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CHAPTER 1

INTRODUCTION

1.1 Nuclear physics and the nucleon-nucleon
interaction

One of the prime aims of Nuclear Physics is to study the nuclear force and
to explain the structure of the nucleus. Atoms consist of an electron cloud which
surrounds the atomic nucleus (see Fig. 1.1). The electromagnetic forces acting
in the electronic shells of atoms are described by the quantum electrodynamics
(QED) theory, which has been accurately tested.

Against the repulsive electromagnetic force which acts in the nucleus, the
strong force binds the composing elements of the nucleus, protons and neutrons,
together. The origin of the strong force lies in the structure of the nucleons, which
are formed out of quarks, carrying a color charge. Quarks are bound in the nucle-
ons by colored gluons.

The theory which describes the strong interaction is quantum chromodynamics
(QCD). This name comes from the Greek chromos, which means ”color”, and
refers to the color charge of quarks and gluons. This theory was developed by
D. Gross, D. Politzer and F. Wilczek who obtained the Nobel Prize in 2004 for
the discovery of asymptotic freedom in the theory of the strong interaction. At
the highest energies, QCD describes the strong force quantitatively. In order to
describe the forces between two nucleons, this theory should be applicable at
large distances (i.e. low energies), but for these distances, the coupling constants
are large and perturbation methods cannot be applied.
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Atom Nucleus
Proton
Neutron

Electron

Nucleon

Gluon
Quarks

Figure 1.1: Constituents of matter, from the atom to the quarks.

Instead, the theories using the so-called effective potential models, based on
the field theory approach, are used [Sto 93] [Sto 94] [Wir 95] [Mac 96]. They
are today considered as a state-of-the-art tool to understand the multi-nucleonic
systems.

The most basic way to investigate the interaction between nucleons is the study
of proton-proton elastic scattering: p + p → p + p (see Fig. 1.2-left). When a
proton beam is aimed at a proton target, part of the energy of the first proton is
transmitted to the second one. This reaction has been well studied in the last fifty
years. The observables obtained from the analysis of the experimental data were
used to refine the parameters of the theoretical models (χ2/data ≈ 1).

A step further in our understanding of the strong force is the investigation of
proton-proton inelastic scattering (p + p → p + p + γ, Fig. 1.2-middle) [Mah 04],
where a photon is coupled to the hadronic currents of the two protons. This al-
lows a much richer and independent interchange of energy and momentum com-
pared to the elastic channel, and tests the nucleon-nucleon interaction at different
kinematics. This relatively easy study, where all three exit particles can be accu-
rately measured, leads to a system which presents the advantage of being kine-
matically over-determined: the knowledge of the energies and of the momenta of
two of the three particles is sufficient to reconstruct the four-momentum of the
third one. Consequently, by detecting all three emitted particles, one is able to
select background-free events, from which precise conclusions on the validity of
the models can be drawn.

However, the cross section of the previous reaction can only be expressed
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Figure 1.2: Proton-proton elastic scattering (left), inelastic scattering (middle),
and virtual-photon inelastic scattering (right) processes.

as a function of the transversal components of the nuclear currents involved in
this process. To gain a better knowledge on the nuclear currents, the study of
the virtual-photon p-p inelastic scattering process (p + p → p + p + γ∗ , Fig.
1.2-right) is of great interest: It involves a so-called virtual-photon, which is not
mass-less, and is detected experimentally as a dilepton pair: e+e−. The cross sec-
tion of this reaction presents the particularity of being decomposed into not only
transversal but longitudinal parts [Mes 99]. Therefore, its investigation improves
substantially our understanding of the nuclear currents by providing us with more
degrees of freedom.

Yet, our knowledge of the proton-proton scattering is not sufficient to precisely
describe the nucleon-nucleon force. Indeed, in the nucleus, nucleons are interact-
ing with each other, and can consequently not be considered as free particles.
Moreover, in systems consisting out of more than two nucleons, the interaction
between any two nucleons is influenced by the presence of the other particles.

A first step towards understanding the effects of multi-nucleon reactions is the
investigation of proton-deuteron elastic scattering (p+d → p+d). This study has
been performed at the KVI and led to accurate extractions of the cross sections
and the analysing powers [Erm 03].

To improve our knowledge on the three-nucleon interaction, the study of the
proton-deuteron bound state formation, called capture reaction, is of special in-
terest for the investigation of the nuclear currents. Therefore, results of the exper-
imental study of the two following radiative capture reactions will be presented in
this thesis:

• d + p →3 He + γ , real-photon capture (see Fig. 1.3-left)
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Figure 1.3: Proton-deuteron real-photon (left) and virtual-photon (right) capture
processes.

• d + p →3 He + e+ + e−, virtual-photon capture (see Fig. 1.3-right)

The originality of this work is correlated to the use of a setup which allowed
us to differentiate between both reactions: It was composed of a spectrometer
dedicated to the detection of 3He, and of a spherical detector surrounding the
target to detect photons and dilepton pairs. Therefore, by doing a pulse-shape
analysis (see Chapter 5), it was possible to detect background-free virtual-photon
capture events, whose cross section was expected to be low (in the order of 1 nb/sr,
i.e. a factor 1/α ≈ 137 lower than the real-photon capture cross section, where α
is the fine structure constant).

The aim of the study of these two reactions is to improve our knowledge on
the nuclear currents and the reliabilities of our theoretical models.

1.2 The deuteron-proton radiative capture

1.2.1 The real-photon capture

Experimentally, the real-photon proton-deuteron capture is well known. Many
experiments have been performed over the last 40 years, covering almost the full
phase-space and using proton energies from 100 to 500 MeV, [Did 70], [Cam 84],
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[Pic 87], [Sch 87], [Joh98], [Yag 02]. Calculations and experimental data are
globally in good agreement.

The last study of this reaction was performed at the Research Center of Nu-
clear Physics (RCNP), Osaka University, Japan. Based on the recent finding that
discrepancies between the three-nucleon binding energy and the cross section of
the nucleon-deuteron scattering process can be explained by the introduction of
a 2-pion exchange force (2π3NF), RCNP aimed to show the influence of 2π3NF
in the proton-deuteron capture reaction. To do so, they used a polarized deuteron
beam of 200 MeV [Yag 02] and a setup which allowed them to detect the 3He
only. They concluded that the meson exchange currents involving 2π3NF repro-
duce their extracted cross section fairly well, but not the analysing powers, i.e.
the asymmetry of the cross sections depends on the polarization of the incoming
particle.

The results for the angular distribution deduced from RCNP’s data are shown
in Fig. 2.3 p. 21 where they are compared to the predictions, at 200 MeV, of the
two theoretical models, the relativistic gauge-invariant (full line) and the covari-
ant impulse approximation (dashed line) (see description of the models in section
2.1). It can be concluded that they are in good agreement with the relativistic
gauge-invariant model. Moreover, as shown on Fig. 6.2 p. 81, our results agree
with the same theory. Both data sets are thus consistent with each other.

It has moreover to be mentioned that the study of the analysing powers has
also been performed at the KVI in 2003, for a deuteron beam of 180 MeV and
130 MeV. For these results we refer to [Meh 05].

1.2.2 The virtual-photon capture

As explained above, the virtual-photon reaction is of great interest because it is
expected to provide us a better knowledge of the longitudinal and interference
currents. This reaction, however, has been little studied due to the expected low
cross section. Moreover, existing results do not cover the whole phase-space or
are not accurate. Worldwide, we can only refer to the experiments of:

• the The Svedberg Laboratory (TSL), Uppsala university, Sweden, with the
PACMAN detector [Höi 90], which could detect virtual photons at only two
polar angles: 40◦ and 80◦. They performed experiments at two proton ener-
gies: 98 and 176 MeV, for invariant masses smaller than 8 MeV (see Table
1.1) [Joh98].
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Ep = 98 MeV Ep = 176 MeV
θlab = 40◦ θlab = 80◦ θlab = 40◦ θlab = 80◦

dσ/dΩ(p, γ) [nb/sr] 279±11 186±18 130±8 83±12
dσ/dΩ(p, e+e−) [nb/sr] 1.31±0.09 0.97±0.18 0.52± 0.05 0.23±0.08

Table 1.1: Differential cross section obtained at TSL for Mγ ¡ 8 MeV [Joh98].

• the Kernfysisch Versneller Instituut (KVI), Groningen, the Netherlands,
with SALAD and TAPS to detect the 3He and the leptons, respectively,
using a proton beam of 190 MeV. Data were obtained for center-of-mass
angles from 40◦ to 160◦, but with low statistics (about 300 background-free
events for the virtual-photon capture) [Mes 99]. This experiment served as
a pilot study for the extraction of the cross sections and the response func-
tions.

The conclusions of that work were that the theories [Kor 98] [Kor 99] used
to describe this reaction underestimated the data. Yet, by increasing the
energy-dependent phenomenological factor (see Section 2.1.2 p. 18), the
discrepancy tended to be reduced. Moreover, the response functions were
in good agreement with the predictions. Though, the little statistics of the
experiment could not allow sharp conclusions to be drawn.

The input of the present work in the worldwide knowledge of the three-body
nucleon interaction is consequently of great interest, since it provides high-statistics
p-d virtual-photon capture data, covering a broad angular distribution.

1.3 Outline of this thesis

In this thesis, the different observables and theories describing the real- and
the virtual-photon capture reactions are presented in Chapter 2. The terms matrix
element, phase-space factor, leptonic angles, cross section and response functions
are introduced. The theoretical models are also explained and compared to each
other.

To compare the data to the predictions of the theory, simulations were per-
formed using the numerical Monte-Carlo method: An event generator produces
kinematically allowed events and throws them over 4π. The simulation-program
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selects those events that would have been registered by our detectors, i.e. the
events which were emitted in the acceptance range of the detectors, and whose
energies were large enough to pass the energy thresholds imposed by the elec-
tronics. This method is explained in Chapter 3.

Further, the experimental setup is described in Chapter 4. A deuteron beam of
180 MeV and a liquid hydrogen target were used. This chapter also presents the
two detectors used in this experiment:

• the Big Bite Spectrometer (BBS), for detection of the 3He and

• the Plastic Ball, for photons and electron-positron pairs.

Chapter 5 presents the observables that we can access in the collected data-set.
The methodology used for their analysis is also explained.

Results are shown in Chapter 6. Comparisons are made between data and
theories, for both real- and virtual-photon capture reactions.

Final remarks and conclusions on this work are presented in Chapter 7.



14 CHAPTER 1. INTRODUCTION



CHAPTER 2

THE PROTON-DEUTERON
RADIATIVE CAPTURE REACTIONS

This chapter describes the fusion process of a proton and a deuteron to a 3He
nucleus, where a photon is emitted, leaving the 3He in its ground state. These
processes are the real-photon capture pd →3He γ and the virtual-photon capture
pd →3He e+e−.

In Section 2.1, the three theoretical models, covariant impulse approxima-
tion, relativistic gauge-invariant model and charge-dependent CD-Bonn potential
model are presented.

Section 2.2 compares these models in the case of the real-photon capture.
The virtual-photon capture reaction is studied in Section 2.3. First, the observ-

ables are introduced; they will be used in the following parts of this thesis. Then,
the differences between the models in the virtual-photon case are shown.

15
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2.1 The models

This chapter describes the theoretical approaches to the real- and the virtual-
photon capture reactions. These reactions involve a large momentum transfer
to the 3He nucleus and are thus expected to enhance the effects of the meson-
exchange currents, as concluded in [Are 81] [Gar 81] [Lag 78]. Those studies
have demonstrated that meson-exchange currents become important at intermedi-
ate energies and dominate the reaction at the pion threshold (135 MeV center-of-
mass energy).

The radiative proton-deuteron capture process can schematically be described
by the four diagrams of Fig. 2.1:

(a)

d

p

He
3

γ

(b)

p

d γ

He
3

(c)

3

d

p

He

γ
(d)

γ

p

d

d

He

*

3

Figure 2.1: External diagrams (a-c) with photon coupling to the free nucleons,
and the additional d∗ contribution in (d).

Theoretically, the most simple approach takes only into account the three first
diagrams (a, b, c). This approximation is sufficient at low photon energies, but it
fails at energies higher than k0 = 100 MeV [Did 70] [Cra 77].

A model which also considers the fourth diagram (d), the covariant impulse
approximation, has thus been introduced by Fäldt [Fal 93], and was further im-
proved by the relativistic gauge-invariant model of Korchin [Kor 98]. The main
difference between these two models lies in the fact that the latter has added a
few terms in order to satisfy the gauge-invariance condition. Moreover, the model
of Korchin includes the pd3He vertex function, using the Argonne V14 and V18
potentials [Sch 87] [Wir 95].

Five years later, a more sophisticated model, based on the more modern charge-
dependent CD-Bonn potential calculations, has been developed by Deltuva [Del 04].

This section aims to present these three approaches and to exemplify their
differences.
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2.1.1 The low energy theorem

According to Low [Low 58], the gauge-invariant amplitude of the nucleonic tran-
sition current Jµ for photon radiation can be expanded in terms of powers of k0,
the energy of the photon (see Eq. 2.1). The first two terms (A and B) are de-
termined by the on-shell amplitude and do not depend on the theoretical model
used, while the other ones are sensitive to model-dependent effects. Jµ is usually
written in the form:

Jµ =
Aµ

k0
+ Bµ + Cµk0 + O(k2

0) (2.1)

The approximation of this theorem considering only the first two terms, is
called soft-photon approximation (SPA) [Low 58]. It implies that off-shell effects
can be addressed only by going beyond the SPA regime. In the capture reaction,
the on-shell process is not physical due to the large momentum transfer which
favors meson exchange currents and thus higher-order terms (C and higher).

The theoretical models presented in the following section obey the Low theo-
rem.

2.1.2 The covariant impulse approximation and
the relativistic gauge-invariant model

In the simple approach which does not take the meson-exchange currents into
account, the external current referring to the three diagrams (a), (b) and (c) of
Fig. 2.1 is expressed as follows:

Jext = ΦSpΣp + Φ∆dΣd + ΦSHeΣHe (2.2)

where

• Sp and SHe are the free spin- 1
2

propagators of the proton and the 3He, re-
spectively, and ∆d is the spin-1 propagator of the deuteron;

• Σi, with i = p, d,He, are the electromagnetic vertices;

• Φ is the structure function of the pd →3He vertex.
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To improve this model, the term resulting from the meson exchange currents
(Fig. 2.1, diagram (d)) is taken into account. To Eq. 2.2, the d∗ contribution is
added:

Jd∗ = Θ∆d∗Σd∗ (2.3)

where Θ refers to the pd3He vertex, ∆d∗ to the spin-1 propagator of the d∗ and
Σd∗ to the electromagnetic vertex.

The structure functions

The structure functions Φ and Θ are calculated using the Argonne V18 nucleon-
nucleon potential, as presented in [Wir 95]. This high-quality potential has a
charge asymmetry and a charge dependence. It has been perfectly fitted to proton-
proton and neutron-proton scattering databases, in the energy range of 0-350 MeV.
In order to take the three-body interaction into account, calculations using the Ur-
bana IX 3N potential have been added [For 96].

