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Population of 1°Li by fragmentation
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The decay structure of the particle-unstable nucfuswas studied using the method of sequential neutron
decay spectroscop¢SNDS at 0°. The decay energies dfLi can be derived from the relative velocity
spectrum of théLi daughter and the neutron measured in coincidence. Evidence for lowsyiraye strength
was observed with a scattering length ef—20 fm, corresponding to a peak energy &f50 keV.
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PACS numbe(s): 27.20+n, 25.70.Mn, 21.10.Dr

I. INTRODUCTION be potentially twop-states at~240 keV and~540 keV
which could correspond to the"land 2" state.

The detailed structure of the neutron unbound nucleus The observation of the-wave is even more complicated.
10Lj continues to be of high experimentfl—6] as well as A neutrons-wave state in the continuum is not contained by
theoretical interesf7—9]. The spin and parity of theLi any barrier and thus is not a real resonance but its low-
ground state is essential for the understanding of the two€nergy properties can most conveniently be described in
neutron halo nucleudlLi. The simple shell model predicts t€rms of a scattering length. However, it is sometimes re-
the ground state to be py;, neutron coupled with @, ferred to as a virtual resonance. Th_e first observatlpn and
proton to either a 1 or a 2* state. However,'Li is a interpretation of low-lying strength in terms of a V|r_tual
member of theN=7 isotones where with decreasing mass> Wave resonance was shown by Krygerl. [16]. A previ-
the sy, state becomes lower in energy relative to {he, ous pion absorptlon_ measurement obser\{ed a p_eak at 150
state and forms the ground state itBe. If this trend con- kev [17], _however, It is most likely associated -Wlth tipe
tinues towards the lighter nuclet®Li should have a ground strength discussed above. Krygairal. populated light neu-

: tron rich nuclei by fragmentation of®0, and deduced the
state where th@s, proton is coupled to the;; neutron 1o e jative decay energy from a coincidence measurement of
forma 1" ora 2° state[10,11]. _ _ %Li and a neutron. Since this first experiment, several other

Although most theoretical calculations predict the shellexperiments showed independent evidence for low lying
inversion[11], it is still controversia(7,12]. Experimentally,  strength in'°Li [2,3,5,15,18—2D
several measurements report the observatiqgmwéve reso- We repeated the experiment of Kryget al. with im-
nances. From the first measurement of Wilabal. which  proved energy resolution in order to establish more stringent
reported a state at 8650 keV [13], to the more recent limits for the swave parameters. We analyzed the data in
data of Bohlen (42650 keV and 80880 keV) [14],  terms of the scattering length of the system neutron plis
Young (538-62 keV) [15], and Bohlen (24660 keV and  arising from the breakup o0. We also aimed to determine
530+ 60 keV) [4] the situation is not clear. In Ref4] the if the central peak observed by Kryget al. could poten-
authors report that the reanalysis of the data of their earlietially be interpreted as the recently observed 240 keNMave
paper[14] showed only one peak at 530 keV consistent with[4].
Young's result. The preliminary analysis of an experiment
by Caggiancet al. [6] confirms the observation of the state
reported by Youngt al.[15]. Thus, it seems that there could !l EXPERIMENTAL SETUP
The experiment was performed at the National Supercon-
ducting Cyclotron LaboratorgNSCL). An 80 beam with a
*Present address: Department of Physics, University of Michigankinetic energy of 80 MeV/nucleon provided by the K1200

