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Abstract. The nucleon–nucleon interaction (NN) is fundamental for the whole of nuclear physics and hence
to the composition of matter as we know it. It has been demonstrated that stored, polarised beams and polarised
internal targets are experimental tools of choice to probe spin effects inNN–scattering experiments. While the
EDDA experiment has dramatically improved the proton–proton date base, information on spin observables in
neutron–proton scattering is very incomplete above 800 MeV, resulting in large uncertainties in isoscalarnpphase
shifts. Experiments at COSY, using a polarised deuteron beam or target, can lead to significant improvements in
the situation through the study of quasi–free reactions on the neutron in the deuteron. Such a measurements
has already been started at ANKE by using polarised deuterons on an unpolarised target to study thedp →
{pp}n deuteron charge–exchange reaction and the full program with a polarised storage cell target just has been
conducted. At low excitation energies of the finalppsystem, the spin observables are directly related to the spin–
dependent parts of the neutron–proton charge–exchange amplitudes. Our measurement of the deuteron–proton
spin correlations will allow us to determine the relative phases of these amplitudes in addition to their overall
magnitudes.

1 Introduction

An understanding of theNN interaction is fundamental
to the whole of nuclear and hadronic physics. The database
on proton–proton elastic scattering is enormous and the
wealth of spin–dependent quantities measured has allowed
the extraction ofNN phase shifts in the isospinI = 1 chan-
nel up to a beam energy of at least 2 GeV [1]. The situ-
ation is far less advanced for the isoscalar channel where
the much poorer neutron–proton data only permit theI = 0
phase shifts to be evaluated up to at most 1.3 GeV but with
significant ambiguity above about 800 MeV [1]. The data
on which such an analysis is based come from many facil-
ities and it is incumbent on a laboratory that can make a
significant contribution to the communal effort to do so.

It has recently been argued that, even without measur-
ing triple–spin observables, a direct amplitude reconstruc-
tion of the neutron–proton backward scattering amplitudes
might be possible with few ambiguities provided that ex-
periments on the deuteron are included [2]. This work stud-
ied in detail the ratio of the forward charge–exchange cross
section of a neutron on a deuterium target to that on a hy-
drogen target,

Rnp(0) =
dσ(nd→ pnn)/dt
dσ(np→ pn)/dt

, (1)

wheret is the four–momentum transfer between the initial
neutron and final proton.
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Due to the Pauli principle, when the two final neutrons
are in a relativeS–wave their spins must be antiparallel
and the system is in the1S0 state. Under such circum-
stances thend→ p{nn} reaction involves a spin flip from
theS = 1 of the deuteron to theS = 0 of the dineutron and
hence is dependent on thenpspin-isospin-flip amplitudes.
If the data are summed over all excitation energies of the
nn system, then the Dean closure sum rule allows one to
deduce fromRnp the fraction of spin–dependence in thepn
charge–exchange amplitudes [3]. Such measurements have
now been carried out up to 2 GeV [4].

However, Bugg and Wilkin [5] have shown that much
more information on thenp charge–exchange amplitudes
can be extracted by using a polarised deuteron beam or
target and studying the charge–symmetricd

→
p → {pp}n

reaction. To achieve the full benefit, the excitation energy
Epp in the finalpp system must be kept low. Experiments
from a few hundred MeV up to 2 GeV [6,7] have gener-
ally borne out the theoretical predictions and have there-
fore given hope that such experiments might provide valu-
able data on the amplitudes in the small momentum trans-
fer region.

The ANKE collaboration is embarking on a systematic
programme to measure the differential cross section and

analysing powers of thed
→

p → {pp}n reaction up to the
maximum energy of the COSY accelerator of 1.15 GeV
per nucleon, with the aim of deducing information on the
np amplitudes [8]. Higher energies per nucleon will be
achieved through the use of a deuterium target. Spin cor-
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relations will also be studied with a polarised beam and
target [9]. However, for these to be valid objectives, the
methodology has to be checked in a region where thenp
amplitudes are reasonably well known.

The first evaluation of the analysing powers and dif-

ferential cross sections of thed
→

p → {pp}n reaction at
Td = 1170 MeV has been reported in Refs. [10,11]. Since
both the cross section and two tensor analysing powers at
585 MeV per nucleon largely agree with theoretical pre-
dictions based upon reliable neutron–proton phase–shift
analysis, this gives us confidence that the methods used
here can be extended to higher energies where much less
is known about thenpelastic amplitudes. The possibilities
of such work will be discussed in this contribution.

