PHYSICAL REVIEW C

VOLUME 11, NUMBER 5

MAY 1975

E1 and E?2 strength in 24Mg and 26Mg observed in a-capture reactions™

E. Kuhlmann, T E. Ventura,§ J. R. Calarco, D. G. Mavis, and S. S. Hanna
Department of Physics, Stanford Univevrsity, Stanford, California 94305
(Received 23 December 1974)

Excitation functions and angular distributions of the reactions %*%Ne(q, v,) were used to
study the distribution of E2 strength in the energy regions 14—22 MeV of 2#28Mg, as well
as to probe the importance of isospin in the decay of the E1 giant resonance in these
nuclei. It was found that the E2 strength in the (y, &) channel is rather uniformly dis-
tributed and accounts for about 10% of the energy weighted sum rule in each nucleus. To-
gether with the E2 strength observed in lower resonances, about 45% of the sum rule is
accounted for. No evidence for a compact E2 resonance is found. A comparison of the E1
distribution and total strength in the (y, &) channel of the giant dipole resonances in **26Mg
indicates that isospin conservation may be important in these reactions. Information was

also obtained on the reactions 2%2?Ne(c, v,).

MeV; measured o(E, Ey, 9,). 2 28\o deduced E1, E2 strength. Enriched

NUCLEAR REACTIONS 2'Ne(q, v), E =2.5—20 MeV; “Ne(c, v), E =4.5—16}

targets.

1. INTRODUCTION

Recently, in a variety of inelastic scattering ex-
periments of high energy electrons!'? and nuclear
particles,®™® a resonance has been observed which
is interpreted as an isoscalar E2 (or EO) giant
resonance. This E2 (or EQ) resonance is reported
to lie about 3 MeV below the well-known giant di-
pole resonance (GDR) or at an approximate ener-
gy of 63472 MeV, to have a width of about 4 MeV,
to exhaust (if E2 in nature) the isoscalar E2 sum
rule, and to be a universal characteristic of all
nuclei. To shed more light on the nature and mul-
tipolarity of this new resonance, we have studied
it by radiative capture reactions, which have been
used extensively for many years to study giant
resonances. - Although the major strength ob-
served in these reactions is electric dipole in
character, the E2 strength shows up strongly in
interference with the dominant £1 radiation.

Some of the best evidence from capture reac-
tions which bears directly on the giant quadrupole
resonance (GQR) comes from (a, y,) measure-
ments.*™® These data show an appreciable amount
of isoscalar E2 strength (10-20% of the sum rule)
and have been interpreted as being consistent with
the existence of a GQR.® In this paper we report
a search for isoscalar E2 strength in the light
nuclei 2*Mg and **Mg with the reactions *°Ne(a, v)-
2%Mg and ?*Ne(a, ¥)**Mg. The observations covered
the energy range from the Coulomb barrier up into
the region of the GDR, spanning the region of the
reported E2 resonance.

The (o, y,) reaction on even-even nuclei provides
a sensitive means of measuring E2 strength since
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the angular distribution is uniquely determined by
the multipolarity of the radiation. Furthermore,
for a self-conjugate nucleus like **Mg the E1 radia-
tion may be suppressed since only 7T =0 resonances
can be formed directly in o capture and these are
forbidden by isospin to decay by E1 radiation.
Hence the E1 radiation must occur by isospin mix-
ing. There is evidence in these reactions that the
isospin mixing may be large.® Nevertheless, it
turns out that the dipole radiation is weak in both
the conjugate and the nonconjugate nuclei so that
very small amounts of E2 radiation can be detect-
ed in the (a, v,) reaction.

A second objective of these studies was to mea-
sure the amount of E1 radiation in order to study
the question of the isospin mixing mentioned above,
as well as to probe the importance of the a decay
of the GDR. Since the isospin selection rule on E1
decay does not apply for a nonconjugate nucleus
such as Mg, a comparison of the (a,y) reaction
for 2*Mg and **Mg should give valuable information
on the o width of the GDR.

The reactions 2°Ne(a, v,)**Mg and *Ne(a, v,)**Mg
were also studied in some detail. Yield curves as
well as angular distributions were measured, al-
though the analysis of the angular distributions is
not as straightforward as in the case of the (a, v,)
reactions.

