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The reaction *Mg(**0,'0)**Mg has been studied at a bombarding energy of 50 MeV between laboratory
angles of 4° and 17°. The differential cross sections of the lowest four states of Mg have been compared
to exact finite-range calculations in the distorted-wave Born approximation and coupled-channels Born
approximation formulations. The reaction-mechanism calculations employed wave functions for the initial and
final nuclear states which were generated in shell-model calculations carried out in the full ds/,-s,,-ds, basis
space. The relative importance of one-step and two-step processes in the population of the different final
states is evaluated and the effectiveness of current reaction theories in accounting for phenomena such as are

exemplified by the present data is discussed.

NUCLEAR REACTIONS 28Mg (180, 1%0)?®Mg; enriched target, E=50 MeV, mea-
sured o(f), microscopic DWBA and CCBA analysis with shell-model wave func-
tions; deduced levels of 2Mg.

I.. INTRODUCTION

We have studied the **Mg(*0, °0) Mg reaction
with the aim of obtaining additional information
about the level structure of Mg, about which rel-
atively little is known,'™® and of further elucidating
the mechanism of heavy-ion two-nucleon transfer
reactions, in particular the role of coupling be-
tween the inelastic-scattering and two-nucleon-
transfer processes. In this report we present the
results of analyzing the transitions to the lowest
few states of Mg with distorted-wave Born-ap-
proximation (DWBA) and coupled-channels Born-
approximation (CCBA) calculations based on shell-
model wave functions, together with results for the
excitation energies and differential cross sections
of the high-lying excited states which are strongly
populated in this reaction.

The competition between the single-step trans-
fer of a two-nucleon cluster from the target ground
state to a given residual level and two-step pro-
cesses connecting these same two levels which in-
volve inelastic excitation of an intermediate state
in either the target or residual nucleus (either
before or after the transfer of the two-nucleon
cluster) has been found to be significant in a vari-
ety of contexts. Studies have been carried out with
targets in the light,*’5 medium®™® and heavy re-
gions!® ! and with both light-ion and heavy-ion
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beams. When heavy-ion beams are utilized, the
inelastic excitation of the projectile, such as 80
in the present case, can also play a role.” 832
The present study is the first to combine a heavy-
ion initiated reaction with the sort of detailed
shell-model wave functions typically available
only for lighter (4 <40) nuclei.

The study of the stripping of two neutrons onto
Mg to form states of Mg offers a particularly

‘clear avenue into the delineation of the relative

importance of single-step and multiple-step reac-
tion processes. This arises from the quasiclosure
of the d;,, neutron orbit in the Mg ground state,
the wave function of which has as its leading term
(relative to the 0 core) [d2,]5., [dT,,]4-,. The
ground state of Mg, which can similarly be ap-
proximated as [d}),]3-, [Sf/z] 70 [dg/z:ﬁhm can be
directly populated by the addition of two neutrons
in the s,,, orbit coupled to J =0. (More realistical-
ly, of course, the spread of the wave function over
the adjacent shell-model orbits means that the ac-
tual transfer involves J =0 pairs of neutrons in each
of thed,,,, Sy,, andd,,, orbits, insofar as the ex-
plicit theoretical wave functions utilized here are
concerned, and even beyond that in nature. The
simple point to be made is just that the “ground
state to ground state” transition is “allowed.”)

The dominant term of the wave function of the
lowest 2" level of Mg should be [d2,,]%., [s¥.]%-,

2246



[d7.]3-,. (The value of J =2 must come from the
protons of this configuration because of the full
d;,, neutron orbit and inability to construct J =2
from j=3%.) Alternate neutron configurations in-
volving the d4, orbit lie appreciably higher in un-
perturbed energy. This term, with its protons
coupled to J =2, cannot be reached by a single-
step direct transfer of two neutrons from the
ground state of Mg, in which the protons are
coupled to J =0. Thus, on a qualitative level, it
can be inferred that direct population of the first
excited state of 2Mg via two-neutron stripping
should be suppressed relative to population of
the Mg ground state. - When explicit wave func-
tions for the states concerned are considered, it
will be found that this effect does emerge quite
strongly, as the lowest 2* appears to be dominated
by proton excitations. This juxtaposition of “for-
bidden” and “allowed” transitions in the study of
coupled-channels effects is analogous to the ap-
proach taken by Yagi ef al.'? in the study of (*3C,

14C) leading to the N=82 closed-shell nucleus 4?Nd.