2 The SAID database and phase shift
analysis

2.1 The pp→ pp database

Apart from their intrinsic importance for the study of
nuclear forces, nucleon–nucleondata are also necessary in-
gredients in the description of meson production and other
nuclear reactions at intermediate energies. It is incumbent
on any facility that can make a significant and new contri-
bution to this important database of knowledge to do so.
Let just discuss the cross section situation in some detail.
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Fig. 1.Abundance plot of thepp elastic differential cross section
dσ/dΩ (left) extracted from the SAID [1] and NN-online [13]
databases. The points show the positions in energy and centre-of-
mass angle of existing measurements. It is important to note that
in the energy range of 0.5 < Tp < 2.5 GeV the plot is largely
dominated by the very precise COSY–EDDA data [14] but that
these only cover the range in scattering angle≈ 35◦ < θcm < 90◦.

A full pp phase shift analysis requires data on cross
sections, analysing powers, spin correlation, and transfer
parameters. The scatter plot of Fig. 1 shows the energies
and c.m. angles where there are experimental data on the

elastic differential cross section [12,13]. The cross section
is, symmetric aboutθcm = 90◦, which accounts for show-
ing only data below this angle. The vast bulk of the data
above 500 MeV were obtained by the COSY–EDDA col-
laboration [14], but these were limited to c.m. scattering
angles above about 35◦. This scatter plot also shows that
there is a lack of good data even for the differential cross
section at small angles for beam energies above 1 GeV.
This is mainly due to the design of the EDDA detector,
which requires a significant minimum momentum transfer
to the recoil proton in order that both protons can be de-
tected [14]. It is therefore clear that new high quality small
angleppelastic scattering data are required.

Most nucleon–nucleon phase shift and amplitude anal-
ysis in the GeV range is carried out by the SAID collabo-
ration [12]. When the group was asked what impact a mea-
surement of the differential cross section in the range say
5◦ < θcm < 30◦ at say 2.4 GeV with a precision of 5%
would have on the phase shifts, the answer was effectively
NONE [15]. SAID already predicts those results with a 2%
uncertainty – despite there being no experimental informa-
tion available in this region. How can we understand this
apparent contradiction?

Professor Rentmeester [Nijmegen NN-online] explains
the situation as follows [16]. For a single–energy proton–
proton phase shift analysis, only the lower partial wave
phase shifts are free parameters. For the higher waves,
fixed values are chosen from the one–pion exchange (OPE)
model, assuming that: (i) The OPE is “known” (its strength
as well as the basic mechanism), and (ii) In the wave where
one starts using just the OPE, the non–OPE contribution
cannot be determined with statistical significance.

The second point could be tested if new data at small
angles, where currently no data exist, enable the determi-
nation of a new phase shift in an analysis. The 2% pre-
dicted uncertainty is very dependent on the parametrisation
and the set of data that are used to determine the free pa-
rameters. If pseudo–data are generated with the predicted
angular shape as the source, such input would only pro-
vide a confirmation of the prediction. The values for the
phase shifts would stay the same; only their uncertainties
might change, depending on the uncertainties assumed for
the pseudo–data. Hence, if one can produce good data in
a region where there is none, they are always potentially
useful.

To contribute usefully to theppdatabase, the cross sec-
tions must be measured absolutely in, say, mb/sr. EDDA
had a relative monitor (measuring electron pairs from the
target) which was normalised to data taken in an external
experiment at low energy. How does one measure directly
the luminosity for internal experiments at a storage ring
without relying on a comparison with a measurement with
an extracted beam ?

The ANKE collaboration and the COSY machine crew
have jointly developed an independent and very accurate
method for determining absolutely the luminosity in an ex-
periment at an internal target position of COSY. The tech-
nique relies on measuring the energy losses due to the elec-
tromagnetic interactions of the beam as it repeatedly passes
through the target by studying the Schottky spectrum [17].
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Fig. 2. Abundance plot of neutron–proton elastic scattering eval-
uated from Ref. [13].

The aim of the proposed experiment at ANKE [18] is to use
this powerful tool in the measurement of the differential
cross section and the proton analysing power of proton–
proton elastic scattering in the energy range from 1.6 to
2.8 GeV for centre-of-mass angles 10◦ < θcm < 30◦.

