
Proposal

for the

SPIN PHYSICS FROM COSY TO FAIR

A proposed programme for polarisation experiments in the

COSY ring which could open the way to a polarised

antiproton facility at FAIR
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1 Executive Summary

1.1 Introduction

It is the aim of the ANKE–COSY spin collaboration to carry out a well directed pro-

gramme of internationally competitive experiments involving polarised beams and

targets, using the outstanding facilities available at the storage ring. These activi-

ties, at the same time, are good preparation for our participation in the PAX@FAIR

project. This Executive Summary will present a short description of the apparatus

that can be used for this purpose at COSY and then discuss some of the princi-

pal experiments that will be undertaken within the scope of this collaboration. It

concludes by outlining the PAX proposal.

1.2 Experimental Facilities

COSY accelerates and stores unpolarised and polarised protons and deuterons in

a momentum range between 0.3 GeV/c and 3.7 GeV/c. To provide high quality

beams, there is an Electron Cooler at injection and a Stochastic Cooling System

from 1.5 GeV/c up to the maximum momentum. Transversally polarised beams of

protons are available with intensities up to 1.2 × 1010 (with multiple injection and

electron cooling and stacking) and polarisations of more than 80%. For deuterons

an intensity of about 3 × 1010 was achieved in the February 2005 run with vector

and tensor polarisations of more than 70% and 50% respectively.

Fast particles can be measured in the ANKE magnetic spectrometer installed

at an internal beam position of COSY. Detection systems for both positively and

negatively charged particles include plastic scintillator counters for TOF measure-

ments, multi–wire proportional chambers for tracking, and range telescopes for par-

ticle identification. A combination of scintillation and Čerenkov counters, together

with wire chambers, allow one to identify negatively charged pions and kaons. The

forward detector, comprising scintillator hodoscopes, Čerenkov counters, and fast

proportional chambers, is used to measure particles with high momenta, close to

that of the circulating COSY beam. There is also a detector that can be used as a

spectrometer for backward–emitted particles.

Although strip and cluster–jet targets have been standard for use at ANKE, we

are currently in the process of installing a polarised internal target (PIT) system,

consisting of an atomic beam source, feeding a storage cell, and a Lamb–shift po-

larimeter. The cell, which will increase tremendously the available luminosity, was

tested in situ in February 2005 and the whole apparatus will be ready for commis-

sioning experiments in early 2006. The design is such that the target and polarimeter

can be moved in and out of the beam position, depending upon the requirements of

the experiment.

One of the major advantages of doing experiments at a storage ring is that very
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low energy particles emanating from the very thin targets can be detected in silicon

tracking telescopes placed in the target chamber. These are used to help in the

measurement of elastic scattering, which is vital for luminosity and polarisation

calibrations and, for a long target, establishing the vertex position. However, their

most exciting use is for measuring the angles and energies of low energy protons (<

10 MeV) that emerge as so–called spectators from the interactions of beam protons

with the neutrons in the deuterium target. This information allows one to determine

the proton–neutron centre–of–mass energy with high accuracy and will permit the

study of a whole range of pn elastic and inelastic reactions. The development of

very thick (5–20 mm) double–sided micro–structured Si(Li) and very thin (69µm)

double–sided Si detectors provides a very flexible system for the use of the telescopes

in particle identification and angle and energy measurement which, in the case of

protons, will be from about 2.5 MeV up to 40 MeV. Each spectator detector can

have typically a 10% geometrical acceptance with respect to a point target and,

depending upon the needs of an individual experiment, up to four or six telescopes

could be employed.

Although some information on the beam polarisation is available from the source,

the standard methodology for determining it will be through the comparison with

several reactions with known analysing powers that can be measured simultaneously

in ANKE. For example, in the interaction of polarised deuterons with a hydrogen

target, the vector and tensor polarisations could each be determined in three different

ways at 1.17 GeV. At energies where the calibration reactions are unavailable, it is

possible to use the polarisation export technique where, say, the deuteron beam

polarisation is measured at 1.17 GeV, the energy is ramped to the region of interest

for the physics measurement, before being reduced again to 1.17 GeV, where the

beam polarisation is remeasured to check that any depolarisation is unimportant.

We have shown that this method works very well for both proton and deuteron

beams. The polarisation of the target cell will also be checked through known

standards, some of which we ourselves will establish with the polarised beams.

1.3 Physics Programme

With the equipment available, many reactions will necessarily be detected simulta-

neously. However, in order to give a flavour of our rich programme, we here describe

a few of the most important ones for which there is minimal ambiguity in the inter-

pretation. A more complete compilation, listing our order of priorities, will be found

in the main part of this document.

1.3.1 Proton–Neutron Spin Physics

The nucleon–nucleon interaction is fundamental to the whole of nuclear physics

and hence to the composition of matter as we know it. Apart from its intrinsic
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importance, it is also a necessary ingredient in the description of meson production

and other processes. The meticulous investigation of the nucleon–nucleon interaction

must be a communal activity across laboratories, with no single facility providing the

final breakthrough. However, the mass of EDDA data on pp scattering has reduced

significantly the ambiguities in the I = 1 phase shifts up to 2.1 GeV. Nevertheless,

the lack of good neutron–proton spin–dependent data make the I = 0 phase shifts

very uncertain above 800 MeV and there are even major holes in the knowledge

between 515 and 800 MeV. We propose to add significantly to the elastic scattering

data set by making measurements of cross sections, analysing powers, and spin–

correlation coefficients near both the forward and backward directions by using the

deuteron as a source of quasi–free neutrons. This substitute target has been shown

at other laboratories to work well, though theoretical input is necessary to extract

the pn amplitudes reliably, especially at small momentum transfers.

Small angle neutron–proton scattering, which is difficult to study with a neutron

beam, will be investigated up to 1.1 GeV per nucleon using the beam of polarised

deuterons interacting in the polarised hydrogen target. One fast spectator proton

will be detected in the ANKE magnetic system and the struck proton in the sil-

icon telescopes. This is possible in an interval dictated by the telescope system,

corresponding to momentum transfers 0.005 < |t| < 0.1 GeV/c2.

By using a deuterium target and detecting now the slow spectator proton in the

telescopes, the beam energy range could be extended up to ≈ 3 GeV though, to

connect with the pp phase shifts, the range up to 2.1 GeV is the most important.

In this configuration the kinematic interval is fixed mainly by the measurement of

the fast proton in ANKE (4◦ < θlab
p < 11◦). Though in both configurations there

are deuteron effects that suppress certain amplitudes, the necessary corrections can

be largely handled, and the measurement of the slow proton leads to a good vertex

identification even in the long target provided by the target cell. Since the projected

counting rates are very high, it will be reasonable to take data in 100 MeV steps.

It has already been shown that ANKE is an efficient tool for measuring small

angle charge exchange of polarised deuterons, ~dp→ (pp)n, where the final pp pair is

at such low excitation (< 3 MeV) that it is almost exclusively in an S state. In this

case the reaction provides a spin filter that selects an np charge–exchange spin–flip

from the (3S1,
3D1) states of the deuteron to the 1S0 of the diproton. Measurements of

the deuteron tensor analysing powers then allow one to extract the magnitudes of the

different spin–spin np → pn amplitudes in the backward direction. The same type

of experiments carried out with a polarised target determines the relative phases

of these amplitudes. Though the selectivity of the 1S0 region is clear, experience

at Saclay shows that valuable information on the charge–exchange amplitudes is

contained also in the higher pp excitation data.

We have already shown in practice that the charge–exchange reaction can also be

carried out in inverse kinematics, with both protons from a deuterium target being
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detected in the spectator counters. This would allow the energies up to 3 GeV to be

used, though over a rather smaller momentum–transfer interval.

It is important to stress that, with the apparatus available, the studies of the

small and large angle elastic neutron–proton scattering will be carried out simulta-

neously at ANKE.

1.3.2 Deriving the chiral three–body force from pion production

Chiral perturbation theory represents the best current hope for a reliable and quanti-

tative description of hadronic reactions at low energies. One important step forward

in our understanding of pion reactions at low energies will be to establish that the

same short–range NN → NNπ vertex contributes to both p–wave pion production

and to low energy three–nucleon scattering, where the identical operator plays a

crucial role. In the chiral Lagrangian, at leading and next–to–leading order, all but

one term can be fixed from pion–nucleon scattering. The missing term corresponds

to an effective NN → NNπ vertex, where the pion is in a p–wave and both initial

and final NN pairs are in relative S waves.

To second order in the pion momentum, nine observables are required to perform

the full amplitude analysis in order to extract in a model–independent way the

effective coupling constant. Of these, data from TRIUMF and CELSIUS yield seven

at a beam energy around 350 MeV. Experiments designed to provide the necessary

overconstraints will be carried out at ANKE through measurements of the analysing

powers and spin–correlation parameters in the reactions pp→ ppπ0 and pn→ ppπ−.

It should be noted that the diproton detection in ANKE to isolate the 1S0 state is

just the same as that needed also for the dp charge–exchange programme described

earlier. The resolution on the pp excitation energy is estimated to be around 0.3 MeV

and that on the missing mass about 5.5 MeV (RMS) which, at these low energies,

will allow us to distinguish unambiguously the pion production reaction from any

background. The counting rates are quite high and, even in the pn → ppπ− case,

where the spectator proton has to be detected, more than 103 events per hour could

be accumulated over the full range of pion centre–of–mass angles.

Our facility offers the exciting possibility of extracting pion–production ampli-

tudes in a model independent way and thus determining a vital parameter for chiral

perturbation theory.

1.3.3 Strangeness production: The Λ–N scattering length

Effective field theories provide the bridge between the hadronic world and QCD.

For systems with strangeness, there are still many open questions and it is not even

clear if the kaon is more appropriately treated as heavy or light particle. To improve

further our understanding of the dynamics of systems containing strangeness, bet-

ter data are needed. The insights to be gained are relevant, not only for few–body
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physics, but also for the formation of hypernuclei, and might even be of signifi-

cance for the structure of neutron stars. The hyperon–nucleon scattering lengths

are obvious quantities of interest in this context.

The IKP theory group has developed a method to enable one to deduce a scat-

tering length directly from data on a production reaction, such as pp → pK+Λ,

in terms of an integral over the invariant Λp mass (mX) distribution. Using this

method it can be seen that the inclusive Saclay pp→ K+X data, which had a mass

resolution of 4 MeV, allow the extraction of a scattering length with an experimen-

tal uncertainty of only 0.2 fm. However, the actual value of the scattering length

obtained in this way is not meaningful, since it represents the incoherent sum of the
3S1 and the 1S0 Λp final states with unknown relative weights. It is important to try

to separate them.

The ΛN triplet final state could be isolated unambiguously by measuring the un-

polarised K+ spectrum in the forward direction and this weighted with the incident

spin correlation, obtained using a transversally polarised beam and target. This will

be achieved by using the ~p ~d → pspK
+X reaction, since the spectator proton (psp)

will provide a better determination of the vertex in the long polarised target cell.

In fact, by measuring the K+ production rates in the near–threshold region

in hydrogen and deuterium, and the spin–correlation in the deuterium case, we

will also determine in a model–independent way the magnitudes of the three S–

wave spin–isospin amplitudes, two corresponding to the spin–triplet final state and

one to the singlet. It is also possible with a deuterium target to measure spin–

transfer coefficients from the initial proton or neutron to the final Λ, and these will

fix the relative phases of the three amplitudes. A significant mX variation in the

singlet–triplet interference would point at a strong spin dependence of the Λn final

state interactions, though much more theoretical work would be required to extract

quantitative differences in the scattering lengths from such data.

1.4 PAX: Polarised Antiproton eXperiments at FAIR

The possibility of testing nucleon structure through double–spin asymmetries in

polarised proton–antiproton reactions at the High Energy Storage Ring (HESR) at

the future Facility for Antiproton and Ion Research (FAIR) at GSI was suggested

by the PAX collaboration in 2004. Since then, there has been much progress, both

in understanding the physics potential of such an experiment and in studying the

feasibility of efficiently producing polarised antiprotons. The physics programme of

such a facility would extend to a new domain the exceptionally fruitful studies of the

nucleon structure performed in unpolarised and polarised deep inelastic scattering

(DIS), which have been at the centre of high energy physics during the past four

decades.

A viable practical scheme using a dedicated low–energy antiproton polariser ring
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(APR) has been developed and published, which allows a polarisation of the stored

antiprotons at HESR–FAIR of ' 0.3 to be reached. The approach is based on solid

QED calculations of the spin transfer from electrons to antiprotons, which were

confirmed experimentally in the FILTEX experiment. The method is routinely used

at J–Lab for the electromagnetic form factor separation.

The polarised antiproton–proton interactions at HESR will provide unique ac-

cess to a number of new fundamental physics observables, which cannot be studied

without transverse polarisation of protons and antiprotons.

The transversity distribution is the last missing leading–twist piece of the QCD

description of the partonic structure of the nucleon. It describes the quark transverse

polarisation inside a transversely polarised proton. Unlike the more conventional

unpolarised quark distribution q(x,Q2) and the helicity distribution ∆q(x,Q2), the

transversity hq
1(x,Q

2) can neither be accessed in inclusive deep–inelastic scattering

of leptons off nucleons nor can it be reconstructed from the knowledge of q(x,Q2)

and ∆q(x,Q2). It may contribute to some single–spin observables, but always cou-

pled to other unknown functions. The transversity distribution is directly accessible

uniquely via the double transverse spin asymmetry ATT in the Drell–Yan produc-

tion of lepton pairs, which is expected to be in the range 0.3–0.4. With the expected

beam polarisation from the APR and the luminosity of HESR, the PAX experi-

ment would make a definitive observation of hq
1(x,Q

2) of the proton for the valence

quarks. The determination of hq
1(x,Q

2) will open new pathways to the QCD inter-

pretation of single–spin asymmetry (SSA) measurements. In conjunction with the

data on SSA from the HERMES collaboration, the PAX measurements of the SSA

in Drell–Yan production on polarised protons would for the first time provide a test

of the theoretical prediction of the reversal of the sign of the Sivers function from

semi–inclusive DIS to Drell–Yan production.

The origin of the unexpected Q2–dependence of the ratio of the magnetic and

electric form factors of the proton, as observed at J–Lab, could be clarified by a

study of their relative phase in the time–like region. This can be measured via

SSA in the annihilation p̄p↑ → e+e− on a transversely polarised target. The first

ever measurement of this phase at PAX would also contribute to the understanding

of the onset of the pQCD asymptotics in the time–like region and would serve as

a stringent test of dispersion theory approaches to the relationship between the

space–like and time–like form factors. The double–spin asymmetry would allow an

independent GE −GM separation and serve as a check of the Rosenbluth separation

in the time–like region.

Arguably, in pp̄ elastic scattering the hard scattering mechanism can be checked

beyond the |t| = 1
2
(s − 4m2

p) accessible in the crossed–symmetric pp scattering,

because in the pp̄ case the u–channel exchange contribution can only originate from

the strongly suppressed exotic dibaryon exchange. Consequently, in the pp̄ case the

hard mechanisms can be tested to transfers almost twice as large as in pp scattering.
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Even unpolarised large angle pp̄ scattering data can shed light on the origin of the

intriguing oscillations around the s−10 behavior of the 90◦ scattering cross section

in the pp channel and put stringent constraints on the much disputed odd–charge

conjugation Landshoff mechanism.

The PAX collaboration proposes an approach in two phases, with the eventual

goal of an asymmetric proton–antiproton collider in which polarised protons with

momenta of about 3.5 GeV/c collide with polarised antiprotons with momenta up

to 15 GeV/c. These circulate in the HESR, which has already been approved and

will serve the PANDA experiment. The overall machine setup of the HESR complex

would consist of:

1. An Antiproton Polariser (APR) built inside the HESR area with the cru-

cial task of polarising antiprotons at kinetic energies around ≈ 50 MeV (p ≈
300 MeV/c), to be accelerated and injected into the other rings.

2. A second Cooler Synchrotron Ring (CSR, COSY–like) in which protons or

antiprotons could be stored with momenta up to 3.5 GeV/c. This ring should

have a straight section, where a PAX detector could be installed, running

parallel to the experimental straight section of HESR.

3. By deflecting the HESR antiproton beam into the straight section of the CSR,

both collider and fixed–target modes become feasible.

In Phase I a beam of unpolarised or polarised antiprotons with momenta up to

3.5 GeV/c in the CSR, will collide with a polarised hydrogen target in the PAX

detector. This phase, which is independent of the HESR performance, will allow

the first measurement of the time–like proton form factors in single and double

polarised p̄p interactions over a wide kinematical range, from close to threshold up

to Q2 = 8.5 GeV2. Several double–spin asymmetries in elastic p̄↑p↑ scattering could

be determined. By detecting back–scattered antiprotons one could also explore hard

scattering regions of large t.

Phase II will allow the first ever direct measurement of the quark transversity

distribution h1, by studying the double transverse spin asymmetry ATT in the Drell–

Yan processes p↑p̄↑ → e+e−X as a function of Bjorken x and Q2 (= M2)

ATT ≡ dσ↑↑ − dσ↑↓

dσ↑↑ + dσ↑↓ = âTT

∑

q e
2
qh

q
1(x1,M

2)hq
1(x2,M

2)
∑

q e
2
qq(x1,M2)q(x2,M2)

,

where q = u, d, . . ., q = u, d . . ., and M is the invariant mass of the lepton pair. The

parameter âTT , which is of the order of one, is the calculable double–spin asymmetry

of the elementary QED process qq → e+e−.

Two possible scenarios, an asymmetric collider or a high luminosity fixed target

experiment, might be foreseen to perform the measurement. A beam of polarised

antiprotons from 1.5 GeV/c up to 15 GeV/c circulating in the HESR, collides with
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a beam of polarised protons with momenta up to 3.5 GeV/c circulating in the CSR.

This scenario, however, requires one to demonstrate that a suitable luminosity is

reachable. Deflection of the HESR beam to the PAX detector in the CSR is necessary.

By a proper variation of the energy of the two colliding beams, this setup would allow

a measurement of the transversity distribution h1 in the valence region of x > 0.05,

with corresponding Q2 = 4 . . . 100 GeV2. With a luminosity of 2 × 1030 cm−2s−1

about 1000 events per day can be expected. Recent model calculations show that in

the collider mode, luminosities in excess of 1030 cm−2s−1 could be reached. For the

transversity distribution h1, such an experiment can be considered as the analogue

of polarised DIS for the determination of the helicity structure function g1, i.e. of the

helicity distribution ∆q(x,Q2). The kinematical coverage in (x,Q2) will be similar

to that of the HERMES experiment.

If the required luminosity in the collider mode is not achievable, an experiment

with a fixed polarised internal hydrogen target can be undertaken. In this case,

an upgrading of the momentum of the polarised antiproton beam circulating in the

HESR up to 22 GeV/c is envisaged. This scenario also requires the deflection of the

HESR beam to the PAX detector in the CSR. This measurement will explore the

valence region of x > 0.2, with corresponding values of Q2 = 4 . . . 16 GeV2, yielding

about 2000 events per day.

1.5 Conclusions

There are unique opportunities at ANKE to measure the spin dependence of many

polarised reactions, primarily in the proton–neutron sector. This is through the

combination of magnetic analysis of fast particles with the detection of slow particles

in the silicon telescope array. The proton–neutron programme has already been

started at ANKE by using polarised deuterons incident on an unpolarised target

and the full programme with a polarised target will be initiated in 2006. In general

the requisite equipment exists, or has already been financed, though minor upgrades

may of course be necessary.

Many reactions will be measured simultaneously, but we will first concentrate on

the nucleon–nucleon programme, where counting rates are high, before passing to the

pion production and then to the more challenging of the strangeness experiments.

The experience that the team will gain in undertaking polarisation measurements

will be put to good use in the developments for PAX at FAIR, to which the group as

a whole is committed. The storage of polarised antiprotons at HESR, as proposed

by PAX, will open unique possibilities to test QCD in hitherto unexplored regions,

thereby extending into a new domain the exceptionally fruitful studies of nucleon

structure performed in unpolarised and polarised deep inelastic scattering. This will

provide another cornerstone to the contemporary QCD physics programme with

antiprotons at FAIR.
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2 Introduction

For several years COSY has provided circulating beams of polarised protons. Used

together with a polarised hydrogen target, these beams have been successfully ex-

ploited by the EDDA collaboration to measure the cross section, the analysing power

and spin–correlation observables in proton–proton elastic scattering over much of the

COSY energy range [1]. Vector and tensor polarised deuteron beams are also avail-

able up to an energy of about Td ≈ 2.3 GeV. Using such capabilities to the full

is one of the stated priorities of the laboratory: For spin–physics experiments, the

FZJ proposes to increase the intensity of the polarized beams up to the space charge

limit [2].

In 2005, a polarised internal hydrogen and deuterium storage–cell target (PIT)

has been installed at the ANKE spectrometer. A Lamb–shift polarimeter (LSP) will

allow the adjustment of the transition units of the polarised atomic beam source

(ABS) that feeds the storage cell. Thus it is expected that late in 2006 the whole

system of polarised beam and polarised target will be fully operational inside the

COSY ring at the ANKE position, where fast charged particles can be magnetically

analysed and slow particles measured using telescopes of silicon counters placed

around the target. We will therefore soon be in a position to carry out many of the

recommendations of the 1998 workshop on Intermediate Energy Spin Physics [3].

Under these circumstances it is incumbent on us to make a global presentation

to the PAC of the spin programme that will exploit these advanced facilities over the

years to come. We will be concerned only with experiments that could be carried out

within the confines of the COSY storage ring by detecting charged particles. In this

spirit, the investigation of charge–symmetry breaking in the polarised ~d d → απ0

reaction is described rather in the WASA proposal [4]. Furthermore, the relation to

external experiments, such as TOF, must await the preparation of further plans by

these collaborations. No requests are made here for beam time for particular exper-

iments; these will only follow later in conjunction with more detailed and specific

proposals.

However, this is also a period of transition for experimental hadronic physics in

Germany, with the plans to construct the Facility for Antiproton and Ion Research

(FAIR) at GSI Darmstadt [5]. Though the scale of this operation, involving the

building of a high energy antiproton storage ring (HESR), is vastly bigger than that

at COSY, there is a great potential synergy in respect of the spin physics programmes

at the two laboratories and, for the future of the field, an orderly transfer of physics

interest between the two is highly desirable. Target development, polarimetry, cooled

beams, spectator proton detection etc. are all areas that are covered in the technical

aspects of §11 in the context of an eventual knowledge transfer to FAIR.

It is expected that antiprotons can be polarised through the spin–transfer from

the polarised electrons of the atoms in a polarised target to orbiting antiprotons [6,

13



7, 8, 9]. This could be carried out at FAIR in a separate antiproton polariser ring,

using a polarised internal storage cell target [10]. A Letter–of–Intent, describing

some of the important experiments that can be carried out with polarised beams

and targets at FAIR, was submitted in February 2005 to the GSI QCD–PAC by the

PAX collaboration [11]. This was well received by this committee and the relevant

recommendations are [12]:

“The PAC considers it is essential for the FAIR project to commit to polarized an-

tiproton capability at this time and include polarized transport and acceleration ca-

pability in the HESR, space for installation of the APR and CSR and associated

hardware, and the APR in the core project. We request the PAX collaboration to:

1) Commit to the construction and testing of the APR (IKP Jülich appears to be the

optimal location)

2) Explore all options to increase the luminosity to the target value specified above

3) Prepare a more detailed physics proposal and detector design for each of the pro-

posed stages.”

