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The radiative polarization of beams in the electron-positron storage ring VEPP-2M has been studied 
experimentally. The polarization of a single beam was measured by the change in counting rate of 
particles scattered within a bunch on resonance depolarization by an external electromagnetic field. The 
experimental values obtained for the time and degree of polarization are in good agreement with 
theoretical predictions. It is shown that it is possible to traverse the beam energy region 450-670 MeV 
without destroying the polarization. Preservation of the polarization in the presence of an intense colliding 
beam has been demonstrated. 

PACS numbers: 29.20.Dh 

1. INTRODUCTION 

It is well knowntl,21 that during extended motion in a 
magnetic field electrons and positrons in the absence of 
depolarizing factors can become polarized as a conse
quence of radiation by them of photons. The degree of 
polarization in simple cases approaches a limiting value 

~,~8/5Y3~O.924 (1) 

according to a law [; = [;0[1 - exp(- t/Tp)] with a charac
teristic time 

'l" ~[51'3 me'c , (II )']"' 
p 8 h' 1 H, ' 

where y is the relativistic factor, H is the magnetic 
field strength, and Ho =4.41 x 1013 Oe. 

(2) 

For most electron-positron storage rings the polar
ization time may be less than the lifetime of the circu
lating beams. Thus, the possibility appears of obtain
ing intense beams of electrons and positrons with a high 
degree of polarization and in this way to significantly 
broaden the group of experiments on electromagnetic 
interactions in colliding beams. 

The first measurements of polarization of a beam of 
electrons in a storage ring were made in Novosibirsk 
in 1970 in the VEPP-2 apparatus. C31 In this experiment 
the existence of the radiative polarization effect was 
demonstrated. However, as a result of redesign of the 
VEPP-2 complex these experiments were terminated in 
order to continue them in the new storage ring VEPP-
2M. C4] Similar measurements were made in 1972 in the 
storage ring ACO at Or say, France. C51 

2. DEPOLARIZING RESONANCES 

The problem of spin motion in a magnetic field has 
been considered by a number of authors (see for ex
ample Bargmann et al. cel and Derbenev et al. (71). In a 
uniform field the spin precesses with a frequency 

(3) 

where H x, H~, and Hv are the transverse and longitu-
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dinal components of the magnetic field H with respect to 
the velocity; q' and qo are the anomalous and normal 
parts of the gyromagnetic ratio q. In the approximation 
of plane orbits (Hv =Hx =0), in a polarized beam all par
ticles have spin projections on the direction of Hz which 
are constant with time. 

Under actual conditions in accelerators and storage 
rings the presence of small nonuniformities in the field 
leads to some depolarization as the result of spread in 
the particle trajectories. The amount of depolarization 
is small if the spin precession frequency is not a mul
tiple of any harmonics of the perturbation. If the res
onance condition is satisfied, 

v=n+rn"z+kvx+Zv..." (4) 

where v == yq' / qo; vz , vx , Vy are the frequencies of verti
cal and radial betatron and synchrotron oscillations in 
units of the frequency of revolution ws , rotation of the 
spins will occur around the direction of the perturbing 
field, which leads to depolarization of the beam as a 
result of the spread in amplitudes and phases of the 
betatron oscillations. 

Outside the resonances it is possible to have a dif
fusion of the average spin value due to stochastic jumps 
in the energy and transverse momentum of the particle 
(scattering by the residual gas, quantum fluctuations of 
the radiation, and so forth). C8,9] The rate of diffusion 
is determined by the detuning (difference of the fre
quency from the nearest resonance) and by the magni
tude of the corresponding harmonic of the perturbation; 
its effect is characterized by the ratio of the polariza
tion and depolarization times Tp/Td• Calculation of this 
quantity in the general case requires a knowledge of all 
perturbations. However, for evaluation of depolarizing 
resonances it is sufficient to use a model wi th introduc
tion into the storage-ring magnetic structure of a con
centrated rotated quadrupole giving a gradient aHx/ax. 
The results of a calculation performed with this model 
are shown in Fig. 1. The magnitudes of all harmonics 
of the perturbation (aHJax)n are assumed identical and 
equal to the magnitude of the zero harmonic (aHJax)o 
"" O. 01Hz /R o measured experimentally. It can be seen 
in Fig. 1 that in the energy region of VEPP-2M from 
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FIG. 1. Evaulation of the strength of depolarizing resonances, 
characterized by the ratio of the polarization and depolarization 
times, for 1'.~3.178 and I'z~3.068. 