The phenomenological factor

The propagator of the intermediate 3He has so far been considered as an elemen-
tary spin-1/2 field. Yet, for particles composed out of several nucleons, this is a
too simple approximation, as explained in [Kor 98]. SHe should be modified by
introducing a term referring to the self-energy of the helium:

SHe(p) =
1

/pHe − mHe + Σ(pHe)
(2.4)

where

• pHe and mHe are the four-momentum and the mass of the helium, respec-
tively;

• Σ(p) = ζ(/pHe − mHe)
p2

He
−m2

He

2m2
He

is the self-energy with ζ an arbitrarily
chosen complex constant;

• /pHe = γµp
µ
He with Dirac matrices γµ.
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The consequence of the modification of the helium self-energy is the violation
of current conservation k·J 6= 0. To correct for this effect, the effective anomalous
magnetic moment κ has to take the form κeff [Kor 99]:

κeff (pHe) =
κ

1 + ζ
(pHe+k)2−m2

He

2m2
He

(2.5)

= κ[a(EHe) + 1] (2.6)

EHe is the energy characterizing the excitation energy of the particle. The energy-
dependent phenomenological factor a(EHe) is expressed as:

a(EHe) =
1

1 + ζ
(pHe+k)2−m2

He

2m2
He

− 1 (2.7)

As a consequence, a(0) is zero, which corresponds to the on-shell case.

2.1.3 The charge-dependent CD-Bonn potential model
A more modern theoretical model has been developed by Deltuva [Del 04]. In
addition to the fact that it is based on the four diagrams of Fig. 2.1, it presents two
more major differences with the previous models:

• instead of the Argonne V18 potential, this model uses the nucleonic charge-
dependent CD-Bonn potential introduced in [Mac 01];

• instead of the Urbana IX 3N calculation, this model involves its realistic
coupled-channel extension CD Bonn+∆, in order to consider the three-body
effects.

The electromagnetic current of this approach has one- and two-baryon contri-
butions. Moreover it couples to hadronic and ∆-isobar channels. Consequently,
the ∆-isobar generates consistently effective two- and three-body currents in ad-
dition to the three-nucleon force [Meh 05].
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2.2 Real-photon capture reaction

This section compares the predictions of the three models presented in the
previous section, for the case of the real-photon capture: d + p →3He + γ.

Fig. 2.2 shows the cross sections which are predicted by the covariant impulse
approximation and the relativistic gauge-invariant model, for a deuteron beam of
180 MeV, for the case where the phenomenological factor a takes the values 0
or 1.3. The value 1.3 has been chosen so that the model reproduces the data, as
explained in the next paragraph. One observes that the main difference between
the results obtained for a = 0 and for a = 1.3 shows up at large angles of the
angular distribution. For both theoretical models, the cross section obtained at
center-of-mass angles larger than 100◦, requiring a = 0, is lower than the one
obtained with a = 1.3.

Fig. 2.3 compares the cross sections of the relativistic gauge-invariant model
(full line) to the covariant impulse approximation model (dashed line), for a 200
MeV deuteron beam and a = 1.3. Also shown are the data of Yagata (triangles)
obtained at the Research Center of Nuclear Physics (RCNP), Osaka University,
Japan [Yag 02], from the study of proton-deuteron capture at 200 MeV. For a short
description of the experiment performed at the RCNP, we refer to Section 1.2.1
p. 10. The good agreement of the data of RCNP and the results of the relativistic
gauge-invariant model demonstrates that the model of Korchin is more reliable
than the one of Fäldt, and that implementing a = 1.3 is required.

Fig. 2.4 compares the cross sections of the three models: relativistic gauge-
invariant model (full line), covariant impulse approximation model (dashed line)
and CD-Bonn potential model (dotted line) at 180 MeV. In the three cases, a peak
at 55◦ is observed, but its magnitude differs up to 15 %. Moreover, at small center-
of-mass angles, the CD-Bonn model predicts results up to 200 % higher than the
two other models.

From Fig. 2.4, it can be concluded that the relativistic gauge-invariant model,
using a = 1.3, is expected to be a more reliable theory than the covariant impulse
approximation, in the case of the real-photon capture. Section 2.3 will demon-
strate that the conclusions are equivalent in the case of the virtual-photon capture
process.

It has, however, to be mentioned that, since we did not have access to the CD-
Bonn calculations for the virtual-photon capture, our analysis of that reaction will
be only based on the study of the models of Fäldt and Korchin.
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Figure 2.2: Influence of the a parameter. Shown is the angular distribution for
the real-photon capture for a 180 MeV deuteron beam. The relativistic gauge-
invariant model is plotted for a=0 (dotted line) and a=1.3 (full line) and the covari-
ant impulse approximation model for a=0 (dashed-dotted line) and a=1.3 (dashed
line).
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Figure 2.3: Angular distribution for real-photon capture for a deuteron beam of
200 MeV. Shown are the theoretical predictions of the relativistic gauge-invariant
model (full line) and the covariant impulse approximation model (dashed line),
with a=1.3. Also shown are the real-photon capture data (triangles) obtained at
the same energy by Yagata [Yag 02].
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Figure 2.4: Angular distribution of the real-photon capture cross section for a
deuteron beam of 180 MeV. Shown are the theoretical predictions obtained by the
relativistic gauge-invariant model (full line), the covariant impulse approximation
model (dashed line), with a=1.3, and the CD-Bonn potential model (dotted line).

2.3 Virtual-photon capture reaction

In this section, the virtual-photon capture reaction is presented. The amplitude
of the transition matrix is expressed as a function of the nuclear and leptonic
currents. The cross section of the virtual-photon capture is decomposed into a
sum of observables which depend on the nuclear currents: the response functions.
Furthermore, the leptonic angles are introduced and the expression given for the
dependence of the transition amplitude on those angles is deduced.

The cross section of the capture reaction follows the equation [Ten 89]:

dσ = C1 Pe+e− |A|2dΩdM 2
γ (2.8)

where

• C1 = mpmHek

(4π)2sp
is an energy dependent factor;

• Pe+e− = m2
ed3k+d3k−

(2π)3Ek+
Ek

−

the phase-space factor for the decay of the virtual-
photon into a lepton pair;
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• —A— the amplitude of the reaction matrix element;

• Ω the solid angle;

• Mγ the invariant mass of the virtual photon;

with:
- mp, md, me and mHe the masses of the proton, the deuteron, the electron and
the helium, respectively;
- p, k+ and k− the three-momenta of the proton, the positron and the electron
(their energies are Ep, Ek+

and Ek− , respectively);
- k = k+ + k− the virtual photon momentum;
-
√

s the total invariant mass: s = (mp +md)
2 +2mdTp, with Tp the energy of the

incoming proton beam. It has to be mentioned that all simulation programs used
for this thesis were based on an incoming proton beam. However, in the experi-
ment we used a deuteron beam with energy Td related to Tp by Tp = mpTd/md.

2.3.1 The pd →3He e+e− amplitude
To calculate the cross section of the pd virtual-photon capture reaction, the square
of the amplitude of the matrix element has first to be evaluated. This is done by
coupling the nuclear transition current Jµ (pd →3He γ∗) to the electron-positron
current jµ (γ∗ → e+e−). Consequently, the squared amplitude follows the relation
[Nec 94]:

|A|2 =
e4

k4

∑

spin,pol

|jµJµ|2 =
e4

M4
γ

LµνJµJ
∗
ν (2.9)

where e2 = 4πα, with α the fine structure constant (α ' 1/137).
By summing over the polarization and the electron-positron spins, the square

of the leptonic transition current, jµ∗jν , can be expressed as a leptonic tensor Lµν ,
written as follows [Ten 89] [Nec 94]:

Lµν =
1

2m2
e

[kµkν − gµνM2
γ − lµlν ] (2.10)

where l = (k+ − k−) is the relative virtual-photon momentum, and g the metric
tensor which follows the convention of [Itz 80].

As a result, the amplitude becomes:



24CHAPTER 2. THE PROTON-DEUTERON RADIATIVE CAPTURE REACTIONS

|A|2 =
e4

M4
γ

1

2m2
e

(|Jµk
µ|2 − M 2

γJ∗
µJµ − |Jµl

µ|2) (2.11)

Moreover, the Lorentz gauge invariance condition Jµk
µ = 0 leads to [Nec 94]:

|A|2 = − e4

2m2
eM

4
γ

(|J · l|2 + M2
γJ∗ · J). (2.12)

2.3.2 The pd →3He e+e− cross section and response functions
In the center-of-mass frame, the cross section and the phase-space factor are given
by Eq. 2.8. It is convenient to express the electron-positron phase-space factor,
Pe+e− , in the rest frame of the decaying virtual-photon:

Pe+e− =
m2

e

(2π)3

u

2
dΩ′ (2.13)

where u =
√

1 − 4m2
e/M

2
γ is the lepton velocity in the rest frame [Tra 97] and

dΩ′ is the solid angle relative to the leptonic momentum.
The relations between Ω′ = (θ′, φ′), in the rest frame, and Ω = (θ, φ), in the

center-of-mass frame, follow the equations:

φ′ = φ

uMγ cos θ′ =
lMγ

k0

cos θ

uMγ sin θ′ = l sin θ (2.14)

LT decomposition of the nuclear current and response functions

The cross section can be decomposed into longitudinal-transversal (LT) terms.
This decomposition is done by considering the transverse and the longitudinal
components of the nuclear current Jµ. Moreover, the former is also decomposed
into two variables corresponding to the right- and the left-handed circular polar-
ization of the virtual photon.

Therefore, we can introduce the four variables WT , WL, WTT and WLT ,
called transverse, longitudinal, transverse-transverse and longitudinal-transverse
response functions, respectively. They follow the relations [Kor 98]:
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WT =
1

6

∑

pol

(|Jx|2 + |Jy|2) (2.15)

WL =
1

6

M2
γ

k2
0

∑

pol

(|Jz|2) (2.16)

WTT =
1

6

∑

pol

(|Jy|2 − |Jx|2) (2.17)

WLT = −1

6

Mγ

k0

∑

pol

2
√

2<{JzJ
∗
x} (2.18)

where <{} is the real part of the expression.
Consequently, considering Eq. 2.8, Eq. 2.12 and Eq. 2.13, the differential cross

section becomes [Kor 98]:

dσ

dΩdMγdΩ′
= C u [(1 − u2

2
sin2 θ′)WT + (1 − u2 cos2 θ′)WL

+
u2

2
sin2 θ′ cos 2φ′WTT +

u2

2
√

2
sin 2θ′ cosφ′WLT ] (2.19)

where C is defined as (see notations p. 23):

C = C1
m2

e

2(2π)3

e4

2m2
eM

2
γ

=
α2mpmHek

32π3M2
γsp

. (2.20)

The integration of Eq. 2.19 over the lepton angles leads to:

dσ

dΩdMγ

= C u 4π(1 − 1

3
u2)[WT + WL] (2.21)

The leptonic angles θl and φl

The decomposition in longitudinal and transverse terms follow the convention of
[Kor 96], i.e. the virtual photon direction defines the (0, z) axis, and the reaction
plane is determined by the axis of the projectile and the virtual photon. The lepton
plane is defined as the plane containing the electron and the positron (see Fig. 2.5).
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Figure 2.5: Schematic diagram of the virtual-photon pd capture reaction, in the
center-of-mass frame. The polar angle θCM and the two leptonic angles θl and φl

are shown.

The direction of the vector l = k+ − k− is determined by the leptonic angles
θl and φl. Those angles are called polar or energy sharing angle for the former
and azimuthal or dihedral angle for the latter.

Considering the LT decomposition and taking into account Eq. 2.19 and Eq. 2.14,
the squared matrix-element obtained in Eq. 2.11 can be re-written as:

|A|2 =
e4

2m2
eM

2
γ

[(1 − l2

2M2
γ

sin2 θl)WT + (1 − l2

k2
0

cos2 θl)WL

+
l2

2M2
γ

sin2 θl cos 2φlWTT +
l2

2
√

2k0Mγ

sin 2θl cos φlWLT ] (2.22)

where k0 is the energy of the virtual photon.

This relation will be used to extract the response functions from the data in
Chapter 6.
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Figure 2.6: Theoretical cross sections of the virtual-photon capture reaction versus
the invariant mass Mγ (left) and the center of mass angle θCM (right). Calculations
are done for a 180 MeV deuteron beam, for θCM = 50◦ and Mγ = 45 MeV, re-
spectively. Shown is the theory obtained by the relativistic gauge-invariant model
(full line) in comparison to the covariant impulse approximation model (dashed
line).

2.3.3 Comparison of the two models in the case of the virtual-
photon capture

Concerning the virtual-photon capture d + p →3He + e+e−, the results of the
relativistic gauge-invariant model and the covariant impulse approximation are
presented in the following graphs, in full line and dashed line, respectively. The
differential cross sections expressed as a function of the invariant mass Mγ of the
virtual-photon and as a function of the center-of-mass angle θCM are shown in
Fig. 2.6. Calculations are done for a 180 MeV deuteron beam, for θCM = 50◦

and Mγ = 45 MeV, respectively. Fig. 2.7 presents the four response functions
calculated for θCM = 50◦.

All those figures show that the model developed by Fäldt predicts a lower
cross section than calculated in the model of Korchin, which is likely due to the
fact that the former lacks a few terms, which account for gauge-invariance (see
Section 2.1).

In conclusion, the relativistic gauge-invariant model using a = 1.3 is expected
to be the most reliable theory.
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ture reaction for a 180 MeV deuteron beam and θCM = 50◦. Shown are the theo-
retical predictions obtained by the relativistic gauge-invariant model (full line) in
comparison to the covariant impulse approximation model (dashed line).



CHAPTER 3

MONTE CARLO MODELING

In order to understand the mechanism of real- and virtual-photon capture reac-
tions, the validity of the theoretical models has to be tested by comparing the
model predictions to our data. A comparison in e.g. small angle or invariant mass
bins would be most desirable. However, due to the small cross section, we could
not accumulate sufficient data for such a detailed investigation. Furthermore, the
comparison to the theory is not straightforward because of the limited experimen-
tal acceptance.

A solution to this problem is to integrate the theory over the same phase-space
as the data. Since the available calculations produce cross sections for specific
kinematics only, without giving any analytical expressions, the integration can
only be done numerically. To this end, we generate events which are in agreement
with the theory, and impose the boundaries of our experimental setup.

This is done by a Monte Carlo simulation. Allowed events, distributed accord-
ing to phase-space kinematics, are produced by GENBOD [Jam 68]. This n-body
phase-space computer code is described in Section 3.1. For reasons of efficiency,
GENBOD events are not produced according to their phase-space, but the phase-
space density of each event is given as a weight. This aspect will be detailed in
section 3.2.

Moreover, particles interact with each other. As a consequence, the phase-
space knowledge is not sufficient, and, according to the reaction amplitude, the
reaction matrix element has to be included. Indeed, the cross section of the reac-
tion pa + pb → p1 + ... + pn is given as follows [Byc 73]:

σ =
1

F

∫

|A(pi)|2Rj,n(pj)d
4pj, (3.1)

29
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where

• F is the flux factor,

• A(pi) =< p1, ..., pn|A|pa, pb > is the matrix element,

• ∫

Rj,n(pj)d
4pj = Rn is the phase-space integral.

Section 3.3 develops the need of including the matrix element in the simula-
tion, and Section 3.4 gives the expression of the Monte Carlo errors.

