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Proton-y angular correlations in the reaction Mg(d, py) Mg~
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The reaction 24Mg(d, py)25Ng has been studied at a deuteron energy of 10 MeV up to an exci-
tation energy in 25Mg of 3.5 MeV. A multidetector arrangement consisting of eight silicon
exrface-barrier detectors has been used to measure the proton spectra. Particle-y-coinci-
dence measuxements have been performed with a Ge(Li) detector in and perpendicular to the
reaction plane. The angular distxibutions of the absolute double differential cross sections
have been measured for particle angles between 30 and 150'. It turned out that the differen-
tial as mell as the double differential croye section for transitions with an l transfer of 0 or
1 can be described well by the distorted-wave Born-approximation (D%'BA) method. DNBA
fails to describe the angular correlations of the l =2 transitions. The "j-forbidden" l =4 tran-
sitions leading to the $+ state at 1.611 MeV and rs+ state at 3.399 MeV have been compared
with Hauser-Feshbach predictions. While the differential cross section of the transition to
the ~+ state is compatible with Hauser-Feshbach calculations, the double differential cross.
sections for both transitions c~rirtot be described by Hauser-Feshbach theory. Potential
ambiguities, arising from D%'BA analyses of the differential cross sections could not be
removed from the analyses of the double differential cross sections.

NUCLEAR REACTIONS 24Mg(d py) E=10 MeV measured double differential;
cross sections. DVfBA analyses of l =0, 1, and 2 transitions and Hauser-Fesh-

bach analyses of l =4 transitions; enriched target.

l. INTRODUCTION

Measurements of angular correlations are fre-
quently used for the assignment of spins and pari-
ties of excited nuclear levels and for the deduction
of the mixing ratios of the emitted y radiations.
For this purpose, besides the usual yy angular
correlation measurements, particle-y angular
correlation measurements are performed in the
"Ferguson-Litherland II" geometry, '

The reaction mechanism, however, cannot be
deduced from the shape of this angular correlation.
If one departs from the Ferguson-Litherland II
geometry, information about the mechanism of the
reaction can be obtained in addition to the proper-
ties of the y radiations. Because mixed terms of
the transition matrix elements enter, particle-y
angular correlations are generally more sensitive
to the reaction mechanism than the measurements
of the angular distributions of the particles. For
the positions of the particle detector away from
the beam axis, however, in general extensive com-
puter programs are necessary for the analysis of
the data. An additional difficulty for the experi-
ment arises from the fact that the solid angles
subtended by the particle detectors have to be
smaller than that in Ferguson-Litherland II geom-
etry, otherwise the stx'ucture in the particle dif-
ferential cross sections is smeax'ed out.

Until now, relatively few investigations of the
reaction mechanism through particle-y angular
correlations existed. Most of these investigations
deal with the analysis of particle-y angular corre--
lations through inelastic scattering. In Refs. 2 and
3 (d, py) correlations have been studied for transi-
tions with ox'bital angular momentum transfer of
I,„=O and j.. In these cases the theoretical inter-
pretation of the results is relatively simple and
extensive computer calculations can be avoided.
The main result of these investigations was that
the distorted-wave Born approximation (DWBA)
was found to be in better agreement with the ex-
periment than the plane-wave Born approxima-
tion (PWBA)

Probably the l„=2 particle-y correlations in
(d, p) reactions which have bien investigated in
most detail are the transitions to the first and
second excited state in the reaction "Si(d,py)-
398i.4 ' In these measurements the correlations
have been measured with a particle detector fixed
at a particular angle and with a NaI detector used
for y-ray detection at a varied angle. Because the
statistical tensors which are included in the angu-
lar correlation function depend stx'ongly on the par-
ticle angle, it seems to be more reasonable to
measure the correlation arith a fixed y detector,
varying the angle of the particle detector, in or-
der to investigate the reaction mechanism.
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2. EXPERIMENT

A. Experimental arrangement

The deuteron beam of the Erlangen University
EN tandem at an energy of 10 MeV has been used
to bombard a 99.94% enriched "Mg foil (from
Atomic Energy Research Establishment, Harwell)
having a thickness of 4 mg/cm'. The beam, which
was collimated to 3 mm diameter at the target,
was stopped in a tantalum plate at a distance of
about 3.5 m from the center of the reaction cham-
ber. The maximum beam current was about 8 nA.
The total charge was measured with a current in-
tegration system. For particle detection eight
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FIG. 1. Block diagram of the electronics.

