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Abstract. We discuss polarizing a proton beam in a storage ring, either by selective removal or by 
spin flip of the stored ions. Prompted by recent, conflicting calculations, we have carried out a 
measurement of the spin flip cross section in low-energy electron-proton scattering. The experiment 
uses the cooling electron beam at COSY as an electron target. The measured cross sections are too 
small for making spin flip a viable tool in polarizing a stored beam. This invalidates a recent 
proposal to use co-moving polarized positrons to polarize a stored antiproton beam.  

Keywords: polarized beams, storage rings, electron-proton scattering, antiprotons 
PACS: 29.27.Hj, 29.20.D-, 25.30.Bf, 25.43.+t 

1. INTRODUCTION 
Usually, polarized ions in a storage ring are provided by injecting an already polarized 

beam from a suitable ion source. Alternatively, it is conceivable to polarize an initially 
unpolarized beam while it is stored in the ring. In the case of a spin-½ beam (with two 
spin states) this would be achieved by either selectively discarding particles in one spin 
state (“filtering”), or by selectively reversing the spin of particles in one spin state 
(“flipping”).  

After summarizing ideas and experimental results concerning the ‘in-situ’ polarization 
of a stored proton beam, we report in this paper a direct experimental evaluation of spin-
flip in electron-proton scattering, and its contribution to polarizing the proton beam. The 
experiment, which is making use of the  electron cooler as an electron target, has been 
carried out to resolve the discrepancy between two recently published calculations [1, 2], 
and to settle the question whether, in the future, spin flip will play a role in polarizing 
stored beams. 

We are interested in the in-situ polarization of a stored proton beam because we hope 
to be able to apply the same technique to antiprotons. The need for polarized antiproton 
beams is well recognized as a prerequisite to address several important topics in particle 
physics, including a first direct measurement of the transversity distribution of the 
valence quarks in the proton, a test of the predicted opposite sign of the Sivers--function, 
related to the quark distribution inside a transversely polarized nucleon, and a first 
measurement of the moduli and the relative phase of the time-like electric and magnetic 
form factors of the proton [3].  

Even though a number of methods to provide polarized antiproton beams have been 
proposed at a workshop more than 20 years ago [4], no polarized antiproton beams have 
yet been produced, with the exception of a low-quality, secondary beam from the decay 
of anti-hyperons that has been realized at Fermilab [5]. Recently, interest in the in-situ 
polarization of antiprotons has been revived, prompting workshops on the polarization of 
antiprotons at Daresbury [6], and at Bad Honnef [7]. 
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2. IN-SITU POLARIZATION OF A STORED BEAM 

2.1. Evolution of the beam polarization 

Let us consider a storage ring that contains N = N↑ + N↓ spin-½ particles in the two 
allowed substates, ↑ and ↓. The arrows indicate spins pointing along or opposite the 
quantization axis. The beam polarization is given by PB = (N↑ – N↓)/N. The beam interacts 
with an internal spin-½ target with polarization PT and area number density dT. The orbit 
frequency is fR .  

A particle traversing the target may be removed from the stored beam by a reaction or 
by scattering at an angle larger than the ring acceptance. The removal cross section, 
integrated over the appropriate solid angle, is defined as σR ≡ ½(σR(↓↑) + σR(↑↑)). The 
arrows indicate whether the spins of projectile and target are opposite or parallel. The 
spin-dependent part of the removal cross section is given by ∆σR ≡  ½(σR(↓↑) – σR(↑↑)).  

In principle, it is also possible to change the polarization of the stored beam by spin 
flip of particles that interact with the target but remain in the ring. This mechanism would 
have the advantage that it entails no beam loss. The cross section for the spin flip of a 
beam particle is defined as σS ≡ ½(σS(↓↑) + σS(↑↑)). The arrows indicate whether the spins of 
projectile and target (before the flip) are opposite or parallel. The spin-dependent part of 
the spin-flip cross section is given by ∆σS ≡ ½(σS(↓↑) – σS(↑↑)). These cross sections are 
integrated over the solid angle, from a minimum polar angle (given by Coulomb 
screening) to the angle that corresponds to the ring acceptance. Scattering within the ring 
acceptance, but without a spin flip, does not affect the beam polarization at all and can be 
ignored.  