In Section 3.5, the implementation of the Monte Carlo simulation using the
phase-space integral and the matrix element is discussed. Section 3.6 compares
the discrete theoretical calculations to the simulations, integrated over a narrow-
size bin, to test their validity. The analysis of the simulated data is presented in
chapter 6 p. 75, and results are compared to the experimental data.
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3.1 Monte Carlo event generator

In Eq. 3.1, the Lorentz invariant n-body phase-space integral is written as
[Jam 68], [Kis 05]:

Rn(P ; m1...mn) =
∫

δ4
(

n
∑

i=1

pi − P
)

n
∏

j=1

θ(p0
j)δ(p

2
j − m2

j)d
4pj (3.2)

where

• P is the four-momentum of the n-body system,

• pi are the four-momenta of the individual particles,

• mi are the masses of the particles,

• the first δ function expresses the conservation laws,

• the second δ function implies that the outgoing particles are on their mass
shell,

• all energies (0th component of the four-momentum pi) are considered to be
positive values.

By applying the following splitting on the first δ function [Jam 68]:

δ4
(

n
∑

i=1

pi − P
)

=
∫

δ4
(

n
∑

j=l+1

pj − (P − Pl)
)

δ4 (
l

∑

j=1

pj − Pl)d
4Pl (3.3)

and introducing

1 =
∫ +∞

0
δ(P 2

l − M 2
l )dM 2

l , (3.4)

Eq. 3.2 can be rewritten as:

Rn(P ; m1...mn) =
∫ +∞

0
Rn−l+1(P ; Ml,ml+1...mn)Rl(Pl; m1...ml)dM 2

l (3.5)

where Ml is the invariant mass of a system consisting of l particles of four-
momentum Pl. The limits of the integration depend actually on the masses of
the outgoing particles:
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(

l
∑

i=1

mi

)2≤ M 2
l ≤

(

Mn −
n

∑

i=l+1

mi

)2
. (3.6)

Noticing that dM 2 = 2MdM and splitting Eq. 3.5 by applying l = 2 leads to:

Rn =
∫

dM 2
n−1...

∫

dM 2
2

n−1
∏

i=1

R2(Mi+1; Mi,mi+1) (3.7)

where the invariant two-body phase-space factor is:

R2(Mi+1; Mi,mi+1) =
2π

Mi+1

√

√

√

√Mi+1 +
(M2

i − m2
i+1

Mi+1

)2−2(M 2
i + m2

i+1). (3.8)

The final expression of the phase-space integral used by the Monte Carlo gen-
erator is then deduced:

Rn =
1

m1

∫

...
∫ n−1

∏

i=1

2MiR2(Mi+1; Mi,mi+1)dMn−1...dM2. (3.9)

This last equation shows that a n-body system is created by making a succes-
sion of two-body decays, as sketched on Fig. 3.1. At each vertex, the two-body
phase-space factor is applied by integrating over all possible remaining masses.
Each Mj is chosen randomly, but has to respect the physical limits of the interac-
tion:

Mj−1 + mj < Mj < Mj+1 − mj+1. (3.10)

This equation underlines the fact that, at every vertex, the remaining masses
depend on the masses of the other vertices. This goes in contradiction with the
Monte Carlo integration where each mass has to be chosen independently, thus
randomly. This problem is solved by noticing that the following equation has to
be respected:

j
∑

i=1

mi < Mj < Mn −
n

∑

i=j+1

mi (3.11)

where Mn is the total energy of the system in the rest frame. To stay independent
of each other, the masses Mj can then follow this equation:
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Figure 3.1: Schematic representation of the algorithm used by the Monte Carlo
generator to evaluate the phase-space integral of a n-body system.

Mj = rj

(

Mn −
n

∑

i=j+1

mi

)

+
j

∑

i=1

mi (3.12)

where the random numbers rj are chosen and ordered as follows:

0 < r1 < ... < rj < ... < rn−2 < 1. (3.13)

This guarantees that Eq. 3.10 is satisfied.
To summarize, this generator produces, for each event, n particles with a mass

mi, i ∈ [1, n], and each event has a weight Ri. The angles under which the simu-
lated particles are emitted have also to be determined.
There are 3n observables in a n-event system, but the four equations resulting
from the energy and momentum conservations reduce the number of independent
observables to 3n− 4. Up to now, only n − 2 variables have been used, as shown
in Eq. 3.13. So 2n − 2 variables remain. These ones are chosen to be the two an-
gular variables created at each vertex. Since a two-body phase-space is isotropic
in angular space, we need to choose these angles in the rest frame of the vertex
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so that they are isotropic in cos(θ) and φ. Then, to obtain the correct description
of an event, one has to Lorentz-transform the momentum of each particle into the
rest frame of the particles from which it originates.

The event generator GENBOD follows the algorithm described in this sec-
tion and creates all outgoing particles for kinematically allowed momenta. As a
consequence, it is very efficient to produce simulated events.

3.2 Phase-space weighting

Every event generated by GENBOD according to the above described proce-
dure is kinematically correct. The conservation laws are therefore respected, but
the consequence of the efficiency of this event generator is that the phase-space
density is not reproduced. To solve this problem, GENBOD generates for each
event a weight proportional to the phase-space integral. This weight is given as
follows:

W (Mn,mj) =
n−1
∏

i=2

(MiR2(Mi+1; Mi,mi+1))R2(M2; m1,m2) (3.14)

3.3 Phase-space and matrix elements

Cross sections depend not only on the phase-space factors but also on the
squared amplitude of the matrix element |A|2, as shown in Eq. 3.1.

Therefore, the cross section dependence on a parameter x (where x is the
center-of-mass angle or the invariant mass, for instance) is given by:

dσ

dx
=

d

dx

∫

|A|2dRn. (3.15)

This complicated analytical expression becomes, in the Monte Carlo method,
a simpler discrete addition (Eq. 3.16). Consequently, only the phase-space integral
and the squared amplitude of each event have to be known.

dσ

dx
= lim

∆x→0

1

∆x

∑

i

|Ai|2Ri. (3.16)
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Consequently, to compare the experimental data to the simulated ones, the bin
width ∆x of the simulation has to match the one of the data.

3.4 Monte Carlo errors

The estimate of the phase-space integral over a predefined bin, for a total set
of N events, where dN events are included in that bin, is:

W =
1

N

dN
∑

i=1

wi ± ∆W = < W > ± ∆W (3.17)

where wi is the weight of the ith event if the event falls into the considered bin,
and zero if it does not.

The estimate of the error is:

∆W =

√

σ2

N
=

√

√

√

√

∑

i(wi− < W >)2

N(N − 1)
(3.18)

=

√

√

√

√

∑

i w
2
i − N < W >2

N(N − 1)
(3.19)

=

√

√

√

√

1

N(N − 1)

[

∑

i

w2
i −

1

N
(
∑

i

wi)2
]

. (3.20)

Since most of the wi are zero (they fall in another bin), the last term in the
previous equation is much smaller than the first one and can be neglected. Conse-
quently,

W =
1

N

dN
∑

i=1

wi ±
1

N

√

√

√

√

dN
∑

i=1

w2
i . (3.21)

Therefore, within the bin, the relative error < W > /∆W is minimal if all
weights are equal. The error follows then the Poisson rules: 1/

√
dN . Otherwise,

if one weight is much larger than the others, the error is dominated by that one.
This implies that the Monte Carlo method works only for finite weights, and that
within a specified bin, the weight factor multiplied by the squared matrix element
should not vary considerably.
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3.5 Implementation of the model

To implement the Monte Carlo model in the simulation, these four steps have
to be followed:

1. Generate kinematically allowed events using the program GENBOD. Each
event i is given a weight wi corresponding to the phase-space.

2. Calculate |Ai|2, the amplitude squared of the matrix elements, by a theoret-
ical model for each event generated.

3. Apply the total weight wi |Ai|2 to each event.

4. Restrict the simulation to the limits of the experimental setup (acceptance of
the detectors, thresholds). This can be done by using the GEANT3 package
[Bru 86],[GEA 93].

The Monte Carlo integration can then be performed.

3.6 Comparison of the simulation to the theory

The validity of the Monte-Carlo simulation can be tested by comparing the
theory to the simulated data, which are integrated in a small bin whereby the
observables do not change appreciably within the bin-size.

As example, Fig. 3.2 compares the discrete calculation of the covariant im-
pulse approximation model for the center-of-mass angle θCM = 50◦ (full line) to
the simulation obtained for θCM = 50◦ ± 1◦ (histogram) in the case of the four
response functions (see Chapter 2 for the theoretical definitions, Section 6.1.2 for
the calculation of the simulated RF’s).

A perfect agreement between the simulation and the theory is observed. The
analysis of the simulated data will be presented in Chapter 6 and compared to the
experimental data.
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Figure 3.2: Simulated response function for θCM = 50◦ ± 1◦ (histogram) com-
pared to the prediction of the relativistic gauge-invariant model, at θCM = 50◦

(full line).
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CHAPTER 4

EXPERIMENTAL SETUP

This Chapter presents the experimental setup. To perform the proton-deuteron
capture experiment, a deuteron beam is created in the ion source, and accelerated
to 180 MeV in the AGOR cyclotron. This accelerator is described in Section 4.1.
The deuterons are impinging at a liquid hydrogen target, the layout of which is
detailed in Section 4.2. The beam is stopped in a Faraday cup, where the charge is
collected and the current is measured. The 3He resulting from the fusion process
and the capture photon are detected in the Big Bite Spectrometer (BBS) and the
Plastic Ball, respectively (Sections 4.3 and 4.4). Fig. 4.1 shows the combined
setup of the BBS and the Plastic Ball. The target is placed in the center of the
Plastic Ball.

Fig. 4.2 presents the floor plan of the experimental area. One can see the
cyclotron at the bottom of the sketch, the different beam-lines, and our setup - the
Plastic Ball aligned with the BBS - on the top-right.
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Figure 4.1: Scheme of the experiment showing the Plastic Ball, the target and the
BBS.

4.1 AGOR cyclotron and the ion sources

The cyclotron

The Accélérateur Groningen ORsay (AGOR) is a superconducting cyclotron, pro-
duced in a partnership between KVI and IPN Orsay. It has been operational since
1996. It is 3.6 m high and has a diameter of 4 m. Its superconducting coils allowed
the compact design for a maximum magnetic field of 4 T.

AGOR can accelerate both protons and heavy ions. The maximum energy of
the ions depends on their charge-to-mass ratio (Q/A). For example, for Q/A = 0.5,
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Figure 4.2: Scheme of the experimental hall.
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the maximum energy E/A is 95 MeV per nucleon, and the maximum energy for
protons is 190 MeV. This can be concluded from Fig. 4.3, which shows the op-
erating diagram of the cyclotron (full line). The dots present the beams produced
up to now.

The ion sources

The ions accelerated by AGOR are produced via one of the following three exter-
nal ion sources, according to the type of particles wanted:

• ECRIS (Electron Cyclotron Resonance Ion Source) for heavy ions,

• the CUSP source for unpolarized protons and deuterons and

• POLIS (POLarized Ion Source), for polarized particles (protons, deuterons).

For our experiment, the Cusp source was used. The current from the Cusp,
and therefore the accelerated beam current, has been chosen in order to keep the
dead-time of the acquisition system during the experiment at 33 %.

Q/A
0.0 0.2 0.4 0.6 0.8 1.0 1.2

E
/A

 [M
eV

]

10

100

Figure 4.3: Operating diagram of AGOR (discussed in the text).
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4.2 Liquid hydrogen target

Liquid hydrogen targets are more dense than gas ones and more pure than
solid ones. Therefore, a liquid hydrogen target has been used. The special shape
of the target cell was designed at the KVI in order to allow efficient cooling and
minimal material in the vicinity of the beam. The cell is first filled with gas. Then,
the temperature is decreased to 15 K so that the hydrogen liquefies. The pressure
is maintained at 190 mbar.

The target cell used for this experiment (Fig. 4.4) is a cylinder of 16 mm
diameter and 6 mm long. It is made of highly pure aluminum, and closed by two
4 µm thin Aramid foils. The beam heating induces an over-pressure in the target
which makes the elastic Aramid foils expand. This phenomenon is called bulging.
Taking the characteristics of the target into account, a bulging of 2 mm for the two
foils and the density of the liquid hydrogen ρ = 70.8 mg.cm−3, the thickness of
the target was found to be t = 56 mg.cm−2. To prevent too strong local heating
of the target, the liquid hydrogen cell was wobbling continuously perpendicularly
to the beam axis at low frequency.

The gas filling, the temperature and the pressure, as well as the flushing of the
target were controlled via a PLC program and sensors. For more details, see ref.
[Kal 98].

Moreover, we disposed of two other targets:

• a ZnS target, which was observed by an infra-red camera to align and opti-
mize the beam-spot. The beam-spot was about 2 mm in diameter.

• an empty cell, to check the background, and optimize the beam halo.

4.3 The Big Bite Spectrometer

To detect the 3He produced during this proton-deuteron capture experiment,
the Big-Bite Spectrometer (BBS) [Ber 95] was used with the EuroSuperNova
(ESN) focal-plane detection system. A drawing of the setup is shown on Fig. 4.5.
BBS is a QQD (quadrupole, quadrupole, dipole) type spectrometer. The quadrupo-
les focus the beam, whereas the dipole separates particles according to their mo-
menta and charge state.
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Figure 4.4: Drawing of the target cell (dimensions see text).

The BBS can be used in three modes, differing in the position of the quadrupoles
with respect to the target. Mode ’A’, the closest to the target, has the largest open-
ing angle. Mode ’C’, the farthest, has a large momentum bite. Mode ’B’, which
was used in this experiment, is the intermediate mode. The design parameters of
the BBS in mode ’B’ are shown on Table 4.1.

Maximum solid angle 9.2 msr
Maximum horizontal opening angle 66 mrad
Maximum vertical opening angle 140 mrad
Momentum bite ∆p/p 19 %
Horizontal Magnification Mx -0.45
Vertical Magnification My -10.1
Bending limit K 430 MeV
Optimum resolution ∆E/E 4 10−4

Radius of curvature 220 cm
Maximum dipole field 1.4 T
Distance target-entrance aperture 81.7 cm
Distance target-entrance Q1 114 cm

Table 4.1: Design parameters of the BBS in mode ’B’.
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2 VDC’s

4 MWPC’s (not used)

3 Scintillators (S1−S3−S2)

ESN

Figure 4.5: The BBS and the EuroSuperNova detection system, showing the two
VDC’s and the scintillator planes S1, S3 and S2 (from left to right).

4.3.1 EuroSuperNova

The EuroSuperNova (ESN) detection system was initially developed to measure
spin-transfer parameters for experiments involving a polarized proton beam be-
tween 100 and 200 MeV. Owing to its easily adaptable design, the ESN was later
used for other measurements: (α, α′+γ), (α, α′+n), (α, α′+p), (d,2 He), (t,3 He).

The ESN consists of three parts:

• FPDS: a focal-plane detection system (2 Vertical Drift Chambers),

• FPP: a focal-plane polarimeter (4 Multi Wire Proportional Chambers and a
carbon analyser) which was not used in this experiment, so it will not be
discussed further,

• a scintillator system made of three scintillator planes (’S1’, ’S3’ and ’S2’
from left to right on Fig. 4.5. In our setup, S2 was not used.).
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Focal Plane Detection System

The two Vertical Drift Chambers (VDC’s) [Ber 77], forming the focal plane de-
tection system, are placed parallel to the focal plane of the BBS and are separated
by 23 cm. They are filled with a gas composed out of 50 % of argon and 50 % of
isobutane. They have both a X- and a U-plane with wires running horizontally and
diagonally, respectively. Their wires act as anodes, and their foils as cathodes. A
particle going through the VDC’s ionizes the argon; the isobutane is only used to
prevent a discharge over the wire plane. These electrons drift to the closest wire
(connected to a positive high voltage), along the electric field supplied between
the cathode and the anode. Typically, seven to nine wires fire per plane. By know-
ing the time when each wire detects the electrons, one can reconstruct the track
of the particle. The VDC’s have alternating sense and guard wires. The latter are
field-shaping electrodes, so are not read out. The sense wire signals are first sent
to a preamplifier/discriminator card and then connected to Time to Digital Con-
verter (TDC’s, LeCroy 3377), with a time window of 480 ns and a resolution of 1
ns. The applied voltage is -5900 V for cathodes and +2000 V for anodes, forming
a 7900 V potential difference.

