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Abstract

The possibility of obtaining transverse polarization with col-
liding beams was studied at LEP during 1994. A level of
transverse beam polarization of 40% was achieved with e+e−

collisions in one of the experimental interaction points. The
linear beam-beam tune shift was about 0.04 and the luminos-
ity for the collision of one electron and one positron bunch
was 1.5 × 1030cm−2s−1. The polarization level was not lim-
ited by the beam-beam interaction: from three circulating elec-
tron bunches only one was colliding with one positron bunch,
whereas the beams were separated by electrostatic deflectors at
the interaction points of the other electron bunches. No signif-
icant difference between the polarization level of colliding and
non colliding bunches was noticed. Betatron- and synchrotron
frequencies as well as spin tune were chosen in order to avoid
beam-beam driven depolarizing resonances.

I. INTRODUCTION
During 1994 a series of experiments were performed to assess

the possibility of sustaining polarization with colliding beams at
LEP. Polarization in collision would allow beam energy mea-
surement during luminosity fills and future experiments using
colliding polarized beams.

To precisely determine mass and width of the Z boson a cal-
ibration of the beam energy by resonant depolarization is re-
quired. The calibration is performed at the end of a luminosity
fill with non colliding beams [1]. A transverse polarization level
of at least 10 % with beams in collision would allow to reduce
the time required for the energy calibration. The installation of
a spin rotator at LEP, although not foreseen for the next years,
would allow to collide longitudinal polarized beams and to mea-
sure the weak mixing angle θw with an accuracy which can not
be achieved by other methods. Such an experiment requires a
beam polarization of at least 50% [2].

II. MAXIMUM POLARIZATION FOR A SINGLE
BEAM

A maximum level of transverse polarization for a single beam
of (57 ± 3%) has been achieved using various techniques to
compensate depolarizing effects [3] :

• the vertical closed orbit is carefully corrected to a rms value
of 0.4-0.5 mm.

• the spin rotation due to the experimental solenoid magnetic
field of up to 66 mrad/turn which reduces the polarization

level to less than 5% is compensated by a proper config-
uration of vertical closed orbit bumps of both sides of the
solenoids [4]

• the beam energy is selected for the spin tune to be close to
γa = n + 0.5, with n an integer number, in order to mini-
mize the depolarizing effects from integer resonances (γ is
the gamma-factor for the electrons, and a is the anomalous
magnetic momentum).

• Harmonic spin matching is applied to minimize the spuri-
ous tilt of the spin precession axis by compensating those
harmonics of the Fourier expansion of the closed orbit
which lead to a depolarization [5]. A novel implementa-
tion of the harmonic spin matching was developed for LEP
by deriving the amplitude of the correcting bumps for the
harmonics of interest directly from the beam position mea-
surements [6].

III. BEAM-BEAM EFFECTS

The beam dynamics is strongly affected by beam-beam ef-
fects, as one beam acts on the counterrotating particles as a
strong nonlinear lens. The strength of the beam-beam effect is
characterized by the linear beam-beam tune shift. Beam-beam
effects limit the maximum tune shift to a value of about 0.04 per
interaction point for e+e- storage rings. If the operating param-
eters such as betatron and synchrotron tunes are not carefully
chosen, the beam-beam tune shift as well as the attainable lu-
minosity is limited to much lower values. Beam-beam effects
can lead to an emittance increase and to particle losses. It has
also been observed, that the distribution of particle amplitudes,
which is Gaussian for a single beam, develops tails in the pres-
ence of beam-beam effects [7].

The influence of the beam-beam interaction on the beam po-
larization is twofold :

• the particle trajectory is deflected by an angle α due to the
interaction with the counterrotating beam. The spin vector
rotates by an angle : γa × α. This effect can cause higher
order depolarizing resonances.

• the excitation of vertical betatron oscillations by beam-
beam effects at the beam-beam limit can increase the
strength of depolarizing resonances, in particular of those
resonances where the condition γa = Qy ± n is fulfilled,
with Qy the vertical betatron tune.

At PETRA a decrease of the transverse polarization was ob-
served with increased beam-beam tune shift. At the same time
the vertical beam size increased [8].

The influence of the beam-beam interaction on the polariza-
tion if not fully understood. Currently both at HERA [9] and
at LEP [10] the depolarization by beam-beam effects is experi-
mentally investigated.
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Figure. 1. Polarization level during first experiment

IV. FIRST EXPERIMENT

The first experiment performed at LEP demonstrated a strong
depolarization due to the beam-beam interaction. 8 electron and
8 positron bunches were injected into LEP. The bunches were
colliding at the four interaction points (IP) where LEP physics
experiments are located, and separated at four other points in the
vertical plane by electrostatic separators. To avoid collisions in
the arcs additional separators are installed to separate the beams
in the horizontal plane (”Pretzel scheme”) [11]. Even with eight
bunches per beam collisions can be avoided: For injection as
well as for machine experiments the beams can be separated
in the vertical plane at the collision points with LEP physics
experiments.

The beam energy was 45.60 GeV, close to the optimum en-
ergy for the production of Z bosons. The betatron tunes were
adjusted to Qx = 90.231 and Qy = 76.153. The linear beam-
beam tune shift parameter was 0.015. Only the polarization of
the electron bunches was monitored. As show in fig. 1, the
polarization level did not exceed 10% during the first part of
the experiment when the beams were colliding at the IPs. An
increase of the polarization level was observed when the hori-
zontal betatron tune was changed to Qx = 90.187. A scan of the
beam energy from 45.602 GeV to 45.576 GeV had no influence
on the polarization level.