Ann Arbor, Ml 48109. cyclotron bombarded a 94 mg/érthick °Be target located
TPresent address: Cyclotron Institute, Texas A&M University, in front of a quadrupole-dipole magnet combinatiing. 1).
College Station, TX 77843. The magnets were tuned to optimize the detection rate of
*Present address: Gesellschaftr fuSchwerionenforschung, A/Z=3 fragments {H,°He °Li,?Be, and *B) in a frag-
D-64291 Darmstadt, Germany. ment telescope located at 11° from the primary beam axis.
Spresent address: Department of Physics & Astronomy, Millikin The telescope consisted of a thin fast plastic timing detector
University, Decatur, IL 62522. (25.4 um thick), a 2.54 cm thick copper collimator, three
IPresent address: Triangle University Nuclear Laboratory, Dukeguadrant segmented silicohE detectors (101Gcm, 486
University, Durham, NC 27708. pm, and 478um thick, 5.0 cmx5.0 cm), and an array of
TPresent address: Sektion Physik der Univérsitiinchen, nine Cs(Tl) E detectors. The flight path of the fragments
D-85748 Garching, Germany. was 6.0 m. The nonreacting primary beam was bent into the
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scattering lengtlag, and forp states to place the resonance
at the desired energy. The probability of a given momentum

Quadrupole Dipole of the final state is now given by the square of the overlap

189 Doublet with the initial state. The advantage of parametrization of the
= continuum states in this way is that the results for neutrons of
9Be Neutron low energy are essentially independent of the details of the

Target Detectors potential, so that thé®Li states are characterized by a single
1 meter real parameter. We have verified this feature by comparing

the results with analytical calculations for a square well. This
FIG. 1. Experimental setup. simplification is possible because the states involved are pre-

dominantly of single-particle nature.
14° beamline and was collected in a shielded Faraday cup The essential problem is to specify a wave function for
located in a separate room 25 m downstream from the targéhe initial state. We take as the starting point the Goldhaber
to reduce the background. The neutrons from the fragmentanodel[24], which assumes that the momentum of a given
tion and from the neutron decay of the fragmentation prodfragment in the projectile rest system is that pre-existing in
ucts were detected in an array of five NE213 liquid scintil-the projectile. For the fragmentation of a projectile with mass
lator detectors at 0 °. The flight path of the neutrons was 5.&uumber A, the spreading widthr of the momentum of a
m. fragment with mas#\r is given by the expression
The fragments of°He and °Li were identified in two-

dimensional plots oAE-E and AE—time of flight (TOF).
Neutrons andy rays in the neutron detector were identified B [Ae(A—=Ag)
and separated by pulse shape discriminaf@i]. The frag- 7=% A-1
ment velocity was calculated directly from the fragment en-
ergy while the neutron velocity was obtained from the TOF
of the neutrons relative to the fragments and then correcte?here the parameter, is 70-90 MeVE at high beam en-
for the fragment TOF. ergies. This shows that the average velocity of the neutron is
approximately four times that ofLi, so that it is a good
approximation to considetLi at rest in the projectile frame.
This means that the angular momentum of the resulting con-

A. p- and s-wave simulations tinuum state must be identical to that of the initial state.
This technique where the neutrons and the fragments ard NiS makes the calcmillatlon simpler than tha{26], where

the low binding of the*"Be neutron made the two velocities

detected in a collinear geometry with a small angular accep*
tance is referred to as sequential neutron decay spectroscop§mparable. It therefore became necessary to carry out an

(SNDS [22]. From the extracted neutron and fragment€XPansion in angular-momentum eigenstates in ‘thiet-n
TOFs, the relative velocity spectrum can be calculated whictf€Nter-of-mass system, and subsequently to transform the re-
is directly related to the decay energy of the initial state:SUlt back to the projectile coordinate systgrihe initial s

Edecay= 3 1V Whereu is the reduced mass.

Ill. DATA ANALYSIS

andp states were approximated as bound state¥® and

The measured relative velocity spectra were compareHﬁe" wave functions were calculated with the Woods-Saxon
with Monte Carlo simulations of the calculated relative ve- potential given above. The depth of the well was adjusted to

locity spectra. The decay direction was assumed to be isotr&gpro_duc;e aneutron separation energy of 8 MeV_. T_he result-
pic in the center of mas&.m) reference frame. ing distribution is sensitive to the binding of the initial state

