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Halo neutrons and the 8 decay of *lLi

F. Sarazir®* J. S. Al-Khalili>® G. C. Ball? G. Hackmarf, P. M. Walker*® R. A. E. Austin®' B. Eshpetef, P. Finlay®
P. E. Garretf G. F. Grinyer K. A. Koopmans® W. D. Kulp,” J. R. Lesli€® D. Melconian® C. J. Osborné;*
M. A. Schumakef, H. C. Scragg$;® J. Schwarzenber),M. B. Smith? C. E. Svensson,J. C. Waddingtoif,and J. L. Wood
'Department of Physics, Colorado School of Mines, Golden, Colorado 80401, USA
2TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3
3Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
4Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4K1
5Department of Physics, University of Guelph, Guelph, Ontario, Canada N1G 2W1
®Lawrence Livermore National Laboratory, Livermore, California 94551, USA
’School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA
8Department of Physics, Queen’s University, Kingston, Ontario, Canada K7L 3N6
9Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6
10Department of Nuclear Physics, University of Vienna, Waehringerstrasse 17, Vienna, 1090 Austria
(Received 12 July 2004; published 21 September 2004

The B decay of'!Li has been investigated at TRIUMF-ISAC using a high-efficiency array of Compton
suppressed HPGe detectors. From a line-shape analysis of the Doppler-broadened peaks obsertf@in the
¥ spectrum, both the half-lives of states'fiBe and the energies of th@delayed neutrons feeding those states
were obtained. Furthermore, it was possible to determine the excitation energies of the parent St&ees in
with uncertainties comparable to those obtained from neutron spectroscopy experiments. These data suggest
that the decay to the 8.81 MeV state #iBe occurs in théLi core and that one neutron comprising the halo
of YLi survives in a halolike configuration after tigdelayed neutron emission from this level.
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The concept of loosely bound quantum particles havingat 320 keV(6.3%) and, by3-delayed one-neutron emission
large spatial extent, beyond classical limits, is key to under{An) (87.6%, to bound excited states fiBe [7]. The latter
standing a variety of physical systerjf§. The neutron halo decay path has been investigated recently by different experi-
of *Li has been the subject of intense studies since it wasnents usings-y and g-n-y coincidenceg6—9]. Discrepan-
first proposed2] to explain the abnormally large ratio of the cies exist among these experiments. They intensities of
matter-to-charge radius OfLi [3]. In particular, the study of  the transitions if°Be are found to be significantly different,
the 8 decay of “Li is expected to shed light on how the weak \yhjle some ambiguities arise from the interpretation of the
interaction affects the two neutrons composing the haloneytiron spectr§6].

Presently[4], it is believed that the two valence neutrons are 1, study theg-delayed neutron emission of neutron-rich
effectively decoupled from the core nucle(isi). As a re- nuclei, it is often necessary to detect both the neigcand
sult, if the B decay occurs in the core, the neutrons of the, 1avs emitted in order to determine the excitation energies

halo could in principle remain unaffected, but would then ; . :
. ! ' ; of the levels populated in progeny nuclei. However, in the
react” to the fact that the core has chand®H In this paper, present case, the level structure'®e is well known up to

we discuss the striking possibility that one neutron of the ) .
i halo could survive in a halo configuration through thethe one-neutron separation energy at 6.812 NEy/11, and

full B-delayed one-neutron emission process. tI:ety pheaks Lesulntng_ ftr'orr[1) thel det<):ay (;’f tl’rgl?ig EXﬁlted d
While the large Li-Be mass difference (Qu states have characteristic Doppler-broadened line shapes due

10 o . o
2011 e e o s sepr vy e B o st by el et o
1Be ($,=0.503 MeV} open a large number of decay chan-_ B , 1N PHNCIPEE, P

nels in thes decay ofILi (see[6] and references therain analysis of all the'Li gn branches that feed the excited
0 I -
most of the B-decay strength leads to classical channeIsStateS of Be through an analysis of thpray energy spec