Though the principles of the polarising technique have been well established for

low energy protons [6, 7, 8], an investigation with medium energy protons should

be undertaken at COSY. The lead–up to FAIR physics is discussed in §11. Before

that, in §3, we describe in detail the technology that we will have at our disposal in

terms of polarised beams/targets and detectors to carry out the COSY programme.

It is clear that we must ourselves be able to measure the polarisation of the beams

and/or targets and not rely exclusively on outside polarimetry. How this will be

done is the subject of §4.

It is universally agreed that a detailed understanding of nucleon–nucleon scatter-

ing, at least at a phenomenological level, up to high energies is a “good thing”, and

that this involves a systematic compilation of experiments at different laboratories.

Though EDDA has clarified significantly the spin dependence of the proton–proton

scattering amplitudes up to at least 2 GeV [1], the data base of spin–observables in

neutron–proton scattering is very incomplete above 800 MeV, so that there are large

uncertainties in the isoscalar phase shifts. Section 1.3.1 shows how many of these

holes can be filled by internal COSY experiments using a polarised deuteron beam

or deuterium target. In addition to elastic neutron–proton scattering, important

data should be obtained on the excitation of the ∆(1232) isobar, either explicitly

through a πN final state, or indirectly through d π0 production. The measurement

of up to triple–spin observables will be achieved. It is, however, very important to

stress that many of the experiments involve high counting rates and will be carried

out simultaneously with others provided that the trigger conditions allow this.

COSY generally operates at energies above the pion–production threshold and in

such a domain the Faddeev equations are no longer able to describe proton–deuteron

elastic scattering in a quantitative way, especially at large angles. This is due, in
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part, to the virtual excitation and de-excitation of the ∆(1232) isobar, which can

help to share the large momentum transfer between the two nucleons in the deuteron.

Although reactions such as this, or the analogous backward proton–deuteron charge

exchange cannot, at present, be interpreted in an unambiguous way, it is hoped

that spin observables will provide extra clues on the underlying dynamics. The

possibilities here will be surveyed in §6.

The spin–dependence of the production of non–strange mesons in polarised nucleon–

nucleon collisions is the subject of §7. It is shown that, even far from threshold,

production of neutral mesons X0 = π0, η, ω, . . . through the ~p ~p → ppX0 reaction,

with the two final protons at low excitation energy, contains valuable new informa-

tion because of the spin–filter effect resulting from the two protons being in the 1S0

state. Of especial interest is the production on neutrons via ~p~n → ppπ− which,

at low energies, could be a valuable check on effective field theory in the large mo-

mentum transfer regime. Also in this section we discuss what one can learn from

coherent single and double pion production with the formation of a deuteron or 3He

nucleus.

Two of the prime considerations in the construction of ANKE were the possibility

of installing a polarised target and the ability to detect positive kaons against a

high background of other particles. §8 shows that these two characteristics can be

combined in a unique way to advance studies of K+Λ production in nucleon–nucleon

collisions. Near threshold, the cross sections on protons and neutrons as well as

the spin–correlation and –transfer parameters can all be efficiently measured and

this allows one to isolate the spin–singlet and triplet ΛN final states in a model–

independent way. Some of these opportunities persist in the forward direction at

higher energies and open the door to a quantitative investigation of the ΛN scattering

lengths in well–defined spin states.

Having stressed some of the strengths of ANKE that we shall exploit, we must

also recognise its limitations. For example, the restricted phase space offered for

exclusive reactions will not allow a meaningful exploration of the spin dependence of

rare reactions, such as the production of the hypothesised exotic Θ+(1540) baryon.

With its much larger acceptance, such systematic studies might be better carried

out at the TOF detector, where evidence for the existence of the state has already

been presented [13].

The ambitious programme outlined in the following pages will take of the order

of four years to complete and a series of milestones is suggested in the timetable

presented in §12. There are, of course, many outstanding questions that cannot be

answered at the present time. Is it feasible to construct a partial Siberian snake

in COSY to rotate the polarisation axis of the beam using, in part, the WASA

solenoid [4]? Will it be feasible to rotate the polarisation of the target? Finally, the

future relationship of COSY with FAIR is also uncertain, and this bears directly on

the importance of much of the work described here.
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3 Experimental Facilities

3.1 Polarised beams at COSY

The COoler SYnchrotron COSY [14] accelerates and stores unpolarised and polarised

protons and deuterons in a momentum range between 0.3 GeV/c and 3.7 GeV/c. To

provide high quality beams, there is an Electron Cooler at injection and a Stochastic

Cooling System from 1.5 GeV/c up to the maximum momentum. Vertically polarised

proton beams of different momenta, with polarisations of more than 80%, are deliv-

ered to internal and external experimental areas. An rf dipole has been installed to

induce artificial depolarising resonances.

Deuteron beams with different combinations of vector and tensor polarisation

became available in 2003. The first simultaneous measurement of vector and tensor

polarisation of the stored deuteron beam using the ANKE spectrometer is described

in §4.1. The achieved intensities for polarised proton beams are 5 × 109 (single

injection with electron cooling) and 1.2× 1010 with multiple injection with electron

cooling and stacking. For the polarised deuterons with single injection an intensity

of about 3 × 1010 was achieved during the February 2005 runs.

Increasing the phase space density by electron cooling at injection and conserving

the beam emittance during internal experiments at high momenta through stochastic

cooling are the two of the outstanding characteristics of COSY.

3.2 ANKE magnetic spectrometer

It is proposed that the experimental programme outlined in this document will be

performed using the ANKE spectrometer, which is described in detail in ref [15].

The layout of this facility, which is installed at an internal beam position of COSY,

is shown in Fig. 1. The main components of the spectrometer are: a magnetic

system, an internal target and four detection systems — positive and negative side

detectors, forward and backward detectors. The ANKE magnetic system comprises

a dipole magnet D1, which deflects the circulating COSY beam through an angle α,

a large spectrometer dipole magnet D2 to perform the momentum analysis (beam

deflection −2α), and a third dipole magnet D3, identical to D1, to deflect the beam

through α back to the nominal orbit.

Strip and cluster–jet targets have been used for many years at ANKE. The Po-

larised Internal Target (PIT), which was installed for tests at the ANKE position in

July 2005, will be described in §3.4.

Detection systems for both positively and negatively charged particles include

plastic scintillator counters for TOF measurements, multi–wire proportional cham-

bers (MWPC) for tracking, and range telescopes for particle identification. A com-

bination of scintillation and Čerenkov counters, together with wire chambers, allow

one to identify negatively charged pions and kaons. The forward detector (FD),
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Figure 1: Schematic drawing of ANKE Spectrometer. Typical trajectories of ejectilies are indi-
cated with emission angle of 0◦ or ±10◦.

comprising scintillator hodoscopes, Čerenkov counters, and fast proportional cham-

bers, is used to measure particles with high–momenta, close to that of the circulating

COSY beam. A backward detector (BD), composed of hodoscopes and multi–wire

drift chambers, together with the D1 magnet, can be used as a spectrometer for

backward–emitted particles.

The silicon strip counters that are placed close to the target for vertex recon-

struction and detection of low–energy spectator protons will be discussed separately

in §3.3.

3.3 Silicon tracking telescopes for the detection of spectator

protons

Modular Silicon Tracking Telescopes have been developed based on double–sided

silicon strip detectors [16]. Serving in general for

• low energy spectator proton detection/tracking and
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• vertex reconstruction into the ANKE target region,

they are optimised for the identification and measurement of low energy protons,

determining their four–momenta. They allow one to use polarised deuterium gas as

a polarised neutron target and to study e.g. reactions of the type ~p~n → pnX or

~p~n→ dX.

The telescopes are installed as close as 2 cm from the COSY beam inside the ul-

tra high vacuum of the accelerator. Their basic features are ∆E/E proton–deuteron

identification from 2.5 to 40 MeV and particle tracking over a wide dynamic range,

either 2.5 MeV spectator protons or minimum–ionising particles. The recent de-

velopment of very thick (5–20 mm) double–sided micro structured Si(Li) and very

thin (69µm) double–sided Si–detectors provides the modular use of the telescopes

for particle identification over a wide range of energies. Fig. 2 shows a telescope

arrangement with a thin and a thick detector.

Figure 2: Telescope arrangement of double–sided silicon strip detectors: 69µm thin,
51 × 66 mm2 active area as first layer and 5100µm thick, 64 × 64 mm2 active area
Si(Li) detector as second layer. Protons with kinetic energies in the range 2.5 <
Tp < 35 MeV will be tracked and identified with such an arrangement.

3.3.1 The design concept

The basic design concept of a telescope is to combine particle identification and

tracking over a wide energy range. The tracking of particles is accomplished through

the use of double–sided silicon strip detectors. The minimum energy of a proton to

be tracked is fixed by the thickness of the innermost layer. It will be detected when it

passes through the inner layer and be stopped in the second. The maximum energy

of protons that can be identified is given by the range within the telescope and

therefore by the total thickness of all detection layers. Measuring the energy losses

in the individual layers of the telescope permits the identification of stopped particles
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by the ∆E/E method. Hence by tracking and subsequently measuring precisely their

energy, the telescopes determine the four–momenta for stopping particles.

To measure the momentum of a particle from the track information in the ANKE

detection systems, the vertex of the reaction must be known and this is a non-trivial

task for an extended storage cell target of up to 40 cm length. Only by having

additional track(s) in the Silicon Tracking Telescopes close to the ANKE target

region inside the COSY vacuum, can the vertex be reconstructed accurately.

Depending upon the requirements of the individual experiment, four to six tele-

scopes can be equipped with different sets of silicon detectors and be positioned

around the target region to serve for several purposes:

• Spectator Detector: Low energy protons will be identified and tracked in the

range 2.5 < Tp < 35 MeV. Each telescope covers about 10% of the geometrical

acceptance.

• Vertex Detector: One track in the Silicon Tracking Telescopes defines the ver-

tex in two coordinates (along and perpendicular to the beam) with a precision

of about 1 mm. The third coordinate can only be fixed using the spatial res-

olution of the ANKE detection system, which gives about 10 mm. Only two

tracks from the same reaction inside the telescopes allows a full 3–D vertex

reconstruction with a precision to about 1 mm. In such a case reactions on the

walls of the storage cell can be easily identified.

• Polarimeter: Two protons in the telescopes from the pp elastic or quasi–elastic

scattering allows one to analyse the polarisation along the storage cell in par-

allel with the main experiment.

3.3.2 The detector performance

Two telescopes have been assembled to check the performance of the chosen detec-

tors. For this purpose three types of double–sided position sensitive detectors are

arranged as silicon tracking–telescopes.

• The inner layer is 69µm thick, has an active area of 51 × 66 mm2, and an

effective pitch of about 400µm. Its thickness sets the detection threshold for

protons in coincidence with the second layer at about 2.5 MeV.

• The second layer consists of a 300(500)µm thick detector with an active area

of 51 × 66 mm2 and a pitch of ≈ 400µm. It stops protons of kinetic energies

up to 6.3(8) MeV.

• The last layer is a 5500(10000)µm thick double–sided Si(Li) detector with a

pitch of 666µm and an active area of 64 × 64mm2 [17]. It stops protons with

energies up to 40 MeV and therefore covers most of the dynamic range of the

telescope.
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The recent development of very thick (> 10 mm) double–sided micro structured

Si(Li) [17] and very thin (69µm) double–sided Si–detectors enables the use of the

telescopes over a wide range of particle energies.
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Figure 3: The energy loss in a 60µm vs that in a 300µm thick detector. Deuterons
are not seen here because the detectors were placed in the backward hemisphere of
the target. The right figure shows the energy resolution along the indicated slice
perpendicular to the proton band.

The ∆E/E performance of the detection system is demonstrated in Figs. 3 and

4. In addition to the experimental data the SRIM estimations [18] for the energy

losses of protons and deuterons are drawn. With a careful calibration of the system

they coincide to about < 3 %.

The layout of these modular, self–triggering silicon tracking telescopes provides

• ∆E/E proton identification from 2.5 up to 40(50) MeV with an energy resolu-

tion of 150–250 keV (FWHM). The telescope structure of 69/300/500/5000µm

thick double–sided Si–strip detectors, read out by high dynamic range chips [19],

allows ∆E/E particle identification over this wide dynamic range.

• Particle tracking over a wide range of energies, either 2.5 MeV spectator pro-

tons or minimum–ionising particles. The angular resolution varies from 1◦–6◦

(FWHM). It is on the one hand limited by the angular straggling within the

detectors and is therefore influenced by the track inclination. On the other

hand (e.g. for minimum–ionising particles) it is limited by the strip pitch of

about 400–700µm and the distances between the detectors. A typical ver-

tex resolution for two low energy protons in the telescopes is on the order of

≈ 1 mm.

• Self–triggering capabilities. The telescopes identify a particle passage within

100 ns and provides the possibility to set fast timing coincidences with other

detector components of the ANKE spectrometer.
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Figure 4: The energy loss in a 69µm vs that in a 5100µm thick detector. The
right figure shows the energy resolution along the indicated slice perpendicular to
the proton band.

• High rate capability. This becomes especially important for the polarimetry

studies because, for this application, two telescopes have to be placed in the

forward hemisphere. The fast–timing option of the amplifier chips allows one

to suppress significantly accidentals.

3.3.3 The in-vacuum electronics

To combine a high dynamic range for the energy measurements with the require-

ment of self–triggering electronics the VA32TA2 chip has been developed [19]. The

VA32TA2 houses 32 preamplifiers and 32 slow shaper amplifiers together with 32

corresponding fast shaper amplifiers and discriminators to get fast timing and trig-

ger signals. The slow shapers provide charge integration with a peaking time of 2µs.

The peak amplitude is sampled by applying a hold signal, supplied externally with

the appropriate timing. The read–out is done over an up to 10 MHz multiplexed

analogue output.

The in–vacuum assembly of the chips is based on the use of 90×90 mm2 double–

sided Al2O3 ceramic boards (Fig. 5, left). Five chips are glued and bonded onto one

ceramic board. This correspond to a maximum number of 160 read–out channels

where 151 are actually fed to the connectors. Two of these boards serve to read out

the front and backside of a double–sided detector (Fig. 5, right).

3.3.4 The read–out system

Fig. 6 shows the block scheme of the interface electronics between VME and the

in–vacuum ceramic boards, the so–called RCard. Its main purpose is to decouple

all bias and control lines of the chips on the ceramics that are operated at detector

biases up to 1.5 kV. One card is needed for each side of a detector.
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Figure 5: The left photo shows the chip board (here a G10 prototype) with 5 chips.
Three input connectors couple it to one side of a detector, whereas one output con-
nector interfaces to the vacuum feed–through. The right photo shows the assembly
of one 300µm detector with its two ceramic boards.

On the VME side the board provides a flat cable connector for all digital control

signals of the board and the front–end electronics. Up to 16 RCards can be connected

and addressed on a single common bus. All necessary control signals to read out the

amplifier chips and to set the trigger pattern of the addressed RCard are provided

over this flat–cable connection. Since the timing of the hold–signal for one VA32TA2

read–out chain is crucial for good performance, an adjustable delay is provided for

this signal on each RCard. Two voltage inputs are provided which allow one to

control the discriminator thresholds and the calibration pulse amplitude. The block

scheme of the complete setup with all VME components is shown in Fig. 6 (right).

External 16-bit DACs are used for the generation of the VA32TA2 trigger thresh-

olds on the RCards; Each threshold can be controlled individually. The ADCs have

10 bit resolution and are especially designed for the read–out of multiplexed analogue

signals from silicon–strip detectors.

3.3.5 The target cell arrangement

The telescope systems are very flexible and their arrangement will depend upon the

particular requirements of the experiment being carried out. For a point target one

will generally try to cover a large part of the solid angle whereas for a target cell,

one needs to cover its length, as illustrated in Fig. 7.

3.4 Polarised internal target

The polarised internal target system consists of an atomic beam source feeding a

storage cell and a Lamb–shift polarimeter. The status of the different components

is here discussed.

The polarised internal hydrogen and deuterium storage–cell target (PIT) [20] is
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Figure 6: Left: The RCard block scheme. The Y–Flex part coming from the detector
is electrically fully decoupled from the VME control part. Right: The block diagram
of the VME read–out scheme. Two RCards are foreseen to read one double–sided
silicon strip detector.

already installed at the ANKE spectrometer for the first test measurements without

the COSY beam. Three weeks have been foreseen by the COSY infrastructure

group for the preparatory work and this should be carried out during the available

maintenance weeks. Once these preparations have been completed, it will be possible

for future exchanges of the PIT and the cluster target to take place within one of

the maintenance weeks.

Following these three weeks of preparatory work, one week of beam time has

been granted by the COSY PAC for PIT commissioning at ANKE. The Lamb–shift

polarimeter (LSP) [21] will be used as a tool to adjust the transition units of the

polarised atomic beam source (ABS) [22] that feed the storage cell. An additional

week of COSY–deuteron beam has been allocated for the PIT commissioning phase

to establish that one can measure the nuclear polarisation of the target as well as

its density through elastic d~p scattering. These measurements will also serve to

calibrate the LSP. After these five weeks of installation, commissioning, and initial

research in 2005, the PIT and the LSP can be moved to their off–beam positions,

outside the COSY ring, depending on the ANKE and COSY experimental schedule.

The results achieved during the first phase of research with the PIT will form

the experimental basis for the future programme of single and double–polarisation

measurements at ANKE.

3.4.1 Status of the PIT and LSP development

The new large–volume target chamber, the differential pumping system in the ANKE

section, two additional beam–position monitors in front of the storage–cell and be-

tween the ANKE dipole magnets D2 and D3, and additional vertical beam steerers,

have already been installed in order to facilitate the use of the PIT. In October
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Figure 7: One of the possible arrangements with telescopes being placed side–by–side
to cover a longer target cell.

2004 the ABS and the LSP were transferred from the laboratory to their off–beam

positions in the COSY hall outside the tunnel and are ready for installation. The

ABS is presently mounted on a new bridge, designed to support it at the in–beam

position above the ANKE–target chamber. The LSP has been be placed on a sep-

arate support, designed taking into account the spatial boundary conditions in the

target area and the movement of both the D2 dipole magnet and the target chamber.

All the supply units for the ABS and the LSP, as well as the slow–control system,

are mounted on a common transport platform. An additional vacuum chamber, of

dimensions identical to those of the ANKE–target chamber, has been produced and

this allows the necessary preparatory tests in the off–beam position. A very limited

number of crane movements is thus required to transfer the complete setup to the

ANKE position. Adjacent to the ANKE target place, an elevated support has been

created that will carry the supply platform. Figure 8 shows the setup in the in–beam

position, whereas the off–beam configuration is illustrated in Fig. 9.

The measurements to study the COSY–beam properties at the ANKE target, i.e.

at the storage–cell position, and determine the lateral dimensions for an optimised

storage–cell have been started with the setup shown in Fig 10.

The external positioning control, which is part of the PIT slow–control system,

allows one to centre different diaphragms and prototype cells onto the COSY beam

axis and to move them step-wise for beam cross section and lifetime studies. Ac-

cording to our preliminary results, a cell tube of about 15 mm diameter (and 350 mm

length) can be installed at the beam. However, due to the fact that these measure-

ments had to be done without dedicated COSY beam optimisation and, in view of
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Figure 8: Polarised Internal Target at its in–beam position at ANKE.

the strong dependence of the target density upon the lateral extension of the cell

tube, further measurements are needed.

These studies have been continued at the beginning of 2005 during one week of

beam time allocated for that purpose. During these measurements, the calibrated

supply system for unpolarised gases was utilised to feed the storage cell for investiga-

tions of e.g. beam-heating effects and for measurements of the pressure distribution

in the section in and around the ANKE target chamber. It was possible to inject,

store and accelerate to 2.4 GeV/c about 1010 polarised deuterons in the presence off

the large cell, shown on the right panel of Fig. 10. This amounts to about 70% of

the number of deuterons that could be stored at injection energy (45 MeV). These

test were carried out with a flux of about 10−3 mbar l/s, leading to a target density

in the large cell of 9.4× 1013 cm−2. It was also possible to take the first data from a

storage cell target at ANKE in this mode.
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Figure 9: Polarised Internal Target installation at the off–beam position. The blue
pillars on the left that support the bridge on which the ABS is mounted, exactly
mimic the D1 and D2 magnets of ANKE.

Figure 10: Left: Setup of the movable support for the storage cell inside the new
target chamber at ANKE. Right: Support frame, indicated in green on the left panel,
with two installed storage cells and a single aperture,. The cross section of the cells
are 30 × 20 mm2 and 15 × 15 mm2, the ones of the aperture are 40 × 25 mm2. The
unpolarised gas supply to the two cells is attached from the top in the cell centre.
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4 Beam and Target Polarimetry

4.1 Deuteron beam polarimetry

The polarised H− or D− ion beam delivered by the source [23], is pre-accelerated

in the cyclotron JULIC and injected by charge exchange into the COSY ring. The

acceleration of vertically polarised protons and deuterons at COSY is discussed in

detail for example in ref. [24]. Although beam polarisations in the ring can be

established at certain energies by using the EDDA polarimeter [1], in order to ensure

that all the conditions of the actual measurement are met, it is preferable to be able

to measure oneself the beam polarisation during any experiment. We here describe

briefly the first test measurements [25] that were carried out at ANKE using a

polarised deuteron beam (pd = 2.4 GeV/c) and an unpolarised hydrogen cluster

target to show how such polarimetry can be carried out in practice.

The scheme for the polarised deuteron beam consisted of eight different polari-

sation states, including one unpolarised mixture and seven combinations of vector

and tensor polarisations. The states and the nominal values of polarisations (Pz

and Pzz) and intensities are shown in Table 1. For each injection into COSY, the

polarised ion source was switched to a different polarisation state. The duration of

a cycle was sufficiently long (200 s) to ensure stable conditions for the injection of

the next state. After the seventh state, the source was reset to the zeroth mode and

the pattern repeated. The ANKE data acquisition system received status bits from

the source, latched during injection, that ensured the correct identification of the

polarisation states during the experiment.

Pattern RFT1 RFT2 RFT3

0 0 0 000 1 123 123 123 123 123 +1, 0, -1

1 -2/3 0 001 1 123 123 123 123 432 -1, -1, 0

2 +1/3 +1 010 1 123 123 123 163 163 +1, +1, -1

3 -1/3 -1 011 1 123 123 123 163 452 -1, 0, 0

4 +1/2 -1/2 100 2/3 123 125 12 12 12 +1, 0

5 -1 +1 101 2/3 123 125 12 12 43 -1, -1

6 1 +1 110 2/3 123 125 12 16 16 +1, +1

7 -1/2 -1/2 111 2/3 123 125 12 16 45 -1, 0

Spin
Mode

Vector
P

z
 max

Tensor
P

zz
 max

Intensity
[I

0
]

1st

6pole
2nd

6pole
m

I

Table 1: Modes of the polarised deuteron ion source. The intensity modulations between the
different modes constitute a compromise in order to achieve higher polarisations. I0 refers to the
maximum number of deuterons delivered by the source and stored in COSY.

