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Excitation function measurements for the 2C(?°Ne,?C[05 ])*°Ne reaction
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An excitation function for the?C(**Ne,*2C[ 0, ])*°Ne reaction was measured over the energy rdfgg
=22.5-31.9 MeV. An enhancement in the cross section was observed bdfygen?24.5 and 26.5 MeV in
both the Y2C(0;) +2°Ne(g.s.) and*®C(0;)+2°Ne(2%) exit channels. Oscillatory angular distributions were
observed aE. ,,=25.24, 26.56, 28.50, and 30.44 MeV and the range of dominant angular momenta involved
at these energies was found to be centered dn1#,16%, and 17, respectively. Excitation functions were
also measured for th&?C(?™Ne,'2C[371)2%Ne* reaction. For the'’C(*Ne,'2C[05 ])?°Ne reaction the data
were well described by the results of coupled channel calculati@¥556-28189)07702-X

PACS numbg(s): 25.70.Ef, 21.60.Gx, 27.36t, 27.20+n

[. INTRODUCTION reaction was performed by Freet al. [11]. Some of the
resonances that were observed in the breakup’®f into
Clustering in light alpha-conjugate nuclei has seen refour « particles also could be linked with the decay of a
newed interest in recent years, in particular with the possideformed®0 configuration.
bility of highly deformed structures appearing at large exci- Interestingly, an investigation of the inelastic scattering
tation energies. The most deformed type of cluster structurgeaction *2C(*2C,*2C[0; ])**C[ 0, ] by Wuosmazet al. [12]
predicted to exist are linear chain states constructed fromevealed a single broad peak in the measured excitation func-
alpha particles. These structures have been predicted by, f@on. This peak was~4.7 MeV wide and centered &,
example, the alpha-cluster modeACM) calculations of =46.4 MeV, close to the predicted energy of the &6-
Marsh and Ra¢1] and Nilsson-Strutinsky potential energy chain state i*“Mg [1]. Resonance phenomena are typically
calculations of Leander and Larssf2|. In the latter case observed in reactions in which the entrance and exit channel
such structures are stabilized by a microscopic shellgrazing angular momenta are well matched; for the above
correction energy term, creating a pocket in the potentiateaction the mismatch is#6 It has been suggested that this
energy of the system. mismatch is overcome since the final state nuclei are pro-
There is also some experimental evidence for the exisguced in the highly deformed®Q 7.65 MeV statd12], fur-
tence of such highly deformed states in the lighter alphather indicating a connection of the resonance with an ex-
conjugate nuclei. The ground state 8Be has long been tended configuration. Alternative explanations of this
considered to be a linear chain of two alpha parti€8sFor  pehavior in terms of direct reaction processes have also been
C the G, state atE,=7.65 MeV has historically been suggested13—15. A subsequent search for a&hain state
linked with a linear chain of three alpha particle3,4],  has also failed to provide evidence for such a staté®gi
though the structure has also been suggested to be that ogound the energy region predicted by the ACM calculations
slightly bent chain or extended isosceles triari§e8]. For  [16].
180 an excitation function for thé*C(a,®Be)?Be reaction Although definitive conclusions are difficult concerning
measured by Chevallieget al. [9] revealed several narrow the existence of these chain states without the observation of
resonances over the range of excitation energigs0) the y-ray emission from the intraband transitions, it does
=17-21 MeV, which had large partial widths for the decayappear that the'®0,4a chain may represent the limit to
of 80 into ®Be+®Be. From the spins that were assigned towhich it is possible to find these extreme structures. The
these resonances, it was suggested that they were membetability of such a structure relies upon a significant shell-
of a rotational band that possessed a large moment of inerti@prrection energy to create a pocket in the nuclear potential,
consistent with a configuration comprising a linear chain ofand this correction diminishes with increasing deformation.
four alpha particles. Amelsl0] observed similar resonances However, less extreme but still highly deformed structures
in a+%C scattering measurements, where #€ was ex- may survive. For example, ACM calculations by Zhang,
cited to the § state. As this state if°C is considered to Merchant, and RagL7] predict a highly deformea-cluster
possess an extended alpha cluster structure, these resonanstescture in®?S at an excitation enerdy, ~45.5 MeV with a
may be the nonsymmetric decay of the four-alpha chain imrotational gradient ofi2/23= 34 keV/#2. These authors sug-
160. More recently, a measurement of theC(1%0,4a)%C  gest that this structure is based oR’Ae(g.s.}+ 3« configu-
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TABLE |. Distances of detectors from target and the central 250
angles of detectors.
0;
Distance from target ~ Center of detector 200t
Detector (mm) (degrees
1 202 15.0 w 150T
2 179 35.1 5 3
3 149 56.3 8
' 1001
4 201 21.3
5 179 41.4
6 151 65.1 50T /
ration, with an overlap witif°Ne+%C(0;), where the pro- 0 5 " 12
late deformation axis of the deforme®Ne nucleus is Excitation energy (MeV)