Vb L h v bound ted dig tra. In this way, the neutron energy spectrum may be deter-
hamely by/s emission to the only bound excited state'iBe mined, complementing and adding to the information ob-

tained by direct neutron observation. An attempt to analyze
these line shapes was made by Fyebal. [12] using they
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219;0f — 1y TABLE I. Excited states in°Be and in''Be. Energy(E,), in-
r320; BBe §~ 4" erfzq tensity, and branching rati(BR) of the y transitions in'%Be ob-

> 10° 2590; (24, 17) = 2 served after thg8-delayed neutron emission &fLi. The intensities

A 2812; 0F — 2 are normalized to the 3367 keV transition.
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FIG. 1. Compton-suppressedspectrum following the3 decay ~ 6264.55)° 2896.Q5) 2 —-2] 6.2116) 100

of Li. Only the relevant parts that contain thetransitions ob-
served in Be and in 'Be are shown(room background
subtractegl

4ntensities/branching ratios determined from fitting doublstse
text).

b evel energies determined in this experiméesge text

about a thousand ions per second was extracted by surfadgnergies determined from fitting doublete text

ionization from the target and implanted into a 0.2-mm-thick

Al foil at the centre of they detector array. A total of 8.1M A Monte Carlo simulation has been developed to analyze
singles were collected over a 2.5 day period. the complex shape of thelines observed in this experiment.

The y peaks corresponding to ti@and 8n decay of 'Li  The line shape of a givery peak mainly depends on the
are shown in Fig. 1. Besides the known 320 keV transition teenergies and relative intensities of all the neutron branches
the ground state of'Be, the othery rays labeled on the feeding, directly or indirectly, the state from which the
figure are identified as known transitionsfiBe. transition arises, and on the lifetimes of the excited state

The relative efficiency of the array up to 3.4 MeV was populated in'%Be. The line shape of the peaks can also be
measured to an uncertainty of +2% with calibrated sourcesffected by the angular correlation between the reguiu-
of *®Eu and*®Co fit using theradwarepackage[15]. The  tron) and they ray [12]. Using the energy loss data com-
relative efficiency at high energig¢ap to about 8 MeYwas  puted in the latest version rim [18], the implantation
obtained from known transitions in ti@decay of'Be [16].  profile of ILi atoms in the Al foil was generated and the
A GEANT [17] simulation was also developed to predict the g-delayed one-neutron emission simulated. The recoil was
relative efficiency of the array at high energies. This simula-assumed to be emitted isotropically in the laboratory frame.
tion agreed with experiment to about 10% at 6 MeV. TheThe treatment of the recoil escaping the foil, before it stops,
y-ray energies and relative intensities observed in the presei the backward angles is included in the simulation, as it
experiment are summarized in Table I. affects the line shape of the peaks. However, in all cases, the

A new y ray was observed at 2896¢3) keV correspond-  recoil travels only a few micrometers before theays are
ing to the decay of the 6264 keV; Zevel in 1°Be to the 2  emitted and therefore the efficiency of the HPGe detector
level at 3368 keV. In addition, an unresolved doublet wasarray is not affected. The intrinsic response of the HPGe
seen at~5957 keV corresponding to the ground-state decayletectors was approximated with a Gaussian shape, with an
of the known(2;,17) doublet in1%e. Both of these transi- energy-dependent width. No significant asymmetry was
tions were also reported recently by Fynbbal. [9]. The found in the data when comparing thespectra of the indi-
relative intensities observed in the present experiment are ddual HPGe detectors. The spectra from all 20 detectors
factor 2-5 times more precise than all previous déta9, = were summed and the analysis was performed on the result-
sufficient to resolve previous discrepancies. In general, théng spectrum. To compare the data with the Monte Carlo
results are in agreement with those obtained by Betgal.  simulation, the Compton background underneath the peaks
[7] and Aoiet al. [8]. However, large discrepanciésbout a  was subtracted with the appropriate error propagation. The
factor of 2 remain for the 2590 and 2812 keV transitions neutron feeding intensities deduced from the line-shape
reported by Morrissewt al. [6] and the 219 and 5957 keV analysis, together with the-ray intensities, are shown in
y-ray peaks seen by Fynha al. [9]. Fig. 2.

