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FEW-NUCLEON CALCULATIONS ANDCORRELATIONS �W. Glökle, H. Kamada, J. Golak, A. NoggaInstitut für Theoretishe Physik II, Ruhr-Universität BohumD-44780 Bohum, GermanyH. Witaªa, R. Skibi«ski, and J. Kuro±-�oªnierzukInstitute of Physis, Jagellonian UniversityReymonta 4, 30-059 Craow, Poland(Reeived August 16, 2001)Present day results for few-nuleon bound state and sattering observ-ables based on modern high preision nulear fores are brie�y reviewed.While in relation to NN fores of that type three-nuleon (3N) fores aremandatory for binding energies and for quite a few 3N sattering observ-ables their e�et is rather small in two-nuleon orrelation funtions asdemonstrated for 3He and 4He. The old idea of the Coulomb sum rule as away to extrat the pp orrelation funtion is reonsidered and the need formore aurate data is pointed out. It appears to be an ideal ase to probeproperties of the density operator and the ground state wave funtions with-out disturbanes of �nal state interations (FSI). In the 3N system belowthe pion threshold FSI is well under ontrol and therefore the exlusive pro-ess 3He(e; e0NN) is also a very good test ase for orrelated nulear wavefuntions and eletromagneti urrent operators. One spei� kinematisis emphasized, whih an lead to insights into the orrelated ground statewave funtions with little disturbane of FSI. Finally exlusive photodisin-tegration of 3He is regarded, whih appears to be promising to identify 3Nfore e�ets.PACS numbers: 21.45+v, 21.10�k, 25.10+s, 25.20�x
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3054 W. Glökle et al.1. IntrodutionThe �rst and simplest desription of nulear physis is based on thenon-relativisti Shrödinger equation. On this stage one requires that NNinterations are well tuned to NN data up to the pion threshold and areaompanied by 3N fores, whih at least guarantee the orret 3H bindingenergy. For eletromagneti probes urrent operators onsistent with the nu-lear interations are needed. To get insight into the dynamis of the nulearsystems, reliable solutions of suh a Shrödinger equation are neessary. Butextensions to this piture are possible. A more advaned and possibly ne-essary dynamial piture would inlude relativity for instane in the instantform of a Hamiltonian formalism [1℄. Here we restrit ourselves to a stritlynonrelativisti treatment. We employ the present day perfetly well tunedNN fores CD�Bonn [2℄, AV18 [3℄, Nijmegen I and II [4℄. They are mostly ofphenomenologial and loal nature, with the exeption of CD�Bonn, whihis a slightly modi�ed one-boson-exhange potential and highly nonloal. As3N fores we hoose the Tuson�Melbourne (TM) 2�-exhange [5℄ and theUrbana IX [6℄ models. In the �rst ase the o�-shell ��N amplitude is usedin a low momentum expansion, in the seond ase that amplitude is basedon an intermediate �-exitation and a phenomenologial short range part.Two strengths parameters in the Urbana IX 3N fore are adjusted to the 3Hbinding energy and nulear matter density. In the TM 3N fore we adjustthe ut-o� parameter � for a strong form fator parametrization separatelyfor eah NN fore partner to the 3H binding energy [7℄. The 3N systemis solved rigorously in the Faddeev sheme for bound and sattering states;the 4N bound state is equally preisely evaluated using Yakubovsky equa-tions [7℄. A survey of typial and urrent results for binding energies andsattering observables is presented in Setion 2.Wave funtion properties in form of bound state two-body orrelationfuntions are shown in Setion 3. One approah of onneting them to ob-servables is the Coulomb sum rule. We brie�y review that topi in Setion 4and point to neessary improvements in experiment and theory in order toahieve lear and onvining results in the future.Another approah in investigating orrelations are eletron indued two-nuleon emissions, whih we study in a spei� kinematis for the targetnuleus 3He. It is shown in Setion 5 that FSI appear to be unavoidable(at least below the pion threshold) but an possibly be redued to an easilyaessible and restrited one. This might enable a searh for initial stateorrelations in a rather ontrolled manner.Photon indued two-nuleon emission on 3He as well as the pd break-upappear to be very promising to see 3N fore e�ets. This is illustrated inSetion 6. Finally we end with a brief outlook.