aligned with that of the?C chain structure. Leander and
Larsson[2] also find a minimum in their Nilsson-Strutinsky FIG. 1. Reconstructed excitation energy of th€* nucleus
calculations for3?S that would correspond to this structure. from the 3« decay.

A previous measurement of the elastic and inelastic
(*%C[2%],°Ne[ 2" and 4']) scattering of ?Ne from '%C,  of ?°Ne from a%’Au target. In addition, two small silicon
by Shapiraet al. [18], revealed a small broad resonande ( detectors were placed #,,=8.8° to measure the elastic
~1 MeV) at E.,~27.8 MeV [E,(%°S)=46.7 MeV|. This  scattering yields and the beam energy. A Faraday cup was
resonance is close to the energy at which ACM calculationsised to measure the integrated beam current.
predict this highly deformed state to exist. If this is the case,
then the resonance should be enhanced in #ide . RESULTS.

+12C(05) exit channel. This paper describes a measurement S o
of the 12C(®Ne,’’C[05 ])®Ne reaction cross section over  FOr events in which there were a total of three hits in the

the relevant energy range. three detectors on either side of the beam axis, the momen-
tum of each particle was deduced from the recorded energy

Il. EXPERIMENTAL DETAILS 20

The experiment was performed using the ATLAS facility 181 @ gf i 4l
at the Argonne National Laboratory. A 4—8 prtA&Ne beam 161
was used to bombard a 3ig/cn? carbon foil. An excitation 141
function was measured over the energy ranBeg,, 10l
=22.5-31.9 MeV, with steps of approximatehE. ,,=0.5 2
MeV. The 2C(0J) state is unbound to decay with respect to 3"
8Be+ a; so the measurement of tH@Ne+12C(0;) channel 8T
involves the detection of all three particles from the'’C 6t
decay. An array of six double-sided silicon strip detectors a1
(DSSSD’Y, each 2500 min area and 50Qum thick, was N
used for the experiment, with three detectors placed on either ,ﬁ . ﬂl‘l i
side of the beam. All detector faces possessed 16 strips each 0 . . '
3 mm wide with the direction of the strips on the front and ®) gs 2 4
back faces mutually perpendicular. Such detectors are ideal 107 Lo !
for breakup reactions, as the detection of multiparticle events
within a single detector as well as between different detec- 8T
tors is possibld19]. The detectors had front and back face 2
energy thresholds of 3.7 MeV and 2.4 MeV, respectively, § 6
and energy resolutions of 200 keV. The resolution with
which it was possible to associate events in strips on both 4T
detector faces, and thus infer the emission angle for multiple
hits, was thus-250 keV. The angular resolution was limited 27
by the angle subtended by one 3 mm square “pixel,” which -| Hh-”]‘ 110
was typically A 6,,~1°. Table | lists the distances of the 0_5 8 . : 15

detectors from the target and their angles. The strip detectors
were positioned so as to cover the center-of-mass range
18°< 6, ,<155° for the *?C(**Ne,**C[0; ])*°Ne reaction. FIG. 2. Excitation energy spectrum for the undeteci®¢e after
The energy calibration of the detectors was performed usingating on the(a) '2C(0;) state and(b) *2C(37) state, Epeam
sequentiaky decays of a?®Th source and elastic scattering =74.4 MeV.

