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Abstract

Radiative polarization of the particle beams provides
the most accurate tool to measure the beam energy in
LEP. In order to determine the W mass with the required
accuracy it is important to establish polarized beams for
the highest possible energies. The LEP polarization
measurements up to 60.6 GeV are discussed and com-
pared with theoretical expectations.

In order to establish polarization at even higher ener-
gies one can either try to extend the LEP1 regime of po-
larization or to enter into a new and unknown regime.
Both possibilities are discussed with special emphasis on
the required values of beam parameters. It will be shown
that an extension of polarization to about 70 GeV can be
hoped for from theory.

The regime at 100 GeV promises little polarization
from the theoretical point of view. However, the relevant
theory does not fully apply for LEP and was never tested
in experiment. The need for experimental tests is dis-
cussed.

1  INTRODUCTION
Polarized beams have been used since 1991 for the

precise calibration of the absolute beam energy in LEP.
The average beam energy E = γ / (mc2) and the spin pre-
cession frequency ν are uniquely related in a storage ring:

                                (1)

Note that ν is the spin precession frequency in units of
the LEP revolution frequency (it is also called the spin
tune). The polarization vector of the beam can be reso-
nantly rotated if a horizontal magnetic perturbation is
brought into resonance with the spin precession. In reso-
nance, the frequency of the perturbing field is an accurate
measure of the spin precession frequency and the average
beam energy. The absolute LEP beam energy is deter-
mined with an accuracy of better than 1 MeV [1].

The method of “resonant depolarization” has been used
extensively for the precision measurement of the Z-mass
[2]. In fact it is the by far most accurate method to deter-
mine the beam energy in storage rings. In order to cali-
brate the energy scale of the W it is crucial to determine
the absolute LEP beam energy via resonant depolariza-
tion at the highest possible LEP energy. Using other
methods it is then extrapolated to the W range [3]. The
extrapolation error depends on the energy range that must
be extrapolated. The goal is to keep the systematic error

on the W-mass from the knowledge of the beam energy
below the error from the available W statistics.

In view of the energy calibration requirements it is im-
portant to establish polarized beams at the highest possi-
ble LEP energies. As depolarizing effects become very
strong with increasing beam energies it is a difficult task
to extend polarization towards the range of the W mass.

In this paper the successful measurements of polariza-
tion are reviewed. Polarization was established for the
first time at 60.6 GeV in 1998. The chances to extend
polarization towards even higher beam energies are dis-
cussed.

2  THEORY OF POLARIZATION AT
ULTRA-HIGH ENERGIES

The particle beams in LEP spontaneously polarize due
to the Sokolov-Ternov effect [4]. As the electrons and
positrons are bent into their circular orbit, they emit syn-
chrotron photons. With respect to the vertical bending
field we can consider the spin state of a single particle.
Initially there is equal probability to find the spins paral-
lel or anti-parallel to the direction of the magnetic field;
the beam is unpolarized. As a particle emits a synchrotron
photon its state of spin can remain unchanged or it can be
flipped. It turns out that there is a much greater probabil-
ity for spin flips from the parallel to the anti-parallel spin
state than for the opposite direction. As a results LEP
electrons will slowly build up a polarization vector anti-
parallel to the bending field. This process is characterized
by a polarization build-up time τp and leads to an asymp-
totic polarization degree of 92.4%. For LEP it is:

                                           (2)

Note that the polarization rate λ is the inverse of the
build-up time τp and is here given in units of the LEP
revolution frequency. It is a steep function of the spin
tune ν (equivalent to beam energy, see Eq. 1). For higher
beam energies the polarization rate becomes very large,
the polarizing time very short.

The numerical evaluation of τp for LEP is shown in
Figure 1. The polarizing time τp for an asymptotic polari-
zation degree of 92.4 % is several hours for Z-energies
and drops to several minutes at W-energies. The short
build-up times at high energy are advantageous because
less time is required to observe changes in polarization
degree. Polarization is more responsive to manipulations
and the empirical optimization of the polarization degree
becomes much easier. However, if the build-up time is
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too short, it becomes difficult to reliably observe resonant
depolarization for the purpose of energy calibration.

Figure 1: Polarizing time in LEP as a function of beam
energy for asymptotic polarization levels of 92.4% and
10%. Note that the vertical scale is logarithmic. The po-
larizing time is reduced from ~ hours at LEP1 to ~ min-
utes for LEP2.