The time evolution equations for the beam polarization PB and the number of stored 
particles N have been discussed repeatedly [8 - 12], and can be summarized as 

 

 ( )[ ]RBTBSSTTR
B PPPPdf

dt

dP σσσ ∆−+−∆= 2122 . (1) 

 

 [ ] NPPdf
dt

dN
RBTRTR σσ ∆−−= . (2) 

 
It is useful to discuss two special cases. The first case deals with polarizing an initially 

unpolarized beam (PB = 0). As long as PB is still small, the rate of change of polarization 
is constant and given by 
 

 [ ]RSTTR
B Pdf

dt

dP σσ ∆+∆= 2 . (3) 

 
We define the ‘polarizing cross section’, σpol, as the sum of the two terms in the bracket.  
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The second special case describes the effect of an unpolarized target (PT = 0) on an 
already polarized beam,   

 

 BSTR
B Pdf

dt

dP σ2−=   , (4) 

 
which shows that the “de-polarizing cross section” is equivalent to twice the spin flip 
cross section σS. Since it is always true that σS ≥ ∆σS , it follows from eqs. 3 and 4 that if a 
polarized target is capable of polarizing an unpolarized beam by spin flip, an 
unpolarized target will de-polarize an already polarized beam. The experiment described 
in this paper makes use of this principle. 

2.2. Spin filtering 

The first (and so far only) evidence that a stored hadron beam can be polarized in situ 
was presented in 1993 by the FILTEX group [13]. The experiment was carried out in the 
TSR at Heidelberg with a 23-MeV proton beam, orbiting with fR = 1.177 MHz in the 
presence of a polarized atomic hydrogen target. The target atoms were in a single spin 
state, i.e., protons and electrons were both polarized. The polarization buildup of an 
initially unpolarized beam was measured; the result was dPB/dt = (1.29 ± 0.06)·10-2 per 
hour [13]. 

In the FILTEX experiment, the target thickness was dT = (5.3 ± 0.3)·1013 cm-2 and the 
target polarization was PT = 0.795 ± 0.024. Inserting these numbers into eq. 3, one finds 
for the polarizing cross section  

 
 σpol = (73 ± 6) mb  . (5) 
 
With positive target polarization the resulting beam polarization was positive, which 
means that the removal cross section is larger if beam and target spins are opposite, and 
thus σpol is positive. The numbers of the final FILTEX result in eq. 5 slightly differ from 
those in the initial report [13]. These revisions followed the original publication within a 
year, and are discussed in [14]. 

When comparing the FILTEX result with the expectation based on the known pp 
interaction, it is important to realize that a beam ion has to scatter by at least an angle Θacc 
in order to leave the ring acceptance. For a well-cooled beam this angle is determined by 
the ring optics at the target, and, for the FILTEX experiment was measured as Θacc = (4.4 
± 0.5) mrad [15]. For the transversely polarized target of the FILTEX experiment, the 
theoretical expectation for the polarizing cross section, assuming no spin flip effects (or, 
∆σS = 0), is [16] 
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where A00nn and A00mm are the spin correlation coefficients defined in ref. [17]. This 
expression has been evaluated numerically by a number of authors, using different 
parameterizations of the pp interaction [11,18,19]. Combining these results with a  ±1 mb 
uncertainty, calculated from the uncertainty of the TSR acceptance angle, yields 
 
 σpol,theor = (86 ± 2) mb  . (7) 

 
The fact that experiment and theory (eqs. 5 and 7) disagree by two standard deviations 

has been the original motivation to investigate the role of spin flip.  

