
PHYSICAL REVIEW C VOLUME 27, NUMBER 3

Alpha capture into the giant quadrupole resonance in Si

MARCH 1983

E. Kuhlrnann
Institut fiir Experimentalphysik I, Ruhr Uni-versitiit Bochum,

D4630 Bochum, Federal Republic of Germany

K. A. Snover, G. Feldman, and M. Hindi
Department ofPhysics, University of Washington, Seattle, Washington 98195

(Received 8 October 1982)

Angular distributions have been studied in the Mg(a, yo) Si reaction in fine energy

steps for excitation energies 14&E„&22 MeV. Absolute cross sections were determined

with errors smaller than 10% and were found to be substantially lower than previously

determined. A total E2 strength of (3.7+0.4)% of the energy weighted sum rule was ob-

served, in good agreement with results obtained from (a,a ao) coincidence experiments.

Strong interference effects as well as other deviations from statistical model expectations are

interpreted as due to nonstatistical preequilibrium effects in both E 1 and E2 channels.

NUCLEAR REACTIONS Mg(a, yo) Si, E=4.3—14.0 MeV; mea-

sured o.(E,Ey,0y) Si deduced E1, E2 strengths. Enriched target.
Compared decay strengths with Hauser-Feshbach estimates, including

effects of isospin.

I. INTRODUCTION

In recent years considerable interest has been
focused on the isoscalar giant quadrupole resonance
(GQR). Information on light nuclei has mainly been
gathered from inelastic alpha-scattering experi-
ments. ' The GQR was found to be fairly broad
as well as highly structured; for the even-even nuclei
of the lower half of the sd shell an average strength
of about 30% of the energy weighted sum rule
(EWSR) was observed which was distributed over an
energy range of up to 10 MeV. 2 A question of
central interest is to what extent the GQR decays in
a direct way to certain final states, thus keeping
memory of its original 1p-1h excitation, or whether
this memory is lost by mixing with more complex
np-nh configurations, which results in a decay ap-
proaching the statistical limit. From extensive coin-
cidence experiments the main decay branches of
the GQR's in several light nuclei were unraveled.
By comparing the experimental results with
Hauser-Feshbach calculations, a shift from a pre-
vailing direct decay in the very light nuclei (' 0,

Ne, Si) to a predominantly statistical decay for
the heavier ones ( Ca) was observed. A dominant ct

decay was reported for the nuclei ' 0 and Ne, '

whereas in Ca the decay proceeds mainly through
proton channels to high lying states in K. An in-
termediate situation is found in Si, where the de-

cay into the proton and alpha channels occurs with
about equal branching ratios. ' Neutron decay in
all eases is hindered by the rather high n thresholds,
and contributes at most 10%. The surprisingly high
contribution of the a breakup of the GQR in light
nuclei was explained by Hecht and Braunschweig as
being due to a strong overlap of the giant E2 reso-
nances with a-cluster states with good SU(3) sym-
metry. "

The charged particle capture reactions which
worked so well for the investigation of the giant di-

pole resonance have had only moderate success in
the study of the GQR. Although a capture on spin
zero target nuclei allows for an easy extraction of
the E2 strength, this advantage is counterbalanced
by the fact that only the ground-state ao branch is
observable, which in general carries a small fraction
of the total strength. In detailed a-capture studies
on target nuclei in the mass range 12(A &28, on
the average 10% of the EWSR was found. "

Despite this disadvantage, a capture has to be
considered a powerful tool in the investigation of the
GQR for several reasons:

(i) The E2 yield may be observed in the presence
of virtually no background since the only other pro-
cess which is present is the E1 decay of the giant di-
pole resonance (GDR), which can be separated out
in a model independent way by means of angular
distribution measurements.
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(ii} Direct E2-capture contributions, which give an
underlying continuous background, are known to
play a substantial role in the capture of protons and
in fact account for all the E2 strength observed in
the ' C{p,y)' N reaction. ' In a capture, however,
these contributions are small.

(iii) The absolute strength associated with the ao
channel can be measured with an error as small as
10%, which, together with the results from the
analogous (a,a'ao) coincidence experiments, yields
an independent check on the extraction of E2
strength from inelastic alpha scattering data.

(iv) The fine structure within the GQR can be in-

vestigated with better energy resolution in a capture
than in inelastic alpha scattering.

In this paper a detailed study of the GQR in isSi

by means of the Mg{a,y) Si capture reaction is
described. This reaction has previously been studied
with the main emphasis placed on the determination
of the El yield. ' ' Only a few angular distribu-
tions have previously been measured, thus yielding
an incomplete picture of the E2 resonance. Further-
more, severe doubts exist on the published cross sec-
tions, '5 which in the light of other alpha capture ex-
periments' ' seem to be too high. According to
Ref. 15 the ao branch carries as much as 14.5% of
the total E2 strength, which is in clear disagreement
with the reported 4% found in coincidence experi-
ments. '

Another interesting aspect which prompted the
present investigation to be done in fine energy steps
was the suggestion that the structures found in in-
elastic a scattering on Si (Refs. 3, 4, and 6—8) did
not always line up with the structures found in the
(a,a'ao) coincidence spectra. ' Since the deduced
widths of these structures were appreciably broader
than the mean coherence widths for pure Ericson
fluctuations —in that case shifts in different decay
channels were to be expected —it is thought that in

Si intermediate structure effects play a substantial
role. An interpretation in terms of an interference
of quasibound cluster states with a broad coherent
giant resonance is suggested, which in turn gives a
straightforward explanation for the occurrence of
uncorrelated yield in the specific (ao) cluster decay
channel. Since, however, a rather trivial reason for
the observed shifts would be an interference
phenomenon between the ao-decay amplitude of the
GQR and quasifree scattering processes, an indepen-
dent determination of the fine or intermediate struc-
tures associated with the u channel is highly desir-
able. The coincidence experiments on Si showed
that the GQR decays by a strong branch into the ao
channel; thus the study of the inverse a-capture re-
action seems most suitable.

