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— Abstract —

In 1998 a pilot experiment was carried out to study the helicity dependence of photoreaction
cross sections using circularly polarized real photons on longitudinally polarized deuterons in
a deuterated butanol target. The knowledge of these cross sections is required to test the valid-
ity of the Gerasimov-Drell-Hearn sum rule on the deuteron and the neutron. The focus of this
thesis is on the results for the differential and total cross sections for the photodisintegration
reaction for various photon energies in the range from 200 to 450 MeV using data taken with
the detector system DAPHNE. The current understanding of the NN interaction as represented
by the calculations by M. Schwamb could be confirmed within the given uncertainties. In addi-
tion, the detector DAPHNE has been prepared for the main experiment in 2003. The according
work is presented together with results of the quality-test measurements of the renewed detector
components.

— Zusammenfassung —

Im Jahre 1998 wurde ein Pilot-Experiment zur Untersuchung der Helizitätsabhängigkeit von
Photoreaktionswirkungsquerschnitten mit zirkular polarisierten reellen Photonen an einem lon-
gitudinal polarisierten Deuterontarget mit deuteriertem Butanol als Targetmaterial durchgeführt.
Die Kenntnis dieser Wirkungsquerschnitte ist notwendig um die Gültigkeit der Gerasimov-
Drell-Hearn Summenregel für das Deuteron respektive das Neutron zu überprüfen. Das Haupt-
augenmerk dieser Arbeit liegt bei den Resultaten für die differentiellen und totalen Wirkungs-
querschnitte für die Photodesintegrationsreaktion bei verschiedenen Photonenergien im Bere-
ich zwischen 200 und 450 MeV. Dazu wurden Daten analysiert, die mit dem Detektorsystem
DAPHNE aufgenommen worden waren. Innerhalb der experimentellen Unsicherheiten kon-
nte das zur Zeit bestehende Verständnis der NN-Wechselwirkung wie es durch Rechnungen
von M. Schwamb repräsentiert wird bestätigt werden. Zusätzlich wurde der Detektor auf die
Messungen für das Hauptexperiment im Jahre 2003 vorbereitet. Die dazu notwendigen Ar-
beiten werden zusammen mit den Ergebnissen der Qualitätstests der erneuerten Komponenten
vorgestellt.





7

Chapter 1

Introduction and Physics Background

IT HAS been one of the fundamental aims of this work to gain doubly polarized photodisinte-
gration cross section information from the deuteron. Since the deuteron is the simplest possible
composite nucleus, it provides an ideal testing ground for theoretical models and therefore for
our present understanding of nuclear dynamics. As will be explained in the following, this in-
formation is of special interest for the experimental test of the Gerasimov-Drell-Hearn (GDH)
sum rule which relates the anomalous magnetic moment of a particle, κ, to an energy-weighted
integral—denoted by IGDH—over its total inclusive photo-absorption cross sections, σp and σa.
For a particle of massM , charge eQ, and spin S that is aligned parallel (p) or antiparallel (a) to
the spin or helicity of the impinging circularly polarized photons of energy ν it reads

4π2e2κ2

M2
S =

∞∫
0

dν

ν
(σp(ν) − σa(ν)) ≡ IGDH. (1.1)

The anomalous magnetic moment is defined by the total magnetic moment operator of the par-
ticle M = (Q+κ) e

M
S with S denoting the spin operator of the particle. This sum rule has first

been derived for the proton by Gerasimov [Gerasimov66], and by Drell and Hearn [Drell66]
shortly after, as well as by Hosada and Yamamoto [Hosada66], and has later been generalized
to particles of arbitrary spin [Friar77, Saito69]. Hosada and Yamamoto used current algebra
relations while the others based the derivation on two ingredients which follow from the gen-
eral principles of Lorentz and gauge invariance, unitarity, crossing symmetry and causality of
the Compton scattering amplitude for a particle. These ingredients are 1) the low energy theo-
rem for the Compton scattering amplitude and 2) the assumption of an unsubtracted dispersion
relation for the difference of the elastic forward scattering amplitudes for circularly polarized
photons and a completely polarized target with spin parallel and antiparallel to the photon spin.
While the first ingredient is quite general and has a very solid theoretical basis, the validity of
the sum rule presumably depends on the second assumption. Albeit latest experimental results
[Dutz04] indicate the validity of the GDH sum rule for the proton, the situation for the neutron
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Figure 1.1. Preliminary results of the 1998 GDH measurement for the total spin asymmetry
(left) and the GDH integral function (right) on the deuteron in the photon lab energy range
between 200 and 800 MeV confronted with calculations using the Arenhövel model (full line)
and the MAID2003 sum for free proton and free neutron (dashed line). The lower integration
limit for the GDH integral function is 200 MeV for both data and theory. Figures courtesy of
T. Rostomyan [Rostomyan].

is much less clear at this time. The problems arise basically from the lack of free neutron targets
and from the complex nature of the nuclei that have to be used instead, e. g. the deuteron, He3,
etc. Theoretical understanding of the binding effects on the nucleons in a complex nucleus has
not yet thriven to a point at which it would be unquestionable whether it is possible or not to
separate these effects from the free neutron properties. Beyond dispute however is the neces-
sity of improving the current knowledge of the nuclear structure-dependent effects to this end;
and the deuteron—as the simplest compound system of proton and neutron—is a very suitable
object to study these effects.

When applying the GDH sum rule to proton and neutron separately, one expects values of
IGDH
p = 204.8 µb for the proton and of IGDH

n = 233.2 µb for the neutron because of their relatively
large anomalous magnetic moments. Considering the possible absorption processes one finds
that the incoherent pion production on the deuteron is dominated by the quasi-free production
on the nucleons bound in the deuteron [Arenhövel97]. Hence it is not too naive to expect the
GDH sum rule value of the deuteron originating from these processes to be basically the sum of
the contributions of the proton and of the neutron, i. e. 438 µb. This large positive value is fur-
thermore enhanced by the—positive as well—contribution by coherent neutral pion production
on the deuteron [Arenhövel97]. In fact, recent preliminary results for the total inclusive spin
asymmetry show that this simple picture is not too far from the truth. Figure 1.1 (left) shows the
data (solid circles) for the inclusive spin asymmetry compared to calculations by Arenhövel et
al. [Arenhövel97] (full line), and calculations from MAID2003 summing contributions on the
free proton and the free neutron (dashed line). None of the two models can be contradicted by
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1.1. T -MATRIX FORMALISM FOR DEUTERON PHOTODISINTEGRATION 9

the data. The failure of both models to describe the data in the second resonance region where
double pion production becomes effective is due to the one-meson approximation that is used
in both cases. Only when studying the GDH integral function

IGDH(Eγ) =

Eγ∫
200 MeV

σp(ν) − σa(ν)
ν

dν, (1.2)

as depicted in Figure 1.1 (right), it becomes clearly visible that the sum of the two free nucleons
is too crude an ansatz. But even in this case the rough MAID estimation is not too far off the
data until 300 MeV photon energy, while the Arenhövel model is able to follow the data until
the onset of the second resonance region. The Arenhövel model has been improved recently
[Arenhövel04] extending its ability to describe the data far into the second resonance region.
Since the resulting changes do not affect this discussion, the according calculations are not
presented here.

On the other hand side, the GDH sum rule for the deuteron demands a very small value of
IGDH
d = 0.65 µb due to the small anomalous magnetic moment of the deuteron of κd = −0.143.

The only possible channel to provide the necessary negative contribution is the photodisinte-
gration reaction, especially at photon energies close to threshold. This negative contribution
comes from the M1-transition to the resonant 1S0 state, which can only be accessed when the
spins of the photon and the deuteron are antiparallel and which is forbidden otherwise. Already
from these very basic estimates it is clear that a very delicate cancelation of relatively large
contributions is crucial to derive the GDH integral from microscopic models.

Before discussing any model, the basics of the formal theory for two-particle channels shall
be recalled [Arenhövel91]. In this context it is sufficient to only consider two-nucleon final
states and to neglect pion production at all energies. After will follow a short discussion of the
Arenhövel model as described in [Schwamb99] with special focus on deuteron photodisintegra-
tion.

1.1 T -Matrix Formalism for Deuteron Photodisintegration

As mentioned before, this section will

�
pγ

pd

pp

pn

Figure 1.2. Diagram for deuteron photodisin-
tegration with the definition of momenta.

give a short reminder of the formal aspects
of the theoretical approach. It follows the
according chapter in [Arenhövel91] and can
be found there in greater detail.

The initial state is given by the four-mo-
menta of the incoming photon and the deu-
teron, pγ and pd, together with the density
matrices for the polarization of the respec-
tive particle, �γ and �d. Analogously, the
four-momenta and density matrices for the
final state are pp, �p and pn, �n, cf. Fig-
ure 1.2, for the free proton and neutron re-
spectively.
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10 CHAPTER 1. INTRODUCTION AND PHYSICS BACKGROUND

The reference frame of preference will be the center-of-mass (cm) frame. All quantities
without other specification will refer to the cm frame. For the definition of the variables and the
kinematical relations between laboratory and cm frame please refer to Appendix A.

In general, the expression for the differential cross section of a two-body reaction like

pi1 + pi2 −→ pf1 + pf2

reads

dσ =
(2π)10

4pi10p
i
20v12

∑∫
f

d3p
f
1

2pf10

d3p
f
2

2pf20
δ(4)(Pf − Pi) |Tfi|2 , (1.3)

with v12 the relative velocity in the incoming channel. The T -matrix and the scattering matrix
S are related as follows:

Sfi = 〈 f | i 〉 + i(2π)4 δ(4)(Pf − Pi)Tfi. (1.4)

Focusing on deuteron photodisintegration and choosing the cm frame, Equation 1.3 becomes

dσ

dΩ
=

(2π)10

(4W )2
k

ω
|Tfi|2 =: |T γfi|2. (1.5)

In first-order perturbation theory, the T -matrix is given by

T γfi =
(2π)4

4W

√
2αk

ω
〈 pf ,W | Jλ(0) | pd 〉 , (1.6)

with

Jλ(0) = εµ(λ)Jµ(0), (1.7)

where Jµ(0) is the current density operator, εµ(λ) the photon polarization vector, and α = e2/4π
the fine structure constant. pf is the asymptotic relative momentum of the final state as defined
by Equation A.10 on page 96, and pd = (Ed,−ω) is the total initial deuteron momentum.

Taking into account the spin orientation of the deuteron and the nucleons in the final state as
well as the photon polarization, one chooses an arbitrary quantization axis. A quite convenient
axis for considering the initial deuteron orientation would be the direction of the incoming
photon momentum ω. The spin projection of the initial deuteron state onto this quantization axis
is then denoted bymd. The natural quantization axis for the final state is the relative momentum
k, with the projectionms of its total spin s ∈ {0, 1}. This situation is shown in Figure 1.3. The
differential cross section for photodisintegration for arbitrary photon and deuteron polarization
is then given by

dσγ(�i)

dΩ
= Tr

(
T γ�iT

γ†)
=

∑
smsλλ

′mdm
′
d

T γsmsλmd
�γλλ′�

d
mdm

′
d
T γ

∗

smsλ
′m′

d
. (1.8)
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1.1. T -MATRIX FORMALISM FOR DEUTERON PHOTODISINTEGRATION 11

Figure 1.3. Definition of reference frames for deuteron photodisintegration in the cm system.
The incoming photon momentum ω is along the z-axis and the relative p-n momentum �k along
the z′-axis. The transformation between the two coordinate systems is characterized by the
rotation angles Θ and Φ.

Figure 1.4. Definition of the deuteron orientation axis d as characterized by the angles of Θd

and Φd. Θ and Φ are given as shown in Figure 1.3.
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12 CHAPTER 1. INTRODUCTION AND PHYSICS BACKGROUND

The polarization information is described by the density matrices for the photon �γ and the
deuteron �d

�γ =
1

2
(1 + P γ · σ), (1.9)

where |P γ| is the total degree of photon polarization. P γc = P γz is the difference of right to left
circularly polarized photons, i. e. |P γc | gives the degree of circular polarization according to the
sign of P γc (P γc > 0: right circular polarization, P γc < 0: left circular polarization). The degree
of linear polarization is given by P γl =

√
(P γx )2 + (P γy )2. By choosing a suitable rotation it is

always possible to have P γy = 0.
Since the deuteron has spin one, the according density matrix

�d =
1

3

2∑
I=0

∑
M

(−)MΩ
[I]
−MP

d
IM (1.10)

can be decomposed into scalar, vector, and tensor operators Ω
[I]
M with I = 0, 1, 2 and with the

corresponding orientation parameters P dIM . The operators are defined to have the following
reduced matrix elements

〈1 ‖ Ω[I] ‖ 1〉 =
√

3 Î , Î =
√

2I + 1. (1.11)

With this and using the 3j-symbol as given by [Edmonds68] one has

�dm′m = 〈1m′|�d|1m〉 =
1√
3

∑
IM

(−)1−mÎ


 1 1 I

m −m′ −M


P dIM , (1.12)

with P d00 = 1. For the polarized deuteron targets that are available at this time the density matrix
is diagonal with respect to a certain orientation axis d̂ characterized by the angles Θd and Φd as
shown in Figure 1.4. Hence

�dm′m = pmδm′m, (1.13)

with pm the probability of finding a deuteron with spin projection m on axis d̂. The only non-
vanishing orientation parameters in this case are

P d1 ≡ P d10 =

√
3

2
(p1 − p−1), (1.14)

P d2 ≡ P d20 =
1√
2

(p1 + p−1 − 2p0) =
1√
2

(1 − 3p0). (1.15)

The last step in Equation 1.15 is valid because p1 + p−1 + p0 = 1, i. e. the total probability is
normalized to unity.

Separating the photon and deuteron polarization parameters, Equation 1.8 can be denoted

dσγ(�i)

dΩ
=

1

2

∑
λ,IM

(
AγλλIM(1) − P γl Aγλ−λIM(1) + P γc λA

γ
λλIM(1)

)
P d

∗
IM , (1.16)
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1.2. MODEL BY ARENHÖVEL ET AL. 13

where for the photon density matrix the coordinate system has been chosen in which P γy = 0

and P γx has been set equal to −P γl . For an arbitrary spin operator Ω̂ one has set

Aγλλ′IM (Ω̂) =
Î√
3

∑
smss

′m′
smdm

′
d

(−)1−m
′
d


 1 1 I

m′
d −md M


T γsmsλmd

T γ
∗
s′m′

sλ
′m′

d
〈s′m′

s | Ω̂ | sms〉.

(1.17)

The aim of microscopic models is to determine the T -matrix element in Equation 1.16 by
constructing realistic potentials and currents, and—if necessary—introduce reasonable approx-
imations. One example of this is the model by Arenhövel which will be briefly described in the
following section.

1.2 Model by Arenhövel et al.

To proceed farther in the calculation of the (differential) cross section, the T -matrix elements
that contain all relevant information about the dynamical properties of the system need to be
evaluated. The starting point would be the modeling of a potential and current that describe
the N-N interaction in a realistic manner. There exists a variety of potentials which are sur-
veyed in [Arenhövel91] using many kinds of approximations. Most of these make heavy use
of the static limit for the meson propagator for the hadronic interaction and the electromagnetic
two-body exchange current, i. e. the nucleon mass in the propagator is assumed infinite and
thus the energy transfer in the meson exchange process is neglected. They all have in com-
mon that they are not able to describe the whole set of experimental data on differential cross
sections and polarization observables for the complete ∆-resonance energy region. A recently
developed model by Arenhövel and Schwamb was found to be quite successful in describing
the hadronic interaction of two nucleons for electromagnetic and hadronic reactions, includ-
ing deuteron photodisintegration, c. f. Chapter 5. It is applicable for excitation energies up to
500 MeV and reactions in which at most one pion is created or absorbed. Adapted from a model
that had been developed by Sauer and collaborators (see the Refs. 23, 25, 26 in [Schwamb01]
b), this model allows to explicitly study retardation in the two-body meson-exchange operators
using anNN-N∆ coupled-channel approach and time-ordered perturbation theory. In retarded
calculations the interaction’s finite velocity of propagation is taken into account using an explic-
itly energy-dependent propagator. The problem of non-hermiticity of retarded interactions has
been overcome by generating retarded one-boson-exchange mechanisms through the explicit
consideration of meson-nucleon and πN∆ vertices. This requires the inclusion of additional
mesonic degrees of freedom in the considered Hilbert space besides the baryons. In order
to satisfy two- and three-body unitarity, the πd channel and intermediate pion-nucleon loops
have been incorporated as well. Inconsistencies with respect to the latter mechanism have been
avoided by distinguishing bare and physical nucleons. The realistic retarded potential model of
Elster et al. [Elster88] has been used as input for the basic nucleon-nucleon interaction in pure
nucleonic space. The free parameters in the model have been fixed by fitting πN scattering in
the P33 channel and NN scattering in the 1D2 channel.

The model’s Hilbert space is made up of three orthogonal sub-spaces that correspond to the
three different configurations with either n bare nucleons, H[n]

N̄
, or n − 1 nucleons plus one ∆,

MEASUREMENT OF THE HELICITY DEPENDENCE OF DEUTERON PHOTODISINTEGRATION Dissertation — O. Jahn, 24. Oktober 2005
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�

=
�

+
�

+ . . .
“physical” nucleon “bare” nucleon N̄ meson loops

Figure 1.5. The “physical” nucleon as “bare” nucleon plus meson loop dressing.

H[n]
∆ , or n nucleons plus one meson, H[n]

X , yielding

H[n] = H[n]

N̄
⊕H[n]

∆ ⊕H[n]
X . (1.18)

N̄ denotes a bare nucleon, i. e. a nucleon without the according meson cloud of the correspond-
ing physical nucleon. The “physicality” of the real nucleon is achieved by dressing the bare
nucleon with meson-nucleon loops, c. f. Figure 1.5. Since at most one-meson states are taken
into account and the focus on the deuteron limits the number of nucleons to n = 2, the corre-
sponding Hilbert space can be written as

H[2]
X =

⊕
x∈{π,η,σ,δ,ω,ρ}

H[2]
x , (1.19)

with π, η, σ, δ, ω, ρ the mesons considered in the model. With the projection operators

PN̄H[2] = H[2]

N̄
, P∆H[2] = H[2]

∆ ,

PXH[2] = H[2]
X , and P = PN̄ + P∆,

where PX is the sum of six orthogonal projectors for each meson type

PX =
∑

x∈{π,η,σ,δ,ω,ρ}
Px, with PxH[2] = H[2]

x for x ∈ {π, η, σ, δ, ω, ρ},

any operator acting in H[2], and in particular the electromagnetic current density operator,
Jµ(ω), can be written as a symbolic 3 × 3 matrix

Jµ(ω) =



Jµ
N̄N̄

(ω) Jµ
N̄∆

(ω) Jµ
N̄X

(ω)

Jµ
∆N̄

(ω) Jµ∆∆(ω) Jµ∆X(ω)

Jµ
XN̄

(ω) JµX∆(ω) JµXX(ω)


 (1.20)

using the notation
Jµαβ(ω) = PαJ

µ(ω)Pβ, α, β ∈ {N̄,∆, X}. (1.21)

For technical reasons it is useful to distinguish between purely baryonic currents and meson pro-
duction/annihilation currents. The former are separated into one and two-particle contributions,
so one gets

JλBB′ =
∑
i,j=1,2

∑
i�=j
j
[1]λ
BB′(i)δ(j) + J

[2]λ
BB′ , with B, B′ ∈ {N̄,∆}. (1.22)

The according diagrams are shown in Figure 1.6.
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�
j
[1]λ

N̄N̄

�
J
[2]λ

N̄N̄

�
j
[1]λ

∆N̄

�
J
[2]λ

∆N̄

�
j
[1]λ

N̄∆

�
J
[2]λ

N̄∆

�
j
[1]λ
∆∆

�
J
[2]λ
∆∆

Figure 1.6. Diagrammatic representation of the baryonic currents. An open ellipse symbol-
izes a two-body exchange current.