In the present work angular distributions of the
double differential cross section d'o/dQ~dQ„ in the
reaction "Mg(d, py)I«Mg have been measured ab-
solutely fox positions of the y detector in and out
of the reaction plane, respectively. A comparison
between the measured double differential cross
sections (in general more sensitive than the dif-
ferential cross section) with predictions of reac-
tion theories can give information about the char-
acter of the reaction. Another purpose of this
work was to study whether one of the different sets
of potential parameters, which in DWBA describe
equally well the (d, P) angular distribution, would

yield distinct agreement with the experimental
double differential cross sections.

For the reaction '«Mg(d, py)*'Mg there exist a
number of analyses of the (d, p) reaction cross
section in the tandem energy range. ' " More-
over, the data of the y decay in "Mg needed for
the analysis of the correlation is mell known from

(p, p'y) measurements. " Using a Ge(Li) detector
it is possible to study simultaneously several E„

=0, 1, 2, and 4 transitions in the "Mg(d, Py)m«Mg

reaction even in the lower excitation energy range.

surface-barrier detectors of n-type silicon (re-
sistivity $2 kQ cm, depletion layer 1800 pm) were
used with a solid angle of 3.6x10 ' sr for each de-
tector. The y radiations were detected with a
Ge(Li) detector of 45 cm' volume, which was
shielded suitably from background radiation.

The block diagram of the electronics used is
shown in Fig. 1. In order to acquire the data si-
multaneously multichannel electronics was used.
The time marking signals from the particle detec-
tors were derived by the leading edge trigger
method, while the y pulses were fed into a con-
stant fraction trigger with amplitude-rise-time
compensation. Coincidences between particle and

y signals were obtained by a time-to-pulse-height
converter. The triggered energy signals from the
eight particle detectors wexe fed to a routing sys-
tem. The rest of the electronics was conventional.
Data acquisition was made two dimensionally with
a ND161F double analog-to-digital converter (ADC)
in conjunction with a PDPV on-line computer. The
channel configuration was 409& x 1024 (8 x 512 chan-
nel, s for the particle detectors and 1024 channels
for the y-ray detector). The data were stored on

magnetic tapes and analyzed using the two dimen-
sional computer program COMBI DUAL. "

B. Measurement of absolute double differential

cfoss sections

Double differential cross sections for the reac-
tion '«Mg(d, py)" Mg have been measured absolute-
ly for two positions of the y detector placed at 90'
to the deuteron beam in and perpendicular to the
reaction plane. The in-plane correlation is ex-
pected to include more information about reaction
mechanism than the out-of-plane correlation, be-
cause in the later case the correlation function is
simplified for geometrical reasons. The coinci-
dence counting rate between the y detector and

eight particle detectors was about 3 counts per
sec.

In Fig. 2 a y spectrum obtained in coincidence
with eight particle detectors is shown. The tran-
sitions are marked by the level numbers (cf. Fig.
3). From the two-dimensional data matrix peak
slices were cut from each coincident particle spec-
trum and these submatrices were projected on the

y axis for obtaining the coincident y spectrum. The
experimental double differential cross sections
were obtained by integration of the photopeaks in
the coincident y spectra. Because of higher accu-
racy the photopeak efficiency ~» and the solid an-
gle dQ& of the y detector have not been determined
separately but as a product of e» and dQ„by using
standard radioactive sources. The errors in the
measured absolute double differential cross sec-
tions were in favorable cases [large (d, p) cross
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section, branching ratio of the y transition nearly
100%] about 5%, in less favorable cases [(d, P)
cross section small, multiple y-transition branch-
ings] up to 30%. These are due to uncertainties in
the peak integration and statistical errors. The
errors due to random coincidences were negligible,
as could be seen by analyzing the "coincidence-y
spectra" of the ground-state (d, p) transition.
Smearing out of the angular correlation function
because of the finite solid angle of the y detector
has been taken into account in the analysis. In the
present experiment corrections due to this were
negligibly small.