The excitation energies of the 10, and 2 states in%Be No angular correlation between the recoil and &y is
were determined by fitting the Doppler broadened lineexpected in the line shapes of the 2812 and 2896 keV tran-
shapes and correcting for the recoil effect. The energies ditions corresponding to the decay of the 6180 key/aad
both the I and G states were found to be about 1 keV 6264 keV, 2 states, respectively, to the 3368 ke, I2vel.
above the previous valug40,11], whereas the precision of This arises from the fact that thé &tate is believed to be fed
the energy of the 2state was improved by a factor of (e  mainly by the emission of anf=0 neutron from a
Table ). (3/2,5/2 state in'Be (discussed later in the paper
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T # The line shapes of both peaks were produced in the Monte
Carlo simulation as a function &, Ty, andEx, and com-
pared to the data using minimization method. The pro-
cedure was iterated until the minimum was found for the best
triplet ( E,, Ex, Tyjp) that fits the data; acceptable fifee-

L1550, g 814y

| 530, g 037

732 ducedy?/v~ 1) were obtained for both transitions. For the
*Be+2n b 2ot 6180 keV, § state, the half-life was found to b&;,
1X 5961 =870+ 7(stah+160(sysh fs, consistent with the previous
5958 published value of 80839 fs [10,11, for a neutron originat-
ing from an 8.087) MeV state in''Be. Similarly, for the
&8 6264 keV, Z state, the half-life was found to b&;,
63.421) =85+6(staj +10(sysh fs for a neutron originating from an
o, .. 2% 3368 8.81(4)MeV state in''Be. The systematic error on the half-
the 3.368 MeV state lives was estimated by considering a £10% deviation from

the srRiM tabulated energy loss &fBe in aluminum. The best
fits for the 2812 and 2896 keV transitions are shown in Fig.
3. No need was found to add any other neutron branch to fit
the experimental line shape of either transition. This analysis
OBe. unambiguously confirms the existence of the 8.03 MeV state
B30p | 030 ... - 0 pe  ° suggested by Aof8] (but not confirmed by Morrissef6]).
Furthermore, the uncertainties in the excitation energies of
the parent states in'Be obtained in this experiment are,
FIG. 2. Decay scheme of'Li deduced from this work. The remarkably, comparable to those obtained from neutron spec-
energies of the first two excited states'fBe were taken fronfil1]. troscopy experiments.
All transitions are labeled withy-ray intensities, normalized to the The analysis of the transitions originating from the
3367 keV transitior(100). The intensity breakdown of the decay of (17,2;) doublet of states is more complex, because it in-
the (17, 2;) doublet can be found in Table I. volves the indirect feeding of the State from the Dstate as
well as the direct feeding of one or both states of the doublet.
whereas they-ray emission from the Dstate is naturally We note that the branching ratios from thigghd I states to
isotropic. The remaining free parameters are the enérgyf  the 2 state were previously found to be90% and 178.%
the transition, the half-1ifél,,, of its state of origin, and the respectively{10,17. The relative intensities of the 2590 and
energy of the neutron that gives rise to the observed Dopples957 keV transitions observed in the present experir(esd
broadeningor the excitation energiy of the parent state in  Fig. 2) strongly suggest that most, if not all, of the direct
1Bg). feeding proceeds through thg Biember of the doublet. We
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did not find any compelling evidence that thé &tate is pureE2 transition, this possibility can be ruled out because
directly populated. For example, adding a direct feedingof the corresponding larg&(E2; 2, — 2;) of about 57 Weis-
component to the T1state provokes a shift in the center of skopf units(W.u.).
gravity of the simulated 2590 keV transition line shape, re- The remainder of this paper focuses on the interpretation
sulting in a largen The analysis is, however, limited by the of the information obtained for the"2and 2 states in°Be
relatively poor quality of the 5957 keV transition line shape,and discusses the nature of the 8.81 MeV stateBe. The
which would be the most sensitive to a direct branch. We likely molecularlike structures of the four excited states in
disagree with the analysis (9], which assumes that a direct ~ Be (25,17,05,27) lying just below the’Be+n and *He +a
feeding of the 1 state is responsible for the broad compo-thresholds have recently been investigated in various theoret-
nent of the 5957 keV transition. In our case, this broad comical studieg20-23. The dominant structure of the two states
ponent is attributed to the direct feeding of thi tate. In (2, 2) fed by the neutron decay from the 8.81 MeV state in
principle, the half-life of the 1 state could be deduced from “'Be is found to be’Be®1sy, for the 2 state and’Be
the analysis of the sharp component of the 5957 keV transi® Opy/ for the 2 state, i.e., a valence neutron, in a relative
tion. However, this line shape is dominated by the effect ofor p wave, loosely bound to e core, possibly in a halolike
the half-life of the § state. We can only presume that the Spatial distribution[21]. Recent work on the one-neutron
half-life of the T state is smaller than a few hundred femto- knockout reactiori'Be, '°Be) has suggested that the State
seconds. is populated when @3, neutron is removed from th¥Be

