
1IS-417June 2008 updateMiguel Madurgamadurga�iem.fma.si.esThis doument summarizes the urrent status of the analysis of the 11Li β-deay datataken in 2007 at ISOLDE. The analysis onentrated in studying the 7He(gs) break-uphannel following 11Li β-deay. Two levels in 11Be at 16 and 18 MeV exitation energyhave been found to ontribute to this hannel. The study of the angular orrelations andkinematis of the breakup of these two states through this hannel favors a spin and parityassignment of 3/2− for both of them. The presene of unaounted oinidene statistisindiates the possible role of other states in 11Be.
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Figure 1. Shemati view of the set-up used in IS417 in 2007. An example of 11Li
β-deay followed by nα6He breakup is shown.1 Introdution and experimental set-upThe 11Li β-deay was measured at ISOLDE, CERN with a multiple DSSSD set-upoptimized for the detetion of harged partiles in oinidene. The 11Li β-delayedharged partile hannels inlude nα6He, 2α3n, 8Li+t and 9Li+d[1, 2, 3℄. The maingoal of this run was to study our previously proposed new 11Li β-delayed deayhannel involving the ground state of 7He [4℄, whih is a subset of the nα6He hannel.The set-up onsisted of 3 DSSSD and a prototype monolithi detetor (for testingpurposes) as shown in Fig. 1. The detetors on the bak side of the arbon foil,DSSSD's D1 and D3, were 5 m away from the foil, thus overing ∼4% of 4π. DSSSDD2 was 3.7 m away from the soure, overing∼7.2% of 4π. The 64 detetor elementsof the monolithi detetor have a ombined angular e�ieny of ∼1.8% of 4π.The geometry of the setup de�nes three possible types of two-partile oini-denes, depending on whih detetors were hit. Hits in DSSSD D2 and DSSSD D3(see Fig. 1), lassi�ed as 180o oinidenes, overed angles from 120o to 180o be-tween the deteted partiles. Hits in DSSSD D1 and either DSSSD D2 or DSSSDD3, lassi�ed as 90o oinidenes, overed angles from 31o to 149o between the de-teted partiles. Finally, oinidenes deteted in the same detetor, lassi�ed as0o oinidenes, overed angles from 0o to 50o between the deteted partiles fordetetors D1 and D3 and between 0o and 68o for D2.
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Figure 2. Left: 180o oinidenes sum energy with a Monte-Carlo simulation of thedeay shown on red dashed line. The simulation inludes the di�erent deay hannelsproposed in [4℄ plus the 7He+α breakup of the 16.2 and 18.3 MeV states in 11Bedisussed in this summary. The di�erent branhing ratios were adjusted from thelast experiment [4℄, exept for the 16.2 and 18.3 MeV states in 11Be deaying through
7He, whih were adjusted diretly to the intensity observed in Fig. 3b. Please seethe text for further information on the disrepanies between the simulation and thedata. Right: 180o oinidenes satter plot. There are two lear groupings of dataalong bands of 7/4 and 4/7 slopes, indiation of 7He+α breakup.2 Analysis2.1 180 oinidenesFollowing the work presented in [4℄, we �rst onentrate in 180o oinidenes asde�ned above. The sum energy spetrum for 180o oinidenes in 2007 data isshown in Fig. 2a, ompared to the 2003 spetrum shown in the inset. The datafrom 2007 yielded 10 times more statistis than the on from 2003. There are four
β-delayed partile hannels in 11Li that ould possibly ontribute to this spetrum,n+α+6He, 2α+3n, 8Li+t and 9Li+d. The low reoil energy of the 9Li ions (≤ 160keV) makes the last hannel undetetable in our set-up. Given that the branhingratio of the 8Li+t hannel is a fator of 40 smaller, aorgin to the published ratios[3, 6℄, than the ratios of the 2α+3n and n+α+6He hannels, its ontribution to thesum energy spetrum is expeted to be very small, around 3% of oinidene events.The satter plot orresponding to the 180

