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The anomalous magnetic moments of relativistic electrons and positrons have been compared by measuring the spin precession
phase difference at a given time interval. The difference in the anomalous magnetic moments between the electron and the posi-
tron has been shown to lie within 1 X 10~% at 95% confidence level, which improves the accuracy of the previous measurements

by an order of magnitude.

Introduction. The spin dynamics properties have
been used for a long time to determine the magnetic
moments of atoms and elementary particles by
measuring the rotation angle or the frequency of the
spin precession in the magnetic field. To date the ac-
curacy record of ~3x10~% is held by the measure-
ment of the ratio of the electron anomalous magnetic
moment u' to the normal one u, which has been per-
formed for a single electron in the magnetic trap [1].

The anomalous magnetic moments (AMM) of a
particle and its anti-particle are relevant to the ver-
ification of the CPT-theorem, which predicts their
identity in absolute value. Comparisons of AMM for
electrons and positrons, with 10~7 accuracy, were
performed in two experiments: for non-relativistic
particles the magnetic trap was used where (g—2)
factors were measured independently for the elec-
tron and the positron [2], and in our previous ex-
periment at VEPP-2M, where the AMM difference
for the ultra-relativistic electrons and positrons was
measured in the electron—positron storage ring [3].
An electron—positron storage ring where both par-
ticles and anti-particles rotate in the same magnetic
fields (and so do their spins) gives the most ade-
quate solution to the problem of comparison of the
anomalous magnetic moments of these particles.

302

The spin precession frequency for an ultra-relativ-
istic particle circulating in the storage ring with the
transverse magnetic field of H, can be presented in
the form:

Q=w,+2u {H,;) =0, +yu' /1) , (1)

where w,=e( H,)/ymc is the revolution frequency
as specified by the accelerating RF source.

In the previous experiments at the storage ring
VEPP-2M [3,4] the clectron and positron AMM
comparison was performed by the simultaneous
measurement of the spin precession frequencies -,
Q" of electrons and positrons using the resonant de-
polarization technique [5]. The AMM comparison
error of this technique in an ideal case can be much
less than the spin frequency spread. Practically the
accuracy is limited by the stability of the accelerating
RF frequency and by the uncontrollable drift of the
magnetic field value in the storage ring.

The essence of the technique. Free of the above
limitations is another technigue where the difference
in the spin precession angles between electrons and
positrons
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is measured during the time A¢, which is limited by
the depolarization time. The best sensitivity in this
technique is obtained when the polarization is di-
rected perpendicularly to H.. The radiative polari-
zation aligns the magnetic moments of electrons and
positrons circulating in the storage ring parallel to
the magnetic field. The coherent spin rotation to the
horizontal plane can be done by applying a radio-fre-
quency field A L H. with the frequency fsweeping at
the rate of facross the resonant frequency f,=$/2x.
If the adiabaticity condition [6] is satisfied:
w2 2nf, where

w=2u' CHYly=(CHYICH. Y Yo, ,

then the variation of the tune offset Af=f—f; be-
tween the initial value of Afy > w/2x and zero results
in 90° rotation of the polarization direction while
the degree of polarization degrades insignificantly.
After that the radio-frequency field is switched off #1.

Then the spin precession proceeds in the horizon-
tal plane as can be seen from the harmonic oscilla-
tion of the longitudinal polarization actually observed
for example in the experiment on muonic (g—2)
measurements [8]. In our case the longitudinal po-
larization can be detected in the elastic scattering on
the polarized atomic hydrogen jet target simultane-
ously for electrons and positrons.

As we are only concerned with the difference in
the phase advance Ag, it can be measured without
turn-by-turn observation of the polarization direc-
tion. If the radio-frequency field is repeatedly
switched on within the time interval At while its fre-
quency sweeps oppositely from f; to f,, then the
transverse polarization of the beams will be restored,
which is stable with respect to depolarizing effects.
However its degree and sign will be arbitrary because
the phases of the spins with respect to the field di-
rection A are random at the moment when the field
switches on for the second time. The information on

# The possibility of the adiabatic spin flip of electrons and posi-
trons in the storage ring by means of the radio-frequency field
was studied in ref. [7]. An RF device for coherent spin rota-
tion was named “flipper”.
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the difference in the phase advance over this time
interval can be obtained from the comparison of the
restored polarization degrees for the electrons and
the positrons.