450 to 670 MeV it is possible to obtain polarized beams 
everywhere except in narrow resonance bands, which 
can easily be moved by selection of the working point in 
the frequencies of betatron oscillations. 

3. METHOD OF POLARIZATION MEASUREMENT 

As in the first experiments in VEPP-2 on measure
ment of the degree of polarization of electrons, we chose 
a method utilizing the dependence of the cross section 
for elastic scattering of the particles inside a bunch (the 
Touschek effect) on polarization. [10] In the rest system 
of the bunch the particles, colliding during their trans
verse oscillations, are scattered at some angle such that 
part of the transverse momentum is transferred to lon
gitudinal momentum. In the laboratory system the lon
gitudinal momentum is increased by a factor of y as a 
consequence of the relativistic transformation. Thus, 
two particles after scattering will have longitudinal mo
menta different from the equilibrium value by ± Ap" and 
can be separated by the magnetic field of the storage 
ring in different directions from the equilibrium orbit 
and recorded in some manner. 

Calculation of the dependence of the number of elastic 
scatterings in the bunch was carried out for the first 
time by Bater and Khoze[10] on the assumption that the 
transfer of momentum Ap" was small and that the trans
verse betatron motion was one-dimensional. However, 
in practice, cases are possible in which the mean square 
vertical momentum Oqz is of the order of the radial mo
mentum oqx, and then it is necessary to consider the 
scattering of electrons with spins arbitrarily oriented in 
the plane of the transverse motion. In addition, in mea
surement of the polarization, cases of scattering with 
rather large transfer of momentum are interesting. As 
the result of a calculation free of the limitations men
tioned, the following expression was obtained for the 
number of elastic-scattering events per unit time with 
transfer of momentum greater than Ap,,: 
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where N is the number of particles in the beam, V is the 
volume of the beam, 

L\p" 
Tj~-, 

p" 
a~---

6q} 6q," 

, 6qx' 6q,' 
6q eff ~ 6 2+6 2' qx q, 

10 is a Bessel function of imaginary argument, <I> is the 
confluent hypergeometric function, Yo =e2/mc2 is the 
classical electron radius, 

a ~ nro'(1+2q')' [lna+~-1 + (~q_2_)' O-a-41na)] , 
o Zq'(1+q2) a' 1+Zq' 

a-,-~ nro' [(1+3q')lna-~a'q'(1+Zq')+q'(2+q')a-2 3 q'], 
2q'(Hq') , . Z 

nro' [q' (2+q') -aq' (2+q') + (4q'+1) (2q'+1) In aJ, 
all = 2q4(1+q2) 

The contribution of the polarization to the number of 
elastic scatterings can conveniently be characterized 
by the ratio 

(6) 

where No and Np are the numbers of scatterings for un
polarized and polarized beams. 

The theoretical behavior of Amax as a function of 1} for 
the condition oqx» oqz is shown in Fig. 2a for several 
values of oqx' The opposite limiting case oqz» oqx is 
shown in Fig. 2b. In this case in the beam system scat
tering occurs with spins parallel to the momenta, which 
is more sensitive to the polarization of the particles. 
Comparison of Figs. 2a and b shows that, for the same 
transverse momentum, Amax is greater for vertical mo
tion of the particles and the difference becomes particu
larly important in the region 1);;;;0.1. 