The parity change necessary to connect the staté8m  core, leaving the &, valence(halo) neutron intact[24],
fed by theB decay of'lLi, to the 2, state in%Be implies the ~ suggesting that this state #Be might be an excited state
emission of an odd- neutron, most likely¢=1. It is there- halo as proposed bi25]. Indeed, it shows remarkable simi-
fore necessary to consider angular correlation effects. Cardarity to the ground state df'Be with a single valence neu-
ful analysis of these effects shows a strong correlation of th&on in a Is,, state bound by about 0.5 MeV to’Be (‘°Be)
half-life with the A, parameter, as defined {i19], but no  core. Can we understand the structure of ther?d 2 states
significant correlation with the other free parameters of then 'Be in light of our 8-decay study of'Li?
simulation: E,, Ex and, in this case, the branching ratios. It has been suggestg8] that if the g decay of a halo
Therefore, the simulations were first performed assuming naiucleus takes place within its core then it is possible for the
angular correlationA,=0). It was found that the neutron halo wave function to retain its features after tBedecay,
branch from the 8.03 MeV state suggested [By cannot even though the core may now have a rather different struc-
account for all the Doppler broadening of the 2590 keVture. The excitation energy of such a daughter state should
peak, resulting in a poox?/ v~ 8. The situation is greatly then be roughly equal to the difference @values of the
improved (y2/v~1) by adding a neutron branch from the decaying halo nucleus and its core. The 8.81 MeV state in
8.81 MeV state with an appropriate intensity. The excitation' Be is a strong candidate for just such a state and would thus
energy of the 1 state was deduced from the centroid of thehave a large overlap with ¥e+n+n configuration. Support
indirect contribution of the D state to the 2590 keV line for this is provided from studies of th@-delayed two-
shape. The best fit is obtained with a half-life @, neutron decay of'Li, which is suggested to originate in part
=60.0+1.Gstay+6.0(sys) fs for the 5958 keV, 2state. The from this state[26,27. In addition, this state is strongly
line shape of the 5957 keV peak was fit using this half-lifePopulated in B-transfer reactiongsee[28] and references
and neutron branching ratios determined for the-2] tran- therein. It is, however, clearly in contradiction to the inter-
sition together with the intensities of the;20; and T  Pretation[20,2§ that thlsgstate is part of a rotational band
— 0] transitions as free parameters. The best overall fit wa¥ith a spin of 9/2. The "Be core cannot be in its ground
obtained for intensities corresponding to branching ratios oftate, because this state lies 1.49 MeV above Bet+2n
10+3% and 65115%, respective'y in agreement with previ_ghreshold.. The 8.81 MeV state can however be built aI’O!Jnd a
ously measured values10% and 83:% [10,11. The best B€ excited state plus two neutrons coupled to spin O,
fits (with A,=0) for both transitions and the individual con- namely the 5/2 state located 2.429 MeV above the ground
tributions of the three separate components to the linstate of "Be. The Qg of “Li-""Be (8.81 MeV) and "Li
shapes, are shown in Fig. 3. At this point, we note that the "Be (5/2°) are only 635 keV apart. A 5/2spin assignment
8.03 MeV state in'Be is likely a 3/2 state as it feeds both for the 8.81 MeV state would explain why we do not observe
the G and the 2 states, which could be reached by &n any decay of the 8.81 MeV state #iBe to the I state in
=1 neutron. A 1/2 or 5/2" assignment is unlikely since it 198e, which is believed to have a similar structure to the 2
would require arf =3 neutron to reach one of the two states.state[21]. Instead, we observe its decay via single-neutron