The theoretical basis for the present work has
been described in detail by Rybicki, Tamura, and
Satchler. " In the following we include some im-
portant details from Ref. 17.

Consider the reaction A.(a, b)B{y)C with an un-
polarized target A and an unpolarized projectile g,
the excited state B has definite spin and parity and
decays by y emission to the state C. Particle-y
coincidences with the y detector placed at a fixed
angle and varying the particle angles allows one to
measure a double differential cross section d'o/
dQ,dQ„. One has

d'o l ~r'~ de
dn, da„=4v r {~'~~""~')dn,

with I'za/I's the branching ratio of the y transition
8- C; W(8&, y&, 8„y,) the angular correlation
function; and do/dQ, the differential cross section.

The angular-correlation function 8', which de-
pends implicitly on the direction of emission of

2~89 fd, pp) ~
MQ

Ed lob = 1(NMeV

Qy*90' Q *90'

the particle 5, has the form

1/8

W(0„, q „,a„q,) =+A.„,(u. , u,) I yo(S„,O„).

(2)

In the axially symmetric case (Q =0), as in the
geometry of Ferguson-Litherland II, the spherical
harmonics F~ are replaced by Legendre polyno-
mials. The correlation coefficients A~ can be
written as a product of normalized statistical ten-
sors which contain the mechanism of the reaction
A(a, b)B, and the geometry coefficients, which are
influenced by the spins J and J and the multi-
polarity of the y radiation.

One can see from Eq. (8) of Ref. 1V, that in con-
trast to the differential cross section the double
differential cross section depends on a sum of off-
diagonal density matrix elements.

There exist restrictions on the values of the sum-
mation index K of Eq. (2):

0 ~K~IJs.
If only the direction but not the polarization of the
y radiation is observed, K has even values only.
As a consequence of Eq. {3)the angular correla-
tion function for reactions leading to a state g~ =0
or —,

' is constant, being independent of the reaction
mechanism. In special cases it is also possible
to have angular correlation functions that are con-
stant for values of Z~ other than 0 and —,', namely
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FIG. 2. y spectrum of the reaction 24Mg(d, py)25Mg ob-
tained in coincidence with eight particle detectors. F/G. 3. X}ecay scheme of SMg (from Bef. 15).
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when the y-ray multipole mixing has the appropri-
ate value. However, nonconstant angular-correla-
tion functions can never correspond to states with
spin 0 or —,'. This can often be utilized to distin-
guish states with spin 0 or -', from other states.
If, as in the present experiment, the branching
ratios, multipolarities, and mixing ratios of the
y radiations and the spins J~ and J~ are known,
the correlation function and, from this, the double
differential cross section can be calculated by re-
action theories. By comparison with the experi-
mental data one can draw conclusions concerning
the mechanism of the reaction.

4. RESULTS AND DISCUSSION

In the present work the double differential cross
sections for the reaction "Mg(d, py)asMg for (d, p)
transitions with orbital angular momentum l =0,
1, and 2 have been analyzed in the framework of
DWBA. For the "j-forbidden" l =4 transitions the
first-order DWBA is known to be unsuitable. Both
the coupled-channel Born approximation (CCBA}
and the Hauser-Feshbach theory have been sug-
gested for describing these transitions. We dis-
cuss them below on the basis of Hauser-Feshbach
calculations.

In our excitation energy range two l=0, one l=1,
two l =2, and two l =4 transitions could be investi-
gated. The decay scheme of "Mg is shown in Fig.
3 for the excitation energy range studied in this
work. Only the y transitions shown by thick lines
could be used for evaluation. The branching and
mixing ratios are taken from Ref. 15.

A. DWBA analysis of the1=0, 1, and 2
transitions

At first the angular distributions of the t =0, 1,
and 2 transitions of the "Mg(d, p)"Mg reaction have
been analyzed by DWBA." It turned out that the
shape of the experimental angular distributions
could be described equally well by different sets
of potential parameters ("potential ambiguities"),
whereas the spectroscopic factors obtained by
comparison with the experiment were found to be
very sensitive to the potential parameters, "espe-
cially to those of the transferred neutron.