Our principal attention here is focused on these
two levels, the 0° ground state and 2* first excited
state of 2®Mg. The shell-model calculation from
which we have taken the wave functions used to
describe 2°Mg and 2®Mg appear to account best
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for the properties of the lowest few levels in a
given system. This, when combined with the quali-
tative “allowed” vs “forbidden” natures of the
ground state and first excited state transitions,
leads us to hope that the analyses we make of these
transitions will not contain major uncertainties in
the description of the nuclear structure of the
states involved. Our ‘goal here is to study the re-
action mechanism with minimal ambiguity from

the nuclear structure assumptions.

II. EXPERIMENTAL PROCEDURE

The 26Mg(*20, °0) 22Mg reaction was initiated
with a 50 MeV beam of 0 from the Orsay MP
tandem Van de Graaff accelerator. The targets
were enriched (99.7%) Mg, 100+ 10 pg cm™ thick,
supported on layers of 25 ug cm™ of carbon and
1 pg em™ gold and covered with a 7 ug em™ layer
of carbon. The particles emergent from the tar-
get were momentum analyzed in an » =% magnetic
spectrograph. The acceptance solid angle was
2.25X10™ sr, with an angular width of +7 mrad,
so that the oscillatory structure of the angular
distributions could be easily resolved.

The particles were detected in the kinematically
corrected focal plane of the spectrograph by a
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combination of a (transmission) single-wire, cur-
rent-dividing counter,'* which measured the en-
ergy loss AE of the particles and their position
along the focal plane, and two (stopping) 100X 10
mm? silicon detectors, which measured the resi-
dual energy (E-AE) of the particles. The typical
resolution for (*%0, *0) in the present measure-
ments ranged between 140 and 210 keV. A typical
spectrum is shown in Fig. 1.

A surface-barrier detector located at §,, =40° in
the scattering chamber was used to monitor elastic
scattering from the target. This monitor counting
served to internormalize the intensities of the
spectra measured at different angles. The dead-
time corrections for the spectra were made by
feeding the ADC deadtime back to the beam cur-
rent integrator electronics. Corrections were typi-
cally 4% and always less than 10%. The spectro-
graph magnetic field was chosen so that the 0
spectra collected correspond to the 8" charge state,
the most probable state for these energies. Cor-
rections for the other charge states were made
according to Ref, 15. The total uncertainty in the
differential cross section (resulting from a com-
bination of charge-state averaging, deadtime cor-
rections, solid-angle ratios, geometrical effi-
ciency, etc.) is estimated to be 25%.

The overall cross section scale for the present
data was assigned relative to the differential cross
sections for the elastic (0, 180) scattering mea-
sured at the most forward angles. These differ-
ential cross sections were assumed to have the
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FIG. 2. Elastic-scattering angular distribution mea-

sured between 12° and 54° c.m. fitted with the entrance
channel sets of parameters P1,P2,P3.

values calculated from the optical-model code
MAGALI.?® These elastic-scattering data are pre-
sented in Fig. 2.

The calibration for the Mg energy level spectra
is based upon the previously known! energies of the
ground, 1.47, 3.86, and 4.55 MeV states. The un-
certainties in the assigned energies for the states
in the 6-10 MeV region of excitation are 60 keV.

L. EXPERIMENTAL RESULTS
A. Strongly excited states

Of the previously known levels of Mg, the low-
est four (0j, 2;, 05, and 2) and the 1" — 3" doublet
at 5.19 MeV are significantly populated in the pres-
ent reaction. A comparison of the (**0, °0) cross
sections to those of the corresponding (¢, p) reac-
tion! is made in Fig. 3. We see that relative to the
ground state the 2;, 05, 2, and 1" -3 are more
strongly populated in (**0, *%0) by factors of rough-
ly 2 to 3, but that the same qualitative profile ex-
ists in both reactions. Momentum matching con-
ditions in the present (**0, 1°0) reaction should en-
hance L transfers of 2, 3, and 4 in the vicinity of
4,7 MeV excitation.!®*!” Lack of (¢, ) data above
6 MeV makes it impossible to check whether the
strongly populated levels seen here at 6.58, 7.12,
7.79, and 8.06 MeV also dominate the spectrum in
this light-ion transfer case. Inspection of a spec-
trum from a recent *Mg(*He, 2He) *®Mg experi-
ment!® shows three strongly populated states, at
excitation energies of 6.46, 8.88, and 9.78 MeV.
These states presumably have high spin values
(57, 6"). The two levels populated in (**0, 20),
which are closest in energy to these three, are
those observed in (30, %0) at 6.58 and 10 MeV.
The selectivity shown in the present data is very
similar to that observed in our preliminary ob-
servations of (**0, °0) at 90 MeV.
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FIG. 3. Comparison for the states of 28Mg between
intensities integrated from 5° to 25° c.m. for the 10 MeV
¢t ,p) reaction (1) and for the 50 MeV (80,160) reaction.
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FIG. 4." Angular distributions of Mg (10, ¥0) Mg for
the four first levels of 28Mg.

