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Measurements of the breakup and neutron removal cross sections fdfC
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Measurements of the breakup and the neutron removal reactidi€ dfave been made at 46 MeV/A and
the decay cross sections measured. A correlation between the cluster breakup channels and the reaction Q value
suggests that the reaction mechanism is strongly linked to quasielastic processes. No enhancement of the
two-body cluster breakup cross section is seert36r This result would indicate thafC does not have a well
developed cluster structure in the ground state, in agreement with recent calculations.
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For the most part, the structure of nuclei close to thetion is important across the isotopic chain. This is in line
neutron dripline has yet to be fully understood. It is, how-with the most recent AMD calculations of Kanada-En[{z).
ever, known that the properties of these nuclei will beFurthermore, a comparison of the cluster breakup and neu-
heavily influenced by the weak binding of the valence neutron removal cross section dfBe and‘B [6] shows an
trons. Studies of halo nuclei, such’asi and *'Be, show that  enhancement in the contribution of the two-body cluster
weakly bound valence neutrons in low angular momentunbreakup of““Be to the direct breakup process. This is in good
orbits produce spatial wave functions which extend far fromagreement with the AMD calculatiorig, 7] for 1“Be and“B,
the core. It has been suggested by HoriJdhithat in order  which suggest that'Be has a more clustered ground state
to maximize the binding of the valence neutrons at the dripthanB.
lines, ground-state nuclei must maximize the overlap of these | ess is known about clustering in the neutron-rich carbon
neutrons with the protons contained in the core. In order tQSOtopes_ AMD calculation$7] show the well known 3
do this, the core can either deform or, optimally, form clus-“trimer” configuration of'°C. As the mass number increases,
ters, thus maximizing the surface area of the core seen by thfie neutron distribution extends further from the core, how-
valence neutrons. Studies of the odd mass boron nucleiver there is very little change in the core proton density. von

1198 [2] show that this picture of a highly clustered core Qertzen[8] has predicted that levels #C should even pos-
Sitting in a cloud of Weakly bound valence neutrons holds forsess a well deve|oped linear chain structure, however

those nuclei closest to the dripline. _ breakup measurements have so far been unable to confirm
Furthermore, Antisymmeterized Molecular Dynamicsthe presence of an:2n:«:2n:a structure in*®C [9,10.
(AMD) calculations of the fragmentation 18 and**B by This paper describes measurements of the breakup of a

Takemoto [3] suggest that measurements of the clusteparasitic '°C beam produced during an experiment, per-
breakup cross sections can be used to indicate, qualitativeliormed at GANIL, described ifi6]. In this experiment, a
the extent of clustering in the ground states of nuclei. mdeedsecondary beam of'B was produced at 40.8 MeV/A by
recent measurements of the cluster breakup cross sectionsp&gmemaﬂon of a 63 MeV/A®O primary beam on a rotat-
the neutron-rich nuclet®****'Be by Ashwoodet al. [4]  ing °Be target. A secondary parasitic beam8¢ was also
have indicated that the degree of clusterization in the grou”ﬁroduced at~3% of beam purity with an energy of 46
state does not change between these nuclei, i.e., clusterizgrev/a and intensity on the order of 300 particles per sec-
ond. Particle identification was achieved via time-of-flight
through the LISE spectrometer.
*Present address: NSCL, Michigan State University, Ml 48824.  The beam was tracked onto a 275 mgémarbon target
"Present address: Department of Physics, Rutgers Universitysing two drift chambers. A zero degree telescope, consisting

Newark, NJ 07102. of two orthogonal strip detectors and a close packed array of
*Present address: Rudjer Boskovnstitute, Bijentka 54, HR- 16 Csl detectors, was used to detect the beam and reaction

10000 Zagreb, Croatia. products. Neutrons produced in the reactions were detected
Spresent address: School of Electronics and Physical Sciencessing the DéMoN array, which consists 6f100 liquid scin-

University of Surrey, Surrey, GU2 7XH, United Kingdom. tillators. Angular ranges and detection efficiencies for both
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FIG. 1. (Color onling Particle identifiaction spectrési energy o1—1 000t o
versus Csl energygated on*C in time-of-flight. 10 15 20 25 30
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the zero degree telescope and neutron array can be found in
[4,6]. FIG. 2. Excitation energy spectra fea) the 1°Be +°He breakup

