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Abstract. Photoproduction of mesons off the deuteron dhig nuclei has been studied at the tagged photon facilities of
the Bonn ELSA accelerator and the Mainz MAMI acceleratothwite Crystal Barrel/TAPS setup (Bonn) and the Crystal
Ball/TAPS setup (Mainz). Meson photoproduction off the tnen has been investigated for different final statey (1°m°,
n°mr, n, n’, nm°). A surprising finding was a narrow structure in tyie— n) excitation function, which is not seen in the
proton case. Photoproduction Gffle has provided further evidence for the formation offamesic state.
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INTRODUCTION

Photoproduction of mesons off light nuclei is motivated g different subjects. It is the only way to learn about the
isospin degree of freedom of the electromagnetic excitadfonucleon resonances. In particular, the deuteron is the
most suited target to study photoproduction reactionshefiteutron. The second topic is meson - nucleon interaction
for short lived-mesons, which cannot be prepared as beamsnAinteresting aspect in this field is the search for
n-mesic nuclei: (quasi-)bound states formed of a light nusknd am-meson.

Photoproduction of mesons has become a prime tool for thestigation of the excitation spectrum of the nucleon
[1, 2]), which is closely related to the properties of theosf interaction in the non-perturbative regime. The
combination of modern electron accelerators in particatadlab, ELSA in Bonn, and MAMI in Mainz with up-
to-date detector systems covering the full solid angle hiasnlthis field over the last few years. Currently, worldevid
it enters a new phase, where highly efficient polarized targgmbined with linearly and circularly polarized photon
beams allow the measurement of single and double polarizatiservables. This brings within reach the possibility
of ‘complete’ experiments, allowing an (almost) model ipdadent extraction of the partial wave amplitudes and a
much more solid investigation of the excited nucleon states

Thus we can expect progress for the most disputed questitvaslron physics like the ‘missing resonance’ problem,
meaning that basically all models of the nucleon predictmmore states than have been experimentally observed
(see e.g. [3, 4]). At the same time, due to the progress iicdadfauge theory, recently the first ab initio calculations
of the masses of the SU(3) ground state multiplets [5] becam#able, making a much closer connection between
Quantum Chromo dynamics and the hadron spectrum, althalghlations for the complex excitation scheme of the
nucleon are still out of reach.

The real photon programs at the Bonn ELSA [6, 7] and Mainz MA8] facilities cover a further aspect of nucleon
structure, namely the iso-spin degree of freedom of therele@gnetic excitation of nucleon resonances. It is well-
known already from total photoabsorption reactions [91 tha relative contributions of states to the photoexatati
of the proton and the neutron are quite different. Mesongtraiduction off the neutron therefore may allow to study
states that are only weakly excited on the proton. Furthegmoasi-free photoproduction off the neutron and coherent
photoproduction off light nuclei are the only possibility study the iso-spin composition of the electromagnetic
excitations. This experimental program involves of couallidéhe complications related to nuclear targets like the
deuteron: the necessity of coincident detection of reaséleons, broadening of the excitation structures by nuclea
Fermi motion, and final state interaction (FSI) effects. ldoer, the detector facilities at ELSA and MAMI are very
well suited to overcome the technical difficulties of suclpesments. In particular, due to their photon and neutron
detection capabilites, they allow the study of completedytnal final states like for examplen, nn, n’n, m°n®n,
m°nn,... which are not accessible elsewhere.

Possible nuclear effects on the measured cross sectiorectndied via a comparison of the respective reactions
in coincidence with recoil protons to the free proton res[0, 11]. However, nuclear FSl-effects should not only be
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viewed as a complication. They allow detailed investigagiof the meson - nucleon interaction. Such interactions hav
also largely contributed to our understanding of the stfonge. In the case of long-lived mesons like charged pions or
kaons, secondary beams can be prepared. However, thectidaraf short-lived mesons with nuclei is only accessible
in this indirect way. Of particular interest is tiemeson. The-N interaction at small momenta is strong since it is
dominated by the s-wave nucleon resonangél$35), which has a large coupling to thghannel [12]. Therefore

it has been intensively and controversially discussederitbrature whether in contrast to piopmamesons might form
(quasi-)bound states with atomic nuclei. The first suggadtr A > 10 nuclei goes back to Liu and Haider [13]. Even
lighter quasi-bound-nucleus systems have been sought in experiments invisidiae threshold behavior of hadron
inducedn-production reactions. The idea is, that quasi-bound stat¢he vicinity of the production threshold will
give rise to an enhancement of the cross section relativeasgspace behavior. Results were reportegor: ppn