B. Angular distributions

Differential cross sections were measured for
5°<9 .. <25° for levels of *®Mg below 9 MeV ex-
citation, The angular distributions for the lowest
four levels are shown in Fig. 4. The ground and
first excited state distributions are strongly os-
cillatory, while this feature is progressively at-
tenuated for the third and fourth states. The ex-
perimental measurements were extended as far
forward in angle as feasible in an attempt to ob-
tain relatively model-independent characteristics
of different L transfer,’®*® The two 2" states show
increasing strength from 11°to 5° while the 0"
states have distributions which peak at 9°.

The angular distributions for the strongly popu-
lated states (or groups of states) above 5 MeV ex-
citation are presented in Fig. 5. They all exhibit
very little angular structure. This rather uniform
lack of distinctiveness makes it impossible to use
the observed shapes to further spectroscopic as-
signments in this region. On the basis of strength
alone we can infer that these levels have natural
spin-parity and probable spins 2<J <5, In com-
bination with definite spin-parity assignments from
further studies, the currently observed intensities
should be useful in delineating the configurations of
these levels. '
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FIG. 5. Angular distributions of 2Mg(80, 1¢0)?Mg

for the 2Mg levels with greater than 5 MeV excitation
energy.

IV. ANALYSIS OF 26Mg(%0,'0)**Mg DIFFERENTIAL CROSS
SECTIONS WITH EFR-DWBA AND EFR-CCBA
CALCULATIONS

We have analyzed the data of the two-neutron
transfers to the low-lying states of Mg alterna-
tively in the framework of the DWBA and CCBA,
utilizing the codes SATURN-MARS I and II, written
by Tamura, Low, and Udagawa.? A review? of
the formulation of the EFR-DWBA and EFR-CCBA .
transfer amplitudes shows that the EFR-CCBA
matrix element can be written schematically as
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The wave functions " and x” are the generalized

distorted waves of the entrance and exit channels,
respectively, which account for elastic- and inelas-
tic-scattering cross sections simultaneously. The
brackets ( | ) represent the form factors describing
the transition matrix elements between the various
entrance and exit channel states incorporated into
the calculation. The summation over A’, B', &',
and b’ takes account of the various routes by which
a given residual state can be reached from the tar-
get state; examples of such routes for only the
ground and first excited states of Mg and Mg

are shown in Fig, 6. '

In the above formulation, the DWBA corresponds
to the limit of vanishing inelastic excitations in the
entrance and exit channels. For the example of
Fig. 6, for instance, all routes which involve in-
elastic excitations would be dropped from consider-
ation and the summation reduced to-a single term.
In this formulation of the model, the x*) and x*
scattering wave functions would account only for
the elastic-scattering channels in the context of
the ordinary optical model.

In Sec. IV A we describe the detailed formulation
of the form factors which are used in both the
DWBA and CCBA calculations. In Sec. IVB we
present and discuss the results of the DWBA cal-
culations and in Sec. IV C the results of the CCBA
calculations.

A. The two-nucleon form factor

In both DWBA and CCBA calculations the form
factors have the form

198 Mev 2%

g \
G.S. 0 G.5. 0°

>

8o 160

8IMev 27 147 MeV 2°*

3
3 +
G.S, 0° 1 G.S. 0

26 28y

FIG. 6. Diagram of the different transition routes
taken into account in the CCBA calculations. In this
case the two-step routes proceed via target and residual
nucleus inelastic excitation and via projectile excitation.

