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The Crystal Ball and TAPS detector systems provide a highly segmented photon
and hadron calorimeter for use with the Glasgow Tagger at the upgraded MAMI
electron beam facility. The facility will provide very high quality photonucleon
and photonuclear data for incident E, up to ~1.4 GeV. Some preliminary results
will be presented and future plans for double-polarisation measurements in meson
photoproduction will be outlined

1. MAMI
1.1. The MAMI facility

The Crystal Ball is now the central detector facility to be used in experi-
ments with the Glasgow Tagger at the MAMI electron microtron in Mainz,
Germany. The MAMI-B! electron beam facility produces a 0.85 GeV high
quality ~100% duty factor electron beam. The facility is presently be-
ing upgraded to MAMI-C? which will involve the inclusion of a further
microtron stage to give an output beam energy of 1.5 GeV. The MAMI
electron beam can be passed to 4 experimental halls. The Crystal Ball®
and TAPS*calorimeters are used in the real photon (A2) hall where the
electron beam produces an intense (~10% « sec™!) beam of real photons
through bremsstrahlung in a thin metal foil radiator. By employing a
crystalline radiator (diamond) linear polarisation of up to ~90% can be
achieved. Circular polarisation of up to ~85% can be achieved using lon-
gitudinally polarised electrons from MAMI. Following the bremsstrahlung
process the scattered electrons are momentum analysed in the Glasgow
Tagger, a magnetic spectrometer® which provides a determination of the
energy of the associated bremsstrahlung photon with a resolution of ~2
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MeV. Improved resolution and flux can be achieved for smaller sub ranges
of photon energy by using a more highly segmented focal plane microscope
subdetector system®. The MAMI photon beam compares favourably with
other facilities available in this E, range as can be seen in Fig.1
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Figure 1. Comparison of the major gamma beam facilities

1.2. The Crystal Ball

The Crystal Ball (Fig. 2) was conceived and built in the mid 1970s at SLAC
and was the central detector system in experiments at SPEAR, DORIS and
Brookhaven National Laboratory before arriving at MAMI. The Crystal
Ball is a 672 element Nal detector covering 94% of 47. Each element is
shaped like a a truncated pyramid ~4lcm long. Photons incident on the
ball produce an electromagnetic shower which generally deposits energy in
a number of crystals (typically 98% of the deposited energy is contained in
a cluster of 13 crystals). From analysing the centre of gravity of the shower
angular resolutions for the photon of 2-3° in theta and 2°/sind in phi are
achieved. The scintillation light deposited in each crystal is read by its own
2 inch Photomultiplier tube (PMT) and the high light output of Nal results
in a good determination of the photon energy ( o/E ~1.7%/E%4(GeV) ).
There has been a complete overhaul of the electronics for the Crystal
Ball with its move to Mainz”. The output signal from each PMT is fed to a
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split-delay module. One output branch feeds to the trigger logic, a second
feeds individual multi-hit TDCs and scalers via a dual threshold discrim-
inator and a third is fed to a 40 MHz sampling ADC. The ADC modules
also have an 80 MHz sampling capability which may be exploited in the
future. The sampling of different regions of the pulse shape enables correc-
tion for remnant light present in the crystals before the event of interest,
which improves the energy resolution.

A detector subsystem consisting of two cylindrical MWPCs and a 24
element barrel of plastic scintillators gives a good separation of protons
and pions and gives track resolutions of g9~1.5° and o4~1.3°.

Figure 2. The Crystal Ball and TAPS detectors in the A2 hall at Mainz (with sections
removed to allow visibility of the detector elements)

1.3. TAPS

The TAPS detector system covers the angular range § = 1° — 20° which
is not covered by the Crystal Ball. This is an important part of the phase
space for fixed target experiments with high beam momenta. TAPS consists
of 510 hexagonally shaped BaF2 detectors each 25 cm long corresponding
to 12 radiation lengths. TAPS is a versatile detector system and has been
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employed at MAMI, GSI, Ganil, CERN and most recently with the Crys-
tal Barrel at Bonn. BaF- scintillator has two scintillation components, a
fast component which lasts for ~20ns and a slow component which lasts for
~2us. Different particle species produce different relative light yields in the
two scintillation components and this additional pulse shape information
can be used along with time-of-flight and AE information in particle iden-
tification. The energy resolution for the detector is of similar order to that
obtained in the Crystal Ball ( ¢/E ~ 0.59 E~/2(GeV) + 1.9% ). New VME
based readout electronics for the TAPS detectors have been constructed®.
The new design improves significantly on the previous system by allowing
the signal information to be digitised close to the detectors which eliminates
problems associated with passing analogue signals the long distance to the
control room such as attenuation, shaping and cross talk.

