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Abstract. Photoproduction of neutral pions from the deuteron has been studied for incident photon en-
ergies from 200 MeV to 792 MeV with the TAPS detector at the Mainz MAMI accelerator. Total and
differential cross sections covering the full angular range have been obtained for coherent and incoherent
single 7w°-photoproduction. Good agreement between model predictions and the data was found for the
coherent process. The incoherent cross section in the energy region of the A(1232)-resonance is overesti-
mated by existing models. A comparison to model predictions indicates that final state interaction effects
are much more important than for the coherent reaction. However, the angular dependence of the data in
the A-peak region follows the pattern expected from the dominant excitation of the M;-multipole on the
free nucleon. The energy and angular dependence of single w°-photoproduction in the second resonance
region is remarkably different from the reaction on the free proton, indicating a strong nuclear effect. Fi-
nally the total cross section for double 7°-photoproduction from the deuteron has been measured for the

first time and was used to estimate the cross section for double 7w°-photoproduction from the neutron.

PACS. 13.60.Le meson production — 25.20.1;j photoproduction reactions

1 Introduction

The study of nucleon resonances is a very important test-
ing ground for modern hadron models. Since the reso-
nances decay dominantly by the emission of mesons to
the nucleon ground state photoproduction of mesons is
the ideal tool to study the electromagnetic transition am-
plitudes which are connected to the spin — flavor degrees
of freedom of the nucleon. Photoproduction of neutral
mesons plays a special role for the study of resonance con-
tributions since background contributions like e.g. meson
pole terms or Kroll-Rudermann terms are strongly sup-
pressed due to the weak coupling of the photon to neutral
mesons. The photoproduction of pions from the free pro-
ton was extensively used to study the properties of the
A(1232)-resonance as well as resonances at higher excita-
tion energies. Similarly, photoproduction of 77-mesons from
the proton was very succesful in providing information on
the properties of the S11(1535) [1,2] resonance.
Photoproduction from the proton alone tells us noth-
ing about the isospin structure of the electromagnetic
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transitions. It is thus desirable to investigate the same re-
actions also on the neutron, but due to the non-availability
of neutron targets one must rely on meson photoproduc-
tion from light nuclei. In principle there are two possibil-
ities to learn about the isospin structure of the photoex-
citation amplitudes. Coherent photoproduction from light
nuclei may be used as an isospin filter while photoproduc-
tion from bound nucleons in quasifree kinematics can be
used to extract the neutron cross section. The small bind-
ing energy and the comparatively well understood nuclear
structure single out the deuteron as exceptionally impor-
tant target nucleus. The reactions d(~y, 7~ )pp [3], d(~y,n)np
[4,5] and d(vy, 77~ )pp [6] were already used to investigate
the respective reactions from the neutron. Furthermore
photoproduction from the deuteron bridges the gap from
the elementary reaction on the free proton to the photo-
production from heavier nuclei which is of much interest
for the study of the behavior of nucleon resonances in the
nuclear medium.

Even in the favorable case of the deuteron however, the
measured cross sections are influenced by nuclear effects
like e.g. the rescattering of the mesons. The extraction of
the elementary n(v,z)n amplitudes requires input from
models at least for the off-shell behavior of the nucleons
and the treatment of final state interactions. For neutral
pions predictions were made by several models for the re-
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actions d(v,n°)d (see e.g. [8,9,7,10,11] and ref. therein),
d(~y,m)np [8,12,13] and n(y, 7°7°)n [14,15].

So far the data basis to test such predictions is very
small. Some experiments have investigated coherent 7°-
photoproduction from the deuteron in the A-resonance
region or at higher energies [16-20]. These experiments
used untagged Bremsstrahlung beams and most of them
identified the reaction by a momentum analysis of the re-
coil deuterons in a magnetic spectrometer. This technique
did not allow the investigation of pions emitted at forward
angles since the energy of the corresponding deuterons
was too low. Consequently most of the data are concen-
trated at pion cm angles larger than 60°. One experiment
[16] studied d(vy,7°)d at 6° by an identification of the pi-
ons via their two-photon decay without detection of the
recoil deuteron. However, in this approach events from
the breakup reaction also contributed. The effect was cor-
rected by subtracting from the data an estimate of the
breakup reaction obtained from the free proton cross sec-
tion, which gave rise to systematic uncertainties. Very re-
cently inclusive angular distributions of the d(y, 7°)np and
d(vy,m°)d reactions were measured [21] close to threshold
at incident photon energies below 160 MeV where the re-
action is expected to be dominated by the coherent pro-
cess. At higher photon energies in the excitation range
of the A-resonance no complete angular distributions and
hence no total cross sections were reported up to now.

Quasifree single m°-photoproduction from the deuteron
with coincident detection of recoil protons and neutrons
was measured with rather large uncertainties from 260-
420 MeV [22], 450-800 MeV [23] and 500-900 MeV [24]
for angles larger than 45° with untagged bremsstrahlung.
No data has been reported up to now for double w°-pho-
toproduction from the deuteron.

In the present work, inclusive, coherent and incoherent
single and quasifree double 7w°-photoproduction from the
deuteron have been investigated from the A-resonance up
to the second resonance region comprising the Py (1440),
D45(1520) and S11(1535) resonances. A consistent set of
angular distributions for coherent and incoherent single
m°-photoproduction covering the full angular range was
obtained. The total cross section of the d(~,27°)d reac-
tion was measured for the first time and used to estimate
the cross section of double m°-photoproduction from the
neutron.

2 Experimental setup

The experiment has been carried out at the Mainz Mi-
crotron (MAMI) [25]. The 855 MeV cw electron beam
was used to produce quasi-monochromatic photons by
means of bremsstrahlung tagging with the Glasgow /Mainz
tagged photon facility [26]. Typical beam intensities of
5x10° photons MeV~! s~! and an energy resolution of
1-2 MeV were available with the tagging spectrometer
for photon energies up to 790 MeV. Data were taken in
two separate runs, the first in the energy range from 200—
790 MeV and the second covering only energies above 520
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Fig. 1. Setup of the TAPS-detector at the Mainz MAMI accel-
erator. Five TAPS blocks each consisting of 64 BaF2 modules
arranged in an 8x8 matrix were placed in one plane around
the target chamber with the liquid deuterium target. With the
exception of the most backward block all BaF; modules were
equipped with individual plastic veto detectors The beam en-
tered the target chamber from the lower right edge.

