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Abstract

Neutral pion photoproduction in nuclei has particular potential as a source of infor-
mation on the matter distribution in nuclei but it also has important contributions
to make in extending our knowledge of the pion-nucleus interaction and the medium
modifications of the pion production process. This thesis presents the experimental
study of coherent neutral pion photoproduction on ®0O and 2% Pb, performed using
the tagged photon beam facility at MAMI-B, University of Mainz, and the TAPS
photon spectrometer, a highly segmented detector array built to detect light mesons.

Total and differential cross sections were measured in the incident photon energy
range 135-380 MeV, covering a wider angular range and with smaller statistical er-
rors than previous measurements. The diffraction-like structure of the differential
cross section due to the nuclear form factor was demonstrated. Comparisons were
made with plane and distorted wave impulse approximation models and show the
importance of including a description of the final state interaction in the theoretical
predictions but suggest that the magnitude of the pion-nucleus interaction is underes-
timated in the DWIA. Comparison with the A resonance energy model suggests that
the nuclear medium does affect the A properties but that modifications are needed
to the parameterisation used.

An assessment of the A-dependence of the total coherent (v, 7°) cross section
was made using the measurements on 2C and *°Ca performed at the same time
as the present experiment. This comparison reinforces the conclusion that there is
medium modification of the A and also suggests that this modification may have an
A-dependence.
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Chapter 1

Introduction

1.1 Introduction

It was only about 10 years after the discovery of the pion in the late 1940’s [1] that
neutral pion photoproduction was first proposed as a useful technique for nuclear
size and shape determination [2-5]. However, progress in this field of study was very
slow because the technology required has not been available until relatively recently
and there has been a lack of overlap between the experimentally and theoretically
accessible areas of the field.

In many early measurements the recoil nucleus was detected due to the technical
problems involved in the direct detection of the pion. The 7° decays predominantly
into two photons in a time of the order of 107! seconds, and therefore must be de-
tected via these decay products. Its momentum is then calculated from the measured
momenta of the two photons. This requires a large segmented array of photon de-
tectors and such detector systems have only become available in the past ten years.
An alternative approach of detecting the 7% with the simultaneous observation of the
final nuclear system using an active target was used in the early 1980’s in Bonn [6].

Neutral pion photoproduction in nuclei has particular potential as a source of
information on the matter distribution in nuclei but it also has important contributions
to make (i) in determining the amplitudes for the (vy, 7°) reaction on nucleons and (ii)
in extending our knowledge of the 7%-nucleus interaction. These topics are introduced
later in this section.

Neutral pion photoproduction can take place either coherently or incoherently. It
is much easier to detect charged pions than neutral pions and hence charged pion
photoproduction has received much greater attention [7-13]. However, charged pion
photoproduction can only take place incoherently. Incoherent means that the final
nucleus produced in the reaction is different from the initial nucleus whereas coherent
means that the final nucleus is the same as the initial. So, incoherent can mean that,
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as in the case of 7% production, the nucleus is different because a proton was converted
to a neutron, or as in the case of 7° production, the nucleus makes a transition to
an excited state. In coherent 7° photoproduction the total production amplitude is
the sum of the amplitudes on all nucleons resulting in a reaction cross section that
scales with the square of the nuclear mass and is proportional to the matter form
factor. The Fourier transform of this form factor is the matter density distribution as
a function of radius. Hence the coherent reaction is an especially interesting process;
it is one of the very few direct probes of the nuclear matter distribution. However
to make use of this probe it is important to be able to separate the coherent process
from the incoherent processes.

Most of the detailed studies of nuclear size and shape have used the elastic scat-
tering of electrons [14] which determines the charge and magnetisation density of the
nucleus and thus is more sensitive to the density distribution of the protons than to
the zero-charged neutrons. Therefore, the study of the combined proton and neu-
tron density using results from the coherent (v, 7°) reaction will be of great interest.
For light nuclei, this is expected to confirm what has been determined from electron
scattering studies because the nuclear models have little flexibility to allow differences
between the distributions of protons and neutrons. However, there is much more to be
learned for heavy nuclei where the effective potential wells occupied by the neutrons
and protons may be significantly different in shape. For example, measurement of the
(7, 7°) reaction in 2 Pb could demonstrate the presence of a neutron halo with the
distribution of its 126 neutrons extending beyond that of its 82 protons. It is expected
that any difference between the charge and matter distribution will be very small and
therefore very accurate determination of the form factor from the (,7%) reaction is
needed. Such information will help the theoretical prediction of nucleon distributions
in all nuclei.

The elementary amplitudes for the nucleon (vy, 7°) reaction have been established
with reasonable accuracy from the analysis of nucleon data [15-19] but significant
disagreements remain even for some of the more important multipoles. Some effects
due to nucleon spins that are present in the reactions on protons and neutrons cancel
out in nuclei in which the nucleon spins are paired off. Therefore, measurements of
the reaction on suitable, closed shell nuclei can produce less ambiguous data than
that for nucleon reactions. The effective (v,7°) amplitudes may also be modified
in the nuclear medium. Indeed, a change in some amplitudes may be expected in
nuclei; for example, the dominant M, amplitude comes from A excitation® even near
threshold and the complex nature of the A-nucleus interaction is known to modify the
propagation of the A in the nuclear environment [20-28] (for example, Pauli blocking

IThe A is the first excited state of a nucleon.
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and the coupling of the A to other channels alter the decay width of the resonance in
a nuclear environment). Therefore the reaction on complex nuclei allows the study of
the production, propagation, and decay of the A resonance in the nuclear medium.

The interaction of pions with nuclei has been mainly studied through elastic pion
scattering, inelastic pion scattering, and pionic atoms? [30]. The pion-nuclear interac-
tion can only be studied at one energy with pionic atoms. Pion scattering experiments
are only possible for pion energies larger than around 30 MeV due to experimental
difficulties stemming from the short distances the pions travel before decaying. Pion
photoproduction in the region just above threshold allows the pion energy range to
be extended all the way down to near zero.

In pion photoproduction the pions can, in principle, be produced anywhere in the
nuclear interior as the photon can penetrate the whole nucleus essentially unattenu-
ated. Hence information can be obtained on the 7%nucleus attraction, or repulsion,
and the nuclear absorption of 7°. The real part of the interaction produces a differ-
ence between the momentum of the 7% when it is produced inside the nucleus and its
final momentum outside the nucleus leading to an angular shift in the (v, 7°) angular
distribution. This is most obvious at the minima in the form factor and can be used
to estimate the strength of the 7%-nucleus interaction [31]. Most of the previous in-
formation on the pion-nucleus interaction is from pion-induced reactions which take
place in the nuclear surface [30].

1.1.1 Previous Measurements

There is relatively little data on either coherent or incoherent 7% photoproduction
from nuclei due to the required high duty factor source of monochromatic or tagged
photons and the 7 detector array both being large scale technical developments. Only
with the commissioning of the high duty cycle, high intensity linear accelerators with
tagged photon facilities, starting in the mid-seventies, and through recent advances
in detection and data processing equipment, has it been possible to perform with
sufficient accuracy pion photoproduction experiments where the contributions of the
coherent process can be separated from the cross sections leading to excited nuclear
bound states and to continuum states.

Several high duty factor electron accelerators at energies in the 100 MeV - 10 GeV
range are now in operation around the world and most of these are equipped to pro-
duce high quality tagged photon beams with good energy resolution. Tagged photon
beams allow the direct measurement of photonuclear cross sections thus avoiding the

2A pionic atom is a bound state where a m~meson occupies an orbital about a nucleus much like
that of an electron. These states may be thought of as atomic orbitals with pions instead of electrons,
with modifications due to the pion’s larger mass and its strong interaction with the nucleus [29].
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various uncertainties and assumptions involved in the extraction of cross sections from
the yield measurements performed with continuous Bremsstrahlung spectra [32, 33].
Monochromatic photon beams suitable for experiments such as photomeson produc-
tion have also been produced using a technique involving the backscattering of a
beam of laser photons from an electron beam circulating in a storage ring such as the
Laser Electron Gamma Source (LEGS) at the National Synchrotron Light Source,
Brookhaven, USA [34].

Neutral pions must be detected via their 7° — 27 decay so the technical difficulty
is simply in assembling a sufficiently large array of individual photon detectors with
energy and position resolution such that the two decay photons can be observed with
high efficiency and the pion momentum reconstructed from the photon momenta.
Only in the past few years have highly segmented arrays of inorganic scintillators
suitable for this purpose become available.

Early Work

Despite the severe limitations of the available photon sources and detectors for the 7°
decay photons, many of the main qualitative features of the coherent (v, 7°) process
were established in the early experiments carried out in the 1950’s.

The first observation of the production of neutral pions by high energy photons
was made by Steinberger et al. at Berkeley in 1950 [35]. They used the 330 MeV x-ray
beam of the Berkeley synchrotron to produce neutral pions from hydrogen, carbon,
and beryllium and observed coincidences between the two 7° decay photons for the
first time. These photons were detected in two telescopes, each consisting of a veto
scintillator to reject charged particles followed by a lead converter and two further
scintillators in coincidence to detect the electron-positron pairs produced in the lead.
Events were accepted if a photon was detected in each telescope. Aluminium absorbers
were inserted between the last two crystals of one of the telescopes to measure the
energy of the electrons produced in the lead converter. However at the energies
studied the radiation losses are important so all that could be said about the energy
of the decay photons was that their average energy was approximately 100 MeV.
The properties of the photon coincidences were studied by measuring their rate as a
function of the angle between the beam direction and the plane of the telescopes and
as a function of the angle between the telescopes. They obtained the pion energy by
assuming that the angle between the telescopes corresponded to a unique energy, that
corresponding to the median decay gamma-ray opening angle given in equation 1.1,
where E, is the total pion energy and m, is its rest energy. However, the angular
resolution of the telescopes was insufficient to give more than a rough indication of
the energy distribution.
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2my,
Vmedian = sin™* (L) (1.1)

(3E2 +m2)*
Over the following years, the group at Berkeley performed a series of experiments
studying the yields of neutral pions from beryllium [36]. They observed that, as
expected from the kinematics of 7% decay, the minimum opening angle between the

decay photons decreases with increasing 7°

energy (see section 2.4 and Appendix
A.2.2), and obtained an angular distribution of 7° photoproduction made at values of
decay photon opening angle corresponding to an incident photon energy of 260 MeV.
This showed the angular distribution for the photoproduction of neutral pions at a
given photon energy to be strongly forward peaked.