The characteristics of those two VDC’s are summarized in Table 4.2.

Active detection area 1030 x 367 mm2

Angle between VDC’s and BBS central ray 39◦

Number of wires in X plane 240
Number of wires in U plane 240
Tilt angle of U plane wires 32.9◦

Average cluster size for X planes 9
Average cluster size for U planes 7.5
Sense-wire spacing 4.2 mm
Guard-wire spacing 4.2 mm
Sense-wire thickness 20 µm
Guard-wire thickness 50 µm
Distance wire plane to cathode foil 150 mm

Table 4.2: Design parameters of the VDC’s.
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Scintillator plane

Downstream of the VDC’s, there are two scintillator planes (see Fig. 4.6). The
scintillator plane S1 consists of five vertical overlapping panels. S3 is a horizontal
panel. Each scintillator is made out of NE102A material and is read out at its two
ends by a photomultiplier (XP2262, Philips). The output of the photomultipliers
are discriminated by constant-fraction discriminators (CF8200, Ortec). This mod-
ule has two outputs: A and B. The logic signals from outputs A have a constant
width, and were used for triggers. The widths of signals from output B depend
on the time that the analogue signals exceed the threshold of the CFD. As conse-
quence, the time-over-threshold gives information on the energy deposited in the
scintillators.

Since all the 3He were expected to pass through the 2 mm thick S1, the trigger
was made by requiring coincidences between S1 and S3.

4.3.2 Electronics scheme

The electronics scheme of the BBS/ESN detection system, in single mode, is
shown on Fig. 4.6. The electronics of the BBS has been described above.

The signals of the five scintillator panels of S1 were ORed. This OR, as well
as the OR of the Plastic Ball (see Section 4.4.2), and the signal of S3 were then
ANDed, making the common trigger, used for the coincidence mode (see Section
4.5).

4.4 The Plastic Ball

The Plastic Ball [Bad 82] was initially built for heavy-ion collisions at the
Bevalac in Berkeley. It consisted out of 655 scintillators which will be described
in Section 4.4.1, and covered 91% of 4π. These detector modules were assembled
in two hemispheres, namely the forward and the backward hemispheres.

For our experiment, because of the arrangement in front of the BBS, a few
detectors were removed from the initial design, to leave access to the target, which
was placed in the center of the Plastic Ball. So only 552 detector modules were
used: 340 on the backward hemisphere and 212 (out of the initial 315) on the
forward hemisphere, i.e. 77% of 4π.
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Figure 4.6: Schematic view of the readout of the BBS, in single mode.

4.4.1 Scintillators

The detecting elements of the Plastic Ball are trapezoidal-shaped scintillators, as
shown in Fig. 4.7. They are organized in 11 rings, filling the ball structure and
covering a polar angle range of 60◦ < θγ < 160◦. Therefore, the Plastic Ball
surrounds the target almost completely. The average solid angle covered by one
scintillator is 17.45 msr. The outer and inner radii of the sphere are 614 mm and
254 mm, respectively.

The modules are ∆E-E phoswich detectors, from which particle identification
can be obtained. The detector component closer to the target provides the slow
signal component and is made from a 4 mm CaF2 slice which measures the en-
ergy loss signal (∆E). Its decay time is about 1 µs. The fast signal component is
provided by a 36 cm long plastic scintillator, with a decay time of 10 ns, optically
coupled to the CaF2. It measures the residual energy (E) deposited in the detector
module. The plastic can be considered as a light-guide for the CaF2. The scin-
tillator is coupled to a photomultiplier (2202 AMPEREX). The charge collected
at the anode of the phototube is integrated within two different time windows.
In our case, the gates of the short and long components are 250 ns and 1180 ns,
respectively.
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Figure 4.7: Drawing of a Plastic Ball scintillator.

The short gate integrates the fast component of the signals (E), whereas the
long gate integrates both components (∆E + E) (see Fig. 4.8). Neutral particles
have a low probability to leave energy in CaF2 due to the fact that the CaF2 layer
is very thin. However, charged particles interact with it. Consequently, while
plotting ∆E + E as a function of E, photons appear on a line at 45◦, while the
leptons appear on a line which is shifted relative to the diagonal (see Fig. 5.5 p.
61). Particle identification is thus possible.

The Plastic Ball is known for its good charged-particle identification [Dos 86],
so will be efficient in separating the events of the real-photon capture from the
virtual-photon capture ones.

4.4.2 Electronic scheme

The electronic scheme of the Plastic Ball is shown on Fig. 4.9. The trigger of the
BBS is added only while the two detectors run in coincidence mode.

The Plastic Ball data are read out by CAMAC electronics. The computer used
for initialization and acquisition is a VME AXP. The high voltage of the pho-
tomultipliers are supplied by three LeCroy HV 1440 mainframes, controlled by
software. The initial signal from these photomultipliers is split in two: One signal
goes to a second splitter box connected to the two charge-integrating QDC’s, used
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Figure 4.8: Scheme of the charge integration of the Plastic Ball signals.

for particle identification, and the other signal is sent to the Ball Boxes.
The Ball Boxes consist out of six crates containing 18 modules of 8 entries

each. The output of every channel is sent to TDC’s. Moreover, every module
produces a multiplicity signal which is proportional to the number of scintillators
hit.

It has to be noted that the initial signals (out of the first splitter) are fed into
the Ball Box modules in clusters of three, five or six neighboring detectors (see
Fig. 4.10), in order to achieve sensitivity to hit-clusters on the trigger level. These
100 multiplicity signals are further discriminated and ORed to make the signal
”Plastic Ball OR”.

In the single mode of operating (Plastic Ball stand-alone) the ”Plastic Ball
OR” signal is used as gate (short and long) for the two QDC’s (LeCroy 2280) and
as common-stop for the TDC’s (LeCroy 4298). The TDC information is sent to
the data-acquisition system via a databus (Camac 4299).
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Figure 4.9: Electronic scheme of the experiment, Plastic Ball side.
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Figure 4.10: Two-dimensional projection of the Plastic Ball showing the clusters.
Scintillators are drawn as triangles: white ones were present in our setup, grey
ones were either not part of the original design or removed for our experiment in
order to leave space to access the target (around φ = 90◦). The thick line shows
how the scintillators were grouped in clusters of 3, 5 or 6 modules.
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Figure 4.11: Timing scheme of the experiment in coincidence mode.

4.5 Coincidences between Plastic Ball and the BBS

In this experiment, the 3He nuclei are detected by the BBS, and the photons
and leptons by the Plastic Ball. Those two detectors are able to collect data inde-
pendently (single mode) or in coincidence. Triggers for single modes have been
explained in the previous pages, and a timing scheme of the coincidence mode is
shown on Fig. 4.11.

In coincidence, the two computers of the BBS and the Plastic Ball were con-
nected together via a VIC bus. The common trigger was made by ANDing the
trigger of the BBS and the ”Plastic Ball OR”. The busy signal of the system was
an OR of the busy signals of both detectors. Moreover, a special data acquisi-
tion software, written in C, was created to run the Plastic Ball and the BBS in
coincidence mode.
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4.6 Kinematics

As previously mentioned, the proton-deuteron capture was performed using a
180 MeV deuteron beam and a liquid hydrogen target. Briefly, the kinematical
limitations of our experiment, resulting from the BBS and Plastic Ball designs,
will be discussed.

Fig. 4.12 presents the locus of θHe versus θγ , i.e. the correlation between
the polar-angles of the 3He and the photon. The maximal angle reached by the
3He is 4.5◦. Since the BBS has an opening angle of 3.6◦ (see Table 4.1 p. 44),
data were taken at two positions of the spectrometer (θHe = 3.5◦ and 1.7◦), to
cover the largest possible phase-space. When BBS is positioned at θHe = 3.5◦,
the angle covered by the Plastic Ball is 55◦ < θγ < 150◦ and at θHe = 1.7◦,
110◦ < θγ < 157◦.

Fig. 4.13 shows the energy-angle locus of the helium. For θHe = 3.5◦, the
photon energy is 102 MeV < EHe < 135 MeV and for θHe = 1.7◦, 130 MeV <
EHe < 138 MeV .

Accordingly, Fig. 4.14 shows that for θHe = 3.5◦, the photon energy is
52 MeV < Eγ < 73 MeV and for θHe = 1.7◦, 48 MeV < Eγ < 56 MeV .

The total polar angle range covered by the Plastic Ball is thus 55◦ < θγ < 157◦.
Consequently, the total range of covered energies is 102-138 MeV for the helium
and 48-73 MeV for the photon.
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Figure 4.12: θHe versus θγ .
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CHAPTER 5

EVENT SELECTION

The data obtained are biased by the limitations of the setup used and its imperfec-
tions. In order to compare the measured data with other data or with the theory,
the influence of the experimental setup needs to be understood and corrected for.

The aim of this chapter is to introduce the methods to correct for the above
mentioned imperfections of the experimental setup and to extract the cross sec-
tions for both the real- and the virtual-photon capture processes.

First, Section 5.1 presents the elements contained in the data stream. Then,
the different selections applied to the raw data are explained, so that it becomes
possible to differentiate among the information on the 3He, photons and leptons,
and the background (see Section 5.2). Once the appropriate selections are applied,
the methodology of the analysis is explained in Section 5.3, and the estimates of
the efficiencies and acceptances is dealt with in Section 5.4. The comparison of
our analyzed data to the theory is presented in Chapter 6.

55
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5.1 Data stream, data acquisition and online
monitoring

In the data stream, the information collected by the two detectors Plastic Ball
and BBS is present. From the former, the position of photons or leptons is deter-
mined by the position of the modules hit in each event. Since every scintillator is
connected to a TDC and two QDC’s, the time, the energy of the particles and their
identification can be deduced. The BBS provides the momentum information of
the 3He via its VDC’s, and the energy is extracted from the scintillator detector
placed just behind the focal plane of the spectrometer, covering its entire range.
For more details concerning the setup we refer to Chapter 4.

The data-acquisition system is based on the FPPDAQ application [Han 98],
using the CDAQ library [Zwa 86], which was initially created to collect the data
of the BBS. For our experiment, this application has been modified to take into
account the requirements of our setup, and can therefore acquire the data of both
the BBS and the Plastic Ball simultaneously. The data collection runs on an Alpha
AXP-VME4/288 CPU and is connected to the Ethernet network of the KVI (see
Fig. 4.6 p. 48). A second FPPDAQ process writes the data from the network
to a DLT III tape. A third process keeps a small fraction of the data for online
monitoring. This analysis is done by the package PAW [CERN], from the CERN
library.

Moreover, during the data taking, useful scalers were read out every second,
for example:

• the accumulated charge of beam particles in the Faraday cup,

• the count rate of the whole Plastic Ball,

• the count rate of the Plastic Ball detectors on the first ring (i.e. those detec-
tors which are closer to the beam-pipe upstream from the target) to check
the beam halo,

• the rate of all scintillators of the BBS focal plane.

After each reading cycle, these scalers were reset.
Due to the common trigger for the BBS and the Plastic Ball, and due to the

relatively slow data acquisition electronics of the latter, the maximum trigger rate
was about 100 Hz, with the dead-time kept around 33 %.
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5.2 Identification of 3He, photons and leptons

5.2.1 Identification of 3He
The momentum and the energy of the 3He are known owing to the VDC’s and the
scintillator planes at the focal plane of the BBS (see Section 4.3 p. 43). Never-
theless, the information obtained at the focal plane had to be related to measured
quantities at the target. This procedure is called ray-tracing. Detailed calculations
can be found in [Huu 04]. The only applied restriction to the ray-tracing was that
one and only one hit is required per VDC plane, which influences the efficiency
of the reconstruction (see Section 5.4.1 p. 69).

To the original data from the spectrometer two selections are applied, requir-
ing:

• the measured θHe-angle of the 3He recoil to be consistent with the expected
kinematics (i.e. 1.5◦ < θHe < 5.3◦ was required for BBS placed at 3.5◦),

• the measured φHe angle of the 3He recoil to be consistent with the φγ-angle
of the correlated photon (i.e. φHe +φγ = 0± 20◦, see Fig. 5.7-top for angle
definitions).

Fig. 5.1 and Fig. 5.2 compare the original data (left) to the selected data (right).
Fig. 5.1 presents the 3He energy deposited on the S3 scintillator plane of BBS

(see Section 4.3.1 p. 45). The shape of the energy vs. the momentum distribution
can be explained as follows: Low energy particles stop in the scintillator. High
energy ones do not, and the higher their energy, the less energy they deposit in the
scintillator. A turning point is thus observed.

To compare with the kinematics presented in Section 4.6, Fig. 5.2 shows the
energy of the 3He as a function of its angle. One observes a shift of 8 MeV
between the original data and the expected kinematics, which is due to the energy
loss of the 3He in the BBS. After having corrected for this energy loss, one can
conclude that the data is in agreement with the expected kinematical shape.
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Figure 5.1: Energy deposited on the scintillator plane S3 as a function of the
momentum in the focal plane. (left: original data, right: selected data). The
selections applied to the original data, as well as the shape of the distribution are
explained in the text.
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Figure 5.2: Energy of the 3He as a function of its angle (left: original data, right:
selected data corrected for the 8 MeV energy loss in the BBS). After correcting
for the energy loss in the BBS, one observes a good agreement between the data
and the expected kinematical locus.
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5.2.2 Identification of photons and leptons

Each scintillator of the Plastic Ball is connected to a TDC and two QDC’s inte-
grating within short (E) and long (∆E + E) gates, see Section 4.4.1 p. 48. Their
information provides the raw data that need to be translated into physical quanti-
ties for further analysis. In this section, we show how the real data are separated
from the background and calibrated.

Time gating

As already explained in Chapter 4, the TDC’s of the Plastic Ball were used in
common-stop mode: as soon as a signal is detected in a scintillator above thre-
shold, a logic signal is sent to the corresponding TDC, starting the time digitiza-
tion, which is stopped by the common trigger (see Fig. 4.9 p. 51). On the time
spectrum of a scintillator of the Plastic Ball (see Fig. 5.3), almost no background
is present. Still, for analysis purposes, raw data have been manipulated in such
a way that the TDC peaks of all detectors have been shifted to the same channel
number and a gate width of 4 ns has been applied. Although small, the back-
ground has thus been minimized. Moreover, one has to notice that calibrating
precisely the time spectra had no influence on the interpretation of events since
the only purpose of the time information was the suppression of the background.

Gain matching and energy calibration

The energy calibration of the Plastic Ball was done using the real-photon capture
data. As shown on Fig. 4.14 p. 54, the energy covered by the detector varied from
48 MeV to 73 MeV, and was dependent on the position of the scintillators (angular
range from 55◦ to 157◦).

The calibration was done, once the time-gate was applied, by first gain-mat-
ching the scintillators of the same ring so that the knees and the end point (see
Fig. 5.4) of all spectra were positioned at the same channel number, with a relative
accuracy of ±4%. A calibration factor of 0.17 MeV/channel was then applied, to
express the x-axis in energy.