2.3. Spin flip 

During the analysis of the FILTEX result, it became clear that small-angle scattering, 
for which the ion remains in the beam, is a significant part of the total cross section [16]. 
It was argued that this scattering without loss may be accompanied by spin flip. This 
would include scattering not only from the polarized protons of the atomic beam target, 
but also from the electrons [20], which are also polarized. Because of their much larger 
mass, protons scattering from electrons always stay within the acceptance. Evaluating the 
spin transfer cross section at small angles between 10 and 100 MeV, sizeable effects 
were predicted [16]. The spin transfer cross section, as defined e.g. in ref. [17], refers to 
producing a spin-up beam particle (rather than a spin-down one) when an unpolarized 
beam interacts with a polarized target. A decade later, Milstein and co-workers [10] 
showed that the relevant quantity to evaluate is the spin flip cross section (the cross 
section that the spin of a beam particle is reversed.), which is different from, and much 
smaller that the spin transfer cross section and is in fact negligible for the proton energy 
used in the FILTEX experiment. 

More recently, Arenhövel [1] predicted that the spin-flip cross section in electron-
proton scattering at low energy (a few eV in the center-of-mass system) is very large 
because of the mutual attraction of the two oppositely charged particles. Walcher and co-
workers adopted this idea for a proposal to polarize stored antiprotons with a co-moving 
beam of polarized positrons [21]. The proper low interaction energy would be achieved 
by making the two beam velocities almost the same. Even though the achievable positron 
beam intensities are quite low, the predicted spin flip cross sections are so large that the 
scheme would still be feasible. For instance, at a center-of-mass energy of 0.93 eV 
(corresponding to a proton energy in the lepton rest frame of Th = 1.7 keV) Arenhövel 
predicts a spin flip cross section of σS = 4·1013 b. However, a calculation of the same 
quantity by Milstein and co-workers [2] resulted in σS = 0.75 mb. The goal of the 
experiment described in the following is to resolve this discrepancy of 16 orders of 
magnitude. 
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3. EXPERIMENT 
The aim of this experiment is to determine the depolarization of a polarized proton 

beam by its interaction with the electrons of the cooler beam. The measurement is carried 
out with a proton beam in the COSY ring [22], using the detector setup in the target 
chamber of the ANKE spectrometer [23]. The proton energy is Tp = (49.3 ± 0.1) MeV, 
corresponding to a velocity of vp = 0.312·c, where c is the speed of light and γp = 1.053 is 
the usual relativistic parameter.  

3.1. Cooler beam as an electron target 

In this experiment the COSY electron cooler [24] serves two functions. On one hand, 
as usual, it provides the phase-space cooling of the stored proton beam, while on the 
other hand it plays the role of an electron target for the actual measurement of the low-
energy spin-flip cross section in e-p scattering. 

In the cooling mode, the electron velocityev  is adjusted to the velocity vp of the stored 

protons. This is the case if the accelerating potential equals ppeC TmmU )/(= , where me 

and mp are the particle masses, and Tp is the proton kinetic energy. When the cooler is 
used as a target, a relative motion between the proton and the electron beam is achieved 
by ‘detuning’ the accelerating voltage by ∆U, changing the electron velocity by ∆ve , and 
inducing an average relative ‘detune’ velocity u0. 

Besides this induced velocity, there are additional contributions to the relative motion 
between protons and electrons. The dominant effect arises from the transverse thermal 
motion of the electrons. Other contributions include the betatron motion of the protons, 
the velocity spread of both beams, and the ripple on the electron high-voltage supply.  

3.1.1. Average over the relative electron-proton velocities 

In the following, we only deal with the transverse motion of the electrons, having 
ascertained that the remaining effects are at least a factor of 10 smaller. We thus assume 
that the distribution of relative electron-proton velocities, u

r
, taking into account all 

possible pairings, is the combination of the detune velocity u0 with a Maxwell 
distribution in the transverse direction, given by 

 

 zrrz

u

dudduuuueudug
r

ϕδ
πξ

ξ )(
2

1
)( 0

2
2

3 2

2

−=
−rr

 . (8) 

 
Here, cylindrical coordinates (r, z, φ) are used. The distribution )(ug

r
is normalized to 

1. We choose a coordinate system, the ‘proton rest frame’, which is moving with vp, with 
the z-axis in the beam direction, the y-axis up, and the x-axis in the ring plane, i.e., x = r 
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cosφ and y = r sinφ. The parameter
eep mTk /γξ =  is determined by the transverse 

electron temperature Te. Velocities are given in units of c, and the detune velocity is 

ep vu ∆= 2
0 γ . 