The restored transverse polarization degree aver-
aged over the beam distribution S, is related to the
initial one S, by the equation:

Sy =S;{cos?8+sin’f cos g exp[— 3 (89)*1}, (2)

where @ is the spin direction angle with respect to the
vertical, 8¢ is the rms spread in the precession angles
around the average angle ¢ at the moment At of the
second switch on of H.

The spin frequencies spread. The angular spread 8¢
is due to the spread of the spin frequencies averaged
over the particle’s motion which results in the beam
depolarization thus limiting the free precession time
At. As shown in ref. [9], the spin frequencies spread
842 is determined by the nonlinear perturbations of
the particle motion in the storage ring, it can be much
less than the radiation damping rate A~ 10"’w,. In
this case for the time At the diffusion due to the
quantum fluctuations of the synchrotron radiation
will mix up the particles’ oscillations amplitudes and
phases, therefore the spin precession frequencies will
be mixed within the steady state spread §£2. Taking
into account the diffusion, the depolarization time
74 will be much longer than (6£2)~!, it can be esti-
mated from the relation:

T4 = (82) . (3)

The presence of the spin frequencies spread re-
sulting in the depolarization sets the basic limita-
tions on the accuracy of the technique in question,
which is why much attention has been paid to study-
ing this problem. Experimental study of the depo-
larization rate was performed at various settings of
the storage ring sextupole corrections that compen-
sate for the reduction in the average energy of the
oscillating particle with respect to the synchronous
particle. The depolarization has been shown to be
minimal when the sextupole setting gives zero chro-
maticity in the radial betatron oscillations. The mea-
surements presented below give, for this setting of
the storage ring VEPP-2M optics, the spin frequen-
cies spread within 8Q2~2x10""w, which allows
QAt/2n ~ 107 spin revolutions over the free preces-
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sion time while the beam polarization degree de-
grades within acceptable limits.

Polarization degree measurements. Similarly to the
previous experiments at VEPP-2M the beam polar-
ization degree was detected by the intra-beam elastic
scattering of the particles [10]. The scintillation
counters system for detection of the particles, lost due
to this process, gives the counting rate N=40 I*
(1-0.15 S?) s—', where I is the beam current in mil-
liamperes. The maximum contribution of the polar-
ization at S=1 comes to 10%. The accelerating
voltage phase-lock enables the simultaneous detec-
tion of the counter-rotating electrons and positrons
in the same system.

In the routine experimental conditions at the en-
ergy of E=650 MeV the currents of the electrons and
positrons after the radiative polarization were
I-~I*=5 mA which gives the counting rate of
N=10? s~'. The counting rate dependence on S
squared reduces the polarimeter sensitivity to low
polarization degrees of $50.2. To determine the sign
of S, after the RF-field action the natural radiative
polarization process can be used, which changes the
polarization degree according to the equation:

S=8m+ (5 —Sn) exp(—t/t,) , (4)

where S,,=0.92 is the maximum possible degree, 7,
is the characteristic polarization time (on VEPP-2M
7,=3200 s at the energy of 650 MeV).

In fig. 1 the time dependence of the counting rate
(normalized on the beam current squared) of the
elastic scattering events in a typical experimental run
is presented. The measurements begin at the time
t=31, after the injection, when the polarization de-
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Fig. 1. Time dependence of the elastic scattering event rate, nor-
malized on the beam current squared, for the typical run when
the restored polarization of the positron (a) and the electron (b)
beam differed in sign (S} /Sp=—0.8, 57 /5,=0.8).
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gree builds up to S;=0.85. At the point A the RF
flipper device ¥ is switched on twice for short pe-
riods of time to rotate the spins to the horizontal
plane then back upright. 10 min past, from point B
onwards the depolarization is performed by another
RF device named depolarizer (14=10 s). Relating
the leaps at the points A and B one can determine
both the absolute value of S,/S; and the sign of S,
which is evident from the comparison of fig. 1a where
S$,/So=—0.8 and fig. 1b where S,/5,=0.8.

Experimental results. In each measurement run the
RF field was switched on with the initial tune Af,=15
kHz from the resonance in order to approach it at 50
kHz/s rate. The switching off and subsequent switch-
ing on in 0.1 s was made in the vicinity of the true
resonance frequency f, = (2—2w,)/2xn with an error
€ that is not known a priori. This error is due to the
particles’ average energy stability in the storage ring.
The stabilization system that governed the guide field
level according to the on-line data of the remote elec-
tro-mechanical measurements of the storage ring di-
poles and quadrupoles horizontal alignment [11],
maintained the long-term energy stability of
AE/E=+1.5x10"3,

The energy calibration by means of the resonant
depolarization technique was made in each experi-
mental run about 1-1.5 h after the measurement run.
Only the runs with | e| $400 Hz were selected which
corresponds to spin deflection angle of 70° <8 < 110°
from the vertical (tg8=w/e).