2.2 Neutron–proton elastic scattering database

Dick Arndt has stressed that there is aGross miscon-
ception within the community that neutron–proton ampli-
tudes are known up to a couple of GeV. The np data above
800 MeV is a DESERT for experimentalists[19]. Thenp
scatter plot of differential cross sections shown in Fig. 2 is
much emptier than that for proton–proton of Fig. 1. There
has been no equivalent of EDDA that could revolutionise
the neutron–proton database.

At COSY we have no neutron beam and so we must
use a deuteron beam or a deuterium target and this raises
the usual questions regarding deuteron corrections. Never-
theless, a large programme of spin physics involving the
deuteron is planned [8].

3 Deuteron charge exchange

By neutron–proton charge exchange we merely mean
near–backwardnpelastic scattering where the final proton
is going close to the direction of the initial neutron. The
np charge–exchange amplitudes measure directly the dif-
ferences between small angleppandnpelastic amplitudes
and hence the differences between amplitudes with isospin
I = 1 andI = 0.

Charge exchange can be studied at COSY with a
deuteron beam of up to≈ 1.1 GeV/A and with a deuterium
target up to≈ 2.8 GeV/A [8]. Of especial interest is the re-
gion of small excitation energiesEpp in the finalppsystem
since, as it was stressed in introduction, the Pauli principle

then demands that the protons should have opposite spin
projections so that they lie in the1S0 state. Hence in the
dp → {pp}Sn reaction there is a spin–flip from the3S1,
3D1 of the deuteron to1S0 of the diproton. The data are
therefore sensitive to spin–flip, isospin–flip transitions, as
indicated pictorially in Fig. 3.

Fig. 3. Symbolic depiction of deuteron charge exchange on the
proton.

The reaction can have a polarisation dependence that
can be linked to that in neutron–proton charge–exchange.
Supposed the deuteron is polarised with spin projection
M = +1 along the beam direction. If we neglect the
deuteronD-state, this means that both the proton and neu-
tron inside the target are polarised withm = + 1

2. In the
final state one of the two protons must have polarisation
m = − 1

2. This means that the data are then sensitive to the
np → pn spin transfer between the initial neutron to the
final proton.

The above hand–waving ideas are put on a more quan-
titative foundation within the impulse approximation model
of Fig. 4 [5]. This will lead to a deuteron charge–exchange
amplitude that is proportional to that fornp → pn times
a form factor that depends upon the overlap of the initial
deuteron with theppscattering wave function. In addition
to all the spin complications, one has to be careful to in-
clude all relevant partial waves in the description of thepp
scattering state.

In impulse (single–scattering) approximation, the
deuteron charge–exchange amplitude is of the form

M = 〈k,m3,m4,m2

∣

∣

∣ f12e
iq·r ∣∣

∣ d,M,m1〉. (2)

Here f12 is the pn elastic charge–exchange amplitude be-
tween the incident proton (of spin projectionm1) to the
final neutron (of spin projectionm2) at momentum transfer
q where, to a very good approximation,q2 = −t. The rel-
ative momentum between the two protons is denoted byk
so thatEpp = k2/m.
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Fig. 4. Impulse approximation diagram for thedp→ {pp}n reac-
tion.

The most general form of thenpamplitude is

fnp = α + iγ(σn + σp) + β(σn · n̂)(σp · n̂)

+δ(σn · m̂)(σp · m̂) + ε(σn · ℓ̂)(σp · ℓ̂), (3)

where the unit basis vectors are defined in terms of the
initial and final c.m. momenta by

n̂ =
p × p ′

|p × p ′| , m̂=
p ′ − p
|p ′ − p | , ℓ̂ =

p ′ + p
|p ′ + p | · (4)

It is convenient to use a normalisation that is frame–
independent where

(

dσ
dt

)

np→pn

= |α|2 + |β|2 + 2|γ|2 + |δ|2 + |ε|2 . (5)

As a first approximation, consider deuteron charge ex-
change data withEpp < 3 MeV where it is reasonable to
assume1S0 dominance. There are then two form factors
that arise from the integral over the Fermi momenta:

S+(k, 1
2q) = 〈ψ(−)

k | j0( 1
2qr)|u〉 +

√
2〈ψ(−)

k | j2( 1
2qr)|w〉 ,

S−(k, 1
2q) = 〈ψ(−)

k | j0( 1
2qr)|u〉 − 〈ψ(−)

k | j2( 1
2qr)|w〉/

√
2, (6)

whereu(r) andw(r) are theS- and D-state components
of the deuteron wave function andψ(−)

k (r) is the pp (1S0)
scattering wave function.