The p-wave resonances were simulated assuming a Breif'zlnd this dependence will be shown in Sgc. I E. .
Wigner line shape of the for23] The procedure used here has much in common with the

use of two-particle interferometrj25,26 for extracting in-

2 formation about the conditions in the initial reaction complex
do I'(E) ) . . . .
FT=he > 1 5 (1)  from the final states of two particles with known interactions.
(E-E))“+ 3 I'(E) Here we go the opposite way and proceed from a rather

schematic model of the reaction to arrive at conclusions

where T(E)=[kR(E)/k,P(E/)IT,, R(E) is the about the interactions between two final products. The valid-
I-dependent neutron penetrability function, and the index ity of this procedure for the calculation of tisestate of 1°Li
indicate values at the resonance energy. is certainly debatable, however, the fact that the results for

The swave states were analyzed in a potential-model ap/He (see Sec. Il B agree well with the known properties of
proach similar to that df20]. The calculation is based on the this p-wave resonance supports this approach.
sudden approximation. It assumes that a scattering state of a Finally, the geometry of the detectors as well as the beam-
neutron and’Li is created at the instant of the breakup reac-line geometry, which was calculated by raytracing through
tion, so that the outcome is obtained by expanding its wavéhe quadrupole and dipole magnets with the code
function into continuum eigenstates that are numerical soluRAYTRACE [27], were taken into account fgMonte Carlg
tions to the Schidinger equation. The interaction in the final modeling the valid events. The energy dependence of the
state is approximated by a Woods-Saxon potential with paneutron detector efficiency was calculated with the code
rametersro=1.15 fm anda=0.5 fm. Fors states, the well KSUEFF [28] and folded in the calculated relative velocity
depth is chosen to reproduce selected values oktlvave  spectra.
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FIG. 2. Relative velocity spectrum éHe. The right and the left
peak correspond to forward and backward emitted neutrons, respec-
tively. The solid line is the result of Monte Carlo simulations with FIG. 3. Relative velocity spectrum ofLi. The Monte Carlo
the known values of the decay dHe (Egecay=450 KEVIgecay  simulations(solid) include contributions from as-wave with ag
=160 keV) (dashegl and an estimated backgroufabtted. =—30 fm (dot-dashel] a p-wave at Egeca=538 keV, TI'gecay

=358 keV (dashed and an estimated backgrourdbtted.

Vp-vf (cm/ns)

B. "He and calibration

The known energy and width of the ground-state decay of
"He ton+%He atE, =440+ 30 keV, I'=160+ 30 keV[29]
were used to determine the resolution of the detectors. Figur
2 shows the relative velocity spectrum of+®He coinci-
dence events compared to the Monte Carlo simulations. Twc
peaks are observed at,~ *=0.8 cm/ns on top of a broad
background. Previous simulations of the background as-
sumed a thermal neutron source of the foyfexp(—E/T)
and resulted in a broad near-Gaussian distribyt&a when
folded with the detector acceptance. The solid line in Fig. 2 g
shows the simulated relative velocity spectrum as a sum of
the estimated Gaussian-like backgroufdbtted and the
simulations for the decay ofHe (dashegl

The resolution of the relative velocity spectrum was de-
termined from the standard deviation of the TOF distribution
for the neutron §,,) and fragment ¢;;) in the Monte Carlo
simulation. The fragment velocity was calculated from the
fragment energy with a TOF resolution of;;=0.057 ns.

The resolution of the neutron TOF of,,=0.70 ns was ex-
tracted from a fit to the data. This corresponds to a substan
tial improvement over the experiment by Krygefral. [16]
where the resolutions af; and o, were both 0.89 ns.

/d (arb. units)

C. 9Lj—s-wave

d (arb. units)

Figure 3 shows the relative velocity spectrum8ti. In
contrast to the’He spectrum a single peak around zero rela-3
tive velocity is present indicating a very low decay energy.
Weak indications of two peaks at~ *+0.8 cm/ns could
correspond to the-state at 540 keV. In this section the cen-
tral peak is analyzed assuming sswave using the potential
scattering model. In this model a neutron initially bound by 8
MeV in 180, is scattered offLi which is produced in the o — L
fragmentation reaction. Figure 4 shows the energy distribu- 1.5 1.0 05 0.0 0.5 1.0 1.5
tions (top) and the resulting relative velociti€sottom for a
wide range of scattering lengths. From these simulations an
upper limit of the scattering length of 20 fm was deduced. FIG. 4. Energy(top) and relative velocity(bottom) spectra for
Due to the resolution of the detectors a lower limit cannot belifferent scattering lengths.

