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Abstract

A good understanding of the Nucleon–Nucleon interaction (NN) remains one of the
most important goals of nuclear and hadronic physics. Experiments at COSY, using
a polarised deuteron beam and/or target, can lead to significant improvements in
the np database by studying the quasi–free reaction on the neutron in the deuteron
- dp→ {pp}sn. The impulse approximation links the observables of this reaction
with those for the np→ pn process.

The unpolarised differential cross section and the two deuteron tensor analysing
powers Axx and Ayy of the d⃗p→ {pp}sn charge-exchange reaction have been mea-
sured with the ANKE spectrometer at the COSY storage ring. Using deuteron
beams with energies 1.2, 1.6, 1.8, and 2.27 GeV, data were obtained for small mo-
mentum transfers to a {pp} system with low excitation energy, so that the final
diproton is mainly in 1S0 state. The results at the three lower energies are con-
sistent with impulse approximation predictions based upon the current knowledge
of the neutron-proton amplitudes. However, at 2.27 GeV, where these amplitudes
are far more uncertain, agreement requires a reduction in the overall spin-flip con-
tribution, with an especially significant effect in the longitudinal direction. These
conclusions are supported by measurements of the deuteron-proton spin-correlation
parameters Cx,x and Cy,y that were carried out at 1.2 and 2.27 GeV. The values
obtained for the proton analysing power Ap

y also suggest the need for a radical re-
evaluation of the neutron-proton elastic scattering amplitudes at the higher energy.
It is therefore clear that such measurements can provide a valuable addition to the
neutron-proton database in the charge-exchange region.

Experiments have extended these studies into the pion-production regime in or-
der to investigate the excitation of the ∆(1232) isobar in the dp→ {pp}s∆0 reaction.
These data have proven to provide useful information on the elementary np→ p∆0

process.
This thesis introduces the experimental np program at ANKE/COSY, describes

the facility, where the measurements were conducted, gives a detailed description of
the analyses technique involved in these studies and, finally, presents the achieved
physics results.
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Chapter 1

Introduction

A huge progress has been made in different fields of physics, as well as in other

natural sciences, in the past century. The “driving force” for this was human’s

curiosity, arising from the questions: “How was the world created?”, “What is it

made of?”. The more we know about the surrounding world, the more clearly we

realise that much more knowledge is necessary to explain the laws of nature and

finally, answer the most important questions of the mankind.

The Big Bang theory, which managed to describe the evolution of the universe

starting from a very early stage, does not give any hint about how the Big Bang was

actually induced. The Standard Model, which is considered as the most advanced

model nowadays, still has some deficiencies. One of these is to why there is no

experimental observation of the CP violation in the strong interactions while the

quantum chromodymanics does not restrict this. Another concern is the neutrino

oscillation, a well observed experimental fact that can not be properly explained

within the Standard Model. Furthermore, the mystery of the antimatter still remains

unsolved. All these suggest that there must be physics beyond the Standard Model

that needs to be explored.

In the process of searching for the solutions for the world’s puzzles scientists were

looking deeper and deeper into the structure of matter, and our understanding of

matter was changing from molecules to atoms, from nuclei to nucleons and, finally,

quarks were discovered. The nucleon-nucleon interaction appears to be a conse-

quence of the strong interaction between quarks. Since quarks are not accessible

directly, investigating the nuclear forces, we acquire knowledge about the quark-

gluon interaction i.e. about the strong force and are preparing to make the next

step towards a better understanding of the world, that surrounds us.
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Chapter 1

Apart from their intrinsic importance for the study of nuclear forces, “nucleon-

nucleon” data are necessary ingredients in the modelling of meson production and

other nuclear reactions at intermediate energies. The phase shift analysis is one of

the main tools used here to interpret the NN observables. The SAID (‘Scattering

Analysis Interactive Dial-In’) database and analysis program [1] have proved to be

truly invaluable tools over many years for researchers working in this area. The

SAID program uses NN experimental elastic scattering data in order to perform

a phase shift analysis up to a certain orbital angular momentum Lmax and uses a

theoretical model for higher L. Lmax can be increased as new significant experimental

data become available. By assuming that the phase shifts vary smoothly with beam

energy, predictions can be made for observables at a particular energy, where no

experimental data might even exist, and it is in this way that the SAID program is

most commonly used.

Clearly any amplitude analysis can only be as good as the data used in its im-

plementation. Lots of proton-proton observables, such as differential and total cross

sections, single and multi-spin observables, have been measured up to high energies

and this has allowed the construction of reliable isospin I = 1 phase shifts up to

at least TN ≈ 2 GeV, but our knowledge is still poor at higher energies, especially

at small angles. The situation is even more serious for the isoscalar I = 0 case of

neutron-proton scattering where very little is known above about 1 GeV and data

that do exist are not necessarily very well reproduced by the SAID program. For

example, the only differential cross section data for large angle np scattering [2],

in the so-called charge-exchange region, seem to be consistently over-predicted in

the SAID analysis. Hence, more precise experimental data on neutron-proton scat-

tering are essential to perform reliable phase shift analysis at higher energies. The

primary aim of these studies at ANKE is to provide useful experimental np data at

intermediate energies.

Experiments with neutron beams are complicated due to additional problems

associated with the quality of neutron beams and/or the detection of neutrons. The

deuteron is often used successfully as a substitute target or beam. 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 [3].

The backward amplitudes can be studied by comparing the quasi-free (p, n) or

(n, p) reactions on the deuteron to the free backward elastic scattering on a nucleon

2



Section 1.0

target. It was suggested over 60 years ago, that the reaction on the deuteron, is suit-

able kinematic region, could be used as a spin filter that selects the spin-dependent

contribution to the np elastic cross section [4]. This sensitivity arises from the Pauli

principle, which blocks any spin-1 component in the low energy nn or pp system.

Using this, Bugg and Wilkin developed a single scattering (impulse) approximation

methodology for the (d, 2p) reaction and linked the observables of this reaction with

those for backward or so called charge-exchange np-elastic amplitudes [5].

This thesis is devoted to the study of the dp→ {pp}sn reaction spin observables

at different energies that, together with existing pp elastic scattering data, give

valuable information about the np elastic amplitudes at large angles.

3
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Chapter 2

Neutron-proton database

Experiments providing useful data on neutron-proton scattering that have been

carried out up to now, together with achieved results, are described in detail in

Ref. [6]. Unfortunately, not all of these experimental data (relatively older) are

implemented in phase shift analyses (PSA). However, other data provide a useful

check of PSA solutions. These data are summarised in this chapter and also the

comparison with SAID phase shift analysis is demonstrated for different observables.

2.1 Unpolarised observables

The charge-exchange of neutrons or protons on the deuteron has a very long history.

Apart from Coulomb effects, by charge symmetry the cross section for d(n, p) and

d(p, n) reactions should be identical. The proton and neutron bound in the deuteron

are in a superposition of 3S1 and 3D1 states with parallely aligned spins. On the

other hand, if the four-momentum transfer t = −q2 between the incident neutron

and final proton in the nd→ p{nn} reaction is very small, due to the Pauli principle,

the two emerging neutrons are required to be in the spin-singlet states 1S0 and
1D2.

In impulse (single-scattering) approximation the transition amplitude is expected

to be proportional to a spin-flip isospin-flip nucleon-nucleon scattering amplitude

times a form factor, representing the overlap of the initial spin-triplet deuteron

wave function with that of the unbound (scattering-state) nn wave function.

The energy spectrum of the proton from the d(n, p)nn reaction would clearly

depend upon the deuteron and nn wave functions, i.e., upon low energy nuclear

5



Chapter 2

physics. However, Dean showed that, if one integrated over all the proton energies,

there was a closure sum rule where all the dependence on the nn wave function

vanished [7].(
dσ

dt

)
nd→p{nn}

= [1− F (q)]

(
dσ

dt

)SI
np→pn

+ [1− 1
3
F (q)]

(
dσ

dt

)SF
np→pn

, (2.1)

where F (q) is the deuteron form factor. Here the neutron-proton differential cross

section consists of two parts. The first part corresponds to the contribution that is

independent of any spin transfer (SI) between the initial neutron and final proton

and the second one to a spin flip (SF).

When the beam energy is high enough, then in the forward direction q ≈ 0,

F (0) = 1, and Eq. (2.1) reduces to(
dσ

dt

)
nd→p{nn}

=
2

3

(
dσ

dt

)SF
np→pn

. (2.2)

There are modifications to Eq. (2.1) through the deuteron D-state though these do

not affect the forward limit of Eq. (2.2) [7, 5]. As a consequence, the ratio

Rnp(0) =

(
dσ

dt

)
nd→p{nn}

/(
dσ

dt

)
np→pn

=
2

3

(
dσ

dt

)SF
np→pn

/(
dσ

dt

)
np→pn

(2.3)

should be to two thirds of the fraction of spin flip in np→ pn between the in-

cident neutron and proton outgoing in the beam direction. Hence, the ratio of

two unpolarised cross sections can give information about the spin dependence of

neutron-proton scattering. Due to this, many groups have made experimental stud-

ies in this direction, starting from very low energies and extending up to 2 GeV [8].

Note that such an interpretation of the cross section ratio is useful when the energy

is sufficiently high for the Dean sum rule to converge before any phase space limi-

tations become important. The longitudinal momentum transfer must be negligible

and terms other than the np→ pn impulse approximation should not contribute

significantly to the evaluation of the sum rule. Although the strong NN FSI helps

with these concerns, all the caveats indicate that Eq. (2.3) would provide at best

only a qualitative description of data at the lower energies.

Alternatively, one can measure the excitation energy (Epp) in the outgoing dineu-

tron or diproton with good resolution and then evaluate the impulse approximation

6
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directly by using deuteron and NN scattering wave functions. This avoids problems

with convergence of the sum rule and so might provide useful results down to lower

energies. A second important feature of the d(p, n)pp reaction in these conditions

is that the polarisation transfer between the initial proton and the final neutron is

expected to be very large.

Bugg and Wilkin [5, 9] showed that, in the small Epp limit, the deuteron tensor

analysing powers in the p(d⃗, {pp})n reaction should also be large and sensitive to

the differences between the neutron-proton spin-flip amplitudes. This realisation

provided an impetus for the study of high resolution p(d⃗, {pp})n experiments.

2.2 Unpolarised data

Data are available on theRnp andRpn parameters in, respectively, inclusive d(n, p)nn

and d(p, n)pp reactions at energies that range from tens of MeV up to 2 GeV, while

polarisation transfer data are well investigated only up to 800 MeV.

 [MeV]NT

0 500 1000 1500 2000

(0
)

np
R

0.2

0.4

0.6

0.8

Figure 2.1: Experimental data on the Rnp(0) ratio taken in the forward direction. The
closed circles are from the (n, p) data, the open circles from the (p, n) data, and the cross
from the (d, 2p) datum. These results are compared to the predictions of Eq. (2.6) using
the current SAID solution [1], which is available up to a laboratory kinetic energy of
1.3GeV. The dashed curve takes into account the limited phase space available at the
lower energies.

Four experimental programmes have been devoted to the study of the cross sec-

tion and tensor analysing powers of the p(d⃗, {pp})n reaction using very different

7
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experimental techniques. In general impulse approximation gives a reasonable de-

scription of the data out to a three-momentum transfer of q ≈ mπ by which point

multiple scatterings might become important. These data are however only available

in an energy domain where the neutron-proton database is extensive and reliable.

The values of Rnp(0) and Rpn(0) from different experiments are shown in Fig. 2.1.

These data are compared with predictions from the current GW/VPI [10] phase

shift analysis obtained on the basis of Eq. (2.6). They are also shown in Fig. 2.1

up to the limit of their validity at 1.3 GeV. At low energies the spin-independent

contribution dominates and the Rnp(0) ratio gets small, as indicated by the phase

shift predictions. A dashed curve shows a slight effect from limited phase space. A

much more important effect is the cut in the experimental data analysis, put onto

the emerging neutron or proton in order to isolate the charge-exchange contribution

from that of other mechanisms. At low energies this procedure becomes far more

ambiguous, because relatively severe cuts have to be imposed.

The data in Fig. 2.1 seem to be largest at around the lowest PSI point [11],

which is very close to the allowed limit of 0.67. In fact, if the Glauber shadowing

effect is taken into account [12], this limit might be reduced to perhaps 0.63. As

phase shift analysis show, the contribution from the spin-independent term is very

small in this region. On the other hand, in the region from 1.0 to 1.3 GeV the phase

shift curve lies systematically above the experimental data. Since the conditions for

the Dean sum rule seem to be best satisfied at high energies, this suggests that the

SAID solution underestimates the spin-independent contribution above 1 GeV. It

has to be noted that the experimental np database is far less rich in this region.

2.3 Polarised observables

An input necessary for the evaluation of the forward charge exchange observables

can be expressed as combinations of pure linearly independent np→ np observables

evaluated in the backward direction [13]. The NN formalism gives two series of po-

larisation transfer parameters that are mutually dependent [14]. If the polarisation

is transferred from the beam (b) to recoil (r) particles, or from the target (t) to the

8



Section 2.3

scattered (s) particle, then

dσ

dt
K0rb0 =

1

4
Tr
{
σ2rMσ1bM

†} ,
dσ

dt
Ks00t =

1

4
Tr
{
σ1sMσ2tM

†} . (2.4)

Here σ1s, σ1b, σ2t, and σ2r are the corresponding Pauli matrices and M is the scat-

tering matrix. The unpolarised invariant elastic scattering cross section

dσ

dt
=

π

k2
dσ

dΩ
=

1

4
Tr
{
MM †} , (2.5)

where k is the momentum in the CM frame and t = −q2 is the four-momentum

transfer.

A first series of parameters describes the scattering of a polarised neutron beam

on an unpolarised proton target, where the polarisation of the final outgoing pro-

tons is measured by an analyser through a second scattering. The spins of the

incident neutrons can be oriented either perpendicularly or longitudinally with re-

spect to the beam direction and the final proton polarisations are measured in the

same directions. At θCM = π there are two independent parameters, K0nn0(π) and

K0ll0(π), referring respectively to the transverse (n) and longitudinal (l) directions.

It was shown in Ref. [13] that the forward d(n, p)n/p(n, p)n cross section ratio can

be written in terms of these as

Rnp(0) =
1

6
{3− 2K0nn0(π)−K0ll0(π)} . (2.6)

A second series of parameters describes the scattering of an unpolarised neutron

beam on a polarised proton target, where it is the polarisation of the final outgoing

neutron that is determined. This leads to the alternative expression for Rpn(0):

Rnp(0) =
1

6
{3− 2Kn00n(π) +Kl00l(π)} , (2.7)

where Kn00n(π) = K0nn0(π) but Kl00l(π) = −K0ll0(π).

In plane wave impulse approximation, the one non-vanishing deuteron tensor

analysing power in the p(d, {pp})n reaction in the forward direction, assuming that

the excitation energy in the pp system is very small such that it is in the 1S0 state [5,

9
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13], can be expressed in terms of the same spin-transfer parameters:

ANN(0) =
2(K0ll0(π)−K0nn0(π))

3−K0ll0(π)− 2K0nn0(π)
· (2.8)

From now on the nucleon-deuteron observables will be labelled with capital letters

and only carry two subscripts.

In the same approximation, the longitudinal and transverse spin-transfer param-

eters between the initial proton and the final neutron in the d(p⃗, n⃗)pp are similarly

given by

KLL(0) = −
[
1− 3K0ll0(π) + 2K0nn0(π)

3−K0ll0(π)− 2K0nn0(π)

]
,

KNN(0) = −
[
1 +K0ll0(π)− 2K0nn0(π)

3−K0ll0(π)− 2K0nn0(π)

]
. (2.9)

Independent of any theoretical model, these parameters are related by [15, 16]

KLL(0) + 2KNN(0) = −1. (2.10)

Equally generally, in the 1S0 limit the forward longitudinal and transverse deuteron

tensor analysing powers are trivially related;

ALL(0) = −2ANN(0). (2.11)

These are then connected to the spin-transfer coefficients through [16]

ALL(0) = −(1 + 3KLL(0))/2 or ANN(0) = −(1 + 3KNN(0))/2. (2.12)

Note that the model-independent equations (2.10), (2.11), and (2.12) are exact

if the final pp system is in the 1S0 state.

The variation of the np backward elastic cross section with energy and the values

of Rnp(0), ANN(0), and KLL(0) have been calculated using the energy dependent

GW/VPI PSA solution SP07 [1]. The relations between the observables used in

Refs. [1] and [14] are to be found in the SAID program.

The GW/VPI PSA for proton-proton scattering predictions, according to the

authors, are at best qualitative below 2.5 GeV [1]. Besides, one cannot use the

SAID program to estimate the errors of any observable. Although the equivalent

10
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PSA for neutron-proton scattering was carried out up to 1.3 GeV, very few spin-

dependent observables have been measured above 1.1 GeV.

2.4 Polarised data

The values of KNN(0) and KLL(0) measured in various experiments are presented

in Fig. 2.2. The results are compared with the predictions of the pure 1S0 plane

wave impulse approximation of Eq. (2.9) that used the SAID phase shifts [1] as

input. Wherever possible the data are extrapolated to Epp = 0. This is especially

important at low energies and, if this causes uncertainties or there are doubts in the

calibration standards, such data are indicated with open symbols.

 [MeV]NT

0 500 1000

(0
)

LL
K

-0.8

-0.6

-0.4

-0.2

0

 [MeV]NT

0 500 1000

(0
)

N
N

K

-0.4

-0.2

0

Figure 2.2: Forward values of the longitudinal and transverse polarisation transfer pa-
rameters KLL(0) and KNN (0) in the d(p⃗, n⃗)pp reaction as functions of the proton kinetic
energy TN . Data of greater confidence, which are from Refs. [17] (stars), [18] (circles),
[19] (triangle), [20, 21] (squares), and the average of the five TUNL low energy points [22]
(inverted triangle) are represented by closed symbols. The open symbols corresponds to
Refs. [23] (diamonds), [24] (triangle), [25] (circle), [26] (crosses), and [27] (star). The curve
is the plane wave 1S0 prediction of Eq. (2.8).

The description of the data by the impulse approximation curve is semi-quantitative,

especially for the more “reliable” results. At high energies this approach is expected

to perform better but it is probably significant that the curve falls below the Mc-

Naughton et al. results [17] in the 500 to 800 MeV range. The Glauber correc-

tion [12, 5] is not expected to be a solution to make up this difference. Therefore,

this suggests that the current values of the SAID neutron-proton charge-exchange

11
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amplitudes [1] might require some slight modifications in this energy region. Similar

evidence is found from the measurements of the deuteron analysing power, to which

we now turn.

It was already demonstrated through Eq. (2.12) that in the 1S0 limit the deuteron

(d⃗, 2p) tensor analysing power in the forward direction can be directly evaluated in

terms of the (p⃗, n⃗) polarisation transfer coefficient. Therefore, instead of measuring

beam and recoil polarisations, much of the same physics can be investigated by

measuring the analysing powers with a polarised deuteron beam without any need

to detect the polarisation of the final particles. This is the approach advocated by

Bugg and Wilkin [9, 5]. One of the benefits in this case is that one does not need

a large acceptance detector, because only a small part of the p(d⃗, 2p)n final phase

space, where Epp is at most a few MeV, needs to be recorded. Four separate groups

have undertaken major programmes using different electronic equipment.

In Fig. 2.3 the experimental values of the deuteron tensor analysing power in

the d⃗p → {pp}n reaction extrapolated to the forward direction are shown. The

error bars include some attempt to take into account the uncertainty in the angular

extrapolation. The excitation energy in the final diproton in all experiments is below

1 MeV [28, 29, 30, 31] so that it is in the 1S0 state. In such conditions the plane

wave impulse approximation predictions of Eq. (2.8) in the forward direction should

be quite reliable. The description the experimental data is better in regions where

the neutron-proton phase shifts are well determined.

The values of ANN deduced using Eq. (2.12) from some of the d(p⃗, n⃗)pp mea-

surements are also shown in Fig. 2.3. The consistency between the (d⃗, pp) and (p⃗, n⃗)

data is striking and it is interesting to note that they both suggest values of ANN

that are slightly lower in magnitude at high energies than those predicted by the

np phase shifts of the SAID group [1]. The challenge now is to continue measuring

these data in the range of even higher energies, where much less is known.

Let us summarise the present status of the np database at intermediate energies.

About 2000 spin-dependent np elastic scattering data points were determined at

SATURNE over large angular intervals mainly between 0.8 and 1.1 GeV [33, 34].

A comparable amount of np data in the region from 0.5 to 0.8 GeV was measured

at LAMPF [35] and in the energy interval from 0.2 to 0.56 GeV at PSI [36]. The

TRIUMF group also contributed significantly up to 0.515 GeV [37]. Except for

these, none of the Rnp(0) nor the analysing power data presented here have so far

been included in any of the existing phase shift analyses.
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Figure 2.3: Forward values of the deuteron tensor analysing power in the d⃗p → {pp}n
reaction as a function of the kinetic energy per nucleon TN . The directly measured exper-
imental data (closed symbols) from SPES IV (squares) [28], EMRIC (closed circles) [30],
ANKE (stars) [31, 32], and RCNP (triangles) [29] were all obtained with a pp excitation
energy of 1 MeV or less. The error bars include some estimate of the uncertainty in the
extrapolation to θ = 0. The open symbols were obtained from measured values of the po-
larisation transfer parameter in d(p⃗, n⃗)pp by using Eq. (2.12). The data are from Refs. [17]
(circles), [18] (squares), [19] (cross), and [20, 21] (triangles). The curve is the plane wave
1S0 prediction of Eq. (2.8).

The SATURNE and the PSI data were together sufficient to implement the PSA

procedure and even perform a direct amplitude reconstruction at several energies

and angles. The existing spin-dependent intermediate energy data are more or less

sufficient for this procedure only up to 0.8 GeV, while there is a lack of np differential

cross section data at higher energies, mainly at intermediate angles. In addition,

very little is known about np spin observables above 0.8 GeV.
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Deuteron charge-exchange on

hydrogen

Deuteron-proton charge-exchange reaction can be employed to investigate different

spin observables of the np→ pn charge-exchange reaction. In the impulse approxi-

mation, when the momentum transfer between incident neutron and target proton

is low, two fast protons emerge in the forward direction (small polar angles). By

choosing the pp pairs with very small relative momenta, only the transitions from

spin-triplet states of the deuteron to spin-singlet states of the diproton are selected.