-

EFRCCBA = AE f/x‘,,"}g*:(kbr,'f,,r)(IBr.MB:Sb,M,,.IVIIA, MyoSy My Y XDk, T ) AT, AT, . (1)
[ .

|
(IzMgS,M | V|I \M S, M)

=f<IBMB|IAMA><SbeIVlsaMa>d€x’ (2)

where d €, denotes the internal coordinates of the
transferred nucleons. In the present calculations,
the transferred nucleons are assumed to form a
cluster. Therefore, the integration over x is
merely a sum over the spin and isospin variables
as in the case of a single-nucleon transfer. In the
post representation of the (*°0, '°0) reaction, the
potential V=V, (R,) represents the interaction
which binds the neutron pair (described as a clus-
ter) to the O core,

The overlap functions on the right-hand side of
Eq. (2) are expressed in terms of the two-nucleon
spectroscopic amplitudes B and antisymmetrized
two-nucleon wave functions @,

UMy | LM,y = Z BEA) (I M jm ;| IsMg)
pp’i

-
X‘I’jm,-uu'(rv Ty)

and : (3)
(S, M, |V|S,M,>=2" BED(S. M, sm,|S,M,)
vvis

X (Psmsuv’(-fz’ -le) .

Here the brackets represent the usual Clebsh-
Gordan coefficients and the indices u(u’,v,v’)
stand for the quantum numbers #,7,j, of each
transferred nucleon. The quantum numbers
jmy (smg) are the total spin and spin projection
of the pair of nucleons in the residual nucleus
B (in the projectile qa).

By use of the transformation from j-j to L-S
coupling and the Talmi-Moshinsky transformation,
the two-nucleon wave functions can be expressed
in a form in which the motion of the center of
mass of the two-nucleon system, represented by
@, (R), can be separated from the relative mo-
tion of the two nucleons, represented by ¢,,x,,x('r):
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X

where the [ ] are the usual jj to L-S transforma-
tion coefficients and ([) are the coefficients of the
Talmi-Moshinsky transformation tabulated by
Brody and Moshinsky.?® In this transformation,
the angular momentum A has to satisfy the follow-
ing selection rules:

X =0 +1.=1+T.

The indices s, and {, are the spin and isospin
of the transferred pair.

' By utilizing these expansions the form factors
can now be written down in a fashion similar to
that employed for the case of one-nucleon-trans-
fer reactions [Eq. (2-12) of Ref, 21],

Fie5= Z dI,\!sijL1N2L2 [¢N1L1(R1) Vbx(Rz)‘I’N2L2(R2)]1m, ’

N{LyNoLy
2 s s ,
xSa IBgAaij ) (5)

where S, and I are the spins of the projectile
and residual nuclei, S, stands for (2S,+1)!/2,

1 .
lu 2 Ju
(69] ) 1
c,,,—ZB“’él.g
B'A uu'kl uutj n

XS, g

The analogous expression for C(s?;)sbs follows

the form of Eq. (7). The term &, describes
the overlap between the wave functions of the
relative motion of the two nucleons. We as-
sume in the present calculations that the two
neutrons are transferred in a relative Os con-
figuration so that a single value of N describes
the center-of-mass motion of the pair.

The center-of-mass wave functions &,,(R)
were generated in a Woods-Saxon potential which
had a radius R=1.25 A}/3 fm, where A, is the

mass of the core, and a diffuseness of ¢=0.65 fm.

The two-nucleon amplitudes B(upu'j) which con-
nect the different states of Mg and Mg were

(4)

r

g4y, corresponds to Clebsch-Gordan coefficients
and phase factors (Ref. 21). The quantities s
and j are the spins of the transferred pair res-
pectively in the projectile and residual nucleus
and / is the angular momentum transferred.
They satisfy the following selection rules:

J=i+%,

j :IB - IA )

3-5,-5,,
where I, Iy, S,, and S, are the spins of the tar-
get, residual nucleus, projectile, and ejectile.

The spectroscopic amplitudes d are defined as

1sj — Z 1) (2) Sy+Lo=s
Ay Liwary = CIBIAiCSaSbs(_l) ¥
NiLynyly .

NoLoni ¥,

x W(L,L, js, lsx)Qf,,’.‘,,x,x, (6)
where

. S . eDy= 1
Jue <"u.lunu'lu' ln'xlleLlAj) XIIxW(LIZx]sx;AU [x)(_ 1)1" LM (—“'———)Tﬁ (7)

1+5,,.

calculated from the complete ds,,-s1,y-d3;,
space shell-model wave functions of Chung and
Wildenthal.?¥ These B values are listed in Table
I and the corresponding d!%, , , values are
given in Table II. Also given in Table II are the
d values corresponding to pure two-particle
configurations appropriate to the various initial
and final states.