Particle identification (Pl) of reaction products was channel andb) the ‘Be+*He breakup channel.
achieved using the &= technique. An example plot can be N _ )
seen in Fig. 1 which is gated JfC in time-of-flight. Further ~ €Ver, where significant yield was seen in the spectrum, the
PI spectra can be seen in Figs. 1 and 8 in R&f. where lack of structure could be attributed to the decay proceeding
identification of the!®C beam can be seen at high energies infoM regions with a high density of states, coupled with a
Fig. 8. The pixillation of the detector allowed the energy, "€duced excitation energy resolution-ofl MeV, as well as
mass, charge, and emission angle, and thus the momenta, {f SuPerposition of levels populated by breakup particles in
the reaction fragments to be calculated and the kinematic ifferent final states. It is also possible that reaction products
reconstructed. Rejection of particles resulting from thell Unbound states may contribute to the decay channel. For

breakup of thé“B beam was achieved in software by gating IStance, the decay of'Be+°He’ may contribute to the
on thelC peak in the time-of-flight spectrum. Be+"He charénel th_rough 2n emission frofie (direct

The excitation energy of the projectile prior to breakupPréakup of the°C projectile may occur but the phase space
was reconstructed by measuring the relative energy betwedf" this is very small. The associated excitation energy spec-
the breakup particles and where the excitation endgyis  rum for this channel is shown in Fig(12).

given byE, =Eeqt 1/2lwr2e|- whereE,,..is the threshold Only one channel showed any significant structure in the

for the decay processe.g., in C—1%Be+%He, Eyeen fxcita}ltion energy spectrum and that corresponds to that for
=16.505 MeVj, u is the reduced mass of the system, apg He+"He comc_ldences. Figure 3 shows the t(_)tal_ energy
is the relative velocity of the breakup particles. However, jrSpectrum for this channel. Here the total enefgy, IS given
is also possible to reconstruct the excitation energy of a prot-’y Eal+sz+Efe°9” and Eyor=Epeani* Qs, where Q; is the
jectilelike nucleus which is excited above the cluster breakuphree-body reaction Q value anBec has been recon-
threshold, after neutroror protor) emission/transfer from s_tructed frc_)m momentum conservation. In the* case of inelas-
the projectile. This is discussed in more detail4n6]. tic scattering followed by the breakup dfC" into “He
Reconstruction of thé’Be+°He decay channel produced

little yield in the excitation energy spectrum as shown in Fig. 0

2(a). However, knowledge of the efficiency, target thickness, 351

and number of beam nucléneasured using a PPAC at the 5 30T

entrance of the reaction chambejave a cross section for 2 55}

this channel of 20@90) wb. This compares with previously g

measured cross sections of 129) ub for the 'Beys 2 201

+°He, s channel[9] at an energy of 31.4 MeV/A. The differ- 351

ence in these measurements may be ascribed to the fact that 101

in the latter experiment, only yield in the vicinity of the s}

beam energy less the reaction Q value was selected for the .

calculation of the cross section. No coincidences for the 90 200 400 500 600
8Li+8Li breakup of the projectile were observed.

In the majority of channels, no significant structure was
seen in the excitation energy spectra. In most cases this is a FIG. 3. Total energy spectrum for théHe+*He breakup
reflection of the very small cross sections involved. How-channel.

Total Energy (MeV)
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40 TABLE |. Cross sections for the reactions with tH&€ beam.
351  Be0") The*Li+YBe, *He+'Be, *Li+’Li, *He+Li, and "He+'He channels
a0l : were measured by coincident detection of the two charged frag-
E ’?9(5’27‘ ments, while the cross sections for th@+1n channels were mea-
g 7 Bf(a’) sured by detecting the fragment and the single neutron in coinci-
g 201 dence. Upper limits are given for channels were no yield was seen
2 sl after background subtraction.
3
Q
© 107 Channel  a(b) Channel a(b)
° o P “C+in 0.0960.01)  °Li+°He <70x10°®
270 2 4 6 & 10 12 ¥C+1n 0.0940.011) OLi+%He 200190 x 1076
Excitation Energy (MeV) Bc+1n 0.0380.004 SLi+“He 0.0020.001)

FIG. 4. The excitation energy spectrum corresponding tax ~C+in 0.0110.00% i+ L <70x10°°
coincidences. The peaks at100 keV and~3 MeV correspond to 1zBe+;°Be =70x 10: :L!Jr ;L! 550(360 x 1(TZ
decays to the ground and &tates ofBe. The peak at-800 keV is Be+Be <70x10° Li+°Li 140(150 < 10°
produced by the decay of the 2.43 Mé¥/2) state in’Be to the  '%Be+Li  <70x 107 8Li+®He <70x 1076
low-energy tail of the 2 state in®Be. 0Be+8Li  <70x10° 8Li+He 480330 x 10°®

