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L 5 1 Excitation in the Halo Nucleus11Li
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Collisions of 11Li 1 p at 68A MeV have been studied by correlational measurements. An excited
state of 11Li at Ep . 1.3 MeV was observed. The measured angular distributions show the dipole
nature of the excitation of the 1.3-MeV peak. The structure of the excited states and the ground state
of 11Li is discussed. [S0031-9007(97)02800-7]

PACS numbers: 25.60.– t, 21.10.Re, 23.20.En, 27.20.+n
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The 11Li nucleus presents one of the most wide
known and exciting problems in modern nuclear physi
Numerous experimental and theoretical studies of11Li
were performed after the discovery of an extraordina
large radius of11Li [1], which reflects such a fascinating
and hitherto unknown phenomenon as a neutron h
[2]: The spatial extension of two valence neutro
beyond the9Li core to distances larger than the rang
of nuclear forces and into a region, which is forbidd
in classical physics. A very interesting question aris
about the type of motion in such an exotic syste
corresponding to an excitation of the neutron halo.
a consequence of the existence of a halo, a uni
phenomenon, the soft dipole mode of excitation, w
suggested [3], which makes corresponding experime
studies especially intriguing. Such experiments are a
stimulated by the fact that the mechanism of the h
excitation is strongly related to the structure of the grou
state of 11Li, which is not yet well understood. Fo
instance, the question regarding the orbital momenta
the valence neutrons has not yet been answered an
is under intensive investigation, both experimentally a
theoretically.

In Ref. [4] we reported an observation of the11Li
excited state atEp . 1.25 MeV, which is considered
to be the halo excitation. The experimental result
Ref. [4] agrees with the first hint on the11Li low-lying
state obtained in the reaction11Bsp2, p1d11Li [5], and
it was recently also confirmed by the invariant ma
measurements of9Li 1 n 1 n from fragmentation of
11Li on a carbon target [6].

In this paper we present a new spectroscopic stu
of 11Li by scattering of 11Li 1 p. The key features
of the experiment were the use of a radioactive be
and correlational measurement of emitted particles.
succeeded in measuring the angular distribution for
1.3-MeV peak in11Li. This angular distribution shows
an L ­ 1 transition character, and such a dipole natu
of excitation in the neutron-rich halo nucleus11Li runs
contrary to the systematics for usual nuclei.
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In the experiment we use a binary radioactive bea
which consisted of11Li and 14Be, and simultaneously
studied11Li 1 p and 14Be 1 p collisions under inverse
kinematical conditions. Results obtained for the neutro
halo nucleus14Be will be published in another paper
The secondary beams were produced by the fragm
separator RIPS (RIKEN, Japan) from fragmentation of t
18O primary beam atE ­ 100A MeV. The 11Li beam
had energyElab ­ 68.4A MeV with an energy spread
D ­ 63.5A MeV. The energy of the14Be beam was
Elab ­ 73.6A MeV sD ­ 63.5A MeVd. The RIPS was
tuned to optimize14Be intensity because this beam i
weaker. The intensities of14Be and11Li were 3000 pps
and 12 000 pps, respectively.

The experimental setup (Fig. 1) was similar to th
used in our previous experiment in Ref. [4]. Applyin
the event-by-event method, we identified each project
and measured its energy and trajectory using two plas
scintillators and MWPC’s. The secondary beam bit CH2

and C targets with thicknesses of 48 and48.6 mgycm2,
respectively. All experimental distributions presente
in this paper correspond to a pure proton target (t
negligible background from the C target was subtracted

Applying the missing mass method, we detected rec
protons by two telescopes of solid state detectors with la
areas. The centers of the telescopes were located at
laboratory angle of 70±, i.e., in the range of relatively smal
center-of-mass scattering angles. The telescopes meas
the energy and angular coordinates of each proton, ther

FIG. 1. The experimental setup.
© 1997 The American Physical Society 2317
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allowing a determination of the excitation energy in th
residual 11Li-like system. Resolution in the excitatio
energy of11Li sFWHM ­ 2.2 MeVd was mainly due to the
target thickness and the angular resolution of the setup
the first measurement in Ref. [4] the resolution was be
sFWHM ­ 1.5 MeVd due to the thinner target. In th
present experiment we used a thicker target to compen
weaker secondary beams.

In addition to the recoil protons, we detected oth
particles emitted at forward angles. Charged partic
(e.g., elastically scattered11Li or 9,8,7Li from breakup
of the projectile) were bent in the dipole magnet a
measured by the drift chamber and the plastic scintillato
hodoscope. The hodoscope allowed determination of
charge of the detected particle, while the drift chamb
was used for isotope identification. Neutrons from dec
of 11Li were detected by layers of plastic scintillator
This part of the detection system allowed us to stu
exclusive spectra of protons detected in coincidences w
particles from the projectile breakup. In the prese
experiment, unlike previous measurement in Ref. [
there was full acceptance for these breakup particles. T
has allowed us to obtain a reliable angular distribution
the 1.3-MeV peak in11Li.

