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Reaction mechanism populating*?’C+1%0 breakup states in 28Si
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A measurement of thé?C+ 160 breakup of?%Si following ?*Mg scattering from targets of carbon, lithium
oxide, and beryllium has been performed. A study of the relative energy of the corréfatednd 0
fragments has allowed the excitation energy of state€3nto be determined. A comparison of the excitation
energy spectra irf®Si obtained from the three targets indicates that the same states are populated in the
12C(**Mg,1%Cct%0)8Be, “Li(%*Mg,'*Ct0)t, and °Be(**Mg,*?C'®0)°He reactions. The data support the hy-
pothesis that the reaction mechanism populating&@e+ %0 breakup states observed in these channels is
transfer, and rule out an alternative involving resonant, or “doorway,” states in‘4@e Mg compound
system.

PACS numbgs): 25.70.Hi, 27.30+t

I. INTRODUCTION a-cluster model calculations. The prolate structure seen in
the a-cluster model work and associated with the prolate
The near-symmetric fission 6fSi excited states intd’C ~ well in the Nilsson-Strutinsky calculations has *4Cg
and %0 nuclei has been observed in a number of experi-+ 1609,5, structure and it is suggestdd?2] that the higher
ments in recent yeafd—6]. The excitation energy spectrum members of the corresponding rotational band may be one of
of the paren®®Si nucleus, obtained from a study of the rela- the configurations populated in tHéC+*°0 elastic scatter-
tive energy of the correlate®?C and 160 fragmentg7], is  ing resonancefl3,14. This prolate well has also been sug-
seen to display discrete peaks in both tHE(®Ne’c ~ gested by Fr(leer E(Z belpolgulagted by the breakup states ob-
160)4He [4] and 2C(2'Mg, 2C1%0)8Be [1—3] reactions. Evi-  S€rved in the 2c( Mg, 2cle0) Be reaction[2]. However,
dence for thet?C+ %0 breakup of?%Si states has also been this association relies on a tentative spin assignment for the
seen in the'*0(1%0,12C1%0)*He reaction[6]. The 2C and breakup states and more definite assignments would be re-

160 breakup of?8Si may occur from states that are membersqu|red to enable a full comparison between the experimental

of one or more highly deformed rotational bands, as is théjata and the rotational band predicted for the prolate

: a-cluster configuration.
case in the™”C+™°C breakup of*Mg [8], and has been A" poreq egarlier, breakup states are observed in the
suggested to be the case in tH©+ %0 breakup of*?S[9]. 12C(2Ne 2CL80)*He [4] and 2C(2%Mg,2CL%0)Be [1-3)]
The breakup states i#fSi may also be expected to be closely reactions, although there does not appear to be an obvious
related to the resonances seerti@ and *°O scattering at or  gyerlap between the two sets. However, Beneetil. have
near Coulomb barrier energies, in analogy with the correreported that no evidence is found for the sequential breakup
spondence observed in tHéC+**C breakup of*Mg [10].  of 23Sj following the inelastic scattering of £Si beam in
The Nilsson-Strutinsky calculations of Leander and Lars-the '2C(?8Si,*2C'%0)*°C reaction[5], and this suggests that
son[11] predict several minima in the potential energy sur-particle transfer plays an important role in the formation of
face for 28Sj, calculated as a function of spheroidal deforma-the breakup states observed. Using the model of Hei/@8ly
tion parameters. In addition to the known oblate ground stat8ennettet al. [5] have shown that it is not possible fé¢Si
well, secondary minima also appear at triaxial, prolate, and & the (oblate ground state configuration to breakup into
second oblate deformation. Several quasistable configuraround state'’C and ®0 fragments. In this case it is not
tions have also been found in tkecluster model calcula- possible for the individual nucleons to rearrange themselves
tions of Zhanget al. [12], and a correspondence was notedfrom the single-particle shell model orbits of t&€Si ground
between the oblatéground stateand prolate configurations state to the single-particle orbits of the separgt@ and °0
found in the Nilsson-Strutinsky work and those found in thefragments. The*’C+ %0 breakup 0f?®Si is not forbidden by
the Harvey model, however, following, for example, an
transfer onto a®“Mg beam, as such a reaction is not re-
*Present address: Department of Physics, Florida State Univestricted to populating the?®Si ground state configuration.

sity, Tallahassee, FL 32306. Indeed, the?8Si states formed by combining?C and 0
"Present address: Department of Nuclear Physics, University dragments in the Harvey model have a four-particle—four-
Oxford, Keble Road, Oxford OX1 3RH, U.K. hole character. The model can therefore account for the ob-
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servation of 2®Si breakup in experiments usinfNe and  The silicon detector provided both position and energy infor-
Mg beams and the observed lack of breakup in themation, and when used in conjunction with the gas detector
2C(%8sij,12c1%0)%C channel. also provided AE-E particle identification. A 50 mm

