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Population of 10Li by fragmentation
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~Received 2 September 1998!

The decay structure of the particle-unstable nucleus10Li was studied using the method of sequential neutron
decay spectroscopy~SNDS! at 0°. The decay energies of10Li can be derived from the relative velocity
spectrum of the9Li daughter and the neutron measured in coincidence. Evidence for low-lyings-wave strength
was observed with a scattering length of,220 fm, corresponding to a peak energy of,50 keV.
@S0556-2813~99!06201-9#

PACS number~s!: 27.20.1n, 25.70.Mn, 21.10.Dr
eu

w
s

ss

e

t

rli
ith
n

te
ld

.
by
w-
in

re-
and
l

150

t of
her
ing

ent
in

e

on-

0

of

xis.
ctor
e

f
ts
the

a

ity

,

kin

uk
I. INTRODUCTION

The detailed structure of the neutron unbound nucl
10Li continues to be of high experimental@1–6# as well as
theoretical interest@7–9#. The spin and parity of the10Li
ground state is essential for the understanding of the t
neutron halo nucleus11Li. The simple shell model predict
the ground state to be ap1/2 neutron coupled with ap3/2

proton to either a 11 or a 21 state. However,10Li is a
member of theN57 isotones where with decreasing ma
the s1/2 state becomes lower in energy relative to thep1/2

state and forms the ground state in11Be. If this trend con-
tinues towards the lighter nuclei,10Li should have a ground
state where thep3/2 proton is coupled to thes1/2 neutron to
form a 12 or a 22 state@10,11#.

Although most theoretical calculations predict the sh
inversion@11#, it is still controversial@7,12#. Experimentally,
several measurements report the observation ofp-wave reso-
nances. From the first measurement of Wilcoxet al. which
reported a state at 8006250 keV @13#, to the more recen
data of Bohlen (420650 keV and 800680 keV) @14#,
Young (538662 keV) @15#, and Bohlen (240660 keV and
530660 keV) @4# the situation is not clear. In Ref.@4# the
authors report that the reanalysis of the data of their ea
paper@14# showed only one peak at 530 keV consistent w
Young’s result. The preliminary analysis of an experime
by Caggianoet al. @6# confirms the observation of the sta
reported by Younget al. @15#. Thus, it seems that there cou
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be potentially twop-states at;240 keV and;540 keV
which could correspond to the 11 and 21 state.

The observation of thes-wave is even more complicated
A neutrons-wave state in the continuum is not contained
any barrier and thus is not a real resonance but its lo
energy properties can most conveniently be described
terms of a scattering length. However, it is sometimes
ferred to as a virtual resonance. The first observation
interpretation of low-lying strength in terms of a virtua
s-wave resonance was shown by Krygeret al. @16#. A previ-
ous pion absorption measurement observed a peak at
keV @17#, however, it is most likely associated with thep
strength discussed above. Krygeret al. populated light neu-
tron rich nuclei by fragmentation of18O, and deduced the
relative decay energy from a coincidence measuremen
9Li and a neutron. Since this first experiment, several ot
experiments showed independent evidence for low ly
strength in10Li @2,3,5,15,18–20#.

We repeated the experiment of Krygeret al. with im-
proved energy resolution in order to establish more string
limits for the s-wave parameters. We analyzed the data
terms of the scattering length of the system neutron plus9Li
arising from the breakup of18O. We also aimed to determin
if the central peak observed by Krygeret al. could poten-
tially be interpreted as the recently observed 240 keVp-wave
@4#.

II. EXPERIMENTAL SETUP

The experiment was performed at the National Superc
ducting Cyclotron Laboratory~NSCL!. An 18O beam with a
kinetic energy of 80 MeV/nucleon provided by the K120
cyclotron bombarded a 94 mg/cm2 thick 9Be target located
in front of a quadrupole-dipole magnet combination~Fig. 1!.
The magnets were tuned to optimize the detection rate
A/Z53 fragments (3H,6He,9Li, 12Be, and 15B) in a frag-
ment telescope located at 11° from the primary beam a
The telescope consisted of a thin fast plastic timing dete
(25.4 mm thick!, a 2.54 cm thick copper collimator, thre
quadrant segmented siliconDE detectors (1016mm, 486
mm, and 478mm thick, 5.0 cm35.0 cm), and an array o
nine CsI~Tl! E detectors. The flight path of the fragmen
was 6.0 m. The nonreacting primary beam was bent into
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112 PRC 59M. THOENNESSENet al.
14° beamline and was collected in a shielded Faraday
located in a separate room 25 m downstream from the ta
to reduce the background. The neutrons from the fragme
tion and from the neutron decay of the fragmentation pr
ucts were detected in an array of five NE213 liquid scin
lator detectors at 0 °. The flight path of the neutrons was
m.