The expression, eq. 4, for the beam depolarization then becomes 
 

 Puun
L

L

dt

dP
Se

R

C ⋅−= )(2 σ  . (9) 

 
From now on, P signifies the beam polarization, Lc is the active length of the cooler, LR 
the ring circumference, ne the electron number density, and the angular bracket represents 
an average over the velocity distribution )(ug

r
. In principle, eq. 9 is evaluated in the 

proton rest frame, however the product ne·dt is Lorentz-invariant, allowing us to use 
laboratory values for time and electron density. The latter is given by 

 
 )/( cvAeIn eeee =  , (10) 
 
where e is the elementary charge, ve the lab velocity of the electrons, Ie the electron 
current, and Ae

 the cross-sectional area of the electron beam. 
The task at hand is to evaluate the average over the distribution of relative velocities. 

An additional complication arises from the fact that there are two independent 
depolarizing cross sections, σS,τ and σS,λ, depending on whether the polarization vector is 
transverse to or along the motion u

r
. In this experiment the polarization is along the y-

axis, and thus the average over u
r

 is given by  
 

 udug
u

u
u

u

uu
uuuu r

S
zr

SS
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22
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222
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)(
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


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++⋅= ∫

ϕσϕσσ λτ  . (11) 

 
Inserting )(ug

r
, integrating over uz and φ, and replacing ur , using 222

or uuu −=  and ur dur = 
u du, leads to 
 

 duue
u

u
u

u

u
uuu

uu

u

SSS
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
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


+= ∫ . (12) 

 
For the small relative velocities considered here, the spin-flip cross sections are to a 

good approximation proportional to u–2. This velocity dependence is discussed by 
Milstein et al. [10], and follows from their eq. 20, when neglecting the logarithmic term 
(which amounts to just a few percent). We thus set 
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∗

= jSjS u

u
u ,2

2

, )( σσ   , (13) 

 
where j stands for either τ or λ, and u* is an arbitrarily chosen reference velocity with the 
understanding that the experiment yields information on the two cross sections ∗ τσ ,S and 

∗
λσ ,S , at that velocity. The velocity average can now be written as 

 
 ( )λλττ σσσ IIuuu SSS

∗∗∗ += ,,

2
)(    , (14) 

with 

 ∫=
1

00

0

),()(
u

jj duuuwuI    , (15) 

and 
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
±=  .  (16) 

 
The weight functions wj are defined for u > u0 ; the plus sign applies when j = τ , and 

the minus sign when j = λ. The integrals Iτ and Iλ , evaluated numerically for a transverse 
electron temperature kTe = 0.3 eV (ξ = 8.1·10–4), are listed in tab. 1. Although not needed 
for the subsequent data analysis, it is interesting to calculate an average velocity u  and 
range u∆  for the relative velocity from the centroid and width of the weight functions 
(the corresponding values are very similar for the two weight functions, so we only quote 
their mean). 