[14, 15, 16],np — dn [17, 18], pd — n3He [19], dp — n3He [20, 21],dd — n*He [22], andpd — pdn [23].
More or less pronounced effects have been found in mostioeacin particular the measurementdyp — n3He

by Mersmann et al. [21] shows an extremely sharp rise of tbeumrtion cross section at threshold. If these effects
are related to (quasi-)bound states, they should show gperttiently of the initial state of the reaction. Threshold
photoproduction ofj-mesons from light nuclei (deuteron, helium isotopes) was mvestigated [24, 25] and again
threshold enhancements were observed. The most promigingl so far was found in théHe(y, n)3He reaction
[25], although the statistical significance was weak. Hexereport preliminary results from a follow-up experiment
with much better statistical quality.

EXPERIMENTS

The experiments were done at the Bonn ELSA and Mainz MAMIlitees. At both electron accelerators tagged
photon beams are produced by the bremsstrahlung methodmMaxbeam energies are 3.2 GeV at ELSA and 1.5
GeV at MAMI. Circularly polarized photon beams have beerppred via the use of longitudinally polarized electron
beams, while linearly polarized photon beams were obtaividdcoherent bremsstrahlung from diamond radiators.
The liquid deuterium and Helium targets (typically 5 - 10 @nd) were unpolarized.
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FIGURE 1. Overview of the experimental setup at the Bonn ELSA-acestber

The setup at ELSA combined the Crystal Barrel detector [28DQ Csl crystals covering the full azimuthal angle
for polar angles between 3@nd 168) with the TAPS detector [27, 28] (528 Balrystals mounted as hexagonal
forward wall covering polar angles down to 4)5Both detectors are equipped with additional scintilafor charged
particle identification, TAPS with plastic detectors inrfit@f each module, the Barrel with a scintillating fiber dedec
[29] around the target. A schematic view of the arrangensesthown in Fig. (1), more details can be found in [30].
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FIGURE 2. Combined Crystal Ball and TAPS detector at MAMI.

At the tagged photon beam [31] of MAMI the Crystal Ball deted832] was operated together with TAPS. TAPS
was again configured as a forward wall, covering polar anigtdsw 2®. The Crystal Ball, consisting of 672 Nal
crystals, covered polar angles betweef 206(°. A detector for charged particle identification was plagethe ball
around the target. A schematic view of the setup is showngdn ). Both setups allow the detection of photons as
well as recoil nucleons and deuterons. For the identifioatiothe different particles, information from the charged
particle detectors, time-of-flight-versus-energy measwents, as well as a pulse-shape analysis for the Ba/stals
were combined. Standard invariant mass (decay photons fiertral mesons), missing mass, and missing energy
techniques were used for the identification of the differeattion channels.

RESULTS

Quasi-free photoproduction of mesons off bound nucleons

Quasi-free photoproduction off the bound neutron has beerstigated for many different reaction channels. Here,
we will give only a few examples of recent results for they’, m°n°, andn®rr channel.

In all cases we have also studied the respective reactidntefjuasi-free proton bound in the same nucleus
for control of the nuclear effects. Furthermore, for all ehals discussed here, contributions from coherent raactio
mechanisms have been found to be very small, negligible aoaado their quasi-free counterparts. This means, that it
is possible to control systematic uncertainties relatebdealetection of the recoil nucleons (the neutron is of aative
most critical case) in a simple way. Always three differezisof cross sections have been obtained. For the inclusive
cross sectiowi,c all events where the meson(s) of the respective channelideméfied (and production of additional
mesons was excluded e.g. via missing mass analysis) weduoel@tt For the other two sets coincident detection of a
recoil protonoy, or a recoil neutroro, was required. These cross sections must then be related ptetiteron case
via:

Oinc = Op+ On+ 0y (1)

where the coherent cross sectigfis negligible. Thus we can measuwg directly via detection of recoil neutrons
or indirectly as differenceinc — 0p. The first involves the neutron detection efficiency, theoselcthe completely
different proton detection efficiency. In all cases goockagnent was found.

Very interesting results have been obtained forrfhehannel. Photoproduction g-mesons off the free proton has
been studied in detail [33]-[46] from the production threlshat =707 MeV up to incident photon energies of 2.8
GeV. Since in the threshold region this reaction is compteteminated by the §(1535) excitation [12] it plays a
similar role for this this resonance as pion production Far&(1232): it allows an almost background free study of
this state. Detailed analyses of angular distributionsaoidrization observables at higher incident photon eesrgi
have revealed weak contributions from higher lying resaerarfsee e.g. [47]). The isospin degree of freedom was also
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studied in this energy range via quasi-free and coherestiotoproduction off the deuteron [48]-[51] and He-is@sp
[52, 25]. In summary, the neutron/proton cross sectiom ffati the §1(1535) is close to 2/3, and the electromagnetic
excitation of this resonance is dominantly of iso-vectduna[1].