The fragments of6He and 9Li were identified in two-
dimensional plots ofDE-E and DE–time of flight ~TOF!.
Neutrons andg rays in the neutron detector were identifie
and separated by pulse shape discrimination@21#. The frag-
ment velocity was calculated directly from the fragment e
ergy while the neutron velocity was obtained from the TO
of the neutrons relative to the fragments and then corre
for the fragment TOF.

III. DATA ANALYSIS

A. p- and s-wave simulations

This technique where the neutrons and the fragments
detected in a collinear geometry with a small angular acc
tance is referred to as sequential neutron decay spectros
~SNDS! @22#. From the extracted neutron and fragme
TOFs, the relative velocity spectrum can be calculated wh
is directly related to the decay energy of the initial sta
Edecay5

1
2 mv rel

2 wherem is the reduced mass.
The measured relative velocity spectra were compa

with Monte Carlo simulations of the calculated relative v
locity spectra. The decay direction was assumed to be iso
pic in the center of mass~c.m.! reference frame.

Thep-wave resonances were simulated assuming a B
Wigner line shape of the form@23#

ds

dE
}

G~E!2

~E2Er !
21 1

4 G~E!2
, ~1!

where G(E)5@kPl(E)/krPl(Er)#G r , Pl(E) is the
l-dependent neutron penetrability function, and the inder
indicate values at the resonance energy.

The s-wave states were analyzed in a potential-model
proach similar to that of@20#. The calculation is based on th
sudden approximation. It assumes that a scattering state
neutron and9Li is created at the instant of the breakup rea
tion, so that the outcome is obtained by expanding its w
function into continuum eigenstates that are numerical s
tions to the Schro¨dinger equation. The interaction in the fin
state is approximated by a Woods-Saxon potential with
rametersr 051.15 fm anda50.5 fm. Fors states, the well
depth is chosen to reproduce selected values of thes-wave

FIG. 1. Experimental setup.
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scattering lengthas , and forp states to place the resonan
at the desired energy. The probability of a given moment
of the final state is now given by the square of the over
with the initial state. The advantage of parametrization of
continuum states in this way is that the results for neutron
low energy are essentially independent of the details of
potential, so that the10Li states are characterized by a sing
real parameter. We have verified this feature by compar
the results with analytical calculations for a square well. T
simplification is possible because the states involved are
dominantly of single-particle nature.

The essential problem is to specify a wave function
the initial state. We take as the starting point the Goldha
model @24#, which assumes that the momentum of a giv
fragment in the projectile rest system is that pre-existing
the projectile. For the fragmentation of a projectile with ma
numberA, the spreading widths of the momentum of a
fragment with massAF is given by the expression

s5s0AAF~A2AF!

A21
,

where the parameters0 is 70–90 MeV/c at high beam en-
ergies. This shows that the average velocity of the neutro
approximately four times that of9Li, so that it is a good
approximation to consider9Li at rest in the projectile frame
This means that the angular momentum of the resulting c
tinuum state must be identical to that of the initial sta
~This makes the calculation simpler than that of@20#, where
the low binding of the11Be neutron made the two velocitie
comparable. It therefore became necessary to carry ou
expansion in angular-momentum eigenstates in the9Li1n
center-of-mass system, and subsequently to transform th
sult back to the projectile coordinate system.! The initial s
and p states were approximated as bound states in18O and
their wave functions were calculated with the Woods-Sax
potential given above. The depth of the well was adjusted
reproduce a neutron separation energy of 8 MeV. The res
ing distribution is sensitive to the binding of the initial sta
and this dependence will be shown in Sec. III E.

The procedure used here has much in common with
use of two-particle interferometry@25,26# for extracting in-
formation about the conditions in the initial reaction compl
from the final states of two particles with known interaction
Here we go the opposite way and proceed from a rat
schematic model of the reaction to arrive at conclusio
about the interactions between two final products. The va
ity of this procedure for the calculation of thes state of10Li
is certainly debatable, however, the fact that the results
7He ~see Sec. III B! agree well with the known properties o
this p-wave resonance supports this approach.