In this paper we report on an experiment performed to<X50 mm Csl scintillator, 10 mm thick, was placed behind
investigate the possible-transfer mechanism populating the the silicon strip detector in order to veto light energetic par-
breakup states observed in th&C(**Mg,*2C'%0)®Be reac- ticles (typically « particles that passed through the silicon
tion. Studies of this channel and tHei( ?*Mg,*?C*%0)t and ~ detectors. These light particles could otherwise be mistaken

9Be(z“'Mg,]-ZC:I-GO)SHe reactions have been performed, usingfor heavy ion events if a heavy ion was Stopped simulta-
targets of'C,’Li, and °Be. The targets ofLi and °Be were ~ neously within the gas detector. These telescopes are an ex-
chosen as these nuclei are known to exhibit stromg-{)  tension of the gas-silicon hybrid detectors described previ-
and (a+ a+n) ground state cluster structures, respectivelyously by Curtiset al. [7]. The distance from the target to
(see, for example, Ref§16,17). They are therefore well each silicon detector was 170 mm, and the angular accep-
suited to the study of-transfer reactions. Experimentally, tance of each telescope was 87 msr. The beam exposures for
such a comparison between different targets is an attractid€ carbon, lithium oxide, and beryllium targets were 0.19,
method of studying the reaction mechanism. In this work thé-51, and 0.44 mC, respectively.

interest centers specifically on the breakup stated3m and

to “tag” their population requires the detection of the . RESULTS AND DISCUSSION

breakup fragments. With this extra requirement the measure-
ment of a conventional angular distribution for the primary
reaction becomes very difficult experimentally. In addition
the present approach automatically tests whethet4Bear-
get or the combined?C+?*Mg system has any special prop-
erties necessary to populate the breakup states.

Figure Xa) shows the spectrum of the total summed en-
ergy (Ey) for the three final fragments from the
" 12C(**Mg,*?Ct%0)®Be reaction. The kinetic energy of the
unobserved®Be was determined by applying momentum
conservation between th&Mg beam particle and the two
detected breakup fragments, assuming a three-body final
state[7]. The peak labele@qq in Fig. 1(a) corresponds to
events where all three exit channel particles are emitted in
The experiment employed a beam of 170 MéMg their ground states. Th@,,, peak therefore appears at a
ions, provided by the 14UD tandem accelerator of the Detotal energy value equal to the beam energy plus the three-
partment of Nuclear Physics at the Australian National Uni-body Q value (Qs) for the reaction(after allowances have
versity. The beam was incident separately upon targets dfeen made for the average energy loss of the beam particle
nominally 380 ug cm 2 natural carbon, 30Qug cm 2 and breakup fragments in the target For the
lithium oxide, and 350.g cm 2 natural beryllium. 12C(**Mg,*2C®0)®Be reactionQs;= —14.137 MeV. In ob-
The lithium oxide target was produced by evaporation oftaining Fig. 1a), a recoil mass of 8 units has been assumed.
the oxide onto a previously prepared thin carbon backingThe justification for this comes from Fig. 2 which shows the
The elemental composition of an identical target from themissing energy and the missing momentum of the unob-
same production batch was analyzed using Rutherford backerved recoil particle. The recoil energy is deduced from the
scattering(RBS) [18]. A beam of 1 Me\tH ions was pro- sum of the observed energies, whilst the momentum calcu-
vided by The University of Surrey lon Beam Facility, with lation relies on both the energy and position measurements.
the scattered'H ions being detected at 165° in a silicon The quantity plotted on the horizontal axis R,.,/2 and
surface barrier detector. The RBS analysis revealed a confience theQ q4 events appear as a line with a slope given by
position approximately consistent with LiGOwith a total — 1/Mcoi, Wherem.q is the recoil mass. The intercept of
thickness of 385ug cm 2 plus the 12 g cm 2 carbon this line on the vertical axis is equal @;, the three-body)
backing. The backing was clearly separated in the spectrumalue for the reaction. The diagonal solid line in Fig. 2 indi-
analysis. The remaining carbon was distributed uniformlycates the predicte@, locus for the'?C(**Mg,*?C'®0)®Be
through the target and is believed to be a consequence of tlieaction. The region of increased counts along this line, cor-
target fabrication process. The lithium thickness wasresponding to events falling under the peak labelgg, in
62 g cm 2. The RBS measurements are believed to havéig. 1(a), indicate that these events are indeed associated
an absolute uncertainty of less than 20%. with a mass 8 recoil. The events appearinggtvalues less
Coincident *2C and 0 nuclei from the breakup of the than that of theQ 444 P2k have a spectrum without any clear
excited 28Si nucleus were detected in two gas-silicon-narrow peaks, suggesting that they are dominated by events
scintillator hybrid detector telescopes placed horizontally orwhere the assumption of a three-body exit channel does not
either side of the beam axis and centred at laboratory anglé®ld.
of 16°. The first element of each hybrid telescope was a 50 After selecting events appearing in tlg 4 peak in the
mm deep longitudinal gas ionization chamber filled to 60E,, spectrum the excitation energy in the excité¥si
Torr with propane, which acted as\E detector. Behind this  nucleus may be determined by considering the relative en-
was a position sensitive silicon strip detector, comprised oergy of the 2C and '°0 breakup fragment7]. The excita-
16 independent horizontal strips fabricated onto a singleion energy spectrum for th&C(**Mg,*?C*%0)®Be channel
50 mmx50 mm silicon wafer, 500 microns thick. Each is shown in Fig. 8). In this spectrum a series of discrete
strip was 3 mm wide and position sensitive along its lengthpeaks may be observed at excitation energies of approxi-