In Fig. 3 we have shown the dependence of Amax on the 
vertical momentum oq z for several values of 1}. It can 
be seen that the contribution of the polarization is maxi
mal for a certain oqz. The decrease of A max in regions 
of large oq z is due to the increase in the total transverse 
momentum (oq~ + oq~)1/2. It should be noted that the num
ber of events drops rapidly with increasing energy (as 

.d max 
a J max 

o.q 
oq;r~O,3 

0, q 
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FIG. 2. Polarization contribution Ama>: as a function of momen
tum transfer 'T/ in the one-dimensional case: a) for radial mo
tion (aq.» aqz); b) for vertical motion (6q.» aq • .). 
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FIG. 3. Polarization contribution A.,.. as a function of vertical 
momentum oq.; Qq, = 0.56. 

E-7 ) for the specified storage ring with the natural beam 
size. The contribution of the polarization also de
creases as the result of the rise in transverse momen
tum. 

4. BRIEF DESCRIPTION OF THE STORAGE RING 
VEPP-2M [11) 

The ring of the strong-focusing storage ring VEPP-
2M consists of eight sections of a magnetic system with 
four short and four long (85 cm) straight sections. In 
one of the long straight sections is placed a resonator 
at a frequency of 200 MHz (the 12th harmonic of the 
revolution frequency). The mean radius of the equilib
rium orbit is 2.84 m and the maximum energy is 670 
MeV. An automatic control system employing a com
puter of the M-6000 typeU21 provides independent varia
tion of the working frequencies of betatron OSCillations, 
adjustment of the position of the equilibrium orbit, and 
smooth variation of the size and energy of the beam over 
wide limits. 

Monitoring of the behavior and size of the beam in the 
storage ring is accomplished by means of the synchro
tron radiation of the electrons and positrons and by 
measurement of the luminosity. The average vacuum 
in the storage-ring chamber is about 10-9 torr, but the 
lifetime at currents of -1 mA is already determined by 
the elastic scattering of the particles inside the bunches. 

5. COUNTER SYSTEM FOR POLARIZATION 
MEASUREMENT 

The experimental arrangement (Fig. 4), which was 
chosen with consideration of the design features of the 
vacuum chamber and the magnetic structure of the stor
age ring, provides a rather high counting rate with a 
large contribution of the polarization and a low back
ground level. 

Two particles with energy Eo redistribute the energy 
between them as the result of interaction (in any part of 
a straight section) and, entering the magnetic field of a 
bending magnet, are separated and travel in different 
directions from the equilibrium orbit. The deSign of 
the vacuum chamber does not permit detection of elec
trons turning toward the inside of the storage ring. Only 
electrons whose trajectories pass through the outer re
gion of the bending magnet are detected. The detection 
system consists of three thin scintillation counters 
placed on a calculated trajectory and a total-absorption 
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counter of the sandwich type. The sandwich has an en
ergy resolution of 100% and a detection threshold of 
about 200 MeV, which permits the low-energy back
ground to be completely cut off. All of the counters and 
the sandwich are connected in 4-fold coincidence with a 
resolving time of about 40 nsec. The geometry selected 
provides detection of electrons with energies from 1.18 
Eo to 1.3 Eo. 

n is clear that the main fraction of the scatterings 
occurs near the center of the straight section where the 
bunch has the smallest transverse dimensions. To im
prove the background conditions and increase the con
tribution of the polarization, we selected an asymmetriC 
variant of magnetic-structure correction, for which the 
beam in the working straight section has the following 
parameters: V=3xlO-3 cm3, oqx=0.56mc, and oqz 
=0.25mc. In this variant the calculated value of trans
ferred momentum is A max =0. 30 and the counting rate 
(5) of 4-fold coincidences averaged over the straight 
section and normalized to the square of the circulating 
current is 

