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PrefaeThe two proposals: Photoprodution of η-mesons o� the neutron:Part I: Polarization observables with irularly polarized photons (E, T, F)Part II: Polarization observables with linearly polarized photons (Σ, G, H, P)deal with the same physis. Therefore the introdution, motivation and disussion of the physisase (setions 1.1 -2) are idential in the two proposals. The proposals di�er in the desription ofthe experimental setups and beam requirements (subsetion 2.1). The proposals are independentlysubmitted sine one part of the measurements is proposed for the MAMI C faility in Mainz and theother part is proposed for the ELSA faility in Bonn. Both proposals are updates of the previouslyapproved proposals A2-10, ELSA-3 whih in the meantime have only partly been worked of. TheMAMI part of the proposal has also overlap with the proposal A2-4-09 whih aims at the investigationof the observables T and F for η-prodution o� the proton in the S11-range. Both proposals havefurthermore overlap with the measurement of the respetive polarization observables for other reationhannels, e.g. with the GDH sum-rule o� the neutron.



1 Photoprodution of η mesons o� the neutron1.1 Introdution and MotivationThe exitation spetrum of baryons is losely onneted to the properties of QCD in the low-energyregime, where it annot be treated in perturbative approahes. Lattie gauge alulations have providedresults for the ground state properties and more reently also for some exited states (see e.g. Ref. [1℄),but the predition of the exitation spetrum is still out of reah even for the most powerful omputersystems. The onnetion between experimental observations and QCD is mostly done with QCDinspired quark models. However, the basis of these models is still not well anhored. There is neitheronsent about the e�etive degrees of freedom nor about the residual quark - quark interations (seee.g. Ref. [2℄ for a reent overview). Furthermore, a omparison of the experimentally known exitationspetrum to model preditions reveals severe problems for all types of models. The ordering of someof the lowest lying states is not reprodued. In partiular, the N⋆ P11(1440) ('Roper') resonane andthe �rst exited ∆, the P33(1600), whih in the quark model belong to the N=2 osillator shell, appearwell below the states from the N=1 shell. Furthermore, even the models with the fewest number ofe�etive degrees of freedom predit many more states than have been observed. Sine most states havebeen observed with elasti sattering of harged pions it is thus possible that the data base is biasedfor states that ouple only weakly to πN . Therefore photon indued reations, whih nowadays anbe investigated with omparable preision as hadron indued reations, have moved into the fous.At the modern failities (ELSA in Bonn, GRAAL in Grenoble, JLAB in Newport News, MAMI inMainz and Spring8 in Osaka) these experiments have developed into two diretions: measurements upto high exitation energies with the aim to identify at least some of the 'missing' states (see e.g. [3℄)and preise investigations of the properties of known low lying nuleon resonanes (see e.g. [4℄).Over the last few years the ombination of linearly and irularly polarized photon beams with polar-ized targets at Jlab, ELSA and from 2010 on also at MAMI have added new powerful tools for theidenti�ation of ontributions from resonanes with di�erent quantum numbers to meson photopro-dution reations. This will allow a muh more e�ient investigation of resonane properties sine onemay selet for any resonane of interest the most sensitive ombination of experimental observables.Although experimental programs for the study of nuleon resonanes o� the proton via photoprodutionof mesons are well developed, so far muh less e�ort has gone into the investigation of the orrespondingreations on the neutron. Photoprodution of mesons o� the neutron serves two di�erent purposes.First, this is the only possibility to disentangle the isospin struture of the eletromagneti resonaneexitations, whih serves as one stringent test of baryon model preditions. Seondly, in some asesthe eletromagneti oupling of resonanes to the neutron ground state may be muh stronger than inthe proton ase, so that ertain resonanes potentially an be studied in more detail on the neutron.The investigation of photoprodution reations o� the neutron is of ourse ompliated by the non-availability of free neutron targets, whih requires the use of light nulei as target materials. Thedeuteron with its low binding energy is learly the best target hoie for most measurements on theneutron. However, the measurement o� bound neutrons does not only smear exitation funtions andkinematial observables due to the momentum distribution of the nuleons, it also introdues additionalunertainties due to nulear e�ets like �nal state interation (FSI) or interferene terms. The atualimportane of suh nulear e�ets may be very di�erent for di�erent meson prodution reations.Substantial e�ets have been found for example in the photoprodution of πo mesons o� the deuteronin the ∆-resonane region and in the seond resonane region. In the �rst ase the measured rosssetions [5℄ ould only be understood [6℄ when FSI (in partiular NN FSI) was thoroughly treated in themodels. The experimental results of inlusive πo photoprodution in the seond resonane region areeven still not fully understood (see [4℄ for an overview). However, the situation is muh more favorablefor the photoprodution of η mesons, whih is the topi of this proposal. This is demonstrated in �g. 1.The left hand side shows the in�uene of �nal state interation on the threshold behavior of inlusive