The effect of then-y angular correlation was studied us- emission to just two bound excited states iBe: the 2 and
ing the half-life andA, value as the only free parameters. the 2 states with®Be+n separation energies of 854 and
The range ofA, values corresponding to a mixe,/M, 548 keV, respectively. In each case, we suggest it is one of
transition (-0.68< A,<0.68 was obtained fron{19]. As-  the original*'Li halo neutrons(5510)% (0py/,)?, 4510)%
suming the worst case scenario that both neutron decailsy»)? [29]) that is emitted from the 8.81 MeV state'itBe,
branches have angular correlations with the same sigi,of with the surviving valence neutron remaining in itg;@ or
the minimum x?/v=0.9 is obtained forA,=0+0.07 corre- 1s,,, state and contributing to the structure of thed® 2
sponding to a half-life of 60+ 10 festat+sys). We note that ~ states in'’Be, respectively. Indeed, shell model calculations
although this range o, values is consistent with that of a by Brown [30] show that the 2and 2 states have a strong
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5/2° core component coupled with @, ands;;, neutron,  °Be excited states. We also find that tHelecay of'Li to
respectively. Note that we here neglect a possisi@al)  the 8.81 MeV state if'Be is likely to occur in thélLi core,
(ds2)> component in the''Li wave function, which could |eaving the two original halo neutrons &fLi unperturbed.
also populate the 2state via=2 neutron emission. The 8.81 MeV state is interpreted asBe (5/27) core plus
The possible halolike structure of the 2tate in*®Be  the two surviving halo neutrons coupled to spin 0. The one-

deserves special mention here as it is the best candidate {tron emission paths from the 8.81 MeV staté'Be are

date of an excited neutron halo state. Our half-life measures,nsistent with the emission of one of the two halo neutrons
ment of T,,=85+12 fs corresponds to an experimental

BEL 2 — 227 7% 10* W.u. Thi lue di ith and provide a supporting evidence that thed 2 states in
(EL; e ) =7.7% U_ U This value disagrees V\,”t 1%Be have a halolike character, as predicted by various theo-
the (preliminary) theoretical estimate of 0.02 W.u. obtained

o . ; ; retical models.
within a microscopic four clustefa+a+n+n) model using
the resonating group methddl]. However, such a discrep- This work was partially supported by the Natural Sciences
ancy is not surprising given the weakness of this transitionand Engineering Research Council of Canada and the U.S.
The theoretical value depends very sensitively on details oDepartment of Energy through Grant/Contract Nos. DE-
the wave functions of the two states involved; further theo-FG03-93ER40789Colorado School of Mings DE-FG02-
retical work is in progress. 96ER40958(Georgia Tech and W-7405-ENG-48Univer-
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through the study of the Doppler-broadened transitions inLaboratory. We would like to thank the staff of the ISAC
1%Be observed in th@-delayed one-neutron emission’dfi.  facility for their work in delivering the high-quality*'Li
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