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Quasimolecular states in?*Mg and d-a angular correlations
in the 2C(1“N,d)2*Mg* (a)?°Ne reaction
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Theoretical approach for studies on particle-particle angular correlations in nuclear reactions induced by
light and semiheavy ions with an incident energy up to 10 MeV/nucleon is developed. The generalized
methods for calculations of the angular correlation functions and the spin tensors of the density matrix for the
reaction products based on the distorted-wave model with finite interaction range and the compound nucleus
model are presented for reactions involving high-lying excited states. The differential cross sectiah& and
correlation functions in théC(**N,d)>Mg* («)?°Ne reaction induced by*N ions atE,,,=29-45 MeV are
analyzed both in the framework of the model of diré4® transfer and the statistical compound nucleus model.
The reduced width amplitudes for the higher-excited statéé\ty with 12Ce 12C quasimolecular structure are
extracted. The importance of relative motion'8€+ *2C* nuclei is demonstrated.
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[. INTRODUCTION ization of nuclei in multinucleon transfer reactions induced
by light and semiheavy ions with nontrivial spifis4—22,
Experimental and theoretical studies of nuclear moleculabpened up a new chapter in the study of the cluster and
states in the heavy ion reactions have been conducted singeiasimolecular nuclear states and the reaction mechanisms.
the beginning 1960s, when nuclear quasimolecules were exrhus, it should be emphasized that in the collision of nuclei
perimentally discovered by Bromley, Kuehner, and Almqvistpossessing spins the interaction is, in general, noncentral and
[1,2] in the *2C+12C system. It was found that these unex- it depends on the relative orientation of spins. In particular,
pectedly narrow and well-separated resonances in the intewhen mechanism for final-nucleus formation is different
action of heavy ions are well correlated in different channeldrom statistical evaporation, the final nucleus with nonzero
and that their widths are much greater than for thespin is oriented and the population of the magnetic substates
compound-nucleusCN) ones for a given excitation energy becomes nonuniform. When the final nucleus is formed in an
(around 15-50 MeY of the CN systen{1,2]. During last excited state, it's decay becomes anisotropic too. Neverthe-
decades the search for resonance phenomena has been less, in binary reactions it is possible to restore completely
tended to the more heavier symmetric and asymmetric sysll the components of the density matrix of a final nuclear
tems(which feature eveN and everZ nucle) primarily in ~ state by measuring the angular correlation functions in sev-
elastic and inelastic scattering and in reactions leading teral reaction planefl4].
a-particle transfer channe[8—6]. The light and semiheavy- Historically, the study of particle-particle angular correla-
ion grazing collisions can form states with very high angulartions began with investigations of the quasielastic knockout
momentum, and these states are associated with quasim@actionsA(p,2p)B* on light nuclei[23] and the clustering
lecular configurations of two rotating nuclei. In the recentphenomena in light nuclei by theafax) reactions[24,25.
studieq 7-9], the breakup reactions induced by light ions arelmportant quantitative spectroscopic information and new
associated with fissionlike decay of the quasimolecular stattheoretical results were obtained recently in R¢26,27,
into two heavy fragments, for exampféyilg— °C+1?C or  where the quasielastic knockout afclusters by intermedi-
2"Mg—1%0+®Be. It was suggested that an enhanced sensite energy protons and ultrarelativistic electrons was studied
tivity to the state with a strongly deformed quasimolecularin details.
configuration can be achieved in experiments. As early as in 1984, Artemoegt al. [15] obtained experi-
Original microscopic model has been developed to demental data for the-a angular correlation function®\CFs)
scribe moleculelike*?C+ *2C structure in®*Mg [10,11]. The  in the **C(*N,d)?*Mg(«)*°Ne reaction. These data have at-
recent experimental results in this field and theoretical modtracted considerable interest to the study of quasimolecular
els describing nuclear quasimolecules are summarized in treates of nuclei via particle-particle angular correlations. It
book of Greiner, Park, and Schdfiti2] and review of Betts was found that for the excited state 13.45 Me¥ £6™) in
and Wuosma@l3]). 2%Mg there exist oscillations in ACF at forward deuteron
Experimental and theoretical investigations of theemission angles, whose shape is well described by the square
particle-particle angular correlations and the final state polaref the sixth-order Legendre polynomial and could not be
explained by the CN model. The authors interpreted this fact
as the proof of direct transfer of 12 nucleons and suggested
*Corresponding author. FAX:+52 72 22 96 55 54. Email ad- the presence of quasimoleculdC®'°C configurations in
dress: beltanya01@yahoo.com this state of?*Mg. This result was confirmed ones again in
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1994 by Zurmuhleet al. [19]. Moreover, the exact finite- In a nonoriented system, all the spin states are populated
range DWBA(EFR-DWBA) calculations of the differential with equal probability

cross sections assuming the direct-carbon-transfer mecha-
nism[28,29 demonstrated that, in general, this model gives
a good agreement with the experimental data. Whereas the
analysis of the deuteron angular distributions as well-as
ACFs assuming the Hauser-Feshbach formalism for the CWhere the following normalization condition for the density
model[30] confirmed the importance of CN contribution and matrix is used:

demonstrated the smooth monotonic behavior of the calcu-

lated d-o ACFs for the 13.45-MeV(6) state in Mg for Trp(M,M")=1. (©)

forward deuteron emission angles. ) ) .
Nevertheless, a number of important questions still ref0r @ binary nuclear reactiof(a,b)B the relation between

mained. Why was a polynomial structure of the ACFs ob-the spin density matrices of the system before and after the

served only for one selected state3tMg and was not ob- collision p;andp; is determinedlike that between the initial

served for other states with high spin near this state? Is f?.'::.d final V‘ﬁvg f_:_mqmm of the systgin terms of the tran-
only exception rather than the rule? What is the origin of the>'1ON amplitudets -

energy dependence of the ACFs for this state? What is the
reaction mechanism that makes the main contribution to the
reaction cross sections and ACFs? These questions are takﬁa]n

up in this %apfer. he th ical vsis of diff Qi factorizes into two parts corresponding to the projectile
Our study focuses on the theoretical analysis of different,q 1596t In the case of unpolarized incident particles and

reaction charactgristics and their. rellation with.the q“aSimotargets the initial system is nonoriented and thus, according
lecular states in®Mg for excitation energies ofE* 15 Eq. (2), all the spin projections are populated with equal
=8-14 MeV. We calculate the differential cross sections agprobability and the spin density matrices of the initial nuclei
well asd-a ACFs in "C(*'N,d)**Mg* (a)*°Ne to obtain the  are diagonal. To obtain the density matrix of the final system
full description of experimental data reported to date and tave extract the spin density matfbﬁf of the final nucleug*

answer the questions mentioned above. and average over the spin projections of the emergent par-

In Sec. Il of the paper, the basic mathematical formalismjcie. Then the spin density matrix of the nucleBs in the
of ACF calculation for massive transfer mechanisms in EFR‘state with spinl; and projectioM ; may be written as

DWBA and for the CN model in the Hauser-Feshbach for-

malism is developed. Section Il of the paper focuses on 1
investigations of the )C(*'N,d)*Mg*(«)*Ne reaction  p; (M{,M¢)= T T2 1
cross sections and ACFs and on the numerical calculations of (2la+ D(2a+1)
quasimolecular?C® *°C* states in*Mg. The quantitative

