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Abstract: The reaction 26Mg(!*C, 12B)?%AI(5*, 3") has been studied using a beam of 102 MeV of !2C.
Shell-model, microscopic direct model and fmite-range coupled reaction channel (CRC) calcu-
lations including recoil effects, have been performed, for comparison with the experimental data.
DWBA calculations were performed for the intermediate states of interest in the **B+27Al and in
the '3C+2*Mg channels and these results were also compared with the experimental ones. The
dominant reaction mechanism for **Mg(*2C, !2B)?°Al(5*, 3*) appears to be the sequential mode.

NUCLEAR REACTIONS 26Mg('2C,12B), E = 102 MeV ; measured a(f); deduced reaction
E mechanism. Microscopic direct, DWBA, coupled reaction channel models.

1. Introduction

Reactions resulting in charge exchange between heavy ions have been observed
for a number of projectiles and targets. Most authors have adopted a model based
on direct excitation ! ~3) and some others have also performed a coupled reaction
channel (CRC) approach ?'*). It is an open question which picture most accurately
describes the reaction mechanism and this work was performed in order to assess
the competition between the two processes.

We report in this paper a study of the 2Mg(*2C, 2B)?®Al reaction using a beam
of 102 MeV of '>C. The measured cross sections have been compared with
theoretical predictions of the microscopic direct model and the CRC approach.
The dominant reaction for 2°Mg(*2C, 1?B)?°Al(5*,3*) seems to be the sequential
mode in which a proton (or neutron) is transferred from '2C (or 2°Mg) to 2°Mg
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' On leave from Lanzhou University, China.
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(or '2C) to form states of 2’Al (or 2°Mg) and tht -.s followed by rwutrn. .ov
proton) transfer from 27Al (or '*C) to form 2°Al(5*,2*) and -?B(g.c

One-step DWBA analyses for one-particle transfer leading to pr-sitde “vir1-
mediate states of the sequential process have been performed. The a:m of thvae
calculations is to test both the optical potential and the form factor ;-acarwters
and also to estimate the effects of deformations on the one-particle trewus < “orm
factors and the potential role of inelastic (CCBA} couplings.

The analyses of one- and two-particle transfer reactions have be.n calcuizied
the finite-range formalism, including recoil effeqts. Although zero-ra-.4~ calcalcu- s
have been carried out successfully for light ion reactions, the app.c *:.1tion 1= - ot
appropriate for heavy ions. The computer codes used to calculat. t . oae parusle
transfer reactions are SATURN®) which genérates the fmite-r g ' 0 jactor
(with recoil) and MARS %) which is a standard. DWBA code. T or ¢v. &0 cricu-
lations a computer code SESIME?®), developed by Proudfyot aad K ¢ :-uom

SATURN-MARS has been used. It is a standard CRC progran- *.s¢ = ‘e
formalism developed by Udagawa et al.”). It solves the gere =' ~. = oy, 003
equations presented in the above mentioned reference using :he for: -7 e -
rated by SATURN and the distorted waves generated t. MA+* . < ix;1
function is calculated by a program developed by the authors.

The computational work performed to evaluate the microscopic .f..:2-1" t.g-”

direct model cross section was carried out with a recently develop « com . tor
code named BERI ®). The zero-range approximation was avoided bec-1se it » vriy
appropriate with lighter projectiles. To our knowledge, all previous calcalations
within the framework of this model, have been performed using an exjansior
coefficients of fractional parentage (CFP) of the multinucleon transition densities
rather than the one-body transition density (OBTD) approach chosen for this
work (more details will be given in sect. 5). The OBTD formalism is proba-'y
more convenient because only wave functions in the initial and final systems n: e
be calculated to obtain the structure information. On the contrary, the CF#
expansion requires wave functions for all the relevant intermediate states®). The
OBTD were evaluated with the aid of the Oxford shell model code *°). This code is
a standard m-scheme program. It projects the m-scheme basis onto states of good
total angular momentum and isospin before calculating the hamilton’..w r3av:':
elements and thus greatly reducing the matrix dimension.

The paper is organized as follows. After the presentation of the daix, : - 1mmae.y
of the direct model and the analysis of the data within this model are given. ™ ey,
the one-step DWBA analysis is performed for the one-particle transfers lea '1r @ 10
intermediate states of a possible sequential process and finally, the CRC calcu  *o:
is presented.
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Y0) st 217, Experimental procedure