Yi

Vp-Vf (cm/ns)
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established and values throughe fm are possible corre- in the region of thep-state, should be taken only as an esti-
sponding to very small apparent peak energies. mate. The (_:ontribution of thewave decreases yvith decreas-
Figure 3 shows the results of the simulations with a scating scattering lengths. Fot-100 fm the contributions are
tering length of—30 fm (dot-dasheyl The other contribu- Teversed, i.e., 47%wave and 53%p-wave. This seems to
tions to the fit(solid) are the simulations for p-state reso- Indicate very small scattering lengths.
nance atE, =538 keV, I'=358 keV [15] (dashed and a
Gaussian backgroun@lotted. D. *Li—p-wave
The potential scattering model can also be applied to the The data clearly favor aswave for the central peak with
p-state where it reproduced the line shapes calculated witihdications of a p)-state at~540 keV. However, the re-
the Breit-Wigner distribution of Eq(l). Figure 5 shows a cently[4] reportedp-state at~240 keV cannot be ruled out
comparison of the energy line shape and the corresponding be present in the data. Including this state into the simu-
relative velocity spectrum of the Breit-Wigner sha(selid) lations does not improve the quality of the fit.
and the results from the potential scattering madelshegl Figure 7 shows the fits assuming that stvave (which
This simultaneous analysis of tseandp-wave allows an  corresponds ta,=0 fm and is very similar to the back-
estimate of the relative strength of the two states. In a verground is present and that the central peak is described with
rough approximation it can be assumed that there are equa”}State. The result of the simulation_s using t_he Iovv_er limit
numbers ofp-wave (Qp;,)2 and s/d-wave (Is;,/0ds,)2 (180 keV of the resonance observed in REef] with a width
neutrons available from the break-up 8O into °Li. The  ©f I'es=80 keVis shown in(@) which clearly does not fit the
ground-state of 0 consists of ~20% s-wave and data. Even increasing the width 5,700 keV corre-
~80% d-wave[30] and thus the relative contribution of the SPONding to twice the single particle limit does not improve
swave with respect to the sum &f and p-wave strength Lhei/ﬁt.rln E'gb-l((b)vthe resonancdg enetzrg){hwas.recliuced :.0 |50
should be~179%. Figure 6 shows thp-wave (47%, solid Iiriit)(wﬁai?:; repr(;sén(tzggﬁstf)p?;erlrI]i?nitcl)‘or aepiltr(]a?n?ah?;\;elc °
and swave (53%, dashedyields as a function of relative

Th lati wributi lculated f resonance to describe the central peak. This limit is substan-
energy. These relative contributions were calcuiated 10r gy jower than the limit set in Ref.16] and definitely rules

scattering length of-30 fm and because of the uncertainties ; the recently observed low lyingstates of Reff4] as the
origin of the central peak. It should be mentioned that the
o T strong final-state interaction observed in R&0] in the re-
—_— pwave (43%) action ’C(*'Be °Li+n)X, where the neutron initially is in

\ - s-wave (57%) | an s-state, also favors a=0 assignment.