Similar measurements were performed at MIT [37] on hydrogen and at Cornell
University on hydrogen and deuterium [38,39]. DeWire et al. studied the elastic
(coherent) photoproduction of neutral pions from deuterium for incident photon en-
ergies of 250-300 MeV and 7° mesons emitted at 90°-120° in the laboratory frame
by detecting the recoil deuteron and one pion decay photon in coincidence [40] but
no attempt was made to measure the angular and energy dependence of the cross
section. The first measurement of coherent 7° photoproduction on *He was made
by Goldwasser et al. in 1954 [41]. Separation of the coherent process is possible for
this nucleus because the threshold for 7° production is 137 MeV but the threshold for
incoherent production is some 20 MeV above this since *He has no excited nuclear
states (threshold for vy +* He — 7% +3 H + p is 158 MeV; v +* He — n° +% He +n is
159 MeV; v +% He — 7% +2 H +2 H is 162 MeV). Counting rates of photon pairs from
4He were obtained at incident photon energies of 160 MeV, where the 7° production is
confined almost entirely to the coherent process, and at 190 MeV where both coherent
and incoherent production processes are allowed. The coherent process was found to
be still important at this higher energy.

The first measurement of the angular distribution and total cross section for *He
was reported by deSaussure and Osborne of MIT the following year [42]. Measure-
ments were performed as a function of center-of -mass angle for incident photon
energies of 170-340 MeV by detecting the recoil nucleus rather than the 7° decay
photons. This allowed the separation of the coherent process because the 3He nu-
cleus produced in incoherent production along with a pion and a nucleon (reaction:
v+* He — 7 +3 He+nucleon) was calculated to be of such a low energy that it would
not reach the detection plates.

The earliest detailed work on coherent 7% photoproduction on nuclei with A > 4
was carried out at the MIT synchrotron on '2C, %Ca, and 2! Pb by Davidson in
1959 [3]. The first excited states of 2C, *°Ca, and 20 Pb are 4.4 MeV, 3.7 MeV,
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and 2.6 MeV respectively and since the energy resolution of this data was 20 MeV
it would have been contaminated with incoherent events. The cross section at large
angles failed to show the expected diffraction structure, indicating that at least some
of the cross section was incoherent. Unfortunately, this work was never published and
the only information available on it is that in the paper of Saunders who compared
his theoretical predictions with it [43] (see section 1.3).

Measurements of the coherent (vy, 7°) reaction were made on a wide range of nuclei
by Schrack and a number of collaborators in the late 1950’s and early 1960’s [2,4, 5].
The measurements used the photon beam from the 170 MeV electron synchrotron of
the National Bureau of Standards (NBS), USA. Thus the energy region up to around
35 MeV above threshold was covered but no attempt was made to determine the
energy of the incident photons. The total yield due to all available photon energies
was measured. The two pion decay photons were detected in coincidence in a pair of
detectors consisting of plastic scintillators that observed the electron-positron pairs
produced from the decay photons in thin lead converters. This gave some information
on the 7° energy and an angular resolution not better than 20° (FWHM). However,
clear signs of diffraction structure were observed in the 7% angular distributions from
three large A targets (Cu, Cd, and Pb) and the rms matter radii for 8 nuclei were
obtained with accuracies of around 20 %.

Total (v, 7°) Cross Section in the Threshold Region and its Photon Energy
Dependence

Due to the complexity of the detector required to be capable of measuring the energy
and angle of 7° mesons, few measurements of the differential (v, 7°) cross sections
were made before 1990. However, it was possible to construct a large angular ac-
ceptance detector capable of identifying neutral pions without giving any energy or
angle information. This allowed measurements of the total (y,7°) cross section to be
made in the threshold region where the bulk of the cross section is expected to be
coherent. Therefore, measurement of the 7° energy that would be needed to separate
the incoherent process could be dispensed with.

Argan et al. performed relative measurements of 7° photoproduction yields on
hydrogen, deuterium, 3He and *He in the threshold region in 1980 [44]. Understand-
ing of the experimental results was restricted by experimental aspects, particularly
calculation of the detection efficiency, as well as theoretical difficulties - there were no
satisfactory theoretical estimates of the cross sections for the four reactions measured.
A more refined detection efficiency calculation was performed and a re-analysis of the
data was reported the following year [45] with a better determination of the threshold
elementary photoproduction amplitudes on nucleons. The data were re-analysed a
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third time in 1988 [46] following improved measurements having been made on the
proton by Mazzucato et al. [15].

In the early eighties, the Boston University group studied the gross features of
photoproduction of 7° mesons from targets of 6Li, 2C, 2284, °Ca, "*Cd, and ™**Pb
in the threshold region using the bremsstrahlung beam of the MIT Bates Linear
Accelerator [47]. The two pion decay photons were detected by converting them in
a thin lead foil and the resulting electron-positron pairs were detected in two plastic
Cerenkov detectors. Four of these two-detector sub-systems were placed symmetrically
on either side of the target producing a detector system with an efficiency relatively
insensitive to the 7° production angle except for the highest energies investigated.
However, the number of data points for a single target was not adequate to unfold
the yield curve to obtain a total cross section directly so experimental yields were
compared with theoretical ones. The yields for all nuclei were seen to increase with
energy at a rate faster than that predicted by simple coherent production which they
suggested could be explained by incoherent contributions to the cross section where
the nucleus was left in an excited state. Comparison of the yields from the range of
nuclei measured indicated the production to scale as A? as was expected for coherent
production where the elementary amplitudes of all nucleons add up coherently.

The first measurement of a total cross section for 7° photoproduction in the thresh-
old region with a tagged photon beam was reported by Jammes et al. [48] in 1989.
The experiment utilised tagged in-flight positron annihilation monochromatic photons
and an almost 47 Pb-glass 70 detector. The data obtained for the * He(y, 7°) reaction
compared well with the Argan et al. data [46] in which bremsstrahlung yields were
measured.

A series of total (v, 7°) cross section measurements in the threshold region were
made in the 1980’s at Saclay [48-50] and Tomsk [51] on ®Li, 2C, and *°Ca. The
incoherent and quasi-free cross sections are both expected to be small in comparison
with the coherent cross section in the first 10-20 MeV above threshold so these mea-
surements could be done with relatively simple detectors that did not determine the
energy of the detected 7° meson. A typical set up was a box of Pb-glass Cerenkov
detectors positioned closely around the target to detect the two 7° decay photons
in coincidence. The results confirmed the importance of the m°-nucleus interaction
and the need to carry out distorted wave calculations to explain the magnitude of
the measured cross sections which were typically 20 % larger than the plane wave
predictions (see section 1.3).
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Differential Cross Section Measurements for ‘He

As stated previously, differential cross section measurements of the coherent (v, 7?)
process on “He do not require as high an energy resolution from the 7° detector as
measurements on other nuclei. It is also possible to carry out the measurement by
detecting the recoil *He nucleus. For these reasons the initial progress with detailed
studies of the differential cross section was largely confined to *He.

LeFrancois et al. obtained limited data on 7° photoproduction in the A resonance
region - measurements of back-angle differential cross sections only [52]. Measure-
ments were obtained by detecting the recoil nucleus and this experiment, performed
in 1970, gave believable cross sections at a few photon energies and pion angles.

Tieger et al. provided the first forward angle data for the reaction *He(vy, 7°)*He in
the A resonance region [53]. The 7° was detected directly via its decay photons. The
70 spectrometer employed consisted of two independent photon detectors, each con-
sisting of two Pb-glass converter and multiwire proportional chamber arrays followed
by total-absorption Pb-glass blocks. These made a precise (~4 mm) determination of
the photon conversion points and a rough (~35 %) measure of the photon energies.
Events were restricted to the symmetric two photon decay where the photon energies
are roughly equal so the 7° energy was determined primarily by the measured opening
angle of the photons. The spectrometer energy resolution depended on E; but was
typically 9 MeV (FWHM) which allowed separation of the coherent process from the
incoherent reactions of *He listed earlier. The production angle of the 7° was deter-
mined with an uncertainty of £1.0°. Differential cross sections were obtained for a
limited number of laboratory angles (25°, 40°, 60°, 70°, and 80°) and were found to be
in agreement with those of LeFrancois et al. [52]. A total cross section was obtained at
E, = 290 MeV by integrating the measured angular distributions. However, because
the data did not cover the whole angular range, an assumed shape for the angular
distribution was used from the A-hole model of Koch and Moniz [24].

Anan’in et al. also measured the differential cross section for coherent (vy,n°)
production on *He in the A resonance region [54]. The recoil nucleus was detected
in a helium streamer chamber in coincidence with one of the pion decay photons.
The photon was detected in a Cerenkov y-spectrometer of the total-absorption type
located at an angle 41° to the bremsstrahlung beam. The gas of the streamer chamber
was used as the target and as a medium in which the energy of the scattered nucleus
was determined on the basis of range. They were unable to explain the experimental
results quantitatively but qualitative agreement was obtained with the A-hole model
of Koch and Moniz [24].

The reaction *He(7,n%)*He in the A resonance region was studied with the
LEGS [34] tagged, polarised gamma ray beam by Bellini et al. [55]. The pion was
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detected through its asymmetric decay in which one of the decay photons takes a large
part of the pion’s energy and the other low energy photon is emitted in the opposite
hemisphere. The higher energy photon of the two pion decay photons was detected
by a high resolution, cylindrical Nal(T1) scintillator of 48 cm diameter by 48 cm deep.
The lower energy photon was detected by eight NaI(Tl) bars 10 x 10 x 35 cm3 placed
around the target with their axis parallel to the beam-line. Data were collected at six
values of the pion angle (in the centre of mass frame) from 33° to 133° and divided into
nine energy bins centred at incident photon energies from 206 to 322 MeV allowing
differential cross sections to be compared with the data of LeFrangois et al. [52] and
Tieger et al. [53], both of which were performed with bremsstrahlung beams. There
was good agreement with both sets of previous experimental data.