MeV. During the second run the high voltage of photomul-
tipliers for tagger counters at lower photon energies was
turned off. This allowed an increase of the electron beam
intensity which provided the high photon flux also in the
high energy range. The collimated beam passed through
a 10 cm long, 5 cm diameter liquid deuterium target lo-
cated approximately 12 m downstream of the radiator.
The target container was made entirely from Kapton foil
with 60 pm thick entrance and exit windows. The beam
spot diameter on the target was approximately 3 cm.

Neutral pions produced in the target were detected
via their 2y-decay with the TAPS detector system [27].
The experimental setup is shown in Fig. 1. The spec-
trometer consists of hexagonally shaped BaFs-modules
of 25 cm length corresponding to 12 radiation lengths.
They were equipped with individual plastic veto detec-
tors and 64 modules were arranged in an 8x8 matrix to
form one TAPS block. For the experiments discussed here
five TAPS blocks with a total of 320 detector modules
were available. They were placed in one plane around the
target at a distance of 55 cm and at polar angles of +38°,
+88¢ and +133° as indicated in Fig. 1. The block placed at
most backward angles was not equipped with veto detec-
tors. The photon response of the spectrometer was investi-
gated by moving one block into the photon beam. Details
of the energy calibration and the measured response are
given in [28].

3 Data analysis

3.1 Identification of w°-mesons

In the first step of the analysis particles must be discrimi-
nated from photons. Most charged particles were rejected
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Fig. 2. Measured invariant mass spectra. The main picture
shows the invariant mass distribution for incident photon en-
ergies between 200-400 MeV. The dashed histogram represents
the result of a Monte-Carlo simulation of the detector response.
The inserts a) and b) show the measured distributions for inci-
dent photon energies between 400-600 MeV and 600-790 MeV,
respectively.

with the help of the veto detectors. Neutral particles were
identified by time-of-flight and pulse-shape analysis. A
time resolution for <-vy-coincidences in TAPS of 500 ps
(FWHM) was achieved. The pulse shape analysis is based
on the fact that the scintillation light from BaFs crys-
tals is composed of two components with very different
decay times. The relative intensity of the fast component
is different for photons and particles. This feature was
exploited by integrating the signals over a short gate pe-
riod (50 ns) and a long gate period (2us). Since the pulse
shape discrimination works best for high energies while
the time-of-flight method is most effective for low ener-
gies, the combination of both very effectively separates
photons from recoil particles.

Neutral pions were identified with a standard invariant
mass analysis using

Min, = (2E71E72(1 - COS(Q’Y’Y))l/Qa (1)

where E,1, E,y are the photon energies and &, is the
opening angle between them. Typical invariant mass spec-
tra are shown in Fig. 2. A resolution of ~23 MeV FWHM
was achieved. The tail of the peak at the low energy side
stems mainly from shower losses at the back of the BaFs-
modules. The spectrum is practically free of background at
incident photon energies below ~ 400 MeV which demon-
strates the excellent particle suppression. Also shown in
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the figure is the result of a Monte Carlo simulation of the
detector response with the GEANT code [29] (see Sect.
3.3) which matches the measured distribution very well.
The combinatorial background visible for higher incident
photon energies originates from double 7°-production and
n-decays into three neutral pions. This background is re-
moved for single and double 7° production by cuts on
missing energy or missing mass (see below). Inclusive 7°-
production was analysed by subtracting the fitted combi-
natorial background separately for each bin of incident
photon energy and pion polar angle. The background
from random coincidences between TAPS and the tag-
ging spectrometer was determined by shifting the time-of-
flight cut away from the prompt peak and subsequently
subtracted.

3.2 Identification of reaction channels

At incident photon energies below 309 MeV only the reac-
tions d(vy, 7°)d, d(vy,7°)np and d(vy,7°y)X can contribute
to the production of neutral pions. Since the 7°y final
state has a negligible cross section only coherent and in-
coherent single m°-production are of importance. Recoil
deuterons were not detected in the present experiment.
Coherent and incoherent contributions were separated by
their different reaction kinematics.

This was done by generating missing energy spectra
from a comparison of the kinetic cm energy of the pion
derived from the measurement of energy and momentum
of its decay photons E¥ (y172) to the kinetic energy de-
rived from the incident photon energy E, (E,) under the
assumption of pion production on a deuteron:

AE,, = E; (m172) — B, (E,). (2)

It is evident from Fig. 3 that the experimental resolution
was not good enough for an event-by-event separation of
the two reaction types. However, their contributions could
be extracted from a comparison of the data to the simu-
lated response for the coherent reaction and the breakup
reaction. The peak for the quasifree reaction is shifted
away from zero and broadened by the Fermi motion of
the nucleons which was taken into acount for the simu-
lation in a participant — spectator model. The separation
is quite good at backward angles but less so at forward
angles so that the forward cross section data is subject to
larger systematic uncertainties.

At higher energies the cross section for coherent 7°-
production is negligible compared to the breakup reaction,
but additionally 7w°-mesons are produced by the double
pion production reactions d(7y, 7°71)nn, d(vy, 7°7~ )pp and
d(~y,m°7°)np. The contribution from triple pion produc-
tion is negligible below the n-production threshold (Eyp,
~ 628 MeV) but at higher energies the n-decay channels
n — 37° and n — 777~ contribute in addition.

The experimental resolution was good enough for an
event-by-event separation of single w°-production from
multiple pion production reactions again based on a miss-
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Fig. 3. Missing energy spectra for the separation of the reac-
tions d(v,7°)d and d(v,7°)np at an incident photon energy of
290 MeV for four different 7° cm-angles. The dashed (dotted)
histograms represent the simulation of the quasifree (coherent)
reaction. The full histograms the sum of both which is com-
pared to the data.
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Fig. 4. Missing energy spectra for the reaction d(vy,n°)np.
The full histograms represent the measured data. The dashed
histograms are the result of a Monte-Carlo simulation that in-
cludes effects of Fermi smearing for the bound nucleons and the
response of the detector system. The spectra from left to right
correspond to incident photon energy ranges of 280-400 MeV,
400-600 MeV and 600-790 MeV, respectively. The background
in the medium and high energy range stems from multiple pion
production.
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ing energy analysis of the reaction kinematics. In this case
the missing energy was determined assuming pion produc-
tion on a free nucleon at rest. The missing energy peaks for
the breakup reaction d(v,7°)np are of course broadened
by Fermi motion of the bound nucleons and the compo-
nent from coherent production is slightly shifted due to the
different recoil mass. However as shown in Fig. 4 the super-
position of both is clearly separated from the events due
to multiple pion production. The result of a Monte Carlo
simulation of the d(v,7°)np reaction taking into account
the detector response and the effects of nuclear Fermi mo-
tion is compared to the data in Fig. 4. The single pion
production peak is very well reproduced for incident pho-
ton energies above &~ 400 MeV where contributions from
the coherent reaction are negligible. At lower energies the
analysis described above was used to separate coherent
and incoherent events.