Excitation energy of “Ne (MeV)
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FIG. 3. Excitation function for the reactio®C(**Ne!*C[0;])®*°Ne*. The cross sections have been summed across the gange
=100°-140°. The dashed line is the calculated detection efficiency. The arrows indicate the energies where the angular distributions were
determined.

and position, assuming that the three particles wite nu-  decay compared to that for the Gstate, which leads to an
clei produced from the decay of théC nucleus. The exci- increased uncertainty in the reconstructed excitation energy.
tation energy of the'?C* nucleus was calculated using the The background in this spectrum originates from events in

relationship which either one of the three alpha particles has been misi-
dentified or from 3r coincidences which do not arise from
o P(tcr)2 2 the decay of'’C.
Ex(1C*)=7.2- eriZl Ei(a) (MeV), (1) Using software gates to select only one of the states ob-

served in Fig. 1, and applying the principles of conservation
where P(2C*) was calculated from the momentum of the of .momze(z)ntum and energy, the energy of the undetectgd re-
three alpha particles. A typicaPC excitation energy spec- coiling “Ne nuclegs was deduced, and hence the reaQion
trum is shown in Fig. 1. Two excited states can be identifiedValue was determined:

the 0y, 7.65 MeV state[full width at half maximum

(FWHM) = 0.2 MeV] and the 3, 9.63 MeV statd FWHM (Poearn—P12.) 2
= 1 MeV). The difference in resolution is due to the larger o = —2c’
opening angle of the three alpha particles emitted in the 3 e 2XMpe

@
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FIG. 4. Excitation function for the reactiofC(*°Ne2C[37])?°Ne*. The cross sections have been summed across the range
=100°-140°. The dashed line is the calculated detection efficiency.

®) Monte Carlo calculation, which simulated the response of the
detection system to the @-decay of the?C nucleus. The

A representativeQ-value spectrum appears in Fig. 2. cod(_a determined the efficiency +of de_tect_ing the_ three alpha
Three members of th&Ne ground state rotational band are Particles from the decay of*C(0;) using isotropic center-
observed, which are the’0(0.00 MeV), 2* (1.63 MeV), and  Of-mass angular distributions for thé’‘C—°®Be+a and
4" (4.24 Me\) states. 8Be— a+ a reactions, and a 1/ sihdistribution (where# is

For each of these three states, differential cross sectiorf§e emission angle in thé’C center-of-mass systgmvas
were calculated at each energy in order to construct excitadsed to approximate the nonisotropic decay of thesgate.
tion functions. The normalization of these data was per-The resulting detection efficiency is shown as the dash curve
formed using integrated beam current. The accuracy of thié Figs. 3 and 4 for the reactionSC(*Ne,'*C[0; ])*°Ne*
normalization was verified using the monitor detectors andind *C(**Ne,*C[37])®Ne*, respectively.
12C+29Ne elastic scattering yields, which also confirmed The excitation functions for thé2C(0;) +2°Ne channels
that the thickness of the target did not significantly changeshow evidence for some structure, particularly in the
during the experiment. The cross sections, which are showA’Ne(g.s.) and®®Ne(2") yields. A significant enhancement
in Figs. 3 and 4, were corrected for thea3detection effi-  in cross section is observed betwden,, =24.5-26.5 MeV
ciency. The detection efficiencies were determined using &lmost a factor of 5 higher than the yield at neighboring

Qualue™ E12C+ EZONe_ Ebeam-
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energiep and this structure appears to be correlated between E  _o52MeV Wo125 MeV
the 1°C(0,) +2°Ne(g.s.) and**C(0;)+2Ne(2") channels. o
A small peak also appearsBg ,,~28.5 MeV which may be
associated with a resonance that had been observed in the
inelastic scattering measurements of Shapitaal. [18].
There is also some indication of an increase in the cross
section, particularly in thé?C(0;) +2°Ne(2") reaction, be-
tweenE. ,=30 and 32 MeV. FolE;,<25 MeV the 3

state could not be clearly identified. The measured
12C(37) +?Ne excitation functions do not exhibit the same
structure that was observed in thg @hannels. It should be
noted, however, that the yield is rising in the 32°Ne re-
actions at approximately the same energy as that for the
12C(05) excitation. There is possible evidence for a broad
peak centered & ,,~28 MeV as observed in the;Ochan-

nels; however, this is wider than the one observed in the
12C(0;)+?Ne(g.s.) and '*C(0;)+?°Ne(2") excitation
functions and is thus likely to be unrelated.