Alpha capture into the GDR is believed to

proceed predominantly through compound nuclear
channels, based on a statistical analysis' and calcu-
lations in the framework of the Hauser-Feshbach
formalism. ' 'i Only a very small fraction (=1%)
of the total El strength is contained in the ao chan-
nel. Yet, in a capture the y radiation is mainly of
El character even in self-conjugate nuclei, in which
the formation of the GDR is isospin forbidden. The
influence of the isospin selection rule is felt in a
reduction of the El cross section, as shown from a
comparative study of a capture on self-conjugate
nuclei and their respective isotopic, nonconjugate
even-even nuclei. ' These findings are in contradic-
tion to the results reported in Ref. 16 on the reac-
tions ' Mg(a, y) ' Si, where in fact the isospin
forbidden cross section was found to be the larger
one. In the present experiment we focus some atten-
tion on this issue.

II. EXPERIMENT

The z4Mg(a, y) Si reaction was measured in the
energy range 4.3&E &13.98 MeV using metallic,
highly enriched 24Mg targets. Alpha particles were
produced by the University of Washington FN tan-
dem Van de Graaff accelerator. The capture y rays
were observed in a 25 cm 6X25 cm NaI (Tl) spec-
trometer with a plastic anticoincidence shield placed
at a distance of 37 cm to the target. Typical spectra
as obtained at selected bombarding energies are
shown in Fig. 1. The excellent resolution of the
spectrometer (3.2% at Er 20 MeV) al——lowed for an
easy extraction of the yo yields by adding the events
within a suitable window The l. ower (E&) and the
upper (E&} limits of the window were defined by
E&

——0.95E& and E&
——1.04E&,, respectively.

The absolute efficiency of the NaI(T1) spectrome-
ter at E&

——15 MeV was measured by taking a thick
target yield curve of the ' C(p, y)' N resonance reac-
tion at E&

——14.23 MeV. On top of this resonance
the thick target (resonance minus background) yield
at 8=125' is known to be

I'„,=(6.66+0.21)X 10 yo /proton .

(See Ref. 17.) Analyzing the p-capture spectra in the
same way as the spectra obtained in the a-capture
experiments, the efficiency was found to be

eQ/4n =(1.86+0.08) X 10

With increasing y-ray energy a 3%/MeV decrease
of the efficiency was taken into account.

Special precautions were taken in the handling of
the metallic Mg targets, Rolled to nominal
thicknesses of 0.25, 0.50, and 1.0 mg/cm the targets
(manufactured by F. G. Karasek, Argonne, Illinois)
were shipped in vacuo and mounted onto the target
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of the reaction Mg(p, p ~ y) Mg~ 36functions o
at E =2.42 MeV. Thearound a narrow resonance at

one obtaine wid 'th the thinnest target is shown in
Fig. 2. A half-thickness of t=52 kHz correspon-
in to an energy loss of 26.5 keV is found. From
these measurements and stopp' g pin ower data as

iven in Ref. 18 total thicknesses of 267, 5S6, andgiven in e .
1250 /cm were found, each with an en estimated er-Pg

+5/o. The individual targets mere used
for bombarding energies 4.3—7.0, 7.25— . , an

—13.98 MeV, respectively. Data were taken in
E~ step sizes equal to the target thickness, w ic

f 150 keV at the lowest to 340 keV at the
highest energy. Thus a total of 48 five-point angu-
1 d t 'b tions were taken with the detector set atar isri u
45' 60', 90 115', and 13S'. A 12.7 cm 6)& . c
NaI(TI) crystal at 8= 14 cm was used as a monitor
detector during these runs.

was determinedThe oxygen content of the targets was determine
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by making use of the cross section for the reaction
' O(a, a iy)' 06 i3 (Ref. 19) and found to be smaller
than 2%. Employing a Ge(Li} detector at 90' spec-
tra were taken around E~ = 12 MeV, where the cross

section for the above reaction shows a maximum of
about 40 mb/sr. The absolute efficiency of the
Ge(Li) detector at Er=6 1M. eV was measured by
use of a calibrated Pu-' C source.