Il. EXPERIMENTAL DETAILS
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16000 given in Table Il and has a value dfo/dQ,dQ,=(0.41
+0.05) mb sr2.

12000 During the analysis of the data shown in Figa)3it
has been assumed that the detecté@ and %0 nuclei
are fragments from the breakup d&fSi. Of course, the

1000 same final state particles may be produced in
both the ¥C(**Mg,?*Mg*)'*C,**Mg* —1%0+8Be and
12C(®*Mg,?°Ne* ) 1%0,2Ne* — 12C+8Be reactions. If such

QQQQ
i
0
1o 120 180 140 150 160 170 breakup occurred then the excitation energy spectrum recon-
Total Energy (MeV) structed between the detect®® nucleus and théBe recoil

FIG. 1. Total energy spectra fof{g, 2C%0) reactions on the May show structure corresponding to breakup from specific
carbon, lithium oxide, and beryllium targets. The insetaoshows ~ €xcited states if*Mg, as reported by Murgatroyet al. [19].
the limits of the software gate used to filter the data(dp the  Similarly, structure may be observed #iNe following **C
spectrum for the lithium oxide target is shown with a restriction -+ °Be reconstruction. Figure 4 shows a two-dimensional plot
placed on the recoil momentum, as described in the text. of the excitation energy as calculated assumiig+ €0

breakup of ?8Si against that calculated assuming tH©

mately 28.0, 29.8, 30.5, 31.4, 33.4, and 34.5 MeV. The mea+ ®Be breakup of*Mg. Although it is possible to see verti-
sured centroid energies are listed in Table | and compared tcal loci corresponding to the states seen in Fig) & this
a previous measuremef8]. The dashed line in Fig. (8 plot, there is no evidence for horizontal lo@orresponding
indicates the predicted coincidence detection efficiency obto *%0-+8Be breakup or diagonal loci(corresponding to the
tained from a Monte Carlo code that has been developed t&°C+8Be channel Therefore thel’C+1%0 excitation en-
simulate breakup reactiond0]. The peak detection effi- ergy spectrum shown in Fig(® does not appear to contain
ciency is 15.7%. In this simulation an exponential fall-off contamination from?*Mg or 2°Ne breakup. This is not sur-
has been assumed for the angular distribution of the initiaprising since in both of these possible contaminant channels
scattering, and an isotropic distribution is assumed for thehe coincident detection of both #C and an'®0O nucleus
breakup of the?®Si nucleus. At excitation energies below 26 would require that one of these detected particles was a
MeV the spectrum is suppressed by the proximity to thebreakup fragment from the excited resonant nucleus and that
Coulomb barrier between the breakup fragments. At higlthe other was the recoiling target like nucleus, which will
excitation energies there appears to be a reduction in dévave a very low energy. For both of these reaction channels
tected events due to a real fall-off in cross section with exthe energy of the recoil falls below the low-energy thresholds
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160 the reaction of interest. However, due to the composite na-
1of () 7C("Mg,"C "0)'Be 157% ture of the target, reactions involving tHéC and %0 target
- M ' nuclei are also present in Fig(k and give rise to the high
level of background underlying th@,44 peak. A clearer
selection of the events of interest is achieved by comparing
the missing energy and missing momentum of the unob-
served recoil particle, as shown in Fig. 5. The predicgg,
locus for the’Li(#*Mg,*?C %0)t channel is indicated by the
diagonal solid line. The region of increased counts along this
line, indicated by the bounded region, corresponds to the
Qggg €vents of interest. The figure shows that for these
events,P2_/2<7 MeV u, corresponding to triton recoil
energies less thar-2.3 MeV. Figure 1{c) shows theE,y
spectrum with this additional requirement on the recoil mo-
mentum, in which the background underlying Qg,, peak
is considerably reduced compared to that in Fig) Jand
reflects the true background level. Events falling within the
bounded region of Fig. 5 were selected for subsequent analy-
sis[equivalent to selecting the peak region in Fi¢c)]. The
excitation energy spectrum thus obtained is shown in Fig.
3(b), where the dashed line again indicates the Monte Carlo
predicted coincidence detection efficiency. Three distinct
peaks may be observed at excitation energies of approxi-
mately 28.3, 29.9, and 33.8 MeV, and these centroids are
compared in Table | with the energies observed for 1@
target data. The double differential cross section for the
Li(**Mg,*?C'0)t channel, averaged over the detector ac-
I S e~y e e ceptances igl?0/dQ,dQ,=(1.16+0.23) mb sr? (Table
Excitation Energy (MeV) II). The RBS value for the lithium content of the target has
been used. A study of the excitation energy reconstructed
FIG. 3. Excitation energy spectra for tHéC+*%0 breakup of  assuming'®C+ %0 breakup of?%Si plotted against that as-
?si from targets ofa) **C, (b) ‘Li, and (c) °Be. The Monte Carlo  suming 10+t breakup of*°F indicates that there is n&F
predicted efficiency profiles are indicated by the dashed lines. g 15N(12C+t) breakup contamination in Fig.(l9. This
analysis was similar to that shown in Fig. 4 for tH€ target
of the detector telescopés4 MeV for %C and 16 MeV for  data.
180) over the angular range covered (7.6° to 24.4° in the Figure Xd) shows the summed total energg,{) for the
laboratory. three final fragments from théBe(**Mg,?C*%0)°He reac-
Figure 1b) shows a spectrum of the total summed energytion, for which Q;=—9.239 MeV. The peak labeleQyq
(Ew for the 3*“Mg,2C®0) reaction on the LiCQtarget again corresponds to events in which all three particles are
reconstructed assuming a three-body final state and a masshitted in the ground state. Note that, althoughEhgreso-
recoil. For the 'Li(**Mg,*?C'®0O)t reaction, Q= lution is fundamentally limited by the width of the unbound
—9.239 MeV. The peak labele@, is thus consistent with SHe ground statél’=(0.68+0.03) MeV[20]], the limiting