η-prodution of the deuteron alulated by Sibirtsev et al. [7℄ (other models give qualitatively similarresults). Although FSI is large lose to the kinemati threshold for η prodution of the deuteron, it isalready ompletely negligible at energies larger than the threshold on the free proton (707 MeV). Evenmore suggestive is the omparison of free and quasi-free prodution of the proton in the right handside of the �gure. The ross setion measured for the quasi-free reation γd → ηp(n) by oinident
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Figure 1: Left hand side: threshold behavior of the inlusive γd → ηX reation ompared to al-ulations PWIA (blue), with NN-FSI (magenta) and with full FSI (green) ontributions [7℄. Insert:data and most simple PWIA [8℄ over larger energy range. Right hand side: omparison of free andquasi-free data for η-prodution of the proton. Blue triangles: γp → pη, Squares: γd → ηp(n), redirles: γd → ηp(n) after orretion for Fermi smearing (deuteron data from ELSA experiment [9℄).detetion of the reoil proton [9℄ is redued in the S11 peak due to Fermi smearing. However, sine thefree proton ross setion is well known, one an alulate a orretion for that from a omparison ofthe free ross setion to the free ross setion folded with the momentum distribution of the nuleonsin the deuteron. After applying this orretion to the quasi-free data, it agrees almost perfetly withthe free proton data. Hene, for photoprodution o� quasi-free protons no deuteron e�ets like FSI orre-sattering e�ets apart from Fermi smearing are observed.Quasi-free and oherent photoprodution of η mesons o� the deuteron, o� 3He, and o� 4He in theexitation range of the S11(1535) resonane has been studied during the last years in some detail[8, 10, 11, 12, 13, 14, 15℄ at di�erent levels of sophistiation. Again, the measured ross setions ouldbe onsistently understood in the framework of simple PWIA models, whih took into aount theFermi motion of the bound nuleons. The omparison of the results from 4He and the deuteron (see[4℄ for an overview) provide a stringent test of possible model dependent e�ets, sine the in�uene ofthe di�erent nulear momentum distributions in the loosely bound deuteron and the strongly bound
4He nuleus is severe. The total ross setions from 4He and from the deuteron are almost equal atinident photon energies around 800 MeV, although twie the number of nuleons is involved in theHe ase. Nevertheless in both ases PWIA alulations with a 2/3 ratio of the free proton and neutronross setions reprodues the data quite well. Typial ross setion ratios from exlusive measurementswith detetion of reoil nuleons (see [4℄ for an overview) are summarized in �g. 2. Altogether, theresults an be understood in simple plane wave approximations and FSI e�ets seem to play only asigni�ant role in the viinity of the prodution thresholds, whih is not of interest for this proposal.The results, together with the measurements of oherent photoprodution of η mesons from lightnulei, have lead to a preise determination of the isospin struture of the exitation of the S11(1535)resonane [14℄. Furthermore, it has spei�ally ontributed to the disussion of the internal strutureof this resonane. Kaiser et al. [16, 17℄ had suggested that this state does not orrespond to a genuinethree-quark struture but is more like a KΣ nuleon-meson quasi-bound state. Their model reproduedthe measured ross setions for p(γ, p)η quite well, but it does not reprodue the neutron-proton rosssetion ratio (see �g.2).At higher inident photon energy (Eγ > 900 MeV) models of η-photoprodution like the ETA-MAIDmodel [19℄ predit a strong rise of the neutron - proton ross setion ratio due to the ontribution of
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Figure 3: Preliminary results for quasi-free η-photoprodution o� the proton (right hand side) and o�the neutron (left hand side) from the GRAAL experiment [28℄ using a deuterium target. The solid linefor the proton data shows the SAID [30℄ result for the free proton ross setion.ground state to the [70,1−℄ multiplet [22℄ predits rather small photon ouplings to the proton, butlarger ones to the neutron. On the other hand, the deay branhing ratio into the Nη �nal state ofthis resonane is estimated by the PDG in the range 0 - 1 %, i.e. so far no signi�ant ontribution to ηphotoprodution is established. Also an analysis of photoprodution o� the proton, inluding the mostreent η photoprodution data in this energy range [23℄, �nds only a very small ontribution of thisresonane and a ratio of the heliity ouplings (Ap
1/2