Unavoidable imperfections in the vertical orbit cause
horizontal magnetic fields that perturb the spin motion.
As a result the asymptotic polarization degree is reduced.
It turns out that synchrotron radiation drives both polar-
izing and depolarizing processes. The depolarization is
characterized by a depolarization time τd.

The asymptotic degree of polarization in the presence
of polarizing and depolarizing processes can be written
as:

                              (3)

    Polarization theories aim at estimating the depolariza-
tion term τd for a storage ring. Here, we follow the basic
theory by Derbenev, Kondratenko and Skrinsky from
their summary paper in 1979 [5].

2.1. Basic Quantities

A few basic beam and machine parameters determine
the behavior of polarization:
• The spin tune ν describes the energy dependence of

polarization.
• The polarizing rate λ determines the speed of polari-

zation buildup (see Eq. 2).
• The synchrotron tune Qs gives the distance between

synchrotron sidebands of spin resonances.
• The spin tune spread σν causes a smearing out of

spin precession frequencies so that they eventually
overlap Qs sideband resonances. It Is related to the
relative beam energy spread σΕ/E:

                                         (4)

The particles in LEP traverse the ring about 11000
times per second. Let’s assume the average spin tune ν0 is
not on any resonance. However, particles perform syn-
chrotron oscillations around the average spin tune: ν = ν0
+ δν. Depending on the spin tune spread some particles
might be on a spin resonance, for example ν = n⋅Qs.
During a large number of subsequent turns the particles
will periodically cross the spin resonance. In order to
evaluate the depolarizing effect on the ensemble polari-
zation, it must be evaluated whether subsequent passings
of a spin resonance are correlated or not. As shown by
Derbenev, Kondratenko and Skrinsky, the criterion for
correlated passings is:

                             (5)

If subsequent passings are correlated then spin rota-
tions can average out to some extent and their effect is
less severe. The next section will discuss depolarization
in the case, that subsequent passings of spin resonances
are indeed correlated.

2.2. Correlated Spin Resonance Passings

The following theory applies if the correlation criterion
in Equation 5 is true. This regime of depolarization is
well-known and thoroughly tested with simulations and
measurements at LEP1. Polarization can be described by:

(6)

Here, wk is the complex strength of the spin resonance
at integer k, ν is the spin tune averaged over the ensemble
and m an integer giving the order of the synchrotron
sideband resonance. The equation contains a Bessel func-
tion term Tm. Assuming a Gaussian distribution over
squared amplitudes ∆ from synchrotron oscillations one
obtains:

              (7)

The Im are the modified Bessel functions. The spin tune
spread is of central importance for the strength of the Tm

term. The above equations are valid in the approximation
of high energy. Note that betatron spin resonances with
the transverse tunes Qx and Qy do not appear. For high
energy lepton storage rings they are much weaker than
synchrotron resonances and are therefore neglected here.

Two regimes are distinguished in the regime of corre-
lated spin resonance passings. If the spin tune spread is
much smaller than the synchrotron tune then higher order
synchrotron sidebands are not important and only the
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linear spin resonances (k + Qs) affect the achievable po-
larization degree. In the following this is called the “lin-
ear” theory. If the spin tune spread becomes larger than
the synchrotron tune then the higher order synchrotron
sidebands limit the achievable polarization degree. This is
referred to as “higher-order theory”.

2.2. Uncorrelated Spin Resonance Passings

A different situation is encountered if subsequent
passings of spin resonances are uncorrelated. They are
uncorrelated if the criterion from Equation 5 is not true
and in addition:

                                                (8)

In this case passings of synchrotron resonances are
completely uncorrelated. With σν << 1 the polarization
can be calculated from:

(9)

In the case of σν >> 1 Derbenev, Kondratenko and
Skrinsky have obtained a very simple result for the ex-
pected depolarization:

(10)

Polarization does not show any resonant dependence on
beam energy in this regime, but exhibits an increase with
energy, as the polarizing rate λ becomes very short for
highest energies. This is a notable result, as polarization is
usually expected to decrease with energy. In this regime
the spin tune spread σν is very large and particles con-
stantly sweep over spin resonances. As the polarization
rate increases, depolarization does not increase as rapidly
any more.

