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First evidence for low lying s-wave strength in **Be
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The particle-unbound nucleus®Be was populated in fragmentation reactions using the method of
sequential-neutron-decay-spectroscopy at 0°. The observed central peak in the relative velocity spectrum is
most likely first evidence for low lying-wave strength with a scattering lengthaf< —10 fm. This virtual
state as the ground state bBe would make it unbound with respect t8e and a neutron by 200 keV.
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The observation of low lying-wave strength in neutron- 14c (2B 12N)**Be observed in addition to the state at 2 MeV
rich nuclei along and beyond the drip line play a crucial rolea broad =1 MeV) state at 80®0) keV [24]. The limited
in the description of halo nuclei. Thewave ground state in  resolution of the experiment did not allow the determination
10Lj is necessary in order to describe the two-neutron half the parity of this state.
nucleus*'Li [1,2]. Low lying swave strength in these nuclei  For the search for low lying-wave strength in*Be, we
is also crucial for the discovery of Efimov staf@s-5]. Some  tilized the method of sequential neutron decay spectroscopy
marginally bound three-body systems can have one or evef§NDS [25] which was first applied to study ground state
several bound excited states. These excited Efimov statgfecays in'°Li [26]. An 80AMeV 80 beam was fragmented
will be near to the three-body threshold and of large spatiabn a 94 mg/crathick °Be target. Neutrons at 0° were de-
dimensions, for nuclear systems possibly on the order of 10fected in coincidence with charged fragments of charge-to-
fm [6]. One possible candidate for the observation of themass ratio of 3, which were deflected with the quadrupole-
elusive Efimov states could b¥Be [4]. It is also another dipole magnet combination. The neutron-fragment relative
two-neutron halo nucleus where the understanding of itgelocity which is directly related to the decay energy of the
structure depends on the presence ofavave ground state system was calculated from the fragment energy and the time
in °Be[7-9]. **Be is bound by only 1.3¢0.11 MeV[10]  of flight measured between the fragment and the neutron.
and the sub-systert*Be is unbound. Several theoretical cal- Details about the experimental setup and analysis can be
culations predicted as2,, ground instead of theds, state  found in Ref.[27] and preliminary results forBe were
[11-14. A microscopic cluster model predictédBe to be presented in Ref.28].
even slightly bound12] although the results are consistent  Figure 1 shows the relative velocity spectrum of neutrons
with a very low lying unbound state within the uncertainty of in coincidence with'?Be. It shows a fairly sharp central peak
the calculation$13]. From the systematics 8§=9 nucleiit  on top of a broad background similar to the spectrum ob-
is expected that thes3,, state, which is already the ground served for!%i [27] which indicates a state if®Be with a
state in1°C [15-17, lies 2 MeV below the s, state in  very small decay energy.
13Be. This would position the-state very close to the neu-  The result of a simulation including the detector geometry
tron binding energy18]. and efficiencies of the decay of &, state at 2 MeV is
The first measurements indicating th&Be is actually —shown as the dashed curve. It clearly does not account for the
unbound were made about 30 years Bb#® 20, although the  central peak. Although the data show hints of an enhance-
latter paper indicated thafBe was also unbound. The “non- ment in the region of the calculated peak, it is not statisti-
existence” of 1°Be was verified in 197321]. An unbound cally significant because the efficiency for large decay ener-
state in'Be at 1.85)MeV relative to the neutron separation gies is small. In order to fit the central peak we analyze the
threshold was detected in the reactidfiC(’Li,®B)'3Be,  data assuming the presence of a low-lymgave in 1*Be
however, with limited statistic$18,22. Subsequent mea- following the description of the potential scattering model of
surements reported states at 25)MeV [11] in the reaction  Refs.[27,29,3Q. This method is essentially equivalent to the
Bc(*c,0)Be which was tentatively assigned to be aapproach of Ref[31]. Figure 1a) shows the results of a
5/2" state. This state was confirmed in a radioactive beangalculation with a scattering length ef,=—20 fm which
experiment using the inverse kinematic reactioncorresponds to an approximate energy of the virtual state of
d(**Be,p)*3Be [23]. A broad low lyings-wave state would ~60 keV. In addition to the wave the total fit includes the
have been difficult to observe in these experimgiis23. d state at 2 MeV and a simulated Gaussian-shaped back-
However, a recent experiment using the reactionground. From the fit to the data an upper limit af<
—10 fm corresponding to an apparent peak energy of
<200 keV can be extracted. This value is consistent with
*Present address: UM Medical Center, Dept. of Radiation Oncolthe prediction of Ref[8] where “a 1/2° state unbound by
ogy, Physics Division, University of Michigan, Ann Arbor, MI about 0.3 MeV” was necessary in order to describe the two-
481009. neutron halo nucleus’Be. Since the data is only consistent
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FIG. 1. Relative velocity spectrum from the
! decay of1®Be. The solid lines in@—(c) corre-
{ spond to fits including a5, state at 2 MeV
...... ; (dashed and an estimated backgrounglot-
} =T TS dashedl In addition, the main contributiofdot-
e ' ] ted to the fit are a virtuak,,, with a scattering
(d) i length ofag=—20 fm (a), ap,, state at 50 keV
(b), and ap4, state at 100 ke\(c). Part(d) shows
a virtual s, with a scattering length obs=
—5 fm (dashedl and results of a calculations
with no final state interactiopag=0 fm (solid)].
The 0 fm calculation is essentially identical to the
assumed backgroundotted.
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with the presence of the state at 2 MeV, but it is not shell model the 5/2 state consists predominantly of a single
necessary to fit the data, it is not possible to extract a relativparticle ds, configuration which decays essentially 100% to
population ratio of the two states. In the breakup ofthe ground state ofBe. However, it has recently been
180 (N=10) to ®Be (N=9) only one neutron is stripped shown that theN=8 neutron shell breaks down and this
in addition to four protons. The last two neutrons'fi® are  simple picture of a closed shell ground state is not valid
in the sd shell with 20 and 80 % in as andd state, respec- [32,33. Nevertheless, the present data would require a
tively. Assuming the presence of tlestate yields ratios that >75% decay branch to the*2in order to account for the
are consistent with these estimates. central peak with only marginal indication of the 2 MeV
Figures 1b) and Xc) illustrate that it is unlikely that the decay to the ground state.
spectral shape correspondsl|te0 states. The fit shown in Finally, the 800 keV statf24] shown in Fig. 2 has to be
panel (b) includes ap state at 50 keV in addition to the discussed. In Ref24] it is speculated that this state corre-
background and the 2 Mel state. Although it describes the sponds to a 1/2 state, with no determination of the parity.
data reasonably well the fit is worse compared tofséate  The current data is not sensitive to the presencemf.state
fit shown in panela). An even smaller decay energy for the at this energy. Although the fit does not require a state at this
p state would clearly be too narrow in order to describe theenergy (~0.9 cm/ns), a small contribution cannot be ruled
data. A larger decay energy leads to a splitting of the centraput.
peak into two peaks as shown in pagel for a p state with In contrast, as,/, state at 800 keV is not consistent with
a resonance energy of 100 keV. Thus, the data could in printhe present data. The relative velocity spectrum of such a
ciple be described by a fit with the resonance energymba  state at 800 keV, corresponding to a scattering length of
d state at 5610 keV. The width of such a state would be approximately—5 fm is shown as the dashed line in Fig.
<10 keV. However, if the central peak would correspond tol1(d). This calculation is clearly too broad compared to the
such a narrow low energyor d state it most certainly would data. Figure (d) shows also the results of a calculation with
have been observed in the transfer reaction experiments. a scattering length of 0 frfsolid) which is equivalent to no
Another potential interpretation of the central peak in the
data could be the decay to bound excited state’$Be. The