Events from the reaction d(vy, 7°7°)np were identified
as described in detail elsewhere [30] for the reaction on
the free proton. At photon energies below the n-threshold
the cross section was obtained in two different ways. In
the first analysis all events with three identified photons
were taken. This analysis relies on the facts that no other
reaction with more than two photons in the final state
contributes significantly and that contaminations from
misidentified particles and scattered photons are negligi-
ble. The first condition is fulfilled due to the very small
cross sections of reactions like d(v, 7°v)np and triple pion
production with at least two neutral pions. Particles were
very efficiently removed from the data sample with the
methods discussed in 3.1. False photon pairs which re-
sult from the split-off of an electromagnetic shower into
two geometrically unrelated components were eliminated
with cuts on the relative photon timing, the minimum
photon energy and the minimum opening angle between
photons.

In the second analysis only events with four photons
which could be combined in a unique way into two photon
pairs each with the invariant mass of a 7°-meson were in-
cluded. If the effects of nuclear Fermi motion are ignored
such events are kinematically overdetermined which allows
the calculation of the mass of the missing recoil nucleon
my from the photon beam energy Fj and momentum P,
and the energies E,, and momenta P, of the four de-
cay photons. Nuclear Fermi motion causes only a slight
broadening of the missing mass peak. The overdetermina-
tion was used for a missing mass analysis based on:

3 3
AM=my—,|(By+my =Y E,)2—(Po— Y _ Py)2
i=1 i=1
(3)

The result of the analysis is shown in Fig. 5. The missing
mass spectrum is practically free of background at incident
photon energies below the n-threshold. The background
structure at higher photon energies is due to the decay of
the m-meson into three neutral pions.
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Fig. 5. Missing mass spectra for the reaction d(v,7°7°)np.
The left hand side corresponds to incident photon energies be-
low the n-threshold, the right hand side to energies above the
n-threshold. The symbols show the measured data, the his-
tograms are the results of a Monte-Carlo simulation including
Fermi smearing of the bound nucleons and the response of the
detector system.
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3.3 Determination of cross sections

The absolute cross sections were obtained from the num-
ber of events, the thickness of the liquid deuterium target
(1.73 g/em?), the intensity of the photon beam and the
detection efficiency of TAPS. The photon intensity was de-
termined by counting the deflected electrons in the tagging
spectrometer and measuring the tagging efficiency (i.e. the
fraction of the correlated photons which pass through the
photon collimator) by reducing the intensity and moving a
lead glass detector into the photon beam (approximately
twice a day).

The angle and energy dependent detection efficiency of
TAPS was modelled with Monte Carlo simulations, carried
out with the GEANTS3 code [29]. The detection efficiency
for single pion production was simulated as a function of
laboratory angle and kinetic energy of the pions and cor-
rected event-by-event. In this way the correction is inde-
pendent of any assumptions about the reaction kinematics
which e.g. in case of the breakup reaction are not trivial.
Only at energies above 300 MeV a correction depending
on reaction kinematics had to be applied for the extreme
forward and backward angles (10°, 170°) which accounted
for a zero acceptance region in the ©.-F -plane. Apart
from this correction model dependent simulations were
only used for the separation of the coherent and inco-
herent single pion data. The excellent agreement of the
simulations with the data is demonstrated in Figs. 2—4.

The detection efficiency for 27°-photoproduction was
simulated taking into account the Fermi motion of the
bound nucleons derived from the deuteron wave function
[33] and assuming phase space distribution of the two pi-
ons. This assumption is well justified since it has been
shown for the elementary reaction on the proton [30] that
the m° — w° invariant mass exhibits phase space behav-
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ior (which is not true for the m°-p invariant mass). The
good description of the reaction kinematics for 4-photon
events is demonstrated in Fig. 5. An additional check of
this efficiency simulation comes from the fact that the re-
sults obtained for the total cross section from an analysis
of three and four photon events (with detection efficien-
cies different by more than an order of magnitude) are in
very good agreement. Nevertheless, the systematic uncer-
tainty is larger than for the completely model independent
detection efficiency of the single pion data.

The following systematic uncertainites of the overall
normalization must be taken into account: analysis cuts
on time-of-flight, pulse shape etc. (2%), target thickness
(2%), photon flux (1%) and Monte Carlo simulation of
detection efficiency (5% for single 7° data, 10% for 27°).
Consequently the overall systematic uncertainty is roughly
6% for single and 10% for double 7° data. It should be
noted that the comparison of cross sections measured from
the deuteron to those from the proton has a much smaller
relative systematic uncertainty since both data sets were
measured with the same setup and most uncertainties ef-
fect them in the same way.

4 Results and discussion
4.1 Inclusive single 7°-photoproduction

The total and differential cross section for inclusive single
m°-photoproduction from the deuteron normalized to the
mass number are compared to the data from the proton
in Figs. 6-8. The low energy proton data from produc-
tion threshold to 280 MeV are taken from [31], the data
up to 650 MeV from [32] and the high energy data up to
790 MeV are from the present work. It should be noted
that all data sets have been measured with the same setup
in three consecutive runs optimized for the different inci-
dent photon energy ranges. The angular distributions in
Fig. 7 are given in the cm system of the incident photon
and a nucleon at rest. This facilitates a direct compari-
son of the breakup process, which dominates the reaction
at higher energies, to the elementary reaction on the pro-
ton. Throughout this paper cross sections in the photon —
nucleon cm are labelled (*N), while cross sections in the
photon — deuteron system, which is more appropriate for
the discussion of coherent photoproduction are labelled
(*d). The incoherent differential cross sections have been
fitted with the simple ansatz:

do _q;

—— = "la+bx cos(O:N) 4 ¢ x cos*(O:N)]
a2 "k

(4)

where ¢z and k7 are the pion and photon cm momentum,
respectively. The fits are compared to the data in Fig. 7.