Finally, the geometry of the detectors as well as the bea
line geometry, which was calculated by raytracing throu
the quadrupole and dipole magnets with the co
RAYTRACE @27#, were taken into account for~Monte Carlo!
modeling the valid events. The energy dependence of
neutron detector efficiency was calculated with the co
KSUEFF @28# and folded in the calculated relative veloci
spectra.
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PRC 59 113POPULATION OF10Li BY FRAGMENTATION
B. 7He and calibration

The known energy and width of the ground-state decay
7He to n16He atEr5440630 keV, G5160630 keV @29#
were used to determine the resolution of the detectors. Fig
2 shows the relative velocity spectrum ofn16He coinci-
dence events compared to the Monte Carlo simulations. T
peaks are observed atv rel'60.8 cm/ns on top of a broad
background. Previous simulations of the background
sumed a thermal neutron source of the formAEexp(2E/T)
and resulted in a broad near-Gaussian distribution@22# when
folded with the detector acceptance. The solid line in Fig
shows the simulated relative velocity spectrum as a sum
the estimated Gaussian-like background~dotted! and the
simulations for the decay of7He ~dashed!.

The resolution of the relative velocity spectrum was d
termined from the standard deviation of the TOF distribut
for the neutron (s tn) and fragment (s t f) in the Monte Carlo
simulation. The fragment velocity was calculated from t
fragment energy with a TOF resolution ofs t f50.057 ns.
The resolution of the neutron TOF ofs tn50.70 ns was ex-
tracted from a fit to the data. This corresponds to a subs
tial improvement over the experiment by Krygeret al. @16#
where the resolutions ofs t f ands tn were both 0.89 ns.

C. 10Li –s-wave

Figure 3 shows the relative velocity spectrum of10Li. In
contrast to the7He spectrum a single peak around zero re
tive velocity is present indicating a very low decay energ
Weak indications of two peaks atv rel'60.8 cm/ns could
correspond to thep-state at 540 keV. In this section the ce
tral peak is analyzed assuming ans-wave using the potentia
scattering model. In this model a neutron initially bound by
MeV in 18O, is scattered off9Li which is produced in the
fragmentation reaction. Figure 4 shows the energy distri
tions ~top! and the resulting relative velocities~bottom! for a
wide range of scattering lengths. From these simulations
upper limit of the scattering length of220 fm was deduced
Due to the resolution of the detectors a lower limit cannot

FIG. 2. Relative velocity spectrum of7He. The right and the left
peak correspond to forward and backward emitted neutrons, res
tively. The solid line is the result of Monte Carlo simulations wi
the known values of the decay of7He (Edecay5450 keV,Gdecay

5160 keV) ~dashed! and an estimated background~dotted!.
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FIG. 3. Relative velocity spectrum of10Li. The Monte Carlo

simulations~solid! include contributions from ans-wave with as

5230 fm ~dot-dashed!, a p-wave at Edecay5538 keV, Gdecay

5358 keV ~dashed! and an estimated background~dotted!.

FIG. 4. Energy~top! and relative velocity~bottom! spectra for
different scattering lengths.
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114 PRC 59M. THOENNESSENet al.
FIG. 5. Comparison of the en
ergy ~a! and the relative velocity
~b! of thep-wave resonance calcu
lated with the potential mode
~solid! and a calculation using a
Breit-Wigner shape with energy
and width~dashed! parameters of
Ref. @34#.
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established and values through2` fm are possible corre
sponding to very small apparent peak energies.

Figure 3 shows the results of the simulations with a sc
tering length of230 fm ~dot-dashed!. The other contribu-
tions to the fit~solid! are the simulations for ap-state reso-
nance atEr5538 keV, G5358 keV @15# ~dashed! and a
Gaussian background~dotted!.

The potential scattering model can also be applied to
p-state where it reproduced the line shapes calculated
the Breit-Wigner distribution of Eq.~1!. Figure 5 shows a
comparison of the energy line shape and the correspon
relative velocity spectrum of the Breit-Wigner shape~solid!
and the results from the potential scattering model~dashed!.

This simultaneous analysis of thes- andp-wave allows an
estimate of the relative strength of the two states. In a v
rough approximation it can be assumed that there are e
numbers ofp-wave (0p1/2)

2 and s/d-wave (1s1/2/0d5/2)
2

neutrons available from the break-up of18O into 9Li. The
ground-state of 18O consists of ;20% s-wave and
;80% d-wave@30# and thus the relative contribution of th
s-wave with respect to the sum ofs- and p-wave strength
should be;17%. Figure 6 shows thep-wave ~47%, solid!
and s-wave ~53%, dashed! yields as a function of relative
energy. These relative contributions were calculated fo
scattering length of230 fm and because of the uncertainti

FIG. 6. Relative population of thes-wave ~dot-dashed! and the
p-wave ~dashed! assuming the parameters from Fig. 3.
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in the region of thep-state, should be taken only as an es
mate. The contribution of thes-wave decreases with decrea
ing scattering lengths. For2100 fm the contributions are
reversed, i.e., 47%s-wave and 53%p-wave. This seems to
indicate very small scattering lengths.