The meson production/annihilation currents consist of the contributions J λ
N̄X

and Jλ
XN̄

re-
spectively whose one-particle fractions are accounted for only:

JλN̄X = j
(0)λ

N̄X︸︷︷︸
A

+
∑
i=1,2

j
(1)λ

N̄X
(i)︸ ︷︷ ︸

B

+ j
(1v)λ

N̄X
(i)︸ ︷︷ ︸

C

. (1.23)

These are presented in Figure 1.7. The terms JλX∆ and Jλ∆X which also contribute have been
neglected since they are already included approximatively in the static limit. The superscripts
“(0)”, “(1)”, and “(1v)” denote the order in the meson-nucleon coupling constant; v stands
for “vertex current”. Term A in Equation 1.23 describes virtual annihilation of two mesons by
the photon, Term B the contact interaction, and Term C an additional vertex current for non-
pointlike baryons. More details on the evaluation of the individual current contributions can be
found in [Schwamb99], Section 5.3 ff. Concerning deuteron photodisintegration it is of some
importance to point out that the relativistic spin-orbit contribution cannot be neglected. Having
fixed the individual contributions to the current operator, it is possible to construct the effective
current operator for deuteron photodisintegration in two-nucleon space. It is defined by the
following equation〈

f
∣∣PJλeff(z, ω)P

∣∣i〉 :=
〈
f
∣∣Jλ(ω)

∣∣i〉, with z = W + iε. (1.24)

Explicitly, one ends up with

Jλeff(z, ω) = J
N [1]λ
eff (z, ω) + J

N [2]λ
eff (z, ω)︸ ︷︷ ︸

nucleonic part

+ J
∆[1]λ
eff (z, ω) + J

∆[2]λ
eff (z, ω)︸ ︷︷ ︸

resonant part

, (1.25)

i. e. with the sum of a nucleonic and a resonant part which themselves consist of one and two-
body contributions. Note that |i〉, |f〉 have components in both HN̄ and HX . The diagrammatic
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�
j
(0)λ

XN̄

�
j
(1)λ

XN̄

�
j
(1v)λ

XN̄

�
j
(0)λ

N̄X

�
j
(1)λ

N̄X

�
j
(1v)λ

N̄X

�
jλ∆X

�
j
(1)λ

XN̄

	
jN̄λXX



jπλXX

Figure 1.7. Diagrammatic representation of the meson production/annihilation currents J λ
XN̄

and Jλ
N̄X

respectively as well as the diagonal current component J λXX .

�
J
N [1]λ
eff (z, ω)

�
J
N [2]λ
eff (z, ω)

�
∆

J
∆[1]λ
eff (z, ω)

�
∆

J
∆[2]λ
eff (z, ω)

Figure 1.8. Diagrammatic representation of the contributions for the effective current operator
Jλeff(z, �ω) as given in Equation 1.25. The effective two-body part is represented by a hatched
ellipse.
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representation is given in Figure 1.8. With this one is ready to determine the T -matrix element
in Equation 1.16 which is related to the effective current operator as follows

δ(k + n0 − ω − d )Tsmsλmd
(ωlab,Θ,Φ) = −ε(ω, λ) · 〈pn(ksms)

(−)∣∣P Jeff(z, ω)P
∣∣d(ωmd)〉.

(1.26)
Θ and Φ are the spherical coordinates of the outgoing proton. As an example, one would get
for the total unpolarized differential cross section

dσ

dΩ
(Θ,Φ) =

1

6
C ′ ∑

smsλmd

|Tsmsλmd
(ωlab,Θ,Φ)|2, (1.27)

where C ′ is a kinematical constant.

1.3 Outline

The experimental setup for the 1998 GDH experiment that delivered the data which are ana-
lyzed in this thesis will be discussed in Chapter 2, followed by the presentation of the work
that was done to improve and renew the DAPHNE detector for the 2003 nGDH experiment in
Chapter 3. A description of the analysis procedure of the 1998 data is given in Chapter 4. The
calculations from the model described before for the polarized cross sections for deuteron pho-
todisintegration will be confronted with the data for deuteron photodisintegration from the 1998
GDH measurement in Chapter 5. A summary and an outlook will conclude the thesis.
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Chapter 2

Experimental Setup

THIS thesis is based on the GDH experiment that was carried out in 1998 within the frame-
work of the A2 Collaboration at the Institut für Kernphysik, Johannes Gutenberg-Universität,
Mainz, making use of the 855 MeV electron accelerator facility Mainz Microtron (MAMI). Its
polarized electron beam is converted in the real photon facility (tagger) into a beam of circularly
polarized real photons by the bremsstrahlung process on a thin radiator. This photon beam ir-
radiates a target of polarized deuterated butanol whose emerging reaction products are detected
by DAPHNE, an acronym for Détecteur à grande Acceptance pour la PHysique photo Nucléaire
Expérimentale—large acceptance detector for experimental photonuclear physics. Further de-
tector components were added to improve the solid angular coverage of the setup, especially
in the forward direction. The complete set of devices will be described in more detail in the
following sections.

2.1 Electron Accelerator Mainz Microtron (MAMI)

The Mainz Microtron is the heart of the experimental facility at the Institut für Kernphysik in
Mainz. It provides a continuous wave electron beam at 100 percent duty cycle by means of
a 3.5 MeV linear accelerator (LINAC) which serves as an injector to the three cascaded race
track microtrons (RTM 1–3). The floor plan of the accelerator facility is depicted in Figure 2.1,
also showing the various experimental halls to which the electron beam can be directed (A1,
A2, A4, X1). The LINAC is either fed with electrons from a 100 keV unpolarized thermionic
source or with electrons originating from a strained layer GaAs0.95P0.5-crystal photo-cathode
which is irradiated by circularly polarized 830 nm laser light from a Titanium-Sapphire laser.
The circular polarization is provided by a Pockel cell. Via the photo-electric effect linearly
polarized electrons are emitted from the crystal. With this material it is possible to obtain
polarization degrees between 70 and 80 percent. Maximum electron currents are 100 µA with
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Figure 2.1. Floor plan of the Mainz Microtron electron accelerator facility and the experimen-
tal halls A1,A2, A4 and X1.
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Figure 2.2. Race track microtron, schematic.
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2.2. TAGGED PHOTON FACILITY AND PHOTON BEAM 21

the unpolarized source and 30 µA using the polarized source. The slow initial electrons are
then accelerated to 3.5 MeV kinetic energy by the LINAC and injected into the RTMs. Each
of the RTMs consists of a LINAC section and two dipole magnets which deflect the electron
paths by 180 degrees at each side of the RTM and redirect them into the LINAC section after
each turn (Figure 2.2). Due to the homogeneous magnetic field of each dipole magnet, the
electron trajectories follow semi-circles whose radii depend on the electron momenta. These
radii increase by discrete amounts after each recirculation leading to a race-track-like beam
path. RTM 1 increases the beam energy from 3.5 MeV to 14.4 MeV in 18 turns, RTM 2
provides a beam energy of 180 MeV in 51 turns, and RTM 3 boosts the energy to 855 MeV in
90 recirculations. Intermediate energies En = (180 + 2n · 7.5) MeV with n ∈ {1, . . . , 45} can
be accessed by choosing a lower number of recirculations in RTM 3. After having left RTM 3,
the beam is guided to the respective experiment hall.

2.2 Tagged Photon Facility and Photon Beam

In the A2 hall, the electron beam created by the MAMI accelerator is converted into a beam
of energy-tagged real photons by means of the tagged photon facility (Glasgow-Mainz tagger),
a bremsstrahlung tagging system consisting of a wide-range momentum-dispersing electron
spectrometer and a multi-element focal plane detector, [Anthony91] and [Hall96]. Besides
a good energy resolution, this technique provides photon fluxes up to 108 s−1 which make it
superior to the common alternatives Compton laser backscattering and in-flight annihilation of
positrons, normally delivering photon fluxes in the order of 105 s−1. Figure 2.3 shows the setup
schematically. An electron of initial energy E0 striking a thin radiator of 10−5 to 10−4 radiation
lengths creates a real bremsstrahlung photon of energy Eγ . By measuring the energy Ee− of the
scattered electron in the focal plane detector, the energy of the radiated photon is determined by
the relation

Eγ = E0 −Ee−, (2.1)

while the recoil energy of the radiator nucleus is negligible. The photon beam is collimated and
illuminates the target of the experimental setup.

The electron spectrometer itself consists of a large dipole magnet that meets the require-
ments of a large momentum acceptance (pmax : pmin ∼ 16 : 1, momentum range covered is
0.06E0–0.95E0 for E0 = 840 MeV, hence wide-range) and a good intrinsic energy resolution
(approximately 120 keV for most of the energy range). Since the deflection radii of the elec-
trons depend on their momenta, the focal plane detector (in A2 slang also referred to as tagger
ladder) is made up of an array of 353 plastic detectors to allow a sufficient granularity in the
focal plane to provide a photon energy resolution of 2 MeV at E0 = 855 MeV over the entire
covered photon energy range. A coincidence of two adjacent detectors is required to suppress
random background. With this, 352 tagger channels are defined whose positions in the focal
plane determine the momentum and thus the energy of the electrons that underwent brems-
strahlung scattering. The primary beam of unscattered electrons is absorbed in the Faraday cup
which serves as electron beam dump. This allows monitoring the electron beam current at all
times during the experiment. The resulting photon energy spectrum, as shown in Figure 2.5,
complies with the integrated-over-angle bremsstrahlung energy-differential cross section, c. f.
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Figure 2.3. Schematic diagram of the tagged photon facility (Glasgow-Mainz tagger). The
zoom shows a part of the focal plane detector array that is struck by an electron.
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Figure 2.4. Schematic diagram of the pair and lead-glass detectors.
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[Koch59] and [Matthews73],
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Figure 2.5. Typical bremsstrahlung energy spectrum
as measured during the GDH-experiment in 1998.

dσ

dEγ
=
αr20Z

2

Eγ
Φ(Z,E0, Eγ),

showing the typical 1/Eγ be-
havior. The fine-structure con-
stant and the classical electron
radius are α = e2/�c ≈ 1/137
and r0 = e2/mc2 = 2.82 ·
10−13 cm, respectively. Z is
the radiator material’s atomic
number and Φ(Z,E0, Eγ) is a
correction that is discussed in
detail in the above mentioned
reference [Matthews73]. The
channels in Figure 2.5 with a
reduced number of entries
compared to adjacent channels
are due to defective elements
of the focal plane detector. Be-
low 200 MeV, photon energies
were not tagged in this exam-
ple. Only about 50 percent of
the bremsstrahlung photons are emitted within the characteristic angle Θc = mec

2/E0. To ob-
tain a well defined beam on the target cell, the photons are collimated at the tagger exit. Hence,
the ratio of the number of photons reaching the target, Nγ(Eγ), and the number of electrons
detected in the tagger, Ne(Eγ), known as tagging efficiency

εtagg(Eγ) =
Nγ(Eγ)

Ne(Eγ)
, (2.2)

is always less than one. This ratio is furthermore diminished by Møller scattering in the radiator
and, in general, by any background that increases the count rate in the tagger ladder but does not
contribute to the photon beam (e.g. radiation backscattered from the electron beam dump, etc.)
In addition, the tagging efficiency obviously not only depends strongly on the characteristic
angle Θc and thus on the electron beam energy E0, but also on the collimator geometry (radius,
distance to the radiator) and on the position and direction of the electron beam on the radiator.
The latter parameters are not constant in time, so a very careful and continuous determination
of the tagging efficiency is of vital interest when obtaining accurate values for the photon fluxes
needed to calculate cross section values.

Alternatively, the number of photons in the beam can be measured directly using a dedicated
photon detector. In A2, a lead-glass Čerenkov detector placed at the very end of the hall, c. f.
Figure 2.15 on Page 38 (labeled Photon flux monitor), is used for this purpose. It consists of a
lead-glass cube of 25 cm edge-length in which the incident photons are converted into electron-
positron pairs. These create Čerenkov light that is read out by one photomultiplier. Together
with a photon detection efficiency close to 100 percent, c. f. [Jahn98], this limits the maximum
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acceptable photon flux to about two orders of magnitude less than the photon fluxes needed
during the GDH experiment runs. This precludes using the detector as an online monitor. In-
stead, an additional pair detector—with only a few percent detection efficiency—is used for this
purpose while the lead-glass detector is removed from the photon beam. The pair detector, as
depicted in Figure 2.4, consists of three plastic scintillators of 1 mm thickness each, labeled P1
through P3, and a copper foil between P1 and P2. P2 and P3 are operated in coincidence to de-
tect Compton electrons and electron-positron pairs produced in the copper foil, while P1 works
in anti-coincidence to prevent the detection of charged particles that were produced upstream.
In dedicated runs with decreased photon flux that are carried out in regular time intervals, the
lead-glass detector is placed behind the pair detector to determine both the tagging efficiency,
εtagg, and the pair detector’s efficiency εpair(Eγ) = Npair(Eγ)/Nlead−glass(Eγ), where Ni is the
number of photons seen by the pair detector and the lead-glass detector, respectively. The energy
behavior of this efficiency is fitted using the well known cross sections for electron Compton
scattering and electron-positron pair production with the copper foil’s thickness deff as the only
free—since energy independent—parameter. With this efficiency, the number of photons

Nγ(Eγ) =
Npair(Eγ)

εpair(Eγ)
(2.3)

can be determined during normal GDH runs without the use of the lead-glass detector. The Fig-
ure 2.6 (a) shows typical tagging efficiency values versus photon energy Eγ for MAMI energies
525 and 855 MeV that were used for the GDH experiment. The lower tagging efficiency value
for 525 MeV MAMI energy is due to the increase in the characteristic angle with decreasing
primary energy and a hence reduced number of photons passing the collimation. Figure 2.6 (b)
gives an example of the time evolution during approximately three days of beam time.

2.3 Møller Polarimetry

The circularly polarized photons for the GDH-experiment are created using the helicity transfer
of longitudinally polarized electrons from MAMI in the bremsstrahlung process. For the inves-
tigation of helicity dependent cross sections, the knowledge of the photon beam polarization
degree is imperative. This degree of circular polarization has been calculated by Olsen and
Maximon, [Olsen59], and reads

Pγ = Pe
4Eγ

E0
− (Eγ

E0

)2
4 − 4Eγ

E0
+ 3
(Eγ

E0

)2 . (2.4)

The notation introduced in Section 2.2 is used. Pγ and Pe are the respective absolute photon
and electron polarizations. The photon polarization only depends on the electron polarization
once the photon energy has been determined by the tagger, while the initial electron energy is
given by MAMI. Figure 2.7 shows the energy dependence of the helicity transfer for the two
MAMI energy settings 525 and 855 MeV. For Eγ = E0 the helicity transfer is maximum and
decreases with energy until vanishing at zero energy.

During beam-time the orientation of the electron beam polarization is controlled by a ran-
dom generator that either keeps the momentary setting or flips it in cycles of one second dura-
tion to reduce the systematic error of the measurement. The absolute value of the polarization is
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Figure 2.6. a) Energy dependence (left) and b) time evolution (right) of the tagging efficiency
during GDH runs with 525 and 855 MeV MAMI energy. A period of approximately 24 hours is
represented by the arrow. At time “B” the electron beam was re-adjusted by the MAMI-operator.
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Figure 2.7. Relative polarization transfer Pγ/Pe from longitudinally polarized electrons to real
photons in the bremsstrahlung process as a function of the photon energy Eγ for the two MAMI

energy settings 525 and 855 MeV.
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Figure 2.8. Setup of the Møller polarimeter. Pairwise coincidences of tagger channels from
two blocks of 104 detectors each define the Møller trigger. The zoom shows the target foil
mounted inside a rotatable solenoid. Any angle between −25◦ ≤ α ≤ +25◦ can be set.

measured by a Møller polarimeter, which makes use of the Møller scattering process off a mag-
netized ferromagnetic foil whereby an electron from MAMI interacts with a radiator electron
both leaving the radiator and being detected in the tagger ladder. The energy sum of the two
scattered electrons is equal to the initial energy of the incoming electron. By selecting pairs of
energy channels in the tagger ladder who fulfill this condition it is possible to separate Møller
events from bremsstrahlung scattering, c. f. Figure 2.8.

The derivation of the electron polarization from the count rates provided by the Møller
polarimeter needs some further explanation. First of all one defines an asymmetry

AMøller =
N� −N↑↓

N� +N↑↓ , (2.5)

where N� and N↑↓ are the count rates for parallel and antiparallel orientation of electron and
target foil polarization respectively. This asymmetry can be re-written as

AMøller =
(dσ / dEe)

� − (dσ / dEe)
↑↓

(dσ / dEe)
� + (dσ / dEe)

↑↓ , (2.6)

with the polarized Møller scattering cross section, again for parallel and antiparallel orientations(
dσ

dEe

)
=

(
dσ

dEe

)unpol
(

1 +
∑
j,k

ajkP
j
t P

k
e

)
, (2.7)
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Figure 2.9. Time evolution of the photon beam polarization for run periods from May to
September 1998. MAMI energies of 525 MeV are represented by filled circles, energies of
855 MeV by filled boxes.

where
(

dσ
dEe

)unpol
is the unpolarized Møller cross section, P jt and P ke the Cartesian components

of the target foil’s and the electron beam’s polarization, respectively, and ajk the tensor ana-
lyzing power describing the polarization dependence of Møller scattering in the three spatial
directions. The tensor’s non-diagonal elements either vanish because of parity conservation
or are negligible because of their weighting factor (E0 + me)/2me. Hence, the asymmetry
becomes

AMøller = azzPtPe cosα. (2.8)

Pt and Pe are the magnitudes of the target foil’s and the electron beam’s polarization vectors,
respectively, α is the angle between both vectors, and azz = −7

9
. The target foil polarization was

measured to be Pt = (8.1± 0.2)%. Because of experimental constraints, the angle between the
two polarizations had to be non-zero and was chosen α = 25◦. This was a compromise between
smallest possible angle, highest target foil polarization without using superconducting magnets,
and a maximum bremsstrahlung yield. During the experiment, average electron polarizations
of 75 percent were found. Four hours of beam-time were needed to obtain polarization values
with a precision of two percent (Figure 2.9).