II. EXPERIMENTAL PROCEDURE AND ANALYSIS

a particle beams from the Stanford FN tandem
Van de Graaff accelerator were used to bombard
a target of either °Ne gas (99.95%) or **Ne gas
(97.0%) contained in a cylindrical gas cell. The
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cell, 1.9 cm in diameter, was filled to a pressure
of about j atmosphere, which corresponds to a
target thickness of 400 keV at 8 MeV bombarding
energy. The beam entered the cell through a Ni
foil 0.125x107® cm thick (corresponding to an en-
ergy loss of 400 keV at 8 MeV) and was stopped
within the cell on a thick Au backing. The capture
v rays were detected in the Stanford Nal spectrom-
eter'® placed at a distance of 63 cm from the tar-
get spot. The lead collimator of the detector sub-
tended a half-angle of 7° or a solid angle of 0.045
sr. A typical spectrum obtained with this geom-
etry for the reaction *°Ne(a, y)**Mg is shown in
Fig. 1. The ground state transition y, and the ex-
cited state transition y, are easily resolved in this
spectrum. To obtain the yields of y,and y, a com-
puter program'’ was employed which fits standard
line shapes to the experimental spectrum by a
means of a least-squares fitting routine. The
solid line in Fig. 1 shows the final fit with the
dashed curves giving the individual fits to y, and
¥.- The total efficiency of the Nal assembly as de-
fined in Ref. 10 was about 70% and varied by less
than 10% over the energy range covered in this ex-
periment. The final data have been corrected for
this variation.

Excitation functions at 6, =130° and angular dis-
tributions were measured with the setup described
above. For the angular distributions, generally
five angles equally spaced from 45 to 135° were
measured sequentially, and the sequence was re-
peated at least once. In some cases spectra were
obtained also at 0 and 15°. Each angular distribu-
tion for y, and v, can be fitted by an expansion of
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FIG. 1. A typical spectrum for the reaction
WNe (o, v)2*Mg taken for 600 uC. The solid line shows
a least-squares fit to the spectrum the two components
of which are indicated by the dashed lines.

Legendre polynomials

w(o) = qz AkPk(cose)on[h- \Zj akPk(COSG)] ,

k=0 k=1
(1)

since only dipole and quadrupole radiations are sig-
nificant. However, it turns out that for y, for zero-
spin nuclei only three of the five expansion coeffi-
cients A, are independent. Because the initial
channel-spin is zero, only states with natural
parity can be excited, i.e., 17, 27 ..., formed

by pure p, d, ... wave capture, respectively,

and decays to the 0" ground state involve only

E1l and E2 radiation. Then

D A= 2 A=0. 2)

k = even k=odd

With these restrictions the y, angular distributions
can be fitted by the expression

1
W(6)=-=[(0g, +0gy) = (05, = 0.710g,) P,
4

- 1.710,P, - 2.68(05,05,)" "% cosb(P, — P,)] .
(3)

The cross sections 0y, and 0z, denote the partial
cross sections for capture through 1~ and 2 res-
onances, respectively, and 0 is the phase differ-
ence of the corresponding p and d waves. It fol-
lows from this simple expression that the (¢, ¥,)
capture reaction is ideally suited for extracting
quantitatively the amount of E2 strength underly-
ing the dominant E1 yield.

No such restrictions hold for the angular distri-
butions of y, leading to the first excited state with
J"=2". In this case E1, M1, and E2 decay can be
expected from states with J"=(1", 37), 2%, and
(07, 2%, 4%), respectively, and W(6) will be much
more complicated. Since a detailed analysis in-
cluding interference among all states and multipo-
larities is not possible for the y, angular distribu-
tions, only fits in terms of Legendre polynomials
will be given. Since in general the angular distri-
butions were measured at five angles only, the ex-
pansion was carried out only up to P, to provide at
least one degree of freedom in the fitting proce-
dure. Moreover, it was found that fits to the v,
distributions including only terms up to P, were
satisfactory; in general no significant improve-
ment was gained in expanding the fits up to P,,
and the a, coefficients thus obtained were close
to zero, as will be seen later. In the analysis of
the angular distributions of y, and ¥, the effect of
the solid angle of the detector, the correction for
the Doppler shift of the radiation, and small asym-
metries arising from target location were all taken



11 E1 AND E2 STRENGTH IN 2*Mg AND *°*Mg OBSERVED IN... 1527

into account.

In order to assess the E, and isoscalar E2
strengths observed in this experiment we em-
ployed the sum rules'?

0,(E1) = J o(E1)dE
=60 NZ/A MeV mb , (4)
0(E2)= [ o(E2)/EdE

=0.25Z2A "X R?)
=0.22Z%A7Y% ub/MeV , (5)
with (R?)=%7,24*% and 7,=1.2 fm.

III. RESULTS

A. The reaction 20Ne((x,*yo)MMg

The upper part of Fig. 2 shows the yield curve
obtained at 6, = 130° over an a-energy range which
corresponds to excitation energies in **Mg extend-
ing from E, =11.5 to 22.5 MeV. The average step
size was 150 keV. The a-energy scale has been
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FIG. 2. Top: excitation function at 6 =130° for the
reaction 2’Ne(a, v()*'Mg. The arrows indicate energies
at which angular distributions were studied. Middle:
the extracted E1 and E2 total cross sections for the
(¢, 7o) reaction. Bottom: the E2 phase 6, relative to
the E1 phase, which is arbitrarily set to zero.

corrected for the energy loss in the Ni entrance
foil (300-"700 keV) and has been adjusted for one-
half the target thickness (75-180 keV). The 130°
angle of observation was chosen so as to favor E2
radiation (which is a maximum at 135°) while at
the same time not suppressing greatly E1 radia-
tion (which is reduced to about 60% at 130°).
Three different regions can be seen: (1) between
12 and 15 MeV excitation energy there are many
narrow and isolated peaks which correspond to
individual resonances which are partly known
from previous (e, y,) studies,"® (2) between 15
and 21 MeV broader structures appear, and

(3) above 21 MeV the (o, v,) cross section be-
comes very small, at least partly as the result
of the opening of various other decay channels.
The absolute cross sections averaged over ener-
gy intervals are given in Table L.