Possible sources of background triggers are elastic 
scattering and bremsstrahlung in the residual gas and 
also elastic scattering inside the beam with small en
ergy deviations from equilibrium (1]21%). Experimen
tal estimates of the background conditions were carried 
out by studying the dependence of the 4-fold coincidence 
rate on the beam parameters. As a result of these mea
surements it was demonstrated that the background 
amounts to several percent of the counting rate under 
typical operating conditions. The measured counting 
rate of useful events turned out to be close to the cal
culated value: '" 0.05 HZ/mA2. To obtain adequate sta
tistical accuracy the duration of the measurement must 
be several hundred seconds with a current of about 10 
mAo 

6. DEPOLARIZER 

In the experiments on measurement of the beam po
larization we made systematic use of a depolarizer-a 
device which produces a high-frequency longitudinal 
magnetic field Hv. The depolarizer is a current loop 
surrounding the vacuum chamber. The loop is part of a 
resonant circuit excited by an external oscillator at a 
frequency close to 

(7) 

As a result of the fact that the absolute value of the 

Counters I Z J 4 

308--r----
EqUilibrium orbit 

Af~O.18 / ((' 

FIG. 4. Diagram of counter location for detection of electrons 
scattered inside the bunch. 
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FIG. 5. Relative variation of 
counting rate as a function of 
depolarizer frequency. 

energy of the particles in the beam is known with insuf
ficient accuracy, it is desirable to use a high-frequency 
field modulated in frequency. The extent of the modula
tion is chosen so as to cover the entire range of uncer
tainty of the energy value. 

The strength of the magnetic field is determined by 
the time for which it is necessary to depolarize the 
beam. The depolarization time is 

where 1 is the effective length of the longitudinal mag
netic field and L is the perimeter of the orbit. The 
high-frequency system used at the present time has l/L 
=3xlO-3; (Awd )max=2x100 kHz and the magnetic field is 
up to Hv = 10 Oe, which permits depolarization of the 
beam in the time of -100 sec. 

7. RESULTS OF POLARIZATION MEASUREMENT 

Measurement of the degree of polarization was car
ried out as follows. In each cycle of measurements an 
electron current 1'" 30 rnA was maintained at a definite 
energy for some period of time. The counting rate nor
malized to 12 was measured, and then the depolarizer 
was turned on for a time of 100 sec and after it was 
turned off the counting rate was measured again. In 
Fig. 5 we have shown the behavior of the counting rate 
as the depolarizer frequency is changed. It can be seen 
that after operation of the depolarizer at a definite fre
quency the counting rate rises discontinuously. At 
other beam energy values the depolarizer frequency at 
which the jump in counting rate occurs varies according 
to Eq. (7) (Fig. 6).1) 

Figure 7 shows the magnitude of the discontinuity A 
as a function of the time elapsed from the beginning of 

Td, MHz 

1f,'I00 /....( 

If, 200 FIG 6. Change of depolariza
tion resonance frequency with 
change of beam energy. 
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FIG 7. Degree of polarization 
as a function of time. 

the cycle to the moment of turning on the depolarizer 
at the resonant frequency. The curve has been drawn 
through the experimental points with allowance for the 
analytic dependence of the degree of polarization on the 
time (1) with the following parameters: I:max =0. 92 
± 0.15, Tp = 68 ± 10 min. The error in determination of 
I:max is due mainly to the uncertainty in measurement of 
the mean square transverse momenta 6qx and 6qz in the 
beam and the transferred momentum Ap/p, which are 
necessary in calculation of the coefficient t. max' The 
two experimentally measured quantities are in good 
agreement with the theoretical values 1:0 =0. 924 and Tp 

= 72 min, which indicates the absence of appreciable 
depolarizing factors at the energy of the experiment E 
=625 MeV. 

In addition, it was shown that the polarization is not 
destroyed on changing the energy from 670 to 450 MeV 
and back in a period of 100 sec. Crossing of the spin 
resonances II = IIx - 2 and II = liz - 2 does not lead to an 
appreciable depolarization, which is consistent with 
rough calculations (Fig. 1). 