. _ _ _ %Be+'Li  70(100x10°  Li+“He 0.0100.003
+"He where both the target and the recoil are in their groundoge 46, ;  <70x 107 TLi+ 7L 680(420) X 1076
siotes, Yeld would e 1 e eGnCOONEN: WG Do Mheste <t0xaot el 0610 <0°

. 6 7y :.8
clearly shows that this is not the case and would indicate th%Be+4He 2041190 X 10°° 7L!+ 6He 340270 x 10°°
a more complex reaction is taking place where it is possible B€+ He 0.01%0.009 Li+ He 0.0010.009
that both ejectile and the target recoil do not stay intact.Be+Be  <70x10° "Li+*He 0.0320.008
Figure 4 shows the associated excitation energy spectrum féBe+°Li ~ <70x10°° OLi+OLi <70x10°°
the*He+*He channel. Both the ground state and thé206  °Be+8Li  <70x10°® 8Li+®He 410300 x 1076
MeV) state in®Be are populated along with a peak at9ge+7L 270(230 X 108  SLi+%He 344270 X 1078
~800 keV. This is not a state ﬁBe, but is consistent With  9ge46; 70100 x 10 SLi+*He 0.0120.004
th% deca;r/] pLochessgroceedlhng wr; trrn]eﬂlsqz43 MeV) stlat(fe A %Be+PHe 70100 x10°°  BHe+He 144150 X 107
in “Be, which then decays through the low-energy tail of the,_~ ¢ 81 .6
®Be, 2 [4,6,11,12. From this observation, a lower limit of gBe+4He 414300 x 10°° 8He+4He 820480 > 10°°
the cross section t8Be can be found. Be+He  0.0130.004 He+"He 0.00%0.00

Cross sections for all the decay channels studied are liste@i* °Li <70x10°° ®He +°He 750450 X 107
in Table I. Coincidences between thregarticles were also OLi+8Li <70x10°® ®He +*He 0.0100.003
reconstructed, however no yield was seen in this channel, i+ "Li <70x 1076 ‘He+*He 0.1310.025
any other three-body cluster decay channels in these datd.j+ 6| <70x 1078 He+*He+%He <105x 1076

The uncertainties quoted are purely statistical. Systematic et
rors in the determination of the cross section come from the
uncertainty in the nature of the angular distributions used ilPA—-Xn channel should be reduced by a fackrHowever,
the Monte Carlo simulations. These are estimated to b¢he neutron angular distributions vary at each decay step,
~20%. Cross sections for the emission of neutrons from thand, moreover, the multiplicity of the emitted neutrons does
carbon isotopes were measured by detecting a carbomot necessarily equal the number of missing neutrons, with
nucleus in coincidence with a single neutron and then fittinghe possibility of projectile neutrons interacting strongly with
the neutron angular distribution with a Lorentzian line shapehe targetf{16]. For the sake of comparison with the cluster
and integrating over the angular range. This is further debreakup cross section, the neutron removal cross sections
scribed in[4,6]. A background subtraction was performed have been normalized at each step by dividingXoyFrom
using data from a target out run. A one-neutron removaFig. 5, it is seen that the neutron removal cross section
cross section of 981) mb was measured for the decay of steadily decreases over each step. It is also the dominant
18C. This is in very good agreement, along with the two-decay process over the first two steps, i.e., the decay of nu-
neutron removal cross section of(24) mb, with previous clei with A=16 and 15. However, unlike the breakup of the
measurementfl3—13, although the present data have beenBe isotopes and’B measured irj4,6], the neutron decay is
measured at a lower energy. not the dominant decay over all steps. The measured cross
Figure 5 shows th&C+1n and cluster breakup cross sec-sections indicate that the decay’6€ is more likely to pro-
tions versus mass of the detected fragment. The measureeed via cluster breakup than by neutron emission. This
ment of the multineutron removal channels via the coinci-could be associated with a large neutron separation energy
dent detection of a charged particle and a single neutrofor *C of 8.2 MeV along with thé*C being able to decay
presents the advantage that the detection efficiency is nahrough several two-body breakup channels.
prohibitively small. In this case, the true cross section for the For the cluster breakup of the C, B, and Be fragments, the
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FIG. 5. *B+1n cross sectiongsquares and cluster breakup FIG. 7. Plot of Ifo) versus the decay-energy threshold in the