The data are thus sensitive to spin-flip, isospin-flip transitions and provide valuable

information about the spin-dependent np charge-exchange amplitudes. Together

with the pp elastic data, these will allow the reconstruction of the I = 0 elastic am-

plitudes. This chapter gives a theoretical description of the dp→ {pp}sn reaction

in the impulse approximation and demonstrates the connection between the dp and

np observables. The impulse approximation methodology has been checked exper-

imentally at ANKE, which proved this to be a valuable tool for the np amplitude

studies. The main achievements of this experiment are presented at the end of the

chapter.
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3.1 The dp→ {pp}sn reaction in impulse approximation

The elementary np→ pn charge-exchange amplitude may be written in terms of five

scalar amplitudes in the cm system as

fnp = α(q) + iγ(q)(σ⃗1 + σ⃗2) · n⃗+ β(q)(σ⃗1 · n)(σ⃗2 · n⃗)

+ δ(q)(σ⃗1 · m⃗)(σ⃗2 · m⃗) + ε(q)(σ⃗1 · l⃗)(σ⃗2 · l⃗), (3.1)

where q is the three-momentum transfer and 2× 2 Pauli matrices σ⃗ are sandwiched

between neutron and proton spinors. α, β, δ, γ and ε are complex invariant am-

plitudes, which are functions of energy and momentum transfer q. Here α is the

spin-independent amplitude between the initial neutron and final proton, γ is a

spin-orbit contribution, and β, δ, and ε are three spin-spin terms.

The orthogonal unit vectors used in Eq. (3.1) are defined in terms of the initial

neutron (k⃗i) and final proton (k⃗f ) cm momenta;

n⃗ =
k⃗i × k⃗f

|⃗ki × k⃗f |
, m⃗ =

k⃗f − k⃗i

|⃗kf − k⃗i|
, l⃗ =

k⃗f + k⃗i

|⃗kf + k⃗i|
. (3.2)

There are three spin-correlated total cross-sections defined by

σtot = σ0 − 1
2
∆σLP

L
n P

L
p − 1

2
∆σT P⃗

T
n · P⃗ T

p , (3.3)

where PL and P⃗ T are the longitudinal and transverse components of the polarisation

of either the initial neutron or proton. In the forward direction, when q ≈ 0, β(0) =

δ(0) and the following relations between the imaginary parts of the amplitudes and

total cross sections hold:

ℑ[α(0)] =
1

4
√
π
(σ0(np)− σ0(pp)),

ℑ[β(0)] = − 1

8
√
π
(∆σT (np)−∆σT (pp)), (3.4)

ℑ[ε(0)] =
1

8
√
π
(∆σL(np)−∆σL(pp)).

The magnitudes of the charge-exchange amplitudes in the forward direction are

given in terms of the backward elastic np differential cross section and spin-transfer
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parameters K0nn0 and K0ll0, which we have already introduced in chapter 2, through

|α(0)|2 = 1
4
[1 + 2K0nn0(π) +K0ll0(π)]

(
dσ

dt

)
np→np

,

|β(0)|2 = 1
4
[1−K0ll0(π)]

(
dσ

dt

)
np→np

, (3.5)

|ε(0)|2 = 1
4
[1− 2K0nn0(π) +K0ll0(π)]

(
dσ

dt

)
np→np

.

and the cross section ratio is then

Rnp(0) =
dσ(nd→ pnn)/dt

dσ(np→ pn)/dt

∣∣∣∣
q=0

=
2

3

2|β(0)|2 + |ε(0)|2

|α(0)|2 + 2|β(0)|2 + |ε(0)|2
. (3.6)

In the single-scattering (impulse) approximation, the dp→ {pp}sn charge-exchange

reaction on proton is thought of as a np→ pn reaction with a spectator proton. Ini-

tially the neutron-proton pair is bound in the deuteron and the two emerging pro-

tons are subject to a final-state interaction. This is illustrated diagrammatically in

Fig. 3.1. If the relative momentum k⃗, and hence the excitation energy Epp = k2/m,

are small, the final pp system is in the 1S0 state. The reaction therefore acts as a

spin-isospin filter going from the (3S1,
3D1) of the deuteron to the final 1S0 of the

diproton. Furthermore, if the momentum transfer q⃗ = k⃗f − k⃗i between the initial

proton and final neutron is also small, other final states are weakly excited. Un-

der such conditions the spin independent amplitude α of Eq. (3.1) contributes very

weakly in the differential cross section of the dp→ {pp}sn reaction.

d

np

p

p

n p

p

Figure 3.1: Impulse approximation diagram for the deuteron charge-exchange on hydro-
gen.
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The matrix element of the dp→ {pp}sn transition is of the form [38]

F (k⃗f , k⃗i;S, νf ,M,mp,mn) = ⟨ψ(−)

pp,⃗k
;S, νf ,mn|fnp(k⃗f , k⃗i) exp(12iq⃗ · r⃗)|Φ

M
d ;mp⟩, (3.7)

where ψ
(−)

pp,⃗k
(r⃗) describes the outgoing pp wave function with relative momentum 2k,

total spin S (0 or 1) and projection νf . Φ
M(r⃗) is the deuteron initial wave function

of spin projection M . The mp and mn represent magnetic quantum numbers of the

initial proton and final neutron respectively. These wave functions have argument

r⃗ = r⃗1−r⃗2, where particles 1 and 2 are the initial neutron and proton in the deuteron

and 3 the target proton. In order to simplify Eq. (3.7) authors have decomposed

the deuteron wave function into S and D-states. Therefore, the final form factor

describing the transition from a deuteron to a 1S0-state of the final pp pair contains

two terms

S+(k, 1
2
q) = FS(k,

1
2
q) +

√
2FD(k,

1
2
q) ,

S−(k, 1
2
q) = FS(k,

1
2
q)− FD(k,

1
2
q)/

√
2 . (3.8)

The S+ and S− are longitudinal (λ = 0) and transverse (λ = ±1) form factors,

where λ is the spin-projection of the deuteron. The matrix elements FS and FD are

related to the S and D-state components of the deuteron wave functions ΦS(r⃗) and

ΦD(r⃗) and the pp wave function ψ
(−)
k in the following way

FS(k,
1
2
q) = ⟨ψ(−)

k |j0(12qr)|ΦS(r⃗)⟩ ,

FD(k,
1
2
q) = ⟨ψ(−)

k |j2(12qr)|ΦD(r⃗)⟩ . (3.9)

If the amplitudes are normalised such that the np→ pn differential cross section

has the form(
dσ

dt

)
np→pn

= |α(q)|2 + |β(q)|2 + 2|γ(q)|2 + |δ(q)|2 + |ε(q)|2 , (3.10)

then the observables involving only the initial spins that are accessible at ANKE
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are linked to the amplitudes through [38, 39]:

d4σ

dtd3k
= 1

3
I
{
S−(k, 1

2
q)
}2

,

I Ad
y = 0 ,

I Ap
y = −2Im(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 = −2Re(ε∗δ)R ,

I Cx,x = −2Re(ε∗β) ,

Cyy,y = −2Ap
y , (3.11)

where the spin-flip intensity

I = |β|2 + |γ|2 + |ε|2 + |δ|2R2 . (3.12)

The function

R = S+(k, 1
2
q)
/
S−(k, 1

2
q) (3.13)

is the ratio of two transition form factors that involve the S- and D-states of the

deuteron wave function. In the forward direction R = 1.

Although the formulae given here describe the general features of our data, de-

tailed comparisons with theory are made using a program that takes higher final pp

waves into account. These can, in particular, dilute the polarisation signals [38].

3.2 “Proof-of-principle” experiment at ANKE

The γ(q) amplitude vanishes in the forward direction. The contributions of |γ(q)|2 to
the cross section and the Cartesian tensor analysing powers Axx and Ayy in Eq. (3.11)

are negligible under the conditions of the ANKE experiment. Measurements of the

unpolarised cross section and the two transverse analysing powers can therefore

determine separately the values of |β(q)|2, |ε(q)|2, and |δ(q)|2 at fixed momentum

transfer q. The two deuteron-proton spin correlations that are measurable at ANKE,
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Cx,x and Cy,y, fix two of the relative phases. The proton analysing power Ap
y gives

mainly information on the spin-orbit amplitude γ(q).

The ANKE collaboration has embarked on a systematic programme to measure

the differential cross section, analysing powers, and spin–correlation coefficients of

the d⃗p→ {pp}sn deuteron charge–exchange breakup reaction. The aim is to deduce

the energy dependence of the spin–dependent np elastic amplitudes.

The first experiment in the deuteron charge–exchange programme at ANKE,

which then was followed by subsequent experiments discussed in this thesis, was

carried out at a deuteron beam energy of Td = 1170 MeV (585 MeV per nucleon).

The main goal of this run was to check the methodology to be used in np charge–

exchange studies. The results shown in Fig. 3.2 [40] are compared with the predic-

tions of the impulse approximation program [38] using as input the neutron–proton

amplitudes taken from the SAID analysis [41].

The precision of these data is such that one can derive ratios of the magnitudes

of amplitudes that are comparable in statistical accuracy with those that are in the

current database [41]. Thus, at Tn = 585 MeV per nucleon, we find

|β(0)|/|ε(0)|ANKE = 1.86± 0.15 ,

|β(0)|/|ε(0)|SAID = 1.79± 0.27 .

Note, that the uncertainty of 0.27 in SAID prediction was deduced from looking at

the experimental data in the neighbourhood. It seems therefore that, in cases where

the amplitudes are well known, one can get reliable results.

In order to extract full information about the neutron–proton amplitudes, and

not merely their ratios, one has to measure absolute cross sections as well as analysing

powers. The obtained charge–exchange cross section and the tensor analysing pow-

ers are shown in Fig. 3.2. The agreement with the calculation of the unpolarised

cross section in impulse approximation [38] is very encouraging.

The success of the method and results achieved suggest one should continue the

study of the observables of the dp→ {pp}sn reaction at higher energies, where much

less is known about the np scattering amplitudes, and therefore, such studies might

provide valuable information in this direction.
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Figure 3.2: Tensor analysing powers (left) and unpolarised differential cross section
(right) of the dp → {pp}sn reaction for excitation energies Epp < 3 MeV [31, 40] compared
with impulse approximation predictions [38].
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ANKE/COSY facility

The experiments reported in this thesis were carried out using the ANKE magnetic

spectrometer [42] that is placed at an internal position of the COoler SYnchrotron

(COSY) [43] of the Forschungszentrum Jülich (Germany). The following sections

describe the ANKE setup and the COSY accelerator. The polarised ion beam source

at COSY and the polarised internal target at ANKE are also described in detail.

4.1 COoler SYnchrotron

The COSY accelerator and storage ring, shown schematically in Fig. 4.1, delivers

deuteron and proton beams up to the momentum of 3.7 GeV/c. The available energy

ranges for deuterons and protons are from 23 MeV to 2.27 GeV and from 45 MeV

to 2.83 GeV, respectively.

Initially the H− and D− ion beams are developed in the ion source. COSY has

two sources; one for polarised and another for unpolarised beams. The ions are

pre-accelerated in the cyclotron JULIC up to 295 MeV/c and then injected into the

storage ring via a charge-exchanging stripper carbon foil.

The circumference of COSY is 184 m. Two straight sections with lengths of

40 m each are used to implement internal experiments (ANKE, WASA, COSY-

11, EDDA). In addition, they also contain accelerator-specific components such as

the accelerating RF-cavity, the electron cooler, scrapers, the stochastic pick-up and

kicker tanks, Schottky pick-ups and beam current monitors. In addition, COSY

has also three extraction beam lines serving external experimental areas (TOF, BIG
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Figure 4.1: The COoler SYnchrotron COSY at the Forschungszentrum Jülich.

KARL).

Two different cooling techniques are implemented at COSY to shrink the beam

phase space. Electron cooling [44, 45] is successfully used up to a momentum of

600 MeV/c and is complemented by a stochastic cooling system [46] that covers the

upper momentum range from 1.5 GeV/c to 3.3 GeV/c. These cooling techniques sig-

nificantly reduce the momentum spread of the COSY beam, such that a momentum

resolution down to ∆p/p = 10−3 − 10−5 has been achieved. Numerous experiments

at COSY show that the number of stored protons/deuterons in the COSY ring can

be as high as 6× 1010 (space charge limit is ≈ 2× 1011 particles). Taking the beam
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revolution frequency into account, which is of order 1 MHz, COSY is able to provide

up to 1017 particles per second on the target.

4.1.1 Polarised ion source at COSY

The polarised ion source at COSY [47, 48] produces negatively charged H− and D−

ions that are then injected into the cyclotron. The scheme of the source is shown in

Fig. 4.2.

Figure 4.2: The polarised ion source at COSY.

The source consists of several groups of components: the pulsed atomic beam

source, the cesium beam source, and the charge-exchange and extraction region.

At first, the neutral and unpolarised hydrogen and deuterium gas molecules are

dissociated in a RF discharge and, in order to maintain a high order of dissociation,

small amounts of nitrogen and oxygen is added. This reduces surface and volume

recombination. Passing though the sextupole magnet system the residual molecules

are separated from the atomic beam. The first sextupole defocuses atoms with the

electron spin state mj = −1/2 and only atoms with mj = +1/2 are retained in

the beam [49]. A second sextupole magnet acts as an achromatic lens focusing the

atomic beam into the ionizer region. The nuclear polarisation is provided by two

radio frequency transitions changing the relative populations between the hyperfine

substates of the hydrogen atoms. A different combinations of the vector and tensor

25



Chapter 4

polarisations for the D− beams is achieved by employing more rf transitions and

sextupoles that allow the exchange of occupation numbers of the different hyperfine

states in the deuteron [47].

Passing through the charge-exchange region, the beam then collides with the

neutral Cs atoms. Since the electro-negativity of the Hydrogen is significantly higher

than that for the Cesium, hydrogen atoms asquire an additional electron and become

negatively charged in the process H⃗0 + Cs0 → H⃗− + Cs+.

The acceptance of the first sextupole magnet of the atomic beam source increases

in inverse proportion to the beam temperature. Furthermore, the dwell time in the

charge-exchange region, which directly affects the charge-exchange process efficiency,

is inversely proportional to the beam velocity. Hence, in order to benefit from this,

the atomic beam is cooled to about 30 K, while passing an aluminium nozzle of

20 mm length and 3 mm diameter. Though passing through the sextupole magnet

system, scattering in the vicinity of the nozzle takes place that therefore partially

reduced these beneficial effects.

The fast Cs0 beam is produced in two-step process. First, the cesium vapour

is thermally ionized on a hot (1200◦C) tungsten surface at an appropriate beam

potential of 40 − 60 kV, where the ionization probability is the highest, and the

beam is then focused by a quadrupole triplet to the neutraliser. The neutraliser is

filled with cesium vapour only during the injection period of COSY. The fast Cs+

beam becomes neutralized and enters the charge-exchange region, where it collides

with the polarised hydrogen ion beam from the atomic beam source. The remaining

Cs+ beam is deflected in front of the solenoid to the Faraday cup. A typical efficiency

of the neutraliser is about 90%.

In the final stage, the produced H− and D− beams are deflected by a 90◦ elec-

trostatic, toroidal deflector into the injection beam line of the cyclotron. In this

final phase a Wien filter separates the negatively charged ions from electrons and

other background. It is rotatable around the beam axis so that every orientation

of the polarisation axis can be provided. In practice, the spin axis is oriented in

parallel to the cyclotron magnetic field. Therefore, no polarisation is lost during the

acceleration.
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4.1.2 Polarised deuteron and proton beams at COSY

The polarised H− or D− ion beam delivered by the source is pre-accelerated in

the cyclotron JULIC and injected by charge exchange into the COSY ring, where

it is further accelerated to the final energy. A cavity with E–field is used for the

acceleration, which is passed by the COSY beam by a million times per second. The

main problem during the acceleration is to maintain the beam polarisation. This is

much more complicated for proton beams rather then for deuterons. Details on the

acceleration process and techniques employed for vertically polarised protons and

deuterons at COSY can be found in Refs. [50, 51].

4.2 ANKE spectrometer

The Apparatus for Studies of Nucleon and Kaon Ejectiles (ANKE) [42] is an internal

experiment in one of the straight sections of COSY (see Fig. 4.1). It was designed

and built between 1994 and 1997 and was first used in an experiment in 1998.

4.2.1 Overview

The ANKE spectrometer, shown in Fig. 4.3, consists of a magnetic system and

different types of detection systems, both for positively and negatively charged par-

ticles.

The primary aim of the magnetic system of the ANKE spectrometer is to separate

the ejectiles from the circulating COSY beam in order to identify them and analyse

their momentum. It comprises three dipole magnets. D1 is responsible for deflecting

the beam by an angle α from its straight path onto a target. A large spectrometer

dipole magnet D2 is used to analyse the momentum of the reaction products that

originate from beam-target interactions, including 0◦ in the forward direction. Its

maximum field strength is 1.57 T. The beam is deflected by an angle −2α in the D2

field. This is then compensated by D3, which returns the beam back to the nominal

orbit.

For a given COSY beam momentum the α angle is directly related to the D2 field

strength. Depending on the requirements, a variety of experimental conditions can
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Figure 4.3: Layout of the ANKE detection system showing the alignment of the D1-D3
magnets and different types of detectors.

by realised by using different combinations of α and the D2 field strength. But for

each of the settings the magnet D2 needs to be displaced horizontally perpendicular

to the nominal beam direction. For this purpose, D2 is installed on rails.

The ANKE detection system consists of several main parts:

• The forward detector (FD), which is capable of measuring high momentum

particles close to the COSY beam orbit.

• The positive detector (PD) for the detection of positive projectiles, covering

much higher angles than the forward part.

• The negative detector (ND), which located on the opposite side to the positive

detection system, partially inside the D2 magnet frame, is responsible for

measuring negatively charged pions and kaons.
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• The silicon strip counters, also called Spectator Tracking Telescopes (STTs),

which are located close to the target position. They are used to measure low

energy spectator protons.

All these detectors, except the STT, use multiwire proportional chambers (MWPC)

for track reconstruction and plastic scintillator counters to obtain the time informa-

tion. In the PD and ND the time of flight (TOF) is measured between start and

stop counters. In order to maximally increase the flight path for TOF measurement,

start detectors are placed immediately behind the exit window of D2.

The energy loss of the ejectiles can also be used for particle identification. In

order to increase the difference in the energy losses of pions, kaons and protons, the

scintillators of the PD stop counters include tapered copper degraders of variable

thickness (see Fig. 4.3).

The momentum acceptance of the positive and negative detectors is in the range

of 0.3 − 0.8 GeV/c, while the forward part allows one to detect positively charged

particles in momentum range 0.8− 3.7 GeV/c.

4.2.2 The forward detector

The forward part of ANKE detector is located in the gap of 1.6 m between the

D2 and D3 dipole magnets. The closeness of the FD part to the COSY beam pipe

introduces the requirement for the system to operate at rather high counting rates of

105 s−1 and more. Furthermore, high spatial resolution of less than 1 mm is required

from the MWPCs, in order to achieve momentum resolution of about 1%, which is

essential for distinguishing proton-proton pairs with low excitation energy.

The FD consists of multiwire proportional and drift chambers for track recon-

struction, two layers of scintillation hodoscope and Cherenkov counters, which are

placed behind the hodoscope. The MWPCs have two wire planes each, with hori-

zontally (X) and vertically (Y) aligned wires at a distance of 1 mm as well as two

strip planes, which are inclined by ±18◦ with respect to the wires. The MWPCs are

mounted on a common support frame with the forward hodoscope.

The forward hodoscope is composed of two planes of vertically aligned scintil-

lators from polystyrene. The first and second planes contain 8 and 9 scintillators,

respectively. In each plane, counters which are placed close to the COSY beam

pipe, have smaller thickness (15 mm) and width (varying between 40 and 60 mm)
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compared to those responsible for lower momentum region (20 mm thick, 80 mm

wide). The height of all scintillators is 360 mm. Each of the scintillators is read out

by two photomultiplier tubes placed on both ends. They provide timing as well as

the amplitude signal. The timing signal can be used to form a trigger and also to

measure the differences of the arrival times of particle pairs. A typical time resolu-

tion for events with two registered particles is around 0.5 ns. The amplitude signal

from photomultipliers provides information about the energy loss in the scintillator,

which can be measured with 10% accuracy.

The 16 Cherenkov counters, used in some specific experiments, can be placed be-

hind the forward hodoscope. They have been developed and constructed at the High

Energy Physics Institute, Tbilisi State University (HEPI) and tested at the Joint

Institute of Nuclear Research (JINR), Dubna. They are 80 mm wide, 50 mm thick

and 300 mm long and are made of lucite. The inclination angle of the Cherenkov

detectors with respect to the vertical axis can be adjusted in such a way as to

discriminate deuterons against protons of the same momentum [52].

The angular acceptance of the FD is about 12◦ in the horizontal plane and about

3.5◦ in the vertical.

4.3 Target types

Two different target types are used at ANKE. The cluster target provides only unpo-

larised hydrogen and deuterium jets with high target density, while the Atomic Beam

Source (ABS), in conjunction with the storage sell, can provide polarised/unpolarised

H and D targets with moderate density. The main purpose of the experiment de-

termines which target type has to be employed.

4.3.1 Unpolarised cluster target

Cluster beams are of high interest for accelerator experiments. They can be used as

windowless targets of very high purity. If produced in Laval nozzles, their density can

easily be varied by over orders of magnitude by changing the nozzle temperature or

the gas input pressure. Unlike gas-jet beams, the cluster beams have a homogeneous
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density distribution.

The cluster-target device at ANKE consists of three main parts: the cluster

source, the analysing chamber and the beam dump [53]. Clusters with a typical size

of 103-104 atoms are produced in the Laval nozzle, which is cooled down to ≈ 20 K.

The produced cluster beam, surrounded by a gas beam, hits a conical aperture with

an opening of 700 µm, acting as a skimmer. As consequence, only a well-formed

cluster beam passes this vacuum stage and nearly the whole of the gas remains in

the skimmer and is pumped by a roots pump. There is also an additional conical

aperture with diameter 900 µm, which defines the cluster beam diameter and holds

the residual gas back. After this stage, the cluster beam with a constant angular

divergence enters the analysing chamber.

The analysing chamber is equipped with a scanning rod with a thickness of

1.0 mm, which is controlled by a stepper-motor and can be positioned in units of

1/24 mm. When the rod is placed inside the cluster beam, a part of the beam

is stopped and converted into a gas load which can be recorded by an ionization

vacuum meter. Information on the cluster beam size and position can be obtained

in such a way. Furthermore, if the rod is placed at a fixed position inside the cluster

beam, this system allows the density of the beam to be monitored.

Passing the analyser chamber, the cluster beam enters the beam dump, where

the clusters are destroyed. The large fraction of the formed gas is directly pumped by

the turbo pump. In order to further reduce the remained gas pressure in the analyser

chamber, the beam dump consists of differentially pumped vacuum chambers which

are separated by small apertures.

As was already mentioned, the cluster beam density can be varied over a wide

range. The density increases when the temperature of the nozzle decreases and the

pressure increases. It reaches its maximum when the gas is already in a supersat-

urated state before passing the nozzle. Under such conditions, hydrogen cluster

beam densities of up to 2− 5× 1014 atoms/cm2 have been achieved. The density is

equally distributed within the cluster beam, which can be well approximated by a

homogeneous cylinder with typical width of around 9 mm.
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4.3.2 The Polarised Internal Target (PIT)

A windowless cluster target at ANKE, which was described in the previous section,

produces stable cluster beams with high density and small divergence, providing

highly localised beam-target overlap in transverse and longitudinal beam directions.