Rambo et al. performed a similar experiment to that of Bellini et al. at the MAinz
MIcrotron (MAMI) using the TAPS photon spectrometer and the Glasgow/Mainz
tagged photon facility [56]. TAPS, a highly segmented array of BaF, crystals, is
the best 7° detector available in Europe at the present time (see section 2.4). The
differential cross sections were measured over a larger range of photon energies (E,
= 200-400 MeV) than Bellini et al. and covered all pion production angles. The high
angular resolution of TAPS allowed the opening angle between the two decay photons
to be used to separate the coherent from the incoherent m° photoproduction processes.
For this purpose, use was made of the relation

Yrmin = 28in"1 (Tg—:) (1.2)

between the minimum opening angle, ¥, that corresponds to the symmetric two
photon decay and the 7° energy, E,, in the laboratory frame (see Appendix A.2.2).
Since, as discussed earlier, all incoherently produced 7° mesons from *He have at
least 20 MeV less energy than those produced coherently for a given fixed incident
photon energy, their opening angles, 1, are shifted to distinctly higher values. This
shift defines, via equation 1.2, a range of opening angles that only contains coher-
ently produced m° mesons. The resulting differential cross sections were in general
agreement with those of Bellini et al. [55] except for some deviations especially at the
highest energies accessible in reference [55]. These extensive results were used to fix
the parameterisation of the A-nucleus interaction in what is probably the best cur-
rently available theoretical treatment of the coherent (y,7%) reaction [57]. However,
“He is such an “atypical” nucleon system that the chosen A-nucleus parameters may
need revision if the model is to account for the present wider ranging data that will
provide a more severe test of this model.
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Differential Cross Section Measurements for A > 4 Nuclei

After the initial work of Davidson at MIT and Schrack at NBS, progress was very
slow with most of the measurements performed on *He where, as described above,
the lack of excited nuclear states enabled the separation of the coherent process from
the incoherent processes even with the available poor energy resolution detectors.
The next set of measurements on heavier nuclei was not performed until 1981 by
Bellinghausen et al. The photon energy dependence of the (v, 7°) cross section at pion
angles below 10° was examined for *He, "**Li, and °Be [58], 12C, B3C, and %0 [59]
across the A-region. The bremsstrahlung beam of the 500 MeV Bonn synchrotron was
used and the two decay photons of the 7° were detected in a 7° spectrometer consisting
of two Pb-glass detectors with lead collimators and scintillation veto counters. The
acceptance of the spectrometer was limited to small pion angles so that only the
coherent m° production process would contribute because the momentum transfer
was too small to excite the nucleus. A water target was used to investigate *O and
in this case, the 7° contribution from the proton was calculated and subtracted from
the measured yield. Differential cross sections were obtained for 2C and %0 as a
function of the incident photon energy scaled to a centre of mass pion angle of 10°.
Measurements were also made with a '3C target in order to investigate if the extra
neutron compared to the 2C target gave a measurable effect in the 70 rate. The
70 rates for the two carbon isotopes were compared and it was concluded that the
coherent 7° production on 3C at small angles was very similar to that on '2C.

In order to make detailed measurements of the coherent angular distribution, it is
necessary not only to measure the pion direction but also the energies of the incident
photons and the outgoing pions with a resolution of a few MeV. This energy informa-
tion is needed to enable the separation of the coherent and incoherent yields that is
required if the interesting detail of the angular distributions in the diffraction minima
and at backward pion angles, where the incoherent process may dominate, is to be
observed. This became possible with the advent of tagged photon facilities and the
first such measurements were made by Arends et al. [6] using the tagged photon beam
at the Bonn 500 MeV synchrotron. Measurements were performed of the (v, 7°) reac-
tion on 2C covering the whole range of photon energies from threshold to 400 MeV.
This work produced the first indications of the trends of the cross section with angle
and energy. A scintillation counter was used as an active 2C target in an attempt to
separate coherent and incoherent 7% production. The coherent differential cross sec-
tion was strongly forward peaked whereas the cross section for incoherent production
was rather flat with a slight decrease at forward angles. However, the 7° detector
employed (this consisted of a series of five cylindrical wire chambers covering a solid

angle of nearly 47: the first two acted as a charged particle veto, a lead converter
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was positioned between chambers 2 and 3 and chambers 3-5 detected the resulting
e~ et pairs from the decay photons) did not have adequate 7° energy resolution and
coherent production could not be separated from transitions to excited bound states.
Comparison with more recent results has shown that such incoherent processes make
significant contributions to the measured yield in some kinematic regions. The ap-
parent discrepancy found at backward pion emission angles between the result of the
coherent A-hole model calculation of Koch and Moniz [24] and the experimental data
was later found to vanish if incoherent contributions are added to the calculation.

Koch et al. performed two experiments in the threshold region on 2C [60] and
*0Caq [31]. The tagged photon facility at Mainz was used, providing E., = 158-168 MeV,
and the pion decay photons were detected using a segmented Pb-glass detector array
with good photon position but poor photon energy resolution resulting in a pion
energy resolution of around 9 MeV. This was not good enough to separate the coherent
and the incoherent processes. An investigation of the 2C/(y, 7°) reaction revealed the
presence of incoherent contributions by examining the angular variation of the average
emitted pion energy after an angle dependent correction for the nuclear recoil. The
so-corrected pion energy was not constant as it should be for a coherent process
but was decreased by 1-2 MeV for backward pion emission near threshold. This
was a clear indication of excitation in the residual nucleus but the incoherent and
coherent contributions could not be quantified. For °Ca, the variation in the pion
decay photon opening angle with pion energy was used to obtain a separation of
the coherent and incoherent processes. For a given pion energy the opening angle 1
between the two decay photons is distributed between a minimum value ¥, given
by equation 1.2, and 180° with 9, being strongly favoured by phase space (Jacobian
peak distribution). In incoherent pion production the energy of the emitted pion is
reduced by the excitation energy of the nucleus, leading to

pincoh , ycoh (1.3)

Therefore, for example, the first excited state of *°Ca is at 3.35 MeV so the min-
imum opening angle for incoherent production must be at least 4° larger than for
coherent pion production. The typical excitation energy was said to be 8 MeV re-
sulting in a difference in opening angle in the coherent and incoherent reactions of
9°. The opening angle resolution was 8°. A corresponding cut on the opening-angle
distribution strongly selects coherent production but also results in a low efficiency in
pion detection. However, there was good separation of the coherent events for °Ca
and the resulting angular distribution demonstrated a clear diffraction minima for
the first time. The magnitude of the cross section along with the shift in the posi-
tion of the diffraction minima of the experimental data compared with plane wave
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impulse approximation predictions (see section 1.3), confirmed the need to include
the 7%-nucleus interaction in any theory of the process. The incoherent cross section
was also determined by subtracting the obtained coherent cross section from the total
cross section. The shape looked as expected, rather structureless with a much slower
variation with pion angle than the coherent cross section.

Belousov et al. measured differential cross sections for the photoproduction of 7°
mesons on 6Li, 12C, 2" Al, "*Cu, and "*Cd as functions of incident photon energy
in the A-region (E, = 300-450 MeV) at a mean pion centre of mass emission angle
of 8.4°. The energy resolution of the 7® meson (~ +3.4%) was sufficient that the
contribution of the incoherent process to the measured cross section was estimated
at not more than ~ 10% allowing comparison of the measured cross sections with
theoretical calculations of coherent production. The 2C data gave cross sections
considerably smaller than that of Bellinghausen et al. [59]. This was attributed to
a large contribution from the inelastic process or to possible systematic errors in
the determination of the pion detection efficiency in the latter’s data. Belousov et
al. concluded that there seemed to be an indication of a decrease of the width of
the A resonance in photoproduction on account of its interaction with the nucleus
and an indication of some increase of its mass. This contradicted the conclusions
of Bellinghausen et al., which was attributed to the lack of data at incident photon
energies above 400 MeV in reference [59)].

Gothe et al. measured coherent 7° photoproduction on 2C and 3C near the
threshold region (used 170.1 MeV < E., < 176.8 MeV) using the tagged photon facil-
ity at Mainz and produced absolute differential and integrated-over-angle cross sec-
tions [61]. The pion decay photons were detected in coincidence using the Giessen-
Mainz 7° spectrometer which consisted of two blocks, each comprising 8 x 11 Pb-glass
modules, that could be adjusted in all three dimensions to optimise the 70 detec-
tion efficiency and the angular resolution. The Pb-glass detectors had poor energy
resolution (o, = 30.3 MeV) so event-by-event separation of the coherent 7° produc-
tion reaction was only possible by taking advantage of the good angular resolution
(04y = 2.34°) of the spectrometer. The data were restricted by setting the spectrom-
eter to observe symmetrical pion decay into two photons. This reduced the energy
resolution to o, = 2.91 MeV, allowing the suppression of the incoherent contributions
to less than 0.6 % for 12C and 1.1 % for 3C. The integrated-over-angle cross sections
extracted for 2C showed the coherent cross section to be significantly smaller than
the total cross section (obtained by accepting all pions whether they were produced
coherently or incoherently) with the latter agreeing well with the results of previous
experiments at lower energies where the coherent could not be separated [48, 50, 60].
Previously, the theoretical calculations of the coherent 2C/(vy,7°)!2C cross section
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could only be compared with total cross section measurements. Comparison with this
data showed that the Distorted Wave Impulse Approximation (DWIA) calculations
of Boffi et al. [62] and Chumbalov et al. [63] overestimated the measured coherent
cross section in this energy region. The discrepancies were much stronger for 3C
where even the shape of the differential cross section was not reproduced. The ratio
of the absolute coherent (7, 7%) cross sections of 13C to 2C at forward angles agreed
with the relative measurement of Bellinghausen et al. [59]. However, comparison of
the total differential cross sections with the coherent ones revealed significant inco-
herent contributions at small pion angles for both targets which disagrees with the
assumption of reference [59)].