The neutron/proton cross section ratio at higher incidaotgn energies (aboug,= 900 MeV) is interesting since
models (for different reasons) predicted a significant. ridee Eta-MAID analysis [47] of the proton data found a
largeNn-branching ratio of the B(1675), which, since its electromagnetic excitation ongha&ton is suppressed,
would result in a much larger contribution for the neutronisér and collaborators [53, 54], treating the($535) as
a dynamically generatedl> quasi-bound state, predicted a strong rise of the cros®reatio with increasing energy.
Finally, in the framework of the chiral soliton model [55] @t with the same properties is predicted, which would be
the R -state of the anti-decuplet of pentaquarks. The measurneshgnasi-free-photoproduction off the deuteron at
ELSA [11] indeed found a strong energy dependence of theamfproton cross section ratio with a narrow structure
around incident photon energies of 1 GeV. This structurediss been seen in the GRAAL experiment [56] and at
Tohoku-LNS [57], however, its nature is still unknown andyvdifferent suggestions are discussed in the literature
[58, 59].
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FIGURE 3. Very preliminary results for quasi-free excitation fulcts measured at MAMI. Not finally corrected for analysis
cuts and detection efficiency. Upper row: deuterium tatysttom part3He target. Left hand sid&V calculated from beam energy,
Right hand sideW from final state invariant mass.

We have recently re-measured this reaction with much bstégistical quality at the MAMI accelerator with a
deuteron target and also withPHe target (the latter experiment was motivated by the sefarch-mesic nuclei, see
below). Very preliminary results are shown in Fig. (3). Thkeitation functions have been constructed in two different
ways: at the left hand side of the picture the total cm en&vgg calculated from the incident photon energy, at the
right hand side as invariant mass of tipeutron final state system. The letter removes the broag@fithe structure
due to Fermi motion, but is limited by the experimental raioh for the neutron four-vector. The significance of
the structure is beyond any doubts for both targets and a #itRreit-Wigner (BW) resonance curve folded with the
simulated experimental resolution to the deuteron datdyeewidth of the unfolded BW of 3010 MeV, in agreement
with the GRAAL and Tohoku results.

As a further example we show preliminary results for quaséf)’ production off the neutron in Fig. 4. Also for this
reaction we find excellent agreement between the quaspfrgen cross section as compared to free proton data. The
neutron data, extracted either from the detection of rewmiitrons or as difference of inclusive and proton data, are
consistent with each other and there is a clear differentiedsa proton and neutron excitation functions, indicating
different resonance contributions.
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FIGURE 4. Preliminary results for quasi-free photoproductionndfmesons off the deuteron. Left hand side: Total inclusive
cross section (including e.g! rrfinal states), inclusive singl¢’, and quasi-free proton compared to free proton (circles]; Btars:
[45]). Right hand side: quasi-free proton compared to gfrasi neutron.

Finally, we will discuss one example involving polarizatiobservables for the neutron target. Double pion is an
important tool to search for and study resonances that ddeway directly to the nucleon ground state but to higher
lying excited states. Total cross sections, invariant nadéstsibutions, and some polarization observables hava bee
measured at MAMI in Mainz [60]-[71], at GRAAL in Grenoble [723], at JLab [74, 75], and at ELSA in Bonn
[76, 77].
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FIGURE 5. Left hand side: definition of the angte, center: comparison of asymmetries for free and quasigreduction of
n°mP-pairs off the proton, right hand side: same fiSrr".

An observable which has recently moved into the focus is gmihelicity asymmetry, which is measured in
photoproduction of meson pairs with circularly polarizédtons alone (no target, no recoil polarization). Due tétpar
conservation, this asymmetry does not exist for the twoylfml states of single meson production, but appears for
three-body final states, depending on the adyletween reaction and production planes (see Fig. 5). Mquletiict
a large sensitivity of this observable to the details of t&ctions [78]-[81]. However, it came as a surprise, that its
first measurements [75, 71] for double pion production aaitts almost all available model predictions. At Mainz
we have started to investigate this observable also foticeecon the neutron. Preliminary results are promising in
so far, as the results obtained for quasi-free productibthefbound proton are in quite good agreement with the free
proton results (see Fig.5). Very preliminary results f@ ¢fuasi-free neutron (not shown) indicate similar asymie®tr
for proton/neutron targets for th&mn° channel but significantly different behavior for the mixdtwoge channel.
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Coherent photoproduction of n-mesons off 3He - search for n-mesic nuclei