The resulting proton spectra presented in Fig. 2
a function of the 11Li excitation energy correspond
to the overall acceptance of the proton telescop
sulab

p . 60± 80±d. In Fig. 2(a), the solid histogram
shows the inclusive spectrum of protons. A strong pe
is seen from the11Li ground state. The dotted histogram
which presents the spectrum of protons detected in coi
dencep 1 11Li, corresponds to pure elastic scattering.
is seen that the left half of the dotted histogram coincid
with the left side of the peak in the solid histogram
while on the right side the solid histogram exceeds
dotted one. It reflects the presence of the11Li peak at
Ep . 1.3 MeV. This peak is clearly seen in Figs. 2(b)
2(d), where we present proton spectra detected
coincidences with particles from breakup of11Li. Such
coincidences exclude the strong elastic-scattering p
and select nonelastic scattering events only. F
ures 2(b)–2(d) show proton spectra detected inp 1
9,8,7Li, p 1 n, andp 1 n 1 9,8,7Li coincidence, respec-
tively (for coincidences with Li isotopes, the9Li 1 p
events are predominant). The obtained parameters of
peak areEp ­ 1.3 6 0.1 MeV, G ­ 0.75 6 0.6 MeV;
they are in agreement with the previous measuremen
Ref. [4]. Other states mentioned in Ref. [4] might not
seen because of insufficient resolution and lower yie
than that for the 1.3-MeV peak.

Curves in Fig. 2(a) show typical physical background
They are smooth and clarify general trends in the high
ergy part of the spectrum. Curve 1 corresponds to ph
space in the exit channelp 1 n 1 n 1 9Li. Curve 2
shows the result of calculations for then 1 n final state
interaction. Calculations for then 1 9Li final state inter-
2318
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FIG. 2. Proton specta as a function of the11Li excitation en-
ergy. (a) The inclusive spectrum of protons (solid histogram
and the spectrum of protons detected in coincidence w
11Li (dotted histogram); curves present typical physical bac
grounds: 1—phase spacep 1 n 1 n 1 9Li; 2—final state in-
teractionn 1 n or n 1 9Li via a virtual state; 3—final state
interaction n 1 9Li via a narrow resonance10Li. (b) The
proton spectrum detected in coincidence with9,8,7Li; the solid
curve shows a fit of the spectrum with a Gaussian (the das
curve) and the dash-dotted curve calculated for the final st
interaction via a virtual state. (c) The proton spectrum detec
in coincidence with neutron. (d) The proton spectrum in trip
coincidencep 1 n 1 9,8,7Li.

action, via a virtual state with parameters giving a low e
ergy peak in the system10Li [7,8], give results practically
identical to curve 2. Curve 3 corresponds to then 1 9Li
final state interaction in the state10Li, which was con-
sidered as a low energy resonance with negligible wid
In the calculations, detection acceptances and resoluti
were taken into account. The curves in Fig. 2(b) sho
an example of fit of the spectrum with a Gaussian for t
1.3-MeV peak (dashed curve) and with the curve calc
lated for the final state interaction via the virtual stat
n 1 n or n 1 9Li (dash-dotted curve).

Angular distributions for the elastic scatterin
11Li sp, pd11Li and for excitation of the 11Li peak
at Ep . 1.3 MeV are presented in Fig. 3. The in
elastic scattering angular distribution in Fig. 3 wa
extracted fromp 1 9,8,7Li coincidences. Use of the
p 1 n 1 9,8,7Li coincidences yields a very similar distri-
bution. In Fig. 3, errors for the inelastic scattering cro
section include both statistical errors and uncertainties
subtraction of the pedestal under the peak in the pro
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FIG. 3. Angular distributions for the elastic and inelast
scattering of11Li 1 p at 68A MeV. Curves show the results
of coupled channel calculations for the11Li excitation with
transferred orbital angular momentumL ­ 0, 1, 2, 3. For
L ­ 0, the long-dashed curve shows the result of calculatio
with the breathing-mode form factor [11].

spectrum. The systematic error of the absolute value
the cross section is,5%.

The measured cross sections were analyzed in the
lowing way. First, we fitted the elastic scattering angu
distribution starting from the optical potential, found
Ref. [9] for thep 1 11Li elastic scattering at62A MeV
measured in Ref. [10]. This potential contains real a
imaginary volume components, a surface imaginary te
and a spin-orbital part. After this, the fitted potenti
was used in the coupled channel calculations for
11Li excitation with transferred orbital angular momen
tum L ­ 0, 1, 2, 3. ForL ­ 0, both the conventiona
form factor b dVydr and the breathing mode [11] wer
investigated. Calculations were performed by means
the codesECIS [12] and CHUCK [13]. The results are
shown in Fig. 3. We repeated the same procedure s
ing from the potentials (i) without the surface imag
nary term, (ii) without the imaginary volume part (tha
is, with only surface term) as well as (iii) for the po
tential, which contains only volume real and imagina
components. Final results are similar to the curves p
sented in Fig. 3. Further microscopic analysis of t
measured cross sections performed in Ref. [14] yie
the same shapes of calculated angular distributions
L ­ 0, 1, 2, 3.