o oinidenes is shown in Fig 2b. Themain features observed in the satter plot are the low energy grouping, orresponding
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Figure 3. Left: 180o individual n, α and 6He energies plotted against the 11Be ex-itation energy. Please bear in mind there are three horizontal points for eah 11Beexitation energy. The two dashed lines indiate the gate around the 11/7 bandorresponding to breakup through 7He(gs). Right: 11Be exitation energy orre-sponding to events gated on the band shown on the left. The red line orrespondsto a Monte-Carlo simulation of two states at 16.2 and 18.3 MeV in 11Be deay-ing through 7He(gs) inluding bakground omponents from 5-body breakup. Thedi�erent omponents are shown with olor ode as shown in the legend.to the 0.7 MeV peak in the sum energy spetrum, the transverse line, orrespondingto the 2.2 MeV peak in the sum energy spetrum, and a broad distribution of pointssattered at higher energies. Interestingly, some events in the broad distribution ofpoints are seen grouping along two bands of 7/4 and 4/7 slope, as expeted from asequential break-up of states in 11Be through the 7He(gs) resonane [4℄.To further investigate the origin of these bands we used the individual neutron,
α and 6He energies vs exitation energy in 11Be plot for 180o oinidenes, Fig. 3a.The neutron energy is alulated using energy and momentum onservation, assum-ing that the partile deteted with the lowest energy is the 6He. The advantage ofthis plot is that, for sequential break-up of broad states, the �rst emitted partilewill group along a line whose slope and o�set are given by the fragment mass ratioto 11Be and the Q value respetively. The obvious disadvantage is that most of the180o events are α-α oinidenes from the 5-body hannel, whih we annot or-retly identify in this way as we annot alulate the energy of the three undetetedneutrons. Therefore, the 5-body events satter randomly in the plot and at likea bakground for any 3-body hannel present. The 180o oinidene events in the'fynbo' plot are shown in Fig. 3a. There are two distint features of the plot. A
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Figure 4. Left: 180o oinidenes angular orrelations for events gated on the 18.3MeV state in 11Be. The di�erent simulations of the possible spins and parities areolor oded as shown in the legend. Right: individual n, α and 6He energy for thesame gate as in the left. The simulations have the same olor ode as in the left. χ2test of the simulations for both angular orrelations and the individual energy plotsfavor a 3/2− assignment for this level.horizontal line at 10.6 MeV 11Be exitation energy, orresponding to the break-upof the 5/2− state at that energy in 11Be and a line of 11/7 slope and 8.33 o�set,whih orresponds to α partiles emitted in the break-up of 11Be states through the
7He(gs) resonane. There are two groupings of data at around 16 MeV and 18 MeVin 11Be, indiating the presene of states in 11Be at this energies.Having sorted out the 7He+α from the remaining deay hannels, it is trivial toselet events from this deay hannel. We used an 1 MeV wide gate on α partileswhih are on the 11/7 line on the 'fynbo' plot, shown by the two dotted lines inFig. 3a. The 11Be exitation energy for events on this gate and exitation energygreater than 12 MeV is shown in �gure 3b. A Monte-Carlo simulation was performedinluding the deay of two levels, modeled using non-interfering single-hannel R-matrix formalism, on top of the 5-body 2α+3n hannels ating as bakground.Currently the level entroids, 16.25 MeV and 18.3 MeV, and widths used, 0.55 and1.0 MeV respetively (shown in Table 1), have been optimized to the data by hand.We urrently use parameters from [6℄ for the 5-body break-up of the 11Be state ataround 18 MeV, whih are di�erent from those obtained �tting the peak observedin the 7He hannel. Proper χ2 analysis on the 7He hannel should be done beforeany onlusion an be reahed.
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Figure 5. Left: 180o oinidenes angular orrelations for events gated on the 16.2MeV state in 11Be. The di�erent simulations of the possible spins and parities areolor oded as shown in the legend. In all the ases the ontribution of the 18.3MeV level in 11Be was �xed to 3/2−, from Figs. 4 a and b. Right: individual n,
α and 6He energy for the same gate as in the left. The simulations have the sameolor ode as in the left. χ2 test performed over the simulations for both angularorrelations and individual energy favor a 3/2− assignment.To investigate the nature of the two levels deaying through 7He we studiedtheir angular orrelations and kinematis, omparing them to di�erent simulationsof the levels modifying their spin and parity. In all ases the spin and parity of theintermediate 7He state in the simulation is 3/2−, whih is the tentative assignmentfrom the last ompilation [7℄. Figure 4a shows the angular orrelations for eventsgated around the 18.3 MeV state, and Figure 4b the individual n, α and 6He energy.Simulations are shown for di�erent spins and parities, 1/2− in blak, 3/2− in redand 5/2− in green. χ2 tests for the simulations for both the angular orrelations andthe deay kinematis, shown in Table 2, favor a 3/2− assignment.Figure 5a shows the angular orrelations for events now gated on the 16.2 MeVpeak, and 5b the individual n, α and 6He energy. This ase is a little bit moreompliated than the state at 18.3 MeV, as there are underlying ontributions from5-body breakup and from the 7He+α break up of the state at 18.3 MeV. From thesimulation shown in �gure 3b one an alulate that 27% of the intensity in the gatearound the 16.2 MeV state is from the 7He deay of the state at 18.3 MeV and 22%is 5-body break up of the same state. From the previous χ2 analysis we an �x thespin and parity of the state at 18.3 MeV to 3/2− and study the spin and parity of
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Figure 6. Left: the ontribution of the 3-body hannels to the Monte-Carlo simu-lation, in red, is shown. Right: ontribution of the 5-body hannels to the Monte-Carlo simulation. Possible bakground in�uene apart from the 7Li+α peak at 1MeV should be onsidered before the di�erenes between data and simulation anbe taken into aount as new deay hannels.the state at 16.2 MeV alone, as shown in the di�erent simulations on Figs. 5 a and
b. Again χ2 analysis of the di�erent simulations, shown in Table 2, favors a 3/2−spin and parity assignment for the 16.2 MeV state.The red dashed line in Figs. 6 a and b orresponds to a Monte-Carlo simulationof the breakup of states in 11Be inluding the previously known hannels [1, 4℄ plusthe 7He+α breakup of the 18.3 and 16.2 MeV states disussed above. The threebody breakup hannels are shown in Fig. 6a while the �ve body are shown in Fig.6b for larity. There are three main disrepanies between the simulation and thedata. First at ∼1 MeV, where we expet the 7Li+α breakup of 11B to ontributebut it has not been yet implemented in the simulation. Then, at ∼2.5 MeV, whihorresponds with a zone of inreased statistis in the 7/4 and 4/7 bands Fig. 2b. Thishints the presene of a state in 11Be at around 11 MeV deaying through 7He(gs).However, no diret evidene is found in Fig. 3a, whih is likely to be explained byinorret 6He and α identi�ation, thus preventing us to properly reonstrut theneutron energy. Finally, the experimental intensity at ∼9 MeV is slightly higherthan the simulation. This region is expeted to be dominated by the breakup of the18.3 MeV state in 11Be through 7He, whih was adjusted to the observed intensity inFig. 3b. The disrepany in statistis indiates the presene of a small ontributionof another hannel.