5MMI

pi(M,M )=2|+1,

2

pr=(TitpiTi)- 4

the initial state the nuclei are independent, and therefore

values of the reduced width amplitud@®WAs) for the *°C x 2 Tif,MaMAMbeTi*f’MaMAMéMf' :
®'%C configurations are extracted, and contributions of the MaMaMpMy,
different reaction mechanisms are compared. (5)

For practical applications it is convenient to introduce the
Il. GENERAL METHODS FOR CALCULATIONS spin tensorg(1+) of the density matrix, which are defined
OF THE PARTICLE-PARTICLE ANGULAR by the standard manner
CORRELATION FUNCTIONS BASED ON THE SPIN
DENSITY MATRIX AND ITS SPIN TENSORS

A. General formalism

Pl =V21+1 > (—1)'r M
M¢M¢

Let us study the differential cross sections and angular UM T e— M.k M. M/ 6
correlation functions in reactions induced by light and semi- (Ml 1 q>p'f( M), ©
heavy ions in the framework of the general theory of angular B
correlations in terms of the spin density matfiyM,M") where 0<k.<2|f an'dq— _lf’ T ’k'. . . :
developed in the classic works of Biedenharn and R8%g l_f the spin den§|ty_matr|ces_ .Of initial nor_lorlente_d nuclei
and Goldfar32]. The spin density matrix characterizes the sat|sf5y Fhe normlz_;\hzgnonr::or(qulflftlo@),_trlle spin den§|ty ma-
orientational properties of a system in the spin space and cdfX (5) is normalized to the differential cross section
be obtained by integration of the complete wave function q

¥, (r,M) of a system with spil and a spin projectioiv Trp, (M¢,M})= —UZPoo- )
over the radial variable AR AN T0)

This important property of the monopole spin tensor directly

pMM) = [ dr MO ML @) s motant prop
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Spin tensors of the spin density matrix for excited nuclear (214+1)2
states and other characteristics of an oriented system can be W({;,,Q¢)=
. . - i (21,+1)(215,+1)
obtained by studying the angular correlation functions of re-
action products.

Let us consider a two stage nuclear process, the first stage X E (=)', (20 Y1 My (20)
of which, a(l,)+A(l,)—B*(I;)+b(lp), is the binary MMy
nuclear reaction, where the nucleB$ is produced in an
excited state. The second stage of the process is the decay X > I Tit momomom (Qp) |2 (13
B*(I;)—C(lg)+c(l.), whereC is the residual nucleus and MaMaMp aATE

c is the secondary emission of particle rquantum(the ¢ ¢ th h in th

total nuclear spins are shown in brackesccording to the T ©né of the decay products has nonzero spin, then more
general formalism, the angular correlation function general expressions for the tensors of efficiency matrix and
W(Qy,,Q,) is defined as the probability for simultaneous gigriﬁeE?r?é?ﬁi *(gzz)cl:?arrig;?i Q]C;Sn;;?g raeeaiier!gbrﬁghtfsoran d
detection of particld emitted in the directiom; and particle calculations viaa-a; angular correlations presented in the

c emitted in the directiom,. The functionW(Qp,,Q¢) is  paper[21)).

defined in terms of the spin density matgx (M,M¢) of Two general methods for calculations of the spin tensors
the final nucleus* (I¢) and the matrixe, (M¢,M¢) of the of density matrix and the ACFs are considered in our work,
emitted particle detection efficiency: they are the exact finite-range DWBEFR-DWBA) and the
modified Hauser-FeshbaditiF) methods of statistical CN
- - model.
W(n; o) =W, Qo) =Tr(ef py,). ®)

B. Mathematical formalism for calculations of the angular

One can obtain an alternative form for the functi@using correlation functions in the exact finite range DWBA

the spin tensorgy(l) of the spin density matrix and the - )
tensorseq(11;€2,) of the efficiency matrix In the EFR-DWBA the transition amplitud@&;; of the

reactionA(a,b)B is given by[33]

W(Qp,Q0) =2 prgllt. Dp)erg(lr. Qo). 9) 1 K, f f B
T:(Qp)= —— — dr.droxyO(Korp) Iy (K rs),
kq If( b) \/ﬁ Ka allpX ( b b) X ( a a)

The systemB* (1¢)—C* (1) +c(l.) is described by the (14

angular-momentum coupling scheme wherex(")(Kr,) andy()(K,r,,) are distorted waves in the

entrance and exit reaction channdls;(VgW,|V|V V) is
l¢=lo+Ic+L=S+L, (10 the overlap integral of the internal wave functions
Vg, ¥,, V¥, ¥, of the corresponding nuclei and the inter-
where L is the orbital angular momentum of the relative action potentiaV. For the one-stegirect terms(“breakup”
motion of decay products, arfilis the channel spin. of the projectilé V contains the interaction potential for the
When spin states of the residual nuclé€liand the emitted  direct stripping and heavy knock-on mechanisms. Finally,

particlec are not fixed or all their spin states are populatedihe transition amplitudd@;; may be written a$34]
with equal probability, the tensors of the efficiency matrix

take the form[18,2]] 1

Ky
Ti (Qp)= —
o [eLrDL ) VEE; Ka
ekl 1:00=(21+1) 2 (~D'" S\ e
SLL c 1+ M, 12
, . ) xllMgleml( 1) M2[(21,4+1)(21,+1)]
X (LOL'O[KOYW(LI{L'I:SK Y (). (1D)

X{IAM Al M [1M )(1T,Mpl oM o[ 1M )
In a special case of the zero sgipof the emitted particle
(for example, in a case ak-particle decay of the excited X(1,— Myl Mq[Im)y > (—1)rtAe
nuclear stateand the zero spiih, of the residual nucleug, AgAalxEyx
the tensors:4(1¢) take the more simple form
ol P X OIAL A 1oyt Bimyag Al Ey (b)) (15

Q) =(—1)"1(21;+1)[4m(2k+1)] 12
Sl 1 4ho) = (=12l + D) 4m( )] The essence of the reaction mechanism is contained in the

X (11010[k0)Yiq(£2e). (120 kinematical amplitudesBim,a,i,e,(2p), which are the
overlap integrals of incoming and outgoing distorted waves,
In this case the equation for the angular correlation functiorthe wave functions of the relative motion, and the interaction
results from Eqgs(5), (6), and(12), potentials.
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We write the structure faCt0r®|A1A2|1|2 Il in terms of M 1o
the RWAS;0% X" and@ %P which describe the prob-  Migmow (o) = 21 (211 1)TR1AMAlMy1M )
1'1'X f 2'2'X'a 1V
ability of formation of the cluster configuratior’$+ A and

X+ b containing the intermediate nucleMsin the nucleiB X > i(1,— Myl ;M| Im;)
anda, respectively, im,

X > (- 1) hathe@,

2l1lalxls

Oa, 0,141,040, AafalxEx
_ X Bim A A1 Ey (b)) (19
:(_1)|XU(I1A1|2A2'|XI) B—X+Aga—X+b ) )
I +1 Aqlalyl ¢ Aglalyl g The expressiori18) has been obtained here for the case

when both the emitted particteand residual nucleus have
(16) zero spins. A similar analysis can be carried out for the non-
zero spin case as well.

