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Abstract

This thesis presents an experimental study of the D(~,p)n breakup channel
of the photodisintegration of deuterium in which both the total cross section o,
and the differential cross section, do/df2, have been measured over the photon |
energy range 200-600 MeV. The experiment was performed at the recently com-
pleted tagged photon facility of the 855 MeV Microtron MAMI-B, at the Mainz
Institut fiir Kernphysik, Germany. The experiment used the GLASGOW tag-
ging spectrometer in conjunction with the large acceptance detector DAPHNE
achieving systematic and statistical errors of a few percent and extending the
range of photon energies previously studied. Data taking started in May 1992,
as part of the first round of approved experiments at MAMI-B.

The GLASGOW tagging spectrometer was used to determine the photon
energy with a resolution of about 2 MeV at intensities up to 5 - 10° photons
per channel. Photon flux normalisation was determined to + 2%. A 270 mm
long cryogenic target filled with liquid deuterium was placed coaxially with
the beam. Protons were detected in the large acceptance tracking detector
DAPHNE (3.7r steradians) whose coverage of the azimuthal angle was com-
plete and whose polar angular range was 21°-159°. The central vertex detector
of DAPHNE provided good definition of charged particle angles; the polar angu-
lar resolution was < 1° and the azimuthal resolution < 2°. The precise angular
information together with the good definition of photon energy defines the reac-
tion kinematics without the need to rely on experimentally determined proton
energies. This redundancy of information allows a good rejection of background

events.

The Monte Carlo code GEANT was used to simulate the experiment in
order to evaluate systematic corrections to be applied to the data. Included in
the GEANT simulation are the effects of detector geometry and thresholds. In
addition the physical processes resulting from the interaction of protons with the
detector materials are considered, including energy deposition in the target and
detecting layers, non-linear light response of the scintillators, multiple scattering

and nuclear interactions of the protons.

The extensive data are presented in the form of twenty-one angular distribu-



tions and their corresponding integrated total cross sections at photon energies
in the range 200 to 600 MeV, in steps of 20 MeV. The total systematic error
is estimated to be less than 4%. Previous experimental work is reassessed in
the light of the present results and the results compared with two very recent

theoretical calculations by the Mainz group.
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Chapter 1

The Two-body
Photodisintegration of
Deuterium from 200 to 600 MeV
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1.1 General Introduction

The latest generation of electron accelerators in Europe and in the United States
offer new electron and photon beam facilities for the study of nuclear systems
using the electromagnetic probe. For example, they provide the experimentalist
with the opportunity to gain information on the different components of the
nuclear force and on baryon resonances. Photonuclear reaction cross sections
are relatively small so their measurement requires high photon fluxes. These
new photon beam facilities offer such intensities with good definition of both
flux and photon energy. As a nuclear probe the photon has the advantage
that its interaction is described by the theory of QED and so is in principle
well understood. In addition the electromagnetic interaction is weak compared
with the strong interaction between nucleons, consequently it is only a small

perturbation to the system and can thus explore all the nuclear volume.

The deuteron is the most basic nuclear system, and the understanding of
it represents a fundamental challenge in nuclear dynamics. The study of its
bound state properties and reactions complements the study of N — N scat-
tering to provide information on the N — N interaction. One of the simplest
reactions involving it is its two-body photodisintegration, D(y,p)n. In princi-
ple this fundamental process is exactly calculable, although the theory involves
an understanding of the electromagnetic interactions and a knowledge of the
nature of the nuclear forces. The photodisintegration of this simple two-body
system therefore offers the possibility of testing the ingredients of theoretical
calculations such as N - N and N - A potentials, coupling constants and form
factors. It also provides insight on how to treat meson exchange curreﬁts, delta

excitation and final state interactions.
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Figure 1.1: Ezisting total cross section data

The importance of deuteron photodisintegration in photonuclear physics has
meant that it has been the subject of a great number of experiments since it
was first studied by Chadwick and Goldhaber in 1934 [1]. However, the history
of these D(v,p)n measurements has been characterised by large discrepancies
among experiments and this has often precluded a reliabl.e comparison between

theory and experiment.

The existing total cross section data in the photon energy region above
100 MeV are shown in figure 1.1. It is clear there is a lack of consistency, which
is outwith the quoted normalisation uncertainties of 5-10%. For example, in

the intermediate energy region at around 100 MeV there exists differences of
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Figure 1.2: Recent total cross section measurements
60% and the discrepancy in the region of the A resonance is as large as 40%.

However, if data from experiments performed at several laboratories in re-
cent years are selected, as is shown in figure 1.2, although discrepancies still
exist, the situation is much improved, with excellent agreement being found at
low energies. Whilst it can be seen there is reasonable agreement above 300 MeV
there is still relatively poor agreement around the 150-300 MeV range. For ex-
ample, there is a systematic discrepancy of about 15% around 200 MeV between
the Frascati and Bonn data. At these energies the theoretical predictions of the
cross section contemporary to the data, some of which are also displayed in fig-

ure 1.2, give quite different results, varying in magnitude by ~15-20%, mainly
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due to the different treatments of the A. Therefore, even with recent advances
in experimental techniques, the differences are still too large to allow a dis-
crimination between different calculations. Two of the theoretical calculations
shown, the coupled channel approach 2], and the impulse approximation (3],
have very recently been updated, and are reported in new references [5], [6] and
[7], respectively. This recent data set together with the results from the present

experiment are compared to the new theoretical results in Chapter 6.

In order to address the uncertainties in the data and discriminate between
the theoretical treatments, a critical review of the problems associated with
past measurements is necessary to identify and assess the sources of error. New
experiments need high accuracy to achieve any benefit. For example at lower
energies, for the data to distinguish between otherwise acceptable N - N poten-
tials, an accuracy of about 4% is required. Cross sections with low systematic
errors over a large energy range are needed, aiming for consistency between

experiments within their quoted accuracy and between different techniques.
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1.2 Theoretical Background

1.2.1 Overview

The importance of deuteron photodisintegration has meant that alongside the
extensive experimental effort there has been much theoretical interest. Indeed,
this basic two-body system has served as a testing ground each time new the-

oretical ideas concerning the nature of the nucleon-nucleon interaction have

developed.

Figure 1.3 shows the relative importance of different photon absorption
mechanisms thought to contribute to the total cross section [8]. There is a
peak around a few MeV, within which absorption is mostly 1-body. Above this
the cross section falls off with increasing photon energy and 2-body exchange

mechanisms gain in importance. During the early study of the reaction at low

energies, where the cross section is dominated by one nucleon absorption, good
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agreement amongst data and with theory was found. Surprisingly simple theo-
retical calculations that successfully predict the experimental data can be made
using the concepts of the zero range approximation and effective range theory
[9]. The elementary approaches use non-relativistic perturbation theory, and
wave functions are obtained by solving the Schrédinger equation for a simple
N - N potential. Simple forces can be assumed, as at these energies the details
of the nuclear force are relatively unimportant. The interaction of the photon
with the nucleon-nucleon system is described by a multipole expansion con-
sidering only lowest multipoles. At higher energies, as the wavelength of the
photon approaches the same magnitude as the range of the nuclear force, the
details of the forces become important. Calculations progressed by including
more realistic forces, more complicated wave functions and higher multipole

transitions.

In complex nuclei for photon absorption at low energies (E,=10-30 MeV)
the cross section is dominated by the giant dipole resonance. This is due to
one nucleon absorption (1N), but there is coherent addition of 1N amplitudes
of all the protons in the nucleus. It can be shown that this dipole absorption
obeys a sum rule with a particularly simple form. If the electric dipole cross
section is integrated over all photon energies the result, known as the TRK

(Thomas-Reich-Kuhn) sum rule is given by:

o0 z
/ or(E.)dE, :601—\%— [MeV mb] (1.1)
1]

As photon energy increases one-body and two-body photoabsorption mech-
anisms are of increasing importance relative to the collective excitation of the
giant dipole resonance. The photon interacts with all the charges and currents

present in the nuclear system. It is found these can include not only the nu-
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cleons but also meson exchange currents (MEC) and the internal degrees of
freedom of the nucleons themselves (for example excitation of isobars in the

nuclear medium such as the A).

Above 50 MeV, from the experiments of the 1950’s, came indications that the
total integrated cross section was appreciably larger than that predicted from
the TRK sum rule. This lead to an understanding of the importance of exchange
mechanisms. Since the sum rule significantly underestimates the observed total
cross section, it was suggested that this excess strength was due to the presence
of charged mesons and could be explained in terms of exchange mechanisms. As
the photon energy increases, one-body photoabsorption mechanisms become less
important than photoabsorption mechanisms involving more than one nucleon.
This arises from the inherent mismatch in momentum and energy associated
with photon absorption on a single nucleon. Conservation of energy implies the
photon energy provides the nucleon kinetic energy. However, a nucleon hav-
ing this amount of kinetic energy has much more momentum than the original
photon. This momentum mismatch is much larger than the Fermi momentum
of the initial bound nucleon, which implies the participation of two nucleons in
the photon absorption process. In photon absorption associated with both res-
onant exchange mechanisms, such as A excitation, and non-resonant exchange
mechanisms, such as meson exchange currents, the photon energy is shared
between two nucleons which emerge approximately back to back and thereby

readily satisfy the requirement for conservation of momentum.

Exchange mechanisms are even more important for the deuteron, since its
large radius implies a lack of high momentum components in the Fermi distri-

bution, and thus the importance of two-body photoabsorption mechanisms is
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enhanced. In the photon energy range of this experiment, the formation of the
A resonance is important in the E,=200-400 MeV region. After its formation,
the A decays to a nucleon by the emission of a pion which is subsequently re-
absorbed by the other nucleon. This sequence provides the mechanism for the

momentum to be shared between the two nucleons.

Recent experiments examined the 0° cross section and initially the theory
was unable to account for its finite magnitude. This inability of the simple pure
S-state deuteron calculation to predict the D(«y,p)n cross section at 0°, lead to
an understanding of the importance of the D-state component in the deuteron
wave function, and of the necessity of a proper treatment of relativistic effects.
Modern calculations have shown that there exist several types of relativistic

effect which significantly contribute to the cross section.

Different theoretical approaches of increased complexity have developed,
successfully describing the data and extending our understanding to higher
energies. Until recently, these calculations only implicitly included meson ex-
change currents. However, modern calculations including the formation of the

A resonance and MEC explicitly have been performed [2],[4].

The development of these different theoretical approaches to the description
of the two nucleon system, and its interaction with the electromagnetic force is

now outlined.

1.2.2 Elementary Calculations

The assumptions and approximations made for a simple one nucleon absorption

calculation for low photon energies are now described below [9].
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i) Non-relativistic perturbation theory is used and the Schrédinger equation is

solved for a simple N-N potential.

ii) The assumption of a deuteron system comprising only a neutron and a proton

is made.

iii) The interaction of photons with the deuteron is described by an expansion

of the transition operator in electric and magnetic multipoles.

iv) Only E1 and M1 transitions from a pure S state deuteron in the long wave-

length limit are considered.

v) The N - N interaction used is a zero-range approximation, modified with an

effective range treatment to account for finite range effects.