Fig. 11 shows the ANKE experimental acceptances for singly charged particles

for different reactions as functions of the laboratory production angle and magnetic
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Figure 11: ANKE experimental acceptance for different reactions in dp collisions at
Td = 1170 MeV.

rigidity, together with loci for the kinematics of different allowed processes. The

dp elastic scattering reaction has a significant acceptance for 4◦ < θd
lab < 10◦. The

observables Ay, Ayy, and Axx of this reaction were carefully measured at Argonne [26]

and SATURNE [27] for Td = 1198 MeV.
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Figure 12: Left: Single–track momentum spectrum for the dp data at 2.40 GeV/c. Right: Fit
result of the elastic peak region with the sum of a Gaussian and linear function.

The elastic peak region in the momentum spectrum of the single track events

(left panel of Fig. 12) was fitted with the sum of a Gaussian and linear function, and

events selected within 3σ of the mean. An example of such a fit is shown the right

panel.
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The dp→ 3He π0 reaction can be investigated using simply the 3He information.

The high momentum branch of 3He particles was isolated well in off–line analysis by

applying two–dimensional cuts in ∆E versus momentum and ∆t versus momentum

for individual layers of the forward hodoscope. The tensor analysing power of this

reaction has been measured at 0◦ as a function of beam energy at Saclay [28].

The quasi–free np → dπ0 can also be clearly identified by detecting the two

final charged particles in the dp → pspdπ
0 reaction, where psp is a spectator proton

which has about half the beam momentum. Though, by isospin, the differential

cross section should be half of that of pp→ dπ+, all the analysing powers should be

equal for π+ and π0 production.

The charge–exchange process was selected from the missing–mass with respect

to the observed proton pairs (see §5.2) and time–difference information. The spectra

for all spin modes reveal a well defined peak at Mmiss equal to the neutron mass

to within 1%. The background was less than 2% and stable, so that the charge–

exchange process could be reliably identified.

Using the ~dp → dp, ~dp → (2p)n, ~np → dπ0, and ~dp → 3He π0 reactions, which

all have large and well known analysing powers, a simultaneous calibration of the

vector and tensor components of the polarised deuteron beam at COSY became

possible for the first time. In all cases the beam polarisation was consistent with

being proportional to the ideal values nominally supplied by the source. The results

are therefore summarised in Table 2 in terms of vector and tensor proportionality

parameters αz and αzz.

Reaction Facility αz αzz

~dp→ dp EDDA 0.74 ± 0.02 0.59 ± 0.05

~dp→ dp ANKE 0.73 ± 0.02 0.49 ± 0.02

~np→ dπ0 ANKE 0.70 ± 0.03 —

~dp→ 3He π0 ANKE — 0.58 ± 0.05

~dp→ (pp)n ANKE — 0.48 ± 0.05

Table 2: Values of vector and tensor polarisation parameters. The errors quoted are
only statistical.

The average of the ANKE measurements is αANKE
z = 0.72 ± 0.02 and αANKE

zz =

0.52 ± 0.03, which are compatible with EDDA results [29] measured prior to the

ANKE run but at lower beam energy and intensity.
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4.2 Polarisation export technique

The absolute value of the beam polarisation is clearly needed in any measurement

with polarised projectiles. This is usually determined from the scattering asymme-

try in a suitable nuclear reaction for which the analysing power is already known.

Calibration standards of the type discussed in §4.1 are few and only exist at discrete

energies. It is therefore of great practical interest to be able extend their application

to arbitrary energies where standards are not yet available. Now, if care is taken to

avoid depolarising resonances in the machine, the beam polarisation should in gen-

eral be conserved during the process of ramping the beam energy up or down [30].

Such tests measurements have been carried out at COSY for both polarised proton

and deuteron beams.

Results for proton beam polarimetry are described in ref. [31]. The absence of

azimuthal symmetry of the ANKE spectrometer does not permit one to measure

a vector analysing power from the left–right count rate asymmetry. We therefore

determined Ay by reversing the orientation of the polarisation every two cycles.

Careful monitoring of the relative luminosity L↑/L↓ was achieved by detecting single

particles in the FD either at θlab < 1◦ or at φ = 90◦ ± 5◦ and φ = 270◦ ± 5◦, where

the rates are insensitive to the vertical beam polarisation.

The beam polarisation at Tp = 0.800 GeV was determined by measuring pd

elastic scattering, where the scattering angles were fixed by the energy deposit of

the identified deuterons in the silicon telescopes. It should be noted that there are

good pd–elastic analysing power data at 0.796 GeV [32].

Since the corresponding data are not available at 0.5 GeV, we resorted to the

polarisation–export technique [30] to obtain a polarisation calibration. This was

achieved by setting up a cycle with a flat top at energy Tp = 0.8 GeV (I), followed

by deceleration to a flat top at 0.5 GeV (II), and subsequent re-acceleration to the

0.8 GeV flat top (III). The measured beam polarisations PI = 0.564 ± 0.003stat. ±
0.004syst. and PIII = 0.568± 0.004stat. ± 0.005syst. agree within errors, and this shows

that we have avoided significant depolarisation while crossing of the resonances.

The systematic errors arise from the uncertainties in the relative luminosity. The

weighted average of PI and PIII was used to export the beam polarisation to flat top

II and to determine the angular distribution of the previously unknown analysing

power of pd elastic scattering at 0.5 GeV. A small angle–independent correction of

−0.0024 was applied in the export procedure to account for the 4 MeV difference in

beam energy, using the energy dependence of Ay between 500 and 800 MeV.

Beam time was allocated in February 2005 in order to measure the polarised

p(~d, pp)n reaction at three different beam energies, viz. Td = 1.2 GeV (for polarimetry

purposes), 1.6 GeV, and 1.8 GeV. In order to verify the polarisation export technique

with a circulating deuteron beam at COSY, the scheme shown schematically in

Fig. 13 was implemented.

The polarimetry was carried out using small angle dp elastic scattering, as de-
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Figure 13: Schematic picture of the three different flat-top regions used in a single
cycle of the February 2005 run. The identity of the deuteron polarisation in regions
I and III means that the 1.2 GeV polarisation could be exported to 1.8 GeV.

scribed in §4.1. The preliminary results of this test measurement are shown in table 3

in terms of the non–normalised parameters β where the analysing power of the reac-

tion has not been introduced. Given that, within the small error bars, βI
y/yy = βIII

y/yy

no depolarisation has been observed. We can therefore conclude that the beam

polarisation at 1.8 GeV is the same as that at 1.2 GeV. The export technique can

therefore be used for both proton and deuteron beams.

βI
y = −0.213 ± 0.005 βIII

y = −0.216 ± 0.006

βI
yy = −0.053 ± 0.003 βIII

yy = −0.060 ± 0.003

Table 3: Values of the non–normalised deuteron vector and tensor polarisation pa-
rameters obtained before and after beam ramping from 1.2 GeV to 1.8 GeV and
back.

4.3 Target polarimetry

Two weeks were granted by the COSY PAC for initial research with the PIT and

these are to be scheduled for autumn 2005. The main goal is to accomplish a

measurement of the target performance, in particular the target polarisation and

density. A suitable reaction to measure the target density is d~p elastic scattering

since, as shown in Fig. 14, the cross section and analysing power have been well

studied in the angular range representing the ANKE acceptance [33].

Once the target polarisation has been determined, the data sample obtained

can be used to derive the analysing power of the charge–exchange reaction d~p →
(pp)n. However, experience gained during the short test experiment with a polarised

deuteron beam and a hydrogen target [34] has shown that the acceptance of ANKE

is such that several reactions with well–studied analysing powers will be recorded
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simultaneously. Among these will be, for example, quasi–free n~p → dπ0, which has

a fast spectator proton, and d~p → 3He π0/ 3H π+. There will therefore be several

reactions that can be used to provide a calibration.

Figure 14: Analysing power data for d~p elastic scattering [33]. Note that the ANKE
acceptance is over the range −0.77 > cos θ > −0.98.

4.4 Luminosity determination

Though this whole document is biassed towards the determinations of analysing

powers and spin correlations etc., values of differential cross sections are at least as

important and for this the luminosity has to be fixed. Inside a storage ring such as

COSY is it customary to do this by measuring in parallel a reaction for which the

cross section is known from other experiments. This sometimes limits the energies

at which experiments can be reliably standardised. There are, however, two other

possibilities that we will exploit for normalisation purposes.

When experiments are carried out using a target cell, the density of the polarised

gas target can also be inferred by comparison with detector rates obtained with a

calibrated flux of unpolarised hydrogen gas admitted into the centre of the storage

cell. This method is described in detail in ref. [35]. More imaginatively, the energy

loss of the beam due to electromagnetic interactions in the target is a measure of

the integrated luminosity. The energy shift gives rise to a corresponding frequency

shift, which can be measured through the study of the Schottky noise spectrum of

the coasting beam. It is hoped that this method, which is the subject of a detailed

study at COSY [36], will be operational by the end of 2005.
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5 Proton–Neutron Spin Physics

The nucleon–nucleon interaction is fundamental to the whole of nuclear physics

and hence to the composition of matter as we know it. Apart from its intrinsic

importance, it is also a necessary ingredient in the description of meson production

processes.

In the case of proton–proton scattering, the data set of differential and total cross

sections and the various single and multi–spin observables is very extensive. This

allows one to obtain reliable isospin I = 1 phase shifts up to at least 800 MeV at the

click of a mouse [37, 38]. Furthermore, the mass of new high quality EDDA data [1]

reduces significantly the I = 1 phase shift ambiguities up to 2.1 GeV [39]. This is, of

course, only possible by taking the new data in conjunction with the results of earlier

painstaking systematic work. The meticulous investigation of the nucleon–nucleon

interaction must therefore be a communal activity across laboratories, with no single

experiment providing the final breakthrough.

Although the extra information required to fix the I = 1 proton–proton ampli-

tudes uniquely up to 2.1 GeV is limited, the same cannot be said for the isoscalar

I = 0 case, since this would require more good data on neutron–proton scattering.

The situation is broadly satisfactory up to around 515 MeV but the only fairly com-

plete data set above that is at the LAMPF energy of around 800 MeV, though many

of the measurements were carried out at Saclay [37].

The limited intensity, the large momentum bite, and the general difficulty of

working with neutral particles, makes one seek alternatives to using neutron beams

for the study of np scattering. For many years the deuteron has been used as a

substitute for a free neutron target. The corrections required in order to extract

proton–neutron observables are generally quite small and fairly well calculable at

high energies because the typical internucleon separation in the deuteron (≈ 4 fm) is

large compared to the range of the projectile–nucleon force. It is therefore plausible

to assume that the projectile generally interacts with either the target proton or

neutron, with the other nucleon being largely a spectator, moving with the Fermi

momentum that it had before the collision. Nevertheless, the nature of the correc-

tions have to be studied carefully for each individual reaction. For example, it has

been shown that the spin correlation and transfer parameters in pp quasi–elastic

scattering in the 1.1 to 2.4 GeV range are very close to those measured in free pp

collisions [40] and the Saclay group find exactly the same reassurance for pn quasi–

elastic scattering [41]. The investigation was, however, carried out far away from

the forward direction whereas other deuteron corrections can be important at small

angles, when it is not clear which is the spectator and which the struck nucleon [42].

With the current and projected facilities positioned inside the COSY ring, we

expect to contribute to the elastic proton–neutron data base in two distinct regions.

By detecting a slow proton in the silicon counters and a fast proton in ANKE, we
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will measure elastic pn scattering up to the maximum COSY proton beam energy for

laboratory angles of the fast proton with |θlab
p | < 12◦ . Using a transversally polarised

beam and/or target, this will give access to the unpolarised cross section, dσ/dΩ,

the proton and neutron analysing powers, Ay, and the spin correlation parameters,

Ayy and Axx, as described in §5.1.

In parallel with elastic scattering, measurements will also be made of the cross

section and spin dependence of the ~p~n → dπ0 reaction up to 3 GeV by detecting

the spectator proton in the silicon counters and the deuteron in ANKE. This reac-

tion [43], which is the prototype of all pion–production processes, can be measured

near both the forward and backward cm directions, provided that |θlab
d | < 8◦. This

is discussed further in connection with other non–strange mesons in §7.2.1.

The large angle (i.e. charge exchange) region in np elastic scattering is currently

being investigated at ANKE by studying the charge exchange reaction of a tensor

polarised deuteron beam on an unpolarised target [25, 34]. It has been shown [44]

that for low pp excitation energies such experiments are very sensitive to the spin–

spin terms in the np charge–exchange amplitude. The deuteron tensor analysing

powers are then essentially equivalent to the spin–transfer parameters in ~np → ~pn.

Using both vector and tensor polarised deuterons incident on a polarised hydrogen

target, it is possible to investigate additionally both the spin–correlation parameters

and triple–spin parameters, such as A(0s′; sn). More details of this proposal are given

in the §5.2.1, where it is seen that one of the biggest drawbacks of this approach is

that it is limited by the maximum COSY deuteron energy of Td ≤ 2.3 GeV, which

means that the neutron flux dies out beyond 1.15 GeV.

The same ~p ~d → ppn reaction can, however, be studied in inverse kinematics up

to the maximum COSY proton energy of nearly 3 GeV by using a polarised proton

beam incident on a polarised deuterium target. The two protons from the reaction

then have low energies and both can be very efficiently measured in the silicon

telescopes, which cover a significant fraction of the angular domain. It is shown in

§5.2.3 that the resolution expected in the pp excitation energy Qpp is even better

than that obtainable with a deuteron beam but the price that one has to pay is that

very small momentum transfers are not covered for low values of Qpp. It should be

noted that the magnetic spectrometer is not used when obtaining such data. As a

consequence this experiment can be run in parallel with the small–angle ~p~n elastic

scattering described in §5.1. In fact, provided that one triggers on at least one low

energy proton, relevant data will be accumulated whenever a deuterium target is in

position.

At energies well below the pion production threshold, one can model the NN

interaction in terms of a purely elastic two–body problem, where the only role played

by the mesons is as mediators of the nuclear force [45]. However, at 1 GeV about 40%

of the total np cross section corresponds to pion production, mainly involving the

excitation of the ∆ isobar. This can be either implicit, as in the pn→ dπ0 reaction
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to be discussed in §7.2.1, or explicit, as in the pn → ∆0p → ppπ− reaction. Even

below the pion production threshold, such processes give rise to dispersive forces

that affect elastic NN scattering [45], though they are sometimes modelled in terms

of effective heavy meson exchange. In quark language, the N → ∆ transition just

involves the spin flip of one of the constituent quarks without changing its orbital

angular momentum. Any description of the NN interaction above the pion threshold

should, at the very least, consider the coupled channels of NN ⇀↽ N∆ [46], for

which experimental information is required on the spin dependence of the transition

amplitudes.

In addition to detecting the quasi–elastic charge exchange p(~d, 2p)n reaction [47,

48], the SPESIV spectrometer allowed the extraction of the strength and analysing

power of ∆(1232) production, p(~d, 2p)∆0, from the missing mass in the reaction [49,

50]. These investigations of the spin–flip excitation of the ∆ will be extended at

ANKE with a much bigger pp phase space than at SPESIV, using in addition a

polarised hydrogen target. However, an even greater improvement is offered through

the use of the polarised deuterium target, which would allow the studies to be

pursued all the way up to Tp ≈ 3 GeV. As described in §5.3, the larger missing

masses thus accessible would permit also the study of the spin excitation of higher

nucleon isobars.

Just as for quasi–elastic charge exchange, the excitation of the ∆0 can be in-

vestigated using just the information gathered from the silicon counters. However,

further information can be extracted if one measures in ANKE a π− or a proton

that comes from the decay of the ∆0, viz ~p ~d→ p p∆0 → ps ps pf π
−
f , where the slow

(s) and fast (f) subscripts indicate where the particles would be detected. In the

case of the ∆0, the angular distribution of the decay proton or pion in the ∆ rest

frame would determine the alignment of the ∆. In this way we would be measuring

some triple–spin observables, which has never been done before for ∆ excitation.

The decay pion/proton would also facilitate the separation of the contribution of

the ∆(1232) from those of the other π−p resonances.

Small angle elastic proton–deuteron scattering is sensitive to the I = 0 exchange

amplitude, i.e. the sum of the pp and pn amplitudes. Measurements here will there-

fore provide a qualitatively different check on the phase shifts by removing single

pion exchange from the data set. Both polarised and unpolarised data can be taken

by detecting the recoil deuteron in the silicon telescopes but, provided that the for-

ward proton does not emerge at too large an angle, the reaction is more clearly

identified by measuring also the proton in ANKE.

The physics arguments and the practical implementation of these various pro-

grammes, which are listed in Table 4, are reviewed in greater depth in the subsequent

subsections.
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Table 4: Summary of experiments within the proton–neutron programme. Note that
the maximum proton beam energy is almost 3 GeV.

Reaction Primary detectors Observables Kinematic ranges

~d ~p → psp(n) ANKE ~n ~p elastic scattering 0.005 < |t| < 0.1 (GeV/c)2

Si telescopes dσ
dΩ

, Ay, Cnn, Css

~p ~d → psp(n) Si telescopes, ANKE ~p~n elastic scattering 4◦ < θlab
p < 11◦

dσ
dΩ

, Ay, Cnn, Css

~d ~p → pp(n) ANKE ~n ~p charge–exchange Td < 2.3 GeV
scattering (Tp < 1.15 GeV)
dσ
dΩ

, Ay, Cnn, Css θlab
p < 7◦

~p ~d → pp(n) Si telescopes ~p~n charge–exchange 1.0 < Tp < 2.8 GeV
scattering |t| < 0.25 (GeV/c)2
dσ
dΩ

, Ay, Cnn, Css

~p ~d → pp(∆0) Si telescopes ~p~n → ∆0p 0.01 < |t| < 0.25 (GeV/c)2
dσ
dΩ

, Ay, Cnn, Css

~p ~d → pppπ− Si telescopes, ANKE ~p~n → ∆0p θlab
p < 12◦

dσ
dΩ

, Ay, Cnn, Css |t| > 0.01 (GeV/c)2

A(0s; nn)

~d ~p → dp ANKE dσ
dΩ

, Ay, Cnn, Css 4◦ < θlab
d < 11◦

Si telescopes, ANKE Td < 2.3 GeV

0.5 < Tp < 2.8 GeV

~p ~d → pd Si telescopes dσ
dΩ

, Ay, Cnn, Css 0.06 < |t| < 0.46 (GeV/c)2

Si telescopes, ANKE |θlab
p | < 12◦
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5.1 Proton–neutron small angle elastic scattering

To illustrate how proton–neutron elastic scattering can be studied in the small angle

region through the combination of the silicon telescopes and the ANKE magnetic

analysis, consider the case of a deuteron beam. In Fig. 12 we showed the momentum

distribution of charged particles arising from the interaction of 2.4 GeV/c deuterons

with a hydrogen target on a logarithmic scale. This yields only two significant

peaks. The first around 2.4 GeV/c corresponds to small angle dp elastic scattering

whereas the second, close to half the beam momentum, arises from deuteron break–

up induced by small angle pp and np scattering. A detailed investigation of the

break–up results benefits from information from the silicon telescopes described in

§3.3. The subset of events of Fig. 12 where a slow proton was detected in coincidence

in the telescope is presented in Fig. 15a on a linear scale. The elastic dp peak is

easily eliminated by requiring that the fast particle has a momentum between 0.9

and 1.5 GeV/c. These data have as yet been the subject only of a very preliminary

analysis [51] and the large corrections arising from final–state–interactions have still

to be fully implemented.
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Figure 15: Momentum distribution of forward-going particles for the Forward–
Spectator coincidence trigger.

At large momentum transfers, where one “knows” which particles have taken

part in the collision, the cross section is basically the sum of that on the proton and

neutron separately with the other particle being a spectator. We first discuss the

data in this limiting (classical) picture and return later to the small q region, where

quantum mechanical interferences between scattering by the proton and neutron

play crucial roles.
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Figure 16: Reconstructed value of the θsp angle of the proton in the spectator detector
vs the θfd of the proton in the forward detector. The solid line indicates the cut
chosen to separate the pn and pp quasi–elastic channels.

The separation of pp from pn quasi–elastic scattering in the classical picture

requires us to study the correlation of the polar angles in the forward detector (θfd)

and the spectator counters (θsp) shown in Fig. 16. Now for elastic pp scattering at

a beam energy Tp these two angles are related by

tan(90◦ − θsp) =

(

1 +
Tp

2Mp

)

tan θfd . (5.1)

Though this relation is shifted slightly by the deuteron binding energy, and smeared

significantly by the deuteron Fermi momentum, after taking the counter geometry

into account it suggests that the majority of events to the right of the solid line

in Fig. 16 corresponds to quasi–elastic pp scattering whereas those to the left arise

dominantly from np. Events that survive both the momentum and the pp polar

angle cuts are illustrated in Fig. 15b.

The corresponding azimuthal angles should also be correlated since for elastic pp

scattering one has

φsp = φfd − 180◦ . (5.2)

The azimuthal correlation is illustrated in Fig. 17a for events where the only selection

is that coming from the momentum cut. Since for events where the proton is the

spectator there should be essentially no azimuthal correlation, the pp quasi–elastic

peak sits on a relatively flat background. This background is almost completely

suppressed in Fig. 17b by the imposition of the polar angle cut shown in Fig. 16.
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Figure 17: Difference in φ of the forward–going proton and the proton in the spec-
tator detector. The peak around 180◦ originates from the pp quasi–elastic channel
and the flat part reflects mainly the pn elastic channel.
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Figure 18: Difference in φ of the protons in the forward and spectator detectors after
applying just the momentum cut and after applying the momentum and θsp vs θfd

cuts. The shaded peak represents mainly the pp quasi–elastic events that have been
selected by both cuts.
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The comparison of the φ–correlation spectrum with and without the polar an-

gular cut is presented in Fig. 18. This shows a very clean peak which dominantly

contains quasi–free pp→ pp events, though it would take a Monte Carlo simulation

to try to estimate the neutron contamination. Since the kinematics of each event

have been fully identified, one simple consistency test in this classical picture would

be to investigate the angular correlations between the slow proton and fast neutron

to see if one obtains the same classification of events. This analysis has demonstrated

that the silicon telescopes can function well in coincidence with the ANKE magnetic

system and that clean data can be obtained in this way.

However, in reality, at low momentum transfers it is not possible even in principle

to separate completely the pp from the pn interactions in dp collisions. A naive

identification of the slower particle in the deuteron rest frame with the spectator

quickly leads to inconsistencies [42]. For small values of t there are coherent effects

associated with the addition of the pp and pn amplitudes. Furthermore, much of

the transition strength is actually soaked up by the elastic deuteron–proton channel.

Such effects are not essentially different in nature from those studied extensively in

low momentum transfer deuteron–proton charge exchange [44, 52] and, provided that

the pp amplitudes are known, the corrections in the present case depend primarily

on the low energy pn final state interaction. Such corrections will be introduced into

the analysis of future data taken with the more advanced telescope system with a

larger solid angle coverage.