8 .
cross sections from Qriangley, B (circles, and Be(diamondg ~ compound nu_cleu% Mg. The squares show te cross sections.
versus the mass of the decay fragment for i@ beam. The neu- The breakup intdBe +'Li is indicated by crossesBe+'He is in-
) . My < .

tron removal channels are normalized by dividing by the differenceficated by triangles;Li+’Li is indicated by deltaf, Li+"He is
in the number of neutrons between the observed fragment and t{Rdicated by circles, and diamonds representte+'He breakup.
projectile. Closed symbols represent lower limits. The horizontal line represents the range in energy for channels

where only an upper limit in the cross section could be found.

cross sections steadily increase with decreasing mass. This,is

; . . . % There does seem to be a correlation for the neutron re-
consistent with the cross section/mass systematics seen with SRR )
beams of%111218¢ [4] and 4B [6]. The majority of the moval cross section; this is seen to have an exponential

summed total cluster breakup cross section55% or trend. There is, however, little correlation between threshold
0.13%0.025 b, is associated with théHe+*He channel, energy and cluster breakup cross sections. Indeed, the cluster

which was also seen if4,6]. However, it should be noted decay channel with the highest cross section is tHe

s . J4He channel, which has the highest decay threshold. Even
that only a lower limit in the cross section could be measure ; . : .
if this channel is produced by a series of sequential decays

;%rotltllz gzcgz ti?: dand S0 an increase in this cross sectlon(e.g” two-proton emission fronfC to 1*Be followed by six-
The decaypproceés for example via fhie-+*He channel neutron decay t8Be), the'®C must be excited to 54.34 MeV

could be reached by several different reaction mechanismgnd thus make it unfavored over the two-body detBe

-6 .
These could range from a direct reaction mechanism He, which has a decay threshold of 16.51 MeV. The phase

whereby the'®C is excited to an unbound state above theSPace(4,6,17-19 for multiparticle decays is also highly con-

decay threshold, to a single-step decay from the compositStrained compared to that of two-body cluster breakup. It is
system formed ,by the projectile and targ@n this case therefore unlikely that théHe +*He channel is populated via

28Mg). It is also possible that each channel may be fed by the inelastic excitation of the beam to unbound states above

: e decay threshold for this channel. It could also be possible
sequence of de;ca){s from unbound states in the deqay fragﬁat the*He +*He channel is populated after proton transfer
ments. Plotted in Fig. 6 are the measured cross sections ver

sus the decay threshold 1fC to the channels listed in Table rom the projectile, however this would mean that all other
favorable decay channels, i.e., those with lower decay thresh-

0 olds, must be suppressed.
It is possible that higher-order mechanisms play a part in
-2t ° the reaction process. Figure 7 shows a plot of cross section
ﬁﬁ o versus decay threshold for each channel from the composite
41 5% = o 0 system(e.qg.,”*Mg — Be +°He +1C; Eyesi=45.22 MeV or

5 s Mg —1C+1%C; Egesi=28.017 MeVj. In all cases the
? 5 thresholds have been calculated assuming that all possible
ol % pes % §§§ excess neutrons and protons in the reaction have been carried
} %} off by the undetected charged particle. Figure 7 shows that
~104 113 ! there is now a correlation between the cross section and the
threshold energy for most of the reaction channels, including
-12 t t t ‘ ; that for “He+*He. Indeed, decay for a composite state may
0 10 20 30 40 50 60 . .
now explain how th&Be may be populated without the need
Epracns (MeV) . . .
for the suppression of other more likely reaction channels
FIG. 6. Plot of Ir{o) versus the decay-energy threshold in the @nd why the excitation energy spectrum has no large contri-
projectile nucleud®C. The squares show tHE +1n cross sections. bution from a+a+X decay for nuclei other tha¥Be, that is
The breakup intd'Be+YHe is indicated by trianglesLi+Li is to say that théBe nucleus is produced directly and there are
indicated by deltas'Li+YHe is indicated by circles, and diamonds few a-« coincidences which arise from other sources.
represent théHe +'He breakup. The decay velocities of the breakup particles were mea-
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tion contribution to the reaction process in these cases. It is
also interesting to note that the two-body cluster breakup of
the 1°C beam does not seem to have an enhanced direct con-
tribution, which would indicate, from the AMD calculations
2 of Takemoto[3], that the ground state ¢fC does not have a
8,1 % § strong cluster structure. This would be in agreement with the
4 3 AMD calculation of Kanada-En'yet al. [5].
%% %ﬁ In summary, measurements of the breakup'%f have
been made at 46 MeV/A. The coincident detection of the
1L decay products allowed the excitation energies of the projec-
tilelike nuclei to be reconstructed. The excitation spectrum
R Fasy mase Pauy Fasy vas rey sag i for “He+*He decay offBe suggests that a large fraction of
Q.. (MeV) the reaction flux proceeds via the emission &8a nucleus.
Although little structure was seen in the excitation energy
FIG. 8. Plot of I{o) versus the reaction Q value for *4C spectra, in most channels the cross sections could be mea-
projectile and'’C target. The squares show tf@ cross sections. sured. The measured cross sections cannot be understood
The breakup intdBe+Li is indicated by crossesBe+'He is in-  entirely in terms of the direct breakup of the projectile
dicated by trianglesiLi+"Li is indicated by deltasLi+*He is  nucleus, however there appears to be a correlation between
indicated by circles, and diamonds represent‘the+'He breakup.  the cluster breakup channels and the decay thresholds in the
The horizontal line rgprfsgents the range.in energy for Chan“eléompound nuclear syste(ﬁeMg) and reaction Q value. The
where only an upper limit in the cross section could be found. g |acity distributions indicate that the dominant processes
o ) ) are quasielastic in nature. Enhancement of decay channels
sured. For lithium and helium isotopes, a large spread of hich occur after one- and two-proton emission suggests