 

∆U  
0u  Iτ Iλ u  u∆   R δR 

(V)  (10-3 c)   (10-3 c) (10-3 c)    
–426  –2.53 338 25.8 2.82 0.23  1.084 0.051 

0  0 777 777 0.64 0.49  1.022 0.055 
246  1.46 482 79.4 1.86 0.30  1.008 0.096 
301  1.79 429 54.3 2.15 0.27  1.094 0.074 
348  2.07 391 40.3 2.40 0.25  1.023 0.055 
426  2.53 338 25.8 2.82 0.23  1.027 0.049 

 
Table 1. The detune voltages ∆U used in this experiment, the detune velocity 

0u  in the proton rest frame, 

the integrals Iτ and Iλ of eq. 15, and the average velocity u and its standard deviation. The calculation 
assumes a transverse electron temperature of kTe = 0.3 eV.  The last two columns show the measured ratio 

R, of the polarization with and without electron target and its statistical uncertainty δR (see sect. 3.3.3). 
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3.1.2. Effect of the detuned electrons on the stored beam 

Whenever the detune potential is set to a non-zero value, the stored beam is no longer 
cooled. In addition, since no RF bunching is used, the drag force exerted by the electrons 
will affect the proton beam velocity. In order to limit this effect, we alternate 5 s intervals 
of detuned operation (∆U ≠ 0) with 5 s intervals of cooling (see sect. 3.2).  

In order to demonstrate that the drag force does not significantly affect the proton 
velocity during the detuned phase (5 s) we show in fig. 1 the frequency distribution of the 
orbiting particles (Schottky spectrum). The top trace shows the spectrum of the cooled 
beam with the characteristic double peak due to plasma waves traveling in opposite 
directions. The remaining four traces are measured after a detune voltage of ∆U = 246 V 
has been turned on, which results in a relative electron-proton velocity of u0 = 1.46·10–3. 
The bottom scale shows the proton velocity up relative to its value at the start of the 
detune interval. One notices that after applying the detune voltage, the proton velocity 
spread immediately increases, and continues to grow slightly while the centroid shifts by 
about 0.08·10–3 over the 10 s interval studied here. In the actual experiment, the detune 
interval is 5 s. It is clear that both spread and shift of the proton velocity distribution are 
negligible compared to u0. 
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Fig. 1: Schottky spectra (distribution in orbit frequency) of the stored proton beam. The top trace is 
measured when the beam is cooled. The remaining traces show the evolution of the distribution after a 
detune voltage of 246 V has been applied. The bottom scale shows the proton velocity up relative to its 

value at the start of the detune interval. The measurement covers a period of 10 s.  
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3.2. Cycle scenario 

An experiment with a storage ring typically consists of a sequence of fill cycles. The 
scenario of our experimental cycle is shown in fig. 2. At the beginning of the cycle, the 
ring is filled with vertically polarized protons (typically, the beam polarization is PB ~ 
0.5). During the first half of the cycle, the coasting beam is interacting with the electrons 
in the cooler. During the second half, while cooling the beam, the internal deuteron target 
is turned on to measure the beam polarization.  

The first half of the cycle contains 49 sub-cycles of 10 s length. During such a sub-
cycle the electron velocity is first tuned to the beam velocity to cool the beam for 5 s, 
then the electron beam velocity is detuned for another 5 s. This is the time when the 
actual experiment takes place with a total ‘interaction’ time in the detuned mode of tint = 
245 s per cycle.  
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Fig. 2: Time sequence of an experimental cycle. The lower trace (solid line) shows the electron 
accelerating voltage, in the first half alternating between cooled and detuned mode. In this case, the cooling 

electron accelerating voltage is UC = 26.8 kV, and the detune voltage is ∆U = 320.42 V. The upper trace 
(dashed) indicates the number of protons orbiting in the ring. The deuterium target is turned on after 500 s.   

 
The scenario just described shall be called ‘E-cycle’. To reduce systematic 

uncertainties, E-cycle polarization measurements are compared to those observed in a 
reference cycle, or ‘0-cycle’. Reference cycles are identical in every respect, except that 
during the interaction time (in the second half of the sub-cycles, for a total time tint in 
each cycle) the cooler beam is turned off. During the experiment, E-cycles and 0-cycles 
are alternated, first with beam polarization up (↑), then with an unpolarized beam and 
finally with polarization down (↓). This sequence is repeated 30 to 40 times to acquire 
statistics. The deduced polarization ratio R ≡ PE/P0 (see sect. 3.3.3) reflects the effect of 



 11 

an electron target on the beam polarization. The data obtained with an unpolarized beam 
are used for systematic studies. 