/Ap
3/2

= 0.06 ± 0.18), whih is in ontradition tothe PDG value (Ap
1/2

/Ap
3/2

= 0.93 ± 0.18). In summary, so far the ontribution of this resonane to ηphotoprodution is not settled and only preise data for quasi-free photoprodution from the neutronan be expeted to solve this question.It is very interesting to note, that also in the framework of the hiral soliton model [24℄ a state ispredited in this energy range, with has muh stronger photon ouplings to the neutron than to theproton and a large deay branhing ratio into Nη. This state is the nuleon-like member of thepredited anti-deuplet of penta-quarks, whih would be a P11 state. Exat SU(3)F would forbidthe photo-exitation of the proton to the proton-like member of the anti-deuplet. But even afteraounting for SU(3)F violation the hiral soliton model predits [25℄ that the photo-exitation of this



state is suppressed on the proton and should mainly our on the neutron. Kim et al. [26℄ havealulated the magneti transitions moments for the anti-deuplet states and found a onsiderableenhanement for the exitation of the nuleon-like state on the neutron with respet to the proton.Also reent alulations [27℄ in a diquark piture of possible anti-deuplet states omes to a similaronlusion.On the experimental side, the GRAAL ollaboration [28, 29℄ has reported results for quasi-free ηphotoprodution o� protons and o� neutrons bound in the deuteron. The exitation funtions forseleted angular ranges are shown in �g. 3. The exitation funtions of quasi-free η produtionmeasured in oinidene with reoil protons shows a smooth behavior and agrees as expeted withthe results for the free proton. However, on the neutron a relatively narrow struture is observedat inident photon energies around 1 GeV orresponding to W ≈ 1675 MeV. From a simulation of aresonane struture, superimposed on a smooth bakground, Kutznetsov et al. [28℄, have extratedtentative values for the exitation energy and width of the visible struture as W=1675 MeV, Γ=40MeV. Sine the exitation funtion is smeared by the momentum distribution of the bound neutrons,the intrinsi width of the resonane-like struture must be even smaller. This would be learly not inagreement with the parameters of the D15(1675) resonane disussed above whih has an estimatedwidth of 130 - 165 MeV [21℄. It is therefore very urgent, to investigate quasi-free η photoprodution onthe neutron in this energy regions in more detail. In partiular the measurement of observables, whihan pin down the quantum numbers of this struture is very desirable. It should be pointed out, thatof ourse also the ase of a onventional three quark state that is exited so dominantly on the neutronis of high interest for baryon spetrosopy.1.2 Final results from the previous ELSA experimentTriggered by the predition of the MAID model of strong ontributions from higher lying resonanesto η photoprodution o� the neutron, we had previously submitted a proposal to measure angulardistributions for this reation with the CBELSA/TAPS setup in Bonn. The experiment was suessfullydone in 2003 and the results (PhD thesis of I. Jaegle) have been published in Phys. Rev. Lett. Itused the setup of the Crystal Barrel ombined with the full TAPS detetor on�gured as a forwardwall. Eta-mesons were identi�ed via their η → 3πo → 6γ deay. The η → 2γ deay ould not be
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Figure 4: Upper part: 6-photon invariant mass spetra. Blue: after ut on missing mass. Lower part:missing mass spetra. Dashed lines: simulation of peak line shape (tail from large Fermi momenta),dotted: simulation of bakground from ηπ �nal states. Red solid: sum of both.used due to the fat that only the TAPS detetor ould trigger on photons, so that only events with



photons in this limited solid angle ould be investigated. The γd → p(n)η and γd → (p)nη (in brakets:spetator nuleon) have been identi�ed via invariant mass and missing mass analysis for the η-mesonand identi�ation of harged partiles with the Barrel-Inner detetor and the TAPS veto-detetors.Neutrons in TAPS ould be identi�ed with time-of-�ight versus energy. Neutrons in the barrel whereidenti�ed in events with 7 neutral hits by �rst assigning 6 hits via a χ2 analysis to the deays of thethree πo mesons and then taking the left-over hit as tentative neutron. Typial invariant mass spetraare shown in the upper row of �g. 4 for three typial regions of inident photon energies for reationswith oinident reoil neutrons. At low inident photon energies, they show basially bakground freeinvariant mass peaks of the η meson. At higher inident photon energies bakground mainly due othe ηπo �nal state appears in the spetra. This bakground was removed by using the the kinematialover-determination of the reation for a missing mass analysis (the momentum distribution of thenuleons bound in the deuteron an be negleted, sine it only results in a moderate broadening of themissing mass strutures. Typial missing mass spetra after a ut on the η invariant mass are shownin the lower part of �g. 4. A very stringent ut aepting only events in the left half of the missingmass peak was applied to avoid any ontamination from ηπ �nal states that ould produe arti�ialstruture in the exitation funtions. The small bakground remaining in the invariant mass spetraafter the missing mass ut was determined by �ts using the simulated invariant mass line-shapes anda bakground polynomial.This data was divided into three sub-samples: η-meson in oinidene with reoil protons (σp), η-mesons in oinidene with reoil neutrons (σn), and η mesons without any ondition on reoil nuleons(σnp), inluding the �rst two sub-samples but also all events were the reoil nuleon was not deteted.Sine oherent prodution of η mesons o� the deuteron in this energy range is ompletely negligible,this allowed to onstrut the quasi-free neutron ross setion in two independent ways: diretly viaidenti�ation of the reoil neutron (σn), or indiretly as σnp − σp. Sine σn depends on the simulateddetetion e�ieny for neutrons while σnp−σp depends on the proton detetion e�ieny this providesa very stringent test of possible systemati unertainties for the nuleon detetion e�ienies.
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left hand side demonstrates the exellent ontrol of systemati unertainties for the neutron exitationfuntion. It should be stressed that an explanation of the struture in the neutron exitation funtionvia any kind of FSI or re-sattering e�ets is extremely unlikely sine the proton exitation funtion atthe same inident photon energy (see �g. 1) does not show any indiation of suh e�ets. Therefore itis almost ertainly a genuine struture in the exitation funtion of the free neutron, broadened hereby Fermi smearing.
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η)), related to the ontributing partial waves [4℄:
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for proton and neutron data, Γ=157 (proton), Γ=148 MeV (neutron), and Ap
1/2

=103, An
1/2

=85 inunits of 10−3GeV−1/2. In the ross setion ratio, the peak around 1 GeV is more pronouned andnarrow than in the unorreted data, but this is still only an upper limit for the true width of thisstruture. In priniple, Fermi motion an be orreted event-by-event when energy and momentum of
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Figure 10: Very preliminary results for the exitation funtion of the neutron without orretionfor experimental e�ieny and analysis uts. Left hand side: exitation funtions as funtion of Walulated from inident photon energy. Right hand side: W alulated as ηn �nal state invariantmass. Line: �t with Breit-Wigner folded with experimental resolution.is mainly due to the fat that in ontrast to the Crystal Barrel the Crystal an trigger on photons,whih has the additional advantage, that the two-photon deay hannel of the η meson an be used,giving better resolution for the η four-vetors. Again, the struture beomes more pronouned, whenFermi motion is eliminated. In this ase the neutron four-vetors are not based on a time-of-�ightmeasurement, but are derived from the over-determined reation kinematis, using only the anglemeasurement of the neutron. However, for neutrons deteted in TAPS, time-of-�ight informationould further improve the resolution in a kinemati �tting proedure, whih will be done in a laterstate of the data analysis. The data have been �tted with a Breit-Wigner urve folded with theexperimental resolution. The �t results in a Breit-Wigner width of (30±8) MeV, on�rming that inase the struture would be related to a nuleon resonane, it must have very unusual properties.1.4 Summary of properties of struture in neutron exitation funtion
• The struture has been observed in photoprodution of η-mesons o� neutrons boundin the deuteron at:� GRAAL in Grenoble [28, 29℄ with Γ < 30 MeV� ELSA in Bonn [9℄ with Γ < 60 MeV� Tohoku-LNS [37℄ with Γ < 40 MeV� MAMI Mainz [38℄ with Γ < 40 MeV
• it is extremely unlikely that the struture is aused by `deuteron' e�ets like FSI,re-sattering, sine in the same energy region there is no observable e�et for theproton ase where free and quasi-free reation an be ompared.
• it an not be solely due to an S - P interferene sine a pronouned bump appearsin the total ross setion
• so far no information about the responsible partial wave has been obtained.
• although the D15(1675) resonane is not a likely ause of the narrow struture, itis not ruled out that a signi�ant ontribution from this state in addition to thenarrow struture auses the muh slower fall-o� of the neutron ross setion in thisenergy region ompared to the proton.