velocities were measured ranging between the beam velocifyat there may be some direct contribution to these reactions,
and the center-of-mass velocity, which suggests, like thosg,\ever these results also indicate tHa does not have a

measured in6], that the reaction mechanism may be quasi-ye|| developed cluster structure in its ground state, in agree-
elastic, i.e., there may be some exchange of nucleons bjant with AMD calculationd7].

tween target and projectile. Thus, the cross sections have

been plotted against the reaction Q value in Fig. 8. In both The authors are grateful to the technical and operations
Figs. 7 and 8, there are some data points which seem to listaff of LPC and GANIL for help in preparing and perform-
off the general trend of the data. These are related to thimg the experiments described here. This work was funded by
8He+Li and ®He +°Li decay after one-proton removdHe  the EPSRQUK) and the IN2P3-CNR$Francg. Additional

+8Li after deuteron removal, and most notably tfide  support was provided by the Human Capital and Mobility
+®He decay of'“Be after two-proton removal. These would Program of the European Communi@@ontract No. CHGE-
suggest that, as one may expect, there is a large direct reaCT94-0056.

-107 !

[1] H. Horiuchi, Proceedings of the 7th International Conference [8] W. von Oertzen, Z. Phys. 857, 355(1997).
on “Clustering Aspects of Nuclear Structure and Dynamics” [9] P. J. Leaslet al, J. Phys. G27, 9 (2001).

(World Scientific, Singapore, 20§0p. 405. [10] B. J. Greenhalglet al, Phys. Rev. C66, 027302(2002.
[2] Y. Kanada-En’yo and H. Horiuchi, PhyS. Rev. 62, 647 [11] Y. S. Chenet al,, Nucl. PhyS.Al46, 136 (197Q

; (H19$5)|-( " Horiuchi. and A Ono. Phve. R [12] S. Ahmedet al, Phys. Rev. C69, 024303(2004.
3] o 46‘15?2“(;’;%’ - Horiuchi, and A. Ono, Phys. Rev. @, .15 £ gayvaret al, Phys. Rev. C69, 044603(2004).
[4] N. 1. Ashwoodet al, Phys. Lett. B580, 129(2004. [14] V. Maddalenaet al., Phys. Rev. C63, 024613(2001).
[5] Y. Kanada-En'yo and H. Horiuchi, Phys. Rev. €8, 014319  [15] T. Yamaguchiet al, Nucl. Phys.A724, 3 (2003.
(2003. [16] M. Labicheet al, Phys. Rev. Lett.86, 600 (2001).
[6] N. I. Ashwoodet al, Phys. Rev. C70, 024608(2004 [17] E. Fermi, Prog. Theor. Phys, 1570(1950.
[7] Y. Kanada-En’yo and H. Horiuchi, Prog. Theor. Phys. Suppl.[18] M. Kretschmar, Annu. Rev. Nucl. Scil1, 1 (1961).
142, 205(2002D. [19] M. Epherre and E. Gradsztajn, Rev. Phys. A8, 48(1967).

064607-5