D. 10Li –p-wave

The data clearly favor ans-wave for the central peak with
indications of a (p)-state at;540 keV. However, the re-
cently @4# reportedp-state at;240 keV cannot be ruled ou
to be present in the data. Including this state into the sim
lations does not improve the quality of the fit.

Figure 7 shows the fits assuming that nos-wave ~which
corresponds toas50 fm and is very similar to the back
ground! is present and that the central peak is described w
a p-state. The result of the simulations using the lower lim
~180 keV! of the resonance observed in Ref.@4# with a width
of G res580 keV is shown in~a! which clearly does not fit the
data. Even increasing the width toG res5700 keV corre-
sponding to twice the single particle limit does not impro
the fit. In Fig. 7~b! the resonance energy was reduced to
keV (G res540 keV, corresponding to the single partic
limit ! which represents an upper limit for a potentialp-wave
resonance to describe the central peak. This limit is subs
tially lower than the limit set in Ref.@16# and definitely rules
out the recently observed low lyingp-states of Ref.@4# as the
origin of the central peak. It should be mentioned that
strong final-state interaction observed in Ref.@20# in the re-
action 12C(11Be,9Li1n)X, where the neutron initially is in
an s-state, also favors anl 50 assignment.

The total fit of Fig. 7~b! includes the contribution from the
secondp-wave state atER5538 keV ~short-dashed! @15#. If
the decay spectrum of10Li contains twop-wave resonances
in principle interference between these states would hav
be considered. The interference between overlapping c
tinuum states is well known in neutron physics and has,
example, been observed in theb-delayed proton decay o
17Ne @31#. However, in the present case the statistics at
larger decay energies is not sufficient to observe the effec
interference in the data and since the central peak is
likely to correspond to ap-state interference was not inco
porated in the analysis.

E. Comparison with other results

The present finding of low-lying strength in terms of a
s-wave scattering length is very similar to the recent analy
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PRC 59 115POPULATION OF10Li BY FRAGMENTATION
of Bertschet al. @9# for the breakup of11Li. The main dif-
ference is the initial state. In the breakup of11Li the effective
one-neutron binding energy is approximately 320 keV@9#,
while in the breakup of18O the neutron is bound by 8 MeV
Figure 8 shows a comparison of the energy spectra for
two models for a scattering length of25 fm. The calcula-
tions based on the parametrization of Ref.@9# ~dot-dashed!
are essentially identical to the present approach~dashed! for
very loosely bound neutrons, here shown for a single-neu
separation energy of 280 keV. A calculation for strong
bound neutrons~dashed! shows the strong dependence of t
energy distribution on the initial state. This dependence w
also pointed out by Descouvemont@7#. Thus the comparison
of the apparent peak energies and the scattering length
situations in which the state is produced in different reacti
is not straightforward.

Figure 9 shows presently available data for thep- and
s-states. There appear to be twop-wave resonances a
;240 keV and ;540 keV. However, the reactio
10Be(12C,12N)10Li @4# populated only the lower and the re
actions 9Be(13C, 12N)10Li @14#, 11B(7Li, 8B)10Li @15# and
9Be(9Be,8B)10Li populated only the higher resonance. It
not obvious why these multiparticle transfer reactions sho
be so selective. There are indications of a state aro

FIG. 7. Calculations assumingp-states only:~a! Eres5180 keV
~lower limit of Ref. @4#!, G res580 keV, and ~b! Eres550 keV,
G res540 keV ~long-dashed! with the additional contribution of the
state of Ref.@15# at 538 keV~short-dashed!.
e

n

s

for
s

ld
d

;540 keV in the present data, however another state
;240 keV cannot be ruled out.

Since the observation of thep-wave resonance aroun
;240 keV it seems more likely that the first observation o
low-lying state by Amelin~1990! @17# which is usually men-
tioned as evidence for ans-wave state corresponds to th
p-state.

There is significant evidence for low lyings-wave
strength in many different experiments including the pres
data. The limits shown in Fig. 9 are shown in terms of t
apparent peak energy. The original Kryger~1993! and Shi-
moura~1998! data were analyzed in terms of a Breit-Wign

FIG. 8. Potential model calculations for a scattering length
as525 fm. For weakly bound neutrons~280 keV! the potential
model~solid! and the parametrization of Ref.@9# ~dot-dashed! are in
good agreement. The energy distribution of initially more stron
bound neutrons~8 MeV! calculated with the potential model i
substantially wider~dashed!.