This therefore creates a perfect condition for the track reconstruction process in

the subsequent analyses. The main disadvantage of this type is that it is limited

to unpolarised targets only. In order to carry out double-polarised experiments a

polarised internal target (PIT) [54] was developed and implemented at ANKE in

2005. The Atomic Beam Source (ABS) of the PIT provides polarised hydrogen

and deuterium jet beams with different vector and tensor polarisations. It has the

ability to change the polarisation state in a short time, which is very important

feature, allowing one to significantly simplify the asymmetry evaluation between

two polarised states in the analyses, as we will see in later sections. But unlike the

cluster target, the ABS provides much lower target densities (around three orders of

magnitude). This is partially compensated by employing a long storage cell, which

is fed from the ABS.

The ABS is mounted between the D1 and D2 dipole magnets of the ANKE

spectrometer (see Fig. 4.3). Due to the limited space it is mounted vertically. The

ABS is shown schematically on Fig 4.4. It consists of a dissociator, where hydrogen

and deuterium molecules dissociate to H and D atoms, and sets of sextupole magnets

and radio-frequency (rf) transitions, where the atomic beam is polarised. This setup

is aligned in five different chambers. Each of them has separate system of pumps,

consisted of membrane pumps, turbo-molecular pumps and cryopumps, to remove

all unnecessary gas from the chamber. The vacuum pressure is different in each

chamber, reaching 5× 10−8 mbar in the final stage, at the exit of the polarised gas.

The dissociator employs an rf discharge to dissociate molecular hydrogen or

deuterium. It forms a resonant LC-circuit, which is fed by a 13.560 MHz generator

delivering up to 600 W into a 50 Ω resistance. Dissociation degrees of about 0.8 are

typically achieved.

Atomic hydrogen and deuterium exits from the dissociator via a nozzle, which

is cooled down to 60 K. It is made from 95.5% Al and has a simple conical shape

with the tip cut. After exiting the dissociator, the supersonic atomic beam passes a

stainless steel beam skimmer, a Cu diaphragm, and enters the magnetic system of

the ABS.
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Figure 4.4: The schematic drawing of
the Atomic Beam Source:

1. Dissociator

2. Adjustment screw

3. Cu heat-bridge for nozzle cool-
ing

4. First set of sextupole magnets

5. Medium field rf transition
(MFT)

6. Support plate

7. Rotational feed-through

8. Second set of sextupole magnets

9. Beam chopper

10. Weak (WFT) and strong (SFT)
field rf transitions

11. Vacuum gate valve separating
ABS and ANKE target cham-
bers

12. Storage cell
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The magnetic system uses six sextupole magnets consisting of permanently mag-

netised segments, delivering pole-tip fields around 1.5 T. The sextupole magnet field

acts on atoms with a radial force F⃗r = −µeff · ▽B⃗, where µeff is the effective mag-

netic moment. The µeff > 0 for atoms in the hyperfine states with the electron spin

parallel to B⃗ and µeff < 0 if antiparallel. Hence, in the first case atoms are deflected

towards the beam axis and the sextupole acts as a focusing magnet, focusing the

atomic beam into a feeding tube of the storage cell. In the second case the magnet

has a defocusing effect and atoms are deflected away from the beam axis. In such

case the magnet acts as a filter, removing unnecessary hyperfine states.

The rf transition units are used to change the relative occupation numbers of

the states. The ABS is equipped with three types of transition units, a weak field

(WFT), a medium field (MFT), and a strong field (SFT) rf transition units. To-

gether with the sextupole magnets, they allow one to achieve all possible vector

and tensor polarisations of the atomic hydrogen and deuterium gas. When the

atomic gas passes a static magnetic field B⃗stat, hyperfine states split according to

the Breit-Rabi diagram [49]. Change in population numbers of the hyperfine states

are induced by a rf field B⃗rf . In all transition units the B⃗stat field is produced by

parallel homogeneous and gradient magnetic fields, both orthogonal to the atomic

beam direction. It is of order Bstat ⩽ 10 G for deuterium and Bstat ⩽ 5 G for

hydrogen in WFT and is slightly higher for MFT and SFT. Unlike WFT and MFT

units, where the B⃗rf is produced by rf solenoids with axis along the atomic beam

direction, the SFT unit operates at much higher frequencies and works as a rf cavity.

It produces the B⃗rf in the Cu box, tuned at λ/4 resonance.

At weak magnetic fields, the total atomic spin F is a good quantum number. In

hydrogen F = 1, which forms three states |1⟩, |2⟩ and |3⟩, corresponding to magnetic

quantum numbers mf = +1, 0 and −1, respectively, which are equally spaced in

energy. In deuterium the total atomic spin F = 3/2 forms four states |1⟩, |2⟩, |3⟩ and
|4⟩ (mf = +3/2, +1/2, −1/2, −3/2). The WFT transition unit induces transitions

between hyperfine states with ∆mf = ±1. |∆mf | = 2 transitions are forbidden. The

MFT unit operates at higher values of B⃗stat, where the difference in energy spacings

of neighbouring hyperfine states allows one to select single transitions. Furthermore,

consecutive transitions are also possible, by adjusting the gradient field. The SFT

unit is used to induce transitions between states in the upper and lower hyperfine

multiplets.

The ABS achieves maximum atomic beam intensities of (7.5± 0.2)× 1016 parti-
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cle/s for hydrogen (states |1⟩ and |2⟩) and (3.9±0.2)×1016 particle/s for deuterium

(states |1⟩, |2⟩ and |3⟩). The vector and tensor polarisation of the atomic beam can

be monitored by a Lamb-shift polarimeter [55]. The following maximum numbers

have been observed in the deuteron case: vector polarisation of 88−96% and tensor

polarisation of 85 − 90% of the maximum theoretically allowed values. But unfor-

tunately, as we will see in chapter 8, these numbers are further diluted due to the

inevitable polarisation losses when the atomic beam exits the ABS and enters into

a storage cell.

The polarised atomic hydrogen and deuterium jets have an azimuthal symmetry

around the beam direction. Its profiles are well approximated by Gaussian, with

σ⊥ ≈ 3 mm, which leads to much lower areal target density (around three orders

of magnitude), compared to the cluster target. In order to increase the density of

the polarised target, a storage cell [56] is used. It consists of a feeding and beam

tubes, as shown in Fig. 4.5. The beam tube may have a circular or rectangular cross

section. The gas density distribution in a storage cell has a maximum at the feeding

tube location and drops approximately linearly towards the edges of the cell [57].

Under such conditions the areal target density ρ (cm−2) is a function of the length

of the cell:

ρ =
1

2
(L1 + L2)n0 ∝

1

d3
, (4.1)

where n0 is a target density at feeding tube position (cm−3) and L1 and L2 are cell

lengths of the left and right parts of the cell, respectively. The central density n0 is

determined by the total conductance of the cell. When the beam tube of the cell is

approximated to have a circular cross section, then the central density is proportional

to d−3, where d is its diameter. Therefore, in order to achieve highest areal target

densities in the storage cell, it should be as long as possible and have reasonably

small transverse dimensions. The length of the cell is limited by the dimensions of

the ANKE target chamber where it is placed, and cannot exceed 400 mm. Minimum

transverse dimensions are limited by the size of the COSY beam, which should pass

the cell without touching its walls. Otherwise, due to the much higher material

density compared to the gas target, the cell can produce very high background in

the experiment, which is not acceptable. Due to this, a special experiment was

carried out to study the beam size at different energies and determine the optimal

cell dimensions [57]. As was found out, the particle density distribution in the COSY

beam can be well approximated by a two-dimensional Gaussian, with σ varying from
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1.2 mm to 7.6 mm, depending on the transverse direction and energy. In addition,

the COSY orbit deviates from the nominal during the acceleration, leading to some

losses in the beam intensity if the cell walls are touched. Taking all these into

account, optimal dimensions of 20 × 15 × 370 mm3 (Width×Height×Length) were

found for the storage cell. In a subsequent commissioning experiment such a cell

achieved maximum target density of about 1013 cm−2 [58]. For comparison, the

areal density of the ABS jet itself is around 1.5× 1011 cm−2 [59].

Figure 4.5: Schematic drawing of a storage cell.

Openable cells, which are currently being developed at COSY, can be opened

during beam injection and acceleration and closed during the data taking. Thus, the

beam losses at injection and from the motion of the beam orbit during acceleration

can be avoided altogether. Therefore, it can have transverse dimensions less than

that for the fixed cell, yielding an significant increase in the density.
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Experiments

The experiments reported here were carried out over three different time periods

using the ANKE-COSY experimental facility of the Forschungszentrum Jülich. Ini-

tially a polarised deuteron beam was used in conjunction with an unpolarised hydro-

gen cluster target [53]. In 2005 the d⃗p→ {pp}sn reaction was studied at deuteron

beam energies Td = 1.2, 1.6 and 1.8 GeV. The following year, the beam energy was

increased to 2.27 GeV, with 1.2 GeV being repeated for polarimetry purposes. How-

ever, for the study of the spin-correlation parameters in 2009 [60], a double-polarised

experiment was carried out at 1.2 and 2.27 GeV, involving the newly developed po-

larised internal target [56, 54].

5.1 Single-polarised experiments

In 2005 two sequential COSY cycles were organised for 1.6 GeV (first) and 1.8 GeV

(second) energies, by combining them with the 1.2 GeV flat top. Such measures

allowed us to use the polarisation export technique described in Section 5.3. The

injected beam was first accelerated to 1.2 GeV, where a part of the experimental data

was taken and then, without an additional injection, to one of the higher energies.

In 2006 only one super-cycle was used, which combined 1.2 GeV and 2.27 GeV flat

tops in a similar way. The polarised deuterium ion source at COSY was set up to

provide a variety of states with different tensor and vector polarisations but, as listed

in Table 5.1, the selections differed for the experiments with cluster or polarised cell

target.
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Experiment State I0 Pz Pzz

unpolarised target 1 1 0 0

2 1 +1
3

+1

3 1 −2
3

0

4 1 +1
3

−1

5 1 −1
3

+1

6 2
3

0 +1

7 2
3

0 −2

8 2
3

−1 +1

9 2
3

+1 +1

polarised target 1 1 0 0

3 1 −2
3

0

8 2
3

−1 +1

Table 5.1: The different configurations of the polarised deuteron ion source used in exper-
iments, showing the nominal (ideal) values of the vector (Pz) and tensor (Pzz) polarisations
and relative beam intensities (I0).

5.2 Double-polarised experiment

In 2009 a double-polarised experiment was carried out. Three different combinations

of vector and tensor polarised deuterons, with states listed in Table 5.1, were injected

in consecutive cycles into the COSY ring to interact with a polarised hydrogen

cell target, which was fed by a polarised Atomic Beam Source (ABS). A cell with

dimensions 20 × 15 × 370 mm3 was used in order to increase target density up to

1013 cm−2.

A dedicated beam development was required to ensure that the COSY beam

passed successfully through the cell. Electron cooling and stacking injection [61]

were employed, with hundreds of injections per cycle to increase the number of

stored deuterons in the beam. In order to avoid excessive background coming from

the interactions of the beam halo particles with the cell wall, scrapers were installed

upstream of the target region.

The ABS was configured to produce two polarised states with equal gas densities.
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The polarisation of the hydrogen target was flipped between hyperfine state |1⟩
(spin-up ↑) and hyperfine state |3⟩ (spin-down ↓) every five seconds throughout the

whole COSY cycle, which lasted for one hour. Such a procedure simplifies the later

analyses by obviating the need to consider the luminosities while calculating the

asymmetries between these states. In order to have a possibility to measure the

target spin-up ↑ and spin-down ↓ polarisations separately, runs with an unpolarised

hydrogen cell-target were also undertaken.

The storage cell introduced additional complications in the analysis. The scat-

tering of the beam halo particles on the cell walls produces extra background that

dilutes the analysing power signal. Ideally one could record data with an empty cell

and use them for background subtraction, but as mentioned earlier, the dedicated

beam development enabled the bulk of the beam to pass through the cell without

hitting the walls. For this reason, recording data with an empty cell would take

much more time to collect sufficient statistics to determine the shape of the back-

ground. Additional runs were therefore recorded where nitrogen gas was injected

into the cell to simulate the shape of the background (see details in Ref. [56]).

The determination of the scattering angles was also complicated due to the spread

of the interaction points along the cell axis. The reconstruction of the longitudinal

vertex coordinate Z is therefore required for each event. The vertex reconstruction

procedure as well as the background subtraction in the double-polarised data are

described in Section. 8.4.

5.3 Polarisation export technique

In all above mentioned experiments COSY cycles were configured to provide beam

first at 1.2 GeV and then, without an additional injection, accelerate the deuterons

to one of the higher energies. This procedure allows the use of the polarisation

export method, which is crucial in the measurement of spin observables at higher

energies. This technique involves undertaking the polarimetry measurements at the

lowest Td = 1.2 GeV flat top energy, where the analysing powers are precisely known,

and assuming that the beam polarisation is unchanged at the higher energy. This

procedure is viable because there are no depolarising resonances for deuterons in

the COSY energy range.
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In order to verify the polarisation export with a circulating deuteron beam at

COSY, the scheme illustrated diagrammatically in Fig. 5.1 was implemented.
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Figure 5.1: Schematic diagram illustrating the three different flat-top regions used in a
single COSY cycle. The identity of the deuteron polarisation measured in regions I and
III means that the 1.2 GeV polarisation could be exported to 1.8 GeV.

Using the dp–elastic reaction, which is sensitive to both vector and tensor po-

larisations of the beam, the asymmetries (βy, βyy) were measured in regions I and

III of Fig. 5.1. The results are presented in Table 5.2. Given that, within the small

error bars, βI
y/yy = βIII

y/yy, no significant depolarisation can have taken place.

Flat top βy βyy

I −0.213± 0.005 0.057± 0.003

III −0.216± 0.006 0.059± 0.003

Table 5.2: Results of the asymmetry measurements for regions I and III of Fig. 5.1. βy
and βyy represent the asymmetries for the vector and tensor components of the polarisa-
tion, respectively.

5.4 Data-taking

In the 2006 and 2009 experiments around 2 − 5 × 109 deuterons were stored in

the COSY ring, while in 2005 it was significantly higher, up to 3 × 1010. Such a
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high intensity caused an additional accidental background, slightly complicating the

determination of the luminosity for the cross section measurement at Td = 1.6 and

1.8 GeV. This background was successfully subtracted from the data and the details

are described in Section. 7.2.

The beam intensity was monitored by the Beam Current Transformer (BCT)

at COSY. When N particles with charge e are stored in the COSY ring and the

beam circulating frequency is f , then the amplitude of the BCT signal is given

by UBCT = IbeamR = NfeR, where R is the total resistance of the COSY BCT

(R = 100Ω). The BCT signal is known to about 1%. It is a very simple and

effective tool to monitor the beam intensity over time and, if the target density is

assumed to be constant, then the BCT signal strength becomes directly related to

the luminosity of the experiment.

The stored beam circulates in the COSY ring with frequencies of the order of

1 MHz, passing the target a million times per second. This led to intensities of

about 4× 1016 s−1 in the 2005 experiment. Assuming the unpolarised cluster target

density of 2 − 3 × 1014 atoms/cm−2, this therefore resulted in the luminosity of

≈ 1031 cm−2 s−1. The luminosity in 2006 was lower due to the beam intensity and

even lower in 2009, where the polarised cell target was used. The experimental data

were collected for a total of about 8 weeks of measurement over all three experiments.

Several triggers were set up and used in the experiments. The main trigger

(Tr1), which was used in all three experiments, consisted of a coincidence between

the different layers in the hodoscope of the FD. A special trigger (Tr2), based on

energy loss in the forward hodoscope, was set during single-polarised experiments to

easily identify heavy atoms, such as 3He. In 2009 silicon detectors (STTs) were also

involved in the experiment for commissioning purposes. A separate trigger (Tr3)

has been used to handle the STT data. For each trigger signal (Tr1, Tr2, or Tr3)

all subsystems of ANKE were read out by the Data Acquisition system (DAQ),

converted into digital format and written in the data file for later analysis. The

average readout time for one event is approximately 100 µs at ANKE, which leads

to some dead time for the DAQ. For example, at a total trigger rate of 10 kHz, only

approximately 50% of the events are written in the data file. In order to correctly

account for the DAQ efficiency in the later analyses, trigger rates were separately

counted by scalers. A special trigger (Tr4) was used to read out scalers periodically

every 100 ms. In such a way, the original trigger rate information was retained,

which was then used to determine the DAQ efficiency.
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The data taking lasted two and one week in 2005 and 2006, respectively, while,

due to the much lower luminosity and complicated scenario, it lasted around five

weeks in 2009. In such conditions it is very important to monitor the quality of the

data obtained. In order to make a first check on the experimental data, some part of

the events during experiments was redirected to the data stream and analysed. In

such a way all the raw spectra from different detectors were being monitored during

the experiments. Furthermore, a track reconstruction was also performed to obtain

the momentum distribution of the scattered particles and, by identifying some of the

reactions, missing-mass distributions were also built. All this information helped to

ensure the stability of the experimental conditions and quality of the obtained data.

In addition, the background conditions, which is a crucial point in the experiment

involving a storage cell, could be easily identified in such a way. In order to monitor

the polarisations of the beam and target a significantly higher counting rate was

required. Therefore, it was preferred to measure the polarisations in offline analyses

by using the set of runs obtained during a day-night cycle.
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Data analysis steps

Prior to any physics study, there are some mandatory steps in the data analysis

that have to be managed first. This chapter describes the track reconstruction in

the FD, by using hit information from multiwire proportional and drift chambers.

In order to obtain a precise timing information of two fast proton tracks from the

forward hodoscope, it is necessary to calibrate time delays between all 17 counters

of the FD hodoscope. The final step is the geometry calibration of the ANKE setup,

which fine tunes the precision of the momentum and angle reconstruction.

6.1 Track reconstruction

The information from multiwire proportional (MWPC) and drift (MWDC) cham-

bers (see Fig. 4.3) are used for track reconstruction at ANKE. The existence of the

strong magnetic field of the D2 spectrometer, ensures a good spatial separation of

tracks with different mass-to-charge (m/q) ratio. Using the hit information from

different layers of the MWPC and MWDC and the geometrical position of the tar-

get, tracks are found from the overall fit procedure. Details on the track-finding

algorithm and the track-reconstruction software can be found in Refs. [62, 63].
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6.2 Forward hodoscope calibration

The main objective of the experiments reviewed in this thesis, was to measure

dp→ {pp}sn reaction. As we will see in the next section, at ANKE the fast two-

proton events are separated from the contamination of deuteron-proton pairs on the

basis of arrival time differences between the two tracks. A high time resolution (of

the order of 1 ns) is required in this case. Such a precise time information can be

provided only by the hodoscope of the forward detector. Since the time differences

of the order of few nanoseconds are to be measured, delays that are introduced by

the electronics and the setup become very important.

As was already mentioned in section 4.2, the forward hodoscope consists of 17 in-

dependent scintillator counters, each containing two photomultiplier tubes (PMTs).

For hit detection the coincidence of the two signals is taken, but this is sensitive to

the vertical coordinate of the particle hit. To correct for this effect, the electronic sig-

nals from each pair of PMTs (per scintillator) are processed with special electronics,

including constant fraction discriminators and mean timers. By delaying the coin-

cidence signal by a constant amount of time, the mean timer rejects its dependence

on the vertical coordinate of the hit. However, this delay might significantly vary

from one channel to another, leading to systematic relative delays between different

counters. For instance, if a particle hits two counters simultaneously, two signals

will be produced, one of which will be delayed in time compared to other.

The second source of such relative delays are the PMTs themselves, which always

have some spread of the parameters. To gain match the PMTs of the same counter,

as well as PMT pairs for the different counters, the high voltage (HV) is adjusted

for each of them, separately. Since, the PMT response time generally depends on

the HV, this also introduces the relative delays between different counters. In addi-

tion, the differences in lengths of the cables, which connect PMTs with electronics

modules, are also sources of relative delays.

Measuring these delays and making appropriate correction on the hardware level

is very hard task. In contrast, it can be easily performed in the analysis stage, as

was done in our case. The relative delays between the neighbouring counters can be

easily measured using the tracks hitting both of them simultaneously. The number

of such events are severely limited, leading to insufficient measurement accuracy.

Instead, by selecting the tracks that produced hits in both layers of the forward

hodoscope, we measured time differences (∆tk,l) between the hit counters in the
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first (k, k = 1, ..., 8) and second (l = k or l = k + 1) layers. The time difference

between each two neighbouring counters (∆tk) was taken as a difference of the time

differences between corresponding counters in different layers:

∆t1k = ∆tk,k −∆tk+1,k (6.1)

for the first layer, and

∆t2k = ∆tk,k −∆tk,k+1 (6.2)

for the second. The obtained ∆t1k and ∆t2k values were then used for the hodoscope

calibration.

6.3 Identification of different reactions

Figure 6.1 shows the experimental yield of ANKE for single charged particles at

Td = 1.2 GeV in terms of the laboratory production angle in the horizontal plane

and the magnetic rigidity. The kinematic curves for some of the possible nuclear

reactions are also illustrated.

Among the reactions observed, there are two that are of particular interest,

namely the deuteron charge-exchange dp→ {pp}sn and the quasi-free dp→ pspdπ
0,

where the proton, psp, has about half the beam momentum. The latter reaction

is used to measure both the vector polarisation of the deuteron beam or hydrogen

target and also the luminosity. After recording two charged particles, deuteron-

proton pairs are separated from the remaining two-track events (mainly proton pairs)

in the subsequent analysis by using the time information from the hodoscope. As

demonstrated in Fig. 6.2 (left panel), if one assumes that both detected particles in

the pair are protons, the calculated time of flight difference from the target (∆Tc)

do not match with the measured difference between the arrival times (∆Tm) for

non pp-pairs. By building the (∆Tm − ∆Tc) difference (right panel of Fig. 6.2)

particle pairs with correctly assumed types were clearly identified at zero. After

recognising the two charged particles, the missing-mass distributions allowed us to

identify corresponding reactions.

The dp elastic process, which is kinematically well separated from other reactions

(see Fig. 6.1), is clearly identified on the momentum spectrum, with no background.
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Figure 6.1: Scatter plot of singly charged particles detected in ANKE from the inter-
action of 1.2 GeV deuterons with a hydrogen cluster-jet target in terms of the laboratory
production angle in the horizontal plane and the magnetic rigidity. The loci corresponding
to four common nuclear reactions are also shown. These include the dp → {pp}sn reaction
at zero Epp.

This process was used several times to cross check the final results on polarimetry and

luminosity. Furthermore, this is also an useful reaction for the geometry calibration

procedure.