In the long wavelength limit the photon wavelength is much greater than
the range of the potential and so the use of a zero range force is sufficient. The

resulting angular distribution from this simple model, has the form:

do doE1 N doM1
dQ  dQ g

(1.2)

doBt vMB w-B¥?*1 _,
=a —stn’f, (1.3)
d 1-vVMBr, M °

_a 2 B(w - B) (VJMB—ﬂ)2
o T EWr ) e Mw = B) 1

(1.4)

where:
B = deuteron binding energy

M = mean of neutron and proton masses
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Figure 1.4: Contributions from E1 (dashed line) and M1 (dotted line) transitions
to the total cross section (full line)

#p = proton magnetic moment
in = neutron magnetic moment
6, = proton polar angle

w = photon energy

r; = 1.76 fermi = triplet range

B = inverse of the singlet n-p scattering length

R
Il

% = fine structure constant
h=c=1

It features a sin?f term produced by E1 transition from 3S; to 3P;, and an
isotropic term produced by M1 spin-flip transition from 35; to 'So. Figure 1.4
indicates the relative contributions from each of these two terms, the E1 term

is seen to be dominant and the M1 contribution is only important just above
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threshold. A more careful elementary non-relativistic calculation was made by
[10] using a mixture of S-state and D-state. This calculation was expanded to
include also higher electric and magnetic multipoles. Subsequent developments

in the theory are conveniently described in terms of the T-Matrix formalism.

The Interaction Hamiltonian

The non-relativistic Hamiltonian has the form
Hyp=Hy+ H (1.5)
where
H=T+YV (1.6)

The H, term represents the centre-of-mass motion, and the terms T + V refer
to the intrinsic relative kinetic energy and the internal potential energy of the

nuclear system.

The T-Matrix Approach

Transition probabilities and hence cross sections can be expressed in terms of

the T-matrix elements Ty;. In first order perturbation theory

Tyi =[5 (12 (0)) (17)

with J,(0) = €#(v)J,(0) representing the interaction of the photon with the
charges and magnetic moments of the deuteron system which results in the
change from initial to final states. The photon is completely defined by the

polarisation vector, €*(v), and J,(0) is the nuclear current density operator.
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The formalism is developed by separating the centre of mass motion from the
rest frame of the system with respect to which the internal wavefunctions of the

initial and final states are defined.

J,(0) is written as an expansion in terms of electric and magnetic multipole

L]

e/m which are defined in terms of electric

operators of order L represented as
and magnetic multipole fields A'[L](m) and ATL](e), and an explicit reference to

the nuclear current 7(Z).
i = [ 2j(@). A% (e/m) (18)
For the electric operators the following treatment is possible.

The electric term /I[L](e) can be expressed mathematically as two terms, the
dominant one of which is the gradient of a scalar field & and the other one a

remainder A’. If the conservation equation for the nuclear current is applied,

V.3(8) + ilH,p(@)] = 0 (1.9)

(cf 6;-1— %‘t’- = 0 in classical electromagnetism for a current density j and charge
density p), one may substitute for the nuclear current _;(5:') where it appears
explicitly in the electric part of the transition matrix element using (1.9) and

obtain,

. L . .
(FIEH) = = (B + B) [ @=(flo@0 @Y™ + [ &a(f17(@)i) AV (e)
(1.10)

p(Z) is the nuclear charge density, H the intrinsic Hamiltonian, _;(:i:') the
intrinsic nuclear current, Ey the final state energy and B the deuteron binding

energy. The term involving p(Z) is known as the Siegert operator.

The important point to note is that the dominant part of the electric tran-

sition matrix element can be derived from the nuclear charge density and does
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Figure 1.5: Instantaneous interchange of an n-p pair

not require an explicit knowledge of the nuclear current. This result is known
as the Siegert theorem and has allowed the effects of nuclear currents, including
meson exchange currents, to be incorporated into a theoretical treatment in
which only the nuclear charge distribution needs to be specified. However, for
the small remainder term fd%(fﬁ(:i’)li).jl[[l](e) and the magnetic term T,

explicit currents are still required.

The way in which the meson exchange currents enter can be seen by writing
the nuclear current and charge density as one-body and two-body operators

[;(1)(5),_;(2)(5),p(1)(£),p(2)(:i:')]. The continuity equation can be written as:
V-30)(8) + [T, pr)(Z)] = 0 (1.11)
V-3@(&) + (T, pay(@)] + [V, p(a)(&)] = 0 (1.12)
where H=T + V.

The second equation is simplified by applying Siegert’s hypothesis; that
the two-body exchange charge density p(;)(Z) vanishes in the non-relativistic

limit. This is illustrated in figure 1.5. This instantaneous interchange of an n—p
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pair creates an instantaneous two-body current 3"(2) but not a charge density.
The current ;(2) associated with meson exchange and other two body effects is
necessarily present if the potential V does not commute with p(;)(£), which is

usually the case.

The use of Siegert operators to calculate deuteron photodisintegration cross
sections and thereby include the effects of meson exchange currents implicitly,
was adopted by various theorists including DeSwart and Marshak and Partovi.
The calculations of Partovi [11], which extended up to 140 MeV, gave a good
fit to the total cross section and a very reasonable fit to the differential cross

section given the experimental uncertainties existing at the time.

1.2.3 Meson Exchange Currents and Isobar Configura-
tions |

As previously mentioned at energies above 50 MeV exchange mechanisms be-
come incréasingly important and must be included in theoretical calculations.
The calculations outlined in section 1.2.2 culminated in detailed calculations
within the framework of classical non-relativistic nuclear theory but without

taking into account explicit meson exchange currents or isobar excitations.

The interaction of the photon with meson exchange currents or isobar con-
figurations can be represented diagrammatically. The contributions to the two-
body electromagnetic current from one pion exchange are shown as Feynmann
diagrams in figure 1.6a and 1.6b. The role played by A’s within the nuclear
medium and as participants in the electromagnetic interaction can be described
in terms of ’effective operators’ which are illustrated in figures 1.7a-c. Figure

1.7a describes the virtual excitation of a A in the nuclear medium and figures
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1.7b and 1.7c illustrate interactions between an incoming photon and A config-

urations. These effective operators are expressed as combinations of Feynmann

diagrams as shown in figure 1.8. Alternatively isobars can be introduced ex-

plicitly into the nuclear wave function. In this case the isobar propagation is

automatically included in the isobar components of the nuclear wavefunction.

The most accurate determination of the wavefunctions is by direct solution of

the coupled equations for the nucleon and isobar states — the coupled channel

approach.
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1.2.4 Relativistic Effects and the 0° Cross Section

Several modern calculations have shown that there exist relativistic effects
which significantly modify the photodisintegration cross section even at quite
low photon energies. During the studies of the D(v,p)n process at 0° in the
1970’s the importance of low-order relativistic effects was first indicated. In
the simplest model of the reaction, in which only E1 and M1 transitions from
the 3S; state are considered, the calculation does not predict the experimen-
tally observed 0° cross section. The E1 transition from the 3S; state does not
contribute at 0° as this is forbidden by angular momentum conservation and al-
though M1 transitions do contribute at 0° their effect is too small to account for
the observed magnitude. It has been found a complete treatment of low-order
relativistic effects is necessary to predict the 0° cross section even at energies
as low as 20 MeV [12]. This situation arises since it turns out the dominant E1
transitions to the 3P, states interfere destructively at 0° and consequently the
0° cross section is particularly sensitive to small effects such as the spin;orbit

contribution to the charge density.

1.2.5 Other Recent Calculations

As discussed in section 1.2.3 recent theoretical studies have concentrated on
subnuclear degrees of freedom to account for meson exchange and A excitation

(rather than the N - N interaction via potential models).

In addition to the general outline of the theoretical developments already
presented, there have been many refinements and several alternative approaches

adopted. These have included:
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a) the incorporation of relativistic effects {12],

b) the incorporation of retardation effects where finite propagation time of the

exchanged mesons are considered [13],

c) the adoption of a diagrammatic approach to describe the reaction, in which
techniques developed in high energy physics using a restricted set of Feynmann

diagrams are employed [4],
d) treating the deuteron as a six quark bag [14].

The results of this large number of calculations of the total and differen-
tial cross sections for the two-body photodisintegration of the deuteron extend
across a fairly wide range of values. The present data are compared with a
representative selection of these calculations but in particular with two very
recent calculations, one by Arenhovel and Schwamb [5], the other by Wilhelm
and Arenhdvel [6]. The first is an impulse approximation calculation including
explicit meson-exchange currents beyond the Seigert operators for NN,NA, and
AA configurations. In the second across the A resonance region, the final state
interaction is treated within an NN - NA coupled channel approach which in-
cludes explicit pion degrees of freedom. The Wilhelm and Arenhdvel approach
provides probably the most comprehensive treatment which includes nucleon,
isobar and meson effects in configuration space of the two-body photodisinte-
gration of the deuteron. It does not however, include relativistic corrections or

take into account quark degrees of freedom.
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1.3 Review of Existing Measurements

Many different experimental techniques have been utilised. Mainly these have
used untagged photon facilities, but more recently several measurements have
employed photon beams of known energy. When examining different photon
energy regions, it is apparent there are varying degrees of disagreement, which
often exceed the quoted errors, between measurements of both the total and
differential cross sections. However, in general, there is fair agreement in the
general features of the angular distribution shapes, although large discrepancies

exist in absolute normalisation.

In the older measurements, uncertainties in normalisation due to the lack
of well defined photon fluxes, and difficulties associated with the clean rejec-
tion of other reactions and background, have proved to be the most persistent
problems. The majority of these older experiments have used untagged Brem-
sstrahlung, and have been subject to uncertainties in the determination of both
the photon flux and photon energy. Typically the photon energy is not known
independently, but is determined from the measured values of proton energy
and angle using the D(y,p)n two-body reaction kinematics. The resulting lack
of precision in defining the reaction variables, has led to the inclusion of other
reaction channels and background events in the yield. Below pion threshold,
the proton yield can provide an unambiguous measurement of the D(-y,p)n cross
section, but as the photon energy increases above production thresholds, pro-
tons from other channels may be included. Indeed it is possible to count pions

as protons if inadequate particle separation techniques are used.

Many of these difficulties are removed by photon tagging, which, due to the

requirement of a tagging coincidence, in effect counts individual photons. The
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Reference E+[ MeV ] 6 range Uncertainty Photon Target Proton

(degrees) System Detector

[15]Urbana56 60 — 250 30-150 10% stat. Bremsstrahlung | D, liquid nuclear

10-25% tot. emulsions

[16]Caltech56 105 — 450 40-140 8% syst. Bremsstrahlung | D2 gas plastic

. 5% stat. telescope

[17]Berkeley56 |[ 150 — 290 36-140 10% syst. Bremsstrahlung | D3 liquid plastic

10-25% stat. telescope

[18]Indiana58 190 - 240 | 11,100,176 | 10-20% tot. | Bremsstrahlung | D liquid plastic

telescope

[19]Bonn67 100 — 420 40-140 5-10% syst. | Bremsstrahlung | D, liquid plastic

3% stat. telescope

[20]Orsay68 100 — 400 30-130 4% syst. Bremsstrahlung | D, liquid | spectrometer
2.5% stat.

[21]Glasgow68 100 - 320 30-140 3% syst. Bremsstrahlung | D2 liquid plastic

telescope

[22]Stanford68 || 222 — 342 20-160 7% syst. Bremsstrahlung | Dj liquid | spectrometer
1% stat.