Denote the ratio of the transition form factors by

R= S+(k, 1
2q)

/

S−(k, 1
2q) (7)

and the sum of the modulus–squares of the spin–flip am-
plitudes by

I = |β|2 + |γ|2 + |ε|2 + |δ|2R2. (8)

Impulse approximation applied todp→ (pp)1S0
n then

leads to the following predictions for the differential cross
section, deuteron and proton analysing powers (A), and

spin–spin correlation parameters (C) [5,20,21]:

d4σ

dtd3k
= 1

3 I
{

S−(k, 1
2q)

}2
,

I Ad
y = 0 ,

I Ap
y = −2ℑ(β∗γ) ,

I Axx = |β|2 + |γ|2 + |ε|2 − 2|δ|2R2 ,

I Ayy = |δ|2R2 + |ε|2 − 2|β|2 − 2|γ|2 ,
I Cy,y = −2ℜ(ε∗δ)R,

I Cx,x = −2ℜ(ε∗β)

I Cyy,y = −2Ap
y . (9)

At COSY–ANKE we do not have yet (!) longitudinally
polarised targets or beams. Therefore, in terms of the pro-
ton polarisationQ (target) and deuteron vector and tensor
polarisationsPz andPzz (COSY beam), the observables are
given by [22]:

σ/σ0 = 1+
(

Q Ap
y +

3
2PzA

d
y

)

cosφ

+1
4Pzz

[

(Ayy + Axx) + (Ayy − Axx) cos 2φ
]

+3
4PzQ

[

(Cy,y +Cx,x) + (Cy,y −Cx,x) cos 2φ
]

+1
4PzzQ

[

( 1
2Cxx,y +

1
2Cyy,y +Cxy,x) cosφ

+( 1
2Cxx,y − 1

2Cyy,y +Cxy,x) cos 3φ
]

. (10)

Hereφ is the azimuthal angle with respect to the COSY
ring. Note that the (Ayy + Axx) term has noφ dependence
and so its value cannot be determined from looking at the
angular variation.

4 The experimental facility

Fig. 5. Top view of the ANKE experimental set-up, showing the
positions of the three dipole magnets D1, D2, and D3. The hy-
drogen cluster-jet injects target material vertically downwards.
The Forward Detector (FD) consists of three MWPCs and a ho-
doscope composed of three layers of scintillation counters.

The COSY COoler SYnchrotron of the Forschungszen-
trum Jülich is capable of accelerating and storing protons

05004-p.4
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and deuterons with momenta up to 3.7 GeV/c [23]. The
ANKE magnetic spectrometer of Fig. 5 used for the charge–
exchange reaction study is located at an internal target po-
sition that forms a chicane in the storage ring. Although
ANKE contains several detection possibilities [24], only
those of the Forward Detector (FD) system were used to
measure the two fast protons from thedp→ {pp}n charge
exchange [10], as well as the products associated with the
calibration reactions. The FD consists of multiwire cham-
bers for track reconstruction and three layers of a scintilla-
tion hodoscope that permit time–of–flight and energy–loss
determinations [25]. The measurements were carried out
using a polarised deuteron beam and a hydrogen cluster–
jet target [26]. The main trigger used in the experiment
consisted of a coincidence of different layers in the ho-
doscope of the FD. Figure 6 shows the experimental ac-
ceptance of ANKE for single particles atTd = 1170 MeV
in terms of the laboratory production angle in the horizon-
tal plane and the magnetic rigidity. The kinematical loci
for various nuclear reactions are also illustrated. In ad-
dition to the protons from the deuteron charge exchange
dp→ {pp}n, of particular interest are the deuterons pro-
duced in the quasi–freedp→ pspdπ0 reaction with a fast
spectator proton,psp. It is important to note that these spec-
tators, as well as those from the deuteron breakup,dp→
psppn, have essentially identical kinematics to those of the
charge–exchange protons. As a consequence, the (d, 2p)
reaction can only be distinguished from other processes
yielding a proton spectator by carrying out coincidence
measurements. Deuterons elastically scattered at small an-
gles are well separated from the other particles in Fig. 6.
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Fig. 6.ANKE experimental acceptance for four nuclear reactions
of interest at a deuteron momentum ofpd = 2400 MeV/c.