1.4. Targets

The MAMI facility has a good range of targets either presently available
or in development for use in the Crystal Ball programme. Cryogenic target
systems capable of liquefying both hydrogen and deuterium are presently
available. A system for accurately mounting solid targets has been oper-
ated successfully. A Mainz frozen spin target is due to be completed in
2007 which can use either butanol or deuterated-butanol targets to give a
source of longitudinally polarised protons or neutrons respectively. In 2008
a polarised *He gas target will additionally become available and will offer
an alternative source of polarised neutrons.

2. Experimental programme

The experimental programme at MAMI primarily exploits the 47 detec-

tion capability and uniquely intense photon flux available at MAMI. This

powerful combination is particularly well suited to making measurements

of small cross sections or measurements where very accurate and compre-

hensive determinations are necessary to extract the important physics.
The main themes of the MAMI programme include:

Precision determinations of nucleon resonance properties
Tests of low energy theorems

Tests of fundamental symmetries

In medium properties of hadrons

Nuclear structure
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Figure 3. Reconstructed invariant mass spectra (preliminary).

3. Experiments in the first round

The first round of experiments employed Hy, Dy and nuclear targets and
was successfully completed in the period June 2004 to April 2005. Data
taking will resume in 2006 following the completion of the upgrade of the
MAMI facility and the Glasgow photon tagging spectrometer. The Crystal
Ball experiment took ~3600 hours of beamtime in the first round of experi-
ments, giving data for 10 approved proposals and providing the thesis data
for 13 Ph.D students. A brief outline of the experiments already completed
and some preliminary analyses are presented in the following sections.

3.1. Liquid Hydrogen Target

The high granularity and almost complete kinematic coverage of the Crystal
Ball and TAPS results in good quality reconstruction of 7° and 1 mesons
as can be seen from the preliminary spectra in Fig. 3. The majority of
proposals completed in the first round measured meson photoproduction
reactions from the liquid hydrogen target. The first experiment comprised
a measurement of 7° photoproduction in which the crystalline (diamond)
radiator was oriented to produce a high degree of linear polarisation for E,
around pion production threshold, giving accurate asymmetry and cross
section data to extract the S and P wave strength and test predictions
from chiral perturbation theory (xPT). The later experiments were carried
out with high degrees of linear polarisation in the E,=0.4-0.5 GeV region,
above the peak of the A resonance and in the threshold region of 27 produc-
tion. The new data for the 27 reaction near threshold will also test xPT,
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Figure 4. The preliminary yields of various reactions from a liquid hydrogen target.
The different channels are indicated in the figure.

in particular pion loop mechanics, and will allow detailed investigation of
the resonances in the second resonance region. The analysis of the large
sample of 7 — 7%y~ will test the third order terms in the YPT momentum
expansion and the  — 37° data will also give important tests of the theory.

A further important physics goal of the first round programme is to
obtain an accurate determination of the magnetic dipole moment of the
first excited state of the proton, the A(1232), which will provide an elegant
test of various theoretical descriptions of the hadron. Sensitivity to the
dipole moment arises from the contribution of the AT — AT+ self-decay
process in the reaction amplitude.of the v+ p — pr%y reaction. As well
as increasing the data set for v + p — pn%y by over an order of magnitude
the new measurement will give a determination of reaction asymmetries
for both linear and circular incident photon polarisations, which are pre-
dicted to give additional sensitivities to the value of pa+. The experiment
also allowed a simultaneous determination of the v + p — nnT v reaction
which gives important additional tests of the modelling of the background
bremsstrahlung processes as well as giving a further independent measure
of pa+. The analysis of the data taken with the liquid Hs target is presently



December 22, 2005

17:28 Proceedings Trim Size: 9in x 6in Watts

in progress but some very preliminary yields® are shown in Fig. 4.

3.2. A>2 targets

The first round of data taking also included 7Li, '2C, H,0, “°Ca and 20%Pb
targets. The 27 production from these targets will be analysed to inves-
tigate modification of the 7-7 interaction in the I=J=0 channel. The 7Li

Cross Section (arb units)

data will be used to search for evidence of n-mesic nuclear states.
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Figure 5. Left; Preliminary 79 angular distribution from the 208Pb(vy, %) reaction.

Right: Coincident low energy events in the Crystal Ball showing < from the decay of the
2t state at 4.4 MeV in 2C and states around 6.1 MeV in 160

Analysis of single 7° production is also in progress, with the primary
motivation to more firmly establish the matter distribution of nuclei. In the
coherent production of a 7% from the nucleus the amplitudes for production
from all nucleons in the nucleus adds coherently and the diffraction pattern
in the angular distribution of the outgoing 7° contains information on the
matter form factor. The high detection efficiency and high uniformity of
the Crystal Ball will eliminate many of the systematic errors in extracting
this coherent strength from the incoherent events which leave the nucleus
in an excited state. The diffraction spectra for the 2%8Pb are visible even
with a first crude analysis as can be seen in Fig 5. Also shown in the
figure are the energies of the low energy uncharged clusters occurring in
coincidence with the 7°. It is clear that valuable information on low energy
nuclear decay gamma rays are visible in the Crystal Ball. Their analysis
will allow the coherent events to be extracted over a wider E, range and
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allow the incoherent strength to some low lying discrete residual states to
be studied in detail for the first time. The capability for detection of decay
gammas with the CB will also have applications in other future experiments
on nuclei.