FIG. 9. Comparison of experimental results forp- and s-wave
states. Thes-wave states are presented in terms of apparent p
energies.
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116 PRC 59M. THOENNESSENet al.
resonance and the apparent peak energies were derived
the ‘‘resonance’’ energies using the parametrization of R
@16# and@5#, respectively. The Zinser~1995! data were ana-
lyzed in terms of a scattering length and the energy limit w
calculated using the definitionE.\2/2ma2 as in the original
paper@20#.

The recent data that were analyzed in terms of scatte
length are in general agreement. Zinser (1995,as,

220 fm), Shimoura (1998,as521627
14 fm), and the

present data (as,220 fm) all support the evidence for low
lying s-wave strength near the threshold in10Li.

Only the data of Ref.@3# seem inconsistent with the pre
ence of very low-lyings-wave strength that necessarily mu
follow from a large numerical value ofas. As discussed in
@9# the theoretical spectrum of excitation energies in10Li
from breakup of 11Li on a light target rises much mor
steeply at low energy than does the measured spectrum.
explains why the fit@9# to the experimental data favors
numerically small value ofas521 fm. The reason could
be experimental as the shape of the onset of the structu
determined essentially by the single and lowest obser
point near 0.05 MeV. Another effect that almost certain
must enter is that the observed peak at 210~5! keV in part or
wholly reflects the 240 keVp-state that has been reporte
@4#. The likely presence of one morep-state peak in addition
to the one at 540 keV will certainly make the analysis of t
total energy spectrum less conclusive@3#. The present ex-
periment on the other hand is by design especially sens
to s-wave strength at the lowest energies due to its nar
acceptance in transverse momentum and should offer
best opportunity for this component.

Theoretically the situation is not clear. Many differe
approaches predict eitherp-wave ground states or low-lying
s-wave strengths. A recent compilation of theoretical cal
lations of 10Li can be found in Ref.@7#. One two-body~po-
tential model! calculation predicts low-lying strength an
quotes the results in terms of a scattering length@32#. The
values of as5219 fm (J512) and as5225 fm (J
522) are in agreement with the present data.

The limit of the scattering length ofas,220 fm also fits
into the three body Fadeev calculations of11Li by Thompson
and Zhukov@33#. In order to describe the properties of11Li
they predict the scattering length as a function of thep-wave
resonance and the mass of11Li @34#. The two shaded boxe
in Fig. 10 correspond to the allowed regions limited by t
measured ground state energy of11Li @15# and assuming a
p-wave resonance in10Li at 538662 keV (\\\) @15# , and
240660 keV (///) @4#. The dark shaded area shows the
gion of scattering lengths consistent with the present d
which overlaps well with the limits set by the11Li mass and
r-
s.
om
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s
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the 10Li p-wave resonance. Their apparent agreement wi
measured momentum spectrum@35# cannot, however, be
taken as direct support for this solution because of their s
plified model of the reaction mechanism~final-state interac-
tions @36# and the shadowing effect@37# were left out!.

IV. CONCLUSIONS

The present data are in favor of low lyings-wave strength
in 10Li and thus demonstrates the continuation with decre
ing Z of the parity inversion ofp- ands-wave states which is
also observed in11Be. Within a potential model a limit of
the scattering length of,220 fm was established.

Presently two questions remain.~i! A very low lying
p-state cannot be ruled out, although it would contrad
other evidence discussed above. In addition, a recent m
surement at GSI of the angular distribution of the neutr
with respect to the recoil direction seems to confirm t
s-wave character of this low lying strength@38#. ~ii ! There is
a possibility @16# that the presently measured decay ene
could correspond to a decay from an excited state in10Li to
the first excited and only bound state in9Li followed by
g-ray emission. Either an inverse kinematics transfer reac
like 9Li( d,p) 10Li or a coincidence measurement withg rays
should resolve this question. Both experiments were rece
performed and the results should be available soon@39,40#.

FIG. 10. Relation between thes-wave scattering length, the11Li
binding energy and the10Li p-wave resonance energy. The figu
was adapted from Ref.@33#. The hatched areas are experimen
limits for the p-waves states from Refs.@15# (\\\), and @4# (///)
within the limit of the 11Li binding energy@34#. The dark shaded
area corresponds to scattering lengths consistent with the pre
data.
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