6.4 Geometry calibration

The precision of the momentum and angle reconstruction is directly related to the

accuracy of the ANKE geometry measurement. Positions and sizes of different parts

of the ANKE spectrometer are well defined and fixed, but there are some parameters

in the track reconstruction software that change from one beam time to another and

it is not possible to measure them directly with enough precision. One is the beam-

target overlap point position transverse to the beam. Another important parameter

is the beam inclination angle from the nominal COSY orbit (see section 4.2). Of

course, the inclination angle α of the ANKE platform is always measured, but the

actual beam angle can slightly differ from α, due to the displacement of the COSY
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Figure 6.2: Scatter plot (left) of measured (∆Tm) and calculated (∆Tc) time differences
between pairs of charged particle registered in the ANKE forward detector at a) Td =
1.2 GeV and b) Td = 2.27 GeV. ∆Tc was calculated assuming that both particles were
protons, which resulted in (∆Tm −∆Tc), shown in the right panel.

beam orbit. Uncertainties in these parameters shift the reconstructed particle mo-

menta, which therefore result in shifts in mass distributions of the missing particles.

For example, in the 2009 data the beam was moved by 2 mm in the transverse di-

rection, which resulted in a 15 MeV/c2 shift in the neutron mass in the dp→ {pp}sn
reaction at 1.2 GeV. Hence, the only way to correctly determine these parameters

is to fit them, using the kinematics of different reactions. The fitting software takes

preselected events (including track hit information) for different reactions as an in-

put. For every iteration of the fitted parameters, the program reconstructs tracks

from scratch and looks at the displacement of the missing masses from their nominal

values for every reaction. In reactions with no missing particles, total energy and

three-momentum conservation laws are employed separately. In our data the fol-

lowing reactions were used for the geometry calibration: dp→ {pp}sn, dp→ pspdπ
0

(with fast and slow deuteron branches) and dp→ dp. The calibration was performed

for each flat top separately.
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Cross section determination

This chapter describes the cross section determination procedure for the dp→ {pp}sn
reaction at Td = 1.2, 1.6, 1.8 and 2.27 GeV. The cross section analysis requires a

precise normalisation to obtain absolute values. The luminosity was determined by

using the dp→ pspdπ
0 (quasi free np→ dπ0) reaction at all energies. Monte Carlo

simulations were performed for both reactions to account for the limited acceptance

of the ANKE FD.

7.1 Basic concept

The cross section σ for a given physical process is given in terms of the corresponding

counting rate R and the luminosity L through:

σ =
R

L
. (7.1)

The luminosity, which is the product of the target density and beam intensity, can

be measured in various ways. In the current analysis we relied on the measurement

in parallel of the rate for a process with a well-known and sizeable cross section.

Once the luminosity is known, absolute values of cross sections for other reactions

can be deduced from the count rates measured in the experiment.

The measured count rate of any reaction is affected by several factors. In most

cases detector geometry and electronics do not allow one to detect all events pro-

duced from the beam-target interactions. Therefore, in order to measure luminosity

and/or the cross section of a reaction, one needs to reconstruct the total number of
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events by taking into account all the effects listed below:

1. Track reconstruction efficiency - the ratio of a number of reconstructed tracks

to the number of hit particles. Although, the track reconstruction efficiency is

close to unity, it should be taken into the account.

2. The data acquisition system introduces some dead time, which limits the sys-

tem efficiency by rejecting some part of produced triggers (see Section 5.4).

This effect increases with the total trigger rate. The average DAQ efficiency is

usually determined by comparing the number of all written triggers with the

total number of produced triggers, which are separately counted by scalers.

3. Detector geometric acceptance determination - the most difficult part. For

reactions with two and more tracks a Monte Carlo simulation is used, which

requires detailed detector geometry and an exact description of the experi-

mental conditions as input.

7.2 The dp→ pspdπ
0 reaction

7.2.1 Reaction identification and background estimation

The dp→ pspdπ
0 reaction was used in the luminosity determination in our experi-

ments. This reaction is identified in the ANKE forward detector by detecting both

charged particles (see Figures 6.1 and 6.2). After recognising the dp pairs, the

reaction is finally isolated on the basis of the missing-mass distributions [31].

At intermediate energies, soft deuteron collisions are generally dominated by the

interaction of one of the nucleons in the nucleus, the other nucleon being a spec-

tator. When the proton acts as a spectator, psp, the dp→ pspdπ
0 reaction can be

interpreted in terms of quasi-free np→ dπ0 pion production. To confirm the spec-

tator hypothesis, a Monte Carlo simulation has been performed within PLUTO [64]

using the Fermi momentum distribution from the Paris deuteron wave function [65].

As is demonstrated in Fig. 7.1, the data are consistent with quasi-free production

on the neutron leading to a spectator proton. However, in order to reduce further
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Figure 7.1: The momentum distribution of the fast proton from the dp → pspdπ
0 reaction

at Td = 1.2 GeV (left panel), transformed into the rest frame of the incident deuteron,
and the resulting kinetic energy of the incident neutron in the laboratory system (right
panel). The corresponding Monte Carlo simulations are shown as solid histograms.

possible contributions from multiple scattering and other mechanisms, only events

below 60 MeV/c were retained for the luminosity evaluation.

Isospin invariance requires the cross section for np→ dπ0 to be half of that

for pp→ dπ+, for which there are numerous measurements [66]. An additional

advantage of using this reaction for normalisation is that the typical 5% shadowing

effect in the deuteron (where one nucleon hides behind the other) should be broadly

similar in the dp→ {pp}X and dp→ pspdπ
0 reactions.

The determination of the angles for the quasi-free np→ dπ0 reaction is compli-

cated by the Fermi motion of the nucleons inside the deuteron. Due to this effect, the

effective neutron beam energy, Tn, is spread around half the deuteron beam energy

with a width arising from the Fermi momentum. At a beam energy of 600 MeV per

nucleon, the FWHM is 90 MeV for a psp < 60 MeV/c cut. Furthermore, the neutron

direction is not precisely aligned along that of the beam, but is spread over some

solid angle. Since this introduces an incident angle, which is several degrees in the

laboratory system (depending on the beam energy), it has to be taken into account.

These considerations apply to both the polar and azimuthal angles. In order to cor-

rect for this effect, the three-momentum of the incident neutron was reconstructed

using the information from the spectator-proton momentum. The deuteron polar

angle was measured from the neutron momentum instead of the beam direction. The

azimuthal angle was defined between the normals to the COSY ring and deuteron

scattering plane.

The missing-mass spectra in Fig. 7.2 (left panel) of detected fast deuterons from
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the np→ dπ0 reaction clearly show the existence of some background, especially at

high energies. This is an accidental background at very small |∆Tc| that is ran-

domly distributed in ∆Tm (see Figure 6.2). This is caused by fast particles, mainly

protons, that are produced in a different beam-target interaction. The contribu-

tion from such accidental events in the vicinity of the fast deuteron branch of the

dp→ pspdπ
0 reaction increases rapidly with energy. It varies between 18% and 30%

for Td ≥ 1.6 GeV, whereas it is less then 3% at 1.2 GeV. The analogous background

is negligible at all energies for the slow deuteron branch.
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Figure 7.2: Missing-mass distributions for the dp (fast deuteron) events at three differ-
ent energies before (left) and after (middle) background subtraction. Background distri-
butions are shown as solid histograms. Right panel shows the angular distribution of the
background events.

The properties of the background were studied using the data for which |∆Tc| <
2 ns and |∆Tm| > 12 ns. As can be seen in Fig. 6.2, no true coincidence two-track

events are expected in this region. These data were analysed with exactly the same

analysis procedure as used for dp→ pspdπ
0, to obtain the shape of background in

the distributions of the missing mass and the deuteron laboratory scattering angle in

the dp→ pspdπ
0 reaction. As demonstrated in Fig. 7.2 (right panel), the background

shows a rather strong dependence on the laboratory scattering angle. Hence, it is
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necessary, not only to account for the total level of the background, but for its shape

also. The normalisation for the background was found by comparing the background

missing-mass spectra with those for the identified dp pairs. In order to check the

reliability of the normalisation, the background was subtracted from the missing-

mass spectrum, which was then fitted with the sum of Gaussian and Polynomial, as

shown in the middle panel of Fig. 7.2. The remaining background at a percent level

was included as an uncertainty in the remaining data. The normalised background

was also subtracted from the dp→ pspdπ
0 angular distributions.

7.2.2 Monte Carlo simulation

In order to investigate the acceptance of the ANKE forward detector for different

reactions, a full simulation was performed based on GEANT software [67]. As

mentioned in the previous section, the spectator model was used in the simulation.

It was already demonstrated in Fig. 7.1, that the energy of incident neutrons varies

significantly in the quasi-free np→ dπ0 process. Since the cross section of this

process depends rather strongly on the energy, it became necessary to either use

very strict cuts on the neutron kinetic energy or account for the cross section energy

dependence. Shrinking the allowed energy range for incident neutrons would also

reduce the statistics and the luminosity measurement accuracy, which at higher

energies would not be acceptable. Therefore, the second option was preferred.

The cross section of the pp→ dπ+, which is higher than that for np→ dπ0 by

an isospin factor of two, was obtained from the SAID data base [66] as a function

of two variables, Tn and θlab of the fast and slow deuterons separately. These are

shown in Fig. 7.3. The simulated events were weighted with this cross section in

subsequent analyses.

The same track-reconstruction algorithm was used in the simulation and the data

analysis. In order to get as precise a description of the experiment as possible, the

dispersion of the hits in the MWPC, the background hits produced by accidental co-

incidences, and the noise in the multiwire chambers readout electronics, as obtained

from the experimental data, were also included in the simulation [62]. The quality

of the simulation may be judged from the distributions of the deuteron production

angle in the laboratory system that are shown in Fig. 7.4.
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Figure 7.3: Differential cross section dσ/dϑ (mbarn/radian) of the np → dπ0 reaction
for fast (left) and slow (right) deuterons as a function of the deuteron laboratory polar
angle θ and kinetic energy of the incident neutron Tn.

7.2.3 Luminosity measurement

To determine the luminosity we used Eq. (7.1) and inserted detailed expressions for

R and σ:

L =
R

σ
=

Rexp (Ntot/Nacc)∫∫
dσ
dϑ
(ϑ, Tn) dϑ dTn

, (7.2)

where Rexp is the count rate from the quasi-free np→ dπ0 reaction, corrected for

the trigger dead time. Nacc is the number of counts in the simulation that pass all

the criteria used in the experimental data processing and Ntot is the total number

of simulated events. These are summed over the neutron kinetic energy, subject to

the psp < 60 MeV/c cut, and over the given angular range.

The FD detector acceptance changes rapidly with polar angle. In order to min-

imise systematic errors, the total angular range was binned and the luminosity eval-

uated separately for each bin. Data at the acceptance edges (the smallest and the

largest angles) were less reliable, due to the greater uncertainty in the evaluation of

the acceptance, and showed systematic shifts in luminosity. Such angular intervals

were discarded and the average recomputed.

The values of the average luminosities determined from the np→ dπ0 reaction are

given in Table 7.1. The errors quoted include statistical ones from the experimental

counts and those introduced by the background subtraction procedure. Uncertain-

ties coming from the SAID database [66], which were estimated by studying the
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Figure 7.4: Simulated (solid histogram) and experimental angular distributions for the
dp → pspdπ

0 reaction at Td = 1.2 GeV. The left and right panels correspond to fast and
slow deuterons, respectively.

experimental results in the relevant regions, are listed separately.

Td Average luminosity Measurement SAID

[GeV] [cm−2 s−1] uncertainty uncertainty

[%] [%]

1.2 1.76× 1030 1.1 2.2

1.6 1.84× 1031 2.0 5.1

1.8 1.61× 1031 2.8 4.4

2.27 1.18× 1030 5.0 3.8

Table 7.1: Average luminosities achieved with the cluster-jet target at four different
beam energies. Shown separately are the uncertainties associated with the measurement
and with the experimental data used as input in the estimations.
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7.3 The dp→ {pp}sn reaction

7.3.1 Reaction identification and background estimation

Having identified two fast protons in the final state and selected low Epp events, the

dp→ {pp}sn reaction was isolated on the basis of the missing-mass distributions,

which are shown at three energies in Fig. 7.5. In addition to the dominant neutron

peak, there are also many events for MX > 1080 MeV/c2 that must correspond to

pion production (more about this channel is to be found in chapter 10). However,

very few of these leak into the neutron region and the background from this under

the neutron peak is at most at the per cent level. In addition, there is an accidental

background arising from a different beam-target interaction (the same background

as was mentioned for the dp→ pspdπ
0 reaction). In 2006 such background was negli-

gible. But in 2005 the luminosity was much higher, which resulted in a significantly

increased accidental background. Hence, the level of the background had to be

estimated and subtracted from the final cross section results.
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Figure 7.5: The missing-mass MX distributions for the dp → {pp}sX reaction at three
deuteron beam energies. The background under the neutron peak is negligible.
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The accidental background for the dp→ {pp}sn reaction was studied using the

arrival time difference between the two protons. It is clearly seen in Fig. 6.2 that the

peaks in the ∆Tm−∆Tc spectrum, corresponding to pp and dp pairs, are rather dis-

tant. This allowed us to use a broader cut on the pp peak during the reaction identi-

fication and maintain the background events outside the (−3σ,+3σ) interval. In the

final stage of the analysis such distributions were built again for the selected events

being used in the cross section determination and fitted with a Gaussian plus con-

stant function to estimate the background level. The large statistics of dp→ {pp}sn
events made it possible to repeat this procedure for different q ranges/bins and ob-

tain the background behaviour with momentum transfer. Results at Td = 1.8 GeV,

where the background level was the highest, are shown in Fig. 7.6 as an example.

This background was then subtracted from the final cross section result.
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Figure 7.6: The accidental background for the dp → {pp}sn reaction at different mo-
mentum transfers at Td = 1.8 GeV. This was obtained using the time information from
the FD hodoscope.

7.3.2 Monte Carlo simulation

The dp→ {pp}sn reaction has a three-body final state. Hence, five variables are

needed to describe the kinematics of this process. In principle, the cross section and

the detector acceptance are functions of the five independent variables. In order to

simulate the process we used the following ones:

• Epp – the excitation energy of the two protons. Epp = k2/mp = m2p − 2mp,

where k is a relative momentum of the protons.
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• cos θcmpp – the cosine of the polar angle of the diproton in the overall cm system.

It is directly related to the three-momentum transfer q.

• ϕcm
pp – the azimuthal angle of the diproton in the overall cm system.

• cos θcmk – the polar angle of the proton in cm system of two protons.

• ϕcm
k – the azimuthal angle of the proton in cm system of two protons.

However, within the impulse approximation, by far the most important of these

for very low Epp are the excitation energy Epp in the final pp diproton and the

momentum transfer q from the proton to the neutron. Since only the unpolarised

state of the beam was used for the cross section determination, the ϕcm
pp dependence

was omitted. Furthermore, in our conditions the Epp excitation energy is so small

that the 1S0 state dominates and the contamination from higher partial waves is

severely limited. As could be checked with the impulse approximation program,

under these conditions the dependence on the cos θcmk and ϕcm
k was very weak and

could be easily neglected.
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Figure 7.7: Simulated (blue) versus experimental (red) distributions of different kine-
matical parameters of the dp → {pp}sn reaction at Td = 1.2 GeV. Simulated events are
weighted with d2σ(q, Epp)/dqdEpp.
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It was shown in earlier studies at ANKE that the detector acceptance for the

proton-proton pairs could be described sufficiently well [68]. The FD detector ac-

ceptance for the dp→ {pp}sn reaction was measured as function of q and Epp. For

this all the five variables were generated uniformly. Figure 7.7 shows simulated and

experimental distributions of all these five variables. In order to account for mi-

gration effects between different bins, simulated events were weighted with a two

dimensional differential cross section d2σ(q, Epp)/dqdEpp, obtained from the impulse

approximation predictions. The resulting tracks were traced through ANKE using

the GEANT software [67]. The total number of generated events Ntot, as well as

accepted traced events Nacc, which passed all the cuts used in the data analyses,

were stored in two-dimensional histograms. The acceptance coefficients for different

q and Epp bins were determined by

A(q, Epp) =
Nacc(q, Epp)

Ntot(q, Epp)
. (7.3)

In such a way, the two dimensional acceptance maps were obtained at all energies.

An example of such map is shown in Fig. 7.8 at one particular energy.
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Figure 7.8: ANKE FD acceptance (q, Epp) map for the dp → {pp}sn reaction at Td =
1.2 GeV.

The optimal bin widths for q and Epp were determined by considering the corre-

sponding resolution in these variables. In order to determine the resolution in the

excitation energy of the diproton and the transferred momentum, simulated events
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were analysed before and after passing the track-reconstruction algorithm. The dif-

ferences between the original and reconstructed values of these observables were

studied for different ranges. The resolutions in q and Epp are about 4 − 8 MeV/c

and better than 0.3 MeV, respectively.

7.3.3 Differential cross section

The dp→ {pp}sn cross section determination was performed in a similar manner

to the luminosity evaluation that used the dp→ pspdπ
0 reaction. It involved the

same technique for correcting the experimental count rates. In accordance with

Eq. (7.1), the two-dimensional differential cross section was evaluated in terms of

the integrated luminosity Lint from:

d2σ(q, Epp)

dq dEpp

=
1

Lint

Nexp(q, Epp)Ntot(q, Epp)

Nacc(q, Epp)∆q∆Epp

, (7.4)

where Nexp(q, Epp) is the corrected number of experimental events for given values

of q (measured in the laboratory system) and Epp. Ntot(q, Epp) and Nacc(q, Epp)

are the total and accepted numbers of simulated events respectively. ∆q and ∆Epp

correspond to bin widths in momentum transfer and excitation energy, respectively.

The cross sections were further integrated over Epp < 3 MeV in order to provide

the dσ/dq differential distribution presented in Fig. 7.9. This figure includes also

the new results obtained at Td = 1.2 GeV. In addition to the statistical errors

arising from the experimental count rates that are shown, there are also overall

systematic uncertainties arising from the luminosity determinations given in the

Table 7.1. Within these uncertainties, the agreement with the theoretical impulse

approximation predictions [38] at Td = 1.2, 1.6, and 1.8 GeV is very encouraging and

is in line with similar data analysed at 1.17 GeV [31]. In contrast, the unpolarised

differential cross section at Td = 2.27 GeV falls about 15% below the predictions

based upon the current np→ pn partial wave analysis [1]. As we shall see later,

similar discrepancies are found in the spin observables of the dp→ {pp}sn reaction

but only at this highest energy.
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Figure 7.9: Differential cross sections for the dp → {pp}sn reaction at four different
energies compared with impulse approximation predictions based upon the current SAID
np → np amplitude analysis [1] (numerical values are listed in Table B.2). The data are
integrated over the Epp < 3 MeV interval. Only statistical errors are shown; Systematic
uncertainties are listed in Table 7.1.
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Polarimetry at ANKE

In order to measure different spin observables for the d⃗p→ {pp}sn or any other re-

action, the first step has to be the identification of the polarisations of the various

deuteron beam states used in the experiment. With complete efficiencies in the tran-

sition units, the polarisations should approach the ideal values given in Table 5.1.

However, this is never the case in practice and the beam polarisation must be de-

termined separately for each of the beam states used. The accuracy of the beam

and/or target polarimetry, in principle, defines the precision of the measured spin

observables. This chapter describes methods of measuring the deuteron beam and

hydrogen target polarisations at ANKE.

8.1 Polarised cross section

At first it is necessary to define the “scattering frame”, or the so-called Madison

Frame, which will help us to simplify the presentation of complex polarisation effects.

The scattering frame is a Cartesian coordinate system (x, y, z) with the z-axis along

the momentum of the incident particle p⃗in, the y-axis in the direction of p⃗in × p⃗out,

where the p⃗out is the momentum of the scattered particle, and the x-axis defined by

a right-handed coordinate system.

Now we will discuss how the differential cross section depends on the polarisations

of beam and target. This will be done for elastic scattering of polarised deuterons

from the polarised protons, but all the derived dependence can be generalised for any

polarised spin-1 particle scattering from polarised spin-1
2
particles. The differential

63



Chapter 8

)inkZ (

outk

X

)SY (

φ

θ

Figure 8.1

cross section dσ for elastic scattering, in terms of the unpolarised differential cross

section dσ0, is given as follows [16, 69]:

dσ

dσ0
= 1 + QyA

p
y +

3

2
PyA

d
y +

2

3
PxzAxz +

1

3
(PxxAxx + PyyAyy + PzzAzz)

+
3

2
(PxQxCx,x + PxQzCx,z + PyQyCy,y + PzQxCz,x + PzQzCz,z)

+
1

3
(PxxQyCxx,y + PyyQyCyy,y + PzzQyCzz,y)

+
2

3
(PxyQxCxy,x + PxyQzCxy,z + PxzQyCxz,y + PyzQxCyz,x +

PyzQzCyz,z) , (8.1)

where

• Qi - proton (target) polarisation components,

• Pi - deuteron (beam) vector polarisation components,

• Pik - Cartesian moments of the deuteron (beam) tensor polarisation,
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• Ap
y - proton analysing power,

• Ad
y - deuteron analysing power,

• Aik - components of the tensor analysing power,

• Ci,k - vector-vector spin correlation coefficients,

• Cik,l - tensor-vector spin correlation coefficients (i, k, l can be any of the x, y, z).

The Ap
y, A

d
y, Aik, Ci,k, Cik,l observables are functions of scattering angle θ. In

Eq. (8.1) the constraints of parity conservation have been taken into account. In

addition, the following relations also apply here:

Pxx + Pyy + Pzz = Axx + Ayy + Azz = Cxx,y + Cyy,y + Czz,y = 0 . (8.2)

In order to characterise an polarised ensemble of particles, an axis of rotational

symmetry s⃗, also called the ‘spin-alignment axis’ should be known. Usually the

spin-alignment axis of the polarised beam and/or target produced in atomic beam

sources is defined by the experimental apparatus and is always fixed in the laboratory

system. For spin-1
2
particles only two projections of the spin are available. If we

denote by n+ and n− the populations of the two magnetic substates with projections

+1 and −1 with respect to a quantisation axis in the direction of s⃗, the vector

polarisation of the ensemble is then given by:

Pξ =
n+ − n−

n+ + n− . (8.3)

For spin-1 particles the state with 0 projection is also possible, which leads to tensor

polarisation components:

Pξξ =
n+ + n− − 2n0

n+ + n0 + n− , (8.4)

where the n0 is the population of the magnetic substates with projections 0. The

equations (8.3) and (8.4) lead to the theoretical limits for the vector and tensor

polarisation values of −1 < Pξ < +1 and −2 < Pξξ < +1, respectively.