The depolarizing influence of a colliding beam has 
been analyzed by Kondratenko. [14] It was shown that 
outside depolarizing resonances (4) the radiative polar
ization effect is preserved if the interaction of the col
liding beams (collision effects) is small, i. e., if the 
condition of existence of the colliding beams themselves 
is satisfied. 

A measurement was made of the polarization of an 
electron beam in the presence of a positron beam. The 
initial currents of electrons and pOSitrons were 15-20 
rnA. To increase the lifetime of the beams the mode of 
operation of the storage ring was changed in such a way 
that the working point in betatron oscillations corre
sponded to the coupling resonance IIx - liz = 0 (circular 
beams). After a time t = 2Tp the mode of operation was 
returned to the initial working point with small trans
verse dimensions and a measurement was made of the 
polarization of the electrons by the means described 
above. As a result the preservation of the electron po
larization in the presence of a colliding beam was con
firmed. 

For observation of the polarization of electron-posi
tron colliding beams an experiment was carried out to 
measure the azimuthal asymmetry of J-L-meson produc
tion in the reaction e+ e- - J-L+ J-L-. The results obtained[15] 
indicate existence of a transverse polarization of the 
two beams. The luminosity achieved for polarized col
liding beams is 2 x 1029 cm-2 sec-1• 
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Thus, we have demonstrated the possibility of per
forming experiments in polarized colliding beams of 
electrons and positrons. 

The authors express their sincere acknowledgments 
to V. N. Baier, Ya. S. Derbenev, A. M. Kondratenko, 
L. N. Kurdadze, V. A. Sidorov, and V. A. Khoze for 
useful discussions, to G. I. Budker for his constant at
tention to this work, and to the entire crew for the 
VEPP-2M for taking part in the experiment. 

1)This variation is a method for the accurate absolute measure
ment of the electron energy in a storage ring, since the 
anomalous magnetic moment of the electron is known ex
termely accurately, to ~ 3 x 10-6. The accuracy achieveq by 
this method in absolute calibration of the energy of the VEPP-
2M storage ring[13J is 10-4. 
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A formula for the probability of non-adiabatic multiphoton excitation of a molecule from the electronic 
ground level to an excited level in the field of an external electromagnetic wave is derived by the WKB 
method. Resonant excitation of vibrations by laser radiation and multiphoton transitions due to the 
interaction between the electron and the "hot" vibrations are investigated separately. 

PACS numbers: 32.20.Sf 

1. Many recent experimental and theoretical papers 
are devoted to the excitation and decay of molecules un
der the influence of laser radiation of frequency close 
to the frequencies of dipole-active molecular vibrations 
(see, e. g. ,[1-4]). Investigations of the pure vibrational 
mechanism of excitation and breakup of molecules have 
by now become traditional. [5,6] 

The electronic mechanism of multiphoton excitation of 
molecules was investigated on the basis of perturbation 
theory. [7,8] The non-adiabatic channel of multiphoton 
excitation of molecules in a strong electromagnetic field, 
has insofar as we know, not been considered. (Natural
ly, the dissociation limit of the molecule with respect 
to a given vibration should lie higher than the electron
excitation energy. ) 
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The existence of various dipole moments (dil , i = 1, 2) 
for the ground (1) and excited (2) terms of the molecule 
leads, in prinCiple, to a new situation for multiphoton 
transitions, in comparison, say, with multiphoton transi
tions between two nondegenerate electronic states in an 
atom. [9] In this case the situation is closer to the 
scheme of multiphonon transitions in a solid, owing to 
the possibility of a real intersection of the terms and 
the appearance of effects of the Landau-Zener type. [10] 

An electromagnetic (EM) wave can interact either di
rectly with the dipole moment of an electron or with a 
dipole-active vibration. [lll The buildup of the latter 
also activates multiphoton transitions of the electron. 
We conSider first the case when the wave frequency w is 
not at resonance with the frequency n of the active vibra-
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