Db 2xoen .ment was performed using a beam of 102 MeV 12C ions from the
Serhsley, 58 b.nch cyclotron. The target was a self-supporting Mg foil of thickness
25¢, ;gg/cu‘gfq Reaction products were momentum analysed in the Berkeley magnetic
spavtromgtet 1) and identified on the basis of time of flight, magnetic rigidity and
¢Fidy. absolute cross sections were computed from the yields using the known
target thinxness :determined after the experiment by weighing), spectrometer solid
argle {047 mycj and the measured beam charge. The yield of elastically scattered
10LF WaS ML red continuously as a check against target deterioration. The
sys.cmadc o i the cross sections should be less than 25 9. Fig. 1 shows the
"B, W4 (ziepectra at 11°; the total FWHM resolution is approximately 200

PRI T B U

cesynan o e 3. Qualitative analysis of the results

“aft L TINLL. i ot

o, Tr5ica =i n thg introduction, the analysis of the ''B and 'C spectra and
rw eniosbnion of the relevant one-particle transfer cross sections were carried out
e the sty of a potential intermediate state of the sequential process. The aim of
‘iriy v-0rk ki) assess the relative importance of the one- and two-step processes for
thiy; Cuerge eiwhange reaction,

The '3 and !2C spectra show that the reactions selectively populate the states
vi;own to~have large single-particle spectroscopic factors. These are the ground
state (ds) and the 0.84 MeV (s;), the 2.981 MeV (d;) and the 6.48 MeV (f;) states
n *7Al The populated states in >>Mg are the ground state (d;) and the 0.5851
M-, state. There could be two doublets in 7Al formed by the 27Al*, 0.84 MeV)
and the 2’Al(3*, 1.014 MeV) states and by the ''B(3™, 2.12 MeV) and the 2’Al(3*,
+210 MeV) states. The (2J;+ 1)C2S factors for the two peaks in the first doublet
are given in ref. '2). Their values are 0.81 and 0.32, respectively. DWBA calcu-
iations using these factors show that the peak is mainly composed of the
1+ state The * state in the other doublet can be discarded because such a state
o Nt },“populated by a direct process. The !3C spectrum presents a broad peak
at aprrosimately 3.5 MeV. The candidates are: the 2Mg(3™, 3.90 MeV), the
LG, Aps, MeV), the 13C(37, 3.68 MeV) and the *C(37, 3. 85 MeV) states. The
specrroscopic factor for the 2°Mg candidate is 15 times smaller than that for its
grynd sate and therefore, it can be inferred that the contribution of this excited
“tsies;is negligible. It can also be added that the experimental data for the
**mg(13C, "*C)** Mg reaction '?) show that the 2*Mg ground state is the only $*
state populated with any reasonable strength. Glover et al.'*) extracted spectro-
scpic iuctors of 0.9, 0.26 and 0.8 for the 3%, 3~ and $* '3C states respectively.
Tre i se of the relatively large spectroscopic factor and the high-spin selectivity of this
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Fig. 1. Experimental spectra for the 2Mg(*2C, *!B)?"Al, 26Mg(*2C, 1’C)**Mg and ?* Mg(**C. *?B)*°Al
reactions at 11°.
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reaction, the 3 state is expected to be the predominant contribution to this broad
peak in the !3C spectrum.

The 2°Mg states at 0.97 MeV and 2.80 MeV are almost unpopulated because of
very low spectroscopic amplitudes: 0.06 and 0.17 respectively.

The 2B spectrum presents only three peaks. It is interesting to notice that the
26A1(0%, 0.23 MeV) state is not populated to any significant extent. The direct
0" —» 0" iransition is forbidden, but the reaction could take place in a sequential
manner. Duhm et al.*) populated this state in the 2Mg(°Li, ®He)*°Al reaction at
E(°Li) = 32 MeV and reproduced the angular distribution by a two-step
calcalation.

A CRC calculation has been performed for this level including four intermediate
routes

26Mg(0+)—> 25A1(5+,1+) 26Al(0+)
and

26Mg(0+)—* ZSMg(5+,l+) 26Al(0+),
together with the corresponding lighter system routes
12C(0+) - 13C(%+) _p%_’ 12B(1+);

that is, the two routes in each mass partition that most strongly contribute to the

26A1(5%,3%) cross sections. The parentage amplitudes for 2°Al(0*, T =1, 0.23

MeV) are the same as for 2Mg(0*, T = 1, g.s.) and they are shown in tables 6 and

7. The cross section obtained is more than two orders of magnitude smaller than
e 26A1{57,3") cross sections, as expected from the analysis of the data.

4. Distorted-wave theory

Following ref. 7) we write the transition amplitude for a reaction between an

(1Pl

incident channel “a” and final channel “§” as
Ty = T + TP+ THO 1)

Here, T3’ is the simultanecous amplitude, T is the sequential amplitude and
T§'? is the non-orthogonality correction arlsmg from the selection of the basis
state set.

