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Abstract

Several years ago a selfpolarization effect for stored (anti-)protons and ions was in-
vestigated theoretically. The effect is based on the well-known Stern-Gerlach effect in
gradient fields. The aim of the ongoing measurements at IUCF is to verify experimentally
the various assumptions on which this effect is based. The final goal is to demonstrate this
new polarization effect. The proposed effect could be a powerful tool to produce polarized
stored hadron beams both in the low energy range and at SSC and LHC energies.

Introduction

During the last years a new polarization effect for stored protons or antiprotons was
investigated theoretically1'2. The idea is very simple: a storage ring consists of strong
nonlinear fields, the quadrupoles. The nonlinear fields act on the spin of the particle by
the Stern-Gerlach effect: the particles are kicked by a very small amount. This small kick
produces betatron oscillations. During the next revolution the gradient of the quadrupole
is (naturally) the same but the spin direction can be altered. As a result the strength and
the direction of the kick can be different from revolution to revolution. When this time
dependent kick follows a betatron oscillation the kicks can add up over many revolutions
and a macroscopic oscillation can be excited which can be detected by an outside monitor,
""he principle is the same as in the one used for measuring the Q-value: small kicks add
up over many revolutions and produce an oscillation with a significant amplitude.

Aim of the ongoing measurements is to establish this effect. Although the above
mentioned concept is very simple and staightforward and somewhat an analogy of well
established techniques it differs in two points from these techniques.
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First of all the excitation strength is small and therefore a long time is needed to
see a macroscopic effect. Since the strength of the kick is comparable with the quantum
mechanical uncertainty a long discussion took place, if the laws of quantum mechanics are
not imposing a principle limit on this effect. In addition the long accumulation time rises
questions concerning the stability of the field. Long term drifts may smear out the effect.

And, secondly, the driving force is related to the spin direction. The spin direction
cannot be measured in a simple way, especially when the spin direction changes from
revolution to revolution.

It was amusing to learn that similar problems arise when gravitational wave detec-
tors are designed 8l7. Although different in the final goal the underlying principles and
limitations are nearlv identical.

The Principal Concept

When a proton passes a quadrupole the acquired kick depends on the momentum of
the particle:

V = Pt/P

where p = 3-fmpc, 7 = (1 - 32)~1/2 and mp is the (anti)proton mass. pt depends on the
force F and the length of the interaction r. When L is the length of the interaction and
3c is the velocity, r)' becomes:

FL
v =

The Stern-Gerlach force is F = V(/z.i?) with fi = 1,41.10~107T~1. For low energies
7 = 1.3 % 0.1, a field of 20 Tm"1 the kick is 9.4xlO~14 rad. In order to calculate a
displacement in the machine the kicks have to be multiplied with the square roots of
the beta function. Assuming that the betafunction both at the point of observation and
the point where the kick is applied is 100 m the betatron amplitude is = 10~8mm. 108

revolutions are required to accumulate a betatron amplitude of 1 mm.
Since most of the low energy storage rings have revolution times in between 10~8 and

10~7 seconds a measurable amplitude should be accumulated within 10 to 100 seconds.
During this time the spin motion and the betatron motion must be in phase. The resonance
condition is

where Q is the Q-value of the machine, n is any integer and Qtptn is the number of spin
precessions per revolution. In a machine without any spin manipulations Q,v,n is Gy,
where G is the anomalous magnetic moment of the proton (G = 1.793).

It should be mentioned that the superposition of Stern-Gerlach kicks on single charged
particles is a well established effect3. The difference to the single particle technique is only
that an ensemble of particles and an ensemble of spins have to be considered. In order to
avoid depolarization in such an ensemble the spin motion of all particles must be (within



certain limits) the same. The same is valid for the betatron motions. In addition both
motions must fulfill equation (1).

Coherent Spin Motions

Equation (l) defines the range of the spin tune. When Q is an integer or a half integer
the storage ring will not work. As a consequence the spin tune Q,pin must differ from an
integer or half an integer. In other words the spin direction has to change from revolution
to revolution. Repetitions after each or each second revolution are not allowed. One of
the aims of our experiments is to verify that such a spin oscillation is stable and does not
lead to depolarization.

In principle several different techniques can be applied to rotate the spin around the
stable spin direction (so called n-axis). One is the Spin-Splitter idea8, where the rotation
is performed by a solenoid which rotates the spin by less than 180 degree. Fig. 1 shows
the whole ensemble which is more or less similar to a Siberian Snake with a solenoid. The
skew quadrupoles have two functions: they compensate the influence of the solenoid on the
particle trajectories and they act as Stern-Gerlach magnets. The magnets have opposite
polarity but due to the 180 degree rotation of the solenoid the Stern-Gerlach kicks add.

The other proposed technique is based on the application of time dependent fields9'10

which manipulate the spin in a similar way as the solenoid does.
When we considered this experiment for the first time an Ann Arbor-IUCF group4

discussed a Siberian-Snake experiment with a strong solenoid at IUCF in Bloomington,
Indiana. IUCF is a proton storage ring with an electron cooler operating in the 100 MeV
to several 100 MeV range. After the Siberian Snake group have finished parts of their
shifts we asked for a few shifts to test some of our ideas.