The classical picture fails most spectacularly when both the momentum transfer

and the excitation energy in the final pn system is small. In the quasi–free regime

there can be no significant dependence of the ~dp→ (pn)p counting rate on the tensor

polarisation of the deuteron beam and any such signal would reflect the presence of

two nucleons in the deuteron beam. Preliminary values of Ayy for the ~dp → (pn)p

reaction with Epn ≤ 5 MeV are shown in Fig. 19. The signal is large and negative,

though this decreases in strength as the cut on Epn is relaxed while the vector

analysing power increases in this limit.

In the figure we show also a parameterisation of the p(~d, 2p)n tensor analysing

power Ayy of Fig. 25, where account has been taken of the signal dilution due to the

finite azimuthal acceptance in the (pn) case. At the smallest momentum transfer

(q ≈ 80 MeV/c), Ayy(~dp → {pn}p) ≈ Ayy(~dp → {pp}n), though the values diverge

as q is increased. This is not an accident! If we neglect the deuteron D–state then

in impulse approximation at q = 0 the only allowed transition in the ~dp → (pn)p

reaction is 3S1 → 1S0. This has a (∆S, ∆I, ∆Iz) = (1, 1, 0) character and is just

the isobaric analogue of the deuteron charge–exchange reaction discussed in §5.2.

Furthermore, the (0, 0, 0) transitions, driven by the large isoscalar spin–non–flip

NN amplitudes, vanish like q4 at small q. This is because they correspond to final
3D1 or higher S–waves that are orthogonal to the deuteron wave function. The only

possible source of dilution of the Ayy signal to order q2 arises therefore from the
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Figure 19: Ayy of the ~dp → (pn)p reaction at Td = 1170 MeV for events where
Epn < 5 MeV in bins of momentum transfer q. Also shown is the interpolation of
the analysing power of the charge–exchange data of Fig. 25 where account has been
taken of the dilution caused by the finite φ acceptance. Both curve and points are
subject to a common overall normalisation uncertainty of 4% arising from the beam
polarisation.

3S1 → 3P0,1,2 transitions, which also involve an isospin flip. The final transition to

this order is 3S1 → 1P1, which is isoscalar.

This picture will, of course, have to be modified somewhat to take into account

effects arising from the deuteron D–state. However, the basic suppression of the

scalar–isoscalar amplitude at small q remains and this does explain qualitatively our

findings that Ayy(~dp→ {pn}p) looks like a diluted charge–exchange signal and that

Ay, which should vanish for the 1S0 state [44], increases for larger q and Epn through

the excitation of the 3P0,1,2 system.
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5.2 Proton–neutron elastic charge exchange

The ANKE collaboration is making

measurements of the ~dp → ppn reac-

tion with the aim of extracting spin–

dependent np charge–exchange ampli-

tudes [25, 34].

Now the most complete investiga-

tion of deuteron charge exchange in the

COSY energy regime was carried out at

Saclay at 1.6 and 2.0 GeV [47, 48] and

the results for the hydrogen and deu-

terium targets are shown in Fig. 20. Be-

cause of uncertainties in the acceptance

of the SPESIV spectrometer used in the

experiment to detect the pairs of pro-

tons, the overall cross section normali-

sation is arbitrary, though the relative

strength between deuterium and hydro-

gen targets away from the forward direc-

tion is 0.68±0.04. At q ≈ 0, it is reduced

by a further factor of about 2/3 due to

the Pauli blocking the final nn system.

Fig. 20: Cross section and Cartesian and

spherical tensor analysing powers of the

(~d, 2p) reaction on hydrogen and deu-

terium at Tp = 1.6 GeV [48]. The broken

curves represent plane–wave predictions

whereas the solid ones include eikonal

corrections [53]. The overall cross sec-

tion normalisation was chosen to agree

with theory at a momentum transfer of

q = 0.7 fm−1.
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To show the basic sensitivity of these measurements, consider neutron–proton

charge–exchange amplitudes in the cm system:

fnp = α+ iγ(σn +σp)n+β(σn ·n)(σp ·n)+δ(σn ·m)(σp ·m)+ε(σn · l)(σp · l), (5.3)

where σn and σp are the Pauli matrices for neutron and proton, respectively. The

orthogonal unit vectors are defined in terms of the initial (k) and final (k′) momenta

as

n =
k × k′

|k × k′| , m =
k′ − k

|k′ − k| , l =
k′ + k

|k′ + k| .

The amplitudes are normalised such that the elementary np→ pn differential cross

section has the form
(

dσ

dq2

)

np→pn

= Inp = |α|2 + |β|2 + 2|γ|2 + |δ|2 + |ε|2. (5.4)

For low excitation energy Epp < 3 MeV of the final pp pair, and at low momentum

transfer, the charge exchange reaction dp→ (pp)n mainly excites the 1S0 state of the

final pp system, which involves a spin–flip from np triplet to pp singlet. The process

therefore provides a spin–filter. In single–scattering approximation, the resulting

amplitude depends only upon the spin–dependent parts of fnp, i.e. β, δ and ε. Bugg

and Wilkin [44] have shown that, under these conditions, there are two form factor

describing the transition from the deuteron to the 1S0 pp state:

S+(k, 1
2
q) = 〈ψ(−)

k |j0(1
2
qr)|u〉 +

√
2〈ψ(−)

k |j2(1
2
qr)|w〉 ,

S−(k, 1
2
q) = 〈ψ(−)

k |j0(1
2
qr)|u〉 − 〈ψ(−)

k |j2(1
2
qr)|w〉/

√
2, (5.5)

where u(r) and w(r) are the S and D components of the deuteron wave function and

ψ
(−)
k (r) is the pp (1S0) scattering wave function. Here k is the pp relative momentum,

corresponding to an excitation energy Epp = k2/M , where M is the proton mass.

Denoting the ratio of the transition form factors by R = S+(k, 1
2
q)/S−(k, 1

2
q) and

the sum of squared amplitudes

I = |β|2 + |γ|2 + |ε|2 + |δ|2R2, (5.6)

the differential cross section, tensor analysing powers, and transverse spin–spin cor-

relation parameters of the dp→ (pp)1S0
n reaction take the forms [44, 54]

d4σ

dq2d3k
= 1

3
I

{

S−(k, 1
2
q)

}2
,

I T20 = 1√
2
{|γ|2 + |β|2 + |δ|2R2 − 2|ε|2}

I T22 =
√

3
2
{|γ|2 + |β|2 − |δ|2R2}

I Cx,x = −2Re(β∗ε)

I Cy,y = −2Re(ε∗δ)R. (5.7)
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After rotating these formulae for the T2i to the beam direction [55], they were

used by the Saclay group [48] to interpret their data at 1.6 GeV. The only significant

correction comes from the multiple scatterings whose effects increase steadily with

momentum transfer [44].

However, it is important to stress that data at larger pp excitation energies

also contain valuable information on the pn charge–exchange amplitudes [56], but

for this a detector of much larger acceptance than SPESIV is required. This was

provided at low beam energies by the EMRIC device, which determined the cross

section, tensor, and vector analysing powers at 200 and 350 MeV [57]. These agreed

well with impulse approximation estimations [52] and provided the basis for the

design of the POLDER polarimeter [58]. This has been used very successfully in the

determination of the polarisation of the recoil deuteron in elastic electron–deuteron

scattering at J–Lab, which allows the separation of the deuteron form factors [59].

By design, the above (~d, 2p) experiments were carried out at energies where the

np → pn amplitudes are relatively well known [37]. The aim of COSY proposal

125 [25] is to carry out such measurements at energies where the np data base is far

less complete, in particular above the Los Alamos energy of 800 MeV per nucleon.

Furthermore, by using polarised beam and targets, one can gain access also to spin–

correlation parameters, which contain valuable relative phase information. Such

experiments can be carried out using a polarised deuteron beam, as is currently

being employed [25], or a polarised deuterium target and we now compare the merits

of the two approaches.

5.2.1 Charge–exchange with a polarised deuteron beam

An initial measurement of the deuteron–induced charge–exchange reaction was car-

ried out at the ANKE spectrometer using a polarised deuteron beam at pd =

2400 MeV/c (Td = 1170 MeV) [25]. Two fast protons, emitted in a narrow for-

ward cone with momenta around half that of the deuteron beam, were detected by

the Forward Detector (FD) system of the ANKE set–up (see fig 11).

The first step in processing the dp charge–exchange breakup data is to choose

two–track events using the MWPC information. The momentum vectors were de-

termined with the help of the magnetic field map of the spectrometer, assuming a

point–like source placed in the centre of a beam–target interaction region. Fig. 21a

displays double–particle events on a scatter plot of particle momenta p1 versus p2.

The smallness of the FD solid angle acceptance leads to a kinematic correlation for

events with two or three particles in the final state (Fermi motion spreads slightly

the correlation for the corresponding quasi–free processes). No assumption on the

masses of the particles is required for such a correlation. The break–up events clearly

manifest themselves among several processes recorded in the spectrometer. For the

events with particles hitting different counters in the hodoscope, the correlation of

a measured time difference ∆tmeas with a difference of the time of flight ∆ttof can
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Figure 21: a: Correlation of the momenta of two charged tracks in ANKE resulting
from the interaction of 1.17 GeV deuterons in a hydrogen target. b: Correlation of
the time differences ∆tmeas and ∆ttof .

be observed. The time of flight from the target to the hodoscope is calculated from

the measured momentum assuming that the particle has the mass of the proton

mass. Real proton pair events are then located at the diagonal of the scatter plot

(Fig. 21b).

The charge–exchange process was identified from the missing–mass with respect

to the observed proton pairs (see Fig. 22) and time difference information. The

spectra for all spin modes reveal a well defined peak at Mmiss equal to the neutron

mass to within 1%. The background was less than 2% and stable, so that the

charge–exchange process could be reliably identified.
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Using the polarised deuteron charge–exchange (CE) break–up reaction p(~d, 2p)n,

where the final protons have an excitation energy of less than 3 MeV and hence are

in the 1S0 state, we can access the spin–dependent amplitudes of the elementary np

elastic scattering using Eq. (5.7). For collinear kinematics we can directly reconstruct

the magnitude of the two spin amplitudes by measuring the cross section and T20

analysing power. The value of the ratio |β(0)|/|ε(0)| = 1.86 ± 0.15, obtained from

our preliminary experiment, is shown in Fig. 23. Also shown are predictions for

the values of the moduli of the two forward spin–flip amplitudes, as functions of

energy [37]. Since the SAID prediction of the ratio is 1.79 ± 0.27 [37, 60], it is clear

that our statistical precision is already superior to that of the World data base.

Though the angular acceptance for the two fast protons in ANKE is very limited,

it is known that the tensor analysing powers should change very fast with momentum

transfers due to the near–vanishing of the δ amplitude for q ≈ mπ [44]. It is then

possible to utilise the dependence of the signal on the azimuthal angle to extract

separately values of T20 and T22, or the Cartesian analysing powers Ayy and Axx,

and preliminary estimates are to be found in 20 MeV bins in momentum transfer in

Figs. 24 and 25 respectively. If the excitation energy is not cut sufficiently, these

tensor signals should be diluted slightly at larger q due to contamination from final

spin–triplet states [44]. As seen from the figures, the effects of changing the limit

on Epp from 1 MeV to 3 MeV is only significant above about 100 MeV/c. The value

in the final bin is just compatible with the kinematic limit Axx ≤ 1. Also illus-

trated in Fig. 25 are the Ayy results from SATURNE at the rather higher energy of

1600 MeV [48]; at these small values of momentum transfer this group did not have

a clean separation of Axx and Ayy.

The variation with momentum transfer is generally as expected on the basis of

the Bugg–Wilkin model [44] though the detailed theoretical calculation [52], as used

to describe data at lower energies [57], has still to be implemented at our energy.
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at Td = 1170 MeV in 20 MeV bins of momentum transfer q with two different cuts
on the excitation energy: Epp < 1 MeV (blue) and Epp < 3 MeV (red).
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tion at Td = 1170 MeV with cuts as in Fig. 24. Also shown by stars are the Ayy

measurements from SATURNE at 1600 MeV [48].
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5.2.2 Polarimetry reactions

To illustrate the power of the spectrometer in identifying two–body and quasi–

two–body reactions, many of which are used to calibrate the beam polarisation,

we show some of the results obtained in polarised deuteron–proton collisions at

Td = 1.17 GeV [25, 34]

Fig. 11 showed the ANKE experimental acceptances for singly charged particles

for different reactions as functions of the laboratory production angle and magnetic

rigidity, together with the loci representing the kinematics of different allowed reac-

tions.

To facilitate the subsequent discussion, we show in Fig. 26 kinematic curves relat-

ing the laboratory and cm angles for three observed two–body reactions, viz : dp→
dp, dp→ 3He π0, and np→ dπ0 at the momentum of the 2004 run (2.435 GeV/c) [34]

and also at the higher COSY momentum (3.463 GeV/c). From these it is seen that

the dp → dp reaction has a significant acceptance for 4◦ < θd
lab < 10◦, and that this

depends little on the beam momentum.

The quasi–free np→ dπ0 can be clearly identified in ANKE through the detection

of the two final charged particles in the dp→ pspdπ
0 reaction, where psp is a spectator

proton which has essentially half the beam momentum, psp ≈ 1.17 GeV/c [34]. In

the two–dimensional momentum spectrum of Fig. 21 are shown the bands arising

from the high (pd ≈ 1.3 GeV/c) and low–momentum (pd ≈ 0.8 GeV/c) branches,

corresponding to backward and forward production of the π0 in the cm system.

The two–dimensional spectrum in the differences of the times of flight shown in

Fig. 21 proves that there is in fact very little background for these events, and this is

supported by the missing masses for the two regions in Fig. 27, which demonstrates

well identified pion peaks, though the single run presented here represents but a

small part of our overall statistics.
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Figure 26: Kinematic curves for different reactions at deuteron momenta of 2.435
and 3.463 GeV/c; the bold parts of the curves denote regions accessible in the current
set–up.
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Figure 27: Missing masses from the ~dp→ pspdX reaction showing clear π0 peaks.

The two–dimensional plot of data on the deuteron production angle versus mo-

mentum is shown in Fig. 28, where it is seen that results from both the high and

low–momentum branches are scattered around the kinematical curve corresponding

to the free np→ dπ0 reaction.
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Figure 28: θd versus pd scatter plot compared with the kinematic locus for the free
np→ dπ0 reaction.

In the dp→ 3He π0 case, the π0 is recognised through the missing mass obtained

from the 3He measurement. The result of this identification is shown in Fig. 29.

The high momentum branch of 3He particles was selected well in off–line analysis

by applying two–dimensional cuts in ∆E versus momentum and ∆t versus momen-

tum for individual layers of the forward hodoscope. Though the peak in Fig. 29 is

wide, this is not critical since, apart from the radiative capture, there is no physical

background over this region.
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Figure 29: Identification of the dp → 3He π0 reaction.

5.2.3 Charge–exchange with a polarised deuterium target

The advantages of studying charge exchange using just the spectator counters in

combination with a polarised deuterium target have already been outlined. Pre-

liminary Monte Carlo simulations of the acceptances in momentum transfer versus

pp excitation energy are to be found in Fig. 30 for both elastic and ∆ production

in charge exchange of protons with momenta 1.7 and 3.0 GeV/c. Both protons are

given Fermi momentum distributions and the pp fsi is included, but no attempt has

yet been made to include a dynamic reaction mechanism.

The details of the plots will depend critically upon the placing of the silicon

detectors and the values shown here are obtained using the configuration described

in §3.3. Nevertheless, several features are common to different settings. The wide

valley with no counts, running from the bottom left corner, indicates the separation

of the regions where the two protons go into the same or different counters. If they

go into the same counter at low Epp a minimum momentum transfer is required in

order to give an energy sufficient to separate the signals (typically 1 MeV). When the

protons go into different telescopes, it is not possible to get very small momentum

transfers and so in the elastic case there is a blind area when both Epp and q are small.

The cut–off when these variables are both large is connected with the maximum

stopping power of the silicon detectors, here assumed to be 60 MeV. There are still

some events in the S–wave region of Epp < 3 MeV but, as shown in Fig. 31, it is not

possible to follow the q–dependence of these very far.

In the case of inelastic charge exchange, there is a minimum longitudinal mo-

mentum transfer set by the kinematics of qmin ≈ (M2
∆ −M2

n)/2plab, where plab is the
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Figure 30: Simulations of the acceptances for elastic and inelastic charge exchange
on a deuterium target where the two protons are detected in the spectator counters.

laboratory beam momentum. Until one gets well above this lower bound, at least

one of the protons is likely to go to far forward and miss the spectator counters.

This problem gets worse at lower momenta.

5.3 Proton–neutron inelastic charge exchange

It was argued earlier that for energies somewhat above the pion production thresh-

old, it is hard to treat the NN interaction in isolation and that one must consider

at least the coupling to the N∆ channel [46]. The number of amplitudes, the width

of the ∆ and the associated difficulty of overlapping bands in the Dalitz plots, and

the weaker constraints provided by unitarity, make this problem very challenging

indeed, both experimentally and theoretically. We believe, however, that COSY

can make significant contributions in this field. This is important because serious

problems arise when phenomenological NN → N∆ amplitudes are used as input for

the estimation of spin–observables in more complicated reactions. For example, the

53



q, GeV
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

<10 MeVpp5<E

<3 MeVpp0<E

<25 MeVpp20<E

Figure 31: Projections of the pd→ ppn acceptance of Fig. 30 at 3.0 GeV/c.

inclusion of three–body forces arising from ∆–excitation [61, 62] improve the agree-

ment between Faddeev calculations and the unpolarised differential cross section for

dp elastic scattering at Tp < 200 MeV. However there is no corresponding systematic

improvement for the spin–observables measured in this process. A deficit in our

knowledge of the spin structure of the three–body forces was pointed out recently in

pd→ (pp)n at 0.5 GeV [31].

The first amplitude analysis of NN → N∆ was reported by Wicklund et al. [63].

The subsequent analysis of Shypit et al. [64] used only data from their own exper-

iment but this was followed by an update [65] that included all the World data

available at that time, i.e.

1. dσ/dΩ, AN0, AS0 and AL0 near 576 and 792 MeV [63]

2. dσ/dΩ and AN0 at 800 MeV [66],

3. ANN and ALL at 643, 729 and 800 MeV [67],

4. Five Wolfenstein parameters at 643, 729 and 800 MeV [68, 69],

5. dσ/dΩ, and σinel over the complete energy range [70].

It also included πN partial waves S31, S11, P31, and P11 using the OPE approximation

for NN → N(πN). The amplitude analysis of pp → dπ+ and pp → N∆ from

Ref. [65] was used in Ref. [71] as input to perform a re-analysis within the N/D

method. The aim was to distinguish between the pole or cusp interpretation of the

data near the N∆ threshold.
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Let us discuss in more detail, for example, the Argonne data [63], which were

obtained at proton beam energies of 0.57, 0.81, and 1.01 GeV, and the first amplitude

analysis of these results. In Ref. [72] the data on the NN → N∆ reaction were

investigated within the unitary model of coupled πNN −NN channels. This model,

based on the meson–exchange picture, describes in a unified manner the following

processes: NN → NN , NN ↔ πd, NN ↔ πNN , πd → πd, and πd → πNN . The

unpolarised differential cross section, production asymmetry and spin correlation

parameters were calculated for the NN → N∆ reaction. The global agreement with

the available Argonne data is reasonably satisfactory. The main problem concerns

the integrated asymmetry Ay, which is consistent with the data only at 0.57 GeV. At

higher energies, the model is unable to reproduce the change from a broad positive

maximum to the broad positive minimum observed in Ay. The asymmetry problem

at high energy is directly related to the fact that none of the models used is able to

describe the helicity–3/2 spin–correlation parameter Pyρ33.

A possible way to improve (partially) the agreement was pointed out in Ref. [73],

where the NN → N∆ amplitude was extracted from the Bonn meson–exchange

model of elastic NN–scattering. Within such a model of the NN–interaction, tak-

ing account of the coupling to the N∆ and ∆∆ channels allows one to improve

considerably the phase shifts and inelasticity parameters of NN–scattering below

1 GeV [39]. At higher energies, only the NN total and integrated elastic cross sec-

tions are satisfactorily described with Reggeised vector meson exchanges, whereas

the spin observables measured at 1–2.5 GeV are in strong disagreement with the

OBE model predictions. However, the Bonn model does not take into account the

correlated 2π and πρ exchanges, which are included in the Jülich model [74].
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The polarised deuteron charge–

exchange programme of the Saclay

group included some measurements

of the excitation of ∆(1232) through

the ~dA → ppA′ reaction for targets

A = p, d, 12C, where the isobar was

identified via the missing mass in the

reaction [49, 50]. The near–forward

differential cross sections for hydrogen

and deuterium targets are shown in

Fig. 32 at Td = 2 GeV as functions of

the laboratory energy loss ωlab. To a

good approximation, the polarisation

response is related to the analysing

power by Ayy ≈ −
√

2P/ρ20, where the

beam polarisation ρ20 = 0.61 ± 0.01.

As mentioned in §5.2.3, quasi–

elastic charge exchange on deuterium

was a factor of about 0.68 smaller than

for hydrogen. However, in the pion–

production region, the quasi–free dd→
pp∆−p cross section should be bigger

than that for dd → pp∆0n by an

isospin factor of three. The polari-

sation responses are essentially indis-

tinguishable and, when the deuterium

data are divided by a factor of 4 ×
0.68, the hydrogen and deuterium re-

sults largely coincide. This agreement

with the scaled cross sections is similar

Fig. 32: Polarisation response and cross

section for p(~d, 2p)∆0 and d(~d, 2p)∆N

at Td = 2 GeV and θlab
pp = 0.5◦. The

broken histogram corresponds to the

scaled result for deuterium. The solid

curves are models with direct pion ex-

change whereas for the broken curves

this is modified using the poor man’s

absorption model cut off [50].

at the other angles measured and this proves the expected dominance of the I = 3
2

strength.

Unlike the p(~d, 2p)n measurements at 1.6 GeV, discussed in the previous subsec-

tion, no spin–rotator was used for ∆ excitation at 2.0 GeV. On account of the small

angular acceptance of SPESIV, only one tensor analysing power combination could

then be measured and this principally determined Ayy.

Away from the forward direction, the poor man’s absorption prescription to the

one–pion exchange model for pN → ∆N gives a plausible description of the cross

section and analysing power [50]. However, the density matrix elements for the

~p p → ∆++n reaction at the rather higher energy of Td = 2.2 GeV [63], which de-

pend upon interference terms, are only qualitatively reproduced. Inelastic charge–
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exchange experiments will be repeated at ANKE in the near future with a po-

larised deuteron beam of a similar energy to Saclay as a by–product of the approved

p(~d, 2p)n experiment [25, 34]. A wider range of different deuteron analysing powers

will then be derived. Already in Fig. 22 we see some evidence of pion production

even at Td = 1.17 GeV.