As seen in Fig. 3, the experimental inelastic-scatter
cross section definitely corresponds toL ­ 1. It is also
seen that the slope of the experiment distribution can
be reproduced by combination of contributions withL ­
0, 2, and 3. This means that even if the observed 1.3-M
peak includes more than one unresolved level of11Li, the
main strength still corresponds to theL ­ 1 excitation.
(For example, three states withJp ­
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would be consistent withL ­ 1.) Note that although
statistics were low in the study of the11Bsp2, p1d11Li
reaction in Ref. [5], the angular distribution also wa
consistent withL ­ 1.

Therefore, the results obtained show that11Li has an
excited state atEp . 1.3 MeV corresponding to a dipole
type of excitation.

This L ­ 1 excitation can correspond to the following
structure of11Li p. Omitting, for simplicity, the intrinsic
spin parity of the9Li core in the systemn 1 n 1 9Li, one
can conclude that theL ­ 1 transition from the ground
state with Jp ­ 01 can excite states produced by th
following terms with lowest partial waves:

jln2n ­ Snn ­ 0, l9Li2nn ­ 1, L ­ 1, Jp ­ 12l , (1)

jln2n ­ Snn ­ 1, l9Li2nn ­ 0, L ­ 1, Jp ­ 02l , (2)

jln2n ­ Snn ­ 1, l9Li2nn ­ 0, L ­ 1, Jp ­ 12l , (3)

jln2n ­ Snn ­ 1, l9Li2nn ­ 0, L ­ 1, Jp ­ 22l . (4)

(Here lc2ab is the orbital momentum between particl
c and the center of mass ofa and b, Snn is the total
spin of two neutrons,̂L ­ l̂a2b 1 l̂ab2c, Ĵ ­ L̂ 1 Ŝnn).
The wave functions (1)–(4) are antisymmetrized relati
to permutation of two valence neutrons. To study th
role of the Pauli principle in then 1 9Li subsystem,
we transformed (1)–(4) to the coordinates, which conta
orbital momentum between the neutron and9Li and their
total momentum, using Reinal-Revai coefficients and9J
symbols. All four wave functions (1)–(4) are a mixtur
of s and p motion in the subsystemn 1 9Li. Terms
(1), (3), and (4) necessarily contain an admixture of t
p3y2 state in then 1 9Li subsystem. Since thep3y2
neutron orbital is already occupied in9Li, these terms are
suppressed. The wave function (2) has nop3y2 admixture
and contains onlyp1y2 (and s) states. Thus, the excited
state of11Li is consistent with the configuration (2) with
Jp ­ 02. It contains a triplet state of valence neutron
[in (2), Snn ­ 1]. Another possibility arises from the fac
that there are two terms, (1) and (3), withJp ­ 12. One
can combine them with a ratio of norms,0.4 [term (3)
is stronger] to compensate contribution of thep3y2 state
in then 1 9Li subsystem. The resultant wave function
also consistent with the observed peak in11Li. Since the
term (3) is stronger than (1), the total wave function aga
contains a strong component ofSnn ­ 1 s,70%d.

Thus, both possible configurations of11Li p contain the
triplet state of valence neutrons. To excite such a st
starting from the11Li ground state withSnn ­ 0 requires
a spin-flip process. This process is known to have lo
cross section, while the observed cross section is lar
To excite 11Li p with large cross section by a one-ste
process is possible if the ground state also contain
component of valence neutrons in the triplet state (and
transition11Lig.s. ! 11Li p can be interpreted as changin
of l9Li2nn by Dl ­ 1). The Snn ­ 1 component in the
2319
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ground state is equivalent to valence neutrons in thep1y2
orbital, since such ap1y2 component of then 1 n 1 9Li
wave function containsSnn ­ 1 with a large weight of
,70%, as can be seen from the corresponding9J symbol.

Finally, the observedL ­ 1 excitation is consistent
with the11Li excited state withJp ­ 02 and12 (omitting
the spin parity of9Li) and shows that the ground state o
11Li cannot have a structure with valence neutrons in pu
s orbital, but must contain a significant component th
has neutrons in thep1y2 orbital.

In summary, we have studied11Li 1 p collisions at
68A MeV by correlational measurements. The expe
mental results show that11Li has an excited state a
Ep . 1.3 MeV with a dipole-type excitation. This state
is consistent with quantum numbers in then 1 n 1 9Li
systemJp ­ 02 or 12 (omitting the spin parity of9Li).
The observedL ­ 1 excitation of 11Li shows that the
ground state of11Li cannot have a structure with valenc
neutrons in pures orbital, but must contain a significan
component of thep1y2 orbital.
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