4. Future Programme

Present plans for the future programme for the Crystal Ball at MAMI-
C include further detailed measurements of 1 and 7' branching ratios to
test YPT and C, CP invariance!®, threshold strangeness production, con-
tinuation of the programme to measure the magnetic moments of nucleon
resonances'?, investigation of medium modification of mesons'? and studies
of nuclear correlations'?. A major theme in the future programme will be
accurate measurements of double-polarisation observables in meson pho-
toproduction and these plans will be highlighted in the remainder of this
contribution because of the relevance to the topic of the conference.

4.1. Dowuble polarisation observables

The photoproduction of pseudo-scaler mesons from the nucleon can be de-
scribed with 4 complex amplitudes. This leads to 16 experimental ob-
servables in the reaction: the cross section (o), three single polarisation ob-
servables (3, P,T) and three quartets of double polarisation observables for
beam-target (E,F,G,H) beam-recoil (Cyr, Cyr, Oy, O,) and target-recoil
(Ty, Tyry Ly, Lyy). The need to measure double-polarisation observables
to improve our knowledge of the amplitudes has become increasingly appar-
ent in recent years. For example a first measurement of E for ¥ + 5 — pn®
showed the need for a significant revision of the helicity amplitudes even
for the “well established” D;3(1520) resonance!®.

The availability of an intense polarised photon beam, polarised nucleon
targets and a ~4n detector system at Mainz will allow accurate determi-
nation of a range of double polarisation observables. The E observable is
accessed with a longitudinally polarised nucleon target and circularly po-
larised photons. New measurements with MAMI-C will greatly improve
the statistical accuracy and the E, range of the experimental data for
79, n and 27 production channels, and assess their contributions to the
Gerasimov Drell Hearn sum rule. The expected accuracy of the proposed
E measurements'® for the p(y,7%)p reaction and indications of the sen-
sitivity of the variable to different resonances based on the MAID partial
wave analysis (PWA) are shown in Fig.6. The measurement on the neutron
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Figure 6. LEFT: The vertical bands show the expected accuracy in the determination
of the G observable for p(v,p)7? in an E, bin of £10 MeV, a . bin of 10° and a 600
hour beamtime. Curves show results from the MAID PWA with and without the roper
resonance RIGHT: Vertical bands give the expected accuracy for the E observable in a
250 hour beamtime with the same E., 8, binning. The curves show the values of the E
variable extracted from MAID

target will allow a complementary determination of E to test the isospin
structure of the resonances and allow investigation of resonances which only
couple strongly to the neutron. The determination of the p(¥,n)p reactions,
will be particularly interesting because of the sensitivity expected to the
D15(1675) which is one possible explanation of the structure in the cross
sections measured at GRAAL.

The G observable will be obtained'® for p(¥,7°)p and p(¥, 7 )n reac-
tions from a linearly polarised photon beam with a longitudinally polarised
target. The suitability of the observable for detailed studies of the poorly
established Pi;(1440) (Roper) resonance is indicated from the MAID PWA
predictions shown in Fig. 6. The expected accuracy of the experimental
data is also indicated in the figure.

The beam-target observables will give high quality data to add to the
worlds database used in partial wave analyses. However, an unambiguous
determination of the amplitudes would require 8 observables and necessi-
tates measurements of double-polarisation observables involving recoil po-
larisation. As a further step towards this goal we recently proposed!'? to
setup a nucleon polarimetry capability. The polarimeter would comprise
a graphite scatterer, placed in the downstream exit of the Crystal Ball,
and use the highly segmented TAPS array to detect the scattered nucle-
ons. The nucleons will be tracked into the graphite scatterer using reaction



December 22, 2005 17:28 Proceedings Trim Size: 9in x 6in Watts

10

kinematics or a tracker system. In combination with the polarised MAMI
beam the polarimeter will make possible determination of the Cy and O,
beam-recoil observables. Further, the single polarisation observables, P
and T will also be accessible (T can be extracted as the y component of
recoil polarisation with a linearly polarised photon beam). The expected
experimental accuracy, estimated using realistic polarimeter parameters for
a 7cm thick graphite scatterer, is shown in Fig.7.
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Figure 7. The data points show the expected statistical accuracy of the O, (Left) and
C,r (Right) measurements in a 6, bin of £10° for a 300 hour run with 0.85 GeV beam
energy (red - lower points) and a 600 hour run at 1.5 GeV (blue - upper points). The
curves show the values extracted from the SAID and MAID PWA (see key in the figure)

In conclusion, the Crystal Ball at MAMI programme is successfully
underway and this powerful combination can be expected to contribute
high quality data on meson photoproduction up to E, ~1.4 GeV, most
with polarisation information.
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