Later the beams were separated, and the polarization level
increased. Four of the eight positron bunches were dumped
and the vertical separation around the collision points with LEP
physics experiments was switched off. This left four of the
eight electron bunches colliding. For the noncolliding electron
bunches the polarization kept increasing, whereas for the four
colliding bunches the polarization level decreased.

V. SECOND EXPERIMENT

The second experiment was performed at the end of a lumi-
nosity fill at a beam energy of about 45.60 GeV. For energy cali-
bration the beams were separated at all four collision points and
a polarization level of 20% was obtained. Then the beams were
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Figure. 2. Polarization level during second experiment

brought into collision at a single interaction point. The verti-
cal electron beam size increased by about 10% with the beams
in collision, but no depolarization due to beam-beam effects
was observed. The betatron tunes were Qx = 90.226 and Qy

= 76.165 and the noninteger part of the spin tune γa = 0.48. Af-
ter the beams were colliding, the luminosity was increased from
2.0 × 1030 cm−2 s−1 to 2.4 ×1030cm−2s−1 by an optimiza-
tion of the beam overlap in the vertical plane with electrostatic
separators installed left and right of the IPs. During this opti-
mization no change of the polarization level was noticed. The
linear beam-beam tune shift reached 0.017.

To better understand the dependence of the beam-beam de-
polarization on the operating conditions the synchrotron tune
was changed from 0.0622 to 0.0591 (see fig.2). The polariza-
tion level decreased to about 17%. A further reduction of the
synchrotron tune to 0.0581 lead to a strongly decreased polar-
ization level of 10%. When the beams were separated again
(leaving the synchrotron tune at a value of 0.0581) the polariza-
tion started to rise, indicating that the depolarization was indeed
caused by beam-beam effects.

VI. THIRD EXPERIMENT
This experiment was performed at a beam energy of 44.71

GeV. Three electron bunches and one positron bunch were in-
jected. With such a scheme one electron bunch and one positron
bunch collide in the interaction points 2 and 6, if the separation
bumps are turned off, whereas the other electron bunches meet
the positron bunch at points where the beam are separated. This
allows a direct comparison of the polarization levels of a collid-
ing and a non colliding bunch.

The aim for this experiment was to achieve the highest possi-
ble polarization level with colliding beams. The highest polar-
ization level of 57% was achieved in 1993 with one beam, but
during the energy calibrations in 1994 it never exceeded 25%
(the reasons for the low polarization level are not well under-
stood, it is assumed that alignment of the magnets and precision
of the beam orbit measurement system was slightly degraded
during 1994).
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Figure. 3. Polarization level during third experiment

All potential depolarizing sources were turned off :
• the solenoid magnets in the HEP experiments
• the separators for the ”Pretzel scheme”, because the

bunches did not meet in the arcs
The polarization level saturated at around 25% after applying

the technique of deterministic harmonic spin matching.
Some time was then spend to further increase the polariza-

tion level by adopting a new method of ”educated harmonic
spin matching” [6] [12], leading to a polarization level of more
than 30%. At that time electron bunch 2 and positron bunch 1
were brought into collision at interaction point 6. The educated
harmonic spin matching was pursued with beams in collision
and a polarization level of 40% was obtained for both collid-
ing and non colliding bunches. The luminosity was 1.0 - 1.5
×1030cm−2s−1 and the linear beam-beam tune shift was 0.04.

VII. ESTIMATION OF BEAM-BEAM
DEPOLARIZATION

The asymptotic value for the polarization can be written as :

P (t → ∞) =
0.924

1 + ( τp

τd
)sb + ( τp

τd
)bb

(1)

(τp/τd)sb includes all depolarizing effects in the presence
of only one beam, (τp/τd)bb all depolarizing effects from the
beam-beam interaction.

During the third experiment the polarization levels of the col-
liding and the not colliding bunch were about the same. We
can estimate the beam-beam depolarization since the polariza-
tion level of the non colliding bunch was 40% and since the dif-
ference with the colliding bunch did not exceed 4%. Using the
equation above this yields an equilibrium polarization level due
to the beam-beam interaction of about 74%, if no single beam
depolarizing effects are present.

VIII. SUMMARY
The experimental study is far from being complete. We sum-

marize our observations :

• In one experiment the beams were colliding at four points.
The polarization level was limited to less than 10 %. No
increase of the electron vertical beam size was observed.
The vertical positron beam size increased by about 30 %.

• With the beam colliding at one point, a polarization level of
40 % was achieved. The polarization level was about the
same for one colliding and one non colliding bunch.

• It was observed that the polarization level depends critically
on the synchrotron tune : when Qs was changed by 0.005,
the polarization strongly decreased.

• In one experiment with the beams colliding at four points
at an energy of 45.60 GeV with a linear beam-beam tune
shift of 0.015/IP the depolarization was strong. In the last
experiment performed at an energy of 44.71 GeV the polar-
ization level was 40 % with a linear beam-beam tune shift
of about 0.04/IP. This indicates, that the beam-beam depo-
larization does not scale with the linear beam-beam tune
shift at one crossing point. Other parameters as spin tune
and synchrotron tune are also of importance.

The experiments presented here demonstrate that transverse
polarization can be maintained in the presence of beam-beam ef-
fects, provided that the operational parameters are well selected.
The results also show, that experiments with longitudinal polar-
ized beams at least at one collision point are not prohibited by
depolarizing beam-beam effects. However it should be kept in
mind, that the beam-beam depolarizion with transverse and lon-
gitudinal polarized beams might be different.
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