In the *2C(*°Ne,'2C[0; 1)*°Ne(g.s.) reaction, all of the
particles in the entrance and exit channels have zero spin; so
the angular distributions of the reaction products are charac-
terized by the angular momentum of tféS center-of-mass
system and may be used to indicate resonant behavior. The
angular distributions for the'C(05)+2Ne(g.s.) channel 02
are shown in Fig. 5. These cross sections have been corrected 0.1
for the detection efficiency evaluated using the Monte Carlo
simulation of the reaction and detection processes, where the
efficiency was calculated as a function of tHéC(0;) 05
center-of-mass emission angle. The errors shown are statis-
tical; the magnitude of the systematic uncertainty of the
Monte Carlo calculation is estimated to be 30%. Periodic 03
oscillatory structure, indicative of a single dominant partial

0.6
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0.2

0.0

0.5
0.4

Differential Cross Section (ub /sr)
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0.0

0.4

wave, was observed at four particular energigs,,=25.2, 0.2

26.5, 28.8, and 30.4 MeV. At other energies the angular 0.1

distributions exhibited irregular structure, suggesting contri- s T

butions from many angular momenta. Interestingly, these 0.0 80 90 100 110 120 130 140 150
four energies also correspond to the appearance of structures

in the excitation function and thus would be candidates for Center of Mass Scattering Angle (Degrees)

resonances. However, it is noteworthy that although the de- FIG. 5. Anaular distribut laid with th lculated
tectors span the center-of-mass angular interval 18°—155° - 2. Anguiar distributions overlaid with the calculate

coupled channels cross sections. The value of the imaginary poten-

the data are limited to only 80°—155° despite the detectmqial is indicated for each case.

efficiency being largest over the region of smaller center-of-

mass scattering a_ngles. Th'.s |nd|_cat(_as that _;r?e magnitude ﬂ];ents. Table Il lists the center-of-mass energies and deduced
the reaction yield is decreasing with increasmble scatter- angular momenta of these structures observed in the various
ing angle. Although the angular distributions show OSC'”a'reactions leading to 42C+2Ne final state. The reactions
tory structure possibly characteristic of a squared Legendr cluded are™®0(10,12C)2%Ne [20,21] 160(1'60 120+ ) 20Ne
polynomial, the cross section falls off more rapidly than [22], and 22C(®Ne 12&:)2°Ne[23 1aj T,he corres,ponding ox-
1/sing, indicating that several partial waves are contributing.ci,[at’ion energy of,thegzs compé)un.d nucleus is also shown

Thu; the oscillatory behavior Is difiractive in origin_ and doesThe table indicates that a number of resonancelike structures
not indicate the presence of resonances. The limited anguI%r

. 7~ have been observed in this region of excitation energy for
coverage of the data does not enable us to uniquely assignag Apart from two of the angular momenta measured by

grazing partial wave, the competing possibilities differing byFord etal.[23], =14 atE,.=27.9 MeV andl =15% at
. y - C.m‘_ . -

three units. The data indicate dominant partial waves cenI-Ecmz27 2 MevV, the other measurements appear to be
tf;e: Zor':/lter:/e ({cili\ﬁlllf%)s egléesncl\f/leecJ ?{‘E%Tg; mZ%msem,Q_/ largely consistent in terms _of the sequence of _energies and
(16/i%) and 30.4 Me\; (17'/2@) T angular momenta. It is difficult to identify precisely struc-

' ' ' tures in these data which can be related to those in the
present measurements, and this is made more difficult as it is
not possible to assign precise values of angular momenta to

The present data for th&C(0,)+%’Ne(g.s.) final state the present data. Figure 6 presents a comparison of measured
have been compared with the results of previous measurenergies and spins from Table Il with ti&Ne+ °C grazing

IV. DISCUSSION
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TABLE II. Excitation energies and angular momenta from pre- TABLE lll. Potential parameters used in coupled channel and
vious measurements compared with those from the present data.optical model calculations.