III. RESULTS

The ground state angular distributions were fitted by the expression

'i cos5p g I(0 +«, ) («, 0.71«,}Q,P, —1.71«,Q,P4 —2.68( «i«, ) cos5 QiPi —Q3P3+El++E2 +El
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The factors «i and «q are the total cross sections
for El and E2 capture, respectively, and 5 is the
phase difference (4i —42) of the p-wave E 1 and d-
wave E2 capture amplitudes. The Pk are Legendre
polynomials and the Qk are attenuation coefficients.
This expression implicitly accounts for the fact that
the yield vanishes at 0' and 180'. A plot of the ex-
tracted cross sections along with cos5 is given in
Fig. 3 for the entire energy range scanned in the
present experiment. The quantities which were
varied independently in fitting the angular distribu-
tions were O.E~, oE2, and

I=2.68(crz—i ozz}'~ cos5,

I

where I is the coefficient of the E 1-E2 interference
term. This ensures that energy averaging, which
may affect the extracted values of cos5, will not
cause inaccuracies in the extracted values of crzi and
«2. At several energies the fitted values for «2
were zero or negative (within 1cr of zero) while I was
nonzero. In these cases limits were obtained &or

cos5 shown in Fig. 3 by assuming the 2 standard de-
viation upper limit for «z.

On the average the E1 yield amounts to 5 pb with
peak cross sections larger than 20 pb. The E2 cross
section is considerably smaller, and except for three
resonances at low excitation energies remains below
1 pb. A lot of structure in the El as well as the E2
yield is observed. The minima in the E2 excitation
function are always close to zero, which also holds
for the E 1 curve with possibly the exception of a 4
MeV wide interval around 19 MeV. The E1 struc-
ture is known from an autocorrelation analysis of
higher resolution data' to have a strong (I =65
keV) "compound nucleus" component and perhaps
also a weaker (I'=300 keV) intermediate structure
component. Our E2 results show strong variations
with energy indicating semi-isolated resonances (or
intermediate structure). At lower energies sharp
structure is apparent with width

I &bE (target)=130 keV,
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FIG. 3. Extracted total E1 and E2 cross sections as
well as cos5 for Mg(a, yo) Si.

while at higher energies most of the structure is
broader. The fact that cos5 shows strong deviations
from zero indicates that substantial phase informa-
tion remains in both the E1 and E2 channels aver-
aged over the target thickness. Hence neither chan-
nel can be dominated by fluctuations arising from
very narrow overlapping resonances.

Converting the extracted E1 and E2 cross sec-
tions of the a-capture process into those of the in-
verse (y,ac) process by using the principle of de-
tailed balance (Fig. 4), one can compare the observed
yields with the respective sum rule limits. The corn-
monly employed sum rules are
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In the energy range 13.4—22.0 MeV only a very
small fraction of the total E 1 strength,

(0.72+0.05) %, is associated with the ap channel. In
the same channel and the same energy region, how-

ever, considerably more E2 strength is found,
(3.7+0.4)% of the corresponding sum rule using

(R ) =9.61 fm .
A comparison with previously published values is

given in Table I. The dipole cross section as shown
in Fig. 4 can be compared directly with the absolute
cross section measurements by Meyer-Schutzmeister
et al. ' Considering the fact that for the present

measurements thicker targets were used, the agree-

ment in the observed structures is good. A strong
disagreement, however, is found in the magnitude of
the extracted cross sections, as can be seen from the
integrated total E 1 strengths (Table I). In Ref. 15 a
total yield of 1.2'Fo of the EWSR is given for the en-

ergy range 14.5—21.5 MeV, whereas from the

present studies in the same energy region only
(0.70+0.05) % are observed. The differences are
greater in the comparison of the deduced E2 yields.
According to a reanalysis of the a-capture data
presented in Ref. 16, Meyer-Schiitzmeister et al.
find 12.2% (Ref. 20} of the total E2 strength in a 7

MeV wide interval. " This is much more than the
presently extracted 3.4% for the same energy region.
Furthermore, a concentration of E2 strength close
to the predicted center of the GQR at 603 '~ MeV
is reported in Ref. 15, in disagreement with the
present studies (Fig. 4}. Reviewing our analysis of
the absolute cross section measurements and making
a careful check for possible anisotropies in the ex-

perimental setup used in the angular distribution
studies, we did not find any source of significant
systematic errors in the present work. Our confi-
dence in the present results is supported by the num-

ber of energies at which a value of zero for crE2

(within errors) was extracted. The Argonne spectra,
taken with poorer energy resolution and no cosmic
ray suppression, ' would have been much harder to
use to obtain yo yields with a systematic uncertainty
of less than several percent. Such precision is neces-

sary for the reliable extraction of E2 cross section
which is of the order of 10% (or less) of the E 1

cross section.
Much better agreement, however, is found when

comparing the present data with the results of coin-
cidence experiments. In Fig. 5 the top part
shows the distribution of E2 strength crE2() ap)/E

TABLE I. Percent of E1 and E2 E%'SR observed in Si(y, ap) and Si(a,a'ap).