Schmitz obtained the first separation of the coherent and incoherent processes
for 2C in the A-region but only a small 7° angular range (6, = 60 £ 10°) was
measured [64]. The pion was detected through its asymmetric decay. The high energy
photon was detected using large Nal crystals and an array of 61 BaF; detectors was
used for the low energy decay photon. The pion energy resolution was 6-8 MeV
(FWHM) which is better than that of Koch [60]. The coherent process was isolated
over the whole A-region up to 430 MeV. In addition, the 4.4 MeV decay photons
from the incoherent reaction populating the first excited state in >C were detected
directly enabling the incoherent cross section to be determined. This measurement
set the new standard for measurements in the A-region but because of the limited
angular range it did not provide a strong test of the theoretical models.

Bergstrom et al. performed a series of measurements on 2C [65], 2H [66] and
6Li [67] using the tagged photon facility at the Saskatchewan Accelerator Laboratory
(SAL), Canada, in conjunction with the large acceptance calorimeter IGLOO [68]. All
measurements were made within the region 25 MeV above threshold. The 79 spec-
trometer IGLOO consists of a rectangular box of 68 Pb-glass detectors symmetrically
arranged to define a hollow cave of dimensions 100 x 40 x 40 cm. In this “closed” con-
figuration the large geometric acceptance is exploited to perform total cross section
measurements. Pion angular distribution measurements are performed by splitting
IGLOO along a diagonal of the cave and retracting each L-shaped arm about 42 cm
" in order to enhance the angular resolution to the 7° decay photons. The total cross
section measurements for 2C were in good agreement with previous results from
Saclay [48,50] and Mainz [60,61). However, the pion angular distributions were not
unfolded from the intrinsic pion angular resolution of the 7° spectrometer which was
typically 25-35° (FWHM) but were analysed to obtain a measure of the incoherent
(y,7°) transition strength to the 4.43 MeV (2%) state. The SLi cross sections ex-
ceeded those of Glavanakov et al. [51] by as much as 50 % but the cross sections of
the latter were determined by means of the bremsstrahlung-difference method while
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the Bergstrom et al. measurements employed tagged photons. Bergstrom et al. took
advantage of the cancellation of the spin-amplitudes in 2C and extracted the elemen-
tary p-wave amplitude, P3(+), from the 12C data. The value obtained was in agreement
with that of the free nucleon, i.e. there was no change of the basic amplitude when
the reaction takes place in the nuclear medium.

The most recent measurements made on the (v, 7°) reaction were from an exper-
iment mainly intended to study 27° production. Krusche et al. performed measure-
ments on 2C, °Ca, ¥ Nb, and " Pb using the tagged photon facility at Mainz [69].
Incident photon energies throughout the A-region (E, = 200-400 MeV) were exam-
ined. The pion decay photons were detected using TAPS as it was at the time - 320
BaF, detectors as opposed to the current 522. Energy resolution deteriorates as pion
energy increases so the separation of the coherent and incoherent processes becomes
more difficult at high incident photon energies. However, separation was attempted
by the “energy difference” analysis described by Rambo et al. for *He [56]. Con-
tributions from breakup reactions were practically completely removed in this way
but incoherent excitations to low-lying nuclear states were incompletely suppressed.
A clear diffraction structure due to the nuclear form factor was seen for all targets
and the approximate validity of the Plane Wave Impulse Approximation (PWIA)
was demonstrated at the lowest incident photon energies around 220 MeV. Reason-
able agreement was only obtained at higher energies with the A resonance model of
Dreschel et al. [57] that takes the A-nucleus interaction into account. As stated ear-
lier, the A-nucleus interaction parameterisation for this model was extracted from the
4He data of Rambo et al.. Dreschel et al. suggested that the A-nucleus interaction
saturates for *He. The data of Krusche et al. indicated that the A-nucleus interaction
can be parameterised for heavy nuclei with the same potential parameters as for *He
since the agreement between the model predictions and the data was very good for
12C and 4°Ca and still reasonable for "% Pb.

1.1.2 Glasgow Experiment - Mainz 1999

In late 1999, a series of measurements of 7° photoproduction were made at the tagged
photon beam facility MAMI-B in Mainz, Germany on 2C, 160, “°Ca, and 28 Pb.
The electron beam was used at a reduced energy of 405 MeV to obtain a photon
energy resolution from the Glasgow Tagger of 1 MeV. The pions were detected via
their decay photons using the detector array TAPS (originally a Two Arm Photon
Spectrometer). The energy resolution of TAPS is good (pion energy resolution is
about 3 MeV FWHM at incident photon energies around 200 MeV, [70,71]) and a
comparison between the incident photon energy and the total pion energy has been
used successfully in an earlier experiment to separate the coherent and incoherent
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processes as discussed in the previous section [69] (this method is described in detail
in section 4.7.2). However, two large sodium iodide (Nal) detectors were introduced
to attempt to detect the additional decay photons resulting from incoherent pion
production when the nucleus returns to its ground state (the TAPS detector itself did
not have a sufficient dynamic range to detect the nuclear decay photons at the same
time as the high energy photons from the 7° decay). It was hoped that this would
aid the separation of the coherent process and maybe even enable the investigation
of the incoherent processes. At the time of the experiment, TAPS consisted of 522
barium fluoride (BaF5) crystals arranged to cover a wider pion angular range than
that obtained by Krusche et al. [69] in order to facilitate the extraction of the total
cross section.

The first results from '2C and *°Ca have been reported in a recent thesis [72].
The data presented here represents the first complete measurement of differential and
integrated cross sections for 0O and 2% Pb. Both are spin-zero nuclei for which both
N and Z are magic numbers according to the shell model. Oxygen has been treated
many times by theorists in their models [22,23,25,73-75] but there has been only one
previous experimental measurement, performed by Bellinghausen et al. in 1982 [59]
and that was made at only one pion centre of mass angle (see section 1.1.1). A pure
208 P target was purchased from ISOFLEX Isotopes, Moscow. As stated earlier, 2°¢ Pb
lead is potentially very interesting as it has a complete extra shell of neutrons and so
could give new information on how the neutron distribution compares with that of
the protons. The previous measurement was on natural lead [69] which is only 52.4 %
208 ph and the other isotopes affect the resultant cross sections.

The range of nuclei studied should enable the A-dependence of the cross section
to be determined. A more sophisticated analysis was performed on the 2C and “°Ca
data from [72] for this A-dependence assessment.

Further details on the experimental set-up are given in chapter 2.

1.2 Neutral Pion Photoproduction

Yukawa proposed in 1935 that the strong force was carried by particles exchanged
between nucleons [76]. These exchanged particles are called mesons and the lightest
of the mesons, the m-meson or simply pion, is responsible for the major portion of
the longer range (1.0 to 1.5 fm) part of the nucleon-nucleon potential. There must
be three pions with charges of +1, 0 and -1 in order to satisfy all the varieties of the
exchanges needed in the two-nucleon system. The pions have spin 0 and rest masses of
139.57 MeV (for 7%) and 134.98 MeV (for n°) [77]. The single pion that is exchanged
between two identical nucleons must be a 7% but the neutron-proton interaction can
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be carried by charged as well as neutral pions. Other mesons, including p and w,
contribute to the short-range nuclear interaction.

The pion is the lightest meson and as such it cannot decay into lighter strongly
interacting particles by the strong interaction (characteristic lifetime 10722 seconds).
It must decay by the much slower electromagnetic or weak interaction and therefore
with a much longer lifetime. The #° usually (branching ratio 98.798 %) decays elec-
tromagnetically into two gamma-rays in a time of the order of 107'¢ seconds [77].
Thus it is detected via its decay products. Details on the detection of neutral pions

in the present experiment are given in chapter 2.

1.2.1 Production on a nucleon

A photon incident on a nucleon couples to the nucleon electromagnetic current result-
ing in meson production if the photon energy is sufficiently high. The production of
photomesons is dominated by the production of single pions and pion pairs for photon
energies up to 1 GeV [30].

The main Feynman diagrams for single neutral pion photoproduction from a nu-
cleon are shown in Figure 1.1. In the first two diagrams, (a) and (b), the photon
interacts with the charge and the magnetic moment of the nucleon and the pion is
“shaken off” after or before the absorption of the photon [78]. These two processes
have different signs and almost cancel each other.

The mass of the A, which is involved in diagrams (c) and (d), is 1232 MeV which
is around 300 MeV greater than the mass of both the proton and the neutron. In
the process shown in Figure 1.1(d), the pion is emitted before the photon is absorbed
which would require the intermediate A to be more than 400 MeV off its mass shell.
Hence the contribution from this process is very small. The mass of the w is 782 MeV
which is much greater than the energy available in the experiment described here.
Hence the contribution from the process illustrated in Figure 1.1(e) is also very small.

Therefore, the process shown in Figure 1.1(c) dominates at all incident photon
energies except very close to the 7% production threshold. This is because close to
threshold there is not enough energy for the pion to have an orbital angular momentum
but, for process (c), the pion must have an orbital angular momentum of 1% as the A
has spin 2. Thus the contribution due to Figure 1.1(c) vanishes and the cross section
is determined by the other processes shown in Figure 1.1.

1.2.2 Production on a nucleus

The elementary production operator for free nucleons is used as a starting point to
describe nuclear pion photoproduction. Additionally, the modification of the produc-
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(¢)

Figure 1.1: The main Feynman diagrams contributing to neutral pion pro-
duction on a nucleon: (a) and (b) are the Born terms for single neutral pion
photoproduction from a nucleon; (c)-(e) are the isobar and heavy meson diagrams
for single neutral pion photoproduction from a nucleon. The production process is
dominated by (c).
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tion operator by the surrounding medium, the nuclear structure, and the interaction
of the pion with the final nucleus have to be taken into account.

The characteristic features of nuclear pion photoproduction processes depend on
the excitation energy of the residual nuclear system. The coherent reaction leaves the
residual nucleus in its ground state with zero excitation. Pion production may also
lead to discrete excited states of the residual nucleus. At higher excitation energy the
nucleus can be excited to a continuum of particle unstable giant resonance states. At
even higher excitation energy the pions are mainly produced on quasifree nucleons
which are knocked out of the nucleus.

Coherent production of neutral pions is especially interesting as the coherent addi-
tion of the production amplitudes on all the nucleons provides a dramatic enhancement
of the cross section for the ground state transition compared with the corresponding
process for charged pions. For coherent pion production from even-even nuclei (0*-
ground state), angular momentum conservation implies that the neutral pion will be
emitted as a p-wave (I = 1). Since parity is conserved, M1-photon absorption is
dominant and this proceeds mainly via A-excitation apart from small Born term and
w-exchange contributions. A comparison of (7, 7°) experiments on the proton and on
complex nuclei can therefore shed light on the modification of the A in nuclear matter
and on the final state interaction [60)].