The arrows in Fig. 2 indicate key energies at
which angular distributions were measured. A
representative set is shown in Fig. 3. The angular
distributions were analyzed by means of Eq. (3)
with the extracted quantities 0z,, 0z,, and 6 shown
in the lower part of Fig. 2. The results in the en-
ergy range up to E,=14.3 MeV are in excellent
agreement with the work of Highland and Thwaites,"?
who studied the **Ne(a, y,)**Mg reaction with rather
thin implanted 2°Ne targets (<50keV at E , =5MeV),
although their detector could not resolve y, and v,.
They report resonances at E,=4.193, 4.528, and
5.653 MeV, and a barely resolved doublet at 4.92
MeV with assignments of 2%, 2%, 17, and (17, 27),
respectively. These can be identified with the
four isolated peaks at 4.18, 4.51, 5.64, and 4.85
MeV studied in the present experiment by angular
distributions. A 17 assignment can also be given
to the resonance observed at E,=6.60 MeV corre-
sponding to a state at 14.8 MeV.

In the energy range above E, =15 MeV the con-

TABLE 1. The averaged absolute cross sections
o (a,v,) and G(a,y4) for the reactions WNe(a,v)*Mg and
2Ne(a, v)*Mg.

ONe(a,v)¥Mg %Ne(a,v)*Mg

AE, T,y ® Tla,y)®  Glayg? ola,vy)P

(MeV) (ub) (ub) (1b) (1b)
11.4-14.4 3.2 3.9 oo e
14.4-17.8 3.1 4.8 9.2 8.6
17.8-20.2 3.6 9.6 3.0 4.5
20.2-23.8 0.6 1.8 0.9 2.8
23.8-26.0 0.4 0.6

2 Angular distribution assumed to be of the form
W(p) = sin’.
Angular distribution assumed to be isotropic.
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tribution from the dominant E£1 decay is on the
average only a factor of 4 stronger than the E2
decay. This might indicate a strong inhibition of
E1 strength due to isospin and will be discussed
in more detail in Sec. IVB in comparison with the
results from **Ne(a, v,)°*Mg. However, the fact
that the excitation function shows strong fluctua-
tions with the a energy and does not exhibit a
giant resonance shape suggests that the a-capture
reaction goes mostly via long-lived compound nu-
clear configurations in which appreciable isospin
mixing occurs.

It can be seen in Fig. 2 that there is no concen-
tration of E2 strength which would correspond to
a narrow GQR at 63A7Y/3=22 MeV. Also, the rela-
tive phase 0 does not show a drastic resonant ef-
fect in this region, but remains rather close to
90°. This appears to be a general feature of a-
capture reactions at high excitation energies®'”
and can be explained by assuming that the over-
lapping 1™ and 2 levels interfere in such a way
that in the interference term of the measured
angular distributions the various separate terms
with both positive and negative signs cancel each
other on the average.

If the a-capture data are converted into the
(v, a,) process by detailed balance, the yield
curve can be compared with other photonuclear
reactions such as **Mg(v, p,)**Na,'* as is shown in
Fig. 4. The **Mg(y, p,)**Na yield curve [Fig. 4(c)]
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FIG. 3. Typical angular distributions for the reaction
UNe(a, v9)**Mg. Note the almost pure E1 character of
the distributions at E, =5.00 and 11.90 MeV in marked
contrast to the predominantly E2 character at 4.20 and
13.00 MeV. The solid lines are fits in terms of Eq. (3).

also shows an appreciable amount of fine structure
and it has been reported'* that this reaction pro-
ceeds to a large extent through a compound nu-
clear configuration. The fact that no significant
cross correlation is observed between the (y, a,)
and the (v, p,) channels (see Sec. IILE) is in nice
agreement with the assumption that the fine struc-
ture is in fact due to fluctuations arising from the
presence of many strongly overlapping levels in
the compound nucleus.

Figure 4(a) displays the distribution of E2
strength observed in the **Mg(y, @,)*°Ne reaction.
The integrated E2 strength in the energy range
12.0-22.5 MeV is about 12% of the energy weighted
sum rule Eq. (5) (see Table II). In the same ener-
gy region the E1 strength is found to be only 0.33%
of the corresponding sum rule Eq. (4) (see Table
III). This result will be discussed in more detail
in Sec. IVB.