Few-Nuleon Calulations and Correlations 30552. Three- and four-nuleon systemsA �rst neessary test of the dynamial piture are three-and four-nuleonbinding energies. For �ve modern, high preision NN fores our theoretialresults are shown in Table I. We have taken into aount harge indepen-dene and harge symmetry breaking as well as the mass di�erene of theproton and the neutron. Further eletromagneti interations are inludedand also the isospin T = 32 admixtures. We see the by now well known underbinding against the experimental values. Table II ollets the individuallyadjusted �-parameters of the TM 3N fore and of a modi�ed one (TM'),whih violates hiral invariane less than TM, and the resulting 3N and4N binding energies. We also show the AV18 plus Urbana IX results. WeTABLE I3H, 3He and 4He binding energy preditions for several NN potential models om-pared to the experimental values. All energies are given in MeV.Potentials E(3H) E(3He) E(4He)Nijm 93 �7:668 �7:014 �24:53Nijm I �7:741 �7:083 �24:98Nijm II �7:659 �7:008 �24:56AV18 �7:628 �6:917 �24:28CD�Bonn �8:013 �7:288 �26:26Exp. �8:482 �7:718 �28:30
TABLE II3H, 3He and 4He binding energy preditions for several NN and 3N potentialmodels ompared to the experimental values. All energies are given in MeV.Potentials � [m�℄ E(3H) E(3He) E(4He)CD�Bonn+TM 4.784 �8:478 �7:735 �29:15AV18+TM 5.156 �8:478 �7:733 �28:84AV18+TM' 4.756 �8:448 �7:706 �28:36AV18+Urbana IX � �8:484 �7:739 �28:50Exp. � �8:482 �7:718 �28:30



3056 W. Glökle et al.end up with the interesting result that the theoretial �-partile bindingenergies for the di�erent NN and 3N fore ombinations are rather loseto the experimental value. There is a slight over binding, whih leaves littleroom for the ation of 4N fores. This an be quanti�ed in the followingway. The average attration due to NN fores is 24.92 MeV or 88 % from28.30 MeV. The average additional attration due to 3N fores is 3.9 MeVor 14 % and �nally the average over binding is 0.5 MeV, whih is 2 % of28.30 MeV. If as a onjeture this would be attributed to a repulsive 4NFthen this shows a nie hierarhy in the importane of two- to many-bodyfores. Of ourse, this is a temporary statement and an be modi�ed in thefuture if more will be known about strengths and properties of 3N fores.In any ase suh a hierarhy is in agreement with the expetations of hiralperturbation theory [9, 10℄. An overview of 3N and 4N binding energiesis shown in Fig. 1, whih douments the strong orrelation among them,known as Tjon line [7, 8℄.
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Fig. 1. Tjon-line: �-partile binding energy preditions E(4He) against the predi-tions for the 3H binding energy for several interation models. Preditions without(rosses) and with (diamonds) 3N fores are shown. The experimental point ismarked by a star. The line represents a least square �t to NN fore preditionsonly.The Argonne�Illinois�Los Alamos ollaboration has explored with thehelp of the Greens-Funtion Monte Carlo method the low energy spetra oflight nulei up to A=8 [11℄. We see in Fig. 2 the pure AV18 preditions,whih are rather far away from the data and the impressive shift of theory
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Fig. 2. Spetra of light nulei: experimental data (solid), AV18 (dotted),AV18+Urbana IX (dashed).
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Fig. 3. The total nd ross setion. Comparison of the data [33℄ with various inter-ation models.
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Fig. 4. Di�erential ross setion for elasti nuleon�deuteron sattering. pd datafrom [18℄.
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Fig. 5. Di�erential ross setion in elastiNd sattering at 65 MeV. The light (dark)shaded bands are NN fore only (NN +3NF ) preditions for various interations.pd data (rosses) are from [19℄ and nd data (open irles) are from [20℄.
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Fig. 6. The same as in Fig. 5 for E= 135 MeV. pd data (rosses) are from [21℄ and(irles) from [22℄.towards the data by adding the Urbana IX 3N fore. But we still observedeviations, whih an be resolved by inluding additional terms in the 3NF[12℄. Further important tests of the nulear Hamiltonian without and with3N fores are sattering proesses. For three nuleons solutions for theontinuum are by far most developed. The Faddeev sheme [13℄ and thehyperspherial harmoni method [14℄ provide very aurate solutions. Weillustrate the state of art with several ross setions and refer the readerto [13℄ and more reent papers [15�17℄ for a larger overview and for the verymany spin observables, whih probe our present day understanding of thedynamis in a very sensitive manner. Fig. 3 shows the nd total ross setion,whih below about 100 MeV is nearly perfetly desribed even without 3Nfores. Only at the higher energies small disrepanies appear, whih arehowever signi�antly redued inluding 3N fores. At very low energiesthe inlusion of the pp Coulomb fore is under ontrol. For a survey onthe beautiful agreement of the angular distribution in elasti pd satteringwith preise data we refer to [14℄. Thereby 3N fore e�ets are tiny. Thisremains true also at somewhat higher energies as shown in Fig. 4, where thetheory does not inlude the Coulomb fores nor 3N fores. At 65 and 135MeV theory based on NN fores only learly underestimates the data in theminima whereas the inlusion of 3N fores leads to a very good agreement.This is shown in Figs. 5 and 6. Thereby the results, as shown by two bands,are very stable under exhange of NN and 3N fore ombinations (whih