2.4 Polarized Target

The second essential ingredient in addition to circularly polarized photons is a polarized target.
The polarized target setup used during the 1998 GDH experiment was provided by cooperation
between the Bochum, Bonn and Nagoya groups [Bradtke99]. It is a frozen-spin target, i.e.
the target material is first polarized at relatively high temperatures (T ≈ 300 mK) and high
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magnetic fields (B ≈ 2.5 T) by dynamic nuclear polarization (DNP), then both the temperature
and the magnetic field are lowered to T ≈ 50 mK and B ≈ 500 mT, respectively, “freezing”
the high degree of polarization. The target setup consists of a horizontal cryostat to allow a
maximum accessible solid angle for the detector system, a 3He/4He dilution refrigerator to reach
temperatures as low as some 50 mK, a high homogeneity superconducting magnet providing
magnetic fields up to 6.5 T during polarization build-up, an internal holding coil generating a
low holding field of at most 0.48 T in frozen spin mode, a microwave system needed for the
DNP process, an NMR (nuclear magnetic resonance) system to determine the target material’s
polarization degree, and an adequate target material (deuterated butanol, or in short, dbutanol).
These components will be described in detail below.

Polarization Any polarization of a given system arises from the orientation of the system’s
spin I with reference to a certain axis z which is described by a series of 2I orientation param-
eters, i.e. expectation values of irreducible spin tensors [Jeffries60]. The parameters interesting
for the description of an assembly’s polarization are the vector polarization

Pz =
1

I

∑
i 〈Ψi | Iz |Ψi 〉Ni∑

iNi
≡ 〈Iz〉
I

(2.9)

and the tensor polarization

Pzz =
1

I(2I − 1)

(∑
i 3 〈Ψi | I2z |Ψi 〉Ni∑

iNi
− I(I + 1)

)
≡ 〈3I2z − I(I + 1)〉

I2
. (2.10)

Ni and Ψ are the population and normalized wave function for the ith energy level, respectively.
The polarization degree of an assembly of particles with spin I = 1/2 is given by

Pz =
N+ 1

2
−N− 1

2

N+ 1
2

+N− 1
2

(Pzz vanishes), (2.11)

while the vector and tensor polarization of an assembly of spin I = 1 particles are

Pz =
(N+1 −N0) + (N0 −N−1)

N+1 +N0 +N−1
=

N+1 −N−1
N+1 +N0 +N−1

(2.12)

and

Pzz =
(N+1 −N0) − (N0 −N−1)

N+1 +N0 +N−1
. (2.13)

N± 1
2

andNi, i ∈ Z0 are the relative populations of the various spin projections on the respective
quantization axis—usually the direction of the magnetic field B0. The vector polarization value
for thermal equilibrium is given by the Brillouin function

PI = BI
(
gIµMIB0

kT

)

=
2I + 1

2I
coth

(
2I + 1

2I
· gIµMIB0

kT

)
− 1

2I
coth

(
1

2I
· gIµMIB0

kT

)
. (2.14)
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µm is the magneton, gI the particle’s g-factor. While the gyromagnetic ratio γ = gIµM/� is
an intrinsic feature of the particle, the ratio B0/T can more or less be chosen at will within
the restrictions given by current technology. In any case, the latter ratio has to be as high as
at least 103 T/K to create a sizeable nuclear thermal equilibrium polarization. Although this
is achievable—HD-gas for example can be polarized using this technique at a magnetic field
of 17 T and temperatures of 15 mK—the drawbacks make this procedure inapplicable for the
purposes needed for the GDH experiment. These drawbacks are (the given values refer to the
above mentioned HD-gas target example):

• very long polarization build-up time of several weeks,

• low polarization values of at most some 20 percent,

• limitation to low intensity beams due to low acceptable heat input,

• low radiation resistance,

• unrecoverable polarization once the material has depolarized for any reason.

Dynamic Nuclear Polarization. A much more suitable technique to gain a sizeable polariza-
tion is dynamic nuclear polarization (DNP). It uses the fact that the polarization of unpaired
electrons—only these are polarizable—in a given system in thermal equilibrium is close to
100 percent due to their high magnetic moment, even at relatively high temperatures (T ∼ 1 K)
and low magnetic fields B0 (some Teslas). The electron polarization is then transferred to the
nuclei by irradiation with saturating microwaves of a frequency slightly off the electron Larmor
frequency ωs = γsB0, where γs is the electron’s gyromagnetic ratio. This transfer is possible
due to the resolved solid state effect. It describes the coupling of the nuclear to the electronic
magnetic moments by the magnetic field Bs = �γs/r

3 produced by the electron at the site of
the nucleus at distance r. For simplicity, the following considerations will focus on a nuclear
system of spin I = 1/2. A treatise for I = 1 can be found in [Jeffries60]. Figure 2.10 shows
the corresponding level scheme for a dipolarly coupled electron-nucleus system with nuclear
spin I = 1/2. ωs, ωI are the electronic and nuclear Larmor frequencies, W are the induced
transition probabilities for an uncoupled electron-nucleus pair (allowed transitions), T −1

s their
spontaneous thermal relaxation rates, and V are the transition probabilities for the coupled pairs
(forbidden transitions). The terms allowed and forbidden refer to the states that are allowed and
forbidden without dipole coupling of electrons and nuclei, although both transition probabili-
ties may become fairly comparable in some cases. Denoting the uncoupled “pure” states |++〉,
|+−〉, |−+〉, and |−−〉, as shown in Figure 2.10, these states must be replaced in first-order
perturbation theory with the states

|a〉 = p |++〉 − q∗|+−〉,
|b〉 = p |+−〉 + q |++〉,
|c〉 = p |−+〉 + q∗|−−〉,
|d〉 = p |−−〉 − q |−+〉,

(2.15)
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Figure 2.10. Four-level scheme of a dipolarly coupled electron-nucleus pair for a spin 1/2
nucleus. The relative spin orientations are symbolized at the margins; open arrows: electron
spin orientation, thin arrows: nuclear spin orientation. Allowed transitions (that occur with prob-
ability W ) are denoted by single arrows, forbidden transitions (probability V ) by triple arrows.
The thermal relaxation rate is approximately T −1

s , c. f. [Abragam78] and [Goertz02].

i.e. basically the pure states with a small admixture

|q| =
3�γIγs
2ωIr3

sin θ cos θ exp(iφ) ∼ Bs
B0

∼ 10−4 � 1 (2.16)

from the nuclear spin state of opposite magnetic quantum number [Abragam78]. θ is the angle
between the applied magnetic field and the distance vector r between the two involved spins. It
follows that |p| =

√
1 − |q|2 ≈ 1.

Using the population numbers of the four states a, b, c, d, one can define the respective po-
larizations

Ps =
n− − n+
n− + n+

≡ n− − n+
Ns

with n+ = a+ b, n− = c+ d, (2.17)

and

PI =
N− −N+

N− +N+
≡ N− −N+

NI
with N+ = b+ d, N− = a + c. (2.18)

The time evolution of the respective polarizations is then described by

dPs
dt

= −V (Ps − PI) +
1

Ts
(P 0
s − Ps), (2.19)

dPI
dt

=
Ns
NI
V (Ps − PI) − 1

TI
(PI − P 0

I ), (2.20)

where the respective numbers in thermal equilibrium are denoted with superscript ‘0’ and the
relaxation times are Ts and TI . From Equation 2.20 it is clear that a high nuclear polarization
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increase rate depends on a high concentration of electrons Ns/NI , on a large nuclear relaxation
time TI , and on a large difference in electronic and nuclear polarization Ps − PI . This implies
that the electronic relaxation time Ts should be small:

NITs
NsTI

� 1. (2.21)

This means that the total rate of spontaneous electron spin flips Ns/Ts should considerably
exceed the rate of spontaneous nuclear spin flips NI/TI , so the stationary polarizations for
dPs,I / dt = 0 reduce to

Ps =
P 0
I + P 0

s

(
NI

NsTIV
+ 1
)

NI

NsTIV
+ 1

∼ P 0
s due to P 0

I � P 0
s , (2.22)

PI =
P 0
I

NI

NsTIV
+ P 0

s

NI

NsTIV
+ 1

. (2.23)

If also

NsV � NI
TI
, (2.24)

i.e. the rate of induced transitions of electron spins NsV is much higher than the nuclear relax-
ation rate NI/TI , the nuclear polarization is only limited by the electronic polarization value in
thermal equilibrium:

Pmax
I = P 0

s . (2.25)

In a real material, the normal electron spin concentration is 10−4 to 10−3 per nucleus, i.e. one
unpaired electron spin has to polarize some thousand nuclei in its vicinity, an effect named spin
diffusion—the resonant mutual spin-flip of neighboring nuclear spins. This effect will become
the less effective the higher the polarization drainage due to additional relaxation channels for
the nuclear polarization. These are opened by impurities or crystalline imperfections, hence
severely diminishing the maximum achievable nuclear polarization.

Target Material. Considering the conditions and requirements pointed out above, deuter-
ated butanol was chosen as target material. It has a dilution factor—the fraction of polarized
deuterons—of fD = 23.8 percent, since the residuals (carbon and oxygen) are spinless, which
fact minimizes the polarized background. To provide a sufficient density of paramagnetic cen-
ters (1.82·1019 electrons per cm3 in case of deuterated butanol) for DNP, the material was chem-
ically endowed with 0.5-percent-by-weight porphyrexide dissolved in 5-percent-by-weight wa-
ter. The radiation damage from the A2 photon beam is negligible and the temperature stability
is much better than that of TEMPO doped butanol. The material is shock-frozen, forming beads
of 2 mm diameter, and placed in a cylindrical PTFE container of 2 cm length and diameter. The
effective filling factor (fraction of deuterated butanol in the target cell container) of the material
is fF = 63 percent.
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Refrigerator. The refrigerator basically has to fulfill the following requirements:

• Provide a cooling power of more than 30 mW at 300 mK for 10 cm3 of target material
during the DNP process;

• reach temperatures below 70 mK for frozen-spin mode;

• allow maximum accessible solid angle for the detector system.

A horizontal refrigerator of 3He/4He dilution type was built which allows one to place the
cryogenic components at backward angles and thus obtaining an azimuthally symmetric mass
distribution. A cooling power of at most 50 mW at 300 mK and a base temperature of 40 mK
are available.

The target material can be placed with only a minute warming in the refrigerator using a
sliding insert that also contains the NMR- and microwave guides. This insert is mounted in the
refrigerator from the upstream side.

Internal Holding Coil. A superconducting internal coil is used during frozen-spin mode to
provide the magnetic holding field of B ≈ 500 mT at a homogeneity of better than 10−3 over
the target cell region. Its fringe field does not exceed 20 mT outside the refrigerator. It is made
up of four layers of 1050 turns each, consisting of a 100 µm multi-filament NbTi-wire with
10 µm varnish. The assembly’s total thickness of 780 µm allows all target reaction products to
traverse almost unaffectedly.

Polarizing Magnet. The magnetic field needed for the DNP process is provided by a super-
conducting solenoid built by the Saclay group. Its maximum magnetic field of 6.5 T (2.5 T
during DNP process) is homogeneous better than 10−4 over the whole target sample region. In
the A2 hall it is mounted on a rail system that allows a quick and reproducible positioning to
enclose the static target during the polarization process, and as quick a removal for data taking
periods.

Microwave System. The saturating electromagnetic field needed to create the nuclear polar-
ization during the DNP process is created using a carcinotron as microwave source. It delivers
a power output of 3.5 W at a frequency of 70 GHz—the electronic Larmor frequency at a
magnetic field of 2.5 T—with a stability of 10−4. This stability is needed to drive only single
transitions, c. f. Figure 2.10. The microwaves are fed into the refrigerator using rectangular
waveguides. During the DNP process, the microwave frequency is modulated in a bandwidth of
20 MHz with a frequency of 1 kHz. Thus, the maximum polarization for deuterons is increased
by a few percent while also decreasing the polarization build-up time.

NMR. The purpose of the NMR (nuclear magnetic resonance) measurement is to determine,
as accurately as possible, the target material’s polarization value since it directly enters the
evaluation of the helicity dependent cross sections. To this end, the target material is surrounded
by a small coil working as sensing probe of a series Q-meter. This continuous wave RF circuit is
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driven at the nuclear Larmor frequency inducing transitions between the nuclear Zeeman levels.
The energy exchange between the target material and the Q-meter leads to a linear dependence
of the coil’s impedance Z(ω) and the complex magnetic susceptibility χ

Z(ω) = R + iωL(1 + ηχ(ω)), (2.26)

χ(ω) = χ′(ω) + iχ′′(ω), (2.27)

where η is the effective filling factor of the target material, L the inductance for χ = 0, ω the
RF oscillator’s frequency. χ′—the real part of the magnetic susceptibility (dispersion)—is the
resulting inductance, χ′′—the imaginary part—is basically the absorption of the RF field, i.e.
the energy exchange caused by the nuclear Zeeman transitions. This quantity directly depends
on the populations of the nuclear Zeeman levels and is hence a direct measure of the polarization
of the target material. The Zeeman levels are broadened due to nuclear spin-spin interaction, so
the polarization value P is an integral over the resonance region

P = c

∫
∆ω

χ′′(ω) dω . (2.28)

The factor of proportionality c needs to be obtained from a calibration measurement at known
temperature and known magnetic field in thermal equilibrium. The material’s polarization de-
gree can then be calculated using the Brillouin function (Equation 2.14).

2.5 Detector Setup

For the studies of helicity dependencies of photo-nuclear cross sections it is necessary to have
large angular and momentum acceptance detectors with sizeable detection efficiencies for both
charged and uncharged particles. Moreover, by using high resolution tracking detectors to re-
construct particle trajectories it is possible to improve the particle identification beyond the lim-
its given by the energy resolution provided by plastic scintillators alone. The detector DAPHNE

that was built to meet these requirements as much as possible will be described in the following
subsection.

2.5.1 DAPHNE.

DAPHNE is the main detector that was used during the GDH-experiment at MAMI [Audit91]. It
was designed and built at the end of the 1980s by the groups of Saclay and Pavia at the Com-
misariat à l’Energie Atomique in Saclay, France. Its key characteristics are given in Table B.1
on page 97. DAPHNE consists of three principal parts arranged as a set of coaxial cylinders:

• Vertex detector,

• plastic scintillator calorimeter, and

• a sandwich of plastic scintillators and steel/lead/aluminum layers.

These parts will be described in more detail below.
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Vertex Detector. The innermost part consists of three concentric cylindrical multi-wire pro-
portional chambers (henceforth referred to as MWPC) with cathode strip readout. The walls are
made of 1 mm thick Rohacell covered by 25 µm kapton foil with the cathode strips laminated
on the interior surfaces. These strips are 0.1 µm thick by 4 mm wide aluminum layers with a
0.5 mm gap between adjacent strips. They are wound helically in opposite directions at angles
±45◦ with respect to the anode wires. The latter are made of 20 µm diameter tungsten wires
arranged parallel to the cylinder axis in 2 mm intervals around the circumference. The anode-
cathode distance amounts to 4 mm. The chambers are operated using a mixture of 74.5 percent
argon, 25 percent ethane, and 0.5 percent freon. The geometrical characteristics are given in
Table 2.1.

A swiftly moving charged particle pass-
Chamber

1 2 3

Length [mm] 360 560 760

Internal radius [mm] 60 92 124
External radius [mm] 68 100 132

Number of wires 192 288 384
Number of internal strips 60 92 124

Number of external strips 68 100 132

Table 2.1. Geometrical specifications of the
vertex detector.

x

y

z

Wire

External strip
Internal strip

i


iz

Figure 2.11. MWPC: Reconstruction of the
impact point of a traversing particle.

ing through the MWPC creates a cloud of
electron-ion pairs along its path. The elec-
trons are accelerated towards the positive
wires creating an avalanche of electron-ion
pairs on their way by secondary ionization.
The secondary electrons are quickly col-
lected by the positive wires while the pos-
itive ion cloud moves slowly towards the
cathode strips. Since the chambers are op-
erated in proportional mode, the charges
created by secondary ionization are propor-
tional to the charges created by the original
traversing particle. This analog information
is read out via Alcatel 1757 charge ampli-
fiers plus LeCroy FERA 4300(B) analog-
to-digital converters, c. f. Section 3.6 on
page 54. The determination of the center of
the charge distribution induced on the strips
allows one to find the intersection point of
the involved internal and external strips with
a ϑ-dependent precision of 0.6◦ < ∆ϑ <
1.1◦ for the polar angle. Ambiguities arising
from the fact that the internal and external
strips have two intersection points along the
z-axis are resolved taking the hit wires into
account (Figure 2.11). The latter are read
out using a LeCroy PCOS 2735PC ampli-
fier/discriminator. The resulting longitudi-
nal resolution is 0.3 mm < ∆z < 1.5 mm.
The fixed inter-wire spacing gives a preci-
sion of ∆ϕ = 2◦ for the azimuthal angle.
Having evaluated the impact points of all
three chambers, the track is reconstructed by
fitting a straight line to these points. Since,
due to the above mentioned uncertainties,
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the three points will never precisely build

Chamber 1

Chamber 2

Chamber 3

�

Figure 2.12. MWPC: Track reconstruction.

a straight line, the condition that the ver-
tical angle β be greater than 172◦ is re-
quired, i. e. the point from Chamber 2 must
not deviate by more than 2.3 mm (approx.
one inter-wire gap) from the straight line
that is given by the points from Chambers
1 and 3 (Figure 2.12). The track reconstruc-
tion efficiency is approx. 98.5 percent for
single tracks and about 95 percent for dou-
ble tracks.

Scintillation detectors and sandwich. The above mentioned vertex detector is surrounded by
a six layer plastic-scintillator calorimeter. The scintillator layers are labeled A to F, each of them
consisting of 16 longitudinal bars mounted in such a way as to form a regular 16-sided polygon.
The outer three layers (D–F) alternate with steel/lead and aluminum converters/absorbers form-
ing a sandwich detector which adds a useful detection efficiency for photons originating from
π0-decay. All scintillators are read out by photomultipliers at both ends—except for layer A
which are read out from beam entry side only. Table B.2 lists the geometrical specifications of
the scintillators and converters/absorbers. The inner three layers (A–C) allow the identification
of charged particles and the determination of their kinetic energies. For this purpose, Layer
A is used as ∆E-detector, while Layer B provides the full energy information, as especially
many protons stop in this layer already. Charged particles not stopping in the first three layers
but reaching the sandwich detector can be identified using an extended ∆E/E-method named
range-fit [Braghieri94]. This method is explained in more detail in Section 4.5.

2.5.2 MIDAS.

MIDAS, the MIcrostrip Detector

Figure 2.13. MIDAS detector mounted adjacent to
the cryotarget.

Array System, was built by the Istituto
Nazionale di Fisica Nucleare (INFN),
Sezione di Pavia, Italy [Altieri00].
This setup is an add-on mounted close
to the DAPHNE target. It allows for the
detection of charged hadrons emitted
to polar angles between 7.5 and 16.5
degrees thus reducing the corrections
for extrapolations to full solid angle re-
quired for total photo-absorption cross
sections. Its setup is shown in Fig-
ure 2.13.