Counts per Channel

| (b) 'Li*Mg,”C "o)t
e « 18.8%
—~

240

Counts per Channel

—— «—17.3%

Counts per Channel

TABLE I. Summary of the measured centroid energies of the states observed'#Cthé®0 breakup of
283, In the first column the results of a previous measurement by GGitisre shown.

1204, CH0)®Be  C(MMg,CFO)Be  Li(*Mg,CFO)t  °Be(*Mg,’Ci0)He

Curtis present work present work present work

Ex Ex Ex Ex

(MeV) (MeV) (MeV) (MeV)

28.22+0.03 28.03:0.02 28.3:0.02 28.35:0.01

30.03:0.03 29.810.01 29.94-0.01 30.0%0.01
30.48+0.01

31.29+0.10 31.44-0.05

33.43+0.04 33.3%0.01 33.7%0.02 33.7%0.01
34.50+0.01
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TABLE II. Cross sections for the'’Cy s+ %0, 5 breakup of

23, The double differential cross sections are given in terms ofso

. . . 230
laboratory solid angle, and are directly measured quantigiesr- 290
aged over the detector acceptances, and summed over all excitatigjf
energies in?®Si). The total cross sections have had an efficiency o
correction applied, based on Monte Carlo simulatidaad are s
summed over the excitation range 27—36 Me\?#8i). The errors 1

150
labeled “stat” include an allowance for target-dependent effects in 10

500 Jovvu vl s e b i

the efficiency correctionésee text e
P oo
. o o
Reaction E,=27—-36 MeV 80
dQ,dQ, o (Ex ) e E
Channel (mb sr?) (ub) = =
12C(%Mg, 2C1%0)%Be  0.41-0.05  13.9-32,+ 4.2 o .
°Be(*Mg,'%C1%0)%He ~ 1.41:0.53  37.6:13.6,¢ 11.3 o —
"Li( **Mg, *2c o)t 1.16+0.23 33.0:9.60019.9ys N e

P2 /2 (MeV u)

recoil

factors in the case of all targets are actually the energy 10Ss 15 5 As for Fig. 2, but for the lithium oxide target. The
of the beam and fragments in the target, and the detectQfizgonal solid line indicates the expect&q, locus for the
energy resolution. For example, these effects contribute apy j 24vig 12c160)t reaction. The position of the software gate used
proximately 900 keV to the width of thEy, spectrumQggy 1o filter the data is also indicated.
peak for the®Be target data. The excitation energy spectrum,
discussed below, is unaffected by the recoil width. This isevents intercepting they axis at €,ee—Qs)~5 MeV