5 Deuteron Polarimetry at ANKE

The polarised deuteron source at COSY provides dif-
ferent combinations of vector and tensor polarisations as
well as an unpolarised beam. The EDDA detector is now
only used as a proton and deuteron polarimeter and this

is only possible at energies where there are calibration
standards. The analysing powers fordp→ dp have been
well measured atTd = 270 MeV. The EDDA measure-
ments at this energy showed thatPz ≈ 0.74Pideal

z and
Pzz ≈ 0.59Pideal

zz , where thePideal are theideal values of
the polarisation.

Now, due to their small anomalous magnetic moment,
deuterons tend not to depolarise during acceleration – but
this has to be checked! It can be seen from the plot of the
particle angle versus its momentum in Fig. 6 that it is pos-
sible to measure at least four nuclear reactions simultane-
ously at ANKE,viz. dp→3Heπ0, dp elastic scattering,
dp → (pp)n, and quasi–freedp → dπ0 with a spectator
proton [27].

After acceleration toTd = 1170 MeV, thedp→ pspdπ0

reaction was measured atTn = 585 MeV/nucleon. Here the
psp = “spectator” proton that is supposed not to take an ac-
tive part in the reaction. Only events were selected where
the spectator (Fermi) momentum in the deuteron rest frame
was very small, in which case the vector polarisation of the
deuteron was the same as that of the neutron. This there-
fore allows one to measure quasi–freenp→ dπ0 analysing
power as well as its cross section. By charge independence,
the neutron analysing power innp→ dπ0 should be iden-
tical to that of the the proton inpp→ dπ+, for which there
are extensive data [12]. The results shown in Fig. 7 are
consistent with no depolarisation of the deuteron beam be-
tween 270 and 1170 MeV.

Fig. 7. Analysing power of thenp → dπ0 reaction measured at
ANKE compared to the curve of values ofAy in pp→ dπ+, as
extracted from the SAID database [12].

Elastic deuteron–protonscattering events can be picked
out very easily just by looking at the momentum spec-
trum of a single particle measured in ANKE. This gives
rise to the narrow peak at a momentum just a bit lower
than that of the beam (2400 MeV/c) in Fig. 8. Since this
is a logarithmic scale, the background is very small, as can
be seen in the Gaussian fit on a linear scale in the right
panel of the figure. The even bigger but wider peak for
p ≈ 1200 MeV/c correspond to protons that arise from the
break–up of deuterons which have twice the momentum on
average.
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Fig. 8. Left: Single–track momentum spectrum for thedp data at
1170 MeV on a logarithmic scale. Right: Fit result of the elastic
peak region with a Gaussian function on a linear scale.

Using just the deuteron identification from the peak in
Fig. 8 it was possible to extract values of both the ten-
sor and vector analysing powers of elastic deuteron–proton
scattering assuming that the COSY beam polarisations were
as given by the EDDA polarimeter. In this way results were
found that were compatible with those published at neigh-
bouring energies from Argonne [28] and Saclay [29], as
demonstrated in Fig. 9.

The other calibration reaction that can be studied is that
of dp→ 3Heπ0. Since this is a two-body reaction it shows
up as an isolated angle in a plot of3He angleversusmo-
mentum. Using the EDDA values of the deuteron polarisa-
tions, the results achieved for the forward analysing power
was

AANKE
yy (θ = 0◦) = 0.461± 0.030

AS ATURNE
yy (θ = 0◦) = 0.458± 0.014. (11)

The ANKE data were in complete agreement with those
from Saclay [30], where the reaction was only measured in
the forward direction.

In summary therefore, the agreement with other data
on the three calibration reactions show that, to within a few
percent, deuterons do not depolarise inside COSY and so
we can now look at the deuteron charge exchange, which
is the main goal of the programme.

6 The dp→ {pp}n reaction

The results for the tensor analysing powers (Aii ) of the

d
→

p → {pp}n reaction atTd = 1170 MeV are shown
in Fig. 10 [10]. These are compared with the predictions
of the impulse approximation program [20] using as in-
put neutron–proton amplitudes taken from the SAID anal-
ysis [12].