We discuss this data for three different energy regions:
the peak region of the A-resonance, the intermediate en-
ergy range between 400 and 650 MeV and the so-called
second resonance region above 700 MeV.

The total cross section per nucleon in the A-peak
shows a remarkable reduction compared to the reaction
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on the free proton (see Fig. 6). An earlier measurement of
the ratio

do
R=—Shd—m vd — 7°p] (5)

g
at backward angles (> 90°) [22] found a value close to
unity and the reduction cannot be explained alone by
smearing of the cross section due to Fermi motion of the
bound nucleons. This is demonstrated in Fig. 6 by a com-
parison to the proton cross section folded with the mo-
mentum distribution of the bound nucleons which was
calculated from the deuteron wave function [33]. A similar
effect is observed in the total photoabsorption cross sec-
tions on the proton and deuteron [34,35], where the peak
cross section per nucleon from the deuteron is about 70 b
lower than the free proton cross section. Since the differ-
ence in peak cross sections for single w°-photoproduction
found here amounts to about 55 ub this explains most of
the effect seen in total photoabsorption and consequently
the behavior of neutral pion production from the deuteron
must be very different from the charged channels. We will
come back to this point in the discussion of the breakup
reaction. The angular distributions on the proton and
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data (see text).

7°-photopro-

deuteron (see Fig. 7) are somewhat different in this an-
gular range, which is not unexpected since the deuteron
data is a superposition of coherent and incoherent pro-

cesses.

The total and differential cross sections in the inter-
mediate energy range above 400 MeV where coherent 7°-
photoproduction becomes negligible are quite similar for
the proton and the deuteron, although around 550 MeV
the cross section per nucleon from the deuteron is some-
what larger than the proton cross section. In two previ-
ous experiments Bacci et al. [23] and Hemmi et al. [24]
measured the R ratio defined above for angles between
60° and 140° and found values between 1.5 and 2 in the
energy range from 500-600 MeV incident photon energy.
They took this result as evidence for a large isoscalar part
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800

in the photoexcitation of the Py;(1440) resonance. The in-
clusive cross section per nucleon from the present exper-
iment for backward angles (see Fig. 7) comes very close
to the proton data. These results are not neccessarly in
contradiction since off-shell effects and final state interac-
tion effects, which are expected to cancel to a large extent
in the ratio, could by chance produce the agreement of
the inclusive cross section per nucleon at backward an-
gles with the proton cross section. However, Bacci et al.
themselves report correction factors for the deuteron ef-
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fects obtained from a comparison of w°-photoproduction
from the free proton and the bound proton that are not
large enough to account for the discrepancy.

The proton cross section shows a pronounced structure
at the highest incident photon energies which is almost
completely suppressed on the deuteron (see Figs. 6, 7,8).
Bacci et al. [23] report R values close to unity for this en-
ergy range and correction factors for the deuteron effects
of just a few per cent. This is in contradiction with the
present data. In their experiment 7°-mesons were iden-
tified by the detection of one decay photon with lead
glass detectors. No kinematical reconstruction was pos-
sible. Consequently, the experiment relied on the assump-
tion that contributions from multiple pion production can
be safely neglected. However, in the present experiment
we find that at incident photon energies above 600 MeV
the cross section is dominated by the multiple pion chan-
nels. Hemmi et al. [24] measured both 7°-decay photons
in coincidence with the recoil nucleon and identified the
reaction by kinematical reconstruction. They also report
R values close to unity. However, their differential cross
sections for m%-production from the bound neutron and
proton are flatter in this energy range than the distribu-
tions for the free proton. Although their uncertainites are
quite large, this might indicate that the disappearing of
the structure is a deuteron effect.

The vanishing of the structure in the d(vy, 7°)np reac-
tion certainly cannot be explained by nuclear Fermi mo-
tion. The proton cross section folded with the nucleon
momentum distribution still shows a pronounced peak
around 750 MeV (see Fig. 6). For a more detailed discus-
sion differential cross sections for the proton and deuteron
data are compared for some angular bins in Fig. 8. With
the exception of the extreme forward angles the differ-
ential cross sections exhibit the structure in the proton
data and an almost energy independent behavior of the
deuteron cross section. Also shown in Fig. 8 are the re-
sults of the SAID [36] multipole analysis for the p(y, 7°)p
and n(v,7°)n reactions from the world data base. It is
evident that a momentum folded superposition of the two
curves cannot explain the deuteron data, in particular not
for backward angles. This behavior is in sharp contrast to
the findings for n-photoproduction [4,5] and 777~ double
pion production [6] where in the same energy range no
deuteron effects beyond Fermi motion were observed.

Any interpretation of the different behavior of the pro-
ton and deuteron cross section requires an understanding
of what causes the structure observed in the proton data
in the first place. The rise between 700 and 750 MeV is
certainly not only due to the excitation of the Dy3(1520)-
resonance. It is known [37] that at least for the backward
angles the opening of the n-photoproduction threshold
causes a unitarity cusp that results in a pronounced s-
shape like step of the cross section around the threshold
at 705 MeV. A quantitative analysis of the cusp effect re-
quires a simultaneous multipole analysis of the pion- and
n-photoproduction data. Such an analysis is presently un-
der way [38]. The precise data for p(~y, 7°)p reported here,
which were measured simultaneously with the n-photo-
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production data reported in [1], will allow a comparison
of the two reactions with very small systematic uncertain-
ties.

4.2 Coherent and incoherent 7°-photoproduction

A detailed investigation of single w°-photoproduction in
the A-resonance region requires a separation of the coher-
ent and incoherent parts. This was done with the meth-
ods discussed in section 3.2. The uncertainties of the data
are dominated by the systematic error of the separation
procedure. The result for the total cross sections is com-
pared to model predictions in Fig. 9. The predictions for
the coherent cross section, in particular from Kamalov et
al. [10] and Laget [8], are in good agreement with the
data.