The reaction frame is defined by the p⃗in × p⃗out and is therefore specific for each

event. Since the orientation of the spin alignment axis s⃗ is fixed in the laboratory

system, this makes the vector and tensor polarisation components vary from event

to event in the reaction frame. In order to make relations between polarisations
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in different systems, let us consider that the spin alignment axis is determined as

s⃗(β, ϕ) in the laboratory system (X, Y, Z). The reaction frame is rotated from the

laboratory system around the Z-axis (direction of the p⃗in) by an azimuthal angle φ

of the p⃗out, as demonstrated in Fig. 8.1. This will be referred as “fixed frame” in

the future.

In the above example of elastic d⃗p⃗ scattering the polarisations of the deuteron

beam and proton target, in the fixed frame, are specified by P⃗ (βd, φd) and Q⃗(βp, φp)

vectors, respectively. This leads to the following relations:

Qx = Q sin βp cos(ϕp − φ) ,

Qy = Q sin βp sin(ϕp − φ) ,

Qz = Q cos βp ,

Px = Pξ sin βd cos(ϕd − φ) ,

Py = Pξ sin βd sin(ϕd − φ) ,

Pz = Pξ cos βd ,

Pxy =
3

4
Pξξ sin

2 βd sin 2(ϕd − φ) ,

Pyz =
3

4
Pξξ sin 2βd sin(ϕd − φ) ,

Pxz =
3

4
Pξξ sin 2βd cos(ϕd − φ) ,

Pzz =
1

2
Pξξ(3 cos

2 βd − 1) .

(8.5)

The stable spin axis is provided by the magnetic field at COSY, which is per-

pendicular to the beam orbit. Because of that, the COSY laboratory system is

defined in a similar way to the above-mentioned fixed frame. In the single-polarised

experiments of 2005 and 2006 only the deuteron beam was polarised. This signifi-

cantly simplifies the differential cross section of Eq. (8.1). Taking into account that

βd = ϕd =
π
2
and using relations (8.2), Eq. (8.1) simplifies to:

dσ(ϑ, φ)

dσ0(ϑ)
= 1 +

3

2
PξA

d
y(ϑ) cosφ

+
1

4
Pξξ [Axx(ϑ)(1− cos 2φ) + Ayy(ϑ)(1 + cos 2φ)]

+
1

4
PξξQ

[
(
1

2
Cxx,y(ϑ) +

1

2
Cyy,y(ϑ) + Cxy,x(ϑ)) cosφ

+(
1

2
Cxx,y(ϑ)−

1

2
Cyy,y(ϑ) + Cxy,x(ϑ)) cos 3φ

]
, (8.6)

where ϑ is a polar angle. The vector (Pξ) and tensor (Pξξ) polarisations are aligned

along the Y -axis (perpendicular to the COSY plane). We will denote them later as

PY and PY Y for simplicity.
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It can be seen from Fig.4.3 that the FD of the ANKE spectrometer has an asym-

metric acceptance with respect to the azimuthal φ angle. The only way to measure

the polarisation under such conditions is to compare the polarised and unpolarised

data. This has some advantages over other methods. The ratio dσ/dσ0 of Eq. (8.6)

provides a direct relation between the polarisation and analysing powers of the reac-

tion. By taking the ratio of the two data sets, most of the systematic effects, such as

detector geometric acceptance and track reconstruction efficiency, cancel out. This

is very important feature, not only for polarimetry purposes, but is also very useful

while studying different spin observables. The main disadvantage of the method is

that the polarisation is always measured with respect to the unpolarised state and

can lead to some inefficiencies if a residual polarisation is present.

Generally, the luminosity L [cm−2 s−1], which defines the counting rate of the

given reaction R [s−1] through its cross section σ, is a product of beam intensity

I [s−1] and target density n [cm−2]:

L = I · n =
R

σ
. (8.7)

Hence, any change in the beam intensity or in the target density affects the luminos-

ity and therefore the counting rate of the reaction. Considering Eq. (8.7), the cross

section dependence on the polarisation of Eq. (8.6) can be applied directly to the

counting rate ratios, but in this case it is necessary to normalise the polarised count-

ing rate on the relative luminosity with respect to the unpolarised state, taking into

account possible differences in data acquisition efficiencies between the two modes.

Different methods of determination of the relative luminosities has been achieved at

ANKE, and these are described in the next section.

8.2 The comparison of different normalisation methods

The standard method of the count normalisation, as used in the first experiment [31],

is based on the Beam Current Transformer (BCT) signal provided by the COSY ac-

celerator. The BCT signal is proportional to the COSY beam intensity and allows

the measurement of relative beam intensities with a percent accuracy, since the orbit

in the ring should be identical for the different polarisation modes. The cluster tar-
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get [53] has demonstrated very high stability over many years of operation at COSY.

The COSY polarised cycles during the single-polarised experiments in 2005 and 2006

lasted around five minutes. Since the density of the cluster target was considered

to be very steady over such short periods of time, the relative beam intensities,

provided by the BCT data, could be well approximated as the relative luminosi-

ties. Using the BCT signal, relative luminosities were determined by integrating the
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Figure 8.2: “Normal” BCT signal in the November 2003 beam time (left) and BCT
signal in the November 2006 beam time (right)

beam current I(t) over the total time:

Lpol

L0

=

∫
Ipol(t)dt∫
I0(t)dt

, (8.8)

where Lpol and L0 correspond to polarised and unpolarised integrated luminosities,

respectively. In addition, experimental count rates were corrected for the DAQ

efficiency for the selected trigger, separately for each polarisation mode, which was

obtained by averaging the collected (Rout(t)) and total (Rin(t)) trigger rates, counted

by scalers (see section 5.4 for more details).

τ =

∫
Rout(t)dt∫
Rin(t)dt

. (8.9)

During the analysis of the November 2006 data an unrecoverable problem with

the BCT signal was found. The problem with the digitisation of the BCT signal

occurred due to technical reasons during the beam time. This resulted in a signif-

icantly poorer measurement accuracy (Fig. 8.2, right panel) of around 10 percent,
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which was largely insufficient for polarimetry and analysing power studies, and an

alternative was required. The dp→ pspdπ
0 reaction (quasi–free np→ dπ0) counts

at ϑ = 0◦ do not depend on the beam polarisation. The accuracy achieved when

using this reaction depends mainly on the angular precision of the ANKE forward

detector. This technique was investigated and found to be consistent with BCT,

but it works well only at low energy (Td = 1.2 GeV). The counting rate falls with

energy so that at Td = 2.27 GeV the statistics are almost one order less and do not

provide any improvement in the accuracy achieved with the BCT method.

A much more robust method is provided by the dp→ pspX reaction. The number

of single-track events is enormous (a few hundred million events in the 2006 beam

time data) for all beam energies, which results in very small statistical uncertainty.

The deuteron momentum density for beams polarised with m = ±1 and m = 0 is

given by

ρ±1(p⃗) = ρ̄(p) + ∆ρ(p)P2(cosϑs) ,

ρ0(p⃗) = ρ̄(p)− 2∆ρ(p)P2(cosϑs) , (8.10)

where, in terms of the S− and D−state deuteron wave functions,

ρ̄(p) = 4π
(
ΨS(p)

2 +ΨD(p)
2
)
,

∆ρ(p) = 4π
(√

2ΨS(p)ΨD(p)− 1
2
ΨD(p)

2
)
, (8.11)

where ϑs is the angle with respect to the quantisation axis, aligned along the Y

direction. Equation (8.4) leads to

PY Y =
2r − 2

2r + 1
, (8.12)

where r is a ratio of populations of substates (|m| = 1) and (m = 0).

The dependence of the Fermi motion on polarisation is therefore given by

ρ(p⃗) = 1
6
[2 (2 + PY Y ) ρ±1(p⃗) + (2− 2PY Y ) ρ0(p⃗)]

= ρ̄(p) + PY Y ∆ρ(p)P2(cosϑs) . (8.13)

This should be converted into angles with respect to the beam direction. For
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that we use

P2(cosϑs) =
1
2
(3 cos2 ϑs − 1) = 1

2
(3y2/r2 − 1) , (8.14)

where, for a standard spherical coordinate system,

y = sinϑ sinφ , (8.15)

which leads to the final result:

ρ(p⃗) = ρ̄(p)−W (ϑ, φ)PY Y ∆ρ(p) , (8.16)

where,

W (ϑ, φ) = 1
2
P2(cosϑ) +

3
4
sin2 ϑ cos 2φ . (8.17)

In order to investigate the W (ϑ, φ) term and estimate its influence on the data,

W (ϑ, φ) was averaged over the ϑ and φ that were covered by our acceptance. For

that, the experimental spectator momentum distribution was built with theW (ϑ, φ)

weight and then normalised by the number of total events. Such an average is

shown in Fig. 8.3 for unpolarised and polarised modes (modes 1 and 7 of Table 5.1),

separately.
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Figure 8.3: Averaged W (ϑ, φ) of Eq. (8.17) within FD acceptance. Left and right panels
correspond to polarised modes 1 and 7 of Table 5.1, respectively.

Although the rates could in principle depend on the tensor polarisation of the

deuteron beam, no such dependence was found up to proton spectator momenta of

40 MeV/c. Count rates corresponding to this range were used to determine relative

luminosities. The new results are mainly in good agreement with the old ones

(determined using the dp→ pspdπ
0 reaction) except for a few modes (Table 8.1).
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During the 2005 beam time the BCT signal was reliable and this gave us the

possibility of comparing the two calibration methods. Although, the new method

is in good agreement with others, it benefits from the enormous statistics and,

furthermore, provides information directly about the luminosity.

Pol. mode BCT np→ dπ0 dp→ pspX

1 1.000± 0.000 1.000± 0.000 1.0000± 0.0000

2 0.511± 0.006 0.650± 0.132 0.5116± 0.0003

3 0.471± 0.005 0.454± 0.109 0.4735± 0.0003

4 0.485± 0.005 0.312± 0.116 0.4832± 0.0003

5 0.438± 0.005 0.340± 0.112 0.4379± 0.0003

6 0.394± 0.004 0.608± 0.107 0.3895± 0.0002

7 0.438± 0.005 0.578± 0.105 0.4358± 0.0003

8 0.427± 0.005 0.410± 0.117 0.4270± 0.0003

Table 8.1: The normalisation coefficients obtained using different calibration methods
for the 2005 beam time data at Td = 1.6 GeV for eight different polarisation modes.

8.3 Deuteron beam polarimetry

In the earlier work at 1.17 GeV [31], a variety of nuclear reactions with known

analysing powers were measured and these were used to establish values for the

polarisations. These showed that the analysing powers for the d⃗p→ {pp}sn reac-

tion were well reproduced in the impulse approximation calculations [38]. Since

the deuteron charge-exchange reaction can be so well identified and measured at

ANKE, we use this reaction itself to measure the beam tensor polarisation at the

neighbouring energy of 1.2 GeV, the necessary analysing powers being taken from

the impulse approximation estimates.

Apart from the large counting rates, this approach has the advantage of being

insensitive to the deuteron vector polarisation for small Epp [5] and this was checked

in earlier experiment [31]. By comparing the predictions of the current and SP96

SAID solutions [1], differences of less than 4% are found in the extracted values
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of PY Y at 600 MeV. This is consistent with the typical 5% uncertainty quoted in

Ref. [31].

The numbers N(q, φ) of diprotons produced in the d⃗p→ {pp}sn reaction at mo-

mentum transfer q and azimuthal angle φ with respect to the X-direction are given

in terms of the beam polarisation by

N(q, φ)

N0(q)
= Cn

{
1 + 1

4
PY Y [Axx(q)(1− cos 2φ)+

Ayy(q)(1 + cos 2φ)]} , (8.18)

where N0(q) are the numbers for an unpolarised beam and Cn is the relative lumi-

nosity of the polarised beam, determined using the dp→ pspX reaction events.

The break-up data were divided into several bins of momentum transfer q and

distributions in cos 2φ were constructed for each bin and polarisation mode. The

ratios to the unpolarised state were fitted using Eq. (8.18), the theoretical predictions

for Axx and Ayy being taken at mean values of q in each bin. The validity of this

approach was checked at Td = 1.17 GeV in the earlier experimental studies at

ANKE [40]. The beam polarisation in each state was taken as the weighted average

over the different values of the momentum transfer. Tables 8.2 and 8.3 list the

polarimetry results for the 2005 and 2006 data, respectively.

As already mentioned, the vector analysing power of the d⃗p→ {pp}sn reaction

is predicted to vanish in the 1S0 limit [5]. As a consequence, the vector polarisation

of the beam is unimportant for the tensor analysing power studies carried out with

the cluster target. This is no longer the case for the spin-correlation measurements

with the polarised cell target. The PY vector polarisation of the beam was evaluated

from the quasi–free np→ dπ0 events, also used for luminosity measurement. The

procedure is very similar to that of the target polarimetry, which is described in the

following section.

The maximum values of PY Y were ≈ 85% of the ideal for the 2005 data. But,

in the 2006 data, the maximum tensor polarisation dropped to ≈ 55% of the ideal,

with little change in the vector polarisation. To ensure an understanding of these

two results, a simulation of the whole system of the COSY deuterium ion source was

done. For this the efficiencies were simulated for each radio frequency transition unit

and also for each of the quadrupole magnets. As a result we could obtain high values

for the tensor polarisation with reasonable efficiencies for the separate elements of

72



Section 8.4

Polarisation Ideal values PY PY Y

mode PY PY Y (np→ dπ0) (dp→ {pp}n)

1 0 0 − −
2 +1

3
+1 0.26± 0.06 0.82± 0.03

3 −2
3

0 −0.52± 0.05 0.15± 0.04

4 +1
3

−1 0.14± 0.06 −0.73± 0.04

5 0 +1 −0.05± 0.05 0.85± 0.03

6 0 −2 0.08± 0.06 −0.78± 0.04

7 −1 0 −0.51± 0.05 0.01± 0.03

8 +1 +1 0.35± 0.06 0.84± 0.03

Table 8.2: Ideal and measured values of the beam polarisation during the 2005 beam
time. Measurements were done at Td = 1.2 GeV.

the polarised source, as well as for the whole system. Furthermore, this also provided

the explanation of a strange behaviour of the polarisation state 7 in the 2005 data

(Table 8.2). It seems that the rf transition unit responsible for the exchanging of

deuteron hypefine states |2⟩ ↔ |4⟩ failed during the experiment, leading to the zero

tensor polarisation of the beam. However, the vector polarisation was not affected

by this problem.

8.4 Hydrogen target polarimetry

In single-polarised experiments with the cluster-jet target, the d⃗p→ {pp}sn reaction

is only sensitive to the tensor polarisation of the beam and the values of this could

be established by using the d⃗p→ {pp}sn reaction itself at the 1.2 GeV calibration

energy. In contrast, in order to determine the spin-correlation parameters Cx,x and

Cy,y, one has first to determine the vector polarisation of the deuteron beam as well

as the polarisation of the hydrogen in the target cell. The basis of both measurements

is the quasi-free n⃗p→ dπ0 reaction which, at small spectator momenta, is insensitive

to the deuteron tensor polarisation.

However, the main complication connected with the quasi-free np→ dπ0 reac-
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Polarisation Ideal values PY PY Y

mode PY PY Y (np→ dπ0) (dp→ {pp}n)

1 0 0 − −
2 −2

3
0 −0.272± 0.102 −0.002± 0.022

3 +1
3

−1 0.374± 0.116 −0.559± 0.023

4 −1
3

+1 −0.196± 0.104 0.464± 0.020

5 0 +1 0.179± 0.118 0.604± 0.020

6 −1 +1 −0.445± 0.101 0.496± 0.020

7 +1 +1 0.678± 0.128 0.394± 0.021

8 0 −2 −0.088± 0.109 −0.231± 0.023

Table 8.3: Polarimetry results for the 2006 beam time, analogous to those in Table 8.2.

tion arises due to Fermi motion of the nucleons in the deuteron, which results in the

spread of kinetic energy of the incident neutron. As was mentioned in section 7.2,

only events with proton spectators momenta below 60 MeV/c were used in the lu-

minosity analyses. As was demonstrated by a Monte Carlo simulation (see Fig. 7.1),

such a momentum region is well described by a spectator model. However, when

the deuteron beam is polarised and the polarisation is intended to be measured by

a quasi-free np→ dπ0 reaction, the following should be taken into account: if one

integrates over all Fermi momenta inside the deuteron, the nucleon polarisation in

the deuteron P n
Y would be reduced from that of the deuteron P d

Y by a factor

P n
Y =

(
1− 3

2
PD

)
P d
Y , (8.19)

where PD is the deuteron D-state probability. However, since the D-state effects

vanish like |psp|2, the dilution of the polarisation signal by the deuteron D-state is

negligible if only data with psp < 60 MeV/c are used in the subsequent analyses.

Such a cut preserves a large part of the statistics. Although, for the hydrogen

target polarimetry such an effect is no longer relevant, the same momentum cut was

retained in the analysis.

For an unpolarised deuteron beam incident on a polarised hydrogen target with

spin-up (↑) and spin-down (↓), the asymmetry ratio ϵ between polarised N↑(↓) and
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unpolarised N0 yields has the form:

ϵ↑(↓)(ϑ, φ) =
N↑(↓)(ϑ, φ)

N0(ϑ)
= 1 +Q↑(↓)Ay(ϑ) cosφ, (8.20)

where ϑ and φ angles are polar and azimuthal angles, respectively, of the detected

particle and Q is the target polarisation. The polar ϑ and azimuthal φ angles of the

deuteron were determined according to the procedure described in section 7.2.

The cell introduces additional complications in the determination of the angles

because of the spread of the interaction points along the cell axis. Since the Ay(ϑ)

analysing power in the np→ dπ0 reaction changes very rapidly with angle, the

reconstruction of the longitudinal vertex coordinate Z is therefore required for each

event to correctly determine the scattering angle. For a two-track event, this can

be done with the use of the arrival-time difference for two particles, measured in

the scintillation hodoscope. In our kinematical conditions, where the deuteron is at

least twice as slow as the proton, such a difference is a sensitive function of Z. The

three-momenta of the two particles and the Y and Z coordinates of the vertex are

found through an overall fit procedure that uses the information from both the wire

chambers and the hodoscope.

Figure 8.4 shows the distribution of interaction points in the Y -Z plane. In

addition to helping in the angular determination, the vertex reconstruction allows

one to make cuts along the cell axis to minimise the background from the rest gas

that is spread throughout the target chamber.

A second major complication arises from the scattering of the beam halo particles

on the cell walls. This can produce additional background that would dilute the

analysing power signal. As mentioned earlier, the dedicated beam development

enabled the bulk of the beam to pass through the cell without hitting the walls.

For this reason, additional runs were therefore recorded with unpolarised nitrogen

gas target to simulate the shape of the background (see details in Refs. [56, 57]).

The background subtraction was performed for each polarisation state by using the

missing-mass distributions for the hydrogen and nitrogen data. One such example

is shown in Fig. 8.5.

The target polarisation was measured using data taken with an unpolarised

deuteron beam at Td = 1.2 GeV. After vertex reconstruction, the np→ dπ0 data

were binned in deuteron cm angles. The background subtraction was performed

separately for each bin and distributions in cosφ built for both spin-up and spin-
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Figure 8.4: Vertex reconstruction in the Y Z plane using correlated deuteron-proton
pairs. The rectangle shows the physical dimensions of the cell (Y × Z = 15× 370 mm2).

down modes. Although the spin-↑ and spin-↓ hydrogen states should be produced

with the same efficiencies in the ABS, there still remain some possibilities that

allow slight differences in polarisation between the two modes. In order to check the

polarisations of each mode independently, the unpolarised target data taken at the

end of the 2009 beam time especially for this purpose were used. Comparing the

asymmetries evaluated with respect to the unpolarised target data using Eq. (8.20),

a 15% polarisation difference was found between the spin-↑ and spin-↓ modes. The

final result was recalculated, using the weighted sum of the two data sets from

different target polarisations as the unpolarised mode, in the following way:

N↑(ϑ, φ)−N↓(ϑ, φ)

αN↑(ϑ, φ) +N↓(ϑ, φ)
= Q↑Ay(ϑ) cosφ, (8.21)

where

α =
|Q↓|
|Q↑|

≈ 1.15 , (8.22)

as found from the comparison of the two asymmetries.

According to Eq. (8.21), the ratios of the difference to the sum of the data for

the two polarised modes were than fitted with a linear function in cosφ and the

value of the product QAy deduced, which is shown in Fig. 8.6.

Isospin invariance requires the analysing powers in the np→ dπ0 and pp→ dπ+
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Figure 8.5: Comparison of the (d, dpsp) missing-mass-squared distributions at Td =
1.2 GeV when using a polarised hydrogen target or filling the cell with nitrogen gas.

reactions to be identical and there are numerous measurements of the proton analysing

power Ay(ϑ) of the latter in the 600 MeV region [66]. The dispersion of the results

introduces a ≈ 2.3% uncertainty in the value of the polarisation and, since the rel-

evant angular domains are different for the beam and target determinations, these

are largely independent for P and Q.

As already mentioned in section 7.2, due to the Fermi motion, the kinetic en-

ergy spread of the incident neutron in the laboratory system is rather wide, having

almost a 150 MeV width (Fig. 7.1). The analysing power from the SAID pp→ dπ+

database [66] has a significant energy dependence that is different at small and large

cm angles. In order to take this into account, the analysing power was evaluated from

the SAID database at different energies, with a 25 MeV step. This two-dimensional

function Ay(ϑ, T ) was then averaged over the energy and polar angle, using the ex-

perimental neutron kinetic energy (of Fig. 7.1) and pion ϑπ
cm angle distributions as

weights.

Taking the mean analysing power ⟨Ay⟩ in each ϑcm
d bin, the target polarisation

was deduced from the measured QAy product. This gave Q↑ = 0.61 ± 0.02 and

Q↓ = −0.70± 0.03.

Using the quasi-free np→ dπ0 reaction, the vector polarisation of the deuteron

beam (state 3 in Table 5.1) was determined in an analogous way. The weighted
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Figure 8.6: The product of QAy, as evaluated from the experimental data. The curve
corresponds to Ay from the SAID pp → dπ+ database, further averaged over the energy
(see the text) and scaled by the target polarisation of 0.61.

sums of target spin-↑ and spin-↓ modes were constructed, as follows:

αN↑
3 (ϑ, φ) +N↓

3 (ϑ, φ)

αN↑
1 (ϑ, φ) +N↓

1 (ϑ, φ)
= 1 + PYAy(ϑ) cosφ, (8.23)

where indices 1 and 3 correspond to beam polarised states in Table 5.1. Using similar

techniques as for the target polarimetry, the beam polarisation was determined to

be PY = −0.51± 0.05.
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Spin observables in the

dp→ {pp}sn reaction

The primary aim of this work was to investigate the tensor analysing powers and

spin-correlation coefficients of the dp→ {pp}sn reaction at different deuteron beam

energies. Since these observables are directly linked to np charge exchange ampli-

tudes within the impulse approximation, comparison of the experimental data with

their theoretical estimates will indicate how precise the current np database is and

make an useful contribution in further improving it. This chapter describes the pro-

cedure of evaluating different spin observables from the single and double-polarised

experimental data. The results obtained and their interpretation are also presented.