Reaction Ref. E.n/MeV Ex(®2S)/MeV | \% r a, W r, a
Potential MeV fm fm MeV fm fm
160(%%02C)*Ne [19] 23.0 39.5 16 (MeV) (m) (m) Mev) (m) (m)
26.5 43.0 18  Present work 175 0.775 0.924 15.0 1.107 0.85
160(*%0,12C)*Ne [20] 26 43

and the grazing angular momentum trajectory. Furthermore,

30 47 L L7 .
the present data also show a similar trend in increasing an-
160(180 12C*)2Ne [21] 275 44.0 18 gular momentum with _center-of-mass energy as t_h_e grazing
390 48.5 20 angular momentum trajectory. This featL_Jrez in {iddltl(_)n to the
forward-peaked nature of the angular distributions, indicates
120 (2Ne 12C)Ne 2] 21 38 4034 that thg reaction cross s.ectipn i§ dominated by direct inelastic
' : : scattering. The dotted line in Fig. 6 shows the ACM calcu-
23.63 42.59 lations of the deformed®®S structure corresponding to the
27.23 46.19 15 aligned 2C(05) + ®Ne configuratior{17]. Clearly the rota-
27.75 46.70 14" tional behavior of this structure is not reproduced by the
28.20 47.16 19 present data.
o 20n 1 1220 In order'to co'nfirm the assumption that the data are domi-
’C(*°Ne,"*C)*Ne [17] 27.75 46.72 nated by direct inelastic scattering, coupled channel calcula-
tions were performed using the coupled channels reaction
’C(*°Ne,'*C[0,])*Ne Present  25.24 4421  14/17 model codecHUCK97[26]. In these calculations th¥C and
work  26.56 45.53 15/18 2%Ne ground states were coupled to the @.43 MeV), 0,
28.81 47.78 16/19 (7.65 Me\), and 3~ (9.63 Me\) states in*°C and the 2
30.44 49.41  17/20 (1.63 MeV) state in’°Ne; this coupling scheme is illustrated

in Fig. 7. The optical potential parameters used in these cal-
) ) . culations are those shown in Table Ill, with deformation
angular momenta calculated using the optical madelid  |engths listed in Table IV from Ref25]. The strength of the

line) [24]. The optical model parameters were adapted frommaginary potential was assumed to be energy dependent
Ref.[25], and are shown in Table Ill. For the present analy-yith scaling:
5

sis, the imaginary potential was decreased from 23.9 to 1

MeV in order to account for the lower absorption as the W=11.5+(E.,—22.5X%0.43 (MeV). (4)
center-of-mass energy was reduced from 146.3 Ma¥in

Ref [25]) to ~30 MeV. There is good agreement betweenThe results of these calculations are compared to the experi-

most of the previously observed excitation function peakgnental angular distributions in Fig. 5. The calculations re-
produce many of the features of the measured distributions

60 including the magnitude and phase over the interval
o pea T Messuement 100°-140°. For angles larger than 140° the experimental
v singh ” measurements are affected by the changing detection effi-
554 % ciency profile which decreases rapidly in this region, 150°
; 12C 3_
[h] Ii):|
S 50T
2
& 2coh
[11]
451 ]
v
12 20
ce* Ne(2*
401 v ‘( ) ( .

I (1)

FIG. 6. Comparison of present data with that from previous
measurements; see Table Il. The symbols in the key indicate the
different authors, and the curves are results of the theoretical calcu-
lations described in the text. The dotted line shows the result of Z0+) P Ne (0%)

ACM calculations[17] and the solid line shows the calculation of
the grazing angular momentum using the modified Bohlen param- FIG. 7. The coupling scheme used in the coupled channel cal-
eters[25] with W = 15 MeV. culations.