3060 W. Glökle et al.

0 10 20S [MeV℄0.01.02.03.0 d5�d
1d
2dS � mbMeV sr2 ��1 = 41o �2 = 41o �12 = 180oElab = 19:0 MeV
................................................................................................................................................................................

.........................................................................................................................................................................................................................................................................................................................................................................................
................................................................................................................................................

.................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................. ....................................................................................................
........................................................................................................................................................ .........................................................................................................

.........................................................................................................
..................... ....................................................................................................................................................................................................................................... ................................................................................................................................................................................................................................................................................. .............. ...................................................................................

................................................................................................................... ........................................................................................
..............................................................................

..................... ................................................................................................................................................................................ ...................................................................................................................................................................................................... ........... ..........................................................................
..................................................................................................................................................

.........................................................
.............................................................................................................................................................................................................................................................................................................

Æ...... Æ...... Æ..... Æ..... Æ..... Æ..... Æ..... Æ...... Æ.......
Æ........ Æ........ Æ........ Æ........ Æ....... Æ...... Æ...... Æ..... Æ..... Æ..... Æ..... Æ...... Æ......

0 20 40 60 80S [MeV℄0.01.02.03.0 d5�d
1d
2dS � mbMeV sr2 ��1 = 44o �2 = 44o �12 = 180oElab = 65:0 MeV
.........................................................................................................................................................................................................................................................................................................................

............................................................................................................................................
...................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................... ..................... ..................... ..................... ..................... ........................................................................................................

..............................................................................................
................................................................................................ ...................................................................................................................................................................................................................................................................................................... ..................... ..................... ..................... ..................... ................................ ........... ........... ........... ........... ........... ........... ........... .............................................................................

.............................................................................
.................................................................. ................................................................................................................................................................................................................. ........... ........... ........... ........... ........... ........... ........... ........... ................................................................................................................................

.........................................................
..............................................................................................................................................................................................................................................................................Æ.....Æ.....Æ......Æ......Æ.........Æ............Æ

...............Æ..................
Æ...................Æ.................Æ................Æ.................Æ.................Æ.................Æ..............Æ............Æ........Æ......Æ.....Æ.....Æ.....Fig. 7. Five-fold di�erential Nd breakup ross setion along the kinematial lousinluding the quasi-free sattering ondition. pd data at 19 MeV are from Ref. [23℄and at 65 MeV from Ref. [24℄.of ourse desribe the 3H binding energy). Finally we show in Figs. 7 and 8some break-up ross setions along the kinematial lous as a funtion of asuitably de�ned arlength S [13℄. In general the agreement is good and atthose low energies 3N fore e�ets studied up to now are insigni�ant.A prerequisite to a theoretial analysis of 3He(e; e0NN) data is the un-derstanding of the d(p;NN) reation in the full phase spae. Therefore4�-measurements of the latter proess, not only at ertain seleted regions
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Fig. 8. The same as in Fig. 7 for two ases: two nuleons leave with equal momenta(up) and three nuleons leave with equal energies under pairwise angles of 120Æ(down). pd data at 13 MeV are from Ref. [25℄, at 65 MeV from Ref. [26℄.in phase spae, are quite important to test the theory, before onlusionsan be drawn from an analysis of the 3He(e; e0NN) reation.However, overall one an already say now that the dynamial piturewith high preision NN fores and adjusted 3N fores works reasonablywell (with room for improvements) and provides a good basis to analyzeeletromagnetially indued proesses.