Due to their quantum numbers (spir1/2, isospinl=1/2) He and®H are the only light nuclei where the iso-
vector part of théey+ spin-flip amplitude, which dominates threshglephotoproduction via the $(1535) excitation,
contributes significantly to the coherent reaction. Thanefthe cross section of the coherent reaction, used anestr
channel for the formation of (quasi-)boundstates, is much larger than for example for the deuterdiHer Due
to the technical and safety problems related to the use dbaative tritium targets, so far only théHe system
was investigated. The first experiment with the TAPS deteatd/AMI [25] found indeed some indication for the
existence of am-mesic state. The cross section of cohergiproduction showed a strong threshold enhancement. The
excitation function ofpr® back-to-back pairs in the photon-helium cm-system, whiely @rise from the § — N
decay after re-capture of the quasi-bounty a proton, showed a peak around tiproduction threshold. However,
both effects suffered from poor statistical quality of tretad The experiment has now been repeated with the much
larger acceptance of the newrdletector setup. First, preliminary results confirm theieafindings. As an example
the excitation function for coherent-production is shown in Fig. (6). Events from the cohereattion have been
selected via a missing energy analysis using the condréimin the two-body kinematics of the final state. Very
similar to the results from the hadron induced reaction,[#1d cross section rises abruptly at the coherent productio
threshold. Within the first 4 MeV above threshold it reachmsghly 50 % of its maximum value, which is strong
evidence for a resonance-like threshold enhancement. &lelike structure in the excitation function pfi®-pairs
(not shown here) has also been confirmed with much bettéstgtat significance.
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FIGURE 6. Very preliminary excitation functions for the reactigfHe—3Hen for then — 2y andn — 37° decays.

Coherent photoproduction of meson pairs

As discussed above, coherepphotoproduction off spin/iso-spin zero nuclei liREle is negligible (so far only
upper limits have been derived [52]). However, the situattan be much favorable when production of thes
accompanied by @a°-meson. Recent measurements of photoproductigr?pfoff the proton have indicated for the
threshold region a dominant contribution from the decayrebas(1700 — nPs3(1232 — N7 [41],[82]-[86]. Since
this reaction chain starts with an isosp#B/2 A-resonance, the electromagnetic coupling is identicagbfotons and
neutrons, thus there can be no cancellation between pratbneutron amplitudes. Furthermore, when the resonance
is excited by an electromagnetic dipole phot&1), the spin of the nucleon needs not to be flipped (thmeson is
emitted in s-wave, while the= 1 pion from theA(1232-decay carries away the photon spin). Therefore, coherent
photoproduction oft°n-pairs is by far not so strongly suppressed for most lighteiws singlen-photoproduction.

Very recently, we have for the first time identified this réacfor the deuteron (ELSA) and also féide (MAMI).
Identification is much easier for the deuteron, since redeilterons can be identified in TAPS via time-of-flight-
versus-energy spectra (helium isotopes are stopped kefyeeach the detector). The analysis for He was based on
the reaction kinematics (missing mass spectra). Firsy,weliminary results for the deuteron case are shown inFig.
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The observed total cross section is comparably large, oworither of 100 nb, i.e. more than on order of magnitude
larger than for coherent singipphotoproduction off the deuteron (although for the latiterelementary cross section
off the free nucleon is larger by a factor ef4 and the suppression due to the deuteron from factor is ehallhe
coherent cross section reaches a comparable level as girgieduction off3He (cf. Fig. 6) and is predicted to be
even larger fofHe. Study of coherent production of light nuclei can be used spin/iso-spin filter for the production
amplitude and thus allows an even more detailed investigati the different resonance contributions. Furthermiore,
might provide a new tool for the study gtmesic nuclei in particular for thtHe case. Kinematic energy distributions
of the n and ® mesons off deuterium are summarized in Fig.7. Close to lletdshen-mesons have small kinetic
energies, which are needed for the formation of bound sfttiegt® kinetic energies mostly correspond to the decay
of theA(1232), so they do not change much with incident photon gferg
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FIGURE 7. Left hand side: total cross section fgd — m°nd. Other plots: kinetic energy distributions of th® and n

mesons for different bins of incident photon energies. Bdsturves: phase space simulations, solid curves: siraotatf the

yd — d*(A*) — d*(A(1232)n — dn®n reaction chain (very preliminary results).
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