Then, since the Plastic Ball collected energy information of both photons (re-
sulting from pd →3He+γ) and leptons (pd →3He+e+e−), a pulse-shape analysis
was performed to distinguish between the particles. As explained in Section 4.4.1
p. 48, the scintillators are made out of two materials with different decay times.
Consequently, the QDC’s with short gates (E) were used to integrate the fast decay
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component of the signals, and the QDC’s with long gates (∆E + E) to integrate
the complete signals. Fig. 5.5-left presents the two-dimensional plot of the long
gate versus the short gate QDC’s of one scintillator. The photons are present on
the diagonal of this spectrum, and the leptons are in the region above this line. To
calibrate the ∆E signal, the photon line has systematically been shifted to a 45◦

line. A projection of the two-dimensional spectra of all scintillators of the Plastic
Ball, on an axis perpendicular to that line, leads to the spectrum shown in Fig. 5.5-
right. Two peaks are observed: The most intense, at 0 MeV, corresponds to the
photons and the peak at (∆E + E) − E = 5 MeV to the leptons. Selections can
then be easily applied to analyze the data of the real-photon or the virtual-photon
capture.

Fig. 5.6 presents the energy spectrum of photons (left) and of the sum of the
two leptons (right). Real photons interact very weakly with the plastic. Conse-
quently, they do not deposit their full energy in the detector. Indeed, the majority
deposits only a few MeV. That is why the spectrum peaks at low energy, and why
hardly any photon deposits its maximum energy.

The opposite happens with electrons and positrons: Leptons lose almost all
their energy in the scintillator. Consequently, by summing the energies of the two
leptons registered in the plastic (short gate QDC’s - E), a peak is observed around
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Figure 5.5: Left: Calibrated spectra of the total energy deposited in the scintillator
(long gate ∆E + E) as a function of the one deposited in the short gate QDC (E).
The real photons are seen on a 45◦ line. In the region above the diagonal are the
leptons. Right: Projection of the left plot on an axis perpendicular to the real
photon line.
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Figure 5.6: Example of the energy spectrum of a Plastic Ball scintillator in the
case of real photons (left) and virtual photons, i.e. sum of the energies of the two
leptons deposited in the short gate QDC’s (E) (right).
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45 MeV.
It has to be mentioned that the methodology of our analysis of the virtual-

photon capture is based on the energy deposited in the short gate QDC’s, but our
reconstruction accounts for the energy losses in the CaF2. See Section 5.3.2 for
details.

It can therefore be concluded that the energy spectra of photons and leptons
are intrinsically different.

5.3 Methodology of the analysis

5.3.1 Real-photon capture

To analyse the cross section of the real-photon capture reaction, selections of the
useful information of the BBS and of the Plastic Ball, as explained in the previ-
ous section, were implemented. Multiplicity=1 on the Plastic Ball was required.
Moreover, the analysis was only based on the study of events with an energy larger
than 15 MeV: It can indeed be noticed from Fig. 5.6-left that a shift of 3 MeV in
the position of this threshold would only have a 6 % effect on the cross section,
whereas a threshold lower than 10 MeV would make the cross section highly sen-
sitive to the accuracy of the chosen threshold.

Moreover, for a position of the BBS at 3.5◦ (respectively 1.7◦), and due to the
solid angle acceptance of this detector, only scintillators of the Plastic Ball with a
φγ angle within ±30◦ (respectively ±50◦) needed to be studied (see Fig. 5.7-top,
φγ = 0◦ corresponds to the horizontal plane). Indeed, when a photon is detected
by the Plastic Ball outside this range, the corresponding 3He is not seen by the
BBS, thus no trigger is generated and this event was not recorded (events with
this characteristic can only be random background).

Influence of deficient detectors

Among the scintillators of interest, a few had deficient QDC’s or TDC’s. This
implies that multiplicity=2 events, involving a non-working detector, were seen
as multiplicity=1. To correct for these effects, simulations were performed by ex-
plicitly removing a well-working scintillator (scintillator presenting no defect in
its time and energy information) from the dataset. Multiplicity=2 events involving
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this detector were therefore recognized as multiplicity=1. Consequently, the num-
ber of multiplicity=1 counts for the neighboring detectors increased, as shown on
Fig. 5.8. It was concluded that, to correct for a deficient detector, the number of
counts of its neighbors had to be decreased by (20±2)% for the three scintillators
which had a touching side with that detector, and by (0.6 ± 0.1)% for the nine
scintillators which had a touching angle.

The cross sections have been extracted by averaging the number of counts
larger than 15 MeV of all well-working scintillators present in a ring, after having
accounted for the deficient detectors. The results are presented and compared to
different theoretical models in Section 6.2.

5.3.2 Virtual-photon capture

The analysis of the virtual-photon capture reaction was performed using the whole
Plastic Ball dataset. Due to the limitations of our setup (see Fig. 5.7-bottom), the
virtual-photon needed to be detected in the same φγ∗ range as for the real-photon
data (i.e. φγ∗ = ±30◦ for the spectrometer positioned at 3.5◦), otherwise the
correlated 3He would not have been registered by the BBS. However, the φ-angles
of each individual lepton can be detected outside this range since large opening
angles were possible.

To perform this analysis, selections on the time and the energy informations
were applied as explained in Section 5.2.2 p. 59. The analysis was performed on
multiplicity = 2 or 3 events.

Event reconstruction

Due to energy losses and uncertainties of the data, an event reconstruction was
performed. Since three particles were detected by our setup (3He, e+, e−), nine
observables were obtained: the energy and the two angles θ and φ of each par-
ticle. Nevertheless, considering the conservation laws, the measurement is over-
determined. Indeed, knowing the information of only two particles, the third can
be deduced. This over-determination helps decreasing the background.

To perform this reconstruction, the following energy conservation and three-
momentum conservation laws were used, with i = He, e+, e−:
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Figure 5.7: Sketch showing the limitations of our setup, in the case of the real-
photon capture (top) and the virtual-photon capture (bottom), when BBS was po-
sitioned at 3.5◦. Discussed in the text.
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Figure 5.8: Influence of a deficient detector in the dataset. Left: observed number
of counts per detector (multiplicity=1, threshold cut at 15 MeV). Right: same
detectors, same cuts, but the grey detector has been removed from the dataset.
One notices a 20 % increase in the average number of counts of its three closest
neighbors, and 0.6 % for its nine other neighbors.

∑

i

Ei = Ed (5.1)
∑

i

Pi cosφi sin θi = 0 (5.2)
∑

i

Pi sin φi sin θi = 0 (5.3)
∑

i

Pi cos θi = Pd (5.4)

with md, Ed = Ebeam + md and Pd the mass, energy and momentum of the
incoming deuteron. In our case, Ebeam = 180 MeV (deuteron beam), and, with
x = d, p,He, e+, e−, the momentum of every particle was expressed as:

Px =
√

((Ex + mx)2 − m2
x) (5.5)

Calling ea the lepton which had the higher momentum and eb the lepton with
the lower momentum, the reconstruction was made following these three steps:
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Figure 5.9: Left: Energy of the lepton which had the higher momentum. Right:
Energy of the lepton which had the lower momentum. Dashed line: original en-
ergy deposited in the plastic (E). Full line: reconstructed energy deposited in the
scintillator (∆E + E). The reconstruction method is described in the text.

1. The energy of the 3He was corrected for its loss of 8 MeV in the BBS (cf.
Fig. 5.2).

2. To the energy of ea detected in the plastic part of the scintillator (short gate
QDC - E) was added its loss in the CaF2 and the target, which was estimated
to be 6 MeV per lepton (cf. Fig. 5.5-right p. 61). Moreover, the energy de-
posited in the plastic was corrected by a factor 1.12 for calibration purposes
(see Fig. 5.9-left).

3. The energy of eb was then deduced, using Eq. 5.1 (see Fig. 5.9-right).

Fig. 5.9 shows the original energy deposited in the plastic part of the scintilla-
tors (short gate - E, dashed line), and compares it to the total reconstructed energy
of the leptons (∆E + E, full line). The shift observed for ea is a direct consequence
of the second step of the reconstruction method. The energy of eb is calculated by
subtracting the reconstructed energies of ea and of 3He from the beam energy (Ed

= 180 MeV), which explains that the shape of the reconstructed energy is different
from the experimental one.

The influence of the successive selections applied to the original data are pre-
sented in Table 5.1. This table shows that only 0.038 % of the total recorded data
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Cuts number of counts
no cut 26.3 106

multiplicity = 2 or 3 13.7 106

selection of 3He (see p. 57) 13.2 105

selection of leptons (see Fig. 5.5) 20.4 103

Mγ > 15 MeV 9.9 103

Table 5.1: Influence of the cuts on the number of events, for the virtual-photon
capture reaction.

could be used to determine the cross section of the virtual-photon capture reaction.
We registered 10.000 virtual-photon events.

As first results of the reconstruction, the leptonic angles θl and φl are shown in
Fig. 5.10 (see Fig. 2.5 p. 26 for definition of these angles). The gap observed in θl

at angles smaller than 10◦ and bigger than 170◦, as well as the double peak-shape
of φl, are due to the lack of acceptance of the Plastic Ball. Indeed, as described in
Section 2.3.2 p. 25, θl equals 90◦ when the energies of both leptons are identical.
Since this case is less probable than the case where the two leptons have different
energies, one observes a depletion around 90◦. On the other hand, θl equals 0◦ or
180◦ when the energy of one lepton is negligible in comparison with the energy of
the other one. In that very case, the smaller energy was not detected by our setup
due to the thresholds. A gap is thus observed at those angles.

The measured distribution of φl, however, is dependent on the opening angle
θe+e− (angle between the electron and the positron) and the direction of the virtual
photon: For virtual photons aiming at the center of the Plastic Ball (around θγ∗ =
90◦) and for small opening angles, the distribution of φl is almost flat, whereas
on the edges of the Plastic Ball and for large opening angles, the probability of
detecting both leptons largely depends on their directions. Fig. 5.11 illustrates
both cases by presenting the φl distribution for θγ∗ = 90◦ ± 10◦ and θe+e− < 40◦

(top), and for θγ∗ < 50◦ or θγ∗ > 130◦ and θe+e− > 50◦ (bottom).
The determination of the cross section, as well as the extraction of the response

functions, are described in the following chapter, Section 6.3 p. 82, where the
results are also compared to the theoretical predictions.
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Figure 5.10: Distributions of the two leptonic angles θl and φl of the virtual pho-
tons (for definitions, see Section 2.3.2 p. 25).
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Figure 5.11: Distributions of the leptonic angle φl. Top: for a virtual-photon
directed towards the center of the Plastic Ball for a small opening angle: θγ∗ =
90◦ ± 10◦ and θe+e− < 40◦. Bottom: for a virtual photon directed towards the
borders of the Plastic Ball for a large opening angle: θγ∗ < 50◦ or θγ∗ > 130◦ and
θe+e− > 50◦.



69

5.4 Corrections applied to the data

Good events might have been excluded from the dataset during the experiment
because of the thresholds and limited phase-space coverage of our setup, and from
the analysis, because of the selections applied. Therefore, corrections for those
events have to be well determined to extract the cross sections accurately. This
section presents the efficiency and acceptance of our setup.

5.4.1 Efficiency
The Plastic Ball

Due to the design of the Plastic Ball, the intrinsic efficiency to detect leptons is
100 %. All electrons and positrons are detected and stopped in the scintillators.

The photons, on the other hand, interact weakly with the plastic. The effi-
ciency of their detection has consequently to be lower than the one of leptons. It
has moreover been noticed that it varies as a function of the ring number, as shown
on Fig. 5.12-left. This effect is linked to the kinematics of this reaction, and is a
consequence of the fact that only events with an energy larger than 15 MeV were
analyzed (see Section 5.3.1). Fig. 5.12-right presents real-photon spectra in ring
10 (top) and ring 3 (bottom). One observes that the percentage of events having
an energy larger than 15 MeV increases with the ring number. Therefore, the ef-
ficiency increases as a function of θCM . However, the drop in the efficiency at
low and large θγ-angles (ring 1 and rings 9 and 10) is due to the escape of the
electromagnetic showers from the edges of the scintillators of the Plastic Ball.

An estimate of the systematic error on these efficiencies can be obtained by
considering:

• the error made by GEANT in tracking particles;

• the uncertainties of the thresholds of our setup.

According to the GEANT manual, the packages which track the particles and
calculate the energy deposited in the scintillators can be up to 5 % inefficient, i.e.
there is a probability up to 5 % that photons are detected as leptons. However, an
investigation of the error made by GEANT in detecting real photons indicates an
error of 3 % [Mah 04]. Moreover, in the case of the virtual photon, our analysis
requires the detection of two leptons simultaneously, which makes the inefficiency
of GEANT about 0.3 %, thus negligible [Kis 05].
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Figure 5.12: Left: Photon detection efficiency of the Plastic Ball as a function
of the ring number (ring 1 is backwards, ring 10 is forwards). Right: Simulated
real-photon energy deposited in ring 10 (top) and in ring 3 (bottom) of the Plastic
Ball.

Further, the uncertainties associated with a shift in the 15 MeV threshold on
the real-photon data are estimated to be 6 % (cf. p. 60). The combined errors on
the efficiency of the real-photon data, due to GEANT and the 15 MeV threshold,
are thus 6.7 %.

The BBS

In our setup, the trigger was made by requiring a count on the BBS scintillators
S1 and S3 and at least one in the Plastic Ball. By design, all helium particles go
through S1 and are stopped in S3. The efficiency of the scintillators of the BBS
was therefore considered to be 100 %.

Nevertheless, due to the ray-tracing restriction previously described in Section
5.2.1 p. 57 (one and only one hit was allowed per VDC plane), the efficiency of
the VDC’s, defined as the ratio of the reconstructed counts at the focal plane over
the number of counts seen by S3, was found to be (63 ± 1) %.
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Multiplicity

The real-photon data were analysed by requiring multiplicity = 1. It had therefore
to be corrected for the events where the photons left a signal in neighboring detec-
tors, which were consequently considered as multiplicity = 2 or higher. By requir-
ing multiplicity = 1 in our study of the real-photon capture, we missed (42± 2)%
of the data, i.e. the efficiency was (58 ± 2)%.

Moreover, as explained previously, the real-photon data were also corrected
for multiplicity = 2 events which were considered as multiplicity = 1 due to the
presence of deficient scintillators (see Section 5.3.1 p. 62 ). The average of the
error made on the correction applied over all scintillators is estimated to be 0.4 %.

In the case of virtual photons, our reconstruction program of the virtual-photon
data used only multiplicity = 2 and 3 events. However, multiplicity = 2 events in-
volving a deficient scintillators were considered as multiplicity = 1. These events
were not analysed. To correct for them, the amount of missing data was inves-
tigated by a similar technique as the one presented for the real photons in Sec-
tion 5.3.1: simulations have been performed by removing a well-working detector
from the dataset. We estimate to have missed 6±0.1 % of the data by not analysing
these events.

Moreover, events with a multiplicity larger than 3 were not reconstructed.
They represent 3 % of the data, which led to an efficiency of (97 ± 0.5) %. There-
fore, in the case of the virtual-photon capture, analysing multiplicity = 2 and 3
events had a total efficiency of 91 ± 0.5 %.

Total efficiency

Table 5.2 summarizes the different efficiency corrections. The total efficiency
of the system is the product of all the efficiencies previously described. Conse-
quently, for virtual photons, εff = (58 ± 1.2)%. For real photons, it varies as a
function of the ring number, and its uncertainty is estimated to be 7.1 %.