3062 W. Glökle et al.3. Two-nuleon orrelation funtionsBased on fully onverged solutions of the Faddeev�Yakubovsky equationswe present two-nuleon orrelation funtions for ground state wave funtionsj	JMi of the simplest type, namely averaged over two-body partial wavestates: C(r) = 12J + 1XM h	JM jÆ(~r � ~rij)Pij j	JMi : (1)Here ~rij is the operator of a pair distane and Pij the projetor on a pp ornp pair. They are plotted (with arbitrary overall normalization) in Fig. 9for d, 3He and 4He and hoosing two NN potentials AV18 and CD�Bonn.At short distanes below about 1 fm the preditions of the two potentialare quite di�erent. The urves are very muh similar for the three nulei,what suggests that this will essentially remain true also for heavier systems.They all peak at about 1 fm. Fig. 10 ompares diretly preditions for thethree nulei, all normalized to eah other in the peak value. We see a nearlyperfet overlap exept in the tails, where the di�erene in separation energiesshow up. Finally the addition of 3N fores has no visible in�uene up to theradii somewhat larger than 1 fm, where binding e�ets have to appear.Sine wave funtions are no observables, in onsequene the wave fun-tion property C(r) is not an observable either. Wave funtions enter intoobservable response funtions as they our for instane in eletromagnet-ially indued proesses, but they are aompanied by �nal state ontin-uum wave funtions, whih are also orrelated and, very importantly, theyome together with urrent operators, whih should be onsistent to the nu-lear fores. Consistent ingredients of the nulear matrix elements shouldlead to the same observables (response funtions) even if di�erent NN foreparametrization have been hosen. At present mostly AV18 NN fores andonsistent urrents are being used. Thus work remains to be done to under-stand possible model dependenes.4. The Coulomb sum ruleIt has been known for a long time [27, 28℄ that the Coulomb sum ruleis an approah to isolate the Fourier transform of the orrelation funtionC(r). Let us de�ne the Coulomb sum asSL � 1Z!min d!RL(!; j ~Qj) : (2)
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Fig. 9. Two-nuleon orrelation funtions C(r) for np and pp pairs in the nulei d,3He and 4He based on the AV18 and CD�Bonn NN potentials.
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Few-Nuleon Calulations and Correlations 3065peak. Up to now the available data leave too muh room for ambiguities inthe extrapolation [29℄ and preise data at some more higher !-values wouldbe welome. Also the �rst three terms on the right hand side of Eq. (4)anel strongly [29℄ leading to enhaned error bars for C and ~C. Thereforehigh auray measurements of RL are needed. Above all this refers to thenulei 3He and 4He, for whih at present the most preise evaluation of theground state wave funtions are possible. On the theoretial side as hasbeen shown in [30℄ the relativisti orretions in the density operator andtwo-body piees therein play an important role and annot be onsideredas a small perturbation. This is an interesting hallenge for theory andexperiment and deserves a renewed e�ort despite the intensive work in thepast. 5. Exlusive eletron sattering on 3HeAnother approah towards orrelations is via eletron indued two-nuleon emission on nulei, here on 3He. The most ideal situation wouldbe that one nuleon absorbs the photon and reeives its full momentumand all three nuleons leave the nuleus without any �nal state interation(FSI). Then the measurement of the momenta of the two spetator nuleonswould display diretly their momentum distribution in 3He. For this spe-ial kinematis the total spetator pair momentum has to be zero and thosetwo nuleons leave bak to bak and show diretly the relative momentumdependene within a pair of nuleons in the target nuleus 3He. Let us num-ber the nuleons suh that the knoked out nuleon is number 1. Then onewould probe diretly the expression related to the 3He wave funtionXM Xm1m2m3 j	(~p; ~q = 0)j2 ; (6)where ~p = 12(~k2 � ~k3) and ~q = 23(~k1 � 12(~k2 + ~k3)). The ~ki; i = 1; 2; 3 are theindividual momenta. This quantity is plotted in Fig. 11 for the two spetatorpairs pp and np and the two NN fores AV18 and CD�Bonn. We see modelindependene below about p = 1 fm�1 and signi�ant model dependeneat higher p-values. 3N fore e�ets are, like for C(r), quite insigni�ant asshown in Fig. 11 for a np pair.Unfortunately reality is far from that ideal situation. FSI interferes verystrongly. The eightfold di�erential ross setion has the well known formd8�dk̂0dk00d
1d
2dS = �Mott (vLRL + vTRT + vTTRTT + vTLRTL) � ; (7)
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Few-Nuleon Calulations and Correlations 3067Here enter the nulear matrix elements Ni, whih are the spherial ompo-nents of N� = 3h	 (�)jj�( ~Q)j	3Hei (9)with j�( ~Q) = j�( ~Q; 1) + j�( ~Q; 23) + : : : : (10)Note that both 3N states in Eq. (9) are fully antisymmetrized. Using aFaddeev deomposition, N� an be written asN� = N�PWIAS +N�RESCATT ; (11)where N�PWIAS = 3h�0~p~qj(1 + P )j�( ~Q)j	3Hei ;N�RESCATT = 3h�0~p~qj(1 + P )jU�i ; (12)and jU�i obeys a Faddeev-like integral equation [34℄jU�i = tG0(1 + P )j�( ~Q)j	3Hei+ tPG0jU�i : (13)The bra-vetors of Eq. (12) is given by the free momentum eigenstatesj�0~p~qi = (1� P23)j~pij~qi (14)antisymmetrized in the pair (23), t is the NN t-operator and G0 the free3N propagator. Finally P is the sum of a yli and antiyli permutationof 3 objets. It is instrutive to display the physial ontent of Eq. (12)graphially in Fig. 12. There the di�erent treatments of the �nal state,PWIA, PWIAS, �tG0� and �full� are explained. It is easy to show that inPWIA one �nds RL = G2E( ~Q)12X j	(~p; ~q = 0)j2 ;RT = ~Q22m2NG2M ( ~Q)12X j	(~p; ~q = 0)j2 ; (15)and RTT = RTL = 0. Thus RL and RT provide aess to the same quantityP j	 j2 up to known fators. The most simple approximate FSI is the ationof t within the spetator pair of nuleons, alled �tG0� below in Figs. 14�17Sine we are restriting ourselves to a nonrelativisti framework the total 3N.m. energy should be below the pion threshold at 140 MeV. Then for givenj ~Qj the p-values are restrited as shown in Fig. 13. For three j ~Qj-values, 400,
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3070 W. Glökle et al.500, 600 MeV/, we ompare in Fig. 14 the quantity RL=(F p1 )2 for PWIA,PWIAS, �tG0�, and using the omplete FSI (alled Full), as a funtion ofthe relative momentum of an outgoing np pair. In PWIA ~p is related to thespetator pair (the above mentioned pair 23). Consequently it is assumedthat the knoked-out nuleon is a proton. Of ourse for PWIA there is noj ~Qj-dependene and we see diretly the expression given in Eq. (6). FSI has atremendous e�et for all three j ~Qj-values, however the simple approximation�tG0� improves going to the higher j ~Qj-values. Even for higher j ~Qj valuesFSI has a tremendous e�et on RL (a redution fator 10-100). At least forthe higher j ~Qj values the tG0 approximation might be reasonable, but stillone an see e�ets of the negleted FSI of spetator nuleons and hit proton.In ase of RT we show in Fig. 14 the ratio (2m2NRT)=(GpMQ)2. In additionsome urves inlude � and � exhange ontributions onsistent to AV18.Their e�et is totally negligible. Also in this ase the approximation �tG0�is a quite good representation of the full FSI. Sine that FSI orretion of �rstorder in t is very well under ontrol given the fat that the on-shell t is �ttedto the NN data, an analysis of future data appears to be a rather reliableapproah towards the quantity given in Eq. (6). There is nie stability underexhange of the NN fores AV18 against CD�Bonn, as shown in Fig. 15 forthe example j ~Qj= 400 MeV/.The situation is quite di�erent if the hit nuleon is a neutron. We showin Fig. 16 the quantity RL=(GnE)2. In ontrast to the ase before, the ap-proximate FSI treatment �tG0� is now totally di�erent from the ompleteFSI result and thus would be totally misleading. This is of ourse due to thesmallness of GnE . For RT, however, the �tG0� approximation and �Full� arenot far from eah other and moreover the j ~Qj-dependene is relatively weak.Nevertheless for both R's the preditions are nearly independent from thespei� hoie of the NN fore as shown in Fig. 17 and therefore the modeldependene is weak.All the urves in Figs. 14 and 16 refer to AV18 and the angle between~p and ~Q has arbitrarily been �xed at 90Æ. At the other angles the relationbetween the �full� result and the �tG0� approximation hanges, but remainswithin the same order of magnitude.Based on these results one has to state that there is no way to aess di-retly in that low energy regimeP j	 j2. Nevertheless preise measurementswould be extremely informative to test the whole dynamial piture, foresand urrents. Choosing other kinematial onditions even in PWIA the 3Hebound state 	(~p; ~q) is probed in suh a manner that both ~p and ~q vary. Un-der the prerequisite that the pd break-up proess has been tested arefullyagainst theory the 3He(e; e0NN) reation for general kinematis is a perfettool to probe the remaining unknown ingredient, the urrent operator [31℄.
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0.0001Fig. 15. RL=(F p1 )2 (up) and (2m2NRT)=(GpMQ)2 (down) against the np relative mo-mentum p for various treatments of the �nal 3N state and two di�erent potentialsat one j ~Qj-value.
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1001010.10.010.0010.00011e-05Fig. 16. RL=(GnE)2 (up) and (2m2NRT)=(GnMQ)2 (down) against the pp relativemomentum p for various treatments of the �nal 3N state and some j ~Qj-values.MEC e�ets are negligible as shown.
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CD Bonn FullCD Bonn tG0CD Bonn PWIASCD Bonn PWIAAV18 FullAV18 tG0AV18 PWIASAV18 PWIAQ= 400 MeV/ RL=(GnE)2
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1001010.10.010.0010.00011e-05Fig. 17. RL=(GnE)2 (up) and (2m2NRT)=(GnMQ)2 (down) against the pp relative mo-mentum p for various treatments of the �nal 3N state and two di�erent potentialsat one j ~Qj-value.