From Table II quantitative estimates of the
suppression of the first excited-state transition
relative to the ground-state transition can be
obtained. The DWBA cross sections are pro-
portional to the squares of the d factors. Thus
it can be seen that the realistic wave functions
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TABLE I. Two-nucleon spectroscopic amplitudes calculated from shell-model wave
functions of Ref. 24. The signs of these spectroscopic amplitudes are given with Condon-
Shortley phase convention and assuming the radial part of the wave function to be positive
at the origin.

d52)®  @sjars170)  syandys) (519" (syypsdypd)  (dyyn)?
26Mg_,23Mg
0y—07 0.5139 0.5399 0.4504
0f—2f —0.0049 0.0559 0.0037 —0.2906 —0.1578
27—0f —0.2415 —0.5559 —0.0829 +0.1433 +0.0978
2f—2f AJ=0 -0.4930 —-0.3843 —0.4196
Ad=1 —0.0490 —0.0288
AJ=2 0.0172 0.1308 0.0560 -0.1467 —0.1307
AJ=3 —-0.0371 —0.0660
AJ=4 -0.0350 0.3013
07— 03 0.0258 —0.4402 0.3762
0f—~23 -0.0701 —0.1031 0.0399 —0.3536 —0.0859
180_,160
0] —07 —0.866 —0.413 -0.283
2;—0] -0.821 -0.506 -0.061 -0.220 —0.131

TABLE II. Reduced spectroscopic amplitudes for the $Mg('80,1%0)*®Mg reaction. The
signs of these spectroscopic amplitudes are given with time reversal phase convention and
assuming the radial part of the wave function to be positive at infinity.

89 169 2%pg Mg N, Ly N, L, dN{L{N,L, Pure configuration
of of of of 2 0 2 0 +0.2801 +0.1437 (s /)
0f 21 2 0 1 2 —0.0418 +0.0340§s1/2;2d3/2)
—0.0215(d;
2% of 2 0 1 2  —0.0914 32
2% 2f 2 0 2 0 +0.2345
2} o7 of of 1 2 2 0 —0.460
of o7 of 05 2 0 2 0 +0.051
of 23 2 0 1 2 +0.033

TABLE III. Optical model parameters used
(sets CC1, CC2,CC3) calculations.

in the DWBA (sets P1,P2,P3) and the CCBA

14 Yov ay w Yow Ay Yoc

r1 o 40.19 1.374 0.548 66.86 1.374 0.326 1.374
169 22.27 1.374 0.530 6.98 1.370 0.360 1.370

P2 139 37.65 1.453 0.428 78.0 1.412 0.230 1.453
e} 37.0 1.350 0.404 78.0 1.290 ©  0.174 1.350°

p3 189 26.98 1.35 0.618 51.59 1.23 0.552 1.35
180 100 1.35 0.618 23.40 1.23 0.552 1.35

cc1 18 37.47 1.374 0.548 17.10 1.374 0.784 1.17
ie} 37.47 1.374 0.548 17.10 1.374 0.784 1.17,

ccz2 1o 37.47 1.374 0.548 17.10 1.374 0.784 1.17
8o 23.65.  1.31 0.490 5.25 1.311 0.300 1.17
ccs 8o 33.63 1.374 0.548 48.13 1.374 0.326 1.17
169 33.63 1.374 0.548 48.13 1.374 0.326 1.17
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yield an enhancement of a factor of 4 over the
already allowed transfer of a pure (1s;,5)%_, 7.
pair while the cross section of the first excited
state is suppressed by a factor of 4 from that of
a pure (1s,,,0d;,,) s, 71 transfer.

B. The EFR-DWBA calculations
1. The optical-model parameters

The various sets of optical-model-parameter
values which were used in the DWBA calculations
are listed in Table ITI. Parameters for the exit
channel, '*0+2*Mg, have been chosen to be con-
sistent with the results of various analyses of
the elastic scattering of O on nuclei neighboring
Mg at energies comparable to that employed in
the present study. The parameter sets P1 and
P2 have geometries determined from analyses of
80 +2'Mg elastic scattering®: % while the para-
meter set P3 has the geometry of the potential
determined from a simultaneous analysis of 60
+28gi elastic scattering at several different
energies.’” The parameters for the entrance
channel, *0+%Mg, have been determined from
an optical-model analysis (utilizing the code
MAGALI?) of the elastic-scattering data mea-
sured in the present experiment. Since our
measurements cover only a limited angular
range and hence are far from sufficient to fix
all of the optical-model parameters unambigu-
ously, we have chosen to impose an approximate
consistency between entrance and exit channel
geometries by initiating the parameter searches
to fit our data at different starting values cor-
responding to the geometries of sets P1, P2,
and P3 for the exit channel.
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FIG. 7. DWBA fits with the different sets of param~
eters P1,P 2, apd P3 (Table III) for the 0f and 2f levels
of Mg populated with the 26Mg(80, 1€0)28Mg reaction.