Energy interval

(MeV)
crE)dE
(%)

crE2dE/E
(%)

E can{a,a'ap)dE
(%)

13.4—22.0
14.5—21.5
15.4—24.8
14.1—17.9
17.9—22.0

present
work

0.72+0.05
0.70+0.05

Ref. 15

1.2

present
work

3.7+0.4
3.3+0.4

2.4+0.3
1.0+0.1

Ref. 15

12.2

Refs. 2 and 8

3.7+0.9'
2.5'
1.7'

'Calculated from the E =155 MeV, 8 =6.5', 8 =8~+180' spectrum (Ref. 8), assuming a
p

total (a,a') E2 strength (Ref. 2) of (34+6) % and an ap branching ratio (Ref. 8) of 0.11+0.02
for E= 15.4—24.8 MeV.
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Si(a,a'ao) Mg weighted by E; the inelastically scat-
tered a particles were detected at 8 =13.5', the decay a
particles at 8 =8~ (Ref. 6).

as deduced from the capture experiment. The E2
energy weighted sum rule may be expressed
equivalently in terms of

fo@2(y,x)dE/E

and gE B(E2). Making the approximation in the
inelastic a scattering that the sum rule fraction
E B(E2) contained in an interval bE at energy E is
proportional to

Ed oL(a,a'ao)ldQodQ~dE,

one obtains the rniddle plot in Fig. 5 which shows
the antirecoil (8~ =8+ + 180') coincidence spectrum,

normalized to an overall strength ' of (3.7+0.9)%%uo

of the EWSR for E=15.4—24.8 MeV. The bottom
curve shows a similar plot for 8,=8q (with an ar-

bitrary vertical scale. ) Both the middle and the bot-
tom curves have been proven by extensive angular
distribution studies to reflect predominantly isoscal-
ar E2 strength with only minor contributions from
other multipolarities. ' ' The existence of a large
amount of structure is apparent in both coincidence
spectra. The similarity in shape of the capture data
and the antirecoil spectrum as indicated by the verti-
cal lines is impressive. In the bottom curve some
underlying continuous background not only tends to
dampen the structures but also causes appreciable

shifts. Quasifree scattering (QFS} processes are
most likely responsible for this background6'7; they
are known to show their strongest contributions
along the recoil direction. In the absence of QFS the
structures not only are more pronounced (middle
spectrum), but also are closely correlated with the
ones deduced from the capture reaction.

The decay experiments yielded an ao branching
ratio of 0.11+0.02 for E=15.4—24.8 MeV. ' To-
gether with a reported total E2 strength of
(34+6)%%uo this leaves (3.7+0.9)% to be associated
with the ao channel. For the same energy range
E=14.1 to 22.0 MeV we find an E2 strength of
(3.4+0.3) %%uo in (y, ao), in reasonably good agreement
with (4.2+1.0) % found in (a,a'ao) (Table I). This
confirms the accuracy of the inelastic scattering
technique for extracting E2 strength, at least in this
case. It is worthwhile noting that in the one other
case where a similar comparison may be made,
namely ' O(y, ao} (Ref. 11) and ' O(a,a'ao) (Ref. 5),
E2 strengths show similar shapes but quite different
magnitudes.

IV. DISCUSSION

A. Decay modes

A study of the decay modes of the GQR may pro-
vide important insight into the structure of this res-
onance, as several coincidence studies have
shown. ' ' The question to what extent the vari-
ous open decay channels (Fig. 6) contribute to the
total width is a very intriguing one, and apparently
for the light nuclei a direct decay into some selected
channels is more favorable than a statistical de-
cay. ' Shown in Fig. 6 are energy and Q-value dia-
grams for four isobaric systems with A =16, 20, 24,
and 28. The shaded area indicates the region of the
reported GQR, the arrows mark the predicted center
603 ' MeV. For all systems the a channel opens
first; however, due to the strongly increasing
Coulomb barrier —given by the dashed line —already
in the A =28 system the effective p threshold is
lower. Several a-decay branches are given, howev-
er, no systematic effect is observable. The n chan-
nel, which is not blocked by the Coulomb repulsion,
in all cases opens roughly one MeV above the effec-
tive p threshold (including Coulomb barrier effects),
yet contributions into these decay channels do not
play a substantial role. On the average they yield
less than 10% of the total decay. In a naive picture
this is easily understood by use of the Hauser-
Feshbach (HF) formalism. Assuming that the decay
into each open channel proceeds with its statistical
weight given by the magnitude of the corresponding
transmission coefficient, the decay mode can be cal-
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culated. Using the computer code sTAT —2 (Ref. 23)
and appropriate optical model parameters,
branching ratios as shown in Fig. 7 are obtained for
the (statistical) decay of the GQR in Si. Except
for the pc- and ac-decay channels only total
branches for the decay into the a, p, and n channels
are given. Significant ao decay is found in the ener-

gy region below 20 MeV, in agreement with the ex-
perimental findings. Alpha decay into higher excit-
ed states in Mg around 16 MeV almost gets as im-
portant as the p decay, which throughout the energy
region studied is the dominant channel.

It should be mentioned that for energies just
above their respective particle thresholds the relative
weight of individual decay channels as predicted
from HF cannot be taken too seriously, due to un-
certainties in the optical model parameters. Substi-
tuting, for instance, the presently used (a+ Mg)
optical model parameters with those proposed in
Ref. 26 but leaving the p and n parameters un-
changed will reduce the maximum in the po branch-
ing ratio from 0.89 (Fig. 7) to 0.56. Corresponding-
ly the second maximum in the ac ratio is shifted to-

1.0— 8Si I2'

0.8—

0.2—

I

10 20 25

E x ~MeV

FIG. 7. Energy dependence of branching ratios for
various a-, p-, and n-decay channels from J =2+ states
as calculated by a statistical model.

wards lower excitation energies, eventually filling
out the minimum in between. For energies several
MeV above each particular threshold, however, the
calculated branching ratios are less sensitive to vari-
ous sets of optical model parameters.

