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Abstract

We have studied the effects of the KEDR detector field
compensation error on an accuracy of beam energy cali-
bration by the the spin precession frequency as well as on
a'lifetime’ of beam polarization in the VEPP-4M storage
ring in the tau lepton mass measurement experiment.

INTRODUCTION

In the tau-lepton mass measurement at the VEPP-4M
ete- collider with the KEDR magnetic detector [1] we ap-
ply the technique of resonant depolarization (RD) for an
absolute calibration of the VEPP-4M beam energy [2, 3, 4].
The energy of this experiment, in the vicinity of the tau
production threshold &/ = 1777 MeV, is close to the in-
teger spin resonance v = k£ = 4 (£ ~ 1763 MeV,
v = E[MeV]/440.65, an effective spin precession fre-
quency in units of a revolution frequency). Because of
a small distance to the resonance ¢ = v — k& ~ 0.03 a
polarized beam is injected in VEPP-4M from the VEPP-
3 booster at ~ 70 MeV above the 'tau-threshold’. Then
the beam is deccelerated down to the experiment energy.
A 'lifetime’ of beam polarization (PLT) in the VEPP-4M
ring may appear rather small (< 10 minutes [4]) depend-
ing on the strength of various depolarizing factors. One
of such important factors is an error in compensation of
the KEDR longitudina magnetic field H)| (Ho = 06 T
is a nomina value) with the help of two ‘anti-solenoids
(AS). Inthe case of inaccurate compensation, the polariza-
tion vector of electrons rotates about the longitudinal axis
by an angle ¢ « & [(H)df as shownin Fig.1 (p << 1).
In the viewpoint of RD application, this leads to two dele-

Figure 1: Polarization vector rotation due to an error of the
KEDR field compensation.

terious effects. First, the compensation error may strongly

worsen PLT, hampering the experiment performance. Sec-
ond, the spin precession frequency is shifted that yields a
systematic error in an absolute energy calibration [2, 5].
Below we present our calculation and experimental results
concerning both those effects.

BETATRON COUPLING DIAGNOSTICS

An error inthe longitudinal field compensation enhances
the betatron coupling resonance resulting in the frequency
split of the transverse oscillation normal modes by the
value AQ¢. Another coupling effect is an excitation of
the vertical dispersion function nz. The calculations and
measurements were performed to study a possibility for di-
agnostics of the compensation error by the betatron cou-
pling. They showed that at really achieved accuracy in the
measurement of AQ¢ (§(AQ¢) isafew of 10=3) and 1z
(afew cm) one can provide an accuracy inthe KEDR field
compensation of not better than 5%.

SPIN TUNE SHIFT

RD technique is based on a known relation between
the average angular frequency Qg of spin precession rel-
ative to the basis connected with the velocity vector and
the average particle energy in an electron (positron) beam:
Qs = (¢'/ec)E = vQy. Here ¢ is the anomal part
of gyromagnetic ratio and €2, isthe revolution angular fre-
quency. This equation breaks down in the presence of the
guiding field perturbations making the closed orbit to be-
come, generaly, unflat. As consequence, the spin vector
evolution is complicated and the effective spin frequency
differs from that which is simply proportional to the en-
ergy. To account for this one need to consider the corre-
sponding shift Av in the measured spin frequency vcqs:
E = ec(Vmeas—Av)/¢'. Thetuneshiftisfound by consid-
ering the trace of a spin rotation matrix at one revolution.
Inaccurate compensation of the longitudinal magnetic field
integral gives the spin tune shift [2, 5]

©? cos v

Av s 8tsinmy (1
A difference between the beam energy determined by the
spin precession frequency at the compensaton solenoid cur-
rent 7., = 94 A and the energies found at the different val-
ues of I.; has been measured. This experiment results are
presented in Fig.2 (the dots) in comparison with the esti-
mate by the formula (1) and the parabolic fit.
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Figure 2: Influence of the compensation error on the abso-
lute energy calibration (£ = 1784.1 MeV, Hy = 0.6 T).

POLARIZATION LIFETIME

Therelaxationtime of beam polarizationis7,”! = 7,7 '+
77! [6] where 7! describes a rate of depolarizing pro-
cesses; 7, is a design time of radiative polarizetion. The
extent of depolarization can be characterised by the factor
G = /7, = P/P, where P, = 0.92 is the equilibrium
degree of radiative polarization in the ideal machine and
P < P, isthat in the real machine with imperfections.
Quantum emission scatters particle trajectories and causes
adiffusion of the vertical component of polarization in the
presence of the spin-orbital coupling (SOC) whichisowing
to the guiding field perturbations. SOC can be described by
the vector function d(@) [6] periodical with the azimuth 4.