This last contribution depends on the representation used for the interaction
matrix elements. If the prior-post form is used (as in this paper), T3'® actually
vanishes.

a0y
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5. The one-step contribution

The one-step contribution has been analysed within the framework ¢f tie m:-
croscopic one-step direct-charge-exchange model. In this model both the prosestile
and ejectile are given the same spatial coordinates, therefore the T;’ matrix will be
similar in form to the zero-range T-matrix.

Closely following ref. !-?) we write, for an A(a, b)B reaction,

Ty = JX (R Bb|V,JAa)y X M (R)IR, )

where X,, X, are the distorted waves in the incident and exit channels ::nd
F(R) = (Bb|V,|Aa) = {IpTgspty|Vll s Tas,t,) (3)

is the form factor. V, is the microscopic nucleon-nucleon interaction between t-e
target and the projectile. This matrix comprises all the interesting physical featu<r :
the selection rules, the nuclear structure (in the corresponding wave functions) «.5:*
the type of reaction. X, and X, depict only two elastic scattering states.

The projectile-target interaction V, is assumed to be of the form:

V,= Z villrijls o (i), a(j), T(i), 7(j)), )
igA

with

Uy = Uij(lrijL a(j), a(i), ©(j), =(i))
= o(r){ Voo + Vort(j) ol + Viga i) )+ Vi (0(j) a@)E0) 72037 ¢

L

Here, ¢ and 7 are the spin and isospin Pauli operators and |r;| is the distance
between the two interacting nucleons.

The spatial coordinate system is displayed in fig. 2.

Defining the quantum numbers [, j (I,, s) as the angular momentum ar-. iti.
total angular momentum transferred to the intrinsic motion of the targst (-
jectile) system, r;(r,) as the coordinate for the interacting nucleon in the targ-i
(projectile), and [ as the total angular momentum transferred between the init'al
and final systems, the usual result of the decomposition of the form factor :nto
partial waves as shown in ref. %) is:

FisR) = Y,

Soto

djls;lxlzsolo'lofi’-“IXIZSOtO(R), {6)
m

111250
tono
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o

a ) A

Fig. 2. Coordinate system for the microscopic direct-charge-exchange form factor.

where s, and t, are either 0 or 1 for the four terms V, , in equation (5); n, is the
t. projection value, and
1,

A

: N
1s:11las0t s +1-1 —sp b : .
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6 X (= )" TuN pto — 1ol TN g <t nyt ottty 7
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b lsz N R) T 65,0 (202 KLy RCI, 200030010
'k

X Jdrldrzr?”rlurzvt(r, R)g*’;b(rZ)gkf,‘” o(ry). (8)

by

Here, g'isofi*o is the heavier system multinucleon transition density:

g = 1T ¥ Qi)

ieA 1

o) T A Ta>- ©)

The deimition for the reduced matrix element is that given by Brink and
Sa:chier ) g%,(r,) is the inversion of glgsoSite(r,); (r, = r+7r;);

i

1
b Jh(r,ry) = j B (lr 41y |)lr + 14| 2P(cos O)d(cos); (10)
91 B -
BIGENEIAA
-cand: also, »,(r, R) comes from the inversion
[ 2

| o(r. R) = J " o(r, R)Py(cos B)d(cos 9). (11)

' The transition density matrices will now be decomposed in one-body transition
densitv matrices in the usual manner.
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A one-body operator acting on a system of N-active particles can be expressed
as:

N
Oky = 2. O, (12)
ji=1

where O,,(j) is the one-body operator acting on particle j. The correspor g form
in the second quantization formalism '°) is:

Oy = X (=) Qo+ DX pilllOllp>{a,.d,,}5(2k +1)72. (13)
PiP;

The summation runs over all possible single-particle states p; = |n;lj;t,>.
We now use (13) in the expression of the transition density (9) for the operator

Z (0(r;—ry )/rlz) Tlo(i)Tllsoj(i):

icA

gapite(ry) = Z 22+ 1))%‘15",1,-,',-("1)d’njtjj,-(rl)

PP
X (Ll Tl <elleelie p< I Tylll{ayd, Y A Tk + 1) 72 (14)

We shall now consider the special case s, = t, = 1. As it will be shown later, it
is the only term in the nucleon-nucleon force that contributes to the present
reaction;

gkéj;l(rl) = \/8 Z (% + 1)&<Ild'i”T“lj"l;ij> OBTD(ABPin;j)
PiP;

X Gt i 1)1, 10, (13)
where the one-body transition density is defined as:
OBTD(ABp,p;; j) = (2k+ 1)‘*<IBTB|||{a;dpj}”|||IATA>. (i6)

An analytical expression for the T'**/ matrix elements can be found in ref. *©).
Eq. (15) can be written in a more compact way by defming the C,, coeficieats
in the following way:

GHAF () = Y i s Pt i )Py (1) (17
PiP;j

The expression for the lighter system transition density matrix is obviously
similar to (17).
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Following this formulation, and with the definition of the radial form factor
F7(R) as !'2)

FIs(R) = Y% (R)F™(R), (18)

the fina: gxpre.sion for the cross section is that presented in ref. °).