The experiment was planned in three steps:
a.) The polarization is injected along the n-axis: the spin direction repeats from

revolution to revolution (fig. 2). The maximum beam current is accumulated. The po-
larization of the stored beam is measured. Since Q,pin is an integer an accumulation of
Stern-Gerlach kicks is impossible. This measurement allows to study the behaviour of the
polarimeter and the efficiency of the accumulation process (stacking) in the presence of a
Siberian Snake.

b.) The spin is injected 90 degree relative to the n-axis. The spin is supposed to
oscillate around the stable condition. Since the ideal Siberian Snake rotates the spin
by 180 degree the spin direction repeats after each second revolution (fig. 3). A Stern-
Gerlach accumulation can only be observed on a half integer Q-value (which is is not a
stable condition). Nevertheless, this experiment allows to study some technical details
of the concept. Since the polarization must be the same after each second revolution,
the polarimeter only measures a non-zero polarization when the input is gated with a
subharmonic of the revolution frequency. The aim of this experiment is to study the
stability of a polarization vector oscillating around the n-axis.

c.) The 180 degree rotation of the Siberian Snake is changed into a 180-A degree
rotation. The spin does not repeat every second revolution (fig. 4) and the resonance
condition (1) can be fulfilled.

So far we had only time to finish the measurements on point a.).



ad a.) We injected the beam with a polarization along the n-axis. The n-axis is
parallel to the field axis of the solenoid. We were able to accumulate a polarized beam of
up to 2/i.4 at 107 MeV (Gj=2). The solenoid was not compensated during these shifts by
the skew quadrupoles. The polarimeter shows a polarization of typically

PH = 86 ± 10%, Pv = 4 ± 10%

We were able to store up to 20fiA polarized beam when, in a next step, the solenoid
was completely compensated by skew quadrupoles. The compensation was verified by
measuring the coupling between the horizontal and vertical plane.

ad b.) We tried to inject a beam with a horizontal polarization of 90 degree relative
to the n-axis (see fig. 3). The polarization should flip from revolution to revolution
by 180 gree. By timing the injection with a subharmonic of the revolution frequency
we tried to inject cnly beam with the correct polarization relative to the stored beam.
Unfortunady during accumulation the stored beam has to be debunched. With the used
electronic scheme we were not able to keep the d<;bunching time short enough. The beams
are debunched during a period of 10* revolutions. A particle with an energy deviation
of 10""3 performs 1000 revolutions more or less than a particle with nominal energy and
the spin flips thousand times more or less often leading to a depolarization of the stacked
beam. A remedy could be an additional cavity keeping the bunches together or a shorter
time in which the beam is debunched. Another, even simpler remedy is to inject the beam
polarized along the n-axis as in a.), accumulate the beam and rotate the polarization after
accumulation with a time dependent field into the required position. During the next shifts
such a time dependent field will be available.

In the meantime extensive computer simulations of the spin stability were performed
and will be published soon11. The main results are the following: with a Siberian Snake
and a G7 of 2 the oscillations around the stable solution do not lead to depolarization.
Outside this regime the stability is only granted when so-called spin matching conditions
are applied. These conditions are described in detail in 12.

Coherent Betatron Motions

A rather short time was spent to get more experimental information on Landau effects.
Equation (1) assumes that the Q-value is the same for ail particles. In reality the Q-value
depends on 7, the phase and the amplitude of the betatron motion. The chromaticity
(dependance of Q on 7) is not compensated at IUCF. One would assume that with a single
kick the at the beginning coherent oscillation is converted into an incoherent oscillation in
a short time. This was verified experimentally5.

But even with a fully compensated chromaticity the Q-spread is big enough to reduce
the excitation of the Stern-Gerlach kicks by Landau-damping. A more detailed description
of Landau-damping can be found in 13. Here only the basic elements are given.

The focussing strength of a nonideal quadrupole (quadrupole with sextupole, octupole.
etc., components) depends on the amplitude of the particle trajectory. Amplitude means
the distance between the center of the quadrupole and the actual trajectory. The amplitude
changes from revolution to revolution (see fig. 5) due to the fact that the Q-value has to



be non-integer. As a result the focussing strength is slightly different from revolution
to revolution. Taking many revolutions into account a distribution of Q-values around a
central Q-value is obtained (fig. 0).

Consider an ensemble of particles. Each particle has at each revolution a slightly
different Q-value, even when the central Q-value for all pe.rticles is the same. When such an
ensemble is excited by a monochromatic frequency from outside only parts of the ensemble
react with the maximum amplitude. Others are only partly or not excited due to the fact
that their oscillation frequency is different from the excitation frequency. The particles
being fully excited change position with the partly excited and viceversa. The behaviour
of the ensemble can be described in a formal way as a damping, the so-called Landau
damping. In order to produce a significaijt amplitude the excitation has to overcome the
Landau damping constant.

During the last year the effect of Landau damping on the Spin-Splitter experiment
was discussed by several authors5'10'11. H. Kreiser11 pointed out, that this effect can
reduce the achievable degree of polarization. Derbenev10 argued that a coupling between
the betatron oscillations can reduce the Landau-damping effects. This is well known and
described in13 in more detail. Here the effect is explained by two pendulums with slightly
different frequencies.

When these two pendulums are independent from each other and excited by one source
the sum of the amplitudes can be described by the above mentioned Landau-damping pic-
ture. If the two pendulums are coupled by a (relatively weak) additional spring, the
situation does not significantly change except for the fact that the whole assembly has
an additional resonance frequency. This frequency is sharp. Derbenev argued that a
quadrupole type betatron oscillation is generated when particles with different spins get
separated. The two parts of the quadrupole oscillations are coupled by strong electromag-
netic forces when the particles are not relativistic. As a result a new sharp frequency is
generated and the Landau damping does no longer reduce the separation.

Part of the oncoming measurements in 1991 will be used to get a more detailed
information on these effects.
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Fig 5 The betatron amplitude in a quad changes from revolution to revolution.

As a result the nonlinearities in the quad change the Q-value from
revolution to revolution.

Fig. 6 Calculated Q-value distribution

(in relative units) for IUCF

2000.0

1500.0 -

1000.0 -

500.0 -

0.2886 0.2890 0.2694 0.3898

Q (Z)