B. The reaction 20Ne(oz;yl )24Mg

The top part of Fig. 5 shows the yield curve at
Oy = 130° for y, leading to the first excited state in
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FIG. 4. (a) the extracted total E2 cross section con-
verted by detailed balance to that for the reaction
Mg (y, ag)?®Ne. (b) the 130° excitation function (E1+E2)
for Mgy, ¢()®Ne. (c) the excitation function at 6 = 90°
for Mg (y, py)?°Na obtained by detailed balance from
BNa(p, v Mg (Ref. 14).
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TABLE II. Summary of E2 strengths in 2#2Mg(y, oq) (see text) given in percent of the E2

sum rule [ Eq. (5)].

2 CN, 2
AE fo(EZ)/E dE AE ftrm(EZ)/E dE
Nucleus (MeV) (%) (MeV) (%)
2 Mg 12.0-22.5 11.8+ 1.0 0-22.5 120+ 30
%Mg 15.0-21.4 6.0=2.0 0-21.4 290+ 80

2*Mg at 1.37 MeV. The a-energy scale has been
corrected for the energy loss in the entrance foil
and adjusted for the target thickness as described
in Sec. III A. The average cross section is gener-
ally higher than that observed for the ground state
decay (Table I). The yield curve for ¥, also shows
a great deal of structure with a somewhat greater
concentration of strength in the region E,=16.5 to
20 MeV than observed for y,. Above E, =21 MeV
the yield becomes very small.

The expansion coefficients obtained in fitting the
¥, angular distributions to a sum over Legendre
polynomials are shown in the lower part of Fig. 5.
It is interesting to note the almost smooth varia-
tion in the coefficient a, which at the lower bom-
barding energies has an average value of a,=+0.5,
crosses zero at the medium energies, and reaches
an average value of a,=- 0.5 at the higher bom-
barding energies. A value of a,=— 0.40 is expected
for E1 decay originating from 3~ levels, which
might indicate that with increasing energy the
®Ne(a, y,) reaction proceeds to a large extent
through 37 levels. But, as was mentioned earlier,
the complexity of the y, decay makes it impossible
to include all possible interference effects in the
analysis of the angular distributions.

C. The reaction 22Ne(oc,’yo)%Mg

The reaction **Ne(a, y,**Mg (@ =10.61 MeV) was
investigated over the energy range of E =5 to 16
MeV corresponding to excitation energies in Mg
from 14.6 to 24.0 MeV. The vy, yield observed at
6, =130° is shown at the top of Fig. 6. Up to o en-

ergies of 11 MeV the measurements were taken in
steps of 150 keV, and thereafter in steps of 200
keV. It is seen that most of the yield is concen-
trated in a region between E, =15 and 18.5 MeV
where the average cross section is about a factor
of 3 higher than the cross section for a capture

by the self-conjugate nucleus 2°Ne (see Table I).
Above E,=18.5 MeV the cross section becomes
very small and of comparable size to the 2°Ne(a,y)
reaction. This result might be attributed to the
fact that this is the region of the 7, giant E1 res-
onance which is isospin forbidden in both reactions
*Ne(a, y) and **Ne(a, v), see Sec. IVB.

Angular distributions were measured on top of
the main peaks of the yield curve as indicated by
the arrows in Fig. 6, and analyzed as described
in Sec. II. The results are shown in the lower
part of Fig. 6. In the region of the main yield the
observed radiation is about 95% E1 in character.
The underlying E2 strength found in this region is
of about the same magnitude as that in the same
region in **Mg (see Table II) with an average cross
section of about 0.8 pb. By means of the principle
of detailed balance, the E2 cross sections and the
total yield curve were inverted to the (y, a,) pro-
cess, as shown in Figs. 7(a) and 7(b), respective-
ly, and compared with the photoneutron cross sec-
tion data'® in Fig. 7(c). The amount of E2 strength
determined in this experiment in the energy range
E_=15.0 to 21.4 MeV is about 6+ 2% of the sum
rule [Eq. (5)]. In the integration of the E2 strength
it was assumed that the yield in the valleys of the
excitation curve consists of pure E2 radiation only.
The error originating from this assumption is

TABLE III. A comparison of the integrated E1 strengths found in various reactions in the GDR’s of Mg and 26Mg.
The strengths are given in percent of the E1 sum rule [ Eq. (4)].

(v, @) (v, bp) ® (y,m)"® (e,e”)
AE f(r(El)dE AE fa(El)dE AE o(E1)dE AE fo-(El)dE
Nucleus (MeV) (%) (MeV) (%) (MeV) %) (MeV) (%)
24Mg 14.6-20.6 0.33 15.5-23.0 3.3 16.5—28.0 14.0 16.0—-22.0 30.0
%6 )Mg 14.8-21.0 0.70 .- . 11.0-28.0 58.0 14.5-28.0 48.0

2 Reference 14,
b Reference 15.

¢ References 19 and 27,
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small and is included in the quoted error of the
total strength.