6. One-step reaction numerical calculations

6.1. EVALUATION OF THE TRANSITION DENSITIES

In order to perform the one-step reaction numerical calculation, a code named
BERI®) has been written. This code uses the one-body transition densities pro-
doced by the Oxford shell model code !°) to obtain the C,,p,coefficients defined in
eq. (17). It then calculates the radial form factor as defined in (6) and (18) using the
bound-state wave functions generated by the code SATURN %) and finishes the
calculation by coupling to the code MARS ?).

The link between the Oxford shell model code and the form factor calculation
was performed so as to try to have as accurate C, 0 coefficients as possible. It is
reasonable to think that the relative phases and magnitudes of these coefficients are
as impectant to the one-step calculation as those of the spectroscopic amplitudes
are for the two-step one. Wharton et al.®) pointed out that the here-called Cop,
coefficients are the main uncertainty in charge-exchange calculations. Kim et al. ?)
found that in the 28Si(*®0, !8F)?8Al reaction the magnitude of the !, = 0 form
factor dominates both the 3* and the 2™ cross sections because the single-particle
charge-cxchange components interfere constructively while in the I, = 2 form fac-
tor they interfere destructively. Gaarde et al.'”’) found that the
*8Ca(®Li, *He)*®Sc(1*) cross section decreases by a factor of 7 due to configu-
ration mixing. This strong dependence was found by just increasing the number of
confizurations from one to two. The other important aspect to be considered in the
cne-step model are the radial wave functions that appear in (17). The shape of
thess wave functions may not alter significantly the shape of the angular distri-
bution provided that the wave functions decay with the binding energy of the
bound particle. However, the magnitude of the cross section depends strongly on
these ﬁnctlons As these reactions are surface reactions owing to the short range of
the nticlear force and the strongly absorbent feature of the imaginary part of the
opticai potential, the value of the cross section will be roughly proportional to the
square of the transition density at the surface region. As stated and shown for
stripping reactions '®), wave functions that decay with wrong tails, can produce
drastic effects in the cross section. In the present paper, the bound-state wave
functions have been generated by varying the depth of a Saxon-Woods potential so
#s to bind the particle at the correct binding energy.
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The C,,,, coefficients for the lighter system were obtained by assuming p-shell
wave functions. The two-body interaction used was the Cohen and Kurath '*) one.
For the heavier system a Chung and Wildenthal hamiltonian 2°) was assun <1 and
the calculation was restricted to the ds-s, shells. The d; shell was not inciuled
because such a large calculation can not be performed at present. The effect o¥ ine
d; shell should be small for the ground state and 3* state wave functions becz.:.se
it lies very high in energy: the first 3* state in ‘7O lies at 5.08 MeV of excitation
energy. Neither does it contribute to the ground-state wave function as an aciive
shell: a spin transfer of 5 with only two particles can only be performed with
transfers to or from the d; shell.

6.2. EVALUATION OF THE FORM FACTOR

The 2°Mg(J = 0", T = 1) - 25Al(J = 5%,3%, T = 0) has to be produc.i 'y a
simultaneous “spin and isospin flip”. Only the ¢ - 67 7 term in the nuclec - *siieon
force can accomplish this: the conservation of the heavier system parity 4;lows
only an even angular momentum transfer to the intrinsic motion, /;, and m order
to populate an odd total angular momentum in the residual nucleus, the intrinsic
spin transfer should be one. It is also immediately seen that the selectior rute
A(T,, Tg, T) can only hold when T = 1.

Three different nucleon-nucleon forces were used:

-l -]
N Y B )l \ By
o(lry) = Viy exp [—('i'—ﬂ :

! B /1

and the effective nucleon-nucleon interaction introduced by Bertsch er al. 2!,

exp [ —4lrl] exp [ —2.5|r;l] exp[—0.7CT|r,,i}
————= 4+ 653.6 +13 —
dry 1O 251, 0.707]r

a Yukawa type,

a gaussian type,

o(ry;) = —2105.1

i

In the present calculation g, was set to 1.0 fm and f, to 1.8 fm.
For the Yukawa and gaussian interactions the strength of the force V,,, ¢ac <-e
only free parameter to be fixed so as to normalize the computed cross scct’ ... '

the experimental one,
(d_a) =Va (d_0> ,
dQ exp dQ computed

whereas, the Bertsch interaction has no free parameters.
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TABLE 1
Optical potentials for 2°Mg+ !B, E(*'B) = 114 MeV