. 8 . recol "
becai\us%the ?re?ku% of thiete recoﬂ[or Be inthe case of  1poge gyents are identified as arising from the breakup of
the *°C(*"Mg,*?C*°0)°Be reactio occurs sequentially after 2oq:™ o' aither  the Be('Mg,2CI70yHe  or
the production of the excited®Si* nucleus, as indicated by 9Be(?4Mg, 13C1%0)*He reactions. Such évents could be pro-
the peak in the thr_ee-body-value spectrum. A plot of_the duced by either transfer or incomplete fusion. The particle
re_c0|_l energy, obtained from en2e4rgy (ion%ervsatlon, agqmst thﬁlentification information provided by the detector tele-
missing mom_entum for th@?‘e( Mg, *C*0) HE_’ reaction scopes is limited to the fragment charge only, and it is there-
IS §hqwn in Fig. 6. The preQ|cte(dggg locus for_thls c_hannel fore not possible to distinguish between isotopes suctf@s
is indicated and an area of increased events is again observg d13C (or %0 and’0). In addition, the similar three-body
in this region, indicating that these events are indeed assocb values  for thé gBe(z“M'g 2C70)*He  (Qs

ated with a recoil mass of 5 units. = 4201 MeV) and °Be(*Mg,CO)He  (Q,

Itis interesting to note that n addition to Fl%ggtrajec— =—3.398 MeV) reactions means that it is not possible to
tory observed in Fig. 6 there is also a region of increased

= r
q) -
g C
(@] L 250 o
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= C b )
N r 169 E
r 148 bl
£ ] i 130 o
S o S e
11 S L
10 ] L 87 |_
9 < r 77 3
e L L r 67 g
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c = ' L 45
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1] L i i 2;
0‘ =] r
Jrerereres SNBEARAREE AR T _ _ ; N o
B en . 28A:
Excitation Energy in < Si (MeV) Preco"/ 2 (MeV u)
FIG. 4. Reconstructed excitation energy assumtig-+1%0 FIG. 6. As for Figs. 2 and 5, but for the beryllium target. The
breakup of?8Si plotted against that calculated assumiig-+2Be diagonal solid line indicates the expect&,,, locus for the
breakup of?*Mg. 9Be(**Mg, *?C®0)°He reaction.
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distinguish between these two channels and determine tc &
what extent each is responsible for the region of increasec 707 (2 “c("Mg.“c "0)’Be

events below théBe(**Mg,*C°0)°He Qg4 locus. 2 wf < Te%
The excitation energy of thé®Si* nucleus produced in £ gl

the °Be(>*Mg, 2C1€0)5He reaction, determined after gating 3 wl

on theQgqq locus seen in Fig. 6, is shown in Figcy The g sl

predicted coincidence detection efficiency is also shown.3

Three distinct peaks are observed in this spectrum at excita” 2]

tion energies of 28.4, 30.1, and 33.8 MéVable ). These 101 S~

energies are similar to those measured for both the 0 ——

2C(*mg,'%C'®0)®Be and Li(?**Mg,*?C'0)t reactions. (b) "Li(*Mg, °C ")t

The double differential cross section, averaged over the des 1 N «80%

tector acceptances, is listed in Table Il. As for the carbon ancs
lithium oxide target data a study of the final state interactions®
in 2!Ne(*°0+5He breakupand O(*’C+5He breakupvia &
a plot analogous to Fig. 4 indicates that there is no back-§
ground from these channels in the excitation energy spec©
trum for the °Be(**Mg, *?C*®0)°He reaction[Fig. 3(c)].

A comparison of the excitation energy spectra for the
12C(24Mg,12C16O)BBe, 7L|( 24Mg,120160)t, and
°Be(**Mg,*?Ct®0)°He reactions is given in Fig. 3 and
strongly suggests that the same states are being populated £
the different reactions. The data in Table | imply that the§
average difference in the measured centroids for the thred
clearest peaks is 175 keV, a typical value of the uncertainty*§
generally noted in reconstructed excitation energy spectrss
obtained from breakup reactions of this kind.