4.2.1 Incoherent 7w°-photoproduction

The breakup reaction is overestimated by all model pre-
dictions (see Fig. 9). Calculations by Schmidt et al. [12]
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, ./'/ /+\\
. , +++**+* %ﬁ $h
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Fig. 9. Total single w°-photoproduction cross section in the
A(1232)-resonance region compared to predictions. Filled cir-
cles: inclusive single m°-production, filled triangles: coherent
m°-production, open squares: breakup reaction. Full, dash-
dotted and dotted curves: predictions from Laget [8], Kamalov
et al. [10] and Wilhelm et al. [11] for coherent production. Long
dotted curve: breakup 7°-production from Schmidt et al. [12].
Long dashed (short dashed) curves: breakup production from
Laget [8] without (with) np-FSI.
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and Laget [8], which do not include final state interaction
effects (FSI) overestimate even the measured total inclu-
sive cross section. The prediction by Laget [8] including
neutron-proton (np) final state interaction effects is much
closer to the data but still too high.

Laget noted already in [8] that even though his calcu-
lations reproduced the charged channels and coherent 7°-
production quite well, the sum of the cross section from
all channels is larger than the measured total photoab-
sorption cross section [34] in the A-peak. He suggested
that the total photoaborption data could suffer from sys-
tematic effects. However, in the meantime the photoab-
sorption data was remeasured [35] with exactly the same
result. Our present data suggest that a large part of the
discrepancy comes from the 7°-breakup channel.

The differential cross sections for the breakup chan-
nel in the A-resonance region are shown in Fig. 10. The
comparison to the participant — spectator calculation by
Schmidt et al. [12] and the calculations with and without
np-FSI by Laget [8] clearly demonstrate the importance
of FSI effects for this channel. On the other hand, the
good agreement between data and simulation for the miss-
ing energy distributions (see Figs. 3, 4) indicates that for
the pion energy distribution nuclear effects beyond Fermi
smearing are not important within the experimental res-
olution.

The extraction of neutron cross sections from such
data requires a careful treatment of the FSI effects. Re-
cently, Levchuk et al. [13] studied quasifree w°-photopro-
duction from the neutron via the d(~, 7°)np reaction in a
model that includes pole and loop diagrams and n — p-
and m — N-rescattering. They wanted to explore the pos-
sibility of measuring the Eq /M ratio via photoproduc-
tion from the quasifree neutron. The isospin I=3/2 com-
ponent of this ratio characterizes the relative strength of
the recently much discussed (see e.g. [39,40]) quadrupole
E2-excitation of the A-resonance. The idea was that the
n(v, 7°)n reaction would be very useful for the isosospin
separation of the multipoles. In agreement with the re-
sults from the Laget model [8] Levchuk et al. find that the
largest effects disturbing the extraction of the multipoles
for quasifree neutrons arise from the np final state inter-
action. They predict that these effects lead to a strong
reduction of the cross section at pion forward angles, but
are much less important for backward angles since the rel-
ative energy of the np-pair rises with the pion angle. Our
data for the d(y, 7°)np reaction qualitatively support this
prediction since the disagreement with the participant —
spectator approach (see Fig. 11) is most severe at pion
forward angles but less pronounced at backward angles.
However, a comparison of the data to the Laget model in-
cluding np-FSI shows some unexplained reduction of the
cross section at backward angles. Levchuk et al. point out,
that a clean analysis of the n(y,7°)n reaction requires a
careful choice of the kinematic conditions enhancing the
contribution from quasifree neutrons by cuts on the neu-
tron or proton recoil energy. In the present experiment
recoil nucleons were not detected and therefore no direct
comparison of the data to their predictions is possible. It
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is interesting to remark that in spite of the influence of the
FSI effects the shape of the angular distributions in the
A-peak discussed below already exhibits the characteris-
tic features of the A-excitation via the AM;i-multipole.
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Fig. 11. Fitted coefficients a, b, ¢ of the angular distributions
(4) normalized to the mass number (see text) for single 7°-
photoproduction from the deuteron (filled symbols, a: circles,
b: triangles, c: squares) compared to the proton (open sym-
bols).

Future experiments with coincident detection of the recoil
nucleons are therefore very promising for an investigation
of quasifree m°-photoproduction from the neutron.

The angular distributions have been fitted with the
ansatz from (4) and the results for the coefficients a,b, ¢
are compared in Fig. 11 to the proton data.

Although in the low energy range the angular distri-
butions are quite different from the reaction on the free
proton and the absolute values of the differential cross sec-
tions are much reduced, their shape close to the resonance
position reflects the expected behavior for the quasifree
excitation of the A-resonance via the M7 -multipole. The
resonance position itself is the same for both data sets.
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Since the angular distribution of the Mj-multipole is
given by

do 1q:
@~ 3 Ml B30 ©L (0
we expect a ratio ¢/a = -3/5 as long as all other multipoles
can be neglected. The experimental value for quasifree 7°-
photoproduction from the deuteron of ¢/a = -(0.68+0.04)
comes very close to this ratio. If we take only s- and p-
waves into account, the b-coefficient comes from the inter-
ference term:

b= 2R€[E§+<M1+ - le + 3E1+)] (7)

Due to the dominance of the Mj. the cos(©:N)-term
arises from the interference with the Fy which is not reso-
nant and has a negligible imaginary part. The b-coefficient
therefore reflects the zero crossing of the real part of the
M -multipole at the A-resonance position.

4.2.2 Coherent 7°-photoproduction

The results for coherent w°-photoproduction from the deu-
teron are summarized in Figs. 12,13. The differential cross
sections are compared to the earlier results from [16-19].
In general the agreement is reasonable but at 110° the
data from [17] are systematically lower, the lowest energy
results from [16] are higher than the present data and the
low energy results from [18] are also lower than the present
data. It should be noted that all the previous experiments
measured cross sections only for selected angular ranges
mostly with different spectrometer settings for the differ-
ent bins and are not always consistent with each other.
The present experiment covers the full angular range in
the A-resonance region with one consistent data set.

The influence of rescattering effects on the coherent 7°-
photoproduction from the deuteron, was much discussed
in the literature ([7,9,8,10,11]). Bosted and Laget [9,8]
investigated the influences of Fermi motion, the deuteron
wave function and rescattering effects on the cross section.
Their results with and without FSI effects are compared
to the data for an incident photon energy of 343 MeV
in Fig. 12. Their result from the full calculation is also
shown for some other photon energies in Fig. 12. Blaazer
et al. [7] studied rescattering corrections to all orders by
solving the Faddeev equations of the wINN-system. An
example of their results for an incident photon energy of
300 MeV is compared to the data in Fig. 12. Kamalov
et al. [10] have studied coherent w°-photoproduction from
the deuteron in a coupled channel approach, treating fi-
nal state interactions in multiple scattering theory. They
argue that the main mechanism of final state interaction
in the A-resonance region is elastic pion scattering while
the contribution from charge exchange reactions, which is
very important in the threshold region (see [21]), becomes
very small.