12 C(2+

20 Ne (2+ )
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TABLE IV. Deformation lengths used in the coupled channel
calculations.

Coupling Deformation lengtfifm)

g.s.—?Ne(2%)

20Ne(27)—2Ne(2h) 1.365
120(2+)_)20Ne(2+)

g.s.—C(2%)

g2y - 12c(2Y) —1.465
ZONe(2+) —>12C(2+)

2c(2%)—12C(03) —-0.279 0
WNe(2)—12C(05)

25 30
Center of Mass Energy (MeV)

. . ) , FIG. 8. The 2C(®**Ne?C[05])?°Ne(g.s.) reaction excitation
being the limit of observation. The reduced experlmentalfunction compared with the coupled channel calculatiteshed

cross section in this region is effected by the systematic Unjne) The experimental and theoretical cross sections have been
certainties in the Monte Carlo calculation of the detectionsymmed across the rande,, = 100°—140°.

efficiency which are sensitive to the precise angular accep-

tance and energy thresholds of the detectors. There is alsowgre able to reproduce many of the features of the mis-
departure of the calculated cross sections from the experiatched %C(*%C,'%C[0;])%C[0;] reaction using the
mental yields below-100°. We note that the present calcu- coupled channel approach.

lations are not fits to the experimental data, as owing to the

absence of elastic and inelastic scattering data in this energy V. CONCLUSIONS

region there are no tuned scattering potentials which may be I .
The present excitation function measurement of the

used to describe th&C+*Ne interaction. Instead, we have 2 (N6 120] 0 1)20 _
used potentials and deformation lengths scaled from those C(~ N&,“CL02 ])“Ne reaction over the center-of-mass en-

developed foE, = 146.3 MeV. The magnitude of the cross €9y intervalE.,=22.5-31.9 MeV shows some evidence
sections in Fig. 5 at smalletC(0;) center-of-mass emis- for broad structures. The angular distributions associated

; . i~ With these broad structures are oscillatory. The periodicity of
sion anglegcorresponding to larger center-of-mass emission o -
angles for the’®Ne nucleus is sensitive to the interference these distributions aEC.-m-_ 25.24, 26.56, 28.5, .and 30.44
between one- and two-step processes and analysis of coffleV can be characterized by a range of dominant angular

plete elastic and inelastic scattering measurements would omenta centered on_f14_115h,16h, and .1%’ respectlvely.
required to reproduce the data in this region. any of the characteristics of the experimental data, includ-

The calculated partial wave decomposition of the scatterid the energy and angular dependence, are well reproduced

ing amplitudes shows that the dominant partial wave in-by coupled channel calculations of the inelastic scattering

creases froml. =145 to 17 for E. . —25-30 MeV. The 'eaction ’C(*Ne,'’C[0;])*°Ne without the inclusion of
data for inelasltic scattering to tH@é?o;)JrzoNe final state  fesonances. The present measurement thus finds no evidence

are consistent with partial waves two to three units smallefor Proad €>1 MeV) features over the above energy region

than the grazing partial wave and consequently no evidence for a highly deformed
' 325 20Ne+ 3« cluster structure.

Figure 8 shows the energy dependence of the coupled
channel results for thé*C(0;) +?°Ne channeldashed ling
compared to the experimental data. The cross sections from
the coupled channel calculations were summed over the The authors would like to acknowledge the Engineering
range 100°-140°, to coincide with the range of the meaand Physical Sciences Research Council for financial sup-
sured angular distributions. The overall gross resonancelikport. The authors would also like to thank the ATLAS crew
structure atE.,,=24.5-26.5 MeV is reproduced, in both for providing the high quality’®Ne beams required for these
magnitude and width. Thé*C(**Ne,*?C[0; ])?°Ne inelastic measurements. The work of the Physics Division, Argonne
scattering reaction is mismatched by three units of angulaNational Laboratory is supported by the U.S. Department of
momentum and shows a particular sensitivity to otherEnergy, Nuclear Physics Division, under Contract No.
coupled reaction channels. Similarly, Hirabayastal. [13]  W-31-109-Eng-38.
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