In fact it is possible to improve the resolution of tRgsi
excitation energy spectra seen in Fig. 3 by restricting the datz
to exclude the lower energ?O fragments. The relevartfO
energies span the range up+d25 MeV in the laboratory
and the threshold was set to reject energies belo
~85 MeV (this is turn places restrictions on tHéC frag-
ment, as the energies of the two particles are correlatdn:
energy restriction is equivalent to placing a selection on the
decay angle of the correlated fragments, so as to select for 100}
ward going 0 ions. Leeet al. [21] have previously noted
that such a reduction in the range of decay angles is knowr % o1 7% s %6 prs ) PPy

500+ @ QBe(ZAMg,mC 160)5He

C%annel

2007

Counts per

to improve the excitation energy resolution obtainable. In Excitation Energy (MeV)
Fig. 7(a) the excitation energy spectrum for the
12C(24Mg,*2C180)8Be reaction, obtained following th&fO FIG. 7. Excitation energy spectra for tHéC+ %0 breakup of

fragment energy gating, is shown. The improvement in reso-Si obtained by restricting thé°0 fragment energy. The spectra
lution when compared to the full data $6ig. 3@)] is clear, ~ are for targets ofa) *C, (b) "Li, (c) °Be, and(d) °Be with back-
with peaks now being visible at excitation energies of a _grolund. subtraction. The Moptg Carlo predicted efficiency profiles,
proximately 26.5, 27.9, 28.4, 29.7, 30.5, 31.6, 32.3, 33_0Eak!ng into account the re_strlctlon on tHeO fragment energy, are
33.5, and 34.4 MeV. The centroids and the measured width§9icated by the dashed lines.

of the peaks are listed in Table Ill. The gated spectrum for

the “Li(?*Mg,*2C*®0)t channel is shown in Fig.(B). As for The dotted line in Fig. @) corresponds to an estimate of
the carbon target data there is an improvement in the resoldhe background included in the spectrum. This estimate was
tion when compared to the full data set, with peaks nowobtained by producing excitation energy spectra from data in
being visible at excitation energies of approximately 28.1the regions immediately above and below @Qg,, peak in
28.5, 29.5, 30.4, 31.6, 33.0, 33.7, and 34.4 M@a@¥ble Ill).  the total energy spectrum for this channel. These data derive
In Fig. 7(c) the gated®Be(**Mg,*?C!®0)°He excitation en- from processes other than that of interest and must satisfy
ergy spectrum is shown. Again an improvement in resolutiorcertain kinematic conditions in order to lie in this region of
is seen, although a large underlying background still remainghe total energy spectrum. They are well fitted in the excita-
below the peaks. The peak centroids and widths are listed ition energy spectra by Gaussian distributions, with an aver-
Table Ill. The dashed lines in Fig. 7 indicate the Monte Carloage centroid of 32.6 MeV and a full width half maximum of
predicted coincidence efficiencies taking into account the’.9 MeV. A Gaussian with these parameters is indicated by
fragment energy restrictions discussed above. the dotted line in Fig. (€), with the area adjusted to match
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TABLE lll. Summary of the measured centroid energies and widths of the states observed'fig the
+ 160 breakup of?®Si, obtained after gating on the energy of t§® fragment. The second list 3Be target
centroids and widths corresponds to the background subtracted excitation energy spectrum.

12C target “Li target Be target °Be target(2)
E, AE E, AE E, AE E, AE
(MeV) (keV) (MeV) (keV) (MeV) (keV) (MeV) (keV)

26.54-0.01 18650
27.94-0.01 22G:27 28.110.01 2422

28.22-0.01 812-31 28.22:0.01 918-24
28.40£0.01 34#37 28.510.01 27335
20.73£0.02  524-47 29.470.01 62819 29.56-0.01 630-18 29.55:0.01 624-13
30.48-0.01 196-30 30.4G:0.01 41321 30.47#0.01 63727 30.46:0.01 648-18
31.55-0.06 75478 31.59-0.02 51163 31.69-0.01 555:37 31.69-0.01 465-22
32.32:0.08 22977
32.96:0.03 30157 33.02£0.02 430-44 33.25:0.02 104(3:-58 33.24-0.01 844-32
33.50:0.02 50745 33.70:0.02 55k53 33.85:0.01 254-26 33.85-0.01 283:17
34.44-0.02 366:-42 34.40:0.02 43138 34.46:0.01 574:25 34.46-:0.01 516:14

the smooth fitted background under tg,, peak in the duced to 125 keV, but there is also a generally good agree-
gating region of the°Be(**Mg,'*C*®0)°He total energy ment between the measured widths of the peaks. This
spectrum. The subtraction of the estimated background restrongly suggests that the same states are being populated in
sults in the excitation energy spectrum shown in Fi@l).7 the different reactions. The lowest widths observed, of the
This closely resembles the spectrum seen with the lithiunorder of 200—250 ke\(depending on the targetare consis-
target, with peaks observed at 28.2, 29.6, 30.5, 31.7, 33.2ent with Monte Carlo predictionglO] of the excitation en-
33.9, and 34.5 Me\(Table IlI). ergy resolution. These simulations include the detector per-
The similarity noted between the excitation energy specformance, the effects of interactions in the target and
tra for the three reactions appears to be enhanced b¥e contributions from the reaction kinematics and beam resolu-
fragment energy gating. Not only is the average difference iriion (see Table IV. The values predicted for the three targets
the measured centroids for the states listed in Table Il rerange from a resolution of 240 keV for the carbon target to

TABLE IV. Contributions to the resolution in the reconstructed excitation energy spectrum as determined

from a Monte Carlo simulation. Each effect is simulated individually. The total resolution predicted when all
effects are simulated together is also shown.