5.4.2 Acceptance

Due to the systematic limitations of our setup, not all emitted events can be de-
tected. The acceptance provides a factor that corrects for those events which hap-
pen outside the phase-space coverage of our detection system.

To estimate this value, events were generated by the Monte-Carlo generator
presented in Chapter 3 and analysed like the data. The acceptance was calculated
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efficiency (%)
Plastic Ball: virtual photons 100 ± 0.3

real photons depends on the ring number ± 6.7
BBS 63 ± 1
multiplicity: virtual photons 91 ± 0.5

real photons 58 ± 2

Table 5.2: Efficiency corrections to be applied in the study of the real- or the
virtual-photon capture reaction.

as the ratio of the number of detected events to the number of all emitted events,
within a bin of interest. Only events with an invariant mass larger than 15 MeV
were considered.

acc =
detected events (all cuts included), per bin

all thrown events, per bin
(5.6)

Fig. 5.13 and Fig. 5.14 present the acceptance of the leptonic angles θl and φl,
respectively. The former is almost flat (except at very small angles) but the latter
has a two-peak shape. Both shapes are a consequence of the thresholds and design
of our setup, as explained in the previous section. The acceptances as a function
of the invariant mass Mγ and as a function of the center-of-mass angle θCM are
presented in Fig. 5.15 and Fig. 5.16, respectively.

To calculate cross sections, correction factors for the acceptance have to be
applied in order to obtain reliable data.
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Figure 5.14: Acceptance as a function of the
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Figure 5.15: Acceptance of invariant mass.
Only events with Mγ > 15MeV were anal-
ysed.
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CHAPTER 6

ANALYSIS AND COMPARISON TO
THEORY

The aim of the present experiment, and thus of this analysis, is to extract the
measured cross sections for both the real- and virtual-photon capture processes,
and the response functions (RF’s) in the case of the virtual-photon reaction.

Selections which need to be applied have been previously explained in Chapter
5. In this chapter, the necessary calculations to extract the cross sections and the
RF’s are presented in Section 6.1. Further, the extraction of the cross section of
the real-photon capture reaction is discussed in Section 6.2 and compared to the
predictions of the different theoretical models introduced in Chapter 2.

Due to the much lower cross section involved and a more complicated three-
body final state, the virtual-photon case cannot be directly compared to the the-
ory. Rather, the data are compared to simulations based on theoretically calculated
matrix elements which are numerically integrated over the acceptance of the ex-
perimental setup (see Chapter 3). This implies three steps, which are detailed in
Section 6.3:

1. the comparison of the simulation to the theory for a predefined phase-space
area in order to verify the validity of the simulation,

2. the integration of the simulation over the phase-space under consideration,

3. the comparison of the analyzed data to the integrated simulation.

75
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6.1 Expression for the cross section and the response
functions

6.1.1 Cross section
The total and the differential cross sections can be expressed by the following
equations:

σ =
Ncounts

Ca Q t ε
(6.1)

dσ

dΩ
=

dNcounts

Ca Q t ε dΩ
(6.2)

dσ

dMγ

=
dNcounts

Ca Q t ε dMγ

(6.3)

where

• Ca = Na

A q
, with Na: the Avogadro number, A the atomic weight of the target

and q the charge state of the beam. Ca = 3.79 10−3 mg−1 ·nC−1 ·cm2 ·nb−1;

• Q = ninc q: total charge of beam particles collected during the whole
experiment, in nC. ninc is the number of incoming deuterons of charge q=1;

• t: target thickness in mg · cm−2;

• ε = εff ·acc: correction factor to be applied to account for the total detection
efficiency εff and the acceptance acc of the setup;

• dΩ = sin θdθdφ the solid angle of the bin under consideration;

• dMγ the invariant mass bin of the dilepton (virtual photon).

In our case, Q = 1.73 105 nC, t = 56 mg/cm2. For the virtual-photon data,
εff = (58 ± 1.2) %, and for the real-photon, εff varies as a function of the ring
number, like the photon detection efficiency of the Plastic Ball (see Fig. 5.12-left).
On average, i.e. for scintillators placed on ring 5, εff = (19± 7.1) %. The values
of acc are presented in Fig. 5.13-5.16.
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6.1.2 Response functions
The response functions were introduced in Chapter 2 p. 25. To extract them, one
should refer to Eq. 2.22 p. 26. The squared amplitude of the matrix element takes
the form:

|A|2 ∝ fT gT WT + fL gL WL + fTT gTT WTT + fLT gLT WLT (6.4)

or

|A|2 ∝
∑

k=T,L,TT,LT

fk gk Wk (6.5)

where

fT =
1 − l2

2M2
γ

sin2 θl

M2
γ

; fL =
1 − l2

k2
0

cos2 θl

M2
γ

; (6.6)

fTT =
l2 sin2 θl

2M4
γ

; fLT =
l2

2
√

2k0M3
γ

; (6.7)

and

gT = 1; gL = 1; gTT = cos 2φl; gLT = sin 2θl cos φl. (6.8)

The cross section expressed in Eq. 2.8 p. 22 can be written as:

σ = CR|A|2 (6.9)

with C a constant and R the phase-space integral.

Extraction of WTT and WLT

The interference response functions Wj , j=(TT, LT), can be extracted by replacing
|A|2 by its expression in Eq. 6.5, multiplying both sides of the Eq. 6.9 by gj , and
integrating over the leptonic angles:

∫

θl,φl

σ gj = C
∫

θl,φl

R (
∑

k=T,L,TT,LT

fk gk Wk) gj (6.10)
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All the terms should then integrate to zero, except the one of interest, i.e.:

∫

θl,φl

(
∑

k 6=j

fk gk Wk) gj = 0 (6.11)

∫

θl,φl

fj g2
j Wj 6= 0 (6.12)

Therefore, considering that Wj , j=(TT, LT), is independent of the integration vari-
ables, it can be concluded that:

Wj =

∫

θl,φl
σ gj

C
∫

θl,φl
R fj g2

j

, j = (TT, LT ) (6.13)

Extraction of WT and WL

The extraction of WT and WL is performed by using the weighting functions
gT = gL = 1. This integrates the contributions of WTT and WLT to zero. Therefore,

∫

θl,φl

σ = C
∫

θl,φl

R (fT WT + fL WL) (6.14)

By using the θl dependence of fT and fL, one can enhance the sensitivity of
WT or WL. To access WT (respectively WL), one should perform the analysis
using a reduced data-set for which θl is small (respectively large). Under this
condition, for j=(T, L):

Wj ≈
∫

θl,φl
σ

C
∫

θl,φl
R fj

, j = (T, L) (6.15)

For the following analysis, we will refer to Eq. 6.2 and Eq. 6.3 for the extrac-
tion of the cross sections, and Eq. 6.13 and Eq. 6.15 for the response functions.
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Figure 6.1: Energy deposited in a scintillator from the ring 5 (top) and from the
ring 9 (bottom).

6.2 Real-photon capture: p + d →3He + γ

Referring to Eq. 6.2, the evaluation of the cross section has been performed
as follows, where a well-working detector (see Section 5.3.1 p. 62) is defined as a
detector presenting no defect in its time and energy information:

• The value of Ncounts, per ring, is calculated as the average of the number of
counts of every well-working detector, within the φγ acceptance range. As
example, Fig. 6.1 shows how the response of a scintillator in ring 5 differs
from a scintillator in ring 9.

• Each ring corresponds to an average θγ in the rest frame which can be con-
verted to the angle θCM in the center-of-mass frame via the Jacobian.

To calculate the luminosity, the following numerical values are to be men-
tioned:

• The total number of incoming particles is deduced from the charge Q accu-
mulated through the whole experiment and corrected for the dead-time. A
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charge Q = 1.73 105 nC was measured. The previous experiment [Hui 99]
showed that this method has an accuracy of ± 3 %.

• The target thickness is estimated by multiplying the density of the liquid
hydrogen (ρ = 70.8 mg/cm3) with the thickness of the target cell (0.6 cm),
and including a bulging of 0.2 cm. t was found to be 56 mg/cm2. The
uncertainty on the estimation of the bulging leads to an accuracy of the
target thickness of ± 6 %.

• ε is calculated as the product of the efficiencies of the Plastic Ball, which is
a function of the position of the scintillator hit (see Fig. 5.12-left), the BBS
(63 ± 1) % and the multiplicity (58 ± 2) %. See Section 5.4.1 p. 69 for
details. The uncertainty on ε is estimated to be ± 7.1 %.

• The average solid angle dΩ per detector is 17.45 msr.

The cross section of the real-photon capture reaction, as a function of the
center-of-mass angle θCM , is presented in Fig. 6.2. Our acceptance-corrected
results are shown as full circles. The statistical error-bars are included in the size
of the markers. The data-point at 18.5◦ has been extracted from the measurements
made with the BBS positioned at 1.7◦. The two points at 27.5◦ and 34◦ are the
average results obtained with the data-sets at 1.7◦ and 3.5◦. Their error-bars cor-
respond to the standard deviation. The other points result from the analysis of
the data-set with the BBS at 3.5◦. Moreover, due to the concentration of defi-
cient detectors on rings 6 and 7, a large variation in the cross section obtained
on these two rings for detectors positioned at φγ > 0 and φγ < 0 was observed.
The cross section shown on Fig. 6.2 at 60◦ and 70◦ is therefore the average of
both results, and the error-bars correspond to the standard deviation. The syste-
matic uncertainties are shown on the data-point at 90◦. They combine the effect
of the efficiency-correction (7.1 %, see previous chapter) and of the error on the
accumulated charge (3 %) and the target thickness (6 %), i.e. a total of 11 %.

In Fig. 6.2, data are compared to the covariant impulse approximation of Fäldt
(dashed line) [Fal 93], the relativistic gauge-invariant model of Korchin (full line)
[Kor 98] and the CB-Bonn potential model of Deltuva (thin dotted line) [Del 04].
For the understanding of the three models, we refer to Section 2.1 p. 16. The shape
of the cross section of our data is consistent with the three theoretical models,
since it shows the expected peak at 52◦. The amplitude of our results, however, is
larger than the predictions of the covariant impulse approximation (dashed line in
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Figure 6.2: Angular distribution of the real-photon capture cross section for a
deuteron beam of 180 MeV. Our results are shown as full circles. The statistical
error-bars are included in the size of the markers. Also displayed on the data-
point at 90◦ is the systematic uncertainty due to the efficiency correction. For
other error-bars, see text. Our data are compared to the models of Korchin (full
line) [Kor 98], Fäldt (dashed line) [Fal 93] and Deltuva (thin dotted line) [Del 04].

Fig. 6.2), except for the point at 27◦. Nevertheless, within their systematical error-
bars, our data are in good agreement with both the relativistic gauge-invariant and
CB-Bonn potential model. It is therefore not possible to decide which model
describes the experimental data with the best accuracy.

Moreover, it was concluded from Fig. 2.3 p. 21 that the data of Yagata [Yag 02]
resulting from a similar study at 200 MeV are in good agreement with the calcu-
lations of Korchin at the same beam energy (see Section 2.2). Since our data are
consistent with the model of Korchin at 180 MeV, it can be concluded that this
data-set is also in good agreement with ours.
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6.3 Virtual-photon capture: p + d →3He + e+e−

The method to analyze the deuteron-proton virtual-photon capture reaction
has been developed in Section 5.3.2 p. 63. In the following part, the cross sec-
tions obtained from our data are presented and compared to the predictions of the
simulations. Then, the response functions are extracted. Due to the rather small
cross section, our results have been integrated over the phase-space covered by
our setup.

6.3.1 Cross section of the virtual-photon reaction
To extract the cross section for the virtual-photon reaction, Eq. 6.2 and Eq. 6.3
have been used. We refer to Section 6.2 p. 79 for the calculation of the luminosity
and to Section 5.4.1 p. 69 for the efficiency and acceptance corrections.

To determine Ncounts, the number of counts as a function of the φ-angle of
the virtual-photon has been plotted for every ring (see the example of ring 3 Fig.
6.3). The peak shape is due to the acceptance of the BBS. Indeed, at φγ∗ = 0, all
helium particles are detected by the spectrometer, which is not the case for larger
angles, as previously shown on Fig. 5.7 p. 64. Consequently, the number of counts
at φγ∗ = 0 ± 20◦ is used to extract the cross section from our experimental data.
The same method has been used for the simulations, with the same selections and
acceptance corrections.

Fig. 6.4 presents the acceptance-corrected cross sections as a function of the
center-of-mass angle θCM (top) and the invariant mass Mγ (bottom). Our data
(full circles) are compared to the simulations resulting from two different mo-
dels: the covariant impulse approximation developed by Fäldt (dashed line) and
the relativistic gauge-invariant model by Korchin (full line). Those simulations are
analyzed in the same way as the data, which implies that they are calculated per
ring. For example, ring 3 (backward angles) corresponds to θCM = 33◦, and ring
10 (forward angles) corresponds to θCM = 97◦. Rings 1 and 2 were not analyzed
due to their too low statistics. The error-bars indicate the statistical errors only.
The error-bar of the point at 97◦ is included in the size of the marker. However,
the combined effect of the statistical and systematical uncertainties can be seen on
the data-point at 90◦, which result from the efficiency-correction (1.2 %, cf. p. 72)
and the target thickness and charge estimation (6 % and 3 %, respectively - see
Section 6.2), in a total uncertainty of 7 %.

From the observation of Fig. 6.4, it can be concluded that, in the case of
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Figure 6.3: Distribution of the φ angle of the virtual photon for ring 3, i.e. θγ =
135 ± 5◦.

the virtual-photon capture, the different models are in better agreement with each
other than was noticed for the real-photon reaction. Indeed, Fäldt’s model under-
predicts Korchin’s by about 10 % for θCM > 60◦, whereas, in the case of the real-
photon capture, cross sections up to 17 % lower than predicted by the relativistic
gauge-invariant model were calculated over the whole θCM range.

Generally, the theory is consistent with our data. However, the simulations
seem to over-predict the data slightly at low invariant masses. This feature will
also be observed for the extraction of the response functions, as shown in the
following section.

6.3.2 Response functions
As previously explained, due to the low cross section, our data need to be inte-
grated over a large bin-size. Therefore, after having verified that the simulations
are in good agreement with the discrete theory (see Section 3.6 p. 36), one needs
to integrate the simulated data over the same phase-space as the real data were
measured. The obtained theoretical results are then compared to the integrated
experimental data.
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Figure 6.4: Cross section as a function of the center-of-mass angle (top) and the
invariant mass of the virtual photon, for θCM = 60◦ ± 5◦ (bottom). Our results
are presented as full dots, for Mγ > 15 MeV , and compared to the simulation
obtained from the relativistic gauge-invariant model (full line) and the covariant
impulse approximation (dashed line). The error-bars are statistical. The error-bar
of the point at 97◦ is included in the size of the marker. The data-point at 90◦

shows the combination of the statistical and systematic uncertainties.
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For the calculation of the response functions, we refer to Eq. 6.13 and Eq. 6.15
p. 78. To extract the RF’s, the numerator is obtained from the experimental data,
and the denominator from the simulation. Eq. 6.13 and Eq. 6.15 can therefore be
re-written as follows:

Wj =

∑

i σi gji
(experimental data)

∑

i Ri fji
g2

ji
(simulation)

(6.16)

with i running over the events, and j over the type of response functions.
Since the integration is performed over a large bin-size, averaged response

functions are extracted. Thus, in the following, all shown response functions are
those averaged RF’s. Fig. 6.5 and Fig. 6.6 show the results of the extraction of
the four response functions WT , WL, WTT and WLT (full circles), and compare
them to the predictions of the relativistic gauge-invariant model. For all figures,
the WT contribution is represented as full line, WL as dashed, WTT as dotted and
WLT as dashed-dotted. The thicker line is the sum of all contributions, and thus
should describe the data.