In the future it will be possible to go to much higher energies by using the

polarised deuterium internal target. Though there is little chance of getting sufficient

data in order to allow a completely model–independent amplitude analysis,and the

phase space shown in §5.2.3 is limited, we will measure the ~d(~p, 2p)∆0 reaction with

polarised beam and target up to Tp ≈ 3GeV, using just the spectator telescopes in the

manner described in the previous subsection. Rank–two tensor observables, such as

the t20 and t22 analysing powers and the transverse spin–correlation coefficient of the

proton with a vector polarised deuteron, are particularly robust quantities that can

pick out moduli of amplitudes rather than the imaginary parts of interferences that

are sensitive to phase differences which can arise from the NN or N∆ interactions.

However, the tensor polarisation of the outgoing ∆0 can also be measured, as was

demonstrated at Argonne for the ~p p → ∆++n reaction, by looking at the angular

distribution of the pion or proton from the ∆ decay in the ∆ rest frame [63]. In our

case, this would require the detection in ANKE of the fast π− or proton from the ∆0

disintegration in coincidence with the two slow protons in the silicon counters. Now

for the NN → ∆N reaction there are four independent amplitudes in the forward

direction and it can be shown [75] that study of the ~d~p→ (pp)~∆0 reaction will give

access to three combinations of these amplitudes.

In small momentum transfer reactions, such as this and p(d, 2p)n, it is to be

expected that the major correction to a simple quasi–free interpretation will come

from multiple scatterings, which can be handled in the eikonal approximation [53].

These generally give an overall damping and have less effect on the spin observables

until the momentum transfers are above around 1 fm−1 [48, 50]

5.4 Small angle ~p ~d or ~d ~p elastic scattering

Elastic proton–deuteron scattering at small angles can be measured at ANKE with

a deuteron beam or a deuterium target but the kinematic ranges will differ. With a

proton beam one could detect a deuteron in the spectator counters and a proton in

the FD and, observed in this way, the reaction has already been used for luminosity

and beam polarisation determinations at ANKE [31]. However, the cross section

is so big that merely measuring the deuteron in the spectator counters is sufficient

to identify completely the process. Considering only recoil deuterons with energies

in the range 2.5 < Td < 50 MeV leads to the plot of the minimum and maximum

proton cm angles shown in Fig. 33. This corresponds essentially to a fixed range

in momentum transfer, 0.001 < |t| < 0.19 (GeV/c)2, which we can cover up to the
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maximum COSY energy of close to 3 GeV.
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Figure 33: Predicted upper and lower bounds on the proton cm angle in proton–
deuteron elastic scattering, with only the deuteron being detected in the silicon
telescopes.

Above about 1.5 GeV the fast proton would fall within the maximum ANKE

angular acceptance of θlab
p < 11◦ but even then some of the small momentum transfer

protons would be lost in the forward cone of θlab
p < 4◦.

Small angle deuteron–proton elastic scattering has also been measured at COSY

by detecting just the deuteron in the ANKE magnetic spectrometer. It could be used

for luminosity and polarisation purposes [34] since, as shown in Fig. 12, the proton

does not need to be measured in order to have a very clean signal for the reaction.

The acceptance for measuring the deuteron from the reaction at Td = 1170 MeV can

be deduced from Fig. 11 and, as shown in Fig. 26, this remains roughly the same in

the laboratory at different beam momenta; 4◦ < θlab
d < 10◦.

Comparing the acceptances for pd and dp elastic scattering, it is seen that smaller

angles are covered with the proton beam. This illustrates the power of the silicon

telescope array when used at the ANKE facility.
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6 Proton–Deuteron Reactions at High Momen-

tum Transfers

The combination of the ANKE magnetic spectrometer and spectator telescopes with

polarised beams and a polarised deuterium gas cell will lead to the detection in

parallel of many non–mesonic nuclear reactions in addition to those in the proton–

neutron programme outlined in §5. Some of these have a great interest in their own

right and will require dedicated beam time if their potential is to be exploited to the

full. This is especially true of large momentum transfer proton–deuteron elastic and

charge exchange scattering, for which interesting results have already been achieved

at low pp excitation energies at ANKE [76, 31].

The nuclear three–body problem is fundamental, but the difficulty that one faces

with such studies at ANKE is that the main benefits of COSY come when working

above the pion–production threshold. This is a region where, for a variety of reasons,

the Faddeev description of proton–deuteron elastic and inelastic reactions is no longer

appropriate. There is then no agreed calculational scheme to model such data and

there is much ambiguity in how to interpret, for example, the energy dependence

of the cross section and tensor analysing power of dp elastic scattering at 180◦ [77],

though virtual ∆ excitation is certainly involved at some level [78, 79]. Nevertheless,

it is hoped that the measurement of spin observables will provide valuable clues

to the dominant reaction mechanisms involved. As an example of this, consider

the ~pd → (pp)1S0
n reaction, where it has been shown that at 500 MeV the proton

analysing power is almost maximal for θcm
n ≈ 167◦ [31]. This indicates that, out

of the six possible spin amplitudes [55], only two combinations are significant and

that these, in addition to being almost equal in magnitude, have just the right

relative phase. This feature disappears at 800 MeV, where Ay is uniformly small. It

is therefore expected that measurements of spin correlations and tensor analysing

powers will provide further insights into proton–deuteron large momentum transfer

reactions.

6.1 Large angle ~p ~d or ~d ~p elastic scattering

Electromagnetic probes are generally considered to be the most clean instruments

with which to study the structure of nuclei for rNN < 0.5 fm. Our present knowledge

of the deuteron structure at rNN < 1 fm comes mainly from ed elastic scattering and

photodisintegration γd→ pn. However, the shorter the distances probed in electro-

magnetic processes the larger are the contributions from meson–exchange currents,

which are not purely electromagnetic in origin. The problem of meson–exchange

currents can only be solved within a consistent theory of strong interactions, which

is still absent at high but finite values of Q in the non-perturbative region of QCD.

The interpretation of electromagnetic processes on the deuteron at Q > 1 GeV/c
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therefore suffers from many ambiguities [80, 81].

Independent information on the dynamics of short-range NN interaction and

the short–range structure of nuclei can, in principle, also be obtained from hadronic

processes at high Q, provided that the reaction mechanism can be well identified1.

Existing data on backward pd elastic scattering at 0.5–2 GeV are in disagree-

ment with the predictions of one–nucleon–exchange (ONE) models based on the

widely used Paris or Reid soft core NN potentials. These overestimate considerably

the unpolarised cross section for Tp > 1.5 GeV. On the other hand, the one–pion–

exchange (OPE) model, driven by the pp → dπ+ subprocess [78, 79], is much less

sensitive to the high momentum components of the NN wave function and is in

qualitative agreement for Tp in the range 0.5–2.5 GeV. Furthermore, the deuteron

analysing power in the backward direction, t20(θcm = 180◦), agrees with the ONE

only at rather low energies Tp < 0.3 GeV. In contrast to the ONE predictions, the

experimental values of t20(θcm = 180◦) do not changes sign with increasing beam

energy [77]. Taken together, these observations suggest that the ONE mechanism

plays only a minor role in this process.

Backward elastic scattering of 1.17 GeV (polarised) deuterons can been clearly

identified in the two–dimensional plot of the momentum correlation of two charged

particles shown in Fig. 21a, where it is seen that there is essentially no back-

ground [34].
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Figure 34: Distribution in the cm deuteron scattering angle for identified dp → pd
events at 1.17 GeV.

1Some NN models, which exhibit different behaviour at rNN < 1 fm, may be unitarily equivalent
and thus describe the same physics. Some examples, based on one pion and rho exchanges in the
NN potential, were given by Desplanques and Amghar [82, 83]. In such a case a model that requires
fewer corrections due to the many body forces or many body currents might be the preferred one.
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The distribution of the number of events in deuteron cm angle presented in Fig. 34

shows that the acceptance for the reaction is approximately 169.5◦ < θcm
d < 172.5◦

but, as shown in Fig. 35, this range decreases steadily with beam energy.

 (GeV)dT
0.8 1 1.2 1.4 1.6 1.8 2 2.2

 (
D

eg
re

e)
c.

m
.

dθ

166

168

170

172

174

176

178

Figure 35: Angular acceptance in the cm system for deuterons from deuteron–proton
elastic scattering as a function the deuteron beam energy.

6.2 ~p ~d→ (pp)n at large momentum transfers

To minimise the effects of the ∆, which plays such a large role in backward proton–

deuteron elastic scattering, the ANKE collaboration has a programme for measuring

the reaction

pd→ (pp)1S0
n , (6.1)

where (pp)1S0
denotes a proton pair with small excitation energy. By taking Epp <

3 MeV, we can be fairly certain that there is little contamination from higher pp

partial waves. In contrast to the small–angle charge exchange discussed in §5.2, the

selection of fast diprotons in the laboratory system corresponds to neutrons emerg-

ing with cm angles close to 180◦ with respect to the incident proton. The kinematics

are then very similar to those of backward pd→ dp. This reaction provides two new

features compared to pd elastic scattering [84]:

i) The contribution from three–body forces, arising from the excitation of ∆ and N ∗

resonances in the intermediate state, is suppressed by an isospin factor of three in

amplitude [85].

ii) The uncoupled S–wave dominates the internal state of the diproton at Epp <

3 MeV. Due to the repulsive nature of the pp force at short distances, it is expected

that the 1S0 diproton wave function should have a node at a relative pp momenta

q ≈ 0.4 GeV/c [84]. This should be easier to test than in pd → dp, where minima
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are filled in by quadrupole effects connected with the deuteron D–state. For dipro-

ton production there should be regions in energy that are dominated by different

mechanisms and that can test separately the ingredients of models [86].

Figure 36: Comparison of the differential cross section for backward elastic proton–
deuteron scattering with that for charge–exchange break–up [76]. The solid curves
include contributions from one–nucleon exchange, single and double scattering, with
∆(1232) excitation [87].

The unpolarised cross section of the reaction was measured at COSY at proton

beam energies from Tp = 0.6 to 1.9 GeV [76]. A reasonable agreement with these

data is achieved in a model that includes one–nucleon exchange, single scattering,

and double pN scattering with the excitation of a ∆(1232) isobar [87]. This analysis

takes into account interactions in the initial and final states by employing modern

NN potentials, e.g. CD–Bonn [88]. Older potentials, such as the Paris [89] and

Reid Soft Core (RSC) [90], seem to overestimate the high–momentum components

of the 1S0 wave function and this leads to a strong disagreement with the data. Thus,

within this model, one has sensitivity to the NN interaction that should be explored

further through measurements of the spin dependence of the reaction.

The measured proton analysing power [31] depends sensitively upon interferences,

but the deuteron tensor analysing power and spin correlations are much more robust

indicators of the reaction mechanism. These have been predicted at 180◦ [91] in the

same model as that used for the unpolarised cross sections [87] and shown in Fig. 37.
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Fig. 37: Tensor analysing power

T20, and spin–spin correla-

tion parameters Cy,y, Cz,z and

Cxy,z predicted for different

NN–potentials within a model

that includes one–nucleon ex-

change, single scattering, and

∆ excitation [91]. The curves

correspond to RSC (dotted) [90],

Paris (dashed) [89], CD–Bonn

(full) [45].

For energies Tp > 1 GeV, the ∆ contribution is expected to die away and single–

nucleon exchange might then dominate. In this limit T20 must change its sign at

some energy, whose value will depend upon the form of the NN–interaction. In

contrast, the existing data for pd → dp and pd → p(0◦)X show a T20 that does

not change sign, being large and negative up to Tp = 4 GeV [92]. Another test for

the dominance of distorted one–nucleon–exchange is the equality Ap
y = Ad

y, though

this could be modified by interferences with small amplitudes coming from other

mechanisms.
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7 Non–strange Meson Production

7.1 Deriving the chiral three–body force from pion

production

7.1.1 Motivation

One of the major challenges in today’s physics is to relate the properties of few–

nucleon systems and nuclei to the theory of strong interactions, QCD. Over recent

years there has been major theoretical progress in establishing an effective field the-

ory that, while having a clear cut connection to QCD, allows one to study processes

involving strongly interacting particles within a well defined perturbative scheme. It

is chiral symmetry that provides the preconditions for the construction of an effective

field theory. It forces not only the mass of the pion mπ, as the Goldstone boson of

the chiral symmetry breaking, to be low, but also the interactions to be weak, since

the pion needs to be free of interactions in the chiral limit for vanishing momenta.

Following the pioneering works by Weinberg [93], and Gasser and Leutwyler [94],

chiral perturbation theory is now a well developed and powerful tool for investi-

gations of the ππ [95], πN [96] as well as few nucleon systems [97]. Furthermore

Weinberg also pointed out how to calculate, in an equally controlled way, pion scat-

tering from nuclei as well as inelastic reactions on nuclei [98].

It was recently observed that there is one modification necessary to the standard

chiral perturbation theory when this is applied to pion production in NN collisions.

The large scale introduced by the initial momentum, given by
√
mπMN , has to be

considered explicitly [99, 100, 101]. Only then will the chiral expansion converge,

contrary to earlier claims based on the assumption that all momenta are of order

mπ [102, 103]. Thus a proper expansion scheme for pion production is now estab-

lished and a complete calculation for the reactions NN → NNπ is currently under

way.

However, we also need reliable few–nucleon wave functions, which are based

on the same chiral effective theory. Only in this way can we guarantee that the

transition operators are consistent with the wave functions. Fortunately, these wave

functions, or the interactions necessary to generate them, do exist [104, 105, 106].

Furthermore, the extension to few–nucleon systems has been accomplished [107],

allowing processes on light nuclei to be studied in the future.

One important step forward in our understanding of pion reactions at low energies

will be to establish that the same short–range NN → NNπ vertex contributes to

both p–wave pion production and to low energy three–nucleon scattering, where the

identical operator plays a crucial role [100, 107]. The connection of pion production

operators to three–body forces is illustrated in Fig. 38.

Once this consistency has been established, we will be well placed to calculate

also isospin–violating pion production in NN collision. With the measurement of
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Figure 38: Illustration of the role of the 4Nπ contact term in NN → NNπ and
three nucleon scattering. Solid lines denote nucleons, dashed lines pions.

a non–zero forward–backward asymmetry in pn → dπ0 at TRIUMF [108] and of a

non–zero total cross section in dd→ απ0 [109], there is a chance to establish a con-

nection between static isospin violation, as manifested in the proton–neutron mass

difference, and dynamical isospin violation, which may occur in isospin–violating

πN scattering. This is possible because the latter appears to be the formally leading

operator contributing to the above mentioned reactions [110]. A direct measurement

of isospin–violating πN scattering is, of course, hindered by the absence of neutral

pion beams.

7.1.2 Details

The starting point for an analysis of pion production is an appropriate Lagrangian

density, constructed to be consistent with the symmetries of the underlying more

fundamental theory (in this case QCD) and ordered according to a particular count-

ing scheme. At leading and next–to–leading order, all but one term can be fixed

from πN scattering data. The only new structure can be expressed as

− d

fπ

N †(τ · ~σ · ~∇π)N N †N , (7.1)

where fπ denotes the pion decay constant in the chiral limit. This term describes an

effective NN → NNπ vertex, where the outgoing pion is in a p–wave and both the

NN initial and final state are in an S–wave. Thus, only two transitions are possible:

T =0 → T =1, viz. 3S1 − 3D1 → 1S0p, which can be studied in pn→ ppπ−;

T =1 → T =0, viz. 1S0 → 3S1p, which can be studied in pp→ pnπ+.

In order for the counting scheme to work, we require that δ = (f 2
πMN )d = O(1).

As will be shown below, this order of magnitude is indeed consistent with the existing

data from pp→ pnπ+.

65



So far in the literature, calculations have been carried out up to N2LO for p–

wave pion production within chiral perturbation theory [100], where evidence was

presented that the approach is indeed convergent. However, to be sure of this, a

calculation up to one order higher is needed, and this project is currently under

way [111].
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Figure 39: a0 of pp → npπ+ in chiral perturbation theory. The different lines
correspond to values of the parameter related to the three–nucleon force: δ = 1
(long dashed line). δ = 0 (dot–dashed line), δ = −0.2 (solid line), and δ = −1 (short
dashed line). Data are from Ref. [112].

It is important to extract the parameter d from experiment. So far this was done

only for the reaction pp→ pnπ+—the corresponding data is given in Ref. [112]. As

was argued above, only the amplitude corresponding to the transition 1S0 → 3S1p

(called a0) is influenced by the corresponding contact interaction. The results of the

chiral perturbation theory calculations are shown in Fig. 39 for different values of

the parameter δ. Thus we find that the results for a0 are indeed rather sensitive to

the strength of the contact interaction. The authors of Ref. [113] claim that, with

δ = −0.2, the contact term gives an important contribution to Ay in Nd scattering

at energies of a few MeV2

It turns out that the contribution of pion rescattering is very sensitive to the

regulator employed in the convolution of the production operator and the final state

wave function. This scheme–dependence needs to be compensated by a counter term,

namely the NN → NNπ contact term of interest here. It is thus very important, to

prove the consistency of the whole scheme, to show that the same operator strength

also contributes to observables in other channels.

In Ref. [114] it was shown that the differential cross section and analysing power

2The calculation of Ref. [113] suffers from numerical problems.
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Figure 40: Analysing power and differential cross section of the np→ ppπ− reaction
at TLab = 353 MeV (η = 0.65) and Epp < 3 MeV. The experimental data are from
Ref. [115] and [116]. The curves are polynomial fits up to second order in the pion
momenta.

for the reaction pn → ppπ− for low pp excitation energies is sensitive to an inter-

ference of the s–wave A11 pion–production amplitude (3P0 → 1S0s) and the p–wave

amplitudes of A01, viz. 3S1 → 1S0p and 3D1 → 1S0p. Obviously, the four–nucleon

contact interaction contributes to both. Thus, once a proper chiral perturbation the-

ory calculation is available for the s–wave pion production, the reaction pn→ ppπ−

close to the production threshold might well be the best reaction from which to

extract the parameter d. The initial state is an isoscalar and thus the ∆–nucleon

intermediate state does not contribute before pion emission. Secondly, the leading

p–wave amplitude is the one of interest, in contrast to pp → pnπ+, where p–wave

pion production is completely dominated by the transition 1D2 → 3S1p involving

production through the ∆.

The goal of the proposed COSY measurement is to provide the missing ob-

servables needed to extract the amplitudes for the transitions 3S1 − 3D1 → 1S0p

unambiguously, where the final pp state is isolated by putting a tight cut on the pp

excitation energy Epp. The TRIUMF data, shown in Fig. 40, are consistent with the

assumption that at Tlab = 353 MeV only terms up to quadratic in the outgoing pion

momentum need to be kept in the expressions. This implies that, in addition to the

amplitudes of interest, three additional ones have to be considered. These, which

all relate to the isospin–1 initial state, correspond to 3P0 → 1S0s,
3P2 → 1S0d, and

3F2 → 1S0d.

To extract the two p–wave amplitudes, nine independent observables are required,

of which the TRIUMF data provides five (here each angular structure is counted as

an individual observable). Now, a recent measurement at Uppsala found a sizable

pion d–wave contribution, even quite close to the production threshold [117], and
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these data give the values of another two observables. At least two further measure-

ments are required and it would be preferable to measure more in order to eliminate

discrete ambiguities and improve the statistical and systematic precision, especially

when deuterium targets are employed. In addition to repeating some of the earlier

measurements, we now consider the following possibilities for finding new observ-

ables at ANKE:

1: Ay(~pp→ ppπ0),

2: Ayy(~p~n→ ppπ−),

3: Ay(~pn→ ppπ−),

4: Ayy(~p~p→ ppπ0).

7.1.3 Experimental considerations

Simulations of the pp → (pp)π0 reaction were undertaken at a beam energy of

Tp = 353 MeV, which was the same as in the TRIUMF experiment [115, 116]. At this

energy, proton pairs with small excitation energy (Epp < 3 MeV) can be registered

in the ANKE positive side detector system. These protons typically have momenta

around 400 MeV/c and for these a 2% momentum and a 0.4◦ angular resolution

were assumed in the simulation. From the acceptance of ANKE as function of the

π0 polar angle shown in Fig. 41, it is seen that there are no blind spots in the angular

distribution.
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Figure 41: Predicted ANKE acceptance as a function of the π0 polar angle.

The missing mass resolution is expected to be about 5.5 MeV (RMS) and this

will allow one to distinguish unambiguously the pion production reaction from any

background.

In Fig. 42 the resolution pion cm polar angle is shown as a function of this angle.

Given that so few partial waves are expected and that both the cross section and

analysing power vary smoothly with θcm
π , this resolution is quite sufficient for the

purpose.
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In order to ensure that the final proton pair is in the 1S0 state, it is important

to put a tight cut on their excitation energy, to be below say 3 MeV. As shown in

Fig. 43, the resolution in excitation energy is better than 0.4 MeV at 3 MeV, though

this is more vital for the cross section than the asymmetries.

 [deg.]c.m.
πθ

0 20 40 60 80 100 120 140 160 180

) 
[d

eg
.]

c.
m

.
πθ

 (σ

0

2

4

6

8

10

Figure 42: Predicted resolution in the pion cm polar angle.
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Figure 43: Predicted resolution in the pp excitation energy.

The experimental conditions within the magnetic spectrometer for measuring

the quasi–free pn → (pp)π− reaction on a deuterium target are rather similar to

those appertaining to the π0 production. The π− does not need to be detected but

the overall rate is reduced because of the acceptance of the silicon counters for the

spectator proton, as described in §3.3. It must also be recognised that the Fermi

momentum of the struck neutron spreads the cm energy in the initial proton–neutron

system over 10’s of MeV so that some binning of the results will be required in the

analysis.

It is therefore clear that both π0 and π− production in the 350 MeV region can

be well studied in ANKE over the full range of pion angles. The energy resolution is
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good enough allow one to select final proton pairs with small excitation energy. The

counting rates in the case of the polarised target still have some uncertainty but, if

we assume a luminosity of 1030 together with values of the np→ ppπ− cross sections

at 345 MeV [118], we obtain the counting rates shown in Fig. 44.

Figure 44: Predicted counting rates for the pn → ppπ− reaction at 345 MeV for a
luminosity of 1030. These must be multiplied by the acceptance of the spectator
counters.

These counting rates have not yet incorporated the reduction due to the accep-

tance of the silicon telescopes. With the extended system under discussion, this

factor should be of the order of 20%. From these estimates it is clear that statistical

precision should not pose a serious problem.

Test data on the pp → ppπ0 reaction were taken during the same runs as for

the pd→ (pp)n reaction [76]. The preliminary analysis of the data at 800 MeV are

shown in Fig. 45 with the same diproton selection Epp < 3 MeV [119]. It should

be stressed that in this analysis only events where both tracks hit the same counter

have so far been retained, thus demonstrating that the missing mass is sufficient for

the clean identification of the pp → ppπ0 reaction, despite the cross section being

over two orders of magnitude smaller than for pp → dπ+. When the tracks are

observed in different counters, in addition to missing mass, we have the information

about ionisation losses and the difference in time of flight. Such events will therefore

be identified with even greater reliability. In addition to the well separated π0

peak, there is clear evidence for (ππ)0 production, for which the threshold is at

0.073 (GeV/c2)2.