The standard angular-momentum coupling scheme is used C. Structure factors
in Egs.(15), (16) To calculate the structure factors let us start from the con-
ventional definition of the cluster spectroscopic amplitude of
reduced width for decay probability of the nuckeandB via
I=As+Ay=1,+1,, the channelX+b andX+ A, respectively(see, for example,
Refs.[35,36)),

le=1+15, 1,=1o+1, 1 N _
=latla Tzt ol 00 = f (1aTaMal I TMy 15 ToM )

X Iyp)d7, 20
wherel is the transferred angular momentufn, andA , are oA gt xo) (29

orbital angular momenta of relative motion of the clusterswhere v,= ||yTyMy>u y=a,b,X, are the internal wave
A+X andb+ X in the nucleiB and a, respectively, and, functlons of the corresponding nuclei aﬂdnzAzﬂz(rXb) is

andl, are total transferred angular momenta. the wave function of relative motion of the nucbéi+ b in
_ Substituting Eq(15) into Eq. (13), we write the expres-  the initial nucleusa. In this section we shall refer to subscript
sion for the ACF in the EFR-DWBA as 2 for aa—X+b vertex and subscript 1 for 8—X+A

vertex, and we shall write expressions for RWAs folaa
— X+ b vertex, taking in the mind that for B— X+ A ver-

(214+1)%2 M tex the expressions are the same with the substitutieri 2
W(lt;Qp, c)_(2|—+l) > M oM (2b) a—B, b—A.
A '2MaMa | My The general expression for the RWA in terms of the frac-
2 tional parentage coefficientEPQC in the translational invari-
Yf‘fo(Qc) (18)  ant shell model technique is based on the transformation of
the oscillatory wave functionf85—40. For our present pur-
poses, we rewrite the general expression to describe a possi-
bility of formation of a massive clusteft possessing its own
where excited states
N 1/2 a NAZ/Z
a—X+b__ a IaTa IxTx l bT
0A2|x|a - Nx X [fiILiST; i=a,b,X a[fa]l‘asaxaf 1LxSx [f K(AZLb L)

X(LpM SpM [1oM )(LaM | SaM s [1aM X (LxM | SxM [IxM ){ApuolpM [LoM )
X(LxM LoM LM )

X <SXM SXSbM Sb| SaM Sa> X <Na[fa]LaSaTa| Nx[fx] I-XSXTX ; NAZAZ[fb] LbSbTb{L2}>

= 2 B (xM oMy [ 1aM (Aol oMy [3oM ), (1)

oMo
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where
12
—a—X+b _ Na a NAZ/ZX 12T
S gzl Ny X LS T i=abx LfaltaS
T T Ap+ly+1p—Ia
XaX XXSX [lf)b]bL Sb( 1) ot Ix+Ip—
XU(AzLpdaSyiLalp)K(AzLp;L2)
Lx Sx Ix
X(TxM, ToM7, [TaM1 )| L2 S5 2
La Si la
XANG[ ]l aSaTalNx[ fxILxSxTx;Nal fp]L2SpTh).-
(22

In Egs.(21), (22 a[f]L 5

efficients and K(A,Ly:
Moshinsky-Smirnov coefficientg35—40, which extract the
wave function\PnzAzﬂz(rXb) of relative motion of the nuclei

with the orbital angular momenturk, and the internal wave
function with major quantum number, and the orbital an-
gular momentunL, from the wave function ob nucleons
with the angular momenturh, (son,-+n,=N5).
Here we define the total angular momentum im-a X
+b vertex as
Jo=l+ 1=

A2+Ib:L2+Sov (23)

are the intermediate coupling co-
L,) are the generalized Talmi- Where the structure facto®,, i 1,11, correspond to Eq.

PHYSICAL REVIEW C 66, 034604 (2002

Iazlx+A2+|bzlx+J2:|2+lb, (28)

lf:|X+Al+IA:|X+‘]1:Il+IA' (29)

Now we rewrite the integral25) by introducing a sum on
the transferred orbital angular momentuinn the standard
form

I= X @I D2 I(IM M 1M, )
Im|IlM1I2M2
XMy 1M [TaMy (o= M 1M [Tmy)
XAﬂél:xEx O1p, A1 1ot X Fim A A1 By (30)

(16) and form factorsﬂmlAlAz,XE>< are given hy

fim A, A5 Ey

= (=) Ay Ay — pollmy)
e

XWE A, (V¥ n o (Txp). (3D)

Thus, without changing the formal structure of the EFR-
DWBA formalism, we are able to consider here the case of a
transferred massive clustef; which possesses its own ex-

and we use the following coupling scheme for orbital angularcited states.

momenta:

La:LX+A2+Lb:LX+L2' (24)
Thus, it is convenient to express integrall
=(VgW|V|¥aV¥,) involving in the matrix element
(14) in terms of the RWAs in the verticeB—X+A
anda— X+b:

T= | B, CAMLIIMLEML (oM 1M 1M )
X ExEx (Aol XMy J1aM WA gl My [11M))
XWE A, (Txa) V¥, ZAZMZ(rXb)@)iji(J;A.i;);;b (25)
by defining

—X+b —a—X+b
aAZ|2|X|a=E U(lpAolalx:dal2) ER Vo, (26)
J2
Q B—>X+A: ﬁ—#B—>X+A
O 11y, - Ul aA gl il dal ) ER 1 (27)

D. Spin tensors of the density matrix and the angular
correlation functions in the statistical CN model

The statistical CN theory based on the Hauser-Feshbach
formalism[41] successfully describes the cross sections for
such reactions, which are characterized by the smooth, non-
resonance energy and angular dependences. In this case the
incident particle energy is distributed according to the statis-
tical mechanics laws for over all the nuclear degrees of free-
dom, i.e., thermodynamical equilibrium is established in the
system. When the reaction is induced by a particle of suffi-
ciently high energy, the excited levels of CN in the con-
tinuum will give the most important contribution to the re-
action cross section. Consequently, the calculation of the
cross section for the reactioh(a,b)B in the HF formalism
is reduced to the calculation of the transmission coefficients
74”° for the various channels, defined as the ratio of the num-
ber of particles passing through the nuclear barrier into the
interior of the nucleus to the number of incident particles.

Let us consider the method for calculation of the spin
tensors of the density matrix and ACFs in the modified sta-
tistical CN model[42], which allows us to investigate the
interaction between nuclei with arbitrary spins including the
spin-orbit interaction. We begin with the usual expression for
the transition amplitudd;; of the reactiorA(a,b)B

and taking into account the total angular-momentum cou-

pling schemes

Tir=(WV | W) (V| T5). (32

034604-5
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The wave functionsV; ,V;, and V. of initial, final, and
compound quasistationary statewith spinl¢, level energy
E, , and total widthI"y can be written by using the reduced
width technique as follows:
i=PaPax' " (Kara), (33

V=WV x ) (Kprp),

Vel Ey)= —We(r),
(Ex—E)+ 5T\
Vo= 2 (1M 1M [11M,)
1My feMce
)—A+a,

X<|1Mlllama||CMlc>0g(l);

>

12M} TcMc

VAT (1)

I

(1M 1M, [IM)

C(\)

| —>B+b><\1,

X (1M lomp| My ) 011

sVoWi (Mp),
wherex(" (K ,r,) andy{™)(Krp) are the distorted waves in
the entrance and exit reaction channeélg , W, ,W,, and
¥, are the internal wave functions of the corresponding nu
clei, \If,a(ra) and\lf,b(rb) are the wave functions of relative

motion; ¢ (") ~*** and ¢ *®*" are the reduced width
amplitudes of the decay of the CN quasistationary stat@a
the channel€—A+a andC—B+b.