Effect 12C target "Li target °Be target
contribution contribution contribution
(keV) (keV) (keV)
Beam energy loss in target <1 <1 <1
Beam energy spread <1 <1 <1
Beam divergence <1 <1 <1
Beam energy straggle in target <1 <1 <1
Beam spot size 5 4 6
Detector telescope energy resolution 68 66 66
In-plane position resolution 103 105 104
Out-of-plane position resolution 125 132 131
Fragment energy loss in target 95 88 134
Fragment energy straggle in target 14 14 16
Fragment angular straggle in target 83 87 84
Fragment energy straggle in detector window 25 24 25
Fragment angular straggle in detector window 41 39 40
Fragment energy straggle in gas detector 34 34 34
Fragment angular straggle in gas detector 22 22 22
All effects simulated together 239 239 260

034603-7



N. CURTISet al. PHYSICAL REVIEW C 62 034603

260 keV for the beryllium target. The errors associated with 0.06 N
these values are expected to be of the order of 10%. The — ;7N
Monte Carlo results suggest that although the lower widths _ 1w °Be / \\
are likely to be limited by the experimental resolution, it is T / \\
possible that either the natural widths of many of the wider 0.04+ / \

states have been observed, or that they are multiplets.

A more complete comparison between the excitation en-
ergy spectra shown in Fig. 7 requires knowledge of the an-
gular momenta of the states. From previous work only one
tentative spin assignment exists, for the= (11) state at
approximately 29.7 MeV in thé’C(**Mg,**C'%0)®Be chan-
nel [2]. Other work[3] found no structure in the angular
correlations of the breakup fragments. This was also the case
in the present work and can be attributed to two factors, as 0.00
was also noted in the previous wdr]. First, the individual 0
peaks lie upon a high level of background events which are
present due to the significant underlying background in- FIG. 8. Angular momentum matching probability for the

cluded in th(_a gate on tr@ggq peak in t.he total energy spec- (**Mg,28si) reaction at 170 MeV, forx-cluster transfer to &
trum. The width of this gate is determined by the total energy_ 11 state in?s;. using targets of?C,°Be, and’Li.

resolution. Monte Carlo simulations indicate that this is in
turn is limited by the thickness of the targets used during thén the case of’Li and °Be. This not only strengthens the
experiment to increase the breakup yield. Secondly, the derinference drawn from the similar shapes of tHiSi excita-
sity of states is expected to be relatively high for tH€  tion energy spectra for the three targets, but also provides
+1%0 breakup of?®Si, as suggested by the number of reso-some support for thé=(11) assignment made for the state
nances seen iffC+ %0 scattering measuremenits3,14. In  at ~29.7 MeV in the **C(**Mg,*?C'®0)®Be channe[2].
the 12C(**Mg,*2C'?C)?C reaction, for which spin assign-  The double differential cross sections for reactions with
ments have been mad8], the exit channel symmetry dic- the three targets{C,°Be, and’Li), summarized in Table II,
tates that only states with even spin may be observed. In thare directly measured quantiti€s the laboratory frame
12Cc+1%0 case, however, no such restriction applies, and it isHowever, they are implicitly averaged across the detector
possible to populate both even and odd spins. The observextceptances, and as such are sensitive to the precise experi-
resolution of~250 keV in the excitation energy spectrum mental geometry. A procedure to correct for the coincidence
(see Tables Il and 1Ycould easily be insufficient to resolve efficiency has been devised, based on the Monte Carlo simu-
two neighboring states of even and dddit similap spins. In  lations, to give an estimate of the total cross section for the
such cases, the structure in the angular correlation will b¢?*Mg,*?C'®0) reaction. To achieve this, each of the excita-
lost. In principle, a future experiment could improve the ex-tion energy spectra shown in Fig. 3 were corrected for coin-
citation energy resolution by means of improved angularcidence efficiency(indicated by the dashed lineon a
resolution, requiring a much larger detector array. Hyg  channel-by-channel basis, and integrated over the excitation
resolution could also be improved by using thinner targetsenergy region 27—36 MeV which spans the observed struc-
which would further improve the excitation energy resolu-ture. For each target, the background contribution to the ex-
tion (see Table IV. Thus, spin assignments may eventuallycitation energy spectrum was estimated from the peak to
become possible. background ratio in the gating region of tQg 4 peak in the
Although no spin assignments have been made for theorrespondinds,, spectrum[shown in Figs. (a), 1(c), and
states it is important to consider how the angular momentuni(d) for the *°C,’Li, and °Be target data, respectivé)yand
matching fora transfer varies between the reactions on thethis was used to scale the integrated counts accordingly. The
three targets 12C,°Be, and ’Li). This has been estimated statistical errors were combined in quadrature with an addi-
using the approach of Brink22], wherein the overall good- tional uncertainty of 20% to account for relative variations in
ness of matching has been calculated as a function of excihe angular distributions of the scatter&tsi* for different
tation energy, for each reaction, as described by Anyastargets (the angular acceptance in terms of théc-*%0
Weiss et al. [23]. For a given final spin in?%Si, the breakup angle was typically 100°, which is sufficient to in-
functional form for the matching usindLi and °Be targets tegrate over any structure in the breakup correlatigm
are almost identical, with the overall magnitude enhanced bydditional estimated systematic error of up to 30% in the
a factor of approximately 2—4 fofLi. For the %C target, the  efficiency calculations, applicable to the absolute scaling for
curve closely resembles thBe results in form and magni- all targets, is shown separately. The total cross sections ob-
tude, but is shifted down in excitation energy by7 MeV.  tained using this procedure are included in Table Il, and
Representative calculations are shown in Fig. 8. Overall, théollow the same systematics as the double differential cross
region of excitation for which the present experiment is op-sections, namely that théLi and °Be targets give values of
timized [E,(?%Si)=27-35 Me\] is best matched for order three times thé’C target value.
a-transfer populating states with=(11 = 3) for all three Tanabeet al. [24] have studied the®(i,d) reaction on
targets, with the matching for different spins almost identical?*Mg in normal kinematics and observed state€38i up to