Since DAPHNE’s mechanical frame
prevents particle transmission in the
polar angular region between 5 and 21
degrees, MIDAS has to be mounted on
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frame, i. e. as close to the target as possible without disturbing particle emission in DAPHNE’s
acceptance. Due to the very limited space available close to the target, MIDAS meets the pri-
mary objective of compactness by utilizing silicon detectors. It consists of two major parts:
the tracking detector for trajectory reconstruction and the sandwich detector for particle iden-
tification and energy measurement. A central hole allows the primary photon beam to pass
through.

The tracking part is made up of two annular double-sided semiconductor silicon detectors
V1 and V2. The p-side of the tracking detectors is divided into 48 concentric rings, while the n-
side is segmented into 16 radial sectors. The resolution is approximately 12 degrees in azimuth
and about 1.4 degrees in polar angle.

The second part consists of an annular silicon-lead sandwich (Q1,Q2,Q3) with single sided
silicon detectors where only the p-side is segmented radially (quadrants). This part is used for
particle identification using the range-fit method adapted to the MIDAS geometry. It allows to
identify protons with a pion contamination of less than three percent. The sandwich also pro-
vides the MIDAS-trigger. A coincidence Q1 ⊕ Q2 together with a high threshold selects low
energy protons with a high energy loss rate that stop in MIDAS. High energy hadrons produce
a triple coincidence Q1 ⊕ Q2 ⊕ Q3 and are not stopped in MIDAS. These triggers allow the
detection of protons with energies Tp > 60 MeV and of pions with energies Tπ > 50 MeV
while suppressing 99 percent of the electromagnetic background. The remaining background
basically originates from pair production processes from material placed upstream (target mate-
rial, target windows, etc.) In most of these cases only one of the electrons enters MIDAS, while
the second is emitted at very small polar angles and can thus be suppressed by the Čerenkov
detector that will be described in the following subsection.

2.5.3 Čerenkov Detector.

A detailed description of this de-

Figure 2.14. Schematic of the Čerenkov detector.

tector can be found in [Lannoy00], a
schematic of the detector is presented
in Figure 2.14. The inner volume is
filled with nitrogen gas. The Čerenkov
light that is produced in the aerogel ra-
diator close to the entrance window or
in the nitrogen is focused on the photo-
multiplier by a large ellipsoidal mirror.
A funnel is mounted close to the pho-
tomultiplier to increase the light yield.
The detection efficiency is (99.99 ±
0.002)% for electron energies above
3 MeV. Together with the fact that at
MAMI energies no hadronic reaction
products are emitted with sufficient ki-
netic energies to create Čerenkov light
in the media used in the detector, this
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allows to operate the Čerenkov detector as a threshold detector. It suppresses the electromag-
netic background contributions to the reactions under study in the GDH experiment significantly.
For this purpose the Čerenkov detector is operated in anti-coincidence with MIDAS and the for-
ward components.

2.5.4 Forward Components.

The forward components consist of the Scintillator from Tübingen for Angular Reconstruction
(STAR) and the Far Forward Wall (FFW) detectors [Sauer96]. They cover the polar angular
region 2◦ < ϑ < 5◦. The STAR detector consists of a large square scintillator sheet with
a photomultiplier tube at each corner. It serves as a trigger plate for charged particles. It is
followed by an array of nine segmented concentric scintillator rings from which information
on the polar angle of the charged particle can be obtained. A trigger plate similar to that of
STAR is implemented in the FFW detector. It is followed by a scintillator-lead sandwich acting
as a shower detector for photons originating from π0 decay. The information given by these
components is not yet included in the analysis procedure.

2.5.5 A2 Hall.

Figure 2.15 shows the arrangement of the aforementioned detectors in the A2 hall where the
GDH experiment was carried out. All components are mounted on a rail system to easily allow
re-arrangements of the setup for re-polarization and data-taking periods. The figure shows the
setup in an intermediate state between these two periods. When proceeding to a re-polarization
phase, the polarization magnet would be pushed towards the photon beam axis and then up-
stream to cover the target nozzle. Instead, when continuing with a data-taking period, the
DAPHNE frame including the Čerenkov detector and the forward rack would be pushed towards
the target so that the latter would be centered inside DAPHNE and be placed directly in front of
MIDAS. The MAMI electron beam would enter from below.
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Figure 2.15. Floor plan of the A2 hall.
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Chapter 3

Preparations

AFTER the 1998 GDH experiment the detector system DAPHNE was in a status that

Layer 1994 1997 Change

A 1140 ± 40 850 ± 60 −290 ± 70 (−34%)

B 1020 ± 30 793 ± 14 −230 ± 30 (−29%)
C 472 ± 6 400 ± 30 −70 ± 30 (−18%)

D 644 ± 14 530 ± 20 −110 ± 20 (−21%)
E 760 ± 30 620 ± 20 −140 ± 30 (−23%)

F 650 ± 11 520 ± 10 −130 ± 15 (−25%)

Table 3.1. History of the attenuation lengths of the
plastic scintillator layers of DAPHNE (average over all sec-
tors of each layer) measured in 1994 and 1997. All di-
mensions in mm.

did not allow further experiments without a considerable loss in the quality of the acquired
data. The attenuation lengths had become critically low (see Table 3.1 and Figure 3.16), due
to an EU Directive it was no longer allowed to supply the wire chambers with the nominal
quenching gas and hence it was difficult to keep them at the necessary voltages, and—after
a total of more than 500 hours of beam time—the readout electronics operated on the verge
of stability. In preparation of the
nGDH experiment scheduled for
2002/03, this status had to be im-
proved significantly—a task that
was carried out in the course of
this thesis. To this end, DAPHNE

was dismantled and the plastic
scintillators exchanged with new
material. The wire chambers
were taken out and shipped to the
collaborators at the Istituto Nazio-
nale di Fisica Nucleare, Sezione
di Pavia, Italy, for refurbishing
and to find a new gas mixture. The
new plastic scintillators had to be glued to their light-guides, packed, and—without the wire
chambers—new techniques had to be developed to test them before re-assembly. In addition,
the material for the A layer scintillators that had been bought two years before the start of our
work was not found to be useful because of defects in the plastics’ surfaces. Several attempts to
recover this material by polishing the surface—in our workshops as well as manually—failed
since the effective attenuation lengths could not be improved significantly, so new material had
to be purchased. A very high start-value of the attenuation lengths is desirable because due
to the normal aging process the attenuation lengths decrease exponentially with time. This
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behavior had been observed already for the 1997/98 DAPHNE detector. The light-guides had
undergone an aging process, too, their transmissions varying by about 15 percent around an
average value. Ten of 32 light-guides of Layer B were replaced, and ten of 16 of Layer A. The
light-guides of the remaining layers were found suitable for future use.

The determination of the effective attenuation lengths, c. f. Sections 3.4 and 3.5, was im-
portant, because it allowed to quality-test the freshly glued connection between the scintillators
and their light-guides. If, for any reason, this connection was bad or loosened or broke, the
according effective attenuation length would decrease significantly and indicate this problem.
Since such a decrease is quite significant (a broken connection of an A layer detector in the
1997 DAPHNE setup resulted in a decrease in the effective attenuation length by a factor two
compared to the value before and to the other detectors of the same layer) these measurements
did not need to give highly accurate results. An error level of 10 to 20 percent would still be
regarded acceptable. However, even the least accurate of our methods delivered results below
the minimum requirement of a 10 percent error level.

This chapter will give a short introduction to the interaction of fast particles with matter
(Section 3.1), to the scintillation process (Section 3.2), and the definition of an (effective) atten-
uation length (Section 3.4), and will then focus on the test measurements and the results for the
effective attenuation lengths (Section 3.5). The modifications on the readout electronics are the
topic of the second part of this chapter.

To avoid later confusion when presenting the analysis results in the Chapters 4 and 5, I would
like to point out that the work to be described in this chapter was done in preparation for the
2003 nGDH experiment, while the data that were analyzed are from the 1998 pilot experiment
on the deuteron.

3.1 Interaction of Fast Charged Particles with Matter

The interaction of swiftly moving particles with matter is—though quite complicated to han-
dle theoretically when going into detail and for high accuracy—sufficiently well known on an
accuracy level of one percent. The key processes involved by which a fast particle loses ki-
netic energy are ionization and atomic excitation of the matter, and radiative energy transfer
(bremsstrahlung, Čerenkov light). Except for electrons, the radiative energy losses are usually
negligible, especially for the mean kinetic energies of the particles that were utilized for the
tests of the DAPHNE scintillators, so the focus in the following discussion will be on heavier
particles. The ionization-energy loss is described approximatively by the Bethe-Bloch equation

−dE

dx
= 4πNAr

2
emec

2z2
Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ

2

]
. (3.1)

Tmax is the maximum kinetic energy which can be transferred to a free electron in a single
encounter, NA is Avogadro’s number, re = e2/4πε0mec

2 the classical electron radius, mec2

the electron’s rest energy, ze the charge of the incident particle, β, γ its well known relativistic
kinematic variables, Z, A the atomic number and atomic mass of the absorber, I its mean
excitation energy in eV, and δ the density effect correction.

As mentioned before, Equation 3.1 can reproduce the energy loss of, for instance, charged
muons in copper with an accuracy of one percent in the energy range between 6 MeV and 6 GeV,
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Figure 3.1. Energy loss (=stopping power) as a function of βγ = p/Mc. Solid curves repre-
sent the total energy loss. The vertical lines indicate boundaries between different approxima-
tions. Top: Stopping power for µ+ on copper. Especially at very low momenta the energy loss
depends strongly on the electronic configuration of the absorber material. In this region the
particle’s charge has also an effect on the ionization energy loss (Barkas effect, dotted line, la-
beled µ−). Eµc labels the so-called critical energy where ionization and radiative energy losses
are equal. For ultra-high kinetic energies radiative energy losses are dominant (βγ > 104). The
figure has been taken from [Alvarez04], p. 242. Bottom: Stopping power for protons on PVT
(polyvinyltoluene, the solvent used in most solid plastic scintillators). The dashed line repre-
sents the energy loss due to (non-ionizing) nuclear interactions. The data used for this plot
were taken from [Berger00].
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c. f. Figure 3.1, top. For energies below, shell corrections have to be applied. This is rather dif-
ficult since these corrections are extremely sensitive to the knowledge of the atomic energy
levels of the absorber material. For hydrogen—the only element where the atomic energy lev-
els can really be calculated—it is possible to derive proper shell correction values. For heavier
elements the calculation of the energy levels becomes model dependent and it is no longer pos-
sible to stringently derive the necessary corrections without the use of experimental values for
the mean ionization-energy I as a free parameter [Bichsel92]. For 0.01 < β < 0.05 only phe-
nomenological fitting formulae by Andersen and Ziegler are available at this time [Alvarez04].
At extremely low kinetic energies, e. g. protons of a few hundred eV, non-ionizing nuclear re-
coil energy loss is considered dominating the total energy loss, c. f. Figure 3.1, bottom. Another
difficulty in regions of very low kinetic energy originates from the Barkas effect, i. e. different
energy losses for positively and negatively charged traversing particles with otherwise identi-
cal properties [Barkas56]. For relativistic kinetic energies, the ionization energy losses depend
on the density of the absorber material (hence density effect) as has been shown in [Fermi40].
At even higher energies radiative losses increase in importance and are dominant for ultra-
relativistic particles. The energy where ionization losses equal radiative losses is called critical
energy.

3.2 Scintillation in Organic Materials

An investigation of the scintillation process in organic materials is not the aim of this the-
sis, so the well known properties of this process will only shortly be recalled in this section.
Exhaustive sources of detailed information on this topic are [Birks64], [Birks58]–[Birks71],
[Nafisi67], [Al-Obaidi78], and [Hallam78]. In general, an organic scintillator consists of a sol-
vent material—in case of solid scintillators mostly polyvinyl-toluene (PVT) like the DAPHNE

scintillators—plus a certain concentration of solute that is responsible for the emission of de-
tectable light. The scintillation in such a binary material is a two step process: 1) Energy
deposition in the solvent by the traversing fast particle to produce excited states, 2) decay of
these excited states back to the ground state. The former process has been discussed in the
previous section, the latter will shortly be described in the following. For certain applications
it is useful to have more than one solute. An energy transfer between the solutes would then
be introduced in addition. However, since the same mechanisms are involved as in the energy
transfer from solvent to solute, this step can be neglected in the following.

Investigations show that the spectral emission of the scintillator is characteristic of the solute
[Bowen49], although usually present in small concentrations only. The necessary energy trans-
fer from the solvent to the solute has been studied in e. g. [Powell71]. Three basic mechanisms
are to be considered:

1. Radiative re-absorption which is simply the emission of a (real) photon by one molecule
and its subsequent re-absorption by another molecule [Birks54]. Radiative energy transfer
can occur from excited polymer segments to residual monomers, i. e. monomers that did
not take part in the polymerization reaction, and to solute molecules. For this an overlap
between fluorescence and absorption spectra of the involved substances is necessary.
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Figure 3.2. Kinetic scheme of the scintillation process [Hallam78].

2. Long-range resonant interaction which involves the transfer of a virtual photon from one
molecule to another through the multipole-multipole coupling of their Coulomb fields,
also known as Förster transfer [Förster48, Dexter53]. A theoretical treatment of this
radiationless single-step transfer process of electronic excitation energy from a donor to
an acceptor has been presented by Förster in 1948, who based his model on an interaction
between the dipole moments of the donor and acceptor.

3. Exciton diffusion and trapping in which the excitation energy migrates through the host
lattice until it is trapped at an impurity [Franck38]. Excited polymer segments can transfer
energy to neighboring segments thus resulting in a delocalization of excitation energy
analogous to exciton diffusion in organic molecular crystals. Excitons diffuse through the
material until they either decay spontaneously or are trapped. Trapping centers may be
solute molecules, residual monomer or PVT excimer forming sites. Excimers are dimers
which form a bound state in an excited electronic state and which are unbound otherwise.

One should note that the intermolecular interaction in (2) and (3) is the same, but while (2) is a
one-step process, (3) is a multi-step process.

Summarizing, the energy-transfer mechanism in plastic scintillators can be described by the
kinetic scheme shown in Figure 3.2. In bulk polymerized plastic scintillators containing high
solute concentrations, direct exciton trapping by the solute molecules is the dominant process,
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but at low concentrations trapping is predominantly by residual monomer. In the latter case
energy transfer from residual monomer to the solute can occur either radiatively or due to long-
range resonance, and the degree of transfer is determined by the absorption spectrum of the
solute.

Once the energy has passed to the solute molecules, the scintillation light is produced
by transitions of the excited free valence electrons of the solute molecules occupying the π-
molecular orbitals back to the ground state. These transitions are preceeded by a so-called
internal degradation, a radiationless relaxation to an intermediate state. Due to this degradation
the scintillator material becomes transparent for its own scintillation light because it separates
the absorption and emission spectrum of the molecule by the amount of energy that went into
internal degradation and hence the emitted light has insufficient energy to be re-absorbed. Usu-
ally, also states are excited where radiative transitions to the ground state are suppressed by
multipole selection rules. These transitions are responsible for the slow component of the scin-
tillation light.

3.3 Test of the Light-Guides

In modern experiments in particle physics it is necessary to convert the scintillation light to
electrical signals that can be processed by a fast electronic readout. The conversion is done
through photomultiplier tubes (in short, photomultipliers or PMTs) which use the scintillation
photons to knock out electrons from their photo-cathode via the photo-effect. By applying high
voltages, these electrons are accelerated and emit an increased number of secondary electrons
from a dynode. In a cascade of typically some ten stages an electrical pulse is generated whose
amplitude is proportional to the intensity of the impinging scintillation light. For a proper
readout it is necessary to couple the PMTs to the plastic scintillators in such a way as to transmit
as many scintillation photons as possible. Since usually the cross section of the scintillators
is not compatible to the circular windows of the PMTs, the connection has to be established
using light-adaptors. If, for any reason, the PMTs cannot be mounted close to the scintillator
additional light-guides have to be employed to transfer the light from the scintillator to the PMT

window. Usually no distinction is made between these two functions and the combination of
adaptors and guides is simply referred to as light-guide. This nomenclature will also be followed
in this thesis.

Ideally—neglecting all possible losses—a light-guide would transmit 100 percent of the
incoming light which enters at angles that allow total reflection on the walls of the light-
guide. This type is called adiabatic light-guide. However, phase-space considerations, c. f.
[Garwin52], show that this ideal case is only allowed when the area of the entrance window
equals the area of the exit window. Otherwise, the ideal light-guide can transmit at most the
ratio

Tadiabatic ∼ Aexit/Aentrance, (3.2)

where the Ai are the respective areas of the entrance and exit windows of the light-guide and
Aexit < Aentrance. For a real light-guide, all kinds of losses can occur, c. f. next section. De-
pending on the shape of the light-guide these losses can be significant and usually one has
Treal � Tadiabatic.
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Figure 3.3. Setup for the test of the transmittance of the B layer light-guides. Top: Photon
source. Bottom: Mounted light-guide read out by an XP2262B-type PMT.
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For very complicated geometries it can be useful to go a different way, especially when
sharp edges are involved. In such a case only a negligible fraction of light can be transferred
by internal reflection. The method of choice would be to employ wavelength shifting material
which absorbs the scintillation light and emits it at lower wavelength but—and this is the im-
portant point—isotropically. Although the absorption process is not 100 percent effective, the
fraction of the isotropically emitted light that can be transferred through total internal reflection
in the wavelength shifter usually exceeds the amount of light that would reach the PMTs with-
out wavelength shifting [Garwin60]. This method is not used in DAPHNE itself, but in the 2003
forward wall which will be described later. In DAPHNE ordinary light-guides are used.

For the quality test of the DAPHNE light-guides a setup as shown in Figure 3.3 was used.
A collimated Sr90 source was connected to a disc of an NE-102-type plastic scintillator. This
disc was covered with one layer of a light-tight black adhesive tape except for a window where
the scintillation photons could leave the scintillator. The window was placed on the light-guide
to be examined and the transmitted photons were registered by an XP2262B-type PMT. Its
output was fed to a multi-channel analyzer for pulse height analysis. The maximum of the re-
sulting pulse height spectrum was then taken as transmittance. To suppress influences due to
the varying quality of the coupling between light-guide and PMT, each measurement was re-
peated several times by subsequent re- and dismounting of the light-guide. The average value of
these measurements was used for the further considerations. Because the absolute transmittance
could not be determined, all light-guides of a certain layer were measured and an average value
over all light-guides of that layer was calculated. A variation of the individual transmittances
of more than 15 percent from the average was chosen as the criterion for replacement. Since
the shape of the light-guides of different layers varied a lot, the setup as shown in Figure 3.3
had to be modified for each layer. Details for all measurements described here can be found in
[Domingo00]. As already mentioned in the introduction of this chapter, ten of 32 light-guides
of Layer B were replaced, and ten of 16 of Layer A. The light-guides of the remaining layers
were found suitable for future use.