1.5 Sensitivity of polarization observablesWith the availability of irularly and linearly polarized photon beams ombined with longitudinallyand transversely polarized targets aess to all single polarization observables (the reoil polarizationobservable P an be measured in the ombination linearly pol. beam, transversely pol. target) and alldouble polarization observables of the beam - target type is given. The general form of the di�erentialross setion is given in this ase as [39℄:
dσ

dΩ
= dσ

dΩ

∣

∣

unpol.
· {1 − PlinΣos(2Φ) (6)
+Px[−PlinHsin(2Φ) + PcircF ]

−Py[+PlinP os(2Φ) − T ]

−Pz[−PlinGsin(2Φ) + PcircE]}

Plin, Pcirc are the linear and longitudinal polarization degrees of the photon beam, (Px,Py,Pz) is thepolarization of the target and Φ is the angle between the reation plane and the linear polarizationof the beam. Consequently, with four measurements ombining irularly polarized beam and lon-gitudinally polarized target (E), irularly polarized beam and transversely polarized target (F,T),linearly polarized beam and longitudinally polarized target (Σ, G), and linearly polarized beam andtransversely polarized target (P,H) seven polarization observables an be measured.It must be emphasized that for model analyses in terms of the photoprodution mutlipoles it is ex-tremely important to have experimental input for a reasonably large set of di�erent polarization observ-ables. In this sense, it is often more e�ient to measure a ouple of di�erent polarization observableswith moderate statistial unertainties rather than to measure one or two observables with very highauray.

cos(Θη)cos(Θ*

dσ/dΩ

T P

Σ

E

F G H

0

0.1

0.2

0.3

0.4

0.5

0.6

dσ
/d

Ω
[µ

b/
sr

]

-1

-0.5

0

0.5

1

-1

-0.5

0

0.5

1

-1

-0.5

0

0.5

1

-1

-0.5

0

0.5

1

-1 -0.5 0 0.5 1
-1

-0.5

0

0.5

1

-1 -0.5 0 0.5 1
-1

-0.5

0

0.5

1

-1 -0.5 0 0.5 1
-1

-0.5

0

0.5

1

-1 -0.5 0 0.5 1Figure 11: Predited asymmetries from the η-MAID model at Eγ=1 GeV. Solid, red urves: full model,dashed, blue urves without D15(1675) resonane. Blak dots: experimental results for di�erential rosssetion (ELSA) [9℄ and Σ (GRAAL) [40℄In the following, we will shortly disuss the expeted magnitude of the polarization observables and theirsensitivity to di�erent resonane ontributions. Sine so far the resonane ontributions to γn → nηin the energy range in question is simply unknown, we an give only some reasonable expetationsfrom the preditions of the η-MAID model [19℄. In �g. 11 the preditions from the full model areompared to a model version that exludes the D15(1675) resonane. The model has not been re-�tted after exlusion of the D15, so that this results must be taken with some are, however they aresu�ient for the demonstration of the qualitative behavior of suh a trunated model version. The