On the other hand, Wilhelm et al. [11] treated the
rescattering in a more microscopic dynamical model for
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dotted curves show the predictions from [10,11] for the full
calculation and the dashed and dotted curves the results from
[10,11] without FSI effects, respectively.
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the coupled NA-, NNr-and N N-systems and found ap-
preciable contributions from charge exchange amplitudes.
Predictions from these two models are compared to the
data in Figs. 9, 12, 13. The influence of FSI effects is very
different in the models.

In general the agreement between data and model pre-
dictions is good but less so for the more ambitious dynami-
cal model of [11]. The comparison of all models to the data
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suggests the presence of some rescattering effects, but so
far no common conclusion about their importance is pos-
sible since the various models disagree even qualitatively.
Some models predict a reduction of the cross section due
to FSI where others predict an increase (see Fig. 13). How-
ever, it is evident that FSI effects are less important for
the coherent channel than for the breakup channel.

Unfortunately the effects in the models are most pro-
nounced at the extreme forward angles where the uncer-
tainty of the data from the coherent — incoherent sepa-
ration is largest. However, the present data improves the
situation significantly since at the lower photon energies
no data at all for the test of the models was available and
in the A-resonance region all models were conflicting with
the 6° cross sections reported in [16].

4.3 Double 7°-photoproduction

Among the double pion photoproduction reactions on the
proton in the second resonance region only double 7°-
photoproduction is known to be dominated by the exci-
tation of a N* resonance and its subsequent sequential
decay via an intermediate Am-state. This was demon-
strated by the Dalitz-plot analysis of an earlier experi-
ment with TAPS at MAMI [30]. The photocoupling and
the decay branching ratio into Am of the D13(1520)) res-
onance are larger than for the neighboring Pi;(1440) and
S11(1520) resonances [45]. Thus the contribution of the
Dq3-resonance is the probably most important one.

Double charged pion production from the proton in-
volves mainly the excitation of the A-resonance via the
A-Kroll-Rudermann (K R) and the A pion-pole term. The
contribution of N* resonance excitation alone is small.
Only the interference between the sequential decay of
the D3 resonance and the A-K R term is important [14,
42]. The reaction mechanism for the 7'7F-reaction is
still not understood [41,6,14,42]. Double m°-production
thus seems to offer the cleanest tool for the study of the
D;3(1520) resonance.

This is in particular of interest for the excitation of
nucleon resonances in the nuclear medium. The com-
plete suppression of the so-called second resonance bump
observed in total photoabsorption experiments with nu-
clear targets [43] has motivated exclusive experiments in
this energy region. In a study of n-photoproduction [44],
which is strongly dominated by the Sii-resonance no un-
explained depletion of the in-medium strength was ob-
served. However, the total contribution of the S11(1535)
to the second resonance bump is small and the interpreta-
tion of the resonance itself is unclear [46,47]. Double pion
production is much more important in this energy range
and double 7°-photoproduction can be used for a similar
study of the in-medium properties of the Dy3. In particu-
lar a comparison of double 7°- and 77~ -production can
discern whether medium modifications of the Di3 (e.g.
collision broadening) or a disturbance of the interference
between N*-excitation and A-KR term in the nuclear
medium [48] is responsible for the suppresion of the reso-
nance bump.
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Fig. 14. Total cross section of the reactions d(y,7°)np (filled
symbols) and p(vy,7°)p [30] (open symbols) (see text).

First attempts of measuring double 7w°-photoproduc-
tion from nuclei have been undertaken. The results will
be reported elsewhere. However the interpretation of the
nuclear data requires knowledge about the neutron cross
section. Up to now double m°-photoproduction from the
deuteron has not been measured. In the present exper-
iment the reaction d(v,7°nw°)np was identified with the
methods discussed in Sect. 3.2. The total cross section is
compared to the proton data [30] in Fig. 14.

An estimate of the cross section of the n(v, 27°)n reac-
tion was extracted from the data in a participant — spec-
tator approach as discussed for n-photoproduction in [4].
The cross section of the p(v, 27°)p reaction and an ansatz
for the n(y,27°)n cross section were folded with the mo-
mentum distribution of the bound nucleons taken from
the deuteron wave function [33]. The neutron cross section
was varied until the sum of proton and neutron cross sec-
tions reproduced the measured d(v,27°)np cross section.
Deuteron effects beyond Fermi smearing are not included
in this analysis. The justification of this approximation
comes from the experimental comparison of 7*7~ pho-
toproduction from the free and bound proton [6] where
no medium effects beyond Fermi smearing have been ob-
served. We therefore can safely assume that nuclear effects
like F'ST are not important for double pion production in
this energy range.

The result of this analysis is compared to model pre-
dictions in Fig. 15. The calculations by Gomez-Tejedor
et al. [14] and Ochi et al. [15] are somewhat lower than
the experimental result, which is more comparable to the
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Fig. 15. Total cross section of the reaction n(v,27°)n. The
dots correspond to the cross section deduced from the mea-
sured values for the proton and deuteron target in a partici-
pant — spectator approximation taking into account effects of
Fermi smearing. The hatched area symbolises the uncertainty
of this result. The dashed and dash-dotted lines are the model
predictions from Gomez-Tejedor et al. [14] and Ochi et al. [15],
respectively. The cross section for the p(y, 2m°)p-reaction (open
triangles) is shown for comparison. The insert shows our esti-
mate for the ratio of neutron and proton cross section.

p(y, 27°)p cross section also shown in the figure. However,
the uncertainty of the data is still quite large.

4.4 Inclusive 7°-photoproduction

The results for the d(vy, 7°)np, d(y,7°)d, and d(v, 27°)np
reactions reported here together with the cross sections
for d(vy,n)np from [4] and d(v,n°7~)pp from [6] imply
that in the energy range up to 800 MeV all reactions on
the deuteron with a neutral pion in the final state with the
exception of the d(y, 771 )nn reaction have been directly
measured. The total cross section data from the present
work is summarized in Tables. 1, 2.

