld in the 'snake' is
opposai te.
Within the time interval (2, &) the first bunch
is depolarized. In the time interval (5 C ) the
depolarizer is switched off. Within the time in-
terval ( €,Z ) the second bunch is depolarized.
Starting with the moment <& both bunches are
depolarized simultaneously.

Fig. 13. The measurement results similar to those presen-
ted in Fig. 12. Point. a corresponds to the moment
0of switching on the depolarizer and at point b
the depolarizer is switched off (between thege
points the depolarizer remains switched on). The
polarization time is o = 1800220 =
( & =0.751).
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Fig. 15. The results of processing the measursments presen-.
ted in Fig. 14 with allowance for the change in the
ratio of the number of particles in the bunches,
which is due to statistical fluctuations. The pola-
rization time was fitted in the section :c: % =
18252110 ®; thim corresponds to the polarization
degree &_ = 0.71320.043. The jump on the section
e +~4d is equal to A = 22,07 0.4x1074
(:.'k = 6620.5); this ylelds the polarization deg-
ree S, =0.691%0.02 (¢./4, = 1.032%0.067).
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it is possible to compare fthe magnitude of the observed
effect with iis calculated value, basing upon the data obtai-
ned. To this end, the polarization degree of the beam at the
time of measurement must be known. The degree of equilibrium
polarization of the beam in an storage ring is known and is
equal to ;:, . Because the imperfections in the storage ring
magnetic structure exert & depolarizing effect, the equilibri-
um degree of polarization é‘ is always less than <. and
its value can be predicted from calculations only in a probabi-
listic fashion. However, there is the exact relation between

¢  and the polarization time <5 :

§/§-‘ ;-T;;/’Z;;

where T is the time of radiative polerization in an idesal
storage ring. Therefore, to find & , it is sufficient to
measure the time 7o . The polarization time was matched by

the method of maximum likelyhood for some points of section (&£¢)
(Fig. 15). As & result, we have 2o = 18255110 5 and AX%= 70%.
It follows from this that the polarization degree & of the beam
is 0.713%0.43.

For an expected jump in the value of ( f"M/"i}.zJ to be calecu-
lated, the amplification factor ( K ) in the relation

(1-N /Ny ) =k (1~ Wi/ W)

muest be known as well ( W, and W, are the SR intensities from
the firat and second bunches reapectively). As has already been
mentioned, the quentity ( K ) depends on the number of SR pho=
tons arrived at the detector during a eingle passage of the beam
through the 'smake'. The K was measured as follows. The de-
pendence was found of the ratio (7;-/44)/% on the mean current of
the PM upon variation of the field in tha; *emake'. Just the deri-
vative of thie dependence at the point W}E.Jf/frdetarminaﬂ the va-
lue of K « The £t ageingt the caloculated number of photons
detected is plotted in Fig. 16. The linear dependence is obser-
ved. This indicates that the value of K is indeed determined
by statistical fluctuations of the number of phoions, /]/J" y €n-
tering the detector. In the course of the measurements shown in

Pigs. 14 and 15, the value of K = 66X0.5.
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Figi 16-

The dependence of rec on the calculated amount
of photons interascted in the deteetor ( #) ),
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With the factor k being known, one can find the amo- .
unt of photons. entering the detenﬁnr. For S = 0.713 and £ =
= 66, the expected jump in A [(7-N,/#/was calculated to be equal

47K/t )y, = 22.78 707

in agreement with the results of computer simulation of an in-
teraction between the SR-photons and the detector matter. The
ratio of the calculated magnitude of the effect to its experi-
mental value is ;

A (T-h el _ o3y + 0,067
a (17— W/ Nolegp

The above error is mainly determined by an error in the measure-
ment of the polarization time. Thus the conclusion ies possible

to be drawn that the observed wariation in the SR intensity, whi-
le the beam is being depolarized, is in agreement with a cslcula-
ted one.

In conclusion, it is worth noting that, as the results of
the present work show, the observation of fthe spin dependence of
SR is an effective method for measuring the degree of transverse
beam polarization in electron-positron storage rings. This method
is even more attractive at high energles, 104100 GeV, because
the magnitude of the effect raises with energy. Owing to a short
time of response, low sensitivity to the beam parameters-and the
orbit stability, this method is suitable to a work on the revea-
ling and compensation of the depolarizing effect of the imper-
fections of & storage ring magnetic fleld. Most of the modern
storage rings are characteristic of the multi-bunch mode of ope-
retion, and therefore, the tecimigue described above is also ap-
plicable for checking the particle polarization in high-energy
physics experiments on colliding beams.

The suthors are grateful to Ya.3.Derbenev, A.M.Kondratenko,
G.N.Kulipanov for helpful discussione and to V.M.Aulchenko,
M.M.Brovin, P.D.Voblyl, I.E.EKorenev, V.V.Kolmogorov, V.V.Svisgh=
chev, V.M.Khorev, V.M.Yurkov for help in the preparation of the
experiment.
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