3074 W. Glökle et al.6. 3N fore e�ets in photo-indued disintegration of 3He3N fores are required for a orret desription of binding energies. Willthey also play a role in eletromagnetially indued proesses? We alreadystarted a �rst investigation for pd apture proesses in [32℄ and would liketo show new results for photodisintegration of 3He, spei�ally at higher en-ergies than the one onsidered in [32℄. To that aim the Faddeev-like integralequation in [34℄ has to be modi�ed. The nulear matrix element for 3He(;NN) N� = h	 (�)~p~q jj�j	3Hei (16)an be written as N� = 12h�0~p~qj(1 + tG0)P j ~U�i ; (17)where j ~U�i obeys the Faddeev-like integral equationj ~U�i = (1 + P )j�j	3Hei+ �tG0P + 12(1 + P )V (1)4 G0(1 + tG0)P� j ~U�i :(18)We use the Siegert theorem as desribed in [32℄. This inludes some of theexhange urrents. The operator V (1)4 is that part of the 3N fore, whih issymmetri under the exhange of partile 2 and 3. We sanned the wholephase spae omparing the full break-up ross setion evaluated with andwithout 3N fore. As an example we display in Fig. 18 the �1; �2 regionswhere 3N fore e�ets are larger than 40 %. The relative azimuthal angleis � 50Æ.
�1 [deg℄