Note a limitation in the theory of radiative polarization
by Derbenev, Kondratenko and Skrinsky: the energy
sawtooth that develops for LEP at high energies is not
included. The energy of a single particle can be written
as:

  E(particle) = E + ∆E(synchr) + ∆E(sawtooth)       (11)

E is the energy averaged over all particles and the
whole ring, as used in the above formalism. The average
energy and synchrotron oscillations are included in the
described theory. The energy sawtooth is not. It is pro-
duced by the fact that energy is lost all around the ring
but put back only in 4 short regions in the LEP storage
ring.

The resulting energy variation for LEP is shown in
Figure 2 for a beam energy of 97 GeV. Note that energy

variations of up to about ± 500 MeV are present at this
energy. In other words, the single particles will constantly
cross the integer and linear spin resonances. The effect on
spin motion is unclear. The crossings are very fast, about
40 times faster than the synchrotron oscillation. Therefore
the associated crossings of spin resonances might be fully
correlated and cause little harm. However, the conse-
quences of the sawtooth on the spin motion in LEP are
not clear and require further study.

Figure 2: Average beam energy around the LEP ring at
97 GeV. The particles constantly loose energy in the arcs.
The short acceleration sections sharply increase the beam
energy in four locations. The dashed lines indicate the
440 MeV separation between integer spin resonances.

 3  LEP MEASUREMENTS
Transverse spin polarization has been observed in LEP

since 1990. Initial polarization measurements were per-
formed at around 45.6 GeV and initially showed a polari-
zation degree of about 5-10%. Polarization was optimized
by a number of measures and finally a maximum beam
polarization of 57% was observed at 44.7 GeV [6]. Since
1995 polarized beams are studied at higher beam energies
always trying to establish at least 5% transverse polariza-
tion, as required for energy calibration.

Figure 3: Measured maximum polarization degrees in
LEP for different beam energies. The solid line extrapo-
lates the measurement at 44.7 GeV towards higher ener-
gies using the higher-order correlated polarization theory.
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The dashed line indicates the corresponding linear polari-
zation.

The maximum polarization values measured in LEP for
different beam energies are summarized in Fig. 3. The
measurements were performed with a 90°/60° optics be-
fore and a 60°/60° optics after 1997. In 1998 transverse
beam polarization of 7% was established at 60.6 GeV.
Generally it is observed that polarization drops sharply
with beam energy. The observed decrease from 44.7 GeV
to 60.6 GeV is in good agreement with the expectation
using the higher-order theory in the correlated regime.
The measurements at 44.7 GeV and 60.6 GeV were opti-
mized for maximum polarization level and can therefore
be compared. The measurements in between those two
energies were not fully optimized for maximum polariza-
tion degree. As soon as the 5% polarization level as re-
quired for energy calibration was achieved polarization
was not further optimized.

The successful extension of beam polarization from
55 GeV in 1997 to 60.6 GeV in 1998 was made possible
by a number of optimizations. It is beyond the scope of
this paper to explain the details of this optimization, a
short list should be sufficient:
• Use of new 1998 K-modulation data for BPM off-

sets.
• Careful correction of vertical orbit with elimination

of bad BPM’s and π-bumps.
• Verification that initial spin harmonics of the vertical

orbit are small.
• Careful adjustment of beam energy to avoid spin

resonances.
• Deterministic Harmonic Spin Matching.
• Use of new dispersion-optimized spin bumps in the

arcs.
• Semi-empirical Harmonic Spin Matching.
The optimization of polarization is a time consuming
procedure though it profits from the short polarizing
times at high energies.

4  NUMERICAL PREDICTIONS
In order to discuss the possibility of polarization above

60.6 GeV the theory by Derbenev, Kondratenko and
Skrinsky must be evaluated numerically for the different
beam and machine parameters. The following numerical
LEP dependencies are used:
• The polarizing rate λ (in units of the revolution fre-

quency) is determined by a numerical factor de-
scribing the configuration of the LEP bending and
the beam energy E:

(12)

• The resonance strength wk is calculated from the 57%
measurement at 44.7 GeV and then scaled with the
beam energy E:

(13)

• The spin tune spread σν is proportional to the square
of the beam energy E:

(14)

Those relationships are good approximations for the
basic parameters of LEP polarization and their energy
dependence.

Figure 4: Evaluation of the correlation criterion from
Equation 5 as a function of beam energy and Qs. LEP can
stay in the correlated regime by increasing the value of
the synchrotron tune Qs.