Since data corresponding to pd → ppX were also taken, we should be able to

extract also the cross sections for pn→ (pp)π−. Given that there are only two spin

amplitudes for either pp → ppπ0 or pn → ppπ−, provided that the final diproton is
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Figure 45: Preliminary data on the pp→ ppX0 reaction in the forward direction at
800 MeV where the pp excitation energy is selected to be below 3 MeV. The tracks
from both protons have here been detected in the same counter.

constrained to be in the 1S0 state, measurements of the analysing powers and spin

correlations are sufficient for a complete amplitude analysis.

7.2 ~n ~p→ dX

7.2.1 ~n ~p→ d π0

It is doubtful whether a pp → dπ+ reaction, taking place in the PIT, could be

identified purely by detecting the fast deuteron but, as shown in Fig. 11, the dπ+

coincidence generally falls outside the ANKE acceptance. However, the bands cor-

responding to the quasi–free ~np→ dπ0 reaction at 585 MeV per nucleon are clearly

seen in the polarised deuteron test data of Fig. 28. The ranges of cm angles covered,

which are illustrated in Fig. 26, change only slowly with beam energy. Not knowing

the vertex in the PIT with such high precision, the accuracy of the reconstruction

will not be as good as that shown in Fig. 28 but should still be sufficient for measur-

ing the reaction with polarised beam and target. At low energies the very extensive

data base on pp → dπ+ [37] would allow useful checks on the systematics of mea-

surements with a polarised target but at high energies such experiments would add

new information to the World data set.

Now the unpolarised pn→ dπ0 reaction has also been studied at around 556 MeV

using a deuterium target at ANKE [120]. The fast deuteron was measured in the

Forward Detector and the spectator proton in a prototype of the silicon telescopes

described in §3.3.

Energy losses of particles in the first plane of the scintillator hodoscope of ANKE

are plotted vs their reconstructed momenta in Fig. 46. The spectrum is dominated by
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Figure 46: The normalised energy loss per centimetre for particles in the first ho-
doscope layer of the ANKE forward detector vs their measured momentum. Clearly
visible are the upper and lower bands originating from deuterons and protons re-
spectively. Note that the entries are shown on a logarithmic scale of greyness so that
the statistics for protons are orders of magnitude greater than for deuterons. The
lines indicate the cuts applied to select deuterons shown in Fig. 47

the proton peak around 1.17 GeV/c corresponding to small–angle deuteron break–up

events. However, there are also clear proton and deuteron bands and, by imposing

a momentum–dependent threshold between them, one can reduce the proton contri-

bution significantly. Since the Landau tail from the quasi–elastic protons cannot be

suppressed very effectively at high momenta, only the range below 1.15 GeV/c was

selected to extract the pn→ dπ0 cross section, as indicated in the figure.

The experimental momentum distribution is compared in Fig. 47 to a Gaussian fit

for the dπ0 events plus a polynomial ansatz for the background. Since the experiment

was carried out very close to the two–pion threshold, the background must arise

almost entirely from protons misidentified as deuterons. This is the major problem

of this type of experiment.

A total cross section of σtot(pn → dπ0) = (1.62 ± 0.14) mb was deduced from

this experiment at an effective mean beam energy of Tbeam = 556 MeV. A direct

measurement of this cross section with a neutron beam at this energy gave σtot(np→
dπ0) = (1.6 ± 0.27) mb [121]. This shows that, even with the modest spectator

counter system, we can be more than competitive with the results obtained with

neutron beams. Because the spectator proton might give more information regarding

the reaction vertex, this approach looks promising for the measurement of ~p~n→ dπ0

with polarised beam and target.
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Figure 47: Deuteron momentum distributions obtained using spectator protons with
kinetic energies in the range 2.6 ≤ Tsp ≤ 4.4 MeV together with energy losses in the
hodoscope for proton suppression.

7.2.2 ~n ~p→ d ππ

Though the importance of the coupling of the I = 1 NN and N∆ systems has

been stressed earlier, the coupling to the ∆∆ channel should be significant for the

I = 0 observables [122]. Experimental studies here necessarily involve two–pion

production.

The most prominent feature of two–pion production in nuclear reactions is the

so–called ABC effect, which was first detected as a sharp (Γ ≈ 50 MeV/c2) I = 0

s–wave enhancement in the two–pion spectrum at a mass mππ ≈ 310 MeV/c2 in the

reaction pd → 3HeX0 [123]. Even sharper structure was seen in the dd → 4HeX0

reaction, where the forward and backward (cm) peaks completely dominate the

spectrum [124]. Since the positions and widths of the peak tend to change with the

kinematical conditions, it was long realised that this was not a ππ resonance but

rather some dynamical effect. The cross section and deuteron analysing powers in

the dd → 4HeX0 case [125] could all be well explained quantitatively in a model

where there was independent excitation of two ∆(1232) isobars [126]. The ABC

structure then arises through the p–wave nature of the ∆ decay, where the pions

tend to be emitted forward or backward. When they come out together one gets

a low mass peak whereas if they emerge back–to–back there is a rather broader

enhancement at maximum missing mass, which is also clearly seen in the data [124].

Of most importance theoretically is the case of np → dππ since this is likely

to be linked most directly to the ∆∆ degrees of freedom in the nuclear force. The

experimental data here are of much poorer quality, having been produced through

inclusive production on a deuterium target [127] or with neutron beams [128]. As

a result, though the low missing mass peaks of Fig. 48a are clearly there, as is the
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central bump, they are a bit smeared out.

The bare double–∆ model of Fig. 48b [129], which has been refined to include

residual ∆∆ and ∆N interactions [130], gives a fair description of the experimental

data at 1.88 GeV/c shown in Fig. 48a. Deviations can be ascribed in part to the

effects of smearing in the incident neutron momentum. However, it should be noted

that this momentum corresponds to an average excitation energy of Q = 511 MeV,

which is quite close to 2(M∆ −MN ) ≈ 586 MeV/c2. On the other hand, at Q =

363 MeV, which is well below the ∆∆ threshold, the cross section is much smaller and

there is no sign of the ABC structure [131]. The reaction at these lower energies may

be driven mainly by the Roper resonance that is excited on one of the nucleons [132].
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Figure 48: The ABC peaks and central bump in np→ dX.

There are, as yet, no estimations available for the spin dependence of double–

pion production in either the double–∆ or Roper models. For the excitation of a 0+

ABC in the forward direction, there are two spin–dependent amplitudes:

F (pn→ dABC) = A (εpn‖ε
†
d‖ +B (εpn⊥ · ε†d⊥) , (7.2)

where εpn represents the spin–1 combination of the initial pn system and parallel

and perpendicular are with respect to the beam direction. The magnitudes of the

two amplitudes can be separated by measuring the transverse spin correlation [133]:

CNN =
|A|2

(|A|2 + 2|B|2) , (7.3)
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from which it can be seen that CNN can never be negative.

In the ∆∆ model, the peak of the pn → dABC cross section comes in a region

where there is relatively little excitation energy with respect to 2M∆ [130]. The main

contributions are therefore likely to be dominated by L∆∆ = 0, in which case S∆∆ = 1

or 3, corresponding to initial angular momenta of 0 and 2. However the transition

from the np to the ∆∆ states depends upon which meson exchanges dominate.

The ratio |B|/|A| will therefore provide information on the spin dependence of the

NN → ∆∆ potential.

7.3 The production of heavier non–strange mesons in NN

collisions

7.3.1 Missing–mass experiments

The ANKE spectrometer is well suited to the measurement of near–threshold pro-

duction of mesons in pp and, by using the silicon telescopes, pn collisions. Ex-

periments are also possible at higher energies though the phase–space coverage is

then restricted. As examples of the capabilities of the spectrometer, we show in

Fig. 49 missing–mass results in the η/ω region obtained at 2.85 and 2.95 GeV/c in

pp→ ppX, where one proton was measured in the forward detector and the other in

the positive side detector. These momenta correspond to excess energies of Q = 60

and Q = 92 MeV with respect to the central mass of the ω–meson and over 300 MeV

for the η [134].

The ω missing–mass peaks at the two excess energies sit close to the maxima

in the multi–pion background and so a robust treatment of this is necessary in

order to extract the number of ω counts. The shape of this background is largely

determined by the ANKE acceptance convoluted with a multi–pion phase space. It

varies little with beam momentum provided that the curve is plotted with respect to

the maximum missing mass allowed at that beam energy. More quantitatively, it was

shown in the analysis of the SATURNE pp → pp ω data [135] that, if the momenta

of the final protons are kinematically transformed from one beam momentum below

the ω threshold to another above, the background obtained in this way gives a very

reliable description of the multi–pion production under the ω peak. Of course, when

carrying out this procedure, the effects of the relative luminosities have to be taken

into account.

This method was subsequently used to extract signals for the pn→ d ω reaction

from quasi–free production on the deuteron, where the spectator proton was detected

in a prototype silicon telescope [136].

The black points in Fig. 49 show the total missing–mass spectra at the two

energies and, since below–threshold data were not available, use had to be made

of the fact that in the SATURNE transformation only for the single–particle final

states X = η, ω does the peak change its position, as illustrated by the red points.
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Figure 49: Missing–mass spectra (black points) in proton–proton collisions at
2.85 GeV/c (upper left panel) and 2.95 GeV/c (upper right panel). The backgrounds
(green) were estimated by using the data at the other momentum, as described in
the text. Once subtracted, these leave the clear η and ω peaks shown in the lower
two panels [134].

Taking the two data sets together, there is sufficient information to remove the un-

wanted single–meson peaks from the red background points to leave the smooth

green points. The subtraction of the green from the black then resulted in the lower

panels of Fig. 49, which shows the η and ω peaks with very little background. This

demonstrates that a model–independent approach to the treatment of multi–pion

background works quite well at ANKE, at least, in the case of missing mass distri-

butions obtained from the total acceptance. For differential distributions in centre–

of–mass angle and excitation energy of the diproton, this method is more sensitive

to the details of the acceptance and this is currently under investigation [134].

7.3.2 Exclusive measurements

The decays of the η and ω mesons lead to neutral particles whose detection would

require a spectrometer such as WASA [4]. However, the φ meson has an almost 50%

branching ratio to K+K−, which can be detected in the ANKE system. Preliminary

data on both pp→ pp φ and pn→ d φ are available where kaon pairs were measured

in coincidence with fast protons and deuterons from hydrogen and deuterium targets
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respectively [137].
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Figure 50: K+K− invariant mass spectra in the reaction pp→ ppK+K−. The dotted
curves show four–body phase–space simulations of non–resonant K+K− production,
whereas the solid ones include also contributions from φ production.

From the K+K− invariant mass spectra shown for the pp case in Fig. 50 it is seen

that the φ peak stands out clearly from a background that might have its origins

mainly in the production of the much broader a0/f0 states.

The pn→ dφ reaction could be identified from pd→ psdK
+K− data, where the

momentum of the spectator proton (ps) was obtained by kinematically fitting the

information from the deuteron and kaon measurements. The spectator momentum

distribution shown in Fig. 51b agrees well with that predicted from the deuteron

wave function. The K+K− invariant mass spectrum of Fig. 51a shows a φ peak

on a much lower background than in the pp case and this difference might already

contain information on the isospin dependence of a0/f0 production.

Though the beam energy was fixed at 2.65 GeV, the variation in the magnitude

and direction of ps, allowed one to scan the cross section in steps in excitation

energy up to 80 MeV. This is completely analogous to the CELSIUS extraction of

the pn → dη cross section where the η decay into two photons was used to provide

the spectator momentum reconstruction [138].

Preliminary values of the pn → dφ and pp → ppφ total cross sections measured

at ANKE are shown in Fig. 52 and compared to the energy dependence expected

from phase space, viz.
√
Q and Q2 respectively. The ratio of these cross sections

is much less than that observed for η production [138], indicating that the isospin

dependence is much weaker for φ than η production.
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Figure 51: Events corresponding to the pd → psdK
+K− reaction at a beam energy

of 2.65 GeV.

If the φ meson were an ideal mixture containing only strange quarks then its

production by hadrons containing no strangeness would be forbidden by the Okubo–

Zweig–Iizuka (OZI) rule, which does not allow diagrams with disconnected quark

lines [140]. Deviations from ideal mixing are small and these suggest that, under

similar kinematic conditions, the ratio of single φ to ω production should be about

4.2×10−3. Using ω data from pp→ pp ω [135, 141] and pn→ d ω [136], it is possible

to quantify deviations from the OZI rule in both the pp and pn channels. As seen

in Fig. 52b, there is some evidence that the deviation from the OZI rule prediction

increases slightly with excess energy.

7.3.3 Polarisation measurements

Very little is known about the spin dependence in the production of mesons heavier

than the pion. The only analysing power measurement in ~pp→ ppη was carried out

using the COSY11 spectrometer [142]. The signal shown in Fig. 53 is not very strong

and does not constrain seriously the theoretical calculations [143, 144]. Clearly,

far more detailed polarisation measurements are needed to provide clues on the

underlying dynamics.

At threshold only a single spin amplitude survives in each of the pp → ppX

(X = η, ω, η′, φ) reactions and a similar uniqueness follows for pn → dX and the

isoscalar channel in pn→ pnX. Under these conditions, measurements of the values
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Figure 52: Cross sections for vector meson production in nucleon-nucleon collisions.

of the spin correlation parameter Cnn would serve little purpose because they are

already fixed by spin–parity constraints [145, 146]. One has therefore to measure

away from threshold in order to provide extra tests on the reaction dynamics. Two

obvious candidates for such experiments in missing–mass mode are ~p ~d → psd η/ω,

with the spectator proton measured in the silicon telescope providing the vertex

determination.

There are connections between Cnn and the spin alignment (tensor polarisation)

of the produced vector meson that can be measured through the angular dependence

of one of the decay products in ω → π+π−π0 or φ → K+K− [145, 146]. For

φ production through pp → ppφ in the forward direction at small pp excitation

energies the alignment determines Cnn completely, but this is an extreme case.
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Figure 53: Proton analysing power in the reaction ~pp → ppη as a function of the η
cm angle. The data [142] are compared to the theoretical predictions of Ref. [143]
(dotted curves) and [144] (solid and broken curves).

7.4 Meson production in ~p ~d→ 3HeX reactions

Because of the double charge on the helium nucleus, the pd → 3HeX reaction can

often be cleanly isolated on a large background. We here describe what one might

learn from measurements of π and η production with polarised beam and target.

However, this is far from being a complete list, and it would also be interesting to

study the excitation of the ABC enhancement of the two–pion spectrum [123, 147],

with the spin observables being pinned down.

7.4.1 ~p ~d→ 3Heπ0

The data on the ~d p → 3He π0 reaction near threshold are remarkable in that for

a pion cm energy of only 2.7 MeV (pπ = 27 MeV/c) the ratio of the forward to

backward pion production is about a factor of SIX [148, 28]. Since at threshold the

cross section must be isotropic, this indicates the influence of enormous p–waves (as

compared to the s–waves) coming in very quickly. This was quantified in a more

extensive Saclay experiment that measured the deuteron analysing powers as well

as the differential cross section [149]. They found that near threshold

dσ

dΩ
∝ (1 + αη cos θ) , (7.4)

80



where θ is the cm angle between the incident proton and final π0, η = pπ/mπ is the

pion momentum in pion mass units, and the parameter had the value α ≈ 4.1.

Figure 54: Averaged amplitude squared and deuteron tensor analysing power for
the reaction ~d p→ 3He π0 [149]. The data at different near–threshold beam energies
and angles seem to be universal functions of the parameter η cos θ, where η is the
pion cm momentum in pion mass units.

Even more unexpected was the observation that, after including the phase space

factor, the differential cross section and deuteron tensor analysing power t20 were

functions of a single parameter x = η cos θ, whereas t22 and it11 were consistent with

zero over their whole energy and angular range. These universal plots are illustrated

in Fig. 54.

Now there are only two independent pd→ 3He π0 amplitudes near threshold (or

in the forward direction), and these may be written as [150]

Fdp→ 3He π0 =
√

1
2
ūτpd · (Aε + iBε × σ) up. (7.5)

Here ε is the deuteron polarisation vector, pd and pπ the deuteron and pion centre–

of–mass momenta and up and uτ the initial and final fermion spinors.

If only the two amplitudes A and B are kept, the unpolarised cm differential

cross section, deuteron tensor analysing power, and vector transverse spin correlation
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become
(

dσ

dΩ

)

=
pπpd

3
(| A |2 +2 | B |2) , (7.6)

t20 =
√

2
(| B |2 − | A |2)
(| A |2 +2 | B |2) , (7.7)

Cyy = − 2Re (A∗B)

(| A |2 +2 | B |2) , (7.8)

whereas it11 and t20 should both vanish.

The essence of Saclay results is that |A| � |B|, with A being a steep but linear

function of η cos θ near threshold, the other spin amplitudes being negligible. Now,

since B is small, it would be better to investigate it through its interference with the

A amplitude and, as shown in Eq. (7.8), this is possible by the measurement of the

transverse spin correlation, which should be possible with hydrogen in the PIT. The

universal fit [149] suggests that Cyy dσ/dΩ should be a linear function of η cos θ.

To see why a measurement of Cyy might be interesting, consider the description

of the process within an impulse approximation picture [151, 150], which gives a sim-

plistic but effective zeroth–order description of the experimental data [148, 28, 149].

Here pion production takes place on one nucleon in the target, with the other being

a spectator, and this is reasonable near threshold (or in the forward direction) where

the minimum spectator momentum is not excessive. If one neglects D–state effects

in the deuteron and 3He, then B gets a contribution only from pp→ ppπ0, whereas

A gets its largest contribution from pn → pn(d)π0 [151, 150]. Because the ∆ con-

tributes only to the latter, it is dominant over the former, and it also leads to the

strong p–wave effects observed here [149]. Though there are potentially significant

corrections to this description, including multiple scatterings and initial state distor-

tions, it does offer the tantalising prospect of determining the relative phases of the

pp → ppπ0 and pn → pnπ0 amplitudes near threshold, which is hard to determine

in other ways.

7.4.2 ~p ~d→ 3He η

The pd → 3He η reaction near threshold also shows a very striking energy depen-

dence but of a completely different nature [152, 153]. Despite the angular distri-

bution remaining essentially isotropic, the square of the amplitude decreases by a

factor of three over a few MeV in excess energy. In contrast, at higher energies,

structure is seen in the angular distribution [154]. The general feeling is that the

threshold behaviour is due to a very strong final state interaction between the η and

the 3He, suggesting that this system has a nearby pole in the complex momentum

plane. It is not at all clear whether this corresponds to an η–nucleus quasi–bound

state [155, 156, 157] or not, depending largely upon the sign of the imaginary part of
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the pole position. If the fsi interpretation is correct, the effect should depend only

weakly upon the characteristics of the entrance channel and it is very important to

verify this.

Data on γ 3He → η 3He from Mainz [158] show an even stronger energy depen-

dence but these data are not as precise as the Saclay results and cannot be used to

constrain the pole position. However, their back–to–back π0pX results indicate an

anomalous behaviour just below the η threshold, consistent with a possible decay

channel of the 3
ηHe nucleus, but the interpretation is not unambiguous [159].
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Figure 55: Transverse vs longitudinal momentum components of charged particles
produced in ~dp collisions at Td = 1811 MeV showing the momentum ellipse of events
corresponding to the ~dp→ 3He η reaction.

As discussed in §7.4.1, close to threshold there are two independent dp→ 3He η

amplitudes A and B, both corresponding the same Jp = 1
2

−
s–wave in the final η 3He

system. If the fsi interpretation is correct, one should see the same enhancement

in both amplitudes. Unlike the pion case, the first measurement of t20 showed that

the near–threshold values of A and B were of similar magnitude, though the data

were clearly insufficient to determine the energy dependence of the amplitudes sepa-

rately [152]. This separation will be studied in detail with a polarised deuteron beam

at ANKE [160] and should indicate whether the whole of the violent energy depen-

dence is due to the final state interaction or whether the bare reaction mechanism

contributes.

An even more refined test would come from the measurement of the spin cor-

relation in the reaction since, by Eq. (7.8), this measures the interference between

the two amplitudes and is sensitive to differences between the two fsi. Cyy will, of

course, be influenced by the different (though coupled) initial state interactions in

the two cases, but this will be slowly varying over the few MeV over which the fsi

is significant.
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Figure 56: Missing mass spectrum for the events shown in Fig. 55. The η peak is
clearly seen sitting on a multipion background.

Data on the polarised ~dp → 3He η reaction were taken in parallel with the

deuteron charge–exchange experiment during the February 2005 beam time at an

incident momentum of 3174 MeV/c (Td = 1811 MeV), which is equivalent to an ex-

cess energy of Q = 8 MeV. In a preliminary analysis of these data the momentum

ellipse corresponding to the reaction is seen clearly in Fig. 55. This is confirmed by

the missing–mass distribution presented in Fig. 56, where a clean η peak shows up

above a physical background due to multipion production.

7.4.3 ~p ~d→ 3HeABC

The only measurement of the spin dependence of ABC production came as a by–

product of the study of the deuteron tensor analysing power t20 in single π0 produc-

tion near the forward and backward directions [28]. It should, however, be noted

that the spectrometer was not optimised for such a study. The resulting data [161]

show that t20 is consistent with being constant with a value around 0.1 for both

θ = 0◦ and 180◦.

In collinear kinematics, there are only two independent amplitudes

F = ūτ

(

Aε‖σ‖ +Bε⊥ · σ⊥
)

up. (7.9)

The differential cross section and the deuteron analysing power together fix the

magnitudes of A and B and the smallness of t20 shows that |A| ≈ |B|. However, a

measurement of the spin correlation would fix also the relative phase of A and B

and it would be interesting to see if this is also independent of the beam energy.
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8 Production of Strange Mesons and Baryons

It is well–known that the light mesons and baryons can be arranged according to

the irreducible representations of the group SU(3). The mass splittings within a

multiplet can be well accounted for by the number of strange quarks in the baryon

or meson. However, not much is known about the dynamics of systems that con-

tain strangeness. Many phenomenological models for, e.g. hyperon–nucleon scatter-

ing [162, 163, 164, 165] use flavour SU(3) to fix the meson–baryon couplings. The

remaining unknowns, such as the cut–off parameters, are then fit to the data. As

we discuss below, so far the existing data base for hyperon–nucleon scattering is

insufficient to judge if this procedure is appropriate.

As was stressed in §7.1, effective field theories provide the bridge between the

hadronic world and QCD. For systems with strangeness, there are still many open

questions and up to now it is not clear if the kaon is more appropriately treated

as heavy or light particle. In addition, in order to establish the counting rules it is

important to know the value of the SU(3) chiral condensate. For a review of this

very active field of research, as well as a list of relevant references, we refer the reader

to Ref. [166].

To improve further our understanding of the dynamics of systems containing

strangeness, better data are needed. The insights to be gained are relevant, not only

for few–body physics, but also for the formation of hypernuclei [167], and might even

be of significance for the structure of neutron stars [168]). Naturally, the hyperon–

nucleon scattering lengths are the quantities of interest in this context.

In the right panel of Fig. 57 we show the World data set for elastic Λp scattering.