� 2[deg℄
1801501209060300

1801501209060300Fig. 18. The �1-�2 regions in 3N phase spae, where 3N fore e�ets are largerthan 40 %. The relative azimuthal angle is �12 � 50Æ.
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CD Bonn+TMCD BonnAV18+UrbanaIXAV18�1= 38 deg, �2= 51 deg, �12= 14 deg
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0Fig. 19. Three-body di�erential photodisintegration ross setions d3�=(d
1d
2dS)[fm2=(sr2MeV)℄ of 3He along the kinematial lous for di�erent ombinations ofangles.
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CD Bonn+TMCD BonnAV18+UrbanaIXAV18�1= 45 deg, �2= 45 deg, �12= 0 deg
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4e-053.5e-053e-052.5e-052e-051.5e-051e-055e-060Fig. 20. The same as in Fig. 19 for spei� breakup on�guration, where twonuleons leave with equal momenta leading to a FSI peak.As an illustration we show out of that phase spae region three moreor less arbitrarily seleted break-up ross setions along the S�urve inFigs. 19�20. The peak in the middle is aused by small relative momentain one pair (FSI peak). In the other peaks the 3He wave funtion is probedat small momenta. Measurements should validate or invalidate these sort ofpreditions. Also in the pd break-up proess 3NF e�ets are learly visibleas shown in Fig. 21 for various photon energies.7. OutlookOne main theoretial hallenge is to establish an eletromagneti ur-rent operator, whih is onsistent to nulear fores. Only then responsefuntions for eletromagnetially indued proesses an be put on a �rmground. Preise experimental data on two-nuleon emissions indued byreal and virtual photons on 3He will be a very important test ground toprobe nulear fores, orrelated wave funtions and urrents. At present the3N system is the only ase where FSI is fully under ontrol (below the pionthreshold) and appears therefore espeially promising to probe our presentday understanding of nulear dynamis.
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Fig. 21. The pd photodisintegration breakup ross setion d�=d
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