Here we define the following angular-momentum cou-

pling scheme:
Il:|a+|A1 |2:|b+|f!
IC:|1+|a:|2+IbY (34)

wherel, andl, are the orbital angular momenta of the par-
ticle relative motion in the entrance and exit channels,land

andl, are the total spins of the entrance and exit channels.
Using the partial-wave expansion for the distorted waves,
we obtain the transition amplitude for the case when the only

one CN resonance is being formed,

>

1M 1My,

Tig= (IaMy_TaMy [1IM (M 1M (1M )

X
laMalpmplcMc

(IhiMy | aMa|lcM 1 {12My | bMp|1cM 1)
i 21-1
XA RS 5

a'a'l

(Ex—E)*+

X YI*ama( ﬁkaa (Pka)Ylbmb( 19kbr (Pkb) ) (35
where the partial width amplitudesy”"/~*** and
C(\)—B+b aa
Iolpl 2
tionary state\) are given by

03460
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C(\N)—A+a__
Yo A=

C(\)—A+a
a'al I

1

f ilaXla(kara)\Pla(ra)

ala

XYIama(ﬁra"Pra)radra- (36)

Now, using the expression&), (6), and (35), we can
proceed to evaluate the spin tenspgg(l¢) of the density
matrix for the case of the only one CN resonance.

In the region of the quasicontinuous spectrum, where dif-
ferent resonances overlap strongly, it is necessary to average
the contribution of each resonance over the energy and to
sum all resonances in the averaging interval. As a result,
instead of the partial widths, we obtain the transmission co-

efficients T:Cll, which are related to the average partial
a

width |y::|1|2 and the average spacifiy _ between levels:

Ic |2
|7|:|1|

Di.

(37)
Finally, spin tensors of the density matrix in the statistical

limit of the CN model take the form

(21¢+1)*2
2K2(21p+1)(21,+ 1),

Prqgll1) = (—1)ctletl

’
1lalsle

X (2l 1)2W(l ¢l ¢15:1pK)

X[(21,+1)(21,+ 1)]1/2(_1)m|+I1+I2+|é

lc +lc
lal1™ Tyl

x G(lo)

>

4 , P1ym (00) Py ()
Lalpl Al mym]
X[(214+1)(21"+1)(21 4+ 1)(21,+1)]¥2

X (Il " —=my/ [kg)(1,01, —my[Im;)
X(150l5—m/[I"m/)

XW(IH 51 k)Wl gl ol T cDw( 12151 el ).
(38)

The denominato6(l¢) in Eq. (38) is referred to as the total
decay width of CN and includes all the energetically allowed
decay channels of the CN:

Ihtlc lot+ly

%"c\ |f’:\|2_|b|

EC

Ef | ’
}; 7f§2+ EfT,E,Zp(E?,lf)dE;*
E¢ c

G(lo)=

nly l,=

X , (39

wheren is the number of open channel; is the energy of
the excited level of the final nuclel& andE. is the energy

(corresponding to the decay of the CN quasista-of the lower edge of the continuum. The transmission coef-

ficientsT:lC can be determined through the elastic scattering
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matrices of the entrance and exit channels, and can be calcthe massive transfer mechanism in tH€(**N,d)?*Mg re-
lated, for example, by using the optical model of elastic scataction.

tering. Measurements of the d-a ACFs in the
Finally, we are able to calculate ACFs by using both thel?c(14N, d)?“Mg(«)?°Ne reaction for the 13.45-MeV (%

spin tensors of the density matr(88) and the appropriate state in?“Mg and the theoretical treatment of the ACRS)]

expressiong11), (12) for the tensorseq(l¢) of the effi-  gave reasonable description of the observed oscillated struc-

ciency matrix. ture of ACFs for this state if*“Mg and provided convincing

evidence for the importance of diretfC cluster transfer in

this reaction. The angular distributions in this reaction in-

volving the ground statég.s) (0F) and the first excited

A. The reaction 2C(*N,d)?Mg* (a)*Ne (27) state in®*Mg have been analyzed by Saketaal. [49].

The first results of studies of nuclear reactions induced bf‘ comparison was made between the experimental data and

nitrogen ions at incident energies up to 100 MeV om,1 WO randilS'hthe direct c_arb%n transger ?(nd thefz (;I]ir%?a
2s-, and 1d-shell nuclei were performed in Ref@3,44. It  transfer(the heavy stripping due to break up of the target

was shown that these reactions could be treated as ones i!ﬂgcleus“C). It was demonstrated that the calculations that

volving the transfer of large group of nucleons. Neverthelesgncluded these two mechanisms faithfully reproduced the

after further and detailed analysis both of the spectra, thdeuteron angular distributions. Whereas the quantitative

excitation functions, the angular distributions, and the corre@nalysis showed a drastic Tscrelpancy between the spectro-
C®'%Clys.> configurations

lations of resonancelike structure in the excitation functionsSCOPIC amplitudes for the

obtained from elastic scattering and from reactions, it wag@/culated in the cluster model and the ones extracted by

concluded that the mechanism of CN formation plays thé?®mparing the calculated and experimental cross sedinns

dominant role in these reactiofié5—49. a factor of 18). This example gave rise a question of
However, after analysis of the differential cross sectiondVhether the conventional cluster spectroscopic amplitude
for these reactions, in Refi47] and later in Ref[28], it was calculation technique is applicable to describe multinucleon

noticed that the angular distributions have a clear oscillategu@Simolecular spectroscopic amplitudes? _
structure. For example, in th&C(}N,d)2“Mg* reaction Our present work contains both a consistent analysis of

only two differential cross sections for the 5.23-MeV*(3 tlhe cligzutertz)n aggulazro distributions and ther ACFs in the
and (7.75- 7.81)-MeV (1', 5') states in?Mg [47] have a 2C(24 N,(j) ‘Mg* (a) °Ney 5. reaction involving a number of
smooth shape symmetrical about 90°. The population of® Mg™ states beglnn)‘ng from the g.s. and up to the 14.15
these states is actually not associated with the direct transf&f€V: 8 state ata few!’N beam energies.

of group of nucleons, owing to the constraints imposed by

the spin and parity selection rules. This indicates that the B. Calculation of the reduced width amplitudes

statistical CN model describes only the smooth background, |et us begin from the RWA calculation for thé*N

on which oscillations or irregularities associated with other_,12c4 § vertex. We use the shell model wave functions of
reaction mechanisms are super imposed, the contribution P : : : - Ta
which can be comparable to that of CN formation. Neverthe(-?{uue' with the intermediate coupling coefﬂmeraa:#a]l_asa
less, the substantial contribution of CN mechanism in the 14
reactions induced by nitrogen ions in a wide range of inci-

Ill. APPLICATION OF THE MODELS AND RESULTS

N{|[falLaSaTa:la=1)}:—0.195442|13S

dent energies is reasonable and completely obvious in view +0.949442)%D—0.247433)*'P,

of the large number of open decay channels and the high

level state density of the CN. _ 20| [ fx]LxSxTx ;1x=0)}:0.840 44]*'S—0.20q4 422]*°D
The deuteron angular distribution measurements in the

2C(*N,d)*Mg reaction and calculations included DWBA +0.497431]"%pP,

and CN analysi§28]. The direct-carbon-transfer calculations
have reached the differential cross section with structure, but*2C{|[ fx]LxSxTx ;lx=2)}:0.899 44]'D—0.217431]**P
did not permit to make definite conclusions without an esti-
mation of the spectroscopic factors. We extended the analysis +0.299431)D+0.20§ 431,
of this reaction using EFR-DWBA29] and statistical CN
model[30] to obtain quantitative spectroscopic information.
For this purpose, we calculated the RWAs for th&N
_>12Cg_s_+d (A5,=0,2) vertex and estimated the values of

obtained in Ref[50] by the diagonalization of the Hamil-
tonian with nucleon-nucleon interaction.