The analysis of double differential cross sec-
tions has been made with the DWBA angular-corre-
lation program VENUS. For the distorted-wave
calculation potentials of the Woods-Saxon type
were used. The optical-model parameters in the
entrance channel were taken from a detailed inves-
tigation of the deuteron scattering of "Mg." The
exit channel parameters and the parameters for
the calculation of the form factors have been ob-
tained by a DWBA analysis of the "Mg(d, p)"Mg

1=0 transitions

There are two l=0 transitions, which lead to -',

states with E„=0.584 and 2.565 MeV, respectively.
Since the angular-correlation function W is con-
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FIG. 4. Experimental differential and double differen-
tial cross sections of the reaction Mg(d, p&y) Mg with
DWBA calculations for two positions of the y detector:
in reaction plane (4„=0') and perpendicular to the reac-
tion plane (4& =90'), perpendicular to the incomingpar-
ticle beam (8& = 90 ), respectively.

cross section. Systematic analyses for each (d, p}
transition have been made to decide whether anal-
yses of the double differential cross section can
resolve the potential ambiguities. The influence
of spin-orbit terms is of special interest, due to
mixed terms of transition matrix elements includ-
ed in particle-y correlations.

At first no spin-orbit term either in the entrance
channel or the exit charinel (parameter set I) was
included in the analysis. Later the spin-orbit in-
teraction only in the exit channel (parameter set II}
and then in both the channels (parameter set III)
were taken into account. Set IV of parameters
was obtained from set II by changing the real deu-
teron potential from 100 to 180 MeV.
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stant in these cases, the double N&ferential cross
section should have the same shape as that of the
particle distribution for each position of the y de-
tector. Figure 4 shows the results for %e 1-0
correlation. [The symbol 1-0 means the (d, p)
reaction to the first excited state and y decay to
the ground state ].In the upper part of Fig. 4 the
experimental angular distribution of the reaction
'4Mg(d, P,)"Mg is compared with a DWBA calcula-
tion. (The calculations with different sets of pa-
rameters agree within the drawn accuracy. ) In
the lower part of Fig. 4 the experimental double
differential cross section for the reaction 94Mg-

(d, p,y)I'Mg for the two positions of the y detector
is shown along with DWBA calculations. The
agreement is excellent.

The results for the differential cross section for
the reaction '~Mg(d, p,)"Mg and double differential
cross sections of the 5-1 correlation are shomi
in Fig. 5. One can see that in this case also there

is a good agreement between the measurements
and the DWBA curves.

One should not at once conclude that these tran-
sitions are of one-step character. In Ref. 10 it is
shown that CCBA gives also a good description for
the cross sections of the l =0 transitions. This
agreement holds for the correlations too because
of the isotropic angular-correlation function in
these cases. Therefore it is obvious that one
should aim at a consistent description of several
transitions with different l transfer.

l =1 transition

The l =1 transition to the ninth excited state in
"Mg (E, =3.408 MeV, J' = —, ) cannot be resolved
from the eighth excited state (E, =3.399 MeV, J'
= f) in the measurements of the differential cross
section.

In an earlier work (Ref. 3) a (d, Py) measure-
ment of the 9-1 correlation with a NaI detector
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FIG. 5. Experimental differential and double differen-
tial cross section of the reaction 4Mg(d, P5p)26Mg with
DWBA calculations.

FIG. 6. Upper part: Experimental sum of the differen-
tial cross sections of the reaction Mg(d, p8 9) 5Mg and
DWBA cross section of the reaction Mg(d, P9) SMg.
Lower part: Experimental double differential cross sec-
tions of the reaction Mg(d, Psy)2 Mg with DWBA calcu-
lations.
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In the case of the 1=1 transition, DWBA calcula-
tions agree reasonably with the experimental data
but not as well as for the l =0 transitions.

is reported. In this measurement only one parti-
cle detector was used, which was placed at the
maximum of the stripping peak. The correlation
was studied as a function of the angle of the y de-
tector. In order to study the reaction mechanism
it seems to be more reasonable to measure the
correlation as a function of the particle angle as
done in the present work.