The first thing to notice is that, as the excitation energy
Epp increases, the analysing powers are reduced a bit. This
is because the amount of spin–tripletP-waves in thepp
system increases withEpp and, in impulse approximation,

 [deg]d
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yy

A
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Fig. 9. Vector (upper panel) and tensor analysing powers (lower
panel) for elastic deuteron–proton scattering at small forward an-
gles. The ANKE data at 1170 MeV [27] (solid squares) were ob-
tained using information solely from the forward detector sys-
tem. These data are compared to the results from Argonne at
1194 MeV [28] (open circles) and SATURNE at 1198 MeV [29]
(open triangles).

spin–triplet pp waves introduce tensor analysing powers
of the opposite sign [5]. This effect can, to some extent,
be countered by looking also at the angle between the mo-
mentum transferq and thepprelative momentumk. When
these two vectors are perpendicular,k · q = 0, spin-triplet
final states cannot be excited and so the signal then remains
large. This is illustrated in the figure by considering sepa-
rately the intervals| cosθ| ≶ 0.5. The predicted curves in-
clude all finalpppartial waves but these are taken as plane
waves for angular momenta aboveL = 2 [20].

The precision of these data is such that one can derive
ratios of amplitudes that are comparable in statistical accu-
racy with those that are in the current databases [12]. Thus,
at 585 MeV per nucleon, we find

|β(0)|/|ε(0)|ANKE = 1.86± 0.15,

|β(0)|/|ε(0)|S AID = 1.79± 0.27.

Where the amplitudes are well known one gets reliable re-
sults.

One obvious question is: what causes the sharp angu-
lar dependence that is seen in Fig. 10? If we neglect the
deuteronD-state and contamination fromP and higherpp
waves, all theq dependence must come from the neutron–
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Fig. 10. Cartesian tensor analysing powersAyy (open symbols)
andAxx (closed) of thedp→ (pp)n reaction for a) 0.1 < Epp <

1 MeV, and b) 1< Epp < 3 MeV. The circles correspond to
events where| cosθqk| < 0.5 whereas the stars denote| cosθqk| >
0.5. The solid and broken curves, which involve respectively the
same angular selection, follow from the impulse approximation
program of Ref. [20], for which the 585 MeV input amplitudes
were taken from Ref. [12].

proton charge–exchange amplitudes, which leads to:

Axx =
|β|2 + |γ|2 + |ε|2 − 2|δ|2
|β|2 + |γ|2 + |ε|2 + |δ|2 ,

Ayy =
|δ|2 + |ε|2 − 2|β|2 − 2|γ|2
|β|2 + |γ|2 + |ε|2 + |δ|2 · (12)

At q = 0 we haveβ(0) = δ(0) andγ(0) = 0 and, con-
sequently,Axx = Ayy in the forward direction. This is, of
course, a general result because in the forward direction
we have no way of distinguishing between thex andy di-
rections.

Of greater interest is the fact that the one-pion-exchange
amplitude only contributes directly to theδ amplitude. If
just to take an undistorted amplitude, then we would find
that it went something like:

fnp ≈
(σ1 · q )(σ2 · q )

(µ2 + q2)
, (13)

whereµ is the pion mass. This would vanish in the forward
direction and definitely not be acceptable. If, on the other

hand, one merely damps thenp S-wave one ends up with
the model, where theδ amplitude has the form:

δ(q) ≈ δ(0)
µ2 − q2

µ2 + q2
, (14)

which is a good approximation to much data.
Notice that, according to Eq.14 theδ amplitude should

vanish aroundq ≈ µ. Equation (12) then shows thatAxx

should approach its maximum value of+1 forq ≈ 140 MeV/c,
which it does in Fig. 10. On the other hand, since it is
known that|β| > |ε|, it follows that Ayy should become
large and negative when the momentum transfer is close to
the pion mass.

q [MeV/c]
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q 
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σd

0

1

2

3

4

Fig. 11.Unpolarised differential cross section for thedp→ {pp}n
reaction forEpp < 3 MeV [11] compared with the impulse ap-
proximation predictions [20].