A w 7 e g = as Wy Fov = Tos av W, 74
1 Saldy)
AL 57 1.072 0.65 25 1.15 0.8 0 1.0
2L 35 1.066 0.80 25 1.22 0.62 0 1.1
A3, 106 1.10 0.49 13 1.20 1.0 0 0.75
A4’ 150 0.946 0.65 70 1.15 0.2 9 11

The radial wave functions were generated from a Saxon-Woods potential with
geometric parameters ry = r, = 1.25 fm, a4 = a,,, = 0.65 fm and V,, =7 MeV.
The -sepa. of the potential was obtained from the experimental binding energies on
5NV and on !B,

Tha optical potential used was extracted from ref. !?). This potential was ob-
taindd’ 9y fitting the elastic scattering data of !'B colliding on Mg at 104 MeV.
The parameters are listed as set Al in table 1.

. .
6?1”11{E 26Mg(12C, 12B)2%Al1(5*) REACTION

‘'L obtained C,,,, coefficients for this reaction are listed in table 2. The three
two-bedy interactions gave similar shapes for both the radial form factor and the
cross seciion. These two results, for the gaussian interactions are displayed in figs. 3

TABLE 2

Lighter system C, . coefficients

Tinal Initial Transference
tate
sta (‘ B state OBTD Tla<ls Tl2s1s Conllac) Cpopilz>)
L . L 2 2s Lo L,
' t 1 1 2 0 2 00194 0.1629 -0.4607 0.0109 —0.0309
IR 3 2 0 2 02301 —0.4607 -0.1629 -0.3671 —0.1298
N 1 1 2 0 2 01131 0.3257 0.1152 0.1805 0.0638
3 1 3 2 0 2 00255 —0.3642 0.1030 —0.0454 0.0128
At w i Heavier system C,,,, coefficients
AR 1L} NG (i) 2*Mg(*2C, 12B)?°Al(5+) state
Finzl sate Initial state Transference
. —— OBTD ThY C,,
L2 L 2 I .

2 5 2 5 10 4 —0.1662 0.6456 —0.6440
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TABLE 2 {continued)
(it) 2°Mg(*2C, 12B)?SAI(3*) state

Final Initial Transference

state state i j
OBTD Thi<y Th>1i ij(11<) C,,‘,.;(11>)

2 5 6 2 4 —0.1407 0.4046 —-0.0779 —0.3415 4.0657
2 5 0 1 6 2 4 0.0463 0.4309 0.0000 0.1196 U.0000
0 1 2 5 6 2 4 0.0839 —0.7464 0.0000 —0.2169 0.0000

and 4, respectively. It can be seen that the shape of the cross section is ieproduced
by the calculation. The form factor is seen to be peaked inside the surface region,
partly because the bound-state wave functions are so. This result has already been
observed in “Ti(*He, *H) data ??). In the present reaction the form factor is
peaked at 5.3 fm whereas the channel radius at grazing contact is 6.5 fm. At this
latter distance the form factor has already diminished by more than 30 9 ana the
final cross section would therefore be 70 % lower in magnitude than it would iave
been, had it been surface peaked. At the experimental measured angles, no sigrif-
icant difference in the cross sections was found when a lower cut-off of 6.5 ..n was
made. At more backward angles, for which the projectile and the target havz to
collide at closer distances, the two cross sections were significantly different, beih
in magnitude and in shape.

6.4. THE 2Mg('2C, '2B)*°Al{3*) REACTION

The C,,,, coefficients for this reaction are listed in table 2.

Figs. 5 and 6 display the gaussian form factor and the cross section for the 3*
excited state. Again, no difference in shape was encountered among the three differznt
interactions used. The calculation shows again (fig. 5) a clear selectivity for the
lower I-transfer value. This is inspite of the kinematic selectivity for high !-t. ansfers
and thus reflects the strong I-dependence of the form factors. These two opvos:ag
(kinematic and structure) selectivities are partly responsible for the low cross
sections.

The values obtained for V;, and the normalization for the effective interaction
are listed in table 3 and are compared to those obtained elsewhere.

Two other contributions could be taken into account as relevant to the one-sten
mode: one arising from the nucleon-nucleon tensor force and one arising from
exchange effects.

The tensor force is known not to contribute significantly to the cross section 23).
In their study about this force Gaarde et al.?*) found that it makes no contri-
bution to transitions to natural-parity states but affects transitions to unnatural-
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Fig.4.2Mg('2C,'2B)?°Al(5* Ymicroscopic direct-
charge-exchange cross section and partial cross
sections for angular momentum transfers of 4
and 6. A gaussian two-body interaction of range
parameter f§, = 1.8 fm has been used.

Fig. #3. Radial form factors F™(R) for a
-gaussian interaction of range f, = 1.8 fm for
o e 2°Mg(**C, '?BY*®AI(5*) reaction.