In contrast to the differential cross section the
double differential cross section for the eighth and
ninth excited state can be measured separately.
The upper part of Fig. 6 shows a comparison of
the experimental sum of the differential cross sec-
tions (d, p~, ) with DWBA calculations for p, . The
agreement up to 90 is good. In the lower part of
Fig. 6 the experimental double differential cross
sections of the 9- 1 correlation are shown togeth-
er with various DWBA calculations. Parameter
set IG including a spin-orbit interaction in the en-
trance channel gives no maximum at 50', while
the other sets reproduce at least the position of
the maximum.

I=2 transitions

Double differential cross sections have been
measured for the l = 2 transitions (d, p~) and (d, p,).
The other l =2 transitions in the excitation energy
range studied in this paper are very feebly excit-
ed via the (d, p) reaction and have small y-branch-
ing ratios. They could, therefore, not be evaluated
in the present work.

In Figs. 7-9 experimental differential and dou-
ble differential cross sections for the 2-0, 4-1,
and 4- 2 correlations are shuwn, . The experimen-
tal results of the 4- 1 and 4- 2 correlation differ
from those of the 2-0 correlation because of the
different transferred total angular momentum j
in the (d, p) reaction and different properties of
the y radiation. Although the various DWBA cal-
culations show differences none of them is able to
reproduce the experimental results in a satisfac-
tory way.
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tial cross sections of the reaction Mg(d, p, y) Mg with
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FIG. 8. Experimental differential and double differen-
tial cross sections of the reaction 24Mg(d, p4y)25Mg for
the 4 1 correlation with DWBA calculations.
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These results indicate that the l = 2 transitions
to "Mg do not take place via one-step processes,
but other mechanisms like multistep processes
may play a dominant role. This statement, which
has been made already from the behavior of the
cross section, is confirmed from our correlation
analyses.

The DWBA analyses of the present data show
that DWBA can reproduce the l =0 and, with some
restriction, the /=1 differential and double differ-
ential cross sections. In contrast, DWBA is un-
able to describe the E=2 transitions in a satisfac-
tory way. MacKintosh' was successful in describ-
ing differential cross sections to the low-lying
states in "Mg by the method of CCBA. It wiil be
interesting to examine, whether CCBA holds for
the correlation data too.

The potential ambiguities, which appear in the
DWBA analyses of differential cross sections could
not be resolved by the analyses of double differen-
tial cross sections, although in some eases better
agreement with the experiment was obtained by in-
cluding spin-orbit interaction in the entrance chan-
nel.

Generally one can conclude from the DWBA anal-
yses that the inclusion of a spin-orbit interaction
in entrance or exit channel leads to a smearing
out of the structure of the angular-correlation func-
tion, without changing the position of the maxima
and minima. On the other hand, the increase in
the depth of the real deuteron potential causes a
change of the phase of the correlation function.
This behavior is shown for the 2-0 and 4-1 cor-
relations in Figs. 10 and 11.

It seems desirable to investigate particle-y cor-
relations of reactions with target nuclei near
closed nucleon shells. In these cases DWBA is
known to give better agreement with the differen-
tial cross section. Then DWBA analyses of the
double differential cross section with different
sets of parameters ean lead to a definite fixing of
the potential parameters.

8. Discussion of the I = 4 transitions

The DWBA is not suitable for the description of
the /=4 transitions. These are the so called "j-
forbidden" transitions, which in first order are
not allowed by the shell or Nilsson model. Their
occurrence can be understood for exanlple by the
assumption of inelastic processes in the entrance
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FIG. 9. Experimental differential and double differen-
tial cross sections of the reaction 4Mg(d, P4y) Mg for
the 4 2 correlation with DWBA calculations.
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and jor exit channel. The influence of inelastic
processes is taken into account in CCBA calcula-
tions.

The l =4 transitions to the third excited state in
"Mg (8, =1.611 MeV, J"=-', ) has been interpreted
as a multistep process by different groups. " '~" "
Another indication of the multistep character of the
reaction "Mg(d, P,)"Mg comes from the measure-
ments of the vector analyzing power with polarized
deuterons. "

The flat pattern of the differential cross section
of the "Mg(d, P,)"Mg transition (Fig. 12) could
also suggest the possibility of a compound nucleus
reaction. This has already been mentioned in Ref.
24, where a Hauser-Feshbach analysis of this
transition has been performed.