The FPCs for”lll\iHlZC%—d vertex involving the transfer

24 re 12041 of massive clustef“C in two intermediate statdg.s. (0)

the RWAs alfxllg € for 1,=0 (A,=0) and ;=6 and 4.33 MeV (2)] are used here to calculate the RWAs
(A1= 6) by comparing the experimen{&l8] and calculated ®14'\|'712C+d [see Eqs(22), (26)]. The RWA®X‘NI7120+d
cross sections. Calculations involving the direct transfer of ~“2'x2 : 2x72
12C, < allowed us only to obtain a good agreement with theU®s are presentgc’\iﬂ n Igb'gc'-
data for both magnitude and angular distributions assuming The RWAs ® 114 """ (27) are assumed to be ad-
the considerable large values of the reduced widths'f¥6r  justed parameters, which are used for the structure factor
®*’C configurations in**Mg and an important role of ©, , (16) calculation. Notice that if one takes into

val-

2l1lalx
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TABLE I. Reduced width amplitude® -+ 9. orbital momentuml. In any case the transition amplitude
Zre (15) includes the coherent sums over total momentynof
@ the transferred nucleus and over the relation motion angular
=0, g.s. momentaA; and A ,.
Iy 0 2 C. Differential cross sections
AZMN Yo 0 2 We performed calculations of the differential cross sec-
O \5i, 0.326 0.736 tions at**N bombarding energies of 29 and 35 MeV for the
(b) different excited states iA*Mg, under the assumption of the
Ix=2, Ef =4.44 MeV direct massive cluster transfer model and statistical CN
model in the framework of the formalism presented
l2 2 0 1 2 in Sec. Il.
A214N e 0 2 2 2 The computer code based on the modified HF formalism
O, 0.885 0.415 —0.533 0.198  for the CN model has been used in our calculati¢tne

account the higher excited states in transferté@t* cluster

interested reader can find tkeiCOR description in our work
[18]). The cNcoR code allows to calculate all the compo-
nents of the spin tensors of the density matrix for any state in

(for example, 14.08 MeV, ﬁ), one needs to calculate the the final nucleusB*, the differential cross sections of the
wave functions for the quasistationary states with more acreaction, and particle-particle and partigleguantum angu-

curacy, because the binding energy of tH€®%C* con-

lar correlation functions. The optical-model elastic scattering

figurations becomes positive even for the ground state ialculations are carried out for the nuclei with arbitrary spins

24Mg .

including the spin-orbit interaction. The detailed discussion

We should mention that the differential cross section cal-of parameter choice in the CN calculation has been presented
culation in EFR-DWBA includes noncoherent sums over to-in our previous work$22,30. The optical potential and HF

tal momental,,l, and transferred angular momentum calculation parameters are shown in Table II.
whereas the expression for ACF contains a noncoherent sum In the HF formalism of the statistical CN model a special
over |, and its projectileM,, but a coherent summing over attention has been made to the concept of a critical angular

total momentuni ; and its projectileM ; and over transferred momentuml ., [47,48. The critical angular momentuin,,

TABLE I1l. CN calculation and interaction potential parametekéﬁr)=Vf\71(r)+in\7V1(r)+Vc, fo(r)=1+exd(r—R)/a,], n

=V,W.
(€Y
22Na 25Mg 25A| 24Mg 12C 20Ne 23Na ZlNe lBF 160 21Na 19F
+a +p +n +d +¥N +8Li  +%He +5Li  +fBe +'B  +5He +7Be
ab(MeV’l) 4.01 4.56 4.56 4.38 2.55 4.197 3.83 3.285 3.83 3.47
A¢(MeV) 0 1.509 2.051 6.258 0 1.345 2.366 0 2.899 1.279
Yd(MeV) 0.194 0.157 0.157 0.168 0.412 0.180 0.210 0.271 0.210 0.248
E.f(MeV) 4.47 5.01 5.07 10.06 8.98 5.77 5.78 4.96 8.89 6.51 4.683
Nf 20 18 25 40 18 21 19 35 23 24 50 15
V(MeV) 90.15 42.82 47.0 50.0 100.0 65.5 11.84 11.62 11.67 11.07 54.4 354
Ry/(fm) 4.33 3.68 35 4.33 5.6 4.02 5.786 6.033 6.238 6.310 4.76 4.643
ay(fm) 0.58 0.67 0.72 0.59 0.48 0.41 0.45 0.45 0.45 0.45 0.53 1.05
W(MeV) 10.8 6.88 11.3 16.0 27.0 12.0 1.756 1.687 1.704 1.513 9.8 31.5
Ry/(fm) 4.33 4.15 3.71 4.33 5.92 3.87 5.786 6.033 6.238 6.310 4.76 5.684
ay(fm) 0.58 0.37 0.47 0.59 0.26 1.48 0.45 0.45 0.45 0.45 0.53 0.62
Rc(fm) 3.36 3.50 0. 4.33 6.58 6.79 5.786 6.033 6.238 6.31 3.92 6.79
(b)
Channel Ry(fm)  ay(fm) Rc(fm)
d+%C 2.97 0.65 2.97
eyl 4.235 0.7 4.235

dmaginary wells are of the surface type.

®The level density parametea=A/5.48[51].

‘The pairing energy48].

The yrast-line cutoff parameter is defined¥as ﬁ2/2]-‘rig ,

fNumber of discrete levels.

where 74 is the rigid body moment of inertiaiﬁig:%rSAS’S,rOZl.ZS fm.
°The energy corresonding to the lower edge of the continuum.
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TABLE lIl. Grazing and maximum orbital angular momerita # units) in the entrancg!2" (29 MeV)
=10-11;13" (35 MeV)=12-13 and exit channels and critical angular momentum of CN.