S s
T
parity high-spin states. Even so, this contribution is small: for the 5* state in the
4}*Cu(®Li, ®He)*®Sc reaction, the V;, value decreases 11 % when the tensor force is
rxcluded.

On the other hand, exchange effects may play an important role 23:2¢). They
could decrease the Yukawa V|, strength by a factor of two. Even this factor would
not be enough to bring the theoretical value close to the experimental one [(p, p’)
and (p, n) reactions give, for a 1 fm Yukawa interaction, V;, = 124+2.5 MeV,
ref. 27)].

The physical interpretation of the unrealistically high V;, value is straightfor-
ward: the reaction does not proceed through a direct one-step charge-exchange
procesd. As it will be shown later, the above conclusion is reinforced by the
magditude of the sequential cross section, which seems to be the dominant

coniribation.

7. The two-step contribution

7.i. GENERALITIES

The coupled reaction channel formalism has been described in some detail by
many authors 72273%) and only the conclusions will be outlined here.
The second-order T-matrix is found to be composed of the sum of two terms:

the sequential and the non-orthogonality terms.
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Fig. 5. Radial form factors F/*(R) for a gaussian Fig. 6. 2°Mg('2C, !2B)*°Al(3*) microscopiz di-
interaction of range f, =18 fm for the rect charge-exchange cross section and partial
26Mg(*2C, 12B)*°Al(3*) reaction. cross sections for angular momentum transfers

of 2 and 4. A gaussian two-body interaction of
range parameter ff, = 1.8 fm has been used.

The physical meaning of the sequential term in charge-exchange reactions is the
passage of a nucleon from the projectile to the target (stripping) and then, >ne
from the target to the projectile (pick-up). The reaction also evolves in the oppo:ite

TABLE 3
Vi, strength (MeV)

26Mg(12C IZB)ZGAI

Interaction (p.n) (°Li, °He) ("Li,"Be)  28Si(*%0Q, ®F) (present work)
type ref. 34) ref. 3) ref. 3%) ref. 2)
ground state excited state

gaussian 7-21 25 38 55
B, =18
Yukawa 20-300 15 76 118 167
B=10
Bertsch ?) 2-6%) 53 62 .00

*) Bertsch interaction has the force strength already included and the numbers quoted hei.. i re the s
needed to multiply the theoretical force so as to bring the theoretical cross section t¢ agree -/i*h tin
experimental one.

®) Single-nucleon knockout exchange effects were added.
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direction viz., first pick-up and then stripping. All the important routes should be
taken into account and coherently summed.

The other term, the non-orthogonality term has no physical meaning. It arises
from the selecticn, as a matter of convenience, of a non-orthogonal basis: the total
wave function describing the system is expanded in terms of different mass par-
titions (initial, final and intermediate channels). The reason for this is that, ex-
pressed as such, it is easily truncated by choosing only those few states of interest.

7.2. DWRA CALCULATIONS

Before going into details of the two-step process, the DWBA calculations for the
important intermediate routes will be presented. It is important to have a good fit
to the crne-step processes through which the different intermediate routes proceed,
in order to have confidence in the two-step result.

The influence of the optical potentials was studied and it was concluded that
they do not alter the final results significantly. Four different sets extracted from
ref. 13) were tested. No real dependence in neither the shape nor the magnitude of
the cross section was found. These test runs were performed for the most important
route leading to 26Al1(5"): that one through the ground states of !'B and 2”Al. The
calculations are summarized in table 1. Set Al was used for all the routes, for all
the channels and for all the intermediate states.

The cross sections are displayed in figs. 7 and 8. The general fit to the cross
sections, both in shape and in magnitude, is good. The fit to the 27Al()* excited
state can be seen to be out of phase. This is a long-standing problem, the so-called
! =1 anomaly. As seen in dashed lines the difference in phase is removed by
iazksasing the radius of the imaginary part of the exit channel optical potential by
25 Y%,. On the other hand the new normalization (1.7) is worse.

To finish the discussion on the one-particle transfer reactions some assessments
will be drawn on possible couplings to inelastic channels. Some reasons suggest
that inelastic couplings are not important. (a) All the normalization factors are
very close (or even equal) to one showing that DWBA accounts for the magnitude
of the cross section. (b) Table 4 shows a comparison of spectroscopic factors
obtained in this work and elsewhere and they are in good general agreement. (c)
The obvious candidate for an inelastic coupling is 2C(2%,4.4391 MeV).
Nevertheless, 'B(37,0.0 MeV) has a spectroscopic factor more than 5 times
smaller with '2C(2*,4.4391 MeV) than with *2C(0*,0.0 MeV) and so a two-step
process throvgh the 27 state would unlikely compete with the one-step process (as
will be showr: later the intermediate route through (*'B 37, 0.0 MeV is the most
i oort‘mt for both states, 5* and 37, in 2°Al). It is empha51zed that higher-order