The work of Zabrodin et al. [6] has shown that the
quasifree d(v, 7w )pp cross section and the p(y, m°7+)n
cross section are very similar. They differ only in the
same way as w17 -photoproduction from the free and
bound proton which show no deuteron effects beyond
Fermi smearing. We can thus assume that the cross section
of the d(v, 7’7 )pp and d(vy, m°7 " )nn reactions are very
similar. Under this assumption we can calculate the inclu-
sive m°-photoproduction cross section from the deuteron
by summing up all partial channels properly weighted with
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Table 1. Total w°-photoproduction from the deuteron. Table 1. (continued) Total 7°-photoproduction cross sections
The reaction d(v,7°z)X includes multiple pion production, from the deuteron.

d(v,7)X stands for the sum of incoherent and coherent sin-
gle m°-photoproduction. The errors are statistical (errors in
brackets: systematic uncertainty of the coherent — incoherent

E,[MeV] o¢[pb]
d(y, )X d(y,7°)X  d(y,7%)np  d(y,7°)d

separation). The additional overall normalization error is 6%. 677 150 &+ 5 47 + 1 _ _
E, o2 [1b] 684 157 £ 6 46 £ 1 - -
o o o o 691 166 + 7 47 £ 1 - -
MeV  d(v,7°z)X d(v,7°)X  d(v,7)np d(vy,m°)d 698 167 + 6 A8 41 B B
204 59 £ 2 59+1  16+1(2) 43 +1(2) 705 183 £ 7 50 & 1 - -
213 75 £ 2 6+2 21+ 1(3) 55+ 2(3) 712 177 £ 6 51+ 1 - -
223 103 + 2 101 + 2 34 + 1(3) 68 £ 2(3) 718 185 £ 7 49 + 1 - -
232 130 + 2 129 £ 2 45 + 2(4) 84 + 2(4) 725 192 £ 7 54 £+ 2 - -
242 163 + 3 161 + 3 64 + 2(5) 97 £+ 2(5) 731 198 £ 7 51 £ 2 - -
252 19843  197+3 81 4+2(7) 117+ 2(7) 738 198 £ 7 52 & 2 - -
261 239 + 3 239 £3 111 £+ 3(8) 129 4+ 2(8) 744 203 + 7 55 + 2 - -
271 284 £4 28444 147 £3(10) 138 £2(10) 751 215 + 7 57+ 1 - -
281 341 £ 4 341 £ 4 193 £4(12) 148 £3(12) 758 208 £ 7 52 £ 2 - -
290 377+ 5 378 £ 5 225 £4(13) 153 £3(13) 765 200 + 7 54 £ 2 - -
300 426 +£ 5 426 £ 5 276 £5(15) 150 £3(15) 773 218 + 8 53 £ 2 - -
309 454 + 5 456 £ 5 315 +£5(16) 141 £3(16) 779 212 + 8 50 £ 2 - -
319 469 £5  A72+£6 348 £6(17) 124 £3(17) 785 214 + 8 49 + 2 - -
329 485+ 5 486 £ 6 361 £6(17) 125 £2(17) 790 215+ 9 52 4+ 2 - -
338 461 + 5 462 + 5 353 £6(17) 109 £2(17)
348 448 £ 5 450 £ 5 344 +£5(16) 107 £3(16) ) )
357 430 + 5 430 £ 5 343 +5(15) 87 +2(15) Table 2. Total 274r‘i—photoproduct10n cross section from the
367 393+ 5 302 + 5 318 :|:5(14) 74 :t2(14) deuteron. The additional overall normalization error is 10%.
376 366 + 5 364 £5 293 +£5(13) 71 +2(13) o
386 342+5 340 +5 289 +5(12) 51 £2(12) E,[MeV] 3 oelpb] d(y, 27")np
y-events 4~y-events
395 313+ 5 308 £5 254 +5(11) 53 £2(11)
405 290 + 5 283 + 5 238 £+4(10) 45 +2(10) 319 0.10 £+ 0.05 -
414 263 £ 5 254 £ 5 218 + 4(9) 37 £ 2(9) 320 - 0.02 £0.06
424 252 + 4 236 £3 198 + 4(8) 39 + 2(8) 343 0.02 £ 0.07 -
433 225 + 4 214 £ 4 184 £ 4(8) 29 + 1(8) 367 0.23 £+ 0.10 -
442 2064  191+4 167 +4(7T) 23+ 1(7) 385 ~ 019 +0.19
451 190 + 4 172 £ 4 154 £ 4(6) 18 £ 1(6) 391 0.01 +0.10 -
461 180 + 4 161 +4 147 £ 3(6) 14 + 1(6) 415 0.23 £0.15 -
470 171 + 4 155 £4 133 £ 4(5) 22 + 1(5) 442 0.8 £0.2 -
479 162+4  138+3 123+3(5) 15+ 1(5) 452 ~ 19407
488 151 + 4 131 +4 121 + 3(4) 11 + 1(4) 465 1.7+ 0.3 -
497 147 £ 4 119+ 3 111 + 3(4) 8+ 1(4) 488 2.2+ 0.3 -
506 140 £4 109 +3 98 +3(4) 11+ 1(4) 511 4.0+04 -
515 139 £ 4 106 £ 5 96 + 3(4) 10 £+ 1(4) 514 - 37+ 1.1
524 128 + 4 91+1 82+1(3) 10+1(3) 527 48403 -
533 135 £ 4 87 + 1 75 + 1(3) 12 + 1(3) 539 54+ 0.3 -
541 127 + 4 80 + 1 77T+ 1(3) 2+ 1(3) 542 - 6.0 + 0.7
550 125 + 4 9+t1 71 + 1(3) 7+ 1(3) 549 6.6 £0.3 -
559 132 + 4 74+ 1 70 £+ 1(2) 4+ 1(2) 560 7.5+ 0.3 -
567 120 + 4 68+1 65+ 1(2) 3+ 1(2) 571 88 +0.3 -
575 129 + 5 64 + 1 62 + 1(2) 2+ 1(2) 576 - 8.7+09
584 121 + 4 601 56 +1(2) 3+ 1(2) 581  9.8+04 -
592 129 £ 5 58 +1 55 + 1(2) 3+ 1(2) 591 10.0 £ 0.4 -
600 124 + 5 56+ 1 56+ 1(1) 1+1(1) 601 115+ 04 -
608 128 + 4 54 +1 - 608 - 9.8 £ 1.0
616 121 + 4 51 £ 1 - 611 120 £ 0.4 —
624 129 £ 5 50 £ 1 - 621 13.2 £ 04 -
632 132+ 5 49 + 1 - 640 - 13.1 + 1.3
640 134 £ 5 46 £ 1 - 669 - 147+ 14
647 142 £ 5 7+ 1 - 698 - 16.0 £ 1.5
655 138 £ 5 46 £ 1 - 724 - 13.7 £ 1.5
662 154 £ 6 45+ 1 - - 753 - 16.5 £ 1.6
670 149 £ 6 46 £ 1 - 781 - 156 £ 1.8
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Fig. 16. Neutral pion photoproduction from the deuteron. The
cross section for the final states 7%~ pp and 7°7+ nn was de-
duced from the DAPHNE data [41,6], the cross sections for m°
from n-decays are taken from ref [44]. The full line represents
the sum of all exclusive channels and agrees very well with the
measured inclusive cross section.