Figure 5: Evaluation of the criterion for subsequent spin
resonance passings being completely uncorrelated.

4.1.  Correlation Criteria

As a first step the criteria for correlation of subsequent
spin resonance passings are evaluated. Figure 4 shows the
numerical evaluation of the correlation criterion from
Equation 5 as a function of beam energy and Qs. It is seen
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that the LEP1 working point was clearly in the correlated
regime. With a Qs of 1/11 the working point at 60.6 GeV
was also in the correlated regime. For higher beam ener-
gies the Qs must be raised, for LEP to stay in the corre-
lated regime. With high energy and small Qs LEP moves
into the uncorrelated regime of spin polarization. Figure 5
shows that spin resonance passings for LEP are always
completely uncorrelated (Equation 8) if the correlation
criterion is violated.

The LEP working point can remain in the well-known
and favorable regime of LEP1 polarization. In this regime
subsequent passings of spin resonances are correlated.
The required condition is that the synchrotron tune Qs is
being raised for higher energies.

Plenty of RF voltage is required for the highest LEP
energies around 100 GeV. In 1999 a total RF voltage of
about 3 GV will be available. At low energies additional
RF voltage can be used to increase the Qs. The required
voltage for a given Qs is a steep function of the momen-
tum compaction and hence of the beam optics.

Figure 6: Maximum achievable Qs as a function of energy
and for three different optics. It is assumed that a total RF
voltage of 3.0 GV is available.

The maximum achievable Qs in LEP is shown in Fig-
ure 6 as a function of energy and for three different beam
optics. For the polarization optics (60°/60°) a high Qs of
above 0.2 can be maintained up to 90 GeV. Up to about
64 GeV a synchrotron tune as large as 0.3 can be ob-
tained. The other optics require significantly smaller Qs

values.
It can be concluded that the polarization optics can be

used for high Qs studies of polarization up to its aperture
limitation at around 75 GeV. Polarization is expected to
stay in the correlated regime. Beyond the limit of the po-
larization optics LEP-polarization can be studied in the
uncorrelated regime using the physics 102°/90° optics.

4.2.  Correlated Regime

The polarization optics allows a high Qs of above 0.25
until its aperture limit at around 75 GeV. LEP remains in
the correlated regime of spin resonance passings with that
Qs and the higher-order polarization theory can be used to

predict the achievable polarization degree (Equations 6
and 7). Note that this theory correctly predicts the de-
crease of polarization with energy that is observed in LEP
(see Figure 3). It has been cross-checked theoretically
with detailed simulations [7] and experimentally using
the LEP damping wigglers [6].

The predicted polarization degree has been evaluated
as a function of beam energy and for different values of
the synchrotron tune Qs. In order to achieve the maximum
distance to all spin resonances, Qs is chosen to be equal to
one over an odd integer. For illustration we consider Qs

values of 1/13 (LEP1 value), 1/5 and 1/3. The predicted
dependence of polarization on energy is shown in Fig-
ure 7.

Figure 7: Predicted values of transverse spin polarization
in LEP as a function of beam energy for different values
of Qs. The linear prediction is also plotted. The required
polarization degree of 5% for energy calibration is indi-
cated.

High Qs values significantly improve the chances of
spin polarization for higher beam energies. This is ex-
plained by the fact that for a high Qs the synchrotron sat-
ellites overlap each other and their effect is reduced. For
example a Qs of 1/3 will mean that Qs sidebands only ap-
pear at k, k+0.33 and k+0.66 in spin tune. If the beam is
put to a spin tune of k+0.5 then it will be much less af-
fected by synchrotron sidebands than with smaller Qs.

For low energies high Qs values decrease the expected
level of polarization. For those energies higher order spin
resonances are not important. The depolarization is
stronger because the linear synchrotron sidebands at k+Qs

are moved closer to the beam spin tune around k+0.5.
From Figure 7 it can be concluded that it should be

possible to establish polarization of at least 5% up to
about 70 GeV using a high Qs working point. This exten-
sion of LEP polarization with high Qs should be tried in
1999.