The results for the electron and positron polari-
zation degrees measured in the runs thus selected are
shown in fig. 2. The experimental points are fitted by
the least squares with a parametrically specified
ellipse:

S /8 =Scosp, S7/S;=S(cosg+Ap), (5)

where S=5;exp[—1(Jdp)?] is a remnent polari-
zation degree after free precession, Ag is the desired

#2 The radio-frequency (f=(Q2—2w,)/2n=7.93 MHz) longitu-
dinal (along the velocity) magnetic field of =100 Gs ampli-
tude is generated on the orbit section (/=40 cm) by the
inductance coil connected to the resonant circuit powered with
some kilowatt transmitter to provide for the resonant har-
monic value w up to w=6x 1073 w,~ 2z X 10* Hz. The con-
trol system enables the transmitter tune to scan in 100 kHz
band in 10~ '-10%s.
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Fig. 2. The restored polarization degrees for electrons and posi-
trons, measured without spin precession frequencies separation
by the horizontal electrostatic field.

difference in the precession angles between the elec-
trons and the positrons.

To better determine the value of .S the measure-
ment runs were made with the static horizontal elec-
tric field € imposed on one of the orbit sections to
cause the separation of precession frequencies

A=Q" —Q~ =du'cle.)
=2({€&Y/{H.>)w,~2.5Hz. (6)

The results of these runs, shown in fig. 3, give
S§=0.8£0.05. Hence using eq. (3) one can obtain
the value of the mean spin frequencies spread.

The same value of the “radius” is used in fitting
the ellipse in fig. 4 where the experimental points

Fig. 3. The restored polarization degrees for electrons and posi-
trons, measured with spin precession frequencies separated by
the horizontal electrostatic field at A=Q* —Q~ =2.5 Hz.
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Fig. 4. The spin frequency separation is 2.5 times greater than in
fig. 3.

were taken with the electrostatic separation of fre-
quencies 2.5 times greater.

The total measured data processing allows the
conclusion that in the absence of the electric field the
phase difference

01s
Ap = f (R —Q-)dt
0

is within 5° which corresponds to Au’/u’ <1x 108
at the confidence level of 95%.

The result obtained improves the accuracy of our
previous measurement [4] by an order of magni-
tude. Note the distinction between the technique of
the storage ring and that of the magnetic trap. In the
magnetic trap the value of u'/uo=3i(g—2)=a is
measured, which is directly calculable in quantum
electrodynamics. In our case the values ' H=yqa are
compared for the electron and the positron. The dif-
ference in the precession frequencies here can occur
not only due to #' but also due to difference in
masses, charges or normal magnetic moments of the
same relative magnitude.

The authors express their acknowledgements to the
personnel of the storage ring VEPP-2M that main-
tained the machine to make the experiment possible.

References

[1] R. van Dyck, P.B. Schwinberg and H.G. Dehmelt, Atomic
Physics 9 (World Scientific, Singapore, 1986).

[2] P.B. Schwinberg and R.S. van Dyck, Phys. Rev. Lett. 47
(1981) 1679.

305



Volume 198, number 2 PHYSICS LETTERS B 19 November 1987

[3] I.B. Vasserman et al., Phys. Lett. B187 (1987) 172. [9]1 A.P. Lysenko, A.A. Polunin and Yu.M. Shatunov, Part. Ac-
[4] S.I. Serednyakov et al., Phys. Lett. B66 (1977) 102. cel. 18 (1986) 215.
[5] Ya.S. Derbenev et al., Part. Accel. 10 (1980) 177. [10] S.I. Serednyakov et al., JETP 71 (1976) 2025.
[6] M. Froissart and R. Stora, Nucl. Instrum. Methods 7 (1960) [11] B.A. Baklanov et al., Proc. VII All-union Conf. on Charged
297. particles accelerators, Vol. 1 (1980) 338.
{71 A.A. Polunin and Yu.M. Shatunov, INP preprint 82-16
(1982).

[8] J. Bailey et al., Phys. Lett. B55 (1975) 420.

306