The cross section for a spin-zero nucleus with A nucleons can be written, neglecting
70 final state interactions, as given in equation 1.4 (see section 1.3.1). This simple
picture accounts quite well for the shape of the measured angular distributions. At
small angles the shape of the differential cross sections is governed by the sin?# term,
at large angles and at high photon energy by the steep fall-off of the nuclear form
factor (F'(¢q)) with increasing momentum transfer (¢). The form factors used in the
theoretical models that will be compared with the experimental data presented here
are shown as a function of ¢ in Figure 1.2. These are based on the assumption that
the matter distribution has the same shape as the charge distribution.

1.3 Theoretical Descriptions

The simplest theoretical description of pion photoproduction is that of the plane wave
impulse approximation (PWIA). This assumes that the incident photon interacts only
once and that there is no final state interaction (FSI) between the pion and the nucleus.
The FSI was first taken into account by the distorted wave impulse approximation
(DWIA). This theory treats the pion-nucleus attraction dynamically starting from the
elementary pion-nucleon amplitude and uses a complex pion-nucleus optical potential
to distort the outgoing wave.
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1.3.1 The Plane Wave Impulse Approximation

The PWIA is the simplest theoretical description of coherent pion photoproduction.
Final state interactions of the photoproduced pion with the surrounding nucleons are
neglected, i.e. the pion leaves the nucleus as a plane wave. The coherent cross section
for spin-zero nuclei can be written, neglecting any FSI and medium effects as [57]

WEWIA (B, 60) = S 22275 (B2, ) 2 (g,) (1.9
where
E, = incident photon energy [MeV]
O = pion polar angle in the photon — nucleus centre of mass system [radians]
A = atomic mass number
my = nucleon mass [MeV]
F(q4) = nuclear matter form factor
ga = momentum transfer [MeV /c]
s = square of the total energy of the photon — nucleon pair [MeV?]
E; = photon energy in photon — nucleon centre of mass system [MeV]
o = pion angle in photon — nucleon centre of mass system [radians]

The photon energy and pion angle in the photon-nucleon centre of mass system (E3

and %) are evaluated in the factorisation approximation from

94 JA (1.5)

where the average momentum ITN) of the nucleon follows from the momentum transfer

Py=-2

J4 to the nucleus.

For a spin-zero nucleus all the spin-dependent terms in the elementary cross section
cancel and only the spin-independent elementary cross section contributes. This is
given by [57]

dons . . pr
dQ ( e 11') 2]{;* f2(E'y’01r)

with the pion and photon momenta ¢*, k* in the photon-nucleon centre of mass system.

sin2(0;‘,) (1.6)

The dominant process contributing to the spin-independent amplitude fo(E?,8;) is
the A excitation.

Chew et al. [82] used dispersion relations to obtain a general amplitude for photo-
production from nucleons. Even though a number of simplifying assumptions had to
be made, the cross sections calculated with this amplitude (hereafter called the CGLN-

amplitude) compared well with the available data on the reactions y+p — 7t +n
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and v+ p — 7% + p. In 1967 Berends et al. [83] used dispersion theory to predict the
elementary pion photoproduction multipole amplitudes (hereafter called the BDW-
amplitude), basically along the same lines as CGLN but carried out in much more
detail. Applications to nuclear photoproduction were made by Devanathan and Ra-
machandran [84-87] to study charged and neutral pion production from deuterons and
later from heavier nuclei. Their formalism was based on the impulse approximation
using the CGLN-amplitude for the photoproduction operator, and harmonic oscillator
wavefunctions for the nuclear states. Final state interactions (FSI) between the pion
and the nucleus were not considered explicitly but simulated in a phenomenological
way by the surface production model. In this model it is assumed that pions produced
inside the nucleus are reabsorbed and therefore contributions to the cross section come
only from the production of pions in the peripheral regions of the nucleus. For the
first time transitions to discrete nuclear states were considered in detailed microscopic
shell model calculations.

In the work presented here, comparisons with the PWIA theory were made using
the CGLN-amplitude f, taken from a unitary isobar analysis of pion photoproduction
and averaged over proton and neutron numbers [69,80].

The characteristic features of the PWIA are that its magnitude is proportional
to the square of the number of nucleons, and that the shape of the differential cross
section is described by the square of the form factor and modulated by the sin?(8%)
term. Krusche at al. have recently demonstrated the approximate validity of the
PWIA for low incident photon energies [69]. At higher incident photon energies,
PWIA does not describe the reaction well because significant final state interactions
occur due to the strong interaction between the pion and the nucleus.

1.3.2 The Distorted Wave Impulse Approximation

The DWIA group of models aims at the study of the pion-nucleus interaction and
the in-medium properties of the pion. The starting point is the elementary pion-
nucleon amplitude and the FSI of the pion in the nuclear medium is taken into account
but medium modifications of the resonance properties are neglected. The necessary
nuclear structure information can be adopted directly from electron-scattering form
factors. Early calculations took the FSI of the pion into account dynamically by a
complex pion-nucleus optical potential which distorts the outgoing pion wave (changes
its wavelength and introduces damping). The distorted wavefunction of the pion was
obtained in position coordinate space by solving the Klein-Gordon equation with an
optical potential for every partial wave that significantly contributes to the cross
section.

The optical potential plays a crucial role since it takes care of the corrections
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due to the interaction of the propagating particle with other nucleons in the nuclear
medium, Pauli blocking, and binding energy effects. These are all essential for an off-
shell extrapolation but are ignored in PWIA. In coherent (vy,7°), the general shape
of the angular distributions is mainly determined by the nuclear density distribution
but the absolute size of the theoretical cross section depends sensitively on the optical
parameters chosen. The pion optical potential of Stricker et al. [88,89], where good
fits to low-energy pion scattering on light nuclei were achieved, has been used by a
number of authors [62,73]. It has the basic form suggested by Kisslinger [90]:

V(r) = ‘72” lg(r) - Va(r) - V] (1.7)

where u = % is the reduced mass of the pion with m, and ms the mass of the
pion and the target respectively. The functions ¢(r) and a(r) are proportional to the
nuclear matter density p(r) through a factor related to the pion-nucleon s- and p-wave
scattering length respectively.

Saunders was the first to study the effect of the FSI between the pion and the
residual nucleus explicitly using an optical model [43]. His calculations for coherent
pion production from 12C, °Ca and 2%® Pb yielded results that were much lower than
the experimental data available at the time [3] due to the lack of reliable pion-nucleus
optical potentials. This was interpreted by some authors as the failure of the DWIA
theory to explain the coherent 7° production from nuclei and thereby stimulated other
approaches to this problem, namely the isobar doorway model (IDM) and the A-hole
model (see next section).

Girija et al. performed DWIA calculations on *He, 12C, 60, and °Ca in 1983 and
found good agreement with the available data [73]. Their calculations also compared
numerically with other calculations using the IDM and the A-hole model implying
that these calculations all include the medium effects on the production operator and
the final state interactions to the same extent [30].

A large variety of results were produced as a result of different choices being made
on how to use the free-nucleon amplitude in a nuclear environment and selection of the
pion-nucleus optical potential [43,62,73,75,91]. More recent calculations have been
carried out in momentum space [63,92,93] with the advantage that the Fermi motion
of the nucleons inside the nucleus can be taken into account and that the distortion
of the pion wavefunction can be related directly to the pion-nucleus interaction.

1.3.3 The Isobar Doorway Model and the A-hole Model

A different approach for a theoretical description of 7%-photoproduction from complex
nuclei uses the fact that the dominant feature of intermediate energy photon-induced
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reactions is the excitation of the A resonance. Subsequently, the phenomenological
isobar-doorway model (IDM), which treats the isobars® as nuclear constituents, was
employed for a study of the reaction in '2C using the isobar-nuclear form factor
obtained by fitting pion-nucleus elastic scattering data [94]. A dip in the angular
distribution corresponding to the first diffractive minima of the pion-nucleus elastic
scattering cross sections (around 50°) was found for an incident photon energy of about
250 MeV. This was a consequence of only having a single form factor parameterising
the total amplitude. However, the IDM did give substantial cross sections for large
angles as is seen in the experimental data. The model was refined by modifying the
transition operator to account for many body effects [25]. This modification adopted
the same method as that employed for the pion-nucleus optical potential [95] and
also took into account the non-locality associated with the isobar propagation and
recoil corrections. A fairly good fit was obtained to the then existing data for m°
production from '2C [3] and *He [96]. However, since the '2C data is known to have
been contaminated with contributions from incoherent processes, this agreement is
not necessarily a sign of the success of the model.

Another theoretical approach similar to the IDM is the A-hole model. This studies
the in-medium properties of the A resonance with special attention to the A and 7
dynamics but mostly without non-resonant contributions in the elementary produc-
tion process [22-24,27,74]. It has been used mainly in the A resonance region with
considerable success [23, 24].

The DWIA assumes that the pion is produced on one nucleon and describes the
effect of the other nucleons as a mean field in which the pion propagation takes place.
It assumes that the properties of the A particle that takes part in the production
process are the same as those of a free A particle so that the elementary amplitude
is unaffected by the nuclear medium.

The basic hypothesis of the A-hole model is that the A is a nuclear quasi-particle
which can be treated as a separate nuclear species on an equal footing with the
nucleon, i.e. the A particle interacts strongly with the other nucleons inside the
nucleus. Modifications of the properties of the A (change in the mass and width of
the A resonance) are taken into account using a complex potential to parameterise
the interaction of the A-hole (the A and the missing nucleon) with the nucleus. The
result is a reduced cross section compared with the PWIA calculation, which has been
shown to compare favourably with experiment in the A resonance region [24].