Comparing the present a-capture data with the
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distribution of E2 strength as found in inelastic a
scattering, ' experimental branching ratios for the
ao decay channel as a function of energy are ob-
tained (Fig. 8). The strength distribution reported in
Ref. 3 is based on the assumption of a uniform mass
distribution. A more realistic Fermi-mass distribu-
tion was used in Ref. 4; hence those results were
considered in the present calculations. The E2-
strength distributions as deduced from a capture
and (a,a') scattering data and expressed as a percen-
tage of the relevant sum rule limits first were con-
verted into two histograms with 1 MeV wide energy
bins. Ratios of the yields of corresponding intervals
were then formed, which are given as solid points in
Fig. 8. From an almost constant value of roughly
40% around 15 MeV the branching ratio drops
below 10% for energies higher than 20 MeV. For
the whole energy region studied, the experimental
branch is larger than the one predicted from a con-
ventional HF calculation as described above (solid
curve). This calculation neglects isospin, and would
be correct if isospin is completely mixed in J~=2+
compound states in this energy region. The other
extreme of pure isospin in the compound nucleus is
given by the dashed curve, which is based on an a-
branching ratio given by

E )( (MeV}

FIG. 8. Energy dependence of the E2 ao branching ra-
tio obtained from a comparison of the present capture
data with the total E2 distribution, Ref. 4). The solid line
gives the conventional Hauser-Feshbach prediction, which
neglects isospin and is valid in the case of complete isos-
pin mixing; the dashed curve results from a modified HF
calculation assuming pure isospin (see text).

where the factor —, in the denominator is the square
of an isospin Clebsch-Gordan coefficient. This
latter curve is in better agreement with the experi-
mental data, although a slight enhancement in the
low energy data remains.

This effect of isospin in statistical decay estimates
apparently has been neglected in previous discus-
sions of GQR decay branching ratios (see, for exam-
ple, Refs. 6 and 7). The degree of compound nu-
clear isospin mixing is not known in the present
case, and hence we regard the two curves in Fig. 8 as
illustrating a range of possible values. Furthermore,
the calculated values shown in Fig. 8 are appropriate
only for a resonance with a negligible escape width.
If the total escape width I' is appreciable, then the
branching ratio for a channel which decays statisti-
cally is given by the HF branching ratio multiplied
by I'/I, where I' is the spreading width and I is
the total width (I'=I'+I'). The factor I'll' is
just the fraction of the total decay strength which is
statistical. This fraction (unknown for the GQR) is( 1; hence, there may still be a nonstatistical
enhancement of ao GQR decays even if compound
nuclear isospin is pure.

Such an enhancement is not likely due to a direct
E2 component; indeed the number of ox2 data
points in Fig. 3, which are zero (within errors) indi-
cates that any slowly varying direct component is
small. It could arise from the particular doorway
configurations which form the dominant part of the
GQR in an A=4n nucleus like Si. As has been
shown in Ref. 10, where group theoretical methods
were used in the description of collective features,
the giant E2 resonances in these nuclei have a large
overlap with a-cluster configuration of good SU(3)
symmetry. Hence the GQR may have a significant
a-decay width arising from an early stage in the
np-nh hierarchy. As a result an enhancement over
the HF prediction may be expected.

These conclusions can be elaborated on by making
similar comparisons of reactions used in the investi-
gation of the GDR in Si. High resolution a (Ref.
16) and p-capture studies revealed a highly struc-
tured GDR. A statistical analysis of the a-capture
data showed that about (80+20) % of the

Mg(a, yo) total E 1 cross section arises from reac-
tions via the compound nucleus, while the proton
capture proceeds predominantly through doorway
(nonstatistical) processes. ' ' Branching ratios for
these selected po and ao decay channels are deduced
by comparing the p- and a-capture data of Ref. 29
and the present investigation, respectively, with the
y-absorption measurements of Ahrens et a/. As
one might expect, two strikingly different plots are
obtained (Fig. 9). Very small GDR ao branching
ratios of &4% are found which for energies higher
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isospin plays an important role. Much stronger iso-
spin mixing, as reported in Ref. 16, is in disagree-
ment with the present study. In this context it
would be worthwhile to check the absolute cross sec-
tions of the reaction Mg(a, y) Si. The conclusion
of strong mixing' was mainly derived from the ob-
servation that for this reaction significantly smaller
cross sections were found than for Mg(a, y) Si.
A comparison of Mg(a, y) Si cross sections from
Ref. 16 with the present results (Table I) indicates
that the former data are too high by about 40%.

C. Structure in the GQR
I I I I I

16 20 24
I I0.001

16 20 24

E„ tMeV)

FIG. 9. Energy dependence of the E1 a0 (left) and p0
branching ratios (right) obtained from a comparison of
capture data with y-absorption measurements (Ref. 30).
The a-capture data stem from the present study; the p0
cross sections are taken from Ref. 29. The solid lines give
the Hauser-Feshbach predictions.

than 19 MeV decrease rapidly, in agreement with
the energy dependence of HF calculations. This
does not mean that ap GDR decays are
statistical —they may also be enhanced and follow
the HF energy dependence as perhaps do the ap
GQR decays. The absolute magnitude of the HF
branching ratio (calculated neglecting isospin) is

larger than the data by an almost constant hindrance
factor of 4 (see also the following subsection). The
experimental po branching ratios show a significant
deviation from HF: For excitation energies up to 22
MeV the branching ratio remains almost constant
around 25%, whereas in the same energy region the
HF calculations predict a decrease by a factor of 10.
Clearly, a noncompound reaction mechanism pre-
vails in the p-capture data, as was known previously.
In subsection IVD we discuss evidence from an
analysis of the E 1-E2 interference factor for sub-

stantial nonstatistical components in both the El
and E2 ap channels.