[23]Cornell68 240 - 320 24-130 5%syst. Bremsstrahlung | D» liquid spark

3% stat. chamber

[24]Lund77 74 — 241 40-140 10% syst. Bremsstrahlung | D, liquid plastic

8% stat. telescope

[25]Bonn84 200 — 440 18-145 6% syst. tagged D, liquid | time of flight

6% stat. Bremsstrahlung spectrometer

[26]Frascati86 100 — 255 32-130 5% syst. et Dy liquid plastic

3% stat. annihilation telescope

[27]Frascati89 98 — 243 0,90,180 4.4% syst. et D liquid plastic

5-10% stat. annihilation telescope

[28]MIT90 50 — 350 20-160 4.8% syst. improved D, gas spectrometer

Bremsstrahlung
{29]LEGS93 200-315 16 — 160 4.2% syst. laser back- D, liquid various
2% stat. scattering

Table 1.1: Ezisting D(vy,p)n below 450 MeV

technique provides a reliable flux determination and an accurate determination
of the photon energy. The knowledge of the photon energy allows an overdeter-
mination of the reaction kinematics, which usually facilitates a clean rejection

of background.

The existing measurements covering the photon energy range of this exper-
iment are summarised; for Ey< 450 MeV in table 1.1, and for Ey>450 MeV
in table 1.2. The energy and angular ranges are shown and the experimen-

tal technique indicated. The majority of the existing measurements cover the
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Reference E4[ MeV ] 6 range Uncertainty Photon Target Proton

(degrees) System Detector

[30]Cal61 500 — 900 80-140 15-100% Bremsstrahlung | Ds liquid plastic

telescope

{31]Lund76 139 — 832 37-140 5% syst. Bremsstrahlung | D, liquid plastic

3.1-7.6% stat. telescope

[32] Tokyo82 180 — 600 15-72 10-18% syst. tagged D, liquid | spectrometer
5% stat. Bremsstrahlung

[34]Bonn83 180 — 730 180 6% syst. tagged D, liquid telescope
6% stat. Bremsstrahlung

Table 1.2: Ezisting D(vy,p)n data eztending above 450 MeV

photon energy range up to 350 MeV, with several experiments to 450 MeV and

a few measurements extending higher.

A critical review of past and recent experiments follows, and it is shown that,
even accounting for recent developments, there remains the need for reliable

data.

1.3.1 Measurements with Bremsstrahlung Beams

The early experiments of the 1950’s (Caltech[16], Berkeley[17], Indiana[18])
established the general features of the reaction and indicated the importance
of meson exchange current contributions to the cross section above 50 MeV.
Although they all reported a cross section which disagreed with contemporary
calculations, there was also poor agreement among their results, casting doubt
on the absolute normalisations of the experiments. These discrepancies can
be identified as being due to the characteristics noted above and discussed
further below, which were common in these early measurements and in many of

the experiments that followed. There is also disagreement in the shape of the
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Figure 1.9: Ezamples of existing differential cross section data E., =200 MeV

differential cross sections from these measurements as is clear from the example

of figure 1.9.

All measurements before 1980 utilised collimated Bremsstrahlung beams,
relied on theoretical assumptions about Bremsstrahlung shapes and monitored
only the integrated beam intensity. In general, the flux normalisation has been
obtained by measuring the total integrated photon intensity over all photon en-
ergies, typically with an ionisation chamber. Theoretical intensity and angular
distributions are then assumed, and the relative intensity for each photon en-
ergy calculated. The dependence of this technique on theoretical assumptions
and the uncertainty in the measurement of the integrated photon flux, have
proved to be serious disadvantages as is clear from the discrepancies in the data
set. Various designs of ionisation chamber were employed, the calibration of

which proved problematic, eg. Urbana [15] reported two different methods of



Photodisintegration of Deuterium 25

determining the detection efficiency which disagreed by 15%.

The Bremsstrahlung spectra were often calculated according to the Schiff
formula [35], which is known to be only approximately correct, differing signif-
icantly from the full Bethe-Heitler formula [36]. Reasonable confidence can be
placed in the shape of the theoretical photon energy dependence, however, the
angular distributions are only approximately correct, and the effects of collima-

tion are not necessarily properly accounted for.

All these measurements rely oﬁ a knowledge of the experimental value of the
detected proton momentum, which together with the two-body kinematics of
the reaction, allow the photon energy to be determined. This does not provide
a very satisfactory technique of distinguishing the two-body photodisintegra-
tion process from other channels at higher energies. There is a suspicion from
some of the angular distribution data , for example the Lund experiment [31],
that pion channels have been included. Protons from the pion production chan-
nel, D(v,p)nn° are forward peaked and any failure to perform a clean rejection
of these protons results in spurious forward/backward asymmetries. The data
analysis of the present experiment described in Section 4.4, makes clear the
difficulties in the separation of D(v,p)nn° from D(v,p)n, even with the extra
information available from the overdetermined kinematics in the present exper-
iment and this tends to confirm the suspicions about this problem in the earlier

work.

1.3.2 Neutron Capture Experiments

Several experimental studies have been performed on the inverse reaction to

deuteron photodisintegration, neutron capture p(n,vy)D. High energy neutrons
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Reference En[MeV] | 6 range Target
(degrees)

[37)Princeton71 || 475 — 750 10-160 D7 liquid

[38]Berkeley71 300— 720 | 30-150 | D hiquid

[39]Freiburgs3 190 — 590 10-65 | Dz hiquid

Table 1.3: Ezisting p(n,v)D data

incident upon a hydrogen target are captured by protons to form deuterons and
this is accompanied by the emission of radiation which is detected. The principle
of detailed balance is used to transform the radiative capture reaction cross
sections into the photodisintegration frame of reference. These cross sections
can then be included in the data set. As one would expect from time reversal
invariance there is good agreement between these converted cross sections and
the photodisintegration data at lower photon energies, where the cross section

is known accurately.

The existing data corresponding to the photon energy range of the present
experiment are shown in table 1.3. The experiments at Princeton and Berkeley
[37],[38],are relative measurements therefore only the shapes of the angular dis-
tributions can be compared. Within the errors, the angular distributions from
the neutron capture data are found to be self-consistent, and good agreement
is found with the photodisintegration data. When comparing the magnitude of
the absolute measurement of Freiburg [39] with photodisintegration data, it is

found to agree best with Bonn [25].

A major source of uncertainty with these measurements is neutron flux de-
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termination. Generally the data provide useful knowledge of the shape of the

angular distributions but are less reliable in determining magnitudes.

1.3.3 Recent Measurements

It is evident that the accuracy of the subset of most recent experiments in
figure 1.2 is an improvement on that of the previous measurements. The better
consistency amongst the data is attributable to the recent significant progress,
which has been made in the design of photon sources. The selection includes
the Bonn [25], Frascati [26], MIT [28], LEGS [29] and Tokyo [32] experiments
performed with either quasi-monoenergetic photons or with improved untagged

Bremsstrahlung techniques.

The advantage common to all of the experimental methods included in this
subset is that each to some degree has a redundancy of information. The MIT
experiment used a magnetic spectrometer to make an accurate measurement
of proton energy and angle; hence they could distinguish other channels more
effectively. The Bonn, Frascati, LEGS and Tokyo experiments all determined
photon energy independently. The knowledge of the photon energy overdeter-

mined the reaction kinematics allowing a rejection of other channels, such as

D(~,p)nn®.

The experimental system at MIT used an untagged Bremsstrahlung beam
but employed new techniques to overcome some of the associated problems of
photon flux and energy determination. The experiment covered the photon en-
ergy range 50-350 MeV, the angular range 20°-160° and the results gave an
estimated total uncertainty of 5%. The photon beam was not collimated and

therefore the uncertainty from theoretical assumptions concerning the Brem-
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sstrahlung angular distribution were avoided. The experimental procedure for
determining the photon flux involved monitoring the electron current and using
a theoretical Bremsstrahlung cross section, thus avoiding the use of an ionisation
chamber, the calibration of which is difficult. By repeating measurements using
different Bremsstrahlung end point energies a check of the calculated Brem-
sstrahlung shape used to analyse the data was made. A magnetic spectrometer
with wire chamber and scintillation detectors was used to determine proton
energy and angle precisely. The use of the spectrometer compares extremely
favourably with a scintillator telescope measurement with respect to resolu-
tion and particle identification. Furthermore, the large corrections which arise
from nuclear interactions in the telescope medium are avoided, although there
are still (smaller) corrections for nuclear interaction losses in the thin dE/dx
particle identification scintillators. A deuterium gas target was used for ease of
obtaining an accurate measurement of the target thickness and also to minimise
energy loss corrections and hence uncertainties in the reconstruction of E,. The
good definition of E, and 6, permits confidence to be placed in the angular dis-
tributions presented by this experiment. However, as it is a measurement using
untagged Bremsstrahlung, questions concerning the absolute magnitude remain
since the absolute cross sections are based on the calculated absolute intensity
of the Bremsstrahlung spectrum. A check is made by measuring the p(y,7%)p

cross section and comparing it with previous measurements.

The Bonn experiment employed a photon tagging system which provided
monochromatic photons and a good definition of the photon flux. Measurements
cover the range 200-440 MeV at 8 lab angles from 18°-145° with an estimated
overall uncertainty of 4%. The tagging spectrometer determined the photon

energy to 10 MeV, and 8 time-of-flight spectrometers consisting of scintillation
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counters were used to measure the proton energy. The spectrometers were
equally spaced around the target, each having a geometrical solid angle of 32
mst. The D(v,p)nn° channel was rejected by using a determination of missing
mass to separate the reactions. Two peaks were obtained, the D(v,p)n peak
was distributed around the neutron mass, and the pion production peak had
missing mass greater than the sum of the neutron mass plus the pion mass. For
the most forward spectrometer, which having the longest time-of-flight has the
best proton energy determination, the overall resolution of the D(v,p)n peak
was ~ 5%. The peak from the pion production events was a factor ten greater
in magnitude, and had a tail extending under, the D(y,p)n events. A clean
separation of the pion production channel was further complicated by events
for which the reaction products had undergone nuclear interactions. A fit was

made to this plot to account for the overlap of the two distributions.

The Tokyo group also employed a tagging spectrometer with a resolution of
7 MeV. The experiment was designed to investigate the possibility of the ex-
istence of the dibaryon resonance, the photon energy range was 180-600 MeV
and lab angles from 15°-72° were covered with a systematic uncertainty of 10—
18%. Charged particles were detected in a hadron spectrometer consisting of an
analyzer magnet, four sets of multiwire proportional chambers, and three sets
of time-of-flight scintillation counters. The magnetic spectrometer was used to
measure the proton energy precisely, and the momentum resolution was typ-
ically 3%. Protons were separated from other particles using a scatter plot
of time-of-flight against particle momentum, and D(y,p)n events selected by
imposing kinematical restraints. The problems encountered with the poor en-
ergy resolution of plastic telescopes, and of the degradation of proton energy

information due to nuclear interactions in the scintillator medium are greatly
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reduced since the proton momenta are determined by the magnetic spectrom-
eter. However, corrections are still needed as some events are still lost due to

interactions in the time-of-flight scintillators.

The experiment carried out at Frascati used a quasi-monochromatic photon
beam produced by positron in-flight annihilation on a hydrogen target. The
photon beam comprised a mixture of a Bremsstrahlung spectrum with a peak
at the high photon energy end due to positron annihilation. The energy range
100-255 MeV was studied with 6, from 32.5°-130°, with a total error of 5%. De-
termination of the photon energy scale came from an online pair spectrometer,

and the proton energy was measured in a plastic telescope.

The Bonn, Frascati and Tokyo experiments all used liquid deuterium targets.
With liquid targets there are difficulties in determining the target thickness
accurately. There may be uncertainties in the knowledge of deuterium density
due to the target boiling, however, this is a well understood problem and there

are known ways to cope.