In Ref. [172] a likelihood analysis, based on the elastic scattering data, was performed

in order to extract the low energy Λp scattering parameters. The resulting contour

levels, shown in Fig. 58, clearly demonstrate that the available elastic hyperon–

nucleon scattering data do not significantly constrain the scattering lengths: the data

allows for values of singlet and triplet scattering lengths of (as, at) = (−1, 2.3) fm as

well as (6, 1) fm.3

In subsequent work, potential models were used to extrapolate the data but even

then the scattering lengths could not be pinned down accurately. For example, in

Ref. [163], six different models were found that describe equally well the available

data but with S–wave scattering lengths that range from 0.7 to 2.6 fm in the singlet

channel and from 1.7 to 2.15 fm for the triplet.

There is evidence from hypernuclei that the binding energy of the spin–singlet

state in 4
ΛHe [173] is about 1 MeV stronger than for the triplet and a similar feature

has been observed for 7
ΛLi [174]. Though the relation of this to the ΛN interaction is

not straightforward, it does suggest that the singlet force should be more attractive.

Production reactions offer a promising alternative approach. In the literature

3Note that we work within a different sign convention for the scattering length from Ref. [172].
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Figure 57: Comparison of the quality of available data for the reactions pp→ K+Λp
at TLab=2.3 GeV [169] and Λp elastic scattering [170, 171, 172]). In both panels the
solid curve corresponds to a best fit to the data. In the right panel the dashed lines
represent the spread in the energy behaviour allowed by the data, according to the
analysis of Ref. [172]; analogous curves in the left panel would lie almost on top of
the solid line and are therefore not shown explicitly.

the reactions K−d → γΛn [175], γd → K+Λn (Ref. [176] and references therein)

and pp→ pK+Λ [177] have all been suggested.

ANKE can contribute to the study of the production of a variety of strange

baryons in nucleon–nucleon collisions and it is likely that spin–selection will clarify

some of the signals. However, we shall only discuss here two aspects of polarised Λ

production, where the Physics cases can be argued particularly clearly.

8.1 Determination of the spin–triplet Λ−N scattering length

In Ref. [178] a method was developed that allows one to extract a scattering length

directly from data from a production reaction, in terms of an integral over the

invariant mass distribution, with proper kinematical factors included. A natural

question that then arises is over the quality of data needed e.g. for the reaction

pp→ pK+Λ in order to significantly improve our knowledge of the hyperon–nucleon

scattering lengths. In Ref. [178] it was demonstrated that data of the quality of

the Saclay experiment for pp → K+X [169], shown in the left panel of Fig. 57

that had a mass resolution of 4 MeV, allow the extraction of a scattering length

with an experimental uncertainty of only 0.2 fm. However, the actual value of the
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Figure 58: Values of the spin–singlet and spin–triplet scattering lengths allowed by
the ΛN elastic scattering data according to Ref. [172]. The dark shaded area denotes
the 1σ range for the parameters and the light shaded area the 2σ range. The cross
shows the best fit value (as = 1.8 fm and at = 1.6 fm).

scattering length extracted from these data is not meaningful, since they represent

the incoherent sum of the 3S1 and the 1S0 hyperon–nucleon final state with unknown

relative weights.

It was shown in the previous section that the two ΛN S–wave spin states can be

separated in the near–threshold through by using double–polarisation measurements.

However, it is not clear whether such low energy will allow one to explore the ΛN

system over a sufficiently wide range of excess energies to use the techniques of

Ref. [178] to their full potential.

Now it is seen from Eq. (8.5) that the combination

(1 − CNN)
dσ

dΩ
(pN → K+ΛN) (8.1)

leads only to spin–triplet final states near threshold. It can be shown [114] that

this is also true at higher energies provided that the K+ is detected in the forward

direction. These conditions, which are very suitable for ANKE, would allow one to

investigate higher ΛN excitation energies. As a test on the methodology, one should
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obtain in this way consistent results for the scattering lengths for the proton and

neutron targets.

To isolate uniquely the production singlet final states through forward K+ pro-

duction far from threshold would require longitudinally polarised beam and target,

neither of which is yet planned for ANKE. However, as we see below, there are

further constraints in the near–threshold region.

8.2 The NN → NKΛ reaction near threshold

The reaction mechanism for kaon production in nucleon–nucleon collisions is still far

from understood. The COSY11 [177, 179] and COSY–TOF [180, 181] collaborations

have both made detailed measurements of pp→ pK+Λ and pp→ pK+Σ0 production

near their respective thresholds, but these are insufficient to determine what the

principal forces are driving the reactions. To make any progress in this respect, one

needs high quality data on the spin and isospin dependence of the reactions, and

ANKE is well equipped to provide these, especially in the Λ case on which we now

concentrate.

At threshold there is a total of only three amplitudes Wi,s/t which describe the

I = 1 and I = 0 NN → NKΛ reactions [182]:

M1 =
[

W1,s η
†
f p̂ · εi + iW1,t p̂ · (εi × ε

†
f )

]

χ
†

f · χi ,

M0 = W0,t p̂ · ε †
f ηi φ

†
f φi , (8.2)

where p is the incident cm beam momentum.

At least five observables are required in order to isolate these amplitudes fully

(up to an overall phase). Two of these are provided by the unpolarised cross sections

on proton and neutron targets, which are proportional to the intensities:

I(pp→pK+Λ) = 1
4

(

| W1,s |2 +2 |W1,t |2
)

, (8.3)

I(pn→nK+Λ) = 1
16

(

|W1,s |2 +2 |W1,t |2 + |W0,t |2
)

, (8.4)

In the vicinity of the threshold, both the proton analysing power and the Λ

polarisation must vanish and only tensor combinations can be non–zero. Of these,

the most easily accessible at ANKE are the transverse spin–correlation (CNN = Ayy)

and the spin–transfer parameters to the Λ (DNN), which are given by [182]

I(pp→pK+Λ)CNN(~p~p→pK+Λ) = 1
4
|W1,s |2 ,

I(pn→nK+Λ)CNN(~p~n→nK+Λ) = 1
16

(

|W1,s |2−|W0,t |2
)

,

I(pp→pK+Λ)DNN(~pp→pK+~Λ) = −1
2
Re(W1,sW

∗
1,t),

I(pn→nK+Λ)DNN(~pn→nK+~Λ) = −1
8
Re

{

(W1,s +W0,t)W
∗
1,t

}

,

I(pn→nK+Λ)DNN(p~n→nK+~Λ) = −1
8
Re

{

(W1,s −W0,t)W
∗
1,t

}

. (8.5)
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Measurements of the unpolarised cross section on the proton and neutron, plus

the spin–correlation on the neutron, and the spin–transfer parameters in ~pp and ~pn

collisions would allow one to extract the magnitudes of the three amplitudes and

determine (up to two discrete ambiguities) the relative phases of W1,s, W1,t, and

W0,t in a model–independent way.

The above amplitude analysis cannot, of itself, tell us whether the singlet ampli-

tudes will be big enough to convey sufficient information to allow the study of final

state interaction effects. To obtain some indication of whether this might be possi-

ble, we turn to a simple one–boson–exchange model. Neglecting distortions arising

from the phase shifts in the initial NN system, the amplitudes can be expressed in

terms of the π, ρ, η, ω and the two kaon–exchange terms as [182]

W1,s = 2Bρ + 2Bω −Dπ −Dη + D1
K ,

W1,t = Dπ + Dη + D1
K ,

W0,t = 6Bρ − 2Bω + 3Dπ −Dη + D0
K . (8.6)

From this it is clear that one has no automatic right to assume that the population

of ΛN final spin states is governed purely by statistical factors.

Fäldt and Wilkin [182] speculated that ρ and to a lesser extent π–exchange should

provide the dominant terms. If this proves to be the case then it would mean that

a large part of the pp → pK+Λ cross section leads to spin–singlet Λp final states,

allowing this system to be studied. However, the initial NN phase shifts must be

included in Eq. (8.6) before these are compared with the spin–transfer observables,

which depend sensitively upon interference effects.

Such experiments cannot, of course, be carried out strictly at threshold but, from

experience with η production, the S–wave formulae are typically valid up to excess

energies of say 20–30 MeV. Over this range in energies, the only strong variation in

the W amplitudes comes from the ΛN final–state interactions, which are discussed

in a more refined approach in §8.1. Though the energy limitation due to the S–wave

selection reduces the available phase space, the different dependence of the extracted

values of |W1,s |2 and |W0,t |2 on the ΛN excitation energy will allow us to compare

the effects of the spin–singlet and triplet Λ −N scattering lengths.

It might be possible to check the spin dependence of the scattering lengths using

the spin–transfer information. If, for simplicity of presentation, we neglect phases

arising from the different NN initial state interactions, and näıvely parameterise the

ΛN fsi purely in terms of a scattering length,

Ws/t =
As/t

(1 + ikas/t)
(8.7)

with real and slowly varying coefficients As/t, then
[

Re{W1,sW
∗
0,t}

]2

|W1,s |2|W0,t |2
= 1 +

k2(as − at)
2

(1 + k2a2
s)(1 + k2a2

t )
. (8.8)
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Here k is the ΛN relative momentum and the k2 variation in Eq. (8.8) is directly

a measure of the difference in the scattering lengths. When there is, in addition,

a smoothly varying overall phase coming from the initial–state interactions, the

above combination contains also a term linear in the scattering length difference.

Though the above phenomenological description is undoubtedly crude, it does sug-

gest strongly that there is a sensitivity to as − at.

8.3 Experimental considerations

The ANKE magnetic spectrometer provides a unique opportunity to investigate

kaon production on a neutron target. The realisation of the ambitious programme

described in the previous sections will rely on two of the advantages of the ANKE

system, viz spectator particle detection, which allows one to access double polarised

measurements on the neutron, and K+ identification using time-of-flight techniques

or the range–telescope structure. The K+ production cross section is low, so that

experiments will have to use the storage cell target. This then requires the full set of

spectator detectors for the reconstruction of the interaction point and determination

of the spectator proton momentum.

In order to be able to perform such a challenging experiment with the polarised

storage cell target, the natural first step would be to undertake a sequence of the

experiments with polarised beam and unpolarised deuteron target. Such a study

would lead to measurements of the cross section and single polarised observables in

the pn→ nK+Λ and pp→ pK+Λ channels.

Figure 59: Experimental data for the pd→ pspK
+X reaction collected at 2.01 GeV.

In Fig. 59 are presented experimental data for the pd → pspK
+X reaction col-

lected at 2.01 GeV during the August 2001 beam time. It shows that it is possible

to observe coincidences between the spectator and side–detection system without

imposing any limitation on the detected K+ momentum. The spectator detector

employed was a prototype, which had an acceptance only of the order of 10−3. The
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new spectator detection system, described in §3.3, will have much bigger acceptance

and should not introduce any restrictions on the detected K+ momentum and angle.

Figure 60: Expected count rate for the pp → pK+Λ reaction as a function of ex-
cess energy Q. Stars represent conditions where only the K+ is detected; circles
correspond to the K+ and the proton from Λ decay being detected in coincidence.

The count rates to be expected for K+ singles and K+pΛ coincidences from the

pp → pK+Λ reaction are shown in Fig. 60. The estimations, which were made

at proton beam momenta where the total cross section for the Λ production is

known [177, 180], have been made using the PLUTO event generator and AnkeRoot

simulation packages [183].

The highest possible field was taken for the D2 magnet, with the point–like

target being placed in the planned ABS position. A luminosity of 1030 cm−2s−1 was

assumed in the count rate estimations. The time–of–flight start–stop combinations

was excluded from the simulations because it has yet to be chosen for the new

target position. However, the probability for the K+ to decay in flight was included.

Simulations which take into account the new spectator telescopes acceptance as well

as the storage–cell target density distribution will be carried out in the near future.

It is important to emphasise that, even at the highest excess energy considered

(Q = 85 MeV), the momentum of the Λ in the centre–of–mass system is at most

20% of that of the proton coming from the Λ decay. It is therefore not necessary to

measure the π− from the decay in coincidence in order to use the decay distribution

to measure the Λ polarisation in the pn→ nK+Λ reaction channel.

Up to the highest excess energy that we have considered, ANKE covers the full

K+ angular range in the CM system. The mass resolution in nΛ system, which is

also crucial for the fsi analysis described in §8.1 is expected to be better than 4–

5 MeV (σ). It can be improved by operating the side chambers in the drift–chamber
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mode with new electronics and the installing a thinner window.

ANKE was built for the particle identification around 0o. If a longitudinally

polarised beam and target would become available it is perfectly suited for the

spin-singlet Λ − N scattering length determination, since this measurement should

preferably be done in the forward direction.
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9 Test of Time–Reversal Invariance in Proton–

Deuteron Scattering

9.1 Overview

At COSY–Jülich a novel (P–even, T–odd) null test of time–reversal invariance can

be performed to an accuracy of 10−4 (Phase 1) or 10−6 (Phase 2). The parity–

conserving, time–reversal–violating observable is the total cross section asymmetry

Ay,xz. The measurement is planned as an internal target transmission experiment

at the cooler synchrotron COSY. Ay,xz is measured using a polarised beam and a

tensor polarised deuteron target. In this experiment the COSY ring serves as an

accelerator, ideal forward spectrometer, and detector.

9.2 Introduction

So far, the only link to a violation of time–reversal symmetry is given via the CPT–

theorem and the observation of CP violation in the neutral Kaon– and B–system.

Although the CP violation could be accommodated by a complex phase in the

Kobayashi–Maskawa matrix [184] or the θ T–term [185] allowed by QCD, other ex-

planations go beyond the standard model. These are, for instance, the extension of

the Higgs sector [186], the superweak interaction [187], or the left–right symmetric

models [188]. Such extensions lead to interactions that are not related to the ob-

served CP– or T–violation. Since the origin of the CP– or T–violation is not clear,

further experimental tests are necessary to probe the manifestation of the interac-

tion responsible for the observed or possible new CP– or T–violating effects. In this

context, more direct information is to be expected from tests involving elementary

particles as compared to ones involving complex nuclei. In addition, we intend to

probe time–reversal invariance with parity being conserved in contrast to experi-

ments which test parity and time reversal invariance (TRI) simultaneously (cf. tests

of the electric–dipole moments of elementary particles).

Usually P–even TRI tests compare two observables (cf. tests of detailed balance

or P–A tests) and this limits the experimental accuracy to about 10−3 − 10−2 [189].

The accuracy would be increased by orders of magnitude if a true null experiment

could be performed i.e. one where a non–vanishing value of a single observable proves

that the symmetry involved is violated. An example of this kind is the measurement

of the parity violating quantity Az in proton–proton scattering [190], which has

been measured to some 10−8. In this context the term true stresses the concept that

the intended test has to be completely independent from dynamical assumptions.

Therefore, the interpretation of the result is neither restricted nor subject to final

state interactions, special tensorial interactions or, Hamiltonians of a certain form.

True null tests are based on the structure of the scattering matrix only, as determined

by general conservation laws [191].
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It has been proven [191] that there exists no true null test of TRI in a nuclear re-

action with two particles in and two particles out, except for forward scattering, from

which a total cross section can be measured. Based on this exception, Conzett [192]

showed that a transmission experiment can be devised, which constitutes a true TRI

null test. He suggested measuring the total cross–section asymmetry Ay,xz of vector

polarised spin–half particles interacting with tensor polarised spin–one particles.

We intend to study the time reversal violating (TRV) quantity Ay,xz in a transmis-

sion experiment using an internal deuteron target in the cooler synchrotron COSY.

The tensor polarised deuteron target is prepared using the polarised atomic beam

target facility of the COSY experiment #5 (phase 1). Phase 2 is characterised by an

improved control of systematic error contributions and the addition of a target cell

to the polarised atomic beam target. The transmission losses of the circulating po-

larised proton beam change its lifetime. The lifetime as a function of the vector– and

tensor–polarisation Py and Pxz is measured by COSY’s high precision beam current

transformers. Thus, for this experiment, the COSY facility is not only used as an

accelerator but also as an ideal forward spectrometer and detector. The preparation

of a time–reversed situation is depicted in Fig. 61.

9.3 Experimental set–up

Since the TRV processes are of short–range nature, the long range contributions

for these processes may be parameterised by the ρ vector meson or f1 axial–vector

meson exchanges [192]. Using this, Beyer has shown that the most favorable mo-

mentum, where the experiment has its highest sensitivity to TRV effects, is at about

500 MeV/c [192]. Therefore, the COSY ring is presently prepared with: i) injection

of polarised protons (polarisation > 0.8) at 40 MeV, ii) stacking injection to increase

the circulating proton beam, and iii) electron cooling, not only for the stacking in-

jection, but also during the acceleration and flat–top. At the flat–top, the beam

coasts for about 1 h, during which time the alignment of the target–polarisation is

flipped. The beam is then decelerated and dumped and the next injection prepared,

with the proton polarisation being reversed eventually from +Y → −Y . Consistent

results are expected for two out of the four possible combinations of the target/beam

alignments/polarisations, respectively.

The resulting slopes of the decreasing circulating proton beam are measured with

the high precision beam current transformers of the COSY ring. In the case that

there is a TRV effect, the total cross section, and hence the slopes, would be different.

9.4 First results

A new front–end electronics and data acquisition system has been built and set up, so

that the precision of the beam current transformers can be fully employed. Cooling

of the beam turned out to be essential since, otherwise, the inherent emittance
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Figure 61: Pictorial demonstration that a time–reversed situation is prepared by
either a proton or a deuteron spin–flip. a) The basic system is shown. b) The time–
reversal operation is applied (momenta and spins are reversed and the particles are
exchanged). In order to have a direct comparison between situation a) and b), two
rotations Ry(p) or Rx(p) by 180◦ about the y– or x–axes are applied, leading to
the situations c) and d), respectively. This is allowed, since the scattering process
is invariant under rotations. In the figures we have used notations whereby � =
proton spin up (y–direction), ⊗ = proton spin down, and ⇐⇒ = deuteron tensor
polarisation.

growth of the proton beam would cause the beam–halo to hit some aperture in the

beam pipe after some minutes. This in turn would lead to a fast decrease of the

beam intensity, which is not compatible with the usual exponential reduction of the

current.

As a first test, the total cross–section asymmetry Ay,y in ~p ~p scattering has been

measured at 1690 MeV/c (with stochastic cooling, polarisation of beam and target >

0.8). In ~p ~d scattering this quantity is the only one that through slight misalignments

can fake a TRV effect. However, in contrast to the total cross–section asymmetry

Ay,y in ~p ~p scattering, its value is not known. Fig. 62 shows that the novel method to

measure total cross sections of polarised particles works in practice. The cross section

difference in the literature [193] corresponds to a fractional lifetime difference of 6.7%

compared to the COSY measurement of 8.6 ± 4.5%. The accuracy achieved so far

is already sufficient to determine Ay,y in ~p ~d scattering, which can be accomplished

by exchanging the gas supply for the target from hydrogen to deuterium.
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Figure 62: Results of the total asymmetry Ay,y in ~p ~p scattering at 1690 MeV/c. The
agreement of the spectra for spins parallel (left) and antiparallel (right), as well as
their mutual difference in lifetime, demonstrates that total cross section differences
of polarised particles show up in life–time differences and that these can be measured
in an internal experiment. The effect corresponds to about 3 mb [193]. UP/DOWN
refers to the target polarisation, +Y/− Y refers to the beam polarisation.
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10 Spin Rotation and Birefringence in Storage

Rings

It is well known in nuclear and particle physics how to measure a total spin-dependent

cross-section in, e.g. proton-proton (pp), proton-deuteron (pd), proton-nucleus (pA),

and deuteron-nucleus (dA) interactions. However, measurements of the real part of

the coherent elastic forward scattering amplitude <[f(0)] poses some difficulties.

It has been shown in Refs [194, 195] (and references therein) that there is an un-

ambiguous method which makes possible the direct measurement of the real part of

the spin-dependent forward scattering amplitude by observation of proton (deuteron,

or antiproton) beam spin rotation in a polarised nuclear target and by deuteron spin

rotation and oscillation in an unpolarised target.

Spin rotation and oscillation experiments also allow one to carry out new exper-

iments to study P– and T–odd interactions [194, 195].

Considering the evolution of the spin of a particle in a storage ring one should take

into account several interactions. The equation for the particle spin wavefunction

considering all these interactions can be written as

ih̄
∂Ψ(t)

∂t
=

(

Ĥ0 + V̂EDM + V̂ ~E + V̂ ~B + V̂ nucl
E + V̂ nucl

B

)

Ψ(t) (10.1)

where Ψ(t) is the particle spin wavefunction, Ĥ0 is the Hamiltonian describing the

spin behavior caused by the interaction of the magnetic moment with the electro-

magnetic field4, V̂EDM = −d
(

~β × ~B + ~E
)

~S describes the interaction of the particles

electric dipole moment (EDM) with the electric field, V̂ ~E = −1
2
α̂ik(Eeff)i(Eeff )k

describes the interaction of the particle with the electric field due to the tensor

electric polarisability, α̂ik denotes the electric tensor polarisability of the particle,
~Eeff = ( ~E+ ~β× ~B) is the effective electric field. The latter expression can be rewrit-

ten as V̂ ~E = αSE
2
eff −αTE

2
eff

(

~S~nE

)2

, where ~nE =
(

~E + ~β × ~B
)/

| ~E+ ~β× ~B|, and

αS and αT are the electric scalar and tensor polarisabilities of the particle, respec-

tively. A particle with spin S ≥ 1 also possesses a magnetic polarisability, which

is described by the magnetic polarisability tensor β̂ik, and the interaction of the

particle with the magnetic field due to the tensor magnetic polarisability is V̂ ~B =

−1
2
β̂ik(Beff)i(Beff)k, where (Beff)i are the components of the effective magnetic

field ~Beff = ( ~B− ~β× ~E); V̂ ~B can be expressed via V̂ ~B = βSB
2
eff −βTB

2
eff

(

~S · ~nB

)2

,

where ~nB =
(

~B − ~β × ~E
)/ (

| ~B − ~β × ~E|
)

, and βS and βT are the scalar and tensor

magnetic polarisabilities of the particle, respectively. V̂ nucl
B describes the effective

4Equation (10.1) with Ĥ0 alone, is equivalent to the well-known Bargmann–Michel–Telegdi
(BMT) equation.

97



potential energy of the interaction with the nuclear pseudomagnetic field of the tar-

get [194, 195], and V̂ nucl
E denotes the effective potential energy of the interaction

with the nuclear pseudoelectric field of the target [194, 195]. It should be empha-

sised that V̂ nucl
B and V̂ nucl

E include contributions from strong interactions as well as

those caused by weak interactions, violating P and T invariance.