model predits asymmetries of measurable size for basially all polarization observables. The e�etof the D15 resonane, whih in this model at the energy range in question is the only state with spinlarger than 1/2 that signi�antly ontributes, is learly visible for all observables. However, so far thesituation even in view of this state is ompletely unlear. While the ELSA-data for the di�erentialross setion learly favor the model version with large D15 ontribution, the GRAAL-data for thelinear beam asymmetry Σ are in better agreement with the trunated model.Figs. 12,13 summarize the expeted experimental sensitivity for the experiments suggested for MAMIand ELSA, angular dependenies
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at Eγ=1020 MeV in �g. 12 and integrated energy dependenies in �g. 13. For some observables, dueto the partiular angular dependene the sensitivity of the energy integrated observables is muh largerwhen the values at os(Θ) < 0 are multiplied by -1 before integration (P,F,H). For T normal integrationgives larger asymmetries for the full MAID model, the other version for the trunated model.These results have been obtained using:
• measured di�erential ross setions (ELSA-experiment) [9℄
• preditions for the polarization observables from the η-MAID model
• full Monte Carlo simulations of the experimental detetion e�ienies
• smearing of the observables by nulear Fermi motion
• the further experimental details like polarization degrees et. disussed separatelyfor the ELSA and MAMI experiments in the experiment setion
• the following total beam times:� MAMI: irularly pol photons, longitudinally pol. target: 700 h� MAMI: irularly pol photons, transversely pol. target: 700 h� ELSA: linearly pol photons, longitudinally pol. target: 1400 h� ELSA: linearly pol photons, transversely pol. target: 1400 hThe estimates shown above give only an overall summary of the expeted results, detailed results forthe di�erent observables are given in the appendies of the two proposals.It should be emphasized that prompted by the puzzling situation for the γn → nη reation, herewe have only onentrated on the topi of η-prodution. It is however evident, that simultaneouslyresults of similar quality will be obtained for other reation hannels with at least omparable rosssetions (total oss setion for the η hannel in the region of interest ≈ 5 µb), i.e.for example for πoprodution or double pion prodution hannels. Partly, measurements for this hannels overlap withother proposals.2 Proposed experiments2.1 General onsiderationsWe propose to measure for quasi-free photoprodution o� neutrons bound in the deuteron the polar-ization observables E,T,F with irularly polarized photons at MAMI C in Mainz and the polarizationobservables Σ, G, P, H with linearly polarized photons at ELSA in Bonn. Both experiments requiremeasurements with a longitudinally polarized target and a transversely polarized target.The proposed experiments require the following beam/target ombinations:
• E: irularly polarized beam, longitudinally polarized target (MAMI C)
• T,F : irularly polarized beam, transversely polarized target (MAMI C)
• Σ, G: linearly polarized beam, longitudinally polarized target (ELSA)
• P, H: irularly polarized beam, transversely polarized target (ELSA)The observable Σ ould of ourse also measured with unpolarized target and T with unpolarized beam,however it is more e�ient to due them in parallel with the other observables. This means no lossin quality for T, where simply the information of the irular beam polarization an be ignored. Inase of Σ some degration due to the target dilution is ompensated by the long beam time for themeasurement with the polarized target.



The measurements with linearly polarized beam have to be done at ELSA sine at MAMI the polariza-tion degree at inident photon beam energies around 1 GeV is too low due to the lower eletron beamenergy (see Appendix A). The experiments with irularly polarized beams are planned for MAMI fortwo reasons. First, the usable photon �ux is higher at MAMI and seondly the Crystal Barrel detetorin Bonn must be upgraded for trigger apability before measurements o� the neutron an be donee�iently (see Proposal Part II).In this setion we disuss only some further experimental issues ommon for both experiments. Detailsof the individual experiments are given separately in the next setion for both proposal.
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fo =

10

42
= 0.24 (7)is obtained. This is however to pessimisti, �rst the ross setions o� nulei do not sale with themass number (due to FSI e�ets), seondly a signi�ant part of the unpolarized bakground an beremoved with uts on the reation kinematis ('missing mass') sine due to Fermi motion and �nalstate interation this spetra are more broadened for the photoprodution o� C, O ompared to thedeuteron. Typial missing mass spetra for η prodution from the deuteron and from arbon at aninident photon energy of 1 GeV measured with the Crystal Barrel and TAPS at ELSA in oinidenewith reoil neutrons are shown in �g. 14. The e�etive dilution fator an be determined by aomparison of these spetra. It is estimated by:

feff =
10 · Nd

10 · Nd + 16/3 · NC
(8)where Nd, NC are the ounts normalized to the photon �ux and number of target nulei in the windowaround zero that will be used for the analysis. Due to the hemial omposition of butanol deuteriumenters with a weight of 10. Carbon enters with a weight of 4, and oxygen is saled as 8/6 of arbon, sothat the unpolarized neutrons ontribute with 16/3 of the arbon ross setion. The e�etive dilutionfators alulated this way range between 0.8 and 0.5 for inident photon energies from 0.7 to 1.5 GeVon average we assume feff=0.7. We assume the same redution fator for the bakground from thetarget windows, whih without uts ontributed C=4 in the GDH experiments. This orresponds torelative bakground ontributions to the ount rates of B = 1/f − 1=0.43 for the butanol and C=0.54for the target ell. With this the total dilution of the asymmetry is estimated as:

η = 1 + B + C ≈ 2 . (9)



2.2 Measurements with Crystal Ball/TAPS at MAMI CThe MAMI C part of the experiment (E,T,F) requires two separate measurements both using irularlypolarized photon beam ombined with th longitudinally and transversely polarized targets, whih willbe available at MAMI C during 2010. The experimental setup onsisting of the Crystal Ball (withPID) and the TAPS forward detetor will be idential in both experiments and orresponds to thestandard setup desribed in Appendix A of this proposal, where all relevant details are given. Forall measurements the η → γγ deay hannel will be used (some additional statistis may be obtainedfrom the η → 3πo → 6γ deay hannel, however, with somewhat lower experimental resolution for thekinematial variables of the η). The sensitivity and auray of the proposed measurements has beenstudied in detail (see Appendix B) with Monte Carlo simulations of the ahievable detetion e�ienyof the apparatus inluding detetion of the reoil nuleons. The simulations have been tested with thealready available quasi-fee neutron data from unpolarized targets. For the proposed experiments weaim at a maximum statistial unertainty for the double polarization observables of 0.15 for a minimumross setion of 0.35 in 40 MeV bins of inident photon energy. The neessary beam time an be derivedfrom the statistial auray using:
δA2

stat = (1 − A2) · η[∆t · P 2 · Nγ · NT · lf · ǫ · b · ∆σo]
−1 (10)with the following notation (energy dependent quantities are given for an inident photon energy of 1GeV):

• A: measured asymmetry
• δAstat: statistial unertainty of A ⇒ 0.15
• Nγ : number of photons per 40 MeV inident photon energy (inluding tagging e�ieny)