In experiments with the unpolarised cluster-jet target, the d⃗p→ {pp}sn reac-

tion is only sensitive to the tensor polarisation of the beam and the values of this

could be established by using the d⃗p→ {pp}sn reaction itself at the 1.2 GeV cali-

bration energy, as described in section 8.3. In contrast, in order to determine the

spin-correlation parameters Cx,x and Cy,y, one has first to determine the vector po-

larisation of the deuteron beam as well as the polarisation of the hydrogen in the

target cell. This was done on the basis of the quasi-free n⃗p → dπ0 reaction which,

at small spectator momenta, is insensitive to the deuteron tensor polarisation. All

the details on beam and target polarimetry are to be found in section 8.4.
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9.1 Tensor analysing powers

The successful polarimetry of the deuteron beam, described in the previous chapter,

allowed us to determine the tensor analysing powers of the d⃗p→ {pp}sn reaction. In

order to ensure the reliability of the whole analysis procedure and consistency with

impulse approximation predictions, this was first performed at 1.2 GeV. Although a

single-polarised beam mode together with the unpolarised one is already sufficient

to measure the analysing powers, as already mentioned, several configurations of the

polarised deuteron beam were employed in the experiments, and these are listed in

Table 5.1. This allowed us to measure Axx and Ayy for each mode separately to check

the systematics. Measuring these observables at the same energy where PY Y was

determined, would help to locate any inconsistency either in the analyses or in the

experimental data themselves. Furthermore, this would check the reproducibility of

the results obtained at 1.17 GeV in an earlier experiment [31].
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Figure 9.1: The tensor analysing powers of the dp → {pp}sn reaction, measured at
Td = 1.2 GeV. Low Epp data (< 3 MeV) was used. Curves correspond to the impulse
approximation predictions based upon the current SAID np → np amplitudes [1].

The deuteron Cartesian tensor analysing powers Axx and Ayy were extracted

using Eq. (8.18) in much the same way as for the polarimetry, with the beam tensor

polarisation PY Y being determined at Td = 1.2 GeV. The ratios of the polarised to

unpolarised corrected count rates were fitted in terms of the two free parameters Axx

and Ayy. The procedure was repeated for different polarisation states and the results

averaged over these beam modes. The results obtained with the Epp < 3 MeV data

are shown in Fig. 9.1 together with theoretical predictions.
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Figure 9.2: Tensor analysing powers at Td = 1.2 GeV using 1 < Epp < 3 MeV data.
Curves correspond to the impulse approximation predictions based upon the current SAID
np → np amplitudes [1]. By choosing the angular domain of either cosα < 0.5, or
cosα > 0.5 between the momentum transfer and the pp system relative momenta in the
Breit frame, contributions from S and P waves are separated.

The contamination from the P -wave dilutes tensor analysing power signal. At

very small Epp, the diproton is mainly in 1S0 state and then the contribution from

the P state is negligible. This results in a maximal tensor analysing power signal.

In contrast, when the relative momentum of the diproton increases, contributions

from the P -wave become significant, diluting the Axx and Ayy. In order to observe

this effect on the experimental data, a larger Epp cut has to be introduced. But

the ANKE forward detector acceptance drops rapidly with Epp, resulting in very

poor statistics above 5 MeV. Another possibility is to introduce the cut on the angle

between the momentum transfer and the pp system relative momenta in the Breit

frame, which distinguishes the S and P waves. The corresponding results must differ

for different angles. Analyses were done for cosα < 0.5 and cosα > 0.5 separately

to look for the effect. The tensor analysing power dilution was clearly identified, as

can be seen in Fig. 9.2.

The results for the tensor analysing powers at higher energies are shown in

Fig. 9.3 at three beam energies as functions of the momentum transfer. The agree-

ment between the experimental data and the impulse approximation predictions is

very good at Tn = 800 and 900 MeV. At these energies the SAID np amplitudes [1]

used as input in the calculations are considered to be reliable but at Tn = 1.135 GeV,

which corresponds to the maximum deuteron energy available at COSY, the agree-

ment is much worse. Since there are also severe discrepancies in the unpolarised cross
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Figure 9.3: Tensor analysing powers Axx (squares) and Ayy (triangles) of the

d⃗p → {pp}sn reaction at three beam energies for low diproton excitation energy, Epp <
3 MeV (numerical values are listed in Table B.1), compared to impulse approximation
predictions based upon the current SAID np → np amplitudes [1]. The dashed curves at
2.27 GeV correspond to a uniform reduction of the spin-longitudinal ε(q) amplitude by
25%. The error bars include the uncertainties from the relative luminosity Cn and the
beam polarisations determined at 1.2 GeV. In addition, at the higher energies there is an
overall uncertainty of up to 4% due to the use of the polarisation export procedure.

section at this energy, it is natural to question whether there might be deficiencies

in the SAID np analysis at this energy.

The experimental value of Axx = Ayy in the forward direction (q ≈ 0) is sig-

nificantly more negative than the predictions using the SAID np amplitudes at
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1.135 GeV. However, it can be seen from Eq. (3.11) that a relative reduction in the

ε amplitude might improve the predictions.

The problem with the SAID implementation of the ε amplitude at 1.135 GeV

can be identified more explicitly also in a different way. The ratio of Eq. (3.13) of

the transition form factors from deuteron to diproton, involving deuteron S and D

states, is close to unity in the forward direction (small momentum transfers). This

then suggests the following dependences, using Eq. (3.11):

(1− Ayy)/(1 + Axx + Ayy) ≈ (|β|2 + |γ|2)/|ε|2 ,

(1− Axx)/(1 + Axx + Ayy) ≈ |δ|2/|ε|2 ,

(1− Axx)/(1− Ayy) ≈ |δ|2/(|β|2 + |γ|2) .
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Figure 9.4: Measured ratios of observables as functions of momentum transfer for two
different beam energies. Solid lines correspond to impulse approximation predictions.
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The variation of these quantities with q are presented in Fig. 9.4 for the 1.2 and

2.27 GeV data. Whereas at the lower energy all the ratios are well described by

the model, at the higher it is seen that it is only |δ|2/(|β|2 + |γ|2) which is well

understood. It seems that the SAID program currently overestimates the values

of |ε| at small q. To check this possibility, the predictions were recomputed with

the ε(q) amplitude being reduced uniformly by 25%. Fortunately, this gave the

much better overall agreement with the data that is demonstrated by the dashed

curves in the lower panel of Fig. 9.3. This therefore suggests that the current SAID

amplitudes [1] might overestimate the relative strength of the ε(q) at small q but

further proof is required and this is furnished by the measurements of the spin

correlations, described in the next section.

9.2 Spin-correlation parameters

The single-polarised experiments of 2005 and 2006 allowed us to obtain useful data

on tensor polarisations of the d⃗p→ {pp}sn reaction. However, in order to completely

exploit the potential of this reaction in np amplitude studies, as a logical continua-

tion, a double-polarised experiment was also carried out in 2009 (see section 5.2). Its

primary aim was to study the spin-correlation parameters Cx,x and Cy,y of the same

reaction to determine the relative phases of the spin-spin amplitudes [60]. Further-

more, the double-polarised data at Td = 2.27 GeV gave an excellent opportunity to

check whether the suspected ε deficiencies in the SAID amplitudes at highest beam

energy were reflected also in the spin correlations.

In the d⃗p⃗→ {pp}sn events the background subtraction was carried out in the

same way as for the dp→ pspdπ
0 reaction, with the nitrogen gas data simulating the

shape of the background, as illustrated in Fig. 9.5. Similar to the tensor analysing

powers, the spin-correlation parameters are also functions of the momentum transfer

q. Hence, in the analysis the data were binned in intervals in q and the background

subtraction procedure was performed for each q bin separately.

In order to simplify as much as possible the evaluation of the spin-correlation pa-

rameters from the d⃗p⃗→ {pp}sn reaction, no tensor polarised deuteron beam modes

were used (see Table 5.1). In this case the ratio of the polarised N(q, φ) to unpo-

larised N0(q) yields of Eq. (8.1) reduces to:
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Figure 9.5: Comparison of the (d, pp) missing-mass distributions at Td = 1.2 GeV beam
energy when using a polarised hydrogen target or filling the cell with nitrogen gas.

N(q, φ)

N0(q)
= 1 + QAp

y(q) cosφ+ 3
2
PYA

d
y(q) cosφ+

+ 3
4
PYQ[(1 + cos 2φ)Cy,y(q) + (1− cos 2φ)Cx,x(q)]. (9.1)

As already mentioned in section 5.2, the polarisation of the hydrogen target was

flipped between spin ↑ and spin ↓ every five seconds throughout the whole COSY

cycle. Since the target density provided by the ABS (section 4.3) is precisely the

same in the two states, the achieved luminosities of Eq. (8.7) depend solely on the

beam intensity. The intensity of the COSY beam largely depends on the injection

and the procedure of further accelerating the beam (cooling, stacking, etc.), and can

vary significantly from cycle to cycle. But it changes very slowly within a cycle.

Therefore, within the five seconds the intensity of the beam remains practically

unchanged and the resulting average beam intensities in the two target states are

practically the same. Choosing such a small flipping time for the ABS polarisation

states allowed us to completely eliminate the need for the count normalisation on the

relative luminosities and to evaluate asymmetries directly between the two polarised

states of the target.

Although the experiment was designed for the study of spin correlations, analysing

the combination of polarised target and unpolarised deuteron beam gave a possi-
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Figure 9.6: Proton analysing powers Ap
y for the dp → {pp}sn reaction at Td = 1.2 (red

squares) and 2.27 GeV (blue triangles) for Epp < 3 MeV (numerical values are listed in
Table B.3). The error bars do not include the 5% uncertainties arising from the target
polarisation. Curves correspond to the theoretical predictions. Note that at 2.27 GeV the
Ap

y prediction is very small and hardly visible on this scale.

bility to obtain the dependence of the target analysing power Ap
y on q. Using the

asymmetry between the two target modes, the Ap
y was obtained from the fit of the

cosφ dependence in

N↑(q, φ)−N↓(q, φ)

αN↑(q, φ) +N↓(q, φ)
= QAp

y(q) cosφ. (9.2)

Results are presented in Fig. 9.6 at 1.2 and 2.27 GeV. Despite the smallness of

the signal, the measured values of Ap
y at 1.2 GeV are in a perfect agreement with

impulse approximation predictions. In contrast, at 2.27 GeV the corresponding

predictions are so small that they can hardly be distinguished from the x-axis on

this scale. Equation (3.11) then suggests that there must be a serious problem also

with the SAID determination of the spin-orbit amplitude γ(q) at 1.135 GeV.

In impulse approximation Ad
y vanishes [5], which is consistent with earlier ANKE

measurements at 1.17 GeV [31], and this simplifies the determination of Cx,x and

Cy,y using data with polarised beam and polarised target.

N↑(q, φ)−N↓(q, φ)

αN↑(q, φ) +N↓(q, φ)
= 3

4
PYQ[(1 + cos 2φ)Cy,y(q) + (1− cos 2φ)Cx,x(q)]. (9.3)
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Figure 9.7: The spin-correlation coefficients Cx,x and Cy,y for the dp → {pp}sn reaction
at Td = 1.2 and 2.27 GeV for Epp < 3 MeV (numerical values are listed in Table B.4).
The error bars do not include the 11% uncertainties in the combined beam and target po-
larisations. The curves are impulse approximation predictions; dashed curves at 2.27 GeV
correspond to |ε(q)| being reduced by 25%.

After binning the normalised counts in intervals in q, the cos 2φ dependence in

Eq. (9.3) allowed us to extract the Cx,x and Cy,y coefficients separately. Note, that

the resolutions in both Epp and q in the cell-target data are similar to those achieved

with the cluster target.

The spin-correlation data for an Epp < 3 MeV cut are compared with theoretical

predictions in Fig. 9.7. The good agreement with the experimental points at Td =

1.2 GeV shows that the two relative phases between the spin-spin amplitudes are

well predicted by the SAID program at this energy. It can, however, not come as a

complete surprise to find that there are serious discrepancies at Td = 2.27 GeV but,
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as shown by the dashed line, these largely disappear if the SAID ε(q) amplitude is

scaled uniformly by a factor of 0.75, i.e., by the same factor that brought agreement

for the Axx and Ayy observables!
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Measurements with pion

production

The experiments reviewed in this work have provided useful data, not only on the

reactions of primary importance, but also on variety of other processes that satisfied

the same triggering conditions of the experiment. Some of these side processes, called

by-products, are described in this chapter.

One of the most important by-product was the deuteron-proton charge-exchange

channel with pion production in the d⃗p→ {pp}s∆0 reaction, which could be isolated

on the basis of the missing mass. The single-polarised data allowed us to measure

this reaction and obtain differential cross sections and tensor analysing powers at

Td = 1.6, 1.8 and 2.27 GeV.

Another reaction of importance is the well known quasi-free np→ dπ0 reaction,

which was widely used in our analysis for the luminosity determination and also in

the beam and target polarimetry. In addition, we managed to measure the spin-

correlation parameters of this reaction using the double-polarised data of 2009.

10.1 The dp→ {pp}s∆0 reaction

It was first demonstrated at SATURNE that the ∆(1232) can be excited in the

d⃗p→ {pp}s∆0 charge-exchange reaction at a deuteron beam energy Td = 2.0 GeV [70,

71, 72]. In analogy to the final neutron case, it is expected that the highly inelas-

tic deuteron charge-exchange measurements correspond to a spin transfer from the
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initial neutron to final proton in the n⃗p→ p⃗∆0 process with a spectator proton.

This would give valuable information on the spin structure in the excitation of the

∆ isobar.

The missing-mass spectra of the dp→ {pp}X events, presented in Fig. 7.5,

clearly show a lot of strength at higher MX , above the πN threshold. This must

be associated with the production of a single pion, meaning that ANKE data pro-

vide valuable information also on the ∆ channel of the deuteron charge-exchange

reaction.

The one-pion-exchange (OPE) model, which contains direct (D) and exchange

(E) terms, was successfully used for describing the unpolarised cross section of

the pp → ∆++n reaction in Ref. [73]. An implementation of the model for the

dp → {pp}sNπ reaction is shown in Fig. 10.1. It should be noted that in im-

pulse approximation the direct diagram contains the same triangle loop as in the

dp→ {pp}sn reaction, i.e., the same d→ {pp}s form factors.

d
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n p

π

π

N

p
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n p

π
)-π(0π

n (p)
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Figure 10.1: The one-pion-exchange contribution to ∆(1232) production in the deuteron
charge-exchange break-up reaction. (a) The direct (D) term. (b) The exchange (E) term.

10.1.1 Differential cross section

The differential cross section determination procedure for the dp→ {pp}s∆0 reac-

tion has many similarities to that for the dp→ {pp}sn (see section 7.3). Despite

the different mass region, this channel was identified in exactly the same way as for

the neutron case, using the time information from the forward hodoscope (see sec-
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tion 4.2). The luminosity, as well as the beam polarisation, was already determined

while investigating the dp→ {pp}sn reaction. Although all these further simplified

the analyses of the dp→ {pp}s∆0 reaction, other problems are important here, as-

sociated with the ANKE acceptance corrections in the cross section as well as in the

tensor analysing powers.

In order to evaluate the ANKE acceptance for the dp→ {pp}s∆0 reaction, Monte

Carlo simulations were performed at Td = 1.6, 1.8 and 2.27 GeV. Events were gener-

ated according to the simple one-pion-exchange mechanism of Fig. 10.1a. By divid-

ing the numbers of reconstructed events by the total, two-dimensional acceptance

maps were obtained in ϑpp and MX . The angular acceptance limit of the ANKE FD

for diprotons from the dp→ {pp}s∆0 reaction changes slightly with energy andMX ,

reaching 4.5◦ in the laboratory system. However, as was observed, the acceptance

drops very rapidly above 3◦. In order to avoid potentially unsafe regions, a cut of

ϑpp < 3◦ was applied at all energies, to both the simulation and the data.

In the cross section analyses of the neutron channel the acceptance was deter-

mined as a function of Epp. In contrast, the acceptance is here averaged over this

observable. In this case, due to finite resolutions, it becomes very important to con-

sider the event migration, which depends on the cross section behaviour with respect

to Epp. The strong S-wave final-state interaction (FSI) between the two measured

protons was taken into account according to the Migdal-Watson approach [74, 75],

using the pp 1S0 scattering amplitude [76].

Unlike the neutron case, direct production of the ∆ isobar necessarily involves

relatively high momentum transfers. Hence, the P -wave contribution becomes im-

portant. This effect is clearly observed in the comparison between the uncorrected

experimental and simulated Epp distributions for all events shown in Fig. 10.2. The

Migdal-Watson approach, which considers only the S-wave term (shown as magenta

stars), falls well below the data for Epp > 1 MeV. Since any FSI will be much weaker

in the P -waves, it is reasonable to think that the weight for this contribution is pro-

portional to the square of the pp relative momentum, i.e., the diproton excitation

energy. By fitting the coefficients of the two known shapes together, it was found

that for all beam energies the P -wave contribution is about 15% of the total event

rate for 0 < Epp < 3 MeV.

The experimental two-dimensional data in ϑpp and MX were normalised on the

luminosity (Table 7.1), corrected for different factors (discussed in section 7.3), and

for the obtained two-dimensional acceptance maps. The resulting dp→ {pp}sX
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Figure 10.2: Experimental (red dots) and simulated (magenta stars) Epp distributions,
summed over all three beam energies. The fitted value of the non-interacting P -wave
(green squares) corresponds to a total contribution of 15% over this Epp range. The
overall simulation is shown by blue triangles.

missing-mass cross sections are shown in Fig. 10.3 for Epp < 3 MeV. In the mass

range accessible at COSY, single-pion production is dominated by the formation

and decay of the ∆(1232) isobar. It is therefore reassuring that the spectra at all

three beam energies are maximal for MX ≈ 1.2 GeV/c2.

Expressions for the two-dimensional cross section for the direct ∆ production

(Fig. 10.1a) are given explicitly in Ref. [73]. Details about the resulting one-

dimensional cross section, and also the calculation of the exchange (E) mechanism,

are to be found in Refs. [77, 78].

As is clearly seen in Fig. 10.3, there is a lot of strength at all energies that is

underestimated enormously by the simple direct one-pion-exchange model for the

np→ p∆0 amplitude. The model provides a satisfactory description of the data

only at high MX , though it must be stressed that this calculation neglects the 15%

P -state contribution shown in Fig. 10.2. This failure must be more general than

the specific implementation of the model because the ∆ is a p-wave pion-nucleon

resonance. There can therefore be little strength at low MX and this suggests that

one should search for other mechanisms that might dominate near the πN threshold.

We were not the first who encountered this problem. In the pioneering SAT-

URNE experiment [79] one pion exchange was only successful at high MX . To in-

vestigate this further, the authors compared the small-angle hydrogen target data,

p(d, pp)X, with quasi-free production in deuterium, d(d, pp)X. The two data sets
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Figure 10.3: Unpolarised differential cross section for the dp → {pp}X reaction with
Epp < 3 MeV for MX > MN + Mπ at three deuteron beam energies (numerical values
are listed in Table B.5). The data are summed over the interval 0 < ϑlab < 3◦ in the
diproton laboratory polar angle. Only statistical errors are shown. The solid (red) curves
correspond to the one-pion-exchange predictions for the direct mechanism of Fig. 10.1a.
The dashed (blue) lines show the contribution of the exchange (E) mechanism of Fig. 10.1b.

explicitly showed different behaviour at low MX and threfore provided some hints

on possible contributions at this mass region.

The direct ∆ production mechanism, shown in Fig. 10.1a, involves a vertex with

πN initial state. In the case of a hydrogen target, this corresponds to the π−p. In

addition, by replacing the hydrogen target by deuterium the nn → ∆−p channel is

also excited, which involves the π−n initial state. Let us denote the πN states by

|II3⟩, where I is a total isospin and I3 is its projection. In this case the π−n would

correspond to the pure |3/2 − 3/2⟩ state, while the π−p would involve two states

with |3/2 − 1/2⟩ and |1/2 − 1/2⟩. The relative rates of these two reactions can be
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estimated by using the Clebsch-Gordan coefficients:

σnn→p∆−

σnp→p∆0

=
3|M3/2|2

|M3/2 + 2M1/2|2
, (10.1)

where M3/2 and M1/2 are amplitudes corresponding to the states with I = 3
2
and

I = 1
2
, respectively. However, at πN CM energies close to the ∆ mass the I = 3

2

state dominates (|M3/2| ≫ |M1/2|). This leads to the following approximation for

the relative rates in hydrogen and deuterium data:

σD2/σH2 ≈ 4 . (10.2)

Taking this into account, the authors divided their deuterium data by factor of 4 to

compare with that obtained with hydrogen. In order to make this comparison even

more informative, we extracted their data at Td = 2 GeV at ϑ = 0.5◦ and, using

equations (10.1) and (10.2), evaluated cross sections for I = 3
2
and 1

2
separately.
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Figure 10.4: SATURNE data at Td = 2 GeV at ϑ = 0.5◦, presented with respect of
beam energy loss ω = Ed − Epp, which is closely related to MX . The pure I = 3

2 cross
section (left) is reasonably well described by the direct one-pion-exchange predictions
(solid curve). The strength arising from I = 1

2 πN interaction, deduced by comparing the
hydrogen and deuterium data, is shown in the right panel.

The direct mechanism of the one-pion-exchange model seems to describe the

I = 3
2
data very well. Hence, it will be reasonable to conclude that the excess of

events at lowMX is mainly to be associated with πN pairs in the I = 1
2
state rather

than the I = 3
2
of direct ∆ production [72].

An attempt has been made to suppose the culprit being the s-wave πN and

roughly estimate its contribution to direct production. For this the p-wave one-
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pion-exchange model predictions were modified as:(
dσ

dm

)
s

≈
(
dσ

dm

)
p

× 2σ(S11) + σ(S31)

σ(P33)
× p20
p2
, (10.3)

where σ(S11), σ(S31), and σ(P33) are the SAID predictions for the πN elastic cross

sections in the three partial waves noted, and p0 and p are the momenta of the

final and intermediate pion, respectively. Such an estimate indicates only a very

tiny extra strength at low MX , as seen in Fig. 10.5, and this would have to be

increased by several orders of magnitude in order to agree with the experimental

data. One must therefore seek an alternative explanation to direct isobar production

to describe the data.
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Figure 10.5: Differential cross section predictions for the dp → {pp}s∆0 reaction at
Td = 2.27 GeV. Simple estimation of s-wave contribution (dashed) using SAID amplitudes
gives little additional effect over the p-wave (solid).