4.3.  Uncorrelated Regime

 For the highest LEP beam energies around 90-100 GeV
the beam polarization is in the completely uncorrelated
regime of spin resonance passings. This is a theoretically
unfavorable regime of spin polarization, depolarization is
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expected to become very strong. However, the uncorre-
lated regime has not yet been assessed experimentally. In
addition the theory does not include the effect of an en-
ergy sawtooth as it appears in LEP.

 We evaluate this regime under the assumption of a
large spin tune spread (σν >> 1). Including the energy
sawtooth LEP will just enter into this regime at the high-
est beam energies. This regime of spin polarization has
the favorable property that the polarization is expected to
increase with beam energy.

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Expected polarization in LEP for ultra-high
energies. The higher-order theory in the correlated regime
(Qs = 1/5) and the “ultra-high term” (Equation 10) in the
uncorrelated regime are shown. LEP is expected to enter
the uncorrelated regime at around 80 GeV.

The expected polarization is shown in Figure 8 for both
the correlated and uncorrelated regime. For the highest
LEP energies at 90-100 GeV the uncorrelated regime
must be considered. It is seen that the polarization pre-
diction in this regime increases with the beam energy,
contrary to the experience in the correlated regime. At
about 100 GeV a polarization degree of roughly 1% is
expected. This is not sufficient for energy calibration.
However, in view of the uncertainties in this energy re-
gime (as discussed before), an experimental test is clearly
warranted.

At the end of the 1998 run it was tried to measure po-
larization at 90 GeV. This attempt was unsuccessful due
to problems in the detector shielding at high energies.

4.4. Further Improvements

 Improvements in the polarization setup of the LEP
storage ring are foreseen. A method of “dispersion-free
steering” applies simultaneous minimization of the LEP
orbit, the dispersion and the required corrector kicks. The
method allows a fast and deterministic orbit optimization
with automatic disabling of bad beam position monitors
(BPM’s) and automatic removal of π-bumps. This
method has been tested during a polarization MD in
1998, providing record small vertical dispersion and
beam size [8]. We expect that the setup time for polariza-
tion can be reduced by about 1-2 hours.

 5  ENERGY CALIBRATION AT ULTRA-
HIGH ENERGIES

 For energy calibrations at energies up to 80 GeV no
problems are expected. At the highest LEP energies the
situation will become more complicated. We consider
several possible problems:
1. The LEP polarimeter puts a laser beam and the parti-

cle beam in collision. The back-scattered photons are
measured in a detector, providing the polarization
signal. Synchrotron photons from the particle beam
produce a noise signal that must be efficiently
shielded without eliminating the signal from the
backscattered. Additional shielding will be imple-
mented in 1999. The shielding relies on the fact that
there are five orders of magnitude in energy between
back-scattered photons and synchrotron photons.

2. The fast kicker used for resonant spin vector rotation
applies a horizontal field to the beam. The spin rota-
tion from a given horizontal magnetic field is con-
stant with the beam energy (for LEP parameters).
Therefore the efficiency of spin vector rotation with
the LEP kicker remains unchanged. No problem is
expected.

3. The rise time of polarization is about 1 minute and is
very short. After the beam has been depolarized it
will polarize in a very short time making it hard to
reliably observe depolarization. The LEP strategy for
energy calibration must be changed. For example the
kicker frequency can constantly be swept back and
forth in a selected interval.

4. If spin decoherence becomes so strong that any hori-
zontal spin component vanishes after a single turn
then polarization can be slowly destroyed by an ex-
ternal perturbation at any frequency. Energy calibra-
tion by resonant depolarization will become impossi-
ble.

 Though there are a few possible problems we expect that
polarization can be used for energy calibration if a suffi-
cient level can be established.

 6  CONCLUSIONS
Transverse beam polarization and accurate energy cali-

bration has been extended to 60.6 GeV in 1998. The ad-
ditional range in energy calibration helps to reduce the
extrapolation error for physics energies and the W mass.

The application of the polarization theory to LEP pa-
rameters shows that a 5% polarization degree can be ex-
pected up to about 70 GeV with the polarization optics
and a high Qs. This extension of polarization range will be
studied at the end of regular energy calibrations in 1999.
If polarization is found at up to 70 GeV it can be used for
energy calibration.

The prospects for polarization in LEP at around
100 GeV are very uncertain. However, it cannot be ex-
cluded that polarization of a few percent is possible in the
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so-called uncorrelated regime. A dedicated experiment in
1999 will try a to explore this regime of beam polariza-
tion.
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