0.021

Matching Probability (arbitrary units)

10 20 30 40 50 60 70
Excitation Energy in 2°Si (MeV)
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~20 MeV, above which the background rose significantlySupporting carbon targets are readily available. This experi-
even at the quite high beam energy of 72.7 MeV. No signifi-mental advantage would easily compensate for the lower
cant breakup of®Si is expected for states below26 MeV  cross section measured for theC target compared téLi or
(see Fig. 3 from the present experimeritecause although °Be. In addition, the)”=0" ground states of’C and °Be
the 12C+ 180 threshold occurs at 16.75 MeV, the Coulomb should allow an angular correlation analysis to give more
barrier of approximately 8.5 MeV inhibits low-energy complete spin informatiori25]. Besides providing further
breakup. Thus, the study ofC+ %0 breakup states in a tests of the proposed-transfer mechanism, such a measure-
conventional fLi,d) or ('Li,t) experiment is extremely ment would allow a detailed comparison with thé€+ %0
challenging and inverse kinematics as used here offers marggattering resonances, as has been successfully achieved in
advantages. the 2C+*2C channel[10]. It is also important to extend
these measurements t6C+ %0 breakup states observed via
IV. SUMMARY other entrance channels and hence populated via other
mechanisms. The  ?C(*°Ne,?C'%0)*He and
A comparative study of the'’C(*‘Mg,'’C'*0)°Be,  160(1%0,'%C1%0)*He reactions have previously been re-
"Li(**mMg,**C'®O)t, and °Be(*Mg,**C'°0)°He reactions ported[4,6] and are thus candidates for further study. Further
strongly suggests that the same excited state$®$i are  experiments may also include a comparative study of differ-
populated in the three cases. Antransfer process is iden- ent decay channels to provide some measure of any enhance-
tified as the most likely reaction mechanism populating thement above statistical, as has been applied*sdg breakup
12C+ %0 breakup states observed 4fsi. This is consistent [26].
with the suggestion that the reactions are populating states
associated with the prolate minimum in the Nilsson-
Strutinsky potential energy surface #5i, which has a four-
particle—four-hole configuration. In order to extend the asso- The authors would like to acknowledge the financial sup-
ciation between the states observed in the different reactioport of the Engineering and Physical Sciences Research
channels it is desirable that a higher resolution measureme@ouncil (EPSRQ. M.S., R.C., and G.D. would like to thank
be performed, with the aim of obtaining spin assignmentsEPSRC for individual financial support. The cooperation and
This would require the use of thinner targets and better deassistance of the staff of the 14UD accelerator facility at the
tector resolution, implying a combined increase in coinci-Australian National UniversityANU) is gratefully appreci-
dence efficiency and beam exposure. Carbon would be thated. This work was carried out under a formal collaboration
best choice from the targets considered here, if the samagreement between EPSRC and ANU. The authors would
techniques were to be employed. This is because there @lso like to thank Dr. C. Jeynes of The University of Surrey
very little contribution from background processes in thelon Beam Center for his work on the Rutherford back scat-
12C(**Mg,'%C'®0)®Be reaction, and because thin self- tering analysis of the targets used.
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