The LEGS experiments were conducted with linearly polarized photons.
Three independent measurements with three different detector systems and two
different liquid deuterium targets were performed. The experiment L3a(P) used
a phoswich detector system. Total and differential cross sections were measured
within the photon energy range 200-315 MeV with taggéd photons. Data were
taken simultaneously at 8 angles in the polar angular range 16°-160°. The
L3a(S) measurements were performed simultaneously with the L3a(P) measure-
ments with both detector systems viewing the same liquid deuterium target. A
Si-ustrip/Nal/Plastic detector system was used and data were taken sequen-

tially at three different angles. The photon energy was not determined from the
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tagging spectrometer but was instead reconstructed from the experimental val-

ues of proton energy and angle and the D(y,p)n two-body reaction kinematics.

In the L3b(N) experiment, which used a large Drift chamber/NAI/Plastic
detector system, tagged data with good statistical precision were taken with
a large angular acceptance centred near 90 degrees in the CM system using a

different target.

1.4 Review of Photon Tagging Techniques

In tagged photon experiments, a continuous energy spectrum of photons is
initially produced from a beam of high energy electrons. Several tagging tech-
niques are used, but in all the energy of a photon inducing a nuclear reaction is
determined by requiring a coincidence between a reaction product detector and
a detector which both identifies one of the final state particles involved in the
process that produced the photon and allows the photon energy to be deduced.

The principal photon tagging techniques are:

1) Bremsstrahlung: e~ — e~ + v, high energy electrons incident on a very
thin target radiate in the presence of the Coulomb field of the target nuclei.
The residual electron is used to tag the photon, the photon energy is given by,

E, = E - E/, since the energy of the recoil nucleus is negligible.

2) Positron annihilation: et + e~ — 4 + v, high energy positrons collide
with atomic electrons in a very thin target producing a spectrum of annihilation
radiation consisting of 2 photons. The low energy photon is used to tag the
high energy one, whose energy can be deduced from the angle of its low energy

partner.
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3) Laser backscattering: e~ + v — e~ + 4, laser photons Compton scatter
off high energy electrons. The residual electron is used to tag the photon, the

photon energy is given by, E, = E - E'.

The MAMI-B facility utilises the Bremsstrahlung tagging technique , and
in order to determine the Bremsstrahlung photon energy the photon/residual
electron coincidence is observed. Electron Bremsstrahlung by the electron beam
passing through a thin radiator, produces photons with known energy E, = E -
E' since the incident electron energy E and that of the residual scattered electron
E’ can be determined. In practice the energy of the recoil electron is measured in
a magnetic analyser and the incident energy is well determined by the microtron
accelerator. This essentially simple technique removes many of the difficulties
associated with untagged Bremsstrahlung photon beams for which an accurate

determination of the photon energy was invariably problematic.

Furthermore, in previous photonuclear work photon flux normalisation, nec-
essary to determine absolute cross sections, proved to be another major source of
uncertainty. The photon tagging technique, by effectively counting each photon
in the beam provides a reliable flux determination, and also circumvents this
disadvantage of untagged photons. The present experiment by presenting abso-
lute total and differential cross sections covering a broad range of energies will

demonstrate the power of the tagging technique.
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1.5 The Present Measurement — Theoretical
and Experimental Justification

By using DAPHNE with its large acceptance (3.77 steradians), good angle defi-
nition and particle identification in conjunction with the high intensity Glasgow
tagger with its good definition of flux and of photon energy, high precision re-
sults with small systematic errors are achievable. MAMI-B extends the range
of photon energies previously studied, the experimental system can detect the
D(9,p)n reaction over a large photon energy range from 100-800 MeV. The
experimental system not only extends the photon energy but by providing ac-
curate and overdetermined kinematic information needed to detect and identify
the D(«,p)n reaction, is able to achieve a significant improvement in background

rejection compared to most previous measurements.

Reliable data are currently needed as the differences in the data sets are
still too large to allow a discrimination between the different theoretical mod-
els. Data are needed for both differential and total cross sections, and also for
0° and 180° and the polarisation observables. Together they will be able to
constrain all of the presently uncertain parameters in the theory. In addition
to the present measurement of extensive total and differential cross sections,
in the near future, the experimental system will be used for the measurement
of polarisation observables. The Tagged Photon Facility will be extended by
the provision of a flux of tagged photons having a high degree of linear polari-
sation. The DAPHNE detectors’ complete coverage in azimuthal angle means
it is ideally suited to the measurement of polarisation observables. The future

development of the production of polarised photons is discussed in Appendix C.
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2.1 Introduction

The tagged real photon beam is one of the major experimental facilities available
at the Insitut fir Kernphysik, Universitat Mainz, Germany. This experiment
used the photon facility together with the large acceptance detector DAPHNE.
The complete experimental layout is shown in figure 2.1. The 855 MeV Mainz
Microtron MAMI-B provides a 100% duty cycle electron beam, which is used to
produce the photon beam by the Bremsstrahlung process in a thin (3.10~* ra-
diation lengths) radiator. The photon beam is then collimated before reaching
the target. The photon energy is determined by a tagging spectrometer which
analyses the recoil momentum of the electron. The tagging spectrometer, in-
stalled by the Glasgow group comprises 2 parts, a quadrupole/dipole magnetic
focussing system and a 352 channel focal plane detector. It is able to tag pho-
tons in the range from 42 to 792 MeV with a resolution of about 2 MeV at
intensities up to 5-10° photons per channel. The spectrometer directs electrons
which do not radiate away from the experimental area to a Faraday cup located
outside the experimental hall to minimize background. The electron beam be-
fore and after the radiator is shielded by concrete walls and measurements of

the room background have shown it to be small.

2.2 The Accelerator and Beamline

2.2.1 Accelerator Characteristics

The 855 MeV Mainz Microtron MAMI-B is a new continuous electron beam fa-
cility at the Insitut fiir Kernphysik, Universitit Mainz, Germany [40] [41]. The

design philosophy of MAMI-B was to provide a high duty cycle, good energy
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Figure 2.1: The Experimental System



The Experimental System 37

resolution electron beam for use as an interdisciplinary facility at reasonable
cost. The accelerating scheme recirculates an electron beam through linac sec-
tions in a cascaded racetrack electron microtron to provide a 100% duty cycle
beam of energy 855 MeV, with a resolution of 60 KeV at currents of up to about
100 pA.

The system, shown schematically in figure 2.2, comprises an electron source
which delivers an initial beam to an injection linac followed by three cascaded

racetrack microtrons RTM1 ,RTM2 and RTM3.

A racetrack microtron consists of a linear accelerator (linac) situated be-
tween 2 uniform field bending magnets which recirculate the electrons through
the accelerating section. In the linac the electrons are accelerated by the ax-
ial electric component of a standing wave in a series of standing wave cavities,
whose radio frequency power is generated by a set of phase locked klystrons. For
each microtron, as the electron energy increases in each recirculation through
the linac, the radius of orbit in the magnetic field of the dipoles increases and
thus each return path is spatially separated. The higher energy electrons in an
outer return path have a larger orbit to circulate than those of lower energy
in an inner path, and the difference in path lengths is arranged to be one RF
wavelength to ensure the electrons are all sent into the accelerator at the same

phase.

An important feature of the operation of a racetrack microtrons is its inher-
ent phase correction, the characteristic responsible for compressing the energy
spread of the MAMI-B final beam to AE ~ 60 KeV. If an electron becomes
displaced from the resonant energy, as a result of energy loss by synchrotron

radiation for example, an automatic re-adjustment takes place as there is a con-
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General
Stage No. I II 111
Input Energy MeV 3.46 14.39 179.8
Output Energy MeV 14.39 179.8 855
No. of recirculations 18 51 90
Magnet System
Magnet distance (m) 1.67 5.60 12.86
Flux density (T) 0.1028 0.5553 1.2842
Max orbit diam. (m) 0.97 2.17 4.43
Weight per magn. (to) 1.3 43 450
Gap width (cm) 6 7 10
R.F System
No. of Klystrons 1 2 5
Linac length (el.) (m) 0.80 3.55 8.87
R.F power dissip. (kW) 8 48 103
R.F beam power (kW) 1.1 17 68
Energy gain (MeV) 0.6 3.24 7.5
Beam (100uA)
Energy width (keV) +9 +18 460
Emittance vertical (um) <0.177 | <0.0147 | <0.04w
Emittance horizontal (um) || <0.17x | <0.0l4w | <0.14«x
Injection: 100 KeV gun and 3 linac sections
fed by another klystron
Extraction: From each even numbered return path
of RTM3,ie in steps of 15 MeV
R.F.structure: || On-axis coupled biperiodic standing wave
vacuum based OFIIC copper
Klystrons: Thomson TII 2075
50 kW c.w. max., 2449.6 MHz.

Table 2.1: Microtron Characteristics

tinual interplay between electrons defocussed in energy and focussed in phase.
For example, if an electron’s energy is low, it follows a shorter recirculation
path and reaches the linac early, advanced in phase, and thus is accelerated

more than the main beam and approaches the correct energy.

The excellent design parameters of the accelerator are listed in table 2.1.
The electrons are recycled through the RTM’s many times to produce the max-
imum output energy of 855 MeV, and so only a relatively modest energy gain
is needed from the linacs in each recirculation. The final energy is reached by
a combination of the 3.5 MeV linac, and the gain of each of the 3 RTM stages;

the 14 MeV 18-turn first stage, the 180 MeV 51-turn second stage and finally
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the 855 MeV 90-turn third stage. The low power requirement in the accelera-
tor cavities permits d.c operation producing a 100% duty cycle electron beam.
In fact, the beam does have the pulsed micro-structure corresponding to the
R.F. frequeﬁcy of 2.45 GHz but within the time resolution of the photoreaction
experiments it is effectively d.c. In past photonuclear experiments, low duty
cycle machines with short high current output pulses have inevitably produced

higher random backgrounds and dead times in experimental measurements.

Measurements show that the accelerator performance is at least as good
as the design values. The phase space emittance is 0.047 mm.mrad in both
the vertical and horizontal directions, and the variation of beam intensity with

position and angle exhibits a sharp cut off with an extremely small halo.

2.2.2 Accelerator Monitoring and Control

Each return path of the RTM’s may be individually steered by means of trans-
verse deflection coils, and a separate magnet is used to extract the beam. There
exist various position and phase monitoring devices and computer aids to help
set up and control the beam, such as the synchrotron radiation monitors at the

RTM magnets.

2.2.3 Beamline Transport Design

The beamline system is designed to transport the beam from after its extraction
from RTM3, through various dipole steering and quadrupole focussing elements
to the A2 hall photon facility, with the requirements that the beam transport is
achromatic, and that the phase space (the product of beam spot size and beam

divergence) of the beam is the same at the A2 Bremsstrahlung radiator as it
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was leaving RTM3. This transport involves several large angular deflections
accomplished by dipole-quadrupole systems which are achromatic in both the
horizontal and vertical planes. The spatial dependence of electrons in the beam
before the dipoles is independent of their energy and so the dispersive nature of
the dipoles has to be corrected for by quadrupole focussing/defocussing elements

between the two dipoles.