In the A-hole formalism of Koch and Moniz [24], the A-hole Hamiltonian (Hap)
incorporates the A propagation effects through the kinetic energy operator (Ka)
and the binding effects through the potential (VA) and hole energy (H4-;) in the

3Isobars are excited nucleon states of isospin I = $(N*) and I = £(A).
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A-Hamiltonian (Hp):
HAh =’}’(E)HA+5W+W7(+‘/SP (18)

where
Hya=Kpa+Va+Hjs (19)

Pauli blocking of the A decay in the nuclear medium is given by dW. This produces
a substantial reduction in the free A width in nuclei, because the intermediate decay
will be partly blocked by the nucleons in occupied states, and shifts the resonance up
in energy. The term W, describes the intermediate pion propagation in the presence
of the nuclear ground state and corresponds to multiple scattering or, equivalently,
to iteration of the optical potential in pion-nucleus scattering. Taken together, these
terms constitute the full first order optical potential, including binding, recoil, and
exchange effects and are evaluated microscopically in the space of the A-hole config-
urations. In contrast V,, the spreading potential, is a phenomenological term that
represents coupling to multi-hole intermediate channels, and in particular to states
reached by pion absorption via the mechanism TNN — AN — NN. It is taken to be
a complex (optical) potential for the A proportional to the local density. Although V,
itself is energy independent, its effect on the photoproduction amplitude has a strong
energy dependence. For example, it increases damping of the pion wavefunction far
from the resonance and decreases it near the resonance.

Oset and Weise developed a microscopic approach for the calculations of the A-
nuclear interaction [22]. Medium effects were considered in terms of the A self-energy
in the nuclear medium calculated using a microscopic many-body framework. The
A self-energy contained Pauli corrections resulting from the partial blocking of the
A-decay into occupied nucleon states, absorption corrections that take into account
the coupling of the A-hole states to the 2p-2h continuum (the main channel for 7-
absorption) and other rescattering corrections (reflection terms: where the 7 from
the A-decay is allowed to rescatter resonantly from the nucleus). Carrasco et al.
suggested a less sophisticated approach based on the local density approximation [27]
that was able to separate contributions of the quasielastic, two-, and three-body pion
absorption processes. Both these models were quite successful in describing pion
photoproduction on heavy nuclei.

Takaki et al. extended the A-hole approach to incoherent 7° photoproduction
where the nucleus is excited to a discrete state [26]. The nuclear production amplitude
was considered in two parts:

T = Tyg+ Ta (1.10)

where Ty g is the non-resonant production part containing background terms and Ta
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is the A-part of the the amplitude. The former was treated in the DWIA and the
latter was calculated in the A-hole formalism. The data of Arends et al. [6] was
compared with the coherent calculation and with the calculation of the coherent plus
contributions from the three lowest 2C states. The coherent alone did not describe
the data: the calculated cross section was too low in the peak area and dropped off
faster with increasing 6,. The incoherent cross sections, mainly from the 2 and 3~
states, gave a large contribution at larger angles, where the transition form factor
peaks. Due to the transverse nature of the photon coupling, the elementary pion-
photoproduction amplitude is proportional sin#,. Therefore, 7° photoproduction is
favoured at larger angles where, however, the coherent form factor is much smaller.
The incoherent form factor grows with increasing 6, hence the sin 8, helps to enhance
the incoherent photoproduction cross section. The combined coherent and incoherent
cross section gave a better description of the experimental data.

1.3.4 The A Resonance Energy Model

The most recent development in the theoretical description of neutral pion photopro-
duction on nuclei is the A resonance energy model (DREN) of Dreschel et al. [57,80].
The DWIA gives a good description of the neutral pion photoproduction process
for photon energies close to threshold but the optical potential that represents the
propagation of the 7° is not enough in the resonance region. It is necessary to put
in explicitly that as the pion propagates it changes from being a pion by combining
with a nucleon to form a A. The IDM and A-hole models consider the A-nucleus
interaction and have the advantage that they provide a clear visual picture of the
production, propagation and the decay of the A within the nucleus. However, they
are greatly restricted to the energy region where the isobar contribution dominates.

The DREN model uses the DWIA approach and extends it to include the medium
modification of the A resonance properties via a parameterisation of the A self-energy
which modifies the effective mass of the A. This offers the possibility of a model that
describes pion production at all photon energies.

The A self-energy was fitted using data from the *He(y, 7%)*He reaction [56,57]
and this single parameterisation is assumed to be suitable for calculations on all nuclei.
Dreschel et al. have compared their prediction with available 12C (y, 7°)!2C data [6,64]
which suggests that the A-nucleus interaction has already saturated for * He leading
to the conclusion that this assumption is valid. This has been confirmed by recent
measurements by Krusche et al. in the resonance region on 2C, 4°Ca, 3 Nb, and
nat Pp [69] where this theoretical model gave the best agreement with the data.
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attractive real part to enhance the coherent cross section. As E, increases, specifically
in the A resonance region, a larger number of absorptive channels become available
leading to a large dampening of the cross section. Although the attractive part also
increases around the A resonance region, this increase is more than compensated by
the absorptive part, which greatly reduces the probability for the pion to interact
elastically with the nucleus. At any specific E,, the reduction in the cross section is
larger for 2% P than for 60 because it is a bigger nucleus.

The cross sections obtained with the DWIA are higher than the cross sections
obtained with the DREN at all incident photon energies but the difference is less
pronounced up to 180 MeV for both nuclei, corresponding to pion energies up to
about 50 MeV. In this region, the interaction between the pion and the nucleus is
not very strong and can be accounted for adequately by treating it as a mean field
in which the motion of the pion can be calculated. For pion energies above this the
interaction is too strong and this approximation is no longer valid. The A which
is created must be introduced specifically into the calculation. The reduction in the
cross section produced by the addition of the medium modification of the A resonance
properties has a strong E,-dependence and this reduction has its maximum at the
peak of the A resonance after which the difference between the DWIA and DREN
calculations decreases again.

The peak in the cross section gives information on the A resonance. The PWIA
gives the same A resonance shape as that obtained from pion production on nucleons.
The shape remains the same for all nuclei and the magnitude simply scales propor-
tional to A2. Figure 1.4 shows the total cross sections for the DWIA and DREN
calculations for coherent pion photoproduction on 2C, 10, 4°Ca and 2°°Pb. The
DWIA gives the same peak position as the PWIA but a reduced strength. However,
the E.,-dependent pion absorption in the DWIA is stronger with increasing nuclear
size and this for 2 Pb, and to a lesser extent for “°Ca, appears to shift the peak
position of the total cross section. The DREN does shift the peak position, i.e. there
is medium modification of the A, but the large pion absorption dominates everything
for 2 Pp (and for “°Ca) resulting in a maximum in the cross section that is no longer
at the peak of the “shifted” resonance.

The situation for the angular distributions is, in general, more complicated than
for the total cross section since pion distortion modifies the interference between the
competing partial waves which alters the angular dependence of the differential cross
sections, although the overall shape is still determined by the form factor. Figure
1.5 shows a comparison of the theoretical differential cross sections, again for the
160(y, 7°)180 reaction and the 208 Pb(-y, 7°)2%8 Pp reaction, for incident photon energies
of 200 MeV and 350 MeV. The PWIA result is proportional to the Fourier transform
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Comparison with the present data which cover a wider pion angular range than that
obtained by Krusche et al. [69] and extend the range of incident photon energies down

to threshold will provide a further test of this model.
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Chapter 2

Experimental Details

2.1 Introduction

Since the lifetime of a 7° meson is short (10716 seconds) it is detected by the obser-
vation of the two photons produced in 98.8% of decays [77]. The measured energies
and directions of the two photons are then used to calculate the energy and direction
of the 7° that produced them. The accuracy with which the 7° energy and direction
are known depends upon the accuracy with which the photon detector determines the
photon momenta.

The work described in this thesis was performed at the electron microtron MAMI
(MAinz Mlcrotron) of the Institiit fiir Kernphysik, University of Mainz, Germany.
The Glasgow photon tagging spectrometer was used together with the high resolution
photon spectrometer TAPS as shown in Figure 2.1. The setting up and operation of
the experiment was performed by members of the TAPS/A2 collaboration that in-
cluded members of the Nuclear Physics groups of the Universities of Glasgow, Giessen,
Mainz, Saskatchewan, Edinburgh, and the Massachussets Institute for Technology.

The MAMI accelerator was set to produce a 405 MeV 100 % duty cycle electron
beam that was steered to a thin nickel radiator producing bremsstrahlung photons.
The Glasgow photon tagging system, consisted of a dipole magnet and a 352 channel
focal plane detector for the detection of the residual electrons. The photon beam was
collimated on exit from the radiator and induced photonuclear reactions in a target
placed downstream from the collimator. Decay photons from 7°-photoproduction
were detected in the large segmented barium fluoride detector array, TAPS, arranged
in blocks in the horizontal plane around the target position. A large sodium iodide
detector was positioned above and a second one below the target to attempt to identify
characteristic decay photons from incoherent processes.
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2.2 The Mainz Microtron - MAMI

The Mainz Microtron MAMI is a cascade of three normal conducting microtrons
(RTM1, RTM2, and RTM3) with a 3.5 MeV injector linear accelerator (linac) and is
shown in Figure 2.1. The first two stages were successfully operated as MAMI-A until
1987, providing electron beams in the range 14-187 MeV. The third stage became
operational in 1990 and increases the electron beam from 180 MeV to 855 MeV in
15 MeV steps. The three stages are named MAMI-B and offer a 100 % duty cycle,
low emittance and high stability continuous electron beam, with a resolution of 60 keV
at currents up to about 100 pA [97].

A racetrack microtron consists of a linac situated between two uniform field bend-
ing magnets which recirculate the electrons through the accelerating section. In the
linac, the electrons are accelerated by the axial electric component of a standing wave
in a series of standing wave cavities for which a set of phase locked klystrons generate
the radio frequency (RF) power. In each turn, the electrons pass through the same
accelerating section situated between the magnets. There are a total of 14 turns in the
first stage, RT'M1, after which the electrons are accelerated to 14 MeV. The electrons
then enter stage two, RTM2, where they are accelerated through 51 turns to reach an
energy of 180 MeV. In the third and final stage, RTM3, the electrons are accelerated
through 90 turns to reach an energy of 855 MeV. At the last chosen turn an extractor
magnet deflects the beam into the beam handling system which subsequently guides
it to the bremsstrahlung radiator.