In order to show that one can extract information about
neutron–proton amplitudes and not merely ratios, one has
to describe absolute cross sections as well as the analysing
powers. By evaluating the luminosity from the quasi–free
np → dπ0 reaction, the shadow effect in the deuteron
(where one nucleon hides behind the other) largely cancels
out between thedp → {pp}n anddp → pspdπ0 and this
leads to the charge exchange cross section results shown
in Fig. 11 forEpp < 3 MeV [11]. The agreement with the
calculation of the unpolarised cross section in impulse ap-
proximation [20] is very encouraging.

Data atTd = 2.27 GeV (Tn ≈ 1.15 GeV) are currently
being analysed and the firstpreliminary results are shown
in Fig. 12. Here the neutron–protonamplitudes are not well
known and the deviations from the curves predicted on the
basis of the current SAID analysis [12] strongly suggest
that these data can contribute to the establishment of re-
liable np amplitudes. The absolute normalisation will be
achieved here on the basis of the fast spectator protons
since thepn → dπ0 cross section is too low at high en-
ergies. This work is in progress.

While these proceedings were being prepared the
ANKE collaboration has taken the data for the first mea-

surement of spin correlations in thed
→

p
→→ {pp}n reac-

tion [31]. This was much harder than the earlier experi-
ments because it has conducted with a long polarised gas
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Fig. 12. Cartesian tensor analysing powersAyy (open symbols)
andAxx (closed) of thedp→ (pp)n reaction at beam energy of
Td = 2.27 GeV for 0< Epp < 3 MeV. The The solid curves are
the results of the impulse approximation program [20], for which
the 1150 MeV input amplitudes were taken from Ref. [12].

q [MeV/c]
0 50 100 150

S
pi

n-
co

rr
el

at
io

n 
co

ef
fic

ie
nt

s

-1

-0.5

0

0.5

y,yC

x,xC

q [MeV/c]
0 50 100 150

A
na

ly
si

ng
 p

ow
er

s

-0.1

0

0.1

0.2

yy,yC

p
yA

Fig. 13. Predicted vector spin–correlation coefficients (upper
panel) and the proton analysing power, as well as the tensor spin–
correlation coefficient (lower panel), in the deuteron charge–
exchange reaction at 585 MeV/nucleon for cuts in excitation en-
ergy of Epp < 1 MeV (solid line) andEpp < 3 MeV (dashed
line) [20].

cell target where the density is low and the vertex is far
less well determined. As can be seen from Eq. 10,Cy,y is
proportional to an interference between theε andδ ampli-
tudes. As a consequence one can expect much structure in
these observables and the impulse approximation predic-
tions at 585 MeV per nucleon for all the observables that
are currently measurable at ANKE are shown in Fig. 13.

7 Why stop at the neutron?

]2mass [GeV/c
0.8 1 1.2 1.4 1.6 1.8

0
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310×

Fig. 14. Numbers of events from the unpolariseddp→ {pp}SX
at Td = 2.27 GeV as a function of the missing massmX. In addi-
tion to the neutron peak, one sees clear evidence for the excitation
of the∆0 isobar.

It was already shown at Saclay many years ago that at
Td = 2 GeV one can also excite the∆(1232) isobar in the
charge–exchange reactiond

→
p → {pp}∆0 and substantial

tensor analysing powers were measured [32]. In impulse
approximation, these are also sensitive to a spin–transfer
from the neutron to the proton innp→ p∆0, which is very
hard to measure directly. The Saclay spectrometer SPESIV
had a very small acceptance and the experiments are now
being repeated at ANKE. It is far too early to quote results
but it is seen from Fig. 14 that the∆(1232) is seen very
clearly in the raw data.

Hence it seems that ANKE will also provide useful in-
formation on the spin structure of∆ excitation in neutron–
proton collisions. This field will expand tremendously when
the beam and target are interchanged and ANKE measures
pd→ {pp}∆ with both slow protons in the Silicon Track-
ing Telescope system (STT) [33] and the products of the
∆0→ pπ− in the ANKE magnetic spectrometer.

8 Summary and outlook

– COSY–ANKE can contribute to theppelastic database
for 5◦ < θcm < 30◦ up to the maximum beam energy of
≈ 3 GeV.

– It can contribute to the small anglenpcharge–exchange
database up to 1.1 GeV with a polarised deuteron beam
and 3 GeV with a polarised deuterium target.