UceSbLS’(l <., a sequential transfer plus an inelastic excitation or inelastic exci-
..‘hc*; Dlits onc-step charge exchange) can not be calculated because no computing

coudes are availabie at present and that the great effort involved may not be
rewarding.
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Fig. 7. DWBA fits to the 2°Mg('2C, !!B)*"Al

reactions. N is the normalization factor required

in order to bring the theoretical cross section to
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Fig. 8. Differential cross sections for the
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7.3. COUPLED REACTION CHANNEL CALCULATIONS

Not many calculations have been performed hitherto in the coupled reaction
channel scheme, due to the work involved in them. The number of routes through
which the reaction can take place, could be prohibitively large even when a highly

H

TABLE 4

Spectroscopic factors for single-nucleon transfer reactions induced by different projectiles on Mg

Residual E, e Cc?s c?s c’s

nucleus (MeV) heavy ion exp light ion exp present exp
27A1 0.0 3t 035 %) 025 %) 1.36
27Al 0.84 i 0.46 *) 0.50 *) 0.46
27Al 298 3t 0.50 %) 0.625 ®) 0.57
Mg 0.0 3t 200 %) 2.50 ) 240
Mg 0.59 1+ 0.13 %) 0.17 ©) {155

%) I. Paschopoulos, P. S. Fisher, N. A. Jelley, S. Kahana, A. A.'Pilt, W. D. vi. Rae and . Sinclair,

Nucl. Phys. A252 (1975) 173, !'B beam.

®) H. F. Lutz, D. W. Heikkinen, W. Bartolini and T. H. Curtis, Phys. Rev. C2 (1974} 981, >He beam.

) D. Dehnhard and J. L. Yntema, Phys. Rev. 160 (1967) 964, d-beam.
4) D. Sinclair, 1. Paschopoulos, H. S. Bradlow, P. S. Fisher, A. A. Pilt and W. D. M. Rae, Nucl. Phys.

A261 (1976) 511.
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truncited basis is chosen. In these cases some important intermediate routes, i.e.
some important single-particle configurations in the intermediate system wave
functions, have to be omitted. The penalty for this is that very large normalization
factors, N, (d6/dQ),,, = N(do/dQ),,, have to be introduced ad hoc in order to fit
the data In the present calculations all important routes are included and there

shculd be no need for large renormalization factors.
Ve e, -

3
74. THE 2°Mg(*?C, ?B)**Al(5*) REACTION

The above considerations led us to study the 26Mg(*2C, !?B)*®Al(5") reaction.
Its final.spin, 5, can only be reached through the 3* states in the intermediate
*Mg and 2"Al nuclei. Sum rules show that the ground state in 25Mg carries 74 %
of the single-particle strength and in 27Al it carries 77 % (table 5). The one nucleon
transfer data (fig. 1) confirms this.

In the iighier system, the 4~ and 3~ states should be included for both the !3C
and the "B nuclei. Again, sum rules (table 5) and fig. 1, indicate that only the first
one of each spin need be included. The important intermediate routes for the
present resction are summarised in fig. 9.

All the nucleon-transfer reactions were performed using the code SESIME ©), in
the prior-post representation. SESIME was developed from the DWBA code
SATURN-MARS ).

Tke heavier system spectroscopic amplitudes, listed in table 6, were obtained
with the Oak-Ridge shell model code 3!), using the same hamiltonian as mentioned
in the one-step exchange analysis but with a complete sd-shell. The definition used
for the spectroscopic amplitudes is that given by Anyas-Weiss et al.32). The
generalized Talmi-Moshinsky bracket is not included in this table.

Fig. 10 displays the final CRC cross section and the experimental one. The
ditferent intermediate contributions are also plotted. In the second step of the
reaction, the lighter system can either exchange a p, or p; nucleon, in any route.
The separate results. for these two modes are independently displayed because the

TABLE 5
S T 2+1 €S cs 2,+1 CS
GY(T,) 2J;+1 GX(T.) GP(T,) 20+1 GUTS)
“SMg - 2'MgEt) 0.74
Mg - TTAIZY) 0.77
‘lZC—> “Bd-') R 0.99
2C o UB3T)y Ly M 0.88
12C L, 13¢ET) ' 0.98
2C L5 3CH7) oy 0.98

The meaning of the indexes in the strength function G is: pu(st), pick-up (stripping) reaction; p(n),
proton (neutron) transfer reaction; T, (T.), final isospin is equal t0 T, +5 (Tinivias —3)-
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Q {(MeV)
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Mg (0% +2C(0*)

Fig. 9. Intermediate routes considered in the 2*Mg('2C, *2B)?°Al(5*) CRC calculatior.

spectroscopic amplitudes differ for the p, and p, transfers. The p, irausfer: for
both the ''B(3*)-12B(1") reaction and for the !3C(*)-'?B(1*) one are nci nre
sented since previous calculations showed that they do not alter the final cr-s.
section. It can be noticed that the total cross section is larger than the inc¢ Leici®
sum of the several intermediate channels, showing that, for this reactior 21 i he
prior-post representation, the amplitudes interfere constructively.