B. Isospin mixing in the GDR

The observed hindrance for a capture into the
GDR (Fig. 9) relative to the HF predictions may be
attributed to the isospin selection rule (assuming this
channel to be predominantly statistical), since iso-
spin has been neglected in the present HF calcula-
tions. A comparable reduction by a factor of 4 for
isospin forbidden (compound) reactions was also
found in a previous analysis of a-capture reac-
tions. ' Hence we conclude that in the excitation of
the GDR by means of the reaction Mg(a, y) Si,

The GQR primarily is understood as a 2fico lp-lh
excitation. Its signature is reflected in a fairly broad
and unstructured resonance. The coupling of this
primary doorway to more complicated levels such as
2p-2h (secondary doorways or hallways), 3p-3h, . . .,
np-nh states, however, may lead to more structure.
From a theoretical point of view only the two ex-
tremes, the primary doorway at the beginning and
the compound nucleus at the end of the np-nh
hierarchy, are reasonably well understood and de-
tailed calculations for many nuclei are available.
Explicit inclusion of 2p-2h or 3p-3h components
have been tried in a few instances with limited suc-
cess. Direct-semidirect (doorway) reaction models
have been developed in the description of proton
capture studies in light nuclei with the result that
most of the E2 strength observed is attributed to
direct capture. ' From an experimental point of view
one might try to distinguish gross (the primary
doorway) and fine structure (the compound nucleus)
as well as intermediate structure (2p-2h, 4p-4h, or
anything before reaching the final stage of the com-
pound nucleus).

As for Si it is known that the fine structure
width around E„=19MeV is of the order of 65
keV. ' Since in the present experiment the angular
distributions were taken in steps corresponding to
the target thickness [which were always larger than
150 keV (Sec. II)], most of the compound nuclear ef-
fects have been averaged out. According to Refs.
2—4 and 8, the highly structured GQR in Si is
centered near 19 MeV and has a gross width of S—6
MeV. The E2 distribution as observed in the
present capture experiment (Figs. 4 and 5) does not
reflect a broad resonance, but many narrower reso-
nances with widths & 400 keV are found. This is in
agreement with the (a,a') and (a,a'ao) results of
Refs. 2 and 8, which suggest that the ap E2
strength is more fragmented than the total E2
strength. Gn the other hand, the ap E2 fragmenta-
tion we observe is similar to the fragmented total
E2 strength found by Van der Borg et al. in (a,a')
studies.
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This fragmentation is interpreted as being due to
nonstatistical structure effects primarily because the
phase factor cos5 shows strong deviations from zero
at all energies. Over a wide range at high energies
the average value of cos5 is substantially positive
(0.3 for E„=18.4—20.7 MeV). This requires strong
nonstatistical components in both the E1 and E2
channels, as is discussed in more detail in subsection
D below. Interference effects in (a,a'ao) (Ref. 8)
provide independent evidence for some nonstatistical
contributions in the E2 channel. Also there is a
suggestion that the ao branching ratio (Fig. 8) is un-

derestimated by the HF predictions (subsection
IV A), although the energy dependence is similar to
that of HF.

The present results do not allow us to distinguish
whether the nonstatistical effects in the E2 o;0 chan-
nel are due to the primary doorway (as is possible
according to the work of Ref. 10) or to more com-
plicated preequilibrium effects.

Ea C MeV)

8 10 12
I

1.0—

v) 0—
0
O

-1.0—

I

14
I

16
I I

18

E x IMeV

E2

20

FIG. 10. cos5 vs E„. Solid points represent the mea-
sured data (limit values —see Fig. 3—have been omitted).
Dashed curve: smoothed data obtained from quadratic
polynomial fitting to the solid points; solid curve: a calcu-
lation of interfering GDR and GQR with E, =20.25,
I'1 ——4.5, E2 ——18.5, and I 2

——6 MeV.

D. Gross structure in the phase factor cos5

Figure 3 shows cos5 versus energy, where 5 is the
relative phase between the interfering E 1 and E2
amplitudes in the Mg(a, yo) Si reaction. Strong,
rapid variations are apparent, associated with the
narrow ( & 400 keV) structure lil Crt i and oz2. There
is also the strong suggestion of a more slowly vary-

ing gross structure in cos5 corresponding to negative
values in the region E„=15—17 MeV, positive
values for E„=18—20 MeV, and zero or slightly
negative values at the highest energies.

In order to make these observations more quanti-
tative, we have smoothed the data by doing a poly-
nomial fit to the data points within a window of
fixed size stepped along the energy axis. For each
step the value of the fitted polynomial at the center
of the window is computed and a curve is drawn
connecting these central values obtained for dif-
ferent window positions. Figure 10 (dashed curve)
shows the results of this procedure for quadratic fits
with a window size AE„=2 MeV and a step size of
0.2 MeV. The shape of this curve provides evidence
for the sort of gross structure discussed above. The
minimum near 19.5 MeV should not be taken too
seriously, as it depends on only one data point. The
smoothed gross structure shape is independent of
the order of polynomial fitted (2, 3, or 4) and the
window size for averaging (1—2 MeV).