3.4 Effective Attenuation Length

The losses on the way through the scintillator material and the light-guides to the PMT are
basically due to two main effects:

1. Attenuation through the scintillation material by self-absorption, with the intensity I de-
creasing exponentially

I(x) = I0 exp(−x/B), (3.3)

where B is the (physical) attenuation length, and x the path length traveled by the light.

2. Escape through the geometrical scintillator boundaries.

Effect (2) is by far the more important of the two since the dimensions of the scintillators of
DAPHNE do not exceed the physical attenuation length (∼1 m) significantly. In principle, the
only light that could be detected is that reaching the PMTs directly or through total and partial
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internal reflection, depending on the angle of incidence. For angles

θB ≥ sin−1
(
nout
nscint

)
(3.4)

total reflection would occur and partial reflection otherwise. nscint, nout are the indices of re-
fraction for the scintillator and the surrounding material respectively. The light collection in
a large rectangular liquid scintillator has been studied both theoretically and experimentally
in [Smith75] and the references therein. It was shown that the light loss in scintillation pho-
tons could be decreased significantly by covering the scintillator with highly reflective material
(mirrors in the case of [Smith75]) to redirect escaping photons back into the scintillator. Further
improvement can be achieved by polishing the surface of the plastic scintillator to increase in-
ternal reflection. The results of some measurements of the attenuation length for a rectangular
plastic scintillator with various wrappings are shown in Figure 3.4 which has been taken from
[Nicoll71]. As can be easily seen, the best attenuation lengths were achieved when wrapping
the scintillator with aluminum foil all over except where the PMT was coupled to it (config-
uration C). Hence, the DAPHNE scintillators were covered with aluminized mylar foil. The
resulting losses are not treated separately but are combined in an effective attenuation length λ.
When not specified otherwise, the term “attenuation length” will henceforth be used synonym
for the effective attenuation length.

3.5 Determination of the Effective Attenuation Lengths of
the New Scintillators for DAPHNE

To measure the (effective) attenuation lengths of the new DAPHNE scintillators, the bars of
Layers B through F were mounted as shown in Figure 3.5 (b). Choosing the origin of the
coordinate system in the middle of the scintillator bar with positive distances to the right, one
has the following correlations between the pulse heights P1|2 of the PMTs and the coordinate x0
of a traversing particle:

P1(x0) = P 0
1 exp

(−(L/2 + x0)

λ

)
, (3.5)

P2(x0) = P 0
2 exp

(−(L/2 − x0)
λ

)
. (3.6)

L is the length of the scintillator bar and the P 0
i are factors that are proportional to the energy

deposited in the scintillator by the traversing particle and to the amplification of the individual
PMT. Dividing Equation 3.5 by Equation 3.6 and defining P 0 ≡ P 0

1

P 0
2

one has

P1(x0)

P2(x0)
= P 0 exp

(
−2x0
λ

)
(3.7)

which is independent of the scintillator length L.

For Layer A—which is read out from one side only, c. f. Figure 3.5 (a)—it has turned out to
be appropriate using a slightly modified function, that is the sum of two exponential functions,
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Figure 3.4. Measured attenuation lengths of a bulk plastic scintillator (BC412;
18×18×200cm 3) for various configurations [Nicoll71]. Shown are the pulse heights
of the output signals in volts versus the distance between source and PMT in centime-
ters. The various settings are described in the figure text.
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Figure 3.5. Setup for the measurement of the effective attenuation lengths of DAPHNE’s scin-
tillators. a) Layer A, b) Layers B through F.

which takes not only the exponential attenuation of direct light, but also a component due to
reflection from the opposite end of the scintillator into account:

P (x0) =
1

2
P 0

{
exp

(−x0
λ

)
+ exp

(−(2L− x0)
λ

)}
. (3.8)

If the impact points of the traversing particles are known one can fit the above functions to the
measured pulse height distribution with P 0 and λ as free parameters. The next problem that is
to be discussed is the determination of the according pulse heights.

The considerations in Section 3.1 have been concerned with the mean energy loss of a fast
particle. However, since the energy lost by a particle passing through matter is the result of
a large number of independent events, the process is a statistical phenomenon, i. e. no unique
value for the energy loss (and hence for the pulse height) can be obtained. On the contrary, one
will find a continuous distribution of pulse heights when studying single collisions. It has been
shown that the resultant energy loss distribution is negatively skewed—the high energy-loss tail
being due to those collisions in which a large amount of energy is transferred to the target elec-
tron in a single encounter. In a somewhat thin absorber, the small probability of such collisions
results in a relatively large random statistical variation in their number, and thus fluctuations in
the total energy loss occur. Several theories predict the probability distributions of energy loss
also known as straggling functions. Of these, those of Landau and Vavilov are probably the
most comprehensive since they are not only applicable to thick absorbers where the distribution
is Gaussian-like (due to the central-limit theorem), but also to thin and intermediate absorbers.
For the scintillators of DAPHNE not the original Landau-Vavilov distribution was taken because
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of its non-analytic form, but the following similar function with four free parameters P1 through
P4

f(x) =



P1 exp

(
−(x− P2)2

2P 2
3

)
for x < P2 + P4,

P1 exp

(
−(x− P2)P4

2P 2
3

+
P 2
4

2P 2
3

)
for x ≥ P2 + P4.

(3.9)

x is the measured pulse height (also referred to as ADC channel, c. f. Subsection 3.6.1), P1 is
the height of the distribution in the maximum, P2 the position of the maximum, P3 is the σ of
the Gaussian part, and P4 the position at which the exponential tail is appended. Figure 3.6
shows a typical straggling function as measured with an A layer detector and cosmic radiation.
The position of the maximum, i. e. the most probable energy loss, is chosen as pulse height for
the attenuation length determination. With this, the only problem left is the determination of
the impact points of the traversing particles.

Three different procedures were applied to this end:

1. To produce scintillation light at very well defined positions every ten centimeters along
the scintillator bar, a collimated Sr90 source is placed on top of the scintillator and the
pulse height distribution was measured. Unfortunately, this method does not provide a
very precise illumination of the scintillator due to the continuous energy distribution of
the low energetic electrons from the source, though it allows very accurate positioning.

2. To establish measurements using cosmic radiation, two additional small plastic counters
(paddles, 60×60×2 mm3 of active volume) are mounted above and below the scintillator
bar to be investigated and read out in coincidence, c. f. Figure 3.7. Hence the uncertainty
in the position of the entering cosmic particle is limited by the paddle width. The pad-
dles are mounted to form a mechanical unit that can be moved along a rail parallel to
the x-axis. A comparison between the results for the attenuation lengths using this setup
and the results with the setup described under point (1) shows that it is sufficient to use
a coincidence of PMT 1 and 2 and one of the paddle detectors. Using a coincidence of
the two paddles with PMTs 1 and 2 running freely increases the time consumption of a
total scan by a factor of approximately three without a significant increase in accuracy.
However, this latter setup is used to determine the effective velocity of light in the scintil-
lator material, ceff , which quantity is necessary for the method of point (3) to be described
below. The result of such a measurement is shown in Figure 3.8. With this, the effective
velocity of light has been determined to be

ceff = (17 ± 4) cm/ns = 0.57 · cvacuum. (3.10)

The value one expects from the refraction index of the plastic of nBC-412 = 1.58 would
result in ceff = 0.63 · cvacuum. The discrepancy is due to a longer effective distance the
light travels because of multiple reflections in the scintillator.

3. The fastest method utilizes the time information from PMTs 1 and 2 without additional
counters. PMT 1 gives the start for the readout while the signal from PMT 2 stops a clock
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Figure 3.6. Straggling function as measured with an A layer detector using cosmic radiation.
The part of the distribution below ADC channel 400 is due to noise of the PMTs. The full line is
a fit to the data using Equation 3.9.
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Figure 3.7. Setup for the determination of the attenuation lengths using cosmic radiation and
paddle detectors.
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Figure 3.8. Time difference for two measurements at distances d = 15 cm and d = 120 cm
from the according PMT. The space between the two distributions corresponds to 6.1 ns as
indicated in the figure. From such measurements one could estimate the time resolution of the
apparatus to be approximately 3 ns.

(TDC, time-to-digital converter, c. f. Subsection 3.6.1). Timing and position information
are related as follows

tstart|stop = c−1eff

(
L

2
∓ x0 + Ll

)
+ tD, with tD =

{
42 ns for tstop,
0 otherwise.

(3.11)

Ll is the length of the light-guides. The minus sign is valid for the start time t start, the
plus sign for the stop time tstop. The additional delay tD for the stop time is arbitrary in
value but necessary to register also particles at x < 0. The position information can then
be reconstructed using the time difference ∆t := tstop − tstart by

x0 =
ceff
2

(tD − ∆t). (3.12)

The ADC information for each PMT is then plotted versus the position of each event.
The resulting two-dimensional histogram is then sliced in bins for various positions. The
projections of the bins onto the ADC axis delivers the straggling functions—after a sub-
traction of the background due to noisy PMTs—that are needed for the determination of
the attenuation lengths.

The accuracy of this latter method depends on the time resolution of the apparatus. From
Figure 3.8 the time resolution can be estimated to be in the order of 3 ns (full width at half
maximum). However, this value is not the intrinsic value of the apparatus used in method (3),
since the geometric extension of the paddles enters the above value for the time resolution be-
cause events in a region of at least 60 mm width (the width of the paddles) are accepted. This
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Figure 3.9. One sector of Layers D through F mounted in their frame, separated by the con-
verter/absorber material (grey). The way these scintillators are mounted allows for the mea-
surement of all three layers at the same time. The achieved accuracy could also be improved by
requiring events that were registered in all three layers in coincidence and at the same position.

effect should be small (a width of 60 mm corresponds to a time of 0.35 ns) so one can stick
to a time resolution value of approximately 3 ns resulting in a spatial resolution of approxi-
mately 50 cm or better, i. e. according to this rough estimation, only events with a minimum dis-

B λtiming
eff [cm] λpaddleseff [cm]

1 617 ± 15 650 ± 20

10 544 ± 20 600 ± 20

11 580 ± 30 596 ± 20

Table 3.2. Comparison of the re-
sults for the attenuation lengths of
selected B layer scintillators mea-
sured with paddles and the tim-
ing method. The discrepancies
between both measurements were
below 10 percent. The average
value for all scintillators from the
timing measurements is λ̄Beff = (607
± 15) cm.

tance of 50 cm could be separated. The strategy to find
sufficiently well defined positions for this method is to
start with bins of only a few centimeters in width whose
neighbors are at 20 cm distance in each direction and
to try to reproduce the attenuation length that has been
measured by method (2) before. The width of each bin
is fine-tuned to gather sufficient statistics during one day
of measuring time. It turns out that the original choice
of 20 cm distance and 10 cm total bin width is sufficient
to reproduce the attenuation lengths within an error of
better than 10 percent, c. f. Table 3.2. Please note that
one obtains systematically lower values for the attenua-
tion lengths by the timing method than by method (2).
The above procedures are reported in [Domingo00] in
greater detail. As well, lists with all results for the atten-
uation length measurements of Layers A through C and
schematics of the electronics setup can be found there.

For Layers D to F, which arrived a few months after the other three layers, only the timing
method was used. The “natural” mounting of the layers, c. f. Figure 3.9, allows one to gain
additional accuracy. Since three scintillators are read out at the same time, only those events are
accepted that are in the same bin in all three detectors. The increased measuring time due to the
loss in statistics is balanced by the factor of three one gains by measuring three bars in parallel.
Details on this work can be found in [Giménez02]. A comparison of the attenuation lengths of
DAPHNE from 1994 with our results is given in Table 3.3.

After the detector had been reassembled and with the refurbished wire chambers in place
again, the standard method for the determination of the attenuation lengths, as described in
[Lang96] and [Windisch02], could be used. Table 3.3 also shows the results of these mea-
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1994 2000/2001 Improvement ∆λ̄ 2002

λ̄A [mm] 1140 ± 40 1550 ± 40 +410 ± 60 (+36%) 1652 ± 95
λ̄B [mm] 1020 ± 30 6070 ± 60 +5050 ± 70 (+500%) 5214 ± 1113
λ̄C [mm] 472 ± 6 1600 ± 50 +1130 ± 50 (+240%) 1575 ± 244

λ̄D [mm] 644 ± 14 1250 ± 30 +610 ± 30 (+94%) 1646 ± 830
λ̄E [mm] 760 ± 30 1220 ± 40 +460 ± 50 (+61%) 1364 ± 520

λ̄F [mm] 650 ± 11 1480 ± 30 +830 ± 30 (+130%) 1784 ± 530

Table 3.3. Comparison between ‘old’ (1994) and ‘new’ (2000/2001) effective attenuation
lengths for the scintillator layers in DAPHNE. Also shown are the first results with the refur-
bished wire chambers from 2002 [Windisch02].

surements in 2002. It is clearly visible that a tremendous increase in the attenuation lengths
has been achieved, especially for the B layer where the old values are exceeded by a factor of
five. These measurements were done without all parameters finally determined that compensate
for mechanical misalignment of the chamber components, and with a readout electronic whose
trigger logic had been slightly altered with reference to the 1997/1998 GDH experiment. The
work on the electronics will be the topic of the rest of this chapter.

3.6 DAPHNE’s Readout Electronics

The second part of the work that was done in the course of this thesis is the revival of the
readout electronics and its adaptation to the requirements of the 2003 nGDH measurement. The
DAPHNE sub-trigger conditions were altered to cope with this. In addition, the VME computer
that reads the QDC, TDC, and scaler information and transfers these data to a workstation where
they are saved on a storage medium, was replaced with a faster machine that allows a twice-
as-high readout rate at doubled photon beam intensity compared to the 1997 GDH experiment.
The rest of the readout electronics was—apart from necessary repairs and replacements—left
the way it has been described in [Lang04], Chapter 4. Also see this reference for a detailed
description of the 1997/98 electronics setup which was in operation for the data that have been
analyzed for this thesis, c. f. Chapters 4 and 5. But before going into details about the DAPHNE

electronics a little introduction will follow to explain the function of the key electronic modules
that are used in the DAPHNE setup.

3.6.1 QDC, TDC & Co.

ADC/QDC. The main function of an ADC/QDC module is the conversion of the value of an
analog quantity into a digital number that can be processed by a readout computer. In nuclear
physics, an ADC may be of two types: 1) peak-sensing, or 2) charge sensitive. In the latter
case the device is referred to as QDC. An ADC of type (1) transfers the maximum of a voltage
signal, while a QDC converts the total integrated current of the applied signal. This is usually
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the case when a fast PMT signal is to be treated. The integration time of the QDC is given by
a gate signal that has to be applied from an external source and has to be adjusted in such a
way as to cover the PMT signal under investigation. A review of the most common techniques
to electronically realize an ADC has been given in [Henry73]. The simplest method uses the
input signal to charge a capacitor. The discharge is carried out at a constant rate, and a scaler
(see below) is fed with the signals of an oscillator during the discharge time. The number of
counted oscillations is proportional to the charge of the input pulse. This method is known as
the Wilkinson method.

Discriminator. A discriminator module translates analog input signals to logic signals of an
adjustable duration and specified constant amplitude. The input signal has to exceed a certain—
adjustable as well—threshold value to create an output signal. Otherwise, no response is made.
Since discriminators are usually used to create time-critical logic signals that start and stop
precise clocks, it is essential that the time relation between the arrival of the input pulse and
the issuance of the output pulse be constant. In leading edge discriminators the output signal
is created the moment the pulse crosses the threshold level. For pulses with a large variation in
amplitude this timing is not constant (time-walk). A more precise method is constant fraction
discrimination where the logic signal is generated at a constant fraction of the peak height. The
result is an essentially walk-free output signal. The only requirement for the input pulses is
identical rise time which is usually fulfilled for PMT signals. Details about this discrimination
technique can be found e. g. in a current issue of [Leo87].

Register (Latch). These modules with several parallel inputs record the pattern of input
pulses. Usually an additional gate signal is required to start the process of the input (coinci-
dence registers). Output registers possess additional outputs for logic signals. The latches used
in the tagger just loop through the input to the output while a gate signal is present.

Scaler. A scaler module counts the number of logic signals fed in and presents the result as a
digital number. Via gate or inhibit inputs these modules can be kept from counting for certain
times which is useful for e. g. dead-time measurements.

TDC. The function of a TDC module is generally that of a clock that can determine time
intervals very precisely. To this end, a start signal is necessary to start the internal scaler that
counts the internal oscillator or clock until a stop signal is applied. The TDCs in DAPHNE are
realized in a different way. The start/stop signals are fed into a time-to-amplitude converter that
creates an analog output signal whose charge is proportional to the time difference between the
start and the stop signal. In addition, a logic pulse is generated of the same duration as the
analog output signal. These two signals are then used to feed a QDC module.

3.6.2 DAPHNE’s sub-triggers

The heart of a modern detector in medium and high-energy physics is the so-called trigger
electronics. This part of the readout electronics is meant to analyze the response of a detector
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after a reaction has taken place and to decide as fast as possible whether to read the information
provided by the detector and save it on a storage medium or to discard the event. To achieve
this, the analog information given by the detector’s PMTs is translated to logic signals via dis-
criminators. If a certain adjustable pulse height is exceeded by a PMT signal these modules
create a defined signal on the output (usually 750 mV at 50 Ω impedance, NIM standard) of
adjustable duration. Setting these thresholds carefully allows one to preselect e. g. minimum
energy depositions that will enter into the trigger decision. Certain combinations of these logic
signals from the various detector components can then be selected by programmable logic units
to initiate the readout of the analog information itself. Together with the different detection
efficiencies of the detector components and the expected reaction products and their kinematics
one can define trigger conditions that favor for example charged particles in the final state. In
DAPHNE, one works with four sub-triggers, C1 through C4, of which C1 and C2 are the triggers
for the charged particles, while C3 and C4 are responsible for the neutral reaction channels.

Sub-triggers C1 and C2. For a fulfillment of the C1-condition, basically a signal in Layer A
is required. Additionally one has either a signal from both A and BE together (analog sum) or
a signal in CE and CS, i. e. in Boolean notation

C1 = A · (ABE + CE · CS). (3.13)

The affixes E and S denote signals from the beam-entry side (E, from French “entrée”) and
the beam-exit side (S, French: “Sortie”) respectively, c. f. Section 2.5. The first part of the OR-
condition that makes use of the sum of A and BE realizes a ∆E/E-like cut that eliminates most
of the electromagnetic background that stops in B. Since this suppresses relativistic pions as
well—which will not stop in B—such pions are registered by the second part requiring a signal
from C layer. These conditions ensure a high trigger efficiency for charged pions and protons
in the final state. Figure 3.10 presents a schematic diagram for the C1 sub-trigger. For high
count rates are to be expected for this sub-trigger, the signal is divided by a factor of two, i. e.
only every second event for which this condition is fulfilled for any of the 16 sectors generates
the C1 trigger signal. The timing of this signal is dominated by the timing of the signal in the
corresponding A layer scintillator.