As can be seen in Fig. 6, the observed strength
in 2Mg(y, @,) is almost pure E1. Thus, the E1
strength in the a, decay channel was determined
by simply integrating along the solid curve in Fig.
7(b) and was found to be 0.7% of the sum rule Eq.
(4), as will be discussed in Sec. IVB.

D. The reaction 22Ne(oz,yl)mMg

The yield of the y rays leading to the first ex-
cited state in **Mg at 1.81 MeV is shown in the up-
per part of Fig. 8. Two strong peaks at £ ,=6.5
and 12.3 MeV are observed superimposed on a
fluctuating yield with an average cross section of
0.4 ub/sr. Above E,=22 MeV the cross section
becomes very small, as was found for *Ne(a, 7,).
The average cross section for **Ne(a, y,) is found
to be of the same order of magnitude as those of
the other reactions (see Table I). The structure
observed in the yield curve for y, is correlated to
some extent with that of v, as will be discussed in
Sec. IITE. No such correlation was observed in
the case of *°Ne.

The results of the angular distribution measure-

do/dQ (ub/sr)

a

az

a3

_0'8- i 1 1 1 7]
4 8 12 16 20
Eq (MeV)

FIG. 5. The excitation function at 6=130° and the co-
efficients @, a,, and a, from a Legendre polynomial
fit to the angular distributions of the reaction
ONe (o, v;)*Mg* (1.37 MeV). Note the systematic change
of a, from +0.5 at E, =4 MeV to —0.5 at 16 MeV.

ments are shown in the lower part of Fig. 8. The
expansion coefficients a, are rather uniformly dis-
tributed around average values of a, =+0.01, aq,
=-0.12, and a,=+0.03 (+0.06), reflecting the al-
most constant shape of the y, angular distributions.
This is in marked contrast to the results found for
the v, angular distributions in the « capture by
%Ne, where the a, coefficient was found to change
from large positive to large negative values with
increasing energy (see Sec. IIIB). It is interesting
to note that the average value obtained for a, is
close to the predicted value of a,=-0.10 for E1
decay through 17 levels.

E. Structure in the yield curves

The excitation functions for a capture into the
giant resonance regions of >*Mg and **Mg do not
exhibit the giant resonance shapes observed in
proton cpature reactions. Instead, they show a
large amount of structure spread over a wide re-
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FIG. 6. Top: excitation function for the reaction
ZNe(a, v¢) at 6=130°. Middle: the extracted E1 and E2
total cross sections for the (¢, v() reaction. Bottom:
the E2 phase relative to the E1 phase.
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gion below the GDR which seems to be a common
feature of @ capture reactions.®™® A detailed anal-
ysis of the fine structure in the **Mg(a, v,)*®Si re-
action has been given® in terms of Ericson fluctua-
tions,'® and it was shown that the reaction proceeds
about 80% of the time through a compound nucleus.

Since the yield curves in the present experiment
were obtained with rather thick targets and with
step sizes of AE =150 keV, a large amount of fine
structure, if present, would not have been ob-
served. Hence an autocorrelation analysis of the
yield curves is not very meaningful. However,
some information may be obtained by comparing
the structure observed in the v, and the y, yield
curves for both reactions 2°Ne(a, y) and **Ne(a, 7).
Additionally, a cross-correlation study was per-
formed on the reactions 2’Na(p, y)**Mg'* and *°Ne-
(@, v)*Mg.

The cross-correlation functions were calculated

l T ' T ' T I T r Ll l T
150}~
28Mg(y,ag)??Ne
© (a) o (E2) h
—~ 100 1 4
o l|
B8 N
2 N o .
b J‘ '|/'[\\
50 Wt T —
1, \ \ \
_ fi i *
- \
ottty L L 7 \!;’I\T“:
- —
stg(y,ao)zzNe
~ (b) 6=130° E
& 100 ~
o
i L i
(e}
b
©°
o—+ + t ————+—%
30 26Mg (y,n) -
L (c) o ]
2
E
b

E,(MeV)

FIG. 7. (a) the extracted E2 cross section converted
by detailed balance to the total E2 cross section for the
reaction *Mg(y, a()*?Ne. () the excitation function
(E1+E2) at =130° for the reaction 2®Mg(y, ay)?Ne.