⇒ 4.6· 105se−1

• NT : surfae density of target nulei (2 m frozen butanol target) ⇒ 0.09 b−1

• lf : data taking life time ⇒ 0.7
• ǫ: detetion e�ieny, assumed on average as ⇒ 0.07
• b: deay branhing ratio of η mesons, for η → 2γ ⇒ 0.4
• ∆σo: unpolarized ross setion in the respetive angular bins.We assume minimal ⇒ ∆σo=0.35 µb
• P: produt of polarization degrees ⇒ Pt · Pb= 0.7×0.5=0.35
• η = 1 + B + C e�etive dilution from unpolarized bakground ⇒ 2.0The resulting beam time request is:
• 700 h irularly polarized beam, longitudinally polarized target
• 700 h irularly polarized beam, transversely polarized targetThe expeted results for this beam time are summarized in Appendix B.



3 Appendix A: Experimental apparatus3.1 Photon BeamThe A2 photon beam is derived from the prodution of Bremsstrahlung photons during the passage ofthe MAMI eletron beam through a thin radiator. The resulting photons an be irularly polarised,with the appliation of a polarised eletron beam, or linearly polarised, in the ase of a rystallineradiator. The degree of polarisation ahieved is dependent on the energy of the inident photon beam(E0) and the energy range of interest, but urrently peaks at ∼75% for linear polarisation (Fig. 15)and ∼85% for irular polarisation (Fig. 16). The maximum degree of linear polarisation should befurther improved by 5 to 10% by the end of 2009 when the ollimation and beam monitoring systemswill be optimised for MAMI-C during the installation of the Frozen Spin Target. The Glasgow PhotonTagger (Fig 17) provides energy tagging of the photons by deteting the post-radiating eletrons andan determine the photon energy with a resolution of 2 to 4 MeV depending on the inident beamenergy, with a single-ounter time resolution σt = 0.117 ns [42℄. Eah ounter an operate reliably toa rate of ∼1 MHz, giving a photon �ux of 2.5 · 105 photons per MeV. Photons an be tagged in themomentum range from 4.7 to 93.0% of E0.

Figure 15: Linear polarisation available with the urrent ollimation system for a variety of rystalorientations. The thin blak lines are data obtained during reent MAMI-C runs.

Figure 16: Heliity transfer from the eletron to the photon beam as funtion of the energy transfer.The MAMI beam polarisation is Pe ≈85%.To augment the standard foal plane detetor system and make use of the Tagger's intrinsi energyresolution of 0.4 MeV (FWHM), there exists a sintillating �bre detetor (`Tagger Mirosope') thatan improve the energy resolution by a fator of about 6 for a ∼100 MeV wide region of the foal plane(dependent on its position) [44℄.



Figure 17: The Glasgow photon tagging spetrometer.3.2 Frozen-Spin TargetPolarisation experiments using high density solid-state targets in ombination with tagged photonbeams an reah the highest luminosities. For the double polarisation measurements planned withthe Crystal Ball detetor on polarised protons and deuterons a speially designed, large horizontal
3He/4He dilution refrigerator was built in ooperation with the Joint Institute for Nulear Researh(JINR) Dubna (see Figure 18). It has minimum limitations for the partile detetion and �ts intothe entral ore of the inner Partile Identi�ation Detetor (PID2). This was ahieved by using thefrozen spin tehnique with the new onept of plaing a thin superonduting holding oil inside thepolarisation refrigerator. Longitudinal and transverse polarisations will be possible.Highest nuleon polarisation in solid-state target materials is obtained by a mirowave pumping proess,known as `Dynami Nuleon Polarisation' (DNP). This proess is appliable to any nuleus with spinand has already been used in di�erent experiments with polarised proton and deuteron targets. Thegeometri on�guration of the target is the same for the polarised proton and neutron setup. However,sine the polarisation measurement of the deuteron is more deliate due to the small size of thepolarisation signals, the modi�ation of some basi omponents is needed. The reason for this istwofold: �rstly the magneti moment of the deuteron is smaller than that of the proton and, inaddition, the interation of the deuteron quadrupole moment with the eletri �eld gradient in thesample broadens the deuteron polarisation signal. An auray δPp/Pp of 2 to 3% for the protonsand δPD/PD of 4 to 5% for the deuterons is expeted in the polarisation measurement. It has alsoto be taken into aount that the measured deuteron polarisation PD is not equal to the neutronpolarisation Pn. Assuming a 6 % admixture of the D-state of the deuteron, a alulation based on theClebsh-Gordon oe�ients leads to Pn = 0.91 PD. Several polarised proton and deuteron materialsare available suh as alohols and deuterated alohols (e.g. butanol C4H9OH), NH3, ND3 or 6LiD.The most important riteria in the hoie of material suitable for partile physis experiments are thedegree of polarisation P and the ratio k of free polarisable nuleons to the total number of nuleons.Further requirements on polarised target materials are a short polarisation build-up time and a simple,reproduible target preparation. The polarisation resistane against radiation damage is not an issuefor experiments with a low intensity tagged photon beam (Ṅγ ≈ 5 · 107 s−1) as will be used here.However, the limitations of a redued relaxation time due to overheating of the target beads (Kapitzaresistane) will have to be investigated.Taking all properties together, butanol and deuterated butanol are the best material for this exper-iment. For protons we expet a maximum polarisation of Pp = 90% and an average polarisation of