G-factor depends upon d(6) as:
G=<|KP>/<IKP(1+11/18[d?%) >,  (2)

where X is the orbit curvature, < ... > means averaging
over the azimuth. As result, the equilibrium extent () and
the time of relaxation (,.) may significantly decline, espe-
cialy near the machine spin resonances: v +mvx +nvy =
k. Herem, n, k areinteger; vx and v, are respectively the
radial and vertical betatron tunes. The design polarization
for VEPP-4M israther large: 7, ~ 72 hoursat &£ = 1777
MeV. The measurements of PLT by the intra-beam scatter-
ing rate reinforced our expectation that 7; < 1 hour and
the relaxation process is actually the process of full depo-
larization (PLT = 74 << 7, & &~ T4, G << 1) [3, 4].
Resultsof the experimental study of the compensation error
effect on PLT at two values of the KEDR field are shownin
Fig.3. The difference between two presented dependencies
at azero error (dH.s = 0) can be explained by a difference
in the states of main depolarizing perturbations of the guid-
ing field at agiven Hy. Inthe next sections we consider a
spin-orhital coupling caused by the solenoid compensation
error and estimate its depolarizing effect.
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Figure 3: Depolarization time vs. the compensation error
at two values of the KEDR field, £ = 1777.3 MeV (the
solid lines). The estimate of combined depolarizing effect
of the main imperfections and the compensation error at
Hy = 0.6 T ispresented by the dashes.

SPIN-ORBITAL COUPLING

Off-energy function for the polarization axis

The periodical with an azimuth ¢ unit vector 7(6) =
7i(6+2), defining the equilibrium polarizationdirectionin
a storage ring, can be found by using the spin matrix tech-
nique [6]. In our case, the difference of this vector from
the strictly vertical ort is entirely defined by the parameter
¢ << 1. The differentiation of 7 with respect to the en-
ergy parameter -, the Lorentz factor, yeilds the off-energy
function for the polarization axis, contributing to the SOC

-

function d(6),(dz ~ 0):

dnx © .
— = = — — 3
7 dv X QSinﬂ'V[Sm (mv =)+ 3)
+x cos (mv — x) — 71-1./ X
sin v
dny
Y gy = VAN
7 dv Y 2sin Ty [eos (v =)
fo
—xsin (my —x) + w], X = V/Kdﬁ,
sin v

0

¢ = 0 at the point "1” in Fig.1. Below we consider an-
other term contributing to SOQ, arised from the betatron
oscillations.

Betatron oscillation contribution

We use the method [7, 8] based on summation of spin
vector perturbations over all revolutions of the electron in
the storage ring in a radiation damping time starting from
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the instant of quantum emission that changes the current
energy by §+/~. Inour case, the perturbations of the unit
vector S, determined as a 3D spin vector in the rest par-
ticle system, are found at the £ —th revolution in the form
((552 = 0):

551 =658 + i65E) = i(vp/2)a expix.

Here, to avoid much algebraic manipulation the ‘thin
solenoid approximation [9] for the betatron phase space
transformation through the longitudinal field insert is ap-
plied; #{ = dx,/d@ is the dope of the z-trgjectory at
the input of the KEDR insert (the point "1” in Fig.1)
at the k—th revolution. For simplicity, let aso use the
smooth approximation for the betatron radial oscillations:
z = 0v/(yvx)[l — cosvx (6 — 6y)]. The SOC function
d; = dx + idy isdefined by

dy(6y) = _(577)—1 S 051 exp (—izmkv) =
k=1

_ ¥

= Sy [l 4+ icotm(v — I/X)]e_i(”_l’x)eﬂ_

—[1 + icot m(v + vx )]tV FVx)fo,

The smooth approximation results in only the combination
spin resonances v + vx = k. Those two resonances are
rather far from the integer spin resonance v = 4 and there-
fore negligible (vx ~ 8.54). Not using the smooth ap-
proximation, one can find the betatron contribution near
the integer resonance in the form |d] ~ v, cot mv /4,
where 1} = dnx/d0 is the dispersion function slope at
the point ”1". The ratio between the betatron and the off-
energy terms (3) is of the order of 7,¢/2 << 1. So, inthe
‘thin solenoid' approximation the betatron term of SOC is
negligiblein comparison with the v /d~ term.

Estimate of the depolarization time

PLT related to the compensation error, calculated by the
formulas (2) and (3), is plotted in Fig.4 versus the beam
energy for two values of the error at o = 0.6 T. To com-
pare this calculation with the measured data in Fig.3, one
needs to estimate an interference of the contributions to
SOC from the initial imperfections, resulting in the PLT
value measured at dH.; = 0, and that from the detuning
of AS. Assuming these contributionsto be added just con-
structively, one can find an estimate of the resultant PLT
illustrated in Fig.3 by the dashed curve.

CONCLUSIONS

The measured and cal culated spin tune shiftsin Fig.2 are
in a good agreement. To provide an allowable systematic
error in the beam energy calibration by RD < 10 keV one
must keep the KEDR field compensation error < 2%. With
respect to the decrease of PLT, the requirement on thiserror
isthe same according to the resultsin Fig.3. The measured
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Figure 4. Depolarization time calculated versus the energy.

dependence of the PLT on the compensation error is dis-
tinctly more stronger than that estimated. Noticeable de-
crease of PLT takes a place at the error of not 10%, asin
the model, but 4%. This suggests, at least, that the very
simple ‘thin solenoid' approximation is not entirely ade-
quate, so, in fact, the betatron contributiont to SOC may
not be too small. A closer approximation can be based on
a"distributed solenoid” model likein [8]. In the viewpoint
of the tau mass measurement experiment, itis preferably to
control the KEDR field compensation error at the level of
~ 1% by measuring PLT. A corresponding accuracy attain-
able by the betatron coupling diagnostics is several times
worse (> 5%).
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