(¢) the cross section for 26Mg(y, #) obtained with mono-
energetic photons (Ref. 15).

as outlined in Ref. 6. Briefly, we used the basic
cross-correlation function

25 -IEEs o

E
AE Z
R(e)=7"r 3
E,-E, E=E] J(E)

where 0, and 0, denote the cross sections of the
two reactions to be compared within the energy
range (E, - E,). The variable € is defined by €
=nAE, where 7 is an integer and AE the average
step size. Since the fluctuations observed in the
yield curves are superimposed on a broader
structure, the averaging interval 26E used to ob-
tain the average cross sections ¢,(E) and 0,(E +€)
is of some importance. As in Ref. 6, we assumed
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FIG. 8. The excitation function at 6=130° and the co-
efficients a;, a,, and a; from a Legendre polynomial
fit to the angular distributions for the reaction
2Ne(a, v,)**Mg* (1.81 MeV). In this case the a, fluctu-
ates about a value of —0.12 in contrast to the behavior
for 2Ne(q, Y1)
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as a first step that no gross structure is present
which allowed us to make the averaging interval
20E equal to (E, - E,), yielding a cross correlation
function C,. To reduce the influence of the gross
structure we then substracted from C, a cross
correlation function C, which differed from C, in
that in the numerator the cross sections o,(E) and
0,(E + €) were replaced by (o,(E)) and (0,(E +€)),
respectively, where the averages were taken over
a 2 MeV wide interval (E-1) MeV<E<(E+1)
MeV.

The cross-correlation functions C(€)=C,(€)
- C,(€) thus obtained for the reactions **Ne(e, y,)
and *°Ne(a, 7,), the reactions **Ne(e, y,) and **Na-
(b, 7,), and the reactions **Ne(a, v,) and **Ne(a, 7,)
are shown in Figs. 9(a), b, and ¢, respectively,
for positive and negative €. The finite range of
energies over which the excitation functions were
measured causes oscillations around C(€)=0. Ac-
cording to Ref. 17 the amplitude of these oscilla-
tions can be estimated to be of the order

Cose = (ﬂ/anlNz)l/z s (7)

where » is the number of independent data points
(=50 in the present experiment) and N, and N,
are the effective number of uncorrelated equal
channels through which the two reactions proceed.
The quantities N, and N, can be estimated to be of
the order of unity for the ground state transitions

0.2 : (@)
O.1t : /\ 1
1
0.0 A
\/\/ | \/
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s o | .
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FIG. 9. Cross-correlation functions C() for (a)
®Ne (e, 7o) and *Ne(o, v;), b) Mgy, @) and Mg (v, py)
[Ref. 14), and (c) ®Ne(a, v,) and ®Ne(q, v,). A signifi-
cant correlation exists only in the last case.

Yo, but they are definitely greater than unity for
the y, transitions. Thus we obtain oscillation am-
plitudes of the order of <0.17, =0.17, and <0.17
for the reactions compared in Figs. 9(a), (b), and
(c), respectively. When the cross-correlation
functions in Fig. 9 are compared with these esti-
mates, it is apparent that the correlations are not
significantly different from zero for those reac-
tions that form ?*Mg as a final nucleus [Figs. 9(a)
and (b)], whereas there is a significant correlation
between the reactions ?Ne(a, v ,) and **Ne(a, v,)
[Fig. 9(c)]. For pure fluctuations, a null result is
expected in the cross-correlation between two re-
actions. Thus, the zero value found for the
2Ne(a, y,y,) reactions indicates that the reaction
proceeds predominantly ¢hrough compound nuclear
channels. On the other hand, the nonzero value
observed for the cross-correlation of the

%2Ne(a, y,y,) reactions, together with the fact that
the angular distributions for y, and y, exhibit an al-
most constant shape with an a, coefficient close to
that expected for decay from 1- levels, indicates
that the **Ne(a, y,y,) reactions might proceed main-
ly through isolated 1~ levels. This is not unex-
pected since the E1 decay of 1~ levels in 2Mg is
isospin allowed, whereas it is forbidden in 2*Mg.

IV. DISCUSSION
A. Excitation of the giant quadrupole resonance

According to the hydrodynamic model'® the giant
quadrupole resonance should lie at an energy of
about 6342 MeV. For 2*Mg this turns out to be
at 22 MeV, which is almost the center of the giant
dipole resonance as observed, for example, in
electron scattering.'® From a comparison of the
respective sum rules for excitation of the GQR,
Eq. (5), and the GDR, Eq. (4), one finds

Egor®0 »(E2)
0,(E1) ~1%.

Thus, the question arises whether one can observe
isoscalar E2 strength relative to the much strong-
er isovector E1 strength, even if the E2 strength
is concentrated in a sufficiently narrow region of
excitation energies. As was pointed out in more
detail in Sec. II, we might expect to observe a
compact E2 resonance with the a capture reaction,
since (i) for a self-conjugate nucleus like ?*Mg the
isospin selection rule could strongly reduce the
E1 strength, and (ii) very small contributions of
E2 strength can be extracted from the angular cor-
relation studies.