Extraction of WT and WL

The extractions of WT and WL are presented in Fig. 6.5. Due to the necessary
large bin-size of the integration, the contributions of the other response functions
are not always integrated to zero and therefore lead to parasitic contributions in
the wanted response function.

In the case of the transverse response function, the influence of WL, WTT and
WLT is small. WT is consequently mostly determined by its own contribution.
As mentioned in Section 6.1.2, the analysis should be performed over a reduced
data-set for which θl is small. However, in our case, reducing the contribution of
WL would not have a significant influence on the results.

The data and the theory are in good agreement with each other, especially at
large invariant masses. However, the simulation over-predicts the data at small
invariant masses, which is consistent with the observations made for the study of
the cross section.

The longitudinal response function WL, on the other hand, is influenced by
the large contribution of the transverse response function: the contribution of WL

represents only 13 % of the total amplitude, while WT contributes up to 62 %. An
attempt was therefore made to enhance the contribution of WL by analyzing a sub-
set of events for which 65◦ < θl < 115◦. However, this method was unsuccessful.
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This can be explained by the fact that, as shown in Fig. 5.13 p. 73, the acceptance
of our data drops for θl < 40◦ and θl > 140◦, i.e. our data have intrinsically a
selection which enhances WL. It is therefore not possible to significantly improve
our results, and WL can not be extracted independently.

Extraction of WTT and WLT

The extraction of the transverse-transverse and the longitudinal-transverse re-
sponse functions (Fig. 6.6) led to accurate results from which the following con-
clusions on the model can be drawn:

• The trend of the contribution of WTT in Fig. 6.6-top is incorrectly predicted.
Our data seem to indicate that its amplitude should largely decrease with
Mγ .

• The sign of the contribution of WLT in Fig. 6.6-bottom seems incorrectly
predicted: if the sign was positive, the simulation would agree with our
results.

The extraction of these response functions is difficult, as can be concluded
from the observation of Fig. 6.7. The distribution of gTT and gLT as a function
of the dihedral angle φl indicates that the integration of gTT and gLT is not zero
within the phase-space coverage of our setup. gTT and gLT are therefore expected
to bring a negative contribution to the response functions WTT and WLT .

In order to facilitate the derivation of WTT and WLT , one can focus the analysis
on a reduced phase-space area, where the experimental acceptance of φl is flat. As
explained in Section 5.3.2 and shown on Fig. 5.11-top p. 68, events for which the
virtual photon is directed towards the center of the Plastic Ball (θγ∗ = 90◦ ± 10◦),
with an opening angle θe+e− < 40◦, are selected.

Requiring these conditions, Fig. 6.8 shows the extracted response functions
WTT (top) and WLT (bottom), for both the models of Korchin (left) and of Fäldt
(right).

It can be concluded that this strict event selection has enabled the extraction
of the response function WTT . The contributions of the parasitic RF’s are indeed
small. However, our data seem to imply that the contribution of WTT should
decrease with Mγ .

In the case of WLT , on the other hand, the influence of the contribution of WT

is large. The sign of the contribution of WLT seems to agree with our results.
However, its amplitude should be larger.
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Figure 6.5: Extracted WT and WL (circles), compared with the predictions of the
relativistic gauge-invariant model (thick line). Also shown are the contributions
of WT (full line), WL (dashed line), WTT (dotted line), WLT (dashed-dotted line).
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Figure 6.6: Extracted WTT and WLT (circles), compared with the predictions of
the relativistic gauge-invariant model (thick line). Also shown are the contribu-
tions of WT (full line), WL (dashed line), WTT (dotted line), WLT (dashed-dotted
line).



89

φl (deg)

g TT
 (c

ou
nt

s)

φl (deg)

g LT
 (c

ou
nt

s)

-2000

-1000

0

0 50 100 150 200 250 300 350

-200

-100

0

0 50 100 150 200 250 300 350

Figure 6.7: Simulated gTT and gLT as a function of the dihedral angle φl, within
the acceptance of our setup.
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6.4 Conclusion on the analysis

To summarize the previous results presented in this chapter, one can conclude
that our real-photon capture data are in good agreement with the relativistic gauge-
invariant model of Korchin and with the CD-Bonn potential model of Deltuva.
The covariant impulse approximation theory of Fäldt, on the other hand, has an
amplitude up to 17 % smaller than our results.

In the case of virtual-photon capture, however, the difference between the
models of Fäldt and Korchin is less pronounced. The amplitude of the cross
section of the former is only up to 10 % smaller than the latter. Comparisons
to the model of Deltuva were not performed since we did not have access to the
calculations for this reaction.

Our results of the cross sections are in good agreement with both theories used.
Moreover, the transversal response function WT is relatively well reproduced by
the relativistic gauge-invariant model. However, the large influence of WT in
the extraction of WL did not allow us to draw strong conclusions concerning the
longitudinal response function.

The study of WTT and WLT was also difficult. However, the accuracy of our
experimental results allowed us to draw conclusions on the calculations: it seems
that the amplitude of WTT is incorrectly predicted and that the sign of WLT is
inverted.

Moreover, the analysis of these two RF’s was also performed on a restricted
data-set (Fig. 6.8) in order to reduce the limitation due to the phase-space coverage
of the setup. One notices that the response functions obtained with the relativis-
tic gauge-invariant model of Korchin and the covariant impulse approximation
theory of Fäldt are similar and have the same shape. However, the differences
between our experimental results and the simulations do not allow us to decide
which theoretical model describes the experimental response functions with the
better precision.
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Figure 6.8: Interference response functions extracted in a reduced phase space
area (see text). WTT (top) and WLT (bottom) calculated with the relativistic
gauge-invariant model of Korchin (left) and the covariant impulse approximation
theory of Fäldt (right). Also shown are the contributions of WT (full line), WL

(dashed line), WTT (dotted line), WLT (dashed-dotted line) and the sum of all
contributions (thick full line).
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CHAPTER 7

SUMMARY, CONCLUSIONS AND
OUTLOOK

7.1 Summary

A basic understanding of the nucleon-nucleon interaction can be achieved by
studying the proton-proton scattering. However, in a nucleus consisting out of
more than two nucleons, the interaction between any two particles is influenced
by the presence of the others. The study of the three-body system is therefore of
great interest, since it presents a step forward in our understanding of the nucleon-
nucleon interactions.

The aim of this thesis is therefore to investigate this phenomenon by studying
the two following proton-deuteron capture reactions:

• p + d → 3He + γ (real-photon capture)

• p + d → 3He + γ∗ (virtual-photon capture)

Experimentally, the real-photon capture is relatively easy to study owing to its
rather large cross section. It has therefore often been analyzed [Did 70], [Cam 84],
[Pic 87], [Sch 87], [Joh98], [Yag 02], [Meh 05]. The virtual-photon reaction, on
the other hand, is much more difficult because of its very low cross section (about
1 nb/sr). Therefore, its study has only been performed worldwide twice: in the
experiment of the TSL for two proton energies (98 and 176 MeV) and two photon
polar angles (40◦ and 80◦) [Tra 97], and in the pilot experiment of the KVI, with
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low statistics (about 300 background-free events for the virtual-photon capture)
[Mes 00].

This second reaction is however of great interest because it provides more in-
formation to our understanding of the three-body systems than the real-photon
capture. Indeed, the yield of the massive photon, called virtual photon, is experi-
mentally detected as the yield of an electron-positron pair. Therefore, the coupling
of the virtual photon to the di-lepton pair allows multiple photon polarizations.
Consequently, the cross section of the virtual-photon capture can be decomposed
into transversal and longitudinal parts, allowing more degrees of freedom than the
real-photon capture, which presents only a transversal one.

The aim of the present work is to test the accuracy of different theoretical
models, by comparing them to our experimental results. These models used to de-
scribe the capture processes are presented in this thesis in Chapter 2. Based on the
Low theorem, the covariant impulse approximation developed by Fäldt [Fal 93]
and the relativistic gauge-invariant model of Korchin are introduced. Both the-
ories result from calculations of the external diagrams, i.e. the coupling of the
virtual-photon on legs of the proton or of the deuteron (see Fig. 2.1 p. 16). How-
ever, the model of Korchin is an improvement of Fäldt’s, which involves more
terms to account for gauge invariance [Kor 98]. Nevertheless, this method does
not define the anomalous magnetic moment of the 3He uniquely, which leads to
uncertainties in the theoretical calculations. This issue will be discussed in the
next section.

In addition to these models, a third and more modern theory, the charge-
dependent CD-Bonn potential model of Deltuva [Del 04], is used for comparison
with our real-photon capture results.

To test the validity of the models and to improve the knowledge of the capture
reactions, an experiment took place at the Kernfysisch Versneller Instituut in 2003,
with a liquid hydrogen target and a deuteron beam of 180 MeV, accelerated by the
cyclotron AGOR. The setup was composed of the Big Bite Spectrometer (BBS),
to detect 3He particles, and of the ∆E − E scintillator detector Plastic Ball, to
collect photons and dileptons pairs. Performing a pulse-shape analysis allowed us
to distinguish between both types of particles. The two advantages of this setup
are the very large phase-space coverage of the Plastic Ball (77 % of 4π) and the
possibility of the BBS to detect 3He at small forward angles, up to θHe = 0◦.
The trigger of the experiment was based on coincidences between both detectors.
Details of the experimental setup are given in this thesis in Chapter 4.

As explained further, the analysis of the real-photon reaction was relatively
easy, and the results were directly compared to the theory. The virtual-photon
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capture, on the other hand, was more difficult due to the much lower cross sec-
tion involved, and a more complicated three-body final state. Simulations were
therefore performed in order to integrate the theory over the same bins as the
experimental data. The Monte-Carlo technique used for the simulations is devel-
oped in Chapter 3. To summarize, this method takes as input an event generator
(GENBOD), one of the theoretical models and the description of the phase-space
covered by our experimental setup in addition to the different thresholds involved.
It produces therefore simulated events which can be analyzed in the same way as
the experimental data.

The methodology of the analysis of both experimental and simulated data is
explained in Chapter 5. It involves, first of all, calibrating the raw data with pre-
cision, and then, applying different selections to separate the real events of both
reactions from the background. However, with this technique, good events might
have been excluded from the analysis due to the previous selections or because of
the phase-space coverage of our setup. Efficiency and acceptance corrections had
thus to be applied to account for these shortcomings. They were calculated us-
ing the Monte-Carlo simulations. Moreover, the systematic errors were estimated
using the simulations: 11 % for the real-photon and 7 % for the virtual-photon
reaction.

Our results, cross sections and response functions, were compared to the ex-
pectations of the theory in Chapter 6. A summary of our results, and conclusions
are presented in the following section.

7.2 Conclusions

As previously mentioned, the anomalous magnetic moment of the 3He is not
uniquely defined, and there are thus uncertainties on the theoretical calculations.
Therefore, as proposed in [Kor 99], the anomalous magnetic moment has been
modified by applying an energy-dependent phenomenological factor a = 1.3 (see
Eq. 2.6 p. 19). This value has been confirmed by the data of Yagata [Yag 02], for
a similar proton-deuteron real-capture study at 200 MeV, which were shown to be
well described by the model of Korchin, applying a = 1.3 (see Fig. 2.3 p. 21).

Concerning our analysis, the following conclusions can be drawn:
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7.2.1 Real-photon capture

In the case of the real-photon capture, the differential cross section has been ob-
tained with negligible statistical errors.

The shape of our data (see Fig. 6.2 p. 81) is in good agreement with the three
models, which all predict a peak at 52◦. The relativistic gauge-invariant model, us-
ing the energy-dependent phenomenological factor a = 1.3, as well as the coupled-
channel model, proved to be reliable, since they reproduce our data relatively well.
However, due to the systematic error of our data, it was not possible to conclude
on the model which describes the experimental data with the better accuracy. The
covariant impulse approximation of Fäldt, on the other hand, has been shown to
under-estimate our data by up to 17 %.

7.2.2 Virtual-photon capture

In the case of the virtual-photon capture, data with good statistics (10.000 events)
were collected, from which differential cross sections have been obtained. Results
are well reproduced by the theoretical predictions of both Korchin and Fäldt. It
was also shown that the magnitude difference between the two models is much
smaller than for the real-photon reaction: less than 10 % (see Fig. 6.4 p. 84).

Moreover, the dependence of the virtual-photon cross section on the invariant
mass Mγ and leptonic angles θl and φl has been studied by its decomposition into
four observables, which are correlated to the polarization of the virtual-photon:
the so-called response functions (RF’s).

Our analysis showed that the deduced transverse RF WT is in good agree-
ment with the theory (Fig. 6.5-top p. 87). On the other hand, the influence of
the contribution of WT in the extraction of WL is predominant (Fig. 6.5-bottom).
Consequently, WL could not be deduced independently.

Moreover, the extraction of the transverse-transverse and longitudinal-transver-
se response functions (Fig. 6.6 p. 88), led to conclusions on the quality of the
model: the sign of WLT seems to be inverted and the amplitude of WTT is not
consistent with our data. However, the extraction of these two RF’s is difficult
because of the limited phase-space coverage of our setup. Consequently, the con-
tribution of WT does not integrate to zero.

A subset of events has thus been selected, for which the acceptance of φl is
known to be flat, and therefore for which the integration of gTT and gLT is zero
(for details on these observables, see Section 6.1.2 p. 77). Within this subset, the
extraction of WTT is made possible since the influence of the interference RF’s
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is negligible. On the other hand, the extraction of WLT is very sensitive to the
influence of the contribution of WT (see Fig. 6.8 p. 91). However, considering
the reliability of our data, one can conclude that the study of the interference
response functions is a good tool to improve our understanding of the virtual-
photon capture.

7.2.3 Conclusions on the theoretical models

It can therefore be concluded that the covariant impulse approximation and the
gauge-invariant model, using the phenomenological factor a = 1.3, are in good
agreement with the data, and reproduce the cross sections of the real- and virtual-
photon captures rather well. However, the model of Korchin seems to reproduce
the data in a more accurate way than the model of Fäldt. Moreover, in the case of
the real-photon capture, the model of Deltuva is equally reliable.

The response functions have been extracted. WT and WL can be theoretically
well understood. However, WTT and WLT present large discrepancies with the
theory.

7.3 Outlook

As previously shown, this thesis has given the evidence that it is possible to
collect good statistics on real- and virtual-photon deuteron-proton capture events,
using as setup the Plastic Ball and the Big Bite Spectrometer. About 10.000
background-free virtual-capture events have been registered. Therefore, the model
predictions can be tested accurately with the present data.

The analysis of both reactions led to an accurate determination of the cross
sections, and extraction of the response functions, in the virtual-photon case.
Comparisons of our data to the theoretical predictions allowed us to estimate the
capabilities of the different models.

However, since the cross section of the virtual-photon capture is very low, it
would have been useful to use an acquisition system which would have been able
to enhance the rate of dilepton-pairs data, by distinguishing online between real-
photons and leptons. To achieve this goal, a Čerenkov inner shell should have
been used, but a lack of time did not allow its implementation in our setup. For
further details on this detector, we refer to Appendix A p. 99.

Nevertheless, problems concerning the phase-space coverage of the Plastic
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Ball would remain. Since this detector covers only 77 % of 4π, any experiment
using it will be confronted to its limitation which will keep the extraction of the
response function a challenging task.