The gross structure observed in cos5 must arise
from the nonstatistical part of the capture amplitude
for both E1 and E2, since the statistical part of ei-
ther amplitude will not contribute. The observed en-

ergy dependence suggests giant resonance phases in
both E1 and E2. In a simple model where we take

the average E1 and E2 amplitudes to be given by
single-level Breit-Wigner expressions, we get

5 i + tr i 5g tr2 +yR ( 1 ) (I it (2 )++a

Here 5I and 0~ are the nuclear and Coulomb phase
shifts for the l =1 (El) and 1=2 (E2) entrance
channels, and

Pg(l)=tan '2(E —Et)/I

is the resonance phase for the l =I (giant E 1) and
l =2 (giant E2) resonances. The factor 4a, which
we assume constant (independent of energy), in-
cludes the mixing phase difference as well as the
signs of the electromagnetic matrix elements. To
get an idea of the energy variation of the channel
phase difference

5i+Oi —52 —oz

we performed optical model calculations for
u+ Mg scattering with U= —110 MeV, 8 = —4
MeV, ro ——1.8 fm, a=0.5 fm, and r, =1.33 fm.
These represent average parameters taken from
a+ Mg elastic scattering fits in this energy re-
gion. The remarkable result is that this channel
phase difference is essentially constant, 175'+3' for
E =8—14 MeV. Below E =8 MeV the channel
phase difference drops rapidly owing to an l =2
shape resonance near 7 MeV. However, this reso-
nance lies outside the range of data fitted, and is
likely an artifact of the particular potential parame-
ters chosen. Hence it appears reasonable to neglect
the energy dependence in the channel phase differ-
ence below E =8 MeV as well. From Refs. 33 and
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8 we estimate E~ ——20.25 MeV, I
&

——4.5 MeV,
E2 ——18.5 MeV, and I 2 ——6.0 MeV. The solid curve
in Fig. 10 shows cos5 computed from

5 =/~(E1) Pg—(E2)+ha

with the resonance parameters given above and ha
(the only adjustable parameter) set to 116'.

The similarity of the solid and dashed curves in
Fig. 10 supports our interpretation of the gross
structure in cos5 as being due to gross structure
phases (and amplitudes) in both E 1 and E2 chan-
nels. The two curves would agree even better if one
were to choose somewhat higher resonance energies
and somewhat narrower widths. Such gross struc-
ture interference effects in cos5 should scale as the
product f~ f2, where fI represents the fraction of
nonstatistical contributions to the E/ capture ampli-
tude. It should be emphasized that the solid curve
in Fig. 10 is based on the assumption f&.f2 ——1.
Hence large fI are required for a modest gross struc-
ture in cos5. This results from the fact that the
GDR and GQR are fairly broad and lie nearly on
top of each other.

The existence of such a strong nonstatistical com-
ponent in the E2 channel is not surprising (see the
above discussion). However, the E 1 channel is be-
lieved to be (80+20) % statistical (see the fluctuation
analysis of oE& given in Ref. 16), consistent with the
view that oE~(a, y) arises mainly from (1) isospin
mixing of the GDR with compound 1, T=0
states; to our knowledge our experiment provides the
first evidence for nonstatistical gross structure in an
isospin-forbidden giant resonance reaction. A non-
statistical E 1 component must arise from a different
mechanism such as (2) semidirect excitation of the
GDR through its isospin-admixed component of the
"giant" isoscalar 1 resonance (the latter being gen-
erated by the r F~~ operator). Shikazono and
Terasawa calculated both of these processes for
this reaction —they find that process (1) dominates
but that process (2) results in a peak cross section

= 1 pb assuming a doorway isospin mixing intensity
of 2.25%. Since from experiment os, -5—7 pb in
the region of the GDR peak, a value of f&

as large
as 0.5 seems plausible due to process (2). Thus it is
quite possible that process (2) is sufficiently strong
to account for the nonstatistical El component
necessary to produce the observed gross structure in
cos5.

V. SUMMARY

The Mg(a, yo) Si measurements we have
presented here are the most detailed experimental re-
sults currently available for E 1 and E2 cross sec-
tions in an (a,y) reaction in the giant resonance re-
gion. A strongly fragmented E2 strength is ob-
served, consistent in magnitude and shape with the
results of a Si (a,a'ao) Mg decay-coincidence ex-
periment. E1 cross sections are consistent with
roughly 25% compound isospin mixing intensity, as
was found previously in neighboring nuclei. Strong
El-E2 interference effects were observed, due to
both a rapidly varying narrow structure and broad
gross structure, indicating strong nonstatistical corn-
ponents in both E1 and E2 channels. The nonsta-
tistical E2 component in ao may arise from a door-
way lp-lh contribution, as discussed in Ref. 10.
The nonstatistical E1 component in ao is more
surprising and may arise from a semidirect ampli-
tude due to doorway isospin mixing. The degree of
isospin purity in compound nuclear states is impor-
tant in HF statistical decay branching ratio esti-
mates.