Figure 18: The new dilution refrigerator for the Crystal Ball Frozen Spin Target.
Pp = 70% in the frozen spin mode. Reently, a deuteron polarisation PD = 80% was obtained withTrityl doped butanol targets at 2.5 T magneti �eld in a 3He/4He dilution refrigerator. At a 0.4 Tholding �eld an average neutron polarisation Pn (see above) of 50 % will be obtained. The �lling fatorfor the ∼2 mm diameter butanol spheres into the 2 m long, 2 m diameter target ontainer will bearound 60%. The experiene from the GDH runs in 1998 [45℄ shows that, with a total tagged photon�ux of 5·107, relaxation times of about 200 hours an be expeted. The polarisation has to be refreshedby mirowave pumping every two days.In onlusion, we estimate that we will ahieve the following target parameters:

• Maximum total tagged photon �ux in the energy range of 4.7 to 93% of E0: Ṅγ ≈ 5 · 107 s−1 ,with relaxation time of 200 hours.
• Target proton density in 2 m ell: NT ≈ 9.1 · 1022cm−2 (inluding dilution and �lling fators)
• Average proton polarisation Pp = 70%

• Target deuteron density in 2m ell: NT ≈ 9.4 · 1022cm−2 (inluding dilution and �lling fators)
• Average neutron polarisation Pn = 50%3.3 Crystal Ball Detetor SystemThe entral detetor system onsists of the Crystal Ball alorimeter ombined with a barrel of sintil-lation ounters for partile identi�ation and two oaxial multiwire proportional ounters for hargedpartile traking. This entral system provides position, energy and timing information for bothharged and neutral partiles in the region between 21◦ and 159◦ in the polar angle (θ) and over al-most the full azimuthal (φ) range. At forward angles, less than 21◦, reation produts are deteted inthe TAPS forward wall. The full, almost hermeti, detetor system is shown shematially in Fig. 19and the measured two-photon invariant mass spetrum is shown in Fig. 20.



Figure 19: The A2 detetor setup: The Crystal Ball alorimeter, with ut-away setion showing theinner detetors, and the TAPS forward wall.The Crystal Ball detetor (CB) is a highly segmented 672-element NaI(Tl), self triggering photonspetrometer onstruted at SLAC in the 1970's. Eah element is a trunated triangular pyramid, 41 m(15.7 radiation lengths) long. The Crystal Ball has an energy resolution of ∆E/E = 0.020·E[GeV ]0.36,angular resolutions of σθ = 2 . . . 3◦ and σφ = σθ/ sin θ for eletromagneti showers [41℄. The readouteletronis for the Crystal Ball were ompletely renewed in 2003, and it now is fully equipped withSADCs whih allow for the full sampling of pulse-shape element by element. In normal operation,the onboard summing apaity of these ADCs is used to enable dynami pedestal subtration and theprovision of pedestal, signal and tail values for eah element event-by-event. Eah CB element is alsonewly equipped with multi-hit CATCH TDCs. The readout of the CB is e�eted in suh a way as toallow for �exible triggering algorithms. There is an analogue sum of all ADCs, allowing for a totalenergy trigger, and also an OR of groups of sixteen rystals to allow for a hit-multipliity seond-leveltrigger - ideal for use when searhing for high multipliity �nal states.In order to distinguish between neutral and harged partiles speies deteted by the Crystal Ball, thesystem is equipped with PID2, a barrel detetor of twenty-four 50 mm long, 4 mm thik sintillators,arranged so that eah PID2 sintillator subtends an angle of 15◦ in φ. By mathing a hit in the PID2with a orresponding hit in the CB, it is possible to use the lous of the ∆E,E ombination to identifythe partile speies (Fig. 21). This is primarily used for the separation of harged pions, eletrons andprotons. The PID2 overs from 15◦ to 159◦ in θ.The exellent CB position resolution for photons stems from the fat that a given photon triggersseveral rystals and the energy-weighted mean of their positions loates the photon position to betterthan the rystal pith. For harged partiles whih deposit their energy over only one or two rystals,this is not so preise. Here the traks of harged partiles emitted within the angular and momentumaeptane of the CB detetor will be reonstruted from the oordinates of point of intersetions ofthe traks with two oaxial ylindrial multiwire proportional hambers (MWPCs) with athode stripreadout. These MWPCs are similar to those installed inside the CB during the �rst round of MAMI-B



Figure 20: Two photon invariant mass spetrum for the CB/TAPS detetor setup. Both η and π0mesons an be learly seen.

Figure 21: A typial ∆E/E plot from the Crystal Ball and the PID2 detetor. The upper urvedregion is the proton lous, the lower region ontains the pions and the peak towards the origin ontainsmostly eletrons.runs [43℄. The most signi�ant di�erene is that all detetor signals are taken at the upstream end ofthe MWPCs, minimising the material required and failitating partile detetion in the forward polarregion.A mixture of argon (79.5%), ethane (30%) and freon-CF4 (0.5%) is used as the �lling gas. This mixtureis a ompromise between harge multipliation and loalization requirements imposed by the ionizingpartile traks.Within eah hamber both the azimuthal and the longitudinal oordinates of the avalanhe will beevaluated from the entroid of the harge distribution indued on the athode strips. The loation ofthe hit wires(s) will be used to resolve ambiguities whih arise from the fat that eah pair of innerand outer strip ross eah other twie. The expeted angular resolution (rms) will be ∼2◦ in the polaremission angle θ and ∼3◦ in the azimuthal emission angle φ.The MWPCs have been reently installed inside the CB frame and their alibration using both osmirays and test beam data is urrently underway.