We have measured double differential cross sec-
tions for two / =4 transitions leading to excited
states in Mg with g„=1.611 MeV and g, =3.408
MeV. In order to get additional information about
reaction mechanism we have analyzed our data,
especially the double differential cross sections,
with Hauser- Feshbach theory.

In the upper part of Fig. 12 the differential cross
section of (d, P,} transition is shown together with
Hauser-Feshbach calculations with the computer

program MANDYF. " While calculations with lower
spin-cutoff parameter yield a minimum at 90, the
shape as well as the absolute value of the experi-
mental angular distribution can be reproduced very
well by the calculation with 2a' =20. Using a sim-
ple level-density formula one estimates a value
of I'/D =45 starting from values of Refs. 26 and
27, which is in good agreement with the value of
44.2 obtained from the fitting of the experimental
cross section to the Hauser-Feshbach calculations
for 20~ =20.

In the lower part of Fig. 12 double differential
cross sections of the 3-0 correlation are shown.
The double differential cross sections (especially
of the measurement with 4 z

=90', 8& =90 ) show a
distinct structure in contrast to the differential
angular-distribution cross section. The Hauser-
Feshbach correlation calculations with the com-
puter program BARBYF~ with 2g =20 reproduce
the correct absolute values, but are unable to de-
scribe the structure in the double differential
cross section, even if one varies e over a large
range. The reason for this is that in our calcula-
tions the correlation function W(8~} is nearly 1 and
almost independent of the Hauser-Feshbach param-
eters. Since CCBA calculations" are able to re-
produce the differential cross section for (d, P,)
without taking compound contributions into account,
an analysis of the 3-0 correlation with CCBA
would be of interest. Using statistical tensors
calculated with CCBA by Tamura' we have per-
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formed preliminary analyses. Until now the anal-
ysis, however, has not proceeded so far as to re-
produce the 3-0 correlations.

In the case of the l =4 transition to the eighth ex-
cited state in "Mg (E, =3.399 MeV, J' =-,")no ab-
solute measurement of the differential cross sec-
tion exists so far. To separate the (d, p,) cross
section from the (d, p, ) cross section is difficult
for the j!ollowing reasons: (i) This level is situated
only 9 keV below a —,

' level, which is strongly ex-
cited by a direct /=1 process (i.i) The "j-forbid-
den" reaction leading to the ~9 state has a very
small cross section, as it has been estimated by
the shape of the sum line (d, p, ,).' Separation is,
however, possible with the aid of particle-y angu-
lar correlations. In the present work it was possi-
ble to measure double differential cross sections
of the 8-3 correlation with sufficient accuracy
(Fig. 13). The drawn lines are Hauser-Feshbach
calculations with the computer program BARBYF
using a value of the spin-cutoff parameter of 2o
= 20 and 1 /D =44.2 as in the case of the (d, P,) re-
action. Again the absolute value is reproduced by
the calculations, but in this case also the calcula-
tions do not show any structure in contrast to the
experiment.

We can conclude that the angular distribution for
the —,

"state, but not the structure of double differ-
ential cross sections, of both the ~ and the ~9

state can be described by the assumption of com-
pound nucleus processes. Considering the (d, p,y)
results the double differential cross section seems
to be a more sensitive test for investigating the
reaction mechanism than the differential cross

d20
dQp dgy

(~~2)60--
40--

Ex = 3.%MV
$2+

Ed= 1QO

e s EXp.—*CN, p*278, 202*20

p = 2'K

20--

10--

6.-

4--

40--

+*0',ey *90'

20--

10--

24htg(d pe y) I
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I

20 40 6'0 8'0 100 100 140 160
epcgn. (der )

FIG. 13. Comparison of experimental double differen-
tial cross sections of the reaction Mg(d, PS&) Mg with
Hauser-Feshbach calculations.

section alone. The question remains unanswered
as to whether the assumption of multistep process-
es is suitable to reproduce the experimental re-
sults.
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