2. Shapes of angular distributions

The angular distributions for the transfer
cross sections to the ground and first excited
states of Mg which are calculated in the DWBA
with these three sets of optical-model parame-
ters are shown in Fig. 7, in comparison to the
experimental data. The calculations for the
J=0* ground state with sets P1 and P2 succeed
fairly well in describing the angular periodicity
and the amplitude of the oscillations, and the rate
with which the envelope of intensity of the angu-
lar distribution decreases in magnitude with in-
creasing angle. The angular distribution cal-
culated with parameter set P3 fails to display
either the experimentally observed amplitude of
oscillation or decreasing envelope of intensity.

The three corresponding angular distributions
calculated for the J=2* first excited state have
the same relationship to each other as do the
ground-state distributions. The calculations
with sets P1 and P2 are very similar while that
with set P3 displays smaller amplitude of os-
cillation and a slower decrease of intensity’
envelope with increasing angle. The agreement
between the calculated and experimentally ob-
served angular distributions is considerably
poorer than that obtained for the ground state,
however, particularly in that the envelope of
intensity of the measured distribution decreases
with angle much more rapidly than do those of
the calculated distributions. Calculations with
several parameter sets other than those of Table
III have been carried out in an attempt to achieve
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FIG. 8. Angular distributions of the 2$Mg(80,1¢0)%8Mg
reaction leading to the 3.86 MeV, 05 and 4.55 MeV, 23
states. The theoretical angular distributions have been
obtained in the framework of an EFR-DWBA calculation
using the optical-model parameter set of P1 of Table
III. The normalization factors between the EFR-DWBA"
and the experimental cross sections are listed in Table
Iv. '
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better agreement with the observed distribution
of the first excited state, but without success.

Calculations with parameter set P1 yield an-
gular distributions for the 0* state at 3.86 MeV
and the 2* state of 4.55 MeV which are shown in
comparison to the measured data in Fig. 8. The
calculated shape for the 0; state does not resem-
ble the observed angular distribution. On the
other hand, the calculated and measured shapes
for the 2; state are in reasonable agreement.

The inference which can possibly be drawn
from this comparison of DWBA shapes and mea-
sured angular distributions is that the DWBA
(the assumption of a direct single-step cluster
transfer) suffices to account for the 0j and 2
transitions but is inadequate to account for the 2]
and 0} transitions.?®

3. Normalization factors for EFR-DWBA calculations

At the present stage of DWBA and CCBA cal-
culations it still seems profitable to separately
consider questions of angular distribution
shapes (just discussed for the DWBA calculations)
and the overall normalizations of the intensities
of various transitions. The area of intensity
normalization can further be factored into ques-
tions of “absolute” and “relative” normalization.
We refer to calculated cross section values via
the “normalization factors N> of Table IV. The
numbers are the ratios of the experimental to the
calculated scales when the first oscillation of the
calculated curves are superimposed upon the
data points as shown in the figures.

It can be seen from Table IV that the values of
N are quite sensitive to the choice of optical-
model parameters. This sensitivity, together
with uncertainties about what the “correct”
absolute normalization should be in calculations
of the present type, prompts us to concentrate

exclusively in this study upon values of N of one
final state relative to another. Inspection of
Table IV shows that these relative values, in-
dicated by R=N(J})/N(07), are quite insensitive
to optical-model parameter variations and are
hence meaningful criteria for judging the under-
lying validity of the reaction theory even though
knowledge of the appropriate optical-model para-
meters might be lacking.

Relative to the ground-state normalization the
predicted intensities for the 2] and 0} states are
much too small. We immediately remember that
it was just these two states for which the cal-
culated angular distribution shapes were in bad
agreement with experiment. Considering shape
and overall magnitude together, it appears that
these states are predominantly populated by
some other mechanism than that incorporated
into the DWBA. In contrast, the 2; state,
whose shape was reasonably well fitted by the
DWBA curve, is predicted to be more strongly
populated than the 2] by a factor of 5 (3 from
structure, 1.7 from @ dependence in DWBA)
and the N value for it is consistent with that of
the ground state.