The unknown factor is, of course, whether the
E2 resonance has enough ¢, decay width to be de-
tected in the (y, a,) process. The results of the
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present a-capture studies are shown in Fig. 10,
where the amount of E2 strength integrated over

2 MeV wide intervals is given in percent of the E2
sum rule [Eq. (5)]. The data covering the region
up to 14 MeV, taken from the literature,?®:?! in-
clude bound levels (total E2 strength) and sharp
resonances (all observed decay channels). A large
amount of strength is concentrated in the first ex-
cited state (=20%). The rest of the known E2
strength is fairly evenly distributed over the entire
region up to the expected center of the GQR which
is marked by arrows in Fig. 10. There is some
evidence of peaking around E, =13 MeV. Almost
50% of the E2 sum rule is accounted for below
63A-Y% MeV. Since the a-capture reaction mea-
sures only the strength in the @, channel, the E2
strength found in the region above E, =14 MeV is
only a lower limit and considerable strength may
be associated with the decay into other channels.
Thus, the isoscalar E2 strength spread out below
63A"%/3 is probably considerably greater than 50%
of the sum rule.

These results can be compared with those ob-
tained from inelastic scattering experiments. We
find them to be inconsistent with a compact E2
resonance located just below the GDR as reported
in (p,p’) (Ref. 3) and (°He, ®He’) (Ref. 4) scattering
for the neighboring nucleus 2’Al. We shall there-
fore restrict the discussion to a scattering, which
is appropriate also for the following reasons.

24019

'7 47%
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ZSMg
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FIG. 10. The E2 strength integrated over 2 MeV in-
tervals (in percentage of the energy-weighted sum rule)
in the bound states (Ref. 10) and low lying resonances
(Ref. 20) (shown by the dashed shading) and in the o
decay channel (cross-hatched), for both ‘Mg (top) and
%Mg (bottom). The region around 12 MeV in Mg has
never been studied and is therefore left unshaded.

20

% SUM RULE
(@]

First, in p, ®*He, and electron scattering the GDR
is also excited, while in @ scattering only iso-
scalar modes will be observed. Second, only for
inelastic @ scattering® has a systematic study of
light nuclei been made. This study shows that be-
low “°Ca the GQR becomes progressively spread
out over lower energies so that no compact reso-
nance can be identified, in essential agreement
with the present results. Additionally, a careful
investigation of the distribution of E2 strength in
24Mg has been performed by Singh and Yang??
using the reaction **Mg(a, a’) at 70 MeV. Up to
17 MeV a rather uniform distribution was found in
discrete levels which accounted for 40% of the sum
rule. No strong peak at higher energies was ob-
served which could be identified as a compact E2
giant resonance. The general picture emerging
from these data is in agreement with our results
in Fig. 10.

It has been argued that because of its complexity
the a particle in capture is not a good probe for
investigating giant resonances, since it can excite
a giant resonance only through the compound nu-
cleus. This seems to be true for the GDR where
only a small fraction of the total strength (<1%) is
associated with the «, channel (see Sec. IV B), but
appears to be doubtful in the case of the GQR. If
it is assumed that the a-capture reaction excites
only the compound nuclear (CN) part of the GQR,
which in turn decays into various channels in a
purely statistical way, then it is possible to derive
the total absorption cross section for isoscalar E2
radiation oS} (E2) from the measured o(y, @,) cross
section using the theory of Hauser and Feshbach:

=1

o ED= (10, /1) o, a0 ®)

where T; denotes the transmission coefficient for

20 » T . 4
A 7
- 71X

15 X Mg+ n /\/\\asN“p ]

| OF 25Naﬂ) -+ 25 T

2%Ne+q 22Ne +q Mg+n

5_ 4 4

ot JE— +4 4
244 26pmg

FIG. 11. Mass diagram showing the open channels for
Mg (left) and 2*Mg (right). In the decay of *Mg,
neutron competition will be much more severe than in
the decay of 2Mg.
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decay into one of the various p, n, or a channels
shown in Fig. 11 for **Mg and 2°Mg.

We calculated the transmission coefficents T
using the computer code ABACUS?® and optical pa-
rameters as given in Ref. 24. The ratio T%/Z) T;
thus obtained is shown in Fig. 12 as a function of
energy for both **Mg and 2Mg. Since the n chan-
nel for Mg opens at 11 MeV (compared to 16.5
MeV for ?*Mg) the ratio T%/ETi is much smaller
for ?*Mg throughout the energy region investigated.
This leads to the interesting results for fof;“t (E2)/
E? dE shown in Table II. For **Mg the assumption
that o(y, a,) is all compound gives an integrated
strength that is somewhat in excess of the sum
rule. However, since the sum rule depends on the
choice of 7, a slightly higher but perhaps accep-
table value of 7, could produce agreemeént with the
sum rule. Thus, there is no positive evidence for
a noncompound component in o(y, a,) in the E2
strength of 2*Mg. But in the case of Mg, where
almost the same strength is observed in the ¢,
channel in the region 14—~ 22 MeV, the assumption
of a purely compound process leads to a total
strength greatly in excess of the sum rule, =300%.
Thus, we conclude that there must be an important
noncompound component in o(y, a,) in the E2
strength of 2*Mg.