For each microtron, the radius of the orbit of the electron in the magnetic field
of the dipoles increases as its energy increases with each recirculation. Thus each
return path is spatially separated. Higher energy electrons have a larger orbit to
circulate than those of lower energy. The difference in the path lengths is arranged to
be an integer number of RF wavelengths to ensure all the electrons are sent into the
accelerator in phase.

Racetrack microtrons have an important feature - inherent phase correction. If
an electron becomes displaced from the resonant energy an automatic re-adjustment
takes place. Electrons of energies that are too high travel in an orbit of greater radius
and so take slightly longer to arrive back at the accelerating field. As a result, they
are slightly out of phase with respect to the accelerating field and hence are not
accelerated by as much as the electrons of the correct energy. Similarly electrons
of energies that are too low are over-accelerated on subsequent passes through the
accelerating section. This feed-back mechanism, together with the energy loss due
to synchrotron radiation suffered by all electrons, is responsible for compressing the
energy spread of the MAMI-B final beam to AE ~ 60keV FWHM. It also results in
a very low emittance beam (i.e. spot size and divergence).

R. SANDERSON PHD THEsIs OcToBER 2002



5 5*4.

<1l>

uuu

> #

9H
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After its extraction from RTM3, the beam is transported through various dipole
steering and quadrupole focusing elements to the A2 hall tagged photon facility.

2.3 The Glasgow Tagging Spectrometer

The quality of experimental photonuclear results has improved over the last 15 years
due in large part to the application of the tagging technique in order to obtain
“monochromatic” photons. The use of this coincidence technique has become possible
due to the advent of high duty-factor, continuous electron beams. Full advantage of
this technique could not be taken with the previously available < 0.1 % duty factor
pulsed electron beams as they produced a 1000x poorer real to random coincidence
ratio than is now obtained.

The monochromatic electron beam from MAMI-B is focused on to and passes
through a thin nickel radiator. The electrons radiate by the bremsstrahlung process
producing a continuous photon energy spectrum up to a maximum energy equal to the
kinetic energy of the incident electrons. The resulting photon beam passes through
a collimator into the experimental hall (A2 in Figure 2.1) where it is incident on a
target inducing photonuclear reactions. Electrons with a known incoming energy of
Eq can be scattered with a range of energies E, following the bremsstrahlung process.
So the energy of the photon that passes into the hall, E,, can be determined, if the
energy of the scattered electron, F,, is measured since

E,=E,—E, (2.1)

At Mainz, the tagging is performed by the detection of the post-bremsstrahlung
electron in the detector ladder of a wide band magnetic spectrometer built by Glasgow
University [32,33]. The tagger consists of a large magnet used to focus the scattered
electrons onto a focal plane detector, Figure 2.2, at a position which depends on their
energy. Hence the energy of the photon can be deduced. The photon can be identified
by demanding that there is a time coincidence between a tagger detector in the focal
plane and the photoreaction-product detectors near the target position.

The photon tagger focal plane detector consists of 353 overlapping scintillators.
Each element comprises a scintillator/lightguide assembly attached to a photomulti-
plier tube. The 2 mm thick NE 111 plastic scintillators form an array with a half-width
overlap between adjacent detectors. The overlap is used as “real” scattered electrons
interact with adjacent detectors and the required coincidence reduces background. At
the full MAMI-B electron energy of 855 MeV, the tagger has an energy resolution
of about 2 MeV per channel and a coincidence resolving time of about 1 ns. For
the experiment described here, MAMI-B was used with a reduced energy electron
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CHAPTER 2. EXPERIMENTAL DETAILS 38

is performed to measure how many photons do pass through. This compares the mea-
sured photon flux with the electron rate in the tagger. For this purpose a lead-glass
detector is moved into the path of the photon beam to detect the photons that are
not stopped by the collimator. The photon beam is reduced by a factor of 5 x 10*
since the lead-glass detector can not operate at the photon flux used for data-taking.
The lead-glass detects photons by measuring the Cerenkov radiation produced. It is
~ 100 % efficient as it has a thickness equivalent to 30 radiation lengths. The tagging
efficiency is defined as

€tagg = ]_J\\r,l (2.2)

e
where IV, is the number of tagged photons that pass through the collimator and N,
is the number of electrons detected in the focal plane. It is measured in practice as

€tage (1) = N%Zz()l) (2.3)
where N¢yin(2) is the number of coincidences between the lead-glass photon detector
and the ith focal plane channel, and N,(7) is the number of electrons detected in that
channel.

An ion chamber in the beam line is used to obtain an on-line indication of the
tagging efficiency. The ratio of the current detected in the ion chamber to the rate
of electrons counted in the tagger focal plane detector is proportional to the tagging
efficiency. This was continuously monitored as it indicates any changes in the electron
beam position or direction that would affect the tagging efficiency. Complete tagging
efficiency measurements were made at least once a day throughout the beam time.
More details on these measurements are given in section 4.2.

2.4 The Two Arm Photon Spectrometer (TAPS)'

The TAPS spectrometer [98] was designed to detect high energy photons (E, < 1
GeV) which enables the reconstruction of neutral mesons such as 7°- and n-mesons
because these decay predominantly into two or more photons. The reconstruction of
the meson energy and mass require the simultaneous measurement of the point of
impact and the energy of both photons, hence a modular setup is used.

A 70 in the centre of mass frame decaying into two gamma-rays emits them in
opposite directions but when this is seen from the lab system in which it has a total
energy E,, then the opening angle between the two gamma-rays varies between ¥,,;»
(see Appendix A.2) and 180°. The opening angle distribution is strongly peaked at
Ymin, the value of which decreases with increasing pion energy; both these effects
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array of 32 PMT’s
64 TAPS ~ BaFy — modules

41.6 cm

&
<

NE1_02Al scintillator perspex lightguide

Figure 2.5: A TAPS Block: A standard TAPS block consists of 64 BaF» detector
modules and 64 plastic (NE 102A) veto detectors.

Each detector module consists of two elements, Figure 2.7. The first is a BaF; scin-
tillation crystal of length 250 mm (corresponding to more than 12 radiation lengths)
and an hexagonal section with inner radius of 29.5 mm (corresponding to 87% of the
Moliére radius!). The crystals are wrapped with PTFE to act as a UV-reflector and
an additional layer of aluminium foil to exclude light and are coupled optically to the
quartz window of a photomultiplier tube with high viscosity grease [101]. The last
25 mm length of the crystal has a cylindrical section to fit the quartz-window of the
photomultiplier and allows for magnetic shielding. The second element of the module
is a 5 mm thick plastic scintillator (NE 102A) veto detector of identical granular-
ity mounted in front of the BaF; crystal for on-line charged particle discrimination.
These veto detectors are read-out individually by lightguides and photomultipliers.

The discovery of the fast component in the scintillation light of BaF5 in the
early 1980’s [102] prompted several studies into its use as a detector for gamma
rays [103—-105]. Time resolution is excellent, approaching 80 ps full width half max-
imum (FWHM) for small crystals [102] and 400 ps FWHM for large crystals [106].
The scintillator has a relatively high density (4.89 g/cm3) which combined with the
high atomic number of barium (56) give BaF; good detection efficiency for gamma
rays (radiation length X, = 2.05cm). The scintillation light output of BaF, has two
wavelength components: the first component is at 220 nm (decay time 600 ps) and the
second is at 315 nm (decay time 620 ns) [105]. The presence of two components in the
scintillation light output enables charged particles to be distinguished from gamma
rays via pulse shape analysis (see section 4.4.1). For these reasons BaF;, was selected
as the scintillation material for TAPS [99)].

LA characteristic constant of a material describing its electromagnetic interaction properties.
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/
5 mm ‘P
NE102A ANE

Figure 2.7: A TAPS Detector Module: TAPS consists of 522 identical modules
made up of two elements - a 250 mm long BaF; scintillation crystal and a 5 mm thick
NE102A plastic scintillator.

The response of TAPS to monochromatic photons with energies between 45 and
790 MeV was investigated by Gabler et al. [70,71] and the rms energy resolution (o)
for central impact of a collimated photon beam was found to be

o

1
— =0.59% x E;? +1.9% (2.4)
E’)’

where the photon energy, E,, is given in GeV. The spatial resolution of the point of
impact was found to be Az = 2cm (FWHM) at the highest energies corresponding
to 30 % of the diameter of an individual module. The position resolution depends
strongly on the number of detectors that respond and at lower energies (< 300 MeV)
it is determined largely by the granularity of the detector system [107].

2.5 Sodium lIodide Detectors

Neutral pion photoproduction can take place either coherently or incoherently. As
discussed in section 1.1, the coherent process is the primary interest of the present
investigation and therefore the coherent events need to be separated from the incoher-
ent events. In the incoherent process the residual nucleus is left in an excited state.
The excited nucleus decays back to its ground state and from some excited states this
is via gamma ray emission. Two large, cylindrical, sodium iodide (Nal) crystals were
used in addition to the TAPS setup in an attempt to detect these additional decay
gamma rays and thus identify incoherent events.

The Nal detectors were positioned one above and one below the target at a distance

of about 11.7 cm as shown in Figure 2.6(b). The choice of position is discussed in
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Table 2.2: Properties of the Nal detectors.

Manufacturer Bicron Harshaw
Model No. 9.37414/73 | 5-2117
Length (cm) 33.97 35.00
Diameter (cm) 24.76 25.50
Distance from Target (cm) 11.88 11.48
Solid Angle (steradians) 1.94 2.07
Dynamic Range (MeV) 0-2319 |0-2351

section 3.5. The properties of the crystals are summarised in Table 2.2. One crystal
was manufactured by Bicron and the other by Harshaw. Each was housed in an

aluminium casing and optically coupled to seven photomultiplier tubes.