Insofar as the absolute normalization factors are
concerned, it appears that the calculated cross
sections are too small whatever optical potential
parameter set we use. Such discrepancies be-
tween the calculated and experimental cross sec-
tions have already been found in previous studies
of the (%0, 1%0) reaction.?>3 The effects of using
more realistic form factors and the importance
of sequential one-nucleon-transfer processes have
been investigated by Feng et al.** They found that
with the inclusion of these effects the absolute
magnitude of the cross section was predicted
within a factor of 2 in a great number of two-
nucleon-transfer reactions. The increase in the
calculated cross section came partly from the

TABLE IV. Absolute (N) and relative (R) normalization factors for the DWBA and CCBA

calculations.
EFR-DWBA EFR-CCBA
"Eexe (MeV) JT op? N R op® N R
0.0 0f Pl 9.57 1 cCi 33 1
P2 7.65 1 ccC2 60.5 1
P3 11.48 1 ccs 15 1
1.47 27 Pl 211 22 cc1 133 4
P2 157 20 cC2 434 7.2
P3 229 20 CC3 12 0.8
3.86 05 Pl 120 12.5
4,55 25 Pl 29 3

2 Optical-model parameters of Table III used in the EFR-DWBA calculation.
b Optical-model parameters of Table III used in the EFR-CCBA calculations with
target, residual, and projectile inelastic excitation.



microscopic form factor used in the one-step
process but to a larger extent came from the sig-
nificant strength predicted for the sequential
transfer. While these additional components in

a reaction mechanism must ultimately be included
in an analysis of data such as discussed here, the
complete synthesis is beyond the scope of our
present work.

C. The EFR-CCBA calculations

1. The generalized optical-model parameters

The two-step reaction can proceed by the exci-
tation of the Mg 2; excited states and of the ‘*0
2] excited state as was already pointed out in
several analyses of (**0, 10) and (%0, *0) reac-

tions.”"®
The set of generalized entrance-channel para-

meters needed as input to the CCBA calculations
has been determined by combining the information
on the elastic scattering of %0 on ?®Mg with those of
the B(E2) values for the 2; excited states of **0 and
26Mg. The elastic-scattering angular distribution
was reanalyzed in a coupled-channel framework
with the code ECIS. % )

For Mg the O; ~2; B(E2) value used® is
350 ¢? fm* which gives, with ByRy = SR =1.62 fm;
a value of B, equal to 0. 398 with a prolate defor-
mation. For 0O, the deformation parameter
currently used, B, =0.367, has been derived from
the experimental data.®

The different optical-model parameter sets
appear in Table IIl: The first set CC1 refers to
a fit of the elastic-scattering data with the ECIS
code, starting from the values of set P1 in which
both radius 7, =7, and real diffuseness a, were
held fixed, other parameters being free. The
exit channel parameters were arbitrarily taken
to be the same as the entrance channel ones, as
they are not accessible to direct measurements.

For the second set, CC2, the entrance channel
parameters are the same as in CC1 but the exit
channel parameters have been taken from the
Siemssen analysis®® and are compatible with the
inelastic scattering to the 2; of **Mg.*” In this
case, an oblate deformation was taken for Mg
with the B(E2) value for the 2* - 0* transition of
73.9 e2fm* (Ref. 38); then B, Ry’ is 6.71 fm?, which
gives a B, value of -0.398.

The CC3 parameters set results from the op-
timization of the entrance channel calculation
with the geometries held fixed to the values of set
P1 while only the depths of the real and imaginary
potential were varied. Both depths were reduced
by 25% from this analysis. The exit channels
parameters were taken to be the same as the
entrance channel ones.
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FIG. 9. Angular distributions of the 2Mg (80, 1€0)
reaction leading to the 28Mg ground-state and 2* first
excited states. The solid lines have been obtained with
EFR-CCBA calculations including the transitions dis-
played in Fig. 6 and using the optical-model param-
eter sets of Table III with the following convention:
The dot-dashed curves correspond to optical parameters
set CC1, the dashed curves correspond to optical pa-
rameters set CC2, and the solid curve corresponds to
optical parameters set CC3. The normalization factors
are listed in Table IV.

2. Shapes of angular distributions from EFR-CCBA calculations

The angular distributions calculated for the 0}
and 2} transitions in EFR-CCBA with the three
listed sets of optical-model parameters CC1,
CC2, and CC3 are compared with the experimental
data in Fig.. 9.

The CCBA shapes for the ground state yield fits
which are comparable to those obtained with the
DWBA calculation. The parameter set CC1
provides oscillations which are too shallow and an
intensity envelope which decreases too slowly
with angle. The oscillatory structure and in-
tensity envelope is improved with the set CC2.