present method only measures relative decay energies and e Dedn.
thus cannot distinguish between excited state to excited state %3 Me = = - — 2.7 MeV
decays and ground state to ground state decays. Figure 2 50 MeV 5/2 2 5 MeV
shows the level scheme éfBe relative to'?Be+n. The 5/2 ’

state could decay to the bound excited state!iBe at (1/2)

2.105) MeV, which then subsequently will decay byray L5 K

emission. Although the energy is above the 5/2 dtat@1(5) <02 MoV mmmmiitn —_ 0

MeV] they overlap within the uncertainties and a very low-
energy transition could be possible.

This scenario is unlikely because the branching ratio to FIG. 2. Level scheme of*Be relative to'?Be+n. The newly
the ground state is expected to be much larger. In a simplebserveds,,, state is shown as a broad band below 200 keV.

3Be 2Be+n
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final state interaction. It is essentially identical to the Gausss-wave contribution for the ground state of the two-neutron
ian shaped backgrouridotted which justifies the use of this halo nucleus'*Be and may warrant the search for Efimov
background approximation. A more detailed discussion ofktates in this nucleus.

the justification for the background can be found in Ref.
[30]. This work was supported by NSF Grant No. 95-28844.

In conclusion, we found first evidence for low-lying The data were taken during the experimental studyof
wave strength in the neutron unbound nucléiBe from the  [27] and we acknowledge the help of A. Azhari, T. Bau-
fragmentation of*0. The upper limit of a scattering length mann, J. A. Brown, A. Galonsky, J. H. Kelley, R. A. Kryger,
of a;<—10 fm suggests a virtual state very close to theE. Ramakrishnan, and P. Thirolf. We would also like to
threshold. This observation validates the need for stronghank B. A. Brown for discussions.