The shape of the final differential cross section is similar to that cbta:2d & the
one-step process and both are in accordance with the experimenta. cue

The normalization factor N was found to be 2.65.

TABLE 6
Spectroscopic amplitudes used for the 2°Mg(*2C, 2B)?®Al(5*) 1enrtrw

“Dfl +
NG rgev)

27Al ZSMg 26Al llB 13C llB ."‘{i
3+ 3+ 5 3- 1- 1- oo
2 2 > ) 2 2 2 s i
0.0MeV 0.0MeV 0.0MeV 0.0MeV 0.0MeV 2.12MeV 37 0 ip .
M2 32

26Mg: 0",0.0MeV —0.68 1.65

274134, 0.0MeV 1.09

’Mg:3*,00MeV 1.07

12C:0%,0.0MeV 2.39 0.78 1.23 R
13C:17,0.0MeV 1.34
1'B:37,00MeV 04 254
13C: 37, 3.68 MeV ’ T B
1B: 17, 212MeV {874

We have the heavy system spectroscopic factors by courtesy of B. A. Brow. anv .. F Vildei.thal
The phases were obtained with the Oxford Shell Model Code. :
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N=2.65

10

102}

do/d§2 (mb/sr)

10731

1T

T TTTTmT

H 1 1 |

15 20 Bc.m.

Fiv 1G. CRC fit to the experimental 26Mg(**C, '2B)*®Al(5*) cross section. The contribution of the
“Cactlated irtermediate routes are labelled as follows:

P (1) “BGE )py 2 2) BCE Dy (3) M'BGE )Py
. @) 13C(}';)Pl/z’ (5) “B(%_)Pa/z’ (6) Uc(é_)Pa/z,

370 ?Q- \ample "1B($7) 1p,,, labels the intermediate route through ''B(}~), evolving to 2B by a
v 1p,,, particle transfer.

Loorob ey v
P
7.5, THY, "*Mp(t2C, 12B)?SA1(3%) REACTION

M:ayx more intermediate routes are necessary for this state. The complete sd-
sheil g e an active one.

Fig. ' shewst the intermediate routes considered in this work and fig. 12
G iTG8s section. The spectroscopic amplitudes listed in table 7 were
obtqh»ad w r'the Oak-Ridge code 31)  unless otherwise stated.

The- potn .- ation factor was found to be 2.85.

“Tamura e u, mention in their review article *) that the CRC theory often
ugedorestimai: e .magmtude of the cross section by one or two and sometimes
even thi<s nou.; of magnitude. The present normalization factors are near to one
probably bt.eg,ét(v.‘:ﬁc uo severe truncation was done on the number of intermediate
routes.

8. Conclusion

Aegess o HE
In this puper we have presented data on the 2°Mg('2C,''B)*"Al,
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TaABLE 7

Spectroscopic amplitudes for the 26Mg(*2C, '2B)?*°Al(3*) reaction

27A] 27Al ZSMg ZGAI
1+ 084 MeV 2298 MeV  1* 059 MeV 3% 0.42 MeV

2631g10*, 0.0 MeV) ~0.76 —0.834 %) 0.347 %)
2TAIZY, 00 MeV)
dgy 7 B ((;.1(;7
Sipl T ' —-03
2MgE", 40 MeV)

s 833
ST -
2141(L*, C.34 MeV) —096

27413+, 2.98 MeV)
il 018
32 -0,
25Mg(3+, 0.59 MeV) —046

%) Values taken from D. Sinclair et al, Nucl. Phys. A261 (1976) 522. See footnote under table 6.

®Mg(12C, 13C)2*Mg and 26Mg('2C, 12B)2°Al reactions at incident '2C energy of
102 Me¢V: The aim of this work was to decide on the reaction mechanism of the
charge exchange reaction leading to the 5* and 3% state in 2°Al. The one-step
nrocess was analysed in terms of the microscopic direct charge exchange model
and the two-step process in terms of the finite range CRC model. The correspond-
ng cross sevtions were found to be similar in shape, leaving the absolute magni-
tudes as the sole way to decide on the mechanism. The one-step process was found
not to contribnte significantly whereas the sequential mode cross-section magni-
tude was found to be much larger and close to the experimental value. The
dominant reacticn mechanism appears to be the sequential mode.
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