the neutral pion multiplicity and in case of the n-decays
into three pions weighted with the branching ratios.

The result is shown in Fig. 16. The full line corresponds
to the sum of all partial channels. On the other hand, we
have directly measured inclusive m°-production from the
deuteron by analysing all events with at least one 7° in
the final state. This result is also shown in Fig. 16 and
agrees very well with the summed up partial cross sections.
The agreement suggests that systematic uncertainties of
the partial cross sections, which all involve complicated
analyses and have been measured with two different de-
tector systems (TAPS [27] and DAPHNE [49]), are very
well under control and that the contribution of triple pion
production apart from the 7-decays is negligible.

The contribution of reactions involving only neutral
meson production (7°, 27°, ) to the total photoabsorp-
tion cross section can be determined by summing up the
partial cross sections without weighting them by their 7°-
multiplicities. The cross section for the proton was ob-
tained by summing up the partial channels from [1,30,
32]. The results are compared in Fig. 17 to the total pho-
toabsorption data from [35].

It is obvious from the comparison that most of the
discrepancy between proton and deuteron cross section
per nucleon comes from the neutral channels. The dif-
ference between total photoabsorption and the cross sec-

p(y, 7wt
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Fig. 17. Comparison to total photoabsorption data. The total
photoabsorption cross section per nucleon from the proton [35]
(full circles) and the deuteron [35] are compared to the cross
sections involving neutral meson production (7°, 27°, n) (pro-
ton: solid curve, deuteron: dashed curve). The insert shows the
difference of total photoabsorption and neutral meson produc-
tion (proton: filled squares, deuteron: open squares)

tion for the neutral channels, which represents the sum
of the 7%, 7T7~ and 7°7* cross sections, is very sim-
ilar for proton und deuteron (see insert of Fig. 17).
Consequently the ratio of the cross section sum of
Yn, p(y, 707 )n, p(y, 777 )p to the cross section
of n(vy, 7 )p, n(y, m°7™)p, n(y, 7 7~ )n must be close to
unity throughout the first and second resonance regions.

5 Summary and conclusions

Total and differential cross sections have been measured
for the d(vy,n°)d, d(y,7°)np, d(vy,27°)np and d(y,7°)X
reactions in the energy range from 200 to 800 MeV cov-
ering a large angular range. It was demonstrated that the
data for the different partial reaction channels add up to-
gether with the data for 71 7°- and 7~ 7w°-photoproduc-
tion measured with the DAPHNE-detector [41,6] to the
total inclusive w°-photoproduction cross section from the
deuteron. This demonstrates the good control of system-
atical uncertainties. The comprehensive data set allows
stringent tests of existing model predictions.

In the energy range of the A-resonance we find good
agreement with model predictions [10,8,7,9,11] for coher-
ent w°-photoproduction. There is some indication for the
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presence of final state interaction effects since their inclu-
sion improves the agreement between data and calcula-
tions. However, the effects are not very large and different
models do not agree about the main FSI mechanisms. Ka-
malov et al. [10] have argued that the main effect comes
from elastic pion rescattering, while Wilhelm et al. [11]
in their model find important contributions from charge
exchange scattering. Their predictions for FSI effects dis-
agree even qualitatively. The data are somewhat better
reproduced by the prediction from [10], but the two mod-
els follow very different lines not only for the FSI effects.
Their predictions without FSI effects are at least as dif-
ferent as the full calculations so that no final conclusion
about FSI mechanisms can be reached.

Final state interaction is a much more important effect
for the d(~y, 7°)np breakup reaction. The comparison of the
data to models [8,12] demonstrates the large influence of
np-rescattering. The prediction [8,13] was, that the cross
section at pion forward angles, where the relative energy
of the np-pair is comparatively low, will be much smaller
than expected in a simple participant-spectator approx-
imation. This effect is clearly visible in the data, which
at forward angles are in quite good agreement with the
prediction from [8]. The data are somewhat lower than
the prediction at backward angles which might indicate
that some effects are still missing in the model. Interest-
ingly, in spite of the presence of the FSI effects, the angu-
lar distributions close to the A-peak position exhibit the
characteristic shape expected for the excitation of the A
via the dominant M;j-multipole. However, it is evident
that any attempts of extracting the n(v,7°)n cross sec-
tion in the A-resonance region from the breakup reaction,
which would be very interesting for the isospin separation
of the multipoles, requires careful consideration of the FSI
effects. On the experimental side the situation may be
improved by coincident detection of the recoil nucleons.
This will allow to reduce the importance of FSI effects
by selecting events where the neutron exhibits quasifree
kinematics.

In the intermediate energy range for incident photon
energies between 500 and 650 MeV the breakup cross sec-
tion per nucleon is very similar to w°-production from the
proton. However, in the second resonance region, at en-
ergies between 650 and 800 MeV, the structure in the
p(7,m°)p cross section is almost completely suppressed in
the deuteron data. The interpretation of this effect re-
quires a more detailed study of the contribution from res-
onance excitations and the n-cusp effect to the elementary
reaction on the proton.

Finally, quasifree double m°-photoproduction from the
deuteron was measured for the first time and used to ap-
proximate the neutron cross section, which seems to be
comparable to the proton cross section.
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