[1] 3. M. G. Gomez, C. Prieto, and A. Poves, Phys. Let29B, 1 [19] A. M. Poskanzer, S. W. Cosper, E. K. Heyde, and J. Cerny,

(1992. Phys. Rev. Lettl7, 1271(1966.
[2] 1. J. Thompson and M. V. Zhukov, Phys. Rev.40, 1904 [20] A. G. Artukh, V. V. Avdeichikov, J. Ero, G. F. Gridnev, V. L.
(1999. Mikheev, V. V. Volkov, and J. Wilczynski, Phys. Let33B,
[3] D. V. Fedorov and A. S. Jensen, Phys. Rev. L&ft, 4103 407 (1970.
(1993; D. V. Fedorov, A. S. Jensen, and K. Riisagerd. 73, [21] J. D. Bowman, A. M. Poskanzer, R. G. Korteling, and G. W.
2817(1994. Butler, Phys. Rev. Lett31, 614(1973; J. D. Bowman, A. M.
[4] I. Mazumdar and V. S. Bhasin, Phys. Rev56, R5 (1997. Poskanzer, R. G. Korteling, and G. W. Butler, Phys. Re®, C
[5] I. Mazumdar, V. Arora, and V. S. Bhasin, Phys. Rev6C 836 (1974.
051303R) (2000. [22] D. V. Aleksandrov, E. A. Ganza, Yu. A. Glukhov, V. I
[6] V. M. Efimov, Sov. J. Nucl. Physl2, 589(1970; Comments Dukhanov, I. B. Mazurov, B. G. Novatsky, A. A. Ogloblin, D.
Nucl. Part. Phys19, 271(1990. N. Stepanov, V. V. Paramonov, and A. G. Trunov, Yad. Fiz.
[7]1. J. Thompson and M. V. Zhukov, Phys. Rev. 83, 708 37, 797 (1983 [Sov. J. Nucl. Phys37, 474(1983].
(1996. [23] A. A. Korsheninnikovet al,, Phys. Lett. B343 53 (1995.
[8] M. Labiche, F. M. MarqUs, O. Sorlin, and N. Vinh Mau, [24] A. V. Belozyorovet al, Nucl. Phys.A636, 419 (1998.
Phys. Rev. (B0, 027303(1999. [25] F. De, A. Kiss, Z. Seres, G. Caskey, A. Galonsky, and B.
[9] M. Labicheet al, Phys. Rev. Lett(to be publishey Remington, Nucl. Instrum. Methods Phys. Res.2B8 67
[10] G. Audi and A. H. Wapstra, Nucl. PhyA565, 66 (1993. (1987.
[11] A. N. Ostrowskiet al,, Z. Phys. A343 489(1992. [26] R. A. Krygeret al, Phys. Rev. C17, R2439(1993.
[12] P. Descouvemont, Phys. Lett. 31, 271 (1994. [27] M. Thoennessest al, Phys. Rev. (69, 111(1999.
[13] P. Descouvemont, Phys. Rev.52, 704 (1995. [28] M. Thoennessest al, in ENAM 95, Proceedings of the Inter-
[14] Zhongzhou Ren, Baogiu Chen, Zhongyu Ma, and Gongou Xu, national Conference On Exotic Nuclei Atomic Masssdited
Z. Phys. A357, 137(1997. by M. de Saint Simon and O. SorliiEditions Frontieres, Gif-
[15] J. D. Goss, A. A. Rollefson, C. P. Browne, R. A. Blue, and H. sur-Yvette, 199§ p. 237.
R. Weller, Phys. Rev. @, 514(1973. [29] M. Zinseret al, Phys. Rev. Lett75, 1719(1995.
[16] E. K. Warburton and B. A. Brown, Phys. Rev. 45, 923 [30] L. Chenet al,, Phys. Rev. Lett(to be published
(1992. [31] G. F. Bertsch, K. Hencken, and H. Esbensen, Phys. R&7, C
[17] D. Bazin, et al,, Phys. Rev. Lett74, 3569(1995. 1366(1998.
[18] A. A. Ogloblin and Yu. E. Penionzhkevich, iiireatise on  [32] A. Navin et al, Phys. Rev. Lett85, 266 (2000, and refer-
Heavy-lon Sciengeedited by D. A. Bromley(Plenum, New ences therein.
York, 1989, Vol. 8, p. 261. [33] H. lwasakiet al, Phys. Lett. B481, 7 (2000.

014308-3