2.3 The Tagging Spectrometer and the Photon
Beamline

2.3.1 The Bremsstrahlung Radiator

The electron beam is focussed on to and passes through a radiator, situated just
before the tagging spectrometer. The electrons radiate by the Bremsstrahlung
process producing a continuous photon energy spectrum up to a maximum en-
ergy equal to the kinetic energy of the incident electrons. The photon beam flux
depends on the electron beam current and the thickness of the radiator (mea-
sured in radiation lengths). As the electron beam traverses the radiator the
beam divergence is increased due to electron multiple scattering. To maximise
the photon flux, which passes through the photon collimator it is necessary to
keep 0,uit.sc significantly less than 8pg,em, the angular spread of the Bremsstrah-
lung process, and therefore thin radiators are desirable. The requirement to
minimise Moller scattering, which produces signals in the focal plane detector
without a corresponding photon in the beam, demands high Z materials. Ma-
terials of very high Z cannot easily be used since targets of a suitable thickness
in radiation lengths are too fragile. Nickel foil radiators are a good compromise

for many experiments and a 1 mm diameter gold spot deposited on a thin alu-



The Experimental System 42

minium backing is used when it is worthwhile to limit the effective area of the

radiator.

The tagged photon spectrometer is provided with a set of radiators of various
materials and thicknesses and viewing screens which are mounted on a ladder.
The ladder has a vertical movement controlled by a stepping motor which allows
the interchange or removal of the radiators. In addition the ladder mechanism
can be used to install a goniometer, capable of rotation about 3 orthogonal
axes with high resolution. The goniometer defines the alignment of a thin
diamond crystal radiator (0.0008 radiation lengths, 100 pym) with an angular
precision of 0.002 mrad. This radiator is used for the production of linearly
polarised photons by the coherent Bremsstrahlung process. The advantages of
using linearly polarised photons to study the two body photodisintegration of

deuterium are discussed in Appendix C which considers future developments.

In the present measurement a 1 pm thick gold sbot radiator was used (3-10~*
radiation lengths). The small diameter (1 mm) of the gold spot ensures that
the beam alignment with respect to the radiator, spectrometer and photon
collimator can be monitored with high sensitivity and good reproducibility.
The gold spot was used as it was feared the electron beam size might have been
bigger than 1 mm and/or unstable. By using the gold spot radiator any drift
in the beam would be seen immediately as a drop in photon beam intensity.
In fact, neither fear materialised and the beam diameter was < 0.5 mm and
was very stable in position. The angular divergence of the electron beam in the

radiator from multiple scattering is given by:

21
Omuit.oc = E\/t_mrad (2.1)

(t in radiation lengths, E in MeV), and so the resulting divergence for the
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radiator used is 0.25 mrad which is significantly less than the Bremsstrahlung
characteristic angle (6prem = m/E = 0.6 mrad), where m is the electron rest

mass.

2.3.2 The Magnet System of the Tagging Spectrometer

The magnet system momentum analyses the Bremsstrahlung scattered elec-
trons, focussing the different energies along a focal plane which has the form
of a shallow curve [42]. It is equipped with a focal plane detector of length
4.2 metres, which accepts electrons in the energy range (E.,;./E):(E},../E) ~
0.05:0.93, corresponding to photon energies of 42 to 792 MeV for the normal
855 MeV accelerator output energy. When an electron of energy E' is detected
in the focal plane in coincidence with a photonuclear event, the energy E,, of the
photon responsible for the event can then be obtained using E, = E - E/| where
E is the energy of the incoming electrons. The spectrometer also transports the
main electron beam to a Faraday cup located in a separate room from the ex-
perimental area. The general design requirements of the tagging spectrometer

are:

i) a momentum acceptance covering a large fraction of the incident electron

momentum,
i) energy resolution of the order of 120 KeV,

iii) compactness - for minimum radiator-to-photonuclear target distance to

provide a small beamspot size,

iv) sufficient angular acceptance - accept > 99% of residual electrons which

have radiated and have an energy within its focal plane acceptance range,
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General :

momentum acceptance 8:1

solid angle acceptance ~8 msr
angular acceptance +50 mrad
dispersion ~1cm/%
first order optics in radial plane point to point
momentum range 50-800 MeV /c
object distance 0.1m
quadrupole/dipole separation 0.25m
Quadrupole :

Max. pole tip field 3 kGauss
Aperture diameter 3 cm
Length 0.15m
Dipole :

Magnetic field 1.00 Tesla
Entrance and exit face radii 0.18m - 8.0m
Gap height 5 cm
Weight ~ 65 tons
Bend radius (main beam) 2.8 m
Bend angle (main beam) 80°
Entrance and exit angle (main beam) 16.7°-58.8°

Table 2.2: 840 MeV Photon Tagging Spectrometer parameters QD design

v) uniform field (for simplicity of construction).

The quadrupole/dipole design adopted is shown in figure 2.3, and table 2.2

lists the important parameters.

The magnet optics comprise a ’QD’ system. To improve the angular ac-
ceptance the quadrupole focusses vertically and defocusses horizontally before
the dipole disperses. The dipole also has edge focussing designed to improve
the overall focussing characteristics in the focal plane. It also directs the beam
which has not radiated to the beam dump. An NMR probe set up inside the

dipole monitors the field constantly.
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2.3.3 The Focal Plane Array

Although the intrinsic resolution of the tagging spectrometer is always better
than 0.2 MeV it was too costly to install a focal plane array with this resolution
and wide coverage. For general use it was reasonable to design a focal plane
detector system (FPD) with an average energy resolution of 2 MeV. The general

specifications of the FPD are:
(i) ability to handle total counting rates of the order of 10°Hz,
(ii) position resolution compatible with a 2 MeV energy resolution,
(iii) good timing (< 1 nsec),
(iv) a lifetime of at least several years operation,
(v) reasonably straightforward to construct and maintain,
(vi) not be too expensive,

(vii) overlapping adjacent detecting elements for background rejection via a

coincidence requirement,
(viii) high detection efficiency for electrons.

A section of the detector system which was chosen to satisfy these require-

ments is shown in figure 2.4.

The average photon energy resolution of 2 MeV per channel is achieved
using an array of 352 overlapping scintillator elements. Each element comprises
a scintillator/lightguide assembly attached to a photomultiplier tube and its
base electronics. The 2 mm thick NE111 plastic scintillators form an array with

a half-width overlap between adjacent channels. A thixotropic gel is used as



The Experimental System 47

high momentum

352 overlapping trajectory

scintillator elements

channel N
channel N-1

I I channel N+1

low momentum
trajectory

Figure 2.4: The Focal Plane Detector

optical couplant between the lightguide and the phototube. Hamamatsu R1635
phototubes satisfy the lifetime requirements and were chosen for their miniature
size necessary to achieve the required position resolution. The phototubes are
assembled onto cards containing their base resistor chain and signal electronics
which consist of a threshold discriminator and an edge triggered AND unit to

give a coincidence with the adjacent overlapping detector.

The coincidence identifies an ionizing particle and x;educes ~ and neutron
background. A minimum ionizing electron deposits a mean energy of ~ 460
keV in each 2 mm scintillator. The chosen scintillator thickness is a compromise
between light output and electron multiple scattering effects. It was necessary
to keep the mean angular divergence in the scintillator due to multiple scat-
tering minimal as if an electron scatters, for example, in the first scintillator,
it could miss the second and therefore not satisfy the coincidence. The pulse

height spectrum from the detectors has a good separation between the electron
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detection pulses and the noise, consequently a threshold may be used to cut
off the noise without the fear of losing electrons, so that the elements have an
electron detection efficiency of 100%. On detection of an electron a logic pulse

is sent to the tagger electronics.

The detector design allows for a future development which would increase
the number of channels to 650 thus improving the photon energy resolution by
a factor of 2. The ladder detectors are mounted behind a plane in which best
focus is obtained so this improved resolution can be obtained later over part of

the plane by mounting a small high resolution array in the best focus plane.

2.3.4 The Tagger Electronics

When an electron is detected in the focal plane the signal is recorded and used
to test for a coincidence with the DAPHNE detector. The hardware comprises
3 linked bus systems, VME-bus, CAMAC, and FASTBUS. Each of the 352
channels has its own associated scaler and TDC in high density FASTBUS
crates. All electron hits in the focal plane produce an ECL logic pulse which
is sent to be recorded in TDCs and pattern units and also to a free running
scaler. A logic pulse derived from an OR output of all 352 channels is produced
to test for a coincidence between an electron and a trigger coming from the
main experiment signalling a photoreaction product. The TDC is recorded if
this coincidence requirement is satisfied; it is needed to determine whether or
not a real coincidence has occurred between the product detector i.e. DAPHNE

and the electron or if in fact it is a random coincidence.

Figure 2.5 shows a typical TDC spectrum in which there is a prompt peak

superimposed on an extremely small random background. The random plateau
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Figure 2.5: A typical TDC spectrum

is small as the DAPHNE experiment runs at a low electron beam current. Since
the ladder signal comes much earlier than the trigger from DAPHNE, all signals
from the ladder are delayed by 400 nsec before being fed to the TDC. The TDC
is started by the DAPHNE electronics and stopped by its corresponding electron
detector. The tagger electronics are controlled by a VME processor which itself

is controlled by the VME processor in the data acquisition system of DAPHNE.

2.3.5 Photon Beam Collimator

The photon beam is collimated in order to produce an approximately circular
well defined beamspot at the target. The collimator consists of a 5 mm diameter
hole through 2 lead blocks each of thickness 50 mm and is situated 2.5 metres
downstream from the radiator. The Bremsstrahlung, which is strongly forward

peaked is contained within a cone about the electron direction of semi-angle
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about 2 characteristic angles. With this collimation about 50% of the Brem-
sstrahlung photons pass through the collimator and reach the target. This effect
is taken into account in the tagging efficiency discussed in section 2.3.7. The
DAPHNE target is situated 8.2 metres from the radiator and the collimation

produces a beamspot diameter of 17 mm.

2.3.6 Photon Beam and Electron Beam Monitoring

A photon beam monitor (comprisihg an image intensifier and TV camera which
views light from a piece of 3 mm thick BC430 plastic scintillator) is used for
the initial alignment of the photon beam. The centre of the Bremsstrahlung
photon cone should be aligned with the collimator axis to obtain maximum
transmitted photon flux, best stability and optimum real to random ratio. The
camera provides an image of the beamspot downstream of the photoreaction
experiment. This gives an online image whilst adjustments to radiator position
and alignments to direct the electron beam along the collimator axis are made.
To monitor the stability of the beam position and direction the camera is viewed

regularly throughout the experiment and realignment made when necessary.

The central vertex detector of DAPHNE is also used to monitor the photon
beam. Events are selected from which the trajectories of two charged particle
tracks can be determined, thereby allowing the accurate reconstruction of the
reaction position. Although this offers no immediate online capability to moni-
tor of the photon beam, it does allow the beam profile to be measured precisely,
and enable a sensitive check for any beam halo to be made. An example of this
vertex reconstruction is shown in figure 2.6. It is apparent there is a central core

to the beam with a diameter of less than 4 mm surrounded by a halo which at
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Figure 2.6: Vertex reconstruction

most extends out from the centre of the core by 8 mm. Since the deuterium tar-
get has a diameter of 20 mm it is clear the photon flux is completely contained

within the target volume.

2.3.7 Photon Flux Normalisation / Tagging Efficiency

In a tagged photon experiment the determination of the total 7 flux , relies on
an accurate measurement of the tagging efficiency. The tagging efficiency, etag,
is defined as the probability that a tagging electron detected in the focal plane
detector has a corresponding Bremsstrahlung photon which has passed through

the collimator and reached the target.

The value of elag is less than unity mainly due to the collimation of the
photon beam and is almost independent of E7. Moller scattering, which can

produce electron signals in the focal plane without any photon in the beam,
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can also be responsible for a reduction in €,, which does depend strongly on
electron (and hence apparent photon) energy. However, its effect is negligible

for the conditions of this experiment.