29 MeV 35 MeV

IZ‘Mg’s*(MEV) (s I’ Ip™ ler (s 4 Iy ler

0%, g.s. 5 7 5 6 7 7-8 7 8
2%, 1.37 7 7 5 8 8 7-8 6 9
2%, 4.24 7 6 5 8 8 7 6 9
4% 412 7 6 3 8 9 6-7 5 10
3", 5.23 11 7 8 12
6%, 8.11; 6",8.44 9 5 3 10 11 5-6 5 12
6%, 13.45 9 2 3 10 10 4 4 11
8", 13.21; 8,14.15 10 1 2 11 12 4 4 13

as it has been introduced in previous works, determines theucleus (namely, |, becomes smaller for the low-lying

possibility of a nuclear fusion in the entrance channel. Itstatey seems to be paradoxical, but we should mention that

depends on the dynamics of the entrance channel and it tis is a consequence of a formal equivalence of the entrance

considered as the maximum CN angular momentiym  and exit channels and the selected ruf@4, (40). As a re-

=1Z* which is being realized in the reaction. For example,sult, an effective decrease tf* values for the low-lying

the HF cross sections for the given reaction were calculateghyvels reduces the CN cross sections for these levels.

in Ref.[47] at the beam energidS,,=25-40 MeV assum-  Reaction cross section calculations for the direct transfer

ing that all angular momenta in the entrance channel, whicR,echanism were carried out in the EFR-DWBA using the
—_|9r ; 6 . ip

do not exceed,,=13"—(1-2)i+1,, contribute to the’Al G y\p.5 computer codé18], which we modified to perform

formation(the grazing orbital angular momentuffi is equal  symmation over spihy of the intermediate nucleus and total
to the orbital angular momentum, for which the transm|33|ondngu|ar momental, and I,. The optical-potential and

coefficient is equal to 0.5 and is given approximately by
19"'~K,R,, whereK, is momentum andR, is interaction

radius in the entrance channeWaturally, |, was chosen the o\ and EFR-DWBA calculations with the experimental dif-

same for all the excited levels iffMg. However, it is nec- erential cross sections for tH&C(N,d)2%Mg* reaction in-

essary to note that the cross sections calculated in the Refs,, . . . #M .
[47 42:}§|/ reproduce only the average behavior and consider\—/c’lvIng different excited states ifMg at beam energies 29
' and 35 MeV. The theoretical curves represent the incoherent

ably overestimate the experimental data for the most Ievelgum of the CN model and direct massive transfer calcula-

(especially for the I0\_N-Iy|ng levels at sma_II angjes_ . tions. We took into account a stripping mechanism of direct
In order to determine correctly the relative contribution Oftransfer of thel2C* cluster in the a.s. and in the first excited

CN and direct mechanisms, let us focus more attention % 14-MeV (2') state g.s.

the choice ofl ;. Taking into account that the CN total an- Our analysis shoWs that a direct transfer of i@ cluster

gular momentunic in the channel-spin representation is de'provides approximately 80—85 % of the cross section value
termined by the selection rulé34), we can conclude thaf, at forward angles for the g.s. (9, 70% for the 1.37-MeV

depends o he maimur rte gyt momentm ot il 6% or e 412 5 an o 11 v
P 6") level, and 55—-60 % for the 13.45-MeV (§ level at 35

ciple of the overall balance, and 29 MeV. The CN mechanism produces a major contri-
[ e T el B PR PR F (40)  bution to the cross section at large angles. For the 13.45-
MeV (6%) state a direct-transfer mechanism dominates at
any angles, because the CN cross section is small due to the
In the selected rule¢40) one should choos&*<IJ" and Iy' ? 1™ andl | ™ yal
Ip'®<I3", wherel 3" andI{" depend on incident energy. More- relatively smalll,™ andl, * values. One can suggest a cer-
b~ a b ) ' tain contribution of the exchange mechanistits example,
over,lp .depends on the energy of th_e excited state. We alsg,q heavy-particle strippingat large angles, that arise from
emphasize that the last equivalence in @) means thal,  the decay of the target nucleus. However, the mechanisms
depends on the spin of the final nucleus. In Table Ill, Weconnected with the direct transfer of tHeB cluster are re-
present the obtained values of the maximum orbital angulajized due tolB® 4N configurations in?Mg. It is not ob-
momenta)3*** andI5™, and the critical angular momentum yiously a priori that these configurations are quasimolecular
lr=1¢" satisfying the selected rulgg0) at incident beam and have comparably big RWAs.
energies 29 and 35 MeV. The grazing orbital angular mo-  We studied the sensitivity of the results obtained to the
mentum in the entrance channgl for these energies is ap- variation of our model parameters. It is well known that the
proximately (16- 11)% and (12- 13)%, respectively. At first  absolute value of the cross section in the EFR-DWBA de-
sight, the result that., depends onl; spin of the final pends on parameters of the relative motion wave functions,

interaction-potential parameters are presented in Table II.
Figures 1 and 2 represent the comparison of the results of

034604-9



T. L. BELYAEVA AND N. S. ZELENSKAYA

— T )
: “C(“N,dy*Mg, E,,, =29 MeV |
10° 5—';“ . 95,0 E
L */N\ o e d
[ RV N i
AW \V/2\ f
A - AN/ \ ~ . _
107 ¢ . " N7
F .. N ]
='_. [P NP PO RRE B RN N .=',
= L l
S0k 1.37 Mev, 2" |
S F ]
k=] E
B ]
5 ]
107 | .. DN
r Tt e e —’-’—\v/ E
S U Y Y Y U S i
4.12 MeV, 4"+ 4.24MeV, 2" |
10" £
\ ]
il RPN PR
L NN PR
SN sTN /
10° | TNLa e~ AT
o N1
N &7 TN
PR IV IV Y SO (T IS NI
0 20 40 60 80 100 120 140 160 180
6_. (deg)
R e e BN SN SRR
3 E .. =29 MeV
Lowe 8.11 MeV, 6

-
PR IR I P R AN I NS

20 40 60 80 100 120 140 180 180
6., (deg)

PHYSICAL REVIEW C 66, 034604 (2002

LN DL I L L (L L R |
' E,., =35 MeV 1
107 £ E
10° | E
E \ \ . ]
b A ]
P R R S R B el N O

107 =
T f 137 MeV, 2" o 1
=) [ 4
& . o ]
g ¢
)
©10% | E

: 5
I .. —~ N~
P B Il Sl da S B N B
T 412 MeV, 4 +424MeV, 2" T
10" F *
NN 1
~\:~\(~\ P
10-2 = \.\_&\’ gt PR 4
g = -]
F . i
N 47 2]
PR NI U NI NI I EUT VN R N1
0 20 40 60 80 100 120 140 160 180
0_. (deg)
. E,,, =35 MeV
107 F 523MeV,3" o
ERN o .
[ % .
F . '
e .
I e, ’
I ‘\. .

10-2’ L P I N I-...‘I- PR I NI B
2 [ e 8.12MeV,6" ]
EnL d
gk ]
E L 4
5t - ]
S i ~.\_\§ _./'//

. el
10-2 P IR NS (U NS VIR BTSN NI N
I 8.44 MeV, 6°
| I I I |

) S S
0 20 40 60 80 100 120 140 160 180

6., (deg)

FIG. 2. Same as in Fig. 1 but fd,,=35 MeV. The experi-
mental points are from Ref47].

especially on the radius of’C+'C interaction. Naturally,
2 1 1
the estimated values of the RWASs ‘Mg i+t depend on

Aqlly
a choice of this parameter and can change about a few times
with radius variation. In particular, a sufficient increase of

ietri : 14 24
FIG. 1. Deuteron angular distributions for th&C(*N,d)?Mg* the 12C+ 12C interaction radiugfollowing Ref.[49]) leads to

reaction atEj,,=29 MeV calculated for the direcC-transfer
mechanisnithe dashed curvgsCN mechanisnithe dotted curves

201,12+ 12

a decrease o, i, values by factor of 3—5. How-

and for their incoherent surtthe solid curves The experimental ever, these RWA values are more than the analytical ones
points are from Ref[28].