Let us consider particles moving in a storage ring with low residual gas pressure

(10−10 Torr) and without other targets inside the storage ring. In this case we can

omit the effects caused by the interactions V̂ nucl
B and V̂ nucl

E altogether. Let us further

consider a particle with S = 1 (for example, deuteron) moving in such a ring. Ac-

cording to the above analysis, the spin of such a particle can not be described by the

BMT–equation. The equations for the particle spin motion, including contributions

from the tensor electric polarisability, were obtained in Refs. [194, 195]. Considering

that the deuteron possesses also a tensor magnetic polarisability, after adding the

terms caused by this interaction to the equations obtained in Refs. [194, 195], we

finally obtain

d~P

dt
=

e

mc

[

~P ×
{(

a+
1

γ

)

~B − a
γ

γ + 1

(

~β · ~B
)

~β −
(

g

2
− γ

γ + 1

)

~β × ~E

}]

+
d

h̄

[

~P ×
(

~E + ~β × ~B
)]

− 2

3

αTE
2
eff

h̄
[~nE × ~n′

E] − 2

3

βTB
2
eff

h̄
[~nB × ~n′

B], (10.2)

dPik

dt
= − (εjkrPijΩr + εjirPkjΩr) −

3

2

αTE
2
eff

h̄

(

[~nE × ~P ]inE, k + nE, i[~nE × ~P ]k

)

−3

2

βTB
2
eff

h̄

(

[~nB × ~P ]inB, k + nB, i[~nB × ~P ]k

)

, (10.3)

where m is the particle mass, e is the charge, ~P is the spin polarisation vector,

Pxx + Pyy + Pzz = 0, γ is the Lorentz-factor, ~β = ~v/c, ~v is the particle velocity,

a = (g − 2)/2, g is the gyromagnetic ratio, ~E and ~B are the electric and magnetic

fields at the position of the particle, ~Eeff = ( ~E + ~β × ~B), ~Beff = ( ~B − ~β × ~E),

~n = ~k/k, ~nE = ( ~E+ ~β× ~B)/| ~E+ ~β× ~B|, ~nB = ( ~B− ~β× ~E)/| ~B− ~β× ~E|, n′
i = Piknk,

n′
E, i = PiknE, k, n

′
Bi = PilnBl = Pi3. The components of the vector ~Ω(d) are given

by Ωr(d) (the indices r = 1, 2, 3 correspond to x, y, z, respectively),

~Ω(d) =
e

mc

{(

a+
1

γ

)

~B − a
γ

γ + 1

(

~β · ~B
)

~β −
(

g

2
− γ

γ + 1

)

~β × ~E

}

+
d

h̄

(

~E + ~β × ~B
)

. (10.4)

From Eq. (10.3) it follows that the magnetic polarisability leads to spin rotation with

two frequencies ω1 and ω2 instead of Ω and, therefore, experiments beating with the

frequency ∆ω = ω1 − ω2 = 2
√

Ωµ
T Ω′µ

T = βTB
2
eff/h̄. According to the evaluation

in Refs. [194, 195], the tensor magnetic polarisability βT ∼ 2 × 10−40, therefore for
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the beating frequency one obtains ∆ω ∼ 10−5 in a field of B ∼ 104 gauss. The

measurement of the frequency of this beating makes possible the determination of

the tensor magnetic polarisability of the deuteron (nuclei). Thus, due to the presence

of the tensor magnetic polarisability, the horizontal component of the spin rotates

around ~B with two frequencies ω1, ω2 instead of the expected rotation with the

frequency Ω. The resulting motion of the spin is beating: P1(t) ∼ cos Ωt sin ∆ωt.

This is the reason for the component P3, caused by the EDM, to exhibit a similar

beating.

Another class of experiments deals with the use of polarised targets. One should

recall that the density of a polarised gas target is substantially lower than the one

of an unpolarised target, the anticipated density of the polarised target of ANKE,

described in §3.4, is about dt = 1014 cm−2. When a particle (proton, antiproton,

deuteron ...) propagates through a nuclear polarised target, precession of the particle

spin occurs In a polarised target the particles can be characterised by two refraction

indices, N↑↑ for particles with spin parallel to the target polarisation vector, and N↑↓
for particles with the opposite spin orientation N↑↑ 6= N↑↓. According to [194, 195],

in the target with polarised nuclei, there is a nuclear pseudomagnetic field and

the interaction of an incident particle with this field leads to spin rotation. The

experiments with slow neutrons proved the existence of this effect [194, 195].

The effective potential energy of a particle in a pseudomagnetic nuclear field ~G

of matter can be written as:

V̂ nucl
B = −~µ~G, (10.5)

where ~µ is the magnetic moment of the particle and ~G can be expressed as [194, 195]
~G = ~Gs + ~Gw, where

~Gs =
2πh̄2

µm
ρ[A1〈 ~J〉 + A2~n(~n · 〈 ~J〉) + ...], (10.6)

~Gw =
2πh̄2

µm
ρ[b~n + b1[〈 ~J〉 × ~n] + b2~n1 + b3~n(~n · ~n1) + b5[~n× ~n1] + ...]. (10.7)

Here ~n = ~v/v, ~J is the nuclear spin, 〈 ~J〉 = Sp
{

ρnucl
~J
}

is the average value of the

nuclear spin, ~n1 are the components n1j = 〈Qij〉nj, where 〈Qij〉 = Sp {ρnuclQij} is

the polarisation tensor.

It is easy to see that the interaction, described by Eq. 10.5) looks like the in-

teraction of a magnetic moment with a magnetic field, thus the field ~G contributes

to the change of the particle polarisation similar to the one of a magnetic field. It

should be mentioned that V̂ nucl
B contains both a real part, which is responsible for

spin rotation, and an imaginary part, which contributes to the spin dichroism (beam

absorption depending on the relative spin orientation). A detailed analysis of the

effects caused by the nuclear pseudoelectric field is described in Ref. [194].
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The interaction with the field ~G = ~Gs + ~Gw contains two terms: ~Gs corresponds

to the strong interaction, which is T , P–even, while ~Gw describes spin rotation

by the weak interaction, which has contributions from both T , P–odd (the term

containing the constant b1) and T–odd, P–even (the term containing the constant b5)

interactions. If either the vector or the tensor polarisation of the target rotates, the

effects provided by ~Gs and ~Gw vary periodically as a function of time, i.e. Eq. (10.1)

can be written as

ih̄
∂Ψ(t)

∂t
=

(

Ĥ0 + V̂EDM + V̂ ~E + V̂ ~B + V̂ nucl
E (t) + V̂ nucl

B (t)
)

Ψ(t). (10.8)

This equation coincides with the well-known equation for a paramagnetic resonance.

Thus, in a strong magnetic field, orthogonal to the weak nuclear pseudomagnetic

field ~B ⊥ ~G, ~G either rotates or oscillates with the frequency corresponding to the

splitting caused by ~B, a resonance occurs and this leads to the conversion of hori-

zontal spin components to vertical ones with the frequency determined by the spin

precession frequency in the field ~G [195]. Thus, one can measure all the constants

contained in ~Gs and ~Gw: Ai yields the spin-dependent part of the elastic coherent

forward scattering amplitude of proton (deuteron, or antiproton); the amplitudes bi

provide a measurement of the constants of T– and P–odd interactions.

The T–odd nucleon-nucleon interaction of protons (or antiprotons) and deuterons

with polarised nuclei is described by VP,T ∼ ~S ·(~pN × ~n), where ~PN(t) is the polarisa-

tion vector of target. The interaction VP,T leads to the spin rotation around an axis

given by the unit vector ~nT , parallel to
[

~PN(t) × ~n
]

. Spin dichroism also appears

with respect to this vector ~nT , i.e. a proton (deuteron) beam with spin parallel to

~nT exhibits different absorption cross-sections depending on the spin direction.

P–even, T–odd spin rotation, oscillation and dichroism of deuterons (nuclei with

S ≥ 1) caused by the interactions of VT ∼ ~S·(~PN(t)×~n)(~S·~n) could be observed [194];

P–even, T–odd spin rotation and dichroism for a proton, deuteron (or more generally

for a nucleus with spin S ≥ 1/2) V ′
T ∼ b5[~n× ~n1(t)] could be observed [194, 195] in

paramagnetic resonance conditions as well.

The observation of spin rotation and birefringence of particles stored in a ring

provides the opportunity to measure the real part of the coherent elastic zero-angle

scattering amplitude, as well as tensor electric and magnetic polarisabilities. The

same information could be obtained also from particles and nuclei in a storage ring by

the paramagnetic resonance method, induced by time varying nuclear pseudoelectric

and pseudomagnetic fields.
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11 Preparatory Work for the FAIR Project

11.1 The PAX proposal at FAIR

The PAX Collaboration is proposing a programme of spin experiments with intense

beams of polarised antiprotons at FAIR. A practical and viable scheme to reach

polarisations of the stored antiprotons at HESR–FAIR of about 30% has been pre-

sented [196]. The above performance is expected based on the electron–to–proton

spin transfer interpretation [7, 8] of the FILTEX experiment [6]; such an approach

is routinely used at Jefferson Laboratory for the separation of electromagnetic form

factors [197].

The PAX Technical Proposal was submitted in January 2004. The physics pro-

gramme was reviewed by the QCD Programme Advisory Committee (QCD–PAC)

in June 2004 [198]. Following the QCD–PAC report and the recommendation of the

Chair of the Committee on Scientific and Technological Issues (STI) and the FAIR

project coordinator [198], the PAX collaboration has optimised the technique to

achieve a sizable antiproton polarisation. The studies are contained in the recently

submitted Technical Proposal [198]. The goal of achieving the highest possible figure

of merit requires that the antiprotons be polarised in a dedicated low–energy ring.

The transfer of polarised low–energy antiprotons into the HESR ring would then

require pre–acceleration to about 1.5 GeV/c in a dedicated booster ring (CSR). The

incorporation of this booster ring into the HESR complex would, quite naturally,

open up the possibility of building an asymmetric antiproton–proton collider.

The main features of the accelerator setup, shown in Fig. 63, are:

1. An Antiproton Polariser Ring (APR), built inside the HESR area, having

the crucial goal of polarising antiprotons at kinetic energies around 50 MeV

(pp̄ ≈ 300 MeV/c). These would subsequently be accelerated and injected into

the other rings.

2. A second Cooler Synchrotron Ring (CSR) in which protons or antiprotons with

momenta up to 3.5 GeV/c could be stored. This ring, whose parameters would

be rather similar to those of COSY, should have a straight section running

parallel to the experimental straight section of HESR, where a PAX detector

could be installed.

3. By deflecting the HESR beam into the straight section of the CSR, both collider

and fixed–target modes become feasible.

It is worthwhile stressing that, through the employment of the CSR, a second

interaction point is effectively formed that has a minimum interference with PANDA.

The proposed solution opens the possibility of running simultaneously two different

experiments.
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Figure 63: The proposed accelerator setup at the HESR (black), with the equipment
to be used by the PAX collaboration in Phase–I: CSR (green), APR, beam transfer
lines and polarised proton injector (all blue). In Phase–II, by adding two transfer
lines (red), an asymmetric collider is set up. It should be noted that, in this phase,
fixed target operation at PAX is also possible. (The figure is drawn to scale.)

11.2 Preparatory phase

The objectives arising from the PAX proposal for the immediate future (3–4 years)

concern mainly the polarisation buildup process through which polarised antiprotons

will be produced. The PAX collaboration suggests carrying out spin–filtering experi-

ments in storage rings to achieve a better understanding of these processes in general.

Furthermore, for antiprotons, the experimental basis for polarisation buildup in a

stored beam is practically non–existent. Therefore, it is of highest priority for PAX

to perform spin–filtering experiments using stored antiprotons, e.g. at the AD of

CERN. Once the experimental data base is available, the final design of the APR

can be targeted. The physics of the buildup of polarisation in a storage ring involves

a number of features absent in conventional scattering experiments, especially the

into–the–beam scattering of target particles, which have to be well understood be-

fore one embarks on polarising antiprotons. A few simple spin–filtering experiment

carried out at COSY, would certainly enhance substantially our understanding of

these processes. The PAX proposal calls eventually for an asymmetric antiproton–

proton collider at the HESR. To this end, machine studies using state–of–the–art

simulation tools (e.g. BETACOOL) and in depth analyses of the phase space cool-

ing processes, intrabeam scattering effects and beam–beam interactions have to be

carried out. The goal of these studies is to optimise the collider and fixed target

scenarios of the PAX experiment with respect to luminosity. This naturally involves

also machine studies for the dedicated Antiproton Polariser Ring (APR), which is

at the core of the PAX proposal.
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11.3 Spin Filtering Experiments with protons at COSY and

with antiprotons at the CERN AD

Central to the PAX proposal is spin filtering of stored antiprotons by multiple pas-

sage through an internal polarised gas target. The feasibility of the technique has

been convincingly demonstrated in the FILTEX experiment at TSR [6]: for 23 MeV

stored protons, a transverse polarisation rate of dP/dt = 0.0124 ± 0.0006 per hour

has been reached with an internal polarised atomic hydrogen target of areal density

6× 1013 atoms/cm2. In view of the fundamental importance of spin filtering for the

PAX experiment, experiments at COSY would provide the necessary data to test our

present understanding of spin–filtering processes in storage rings. However, since for

PAX the design of a dedicated APR is foreseen, it is crucial that such experiments

be performed eventually with antiprotons at a suitable antiproton storage ring, e.g.

at the CERN AD. For a proton impinging on a polarised hydrogen gas target, the

spin–dependent interaction leading to the buildup of polarisation in the beam is

well known; recent investigations [199] have, however, shown that an unambiguous

quantitative understanding and interpretation of the FILTEX result [6] may not yet

be available. In addition, there are no experimental data available on the spin corre-

lations, or more generally, on any of the two–spin observables in antiproton–proton

scattering. The final goal is to provide the experimental data base of antiproton–

proton interactions that is necessary to define the optimum working parameters of

the dedicated APR, suggested for FAIR. Ultimately, these measurements are needed

in order to arrive at the final design parameters for the APR. The new data will,

moreover, provide new insight into the p̄p physics more generally.

11.4 Design and construction of the Antiproton Polariser

Ring

Tuning and commissioning of the APR will require a beam of polarised protons.

Such a beam and a hall, including the necessary infrastructure, are available at

COSY. This makes the Institut für Kernphysik of the Forschungszentrum Jülich the

ideally suited site for the design, construction and testing of the APR. A floor plan

of the polariser ring is shown in Fig. 64. For more details, see Ref. [198]

The technical feasibility of the polarisation transfer method was verified in the

FILTEX experiment at TSR–Heidelberg in 1992 with a 23 MeV proton beam [6].

As mentioned above, a pre–APR test can be performed at COSY by verifying σEM⊥

at 40, 70 and 100 MeV, using the polarised internal target at the ANKE interaction

point. The measurement can be performed by injecting pure states |1〉 or |3〉 in a

weak transverse target guide field (10 G). Under these conditions the electron target

polarisation Qe is equal to the proton target polarisation Qp. The latter can be

measured through pp elastic scattering with the help of the ANKE silicon telescope

system described in §3.3 [200].
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Figure 64: Floor plan of the APR lattice.

11.5 Development of polarised sources

The polarisation mechanism relies on an having an efficient, high–intensity, source

of polarised hydrogen atoms. Most of the World–expertise on polarised sources is

already present within the PAX collaboration and a programme for the development

of a new generation of high–intensity atomic beam sources has to be started during

the preparatory phase of the PAX experiment. The COSY experience in polarised

sources and polarised beams will be crucial in this development.

11.6 Staging of the PAX experiment and the role of COSY

The final goal of the PAX collaboration is a polarised proton–antiproton asymmetric

collider, in which 3.5 GeV/c polarised protons will collide head–on with polarised

antiprotons with momenta up to 15 GeV/c. However, the collaboration proposes

an approach composed of different stages, during which the major milestones of the

project can be tested and optimised.

11.7 Phase–I: transfer of APR and CSR to FAIR

APR and CSR will be placed inside the HESR. The straight sections of CSR and

HESR will be parallel, allowing an additional interaction point, independent of that

of PANDA, to be formed.
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A beam of unpolarised or polarised antiprotons, with momenta up to 3.5 GeV/c,

will be available in the CSR ring. Collisions with a polarised hydrogen target in the

PAX detector can then be studied. This first phase, which is independent of the

HESR performance, will allow for the first time the measurement of the time–like

proton form factors in single– and double–polarised reactions from close to threshold

up to 3.5 GeV/c. It will be possible to determine several (single and double) spin

asymmetries in the elastic pp̄→ pp̄ scattering. By detecting back–scattered antipro-

tons, one can also explore the hard scattering regions of large t. (Reaching the same

region of t in proton–proton scattering requires twice as high an energy.)

11.8 Phase–II: HESR modifications to the collider mode or

to the polarised internal target

A chicane for CSR and HESR would have to be built to bring the proton beam of the

CSR and the antiproton beam of the HESR to a collision point at the PAX detector.

This phase will allow the first ever direct measurement of the quark transversity

distribution h1, by studying the double transverse spin asymmetry ATT in the Drell–

Yan processes p↑p̄↑ → e+e−X as a function of Bjorken x and Q2 (= M2). Two

possible scenarios might be foreseen to perform this measurement.
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Figure 65: Left: The kinematic region covered by the h1 measurement at PAX in
phase II. In the asymmetric collider scenario (blue), antiprotons of 15GeV/c impinge
on protons of 3.5GeV/c at cm energies of

√
s ∼

√
200 GeV and Q2 > 4GeV2. The

fixed target case (red) represents antiprotons of 22GeV/c colliding with a fixed
polarised target (

√
s ∼

√
45 GeV). Right: The expected asymmetry as a function of

Feynman xF for different values of s and Q2 = 16GeV2.
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(a) A beam of polarised antiprotons from 1.5 GeV/c up to 15 GeV/c, circulating

in the HESR, collides with a beam of 3.5 GeV/c polarised protons circulating

in the CSR. This scenario requires one to demonstrate that a suitable lumi-

nosity is reachable. Deflection of the HESR beam to the PAX detector in

the CSR is necessary (see Fig. 63). By properly varying the energy of the

two colliding beams, this setup would allow a measurement of the transversity

distribution h1 in the valence region of 0.1 < x < 0.8 with the correspond-

ing Q2 in the range 4 < Q2 < 100 GeV2 (see Fig. 65). As shown in Fig. 65,

the double transverse spin asymmetry (ATT ) in Drell–Yan processes with both

transversely polarised beam and target is predicted to be greater than 0.2 in

the full kinematic range [201, 202].

ATT ≡ dσ↑↑ − dσ↑↓

dσ↑↑ + dσ↑↓ = âTT

∑

q e
2
q h

q
1(x1,M

2) hq̄
1(x2,M

2)
∑

q e
2
q q(x1,M2) q̄(x2,M2)

, (11.1)

where q = u, ū, d, d̄, ..., M is the invariant mass of the lepton pair, and âTT is

the double spin asymmetry of the QED elementary process, qq̄ → `+`−,

âTT =
sin2 θ

1 + cos2 θ
cos 2φ , (11.2)

with θ the polar angle of the lepton in the l+l− rest frame and φ the azimuthal

angle with respect to the proton polarisation.

Such an experiment for h1 can be considered as the analogue of polarised deep

inelastic scattering for the helicity distribution ∆q. The kinematical coverage

in (x,Q2) will in fact be similar to that of the HERMES experiment [203].

(b) Should the desired luminosity for the collider not be reachable, a fixed target

experiment can be performed. A beam of 22 GeV/c (or 15 GeV/c) polarised

antiprotons circulating in the HESR, can be used to collide on a polarised

internal hydrogen target. This scenario also requires the deflection of the

HESR beam to the PAX detector in the CSR (see Fig. 63).
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12 Time Schedules

12.1 General remarks

At present, we consider that the measurements within our spin programme should

take place during the four years 2006 – 2009. We assume that during this pe-

riod COSY is fully operational, providing beams from its polarised ion source, and

that the ANKE polarised internal target, together with the ANKE spectrometer,

are also in operation. However, the time schedule for the spin–physics programme

ANKE@COSY will, of course, depend to some extent on the planning and progress

for the realisation of the FAIR project.

There are currently eight PhD students (D. Chiladze, K. Grigoriev, D. Gussev,

A. Mussgiller, V. Leontiev, T. Mersmann, T. Rausmann, and Yu. Valdau) working

on spin–physics subjects within the framework of the ANKE collaboration. Their

projects involve Monte–Carlo simulations for the different experiments as well as

data analysis of experiments with polarised deuteron and proton beams. Recent

data taken with the (unpolarised) storage cell target, which will provide a test for

the upcoming double–polarised experiments, are also in the course of analysis. The

strong involvement of members of the theory group in Jülich, as well as of external

experts, provides an excellent theoretical support of the spin–physics programme at

ANKE.

12.2 Submissions and requests

• April 2005 – elements of the spin document included in the submission to the

POF evaluation committee were favourably received [204].

• October 2005 – presentation of the full document to the COSY PAC.

• Spring 2006 – beam–time request for np double–polarised experiment.

12.3 Timelines

As described in this document, the spin–physics programme can be broadly grouped

into four categories, addressing the following subjects:

1. Proton–neutron spin physics,

2. Non–strange meson production,

3. Production of strange mesons and baryons,

4. Preparatory work for the FAIR project.
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The following time schedule is anticipated for the delivery of this programme:

6/2005 — Installation of the PIT at the ANKE target position
until 6/2006 — Commissioning of the PIT

7/2006 — First double–polarised np experiments
2007 — Data taking with ANKE for item 1 (≈ 3 months)
2008 — Data taking with ANKE for item 2 (≈ 3 months)
2009 — Data taking with ANKE for item 3 (≈ 3 months)

2007–11 — Data analysis & publication of results

A list of some of the possible experiments that will be carried out in parallel is pre-

sented in Table 5. The last item (4), preparations for FAIR, mainly addresses the

design, building and commissioning of the Antiproton Polariser Ring, for which the

time estimates are:

2006–2007 — APR machine design
Preparation of “ready–to–be–built” documents
Development of a new generation of high–intensity ABS
for the APR

2008–9 — Construction of APR at IKP
2010–2011 — Commissioning of APR

> 2012 — Transfer of APR and CSR to HESR
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Table 5: Table of experiments that will be done simultaneously.

Phase I: Polarised deuteron beam & polarised hydrogen storage-cell target (dp);

Energy range: 1.2 < Td < 2.3 GeV;

Instrumentation: ANKE, silicon telescopes, polarised storage-cell target.

Methodical advantage: High intensity polarised deuteron beam, high count rate,

clean identification of many two-body reactions, polarimetry of target can be done

without Lamb-shift polarimetry, polarimetry standards are already achieved includ-

ing polarisation export technique, preparation of the polarised hydrogen target rel-

atively easy.

Reactions:

dp→ (2p)n small momentum transfer charge-exchange

dp→ (2p)∆0 at minimum momentum transfer

dp→ dp small angle scattering

dp→ dp large angle scattering

dp→ (2p)n large momentum transfer charge-exchange

dp→ 3He π0

dp→ 3He η

np→ dπ0 quasi-free

np→ dX(ππ)

pp→ pp quasi-free

Phase II: Polarised proton beam & Polarised deuteron storage-cell target (pd);

Energy range Tp = 1.0 GeV up to 3.0 GeV;

Instrumentation: ANKE, silicon telescopes, polarised storage-cell target, Lamb-shift

polarimeter.

Methodical aspects: need good adjustment of the trigger conditions.

Reactions:

pd→ (2p)n small momentum transfer charge-exchange

pd→ pspp(n) quasi-elastic scattering (pn)

pd→ pspp(∆)(pn→ ∆p)

pd→ pd small angle scattering

pd→ pd large angle scattering

pd→ (2p)n large momentum transfer charge-exchange

pd→ pspppπ
−(pn→ ppπ−)

pd→ nspppπ
0(pp→ ppπ0)

pd→ pspK
+X(pn→ nK+Λ)

pd→ nspK
+X(pp→ pK+Λ)

pp→ ppη, ω, · · ·
pn→ dφ

pn→ dX
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