For each photon energy bin (for each tagger channel), the number of photons

N, is obtained by counting the corresponding tagged electrons and correcting
for the tagging efficiency.

Ny = Neiec. * €1ag (2.2)

The actual value of €4 is measured by placing a photon detector in the beam,
and recording coincidences between this and the focal plane detector. Then the
tagging efficiency for a particular ladder channel is:

Ncoin

€tag =
g Nelec

(2.3)

where N,yin. is coincidence rate between the photon detector and that ladder
channel, and N is number of electrons recorded by the free running scaler
counting signals from that tagger channel. More exactly, N is corre;ted for
background, ie. the number of electrons detected by the free running scaler
without the radiator in the beam. An example of tagging efficiency measure-

ments for each ladder channel, ie. as a function of photon energy, is shown in

figure 2.7.

These normalisation measurements were made frequently by introducing a
lead glass Cerenkov detector into the photon beam. A very reduced current was
necessary to avoid pile-up in the lead glass detector. In order to be able also
to monitor €, during normal data taking, a low eficiency pair spectrometer
was placed in the beam downstream of DAPHNE. This provides a continuous
measurement of the photon flux and also allows the photon beam stability to

be monitored.
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Figure 2.7: Tagging efficiency measurement

The lead glass (25 X 25 X 25 cm, ie. 30 radiation lengths) is large enough
to totally absorb all photons in the energy range 42 to 792 MeV incident upon
it and was therefore considered to be 100% efficient. This was checked by
observing its pulse height spectrum which was found to have good separation
from any noise, therefore a threshold could be applied without fear of losing
photon signals. At the low intensities used, both the singles rate in the focal
plane detector without radiator and the number of random coincidences between

the focal plane and the lead glass were negligible.

The pair spectrometer comprises a radiator followed by 2 thin scintillators
separated by an absorption layer to reduce coincidences due to very low energy
untagged photons. Itis shown in figure 2.8. A third scintillator placed before the
radiator operates in anticoincidence and serves as a veto of the electromagnetic
background produced inside the DAPHNE target. The efficiency of the pair

detector was then calibrated relative to the lead glass and as can be seen in
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Figure 2.8: The Pair Detector

figure 2.9 was found to be ~ 5%. This efficiency was assumed to be independent
of beam current. The absolute normalisation uncertainty is estimated to be
less than 3%. To calculate etag during each run, the number of coincidences
is counted between the pair spectrometer and 8 of the tagger channels which

sample the whole tagged range, and a best fit made.

Random contributions to the pair detector/tagger coincidence rate must
be evaluated and corrected for. Also multiple counts in the tagger due to an
electron which undergoes multiple scattering in one ladder detector and then
fires additional detectors artificially increases the number of electrons recorded

by the scalers. This effect is discussed more fully in section 4.6.4.
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Figure 2.9: Pair Detector efficiency

2.4 The DAPHNE Detector

2.4.1 General Layout

The DAPHNE (Detecteur a grande Acceptance pour la physique PHoto-Nucleaire
Experimentale) detector, which has been developed by the INFN - sezione di
Pavia and the CEA-SPhN of Saclay, is a large solid angle detector (3.77 steradi-
ans) for tracking charged particles. Figure 2.10 shows a planar and a transverse

view of the detector. Figure 2.11 shows an overall view of DAPHNE.

DAPHNE was built in order to study a variety of photonuclear reactions
involving light nuclei. Hence, it is well suited for investigating the properties of
baryon resonances and for several experiments which aim to examine different
components of the nuclear force over a wide range in energies. The principal

requirements and considerations that led to the DAPHNE design were:
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Figure 2.10: Planar and transverse views of DAPHNE
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i) very large angular and momentum acceptance,
ii) good particle identification,
ili) precise measurement of charged particle angles,

iv) segmentation to allow final states with particle multiplicity up to 5 to

be detected without ambiguity,
v) good trigger selectivity.

In addition, it was desirable that it should also provide moderate neutral

particle detection efficiency with some momentum resolution.

The philosophy of the DAPHNE design is to use the accurate angular infor-
mation from the tracking detectors to reconstruct the kinematics of the detected
reaction products without the need to rely heavily on the pulse height informa-
tion from its plastic scintillators. Direct measurement of the particle energies
is not of primary importance and the principal function of the scintillators is
the identification and separation of charged particles by means of dE/dz energy

loss measurement.

The main characteristics and performance of the detecting system are sum-

marized below. Its components are:
— A 270 mm long cryogenic target

The cryogenic target is a 270 mm long thin walled Mylar cylinder , 43 mm in
diameter placed coaxially with the beam. It can be filled with liquid hydrogen,

deuterium, 3He and ‘He.

— A central vertex detector
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This consists of 3 coaxial cylindrical multiwire proportional chambers with
anode wire and cathode strip readout. The wire chambers are devoted to
charged particle tracking and by giving a position resolution of better than

0.5 mm provide good angular definition.
— A segmented cylindrical calorimeter

The vertex detector is surrounded by 3 segmented cylindrical layers for
charged particle identification and energy measurement. The telescope consists
of plastic scintillator layers of thickness 10 mm (A layer), 100 mm (B layer)and
5 mm (C layer) and each comprises 16 azimuthal segments. The 10 cm thick
B layer has also a useful efficiency for the detection of neutrons. The light
produced when a particle releases energy in the scintillators is detected by pho-
tomultiplier tubes at each end of the layers (except for the case of the A layer
which due to restrictions in space is read only at one end). The two TDC’s allow
a crude position determination by time difference between the signals from each
end. The scintillator layers have light guides to ensure uniform light collection

close to each end, and optimise pulse height and timing resolution.
— A scintillator - absorber sandwich

The outer layers form a lea.d-aluminium-scintilla.torA sandwich designed to
enhance the detection efficiency for 7%’s which decay by 2 photon emission. The
16-fold azimuthal segmentation is continued in the layers of lead, scintillator (D
layer), lead, scintillator (E layer), aluminium and finally scintillator (F layer).

Like the B and C layers the D E and F scintillators are read out at both ends.

The main features of DAPHNE are summarized in table 2.3. The coverage

of the azimuthal angle is complete and the polar angular range is 21°-159°:
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ANGULAR ACCEPTANCE

94% of 4

Polar angle: 21° < 6 < 159°

Azimuthal angle: 0°<¢ < 360°

CHARGED PARTICLE DETECTION THRESHOLDS

Pions: T =12 MeV (p = 60 MeV/c)
Protons: T = 23 MeV (p = 220 MeV/c)

MAX ENERGY OF PARTICLES STOPPED
IN THE SCINTILLATORS (A,B,C)

Pions

6=90 : T = 23 MeV (p = 138 MeV/c)
6=21: T = 120 MeV (p = 219 MeV/c)
Protons

6=90 : T = 125 MeV (p = 500 MeV /c)
6=21: T = 225 MeV (p = 688 MeV/c)

NEUTRAL PARTICLE DETECTION EFFICIENCIES

Photons (70 MeV) Neutrons
§=90° e=46% e=10%
=21° e=82% e=30%

Neutral Pions (two 7’s detected) €~20%

Table 2.3: Principal characteristics of DAPHNE
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thus the solid angle is (3.77 steradians). A complete description of DAPHNE

is given in [43].
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2.4.2 The Wire Chambers and Track Reconstruction

General Characteristics

The vertex detector is designed for charged particle tracking. It consists of three
cylindrical multiwire chambers (MWPC) having 192, 288 and 354 wires at radii
of 64, 96, and 128 mm respectively. The transverse and longitudinal views of a

chamber are shown in figure 2.12.

Each chamber itself comprises 3 cylindrical shapes. The central is formed
by the 20pm diameter tungsten anode wires which lie parallel to the axis of the
chamber. The inner and outer are formed by the cathode strips. The character-
istics of each of the 3 chambers are listed in table 2.4. This arrangement gives
an anode interwire spacing of 2 mm , thus the presence of an anode wire signal
provides the azimuthal angle for a track. The excellent position resolution is
achieved from the analogue read out signals from the cathode strips. The inner
and outer cathode strips are wound helically at +45° and -45° to the chamber
axis respectively. The distance between the strips is 0.5 mm. The anode to
cathode gap is 4 mm. The gas medium is of argon (74.5%), ethane (25%) and

freon (0.5%) at about 1 atmosphere.

Impact Point Reconstruction

Charged particle tracks fire clusters of neighbouring strips and so the mean strip
position in such a cluster must be determined. The impact point is defined by
the centre of gravity of the analogue signals from the cathode strips. From the
intersection of the inner and outer helically wound cathode strips the azimuthal

angle and the z coordinate along the chamber axis are both determined, as
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Longitudinal View of the Elements of one of the Wire Chambers
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[Transverse View of the Elements of One of the Wire Chambers
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Figure 2.12: The transverse and longitudinal views of a wire chamber
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CH1|CH2|CHS3
Length (mm) 370 | 570 | 770
Int radius (mm) 60 92 124
Ext radius (mm) 68 100 | 132
No. of wires 192 288 384
No. of int strips 60 92 124
No. of ext strips 68 100 132
wires— int strips gap(mm) 4 4 4
wires— ext strips gap(mm) 4 4 4

Table 2.4: The characteristics of the 8 MWPC chambers

shown in figure 2.13.

In some instances there may be two intersections for a particular pair of
cathode strips. This ambiguity is resolved and the correct solution is determined
by using the separate determination of azimuthal angle provided by the anode

wires. That is:

no. identi fying wire fired — 1

¢r = (2.4)

7r-
total no. of wires of the chamber

where wire number one is defined along the x axis. An example of the two pos-
sible impact points, and the resolution of the ambiguity is shown in figure 2.14.
When there is more than one particle all possible intersections are determined

and compared to all the azimuthal angles from the wires.

Track Reconstruction

The general procedure for track reconstruction of charged particles is now de-

scribed. For each A layer sector that has fired a search is made for a triplet
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Figure 2.14: Impact point degeneracy
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Y angular region in which

mwpcs tracks are searched

hit sector

mwpc 3
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mwpc 1

é
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target
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Figure 2.15: Angular region in which MWPC(C’s are searched

of reconstructed points, one on each of the MWPC’s, that form a line that
intercepts the target and the A layer sector. Figure 2.15 shows the MWPC
angular region, in the XY plane, covered by particles coming from the target.

This region is checked to see if there is at least one reconstructed point on each

MWPC.

The 3 MWPC points of such a triplet in this a region form a triangle as shown
in figure 2.16. The cosine of the angle 3 is calculated and if cos 172°>cos 8>-1,

the triplet is assumed to come from the same physical trajectory.

Experimental Position Resolutions

The error on the longitudinal coordinate is calculated using a formula derived
experimentally from cosmic ray tests. Cosmic rays intersect each of the cham-

bers twice providing six points, to five of which a line is fitted. Solving the
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Wire Chamber 1

Particle
Track

Figure 2.16: Triangle formed by the 3 MWPC points

resulting equation for the sixth point provides a measure of the longitudinal po-

sition error, Az, through the difference between experimental and fitted points.

Figure 2.17 shows the variation of longitudinal position resolution with
charged particle polar angle. It can be seen that it is very precise at 90° where
the position resolution (FWHM) is 255 pm. This deteriorates at more extreme
angles but it remains better than 1 mm over most of the polar angle range. The

resulting polar angular resolution is shown in figure 2.18.