(calculated in Ref[49]) by a factor of 1G. The radius of
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TABLE IV. Reduced width amplitude® (M5 ¢+ 10g 1545 eV, & @
E,,, = 33 MeV
Zarg €~ (MeV) I, Ay Iy 29MeV 35MeV® 42 MeV § ooy o o o -
0%, g.s. 0 0 0 084 0.84 E 1:1:0
s 06 _ 1:1:1
2%, 1.37 2 2 0 0.66 0.66 g
2 0 2 0 0 £
2 2 2 0.66 0.66
2 4 2 =02 -0.2
2%, 4.24 2 2 0 0.66 0.66
2 0 2 0 0.2 oL
2 2 2 066 066 0 20 40 60 80 100 120
2 4 2 -02 -0.2 ba.om (de9)
4%, 4.12 4 4 0 035 0.35 05 - 13.45 MeV. & "
4 2 2 0.35 0.35 Ky E ., =42 MeV
4 4 2 035 0.35 504 N
4 6 2 0 0.35 8 0 012
678.11;6'844 6 6 O 0 0 0 £03 o
6 4 2 0447 0447 0 = \ . oo
6 6 2 0447 0.447 0.447 £02 S0\ w110
6 8 2 0.447 0.447 0.447 <
6%, 13.45 6 6 0 0 0 0 > ;
6 4 2 0114 028 0 I T~ A D
6 6 2 0114 0.28 0.28 T0 20 40 60 80 100 120
6 8 2 0 0 0.56 9, ... (deg)
8%,13.21;8,1415 8 8 0 0 -
8 6 2 0.35 0 ‘E 10 13.45 MeV, 67 ©
8 8 2 035 0.35 “E B =29 MeV
8 10 2 0 0.35 f;; 5
g \ 9,0, 0, =
RWAs for the 13.45-MeV(6) state were obtained aE,,, 3 A 1:1:0
=33 MeV and 42 MeV by comparison of calculated and experi- éo,s o T ;H
mental data from Ref.19]. Z ‘!3 .. o1
E \ _ 1:1(,=0,2):0
12C+12C interaction that has been used in our calculations § "\
corresponds to the averagéMg radius and allows one to z

ol
=]

obtain the all angular distributions and ACFs at given inci-
dent energies.

It should also be noted that the angular distributions, their
forms, and absolute values depend on the relative contribu- FiG, 3. d-o angular correlation functions for the
tion of the MCeo'C configurations with different 2C(*N,d)*Mg* («)®°Ne reaction at beam energie€,,;,
@ Mg—C+C \\a have estimate®’ MI—'C+C \alues =33 MeV (a), 42 MeV (b), and 29 MeV(c) for the 13.24-MeV

Aqlylx Aqlqlx + .24 o ;
. . : (67) state in“"Mg at deuteron anglé.,,=0°. The experimental
by a comparison of the experimental and calculated differen oints are from Ref[19]. Curves represent direcfC* (I,=2)

tial cross sections and ACFs. The extracted values of RW,R

9&, c.m.(deg)

249120+ 120 transfer calculations fot’*C® *2C* configurations corresponding to
- i 24 120, 1
Allllx are shown in Table IV. the different relative weights dl')Az’,'lglzlfzc*  for A1=4,6,8.

Angular distributions for the low-lying levelly.s., 1.37
and 4.24 MeV (2)] have the most pronounced structure. Intract the RWAs we analyze them simultaneously with the
particular, the best agreement with the experimental data fagorresponding angular correlation functions.
the states 1.37 MeV and 4.24 MeV {Pwas obtained under
the assumption that the components with=1;=2, Iy
=0,2 introduce the main contribution, whereas the=0,
Ixv=2 component is negligible. A position of the first maxi-
mum in angular distributions becomes more correct due to The direct!’C-transfer calculations of ACFs for the ex-
the contribution of the major component with,=4 (Iy  cited states in**Mg [beginning from the 4.12-MeV (%)
=2). statd have been performed.

Angular distributions for the high-lying levels E{ In Fig. 3, we compare the calculated ACFs with experi-
=8 MeV) do not have any distinguish structure, and to ex-mental dat415,19 for the 13.45-MeV (6) state in?*Mg at

D. Functions of d-a angular correlation and quasimolecular
l2c® %Cc* states in *“Mg.
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05 X ues, it should not come as surprise to find that RWAs exhibit
D e a weak energy dependence.
K o For example, an excellent agreement between the experi-
mental data and theory can be obtained® bombarding
energy of 33 MeV, if and only if a coherent summation of
two '2C®'C* configurations withA;=4,6 andly=2 is
carried out. The*?C(g.s.) transfer withy=0 should be lim-
ited because the onl\;=1;=6 is allowed in this case.
When the beam energy increases up to 42 MeV, the angular
dependence of the experimental ACFs becomes smooth and
does not show any clear oscillations. To explain this behavior
of experimental ACF, we show that the contribution of the
o 20 5 % 120 h?ghe_r a_ngular mom_enml=_ 6,8 becomes more imp(_)rtant at
9 (deg) high incident energies, which leads to the smoothing of the
oem ACFs. Indeed, if the reaction involves the given excited
FIG. 4. d- ACFs for the 13.24-MeV (6) state in?*Mg cal-  state, the transferred momentulK =K, —Kj, rises as the
culated with®, _,=0.114;0, _¢=0.114;0, _g=0 at different beam energy in-creases. When multiplied by the interaction
beam energies. radius R, AK gives the transferred angular momentum
=A,+ A,. Therefore, we conclude that at the higher inci-
14 ] ) ] dent energy the relevant contribution of the higher allowed
N bombarding energies of 33 Mel¥ig. 3@] and 42 MeV  ransferred angular momeritand the higher relative motion
[Fig. 3b)], as well as the calculated ACFs at 29 Mg~ig. angular momenta, becomes dominant.
3(c)] for deuteron anglef;,,=0°. Our calculations have  For all the levels with one exceptidi3.45-MeV (6")
bez?n E)erf(l)rmed for different contributions of the statg the absence of oscillations in ACFs was found by Ar-
@Al\flgl;fzu c values A;=1¢+1y). temov et al. [15]. This fact requires reasonable explanation
and justification. Let us consider the results of ACF calcula-

Two features of the ACFs are worth noting: &ion in the direct-transfer model for the other high-lying ex
(1) The angular dependence of the ACFs with pronounce cited states in"“Mg between 4- and 14-MeV excitation en-

oscillations is dictated by the values of the projectile energy. . i ;
Even slight(about 4—5 MeY changes of the projectile en- ergy. Results of the direcfC-transfer calculations for the

} in 24 in Fi
ergy can lead to large variations in angular dependence of the - MeV (67) state in“Mg are shown in Flzg,\',lg&aizzmezrce

ACFs. we show the ACFs obtained with differe(*ilAl,1IX

(2) The calculated ACFs show a strong sensitivity to thevalues at 14N bombarding energy of 29 MeV. The ACFs
structure of the given excited state?Mg, that is, its cluster ~presented in Fig. (&) were calculatecll4 at energielap
wave function and a relative weight of the variodéC =29,33,35, and 42 MeV assuming tﬁbAffﬂ; et val-