! ] The total fit of Fig. 1b) includes the contribution from the

secondp-wave state aEg=538 keV (short-dashed[15]. If

\ ] the decay spectrum dfLi contains twop-wave resonances,

1 1 in principle interference between these states would have to

! | be considered. The interference between overlapping con-

tinuum states is well known in neutron physics and has, for

\ | example, been observed in thiedelayed proton decay of

\ \ ] 1"Ne [31]. However, in the present case the statistics at the

7 larger decay energies is not sufficient to observe the effect of

e ~ . ] interference in the data and since the central peak is not

T —— e e ] likely to correspond to g@-state interference was not incor-

0.0 ' ‘ ' ‘ porated in the analysis.
0.0 05 1.0 15 20 25 30

08 - [
0.6

0.4

Relative population (arb. units)

0.2

Epecay (MeV) E. Comparison with other results

FIG. 6. Relative population of thewave (dot-dashegland the The present finding of low-lying strength in terms of an
p-wave (dashedl assuming the parameters from Fig. 3. s-wave scattering length is very similar to the recent analysis
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FIG. 7. Calculations assumingstates only(a) E,..=180 keV
(lower limit of Ref. [4]), I'\e<=80 keV, and(b) E,s~50 keV,
I'es= 40 keV (long-dashegwith the additional contribution of the

0.0
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1.0

state of Ref[15] at 538 keV(short-dashed

of Bertschet al. [9] for the breakup of'!Li. The main dif-
ference is the initial state. In the breakupdfi the effective
one-neutron binding energy is approximately 320 K&\,
while in the breakup of®0 the neutron is bound by 8 MeV.
Figure 8 shows a comparison of the energy spectra for the
two models for a scattering length ef5 fm. The calcula-
tions based on the parametrization of R&f] (dot-dashed

are essentially identical to the present approazshed for
very loosely bound neutrons, here shown for a single-neutror F—— = Bohlen (1997)
separation energy of 280 keV. A calculation for strongly
bound neutrongdashed shows the strong dependence of the
energy distribution on the initial state. This dependence wasr 1
also pointed out by Descouvemd]. Thus the comparison

of the apparent peak energies and the scattering lengths fc
situations in which the state is produced in different reactions
is not straightforward.

Figure 9 shows presently available data for fheand
s-states. There appear to be twewave resonances at
~540 keV.
10Be(*2C,*2N)1%i [4] populated only the lower and the re-
actions °Be(*C, 2N)1%Li [14], 'B("Li,®B)'%Li [15] and
°Be(®Be®B)°Li populated only the higher resonance. It is

~240 keV and

However,

the

@
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FIG. 8. Potential model calculations for a scattering length of
a;=—>5 fm. For weakly bound neutron@80 ke\) the potential
model(solid) and the parametrization of R¢f] (dot-dashegare in
good agreement. The energy distribution of initially more strongly
bound neutrond8 MeV) calculated with the potential model is
substantially wideXdashegl

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

Since the observation of thp-wave resonance around
~ 240 keV it seems more likely that the first observation of a
low-lying state by Amelin(1990 [17] which is usually men-
tioned as evidence for aswave state corresponds to this
p-state.

There is significant evidence for low lying-wave
strength in many different experiments including the present
data. The limits shown in Fig. 9 are shown in terms of the
apparent peak energy. The original Krydé®93 and Shi-
moura(1998 data were analyzed in terms of a Breit-Wigner

p-wave | " | Wilcox (1975)
“«——+4——> Kobayashi (1993)

'—f—i Young (1994)
“«——+——> <« ——+——» Kobayashi (1996)|
“«——+-—> Kobayashi (1997)

Zinser (1997)

] Amelin (1990)
Kryger (1993)
— Kobayashi (1993)
— Young (1994)
— Zinser (1995)
H>» Kobayashi (1996)
—— Zinser (1997)
«+> Shimoura (1998)
—1 Present work S-wave

PR IR N N NN T N S NSNS NS TR I SR SN SR ST SO N S |
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

E pecay(keV)