While trying to find a reasonable explanation of this problem at low MX , we

noticed some similarities between the dp→ {pp}X reaction and the inclusive dp→
dX [80] or αp → αX [81] measurements that were dedicated to the search for the

excitation of the N∗(1440) Roper resonance. Due to conservation laws, the isospin

of the unobserved state X in these cases must be I = 1
2
but this does not have to be

an N∗ resonance. These data show the largest strength at very low values of MX ,

with only a small enhancement arising from the N∗(1440). The authors explained

this with the excitation of the ∆(1232) isobar inside the projectile deuteron or α-

particle [82, 83]. Although the mechanism is driven by the ∆(1232), the pion and

nucleon that make up the state X are produced at different vertices and so X is not
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required to be in a p-wave and to have isospin I = 3
2
.

The exchange diagram (E) for the dp→ {pp}sX reaction is shown in Fig. 10.1b.

The corresponding predictions, presented in Fig. 10.3, demonstrate some strength

at low MX , but the overall magnitude is still far too small to provide an adequate

description of the data in this region [77]. The relative reduction compared to the

dp → dX or αp → αX calculations [82, 83] arises primarily from the spin-flip that

is inherent in the d → {pp}s transition. We therefore turn to the measurement of

the tensor analysing powers for more clues.

10.1.2 Tensor analysing powers

As already mentioned, by studying the dp→ {pp}sn spin observables, the first stage

of the determination of the tensor analysing powers in the dp→ {pp}sX reaction,

including beam polarimetry and count normalisation on relative luminosities, had

been accomplished. However the ∆ channel analyses required additional measures

to be taken, to which we now turn.

The polarised to unpolarised count ratio for dp→ {pp}sX events is expected

to be the similar to that for dp→ {pp}sn. The main difference here is that the

analysing powers might, in principle, be functions of mass as well as of the momen-

tum transfer. The three-momentum transfer can be usefully split into longitudinal

q⃗z and transverse parts q⃗t, so that in general q⃗ = (qt cosφ, qt sinφ, qz). The longitu-

dinal component of the momentum transfer may be written in terms of qt and the

missing mass MX .

Similarly to the dp→ {pp}sn reaction (Eq. 8.18), when only the tensor polarisa-

tion is considered, the numbers N(qt,MX , φ) of diprotons detected as a function of

qt, MX , and φ are given in terms of the beam polarisation Pyy by

N(qt,MX , φ)

N0(qt,MX)
= Cn1 +

1
2
Pyy

[
Axx(qt,MX) sin

2 φ+ Ayy(qt,MX) cos
2 φ
]
. (10.4)

Due to limited statistics, it was not possible to measure Axx and Ayy as functions

of two variables. Data were binned instead in either MX or in qt, summing over the

full range of the other variable. Since the acceptance A is also a function of two

variables, in such a scenario we would measure the weighted averages of Axx and
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Ayy, with the acceptance being applied as a weight

⟨Axx(qt)⟩ =
∫
A(qt,MX)Axx(qt,MX)dMX∫

Axx(qt,MX)dMX

,

⟨Ayy(qt)⟩ =
∫
A(qt,MX)Ayy(qt,MX)dMX∫

Ayy(qt,MX)dMX

. (10.5)

In order to minimise such effects in the analysis, the polarised and unpolarised data

were weighted with the inverted two-dimensional acceptance that was evaluated for

the extraction of the unpolarised cross section.
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Figure 10.6: The sum and difference of the Cartesian tensor analysing powers for the
d⃗p → {pp}sX reaction with Epp < 3 MeV at three different beam energies. The data
are corrected for the detector acceptance and summed over the range 0◦ < ϑlab < 3◦ in
diproton laboratory polar angle. Though the error bars are dominantly statistical, they
include also the uncertainties from the beam polarisation and relative luminosity Cn. In
addition, there is an overall uncertainty of up to 4% due to the use of the polarisation
export technique (see section 5.3).

After summing the acceptance-corrected data over the momentum transfer, the

sum and difference of the deuteron Cartesian tensor analysing powers Axx and Ayy

were obtained, which are presented as functions of the missing massMX in Fig. 10.6.
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[These combinations are proportional to the spherical tensor components T20 and

T22.] No significant changes in the results were found when considering the stronger

cut Epp < 2 MeV, which might reduce any dilution of the analysing power signals

by the P -waves apparent in Fig. 10.2.

The possible existence of two mass regions, where different mechanisms might

dominate, is also reflected in the behaviour of the tensor analysing powers shown

in Fig. 10.6. It is interesting to note that the minimum in Axx + Ayy is at MX ≈
1.15 GeV/c2, which is precisely the region where there is the biggest disagreement

with the cross section predictions of Fig. 10.3. Furthermore, the values of Axx+Ayy

seem to be remarkably stable, showing a behaviour that is independent of beam

energy. Hence, whatever the mechanism is that drives the reaction, it seems to

be similar at all energies. The error bars on Axx − Ayy are larger since in this

case, according to Eq. (8.18), the slope in cos 2φ has to be extracted from the data.

As a consequence it is harder to draw as firm conclusions on the analysing power

differences.

Although the direct ∆ production model of Fig. 10.1a fails to describe the dif-

ferential cross section data of Fig. 10.3 near the pion production threshold, the

situation is much more satisfactory at high MX . To investigate this region further,

the data have been summed over the range 1.19 < MX < 1.35 GeV/c2 and the ten-

sor analysing powers Axx and Ayy evaluated separately as functions of the transverse

momentum transfer qt. The results at the three energies are shown in Fig. 10.7.

Within the experimental uncertainties, the values of both Axx and Ayy at fixed

qt seem to be largely independent of the beam energy. This is consistent with a

similar feature found for the data at fixed MX shown in Fig. 10.6. This suggests

that there is a common reaction mechanism at all three energies. Another important

point to note is that the signs of Axx and Ayy are opposite to those measured in the

d⃗p→ {pp}sn reaction, presented in section 9.1. Though, unlike the neutron channel

case, they tend to be very small at qt ≈ 0.

The theoretical calculations, shown as curves in Fig. 10.7, are implemented for

the direct one-pion-exchange mechanism in the 1S0 limit [78]. However, neither of

the resulting predictions agrees even qualitatively with the experimental data, which

show very small analysing powers for qt ≈ 0. Nevertheless, if one looks instead at the

combination Axx − Ayy it seems the one-pion-exchange model does give a plausible

description of the data. In particular it predictes that Ayy > Axx for ∆ production.

A simple average over the three beam energies of the experimental data is
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Figure 10.7: Acceptance-corrected tensor analysing powers Axx and Ayy of the

d⃗p → {pp}sX reaction with Epp < 3 MeV at three deuteron beam energies as a func-
tion of the transverse momentum transfer qt (numerical values are listed in Table B.6).
Only high mass data (1.19 < MX < 1.35 GeV/c2) are considered. Though the error bars
are dominantly statistical, they include also the uncertainties from the beam polarisation
and relative luminosity Cn. In addition, there is an overall uncertainty of up to 4% due
to the use of the polarisation export technique. The one-pion-exchange predictions are
shown by the blue dashed line for Ayy and red solid for Axx.

shown in Fig. 10.8, together with the one-pion-exchange predictions for the spheri-

cal analysing power T22 = (Axx − Ayy)/2
√
3. Since no strong energy dependence of

the tensor analysing powers was found in the data, the energies were combined to

improve the statistics.

In summary, the results achieved clearly show that the rich features of the pn→
∆0n amplitude cannot be reproduced by considering only π exchange. In addition

to a possible direct ∆0(1232) peak, there is a surprising amount of production in

the s-wave πN region, as we saw in the data. This could not be explained in terms

of ∆ excitation in the projectile deuteron. Strength in this region could also arise
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Figure 10.8: Spherical tensor analysing power T22 = (Axx − Ayy)/2
√
3 for the

d⃗p → {pp}sX reaction with Epp < 3 MeV, averaged over the three beam energies studied.
Though the error bars are dominantly statistical, they include also the uncertainties from
the beam polarisation and relative luminosity Cn. In addition, there is an overall uncer-
tainty of up to 4% due to the use of the polarisation export technique. When the same
approach is applied to the predictions of the simple one-pion-exchange model of Fig. 10.1a,
the good agreement shown by the curve is achieved.

from higher-order diagrams involving a ∆N residual interaction [84], which have

been neglected here.

10.1.3 Comparison with other experiments

The SPESIV spectrometer at SATURNE had high resolution but very small angu-

lar acceptance. The Td = 2 GeV data were therefore taken at discrete values in

the laboratory diproton production angle, typically in steps of ≈ 2◦. The limited

acceptance also meant that only a linear combination of Axx and Ayy (the “polar-

isation response”) could be determined and it was only at the larger angles that

this approached a pure Ayy measurement. The ANKE data have been analysed

in much finer angular bins but the MX distribution in the ∆ region of the cross

section and polarisation response is quite similar to that measured at SATURNE

at ϑlab = 2.1◦ [70, 72], which is in the middle of the ANKE angular range. The

comparison of the ANKE results for this quantity with those from Saclay is shown

in Fig. 10.9. Taking into account the error bars and the difference in beam energy,

it seems that these two experiments are consistent with each other.
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Figure 10.9: The comparison of the ANKE results at Td = 2.27 GeV (blue points) with
results produced at Saclay at Td = 2.0 GeV (red circles). Results are shown in terms of
the full momentum transfer.

10.2 Spin-correlation parameters in the np→ dπ0 reaction

The double-polarised data, obtained in 2009, provide an excellent possibility to

study spin-correlation parameters of any reaction that we are able to identify. One

of the most important of these is quasi–free np→ dπ0 which was widely used in all

our data analysis in luminosity measurement and in beam/target polarimetry. As

was described in sections 6.3 and 8.4, it has a reasonably high counting rate, at least

at 1.2 GeV, and is clearly identified at ANKE.

The pp→ dπ+ reaction has been used for a long time to test countless phe-

nomenological models of pion production at intermediate energies, some of which

are summarised in Refs. [84, 85]. Furthermore, the reaction has also been frequently

discussed within the framework of chiral perturbation theory [86]. Many measure-

ments of the cross section, analysing powers, spin correlations and spin transfers

exist. For these data the partial wave analyses have been carried out for proton

beam energies up to 1.3 GeV [66].

Isospin invariance requires that the cross section for np→ dπ0 should be half

of that for pp→ dπ+ but all the spin observables should be identical for the two
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reactions. However, there have been relatively few measurements of the neutron-

induced cross section [87, 88] and even less is known about the spin dependence.

Hence, ANKE is able to improve the situation by providing useful data on np→ dπ0

at small angles, which are largely absent from the existing data.

Equation (8.6) for the np→ dπ0 reaction gives the following dependence on the

pion azimuthal angle φπ is

dσ

dΩ
=

(
dσ

dΩ

)
0

[
1 + (PAP

y (ϑπ) +QAQ
y (ϑπ)) cosφπ

+PQ
(
Ay,y(ϑπ) cos

2 φπ + Ax,x(ϑπ) sin
2 φπ

)]
, (10.6)

where P and Q are vector polarisations of the incident neutron and target proton,

respectively. It should be noted that

AP
y (ϑπ) = −AQ

y (π − ϑπ) (10.7)

As was already mentioned in section 7.2, the Fermi motion of the neutron in

the deuteron introduces an incident angle that can be several degrees in the lab-

oratory system. A second effect, caused especially by the longitudinal component

of the Fermi momenta, is that in a quasi-free reaction the c.m. energy
√
s is not

unambiguously fixed by the incident deuteron beam energy. Although in our case

the effective neutron energy Tneutron = [s− (mp +mn)
2]/2mp is constructed for ev-

ery event, the limited statistics and the finite resolution mean that data must be

grouped over a relatively wide energy range. Under such circumstances, as a result,

we get weighted averages of the observables, where the neutron kinetic energy times

the acceptance applies as a weight.

The distributions in effective neutron beam energy for all the dp → pspecdX

events that fall within the ±2.5σ of the π0 peaks in Fig. 8.5, and are limited by the

Pspec < 106 MeV/c, are shown in Fig. 10.10. In the data analysis the wings of the

distribution were cut and only data in the region 500 < Tneutron < 700 MeV were

retained.

For the d⃗p⃗→ {pp}sn studies the vector polarisation P of the beam was deter-

mined using the np→ dπ0 reaction, as described in section 8.4. The results obtained

at Td = 1.2 GeV demonstrated good agreement with impulse approximation predic-

tions. Since it is mainly the PQ product of the beam and target polarisations that

determines the precision of a spin correlation, we decided to use the d⃗p⃗→ {pp}sn

102



Section 10.2

 [GeV] neutronT

0.5 0.6 0.7

N
um

be
r 

of
 e

ve
nt

s

1000

2000

Figure 10.10: Effective neutron beam energy for the quasi-free np → dX reaction
obtained with a 106 MeV/c spectator momentum cut for those events that fall within the
±2.5σ of the π0 peak. Data within the shaded area, corresponding to 500 < Tneutron <
700 MeV, were retained in the analysis.

events and determine the PQ directly.

Using the predictions [38] for the transverse spin correlation at small momentum

transfers in the d⃗p⃗→ {pp}sn reaction the value of PQ = 0.372±0.010 was obtained.

The error bar here includes the uncertainty in the correction coming from the dif-

ference between |Q↑| and |Q↓|. In addition, there might be systematic uncertainties

in the model and in the neutron-proton charge-exchange amplitudes [1] used in the

estimations. The contribution of these uncertainties in the value of PQ might be

up to 10%.

The procedures for extracting the values of the spin correlations are very similar

to those used for the d⃗p⃗→ {pp}sn reaction (see section 9.2). In both cases the φπ

dependence of Eq. (10.6) has to be fitted in order to extract Ax,x and Ay,y separately.

The results in this case, shown in Fig. 10.11, are in reasonable agreement with

the predictions of the SAID pp→ dπ+ partial wave analysis [66] averaged over the

neutron energy distribution shown in Fig. 10.10. Note that near 600 MeV the energy

dependence of the spin correlations, as predicted by SAID, are nearly linear. Hence,

the averaging the predictions over our energy range (200 MeV width) gives a tiny

difference from that at our effective energy of 598.3 MeV, which is very close to the

central energy.

We have plotted other available data in the vicinity of 600 MeV. There are no
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measurements at all of Ax,x for n⃗p⃗ → dπ0 in this energy domain and those for Ay,y

are generally at larger angles [89, 90], as shown in Fig. 10.11b. The large negative

values obtained in the forward direction are to be expected because at 600 MeV

there is sufficient energy to produce a ∆(1232) plus a nucleon at rest in the c.m.

frame and such an intermediate state would lead to Ax,x = −1.
x,
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Figure 10.11: The values of Ax,x and Ay,y measured in the n⃗p⃗ → dπ0 at energies around
600 MeV as a function of the pion polar angle ϑπ in the c.m. frame (numerical values are
listed in Table B.7). Only statistical errors are shown. The results are compared with the
SAID predictions [66], which have been weighted with the measured energy distribution.
Also shown are the PSI p⃗p⃗ → dπ+ results at 578 MeV (closed triangles) [89] and those of
LAMPF at 593 MeV (open squares) [90].

The results for the Ax,x and Ay,y spin-correlation coefficients for the n⃗p⃗ → dπ0

reaction are published in Ref. [91] together with other ANKE data at 353 MeV.

The two measurements, one close to threshold where the s-wave pion production is

important and the other in a region where p-wave production is dominant, being

largely driven by the S-wave ∆(1232)N intermediate state, are consistent with the

current SAID solution for pp→ dπ+. However, our measurements cover the small

angle region that is largely absent from existing n⃗p⃗ → dπ0 data. No sign is found

104



Section 10.2

for any breaking of isospin invariance.
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Summary and Conclusions

We have measured the unpolarised differential cross section and the Cartesian tensor

analysing powers in the d⃗p→ {pp}sn reaction for small momentum transfers between

the proton and neutron by using a hydrogen cluster target in combination with a ten-

sor polarised deuteron beam. The cross section data demonstrated good agreement

with the impulse approximation predictions, based on the current SAID solution for

the np amplitudes, at Tn = 600, 800, and 900 MeV. These amplitudes suffer from

much bigger ambiguities at higher energies and the corresponding cross section pre-

diction is about 15% too high compared to our results at 2.27 GeV (Tn = 1.135 GeV).

It should be noted that the overall normalisation uncertainty of 6% is the worst at

this energy, but it is still smaller than the observed discrepancy. The suspicion must

fall on the SAID solution, which predicts an unpolarised np→ pn cross section that

may be up to 10% too large [2], of which the spin-dependent contribution is also

about 10% too large [8].

Like the cross section data, the description of Axx and Ayy is also very good

at the three lower energies but much poorer at 2.27 GeV. Generally speaking, the

impulse approximation should perform better as the energy is raised. Hence, atten-

tion is once again focussed on the SAID np amplitudes. The strength of |ε(0)|2 in

np charge exchange relative to |β(0)|2 = |δ(0)|2 is determined by the spin-transfer

parameters KLL(0) and KNN(0), but there are no measurements of these quanti-

ties in the relevant angular and energy region. This questions the precision of the

SAID program when providing np amplitudes for the estimation of deuteron tensor

analysing powers. To fit our data, we have reduced the SAID prediction for ε(q)

uniformly by 25% and this reproduces the results much better. Although this might

be improved further by introducing a q-dependence in this factor, the present data
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do not justify such a refinement.

By using the double-polarised data, achieved by replacing the unpolarised hy-

drogen cluster-jet target by a polarised hydrogen gas cell, it was possible to measure

the spin-correlation coefficients Cx,x and Cy,y in the d⃗p⃗→ {pp}sn reaction, but only

at 1.2 and 2.27 GeV. The comparison with theory at 1.2 GeV is similar to that for

the other observables, while at 2.27 GeV a reduction of the order of 25% seems to

be required in the ε input.

We were also able to measure the proton analysing power in the reaction, which

was not the primary aim of the experiment, though the data obtained gave this

possibility. As with the other observables, impulse approximation reproduces well

the small Ap
y signal at 1.2 GeV but fails completely at 2.27 GeV. This suggests that

the SAID solution for the γ-amplitude is also unreliable at the higher energy.

In summary, the fact that the impulse approximation with the current SAID

input reproduces well all our data below 1 GeV per nucleon gives us confidence that

the charge-exchange methodology works well. However, the discrepancies seen at

the higher energy suggest the reduction in the strength of the spin-spin amplitudes,

especially in the longitudinal direction but an increase in the spin-orbit contribution.

It is therefore evident that the charge exchange on the deuteron contains valuable

information on the neutron-proton amplitudes. The challenge is to get this used

inside the SAID program.

Resent studies of deuteron charge-exchange on hydrogen at ANKE have been also

extended into the pion-production regime, as described in chapter 10. Interesting

results have been obtained on the differential cross section and tensor analysing

powers of the dp→ {pp}s∆0 reaction. In addition to a possible direct ∆0(1232)

peak, the obtained data clearly show a surprising amount of production in the s-

wave πN region. Attempts to explain this in terms of ∆ excitation in the projectile

deuteron give much too low cross sections. In addition, the higher-order diagrams

involving a ∆N residual interaction [84] can also be taken into account to describe

the data at lowMX region. Although the other observables that will be measured in

the future may cast more light on the reaction mechanism, further theoretical work

is needed in order that these data may be reliably related to the n⃗p→ p⃗∆0 reaction.

We therefore hope that our data will provide further impetus to the construction of

more refined np→ p∆0 models.

The experiments reported here extend up to the maximum deuteron energy of

Td = 2.27 GeV available at COSY. In order to investigate even higher energies at this
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facility, an experiment should be undertaken in inverse kinematics with a polarised

proton incident on a polarised deuterium gas cell [56, 57]. In this case the two slow

protons, ejected at large angles in the laboratory system, have to be detected in

the Silicon Tracking Telescopes [92]. This will allow the studies reported here to be

continued up to 2.8 GeV per nucleon [93, 94, 95].
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Outlook

12.1 Continuation of the np programme at ANKE

The experimental work described in this thesis is a successful continuation of the

extensive np programme at ANKE that aims to study different spin observables by

using polarised beams and targets at COSY. The investigation of the dp→ {pp}sX
reaction demonstrates interesting results for both the neutron (X = n) and the

Delta (X = ∆0) channels, especially at higher energies where relatively little is

known about the np charge–exchange amplitudes. Hence, ANKE can provide useful

experimental data, capable of improving the existing np database in the small-angle

region. Moreover, the data obtained in the ∆ channel can be used as a valuable

constraint in modelling the np→ p∆0 amplitudes in the future.

Although very successful, the basic limitation in this approach is set by the

maximum deuteron energy that can be achieved in COSY, which means that the np

interaction could only be studied up to a neutron kinetic energy of about 1.15 GeV.

It was therefore always envisaged that the continuation of the programme would be

in inverse kinematics, with a proton beam incident on a polarised deuterium gas cell.

We have therefore suggested to extend the energy range up to about 2.9 GeV by

using a polarised proton beam incident on a polarised deuterium target and detecting

two slow protons in an array of solid state telescopes. The interaction vertex is then

very well located within the long target, making it unnecessary to measure the fast

neutron in the ANKE facility to identify the d⃗(p⃗, pp)n reaction. Eventually this

approach might be extended to the production of the ∆0(1232) isobar with some of

its decay products being detected in ANKE.
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12.2 Deuterium commissioning run

In June 2012, we conducted an experiment [94] for the commissioning of the polarised

internal deuterium gas target at ANKE and the starting of an initial research pro-

gramme. The ANKE detection system used in these measurements included two

Silicon Tracking Telescope (STT) system positioned to the left and right of the

storage cell target.

One of the main aims of the commissioning run was the determination of the

vector and tensor polarisations of the deuterium storage cell gas target by studying

various nuclear reactions. The experiment was done using about 6− 8× 109 stored

unpolarised protons with a beam energy of Tp = 600 MeV and a (vector and tensor)

polarised deuterium gas target of density nd ≤ 1013 cm−2. This resulted in an

average luminosity value of L ≈ 5 − 7 × 1028 cm−2 s−1. The data-taking lasted for

around 10 days.

The storage cell that was used in this experiment was similar to that used in

double-polarised experiment in 2009 (see section 4.3). The beam was also developed

quite similarly, employing electron cooling and stacking injection.

The ABS source [54] was prepared to produce two mixed (vector and tensor)

and two pure (only tensor) polarisation modes. The unpolarised gas was provided

by the UGSS system [56]. The polarisation mode of the target was changed every

ten seconds.