The sub-trigger C2 is a copy of C1 with the additional requirement of at least two sectors
(multiplicity two) having fulfilled the condition but without any division factor.

Sub-triggers C3 and C4. Figures B.1 and B.2 on pages 99 and 100 show schematics for
these sub-triggers. They are meant to favor neutral events. In Boolean notation they have the
conditions

C3 = 〈B〉t̄ · (BS + CE · CS), (3.14)

and
C4 = 〈E〉t̄ · (DE ·DS + FE · FS). (3.15)

〈B〉t̄ and 〈E〉t̄ denote the time-averaged signal of the E and S PMTs of the respective layer.
This time-average is necessary to reduce the large time fluctuations of the B layer signals due
to the voluminosity of the scintillators. In addition, the timing of the B and E layer detectors is
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critical since their signals are used to start the TDCs and hence a stabilization is necessary. As
in the case of C2, a multiplicity of two is required, but no division takes place. A second line
with this trigger was available in the configuration of 1997 where a division took place. This
line is not used in the 2003 nGDH experiment.

The idea behind these trigger conditions is to have a neutron-like sub-trigger (C3) using
the B layer’s relatively highest neutron detection efficiency, since all other layers have a neutron
detection efficiency of at least a factor ten less. The coincidence with C layer signals is meant to
handle events where the neutron interacted with the B scintillator material close to the outer limit
of the bar with the induced particle shower entering C layer and giving a signal there. The noise
rate of CE and CS—which is increased by the amplifier—is reduced requiring a coincidence
CE·CS. Neutrons interacting elsewhere in the B layer material are registered requiring a high
signal in BS. Sub-trigger C4 employs the conversion efficiency of the sandwich for photons
from the neutral pion decay. Again, the coincidences DE·DS and FE·FS reduce the noise rate.

In further studies C3 and C4 have not proven to be efficient for neutron and pion separation.
In addition the DAPHNE setup fails to provide sufficient information on the neutron kinematics
for a reliable event reconstruction. With this, C3 and C4 were relinquished as individual sub-
triggers but combined in an OR-condition. Since this combination is still polluted by noise, a
division factor and a multiplicity of two were required. As a result, C3C4 is used as trigger for
neutral pions only.

Sub-trigger MIDAS. The MIDAS trigger is no longer accepted as a stand-alone trigger but
only in combination with any other sub-trigger.

3.7 Trigger Processing and Tagger Connection

The sub-trigger signals generated by the individual detector components are fed into a 2×8
channel programmable logic unit (PLU, module from LeCroy, type LRS 4508 PLU). This unit
consists of two stages, each of which processes eight input/output signals in parallel (8 bit
input/output). The output in response to any input pattern can be programmed via the CAMAC

bus for the two stages individually. This allows

• an easy selection of individual sub-triggers for diagnosis purposes,

• the inclusion/exclusion of the tagger and hence toggling between normal data acquisition
mode in the photon beam and detector calibration mode using cosmic radiation,

• pulser generated readout which is uncorrelated to physics events for pedestal determina-
tion runs,

• photon-flux measurements in beam with the lead-glass/pair-detector triggering.

Figure 3.11 shows a schematic of the trigger electronics used for the 2003 measurements
which fulfills the above requirements. The interface between the DAPHNE detector and its
components on one hand side and the tagger electronics on the other hand side, is realized via
six logic signals J0 to J5.
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J0. This signal is necessary to enable the fast data transfer from the tagger fastbus modules
(TDCs, scalers) to a high-speed memory module (HSM).

J1 is an inverted system-busy signal fed to the enable input of the tagger scalers. It allows
operation of the scalers while the readout system is idle, and blocks them during readout of the
acquired data.

J2 is also named experiment trigger or in short, X-trigger, since it initiates the coincidence
inquiry of the tagger electronics. It is issued after a pattern of sub-trigger signals has been
applied to the DAPHNE-PLU inputs that had been defined acceptable. It gates the tagger latches
for a duration of 160 ns. The output signals are passed to the tagger TDC modules to start the
clocks. With a certain fixed delay added, J2 gives the common stop for the tagger TDCs. This
delay is chosen long enough to not discard any “good” signals, i. e. signals that originate from
bremsstrahlung events.

J3 is the general reset signal for the tagger after a successful readout of the detector and tagger
electronics.

J4. In case no coincident event has been registered by the tagger, this signal initiates a fast-
clear of the tagger TDC modules. Any possibly running conversion in the TDC modules is
stopped immediately and the modules are reset.

J5 gives the tagger answer to a coincidence inquiry. It is created from an OR of all 352 tagger
channel signals that passed the latches before, i. e. that are in coincidence with particles seen
in the detector. In case an OR signal exists, it sets a flip-flop whose output level goes as J5 to
DAPHNE where it starts the readout of the detector modules. The flip-flop is reset by the signal
J3.

Figure 3.12 shows a schematic overview of the tagger electronics.

3.8 New Forward Wall

3.8.1 Setup

Since the forward wall setup that had been used in the 1998 GDH experiment was in operation
in Bonn for the measurement of the high energy part of the GDH sum rule on the proton, a new
forward wall was built in Mainz to cover the polar angles below 5◦. It consists of 60 modules
which are made up of a hexagonal BaF2 scintillator plus an individual PMT. These modules
are very similar to those used in a common TAPS setup [Matulewicz90], except for the plastic
scintillator disc used as a veto for charged particles which is missing in our setup, a smaller
inner diameter of the hexagons of only 5 cm instead of 5.8 cm, and a reduced length of only
23 cm instead of 25 cm. The left part of Figure 3.13 shows a schematic of such a module. These
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60 modules are arranged in such a way as to form a large hexagon of 25 cm edge length with
the central module taken out for the main photon beam to pass through, c. f. Figure 3.13, right
part. To allow for the distinction of charged and uncharged particles, two large plastic sheets of
5 mm thickness are placed at the beam entry side of the wall with an overlap of approximately
1 cm. Each of these sheets covers about one half of the setup. For the readout, their outer
edges are optically connected to wavelength shifter bars each of which in turn is read out by
two individual PMTs (labeled PMT 1 to 4). The wavelength shifter has a quadratic base area of
5 mm edge length. It absorbs the blue scintillation light of the plastic sheets and emits green
light isotropically. Due to this isotropy of the emitted green light it is possible to greatly increase
the light throughput to the PMTs at the ends of the wavelength shifters, c. f. Section 3.3. In the
center, where the main photon beam has to pass through, a triangular part was removed from
the sheets. Six individual hexagonal plastics of 5 mm thickness and 5.8 cm inner diameter are
mounted in front of the innermost ring of the BaF2 detectors to cover the resulting quadratic
hole. The whole setup is mounted on a dedicated rack that is movable on the GDH rail system
in the A2 hall. The distance from the Čerenkov detector to the plastic sheets is 10 mm with the
same distance between the sheets and the BaF2 modules.

The wall has been tested before the 2003 nGDH experiment runs in several beamtimes and
has proven to be operational. For details on these tests and their results see [Klempt02]. These
tests were carried out stand-alone—with a dedicated VME readout computer system. To fit the
forward electronics to the DAPHNE readout the former needed to be modified.

3.8.2 Electronics

The forward electronics have been set up completely from scratch. The signals from the
60 BaF2 modules are split into two branches. The analog information is fed to FERA 4300(B)
QDC modules while leading-edge discriminators generate two more branches of logic signals
one of which is responsible for the stop of the individual FERA TFCs (= Time to FERA Con-
verter; together with a QDC module it acts as a TDC). The second is fed to two 48-channel
OR modules (Göttingen ORs) that create the forward trigger signal. All necessary gate signals
for the QDCs, start signals for the TDCs, and for the control of the forward FERA chain that
manages the data transfer to the readout computer are generated in the DAPHNE electronics.

3.9 Conclusions

The above described settings of both the renewed DAPHNE and the tagger have been thoroughly
tested in several dedicated beam times at the end of 2002/beginning of 2003. These tests allowed
to find new values for the thresholds of DAPHNE and other parameters necessary to cope with
mechanical imperfections of the detector setup. Several (unpolarized) target materials have been
used to obtain parameters for the detector calibration. The energy resolutions have been deter-
mined in several steps. 1) Using cosmic radiation, one determines the corrections for the me-
chanical imperfections of the wire chambers. 2) One can determine the reaction kinematics of
the charged particles from the reactions γd→ p+n and γp→ n+π+ using the wire chamber in-
formation. An identification of these reactions and a separation from background at this stage of
the calibration process is possible using ∆E/E-plots with very generous cuts applied. 3) Since

MEASUREMENT OF THE HELICITY DEPENDENCE OF DEUTERON PHOTODISINTEGRATION Dissertation — O. Jahn, 24. Oktober 2005



64 CHAPTER 3. PREPARATIONS

the geometry of the detector is well known, one can calculate the energy deposited by the re-
spective particle from the reaction kinematics and plot this value versus the ADC-information
of the according scintillator. For the bars that are read out from both sides, one can use the
quantity

√
ADC1 · ADC2, where the position dependence of the ADC-values cancels and hence

no correction needs to be applied. This cor-
rection is necessary for A layer only. 4) The
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Figure 3.15. Calibration of the DAPHNE de-
tector. Plotted are the energy depositions in
ADC channels as functions of the expected en-
ergy depositions from the two-body kinematics
of the two reactions that are given in the figure
text. The equations in the figure give the re-
sults of the straight line fits to the data which
are drawn as dashed lines as well.

resulting 2-dimensional plots, Figure 3.15,
show a linear distribution of the registered
events. A straight line fit to this distribution
will give the energy calibration informa-
tion. The energy resolution can be extracted
when vertically slicing the 2-dimensional
histograms and projecting them onto the
vertical axis. The full width at half maxi-
mum of these projections is the energy res-
olution at the corresponding photon energy.
A comparison of energy resolution values as
functions of the deposited energy from 1992
(dashed line), 1997 (dash-dotted line), and
2003 (full line) is presented in Figure 3.16.
As can be clearly seen, in 2003 one reached
a status very close to the one of 1992 when
the scintillators were new. The 1992-values
for A layer were much worse because the
quality of the scintillator material was sub-
standard. The different shapes of the pre-
sented distributions for 2003 are due to an
unexpected slight difference in energy reso-
lutions for pions and protons. This effect is
under investigation at this time. With this,
the detector setup was ready for the final
nGDH experiment in summer 2003.
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σ
/∆

E

∆E / MeV

Figure 3.16. Historical survey of the energy resolutions of the DAPHNE layers in 1992 (dashed
line), 1997 (dash-dotted line), and 2003 (full line). Shown is the energy deposition in the scintil-
lator ∆E versus the relative energy resolution σ/∆E. The values for all sectors of a layer were
averaged to give the presented curves. Their varying shapes are due to slightly different energy
resolutions for pions and protons. It is clear that—except for A layer—one reached a status that
is comparable to DAPHNE’s original setup immediately after its first assembly in 1990. Layer A
had been replaced between 1992 and 1997. Figure courtesy of P. Pedroni.
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Chapter 4

Photodisintegration of the Unpolarized
Deuteron for Photon Energies below
450 MeV: Analysis Procedure and Results

ONE of the most important steps when re-activating DAPHNE in 1997 after some years of
inactivity was to understand the detector’s response to the reaction products under investigation.
Several test measurements were carried out to this end with various unpolarized target materials
(liquid hydrogen, liquid deuterium, etc.) These data were not only used for calibration purposes
and efficiency studies but also to reproduce known unpolarized cross sections for the reactions
under study in the GDH experiment and thus to test the analysis procedures. The analysis
procedure for the photodisintegration reaction of the unpolarized deuteron (γ + d −→ p +
n, photon energy below Eγ = 450 MeV) will be described in the following sections. Only
data recorded using the detector system DAPHNE have been analyzed. The reasons for the
limitation in photon energy range will be given at the end of this chapter as well. After having
delivered satisfying results—which will also be presented in this chapter—the method could be
applied to data from polarized measurements with only slight modifications concerning beam
and target parameters (i. e. taking the polarization observables into account and altering the
target geometry settings).

4.1 Introduction

The cross section for any given photoreaction can be written as

σ(Eγ) =
N(Eγ)

L(Eγ)
, (4.1)
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withN(Eγ) the number of reactions with a corresponding photon energy Eγ and L(Eγ) the in-
tegrated luminosity of the reaction. Since a real detector setup always has a detection efficiency
below unity, the number of reactions and the number of detected reactions are related as

N(Eγ) =
Ndet(Eγ)

εdet(Eγ)
, (4.2)

where Ndet(Eγ) is the number of detected reactions and εdet(Eγ) the detection efficiency of the
setup. The luminosity reads

L(Eγ) = Nγ(Eγ) ·Ntarget · dtarget. (4.3)

Nγ(Eγ) is the number of photons irradiating a target of thickness dtarget with Ntarget = �NA

A

target nuclei per unit volume. � is the target material’s density, NA Avogadro’s number, and A
the mass number of the target nuclei. For liquid hydrogen the density is � = 0.169 g cm−3, the
atomic weight is A = 2.014 g mol−1, and hence Ntarget = 2.05 · 1023 cm−3.

Following the procedure described in Section 2.2, the number of photons can be evaluated
to be Nγ(Eγ) =

Npair(Eγ)

εpair(Eγ)
. With this, one yields for the total cross section

σ(Eγ) =
Ndet(Eγ) · εpair(Eγ)

Npair(Eγ) · �NA

A
· d target · εdet(Eγ)

. (4.4)

Unfortunately, the detector system does not cover all angles, so the total cross section is not
directly accessible. More convenient is the ϑ-differential cross section

d

dϑ
σ(Eγ , ϑ) =

1

2π(cosϑ2 − cosϑ1)
· Ndet(Eγ) · εpair(Eγ)
Npair(Eγ) · �NA

A
· d target · εdet(Eγ)

. (4.5)

This differential cross section can be directly extracted from the data and compared to theo-
retical predictions. Calculations that were found to agree can then be used to extrapolate into
uncovered angular regions to evaluate the total reaction cross section.

The practical procedure to determine the cross section for deuteron photodisintegration fol-
lows the subsequent steps:

• Calibrate the detector using data taken with an unpolarized liquid hydrogen and a liquid
deuterium target.

• Determine Nγ(Eγ) as described above (Section 2.2).

• Apply general geometrical cuts to ensure all events originate from the target material only.
Correct for events lost by above cuts as far as possible (Subsection 4.2.1).

• Calculate the effect of the detector’s and target cell’s finite dimensions and correct for it
(Subsection 4.2.2).

• Subtract the contribution of random events that have no proper time correlation electron-
photon (Section 4.3).
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• Identify the reaction, i. e. find events with only a single charged track in DAPHNE iden-
tified as proton events. The reaction kinematics are used to separate events originating
from photodisintegration and other reactions with a proton in the final state (Sections
4.6 and 4.5). The neutron can only be detected with an efficiency below 20%, and even in
this case DAPHNE cannot provide sufficiently precise information to reconstruct the re-
action kinematics and thus unambiguously identify the photodisintegration reaction. For
this reason, the neutron information was ignored.

• Compute the detection efficiency of the setup and the cuts applied, εdet(Eγ), by means of
simulations (Section 4.7).

• Subtract the contributions from competing reactions that are still present after the above
cuts, again by simulation. For photon energies below 450 MeV this is not necessary since
the contribution by neutral pion production are negligibly small.

So far the procedure is independent from the polarization observables. In the case of a polarized
deuterated butanol target and polarized photon beam, it is necessary to additionally

• take the polarization information of both beam and target into account, c. f. Sections
2.3 and 2.4.

The procedure results in Ndet(Eγ) which enters Equations 4.4 or 4.5. For presentation of the
cross section and for comparison with existing theoretical predictions it is necessary to use an
adequate energy binning (Section 4.4). The aforementioned steps will be described in detail in
the following sections.

4.2 Cuts and Corrections

4.2.1 DAPHNE

Azimuthal Correction

Due to the segmentation of the plastic scintillator layers in DAPHNE, there are gaps in the az-
imuthal coverage between adjacent sectors. Moreover, particles passing close to a sector border
can deposit energy in both neighboring sectors due to Coulomb multiple scattering or even miss
detectors of that sector because of variations in the mechanical alignment of the plastic scintilla-
tor bars. This could confuse the offline analysis-algorithm for track classification since charged
particles should produce signals in all passed layers and missing layers usually indicate neu-
tral events. These problems are handled by defining certain azimuthal regions where no such
problems occur and by rejecting all particles with trajectories outside. Figure 4.1 illustrates
the situation. This approach avoids most ambiguities in track classification and enables one to
calculate the fraction of particles that will be cut away (which fraction only depends on fixed
geometrical parameters).
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Figure 4.1. Illustration of the gaps in DAPHNE’s az-
imuthal coverage. Shown is a cross section in xy-plane
(the plane perpendicular to the photon beam axis)
through three neighboring bars of DAPHNE’s B layer.
Only trajectories emitted into the angular regions be-
tween ϕmin

sector and ϕmax
sector (shaded regions, labeled ac-

cepted region) are accepted in the offline analysis.

accepted
region

ϕmax
sector

ϕmin
sector

The accepted ϕ range is determined as follows: Projecting the particle’s trajectory onto a
plane perpendicular to the photon beam axis and using polar coordinates, the projected trajec-
tory has the intersection point coordinates (d, ϕd) with the hit plastic scintillator bar of any given
layer. The distribution of the quantity

∆ϕ = α · i− ϕd, (4.6)

with α = 360◦/16 = 22.5◦ = 1
8
π the theoretical azimuthal width of one sector and i the sector

number, can be fitted using the function

f(∆ϕ) =



c · exp (−0.5 · (∆ϕ− α1)2/σ2) for ∆ϕ < α1,

c for α1 ≤ ∆ϕ ≤ α2,
c · exp (−0.5 · (∆ϕ− α2)2/σ2) for ∆ϕ > α2,

(4.7)

with the αi as free parameters and σ the experimental resolution in ϕ, see Figure 4.2. The
azimuthal coverage is then given by

Aϕ = α2 − α1 + 2.35σ ≈ 0.35 ≈ 20◦. (4.8)

The corresponding azimuthal efficiency is evaluated using a simulation. For 1998 data the
according correction factor was determined to be 1.18. This factor is a global correction and
independent from ϕ because the cross sections under investigation are also ϕ-independent. For
more details see [Isbert93] and [Pedroni98].

Polar Cuts

The finite length of the wire chambers and the plastic scintillators of DAPHNE implies a limited
coverage in polar angle ϑ. Hence, the polar angle was subjected to the following condition

23◦ < ϑ < 158◦ (4.9)

to avoid marginal effects close to the light-guides of the plastic scintillator bars like in the case
of the azimuthal angle and to reject trajectories that hit the MIDAS frame. A correction for
the uncovered ϑ-ranges is not easily possible without the use of theoretical calculations that
describe the behavior of the investigated—and in the polarized case yet completely unknown—
cross sections in dependence from the polar angle.
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Figure 4.2. Distribution of ∆ϕ a) for all sectors (left), b) for Sector 5 (right). a): The filled
triangles indicate the limits of the accepted azimuthal regions for each sector. Due to (slight)
mechanical misalignments of the scintillator bars, the distributions start at non-zero ∆ϕ. b) The
line represents the function fitted to the ∆ϕ values according to Equation 4.7. The figures were
taken from [Pedroni98].

