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The in-plane Mg(d, d&p) angular correlation has been measured at an incident energy
of 10 MeV. Analyses of the experimental data with distorted-wave and coupled-channel
Born-approximation calculations show that multistep processes are important to describe
this reaction although the distorted-wave Born approximation reproduces quite well the
differential cross section.

To analyze cross-section data from nuclear re-
a,ctions or scattering of light particles, often dis-
torted-wave Born-approximation (DWBA) or cou-
pled-channel Born-approximation (CCBA) calcula-
tions are used. While in the DWBA approach only
the direct coupling of the final state to the target
ground state is considered, the CCBA calcula-
tions also include multistep processes. ' It is the
purpose of the present Letter to show that the
comparison of such calculations with particle-y
angular-correlation data gives more detailed in-
formation about the importance of multistep pro-
cesses than analyses of differential cross sec-
tions alone.

As an example we have investigated the scatter-
ing of 10-MeV deuterons on '4Mg. The deuterons
scattered to the first excited state were mea-
sured absolutely in coincidence with the de-exci-
tation y rays. These correlation measurements
were performed for six positions of the y detec-
tor in the reaction plane. The scattered particles
were observed between 25' and 90 in steps of 5'

by means of a multidetector arrangement. To
separate the interesting y rays from background
radiation peaks a Ge(Li) detector was used. The
electronics and data handling were similar to
those of Eyrich et a/. ' The self-supporting tar-
get, having a thickness of 2 mg/cm', was 99.84%
enriched. The relatively high y background limit-
ed the beam current to 10 nA, so that the measur-!

ing time for each of the six positions of they de-
tector was about 12 h. In addition to the d-y cor-
relations, we also measured the differential
cross sections of the elastic scattering and the
inelastic scattering to the first excited state.

To present our results we adopt the notation of
Rybicki, Tamura, and Satchler. ' In this notation
the "in-plane" angular- correlation function for
the scattering to a 2+ state of an even-even nu-
cleus with subsequent y de-excitation to a 0'
state becomes

W(cp ~) =4 +B sin'(q ~
—y, ) + C sin'2(yr —y, ).

y& is the angle between beam direction and y de-
tector. If we choose the ~ axis perpendicular to
the reaction plane, there is a simple relation be-
tween the parameters A, B, and C and the reac-
tion amplitudes X,&„m»~ which describe the
transition from the magnetic substates m„M& in
the entrance channel to the magnetic substates
m» M~ in the exit channel:

a = g(lx, l- Ix,l)'+(Ix, I- Ix, I)'](ao/an) ',
& =5lx, llx, l(ao/aa) ',
c =5lx, llx, l(«/«) ',

with

IxMs I ( Z xmqM~myMgxm NgmyMg
maM pm'

The phases y, and y, are given by

exp(f2nq„) = Q x„„„„...x.„„.,„, „*(Ix„llx,l)-', a =1,2.
maM&m

Whereas the differential cross section is propor-
!tional to the sum of the absolute squares of all re-

action amplitudes, the parameters B and C are
the products of only two different IX~ I's. For
this reason structures of the individual IX~ I's

can be better seen in the parameters B and C
than in the differential cross section.

.As a consequence of Bohr's theorem, ampli-
tudes withM~ =+1 appear only if a deuteron spin
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TABLE I. Optical-model parameters and deformation parameters P2 for the DWBA calculations (potential depths
in MeV; lengths in fm).

+s,o. Qs 0

Entrance channel
Exit channels

Set 1
Set 2
Set 3

114.8

109.4
109.4
109.4

1.32

1.12
1.12
1.12

0.53

0.76
0.76
0.87

18.5

17.0
19.3
17.0

1.06

1.59
1.59
1.59

0.89

0.60
0.60
0.51

6.0

6.0
6.0
6.0

1.12
1.12
1.12

0.53

0.76
0.76
0.87

0.53
0.45
0.44

flip with Am=1 occurs. The y' values of fits to
the experimental points, neglecting the parame-
ter I3, were within the confidence limit. There-
fore it should be reasonable to neglect amplitudes
with M~ =+ 1. Theoretical calculations also showed
that these amplitudes are negligible in the consid-
ered angular region. Assuming that X„=O, the
parameters A and C and the phase q, have been
extracted from the experimental points at each
scattering angle and compared with model calcu-
lations.

The DWBA calculations were performed with
the computer program DWUCK, ' the CCBA calcu-
lations with the program INCH1. ' These two rou-
tines were used in connection with the programs
DWKS and CWKS,' respectively. The optical-mod-
el parameters are extracted from fits to the elas-

tic-scattering data. Figure 1 shows the mea-
sured cross section of the first excited state com-
pared with DWBA and CCBA calculations. The
agreement with the experimental data is relative-
ly good for all potential sets. In the case of
DWBA the three potential sets (Table I) differ
only in the exit channel. The sets of the CCBA
calculations (Table II) are obtained by fitting the
elastic and inelastic cross sections with distinct
values of the depth of the real potential. The cal-
culations were performed in the symmetric-rota-
tor model in a 0+-2 coupling scheme including
spin-orbit interactions. By additional coupling
of the 4+ state using realistic P4 values7 the re-
sults are scarcely influenced.

To compare the calculations with our experi-
mental data it seems not reasonable to consider
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FIG. 1. Experimental differential cross sections are
compared with different DWBA (upper part) and CCBA
calculations (lower part).
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FIG. 2. Comparison of the parameter C with the
DWBA calculations (same potential sets as in Fig. 1).
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TABLE II. Optical-model parameters and deformation parameters P2 for the CCBA
calculations (potential depths in MeV; lengths in fm).

rv av rs o a s.o.

Set 1
Set 2
Set 3

105.0
110.0
190.0

1.54 0.50 16.0
1.50 0.48 17.5
1.00 0.65 14.0

1.13 0.83
1.10 0.83
1.37 0.75

6.0
6.0
6.0

1.54
1.50
1.00

0.50 0.42

0.48 0.45
0.65 0.50

the parameter A. , because this parameter is very
small except for a small maximum at 55'. Vari-
ations of the different calculations were found to
be within the relatively large experimental er-
rors. The phase @2, which can be extracted from
the experimental with high accuracy, is in good
agreement with all the different calculations.

As mentioned above we expect the parameter C
to be of most interest. In Fig. 2 the experimen-
tal values of C are compared with the DWBA cal-
culations. One can see that the agreement found
for the cross-section data has disappeared. Es-
pecially the deep minimum at 55' cannot be re-
produced by any of these calculations. Also Hau-
ser-Feshbach calculations in addition to the
DWBA results cannot reproduce this minimum,
because of its sharp structure.

In Fig. 3 the parameter C is compared with the
CCBA calculations. The pattern of C is well re-
produced by potential sets with a depth of about
100 MeV, while the set with a depth of 190 MeV
cannot describe the minimum at 55'. Also the
absolute value of the calculations is in fairly
good agreement with the experimental values of
C. From these comparisons it can be seen that
multistep processes as they are included in our
CCBA calculations are important for this reac-
tion. ' The agreement of the DWBA calculations
with the inelastic cross section is obviously ac-
cidental. An additional result is the possibility
of resolving the ambiguities in the potential pa-
rameters. Even small variations in the potential
parameters produce visible effects in C, where-
as there is almost no effect in the differential
cross section.

C

2.5

SET 1 V=105 MeV

——SET 2 V=110 MeV

——SET 3 V= 190MeV

1.5

1.0—

10 20 30 40 50 60 70 80 90 100
ep fdeg. }

FIG. 3. Comparison of the parameter C with the
CCBA calculations (same potential sets as in Fig. 1).
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