The curve representing the results obtained with
parameter set CC3 yields a similar intensity en-
velope but the angular periodicity is increased.
The results suggest that with the optimum param-
eter values a reasonably quantitative fit to the
data should be forthcoming.

The CCBA curves for the 2} first excited state
are in markedly better agreement with the data
than were the DWBA results. The results with
the parameters sets CC1, CC2, and CC3 have
similar relationships to each other and the data as
were just noted in the discussion of the ground
state. Again it seems probable that a more ju-
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FIG. 10. Relative contributions of the different
routes included in the EFR-CCBA calculation of the 0f
state using parameter set CC3.

dicious choice of the parameters would provide a
quantitative fit to the data.

3. Normalization factors from EFR-CCBA calculations

As in the case of the DWBA calculations we can
concentrate upon the relative normalization factor
as the least parameter-dependent aspect of the
reaction theory calculations and therefore the
more meaningful in the context of the basic validity
of the theoretical approach. We use the same
concepts and definitions for cross section de-
finitions as for the DWBA results. The results
which appear in Table IV may be summarized
succintly. The N values for the ground-state
transition exhibit sensitivity to the generalized
optical-model parameters. The most “successful”
parameter set, CC3, yields values similar to that
obtained with set P3 in DWBA. A dramatic
change, however, occurs in the relative normal-
ization for the 2] transition. These change from
about 20 in the DWBA analysis to 0.8 to 7 in the
CCBA analysis with the preferred CC3 set yielding
almost 1. This improvement, which brings
the two transitions into relatively good agree-
ment, would seem to validate the underlying
corrections of the CCBA approach for understand-
ing the strength of the “forbidden” 2} transition.

4. Influence of projectile excitation

The various routes by which the states of 2®Mg
can be populated via coupled channels in the
26Mg(*®0, 1°0)*®*Mg reaction (see Fig. 6) affect the
total differential cross sections in a fashion which
depends significantly upon the optical-model para-
meters. The yields of the various individual routes
are shown for 0 and 2; in Figs. 10 and 11 for a
particular choice of optical-model parameters.
The importance of the “projectile excitation”
route and its sensitivity to optical parameters are
illustrated by Figs. 12 and 13, in which the fully
coherent summations of the various routes have
been made by alternately including and excluding
“projectile excitation.” With parameter set CC3
this route (route “5”) is very important. This
would seem to be associated with the less diffuse
imaginary potential of set CC3.

V. CONCLUSION

Study of the 2*Mg(*®0, *0)*®Mg reaction to the
lowest four states of Mg, in particular to the
0% ground state and the 2% first excited state,
yields the following conclusions: As expected,
the 2 is populated predominantly via non-single-
step processes, while the transition to the 0}
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FIG. 11. Relative contributions of the different routes
included in the EFR-CCBA calculation of the 2} state
using parameter set CC3.
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FIG. 12. Contribution of the projectile excitation with
parameters set CC2 and normalization factors N (0)
= 62.5 and N (2) = 244.

state proceeds by basically a single-step cluster
transfer. This follows from two observations.
First, the EFR-DWBA calculations for the 2}
state fail to account for the shape of the measured
angular distribution and predict cross sections
which are too small by an order of magnitude,
while at the same time properly accounting for
both the shape and magnitude of the 0} transition.
Second, the expansion of the reaction theory to
incorporate competing two-step “inelastic exci-
tation-transfer” paths for the formation of these
states accounts for the shape of the 2} and recti-
fies the dramatic discrepancy in its relative nor-
malization, while leaving the results for the 0
transition unimpaired.

It is concluded that EFR-CCBA calculations
as currently formulated suffice to yield a qual-
itatively correct accounting of transitions dom-
inated by multistep processes. The shapes cal-
culated in the EFR-CCBA do not yield exact fits.
to the data, but the level of knowledge about the
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FIG. 13. Contribution of the projectile excitation with
parameters set CC3 and normalization factors N (0)
=N(2)=11.

appropriate types of parameter families which
should be used in CCBA calculations is still rudi-
mentary. The other area from which discrepancies
may originate is that of sequential transfer of
single nucleons, which was not included in the
present treatment. It seems likely that much of
the remaining difficulties with the CCBA analysis
lie in these areas. Further experimental and
analytical work on elastic and inelastic scattering
in these mass-energy ranges is certainly needed
to help better specify the potential parameters.
Also, additional transfer data of the present type
is needed to fully delineate the normal and anom-
alous characteristics of these types of data. This
should facilitate a critique of the reaction theory
results and may be necessary to a final choice,
among the various options, of the correct optical-
model characterization. '
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