4.2.2 Target

The selection of the events originating from only the target material can be achieved by either
subtracting contributions from material around the target cell, i. e. kapton windows, copper
structures, aluminum windows, etc. using empty target runs, or by applying certain conditions
to the trajectories and event vertices that cut out all unwanted contributions. Since the wire
chambers provide very precise and accurate data on the event geometry, the latter option was
chosen. To this end there are basically two cuts that are to be applied to the data: a cut in the
plane perpendicular to the photon beam axis (xy-plane), and a cut along the photon beam axis
(z-axis). The cut in the xy-plane can be applied without any further implications involved and
it rejects events originating from outside a cylinder along the z-axis of radius r =

√
x2 + y2 ≤

21.5 mm.

The situation is slightly more complicated for the cut in z-direction. The physical limits of
the target cell itself along the z-axis are

d realtarget = zphysmax − zphysmin = 43 mm − (−153 mm) = 196 mm. (4.10)

To safely cut out the target cell windows one chooses limits on the z-axis that account for
the largest error in the wire chambers’ vertex-reconstruction (approximately 1.5 mm for single
tracks; Section 2.5.1 on Page 33):

d softtarget = zmax − zmin = 15 mm − (−115 mm) = 130 mm. (4.11)
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were accepted (−115 mm≤ z ≤ 15 mm). b) Event-vertex distribution in xy-plane (right). The
events accepted fulfilled the condition

√
x2 + y2 ≤ 21.5 mm.
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Figure 4.4. Effective target length correction. DAPHNE’s angular coverage is modeled by the
surface of the so-called control cylinder. The photon beam axis is represented by the dashed
line. The two parts show the situation for particle emission in forward/backward direction.
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Figure 4.3 (a) shows an example distribution of event-vertices along the z-axis. The ac-
cepted region is shaded. Close to the limits of this region one can see peaks due to events
originating from target window material. Farther downstream (towards positive z-values) the
MIDAS entrance window is visible.

Complications arise, since—due to the finite extensions of both target cell and plastic scin-
tillator bars along the photon beam axis—the detection probability for certain particles with
identical polar emission angles depends on the origin on the z-axis. The simplest approach to
correct for this effect is modeling the angular coverage of DAPHNE by the surface of a cylinder
referred to as control cylinder in Figure 4.4. This figure shows the situation for three single-
track events that originate from different points on the z-axis. The arrows 1–3 represent the
according trajectories with identical polar angle ϑ. Trajectory 1 is usually detected, while Tra-
jectory 3 is not. Trajectory 2 is on the edge of the covered region and defines the limit of the
target region zeffmin/max that is still perceived by DAPHNE (shaded region in Figure 4.4). The
physical limits of the target cell are denoted zmin and zmax. If the effective target length is

Leff = zeffmax − zmin for ϑ ≤ π
2
, (4.12)

Leff = zmax − zeffmin for ϑ >
π

2
, (4.13)

the correction factor for each event is

w =
L

Leff
. (4.14)

4.3 Random Subtraction

DAPHNE and all additional detector components are driven in coincidence with the tagger to
separate photon induced reactions from accidentals seen in the detector setup, c. f. Sections
3.6 and 3.7. This means that only events are accepted that appear in a certain time window
around the detection of an electron in the tagger. The width of the coincidence time window
is 160 ns. Photon induced events have a stable time difference since the electrons and photons
travel with the speed of light and the path lengths of the electrons in the tagger and of the
photons from the radiator to the target are constant. Hence, these events will appear at similar
time differences in the TDC spectra producing prominent peaks. The absolute position of these
peaks will vary with the tagger channel number because of slight variations in the individual
path lengths of the electrons in the spectrometer magnet and of the cables that conduct the
signals. To be able to easily apply time cuts, these peaks are shifted to the same position in
the TDC spectra and are plotted in only one histogram. Figure 4.5 shows a typical histogram
after such a shift. To correct for accidentals one defines two regions in this spectrum. Region 1
contains only accidentals in a time window comparable to the width of the coincidence peak
while Region 2 contains both, accidentals and photon induced events. As can be seen from the
figure, the contribution of accidentals is very constant over the whole coincidence window, so
a simple subtraction of events in Region 1 from those of Region 2 corrects for the accidental
contribution. To improve the statistical error of this procedure it is possible to increase the width
of Region 1, taking more accidentals into account and to normalize it to the width of Region 2.
However, the situation is slightly more involved for it is possible to have multiple hits in the
tagger.
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Figure 4.5. Time-difference spectrum for
all tagger channels. The peak in Re-
gion 2 arises from events having a sta-
ble time-relation between DAPHNE and the
tagger, i. e. events originating from pho-
ton-induced reactions. Events in the wide
base are accidental coincidences. Events
from Region 1 were subtracted from those
of Region 2.
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There are basically two sources for this:

• An electron undergoes the bremsstrahlung effect in the radiator and is counted in a tagger
detector. There it is scattered and then hits an adjacent tagger detector. This effect can
easily be recognized because the tagger channels involved build an uninterrupted chain.
It is corrected for by only taking that tagger channel into account who corresponds with
the highest photon energy, since—for geometrical reasons—the electrons are preferably
scattered into tagger channels that belong to higher electron energies and hence lower
photon energies, so the first hit was in the channel with the highest photon energy.

• A number of random electrons and possibly “good” electrons enter the tagger within the
coincidence interval. This case can be recognized by multiple hits in non-adjacent tagger
channels. Each of these events must be treated individually as described above.

It is possible, though very unlikely, that one has a combination of the two above cases, i. e.
random electrons hitting adjacent tagger channels. Because of the very low probability this
case was neglected.

4.4 Energy Binning

In order to present cross sections as functions of energy it is necessary to convert the tagger
channels into photon energy bins. From the knowledge of the tagger magnetic field and the
geometry and position of the focal plane detectors it is possible to calculate the electron energies
that are covered by each tagger channel, i. e. to calibrate the tagger. From this the photon energy
is known according to Equation 2.1 on page 21. The width of the energy range covered by each
focal plane detector varies with the channel number so it is not possible to straightforwardly
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Figure 4.6. Bin-overlap method to convert tagger channels to photon energy bins. The upper
scale shows the tagger channel bins while the lower scale represents the arbitrarily chosen,
yet equally dimensioned photon energy bins. The arrows carry the weights given to the event
in the photon energy bins. The quantities in square brackets denote the width of the labeled
regions. For more details see text.

convert tagger channels to energy bins of equal size. The method that is used in this thesis
to carry out this conversion is the so-called bin-overlap method [Holvoet00], as illustrated in
Figure 4.6. This method assigns weights to each event that depend on the overlaps of the event’s
tagger channel with the according photon energy bins. The event is then distributed among the
involved photon energy bins with the respective weighting factors. The weighting factors are
given by the fractions of the tagger channel that overlap with the photon energy bin, i. e. the
energy width of the overlap region is divided by the full energy width of the tagger channel. It
holds that the sum of the weights equals unity for each event. All data presented in this thesis
are obtained using this procedure.

4.5 Particle Identification

The first condition applied to the data when analyzing is to require only single-track events in
DAPHNE that have a “good” trajectory in the wire chambers plus at least a signal from the cor-
responding A layer sector of DAPHNE. Problematic events due to electromagnetic background
that only give a signal in the wire chambers but not in the corresponding sector of Layer A, or
no signal in the wire chambers but in Layer A, are refused. With this condition, the DAPHNE

detector provides sufficient information on each event to use the range-fit method—an extended
version of the well known ∆E/E-method. Range-fit takes a particle’s energy depositions in all
traversed DAPHNE layers into account allowing for clean particle identification and yields the
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Figure 4.7. Range-fit method, χ2min plot.
The concentration of events close to the or-
dinate is due to protons, that close to the
abscissa is due to pions.
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particle’s initial kinetic energy. The method has been carefully developed and thoroughly tested
over the past ten years [Braghieri94, Murphy93]. It relies heavily on the integrated Bethe-Bloch
formula which relates the energy loss of a particle and its path through a material. From the
geometry of DAPHNE a particle’s energy deposition ∆E theo

layer can be calculated for each layer
when the initial kinetic energy E0 is known. On the other hand, taking the measured energy
depositions in each passed layer ∆Eexp

layer into account, the initial kinetic energy can be obtained
by the minimization of

χ2(E0) =
1

N − 1

N∑
i=1

∣∣∆Etheo
layer(E0) − ∆Eexp

layer

∣∣2
σ2i

min−−−→ χ2min (4.15)

using a least-square fit with E0 as free parameter. N is the number of the layer the particle
stops in, σi are the energy resolutions of the respective layers. This is a very general approach
which in principle allows the identification of all charged particles that are stopped in DAPHNE.
For the analysis of the GDH data in Mainz it is sufficient to tell protons from pions, i. e. once
running range-fit assuming the particle is a proton and once it is a pion, since these are the only
charged hadrons that can be produced at MAMI at this time. The resulting χ2min distribution
is depicted in Figure 4.7. As can easily be seen, there are two concentrations of events, one
with low χ2min for the pion hypothesis (pions) and one with low χ2min for the proton hypothesis
(protons). The lines indicate the limits applied to the χ2min values of each hypothesis. Events
with χ2min values exceeding the limits for both hypotheses are totally rejected. Figure 4.8 shows
the effect of the range-fit process. Plotted is the total energy deposition for particles stopping in
Layer B versus the energy deposition in Layer A alone (∆E/E plot). One can easily recognize
three concentrations of events that are made up of particles of different types (electrons, pions,
and protons as denoted in the figure) which are nicely separated by the procedure.

However, one has to take care of protons that scarcely enter Layer B and do not deposit
much excess energy. In this case, multiple scattering of the particle plays the dominant role and
may result in energy sharing between adjacent sectors of A and B layer. The range-fit process
has a low identification efficiency for such particles, although one can easily identify them in
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Figure 4.8. ∆E/E-plot and range-fit method for particle identification. Shown is the sum of
the energy depositions in A and B layer versus the energy deposition in A layer alone. The
energy depositions are corrected for ϑ. Left: Raw events without particle identification. One
can see three bands that correspond to three different particle types. The band with low energy
deposition in both A and B (lower left) consists of electrons. Slightly above are pions and above
this—well separated, with relatively higher energy depositions in A and B—one can find the
proton events. Even without applying the range-fit method it would be possible to identify most
of the particles and to separate them using the cuts that are represented by the lines added
to the histogram. Merely electrons and pions with total energy depositions above 50 MeV
can hardly be distinguished in this plot. Right: Events after range-fit procedure. The upper
band consists of events identified as protons, the lower band is made of pion events. The box
indicates a region of reduced identification efficiency. All events in this box are assumed to be
protons.
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Figure 4.9. Particle identification, Stop-A particles. Left: Energy deposition in Layer A EA in
MeV versus path length corrected energy deposition in the wire chambers EMWPC in arbitrary
units. In the lower left are some event concentrations of electrons and pions which are indistin-
guishable but can be separated from the protons that are located in the upper right of the plot.
The lines represent the cuts applied to the data. Right: Path length corrected energy deposition
in the wire chambers versus polar angle ϑ. Again, the line represents the cut applied to the
data.

Figure 4.8 (boxed region). For this reason, one does not rely on range-fit in this case but regards
all of these particles as protons. The limits chosen for this region are

12 MeV ≤ EA ≤ 19 MeV, (4.16)

EB ≤ 25 MeV. (4.17)

With range-fit it is possible to easily identify particles that stop in any layer between and includ-
ing Layer B and Layer E. Particles stopping in Layer A cannot be treated using range-fit because
at least two energy depositions are necessary for Equation 4.15 not to diverge. Nonetheless it is
still possible to identify such particles taking the energy deposition in the wire chambers (∆E)
and in A layer (E) into account and creating a ∆E/E-like plot. Yet, this identification will not
be as accurate and efficient as range-fit, since the wire chambers’ energy resolution is very poor
compared to that of the plastic scintillators. Figure 4.9 depicts the plots that were used to this
end. The cuts applied to the energy are

EA > 15 MeV, (4.18)

EMWPC · sinϑ > a1EA + b1, (4.19)

with

a1 = −45, b1 = 1500 for deuterium target, (4.20)

a1 = −40, b1 = 1020 for deuterated butanol target. (4.21)
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Figure 4.10. Particle identification, Stop-F particles. Plotted is the particle’s minimum range
in scintillator equivalent distance versus energy deposition in Layer B. Left: Stop-D particles.
The line separates protons and pions. Right: Stop-F particles. The line represents the cut that
was applied. As expected, most protons stop before F layer, so there is an almost negligible
fraction of protons in this layer, while the portion of pions is considerable.

The cut given by Equation 4.18 is necessary to avoid complications due to the z-position depen-
dency of the detection threshold in Layer A (remember that it is read by only one photomulti-
plier) at deposited energies below this limit. The other cut parameters depend also on the target
setup, because at these low particle energies the influence of variations in material between
target and wire chambers is quite considerable.

A problem also arises for Stop-F particles. Stop-F means that these particles reach the F
layer of DAPHNE, but there is no further information available that could tell whether these
particles actually stopped in F or whether they left the detector at all. There is still means for an
identification when plotting the particle’s minimum range R in scintillator equivalent thickness
versus the energy deposition in Layer B, see Figure 4.10. One can find the protons and pions
in different regions in this plot. Stop-D is also shown to present some protons for clarity, since
there is almost no protons visible in Stop-F. The line in the Stop-F plot represents the applied
cut which corresponds to the condition

EB > 0.15 MeV/mm · R+ 13.75 MeV. (4.22)

4.6 Reaction Kinematics

Once the particle type has been determined as described in the preceeding sections and the
background has been rejected as cleanly as possible, the next step in the analysis procedure
is to separate the protons from photodisintegration and from competing reactions, mainly the
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Figure 4.11. Photodisintegration, missing energy plot for deuterium target. a) Photon energy
Eγ versus missing energyEmiss = Etheo−Emeas (left). The lines represent the cuts applied. The
particles originate from d(γ, p)n and d(γ, p)nπ0 as labeled in the diagram. b) Projection of the
2-dimensional plot onto the vertical axis and comparison with simulation (GEANT) represented
by the filled triangles (right).

reaction
γ + d −→ p+ nspectator + π0. (4.23)

This is achieved using the kinematical properties of the photodisintegration reaction. It can
easily be calculated, since this reaction is a two body reaction. The difference of the expected
and measured energy Etheo − Emeas, known as missing energy Emiss, for particles originating
from the designated reaction will be around zero, while events from e. g. π0 production will
most likely appear at larger values of missing energy. Figure 4.11 shows the distribution of the
aforementioned difference versus photon energy (left part) and as a one dimensional plot (right
part) for deuterium target. The lines in the left part of Figure 4.11 indicate the limits of the cuts
that are applied during analysis.

4.7 Cut Efficiency—Simulation

The idea of applying cuts to the data is to remove unwanted background. However, any cut will
also remove some fraction of the events originating from the designated reaction. Usually the
cuts are set in a way that this fraction is as small as possible, but normally they are a compromise
between removing background and keeping “good” events. Hence it is necessary to know the
number of “good” events that were cut away and to correct for this unwanted loss. This number
can be estimated using the GEANT (GEometry ANd Tracking) package that utilizes Monte
Carlo techniques to simulate reactions and interactions with detector materials. The detector and
target geometry and the dimensions of its components are included in the simulation program.
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The standard GEANT routines are well suited for high energy multi-hadron showers. To improve
their insufficient accuracy below photon energies of a few GeV, a modification of the GEANT

hadronic interaction generation was necessary [Pedroni88]. As an example, Figure 4.11 b)
shows the simulated missing energy distribution of photodisintegration events with all cuts that
were also applied to the experiment data (filled triangles) compared to the analysis result.

4.8 Calibration Results and Error Discussion

The results obtained from the runs with unpolarized liquid deuterium target in the photon energy
range between 180 and 460 MeV are represented by the open circles in Figures 4.12 and 4.13.
Only differential cross sections as a function of the proton’s polar angle in cms are shown and
are confronted with results of [Crawford96] (filled triangles) and [Arends84] (open squares).
The Crawford measurement was carried out using the DAPHNE detector and the same target that
was used for the current work. Apart from some minor deviations especially at 360 MeV and
440 MeV photon energy, the otherwise good agreement of all three measurements shows that
the detector is sufficiently well understood to extract the cross section information on the desired
reaction and that one can proceed to analyze the data from the doubly polarized experiment. The
calculations by M. Schwamb for the unpolarized differential cross sections [Schwamb03] are
represented by the full lines.

The photon energy range that is covered by the data is limited at its lower end by the mini-
mum required kinetic energy of the protons to be detected in the A layer of DAPHNE. The up-
per energy limit is evident from Figure 4.11 b), since—using the cuts presented in the previous
section—one spuriously accepts events from the incoherent π0-production reaction. Although
this fraction is rather small, its relative importance increases with energy. At photon energies
above 450 MeV it can no longer be neglected, c. f. Figure 4.13. While the data points from
this experiment are safely below the data from [Crawford96] for energies below 450 MeV, they
overshoot these data for higher photon energies. This background cannot be removed without
a significant effort in establishing an accurate simulation program. Another problem in this
context is the decrease in event statistics due to the 1/Eγ behavior of the bremsstrahlung cross
section, c. f. Section 2.2. The error bars increasing with the energy in Figures 4.12 and 4.13
reflect this fact. The lack in statistics is even worse in the case of the doubly polarized ex-
periment with roughly 150 hours duration, so it was decided to refrain from subtracting the
contribution of the π0-production reaction and only deal with the photon energy range below
450 MeV. The fact that the data from this work are systematically slightly below the Crawford
data was not considered critical because the comparison of results from several measurements
in [Crawford96]—among them the data from [Arends84]—seems to indicate that the Crawford
data have the tendency to slightly overshoot the results of the other measurements. The calcu-
lations of M. Schwamb reproduce the data quite fine, although below and above the ∆-region
they underestimate the cross section. But even in these cases the shapes are well described.

The systematic uncertainties include the error in the photon flux determination of about
two percent and the above mentioned contribution from the incoherent π0-production. The
latter contribution has been estimated to stay below 10 percent for all photon energies. The total
error is hence still dominated by the statistical error which reaches approximately 25 percent at
460 MeV photon energy. All other errors are negligibly small.
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Chapter 5

Photodisintegration of the Polarized
Deuteron for Circularly Polarized Photons
of Energies below 450 MeV: Analysis
Procedure and Results

ANALYSIS and results for the photodisintegration of polarized deuterons by means of cir-
cularly polarized photons is the topic of this chapter. The data have been taken in late 1998
during a pilot measurement that covered some 150 hours of statistics. They were subjected to
the analysis method that is described in Chapter 4 with some minute modifications that will be
discussed here. These results—another primary objective of this thesis—are the first of their
kind since such an experiment had never been carried out before.