®*C configurations. The latter can be determined by twoyes from Table IV. The ACFs for the 8.11- and 8.44-MeV
quantum numbers: the orbital angular momentigof rela- (6 *) states show a smooth, practically nonoscillated behav-
tive motion of two *2C in **Mg, and the total spidy of  jor at beam energy 29 MeV if the configurations with
transferred clustet*C* (assuming thata=11,c=0), inac- =4,6,8 andly=2 have approximately the same weight. At
cordance with the angular-momentum coupling sché2®  E ,,=42 MeV the configurations with the higher angular
At zero-angle deuteron emission the angular-momentunmomenta,A ;= 6,8 are dominant.
projectionsM;=M, (M,=0,%+1,+2) are only possible and Figure 8a) shows the results of ACF calculations for the
the ACFs(18) are incoherent sums of squares of sphericall3.21-MeV  (8") state obtained with different

harmonics multiplied by the relative populations of tiilg @iﬁ‘f’ﬁ;nc*lzc values. One can see that the ACFs calculated
=M projections(19). Meanwhile, theM projection popu- 4t £~ " 29 MeV with equivalent contribution of the con-
lations strongly depend on the relative contribution of d'ﬁer'figurations withA,=6,8 andly=2 do not contain any os-

l l . . . N . ,- . .
ent[*C&®*2C* ] 1,14, configurations, which are character- gillations and are sufficiently smooth. Nevertheless, oscilla-
ized by the angular-momentum coupling scherf®9). tions can appear at high incident energies, for example, at
Making a comparison of the calculated ACFs and the experig ,,=42 MeV. As can be seen from Fig(l§, the energy
mental ones at different incident energies we were able tdependence of the ACFs for this state calculated with
restore the cluster structure of a given state and to extra@i“r\{lgl—ﬁcﬂzc values from Table IV is pronounced.

o 249120 + 12C . 1lalx
quantitative values of th® Vi , which are pre- Finally, we can conclude that the polynomial structure of

sented in Table IV. the ACFs is connected with the orbital rotation of tWeC

In Fig. 4, the energy dependence of the ACFs for thenuclei relative to each other in a molecular configuration.
13.45-MeV (6") state(calculated with the RWAs from Table The experimental ACFs indicate that the distribution of the
IV) is shown. Assuming that the orbital rotation of tWéC ~ magnetic populations is not homogeneous and this fact is in
nuclei relative to each other in a molecular configuration iscontradiction with the statistical CN model. To explain this
primarily responsible for the unexpectedly large RWA val-fact we show that a direct transfer of the massive cluster

Normalized Angular Correlation Function
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FIG. 5. d-a ACFs for the 8.11-MeV (6) state in ?*Mg at FIG. 6. d-a ACFs for the 13.21-MeV (8) state in**Mg at

deuteron angléd, ,,=0°. (a) Direct'?C* (Iy=2)-transfer calcula- deuteron angl®,,=0°. (a) Direct*?C* -transfer (x=2) calcula-

tions atEiq=29 MeV for 12Ce2C* configurations corresponding tions atE=29 MeV for *C®*?C* configurations corresponding
to the different relative weights dt)ii‘fﬁ;ljc*nc for A;=4,6,8. to the different relative weights di)f’l\’l'ﬂ;lfz“lzc for A;=6,8,10.
(b) Energy dependence of calculated ACFs ¥E®%C configura-  (b) Energy dependence of calculated ACFs ¥é€® *°C configura-
tion with ®A1:4: ®A1:6: ®A1:8: 0.447. tion with ®A1:6: ®Al:8: 0.35; ®A1:10: 0.

12c* takes place both in the gs and in the first excited 4.44has been performed under the assumption that the direct
MeV (2F) state. For the high-lying levelsE¢ =8 MeV),  transfer of12C* cluster and CN mechanisms are realized in

with 1;=6",8" in ?*Mg, the direct transfer of°C* in the the reaction, that made it possible to obtain remarkable quan-
first excited 4.44-MeV (2) state dominates. Populations of titative agreement between the theoretical calculations and
the magnetic substates depend on the relative contributioribe experimental data. Using the total transferred angular-
of dif'ferent[lzc@)lzc*]Alll,XIf configurations with spectro- momentum coupling scheme, we calculated the RWAs for

. . : C ; 14y 1 : :
scopic weights determined by the incident energy and tran§—he+ light vertex'‘N—*2C* +d Tvolymg g.s. and 4.44-MeV
fer momentum. We show that the lower allowed orbital an-(2*) intermediate states if°C*. It is shown that the con-
gular momenta of relative motion of twd?C play a tribution of the CN mechanism, which have been calculated
dominant role at low energies, whereas at higher energies tHaking into account the critical CN angular momentiign
higher allowed orbital angular momenta become more imand the selected rules in the entrance and exit reaction chan-
portant. When the incident energy increases sufficiently, th@€!S, does not exceed 50% of the total cross*sectlon value for
other intermediate excited states in transferred nucleus a@l the studied excited states in the fifdMg* nucleus at

coming into play. beam energies 29 and 35 MeV. Our calculations confirm the
existence of the 12-nucleon massive cluster direct-transfer
V. SUMMARY AND CONCLUSION mechanism and substantiate the presence of quasimolecular

12C®12C configurations in different states #Mg.
The comparison between the existing experimental data

' d our calculations of the differential cross sections and the
tensors, we presented the generalized methods for the A . . o7
. ! CFs has made possible a direct determination of RWAs for
calculations in the framework of two complementary nuclear,[he 200 q* —12C1 12C* vertex taking into consideration the
reaction models: EFR-DWBA and the modified statistical 9 9

H 12 12~% : H
CN model. The theoretical analysis of the differential crossd'fzf;reniz[c E:zf) “C* a1, configurations. The calculated
g— +

sections and ACFs in th&’C(*N,d)*Mg(«)*°Ne reaction  ©, 7% |

Based on the theory of the spin density matrix and its spin

values are found to be sufficiently large for
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all states we studied and are many times dbgra factor of  higher orbital angular momenta of relative motidq are
10%) than calculated in the framework of the cluster modeldominant. The energy dependence of ACFs is connected with
[49]. It is shown that large RWA values are associated withthe spectroscopic amplitude distribution between the differ-
relative orbital motion of two'?C with angular momentad;  ent[*2C®'%C*], ., configurations.
in the certain quasimolecular configuration. v
We show that the low-lying states #Mg [g.s., 1.37 and
4.24 MeV (2] are characterized by the following configu-
rations: A;=1;, g.s. and 4.44 (2) states of intermediate The authors are grateful to Dr. E. F. Aguilera and to Pro-
12C nucleus. fessor Yu. F. Smirnov for fruitful discussions and sugges-
For the 13.45-MeV (6) state and the other high-lying tions. T.L.B. acknowledges helpful discussions with Profes-
states withl;=6%,8" in ?*Mg all the allowed momenta sor V. G. Zelevinsky, Dr. E. Chavez, and Dr. O. Civitarese at
A;=l;+Iy are involved in the reaction owing to the the XXV Symposium on Nuclear Physi¢3axco, Mexico,
12c(2™) transfer priority. At high incident energies the 2002.
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