 

3.3. Polarimetry 

3.3.1. Hardware 

The beam polarization is measured using p+d elastic scattering. Precise analyzing 
power data are available at Tp = 49.3 MeV [25] and cross sections have been measured at 
a nearby energy (Tp = 46.3 MeV) [26]. The beam energy for this experiment was chosen 
partly because of this.  

The target consists of a deuterium cluster jet with about 5·1014 deuterons per cm2 [27]. 
The target thickness has been measured, using the beam energy loss, which in turn is 
deduced from a shift of the orbit frequency of the coasting beam [28]. 

The detector system consists of two silicon tracking telescopes [29] placed 
symmetrically to the left and right of the beam. Each telescope features three position-
sensitive detectors, oriented parallel to the beam direction. The first two layers are 300 
µm thick with an active area of 51 mm by 66 mm. They are located 30 mm and 50 mm 
from the beam axis. The third, 5 mm thick detector, 70 mm from the beam axis is not 
used in this experiment. Within the mechanical constraints of the detector support, the 
telescope positions with respect to the interaction region are chosen to optimize the figure 
of merit for the p+d analyzing reaction. The position resolution of the detectors is about 
200 µm, both, vertically (y axis) and along the beam direction (z axis).  
 

3.3.2. Event selection 

A scatter plot of the energy deposited in the first two layers of one of the telescopes is 
shown in fig. 3. Deuterons, most of them stopping in the second layer, can be selected 
cleanly by a single cut (solid line in fig.3). The remaining part of the deuteron locus 
(below the solid line) overlaps with the proton locus. Deuterons in this part of the locus 
are also identified, provided that they are accompanied by a coincident proton in the other 
telescope, and that the two tracks are co-planar with the beam axis, and the respective 
polar angles are consistent with the kinematics of the p+d reaction. Events recovered in 
this manner amount to 11% of the number of events above the cut. The polarizations 
deduced separately from events above and below the cut are consistent within statistics. 
The total number of processed events for each of the six detune voltages is between 
230’000 and 760’000. The efficiency of the polarimeter, i.e., the fraction of scattering 
events that lead to an identified deuteron, is about 1 %. 
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Fig. 3: Deposited energy in the second layer versus that in the first layer. The solid line indicates the 

primary cut to identify deuterons to be processed. Some deuterons below the line are identified as well and 
included in the analysis (see text).  

 
Events, in which both, the proton and the deuteron, have been observed, are also used 

to reconstruct the reaction vertex by combining the track information with the known 
kinematics of the event. This is used to demonstrate that the beam position is stable to 
within ±10 µm throughout the experiment, excluding beam shifts as a possible source of 
false asymmetries. 

 

3.3.3. Determination of the beam polarization  

The selected events are sorted into bins covering θn ± 1.5°, where θ is the laboratory 
deuteron scattering angle and n is the bin number. This is done separately for the left and 
the right detector and for runs with up or down beam polarization (↑,↓), resulting in the 
four yields YL↑(n), YR↓(n), YR↑ (n), YL↓(n). Making use of the cross ratio method [30], we 
calculate the asymmetry for each angle bin 
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The average ϕcos  over the azimuthal coverage of the detector takes into account the 

dependence of the analyzing power on azimuth. Asymmetries obtained during a typical 
run are shown in fig.4. The solid curve results from a polynomial fit to the known 
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analyzing power [25], folded with the width of the angle bins, and scaled to fit the data in 
the figure. 
 

θ (deg)

εn

θ (deg)

εn

 
Fig. 4: Asymmetries εn with their statistical uncertainty versus the deuteron laboratory angle observed 

during the run with ∆U = 246 V. The horizontal bars indicate the bin width (3°). The curve is deduced from 
the known analyzing power (see text). 