2.6 Targets

As a closed shell nucleus, 0 is an interesting target to study coherent pion photo-
production on (see section 1.1) and many theorists have performed calculations for
it [22,23,25,73-75]. However there has been only one previous experimental mea-
surement, performed by Bellinghausen et al. in 1982 [59]. Oxygen is readily available
in the form of water (isotope composition is ¥Q, 170, and ¥0O with abundances of
99.757%, 0.038%, and 0.205 % respectively [108]) but the contribution to the yield
from pions produced from the hydrogen must be removed. Bellinghausen et al. sim-
ulated the coherent pion production from hydrogen and subtracted this from their
data. For a given incident photon energy and pion lab angle the energy of a pion
produced from hydrogen is smaller than the energy of a pion produced coherently
from oxygen since the lighter recoil nucleus takes a larger proportion of the energy.
Calculations were performed to evaluate the difference (AE,) in the energies of the
pions produced coherently from these two nuclei for a few incident photon energies
and a sample of the results are given in Table 2.3. The value of AFE, increases with
increasing incident photon energy but the pion energy resolution decreases. However
at any given E,, the energy resolution is less than half the value of AE, (see sec-
tion 3.4.1) and thus the kinematics of the reactions on the two nuclei can be used to
separate the oxygen-produced pions.

A simple water target which is shown in Figure 2.8 was constructed from perspex
with a thin (0.06 mm) Melinex window through which the beam was incident on
the water. Data were also taken on an empty target to allow correction for any =°
production processes taking place on the support structure.

Lead-208 is also a closed-shell nucleus. It is additionally interesting as it contains
a complete extra shell of neutrons and may give additional information on how the
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Table 2.4: Target Data.

Target Thickness Atomic Mass | Surface Density | Beam time
(mm) ) (gem™?) (hrs)
150 24.00 = 0.01 15.9994 2.695 69
28pp || 0.52 £ 0.01 207.977 0.8369 169

distribution of the neutrons compares with that of the protons. However, natural
lead is only 52.4 % 2%8Pb (isotope composition is 2*Pb, 206Pb, 27Pp, and 2% Pb
with abundances of 1.4 %, 24.1 %, 22.1 % and 52.4 % respectively) [108]. Lead is
a large, high atomic number atom and therefore the incidence of atomic processes
that contribute to the background of any pion photoproduction experiment is greater
than for lighter nuclei. A pure 28 Pb target was purchased from ISOFLEX Isotopes,
Moscow. A summary of the targets is given in Table 2.4. Both targets were placed in
an evacuated beam-pipe, made of 5 mm thick clear plastic, at the geometrical centre
of TAPS to an accuracy of 2 mm.

The water target thickness corresponded to approximately % of a radiation length
so that neither the angular resolution of TAPS nor the quality of the tagged beam

1

are degraded. The lead target was less than j; of a radiation length. Positioning it

at 45° to the beam increased the effective thickness by V2.

2.7 Electronics

2.7.1 Tagger Read-out

The tagger read-out hardware comprises three linked bus systems; VME-bus, CA-
MAC, and FASTBUS. Each of the 352 channels has its own scaler and TDC in high
density FASTBUS crates. An ECL logic pulse is produced by an electron hit in the
focal plane which is sent to be recorded in TDCs and pattern units and also to a
free running scaler. A photoreaction product is signalled by a coincidence between an
electron in the tagging spectrometer and a trigger from TAPS. This is tested for by a
logic pulse derived from an OR output of all 352 tagger channels. If this coincidence
condition is satisfied, the TDC is read - the time is needed to determine whether or
not a real coincidence has occurred between TAPS and the electron or if it was a
random coincidence.

The tagger electronics are controlled by a VME processor which is itself controlled
by the VME processor in the data acquisition system of TAPS.
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1. LED multiplicity of two, that is events were only accepted and recorded if there
were LED signals from at least two separate TAPS blocks,

2. LED multiplicity one: done for diagnostic purposes and this trigger was scaled
down by a factor of 100,

3. a pulser to provide a continuous‘monitor of the QDC pedestal.

A single trigger of LED multiplicity one was used for the cosmic ray calibration runs
(see sections 3.2 and 4.3.1).

The TAPS electronics are controlled by a VME processor. The data acquisition
was run on E6/7 CPUs. There were “slave” processors: one readout TAPS blocks A-D,
and F, another controlled writing the data to tape (20 GB DLT tapes), while a third
distributed the data to an on-line analysis. These were controlled by the “master”
processor that also readout TAPS block E and the Forward Wall.

2.7.3 Nal Read-out

Each sodium iodide crystal was optically coupled to seven photomultiplier tubes. The
signals from each tube were summed (the high voltages were used to align their relative
gains) and this was fed into a QDC and a TDC. When there was a LED multiplicity
two trigger in TAPS (see previous section), the QDC and TDC for both Nals were
read.

2.8 Analysis Code

The data analysis and display software written in the ’C’ language contained routines
for monitoring the detectors and allowed a detailed overview of progress during the
experiment. This analysis software, the Analysis Support Library (ASL), was provided
by colleagues from the University of Giessen where it has been developed over many
years [110]. The same basic analysis software was used for both on-line and off-line
analysis. The on-line analysis involved looking at raw QDC and TDC data along with
some derived spectra, e.g. invariant mass, using preliminary calibrations. These basic
spectra were provided as part of the standard off-line analysis. The complete analysis
was performed by adding the required specific spectra, e.g. pion energy difference cut
on incident photon energy and pion lab angle (see chapter 4).
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Chapter 3

GEANT Simulations

3.1 Introduction

The TAPS detector array consists of 522 BaF, elements in a complex geometry and
the response to any one high energy photon involves several of these elements. For any
given 7° direction and energy the 7° decay photons have a range of angles and energies.
Therefore to determine the response of TAPS to neutral pions it is essential to carry
out simulations of the m° decay and subsequent detection of the decay photons.

GEANT is a system of detector description and simulation tools that help physi-
cists design and optimise detectors, develop and test reconstruction and analysis pro-
grams, and interpret experimental data. It was devised in CERN in 1974 when it was
just a bare framework that initially emphasised tracking of a few particles per event
through relatively simple detectors. The system has been developed over the years
and we are currently using version 3.21.

The GEANT program simulates the passage of elementary particles through mat-
ter. The principle applications of GEANT in High Energy Physics are:

1. the transport of particles through an experimental setup for the simulation of
detector response;

2. the graphical representation of the setup and of the particle trajectories.
The GEANT system allows you to:

e Describe an experimental setup by a structure of geometrical volumes;

e Accept events simulated by Monte Carlo generators;

e Transport particles through the various regions of the setup, taking into account
geometrical volume boundaries and physical effects according to the nature of

the particles themselves, their interactions with matter and magnetic fields;
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e Record particle trajectories and the response of the detectors;
e Visualise the detectors and the particle trajectories

Colleagues at the University of Giessen, Germany, already had a working GEANT
simulation program for TAPS. This was modified to perform various simulations for
a number of investigations the details of which follow. For the analysis of both ex-
perimental data and simulated events the same analysis routines could be used thus
allowing comparisons and cross-checks.

In the course of obtaining experience with the TAPS GEANT simulation program,
an incorrect modification of the basic TAPS code was discovered. This modification,
whose origin could not be traced by colleagues in Giessen, resulted in energy below
a user-set threshold being discarded at the end of tracks of neutral particles. For
example, as much as 12 MeV of the initial energy of a 200 MeV photon could be
lost in this way. This error was corrected before routine use was made of GEANT,
although as a consequence it was not possible to use the results of any of the earlier
investigations done by the TAPS group because all of these had been done with the
incorrect code.

3.2 Cosmic Ray Calibrations

Cosmic rays are used to obtain a ’relative’ energy calibration for each of the 522
BaF; detector modules in TAPS on the assumption that they deposit the same aver-
age energy in all the TAPS elements independent of their position in the array (the
procedure is described in section 4.3.1). Cosmic rays consist of high energy muons
(both u~ and pt are present in almost equal probabilities). The muon flux at sea level
has a mean energy of 2 GeV and a differential spectrum falling as E~2, steepening
smoothly to E~3¢ above a few TeV. The angular distribution is cos?#, changing to
sec 6 at energies above a few TeV, where 6 is the zenith angle at production [77]. We
carried out a simulation to check the constancy of the average energy deposition. Two
possible effects might be

1. change in % because F changes along the muon path,

2. some of the energy deposited in any one detector might be due to particles that
were produced by the muon in previous detectors that it passed through.

A simple indicator is the difference in the average energy deposited in a top row
detector compared with the energy deposited in a bottom row detector. This difference
will give an indication of the magnitude of residual calibration differences after the

cosmic calibration has been carried out.
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here, the peak position was set at 38 MeV.

3.3 Light Collection Correction

One possible reason for the inability to obtain an absolute calibration based on the
cosmic ray measurements is the neglect of scintillation light collection losses in pre-
vious analyses of TAPS data. Since it may also affect the linearity of the photon
energy dependence in the TAPS response to photons, it was decided to investigate
the light collection process in more detail. GEANT3 simulates the passage of elemen-
tary particles through matter but only to quite a basic level. It does not model the
scintillation process itself or the processes involved in the collection of the photons
emitted by the scintillator and their conversion into photo-electrons at the cathode of
the photomultiplier [112]. Scintillation photons generated inside a detector travel by
complicated paths to the photocathode, often undergoing multiple reflections in the
process. During the collection process, photons may be lost due to absorption at the
surface or in the scintillator itself [113]. For energy deposited at some particular point
in the scintillator, the anode pulse is proportional to the energy deposited. However,
the proportionality constant will, in general, vary from one point in the scintillator to
another due to different fractions of the light being lost by absorption. To simulate
the overall loss of light from a shower generated by a high energy incident photon, it
is necessary to determine the loss as a function of position throughout the detector.
This information was obtained experimentally using a collimated ?2Na source.

As described in section 2.4, the TAPS BaF, detector components consist of a
250 mm long hexagonally shaped BaF;-crystals (see Figure 2.7). Positrons from the
22Ngq source decays are annihilated producing back-to-back 511 keV photons. The
experimental setup is shown in Figure 3.3.

Two TAPS detector elements were used to detect the 511 keV decay photons from
the 22 Na source: the anode pulse from one element (the sample) was measured when
a photon was detected in the other (the trigger). Energy spectra were collected for
various source positions along the length of the sample detector and the peak channel
in the energy spectrum for each entry position was recorded. An approximately
exponential relationship was expected between the peak channel number and the
distance along the detector, namely

I=Tpe ™ (3.1)

where I is the initial intensity of radiation and I is the intensity after passing
through thickness d of material of absorption coefficient A\. However, the graph of
In (Peak Channel) versus distance, shown in Figure 3.4, is not a straight line but
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