APPENDIX A

IMPROVEMENT OF THE SETUP

To enhance the sensitivity of the present setup for electrons and photons, two
possibilities have been investigated:

• a Čerenkov inner shell and

• a CsI inner shell.

The following sections present their potential advantages.

A.1 The Čerenkov inner shell

A first idea to improve the setup was initially studied by Castelijns [Cas 01]
in 2001 and was brought to a final design state in 2003. However, due to lack of
time, it could not be realized and was thus not used for our experiment.

In the work presented in this thesis, the analysis of the real-photon and virtual-
photon data was done offline. However, it would have been advantageous to be
able to detect the dilepton-pairs online. Only good events would then have been
recorded, reducing considerably the amount of background events stored to tape.
For our particular experiment, the beam current was limited by the single-event
rate of the Plastic Ball detector system. Therefore, if the Čerenkov inner shell
had been available, one could possibly have recovered the 30 % dead-time of
the data acquisition system for our experiment. To differentiate between real-
photons and dilepton-pairs, the idea was to use a detector based on the Čerenkov
light. This effect takes place when a charged particle travels through an optically
transparent medium with a velocity higher than the light velocity in the material.
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Figure A.1: Scheme of the Čerenkov detector inside the Plastic Ball, showing the
trajectory of a dilepton pair.

This particle polarizes the atoms close to its trajectory. The ”deformed”atoms
act as electric dipoles. The deexcitation occurs via emission of photons, whose
yield is proportional to the refractive index (n). Therefore, the Čerenkov material
chosen would have been a quartz, with n = 1.55.

Concerning the design, this trigger detector should have had the same angular
acceptance as the Plastic Ball, so it should have had the form of a sphere. Fig. A.1
shows the cross section of the setup using the Čerenkov inner shell.

The main problem caused by this design is the space available to connect the
Čerenkov detector to a large area photomultiplier sensitive in the UV region. Two
possibilities have been studied:

• light fibers which connect the quartz to a photomultiplier placed outside of
the Plastic Ball or

• very small photomultipliers which could be placed between the Plastic Ball
and the inner shell. These photomultipliers mounted on their voltage di-
viders had 12 mm of diameter and 16 mm of height (ref: R7400U and
E5780, Hamamatsu).

The efficiency of the Čerenkov material was tested with cosmic rays, by plac-
ing the quartz between two scintillator planes and requiring coincidences between
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them (see Fig. A.2). The efficiency of the quartz connected to the small photo-
multiplier was found to be 86 %, and connected by 8 fibers to a photomultipler
placed outside the Plastic Ball, 80 %. A final design involving the former was
thus retained, since the efficiency was better and the device was mechanically
more reliable.

���������������������
���������������������
���������������������
���������������������

�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������

	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	
	�	�	�	�	�	

 

thick scintillator      (5 mm)

thin scintillator

cosmic ray

HV
to electronics

quartz
(2 mm)

photomultiplier


�
�
�
�
�
�
�
�
�
�
�


�
�
�
�
�
�
�
�
�
�
�

�����������������������
�����������������������

�����
�����
�����
�����
�����
�����
�����
�����
�����
�����
�����

�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������

 

cosmic ray

quartz

HV
to electronics

photomultiplierfiber

Figure A.2: Scheme of the setup showing the two scintillators and the quartz
directly connected to the photomultiplier (top) and to the fiber (bottom).

A.2 The CsI inner shell

The other possible improvement of the setup is a scintillator inner shell which
could be used to improve the response to the Plastic Ball for real-photons. The
chosen material was CsI, and modules were a combination of pentagonal and
hexagonal shapes, 5 cm thick, connected to the photomultiplier (PMT) presented
is the previous section (ref: R7400U, Hamamatsu). See Fig. A.3.

Due to the thickness of the material, the space between the PMT’s and the
inside of the Plastic Ball is even more limited than in the case of the quartz.

The energy resolution (F.W.H.M.) of this material, measured with 137Cs and
60Co γ-sources, was 46 % and 38 %, respectively (see Fig. A.4).

The CsI inner shell will be used in experiments performed at the KVI in 2006
[Jou] [Gas].
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Figure A.4: Response of the CsI detector to the γ rays from a 137Cs (left) and a
60Co (right) source.



BIJLAGE B

NEDERLANDSE SAMENVATTING

Kernfysica en de nucleon-nucleoninteractie

Kernfysica is het vakgebied van de studie naar de structuur van de atoomkern.
Een atoom is opgebouwd uit een atoomkern met daar omheen een elektronenwolk
(Fig. B.1), die door de elektromagnetische kracht op haar plaats wordt gehouden.
De quantum elektrodynamica (QED) theorie beschrijft deze kracht op een juiste
manier.

De atoomkern op haar beurt bestaat uit nucleonen, namelijk protonen en neu-
tronen. De afstotende elektromagnetische kracht tussen protonen wordt in de kern
overwonnen door de sterke wisselwerking, die de nucleonen bijeen houdt. De
oorsprong van de sterke wisselwerking ligt in de struktuur van de nucleonen. De

Proton
Neutron

Elektron

Nucleon

Gluon

Kern
Quark

Atoom

Figuur B.1: De opbouw van materie, van quarks naar atomen.
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Figuur B.2: Schematische weergave van proton-proton elastische (links), inelasti-
sche (midden) en virtuele-foton inelastische (rechts) verstrooiingsreacties.

nucleonen worden gevormd door quarks die een kleurlading dragen. Gekleurde
gluonen binden de quarks in het nucleon. De theorie die de sterke wisselwerking
beschrijft is de quantum chromodynamica (QCD). Deze naam is afgeleid van het
griekse ’chromos’, kleur, en verwijst naar de kleurlading van quarks en gluonen.
In 2004 ontvingen D. Gross, D. Politzer en F. Wilczek de Nobelprijs voor het ont-
wikkelen van deze theorie. Voor de hoogste energien beschrijft QCD de sterke
wisselwerking quantitatief.

De interactie tussen de nucleonen in de atoomkernen is niet direkt waarneem-
baar, maar moet via een alternatieve route herleid worden. De eenvoudigste manier
die interactie te onderzoeken is door de proton-proton en neutron-proton elasti-
sche verstrooiingsreactie te bestuderen: p + p → p + p (Fig. B.2-links) en n + p
→ n + p . Hierbij wordt een proton- of neutronbundel afgeschoten op een proton-
doelwit, waarbij een deel van de energie van een bundelproton of -neutron wordt
overgedragen aan een doelwitproton. Deze reacties zijn uitvoerig onderzocht in
de tweede helft van de vorige eeuw. De resultaten uit dergelijke experimenten zijn
gebruikt om de parameters van de theoretische modellen bij te stellen, en zo een
betere beschrijving voor de structuur van de kern te krijgen.

De volgende stap in het begrijpen van de sterke wisselwerking kan gemaakt
worden door bestudering van de p-p inelastische verstrooiingsreactie: p + p →
p + p + γ (Fig. B.2-midden), waarbij naast de twee protonen na de botsing ook
een foton uittreedt. Dit staat, vergeleken met de elastische verstrooiingsreactie,
een rijkere en onafhankelijke uitwisseling van energie en impuls toe. Deze re-
latief eenvoudige reactie, waarbij de drie uittredende deeltjes goed gemeten kun-
nen worden, laat het voordeel van een kinematisch overgedetermineerd systeem
zien: het registreren van energie en impuls van twee uittredende deeltjes is al
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voldoende voor het bepalen van de energie en het impuls van het derde. Door
de detectie van alle drie uitgaande deeltjes is het mogelijk conclusies te trekken
over de rechtsgeldigheid van het model, door het selecteren van achtergrondvrije
gebeurtenissen.

Meer inzicht in de kernstructuur wordt verkregen door de studie van de virtuele
p-p inelastische verstooiingsreactie, p + p → p + p + γ∗ (Fig. B.2-rechts). Bij
deze reactie is een zogenoemd virtueel foton, γ∗, betrokken, dat experimenteel
gedetecteerd wordt als een elektron-positronpaar: e− e+. De aanwezigheid van
meer vrijheidsgraden bij dit onderzoek verbetert ons begrip van de kernstromen.

Echter, onze kennis van proton-protonverstrooiingsreacties is onvoldoende om
een precieze beschrijving te geven van nucleon-nucleonkrachten. In de atoom-
kern ondergaan de nucleonen interactie met elkaar. Ze kunnen dan ook niet als
een verzameling vrije deeltjes beschouwd worden. In systemen die bestaan uit
meer dan twee nucleonen, wordt de interactie tussen iedere twee willekeurige
nucleonen beı̈nvloed door de rest.

De proton-deuteron elastische verstrooiing, p + d → p + d, waarbij drie nu-
cleonen elkaar beı̈nvloeden, het 3-body effect, is de eerste stap om het effect van
multi-nucleonreacties te begrijpen. De studie naar die reactie is in 2001 met goed
gevolg uitgevoerd bij het KVI.

Het vervolgonderzoek naar het 3-body effect bestaat uit de studie van invang-
reacties, p + d → 3He + γ (Fig. B.3-links) en p + d → 3He + γ∗ (Fig. B.3-rechts).
Het deuteron van de bundel en het proton van het doelwit versmelten en vor-
men samen een heliumdeeltje, 3He. De resterende energie komt vrij in de vorm
van een foton, γ, of een instabiel virtueel foton, γ∗, dat vervalt in een elektron-
positronpaar, γ∗ → e− + e+.

Experiment: deuteron-proton vangstreactie

Voor het verkrijgen van data over deuteron-protonvangst is in 2003 een expe-
riment uitgevoerd bij het Kernfysisch Versneller Instituut (KVI) in Groningen. Bij
dit proton-deuteron invangexperiment is een deuteronbundel van hoge kwaliteit en
intensiteit gegenereerd in het cyclotron Accélérateur Groningen Orsay (AGOR) en
versneld tot 180 MeV.

De deuteronbundel werd afgeschoten op een vloeibaar waterstofdoelwit. Het
doelwit bij dit experiment bestaat uit een cylindervormige cel met een diameter
van 16 mm en een lengte van 6 mm. Door waterstofgas in de cel af te koelen tot



106 BIJLAGE B. NEDERLANDSE SAMENVATTING

n

p

p n

p
3

p

d

He

γ

.γ
.

d + p          He +3

n

p

p n

p
3

p

d

He

∗γ

e

e
+

−3 −+d + p       He + e + e

Figuur B.3: Proton-deuteron reële-foton (links) en virtuele-foton (recht) invangre-
acties.

15 K (-258 ◦C) bij een druk van 190 mbar gaat het gas over in de vloeistoffase.
Dit vloeibare-waterstofdoelwit heeft zowel een hoge zuiverheid als dichtheid.

Voor het meten van de uittredende deeltjes die ontstaan zijn bij de botsing
tussen de deuteronbundel en het waterstofdoelwit, zijn twee detektoren gebruikt:
De Big Bite Spectrometer (BBS) voor het meten van 3He en de Plastic Ball voor
het registreren van de fotonen (γ) en de elektron-positronparen (e−e+) (Fig. B.4).

De BBS bestaat uit magneten die de inkomende straal afbuigen. Doordat
langzamere 3He deeltjes hierbij meer afbuigen dan snellere worden de 3He-deeltjes
op deze manier op basis van hun impuls van elkaar gescheiden. De richting van
de gescheiden deeltjes wordt vervolgens geregistreerd door twee VDC’s (Vertical
Drift Chamber) en de energie wordt gemeten in scintillatorpanelen.

De Plastic Ball is opgebouwd uit 552 plastic-scintillatoreenheden die allen op
het doelwit gericht staan. Samen bedekken de scintillatoreenheden 77 % van 4π,
dat is 77 % van de hele omgeving. Wanneer een uittredend foton, elektron of
positron gemeten wordt in een scintillator is door de positie van de scintillator de
richting van het gemeten deeltje bekend, daarnaast wordt ook de energie van dat
deeltje geregistreerd in de scintillator.
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Figuur B.4: Schematische weergave van de experimentele opstelling met het doel-
wit en de detectoren BBS en Plastic Ball.

Resultaten

Tijdens het twee weken durende experiment zijn ongeveer 107 reële en 104

virtuele fotonen geregistreerd. Door dit grote aantal was er een goede gelegen-
heid de voorspellingen van theoretische modellen voor zulke reacties te testen
op hun nauwkeurigheid. Een belangrijk resultaat van de analyse van proton-
deuteroninvangreacties is de werkzame doorsnede. De werkzame doorsnede geeft
een indicatie van de waarschijnlijkheid dat een foton (γ) of een virtueel foton (γ∗)
onder een hoek θCM in het zwaartepuntsysteem van de reactie uittreedt. De resul-
taten voor de reële- en virtuele-fotonreacties zijn te zien in Fig. B.5. Ze worden
vergeleken met de voorspellingen van het theoretische model van Korchin (volle
lijn) en het model van Fldt (gestreepte lijn). Zonder in details te treden kan gezegd
worden dat het model van Korchin een verbetering is van dat van Fldt. Voor
verdere informatie over de beide modellen wordt verwezen naar de referenties
[Kor 98] en [Fal 93].

Bij vergelijking van de resultaten van de theoretische modellen met de door
ons experimenteel verkregen data voor reële-fotoninvangreacties is waarneem-



baar, dat de vorm van de theoretische modellen met een piek bij 52◦ goed overeen-
komt met die van de gemeten data. De voorspelling van Korchins model overschat
de waarde echter wel tot 7 % van de gemeten waarde, terwijl het model van Fldt
de waarde voor de reactie tot 15 % onderschat.

De geobserveerde amplitude van de werkzame doorsnede voor de virtuele fo-
tonen is 380 keer kleiner dan die voor de reële fotonen. Ook bij de virtuele fotonen
is de vorm van de voorspelde waarden in goede overeenstemming met de expe-
rimentele resultaten. Het verschil tussen de gemeten waarden en de voorspelde is
nu kleiner dan bij de reële-fotonvangst. Toch nog onderschat het Fldt-model de
resultaten van de reactie met ongeveer 10 %.

Samenvattend lijkt het er op dat Korchins model beter overeenkomt met de
meetresultaten dan Fldts, Korchins model is dan ook een verbetering van het laat-
ste.

In het geval van de virtuele fotonreactie kan de werkzame doorsnede opgedeeld
worden in vier responsefuncties, WT , WL, WTT , en WLT , die afhankelijk zijn van
de transversale en longitudinale komponenten van de kernstromen en de pola-
risatie van het virtuele foton.

Fig. B.6-links vergelijkt de afgeleide responsefunctie WT met het theoretische
model van Korchin. Zichtbaar is de goede overeenstemming tussen de experi-
mentele data en de theorie. De invloed van de parasitaire responsefuncties is klein.
Toch is er bij de drie andere afgeleide responsefuncties echter geen overeenstem-
ming tussen de theoretische waarden en de afgeleide functies, zoals bijvoorbeeld
te zien is bij WTT in Fig. B.6-rechts.

Er kan daarom geconcludeerd worden dat de reële-foton invangreactie goed
begrepen wordt. Anderzijds reproduceert het model meestal de virtuele-foton in-
vangreactie goed, maar de invloed van de polarisatie van het virtuele foton dient
verder onderzocht te worden.
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Voordat ik naar Nederland ging verwachtte ik niet een nieuwe familie te krij-

gen. Ik ben echt ontroerd door de vriendschap van Mem, Marlies, Jan en Melissa,
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