In spherical nuclei such as 0 and *°Ca, the E2
strength has been calculated® 2® in terms of 1p-1h
excitations of the 27w type. It is found that the
isoscalar E2 strength is concentrated into a com-
pact resonance around 634 Y3 MeV. Since no such
resonance is observed in 24Mg or Mg, we con-
clude that the present calculations are incomplete
and should include more complex configurations
such as 2p-2h, etc. It could be argued that the
spread in E2 strength is due to the deformed nature

10 —m8 —————
r -1
24Mg
ot
WAl J
W0
o
S
26Mg
-2
10 L i

2 14 16 18 20
Ex (MeV)

FIG. 12. The percentage of decays to the ground
state o channel calculated from optical model param-
eters (Ref. 24).

of Mg and **Mg. However, this spreading of the
strength appears to be a universal characteristic
of light nuclei below *°Ca, including '°0.°

B. Isospin mixing in the giant dipole resonance

The giant dipole resonances in **Mg and Mg
have been studied by various reactions such as
(y,n),™ (e, e'),**?" and (p,y).'* The integrated total
strengths found in these reactions are compared
with the present (a, y) results in Table III. It can
be seen that for both nuclei the strength associated
with the @, decay is very small. This result is
consistent with the assumption of a large direct
component in a GDR, consisting basically of 1p-1h
states which would inhibit the emission of @ parti-
cles.

A second reason for a reduced « decay in Mg
may originate from the isospin selection rule. In
a self-conjugate nucleus the GDR is (J™, T)=(1", 1),
which can only decay into the a, channel if it is
mixed into the (J7, T =1, 0) states. In **Mg, how-
ever, the GDR can consist of two parts: one with
T.=1 and the other with 7, =2. Both the (y,n)®
and the (e, e’)®® results support the picture of a
split GDR [see Fig. 7(c)], the T, part covering the
approximate range from 14.5 to 19.5 MeV and the
T, part from 19.5 to 28.0 MeV. Only the lower
part of the GDR can have an isospin-allowed a de-
cay. Thus, the importance of the isospin selection
rule can be tested by comparing the *°Ne(a, ) and
the **Ne(a, y) reactions.

It was found in the reaction **Ne(a, y)?*Mg (Table
I) that the maximum intensity was indeed concen-
trated around 16 MeV with the average cross sec-
tion being three times larger than that found in the
same region for the reaction *°Ne(a, y)?*Mg. Since
the neutron threshold in **Mg is much lower than
in 2*Mg (Fig. 11), the number of open decay chan-
nels at about 16 MeV is approximately three times
higher than at the same energy in **Mg. This will
have the effect of lowering the relative importance
of @, decay in **Mg compared to 2*Mg, so that the
actual E1 strength in **Mg is probably considerably
greater than three times that in 2*Mg.

The results obtained from the angular distribu-
tion studies and the cross-correlation analysis
can be summarized as follows. For capture into
24Mg it was found that (i) the average ratio of E1/
E2 strengths was only 4:1; (ii) the shapes of the
v, angular distributions changed drastically with
energy, yielding at the higher energies an average
a, coefficient close to the one expected for decay
through 3~ levels; (iii) no significant cross corre-
lation between the y, and the y, yield curves was
observed. On the other hand, for ?*Mg it was found
that (i) the average ratio of E1/E2 strengths was
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about 12/1; (ii) the shapes for both the y, and the
v, angular distributions were almost constant, with
average a, coefficients close to the ones expected
for decay through 1~ levels; and (iii) a significant
cross correlation was observed, indicating that
some of the same 1~ levels were excited in both
the 2Ne(a, v,)**Mg and the **Ne(a, 7, )**Mg reac-
tions.

The above results suggest that isospin plays an
important role in the decay of the GDR in **Mg in
that it suppresses the decay of the 1~ levels. A
comparison with the capture reaction **Na(p, v)-
24Mg'* in the region of the GDR also suggests that
the isospin mixing might be small, as can be seen
from the following arguments. The autocorrelation
analysis'of the v, yield curve in the ®Na(p, y)
reaction showed that about 50% of the observed
radiation comes from the compound nucleus. From
Table III we see, then, that the compound nuclear
part of the GDR in ?*Mg has about a 1.6% branch
for the ground-state protons. On the other hand,
in the a-capture reaction which is believed to

AND Mg OBSERVED IN... 1535

proceed predominantly through the compound nu-
clear configuration, it was found (Table III) that the
GDR has only about a 0.33% branch for ground-
state o particles. Thus, the @, emission is re-
duced with respect to p, emission for the compound
nuclear part of the GDR in *Mg, although the
transmission coefficients for a4 and p, are com-
parable. Hence the isospin may be rather pure.
We recall that a totally different result was ob-
tained in the investigation of the GDR in %88i,°
where the ¢, emission from the compound nuclear
part was found to be as great as the p, emission,
which in turn suggested a large mixing of the iso-
spin. It is evident that further information is
needed to elucidate this question of the isospin
mixing.
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