 
 

For each angle bin the analyzing powernyA , that represents the data from [25] is 

calculated, using the polynomial fit and the measured θ for all events in that bin. Each bin 
then yields the value nyn A ,/ε  for the beam polarization. Taking the weighted average for 

all bins, one arrives at the overall beam polarization. This procedure is carried out 
separately for E-cycles and 0-cycles, resulting in the respective polarizations PE and P0, 
with or without electron beam during the ‘interaction’ part of the cycle. The ratio R ≡ 
PE/P0 then constitutes the final result of the polarization measurement. The values for R 
and the statistical uncertainties δR for the six detune velocities are listed in tab. 1, and 
plotted in fig. 5. It is believed that the systematic errors of this measurement can be 
neglected, since the beam position was stable, the up and down polarizations were the 
same within statistics, and systematic asymmetries in beam current and target density 
cancel to first order in the cross ratio. Furthermore, the ratio R depends only on the 
change of the polarization between E-cycles and 0-cycles, and the actual value of the 
beam polarization (between 0.47 and 0.53) merely affects δR, while the normalization of 
the imported analyzing power cancels. 
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Fig. 5: Ratio of the beam polarization with or without electron beam during the ‘interaction’ part of the 
cycle as a function of the average relative velocity u .  The horizontal bars indicate the range u∆ of 

velocities that contribute to the measurement. The vertical bars are statistical uncertainties.  
 

4. RESULT 
For each of the six detune potentials ∆Uk (k = 1…6) (see tab. 1), the result of the 

measurement consists of the ratios Rk ≡ (PE /P0)k as described in the previous section. 
When combining eqs. 9 and 14 one obtains 
 

 kSkS

RCke

k
k II

LLuntc

R
y ,,,,

,int )/(2

ln
2 λλττ σσ ∗∗

∗
+=−≡   . (19) 

 
The denominator contains the speed of light, the interaction time tint = 245 s, the 

electron density ne, the reference velocity (see eq. 13) , arbitrarily set to u* = 0.002, the 
active length LC = (1.75 ± 0.25) m of the cooler, and the ring circumference LR = 183.47 
m. The cooler length is uncertain because of details of inflection and extraction of the 
electron beam, and the electron density (eq. 10) is affected by uncertainties of the 
electron beam current Ie = 170 mA and its area Ae = 5 cm2. We estimate that the overall 
systematic uncertainty of the denominator is ± 20 %. 

The polarization ratios Rk (fig.5) are consistent with unity, i.e., the polarization 
differences between E-cycles and 0-cycles are of the order of their statistical errors. A 
possible systematic effect arises from the fact that the negative charge distribution of the 
cooling electrons slightly focuses the proton beam. This affects the machine tune, and 
thus the effect of nearby depolarizing resonances. Consequently, the polarization lifetime 
during the interaction time in E-cycles and 0-cycles could differ slightly, because of the 
absence of electrons in the latter, which would affect the measured ratio Rk. An indication 
of this effect might be seen in the fact that all Rk are larger than unity, corresponding to a 
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larger polarization with the electron beam than without it. Such an effect is opposite from 
that of a possible beam depolarization, and it is conceivable that both are sizeable, but 
compensate each other. However, such compensation could only be achieved for a single 
measured detune velocity, while all other ratios Rk would deviate significantly from 
unity, which is not the case. We estimate this systematic uncertainty of Rk to be ± 0.05.  

The integral weights Iτ,k and Iλ,k on the right side of eq. 19 depend on the transverse 
electron temperature kTe, which, for a number of reasons, is larger than the temperature 
of the emitting cathode, which operates at 900 °C, corresponding to kTe = 0.1 eV. The 
actual temperature, kTe = (0.3 ±0.1) eV, has been deduced from a measurement of the rate 
of electron pick-up by co-moving protons [31]. 