The vector polarisation of the deuterium target was measured with the quasi-

free pp⃗→ dπ+ reaction, for which the analysing power predictions were taken from

the SAID database. In contrast, the pd⃗ elastic scattering depends strongly on both

the vector and tensor polarisations of the deuterium target. Fortunately the vector

and tensor analysing powers of this reaction have been measured with polarised

deuteron beams at Argonne [96] for Td = 1194 MeV, at SATURNE [97, 98] for

Td = 1198 MeV, and at ANKE [99] for Td = 1170 MeV. The ANKE acceptance is

sufficient to allow us to extract the analysing powers for the deuterium target from

this reaction at Tp = Td/2.
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12.3 Breakup process in inverse kinematics d⃗(p⃗, pp)X

As mentioned in the introduction, the main aim is the study of the pd → {pp}sn
break up, where both slow protons are detected in the STT. Such data are shown in

Fig. 12.1. It seems that the design of the current silicon tracking telescopes unfor-

tunately does not allow one to access the region where Epp and q are simultaneously

small. The STT have three layers and, in order to get a good kinematic determi-

nation, the proton has to pass through the first, which requires a minimum energy

of ≈ 2.5 MeV, i.e. a momentum of ≈ 70 MeV/c. If the protons are detected in the

same STT, then Epp can be small but the momentum transfer must be at least twice

the 70 MeV/c. If the protons are detected in separate STT, q can be small but the

excitation energy Epp must be at least twice 2.5 MeV.

To check the quality of the breakup data, since the target polarisation had al-

ready been determined, we tried to evaluate tensor analysing powers. Although we

had measured these observables in the dp kinematics before, these could provide an

additional check of the whole procedure. However, in pd kinematics, as we already

saw in Fig. 12.1, small Epp data are only available at relatively large momentum

transfers, extending the previously investigated q range up to 400 MeV/c.
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Figure 12.1: The left panel represents the missing-mass spectra of two slow protons
being detected in the STT when using a polarised deuterium target or filling the cell with
nitrogen gas, at Tp = 600 MeV. The three-momentum transfer q versus the pp excitation
energy for those events that fall within the ±3σ of the neutron peak is shown in the right
panel.

Using exactly the same technique, as for the (d⃗, pp) case described in section 9.1,

the values of Ayy obtained are presented in Fig. 12.2 (preliminary result). New

data are shown together with the old, obtained in the (d⃗, pp) kinematics at Td =
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1.2 GeV. Impulse approximation predictions are shown as solid curves on the figure.

Unfortunately, the azimuthal φ angle coverage is limited to very small (φ ≈ 0◦)

and very large (φ ≈ ±180◦) angles due to the current setup of the STTs, leading to

insufficient data for determining both transverse components of the tensor analysing

power.

q [MeV/c]

0 100 200 300

Te
ns

or
 a

na
ly

si
ng

 p
ow

er
s

-1

-0.5

0

0.5

1

xxA

yyA

Figure 12.2: Tensor analysing powers Axx (green squares) and Ayy (blue triangles) of the

d⃗p → {pp}sn reaction (q < 160 MeV/c) from the old ANKE measurements using polarised
deuteron beam at Td = 1.2 GeV [40]. The new preliminary results on Ayy (blue circles)
were obtained in inverse kinematics (q > 160 MeV/c), using the polarised deuterium target
and unpolarised proton beam at Tp = 600 MeV.

The agreement between the new and the old data is very encouraging, as is

the success of the impulse approximation in this q region. All these seem very

promising in the studies of np charge-exchange amplitudes at higher energies and

higher momentum transfers. Hence, the logical continuation of these studies will

be to undertake a double-polarised experiment, which will allow measurements of

spin-correlation parameters in the d⃗(p⃗, pp)X reaction at the maximum proton beam

energy of 2.8 GeV at COSY. For this purpose a new experiment was proposed [95],

which has already been accepted and will be undertaken in 2014. We hope that the

new experiment will provide more interesting data and more clues for the under-

standing of the nucleon-nucleon interaction.
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12.4 Predictions for the breakup spin observables at higher

momentum transfers

One of the energies employed in the new experiment will be Tp = 1.15 GeV, which

will provide a connection with our earlier data at Td = 2.3 GeV, where we found

significant deficiencies in the current np database. In order to allow estimates of

counting rates for the pd⃗ → {pp}sn reaction, the impulse approximation program

was run out to larger values of the momentum transfer using the standard SAID

np charge-exchange amplitudes as input. The results at 1.135 GeV are shown in

Fig. 12.3, where the usual Epp < 3 MeV cut was imposed.
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Figure 12.3: Impulse approximation predictions for the differential cross section (left
panel) and transverse spin correlation parameters (right panel) for the pd⃗ → {pp}sn reac-
tion at Tp = 1.135 GeV for three-momentum transfers up to q = 400 MeV/c.

Although the values of Axx, Ayy, Cx,x, and Cy,y are expected to be quite sig-

nificant, this must be balanced against the much smaller cross section predicted at

large q. The changes in the analysing power signals arising from double scattering

in the deuteron are small for the kinematics of our earlier experiments but certainly

cannot be neglected at the larger momentum transfers shown in Fig. 12.3. Such

effects can be taken into account in the modelling [5].
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Appendix A

Principles of polarisation

This section describes the polarisation aspects of beams of spin-1/2 and spin-1 par-

ticles. It is taken largely from Ref. [50] and is provided here for completeness.

In quantum mechanics all spin angular momentum operators Si satisfy the equa-

tion:

SiSj − SjSi = ϵijkSk , (A.1)

where ϵijk is the totally antisymmetric tensor.

These spin operators are hermitian and their trace is 0. We have three compo-

nents in a Cartesian coordinate system Sx, Sy, and Sz which defines the vector S⃗.

Their eigenvalues and eigenfunctions satisfy:

S⃗2 |sm⟩ = s (s+ 1) ℏ |sm⟩ , (A.2)

Sz |sm⟩ = mℏ |sm⟩ m = −s,−s+ 1, ...,+s , (A.3)

where |sm⟩ is the eigenfunction of S⃗2 and one of its projection, conventionally chosen

to be the z projection. It depends on two quantum numbers: spin quantum number

s and magnetic quantum number m. The number of values of m is (2s+ 1).

When s = 1/2, we then have two values m = −1/2 or m = +1/2. We can write

the spin operator in terms of matrices with the Pauli definition:

S⃗ = 1
2
ℏσ⃗ , (A.4)
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where

σx =

(
0 1

1 0

)
σy =

(
0 −i
i 0

)
σz =

(
1 0

0 −1

)
(A.5)

The set of these three Pauli matrices and unit matrix form a complete set of her-

mitian matrices for s = 1/2. Every hermitian operator in these space is linear

combination of these operators.

A.1 Spin 1/2

The above describes a single particle with ⟨Sz⟩ = ±1
2
ℏ and corresponding ⟨σz⟩ = ±1.

It is, however, impossible to describe things in such a way when there is ensemble of

particles (for example a beam). To represent such ensemble in quantum mechanics,

it is convenient to define the density matrix:

ρ =
n∑

i=1

pi |smi⟩ ⟨smi| , (A.6)

with:

n ≡ number of the pure states (here n = 2);

pi ≡ probability of i state in the ensemble.

It helps to describe polarisation with three components pi (i = x, y, z) which are

the expectation values of the Pauli operators ⟨σi⟩. We can write it in the short way:

pi = ⟨σi⟩ = Trace (ρσi) . (A.7)

These are the components of a vector p⃗ = (px, py, pz). The polarisation p⃗ is

the vector polarisation of the ensemble of particles with spin 1/2. Here we should

be carefully because in quantum mechanics only one component can be measured.

Taking this to be the z-component:

p∗z = ⟨σz⟩ = Trace (ρσz) = p+ ⟨+|σz|+⟩+ p− ⟨−|σz|−⟩ = p+ − p− . (A.8)

When p∗z = 0, it means that p+ = p− and the probabilities of |1/2,+1/2⟩ and



|1/2,−1/2⟩ states are equal. The state with m = +1/2 is populated with the same

number of particles N+ as the m = −1/2 states N−.

If p+ > p−, it means that there are more particles in state |1/2,+1/2⟩, and
N+ > N−. So we have polarisation along the z axis:

p∗z = p+ − p− =
N+

Ntot

− N−

Ntot

=
N+ −N−

N+ +N−
, (A.9)

from which we evidently get:

−1 ≤ p∗z ≤ +1 . (A.10)

If all particles in the beam are in the state m = 1/2, then we get polarisation of the

beam p∗z = 1, or if all particles are in the state m = −1/2, we have p∗z = −1.

A.2 Spin 1

There are three possible eigenvalues of Sz with its eigenfunctions from Eq. (A.3).

So, we have three pure state for the spin 1 particles:

|s = 1;m = 1⟩ |s = 1;m = 0⟩ |s = 1;m = −1⟩ . (A.11)

The spin operator S⃗ is therefore a 3 × 3-matrix and one can write them like the

Pauli operators:

Sx =
1√
2

 0 1 0

1 0 1

0 1 0

 Sy =
i√
2

 0 −1 0

1 0 −1

0 1 0

 Sz =

 1 0 0

0 0 0

0 0 −1

(A.12)

These three operators together, with 3× 3 unit matrix, comprise four hermitian

operators, which are linear independent. It is however evident that nine are needed

to ‘span’ the 3 × 3 space. Each spin operator has to have zero trace and each will

be orthogonal to the unit matrix U which means that its expectation value will be

zero for an unoriented ensemble. One can construct from the available matrices:

Sij =
3

2
(SiSj + SjSi)− 2Uδij , (with i, j = x, y, z) . (A.13)



With this one obtains six matrices but, since Trace(S) = 0, we get only five linear

independent matrices:

pij = ⟨Sij⟩ = Trace(ρSij) . (A.14)

We can define pij in a similar way to pi:

pzz = ⟨Szz⟩ = Trace(ρSzz) . (A.15)

It is possible to compose a 3×3 matrix from the different components of pij, which is

a second rank tensor, and defines a tensor polarisation of the beam. The definition

of the vector polarisation is the same Eq. (A.12), but we can write p∗zz with the

occupation number of three spin states:

p∗zz = ⟨Szz⟩ = Trace(ρSzz) = p+ + p− − 2p0 . (A.16)

If all three states are occupied equally in the beam, p+ = p− = p0 = 1/3, then we

have an unpolarized beam with p∗zz = 0 and p∗z = 0. In general

p∗zz = p+ + p− − 2p0 =
N+ +N− − 2N0

Ntot

. (A.17)

From this it follows that:

−2 ≤ p∗zz ≤ 1 . (A.18)

For illustration see Fig. A.1. Knowing the tensor polarisation gives us information

zz
p >0*

zz
p <0*

z−Axis

x−Axis

y−Axis

z−Axis

x−Axis

y−Axis

Figure A.1: Positive and negative tensor polarisations



about the relation between N+ + N− and N0. The vector polarisation (relation

between N+ and N−), together with intensity Ntot = N++N−+N0, gives us all the

information about the occupation of the states.





Appendix B

Numerical values

q [MeV/c] Axx Ayy

1.6 GeV 13.5 −0.269± 0.033 −0.366± 0.032

28.6 −0.224± 0.024 −0.339± 0.024

40.2 −0.109± 0.025 −0.437± 0.025

50.1 −0.032± 0.024 −0.490± 0.023

60.1 0.077± 0.022 −0.545± 0.022

70.0 0.186± 0.023 −0.647± 0.022

79.9 0.331± 0.024 −0.730± 0.022

91.8 0.445± 0.020 −0.811± 0.019

107.6 0.635± 0.024 −0.937± 0.021

124.0 0.764± 0.025 −1.045± 0.022

145.3 0.780± 0.033 −1.109± 0.023

172.6 0.696± 0.071 −1.123± 0.028

1.8 GeV 13.5 −0.395± 0.036 −0.324± 0.038

28.6 −0.212± 0.027 −0.376± 0.026

40.2 −0.110± 0.029 −0.408± 0.029

50.1 −0.076± 0.025 −0.518± 0.026

60.1 0.084± 0.027 −0.530± 0.026
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70.0 0.208± 0.026 −0.666± 0.024

79.9 0.306± 0.027 −0.717± 0.024

91.8 0.489± 0.023 −0.836± 0.021

107.7 0.576± 0.025 −0.978± 0.022

124.1 0.699± 0.026 −1.002± 0.022

145.6 0.756± 0.031 −1.081± 0.025

172.6 0.768± 0.051 −1.140± 0.027

2.27 GeV 13.3 −0.405± 0.069 −0.399± 0.074

30.9 −0.256± 0.044 −0.468± 0.044

50.3 −0.022± 0.038 −0.544± 0.036

69.9 0.135± 0.037 −0.657± 0.036

89.7 0.325± 0.038 −0.830± 0.040

109.6 0.509± 0.042 −0.958± 0.044

129.3 0.734± 0.050 −1.147± 0.050

149.4 0.784± 0.061 −1.200± 0.059

169.2 0.780± 0.077 −1.135± 0.070

188.9 0.608± 0.120 −1.116± 0.088

Table B.1: Tensor analysing powers Axx and Ayy of the d⃗p → {pp}sn reaction at three
beam energies for low diproton excitation energy, Epp < 3 MeV, as shown in Fig. 9.3.
Though the error bars are dominantly statistical, they include also the uncertainties from
the relative luminosity Cn and the beam polarisations determined at 1.2 GeV. In addition,
at the higher energies there is an overall uncertainty of up to 4% due to the use of the
polarisation export procedure.



q [MeV/c] dσ/dq [µb/(MeV/c)]

1.2 GeV 1.6 GeV 1.8 GeV 2.27 GeV

5 0.452± 0.030 0.279± 0.022 0.276± 0.023 0.155± 0.016

15 1.234± 0.044 0.895± 0.035 0.839± 0.037 0.635± 0.034

25 2.177± 0.063 1.345± 0.041 1.290± 0.043 0.907± 0.038

35 2.852± 0.073 1.896± 0.050 1.598± 0.046 1.235± 0.044

45 3.133± 0.076 2.127± 0.049 2.108± 0.054 1.442± 0.044

55 3.511± 0.087 2.432± 0.052 2.178± 0.051 1.575± 0.044

65 3.636± 0.092 2.555± 0.052 2.349± 0.052 1.663± 0.044

75 3.541± 0.092 2.439± 0.049 2.283± 0.048 1.572± 0.041

85 3.500± 0.098 2.409± 0.048 2.200± 0.046 1.594± 0.042

95 3.413± 0.105 2.206± 0.045 2.083± 0.044 1.479± 0.040

105 3.163± 0.101 2.062± 0.044 1.921± 0.042 1.244± 0.035

115 2.961± 0.104 1.923± 0.045 1.791± 0.042 1.133± 0.032

125 2.504± 0.102 1.762± 0.046 1.595± 0.041 1.036± 0.032

135 2.240± 0.105 1.580± 0.046 1.513± 0.043 0.919± 0.031

145 1.925± 0.108 1.488± 0.049 1.280± 0.041 0.868± 0.032

155 1.233± 0.048 1.240± 0.044 0.740± 0.032

165 1.046± 0.048 1.043± 0.042 0.673± 0.033

175 0.988± 0.054 0.912± 0.042 0.561± 0.033

185 0.922± 0.062 0.834± 0.046 0.574± 0.042

195 0.723± 0.075 0.733± 0.047 0.376± 0.040

205 0.568± 0.047 0.439± 0.079

215 0.342± 0.070

Table B.2: Differential cross sections for the dp → {pp}sn reaction at four different
energies, as shown in Fig. 7.9. The data are integrated over the Epp < 3 MeV interval.
Only statistical errors are shown; Systematic uncertainties are listed in Table 7.1.



q [MeV/c] Ap
y

1.2 GeV 13.7 (9.2± 18.4)× 10−3

30.6 (−1.0± 1.1)× 10−2

50.0 (−2.4± 1.0)× 10−2

69.4 (−2.0± 1.0)× 10−2

89.1 (−3.6± 1.1)× 10−2

108.7 (−5.3± 1.3)× 10−2

128.2 (−6.8± 1.9)× 10−2

2.27 GeV 13.7 (6.4± 12.8)× 10−3

30.9 (1.2± 0.7)× 10−2

50.2 (2.0± 0.7)× 10−2

70.0 (3.1± 0.7)× 10−2

89.6 (4.1± 0.8)× 10−2

109.4 (4.9± 0.9)× 10−2

129.2 (6.2± 1.2)× 10−2

149.0 (7.8± 1.5)× 10−2

168.8 (7.8± 2.0)× 10−2

Table B.3: Proton analysing powers Ap
y for the dp → {pp}sn reaction at Td = 1.2 and

2.27 GeV for Epp < 3 MeV, as shown in Fig. 9.6. The error bars do not include the 5%
uncertainties arising from the target polarisation.



q [MeV/c] Cx,x Cy,y

1.2 GeV 13.7 −0.579± 0.047 −0.446± 0.044

30.6 −0.564± 0.032 −0.485± 0.031

50.0 −0.588± 0.021 −0.504± 0.020

69.4 −0.633± 0.026 −0.432± 0.024

89.1 −0.768± 0.036 −0.321± 0.027

108.7 −0.759± 0.052 −0.204± 0.034

128.2 −0.823± 0.105 −0.001± 0.048

2.27 GeV 13.7 −0.405± 0.034 −0.370± 0.032

30.9 −0.433± 0.024 −0.376± 0.022

50.2 −0.460± 0.023 −0.362± 0.018

70.0 −0.516± 0.024 −0.361± 0.022

89.6 −0.570± 0.025 −0.297± 0.022

109.4 −0.641± 0.028 −0.214± 0.024

129.2 −0.666± 0.032 −0.124± 0.028

149.0 −0.693± 0.036 −0.011± 0.035

168.8 −0.737± 0.047 0.044± 0.041

Table B.4: The spin-correlation coefficients Cx,x and Cy,y for the dp → {pp}sn reaction
at Td = 1.2 and 2.27 GeV for Epp < 3 MeV, as shown in Fig. 9.7. The error bars do not
include the 11% uncertainties in the combined beam and target polarisations.



MX [GeV/c2] dσ/dMX [mb/(GeV/c2)]

1.6 GeV 1.8 GeV 2.27 GeV

1.087 (3.79± 0.28)× 10−2 (4.25± 0.32)× 10−2 (3.48± 0.21)× 10−2

1.100 (9.92± 0.72)× 10−2 (8.95± 0.54)× 10−2 (1.06± 0.06)× 10−1

1.114 (1.28± 0.07)× 10−1 (1.36± 0.08)× 10−1 (1.36± 0.07)× 10−1

1.127 (1.30± 0.07)× 10−1 (1.61± 0.10)× 10−1 (1.60± 0.08)× 10−1

1.141 (1.53± 0.09)× 10−1 (1.74± 0.10)× 10−1 (2.10± 0.09)× 10−1

1.154 (1.62± 0.08)× 10−1 (1.92± 0.10)× 10−1 (2.22± 0.10)× 10−1

1.168 (1.69± 0.08)× 10−1 (2.19± 0.11)× 10−1 (2.91± 0.12)× 10−1

1.181 (1.82± 0.09)× 10−1 (2.50± 0.12)× 10−1 (3.49± 0.14)× 10−1

1.195 (2.10± 0.11)× 10−1 (2.83± 0.14)× 10−1 (3.83± 0.15)× 10−1

1.208 (1.84± 0.09)× 10−1 (2.80± 0.14)× 10−1 (3.91± 0.15)× 10−1

1.222 (1.65± 0.09)× 10−1 (2.55± 0.12)× 10−1 (3.66± 0.14)× 10−1

1.235 (1.13± 0.07)× 10−1 (1.68± 0.09)× 10−1 (2.82± 0.12)× 10−1

1.249 (7.88± 0.57)× 10−2 (1.14± 0.07)× 10−1 (2.25± 0.10)× 10−1

1.262 (4.62± 0.41)× 10−2 (9.00± 0.63)× 10−2 (1.52± 0.07)× 10−1

1.276 (4.04± 0.41)× 10−2 (6.71± 0.57)× 10−2 (1.11± 0.06)× 10−1

1.289 (1.99± 0.27)× 10−2 (4.55± 0.43)× 10−2 (9.17± 0.57)× 10−2

1.303 (2.08± 0.29)× 10−2 (3.21± 0.38)× 10−2 (6.88± 0.46)× 10−2

1.316 (1.79± 0.27)× 10−2 (2.14± 0.30)× 10−2 (5.65± 0.42)× 10−2

1.330 (1.04± 0.22)× 10−2 (2.55± 0.35)× 10−2 (4.15± 0.35)× 10−2

1.343 (9.81± 2.36)× 10−3 (2.21± 0.34)× 10−2 (3.25± 0.31)× 10−2

Table B.5: Unpolarised differential cross section for the dp → {pp}X reaction with
Epp < 3 MeV for MX > MN +Mπ at three deuteron beam energies, as shown in Fig. 10.3.
The data are summed over the interval 0 < θlab < 3◦ in the diproton laboratory polar
angle. Only statistical errors are shown. Systematic uncertainties are listed in Table 7.1.



qt [MeV/c] Axx Ayy

1.6 GeV 23.8 0.21± 0.11 0.15± 0.12

47.8 0.04± 0.09 0.20± 0.09

70.2 −0.03± 0.09 0.10± 0.09

89.8 −0.22± 0.09 0.17± 0.09

109.4 −0.48± 0.12 0.31± 0.10

129.3 −0.36± 0.16 0.32± 0.10

1.8 GeV 23.9 0.03± 0.10 0.17± 0.09

48.0 0.04± 0.08 0.10± 0.07

70.2 −0.12± 0.07 0.19± 0.07

89.9 −0.25± 0.07 0.18± 0.07

109.8 −0.18± 0.09 0.16± 0.07

129.3 −0.48± 0.12 0.28± 0.09

149.1 −0.46± 0.22 0.23± 0.14

2.27 GeV 23.5 −0.01± 0.13 0.05± 0.14

48.0 −0.07± 0.10 0.31± 0.11

70.2 −0.15± 0.10 0.04± 0.10

90.0 −0.18± 0.10 0.22± 0.10

109.8 −0.37± 0.10 0.15± 0.09

129.6 −0.44± 0.10 0.20± 0.10

149.3 −0.44± 0.14 0.30± 0.12

168.9 −0.64± 0.24 0.52± 0.21

Table B.6: Acceptance-corrected tensor analysing powers Axx and Ayy of the

d⃗p → {pp}sX reaction with Epp < 3 MeV at three deuteron beam energies as functions
of the transverse momentum transfer qt, as shown in Fig. 10.7. Only high mass data
(1.19 < MX < 1.35 GeV/c2) are considered. Though the error bars are dominantly
statistical, they include also the uncertainties from the beam polarisation and relative
luminosity Cn. In addition, there is an overall uncertainty of up to 4% due to the use of
the polarisation export technique.



θπ [deg] Ax,x Ay,y

5.5 −0.90± 0.08 −1.01± 0.10

12.5 −0.91± 0.07 −0.91± 0.07

19.5 −0.72± 0.07 −1.00± 0.07

26.5 −0.60± 0.10 −0.99± 0.07

37.5 −0.71± 0.19 −1.00± 0.09

160.5 −0.74± 0.22 −0.71± 0.12

167.5 −0.67± 0.14 −0.97± 0.10

174.5 −0.72± 0.20 −0.89± 0.15

Table B.7: The values of Ax,x and Ay,y measured in the n⃗p⃗ → dπ0 reaction at energies
around 600 MeV as functions of the pion polar angle θπ in the c.m. frame, as shown in
Fig. 10.11. Only statistical errors are shown.
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