The observables of interest are the absorption cross sections for the two possible alignments
of the photon helicity and the deuteron spin. The cross section corresponding to the parallel
orientation is denoted σp, while σa is the cross section for antiparallel orientation. Transversal
polarization cannot be achieved with the given target setup.

For reasons given in Section 2.4 on Page 27, deuterated butanol was chosen as target ma-
terial. This material contains—besides deuterium—carbon and oxygen nuclei. The subtraction
of their contributions is easily possible when only considering the difference σp − σa of the
photodisintegration cross sections. Since both carbon and oxygen are even-even nuclei and
hence spinless, their contributions are identical for both cross sections and will cancel in the
cross section difference which is shown in Figure 5.1. Unfortunately, the propagated statisti-
cal error increases unavoidably when considering the cross section difference (cf. error bars in
Figure 5.1 (b)).
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Figure 5.1. a) Left: Missing energy spectra for photodisintegration for the helicity-spin ori-
entations parallel (open circles) and antiparallel (solid triangles). b) Right: Difference of the
missing energy spectra for the two helicity-spin orientations. The vertical lines indicate the cut
limits that were applied during analysis.

5.1 Analysis

The analysis of the data from the polarized measurement is in principle identical to the unpo-
larized case. Yet, the geometrical parameters for the target cell have to be altered and, since the
polarization information needs to be included, some important steps have to be added. The geo-
metrical cuts are left unchanged as well as the correction for the random subtraction, the cuts for
the reaction kinematics, and—as far as not explicitly mentioned in Section 4.5 on page 75—the
cuts for particle identification.

The major part of all changes that are applied affect the dimensions of the polarized target
that are different from those of the unpolarized target. The physical dimensions of the former
are

d realtarget = zphysmax − zphysmin = −4.6 mm − (−23.4 mm) = 18.8 mm, (5.1)

with the radius r = 21.5 mm unaltered. These dimensions are used for the effective target length
correction according to Subsection 4.2.2 on Page 71. Because of the vertex reconstruction
resolution of the wire chambers of 15 mm, a significant portion (approximately 50 percent) of
the target cell would have been ignored when applying the physical limits as cuts to the data.
One uses the cancelation of the background contributions of the unpolarized material when
considering the cross section difference and increases the software cut limits to the unphysical
values

d softtarget = zmax − zmin = 20 mm − (−40 mm) = 60 mm. (5.2)

The dimensions of the target cell are safely covered by these limits. Nevertheless, any contri-
bution by material outside the target cell is independent of the incoming photon’s helicity since
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only the deuterated butanol is polarized. So when calculating the spin asymmetry σp − σa, all
contributions from outside the target cell will cancel.

With the change of the target material, the value for Ntarget and hence for the luminos-
ity changes, too (cf. Equation 4.3 on Page 68). The density of deuterated butanol is � =
1.109 g/cm3. In addition, the filling factor of fF = 63 percent and the dilution factor fD =
23.8 percent (cf. Section 2.4 on page 31) have to be taken into account. This gives fD ·Ntarget =
4.972 · 1022cm−3.

Due to the low statistics of the 1998 pilot measurement the relatively fine binning in energy
and ϑ that was used for the unpolarized data cannot be retained. Instead, enlarged bin widths in
energy (∆Eγ = 40 MeV) and polar angle (∆ϑ = 30 degrees) are used to present the results of
the doubly polarized measurement.

Including the polarization transfer as introduced in Equation 2.4 on Page 24 and with Ptarget
the absolute target polarization, the total and differential polarized cross sections read

(σ(Eγ))p/a =
Ndet(Eγ) · εpair(Eγ)

Npair(Eγ) · �NA

A
· d target · εdet(Eγ)

· Ctransfer (5.3)

and

(
dσ(Eγ)

dϑ

)
p/a

=
Ctransfer

2π(cosϑ2 − cosϑ1)
· Ndet(Eγ) · εpair(Eγ)
Npair(Eγ) · �NA

A
· d target · εdet(Eγ)

, (5.4)

respectively, with

Ctransfer =
1

Ptarget · Pel ·
4E2

0 − 4EγE0 + 3E2
γ

4EγE0 − E2
γ

(5.5)

the inverted polarization transfer divided by the target polarization (cf. Equations 4.4 and 4.5 on
page 68.) The particular helicity-spin orientation is given by the knowledge of the MAMI spin
orientation and the direction of the target polarization.

With these changes, the polarized data were analyzed. Figure 5.1 shows an example for
the missing energy distributions for the two helicity-spin orientations. The basic difference
to Figure 4.11 on Page 80 is the additional contribution in Figure 5.1 (a) at positive missing
energy values below approximately 100 MeV from the carbon and the oxygen nuclei in the
butanol. Figure 5.1 (b) presents the difference of the two spectra. It can clearly be seen that all
unpolarized contributions cancel. Above Emiss = 130 MeV contributions from the neutral pion
production are visible, c. f. Section 4.6.

5.2 Results and Error Discussion

Figure 5.2 shows the results obtained for the polarized data for the difference of the differential
cross sections ∆

(
dσ
dΩ

) ≡ ( dσ
dΩ

)
p
− ( dσ

dΩ

)
a

as functions of the proton’s polar angle in the center-
of-mass system together with calculations using the model by [Schwamb01], c. f. Chapter 1,
represented by the full line. The statistical errors are in the order of 50 percent and only these
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Eγ = 180 MeV Eγ = 220 MeV Eγ = 260 MeV

ϑprotcms [deg] ∆
(
dσ
dΩ

)±(stat.) [µb] ∆
(
dσ
dΩ

)±(stat.) [µb] ∆
(
dσ
dΩ

)±(stat.) [µb]

45 −0.16 ± 4.07 4.17 ± 3.54 0.95 ± 3.49
75 9.04 ± 3.50 8.38 ± 3.12 15.97 ± 3.05
105 10.20 ± 3.25 6.94 ± 3.12 12.53 ± 2.88
135 0.52 ± 4.57 6.76 ± 3.80 6.00 ± 3.45

Eγ = 300 MeV Eγ = 340 MeV Eγ = 380 MeV

ϑprotcms [deg] ∆
(
dσ
dΩ

)±(stat.) [µb] ∆
(
dσ
dΩ

)±(stat.) [µb] ∆
(
dσ
dΩ

)±(stat.) [µb]

45 5.70 ± 3.21 6.19 ± 2.12 1.43 ± 1.40
75 14.48 ± 2.64 9.08 ± 1.75 3.68 ± 1.15
105 10.46 ± 2.61 8.72 ± 1.70 3.65 ± 1.16
135 5.53 ± 3.13 −1.28 ± 2.02 1.22 ± 1.39

Eγ = 420 MeV Eγ = 460 MeV —

ϑprotcms [deg] ∆
(
dσ
dΩ

)±(stat.) [µb] ∆
(
dσ
dΩ

)±(stat.) [µb] —

45 −1.06 ± 1.06 2.03 ± 1.03 —

75 1.80 ± 0.91 2.18 ± 0.84 —

105 2.40 ± 0.94 1.77 ± 0.80 —

135 −0.96 ± 1.14 0.58 ± 0.98 —
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Figure 5.2. Page 88, top: Results for the dependence of the difference of the differential
photodisintegration cross sections

(
dσ
dΩ

)
p
− ( dσdΩ)a from the polar angle ϑ of the proton for

several photon energies Eγ . ϑ is given in center-of-mass system; the energy bin width is
40 MeV for each bin. Only statistical errors are shown. The lines represent calculations by
M. Schwamb, see Refs. [Schwamb01], [Schwamb03]. Note the change in the vertical scale
for Eγ ≥ 380 MeV.

Table 5.1. Page 88, bottom: Results for the difference of the polarized differential photodis-
integration cross sections of the deuteron.

are plotted. Unlike in the unpolarized case, here the statistical errors decrease with increasing
photon energy since their behavior is dominated by the photon polarization that increases with
energy, c. f. Equation 2.4 on Page 24. The agreement between the theory and the experiment
is surprisingly good although there seems to exist a slight tendency to underestimate the data.
This behavior is better visible when plotting the total asymmetry, c. f. below. Certainly, the
lack in precision does not allow to draw final conclusions about the validity of details of the
theoretical calculation like offshell effects, etc. that give contributions at and below a 5 percent
level, but at least the sign of the differential asymmetry and the magnitude of the cross sections
can be confirmed for the first time. With only four data points, the saddle-shaped structure at
photon energies above 340 MeV can neither be contradicted nor confirmed. One has to wait for
the results of the 2003 GDH measurement that will allow for a finer binning in both energy and
polar angle to give a reliable statement concerning this issue.

To gain the total cross section difference information σp − σa for the photodisintegration
reaction, too, the results for the differential cross sections were integrated over the covered
ϑ-region for each energy bin. In addition, it is necessary to account for contributions in the
angular regions that are not covered by the experimental setup. At this point a theoretical model
is required that can calculate these contributions. The agreement between the calculations by
[Schwamb01] and the results for the differential cross section difference ∆

(
dσ
dΩ

)
gave confidence

in the validity of this model, and hence it was used to obtain the extrapolation corrections. Due
to the expected zero crossing of the differential asymmetry in the uncovered angular regions,
the corrections are at most 5.3 percent for all energies.

The experimental results for σp − σa are presented in Figure 5.3 and listed in Table 5.2 to-
gether with the extrapolation corrections. The predictions by Schwamb reproduce quite nicely
the shape of the total asymmetry, although—as mentioned above—the cross section is seems to
be underestimated in the photon energy region between 260 and 340 MeV. In fact, the dashed
line represents the results for calculations using the Bonn r-space potential as published in
[Machleidt87] that includes meson exchange currents, isobar configurations and relativistic cor-
rections in addition, one could get the impression that the experiment is slightly better described
by the latter model. Unfortunately, the statistical error alone covers most of the difference, so
together with the systematic uncertainties that are discussed below it is not possible to decide
for one model.

As has been mentioned when discussing the analysis of the unpolarized data in Section 4.8,
the incoherent π0-production gives a non-negligible contribution only at 460 MeV photon en-
ergy. This contribution is estimated to stay below 15 percent. A test of a possible intrinsic
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Figure 5.3. Results for the energy dependence of the difference of the total photodis-
integration cross sections σp − σa in the photon energy range between Eγ = 200 MeV
and Eγ = 460 MeV. Only statistical errors are shown. The full line shows calculations by
M. Schwamb, see Refs. [Schwamb01], [Schwamb03]. His calculations for the differential cross
section difference were used to extrapolate to full solid angle. The dashed line represents
calculations using the Bonn r-space potential as described in [Machleidt87] additionally taking
meson-exchange currents, isobar configurations and relativistic corrections into account.

Eγ [MeV] (σp − σa)±(stat.) [µb] ∆extrapol [µb]

180 64.40 ± 20.57 3.14

220 76.02 ± 18.30 2.72

260 106.10 ± 17.36 0.58

300 102.77 ± 15.58 −1.40

340 65.72 ± 10.19 −1.50

380 28.62 ± 6.84 −0.49

420 8.99 ± 5.44 0.44

460 19.40 ± 4.90 0.97

Table 5.2. Results for the difference of the total photodisintegration cross sections of the
deuteron and the extrapolation corrections obtained using the model of Schwamb.

Dissertation — O. Jahn, 24. Oktober 2005 MEASUREMENT OF THE HELICITY DEPENDENCE OF DEUTERON PHOTODISINTEGRATION



5.2. RESULTS AND ERROR DISCUSSION 91

asymmetry of the detector has been carried
out in a short beam period with zero tar-
get polarization but with a polarized pho-
ton beam. All hadronic events with a
good time correlation to the tagger have
been accepted. The result of this measure-
ment is plotted in Figure 5.4 showing the
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Figure 5.4. Measured apparatus asymme-
try in number of events as a function of pho-
ton energy in the ∆-region.

asymmetry EN = (Np − Na)/(Np + Na)
as a function of photon energy. The in-
dices a and p refer to the photon polariza-
tion settings that were used in the doubly
polarized experiment. A weighted mean
asymmetry value of (0.07 ± 0.10) per-
cent is found. Taking the contributions
from carbon and oxygen nuclei into ac-
count which are present for the sum, but
not for the difference, this value underes-
timates the true intrinsic asymmetry by a
factor five [Holvoet00] which is still negli-
gible. For the remaining systematical un-
certainties several sources are to be considered. These are the photon flux hitting the target with
a systematic error of 2 percent, the photon beam polarization degree with an error of 3 percent,
and the polarization of the Møller target foil with an error of 2 percent. Another uncertainty
arises from a broken connection between a B layer scintillator and one of its light-guides, giv-
ing an effect of 3 percent. Adding these contributions quadratically one has a total systematic
error of 4.7 percent for the differential asymmetry. In the case of the total asymmetry, the
contributions for the extrapolation into the uncovered polar-angle regions have been taken as
systematic uncertainties as well, resulting in a total systematic error of 7.1 percent.

Summarizing, one can say that—apart from the above mentioned small deviations—all re-
sults confirm the current picture of the NN interaction in the ∆-region. Since the ∆-resonance
plays the dominant role it is not possible to gain a more sophisticated understanding of e. g. off-
shell effects which make up at most a few percent of the total cross sections. To also achieve
this, the analysis of a data set that includes much more statistics than this test measurement is
necessary. However, it has been shown that is possible to obtain reasonable results from the
apparatus.
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Chapter 6

Summary and Outlook

A PILOT experiment was carried out in 1998 to study the helicity dependence of photoreac-
tion cross sections on the deuteron. For this, energy-tagged circularly polarized real photons
interacted with longitudinally polarized deuterons in a deuterated butanol target. The knowl-
edge of these cross sections is required to test the validity of the Gerasimov-Drell-Hearn sum
rule on the deuteron. The focus of this thesis was on the results for the differential and total
cross sections for the photodisintegration reaction for various photon energies in the range from
200 to 450 MeV. The results obtained do not contradict the current theoretical understanding
of NN interaction as it is represented by calculations from M. Schwamb. In preparation of the
nGDH experiment of 2003, the detector DAPHNE was renewed, i. e. all plastic scintillators were
replaced with new material. The according work was presented together with the results of the
quality-test measurements of the renewed detector components.

The natural way to continue this work is the analysis of the 2003 data which provide much
more statistics. Since the DAPHNE detector was only in a very limited way suitable for the
investigation of reaction channels with neutral particles in the final state, a subsequent experi-
ment would make use of the Crystal Ball detector’s high efficiency for photon detection. This
detector is currently present in Mainz and could be used to investigate these channels. The
necessary polarized targets (frozen-spin and polarized He3) are currently being built in Mainz.
In addition, measurements to determine the GDH integrand at photon energies between 5 MeV
and pion production threshold are planned at the HIγS facility, Durham, North Carolina, for the
next years [Weller04].

MEASUREMENT OF THE HELICITY DEPENDENCE OF DEUTERON PHOTODISINTEGRATION Dissertation — O. Jahn, 24. Oktober 2005



94 CHAPTER 6. SUMMARY AND OUTLOOK

Dissertation — O. Jahn, 24. Oktober 2005 MEASUREMENT OF THE HELICITY DEPENDENCE OF DEUTERON PHOTODISINTEGRATION



95

Appendix A

Photodisintegration—Reaction Kinematics

In this chapter the relations between laboratory and cm frame as well as the reaction kinematics
will be given.

As already presented in Chapter 1, the initial and final state of a deuteron photodisintegration
reaction are specified by the four-momenta, pi, and the polarization density matrices, �i, of
the reactants (photon and deuteron) and the reaction products (free proton and free neutron),
respectively. As a reminder, Figure 1.2 is re-drawn below to illustrate the situation.

�
pγ

pd

pp

pn

Figure A.1. Diagram for deuteron photodisintegration with the definition of momenta.

The two interesting frames of reference are the laboratory frame and the center-of-mass
frame. The latter shall be the frame of preference. All quantities referring to the laboratory
frame shall be labeled “L”, while the quantities of the cm frame shall not bear such explicit
labeling. The kinematical quantities in the laboratory frame are the four-momenta

pLγ = (ωL, ωL),

pLd = (ML,0),

and in the cm frame
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pγ = (ω, ω),

pd = (Ed,−ω), Ed =
√
M2
d + ω2

pp = (Ep, k), Ep =
√
M2
p + k2

= p1,

pn = (En,−k), En =

√
M2
n + k2

= p2

Introducing the total cm energyW , i. e. the invariant mass,
W = Ep + En = ω + Ed,

and the asymptotic final-state kinetic energy
Enp = W −Mp −Mn

one yields the following relations between laboratory and cm frame

ω = ωL
(

1 +
2ωL

Md

)−1/2
, (A.1)

W = Md

(
1 +

2ωL

Md

)1/2

. (A.2)

Using energy conservation one obtains

k2 =
1

4W 2

{
W 2 − (Mp +Mn)

2
[
W 2 − (Mp −Mn)2

]}
, (A.3)

which, usingMp ≈Mn ≡M , reduces to

k2 =
1

4

(
W 2 − 4M2

)
=

1

4
Enp(Enp + 4M). (A.4)

Introducing total and relative momentum for the two-particle channels by

P = p1 + p2, (A.5)

p =
1

2
(p1 − p2), (A.6)

one has for the initial and final states in the cm frame

Pi = (W,0), (A.7)

pi =
(1

2
(ω − Ed), ω

)
, (A.8)

Pf = Pi, (A.9)

pf =
(1

2
(Ep −En), k

)
Mp≈Mn≡M

= (0, k). (A.10)
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Appendix B

DAPHNE

B.1 Geometrical Specifications

Angular acceptance

Polar angle 21◦ < ϑ < 159◦

Azimuthal angle 0◦ < ϕ < 360◦

Charged-particle detection thresholds (1 g/cm2 target)

Pions T = 12 MeV (p = 60 MeV/c)

Protons T = 23 MeV (p = 220 MeV/c)

Maximum energy of particles stopped in scintillators A, B and C

Pions ϑ = 90◦ T = 12 MeV (p = 138 MeV/c)
ϑ = 21◦ T = 120 MeV (p = 219 MeV/c)

Protons ϑ = 90◦ T = 125 MeV (p = 500 MeV/c)
ϑ = 21◦ T = 225 MeV (p = 668 MeV/c)

Table B.1. Principal characteristics of DAPHNE.
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Layer Material Length Thickness Radius

[mm] [mm] [mm]

A NE-110 (equiv. BC-412) 865 10 156

B NE-102A (equiv. BC-400) 1420 100 172
C NE-102A 1475 5 277

Converter Steel/Pb — 10 299
D NE-110 1700 5 309
Converter Pb — 5 316

E NE-110 1708 5 322
Absorber Al — 6 328.5

F NE-110 1720 5 334

Table B.2. Geometrical specifications of the DAPHNE plastic-scintillator and converter layers
[Maurier]. Radius is the radius of a circle centered on the beam axis and inscribed in the inner
surface of the polygon built of the 16 segments of each layer. Also given is today’s equivalent
product ID of the scintillator material.

B.2 Sub-triggers
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