Cosmic ray tracks were also used to determine the azimuthal resolution, the

discrete wire spacing results in an uncertainty of A¢=2°.
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Figure 2.17: The variation of longitudinal position resolution with 6
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Figure 2.18: Polar angular resolution
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2.4.3 The A B C D E F Scintillator Layers

Although the A,B,C scintillators (thicknesses 10,100 and 5 mm respectively),
are principally used to identify and separate charged particles by means of
dE /dz determinations, they also provide energy information with a modest res-
olution and within a limited energy range. In addition the B layer provides a
modest but useful neutron detection capability although with no energy deter-
mination and poor angular resolution (a polar angle can be calculated from the
TDC time difference signals and a rough azimuthal determined from the 16-fold

segmentation).

After the C layer is the outer lead - scintillator - aluminium sandwich, which
is designed for 7° detection. It comprises a 6 mm layer of lead, 5 mm of scintil-
lator (D layer), lead, 5 mm of scintillator (E layer), 6 mm aluminium and finally
5 mm of scintillator (F layer). Since the 7° has a lifetime of 8.7-107'7s it decays
into two photons effectively at its point of production. On reaching the lead
layers the two photons can form electron-positron pairs which are subsequently
detected in the outer scintillator layers. The efficiency for detecting a single
photon from the 7° decay is about 40%. The 16-fold segmentation provides

crude azimuthal information for the neutral particles.

The results of an analysis of cosmic ray data were used in matching the gains
of the sectors of each scintillating layer, a cosmic event being classified as oppo-
site sectors firing and no tagger coincidence. The gains of the photomultiplier
tubes were monitored throughout the runs and were found to drift randomly
over a period of a few days by approximately 10%. This was investigated and
run-by-run correction factors for gain stability obtained which were applied to

the data during analysis.
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Figure 2.19: The Target Cell

2.4.4 The Cryogenic Target

The cryogenic target consists of a long thin walled Mylar cylinder, 270. mm in
length and 43 mm in diameter and is shown in figure 2.19. It is situated on the
axis of the wire chambers (coaxially with the beamline) and is surrounded by
vacuum. The target can be filled with liquid hydrogen, deuterium, Helium-3 and
Helium-4. The refrigeration system comprises two stages, a Gifford MacMahon
refrigerator coupled to a Joule — Thomson valve and can reach temperatures
below 2.8 K. Liquefaction for each target is achieved through one (H ,D, He-4)
or both (He-3) stages. The Gifford MacMahon standard commercial refrigerator
cools to 17 K by thermal exchange with gaseous Helium-4 pumped throughout
the system. Further cooling is achieved by the Joule - Thomson valve which
comprises a small aperture through which the gas flows. The molecules of

the gas lose kinetic energy in expanding through the aperture and a drop in
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temperature is observed provided the system is below its inversion temperature.
An automatic control system monitored and regulated the target temperature
and pressure and these were kept constant to 10 mK and < 1 mbar respectively.

The target density was stable to the order of 0.5%.

2.4.5 Electronics and Event Triggers

The analogue pulse from each separate photomultiplier is sent to a dedicated
ADC and TDC. The TDC has been started by the A layer and is stopped by the
pulse from the photomultiplier. The pulse is also sent to the logic circuitry which
decides the types of events to be recorded. Various event triggers can be formed
and used to test for a coincidence with a tagger channel. The ADC’s and TDC’s
are only recorded if there is a coincidence with the tagger, otherwise a fast
clear signal is generated and clears the ADC’s and TDC’s before they are read
out. DAPHNE is used with various light nuclei targets and different triggers
depending on whether an exclusive channel or total photodisintegration is being
studied. Single or multiple charged particle triggers are formed by a coincidence
between the A (AE) and B (E) layers signals. A more sophisticated charged
particle trigger can be formed reducing pion and/or electron contamination
by the choice of an appropriate electronic threshold. Electromagnetic cross
sections are high relative to photonuclear cross sections so DAPHNE sees not
only photoreaction products but also a large number of electrons produced by
photons interacting with atomic electrons (in the target walls etc). The on-line
electron/pion reject allows the fraction of data taking on the channel of interest
to be maximised and computer dead time to be kept minimal. Neutral particle
triggers are also available and might be, for example, signals coming from only

the outer layers after the lead converter, signalling a neutral pion.
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The ADC’s and TDC’s convert the analogue pulse height and timing infor-
mation into a digital form which is recorded by the data acquisition system if

the event has a coincidence with the tagger.

2.4.6 Data Acquisition

The DAPHNE data acquisition system comprises VME and CAMAC systems.
The VME computer controls the electronic modules and provides the coupling
between DAPHNE and the tagger. In order to minimize dead time when reading
out a DAPHNE event only the CAMAC modules containing a recorded event
are read. The information from the CAMAC crates are read out on FERA
(Fast Encoding and Readout ADC’s). This information is then transferred to
one of two buffer memories HSM1 (High Speed Memory 1) and HSM2, one of
which is read out while the other is being filled. The raw data for each event
are finally written to exabyte magnetic tape. Some online analysis is displayed

on a SUN workstation enabling a check on the overall features of the data.

The relatively large intensity of lower energy photons present in the Brem-
sstrahlung spectrum generates undesirable forward peaked background in the
wire chambers. This unwanted component to the interrupt rate sets a limit on
the photon beam intensity if saturation of the wire chambers is to be avoided.
Furthermore, since a typical event in DAPHNE involves reading on average
2000 ADC’s and TDC’s the ensuing dead time for each event imposes a severe
restriction on the counting rate. The tagged photon beam intensity is set tak-
ing consideration of these restrictions, and is dependent on the event trigger
used and the magnitudes of cross sections under study. In this measurement

the beam current was 1.2nA, corresponding to 10° photons/sec over the tagged
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photon energy range. This limited the data acquisition rate to ~ 125 events/sec

giving a deadtime of ~ 25%.
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3.1 Introduction

This chapter describes the way in which the proton energy calibration of DAPHNE
was established and provides a general discussion of the techniques used to iden-
tify and separate protons from other particles detected in DAPHNE. The ways
in which these techniques were used to separate protons from the D(,p)n reac-
tion from the often overwhelming background of pions and protons from other
reactions are presented in the following chapter. The Monte Carlo GEANT
simulation of the detector response, which can be used to provide corrections
for events lost during the analysis, for example, during particle identification,

is discussed.

3.2 Energy Calibration of the Scintillators

The calibration of the correspondence between energy deposited in the scintil-
lator layers in MeV and the resulting ADC signals from the scintillators was
accomplished [44] by exploiting the fully determined kinematics of various 2-
body breakup channels, that is, of H(y,#*)n , H(y,p)7°, and D(,p)n. Using the
accurate knowledge available of photon energy E«, provided by the tagger, and
of the polar angle 6,, from DAPHNE’s wire chambers, these reactions provide
protons and pions entering DAPHNE whose total energies can be calculated
reliably.

For each particle, the expected energy loss in each of the DAPHNE layers
was then calculated and a plot of this energy loss against the experimentally
observed ADC value made. An example of a calibration graph for one of the B

scintillators, for a calibration using protons and for a calibration using pions, is
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shown in figure 3.1. Allowances were made for the energy losses in the material
traversed by the particle before reaching the layer, for the B layer, that is, the
target, Wire chambers and the A layer. The graph passes through the origin,
this gives an experimental verification that this thickness is known. For protons,
the scintillator light output is not strictly a linear response to energy loss and

a correction has been made to allow for this non-linearity.

The relationship between ADC signal and energy loss is further complicated
as the signal arriving at a photomultiplier tube depends on where along the
length of the scintillator the light is produced. This is due to the attenuation of
the light in the scintillator and reflection at its surfaces. Attenuation coefficients
for each scintillator sector in each of the layers were determined using cosmic
rays and used to correct the ADC values. The geometrical mean of the two
ADCs connected to the opposite ends of each scintillator was taken in order
to reduce this position dependence. The correlation shown in figure 3.1, is
that obtained after removing the remaining position dependence. On the y-axis
the corrected geometrical mean is plotted and along the x-axis the theoretical

energy loss in the B scintillator in MeV electron equivalent.

The data were then fitted to a linear function and this used for calibration.
The separate calibrations shown, using the pion and proton events which stop
in the B layer, agree well, and this validates the function used to predict the

effects of non-linear response of NE102 scintillator to protons.

3.3 Particle Identification

Several different techniques for particle identification have been developed to

cope with particles of all energies. These can be applied to events in which the
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charged particles stop in any of DAPHNE’s 6 scintillator layers or pass through

the whole of the detector.

Particles are identified by observing their energy loss in the various detector
layers. This can be predicted using the Bethe-Bloch formula, or in its integrated
form, the Range-Energy relationship. The rate of energy loss in material for
charged particles is dependent on the particle mass, and by comparing the
measured energy losses with those predicted, particle separation, for example
between pions and protons, can be made. At higher energy these energy loss
identifications become more problematic as the particles deposit less energy, and
the effects of hadronic interactions, which degrade the identifying information,
are greater. In addition, relativistic protons and pions have energy losses not

different by much more than the scintillator resolution.

The main requirement of this analysis is that of separating protons from
pions. Two methods are used to do this. In the first, over a series of limited
photon energy ranges, different particle types can be successfully identified by
using the appropriate plot of two quantities derived from the measured energy
losses. Two examples are given below in section 3.3.1. A Range Method analysis
[45] described in section 3.3.2 provides a more elegant and versatile particle
identification and particle energy determination and can be used over a wide

energy range.

3.3.1 Particle Discrimination using Plots of dF/dz Loci

At lower photon enérgies for events that stop in B layer particle discrimination
is at its most straightforward. Protons and pions are unambiguously separated

using energy loss information from the A and B layer signals in the standard
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Figure 3.2: Particle identification stop B layer events

way. Figure 3.2 shows a typical scatter plot of E~-fEs, the sum of the energies
deposited in A and B, against E~sin# (the energy calibrations for A and B
are those described in section 3.2 and the polar angle 9 is determined using
the techniques in section 2.4.2 of the previous chapter). The quantity E~sin#
is plotted along the y-axis to represent the dE/dx signal in the A layer, ie
the signal which would have been produced had the particle passed normally
through the layer. There are two well defined concentrations of events, which
are cleanly identified as being either protons or pions. A loose proton ridge cut

is applied to the data at this stage of the analysis.

Particle discrimination becomes more difficult for higher energy particles
which pass through the B layer depositing less energy in the scintillators. How-
ever, another plot is generally useful in separating protons from pions. For each
of the outer layers, if the thickness of the material traversed by the particle

(obtained from a knowledge of the layer in which the particle has stopped and



7

E

Energy Calibrations and Particle Identifications 80

B ENERGY LOSS (MeV)

140 |

120 |

100 -

80 |

60

40

20 |

PEPEPIE B

P I
360 400 440 480

range-B ABCD CRUDE RANGE (mm)

Figure 3.3: Particle identification D layer

its polar angle) is expressed in terms of equivalent plastic scintillator, a sepa-
ration is possible from a plot of the energy loss information from the B layer
signal against this thickness. In figure 3.3, for particles stopping in the D layer,
the B signal (representing an energy loss) is plotted along the vertical axis, and
the approximate thickness of material in the particle path (representing a crude
estimate of range, ie a quantity related to the energy of the particle) is plotted
along the horizontal axis. Separate concentrations of events are identifiable and

there is a reasonable separation on which a loose cut can be based.
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3.3.2 The Range Method

The Range Method extends the range over which particle identification and
energy determination can be accomplished easily to much higher energies. It is
more successful than the methods described in 3.3.1 in discriminating particle

type and determining particle energy for the momentum range 300 - 900 MeV/c.