– Theoretical work is needed to evaluate deuteron cor-
rections todp→ {pp}n.

– A lot of data will be taken on small anglenp elastic
scattering through the measurement of thedp→ {pn}p
reaction. The deuteron corrections are much larger here
and significant theoretical work is going to be needed
to disentangle them.

– Production of the∆(1232) will also be studied in near-
est future inpd→ {pp}∆ channel as well.

05004-p.8



19th International IUPAP Conference on Few-Body Problems in Physics

We are grateful to R. Gebel, B. Lorentz, H. Rohdjeß, and D. Pra-
suhn and other members of the accelerator crew for the reliable
operation of COSY and the deuteron polarimeters. We would
like to thank I.I. Strakovsky for providing us with up–to–date
neutron–proton amplitudes. This work has been supported by the
COSY FFE program, HGF–VIQCD, and the Georgian National
Science Foundation Grant (GNSF/ST06/4-108).

References

1. R.A. Arndt, I.I. Strakovsky, R.L. Work-
man, Phys. Rev. C 62, (2000) 034005;
http://gwdac.phys.gwu.edu.

2. F. Lehar, C. Wilkin, Eur. Phys. J. A37, (2008) 143.
3. N.W. Dean, Phys. Rev. D5, (1972) 1661; N.W. Dean,

Phys. Rev. D5, (1972) 2832.
4. V.I. Sharovet al., Czech. J. Phys.56, (2006) F117;

idemDubna preprint E1-2008-61 (2008).
5. D.V. Bugg, C. Wilkin, Nucl. Phys. A467, (1987) 575.
6. C. Ellegaardet al., Phys. Rev. Lett.59, (1987) 974.
7. S. Koxet al., Nucl. Phys. A556, (1993) 621.
8. A. Kacharava, F. Rathmann, C. Wilkin,Spin Physics

from COSY to FAIR, COSY proposal152 (2005),
arXiv:nucl-ex/0511028.

9. K. Grigoryevet al., AIP Conf. Proc.915, (2007) 979.
10. D. Chiladzeet al., Phys. Lett. B637, (2006) 170.
11. D. Chiladzeet al., Eur. Phys. J. A40, (2009) 23.
12. R.A. Arndt et al., Phys. Rev. C50, (1994) 2731;
http://gwdac.phys.gwu.edu/analysis/.

13. Nijmegen NN-online, available from
http://nn-online.org.

14. M. Altmeieret al., Phys. Rev. Lett.85, (2000) 1819;
www.iskp.uni-bonn.de/gruppen/edda/

edda.html.
15. R.A. Arndt and I.I. Strakovsky, private communica-

tions (2009).
16. M. Rentmeester [Nijmegen NN-online], private com-

munication (2009).
17. H.J. Steinet al., Phys. Rev. ST Accel. Beams,11,

(2008) 05281.
18. D. Chiladze et al., COSY proposal No.200;
www.fz-juelich.de/ikp/anke/en/proposal/.

19. R.A. Arndt, private communication (2004).
20. J. Carbonell, M.B. Barbaro, C. Wilkin, Nucl. Phys. A

529, (1991) 653.
21. M.B. Barbaro and C. Wilkin, J. Phys. G15, (1989)

L69.
22. G.G. Ohlsen, Rep. Prog. Phys.35, (1972) 717.
23. R. Maieret al., Nucl. Instrum. Methods A390, (1997)

1.
24. S. Barsovet al., Nucl. Instr. Meth. A462, (2001) 364.
25. S. Dymovet al., Part. Nucl. Lett.1, (2004) 40.
26. A. Khoukazet al., Eur. Phys. J. D5, (1999) 275.
27. D. Chiladzeet al., Phys. Rev. ST Accel. Beams9,

(2006) 050101.
28. M. Haji-Saidet al., Phys. Rev. C36, (1987) 2010.
29. J. Arvieuxet al., Nucl. Instr. Meth. A273, (1988) 48.
30. C. Kerboulet al., Phys. Lett. B181, (1986) 28.

31. A. Kacharavaet al., COSY proposal No.172 (2007);
www.fz-juelich.de/ikp/anke/en/proposal/.

32. C. Ellegaardet al., Phys. Lett. B231, (1989) 365.
33. R. Schleichertet al., IEEE Trans. Nucl. Sci.50, (2003)

301.

05004-p.9