ACKNOWLEDGMENTS

One of us (E.K.) would like to thank the Universi-
ty of Washington for financial support and the
members of the UW Nuclear Physics Laboratory for
their kind hospitality. This work was supported in
part by the U. S. Department of Energy and in part
by the Deutsche Forschungsgemeinschaft.

J. M. Moss, C. M. Rozsa, D. H. Youngblood, J. D. Bron-
son, and A. D. Bacher, Phys. Rev. Lett. 34, 748 (1975).

K. T. Knopfle, G. J. Wagner, A. Kiss, M. Rogge, C.
Mayer-Boricke, and Th. Bauer, Phys. Lett. 64B, 263
(1976).

K. Van der Borg, M. N. Harakeh, S. Y. Van der Werf,
A. Van der Woude, and F. E. Bertrand, Phys. Lett.
67B, 405 (1977).

4K. Van der Borg, M. N. Harakeh, and A. Van der

Woude, Nucl. Phys. A365, 243 (1981).
5K. T. Knopfle, G. J. Wagner, P. Paul, H. Breuer, C.

Mayer-Boricke, M. Rogge, and P. Turek, Phys. Lett.
74B, 191 (1978).

G. J. Wagner, Giant Multipole Resonances, edited by
F. E. Bertrand (Harwood-Academic, New York, 1980),
p. 251.

7K. T. Knopfle, Lecture Votes in Physics, No. 108
(Springer, Berlin, 1979), p. 311.



27 ALPHA CAPTURE INTO THE GIANT QUADRUPOLE RESONANCE. . . 959

K. T. Knopfle, H. Riedesel, K. Schindler, G. J. Wagner,
C. Mayer-Boricke, W. Oelert, M. Rogge, and P. Turek,
Phys. Rev. Lett. 46, 1372 (1981).

D. H. Youngblood, A. D. Bacher, D. R. Brown, J. D.
Bronson, J. M. Moss, and C. M. Rozsa, Phys. Rev. C
15, 246 (1977).

K. T. Hecht and D. Braunschweig, Nucl. Phys. A295,
34 (1978).
K. A. Snover, E. G. Adelberger, and D. R. Brown,
Phys. Rev. Lett. 32, 1061 (1974).

~ G. S. Foote, D. Branford, N. Shikazono, and D. C.
Weisser, J. Phys. A 7, L27 (1974).
E. Kuhlmann, E. Ventura, J. R. Calarco, D. G. Mavis,
and S. S. Hanna, Phys. Rev. C 11, 1525 (1975); E.
Kuhlmann, J. R. Calarco, V. K. C. Cheng, D. G.
Mavis, J. R. Hall, and S. S. Hanna, ibid. 20, 5 (1979).

4K. A. Snover, J. E. Bussoletti, K. Ebisawa, T. A.
Trainor, and A. B.McDonald, Phys. Rev. Lett. 37, 273
(1976).

~5L. Meyer-Schutzmeister, R. E. Segel, K. Raghunathan,
P. T. Debevec, W. R. Wharton, L. L. Rutledge, and
T. R. Ophel, Phys. Rev. C 17, 56 (1978).
L. Meyer-Schutzmeister, Z. Vager, R. E. Segel, and
P. P. Singh, Nucl. Phys. A108, 180 (1968).
R. E. Marrs, E. G. Adelberger, and K. A. Snover, Phys.
Rev. C 16, 61 (1977).
L. C. Northcliffe and R. F. Schilling, Nucl. Data Tables
A7, 233 (1970).
M. K. Mehta, W. E. Hunt, and R. H. Davis, Phys. Rev.
160, 791 (1967); D. Bodansky and A. Seamster, private

communication.
~ The original value of 14.5% in Table II of Ref. 15 has

been rescaled to account for the presently used radius

(R ) =9.61 fm~ in the E2 EWSR.
~~H. Riedesel, Doctoral thesis, Heidelberg, 1979 (unpub-

lished).
K. A. Snover, Giant Multipole Resonances, edited by. F.
E. Bertrand (Harwood-Academic, New York, 1980), p.
229.

sTAT —2, a Hauser-Feshbach computer code, R. G.
Stokstad, Oak Ridge National Laboratory, 1975.

~4G. F. Percy, Phys. Rev. 131, 745 (1963).
L. McFadden and G. R. Satchler, Nucl. Phys. 84, 177
(1966).
J. R. Huizenga and G. Igo, Nucl. Phys. 29, 462 (1961).

7N. Shikazono and T. Terasawa, Nucl. Phys. A250, 260
(1975).
H. L. Harney, H. A. Weidenmiiller, and A. Richter,
Phys. Rev. C 16, 1774 (1977).
P. P. Singh, R. E. Segel, L. Meyer-Schiitzmeister, S. S.
Hanna, and R. G. Alias, Nucl. Phys. 65, 577 (1965).
J. Ahrens, H. Borchert, K. H. Czock, H. B. Eppler, H.
Gimm, H. . Gundrum, M. Kroning, P. Riehn, G. Sita
Ram, A. Zieger, and B. Ziegler, Nucl. Phys. A251, 479
(1975).
E. Kuhlmann, Phys. Rev. C 20, 415 (1979).
S. S. So, C. Mayer-Boricke, and R. H. Davis, Nucl.
Phys. 84, 641 (1964).
B.L. Berman, Nucl. Data Tables 15, 319 (1975).