The depolarizing cross sections, ∗
τσ ,S  and ∗

λσ ,S (at the reference velocity u*) appear as 

unknowns in eq. 19. Since our experiment fails to find a depolarization effect, we instead 
derive an upper limit for the two cross sections that is compatible with our data. 
Following the usual treatment (see, e.g., [32]), we define the likelihood function 
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The experimental result, yk ,is defined in eq. 19; the statistical uncertainty δyk follows 

from the error δR (see tab. 1). Following the Bayesian approach, we calculate the 
posterior probability density function 
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The function h reflects our prior knowledge (cross sections are positive numbers) and 

is set to a constant for all non-negative values of ∗
τσ ,S  and ∗

λσ ,S , and to zero otherwise.  

The probability p is evaluated numerically. The upper cross section limits, shown in 
fig.6, are contours of constant p. The significance level (S.L.) is the integral of p over the 
region below the curve, and equals the probability that the two cross sections are less than 
the values along the contour. When evaluating the integral, we assume that parameters 
with a systematic uncertainty are completely unknown within a range equal to that 
uncertainty. We thus conservatively choose a value for these parameters (within that 
range) that result in the largest upper limit. 

As mentioned earlier, the spin flip cross sections are proportional to the inverse square 
of the relative velocity u* . The values shown in fig.6 are for u* = 0.002, corresponding to 
a center-of mass energy of about 1 eV, or to a proton kinetic energy in the electron rest 
system of Th = 1.2 keV. 
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Fig. 6: Upper limit allowed by the data of this experiment for the transverse and the longitudinal spin flip 
cross sections∗

τσ ,S
 and ∗

λσ ,S
at a relative velocity of u*  = 0.002, corresponding to a center-of mass energy of 

about 1 eV. The significance level (S.L.) is the probability that the actual cross sections are smaller than the 
values on the contour line.  

 

5. CONCLUSIONS 
We have reviewed the history, motivation and previous attempts to polarize a stored 

beam in situ. This includes a discussion of the formalism for polarization evolution, 
taking into account both, filtering and spin flip.   

In a dedicated experiment we have searched for the depolarization of a stored proton  
beam due to spin-flip in electron-proton scattering at relative velocities between 6.4·10–4 
c and 2.8·10–3 c, which corresponds to center-of-mass energies between 100 meV and 2 
eV. The low interaction energies are accomplished by using overlapping proton and 
electron beams, moving together at slightly different velocity.  

The experiment is sensitive to spin flip with either the polarization vector along the 
relative motion, or transverse to it. Both corresponding spin flip cross sections, σS,λ and 
σS,τ are found to be consistent with zero with an upper limit (at u* = 0.002, or 1 eV c.m. 
energy) of the order of 107 b (for details, see fig. 6). Since the measured spin-flip cross 
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section σS is always larger than the spin-dependent ∆σS, the present experiment rules out 
the usefulness of spin flip in low-energy electron-proton or positron-antiproton scattering 
in polarizing a stored beam. 

The present result is in agreement with the calculation of Milstein et al. [2], but clearly 
rules out the validity of the prediction of σS,λ = 4·1013 b claimed in refs. [1,21]. Since the 
completion of this experiment, the calculation presented in these two references has been 
withdrawn [33,34]). 

Thus, it now seems that in-situ polarization of antiprotons will have to rely exclusively 
on the spin filtering mechanism. Theoretical estimates of the filtering effect of a polarized 
hydrogen target in a stored antiproton beam predict a significant polarization build-up for 
beam energies between 20 and 100 MeV [35], calling for an experimental effort to verify 
this prediction.  

The PAX collaboration [36] is currently pursuing a program to this effect [35]. The 
proposed program includes a measurement of spin-correlation observables in proton-
antiproton scattering, using the antiproton beam of the AD ring at CERN at antiproton 
beam energies in the range from 50 to 200 MeV in conjunction with an internal polarized 
hydrogen storage cell gas target. The data will allow the definition of the optimum 
working parameters of a dedicated Antiproton Polarizer Ring (APR), which has recently 
been proposed by the PAX collaboration for the new Facility for Antiproton and Ion 
Research (FAIR) at GSI in Darmstadt, Germany.    
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