8 Table 1. Level entroid and redued widths used in the R-Matrix desription of thestates modeled in the Monte-Carlo ode. The Γ was obtained from a gaussian �t ofthe R-matrix peak diretly. E0 (MeV) γ2 (MeV) Γ (MeV) Ref.
11Be(10.59 MeV) 10.59 0.21 0.227 [5℄
11Be(16.2 MeV) 16.25 0.05 0.55

11Be(18.3 MeV)(3-body)† 18.3 0.1 1.0
11Be(18.15 MeV)(5-body) 18.15 0.06 0.8 [6℄

10Be(9.5 MeV) 9.52(2) 0.21 0.30(4) This work
7He(gs) 0.43‡ 0.4 0.148(1) [7℄
6He(2+) 1.8 0.113 0.117(1) [7℄
5He(gs) 0.895§ 2.5 0.658(4) [7℄

† optimized to �t the 11Be exitation energy reonstruted from the 7He hannel (seetext).
‡ above the 6He+α threshold.
§ above the α+n threshold.2.2 Summary and outlook for 180 oinidenes.The analysis of 180o oinidenes on�rms and expands previous �ndings [4℄. Thepresene of 11Be three body breakup through the ground state of 7He is diretlyon�rmed by the observation of its signature in the kinematis nα6He plot. Bygating on this signature we were able to identify two states in 11Be at 16.2 and 18.3MeV. Moreover, the study of the two states angular orrelations and kinematisindiates a 3/2− spin and parity assignment for both states.To improve the analysis of the 7He hannel one should use take into aountTable 2. Results of the χ2 test performed over the simulations for both the angularorrelations (θ) and the individual n, α and 6He energy plot (kinematis).

11Be(16.2) 11Be(18.3)
χ2(θ†) χ2(kinematis‡) χ2(θ†) χ2(kinematis‡)1/2− 63 162 70 1523/2− 21 51 18 485/2− 55 84 30 64

† Nfree=19
‡ Nfree=49



3 To-do list 9interferene e�ets between the two levels, as they are likely to have the same spinand parity. χ2 minimization of the level entroid and redued widths have to beperformed before publiation.3 To-do list� Subtrat bakground from Figs. 2a and 3a by seleting a 60 ms sample ofdelayed events (at least one seond after proton release).� Study 90o oinidenes.� Inlude DSSSD D1 in the Monte-Carlo ode to simulate 90o oinidenes.� Reprodue in the Monte-Carlo the experimental relative intensity between the180o and 90o oinidenes.� Study 0o oinidenes.� Estimate intensity of the 8Li+t hannel in 180o oinidenes.� Look for orrelations between 8Li events in 180o oinidenes and delayed 2αevents.� Estimate the delayed 8Li→ α+α intensity.� Calulate the theoretial proportion of 8Li that should stay in the arbon foil,thus produing delayed 2α events with momentum mathing their emissionfrom the foil.� Calibrate the time after proton release (tshort) plot.� Obtain the tshort plot for 180o oinidenes.� Look for 9Li events is delayed 90o oinidenes.� Theory: Otsuka, Brown & Morrissey, Gabriel Martinez Pinedo.Referenes[1℄ M. Langevin, C. Détraz. D. Guillemaud and F. Naulin, M. Epherre. R. Klapish,S. K. T. Mark, M. De Saint Simon, C. Thibault and F. Touhard, Nul. Phys.A366 (1981) 449.
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