3.4 TAPS Forward WallThe TAPS forward wall is omposed of 384 BaF2 elements, eah 25 m in length (12 radiation lengths)and hexagonal in ross setion, with a diameter of 59 mm. The front of every TAPS element is overedby a 5 mm thik plasti veto sintillator. The single ounter time resolution is σt = 0.2 ns, the energyresolution an be desribed by ∆E/E = 0.018 + 0.008/E[GeV ]0.5 [41℄. The angular resolution in thepolar angle is better than 1◦, and in the azimuthal angle it improves with inreasing θ, being alwaysbetter than 1/R radian, where R is the distane in entimeters from the entral point of the TAPSwall surfae to the point on the surfae where the partile trajetory meets the detetor. The TAPSreadout was ustom built for the beginning of the CB�MAMI program and is e�eted in suh a wayas to allow partile identi�ation by Pulse Shape Analysis (PSA), Time Of Flight (TOF) and ∆E/Emethods (using the energy deposit in the plasti sintillator to give ∆E). TAPS an also ontributeto the CB multipliity trigger and is urrrently divided into upto six setors for this purpose. The2 inner rings of 18 BaF2 elements have been replaed reently by 72 PbWO4 rystals eah 20 min length (22 radiation lengths). The higher granularity improves the rate apability as well as theangular resolution. The rystals are operated at room temperature. The energy resolution for photonsis similar to BaF2 under these onditions [46℄.



4 Appendix B: simulated sensitivity of the experimentIn this appendix the results from the simulation of the sensitivity of the experiments for 700 h beamtime with the longitudinally polarized target and 700 h beam time with the transversely polarizedtarget are given. For the observables E, F, T the expeted results for quasi-free protons and neutronshave been alulated assuming either the preditions of the full MAID model or the trunated modelwithout ontribution from the D15(1675) resonane. Results are given from threshold to the maximuminident photon energy in bins of 20 MeV.
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Figure 22: Simulated detetion e�ieny for quasi-free η-prodution of the proton

• detetion e�iny for γd → (n)pη
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Figure 23: Simulated detetion e�ieny for quasi-free η-prodution of the neutron

• detetion e�iny for γd → p(n)η
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Figure 24: Polarization observable E from full MAID-model. Blue: quasi-free proton, red: quasi-freeneutron. Curves: solid predition MAID model, dashed: folded with Fermi smearing, error bars:expeted experimental preision

I) Observable E, full MAID model



−1 −0.5 0 0.5 1

−0.5

0

0.5

687 − 705 MeV

proton
proton folded

−1 −0.5 0 0.5 1

−0.5

0

0.5

706 − 725 MeV

neutron
neutron folded

−1 −0.5 0 0.5 1

−0.5

0

0.5

726 − 745 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

746 − 765 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

766 − 785 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

786 − 805 MeV

−1 −0.5 0 0.5 1

−0.5

0

0.5

806 − 825 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

826 − 845 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

846 − 865 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

866 − 885 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

886 − 905 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

906 − 925 MeV

−1 −0.5 0 0.5 1

−0.5

0

0.5

926 − 945 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

946 − 965 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

966 − 985 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

986 − 1005 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1006 − 1025 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1026 − 1045 MeV

−1 −0.5 0 0.5 1

−0.5

0

0.5

1046 − 1065 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1066 − 1085 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1086 − 1105 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1106 − 1125 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1126 − 1145 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1146 − 1165 MeV

−1 −0.5 0 0.5 1

−0.5

0

0.5

1166 − 1185 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1186 − 1205 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1206 − 1225 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1226 − 1245 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1246 − 1265 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1266 − 1285 MeV

−1 −0.5 0 0.5 1

−0.5

0

0.5

1286 − 1305 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1306 − 1325 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1326 − 1345 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1346 − 1365 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1366 − 1385 MeV
−1 −0.5 0 0.5 1

−0.5

0

0.5

1386 − 1405 MeV

−1 −0.5 0 0.5 1−1 −0.5 0 0.5 1−1 −0.5 0 0.5 1−1 −0.5 0 0.5 1−1 −0.5 0 0.5 1−1 −0.5 0 0.5 1

−0.5

0

0.5

−0.5

0

0.5

−0.5

0

0.5

−0.5

0

0.5

−0.5

0

0.5

−0.5

0

0.5

 )cmθcos( 

E

Figure 25: Polarization observable E from trunated MAID-model (noD15(1675). Blue: quasi-freeproton, red: quasi-free neutron. Curves: solid predition MAID model, dashed: folded with Fermismearing, error bars: expeted experimental preision

II) Observable E, MAID model without D15(1675)
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Figure 26: Polarization observable T from full MAID-model (noD15(1675). Blue: quasi-free proton,red: quasi-free neutron. Curves: solid predition MAID model, dashed: folded with Fermi smearing,error bars: expeted experimental preision

II) Observable T, full MAID model
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Figure 27: Polarization observable T from trunated MAID-model (noD15(1675). Blue: quasi-freeproton, red: quasi-free neutron. Curves: solid predition MAID model, dashed: folded with Fermismearing, error bars: expeted experimental preision

IV) Observable T, MAID model without D15(1675)
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Figure 28: Polarization observable F from full MAID-model (noD15(1675). Blue: quasi-free proton,red: quasi-free neutron. Curves: solid predition MAID model, dashed: folded with Fermi smearing,error bars: expeted experimental preision

V) Observable F, full MAID model
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Figure 29: Polarization observable F from trunated MAID-model (noD15(1675). Blue: quasi-freeproton, red: quasi-free neutron. Curves: solid predition MAID model, dashed: folded with Fermismearing, error bars: expeted experimental preision

VI) Observable F, MAID model without D15(1675)
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