The important feature of the method is its simultaneous use of all the ex-
perimentally measured energy losses for each incident particles path. This in-
formation can be used to obtain several points on a graph of rate of energy loss,
dE/dz, versus distance travelled for each incident particle. As shown in figure
3.4, the shape of this curve obtained from the Bethe-Bloch equation depends
on both the particle type and its initial energy. Comparison with the mea-
sured data therefore allows protons to be separated from pions and also gives

an estimate of their initial energy.

The procedure for determining the particle type and energy for each event is
based on a goodness-of-fit (x?) minimisation routine. Using the angle informa-
tion from the wire chambers the thickness of each layer in DAPHNE traversed
by the particle is calculated. For each traversed scintillator layer of the detector
the mean value of dE/dz is calculated (energy released/path inside the layer)
together with the corresponding distances along the particles path. First as-
suming that the particle is a proton an approximate value for its initial energy
E, is obtained from its range in DAPHNE. Using this energy the theoretical
specific energy losses for a proton at each position along its track are calculated
from the Bethe-Bloch equation and used to predict the energy loss, AE;, in each
of the scintillators layers. A goodness-of-fit X,2; for this hypothesis (proton of

energy F,) is then obtained:
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Figure 3.5: Example of Range Method fit for typical sample of events

2 1 ~ J|AE, - AE'Ip"2

from the difference between the predicted, AEn and the measured energy losses,
AE"xp, where < is the resolution of the measured loss in the i# scintillator
layer. The predicted scintillator output signals are corrected to take account of
quenching, the non-linear response of scintillators to protons. The initial energy
is then allowed to vary in order to minimise x¢# and determine the most probable
incident proton energy. The minimisation is then repeated for the hypothesis
that the incident particle was a pion and the best fit %2 /s determined (no
quenching correction is needed for pions). The %2 values for the two fits can
then be used to distinguish between protons and pions. Figure 3.5 shows the
distribution of the two %2 values obtained for a typical sample of events; the
regions corresponding to good protons and good pions are indicated. The large

majority of events have an acceptable x2f°r one hypothesis (proton or pion)
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but not for the other. Only a small fraction of events fails the Range Method
analysis with large values for x? and x2. A limit is set on the acceptable
for a proton, and the Monte Carlo code GEANT used to calculate efficiencies
to correct for events lost in the identification due to hadronic interactions or

multiple scattering moving a particle outside the pion and proton regions.

Within the momentum range 300 - 900 MeV/c, the proton momentum re-
construction has a resolution AP/P = 2.5 - 10 %, and the pion contamination
amongst events identified as protons has been found to be less than 1% of true
pions. For higher energy protons the energy losses in the DAPHNE layers are
lower, not very different from pion energy losses and the Range Method does
not work as well. More pions are wrongly identified as protons (and vice versa)
and more particles fail the analysis with large values of x2 and x%. A quanti-
tative limit for the acceptable use of the Range Method for identifying protons
was worked out by using it to analyse particles known to be pions from the
p(7,7%)n reaction. These particles were assumed to be protons and an upper
limit on reconstructed momentum was found above which more than 0.5% of
the pions were accepted as protons. The maximum momentum depended on
polar angle (path length) in DAPHNE according to:

(6 —90)2

Pooz(MeV/c) = 810
(MeV]e) = 810 + =

(3.2)

For particles of higher momenta the Range Method can still be used but extra

cuts are needed to reject pions without reducing the proton detection efficiency.

A more detailed discussion of the Range Method has been published in [45]

and this is reproduced in Appendix A.
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3.4 The GEANT Simulation

A Monte Carlo simulation of detector response was made using the GEANT
code [46] in order to understand and interpret the experimental data and also
to evaluate systematic corrections. The simulation allows corrections due to var-
ious physical detector effects and also due to software cuts that may be made
during an analysis to be applied to the data points. Included in the simulation
are the effects of detector geometry, detector resolution and thresholds. In ad-
dition the physical processes resulting from the interaction of particles with the
detector materials are considered, allowing for example the energy deposition
in the defined experimental set-up, such as DAPHNE’s target, wire chambers

and active scintillator layers to be evaluated.

The most important physical processes for charged particles are collision
energy losses (accounting for the effects of straggling), nuclear interactions and
multiple scattering. For each scintillator, light attenuation and non-linear light
output response must be taken into account. Corrections can be evaluated and
applied for events lost during the analysis due, for example, to cuts on dE/dz
or x? plots in the Range Analysis. In both cases events may be lost from the

accepted regions due to hadronic interactions and multiple scattering.

Comparison between the simulated and measured detector response is shown
in figure 4.4, of section 4.2.4, and is found to confirm the accuracy with which
GEANT can model the detector and the physical processes which take place in

it.
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4.1 Introduction

The data on the D(y,p)n reaction presented in this thesis were taken as part
of a general investigation of the photodisintegration of deuterium using the
DAPHNE detector. In order to collect data simultaneously on all of the breakup
channels listed in table 4.1, DAPHNE was set up so that only a charged particle
or a neutral trigger is needed for the data acquisition system to record the
event. The D(y,p)n events have to be extracted from the complete data set,
which contains an increasingly large fraction of events due to other competing
channels as the photon energy increases beyond the threshold for the one and

two pion breakup modes.

The main task of the data analysis is the discrimination and selection of
the two-body D(v,p)n events from those due to other competing reactions.
The first step is the selection of events in which only a single charged particle is
detected. In principle it is also possible to require the detection of the neutron in
coincidence; for example, the event shown in figure 4.1 is one in which both the
proton and neutron are detected, the 180° difference between the neutron and
proton azimuthal angle being characteristic of the D(v,p)n reaction. However
it is preferable to use the single charged particle trigger requirement in order to
collect more events. This minimises the statistical error and also avoids a large

uncertainty in the result due to the neutron detection efficiency.

Once the single charged particle trigger events are separated, it is necessary
to make a charged particle identification to distinguish between protons and
charged pions from the one charged pion reactions included in table 4.1. There
are in addition some background events due to atomic interactions which result

in an electron being detected. Most of these events are eliminated by an on-line
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One charged particle

D(7,p)n

D(7,p)n7r0

D(7,7r+)nn

D(7,p)n7TO%°

D(7,7r+)nn7r°

Q value

2.2 MeV

137.16 MeV

143.05 MeV

272.12 MeV

278.01 MeV

Three charged particles

D(7,pp7i--)

D(7,p7T+7r_)n

D(7,pp7T")7r°

Table 4.1: Deuterium break-up channels

proton

neutron

88

Q value

140.47 MeV

281.32 MeV

275.43 MeV

Figure 4.1: D(-y,p)n event, cross-sectional view of DAPHNE
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electron veto and do not produce a trigger; the remainder are easily identified

by the scintillator signals and can be rejected.

Once the scintillator signals have been used to identify single proton events,
it is necessary to rely on the reaction kinematics to separate D(v,p)n events and
allow a further rejection of other proton producing channels and background.
Because the kinematics of the 2-body breakup are completely determined for
each event by the measured values of Ey and 8, this separation can be done

by comparing the measured and predicted proton energies.

4.2 General Comments

This section contains general comments concerning the analysis. Details of the
various procedures needed in different photon energy regions are contained in

subsequent sections.

4.2.1 Data Reduction

An initial data reduction is performed to select the required subgroup of events
for input to the detailed analysis. At this stage raw scintillator and wire chamber
signals are converted into energies and momenta and information on the particle
track. A tagger calibration is used to convert tagger channel into photon energy.
The subgroup selection is carried out by requiring events to satisfy the following

cuts and conditions:

i) There is only one reconstructed charged particle track and this particle reaches

and triggers at least the A layer scintillators.

ii) The event must fall within the prompt peak of the tagger TDC spectrum.
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iii) The event must pass a cut for electron rejection, safely keeping all protons

and pions, applied to a plot of the type shown in figure 3.2.

iv) The event must have an azimuthal angle outside the ’dead’ regions defined by

small misalignments of the scintillators (more fully discussed in section 4.6.2).

v) The polar angle must lie within the limits 21°<6<159°, the acceptance range

of DAPHNE for events originating in the target cell.

vi) The track of the event as reconstructed from the wire chamber coordinates

must pass through the target cell.

4.2.2 Data Analysis

In the early stages of the analysis several different techniques of the type dis-
cussed in section 3.3.1, which use different combinations of the energy losses
in the DAPHNE scintillator layers, were developed to identify protons. It was
found that by basing the identification on the successive use of two or more such
plots, an unambiguous identification could be made, but different plots had to
be used in different E-y and 8, ranges. The development of the Range Method
described in section 3.3.2 simplified and improved this stage of the analysis. It

is less subjective and gives better identification for most photon energies.

At photon energies from Ey=200-480 MeV, protons are extraqted from the
charged particle events just using the Range Method. Above Ey=480 MeV
additional proton identification methods are required. Once protons are iden-
tified, the principal challenge is then the separation of the D(«,p)n yield from
that due to other reaction channels in which a single proton may be detected in.

DAPHNE. The major competing background is from the D(v,p)nn° reaction,
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which, over the photon energy range of the experiment, produces a proton yield

varying from the same order to many times that of D(v,p)n.

For particles stopping in DAPHNE (this corresponds, for protons, to energies
of E,=200 MeV at 6=90° and E,=350 MeV at §=21°), the Range Method
successfully discriminates particle type and determines particle energy. For
significantly higher energy events that pass through DAPHNE the identification
is complicated because relativistic pions and protons have, within the scintillator
resolution, the same energy loss. As a result the Range Method has a proton
energy upper limit, above which it is unable to distinguish protons from pions
unambiguously. This limit is E;=350 MeV at §=90° and E,=460 MeV at §=21°

(see section 3.3.2, equation 3.2).

The analysis techniques required therefore vary as the photon energy in-
creases. For E4y < 480 MeV all D(y,p)n protons are within the energy limit of
the Range Method, so that the analysis principally involves the rejection of the
other proton channels. The pion contamination amongst events identified as
protons by the Range Method has been investigated [45] and found to be less
than 1% of true pions. As the photon energy increases, the pion background,
from for example D(y,7*)nn, also increases, however for Ey < 480 MeV the
remaining pions ﬂot removed by the Range Method are eliminated by the kine-
matics reconstruction discussed in section 4.2.3. For Ey > 480 MeV additional
identification methods are needed for the protons whose energies are too great
for the Range Method identification. For this region also the separation of

D(,p)n relies heavily on the reconstruction of the 2-body kinematics.
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Figure 4.2: Comparison Etfico and Emea9 at E*=320 MeV

4.2.3 Reconstruction of 2-body Kinematics

As D(7,p)n is a 2-body reaction, the well determined kinematics of the reaction
can be used to assist in its separation from other channels. After proton events
have been identified and their energy determined (using the Range Method
for example), a consistency check is performed on the proton energy to see if
the event is from the D(7,p)n reaction. The experimentally determined proton
energy is compared with the energy obtained from the kinematics of the 2-
body photodisintegration of deuterium using the photon energy E7 and the
polar angle 9p of the particle. The tagging spectrometer determines the photon
energy to ~2 MeV and DAPHNE’s wire chambers determine polar angle with

a resolution of less than 1°.

Figure 4.2 shows a typical comparison between the measured proton energy

and the calculated theoretical proton energy. The correlation between the mea-
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Figure 4.3: Eiheo—FEmeas from two-body kinematics for E,=260-330 MeV

sured and calculated energies for the D(y,p)n events is c