FIG. 9. Comparison of experimental results for and sswave

not obvious why these multiparticle transfer reactions shouldtates. Thes-wave states are presented in terms of apparent peak
be so selective. There are indications of a state arounenergies.
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resonance and the apparent peak energies were derived fro F o--.o \;fv'p T T T T
the “resonance” energies using the parametrization of Refs. EoA- A 11 fm -7
[16] and[5], respectively. The Zinsetl995 data were ana- % 0.10¢ 8:8 28 i
lyzed in terms of a scattering length and the energy limit was S 0005 V——V -44fm 7
calculated using the definitidB=#2/2ma? as in the original & [ -
paper[20]. S 10
The recent data that were analyzed in terms of scatterin¢ © r
length are in general agreement. Zinser (1985< 8’ -0.20F
—20 fm), Shimoura (1998a,=-16'7 fm), and the Q g
present datag,< —20 fm) all support the evidence for low- Q& -0-30F
lying s-wave strength near the threshold ifLi. S ;
Only the data of Ref[3] seem inconsistent with the pres- -0.40¢
ence of very low-lyings-wave strength that necessarily must P g
follow from a large numerical value afs. As discussed in 015 020 025 030 035 040 045 0.50

[9] the theoretical spectrum of excitation energies'thi
from breakup of'lLi on a light target rises much more

steeply at low energy than does the measured spectrum. This £, 10 Relation between thewave scattering length, theLi
explains why the fif9] to the experimental data favors a pinding energy and thé®Li p-wave resonance energy. The figure
numerically small value obs=—1 fm. The reason could was adapted from Ref33]. The hatched areas are experimental
be experimental as the shape of the onset of the structure ligmits for the p-waves states from Ref§15] (\\\), and[4] (///)
determined essentially by the single and lowest observedithin the limit of the *'Li binding energy[34]. The dark shaded
point near 0.05 MeV. Another effect that almost certainlyarea corresponds to scattering lengths consistent with the present
must enter is that the observed peak at(8L@eV in part or ~ data.

wholly reflects the 240 ke\p-state that has been reported

[4]. The likely presence of one mopestate peak in addition 610 j p_wave resonance. Their apparent agreement with a
to the one at 540 keV will certainly make the analysis of theqeasured momentum spectrui@5] cannot, however, be
total energy spectrum less conclusip@. The present eX- taxen as direct support for this solution because of their sim-
periment on the other hand is by design especially sensitivgjified model of the reaction mechanisfiinal-state interac-

to swave strength at the lowest energies due to its narrowigng [36] and the shadowing effe€87] were left oul.
acceptance in transverse momentum and should offer the

best opportunity for this component.

Theoretically the situation is not clear. Many different
approaches predict eithprwave ground states or low-lying The present data are in favor of low lyisgvave strength
swave strengths. A recent compilation of theoretical calcuin °Li and thus demonstrates the continuation with decreas-
lations of °Li can be found in Ref[7]. One two-body(po-  ing Z of the parity inversion op- ands-wave states which is
tential mode) calculation predicts low-lying strength and also observed int'Be. Within a potential model a limit of
quotes the results in terms of a scattering ler/@®]. The  the scattering length o& —20 fm was established.
values of a;=—19 fm (J=17) and a;=—25 fm (J Presently two questions remaifi) A very low lying
=27) are in agreement with the present data. p-state cannot be ruled out, although it would contradict

The limit of the scattering length @f;<—20 fm also fits  other evidence discussed above. In addition, a recent mea-
into the three body Fadeev calculations'dfi by Thompson  surement at GSI of the angular distribution of the neutron
and Zhukov[33]. In order to describe the properties bLi with respect to the recoil direction seems to confirm the
they predict the scattering length as a function ofghgave  s-wave character of this low lying strengitB8]. (ii) There is
resonance and the mass Bti [34]. The two shaded boxes a possibility[16] that the presently measured decay energy
in Fig. 10 correspond to the allowed regions limited by thecould correspond to a decay from an excited stat&iin to
measured ground state energy '6Ei [15] and assuming a the first excited and only bound state fhi followed by
p-wave resonance it’Li at 538+62 keV (\\\) [15],and  y-ray emission. Either an inverse kinematics transfer reaction
240+60 keV (///)[4]. The dark shaded area shows the re-like °Li(d,p) 1°Li or a coincidence measurement wigtrays
gion of scattering lengths consistent with the present datahould resolve this question. Both experiments were recently
which overlaps well with the limits set by theLi mass and performed and the results should be available §88¥0Q.

10, .
Lip,,, resonance energy (MeV)
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